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/ID VDQWp KXPDLQBHUDWMEO HXQMBX[ GH OTDQDO\WH GX F\FOH G
OD VDQWp KXPDLQH SUHQQHQW HQ FRPSWH SULQFLSDOHPFL
OTHQYLURQQHPHQW WRXW DX ORQJ GX F\FOH GH YLH GX SL
plusieurVv. WUDYDX[ GH UHFKHUFKH RQW PRQWUp OTLPSRUWDQFH
la santé des travailleurs mais les grandes méthodes ACV et les études ACV ne prennent pas cette
problématique en compte. Les principales méthodes existantes pouH&vald fLPSDFW VXU O
GHV WUDYDLOOHXUV UHSRVHQW VRLW VXU OYDQDO\VH G&t
SURIHVVLRQQHOOHV VRLW VXU GHV PRGqQOHV GYfH[SRVLWLRC
pas de méthode spécifiqgue aux expositians polluants en milieu de travail qui repose sur un
PRGgOH GH FDXVH j HIIHW HW TXL SHUPHWWH GYDYRLU XQH
WKqVH SUpVHQWH XQH UHYXH GH OD OLWWpUDWXUH H[LVWD¢
auwuDYDLO HQ $&9 8QH PpWKRGH HVW HQVXLWH SURSRVpH
WUDYDLOOHXUV GTXQ VHFWHXU LQGXVWULHO OLp j OfTH[SRV
PLOLHX GH WUDYDLO HQ FRPELQDQWerdgd de &8l MEIc@sdaloeD W L R Q
GDQV FH VHFWHXU SDU XQLWp IRQFWLRQQHOOH (OOH UHSF
concentrations de polluants en milieu de travail et sur la chaine de cause a effet recommandée en
$&9 YLD OXWLOLVEBWHRIG VG HB\H I ®GF(WHRXUMWHY IDFWHXUV GH FD
OfHQVHPEOH GHV VHFWHXUYV L Q @My3thtfbinds\aves ideOnfterFalte® R P L H
GH FRQILDQFH SHUPHWWDQW DLQVL GH FDOFXOHUaxxQ LPSDF
polluants organiques par heure travaillée. Une seconde méthode est ensuite présentée, permettant
GIpWHQGUH OXWLOLVDWLRQ GHV )& IRXUQLY SDU OD SUHPL
YLD OfXWLOLVDWLRQ GTXQ PRGAAM H& pFRORHPW TNXOHQ WQ 6 HWF RA W
SRWHQWLHO VXU OHV WUDYDLOOHXUV GH OfH[SRVLWLRQ DX]
GH YDOHXU VRQW IRXUQLY SDU GROODU GH SURGXFWLRQ GH
FC mis a jour sont fauis afin de prendre en compte les données les plus récentes ainsi que les

polluants inorganiques et matiéres particulaires.
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Human health is one of the main foci of life cycle assessment (LCA). Impacts on human health
are primarily modelled based on outdoor emissions of pollutants from all life cycle stages and
subsequent human exposure. In the past decade, various scietitatmns have pointed out

the importance of including work environment in LCA but this has not yet lead to a formal
inclusion. Existing methods focusing on work environments in an LCA are built upon either
occupational injury and illnesses statistics amcupational chemical exposures models. This
thesis addresses the need for a method that simultaneously makes use of a cause to effect model
for chemical exposure and provides a life cycle perspective.

The thesis includes a literature review focusing @Aland the working environment. A method

is then developed with a focus on occupational exposure to organic chemicals. This method relies
upon a measured occupational chemical concentration database; it models the potential impacts
combining the concentians with effect factors from the USEtox model athé number of

hours of work per functional unit. Characterization factors (CF) are provided for all
manufacturing sectors of the United States economy with confidence intervals. The CFs
correspond to potéial impact per hour worked in each industrial sector of the economy. A
second method is proposed, extending the first method to model entire value chains through the
use of an input output economic model. Corresponding CF represent the potential impact on
worker health of occupational exposures to organic chemicals by inhalation in the entire value
chain per dollar of value of an economic sector output. Finally, the CF are updated using the most
up-to date data and expandedatso assessorganic chemida and particulate matter.
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CHAPITRE1: ,1752'8&7,21

1.1 Mise en contexte

1RXV YLYRQV GDQV XQH VRFLpWp FDUlBjgu&le led MiprihatHbsU O TH[!
circulent. Et autant cette diffusion est rapide, autant elle nous confronte a des problématiques qui
dépassent notre cadre de vie habituel. Nous somme ainsi informés de tout évenement important
(catastrophe naturelle, guerre, & &/ DW« DXVVL ELHQ YRLUH PLHX[ TXH
ORFDOLWpP RX UpJLR ®chaemevidi@atiqiebaVecuRexrabbdiddtion mondiale

GH OD SRSXODWLRQ PDLV Ff{HVW DXVVL OH FDV SRXU OHV (
pURGXFWLRQ HW UpSDUWLWLRQ DOLPHQWDLUH OHV PDQTXI
LQpJDOLWpPYV &THVW DXVVL OH FDV SRXU OHV FRQGLWLRQV G

En effet, nous évoluons dans une économie mondialisée, avec des activiséseltes reposant

sur des échanges globaux de produits ou nous, les consommateurs, sommes maintenant
confrontés aux conséquences de nos choix de consommation a travers les médias et les réseaux
sociaux. En 2012X Q IR XU QL V V, RoktbnGdie&Bnatbir eu recours a des travailleurs

de 14 ans. Le 24 Avril 2013, au Bengladesh, un batiment abritant des ateliers de production de
YTWHPHQWY V{HVW HIIRQGUp WXDQW SOXV GH WUDYDL
catastrophe a mis en avant &t fque de nombreuses compagnies textiles faisaient appel a des

soustraitants dans des conditions de travail dangereuses.

La conscientisation des consommateurs par la couverture médiatique de ces événements entraine
une volonté de responsabilisation desreprises visxvis de leur chaine de valeur. Mais pour
SRXYRLU VLQIRUPHU HW SUHQGUH GHV GpFLVLRQV UHSRVDC(
WUDYHUY OHV FKDVQHY GH YDOHXUYVY GHV SURGXLWYVY LO IDXW
GH UHFKHUFKH SUpVHQWp GDQV FHWWH WKGWYHYDRXW W LR (
impacts sur la santé désvailleursdes expositions professionnelles aux substances chimiques

par inhalatiortout au long des chaines de valeurs.



1.2 La santé et séurité en milieu de travail

Les notions contemporaines de protections du travailleur et de contréle des conditions de travail

ont commenoés ] SUHQGUH GH OYLPSRUWDQFH HQWUH HW G
Au Royaume Unis |&actory Acta é& mis en application en 1833 et comprenait, entre autres, la
PLVH HQ SODFH GT1XQ kJH PLQLPDO SRXU WUDYDLOOHU D
TXRWLGLHQ HW OD FUpDWLRQ GH SRVWHV GILQVSHFWHXUYV
(United Kingdbm Parliament, 2016) / THQFDGUHPHQW GHV FRQGLWLRQV GH \
depuis: dans la plupart des pays un pan important du corpus législatif y est dédié et des
organismes publics sont en charge des contréles réglementaires des lieux HéQ&&aiau

Canada, OSHA aux EtaBQLYVY HW OJLQVSHFWLRQ GX WUDYDLO HQ )UD(
pour mandat de développer des projets de recherche en santé et sécfié5667 DX &DQDG
1,26+ DX[ eWDWYV 8 @rante(HufhesmoFdir€lt, 2011)

/ITDQDO\WVH GHV UL \Wwi«trey utHiséevpoiiQEMallrep MsKmpacts sur la population et
OfHQYLURQQHPHQW &1 H¥Wottomiu@Q B pRAd MMKARLGH. \GMMHWS BHP HW W D Q \
OfH[SRVLWLRQ HW GHV LPSDFWV GfXQH SRSXObBuwWL&EKQ GDQV
Barnthouse, 2007) (OOH V $Ub SuseXrhddlélisation fine pour obtenir et a pour but la
SURWHFWLRQ GH OD SRSXODWLRQ 'DQV OH GRPDLQH 667 F
FRQGLWLRQV GH WUDYDLO VXU OD VDQWp GHV WUDYDLOOH
certains dngers dans des situations précises. La grande force de cette méthode est la précision du
PRGqOH XWLOLVp TXH FH VRLW SRXU @f IS[RY LOMIRE® UiDGH.\R
machinerie présentant des dangers. Mais cette précision induit un besoin important en données ce
TXL HVW LQFRPSDWLEOH DYHF XQH DQDO\VH j OfpFKHOOH GT

1.3 /1%$&9

/11$9&9 HVW XQ RXWLO GYDLGH | O@elGgs pddiRpestigidde igrddwd QW G
RX VHUYLFHV VXU OfHQYLURQQHPHQW LQFOXDQW HQWUH L
écosystemes, la santé humaine) dans une vision globale du cycle :déepigéis le berceau

(extraction des matiéres prema8) au tombeau (fin de vie du produit) en passant par la
SURGXFWLRQ OfXWLOLYVBDé&ahRiQpor@iktdangvie &yQevds Rie) M Yrodlly W R XV



(European Commission Institute for Environment and Sustainabilityint Research Center,

2010b; Jolliet, Saadé, & Crettaz, 2006)H EXW SULQFLSDO GH Of%$&9 HVW GTY
GILPSDFWV YHUV XQ DXWUH SUREOqPH HQYLURQQHPHQWDO
produit en voulant améliorer une phase spécifique. La norme 1SO 14040 icthgeenent que

O71%$&9 QH PDQL $pértd potértiel@sHXKV IDLW GH OfXWLOLVDWLRQ GYIXQ
OHV H[SULPHU GX IDLW GH OfLQWpJUDWLRQ GH GRQQpPHV
OfLQFHUWLWXGH LQKpUH Q\ait quXért&ims Grpacts YoEielsGant pevisés W G

avoir lieu dans le futufinternational Organization for Standardization, 2006)

&THVW XQH DSS UdrR&dvh qut perridéd Siél comparer les impacts potentiels des
pPLVVLRQVY UHVS SUpOqQYHPHQWYV YHUV UHVS GHSXLV Oft
Elle se basews des données précises pour les processus centraux au cycle de vie et utilise ensuite
des données génériques pour représenter le reste des processus pour lesquels aucune information
QIHVW GLVSRQLEOH OHV FKDet@ipactsGits aubh@irex de vaurS BiU WL F X
utilisant des données prédgeour les génériques tout en laissant la possibilité de préciser des
GRQQpHV SRXU GHV pWDSHV FUXFLDOHV %LHQ TX%dpOOH VRL
downvs. bottomup, comparative vsGpWHUPLQLVWH JOREDOH UpJLRQDOH Y
SHXW rWUH XWLOLVpH FRQMR L(Bakw, 2006t QoWe|l, Bafn@nQ8DLOfsMiH, GHV UL
2002; Humbert et al., 2011; Matthews, Lave, & MacLean, 2002; Olsen et al., 2001; Sleeswijk,
Heijungs, & Erler, 2003)

+LVWRULTXHPHQW OfX®&/UBYVBVWHWQLEYS DMV IGHY pPLVVLRQV
HIWUDFWLRQV GH UHVVRXUFHYV G&neQdt Waevrns. PRQdR Havad® W | WU
UHFKHUFKH VH VRQW SHQFKpV VXU OfpYDOXDWLRQ GHV LPSD
la méme chaine de valeurs et souvent sont limités a une étude de cas ou unréduntizie
substancegAntonsson & Carlsson, 1995; Demou, Hellweg, Wilson, Hammond, & McKone,

2009; Hellweg et al., 2009; Scanlon, Lloyd, Gray, Francis, & LaPuma, 2014)DEVHQFH GH
méthode opéraRQQHOOH SRXU pYDOXHU OHV LPSDFWV VXU OD VDC
activités impligués dans une chaine de valeur fait que-ceng sont actuellement pas pris en
FRPSWH GDQV OfpWDW GH OD SUDWLTXH HQ $&9
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21 3UpVHQWDWLRQ GH OfYfDUWLFOH

Ce chapitre présente une revue de la littérature scientifique portant sur la prise en compte des
impacts sur la santé des travailleurs en AG\a été rédigé a la fin du projet de recherche et

inclus donc les articles publiés dans le cadre de ce projet de recherche. Il comporte aussi une
SURSRVLWLRQ GH FDGUH PpWKRGRORJLTXH SRXU OfTLQWpPJUL

la santé desavailleurs
Auteurs: Gaél Kijko, Scanlon Kelly, Henderson D. Andrew, Manuele Margni.

Article soumis au journal ¥he International Journal of Life Cycle Assessment

2.2 Manuscrit

2.2.1 Introduction

Globally, occupational impacts are ranked' t&it of 17 for inpacts to human health, with some
variation among countries ({(place for the USA, 9 for the European Union,"8for Canada,

China and Brazil}Institute for Health Metrics and Evaluation, 2016ccupatioal impacts rank
slightly lower than human health impacts attributable to unsafe sex or to high total cholesterol.
Note that these rankings refer to global health impact to society in general. Occupational impacts
are twice more important within the labarée, because active workers are approximately half of
the entire population (according to the World Bank definition) and therefore not exposed to
occupational risk factordhe World Bank, 2017)

Figure 2.1 presents the main causes of impacts on human health attributable to the work
environment in 2015, as published in the 2015 Global Burden of Disease (@GBDfute for
Health Metrics and Evaluation, 2016h that year, the work environment was responsible for
1x1&P premature deaths, corresponding to 6.4xBability-Adjusted Life Years (DALY, life

years with less than ideal health, consideringries, illnesses and fatalities). Ergonomic



stressors, workelated injuries, and exposure to noise are the top three risk factors identified by
the GBD study(Institute for Health Metrics and Evaluation, B)Xorresponding to 29%, 21%

and 17% of the global impact, respectively. But the three next risk factoescinogens,
particulates and asthmagens, which are mainly linked to airborne contamisantaup to more

than 20 million DALYs, or 33% of theotal occupational impacts, which ranks first when

compared to the other causes.

Ergonomic factors

|

Injuries

Noise

B Occupational

Carcinogens Impact

Particulate matter,
gases, and fumes

Asthmagens

al

0E+0 S5E+6 1E+7 2E+7 2E+7 3E+7 3E+7
DALY

Figure2.1: Main occupational causes of impact on worker health, based on the global burden of
disease (GBD) studylnstitute for Health Metrics and Evaluation, 2016jth 95" percent

interval confidence

For almost 200 years, occupational health and safety (OHS) has been a growing focus for
governments: from the United kgdom Factory Actof 1833 that regulated child labor and
created four positions of factory inspectors tasked with law enforceiarited Kingdom
Parliament, 2016fo the introduction of th@®revention of Occupational Disease L&001) and
theWork Safety Law2002) in ChingWang et al., 2011)Governments and public agencies have



been channeling governmental efforts on OHS for almost 200 years. Examples of such agencies
are the national OHS public agencies and organizations (United States: NIOSH, OSHA, France:
INRS), thre United Nations International Labour Organization (ILO), the British Standards
Institution through the standard OHSAS 18001, and also the International Organization for
Standardization through its developing ISO 45001 standard. Together, these natwnal an
international organizations have published guidance, recommendations and standards relative to
OHS and enforced national regulations. This has led to a large drop in the fatal workplace injuries
statistics (United Kingdom: 2.9 per ®l@orkers in 1974 t®.56 per 1®workers in 2015Health

and SafetyExecutive, 2016)US: 7.38 per 100.000 workers in 1980 to 3.3 in 2(Bdreau of

Labor Statistics, 2016; Department of Health and Human Services,)2004}he statistics on
occupatiorl illnesses show a different trend: from 20 cases pewbekers in 1984 to 40 cases

per 10 workers in 2001 for the U.S. These figures, combined with the global burden of
occupational impacts show that despite the existing efforts, there is still iempeow needed, in

particular for illnesses attributed to the work environment.

Regulations and standards evolve along the knowledge of hazards and the social acceptance of
the related impacts. For instance, the latest version of ISO 14001 on environnmardgement

(2015) calls for the adoption of a life cycle perspective to identify all environmental aspects that
an organization can either control of influendeternational Oganization for Standardization,

2015) Organizations are therefore encouraged to consider their supply chain, with Life Cycle
Assessment being a tool designed for this purpose. LCA is a comparative tool designed to
support decision makers by providingdicators on environmental, human health, social and
economic impacts of products or services across their life cycles, from raw material extraction
through disposa(Jolliet et al., 2005)LCA can be used to assesarivus impact pathways to

human health, like those reported in the GBD.

The European commission is developing an LCA based labeling scheme to inform consumers on
the environmental performance of retail products. Further initiatives involving the prictoe, se

such as the Sustainable Apparel Coalition, aims to provide retailers and manufacturers tools to
enhance life cycle product stewardship. In the U.S., the Safer Choice program at the
Environmental Protection Agency (EPA) has conducted studies exptbaride cycle impact of

different items (wire and cables insulation, solders in electronics), including an analysis of the



toxicity of workplace chemicaléGeibig & Socolof, 2005; Socolof, Overly, Kincaid, & Geibig,

2001; Socolof, Smith, Cooper, & Amarakoon, 2008Jone of these initiatives includes
comprehensive impacts on worker health, however they show that a global concern can lead to a
change in regulation and standardswewer, concern about worker health has not yet led to life

cycle thinking being included in OHS standard or regulation.

(QYLURQPHQWDO /&$ H/&$ DV SHU ,62 SFRQVLGHUV DO
HQYLURQPHQW KXPDQ K {imenalishalDQrganizatibl RoxX Samdistdization,

2006) Despite the goal of coprehensiveness of LCA, which is necessary to identify potential
tradeoffs, work environment impacts on worker health are yet to be fully incliBace &

Gloria, 2008) Occupational Health and Safety (OHS) aspects can be covered by both eLCA and
social LCA (sLCA) with overlapping riskéAndrews et al., 2009)

Impacts on human health in LCA are expressed in number of cases of diseases, classified as
cancer or noitancer unitgCrettaz, Pennington, Rhomberg, Brand, & Jolliet, 2002; Pennington

et al., 2002)or DALYs (Huijbregts, Rombouts, Ragas, & van de Meent, 2005; Murray, C. J.,
1994) Number of cases are considered a-podt indicator: it characterizes the problem,
allowing intermediate summation across various hazards, while the DALYs are endpoint
indicators describing the damages andvalg a further summation across various sources of
impacts on human heal{ffrrischknecht et al., 2016; Jolliet et al., 2014; UNEP / SETAC Life
Cycle Initiative, 2016)In LCA, each emission is seen as a marginal increase over ceteris paribus
situation. The impact assessment is therefore calculated as marginal increase of an adcumulate
impact over time and space under the hypothesis that toxicological phenomena a(€ tatear

et al.,, 2002; McKone, Kyle, Jolliet, Irving Olsen, & Hauschild, 2006; Penomegt al., 2002)

This means that the toxicological effect is modelled being directly proportional to the chemical
exposure, and by extension, the damage is directly proportional to the emission (through a fact
called characterization factor, or CF). While this hypothesis is not consistent with the modeling
of threshold based toxicological effects, it has the advantage of assessing a chemical exposure
independently of the situation of the background system.irfsbance, the potential impact of
inhaling 1g of a chemical is the same regardless if one is already exposed or not to this chemical.

In an occupational setting, this makes it possible to compare exposure of workers even if they are



exposed differentlya chemicals outside of work. Synergetic actions of chemicals on human

health are not modeled in LCA.

Different articles point out that all occupational risk factors (element or characteristic of the
occupational environment that may harm worker exposédl should be included in eLCA and

that using these methodologies to assess impacts will be a choice left to practitioners depending
on the goal and scope of the stu(Buropean Commissiomnstitute for Environment and
Sustainability- Joint Research Center, 2010a; Hofstetter & Norris, 2003; Pettersen & Hertwich,
2008; Schmidt, A., Poulsen, Andreasen, Flge, & Poulsen, 28@4gffort to identify existing
metlods and provide guidance for the development of the Work Environment LCALME

was started by the United Nation Environment Progr&uociety for Environmental Toxicology

and Chemistry (SETAC) Working Group on LCA and the Working Environment in 199&tha

to the publication of a report lBoulsen et Jensen (2004he UNERSETAC have partrred in

2002 to launch the Life Cycle Initiative that helps coordinate the research effort, identify good
practices and promote life cycle thinkildNEP-SETAC Life Cycle Initiative, 2017)

Figure 2.1 presents, in the upper part, a diagram illustrating the generic -tmaffect
framework for occupational health, based on the ctusdfect framework fromjolliet et al.

(2003) As an exarple, the bottom part dfigure2.1 present the same cadeeffect framework

used in Life Cycle Impact Assessment (LCIA) for the chemical hazard of a volatile chemical.
Impacts on worker health result from exposure to work enment hazards (left side &igure

2.2) such as the presence of toxic chemicals. The types of hazards depend on the work
environment characteristicddazards are potential sources of damage to health that, upon
exposure, may result in adverse physical or psychological effects. Exposure is classified based on
duration, frequency, intensity, and route, for example, inhalation, ingestion, or dermal exposur

A risk is then characterized by modeling the effect on human health as a function of individual
characteristics, such as hardiness to physical recovery capacity or sensitivity to chemicals. LCIA
tends to model long term impacts due to chronic exposhrgsn occupational environment,

short term impact due to acute exposure are responsible for a large part of impacts on worker
health. Thus it is important to consider the exposure to impact delay (ETID), which corresponds
to the time lapse between thepesure to a hazard and the adverse effect or impact on worker

health. A short ETID is one where the exposure results in immediate injury, iliness, or fatality,



like a slip, a trip, a fall accident, or an acute exposure to chemicals. A long ETID is oretinéher

exposure results in an injury, iliness, or fatality in the future, like low dose exposure to a

carcinogen or teratogen.

Potency
Work (dose-response}
environment

hazards

Potential
in by non-cancer damages
workers R (DALY)

Volatile
Chemical

Figure2.2: Generic Occupational health impact catseffect general framework, adapted from
Jolliet et al. (2003)top), and volatile chemical hazard specific catgseffect framework as

example (bottom)

Figure2.3 presents the two maimpproaches to classify hazards and impacts used in Bg&e

2.3 a) presents one version of the hazard classificdiimghes & Ferrett, 2011; Smedley, Dick,

& Sadhra, 2013)but many variations exist (e.g., in some, the radiological hazards are not under
the physical category, but a category on their own). Several OHS agencies also use this hazard
classification such as the Australian Comdg#estralian Government Comcare, 2016and the
Canadian Center for Occupational Health ancetygfCanadian Center for Occupational Health

and Safety (CCOHS), 2016Jhis classification is widely used for hazard prevention activities.
Figure2.3 b) presents one version of an impact classification: the Occupational Injury and lliness
Classification System (OIICS v2.01) as developed by the US Bureau of Labor StéBatiostt

et al.,, 2012) This classification is oriented toward the reporting of injury and illness and is

commonly used in the reporting of OHS statist@ther variations of this classification eixis
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Figure 2.3: two main classifications used in OHS a) Hazard classification, b) Effect

(Occupational Injury and lliness) Classification System

The purpose of this paper is to define and to promotapanoach for the inclusion of OHS in
LCIA. To that end, the specific objectives are (a) to provide a literature review of research work
integrating OHS in LCIA, (b) to define a set of criteria defining an ideal method able to capture
occupational exposute hazards or risks and damages to worker health in LCIA, (c) analyze the
identified methods based on the criteria and (d) provide the outline of a framework to incorporate
identified methods to an LCIA context.

2.2.2 Methods

2.2.2.1 Literature review

To perform a revie of existing literature, the following research strategy was developed: we first
used online scientific search engines such as Web of Science to identify English language
documents covering both LHEycle Assessment and Occupational Health and Safety. Th

following query was used : ((occupational or "work environment” or "working environment" or
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"OHS" or "EHS") and ("LCA" or "life cycle assessment" or "ligcle assessment” or "life cycle
analysis" or "lifecycle analysis" or "life cycle impact" or "lfeycle impact" or "LCIA") ). The
bibliographies of the identified research articles were also screened for additional publications.
Only publications referring to LCIA and considering the inclusion of part or all of OHS impacts
on workers into LCA were keép We also kept articles considering LCIA and the "indoor

environment" when it was defined as including occupational settings.

Each document was then categorized as one or more of the following: review, guidance
documents, methods and case study. Reviewsdacuments, such as the present article, that
aims at providing a snapshot of the state of research for a given subject at a given time. Guidance
documents include both guidelines and frameworks, derived from theoretical or taxonomic
approaches, upon wthi methods can be developed. Methods provide quantified metrics and
indicators, beyond general principles. Case studies are applications of those tools to specific

situations.Case studies are specific examples of method use.

2.2.2.2 Defining selection criteria

An ideal method aiming to include OHS in LCIA would capture, separately, all risks or
occupational exposures to hazards, and by extension, all impact on worker health. Human health
impact indicators would be expressed or converted into common LCIA units (oasliseases,
DALY). The LCIA characterization method would build upon work environment characteristics,
model worker exposure and integrate dossponse function to assess human health impact. An
ideal method would provide default CFs at an elemerftavy level linked to existing datasets

from LCA databases and allow to overwrite default data with measurespsitdic for a better

representativeness.

Building upon the definition of the ideal method, a set of five criteria is defined to analyze
existing methods. The two first criteria are the type of hazard and the impacts covered,
respectively. Methods should cover all the hazards and impacts described above. A third criterion
analyzes the covered steps of the caassffect chain (as pdfigure2.2). The fourth criterion is

the provision of CFs with the method and the fifth is relative to the resolution of the method: do
the CF representing couigs, industrial sectors, companies, or activities? The last criterion is the

existence of a link to a life cycle perspective: have the authors provided a way to cover a whole



12

lifecycle with the method? This link can be through the use of an-Dptgut malel or the
mapping to an LCA database. An input output model is a tool based on the economic sectors
interdependencies that enables the modeling of value cthaostief, 1986; Suh, S., Society for

Environmental Toxicology and Chemistry, & International Sgcfet Industrial Ecology, 2009)

2.2.2.3 Comparing the identified methods

The identified methods are analyzed against the above criteria aiming to provide the outline of a
framework to incorporate identified methods to an LCA context and then identify oppieguni
for researchers and users. ldentifying weakness in the actual coverage of hazards and effects

would help promote the development of methods to strengthen this coverage.
2.2.3 Results

2.2.3.1 Literature Review

The identification of pertinent literature led to 83uks, including 65 articles, published from

1995 to 2017. We only analyzed 36 publications of the 83 that cover both LCA and OHS, i.e. 26
articles, 8 reports, a thesis and a book chapter. They include 11 case studies, 19 methods (eight
including a case stly) and six guidance documents. Most of the literature (92%) was published
after 2000, with only three documents published before 2004. Several key dates can help explain
the time pattern of publications: in 2004, the SETAC Working Group on LCA and thleing/o
Environment published its first report. In 2009, a working group under the UNEP/SETAC Life
Cycle initiative published an article summarizing its work on the inclusion of indoor exposure to
chemicals in LCA(Hellweg et al., 2009)The same year, the guidelines for sLCA of products
were also puldhed (Andrews et al., 2009)A timeline of the publications is presented in

supmrting information (see Figure Ain Annex A).

84% of the publications are relative to eL@4h six of the identified publication specific to
SLCA. Most published methods include a case study, explaining the similar figure for both.
Among the six guidance documents, three are specific to SLCA and include parts specific to EHS,
two are focusedrothe use of nanoparticles in indoor environment (including occupational) and

one is a thesis providing a review of existing methods to include OHS in LCA.
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Among the 20 identified case studies (eight being published with a method), bézaret

based five areimpactbasedand one can be considered as both. Thirteen case studies are specific
to chemical hazard by inhalation with 10 of them focusing on a single activity (eight for
degreasing). Only one provides both a-tifgle perspective and full covem@f the causéo-

effect chain. Seven of the 10 activity specific case studies only focus on one or two chemicals.

Details on the case studies are available ipsumg information (see table Ain Annex A).

2.2.3.2 Methods analysis
The 19 identified methods ikde grouped into two categories:

X impactbasedmethods, methods modelling the impacts on human health from statistical

data such as occupational injuries and illnesses.

X hazardbasedmethods, methods modelling exposure to hazards (relying on data such as
emitted quantity or concentration of harmful chemical, noise level) and then characterize

those exposure into impacts to human health;

Eleven of the 19 identified methods drazardbased seven aréempactbasedand one can be

classified in both categories.

2.2.3.2.1 Impactbasedmethods

These methods ammpact orientedas they focus on the impact side of the OHS framework (see
Figure2.2). They model potential ipact on worker health based on historical fatal and nonfatal
injury and illness data, bypassing the modeling of canisdfect. The first method exploring the
possibility of using injury and illness statistics to account for OHS in LCA is the oldese artic
found in the literature reviewAntonsson et Carlsson (18Pcalculated characterization factors

for Swedish industries. This first method offers quantitative and qualitative (for carcinogenic
impact and impact on reproduction) ways to evaluate the occupational impacts on worker health.
Hofstetter et Norris (2003¥entified inputoutput (FO) analysis as a suitabtool to account for
occupational impacts occurring in the supply chain. They provided CFs for 491 sectors, based on
sector specific statistics, but relied on & model of the U.S. economy with 91 sectors to model

the supply chainSchmidt, A. et al. (2004ublished a similar method that, instead of relying on
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an FO economic model, calculates working environment CFs for 8@rseof the US economy

and maps them to commodities in the LCA database (in term of injury or disease per physical
guantity of commodity). Similar methods were publishedH®ndrickson, Lave et Matthews
(2006) but using an 10 model of the US economy with 80 sectors then aggregated to only 38
industrial sectors, andy Kim et Hur (2009) using & I-O model of the Korean economy with

only 28 sectors specific to the Korean economy. More recently, Scahlah published two
articles defining work environment disability adjusted life years {®A&Y) (Murray, C. J.,

1994) and providing CFs for 127 U.S. industries covering work related activities in a proof of

concept LCA metho@Scanlon, Gray, Francis, Lloyd, & LaPuma, 2013; Scanlon et al., 2014)

Impactbasedmethods can cover, in theory, all hazard type and all damage type. They can also be
linked to a life cycle perspective through the mapping of the CF to an LCA database or through
the use of an-O model. On the sevaempactbasedmethods identified, sixatculate damages
consistently with LCIA practices and also model the value chain thus providing a way to address
the life cycle perspective. All six provide part or all CF needed to include them in an LCIA

analysis.

2.2.3.2.2 Hazardbasednethods

Hazardbasedmethods areause orientedthey focus on the hazard side of the OHS taxonomy
(see Figure 2.2). All the hazardbasedexisting methods are hazard sfiec(even route of
exposure specific) and capture only leegn impacts thus excluding short ETID, like many
documented workplace injuries or fatalities. Among all occupational hazards, chemical hazards
offer the most publicly available data for researshto work with, mostly for exposure by
inhalation. It is then not surprising that eight out ofnEZzardbasedmethods identified in this
review are specific to potential damage through exposure to chemicals by inhalation. Exposure
modeling is used to Bmate intake of a chemicahazardbasedmethods specific to chemical
exposure only deal with inhalation route of exposure. Effect modeling is used to estimate the
potential consequences of the exposure to the worker health based on the hypotheseaof a li
doseresponse curvéCrettaz et al., 2002; McKone et al., 2006; Pennington et al., 260@jlly,

impact modeling links the number of cases of illness to DALY through a severity factor (i.e.

converting a potential impact expressed in cases into DALY units) based on the GBD study
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(Huijbregts et al., 2005)0f these eight methods, only three provide a damage assessment, and
three provide a link to a life cycle perspective. This means that thelethad-basedmethods
specific to chemical exposure by inhalation that have been developed for LCIA are either not
compatible with the LCIA recommended practices for human health or are missing a critical link
with the life cycle perspective. Two methods for seideveloped by ucurachi, Heijungs et

Ohlau (2012)and Cucurachi et Heijungs (2014yrovide CFs fo Europe, but the underlying
characterization model miss the link from noise exposure to effect and damage on human health.
One other method specifically address psychological impacts but only considers potential
exposure of workers to harmful work condits (through the use of work hours at risk unit) and

does not link these exposure to potential damé@gesoitNorris, Cavan, & Norris, 2012)

Of the 11 hazardbasedmethods dentified, none provides CF at the elementary flow level,
although oneKijko, G., Jolliet et Margni (2016)provides CFs for impacts that include the value

chain, making it possible to addrehs life-cycle perspective consistently with LCIA.

Hosseinijou, Mansour et Shira@014)is the only method corresponding to battpactbased
andhazardbasedcategories. It builds upddenoitNorris et al. (2012)which is ahazardbased
method and aibk to it the use of OHS statistics specific to the case studied. This addition is
damagebased and while this enables the practitioner to make the best use of available data it
does provide neither a life cycle perspective nor a damage assessmenthé\isalidators of
both part of the method are distinct preventing from comparing themH®odhsénijou et al.

(2014)reference can in fact be considered as a publication of two different methods.
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Tableau 2-1 Detail of identified methods, blue lines arapactbasedmethods, white line arbazardbasedmethods, purple are
methods that are botimzardbasedandimpactbased HRED corresponds to the 4 steps in the caosdfect chain (H: Hazard, R:
Risk, E: Effect, D: Damage) with grey cell being the steps not irduBlTID stands for Exposure to Impact Delay

Hellweg,
Demou,
Scheringer,
McKone e
Hungerbuhler
(2005)

Hellweg et al
(2009)

Confronting workplace exposure to chemicals
LCA: examples of trichloroethylene al
perchloroethylene in metal degreasing and
cleaning

Integrating Human Indoor Air Pollutant Expos
within Life Cycle Assessment

Chemical
(inhalation)

Chemical
(inhalation)

no impact assessment

no impact assessment

Process
Activity

Process
Activity

None

Demou et al
(2009)

Evaluating indoor exposure modeling alternatives
LCA: a case study in the vehicle repair industry

Chemical
(inhalation)

no impact assessment

Process
Activity

None

Cucurachi et al
(2012)

Towards a general framework for including ng
impacts in LCA

Noise

no impact assessment

na

None

BenoitNorris et
al. (2012)

Identifying Social Impacts in Product Supply Cha
Overview and Application of the Social Hotsy

Database

Psychological

no impact assessment

Sector / Country|

1-O model
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Table2 1 Detail of identified methods, blue lines ampactbasedmethods, white line arfeazardbasedmethods, purple are methods
that are bothazardbasedandimpactbased HRED corresponds to the 4 steps in the caosdfect chain (H: Hazard, R: Risk, E
Effect, D: Damage) with grey cell being the steps not included. ETID stands for Exposure to Impat@elaand end)

Golsteijn, Including exposure variability in the life cycle impgq Chemical cancer and neoancer illnes§H |R |E Process
Huizer, Hauck|assessment of indoor emissions: The case of 1 (inhalation) long ETID Activity
van Zelm e{degreasing
Huijbregts

(2014)

Cucurachi e| Characterization factors for life cycle impact assessi no impact assessment Spatialized None
Heijungs (2014) | of sound emissions (10km2 cell)

Kikuchi, Y. et al.| Design of recycling system for poly(metl Chemical no impact assessment Process
(2014) methacrylate) (PMMA). Part 2: process hazards | (inhalation)
material flow analysis

Kijko, Gaél,| Occupational health impacts of organic chem Chemical cancer and nogancer illness Industrial sector

Jolliet, Partovi | exposure: the product life cycle perspective (inhalation) long ETID +

Nia, Doudrich e

Margni (2015)

Kijko, G. et al.|Occupational health impacts of organic chem Chemical cancer and nenancer illnessH [R [E |D . Economic sectol I-O model

(2016) exposure: the product life cycle perspective (inhalation) long ETID

Eckelman (2016] Life cycle inherent toxicity: a novel LCHased Chemical cancer and neoancer illnesg H E Product None
algorithm for evaluating cheical synthesis pathways long ETID
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Error! Reference source not foundprovides a snapshot of the identified methods. Each line
orresponds to a published method to include parts or all of OHS in LCA. Most identified methods
have been published in a peeriewal science journal, the two exceptions Sohimidt, A. et al.

(2004) a report published by the Danish Environmental Protecticenéy andHendrickson et

al. (2006) which was published as a book chapter. Blue linestify hazardbasedmethods,

white lines areimpactbasedmethods and purple lines publication that provide bwthard
basedand impactbasedmethods. The CF availability refers to the publication of CF by the
authors, making the application of the metipodsible. + means the CF are fully provided by the
authors, +/ means that part of the CF are available anteans the CF are not provided. The CF
resolution corresponds to the level of detail provided by the CF:. the most detailed are
activity/process sgxific and the more aggregated are couspgcific. The hazards and damages
covered (based drigure2.3) by each method are also presented. Whem@adt assessment is
included (that is when the method do not stop at the exposure assessnpathbasedmethod
coverage of hazards and damages only depend on the data availability and usually covers most
hazards and damagés$azardbasedmethods are,\odefinition, more hazard specific and usually
cover only one hazard and only long ETID damages. The last column describes any links to a
life-cycle perspective. Mostnpactbasedmethods map their CFs to LCA inventory databases
(four out of seven), two esan O model. Of the 1hazardbasedmethods, only three provide

such a link, all by relying on an 10 model.

None of the published methods have all the characteristics of an ideal method described in the
introduction: methods with the largest coverage of hazards, exposures, and impacts lacks the
granularity required to differentiate between those hazards, exsoand impacts. The most
specific methods often lack a link to a life cycle perspective or the data needed to generalize the
CF. If mapped onto the two classifications presentdeignre 2.3, hazardbasedmethods cover

only two hazards: chemical (exclusively via breathing) and noise exposureinvizattbased

methods cover all hazards for which data are available, including exposure to physical hazards
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2.2.4 Discussion

2.2.4.1 Limitations of existing methods

Impactbasedmethods use national injury and illnesses statistics that are accessible in many
countries, making it possible to generate couspgcific or aggregated (e.g., OECD) CFs.
However, those statistics depend on national regulations: they only account dipatimeal
injuries and illnesses tracked by regulatory agencies and declared by the employer. For instance,
depending on country specific regulations, the definition of welkted injury or illness related

to transport may vary, with some countries idlahg injuries caused by transport accidents to and
from work. It is worth noting that Europe and US recently made the effort to produce comparable
aggregate fatal work injuries statisti(@/iatrowski & Janocha, 2014)Further work is also
needed to expand the existing methods at a gletrle: despite the fact that data are usually
available at a country level (when available at all), a produetyitée covers usually more than

one country. The declaration process also leads to a general underc@dofstgtter & Norris,

2003) and a particular undercounting for hazards with long ETID such as ag@eaicachemicals

and ionizing radiations, as the link to specific occupational exposures can be difficult to identify.
The data on whicimpactbasedmethods rely, in contrast, systematically undercount injuries and
illnesses and are not consistent acreg®iting agencies as already pointed out in the literature
(Azaroff, Levenstein, & Wegman, 2002; Hendrickson et d&)Q& Hofstetter & Norris, 2003;
Leigh, Marcin, & Miller, 2004; Probst, Brubaker, & Barsotti, 2008pr instance, the data
reported by the Bureau dfabor Statistics does not include data on-seiployed and federal
government worker@ureau of Labor Survey, 2016)

Hazardbasedmethods also rely on available data. For instai€igko, Gaél et al., 2015use

data from the US Occupational Safety and Health Administration that was not specifically built
for modeling human health damages in LCIA and may not be consistent across countries.
Hazardbased methods require two main components to modeem@al impacts on human

health throughout the whole life cycle: a wed#fined caus¢o-effect chain and a database of
emission / exposure levels. In general, chemical hazards have been studied for a long time and
are there are databases of emissionscandentration made available by government agencies.
But the caus#o-effect chain is not fully known in detail: with new toxicological pathways such
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as the epigeneti¢wild, C. P., 2005; Wild, Christopher Paul, 2012ynergism/antagonism
between chemicals toxicological pathways and emerging chemicals, such as theticte®pa
(Walker, Bosso, Eckelman, Isaacs, & Pourzahedi, 204ISp, no existinghazardbasedmethod

assesses the potential impacts linked to short ETID.

A shared challenge for bothazardbasedand impactbased methods is the (limited) data
availability and (low level of) coherence at a global scale. The datasets provided by national
public agencies do not necessarily use the same industrial classifications or cover the same
occupational injury/ilinesses or meas the same chemical concentrations. Also, due to the use

of different production system technologies and the difference in OHS regulations, using one
country as a proxy for all the others may not be acceptable on the long run.

Finally, OHS issues are alsaddressed in sLCA. For instance, Benoit et al. has advanced
approaches for evaluating worker health and safety aspects in the Social LCA Guidelines for
sLCA (Benoit et al., 2010)While OHS would be an important aspect to consider in both eLCA
and sLCA, this could lead to potential double counting if both eLCA and sLBA& @dicators

are jointly used, aggregated or compared directly to support decision making. The distinction
between eLCA and sLCA does not mean that they are incompatible and methods to include OHS

in eLCA may be used in sLCA.

2.2.4.2 Opportunities:

Some sophistated hazardbasedmethods are well adapted to provide a robust assessment of
specific activities such as the methods develope@digteijn et al(2014) Hellweg et al. (2009);
Hellweg et al. (2005)or Demou et al(2009)to assess exposures to chensda} inhalation at a
workplace. Because of intensive data requirement they cannot be easily applied to assess the
occupational exposures of all the activities of a productchfde. Nevertheless, we see the
opportunity to couple such sophisticated methadsessing key foreground activities of a given

life cycle stage with a more generic and less data intensive method extending the analysis for the
remaining activities throughout the life cycle such as the method developeijkbyG. et al.

(2016) The combination of those methods makes it possible have@ytife perspective while

being able to use very specific data when available.
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A second opportunity is the possibility to rely anpactbasedmethods wherever hazard
basedmethod has not been developed.

2.2.4.3 Proposed framework

The review and analysis of the existing methods has identified a variety of hazards and damages
that cannot be captured by a single method. A framework combining the mtiffes¢hods is
needed to consistently structure the integration of OHS in LCIA.

Figure2.4 presents the proposed framework for itmdusion of OHS in LCA. It consists of two
main parts: the first considers the impacts with long ETID in a similar way as Human Health
impact modeling in LCA, and a second part considering the impacts with a short ETID. Both part
consider all existing @aupational hazards and provide quantify impacts in as number of cases,
DALYs, or any other unit that can be converted to cases or DALY. The first part consists of
many differenthazardbased methods that are hazasgecific and rely on a cause-effect

model linking hazard to impact, with long ETID, on worker health. The second part consists of
oneimpactbasedmethod using impact data (OHS statistics) linked to impacts with short ETID.



HAZARDS

= Biological

CAUSE TO EFFECT

MODEL EXISTING METHODS

Hellweg et al, Demou et al., Golsteijn et al.
Kikuchi et al., Kijko et al., Eckelman et al.

Cucurachi et al.

% Benoit et al., Hosseinijou et al.

Antonson et al., Hoffstetter et al., Schmidt et al. Kim et al.
Impact data rHendricksonetat; Scantonet al; Hossemmijoue

Impact with long
ETID
(mostly illnesses)

Total Occupational

Impact on Worker
Health

Impact with
short ETID
(mostly injuries)
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LEGEND
Cause to effect model
not developed

Cause to effect model
developed

Exposure to hazard data

is partially available

_________ Exposure to hazard data

Impact data is partially

available

Figure2.4: Framewok for inclusion of OHS in LCA with availability of hazard exposure or risk data, emdstect model, methods

and impact data
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2.2.4.4 Recommendations:

The work environment should become a focus for the USEFPAC Life-Cycle Initiative
building a consensus among the LCA scientific community on the integration of OHS in LCA
may be the best way to push for the development and implementation of standardized, consistent

methods focusing on worker health.

2.2.4.4.1 For the method developers:

The focis of method development should be oriented toward the main causes of impact on
workers as presented igure 2.1, with a priority on the development bazardbasedmethods

when the causw-effect chain and the data needed to evaluate exposures are available. In
decreasing order of priority, followinpe GBD, method development should be oriented toward

chemical and physical hazards such as ergonomic stressors and noise hazards.

We propose the following guidance for the development of individual methods to ensure

consistency with each other and witle treneral LCA framework:

A method should provide indicators with units compatible with the current
recommendations for human health indicat@ffaschknecht et al., 2016).e. cases of
illnesses, DALY or units that can be converted td-dr the exposure to chemicals, the
use of the effect and severity factors provided by the USEtox consensus model is

recommende@Rosenbaum, R. et al., 2008; Rosenbaum, Ralph K. et al.,.2011)

- Each method has to explicitly identify the hazards effects and exposure route covered to
facilitate the detection of potential doulteunting with other methods and uncovered

hazard / effect.

- A method should provide detailed CFs for each combination of hazard / effect to facilitate

the joint use of different methods.
- The full set of CFs should be provided, with uncertainty data, alathghe method.

In addition to the above guidance we also recommend the creation of a comprehensive list of data
VRXUFHVY LQMXU\ DQG LOOQHVVHV VWDWLVWLFV FRQFHQWU
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environment to facilitate the generation@¥s at country level as national variability may be an

important source of uncertainty.

2.2.5 Conclusion

This article has identified the literature relevant to the inclusion of OHS in LCA. The literature
review has shown that even if we are not yet able to capite complete extent of occupational
impacts on workers in LCIA, the existing methods provide a good base on which the future
methods can be built. The set of criteria defined in the method section and the framework
proposed in the discussion helped itfgnthe main method types and a potential to combine
different methods to better cover impacts due to a specific hazard. The framework proposed a
way to combine the different existing methods while highlighting the types of workplace hazards

for which moe work is needed.
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CHAPITRE3: 352%/(0$7,48( (7 2087,)6 '( 5(&+(58&+(

3.1 Problematique

$XMRXUGTKXL LO QYH[LVWH SDV HQFRUH GIDSSURFKHV VXIIL
évaluer &s impacts potentiels sur la santé des travailleurs des expositions professionnelles aux
VXEVWDQFHV WR[LTXHV HQ $QDO\VH GX &\FOH GH 9LH /D S
SUpVHQW VRXIITUHQW GfXQ PDQTXH GH GRQAKHOAH GERQ W \E
GH YLH HW RX j OfTHQVHPEOH GHV VHFWHXUV RX GHV V\VWqgP
OHV EDVHV GH GRQQpHV G (gmdli@Val 12008, @istefn BEtGaH 2G14; Y L H
Hellweg et al., 2009; Hellweg et al., 2005; Hofstetter & Mépr2003) Il existe des approches

basées suGHVY VWDWLVWLTXHVY VHFWRULHOOHY GYDFFLGHQWYV H\
FRXYUDQW OD SOXSDUW GHV VRXUFHV GYLPSdatimant VXU O
systématiquement les chiffres rééfgaroff et al., 2002; Hendrickson et al., 2006; Hofstetter &

Norris, 2003; Leigh et al., 2004; Probst et al., 200Bgtte sougstimation est encore plus
importante pour les impacts chroniquesad. ayant des effets a lostigrme sur la santé humaine

FDU OH OLHQ HQWUH OTHIIHW HW XQH FDXVH SURIHVVLRQQHC

II'y a donc besoin de déveRSSHU XQH PpWKRGH GYpYDOXDWLRQ GHYV
travailleurs des expositions professionnelles aux polluants. Cette méthode doit étre
RSpUDWLRQQDOLVDEOH GDb-Qu : éte cBrupbtie avidHescadprocidstATV
existantes pauévaluer les émissions en milieu extérieur et doit reposer sur des données
VXIILVDPPHQW FRPSOqQWHV HW GLVSRQLEOHV SRXU SHUPHW)\

vie.

3.2 Objectifs de recherche

I TREMHFWLI JpQpUDO GH FH SURddgdenet @itirdJdpératidroeti& HneH VW C
PpPWKRGH GYfpYDOXDWLRQ GHV LPSDFWV OLpV DX[ H[SRVLW
polluants, de maniére cohérente et comparable avec les impacts des émissions extérieures déja

intégrés et évalués en ACV.

Objectifsspécifiques
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1. 'pYHORSSHU XQH PpWKRGH VH EDVDQW VXU GHV FRQFHQ
OHV LPSDFWV SRWHQWLHOV OLpV j OfH[SRVLWLRQ DX[ V
SURIHVVLRQQHO GDQV OTHQVHPE O Hu@k\eY BH&WHX UV GH O

/I MTREMHFWLI UpSRQG DX[ TXHVWLRQV GH UHFKHUFKH VXI

a 4XHO HVW OYLPSDFW SRWHQWLHO VXU OD VDQWp KX
secteur industriel et comment se compaisft

b. Quels sont les secteurs manufacturiersklv®@ H SRWHQWLHO GILPSDFW (

VXU OD VDQWp GHVY WUDYDLOOHXUV FRPSH&its WHQX
chaque secteur?

c. Quelles sont les substances les plus impact@ntes

d. Quelles sont les incertitudes associges

2. eWHQGUH OfDSHORSTXH jGWIREMHFWLI j OYHQVHPE
GYIDSSURYLVLRQQHPHQW GTXQH HQWUHSULVH RX VHFWH
cycle de vie.

/I TREMHFWLI UpSRQG DX[ TXHVWLRQV VXLYDQWHYV

a. Comment prendre en compte les impacts potentiels sur leBtradOH XUV j] OfpFKk
GIXQH FKDvVvQ@H GH YDOHXU

b. Comment se comparent les impacts potentiels au sein des sectéwvss\vie

leur chaine de valeur aux Etaisis ?

3. Appliquer la méthode développée en 2 et comparer ses résultats aux autres étapes de
OTDQDO\WH GX F\FOH GH YLH DLQVL TXIDX[ DXWUHV LPSD

/I TREMHFWLI UpSRQG DX[ TXHVWLRQV VXLYDQWHYV

a. &RPPHQW VH FRPSDUHQW OHV LPSDFWV VXU OfH[SRYV
émissions extgeures dans une ACV de prat?

b. &4RPPHQW pYDOXHU OH GHJUp GH FHUWLWXGH GH OfL
GIXQH pWDSH G XakisfalxtauteeBl YLH YLV
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c. EstLO SHUWLQHQW GYLQFOXUH OHV LPSDFWYV VXU OfH
4, eWHQGUH OfDSSURFKHnifued evméBMWDQFHYV LQRUJD
I MTREMHFWLI UpSRQG j:OD TXHVWLRQ VXLYDQWH

a. &RPPHQW VH FRPSDUHQW OHV LPSDFWV GH OfH[SRVL
organiques aux polluants organiques tels que les PM et les métaux ?

b. &4RPPHQW pWHQGUH OfYDS ®tddgaridieB SOXV GH VXEVWDC
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CHAPITRE4: 'e0$5&+(6 '( /T(16(8/( '8 75%$9%,/ '(
5(&+(5&+( (7 25*$1$8,21 '8 75$9%,/

Afin de guider le lecteur a travers la méthodologie du projet dans sa globalité, les grandes lignes
vont étre présentées-apres. Les détails de la méthodologiatsfournis dans les deux chapitres
VXLYDQWYV VRXV OD IRUPH GYDUWLFOH VFLHQWLILTXH

La Figure 4.1 présente une vue générale de la méthode développde r@¢pondre a la

problématique et aux objectifs de recherche.

/ID PPWKRGRORJLH SRXU DGUHVVHU OHV LPSDFWV SRWHQWLF
en milieu de travail a été développée pour le cadre géographique debriisatCe choix est

justifié par la disponibilité des données. Il est important de noter que tout au long de cette these,

le termeimpactfaire directement référence a des impacts potentiels tels que définit dans la norme

ISO 14040 (International Organization for Standardization, 2006)



Figure4.1 : Etapes et organisation de la méthode pour répondre au 4 objectifs de recherche
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41 &DOFXO GHV IDFWHXUVY GH FDUDFWPUL\

manufacturiere

La premiere partie de la méthodologie se concentre asgehération dé-C spécifiguement
GpYHORSSpV SRXU FDUDFWpULVHU OYLQWHQVLWpP GHV LPSD
travail dans chaque secteur industriel des Hiais. Pour ce faire, la base de données de
concentration de polluants mesurée reilieu de travail aux Etatenis (base de données

Chemical Exposure Health Dat@nited States Occupational Health arafe®y Agency, 2015)

est analysée pour identifier les mesures correspondant aux expositions individuelles des
WUDYDLOOHXUV 'HV FRQFHQW (@tDev varigbilitépdnHgts ealdidpyduR Q P R\H

chaque substance dans chaque secteur malust

Les CF exprimant un impact potentiel sur la santé humaine par heure travaillée sorg patculé

OH SURGXLW HQWUH OHVY FRQFHQWUDWLRQV GYfH[SRVLWLRQ ¢
(C;j en mg/m), leur débit respiratoire dans &ecteur j (BRen n¥ K HW OfHIIHW VXU C
humaine de la substance i (BFQ '$/< RX FDV PJ GTXQH WHOOH H[SRVLWLF

% 6ok ' (uH$ 4 H% (4.)

/IH GpELW UHVSLUDWRLUH GplILQLVVDQW OD TXD@#&ledatp KRUD
WLUpH GX PDQXHO GHYV (UDitedv$tatdd \EndnrhpStR \ProtédtiBnQAgency,
2011) Les factew V G 1 H) proViennent de USEtoRosenbaum, Ralph K. et al., 2011)

8QH DSSOLFDWLRQ DX[ VHFWHXUV PDQXIDFWXULHUV GH OfLC
total des heures travaillées dans chaque secteur. Seules les heures de travail dantezpon
travailleurs cols bleus sont considérées, les travailleurs cols bleus étant des employés de

producton sans fonction de management.

Un des défis a relever est de rendre cohérentes les données qui sont fournies dans différentes
classifications ind WULHOOHY )LQDOHPHQW XQH DQDO\VH GIYLQFHU
VXU OHV FRQFHQWUDWLRQV PHVXUpHVY HW VXU OHV IDFWHX
confiance pour chaque CF.

&HWWH PpWKRGH D IDLW OfREMHWREPHOQ @pJ &@HFEO)HS EXBOQ i HH ¢
polluants organiques aux Etatigis entre 2002 et 2009, vée Chapitre 5
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4.2 Calcul des facteurs de caractérisation pour toute la chaine de
valeur

La génération de CF pour les expositions professionnelles aux pgslganiques dans chaque

VHFWHXU PDQXIDFWXULHU HVW XQ SUHPLHU SDV GDQV OD GL

GHV WUDYDLOOHXUV HQ $&9 7RXWHIRLVY FHOD QYHVW SDV V

XQ SUDWLFLHQ $&UGGCGEYWBUWLQHRERILQYHQWDLUH GH WRXW

FKDTXH VHFWHXU LQGXVWULHO ] OfpFKHOOH GX F\FOH GH

FDUDFWpULVHU OH VFRUH GYLPSDFW DYHF OHV &) SURSUH |

Actuellement, aucun outil ou base de données actuel ne permet de générer directement un tel
inventaire.

/ITDQDO\WH pFRQ8UBUTX® ektQuUdXoWtil adapté a la modélisation des liens
PFRQRPLTXHV PXOWLVHFWRULHOV /H & °KRIP SRV P HGWROXHP IO V
LQGLTXDQW OD TXDQWLWp GH FRPPRGLWp L GLUHFWHPHQW Q

M 6HORQ OD WKpRULH GH /HRQWLIIHO PHQW IGBIVUR Q@ RV VWO D XR L

des productions nécessaires depdat de chaque secteur a travers toutehiaine de valeurs
(Leontief, 1986)

&L (+F m?5 H & (4.2)

'DQV O 1pZX BoireRdnd & la production totale nécessaire de chaque commodité (en $)

pour répondre a la demande fina@ HQ

HQ SUHQDQW HQ FRPSWH OfTLQW
valeur.

(Q VH EDVDQW VXU OH QRPE UapMmtRafibD @tale HiK ehxduéisdécteud &V U D Y L
production totale de chagque commodité ainsi que sur une table de production (fournissant le
détail de la production de chaque commodité par chaque secteur) on obtient une matrice
SUpVHQWDQW OH revRilR&sUddnsERidqtexXsddteur pir $ de production de chaque

FRPPRGLWpPp VXU OTHQVHPEOH GH OD FKDvVQH GH YDOHXU [/H

alors en multipliant la matrice par la valeur totale de production de chaque commaé&i{i®ir
équatiord.3).
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BL n H:& (4.3)

/1p T XD W men®e comment obtenir les facteurs de caractérisations pour la chaine de valeur a

partir des facteurs de caractérisations obtenus dans la premiére partie du projet de recherche.

% &L % &H n H:uF m?> (4.4)

JTLQFHUWLWXGH GHV &) GpYHORSSpV DX SRLQW2Bdumpl&E pGHQW:

chaine de valeur avec des intervalles de confiance.

ID PpPWKRGH SRXU FDOFXOHU FHV &) SRXU OYfH[SRVLWLRQ Gl
traverstoute la chaine de valeurs de chaque commodité aux Bt@sV D IDLW OYREMHW G
publié en 201€Kijko, G. et al., 2016accompagné de CBurnis en information supplémentaire

voir CHAPITRE 6:.

43 &DV GI1pWXGH

$ILQ GTpYDOXHU OYDSSOLFDWLRQ GH OD PpWKRGH GpYHOR
GIpWXGH HVW UpDOLVp /H EXW HVapEE e€ pppieabW sUHUW caxXH OD
réel et de comparer les impacts potentiels sur les travailleurs obtenus avec les autres impacts

potentiels sur la santé humaine pris en compte en ACV.

/IH FDV GYpWXGH HVW XQ IDXWHXLO GH Btkdl B BbXniSsoXsU OHTX
FRXYHUW GH OD VLIQDWXUH GTXQ DFFRUG:GH FRQILGHQWLDC

X la composition du fauteuil

les étapes de fabrication du fauteuil

x

les heures travaillées sur le site de production du partenaire

x

les concentrationde polluant dans les ateliers de fabrication du partepaire

x

Xx OHV WDX[ GIpPLVVLRQ GH SROOXDQW GX SURGXLW ILQLW
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ITXQLWp IRQFWLRQQHOOHI)>SWLUHVIBDW [FR@ MK HVDNXWHXLO GH
dans un environnement professionnel

/ID EDVH GH GRQQpHYV XWLOLVpH SRXU PR GpoeitH/R2OGLQYHQ\
logiciel utilisé est Simapr8.0.4.30.

/IHV PpWKRGHY GYpYDOXDWLRQ GHV LPSDFWV GX F\FOH GH YL

X Impact 2002+ pour caractériser les émissions exiggs tout au long du cycle de vie du

produit;

X XQ PRGGOH FRPSRVp GTXQ FR&NBD 6t\Al.| FOBOROW cklguRRekq Q H
FRQFHQWUDWLRQV GJH[SRVLWLRQ GHV XWLOLVDWHXUV |
ordre(Guo, 2002a, 2002bEHV IDFWHXUV GYpPLVVLRQ GX IDXWHXLO

/I TLQFHUWLWKGQGHFRFBWSHUEDH OTXWLOLVDWLRQ @GrdlygeblaP pWKR C
SURSDIJDWLRQ GH OfLQFHUWLWXGH DX[ VFRUHV GYLPSDFW

I MTpWXGH GH FDV HRUG$DQODWIL\RHQ GHH AOQJLQFHUWLWXGH D IDLV
2015 mentionné au chapitre précédent et présertRaguitre 6.

44 OLVH ] MRXU HW HIWHQVLRQ GH OD PpWKRG

La méthode développée et testée aux points précédents ne coeues gpolluants organiques

SRXU OHVTXHOV XQ IDFWHXU GTHIIHW HVW GLVSRQLEOH GD
caractérisations a jours, les CF1 et CF2 sont générés a partir des concentrations en milieu de
WUDYDLO IR XU QUniteds BtdlesCOr2upétibnal Health and Safety Agency, 2645)
SUHQDQW HQ FRPSWH WRXV OHV SR etexsiz@avsWusEoxX U OHVTXHO

Cette exte?/ LR Q |IDLWchagitREMHW G X

/I THIWHQVLRQ GH OD PpWKRGH SRXU XWLOLVHU GYDXWUHV V
non inclues dans USEtox est évaluée en utlisant la base de do&§ddQUHILVWUHPEL
GITpYDOXDWLRQ GIYDXWRULVDWLRQ HW REACH) teg Wotslels\ld. RQ GH
GpFODUDWLRQV GHV VXEVWDQFHY FKLPLTXHYVY GLVWULEXpHYV
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51 S3UpVHQWDWLRQ GH OYDUWLFOH

Cet article, publié le 16 Juin 2015 dans le jourBalvironmental Science and Technology
présente les travaux de recherche effecter@sréponse au deuxieme objectif du projet de

recherche.

Cet article présente une nouvelle approche méthodologique pour calculer les impacts potentiels
sur la santé des travailleurs des expositions aux polluants organiques par voie respiratoire. Un

ensemblale facteurs de caractérisation dans le contexte des\Higts

/IHV LQIRUPDWLRQV VXSSOpPHQWDLUHY VRXPLVHV BtMHF OfD!
O D GUH YV V Httpd/MubY. &r QoM doi/suppl/10.1021/acs.est.5000078

Auteurs: Gaél Kijko, Olivier Jolliet, Vahid Partovi Nia, Greg Doudrich, Manuele Margni.

5.2 Manuscrit

5.2.1 Introduction
Relevance of considering occupational health in life cycle impact assessment (LCIA

LCIA is a comparative tool designed to evaluate the potential impacts of products or services
throughout their entire life cycldslauschild, Michael Z., 2005nultiplying inventory flows per
functional unit by life cycle impact assessment (LCIA) characterization factors (CF). One of the
main aims of LCIA is to avoid burden shifting teeen different life cycle stages or impact
categorieEuropean Commission Institute for Environment and Sustainabilipint Research
Center, 2010a)Howeve, for toxic emissions, LCIA has traditionally focused on the potential
impacts of outdoor emissions, disregarding potential impacts and impact shifts related to
occupational health, which can be significant. Accordinbito et al. (2012) harmful chemicals
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cause over 37000 premature occupational deaths every year around the world. It is therefore
crucial to include occupational impacts in integrated product policies and thus into tools such as
/1&,$% ZKLFK DLP WR UH@GnipHEct®loféteital & Rding, 2063xand complement
sectorspecifc risk assessmel(Grieger et al., 2012hrough approaches that cover the entire life

cycle of a product.
Occupational mpact in LCIA

The rationale for including occupational health impacts has been thoroughly discussed by
Hofstetter et Norris (2003the main reason for this inclusion is to avoid burden shifting from
general population environmental impacts to worker health. Several research efforts have
attempted to includeagupational impacts within the LCIA framework, combining work statistics

on illness and death in occupational environments to determine the human health impacts of
working activities in each industrial sect@kntonsson & Carlsson, 1995; Hauschild, M. Z. &
Wenzel, 1997; Kim & Hur, 2009; Scanlon et al., 2014; Schmidt, A. et al., 28#4pugh they

cover all industrial sectors, these methods have several dravtbspésifically the fact that

using data that relies on a tvstep process (declaration and acknowledgement) induces a
significant risk of undercountinfHofstetter & Norris, 2003)Methods building on sectdrased
illnessand accident statistics are not chemical specific and do not necessarily encompass long

term chronic illnesses that occur after retirement age.

Other methods mainly focus on modeling the fate and exposure of chemicals in work
environments in the same wag environmental LCIA models outside environmental fate and
pollutant exposuredellweg et al. (2009performed a review of existing models, recommending
the use of a simple oflox model for generic LCA applications. Several case studies applied
such fate and exposure models to pregigtosure concentrations and intakes in an LCIA context
(Demou et al., 2009; Golsteijn et al., 2014; Hellweg et al., 2005; Meijer, Huijbregts, & Reijnders,
2005a, 2005h)focusing on a few core processes withaddressing the entire supply chain. In
practice, it is extremely difficult to collect the number and type of required parameters, hindering
the broad applicability of the modeling approach in LCIA. On one hand, thédamnenodel
recommended by Hellwegf al. (2009) may make it possible to assess the occupational exposure
Rl ZKLWH FROODUV ZRUNHUV 3D SHUVRQ ZKRVH MRE LV SUF
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(Collins, 2015b) associated with welllefined volatile organic compound (VOC) emissions from
office furniture such as formaldehyd@laisance, Blondel, Desauziers, & Mocho, 2012 the
other hand, such a simplified generic model is not suitable to assess the occupgtiasiaiecof
EOXH FROODUV ZRUNHUYV 3D(CoIr3,XDIG)loveGlife\cyule étdayes @8.UNHU’
including plastic and wood manufacturing for office furniture) since emissions factors are
generally unknown and working environments are very heterogeneous in terms of ventilation rate

and geometryAlso, these parameters are difficult to collect across sectors.

Hellweg et al(2009)suggested that the use of a model could beigivented by directly relying

on measured concentrations rather than emissions to assess chemical exposure. Multiple studies
in the field of industrial hygiene analyze organic chemical concentrations, studying exposure
levels and regulation compliance withindividual industrial sector@Kauppinen et al., 2006;

Witter, Tenney, Clark, & Newman, 2014 a recent articleCollinge, Landis, Jones, Schaefer et

Bilec (2013)presented a method using concentration measurements to assess the potential indoor
impact in green building rating systenWgalser, Juraske, Demou et Hellweg (20f@8&)vides an
interesting case study for the printing industry based on data collected over several decades, and
Kikuchi, Yasunori et Hirao (2008)sed measured concentrations in an LCIA/RA case study of
metal degreasing processes. However, these studies were only applied to assess certain individual
industry sectorsDemou, Hellweg et Hungerbihler (201ddmpared 38 organic solvents based

on their average measured occupational concentrations across all sectors, potential exposed
populations and effect factors, but aggregation across all sectors does not make it possible to
assess a product manufacturedaigiven sector within its specific supply chain.a search to

provide measured concentrations for each manufacturing sector across the entire industry, an
interesting data source was identified: the Chemical Exposure Health (Daied States
Occupational Health and Safety Agency, 20%6) out by the U.S. Occupational Safety and
Health Administration (OSHA), which pvades measurements for the entire manufacturing
industry collected to verify compliance with occupational limit values (OLV) and distinguishes
between concentrations from different periods. There is therefore a need to build upon this
database in order fwrovide characterization factors to consistently estimate exposure intensity in
individual sectors throughout the entire manufacturing industry to characterize the entire life

cycle of a product from an occupational perspective.
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This article aims to deveioa characterization model and factors for occupational exposure to
organic chemicals for all individual industrial sectors, in keeping with the LCIA framework.
More specifically, this paper aims to (a) develop a framework and model to assess the
occupatimal exposure of blueollar workers to individual chemicals based on concentrations in
each sector and labour hours per functional unit, (b) build on the OSHA database and establish
sets of sectespecific generic occupational concentrations for a widgea organic substances
across the U.S. manufacturing industry for the {20610 period, (c) provide chemiespecific
characterization factors or impact intensity per hour worked in each U.S. manufacturing sector
and (d) evaluate this novel approach byvding CF uncertainty ranges and assessing the
magnitude of the total burden of disease (cancer anecaocer) due to organic chemicals in

each sector and across the U.S. manufacturing industry.
5.2.2 Methods

5.2.2.1 Characterization framework for outdoor and indoor emissions

The widely accepted LCIA sourdge-impact framework to assess toxic emissions was used as the
starting point for this studfddliet et al., 2006) For outdoor and indoor emissions, the impact per
functional unit ; (DALY/FU) for effect e (cancer or noitancer) caused by chemicéis the
product of the amount of chemicdtemitted per functional unit ;EKgemitedFU) and he
characterization factor GHDALY/Kgemitted, Where the characterization factor is the product of
EF.i the effect factor (DALY/Kgtke and ik the intake fraction (kgakdKJemitted:

8&gd- Ngdi oL "(gHEGH oL (g b (5.1)
This impact score can also be expressed as the producthef intake per functional unit of
chemicali (kgintakdFU) and EF; the effect factor (DALY/kgiake. The effect factor is expressed
by the product of DR the human doseesponse for effee caused by chemical(cases/Kgiaxe
that accounts for lifetime exposure, multiplied by, Sfe severity factor for cancer and non
cancer effects equal to 11.5 and 2.7 (DALY/cases), respec(haljpregts et al., 2005)
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5.2.2.2 Characterization framework for occupational health

Classical outdoor Proposed occupational

Data Source

LCA approach LCA approach
_ 5 . Generic Labour hours
Outdoor emission ! industry data .
) . ! per functional
per functional unit unit
Specific
industry data
Predicted | Measured
IF outdoor indoor
concentration —{ concentration
Exposed Inhalation
Intake P . Intake
. | population rate .
EF i | EF

Health damage
on general
population

Health damage
to workers

Figure 5.1: Comparison and links between tigeneral LCIA framework and the proposed

occupational approach

Since occupational emissions and intake fractions are not readily available across all sectors, this
paper advances an alternative approach to assess occupational exposure fdfigu@e6(Q1).
Occupational concentrations are widely measured by work inspection (Occupational Safety and
Health Administration (OSHA) in the U.S.) as part of detpry enforcement activities.
Inspections may include personal air sampling to determine the exposure of workers to regulated
chemicals. Thus, the damage was also calculated as the product of intake and effect factor. But
instead of using an emission astarting point, the method proposes to determine the intake as a
function of the measured occupational concentration and the number of production worker hours

per functional unit. Equatiof.1 was therefore modified to calculate the sestmecific chemial
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intake |; (kg/FU) as the product of E;F@m%), the breathing rate of workers in sectpIC;
(kg/m®), the concentration of pollutamtin sectorj to which the workers are exposed, and h
(h/FU), the number of blueollar worker hours exposed per functional unit in manufacturing
sectorj. The impact on human health per functional unit for efeecaused by chemicalin
sectolj Dejj (DALY/FU) becomes:

&uok '(gH oLk %MD L ' (gHS4H%BHD (52)
where:

By(h/FU) is the number of blueollar worker hours exposed per functional unit in manufacturing
sectorj D Q G ¢&i$ the modified characterization factor or impact intensity per-tdliar
worker hour workd for effecte caused by chemical in sectorj, expressed in (DALY/h),

determined as:
% L "(oH$S4H%v (5.3)

Expressed in DALY/h, these characterization factors can be aggregated within a sector by
summing CFs across chemicals. The total burden of disease (TBD) related to occupational
exposure (overall impact due to chemicals across all industrial manufactectogssduring one

year of operation) can also be obtained by summing%@us;cross all chemicals, sectors and
effect types (cancer and neancer) multiplied by the respective total yearly bto#ar worker

labour hourswithin each sector jI#2 %(h/year).
6$8L AgAgAy% § M §2¢ (54)

This paper primarily aims to provide and analyze generic concentrations, related intake intensities
and characterization factors for the multiple combinations of organic chemicals and
manufacturing ectors in the U.S. for both cancer and 4tancer impacts. Though the study does

not aim to provide the inventory data (i.e. worker hours per functional unit), production hour
statistics in each manufacturing sector were collected and used to calculatgeeghte average

characterization factors across the U.S. economy.
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5.2.2.3 Application to the U.S. manufacturing industry

The proposed framework was applied to all U.S. manufacturing sectors: industrial sectors were
determined according to the 2007 North Amaridadustry Classification System (NAICS).
There are four levels of classification: three to six digits, three being the most aggregated level
and six the most detailed. For example, sector 3R88t(cide, Fertilizer, and Other Agricultural
Chemical Manufeturing) is a NAICS level 4 sector that aggregates two NAICS level 5 sectors,
32531 Fertilizer Manufacturing and 32532 Resticide and Other Agricultural Chemical
Manufacturing, and is attached to a NAICS level 3 sector: 32bgmical Manufacturing The

industrial manufacturing sectors are classified between sectors 311 and 333.

According to Equatiorb.2, three sectespecific parameters must be collected to calculate the
potential impacts per sector: chemical concentration (measured or generic),ngreatgiand
production hours worked per functional unit. An average worker breathing rate value 6.6 m
was assumenited States Environmental Protection Agency, 20The chemicabpecific EFs
were provided by the USEtox consensus m@Belsenbaum, R. et al., 2008; Rosenbaum, Ralph
K. etal., 2011)

5.2.2.4 Concentration of organic chemicals in U.S. manufacturing industry sectors

OSHA Chemical Exposure Health Data (CEHD) was used fomasured concentration data

(United States Occupational Health and Safety Agency, 20h&se data are partially ckifsed

by NAICS (2002 version) and SIC (Standard Industrial Classification, the former U.S.
classification system). The CEHD database was screened to extractspecific measured
concentrations from 2002 to 2009 in order to best capture exposure iegaured with

improved detection capabilities and cover a period that is coherent with the timeframe of the
other variables, such as the labour hours. In total4203measurements for 602 chemicals were
DYDLODEOH 2QO\ 3SHUVRQD @ cherridal¥ XWithHaRaiaDlev WSHtBxUeffecy JD Q L
factors were selected, for which characterization factors could be calculated. According to
26+3% 3SHUVRQDO V eprésertt tQel exposiirX © \e/ individual who was actually
ZHDULQJ D VDP f0ite@ Jtatsl Fdclpdtional Health and Safety Agency, 2015S)
accounting for exposure without personal protection. Working with personal measurements
LQVWHDG RI :DUHD” PHDVXUHPHQWYV P DN H\xing\prot8dBOAVLEOH V
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exposure framework and work directly with exposures. The 17 measurednt@tions that
exceeded thémmediately dangerous for life and healfinited States National Institute for
Occupational Safety and Health 1994yel were excluded since they cannot be reasonably
representative of usual worker exposure. The filtered data was then transposed to the NAICS
2007 system using U.S. Cerssconversion table@Jnited States Census Bureau, 2013a)this

paper, the ternNAICS sectodirectly referring to a manufacturing sector in the 2007 NAICS
classification. In total, 4254 measured semtbased concentration values for 235 organic
chemicals were extracted for the purpose of this paper (see

http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b000*gy are considered te byepresentative

of realistic exposures to chemicals in industrial sectors and are independent of any legal
threshold. These data were used to determine sets of generic concentrations for each organic
chemical/sector couple together with a range of indi@iddata to inform the uncertainty

assessment (see below).

Work inspectors (OSHA compliance officers) do not conduct measurements for all chemicals in

all industries and generally measure chemicals they consider probable to present & &azard
choice baseRQ HYLGHQFH RI WKH FKHPLFDOYVY SUHVHQFH DQG WK
on the OSHACEHD website supporthis hypothesis:

26+$ FRPSOLDQFH drVelop H shapshet@picture of potentially
hazardous chemical exposures and use field evatuatiols to assess their
significance: often comparing their measured airborne concentrations of
chemicals againstseablished standard¢United States Occupational Health
and Safety Agency, 2015)

Building on this, two hypotheses to input generic concentrations in subsectors without measured

data were formulated:

Default hypothesis Xonsiders that the generic concentration for a chemical/sector couple
without measurements is 0, assuming that most sectors with appreciable concentrations have
already been covered by work inspection. For couples with measured data, exposure
concentratios were extracted at NAICS level 6. Generic concentrations for NAICS levels 5
through 3 were calculated for each chemical with a weighted average of the production worker
hours of the NAICS sulevel 6 values.


http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b00078
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Conservative hypothesisa2lopts a more consative approach for sensitivity study: instead of a

null value, generic concentrations at NAICS levels 5 through 3 were allocated based on the
weighted average of all available NAICS debel 6 production worker hours. Then, from
NAICS level 3 down to le®l 6, sectors without generic concentrations were given the value of
their direct upper level sector. A similar generic concentration to immediate neighbour sectors
was therefore assumed. For example, if the generic concentration for sector 336123 ings miss
the surrogate was the value of sector 33612 or, if also missing, the value of sector 3362 and so

on.

Default hypothesis 1 was used as the default method, whereas the second conservative method
was used to test the sensitivity to this hypothesis. EBurdetails on both approaches and the
filtering criteria used to extract measured concentration data are included in the supporting

information geeTable B1, FigureB.1in Annex B.

5.2.2.5 Labour hours in U.S. manufacturing industry sectors

Since the method seut in this paper focuses on chemical exposure in industrial manufacturing
environments, the labour hour unit is used to measure exposure duration. More specifically, the
blue-collar worker hour or production worker hofeferred to in this paper dsbour hour) was

used because these workers are typically more exposed to chemicals thacoliriteffice
workers, as shown in a recent report by the European Foundation for the Improvement of Living
and Working Conditions. Whiteollar worker exposure tchemicals is, on average, lower than

that of the average worker, and bit@lar worker exposure is substantially higher than that of

the average workdParemtThirion, Fernandez Macias, Hurley, & Vermeylen, 2005)

Labour hours were generated using data fromAtiieial Survey of Manufacturgtnited States
Census Bureau, 2013and 2007 Census datélJnited States Census Bureau, 200ayerage
labour hours for the 2002009 period were available for 233 NAICS level 6 sectors out of 472.
Sincethe correlation between the 208909 average and 2007 dataset high (R'=0.994), the
missing 139 data were extracted using only the 2007 labour hours from the 2007 (Caitsas
States Census Bureau, 2000).S. industrial manufacturing sectors represent some 19 billion

labour hours annually. Considering a full time job (Zkhdyear, 40 h/week), there are 9.5
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million full-time bluecollar positims, which is consistent with data from the U.S. Bureau of
Labor StatisticgUnited States Bureau of Labor Statistics, 2013)

5.2.2.6 Uncertainty analysis

A Monte Carlo approach was used to assess uncertainty propagation. But since the measurements
do not fit any known distribution and thus cannot be used as an input in the Monte Carlo method,
a bootstrap method was used to sample measured concentrations. The bootstrap method
randomly resamples data sets to provide a new generic concentration for every iteration and does
not rely on any distributional assumptions for the data except for indepea and identical
distribution(Efron & Tibshirani, 1993)The chemical/sector couples with fewer than three initial
measured concentrations were flagged, and this flag was propagated to the upper NAICS levels to
identify sectors with potentially high uncertainty. The Monte Carlo approach seak far the

other sources of uncertainty: human dossponse (lognormal distribution with a squared
geometric standard deviation, GSBf 26.5 for cancer effect and 61.3 for rcancer effect) and
severity factors (lognormal distribution and a G®D2.7 for cancer effect and 13 for neancer

effect) (Huijbregts et al., 2005)At this stage, uncertainty distriboms were not associated with
inhalation rates or labour hour$he uncertainty was determined for generic concentrations,
intakes and CFs at all aggregation levels for all chemical/sector couples @§lAgdsamplings

of each original dataset with repEment.

5.2.3 Results

For practical reasons, this section primarily presents results for the seven chemicals associated
with the highest impacts. These chemicals are (in alphabetical order): dichloromethane,
ethylbenzene, formaldehyde, methyl methacrylate, g&yre tetrachloroethylene and
trichloroethylene. Data and results for all chemicals (not limited to the seven presented here) are

provided in the supporting information.

5.2.3.1 Organic chemical concentrations

Figure5.2 illustrates (a) the distribution gositive (nonnull) generic concentrations at NAICS

level 6 and (b) the percentage of total industrial sectors labour hours without measurement and
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those associated with null or positive generic concentration sectors. For each chemical, 50% of
the generic concentrations fall within one order of magnitude of the median. Depending on the
considered chemical, the 97.5th percentile (represented by tlod tiop whisker) for chemical
specific data from all sectors exceeds the median by one to two orders of magnitude. The
immediately dangerous for life and hea{lbLH) concentrations are represented by darkened
squares. The median of the generic conceatratis two orders of magnitude lower than IDLH

concentrations and the maximum within an order of magnitude of the IDLH.

The share of labour hours associated with only null measured concentrations represents 2% to
15% of the total labour hourEigure5.2 b). Between 50% of total labour hours for formaldehyde

and up to 90% for methyl methacrylate are associated with sectors without measured
concentratios. The magnitude of the labour hours share without measured concentrations is
explained by the measurement method: since measurement campaigns to estimate potentially
dangerous chemicals in the workplace are generally resource extensive, work inspedttos te
focus on sectors and chemicals that are likely to be present and above the limit of detection in
these sectors based on experience arsiterinformation (e.g. industrial process, chemicals use,

etc.)(United States Occupational Health and Safety Agency, 2015)



45

1E+04 u
" * ” . . HIDLH
1E+03 x x »
1E+02 1 VJ_\ '__Ll x ¥ X * Max
E | S 1
|_J | ’_L‘ 97.5th percentile
1E+01 T —

75th percentile

1E400 ' La '
x x
1E-01 | x ‘

Average concentration at level 6 (mg/m3)£

x L1
1E-02 * 25th percentile
1E-03 2.5th percentile
x x min
1E-04
b) 100%
90%
© 80% No measured
— 6 )
% 0% 383 348 411 307 338 430 448 concentration,
—_— (]
‘5 60% Null generic
(g S0% M concentration,
[=] 0 w. measurements
T 40% “11 - 28
3
8 30% —- Positive generic
g 20% +— 3 concentration,
g 10% +—— 10 e S X Sectors count
= o% 69 113 58 120 106 32 18 total: 472
o T T r
o\o 000100-42-5 000075-09-2 000079-01-6 000050-00-0 000100-41-4 000127-18-4 000080-62-6

styrene dichloromethane  trichloroethylene formaldehyde ethylbenzene tetrachloroethylene methyl methacrylate

Main impacting chemicals

Figure 5.2. a) Distribution of positive NAICS level 6 generic concentrations and b)
corresponding labour hour coverage for the seven most impacting chemicals (decreasing order
from left to right).Immediately dangerous for life and healtBLH) concentrations arerpvided

for information purpose only.

The distribution of positive measured concentrations at NAICS level 4 and 6 are laviitab

ethylbenzene in Figures B.2 and@Bn the supporting informatiofsee Annex B)

5.2.3.2 Sectorbased intake intensities

Figure 5.3 presents the intakes per labour hour across NAICS level 4 sectors, where the
percentage of total labour hours in the sector is onpdas<xand the hourly intake in kg/h (left)

and its cumulative representation (right) are on #axig. The height of & bar is the intake
LOQWHQVLW\ NJ K ZKLOH WKH ZLGWK UHSUHVHQWY WKH VFE
Sectors are ranked according to decreasing intake intensity. The resulting area of each bar

represents the total intake within each sedbe sum of the area of each bar represents the total
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intake of chemical across the U.S. manufacturing industry. For the first five chemiEajsire

5.3 a to e), approximately 80% of the total intake occurs in a limited number of sectors,
representing 20% to 30% of total labour hours. For tetrachloroethylene and methyl methacrylate,
95% of the total intake occurs within only 10% of the total labowrdisince the number of
exposed labour hours is the lowest for these two chemiEadsiré 5.2 b). Sectors with the
highest intake intensity mostly wespond to chemical production and metal and plastic product
manufacturing (see labelsgure5.3). The total intake in a sector also depends omtimeber of

hours worked. The sector 32@lastics Product Manufacturings the sector with the highest
yearly intake of styrene, dichloromethane, trichloroethylene, tetrachloroethylene and methyl
methacrylate due to the significant number of hours workéuisrsector. A table witkigure5.3

raw data is included in the supporting information (see -allStata.xIsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b00078
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Figure5.3: Intake per hour of the seven most impacting chemicals (kg/h) as teofun€ labour
hours (h) for each NAICS level 4 sector. The area of each bar represents the total intake in the
corresponding sector. Cumulative contribution per sector is represented by the curve on the right

y-axis.
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5.2.3.3 Sectorbased impact intensities per wiking hour and occupational burden of
disease due to chemical exposure

Figure5.4 plots the potential human health impact in DALY per hour for eactorsat NAICS

level 4 (yaxis) against the labour hours per secteaxis). The height of each bar is the impact

intensity (DALY/h, see Equatio. ZKLOH WKH ZLGWK UHSUHVHQWYV WK
manufacturing industry labour hours. The sectoes ranked according to decreasing impact
intensity. The resulting area of each bar depicts the total impact for the sector. The sectors that
most contribute to the overall impact show both high impact intensity and a substantial number of
labour hours worké The same figure with sectors ranked by area (i.e. by total impact for the
sector) is presented in tisapporting information (Figure B.in Annex B), and graphs plotting

cancer and nopancer cases separately (without the use of sevektpr& areprovided in

Figures B.4 and B.in the supporting informatiofsee Annex B)

The 3261 Plastics Product Manufacturingector represents 24% of the overall manufacturing
impacts? the highest share among all sectors, though it only has the fifth highest inmpastty
(1.66x10* DALY/h). This is mainly due to its large share of the global labour hours (1.21x10

or 6% of the total). Despite having the highest impact intensity (4.17®¥0.Y/h), the 3252

Resin, Synthetic Rubber, and Artificial Synthetic FSl#nd Filaments Manufacturingector only

ranks 20th, contributing 6.8% of the overall impact of the manufacturing sector because of its
limited number of labour hours (0.13%18ours or 0.7% of the total). The contribution of each
sector to the overallmpacts over the total labour hours is also shown by the cumulative impact
contribution curve displayed on the rightayis, demonstrating that almost 75% of the total
impact occurs during 25% of the labour hours in 29 out of the total 86 sectors. DepmEntiieg
decisionmaking context, sectors may be distinguished based on their overall potential burden of
disease due to occupational exposure to organic chemicals, varying fidALYO to

1.85x1G DALY, or based on their characterization factors or impatnisities, varying from

0 DALY/h to 4.17x10* DALY/h. Each colour represents the contribution of a single chemical to
WKH VHFWRUYYVY LPSDFW VFRUH 6W\UHQH LV WKH PRVW LPSRL
and trichloroethylene. The seven maapacting chemicals are responsible for 91.9% of the total
occupational exposure impact of organic chemicals, and the other 228 chemicals represent the

remaining 8.1%.
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Figure5.4: Overall occupational human health impacts for the U.S. sectors. Histograms represent
potential impacts per sector at NAICS level 4 (according to NAICS nomenclature) as a
combination of impact intensity, DALY/hour (leftaxis) and number of labour housmrked in

each sector gaxis). Contribution per chemical within each sector is shown through a color code.

Cumulative contribution per sector is shown by the curve on the Hgkisy

The annual total burden of disease due to organic chemicals fecdilae workers in U.S.
industrial manufacturing sectors, which is the sum of the coloured areas of all the histograms
inFigure 5.4, is 7.75x10 DALY (based on default hypothesis 1). As a sensitivity analysis, an
upper boundary value (3.05XADALY) was calculated based on thenservative hypothesis 2.

That is less than a factor 5 higher than the main result, which is not substantial as compared to the

other sources of uncertainty (degure5.5).

Detailed results for 235 chemicals over 472 NAICS level 6 sectors are provided in the supporting
information (see file Sall_data.xIsx http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b00f#8
19069 chemical/sector combinations with measured concentrations. The table includes impact
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intensities (characterization factors) for cancer andaamter (cases/hour and DALY/hour) for
which effect factors are available, intake intensities.{kghour), generic concentration (mgjm
and labour hours (hours) per sector. Confidence inteavalgiven for each of these data, and the

calculations are detailed below.

5.2.3.4 Uncertainty

Confidence intervals were calculated using a Monte Carlo analysis coupled with a bootstrap
approach for the generic concentrations at all NAICS levels and for all toididaroughout the
causeeffect chain. Figure 5.5 illustrates the variation in confidence interval estimations
associated with each indicator of the cause effeatn for the total of the entire manufacturing
industry and for3261 PlasticsProduct Manufacturingthe sector with the most significant

impact.

The uncertainty of the total intakes summed over all manufacturing sectors is restricted, ranging
from a factor 1.07 for styrene, which has the highest number of measurements, to 1.31 for
tetrachloroethylene with fewer measurements. When consideg2@jl Plastics Product
Manufacturing intake uncertainty ranges moderately increase from a factor 1.13 for styrene up to
a factor 2.1 for ethylbenzene, which has the least measurements irctthre Bee caseelated
uncertainty is much more significant than intake uncertainty, ranging from a factor 20 for cancer
up to a factor 37 for neoancer. This is due to the high uncertainty of human -desgonse
factors(Fantke, Frieddh, & Jolliet, 2012) When calculating the impact expressed in DALY, the
severity factor increases the uncertainty to a factor 22 for cancer and 86 foanuan. At the
impact level, there is little difference between a single sector and the ovenalifanturing
industries since impact uncertainty is dominated by the effect factor that is common to all.
Summing up cancer and neancer impacts, the total uncertainty of the human toxicity impact
indicator is almost at the same level as the uncertaihtyancer cases, and lower than the
uncertainty of the nomgancer impact. This is due to a compensation phenomenon: in summing,

high values for certain terms compensate for low values for others.
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Figure55 8QFHUWDLQW\ SURSDJDWLRQ DORQJ WKH PHWKRGYV
confidence interval from the calculated reference value of the indicator labelled eaxbs. x

Detailed figures plotting intake uncertainty for the seven most impactingichis are included

in the suppding information (see Figures B.7 tolB.in Annex B.
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5.2.4 Discussion

The underlying measured concentrations used to generate-Seetific generic concentrations

are coherent with those provided by the International AgéoicyResearch on Cancer (IARC)
monographgWorld Health Organization & International Agency for Research on Cancer,:2000)
most ethylbenzene generic concentrations range fromm@h3 to 200ng/m3, which is
consistent with the data presented h@eeFigure 5.2, B.2 and B3 in Annex B. Observed
concentrations for styrene, formaldehyde, dichloromethane and tetrachloroethylene are
comparable d the concentrations reported in their respective IARC monographs.
Trichloroethylene and methyl methacrylate generic concentrations tend to be higher than in the
IARC monographby a factor 4 to 8 (see TableZBin Annex B. Generic concentrations of
toluere for rotogravure printing sectors (NAICS sectors 323111 and 323117) obtained in this
article range between 47mdg/m3 and 300ng/m3 and are comparable with those reported by
Walser et al. (2013Jhe difference is explained by dissimilar time representatige 28922009

for this paper vs. 1968980 for Walser et al. (2013Finally, an overall potential impact on
workers was calculated for the annual activity of the entire industry and amounted to
7.75x10 DALY. It is comparable to the annual total burden of diseaf the PMR.5 of
1.52x16 DALY for the North American region (Canada, Cuba, U.S.A.) calculate@dhen et

al. (2004) This macroscopic analysis highlights the seven most impacting chemicals, which
account for over 90% of the overall burd&@emou et al. (2011provided a chemical ranking
based on CA and risk analysis factors, and among the 38 chemicals included in this research,
factors were provided for 35 of them. Despite the different objectives, data sources and methods,
5 of the 7 most impacting chemicals in this study are among the 13 chethataraise the most
concern (LCA ranking), as determined bgmou et al. (2011)the other two having not been

assessed (see-8ll_data.xslx http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b00078

This new method akes it possible to consistently calculate the potential human health impacts
of occupational exposure to organic pollutants by combining chemical concentrations in the
workplace and labour hour data. It provides operational LCIA characterization faatbrs w
confidence intervals for 1069 chemical/sector combinations across the entire U.S.
manufacturing industry, expressed in DALY per hour worked. Starting from occupational
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measured concentrations rather than predictions overcomes the limitations gf unésibwn
parameters such as dilution volume of the working environment, mixing factor and emission
factors across sectors, as required in modeling approéidede/eg et al., 2009)When direct
measured concentrations collected at the facility are available, they should be used to calculate

site-specific CFs, overriding the sectdefault CFs developed in this paper.

To make this novel approach operational, a clear practical interface between life cycle inventory
and impact assessment steps was redefined. Instead of linking pollutant aiwcento the
functional unit as suggested biellweg et al. (2009)the method links labour hours worked in
sector j per functional unit as the default inventory flows, which are then linked to the observed
concentratiorbased CFs (DALY/f) developed in this paper. While labour houes functional

unit may be directly collected for foreground core processes, the contribution to occupational
exposure from the supply chain (i.e. tier 1, 2, 3, 8tr.called background processes) may be
dominant and also need to be integrated. For thaskgbound processes, the Leontief input
output approact{Leontief, 1986) which calculates the metary output of each sector of the
national economy for a given demand, may be used to determine the labour hours worked in each
industrial sector for a given dema(®enoitNorris et al., 2012; Norris, Norris, & Aulisio, 2014)

By combining these labour hours with the impact intensities determined in this paper, it becomes
possible to calculate cumulative occupational impactslifdsackground processes in the supply
chain. Once the hours worked per FU in each sector are obtained, the characterization factor
given for the entire manufacturing industry in this paper can easily be used to determine the life
cycle occupatioriahealthimpact per FU. Figure B4 in the supgprting information (see Figure
B.14in Annex B provides an illustrative example of such a calculation, showing the importance
to consider the occupational impacts over the entire manufacturing industry, since glye sup

chain occupational impacts may exceed the direct impacts in the producer manufacturing sector.

The new method is applicable to all types of pollutants, as long as effect factors were specifically
determined. This paper focused on organic chemicals paodides intake intensities and
characterization factors for all organics for which an effect factor is available in the USEtox
databas¢Rosenbaum, R. et al., 2008he operational ggwoach developed for organic chemicals

may be further expanded to include exposure data for dust, particles and inorganic matter.
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The sets of generic concentrations and sduased labour hours developed in this article are

only valid in the U.S. contextD QG UHSUHVHQW D 3 VQDSVKRW SLFWXUH RI ¢
H[S RV XUnied "States Occupational Health and éBafAgency, 2015) Further work is

required to evaluate and enhance the representativeness of theswcuks&d generic
concentration sets with respect to realistic usual exposures through the addition of other available
measured concentration datalsassich as the Integrated Management Information System
database (IMIS), as suggestedl@voue, Friesen et Burstyn (2013nd explicitly consider the

use of protective egpment. Gathering occupational concentrations in other countries and
eventually defining an extrapolation method to estimate data for emerging countries with less
monitored data is key in order to use the approach on a global scale and combine it witg worki

hours inventories derived at global lev@dsamawi, Murray, & Lenzen, 2014)

The uncertainty analysis showed that the uagait is dominated by the effect factor and that
aggregating the data to obtain impact intensities in cases or in DALY per hour substantially
increases the uncertainty due to the high uncertainty of the human dose response factors and

severity factors, rgmctively. Thus, the results must be interpreted at the intake and impact levels.

In addition to LCA applications, the creation of a systematic set characterizing ranges and
frequencies in observed concentrations and intakes over hours worked for 47@alnslestors

and 235 chemicals constitutes an important input to characterize the occupational exgtheme
LOQYHQWRU\ RI 3HYHU\ H[SRVXUH WR ZKLFK DQ LQGLYLGXDO
defined byWild, Christopher Paul (2012) of the general U.S. population for the 262Q09

period. It would be of interest to further harness the entire OSHA database over t#201334

period in order to be able to provide exposure ranges atr@sntire U.S. working population,
associating and comparing the estimated individual exposures to the National Health and
Nutrition Examination Survey (NHANES) individual biomarker results and related occupational
survey datgdCenters for Diseaggontrol and Prevention (CDC), 2014)
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6.1 SUpVHOQWDWLRQ GH OTDUWLFOH

Cet article, publide 6 Décembre2016 dans le journd@nvironmental Science and Technology
présente les trava de recherche effectués en réponse au deuxiéme objectif du projet de
recherche.

&HW DUWLFOH SUpVHQWH XQH PpWKRGRORJLH SHUPHWWDQW
valeur, les impacts potentiels sur la santé des travailleurs en couplant les facteurs de
caractérisation développés @hapitre 5avec un inventaire des heureavaillées dans chaque

secteur industriel.

/HV LQIRUPDWLRQV VXSSOpPHQWDLUHV VRXRhnéxe\C @@audF OTDU
adresses suivantes http://pubs.acs.org/doi/aldi®).1021/acs.est.6b04434 et

https://github.com/gaelkijko/occ expo Ica

Auteurs: Gaél Kijko, Olivier Jolliet, Manuele Margni.

6.2 Manuscrit

6.2.1 Introduction

Life cycle assessment (LCA) aims to providecision makers with meaningful information on

the potential environmental impacts of different product systems in a life cycle perspective
(Hauschild, Michael Z., 2005yith the aim to avoid impact shifting from one activity to another

or from one life cycle stage to anoth@uropean Commission Institute for Environment and
Sustainability - Joint Research Center, 2010&juman health (HH) impact is among the
indicators considered in life cycle impact assessment (LEHA)opean Commission Institufor
Environment and Sustainability Joint Research Center, 2010&ith a primary focus on
assessing the potential impacts associated with chemicals or particulate matter emitted outdoors
(Fantke et al., 2012; Gronlund, Humbert, Shaked, O'Neill, & Jolliet, 2015; Humbert et al., 2011)


http://pubs.acs.org/doi/abs/10.1021/acs.est.6b04434
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Despite recent research efforts to integrate the occupational environment into the LCIA
framework(Antonsson & Carlsson, 1995; Demou et al., 2009; Hellweg et al., 2affStetter &
Norris, 2003; Kim & Hur, 2009; Scanlon et al., 2014; Schmidt, A. et al., 2@@4jent LCA
studieshave paid little attention to occupational exposiifevertheless, there is growing interest

in LCIA to better account for the potentially high néiefd exposures to chemicals emitted in the
direct vicinity of the exposed populatiqdolliet, Ernstoff, Csiszar, & Fantke, 201%fforts to
develop methods integrating ndald exposures in LCA have been based on developing-LCA
adapted indoor compartmental models to assess the impacts of exposure to chemicals based on
indoor emission data during the production ph@3emou et al., 2009; Golsteijn et al., 2014;
Hellweg et al., 2009; Kikuchi, Yasunori & Hirao, 2008; Tong, Zhai, & Li, 2015; Walser et al.,
2013; Walser et al., 201%nd the product use (e.g. during cook{iRpsenbaum, R. K. et al.,
2015) for wood product¢Chaudhary & Hellweg, 20131)Other methods quantify the dermally
mediated impacts of chemicals in personal care prodigetsstoff et al.,, 2016; Safford et al.,
2015) Recently, the USEtox model, a scientific consensus model imedharacterizing
environmental dispersion and impact of chemi¢Rlssenbaum, R. et al., 200®ublished its 2.0
version including a onbox indoor model for nedtfeld including haisehold and occupational

settings.

However, intake fraction predictions and emisdi@sed impact modeling in occupational
settings remain a challenge to perform over multiple industry sectors swoekpjace chemical
emissions during the manufacturistage of a product are not always known or the data are not
publicly available as are the characteristics of the emission logdijormpacts will occur
throughout the entire manufacturing supply chain (unlike use phaséieldagxposures, which

are often clearly delineated for the LCA of a given product) anglocker populations vary by
industry, worksite and workplace practid¢e the absence of a way to systematically apply these

methods in LCA, another operational method must be developed to cover the entire supply chain.

In addition to emissionbased impact modeling in occupational environments, other methods
developed to attess occupational health in LCA can be classified into two categories. The first
one includes methodbkat use reported fatal and nonfatal occupational injury and illness data to
calculate generic characterization factors for each economic ¢&aotonsson & Carlsson, 1995;

Hofstetter & Norris, 2003; Kim & Hur, 2009; Pettersen & Hertwich, 2008; Scanlon et al., 2013;
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Scanlon et al., 2014; Bmidt, A. et al., 2004)These methods are limited by the data: nonfatal
injury and iliness data areontingent on both declaration and acknowledgement and therefore
induce asignificant risk of undercountin(Hofstetter & Norris, 2003)Moreover, these methods

do not provide chemicalpecific characterization factors, but only aggregaectorspecific
industry values for all reported injuries and illnessBise second category regroups methods
combining measured occupational concentratiang the number of hours worked in the
environment to directly determine intake, thus overcoming the need to gatherspecific
emissions parametefidellweg et al., 2009)Several articles in the occupational health and safety
and LCIA fields use this method, which generally focuses on a sirmgleess or industry
(Collinge et al., 2013Kauppinen et al., 2006; Kikuchi, Yasunori & Hirao, 2008; Walser et al.,
2013; Witter et al., 2014)Relying on measured occupational concentrations in the workplace,
Kijko et al. proposed a method that provides, for each U.S. industrial sector, the chemical
specific impacts per blue collar workeour (BCWH) in the sectofKijko, Gaél et al., 2015)
%OXH FROODU ZRUNHUYV DUH 3PDQXDO LQGXVWULDO ZRUNHU\
ZKRVH MRE LV SURIHVVLRQDO R (CoHisH015B)Di@ dhapactedzdtom O O\ VL
factors (in DALY/BCWH), or howbased impact intensities, developed by Kigoal. account

for 235 organic chemicals and their occupational impacts in a given manufacturing sector.
However, supply chain occupational impacts attributable to chemical exposures across the
product life cycle are not yet characterized. In this article, otmuzd impacts due to exposure

to organic chemicals occurring at the manufacturing facility producing a given product or
commodity are considered to be generated by emissions occurring in the sector itself, while
supply chain impacts are generated by tkavilies along the supply chains upstream the
manufacturing sector (i.e. all activities of the product supply chain excluding the manufacturing
facility). To calculate these supply chain impacts for a given product, the inventory of BCWH
worked in each s#or per considered functional unit (FU) must first be determined. Major life
cycle inventory databases suchEa®invent(Frischknecht, 20059re based on physical amounts

and do not provide the number of hours worked. kfputput (FO) databases use currencies as
base unit§Suh, S., 2004put could be extended to calculate hours worked in an industry supply
chain. Social LCA, and working hours have, for example, been considered and integrated into the

Social Hotspot Databag@enoitNorris et al., 2012)Labor hours (calculated using 10 model)
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have been used to calculate to characterize international labor and wag@Akavsawi et al.,
2014) This research uses BCWH worked across the entire supply chain to inform both the

inventory in LCA and the calculation of impacts per hour worked

This article aims to expand the scope of previous studies, in partiGijar Gaél et al. (2015)

and make it possible to characterize potential human health impacts attributable to occupational
exposures to chemicals across the entire supply chain. More specifically, we aim to: (a) develop
an approach t@ompute BCWH worked throughout the supply chain per functional unit; (b)
provide recommendations to account for available measured data and generic data generated with
1O for the supply chain; (b) illustrate the application of the approach in an LCAstabethat
integrates human health impacts from occupational exposure to organic chemicals throughout the
entire life cycle and compares them to other sources of human health impacts; and (d) calculate
and compare manufacturing facility and supply chaicupational impacts of organic chemicals

per US dollars for each commodity manufactured in the US;.

6.2.2 Methodology

By convention, in the following equations, characters with an upper arrow represent vectors and
bold characters represent matrices. The notafimmorrespond to the diagonal matrix based on
vector &Roman characters represent scalars. The $ symbol refers to US dollars. DALY is a unit
developed byMurray, C. J.(1994)that serves to compare human health impacts that would be
impractical to compare otherwise (such as cancer andaocer impacts)-or practical reasons,

in this paper we only provide aggregated lssiicancer DALY and nowancer DALY).
Characterization factors (CF) for cancer cases,qamter cases and aggregated DALY are

provided in supporting information.

(see Sl.xIsxhttp://pubs.acs.org/doi/suppl/10.1021/acs.est.6b0%434

6.2.2.1 Expanding the framework: worker health impacts over the entire supply chain

The starting point for this paper is the framework developeHijp, Gaél et al. (2015)where
human health impact for effeetdue to occupational exposure to chemcal sectors (Decs N
DALY/FU) is calculated as theroduct of the characterization factor per BCWH worked, for

effect e (carcinogens or neparcinogen) due to exposure to chemicah sectors (%g ¢ 4n
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DALY/h in the North American Industry Classification SystetfNAICS (United Stées Census
Bureau, 2013h)and the number of hours worked in this sestob, h):

80k Ydol Do (6.1)

The %4 ¢and corresponding uncertainty ranges were calculated based on measured occupational
concentrations from the US Department of Labor Occupational Safety and Health Administration
(OSHA), which covers 235 chemicals in 430 industrial sectors. The total jpbiemtact in the

US manufacturing industry amounts to 70 DALY. The global burden of disease (GBD)
evaluates many risk factors including occupational rigksstitute for Health Metrics and
Evaluation (IHME). GBD Compare," 2015; Murray, C. J. L. et al.,, 201#hen excluding
potential cancer impacts from styrene, tetrachloroethylene and trichloroethylene to be coherent
with the GBD methodology, thtal potential impact in the US manufacturing industry due to
exposure to organic chemicals is 3WD DALY with 3376 DALY attributed to occupational
exposure to benzene. The 2005 GBD evaluates the impact of occupational exposure to benzene at
5762 DALY and occupational exposure to all carcinogens atO897DALY ("Institute for

Health Metrics and Evaluation (IHME). GBD Compare,” 20F9r a more detailed analysis of

the characterization factors for manufacturing facility exposures, refétijiko, Gaél et al.

(2015)

We now extend this framework to calculate the BCWH worked in each sector over the entire
supply chain including the manufacturing $8(RU % DVHG RQ /HRQWLHITV ZRUN
widely used in LCIA to model the supply chai@hang, Ries, & \éng, 2010; Lave, 1995;
Matthews & Small, 2000fe.g. CEDA mode(Suh, S., 2004)or coupled wth process modeling

in hybrid method¢Suh, Sangwon et al., 2004)ielding the total commodity produicin needed

(vector :&in $/FU, in the IO tables classificatiofynited States Bureau of Economic Analysis,

2014)

&L :uF m?® H:& (6.2)

The vector :&may be calculated as the product ofiF m?° and ;& as per thelO
frameworKLeontief, 1986) :uF m?°is composed of columns representing the total commodity

production needed to produce one dollar of value of the column commodity ($/$ in 1O
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classification). ;&s the final demand vector per FU at the manufacturing stage ($/FU in 10

classification).

The total commodity production may be combined with an intereentnatrix n: a matrix
providing the dollatbased work intensitygnumber of BCWH worked in each industry, NAICS
classification) per $ of commodigpecific production values (IO classification) to obtain the
total BCWH worked in each NAICS sector.

BL n H:& (6.3)

By combining Fjuation6.3 with Equation6.1 and6.2, for final demand;&we obtainthe impact
for effecte due to the occupational exposure of workers to chensicaler the entire supply
chain of commodity, including the manufacturing sect®{in DALY/FU):

8l N L %FHN H:&L %G eH n H:uF m?> H &L % & H ;& (6.4)

Where % (&is the vector of characterization factor for each 10 commodity (in DALY/$ or
cases/$) provided in supporting information (see Sl.txt forddéiled factors by chemical
commodity couple or Slxlsx for the aggregated factors by 10 sector
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b0448Method to calculate the impanteach

IO commodity or NAICS sector is described in supporting information (see Equation S1 to S16
in SI.1 and Sl.2in Annex Q.

To build the n matrix, we started with a binary matri@{ z, of elements? K };Rnapping the
BCWH from the NAICS classification (as rows, m sectors) into the 10 classification (as columns,
n sectors) using conversion data from the US Bureau of Economic A&tgsiart, Stone, &
Stretwieser, 2007)Seeing as several NAICS sectors must be mapped to multiple 10 sectors due
to different definitions of sector boundaries, BCWH were proportionally split to the total
production ($, class_lO) of the 10 sectors to which they are mappeobWmed a normalized
conversion matrixo { z, ».-« of elements? K L Rs 5’y

O & 486U
7K 3R\ K75 3 agy

0 a4 (6.5)

Gyis the total production of the 10 sector j ($).


http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04434

61

Then, using the same industry as technologgstruct used in the CEDA IO mo@®&uh, S.,
2004)we convert the 10 sectors into IO commodities:

nL$%9*Ho{z, .-« H@5H, HM5 (6.6)

with &5 the diagonal matrix of the inverse of 10 primary industry total output (1/$3.the

make matrix with 10 sectors as rows and |0 commodities as columns. Each eRjgentides

the total output of commodityer sectorkE MRS is the diagonal mak based on the inverse of

total primary commodity output (1/$).

The structure of then matrix is further detailed in Table C(see Annex L

6.2.2.2 Manufacturing facility and supply chain organic chemical impact on workers in

the US economy

We applied the new extended framework to assess occupational exposure throughout the entire
supply chain of all commodities produced in the US economy. We calcutaeadfacturing
facility and supply chain dollar based impact intensities and labor ingsnddar the 430
commodity categories, using final demand#sed on these data, we calculated, for each sector,
health impacts for both the manufacturing facility (i.e. where the commodity is produced or
assembled) and the supply chain (i.e. the all aietsv upstream the manufacturing facility,
excluding the facility itself).For the purpose of this application, we used theOG®
characterization factors providedKiko, Gaél et al. (20150or exposure to organic chemicats

each of the 472 individual industrial sectors of the 2007 U.S. North American Industry
Classification System (NAICS). The U.S. Annual Survey of Manufacture (A&Mited States
Census Bureau, 2013&ears 2002006 and 2008009) and the fivgear economic census
(United States Census Bureau02p(year 2007) provided the BCWH worked in the NAICS
classification. The 2002009 employment data are used for coherence witHtlgesthat were
calculated based on measured 219 occupational concentration databases. This adds up to
18.6 bllion BCWH worked annually in the US, approximately corresponding to 9.3 billion full
time bluecollar workers, which iconsistentwith employment data from the Bureau of Labor
Statistics for the same period. The IO model is based on the CEDA 4.6 (BatielS., 2004)

which relies on the 2002 Benchmark 10 Accounts with 430 individual commodity categories. It
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provides the total primary commodity output (in US $) and final demand for the U.S. egonom
for each 10 commodity. The US Bureau of Economic Analysis (BEA) providéise make
matrix and @&the total primary industry outpytJnited States Bureau of Economic Analysis,
2014)

The mapping from the IO to thEAICS 2002 classification comes from the U.S. Bureau of
Economic AnalysigStewart et al., 2007)

Further details on the basis of conversion matrix Q for the U.S. economy may be found in file

Sl.xlsx (see http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b0443 summarizing figure

providing data source for each portion of the damage calculation is providggpjporting
information (Figure C, see AnnexC).

6.2.2.3 Case study

The approach developed in this article was then applied to evaluate the occupational health
impacts of aroffice lounge seawith a FU defined athe use of an office lounge seat for 5 years

in an office environmenManufacturing facilityhealth impacts were calculated based on actual
measurements at the production facility of the chair manufacturer performed by an independent
contractor for worker exposure monitoring purpose. Supply chain health impacts are added based
on the approach desbed in the methodology section, relying on sector average concentrations.
Health impacts from user exposutering the use phase are also added. The general population
refers to the global human population exposed to outdoor emissions, excluding tbepasere

to emissions during use phase that are considered separately.

An office lounge seat is a piece of furniture designed for break rooms and informal meeting
rooms. It is made of fabric, wood, foam and a metallic frame. Data on material and energy
purchases, occupational exposure concentrations to chemicals and BCWH worked at the
manufacturing plant correspond to empirical data measured and provided by an undisclosed
industrial partner. All activities across the product value chain are assumeditonoconditions

similar to those of US manufacturing. Purchase value per FU is proaidbd sector level (see
Table C2 in Annex Q. According to the nowlisclosure agreement, all other data on the product

are made available at a high aggregation |eMet endof-life scenario considers one third of the
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product going to landfill, one third to municipal incineration and one third to recycling plants.
Emissions during the use phase are modeled according to a first order decayGnod&002a,

2002b) All other use phase parameters, such as use period, were provided by the manufacturer.

The potential human health impacts associated with the office lounge seat includes: (i) the
occupational impacts due to worker exposure to organic chemicals at the manufacturing plant
(calculated with occupational exposure concentration data, BCWH worked by FU provided by
the industrial partner and the effect factors (EF) from USHERosenbaum, Ralph K. et al.,
2011), (ii) the supply chain occupational impacts due to woekgrosure to organic chemicals
calculated along the entire supply chain, (iii) the exposure of users to organic chemical emissions
from the office lounge seat over the fiyear se phase (assuming one box model environment
with room volume of 120 ventiation exchange rate of Trand mixing factor of 0.9 as per
Hellweg et alHellweg et al., 2009)and a first order decayGuo, 2002a, 2002bjnodel
extrapolated from two measurements from @ IMRKDPEHU DW  U& Dahd (ivptieG G D\\
exposure of the general population to outdoor life cycle organic chemicals associated with the
suppy chain, manufacturing process and @idife (using SimaPro 8.0.4.30, ecoinvent database

v2.2 and the Impact 2002+ LCIA method limited to carcinogens andammnogens).

All calculated factors are provided with confidence intervals calculated withorteMCarlo

analysis considering the uncertainty on the CF fiqGjko, Gaél et al. (2015and on the effect

factors from the USEtox mod¢Rosenbaum, R. ail., 2008) These uncertainty factors were
estimated based on the ingactoral variability of measured occupational concentrations and
therefore reflect the existence of different production methods or company practices. In the case
study, the uncertaQW\ RI WKH JHQHUDO SRSXODWLRQYV H[SRVXUH

Carlo analysis tool included in the SimaPro software.
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6.2.3 Results

6.2.3.1 Supply chain worker health impacts due to exposurego organic chemicals in the

US economy

6.2.3.1.1 Inventorygeneration: blue coélr hours worked

Figure6.1 presents the distribution of the doHaased work intensity for the production of each
IO commodity (in BCWH per $ of comadlity). Each bar represents an 10 commodity, with its
width corresponding to the total annual production value and its height corresponding to its
dollar-based work intensity. The area of each bar from the product of-talé@d work intensity

and total anual production volume represents the total BCWH worked producing each 10
commodity. The dot above each column shows the total dwdlsed work intensity of the
commodity (BCWH worked in this commodity producing sector and its supply chain per million
$ of production). The most wofikatensive commaodities, such 835210Cut and sew apparel
contractors require over 2.5xI8 BCWH worked per million $ of total annual productidwo
orders of magnitude greater than the least intensive, sug24d4 OPetroleum refinerieswith a

total of 4.6x10° BCWH worked per million $ of total annual production. Commo@86300
Motor vehicle parts manufacturirftas the highest number of BCWH worked (highest area in the
graph) due to its high final demandhd median dollabased work intensity across the 279
manufacturing sector commodities of the economy is 5.580WH worked per million $ of

total annual production.
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Figure 6.1: Blue collar worker hour¢dBCWH) worked producing each 10 commodities: area
represented by the product of dollmsed work intensity (hours worked per million $ of
industrial commodity in its manufacturing sectorais) multiplied by the annual production
value ($) for the 279manufacturing sector commodities of the economy. Total h/$ includes

manufacturer hours worked and supply chain hours.

We provide themanufacturing facilityand total (manufacturing facility and supply chain)
inventory factors matrices with thmanufacturig facility and total amounts of BCWH in each
industrial NAICS sector per production $ of each IO commodity (see supporting information
worksheets Total_hours_inventory and Q matrix in file Sl.xlsx).

6.2.3.1.2 Impact assessmernitnpactper $ final demand

Figure 6.2 presents the potential impacts due to occupational exposure to organic chemicals in
DALY per $ final demand of each 10 commodity-dyis) for all industrial commodities of the
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U.S. economy against the final national consumption for each commodayigx Each bar

height corresponds to the total doltmased potential impact intensity of the corresponding
commodity production including the supply chain. Each bar area is proportional to the total
impact due to the production of the corresponding commanitiyding the supply chain. The
assessed impacts include both impacts for workers in the considered commodity manufacturing
facility (blue) and supply chain impacts (green). If plotted against the total production, this would
lead to double counting singeart of the production of each commodity is used in other

commodity supply chains (thus included in their supply chain impact).

Total dollar based impact intensity (including both manufacturing facility and supply chain
impacts) vary by about two orders mfgnitude across commodities with the highest values for
sector332420 Metal tank (heavy gauge) manufacturiagy 3.8DALY/million $, followed by
336612Boat buildingat 3.5DALY/million $. For the commaodities with the highest dollaaised
impact intensiy, impacts are mainly due to occupational exposure during the considered
commodity production. For these two commodities, the main impacting chemicals are, in
decreasing impact order, styrene, ethylbenzene, ethylene glycol monobutyl ether, xylene and
toluene for332420 +Metal tank (heavy gauge) manufacturiagd styrene, methylene chloride,
methytmethacrylate, trichloroethylene and ethylbenzene 386612 * Boat building The
chemicals, with the exception of ethylene glycol, monobutyl ether, are amorsgwee most
impacting chemicals in the US industry, as identified in Kijko et al. 2015. The high occupational
dollar-based impact intensity commodities correspond to commodities with both a high number
of hours worked per $ final demand and high total DAh&f hour worked. No correlation was
found between the total dollmased impact intensity and the doltarsed labor intensity: the

high impact per $ is related to commodities with both high dbllesed labor intensity and high

dollar bag impact intensy (see Figure @, in annex G.

The lower the dollabased impact intensity, the lower the relative contribution from the
producing sector. Certain impacts are as low as 1X@B8LY/million $, essentially due to
occupational exposure in the supply chajreén color). The red color represents the potential
impact due to the production of the same commodity from upstream demand in the supply chain,
which is negligible. The rest of the commodities have even lower impacts per $, entirety due t

the supply chia (see Figure @G, a similar figure including all commodities in supporting
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information). The impacts of the 279 commodities plotteBigure6.2 addup to 2/3 of the total
impact due to exposure to organic chemicals in all US manufacturing sectors.

Commodity 336112 xLight truck and utility vehicle manufacturirgnd 230201 +Residential
permanent site singleand multifamily structureshow the highgt absolute impacts expressed in
total DALY with 4.42x10* DALY/year and 4.24x18 DALY/year, respectively (largest areas on

the graphs), due to high final demand for these commodities combined with medium impacts per

3.
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Figure6.2 : Overall occupational human health impact per million $ final demand as a function
of the total final demand for each commodity for the 279 commaodities of the U.S. economy with

the highest dollabased impact intensity

We povide manufacturing facility and total (manufacturing facility and supply chain)
characterization factors for occupational exposure to organic chemicals both in cancer-and non
cancer cases and DALY with corresponding uncertainty data for 430 10 commo@ite

supporting information Raw results worksheets in file Sl.xlsx). Detailed data by
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chemical/commodity (235 organic chemicals and 430 commodities) are also provided (see file
IO_chem_couple_data.cawttp://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04434

If we put the range of the impacts occurring in the manufacturing sectors of commodities in
perspective: the impacts attributable to workplace fatal and nonfatal injuries ancegliEesm
Scanlon et al. (2014xonverted to impact per production $) range from 3.2x000.33 WE

DALY per million $ while the impacts of occupational expasto organic chemicals range from
7.9x10° to 3.6 DALY per million $.

6.2.3.2 Case study

The case study illustrates how potential impacts of occupational exposures may be linked to the
functional unit of a product life cycle and provides a discussion on theveelatiportance
between the supply chain and manufacturer facility and a comparison to other sources of
potential human health impact, namely from indoor emissions in the use phase and from outdoor
emission in all life cycle stageBigure6.3a) presents the potential human health impacts on a log
scale for the use of an office lounge seat for five (5) years, with a total impact of 2*TBXILY

per FU disaggregated by life cycdéage. The impact generated by general population exposure
corresponds to the exposures to outdoor emissions occurring in the different life cycle stages. The
supply chain stage is responsible for 97% (95% confidence interval: [&803P%]) of the entire

human health impacts over the entire life cycle. Human health impacts from worker exposure
(blue bar, left Fig.3a) to organic substances are twenty times higher than those from general
population exposure (red bar, left). The manufacturing facility imigastibstantially lower than

the supply chain, with 98% (95% confidence interval [87380%)]) linked to worker exposure

and only 2% (95% confidence interval [9.3 X%6-12.5%)]) to the general populatidBnd-of-life
represents only.88% of the total hunmhealth impact (95% confidence interval [9.0X%®

6.7%]). The relative contribution from user exposure during product use amounts to only about
0.14% of the total impact (95% confidence interval [6.336@.16%)]). Worker exposure is
95.02% of the totalmpact (95% confidence interval [78.898.4%]) and general population
exposure is 4.84% of the total impact (95% confidence interval [GZh%8%6]). Figure 6.3b)

shows the matrix of paivise comparisons for each category. Each individual percentage

indicates the fraction of Monte Carlo iterations in which the d corresponding to the column is
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higher than the bar corresponding to the row. Rows are nattriteadd up to 100%. In this case
study, although occupational exposure impacts at the manufacturing faaityn the supply

chain have overlapping 95% confidence intervals, the pair comparison matrix shows that
occupational exposure impacts in the@ygchain are higher than at the manufacturing facility in
100% iteration, thus confirming that use phase exposure is substantially lower than all other
impacts (probability of false negative lower or equal to 13%), except for the impact of the
manufactumg facility outdoor emissions on the general population (92% chance that use phase is
higher).Figure 6.3a) adapted to different endpoints (cancer €as® norcancer cases) may be

found in the suppting information (see figures C.4 andbn annex Q.
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Figure6.3: a) Human health impacts associated with the use of an office lounge seat for 5 years,

detailed by life cycle phase and impact cause with 95% confidence interval; b) Matrix-of pair

wise Monte Carlo superiority for each bar of a)

Figure 6.4 compares the manufacturing facility impact due to occupational exposure to organic

chemicals to the manufacturing facility, supply chain and total impacts due toatiooab
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exposure to organic chemicals for each of the-fiestsuppliers. There is a difference of over
three orders of magnitude between the most impacting supplier and the least impacting one.
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Figure6.4: Manufacturing facility and supply chain human health impacts associated with the use
of an office lounge seat for 5 years due to occupational exposure to organic chemicals for each
first-tier supplier commodities compared to impacts at the chair mducfag facility level

(blue)

The computer scripts developed for this research are available in the supporting information
(https://github.com/gaelkijko/occ_expo_lca). We also provide a computer script to generate a
figure representing the structure of thapply chain as seen in the T@& figure (see figure

C.6). It incrementally disggregateshe data using a widifirst approach derived frofBourgault,
Lesage et Samson (2012howing how the firstier suppliers play a dominant role, especially

when compared to the manufacturer.

6.2.4 Discussion

This research broadens the scope of thmupational exposure framework Kijko, Gaél et al.
(2015) which solely focuses on the production site, to include the full supply chain. The
approach provides occupational impacts gellar produced for each economic commodity
differentiating the manufacturing facility impacts from supply chain impacts. It enables LCA

practitioners to use available compespecific primary data on hours worked per FU and on
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measured local concentrations at the workplace and add-spetficlO data to fill in gaps at

the producer level and extend the assessment to the entire supply chain. For instance, the total
hour inventory matrix (see file Sl.xIsx in supporting information) provides factors to calculate
commodityspecific BCWH when compg-specificdata are not available. Table3Gandsection

SI3in the Annex CIXUWKHU GHWDLO KRZ WR FRPELQH WKLYV DUWLF
hour based impact intensities per BCWH worKKgko, Gaél et al., 2015and available data

when calculating the impact on workers for a product system including the supply chain. When
assessing the entire U.S. industry, the research shows that impacts in sectors with high supply
chain dollarbased impact intensity are maingenerated by occupational impacts due to
exposure at the manufacturing facility level. The lower the impacts over the life cycle, the higher
the relative contribution of occupational exposure in the supply chain, thus affirming the
significance of incluthg the entire supply chain when assessing occupational impacts. This
research may be of direct use in environmental and social LCAs since human health impacts are
relevant to both approaches. The estimation of labor hours of blue collars workers @réiréhe

supply chain using inptdutput data carried out in the present paper is consistent with the labor

footprint and labor impact category assessed in social (AI¥amawi et al., 2014)

The case study demonstrates a consistent approach to integrate the consideration of worker health
impacts attributable to chemical exposures across the product life cycle. The findings from the
case study indete that worker health impacts may be significant when compared to the general
population. These findings support the inclusion of worker health impacts in the LCA
framework. The results presented here are coherent with those dbjaiettersen et Hertwich

(2008) since both articles demonstrateat occupational impacts, whether from accidents and
injuries or from exposure to chemicals at work, can be the main contributors to human health
impacts. It is important to note that the results obtained here in the specific case study highly rely
on thetype of product studied: the results would differ for other products such as cosmetics, for

which direct application may play a more important (dldliet et al., 2015)

In the specific case study outlined here, if the seat producing company is tallleguce the
human health impact of its product life cycle, it should focus on occupational impacts related to
chemical exposure in the workplace. Rather than investing every effort in their own production

steps, the company should also address the geplyschain and the commaodities that dominate
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the supply chain impacts for which an effort should be made to obtain more information (see
Figure6.4).

Several limitations apply to the approach and its field of application must be clearly defined.
First, it is devised as a comparative analysis and the absolute impacts must be considered very
carefully. Health impacts relying on sector or commodity awsagre not necessarily
representative of specific conditions at a given manufacturing site. Actual measurements at the
production facility should be used whenever possible. Second, since the 10 model consists of 430
commodities, these commodities are agragation of multiple individual commodities produced

by multiple individual industries and therefore reduce the representativeness of the economic
links. For example, th836300- motor vehicle suppliers commodityhich includes everything

from engine pds to windshields, requires very different chemicals in the production. A model
with finer granularity would decrease the uncertainty linked to representativeness and increase
the need for data. We believe that the method provides a gooebtfdubtweendata availability

and granularity. Third, the results detailed here were developed and validated for the US context
and should not be used for countries with different manufacturing and worker safety practices.
However, corresponding CFs and inventorytdag could potentially be generated for any given
country for which the following data are available: workplace concentrations of chemicals,
BCWH worked and an 10 economic model. The level of detail of the available data will directly
impact the granulagtof CFs and inventory factors. Fourth, the use of a national economic model
limits the scope of the analysis since purchases of international product are aggregated as imports
without detail on the origin of the purchase (commaodity or country). Thugnireects of imports

can only be calculated as equivalent to national production. To be able to account for
international industrial dependencies, a multiregional 10 model (such as the Eora MRIO
DatabasdélLenzen, MoranKanemoto, & Geschke, 2018hd the Exiobasglukker et al., 203))

along with concentrations and BCWH worked for each country are required.

Measuredconcentrationsised to calculate occupational exposure account for both occupational
and outdoor fafield emissions. The risk afouble counting when factoring in worker exposure
to farfield outdoor emissions is negligible due to the much lower intake fraction assowiiih

outdoor emissions.
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The dissemination of the results and uncertainty is also very important in LCA, and this article
provides an innovative way to communicate them, especially through the development of a
matrix of pairwise Monte Carlo superiority (see Figure 6.3) and the visualization of

contributions acrossupply chain levels (see Figure@in Annex Q.

While this article focuses on occupational exposure to organic chemicals, it does not amrcount f
metals and other inorganics that may also represent substantial exposures and impacts. The
approach may and should be extended to all airborne exposures for which both occupational
concentrations and effect factors are available. In this respect, ntrébation of occupational
exposure to the overall life cycle human health impacts of the office lounge seat may increase if
impacts from particulate matter and inorganic chemical exposure are accounted for. Any research
providing sectoral impact data péwour worked in occupational settings (from accidents,
exposure to noise and vibrations, for example) may benefit from being coupled with the proposed

approach.
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CHAPITRE7: 5e68/7%$76 &203/e0(%/5(6 (7 ',6&866,21

Des résultats complémentaires ont été obtenus duraBt Uk MHW GH UHFKHUFKH PDLYV
OYfREMHW GTXQH SXEL® predem/CHagtre/praséh@ des tdstiltats.

7.1 ((WHQVLRQ j GIDXWUHV SROOXDQWYV

La méthode développée et testée aux chapitres précédents est limitée uniquemehtiants
organgues existant dans USEt@t se base sur des concentrations professionnelles mesurées
entre 2002 et 2009.

711 OLVH j MRXU GHV &) HW H[WHQVLRQ j OfHQVHPE
dans USEtox

Le développement méthodologique effectué dans ce projet de teelzeéte réalisé en paralléle

GX GpYHORSSHPHQW GT1XQ VFULSW LQIRUPDWLTXH ODQJDJH
maniere automatique a partir des données sources nécessaires (concentrations mesurées, structure
des classifications industrielle et RQRPLTXH PRGgqOH ,2 VWDWLVWLTXHV G
WUDYDLOOpPHV«

86(WR[ IRXUQLW GHV IDFWHXUV GYfHIIHWV SRXU VXEVWDQ
DX PRLQV XQ IDFWHXU GYHIIHW VWULFWHPHQW SRO/LWLI S
VXEVWDQFHYV LQRUJDQLTXHV GRQW DYHF DX PRLQV XQ ID
exposition par inhalation). La base de concentration, développ€&hanitre 5 et donc les FC

calculés aux Chapitresea6 QTLQFOXHQW TXH VXEVWDQFHYV

Uun DXWUH SROOXDQW HQ PLOLHX GH WUDYDLO HVW OD PDWL
GIXQ FHUWDLQ GLDPgWUH DpURG\QDPLTXH OD SRXVVLqQUH ¢
favorise le développement de candgteyder, 2004; Pope et al., 200REs poussieres que nous
considérons sont ceflavec un diametre aérodynamique de moins de 2.5 micrometre (PM2.5)
Gronlund et al. (201%9nW FDOFXOp XQ IDFWHXU GYHIIHW GH '$/< SDU
FRUUHVSRQG j XQH GRVH GYHIIHW WRXFKDQW-cas dexghcerD SRS X
par kg de PM2.5 inhal
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La base de concentration de polluants en milieu de travail auxUiegE-U) comprend des
PHVXUHYVY GH SDUWLFXOHYV GDQV OYDLU PDLV HOOH FRUUHVS
diamétre aérodynamique est inférieur & 10 um. Le calcul dadddn de PM2.5 dans des PM10

HVW GpSHQGDQW GH O T®OFRWLHYQW pG H | IHTROWLOIM prél3dntelesU p JR Q
fractions tres variablesentre 6% pour le concassage de roche et 100% pour une chaudiere au gaz
naturel (Oregon Department of Environmental Quality, 201Dg plus, les concentrations en

milieu de travail sont représentatives de toutes les sources présentes. Afin de pouvoir estimer un
impact de cescord QW UDWLRQV tBdde 3€on layfiedidBARdes PM10 sont des PM2.5

a ete utiliséeUne analyse de sensibilité considérant que seulement 10% des paestidessi
réaliséeFinalement, les années prises en compte pour les concentrations en milieu de travail sont

comprisegentre 2005 a 2015.

Lors de la mise a jour ddsC, 233 substances ont été caractérisées. Cela signifie que 233
VXEVWDQFHYV RQW j OD IRLV GHV FRQFHQWUDWLRQV GDQV C
USEtox. Il est intéressant de noter que lors dmike a jour des CF, bien que lesbstances
inorganiques et les PM aient été inclues en plus des substances orgaeiquasbre de
substances uniquesD LVD QW O TR E M HaWiméxe FBIOFRPEGH RXITHQUHJILVWUH
EDVH GH Of26+$%$ D GLPLQXp GH PDQLQqUH LPSRésw&ustH HQWU
un niveau stable. L&igure 7.1 SUpVHQWH OfpYROXWLRQ GX QRPEUH GH
O0126+%$ HQWUH HW /IHV PHVXUHY SHUVRQQHOOHV HW (
méthode présentée dans ce projet de recherche se base sur des mesures personnelles (qui
rHSUpVHQWHQW OfH[SRVLWLRQ UpHOOH GHV WUDYDLOOHXU
personnelles témoins des mesures personnelles non témoins car les mesures témoins sont utilisées
SRXU FRQILUPHU TXH OYDSSDUHLOODJH QH POHR/XXWTHX fLHD GM
expose. Bien que ces mesures soient importantes, elles ne sont pas pertinentes pour calculer
OfH[SRVLWLRQ GHVY WUDYDLOOHXUV
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Figure7.1 : Evolution du nombre de mesures dans la bad®Q$HA entre 1984 et 2015

La Figure 7.2 présente le nombre de substances différentes pour lesquelles des mesures existent
dans la base de données @Y26+$%$ GHSXLV VD FUpDWLRQ /H QRPEUF
personnelles non témoin est aussi indiqué, et bien que le nombre total de mesures dans la base est
restée stable dans les 20 derniéres années, il est important de remarquer que le nombre de
substancesichinue et le nombre de mesures personnelles non témoin par substance a tendance a

augmenter.

Cela explique la diminution du nombre de substances couvertes par des FC lors de la mise a jour

des résultats.
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Figure7.2 : Evolution du nombre de sustances et du nombre de mesures personnelles non témoin

dans la base de 'OSHA entre 1984 et 2015
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LesFigure7.3 etFigure74 SUpVHQWHQW OHV IDFWHXUV GH FDUDFWpPUL
secteur industriel (surface de chaque histogramme) mis a jot. ®ID EDVH GH OfK\SRW
75% des matieres particulaires ont un diamétre inférieur a 2.5 um, les PM dominent largement

les impacts comparativement aux autres substariigaré¢ 7.3 "fXQ SRLQW GH YXH ¢
OfLPSDFW DQQXHO GH OD SURG XBn¥ laie@t & IXMDOADYF WoKtULqUH C
3,3x10 '$/< DWWULEXDEOHV DX[ 30 VRLW GH OYLPSDFW JORE
alors propoée considérant que seulement 10% des particakesrodiametre inférieur a 2.5mu

(Figure74 /D FRQWULEXWLRQ UHODW L YtetalGirhinbed pouGatteéin@re U H YV |
35%. En comparant les sept substances les plus impactantes a celles identifibapita 5
Of{DFLGH FKURPLTXH LQFOXDQW OHV FKURPDWHV HW OH ¢
troisieme et quatrieme positiobes coubes cumulatives montrent que 75% des dommages sur la

santé humaine ont lieu dans environ 18 des 81 secteurs correspondant 29% des heures totales
travaillées.



79

0% 10% 20% 30% 40% 50% 60% T0% 80% G0%

2,2E-03

2,0E-03

e other

mm EthylBerzene

1,8E-03

1,6E-03

s Formaldehyde

1,4E-03

B Benzo [a] Pyrene

1,2E-03

1,0E-03

mmmm Chromic Acid and
Chromates (& Cr03)

impact per ${ DALY/h)

8,0E-04

mm Methylene Chloride

6,0E-04

4,0E-04

. Styrene

2,0E-04

I Particulates not
otherwise regulated

0,0E+00

0,0E+0 2,0E+0 4,0E+0 6,0E+0 1,2E+1 1,4E+1

8,0E+0 1,0E+1
BCWH (billion h)

1,6E+1

[Respirable Fraction)

—— Impact accumulation

Figure7.3:

GDQV 26+% HW SRXU OHVTXHOOHV GHV
groupés en 81 secteurs.

SpSDUWLWLRQ GHV LPSDFWV GLUHFWYV SDU KHXUH WU

IDFWHXUV GYHIIHW
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Figure 7.4 : Répartition des impacts directs par heure travaillée pour I'ensemble des substances
présentes dans la base de I'OSHA et dans USEtox, avec la fraction de PM2.5 dans le PM10 fixée
a 10%

Trois substances ne sont plus dans la liste des 7 substances ilmdhctards suite a la mise a
jour des FC le trichloréthyléne, le tetrachloroéthylene et le méthacrylate de méthyle. Ces
VXEVWDQFHV IRQW WRXMRXUV OfREMHW GH PHVXUHYV HQ PLO

Figure 7.5 et Figure 7.6 présentent la distribution des dommages entre chaque secteur de
productt RQ GH FRPPRGLWp HW OHXU FKDvQH GH YDOHXU SRXU
au Chapitre 6DYHF OYDQDO\VH GHV VXEVWDQFHV RUJDQLTXHV O
dollar de production élevé sont celles qui ont un impact par $ élevé dans leurs secteurs respectifs

de production en avant plan. Les points extrémes ddfiglae7.5 sont dominés par les impacts
potentiels des PM (le secteur le plus impactant quand les PM sont prises en comptd iegtde «

trailer manufacturing» avec 97% des impacts provenant de9.PM
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Figure7.6 : Répartition des impacts totaux phoilar de demande finale sauf pour les PM

Cette mise a jour met a&pnis de générer des CF pour calculer les impacts sur les travailleurs des
H[SRVLWLRQV SURIHVVLRQQHOOHYV DX[ SROOXDQWYVY ,0V VRQ

ACV. La méthode développée aGkapitres 5 et &8st maintenant opérationnelle.

712 ([WHQVLRQ j GIDYDQWDJH GH VXEVWDQFHV

86 (WR[ QH FRXYUH SDV OTLQWpPJUDOLWpP GHV VXEVWDQFHV SF
WUDYDLO VRQW GLVSRQLE Opdw la5péripde ZDEBOET) dell caheen@efias + $
sont disponibles pour 37§ XEVWDQFHYV GRQW VHXOHPHQW RQW XQ IDF

/HV 1DFWH X UWSEBH $dht Hakeldp§és a partir de données toxicologiques généralement
publiées dans des articles scientifiques, mais ces études sont colteuses et longues. Une

opporunité pour étendre la couverture des substancelelaude celles présentes dans la base de
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GRQQpH DFWXHOOH GH 86 (WR[ VIHVW SUpVHQWPH ORUVTXH C
des produits chimiques (ECHA), a mis en place une base de donnégeniant consultable
FRQWHQDQW OHV GRVVLHUV GIDXWRULVDWLRQV SRXU WR:
distribuées en Europe assujetties a la réglementation REACH, et que les industriels doivent

enrichir.

$YHF GHV FROOQJXHV GH iqu§ 8IQ DaherhhykL(IVTH)), 7rid s Ka@QoROtESE la
IDLVDELOLWpP GIXWLOLVHU OHV GRQQPH®HGH B\WHeXU SKRKHII | B
DXJPHQWHU OH QRPEUH GH VXEVWDQFHY j FDUDFWpULVHU 3
de ETHA a été développeén utilisant le langage python. La base de REACH ne permet pas un
acces direct aux données, mais permet de consulter un nombre variable de page pour chaque
GRVVLHU GH j SOXV GH /IH VFULSW GpYHORSSp SHUPH
paghHV 8QH IRLV OHV SDJHV H[WUDLWHYV OHV GRQQpPHV VRQW

python.

/I fDQDO\WH GHV GRQQpHV H[WUDLWHYV GH 5(%$&+ D pWp SLORW
IDLW OfREMHW GTXQH SXE O L-aWw(MRIe, 8eRDdart, Blausckild Kgkeik, M H V X
& Fantke, 2016)

Dans cet article, des données toxicologiques ont été identifiees pour plus de 15000 substances.
Mais un grand nombre de ces données sont pour des expositions aigues. En ACV, les données
toxicologiques chroniques sont privilégiées lors du calcul de CF avew@thode USEtox. De

SOXV 5($&+ UHTXLHUV XQH DQDO\VH EDVpH VXU OTHVSqgqFH O
soit adapté dans un cadif WH GIDQDO\VH GHV ULVOX$&9 EDUQXQOEHEWVP
OfHVSqFH OD SOXV VH @stimatndes Dormages patentidQ k cdnclusion de

cet article est que le potentiel de la base de données REACH est grand mais un effort important
HVW GpVRUPDLY UHTXLV SRXU YpULILHU OHV GRQQpHV VDFK
vérification de conformité. La validation des données REACH nécessaire au calcul de nouveaux

() HVW SRVVLEOH PDLV GpSDVVH OfREMHW GH FH SURMHW GH
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7.1.3 Limitation

0DOJUp OJXWLOLVDWLRQ GH GRQQpPHV U p@ehQmwintigalesOHV &)

limitations:
1. Ordre de grandeur

2. &HUWDLQHYVY VXEVWDQFHYVY HQ SDUWLFXOLHU OHV 30 HW ¢

des hypotheses et des données toxicologiques trés incertaines

3. Les données utilisées ne proviennent que des-Btetset ne prennent pas enrapte les

importations

7.1.3.1 Ordre de grandeur

Les résultats étendus aux substances inorganiques et PM semblent montrer que les impacts sur les
travailleurs sont encore plus important que les CF obtenus au Chapitre 5. Mais il est important de
JDUGHU X Que°duOces (CEAVELN seulsles PM2.5atteignent 1,810° DALY /h dans le
VHFWHXU OH SOXV LPSDFWDQW 6DFKDQW TXTXQH DQQpH GH
revienta dire que pour une année de travail, un travailleur de ce secteur perdrait 3,6 années de vie
HQ ERQQH VDQWp %LHQ T X idonpfirdt&® eDrioVabsdud, déRefsD&FultRS)
UHQGHQW QpFHVVDLUH GH PLHX[ pWXGLHU OH IDFWHXU GYHII

7.1.3.2 PM et substancesnorganiques

les FRQFHQWUDWLRQV GH 30 IRXUQLHVY GDQV OD EDVH GH GI
particules agc un diametre aérodynamique inférieur ou égal pmi@PM10) /H IDFWHXU GfHI
calculé paiGronlund et al. (2015¢st spécifige aux particules avec un diametre aérodynamique
inférieur ou égal a 2.um (PM2.5) $ILQ GYHVWLPHU OD SDUW GHV 30 (
recherchebibliographique D SHUPLV GY{LGHQWLILHU XQ GRFXPHQW SXE
(Oregon Department of Environmental Quality, 204d) identifie la fraction de PM2.5 dans les

PM10 émises par difféerents équipemenfsutefois, ces données ne peuvent étre facilement
utilisées pour représenter le milieu deveih OHV PHVXUHV IRXUQLHV SDU 0O¢Y2
FRPSWH OHV FRQWULEXWLRQV GH WRXWHV OHV VRXUFHV S
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GILQIRUPDWLRQ VXU OHV pTXLSHPHQWYV SUpVHQWV WRXWH
les PM10 mesuréesis trés incertaine.

DaQV XQ GHX[LgPH WHPSXWQBLWOWFEWRXU BOABFRAXOMHU XQ LPSDFW
guantité de PM inhalé introduit aussi une incertitude importéetéacteur fournit paGronlund

et al. (2015)a étédéveloppé pour de faibles concentratiopte, Marshall, Cohen et Brauer

(2015) ont aussi montré que les courbes de relation entre la concentration de PM2.5 et la
mortalité ne sont pas linéaires. Pour des concentrations importantes comme mesurées dans
FHUWDLQV VHFWHXUV LQGXVWULHOV @édondlL WL G XM GO IHOHNIU .

une surestimation importante des impacts.

7.1.3.3 Imports et cadre géographique

/ID PpPWKRGH SUpVHQWpPH DX &KDSLW Uitput\p§d SaEMelds CFX U X Q P
incluant la chaine de valeur. Le modéle utilisé, CE3ah, S., 2004)est spécifique aux Etats

Unis et exclu les imports de la demande finale. La demande finale représente les biens
consommeés par les utilisateurs finaupopulation, gouvernements et collectivités, ekgpor
FKDQJHPHQWY GH VWRFNV 7RXWH FRQVR Pdsdetéeqnme] XQ ELH
XQH GHPDQGH LQWHUPPGLDLUH HW QYHVW SVorséhuahte HQ FR|
GLUHFWH GH OYfYXWLOLVDWLRQ G{XQ WHHO OMIRB88§OHWS RRG pfolL
VSpFLILTXH j OTLQ&QXNVW HWHDXHX @MW BWVYWLQFWLRQ QTHVW SF
RX XQ ELHQ SURGXLW DX[ 86 /1L Q F Hadame sv Xi@id dSHodeld VoW H K\
QIHVW SDV TXDQWL I|.LpadtefGi® &u\Wu Fdds\tifféreniéK orpditantes entre les
PR\HQV GH SURGXFWLRQ HW VWDQGDUGY GH SURWHFWLRQ G
LPSRUWDQW GfpYDOXHU OD SHUWLQHQFH GTXWLOLVHU OHV
des EtatsUnis. Mais méme dans un contexte Ethlisien cette hypothése peut étre
problématique les Etats8 QLY H[WUDLHQW EHDXFRXS PRLQV Gih, IHU TXF
S., 2004) Donc si on étudides impacts de de la production de fer, les impacts calculés aux
moyen des CF fournis seront sensiblement faussés et seront représentatifs de la technologie
GITH[WUDFWLRQ Xwslais\dpeHa plopparecy Brisponible sur le marché aux-Etats

Unis est importé.
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7.2 SHWRXU VXU OTLOWHUSUpWDWLRQ GHV UpV

Au cours deOD UpDOLVDWLR@u GhépiFdd6/ XGA RXXVGEK GILQWHUSUpWD)\
probabilistes en ACV a été développka représentation matricielle présentée &igure 6.3
SHUPHW GH FRPSDUHU GHV VFpQDULRYVY RX GHV pWDSHV G{XC(

compte les corrélations entre les incertitudes dans les calculs.

7.2.1 Une représentation inadaptée

/IfLGpH GH FHW RXWLO YLVH j LQW Hréssrigs WuHUD gegaphique MO W D W
la Figure 7.7Error! Reference source not found. Les histogrammes sont présentés cote a cote

DILQ GH IDFLOLWHU OD FRPSDUDLVRQ HQWUH VFHQDULRYV LC
OTLQFHUWLMWBA &NUIODTEH FRORQQH WUDGLWLRAQHEBHOOHPF
de confiance a 95%). Dans le cas de la comparaison des colonnes A et C une interprétation
FRXUDQWH HVW GH GLUH TXITDXFXQH FRQFOXVLRQ QTHVW &
chevauchent.

(Q $&9 OD PpWKRGH SULQFLSDABHWIHY $GR SHHVW WARD B 6\ \OHT L
Cette méthode consiste a faire n itérations du calcul en tirant au hasard, pour chaque donnée
GIfHQWUp XQH YDOHXU VHORQ XQH ORL GH GLVWULEXWLRQ
potentiels (dans le cas d Figure 7.7 la hauteur de chaque colonne serait calculée a chaque
LWpUDWLRAQ $ WLWUH GYH[HPSOH DX OLHX GIXWLGLVHU XC(
impacts potentiels sur la santé humaine dans toutes les itérations, un tirage aléatoire dans la
GLVWULEXWLRQ UHSUpVHQWDQW OD YDOHXU SUREDEOH GTY()

Imaginons deux cas extrémes en utilisariitaure7.7 :
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1LO0E-02

100E-03
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Figure7.7: ((HPSOH GH UpVXOWDW GT1$,&9

Cas 1: Corrélation totale

/IHV EDUUHYV $ HW & UHSUpVHQWHQWQOGE RRHU AHXOLHP S W r B
et sont en conséquence entierement corrélées (Dommage = Quantité prise x EF x Sévérité). Sous
OTK\SRWKgVH TXH OHV TXDQWLWpV SULVHV DLQVL TXH OD V|
associée, on peut en conclupee la quantité prise de la colonne A est supérieure a celle de la
colonne C.

Lors de chaque itération, la quantité prise de la colonne A est supérieure a celle de la colonne C
HW GRQF TXHOOH TXH VRLW OfLWpUDWLR®la@Work®OX WadAsK U G H (
FH FDV PDOJUp OH FKHYDXFKHPHQW GHV EDUUHV GALQFHUW

est plus impactant que C.

Cas 2 Indépendance totale

6XSSRVRQV PDLQWHQDQW TXH OHV EDUUHV $ HWncés FRUUH
GLIIpUHQWHY $ HW & D\DQW GHV PRGHV GIDFWLRQV WRWD
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gue: Dommage = Concentration x EF x SévéatéVR XV OTK\SRWKqgVH TdetkA OD TXD
estlaméme que cellede CRQ SHXW HQ FR@AGIXNWHVIXOGH DIHXU j OT() GH &

'DQV OH FDV GILQGpSHQGDQFH WRWDOH j FKDTXH LWpUDWLF
la substance A et C sont tirés au hasard et de maniere indépendante selon leur distribution
GfRULJLQH %LHQ TXH LODN ¥ D®H XOW (B sPWHHBEHRN BHW FHQOIOH GH O
QTHVW SDV JDUDQWL TXYj] FKDTXH LWpUDWLRQ GX ORQWH &D
supérieure a cig tirée de la distribution de.Ca Figure7.8Error! Reference source not found.

présente un tel cades deux distributions de valeursddeux EF se chevauchent alors que les

valeurs déterministes sont différentes.

Substance
C

Substance
A

Probabilité

EF déterministe EF déterministe

pour la substance 8 pour |a substance &

Valeur du facteur d’effet

Figure7.8 : exemple de distributions autour de valeur déterministes

Dans cette situation il ne sera pas possible de concleecertitude lequel des deux scenarios
est le meilleur comme pour le cas 1, mais il sera possible de déterminer le pourcentage des

itérations du Monte Carlo pour lesquels les résultats de A ammgpnds que les résultats de C

7.2.2 Un outil comparatifinte JUDQW OTLQFHUWLWXGH

Comme présenté au point précédent et dan&idare 7.7, la simple présence de barres
GILQFHUWLWXGH QYHVW SDV SHUWLQHQWH SRXU FRQFOXUH
les résultats des scenarios comparés. Elles peuvent mémre ied erreur une personne voulant

interpréter un tel graphique.

Nous proposons une approche ou les données pertinentes de chaque itération du Monte Carlo (i.e.

inputs et résultats du modele) sont conservées dans une matrice qui permet de comparer
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directement les résultats issus de chaque tirage. Sur un total de n itérations on pourra dériver la
IUpTXHQFH j ODTXHOOH OH UpVXOWDWo@afiXdany/|g A& 8.LR HVW
Chaque case de cette matrice présente la fraction des itératidhsntiel Carlo (ou fréquence)

pour lesquelles les résultats des scenarios de chaque colonne (X) du tableau sont plus grands que

les résultats des scenarios de chaque ligne (Y).

Tableau7-1: Matrice de comparaison directe entre scenarios (A, B et C)

Deux limitations importantes ont a prendre en compte

Pour construire cette matrice, il faut que le logiciel (ou script informatigffectuant la
simulation de Monte Carlo conserve toutes les données nécessaires, ce qui peut représenter une

quantité importante de données (proportionnelle au carré du nombre de catégories a comparer).

$ILQ GIDYRLU XQH FRPSDUD Lud&sQ@oigdrtleweLpfsdaV ebmpeHdepuisQ FH U
leur sources VL GHV GRQQpHV DJUpJpHV VRQW XWLOLVpHV DORU
VXU OD FRUUpODWLRQ SRVVLEOH HQWUH OHV VRXUFHV GTLQ
G 1 p W X G Ha$ jués¥rit cdaiippour pouvoir construire la matrice de comparaison directe, il

a fallu, & chaque itération de la simulation de Monte Carlo, recalculer les concentrations de
polluants dans chaque secteur pour obtenir les CF de chaque secteurs Ig)ciesti@ a pris
HQYLURQ K GH FDOFXO VXU XQ RUGLQDWHXU SRUWDEOH DY/

3RXU XQH $,&89 FRPSOqWH DYHF XQH PpWKRGH @dntr@ttaHQWH S

recalculer chaque F& chaque itération du Monte Carlo.
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7.3 &RPELQDLVRQ & Ynethodad(Bcxuel th. 6.4)

&RPPH SUpVHQWpPp GDQV OTDUWLFOH YRLU &KDSLWUH oD
SHXW rWUH FRPELQpH DYHF GHV PpWKRGHY GpYHORSSpHYV
une vision plus globale des impad@sRWHQWLHOV VXU OD VDQWp GHV WUDYDI

de vie.

La méthode développée dans ce travail de recherche se focalise sur les expositions aux polluants
SDU LQKDODWLRQ 7RXW LPSDFW SURYHQDQW GfieohpReVLWLRQ
/ITXWLOLVDWLRQ FR Q MRmapaaded@/§iX Qhapitrepa) KSR Goldsible. A titre
GfH[HPSOH QRWUH PpWKRGH SUpVHQWpH DX[ &KDSLWUHV H
développée pabcanlon et al. (2014yuifournit une vision plus globale sur les dommages sur les
travailleurs. Les CF spécifiques aux accidents du travail pourraient étre pslisgisque ceux

qui ne couvrent pasHVY PDODGLHV SURIHVVLRQQHOOHY GXHV j OYH[SF
travail. Les auteurs fournissent des FC spécifigue$2d VHFWHXUV GH OfTLQGXVW
FRPSDWLEOHV DYHF GHV GRQQpPHYV GYLQYHQWDLUH &$Q $&9 H
(blessures et déces) et les maladies professionnelles. Scanlon et al. se limitent & évaluer le secteur
lui-PrPH VDQV SUHQGUH HQ FRPSWH OD FKDvVQH GH YDOHXU PI
SHUPHW GH UHQGUH HQ FRPSWH OfHQVHPEOH GX F\FOH GH Y

Les données utilisées par Scanlon et al. comprennent les causes des accidents ou maladie. Il est
donc possible de générer des FC spécifiques a un danger. Il existe toutefois un risque de double
comptage combinant notre méthode avec celle de Scanlonef &l RQ QH VH VRXFLH SD\
les maladies professionnelles causées par des expositions a des substances chimiques par
inhalation déja considérées dans notre méthode. Les FC pour les accidents de travail de Scanlon

et al. par contre sont parfaitemeosmplémentaires avec notre méthode et ne pose pas de dangers

de double comptage, car ils ne capturent que des impacts liés a des évenements soudains et donc

excluent les maladies professionnelles.
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7.5 Mise en perspective avec la réglementation en milieu deavail

Lors de la définition du projet de recherche, plusieurs avenues ont été explorées afin de choisir
XQH EDVH SRXU FDOFXOHU OHV )& 8QH GH FHV DYHQXH\
professionnelles fixées dans la réglementation. Comme la méthmdeHdlO RSSpH QTHVW DXF
OLpH DX[ DVSHFWYV UpJOHPHQWDLUHY OH WUDYDLO HIIHFW)
important dans le contexte du choix de proxys pour des pays ne publiant pas de concentrations de

polluants en milieu de travail.

7.5.1 Réglementation des polluants en milieu de travail et ACV

Contrairement aux expositions de la population due aux émissions extérieures de polluants qui
sont indirectement réglementées par des lois encadrant les émissions des industries, les
expositions des DYDLOOHXUV IRQW JpQpUDOHPHQW OYREMHW (
FROQFHQWUDWLRQV GH VXEVWDQFHYV FKLPLTXHV HQ PLOLHX C
existe pour les expositions aux produits chimiques en milieu de travail ne signifienpas
absenceG f L P ShDunWk€el contrble des expositiorisn supposant quiutes les entreprises

situées aux Etatgnis respecHQW OHYV QLYHDX[ OLPLWHYV GYH[SRVLWLRQ C
entrainHQW WRXW GH PrPH XQ LPSDFWLWHYV LOAVAHSIRFFHL ZHRIL FRDX

notion de niveau de risque acceptable et donc de niveau de dommage ac(&leta®095)

&HUWDLQHV PpWKRGHVY SURSRVpHV HQ $&9 UHSRVHQW VXI
professionnelles (LER)Schmidt, AndersC, Jensen, Clausen, Kamstrup, & Postlethwaite, 2004a,
2004b; Schmidt, A. et al., 20Q4)lon seulement ces approches ne sont pas compatibles avec les
SULQFLSHV TXL VRXWLHQQHQW OD FDUDFW pdétetrin&/ leRQ GH C
impacts potentiels sur la santé humaine en ACV, mais de plus les réglementations ne sont pas
LGHQWLTXHV GDQV WRXV OHV SD\V FH TXL UHQG ®EIILFLOH
plus, méme si deux pays ont des réglementations dinllldlV O9YDSSOLFDWLRQ UpHC
OLPLWHV SUHVFULWY SHXW YDULHU GH PDQLqUH LPSRUWD
OfLQIRUPDWLRQ UpJOHPHQWDLUH SRXU GpYHORSSHU GHV SU

Durant le développement de la méthode, lorsdd§DQDO\VH GHV UpZhaptw P&VV SUpV
TXHVWLRQ GH OD FRKpUHQFHKstBH VT XH Q/ THN WE BB\RD/QW VXU
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toxicologiques existantes, les LEP correspondent a un risque accepté similaire entre les

substances couvertes?

Pour ré¢pondre a cette question, trois des substances identifiées parmi les plus impactantes ont été

comparéesdichlorométhane, trichloréthyléne et tetrachloroéthyléne.

La Tableau 7-2 préseng¢ une analyse succincte des Lgdr chacune de ces substances: celle de
0726+%$ HW FHOOH GH OYDVVRFLDWLRQ DPpULFDLQH SRXU C
OfHQYLURQQHPHQW $&*,+ /D S UrH §uedddeuxiem&folrmtlddH ERM Q WD L

recommandées.

(Q XWLOLVDQW OH IDFWHXU GYHIIHW GH 86(WR[ QRXV DYRQV
H[SRVp j GH OD /(3 26+$%$ RX GH Of$&*,+ VXU OD WRWDOI
ans, 2000 heurd SDU DQV $X 7TDEOHDX RQ SHXW REVHUYHU TXTfLC
du tetrachloroéthylene et du dichlorométhane pour une exposition au niveau de la LEP de
07126+%$ /H SOXV JURV pFDUW HVW XQ IDFWHXU tleHQWUH
WHWUDFKORURHWK\OHQH SRXU OHV /(3 GH Of3$&*,+
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Tableau7-2 &RPSDUDLVRQ GHV VFRUHV GYLPSDFWV FDOFXOpV SR

ILPLWHV GT([SRVLWLRQ 3URIHVVLRQ Q KB GHalit R galyie/

26+ ¢

professionnelle (40 ans, 2000 heures par ans) pour trois substances basée sur les EF de USEtox

Trichloréthyléne

Tetrachloroéthylénj Dichlorométhane|

EF Usetox (cas de cancer/kg pris)

1,72E03

8,50E03 1,86E03

OSHA PEL 8h TWAMg/m3)

535

670 86,75

ACGIH TLV (mg/m3)?

53,5

169,5 173,5

OSHA PEL,
exposition 100% dd
temps de travalil

(DALY)

1,25E01

7,75E01 2,19E02

ACGIH TLV,
exposition 100% dy
temps de travail

(DALY)

Impact cancer pour une expositior
durant 40 ans et 2000 heures, 1,1
m?h par ans & une concentration:d

1,25E02

1,96E01 4,38E02

8QH GHX[LgPH YpULILFDWLRQ D pWp HIITHFWXpH HQ XWLOLV
0126+% SRXU GpYHORSSHU VHV /(3 ,0 LQGLTXH OfH[FqgV C

concentration de polluant (mgfinpour un individu exposé toute sa vie a ce polluant. Pour

SUHQGUH HQ FRPSWH

O TK\SRWK gwét de i€ QeH70 ans. DansTiableau 7-3 il apparait un écart encore plus

OH IDLW TXH OYH[SRVLWLRQ SURIHVVL
GX WUDYDLOOHXU OfH[FgqV GH ULVTXbipWwRVeHa[SERWLWLRQ 8

marquéque pour une expo®W LRQ DX QLYHDX GH OD /(3 GH Of126+3% XQ II

! Voir https://www.osha.gov/dts/chemicalsampling/toc/toc_chemsamp.html

2\oir https://www.osha.gov/dts/chemicalsampling/toc/toc_chemsamp.html|
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HQWUH OfH[FqQV GH ULVTXH GH GpYHORSSHPHQW GYXQ FDQFF
au dichlorométhane/fpFDUW HVW PRLQV PDUTXp XQ IDFWHX¥ VL C
OD /(3 GH Of$&*,+

Tableau 7-3 : Comparaison des exces de risques basés sur I'excés de risque unitaire pour chaque

substance.

Trichloréthyléne Tetrachloroéthyléne | Dichlorométhane

Excés de risque (9
_ 1,90E03 1,90E04 9,50E06
pointpar mg/m3)

Exces de risque poy
une exposition a [ 13,252% 1,660% 0,011%
/(" GH O126+89

Exces de risque poy
une exposition a [ 1,325% 0,420% 0,021%
/(" GH O1%$*&,

Le but de cette étudsommaireest surtout de montrer des disparités importantes entre les LEP
SRXU GLIIpUHQWHY VXEVWDQFHY FKLPLTXHYV -déftdj 9OjetF DW LR C
de recherche présenté dans cette thése. Toutefois il serait intéressant de poursuivre phesétud
poussée pour identifier la cause de la différence de classement de dangerosité des substances si
RQ XWLOLVH OHV IDFWHXUV GTHIIHW () GH 86(WRPeRX OHV
plus, LO VHUDLW WUQqV LQWpUH YV Man@n/ plGsTiarye Xe6 LEPLauHAYaré BeP SD U
OfLPSDFW SRWHQWLHO TXfHOOHYVY FRQVLGqQUHQW LPSOLFLWH

'DQV OH FDV Re OHV OLPLWHYV GYH[SRVLWLRQ UpJOHPHQWDLI
pour des pays ne publiant pas de donnéesdeeatrations de polluants en milieu de travail, il

VHUDLW LPSRUWDQW GH YpULILHU OD FRKpUHQFH GHV OLPLV
OfH[LVWHQFH GH OLPLWHY UpJOHPHQWDLUHYV QTHQWUDLQH ¢
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a cellessL 'RQF VL OHV OLPLWHV UpJOHPHQWDLUHV VRQW XW

travailleurs, il faudrait aussi prendre en compte leur mise en application.
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CHAPITRES8: &21&/86,217 5(&200%$1'$7,216

Ce projet de recherche a permis de développer une méthode al#éigsation pour les
expositions professionnelles aux polluants (organiques, inorganiques et particalea)lysades

impacts du cycle de vie (AICV), permettant de mettre en lumiere les impacts sur les travailleurs

des expositions aux polluants en milide travail. La méthode développée durant ce projet de
recherche permet non seulement de comparer les impacts sur les travailleurs des expositions
WRI[LTXHV DX[ DXWUHV LPSDFWV VXU OD VDQWp KXPDLQH j
fonctionnelle donée, mais offre aussi un benchmark pour que les industries puissent se comparer

] OHXU PR\HQQH VHFWRULHOOH 6XU OH ORQJ WHUPH OH Gj
AICV pour les prises de décisions permettra de favoriser les industries leseghestueuses
HQYHUV OfHQYLURQQHPHQW PDLV DXVVL HQYHUV OHXUV \
conditions de travail.

Pour ce faire, deux sets de facteurs de caractérisation avec intervalles de confiance sont fournis a
GHX[ QLYHDX][ Gifnpatt par D&ure Rr@vaillée et impact par dollar de production
(incluant la chaine de valeur) soit de maniére désagrégée (impact par couple sisestanckg

soit de maniere agrégé par secteur ou commodité. De plus cette thése fournit les outils
nécessaes pour de futures misessMRXU RX XQH H[WHQVLRQ j GIDXWUHV SD'

La méthode développée est dépendante des données disponibles et malgré un nombre constant de
PHVXUHV HQUHJLVWUpHV GDQV OD EDVH GH GRQQpH GH Of
diminution GX QRPEUH GH VXEVWDQFHV SRXU OHVTXHOOHV j OD
USEtox et des concentrations en milieu professionnel sont disponibles. Si cette tendance se

SRXUVXLW OD PLVH j MRXU GHV &) SRXUUDfWX@&HWQV X EVWRXE
FKLPLTXH HVW WULEXWDLUH GX GpYHORSSHPHQW GH QRXYH]
IDXW UpDOLVHU XQ HIIRUW GH UHFKHUFKH SRXU LGHQWLILHU
données (telle que celle de REACH) WOWLPHPHQW SURGXLUH FHV GRQQpPHYV
WR[LFRORJLHV ORQJXHV HW FREWHXVHV /[/IXWLOLVDWLRQ G

REACH semble la meilleure avenue de recherche en ce moment.

Une limitation de la méthode développéeipestimer les impacts issus des expositions en milieu
GH WUDYDLO GDQV OHV FKDLQHV GYDSSURYLVLRQQHPHQW H
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laquelle les produits importés sont considérés comme produits sur le territoire dégnistats

négligea QW DORUV OHV GLIIpUHQFHV GYLPSDFWV OLpHV j OD SUR
FHWWH PRGpOLVDWLRQ HW SUHQGUH HQ FRPSWH XQH FKDvQ!
modele IO multinational est nécessa(tel que EORA Worldmrio olExiobase), mais pas

suffisante. Pour chaque pays couvert par le modéle-ouyiput il faut un set de CF et donc une

base de concentration de polluants en milieu de travail. A partir du moment ou plusieurs bases
sont utilisées il faudra analyser la colm@e de ces donnée$a concentration de polluants en

milieu de travail mesurées et rendues disponibles dans ces bases sont généralement effectuée par
une agence gouvernementale ou requise par la réglementation en place. Or les réglementations
varientbeak RXS HQWUH OHV SD\V HW XQ WUDYDLO GIXQLIRUPLVD

JLODOHPHQW LO HVW LPSRUWDQW GH QRWHU TXH I&H SURM
SUREOpPDWLTXH GHV LPSDFWV VXU OD VDQWp GHV WUDYDL
VXEVWDQFHYV FKLPLTXHV /HV DFFLGHQWY GH WUDYDLOV Of!
de trajets et le stress au travail ne sont que quelu@HY GHV FDXVHV GILPSDFWYV
WUDYDLOOHXUV /D PpWKRGH GpWHORSSPMVLEH QNMH QW plaXJPVQ
VXU OHV WUDYDLOOHXUV HQ $,&9 PDLV XQ SDV LPSRUWDQV

partagé par plusieurs équipes de recherche.
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ANNEXE A - INFORMATIONS SUPPLEM (17%$,5(6 3285 /9 $CLE,PRESENTE AU
CHAPITRE 2

TableA.1: List of case studies, blue lines are usimgpactbasedmethod, white are usingazad-basedmethods and purple use a

method that is bottmpactbasedandhazardbased

Hazard Causeto-effect chain steps covered Life cycle
Authors Title d Damage covered phases
EOVEE Hazard | Risk Effect Impact | covered
Socolof et al. | Desktop Computer Displays: A Lif€Cycle Assessmen Chem 1 0 1 0
2001 (Volume 1); EPA 744R-01-004a (inhalation) cancer, norcancer full
A comparative Life Cycle Assessment of Building Insulati
Schmidt et al. | Products made of Stone Wool, Paper Wool and Feaxt 1| Chem 1 1 0 0 manufacture
2004 and 2 (inhalation) no impact assessmen only
Schmidt et al. all (depend on 0 0 1 0
2004 LCA and the working environment available data)| no impact assessmen| full
Confronting workplace exposure to chemicals with LQ Manufacture
Hellweg et al. | examples of trichloroethylene and perchloroethylene in m Chem 1 1 0 0 (one
2005 degreasing and dry cleaning (inhalation) no impact assessmen activity)
Geibig et al. | Solders inElectronics: A LifeCycle Assessment; EPA 744 | Chem 1 0 1 0
2005 05-001 (inhalation) cancer, norcancer full
Koneczny etal. | Environmental Assessment of Municipal Waste Managen all (depend on| all (depend on 0 1 1
2007 Scenarios: Part IiDetailed Life Cycle Assessments available data)| available data) full
Manufacture
Pettersen efal. | Occupational health impacts: offshore crane lifts in life cy all (depend onf O 0 1 1 (one
2008 assessment Mechanical available data) activity)
Socolof et al. | Wire and Cable Insulation and Jacketing: igcle | Chem 1 0 1 0
2008 Assessments for Selected Applications; EPA-R4@8-001 (inhalation) cancer, nofcancer full
Practical Method of Assessing Local and Global Impacts| Manufacture
Kikuchi et al. | Risk-Based Decision Making: A Case Study of Met{ Chem 1 1 1 1 (one
2008 Degreasing Processes (inhalation) no impact assessmen activity)
Manufacture
Demou et al. | Evaluating indoor exposure modeling alternatives for LCA Chem 1 1 0 0 (one
2009 case study in the vehicle repair industry (inhalation) no impact assessmen| activity)
Huuskonen, all (depend on| all (depend on 0 1 1
2012 Inclusion of occupational safety in life cycle assessment | available data)| available data) full
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Table A.1: List of case studies, blue lines are using imjieasted method, white are usihgzardbasedmethods and purple use a

method that is botimpactbasedandhazardbased(cont. and end)

Hazard Causeto-effect chain stepsovered Life cycle
Authors Title d Damage covered phases
e Hazard | Risk Effect | Impact | covered
Application of LifeCycle Assessment to Nanoscg
Amarakoon et| Technology: Lithiumion Batteries for Electric Vehicles; EP{ Chem 1 0 1 0
al. 2013 744R-12-001 (inhalation) cancer, norcancer full
Indoor Exposure to Toluene from Printed Matter Matte Manufacture
Walser et al. | Complementary Views from Life Cycle Assessment and § Chem 1 1 1 0 (one
2013 Assessment (inhalation) cases activity)
Scanlon et al. all (depend on| all (depend  on| 0 0 1 1
2013 The work environmendisability-adjusted life available data)| available data) full
Manufacture
Golsteijn etal. | Including exposure variability in the life cycle impa Chem 1 1 1 0 (one
2014 assessment of indoor emissions: The case of metal degrea| (inhalation) cases, DALY activity)
An LCA-based health damage evaluation method for coal Manufacture
dust (in Progress in Mine Safety Science and Engineerin| Chem 1 1 1 1 (one
Tong etal. 2014 | He et al.(ed.)) (inhalation) cases, DALY activity)
Manufacture
Kikuchi et al. | Design of recycling system for poly(methyl methacrylay Chem 1 0 0 0 (one
2014 (PMMA). Part 2: process hazards and material flow analysi{ (inhalation) no impact assessmen activity)
Kijko et al. | Occupational health impacts of organic chemical exposure| Chem
. - X . 1 1 1 1
2016 product life cycle perspective (inhalation) cancer, nofcancer full

Benoit Norris et| Efficient assessment of social hotspots in the supply chai
al. 2014 100 product categories using the Social Hotspots Databasdg Psychological | no impact assessmen

full
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ANNEXE B INFORMATIONS SUPPLEM (17%$,5(6 3285 /Y$CE,
PRESENTE AU CHAPITRE 5

TableB.1: Filtering criteria for raw concentrations

Field Description Possiblevalues | Filtered
values

inspection_nu | Description: Unique identifier tied t| Nine numberg All

mber inspection in length

establishment | Sampled establishment All

name

City Identifies the site city in which th All
inspection was carried out

State Identifies the site state in which i All
inspection was carried out

zip_code Identifies the site zip code in which tl All
inspection was carried out

sic_code Indicates the 4ligit Standard Industrig 4-digit code All that
Classification Code from the 1987 versi refers to a
of the SIC manual that most close sector 3
applies NAICS
See 2007 sector
http://www.osha.gov/pls/imis/sicsearch.l
mil.
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naics_code North American IndustrialClassification| 6-digit code All  starting
System Code with a 3
See http://www.census.gov/epcd/naicsQ
sampling_num| Unique identifier tied to single exposu All
ber assessment
There may be multiple media tied to tt
number, reflecting multiple samples in t
time-weighted sample.
office_id Unigue number assigned to an OS} All
Office
date_sampled| Date on which the sample was taken 01/01/2002
to
31/12/2009
date_reported | Date on which the results were releaseq All
the OSHA
eight_hour_tw| Based on eighthour TWA calculation Y, N All
a_calc
instrument_ty | Type of laboratory instrument used in t All
pe analysis
lab_number | Unique identifier assigned by laboratg 5 digits | All
for internal use followed by a
letter
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field_number | Unique identifier tied to individual samp All
media submitted for analysis
sample_type | Sample type P: Personal; Al P
Area; B: Bulk
W: Wipe
blank_used Sample represents a blank used |Y,N N
analysis
time_sampled | Time sampled in minutes All
air_volume_sal Air volume sampled in litres All
mpled
sample_weigh| Sample weight for bulks and silig All
t samples
imis_substanc| The IMIS substance code number is | 4-digit code All
e_code substance codassigned by OSHA to eac correspondi
substance. See OSHA Chemical Samp ng to
Information at organic
http://www.osha.gov/dts/chemicalsampl chemicals
g/toc/field.html. covered by
USETOX
database:
WWWw.usetox
.org/model/d
ownload/use
tox
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substance Substances are primarily listed All
chemical name, as they appear in
OSHA PELs, 29 CFR 1910.100
TABLES Z-1-A, Z-2, Z-3; the ACGIH
TLV's or by common name.
sample_result| Sample result from laboratory analysis All
each sample submitted with a unique fi
number
Note: Multiple media integrated sampl
can be tied to a single sampling number
unit_of _measu Unit of measurement (UOM) from IMI{ M: mg/m3 P, M, X or
rement manual X: Micrograms Y
P: Parts pe
million
Y: Milligrams
F: Fibres/cc
%: Percentage
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Hypothesis 1 [

For 1 chemical }

Hypothesis 2

€100 h10+C10+h20+C20
h100

h20=h5+h6

C20=0

h10=h1+h2+h3+h4

h1+C1+h2+C2+h3+C3
= =
c10 hin

1l C2

510}03a5
SOIVN sUSIp ¢

5103235
SOIVN sudip 5

5101335
SJIYN sH8Ip 9

Concentration

h100=h10+h20

hIO*CIU

€100 C10

h10=h1+h2+h3+h4

h1#C1l+h2+C2+h3=C3
= hi+h2+h3

C20=C100

Data Data Data

c2 C3 C100 C100

FigureB.1: Two methods to determine the concentrations
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Table B2 : Comparison of OSHA measured concentrations with IARC monograph reviews

Substance Concentration rang| Measured Reference
reported in  thg concentration
IARC  monograph range (mg/m3)
(mg/m3)
Styrene 8; 900 0; 900 IARC monographs
volume 82
Tetrachloroethylene 0; 30000 0; 200 IARC monographs
volume 63
Formaldehyde 0; 10 0;7 ARC monographs
volume 88
Dichloromethane/Methylen| 7; 2000 0; 3000 IARC monographs
chloride volume 71
Trichloroethylene 200 (arithmetic 0; 1,7000 IARC monographs
mean across a volume 63
sectors)
Ethylbenzene 0; 1,900 0; 200 IARC monographs
volume 77
Methyl methacrylate 0; 47 0; 180 IARC monographs
volume 60
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Figure B5: Non-cancer cases per hour as a function of labour hour at level 4, sorted-by non
cancer cases per h
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impact)
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Figure B7: Intake per h for ethybenzene with uncertainty bars as a function of labour hours at

level 4, sorted by intake per h (i.e. intake intensity)
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Figure B8: Intake per h for stene with uncertainty bars as a function of labour hours at level 4,

sorted by intake per h (i.e. intake intensity)
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Figure B9: Intake per h for dichloromethane with uncertainty bars as a function of labour hours

at level 4, sorted by intake per h (i.e. intake intensity)
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Figure B10: Intake per h for trichloroethylene with uncertainty bars as a function of labour hours

at leve 4, sorted by intake per h (i.e. intake intensity)
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Figure B11: Intake per h for methyinethacrylate with uncertainty bars as a function of labour

hours at level 4, sorted by intake per h (i.e. intake intensity)
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Figure B12: Intake per h for formaldehyde with uncertainty bars as a function of labour hours at

level 4, sorted by intake per h (i.e. intake intensity)
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Figure B13: Intake per h for tetrachloroethylene with uncertainty bars as a function of labour

hours at level, sorted by intake per h (i.e. intake intensity)
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Figure B14 Occupational health impacts per 1000$ of Styrofoam packaging. Description of the system, labours hours worked per

functional unit, Cf for styrene and occupational impacts for sgyend all other substances.
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Figure B14 presents a case study demonstrating the use of the CF provided by the article. The
functional unit is 1000$ of production from the 326140 Polystyrene Foam Product Manufacturing

sector.

Cumulated life cycle spending in $ per functional unit (FU) were extracted for the producer
sector, the two direct suppliers 1 and 2, and for all other sectors, using the Simapro software with
CEDA database (version 4). Combining these cumulated spendmghe labour hours per $ in

each sector, we first calculate the inventory data expressed in labour hours worked in each sector
per FU. The number of hours worked per FU is more than ten times higher in the main producer

sector than in each of the suppkector.

We then multiply these labour hours per functional unit by the corresponding CFs provided for
each sector in the present paper (styrene CF provided in the CF column) to obtain the impact per
FU in each sector. Looking first at the impact of gtgrethe impact in the producer
manufacturing sector with the largest number of hours (Polystyrene Foam Product
Manufacturing), is more than 300 times smaller than the impact in supplier's 2 sector (Plastic
material and resin manufacturing), which represerare than 50% of the overall impact

considering all other sectors and substances (Total occupational impactidf3IALY/FU).

This short example demonstrates how the provided CF enable the practitioner to easily obtain the
impact, either detailed bgubstance or aggregated. It also shows the importance to not only

consider the impact in the main producer sector but to evaluate impacts over the entire supply
chain, thus the interest of the characterization factors provided in the present paper for each

sector of the entire industry.

As CEDA also provides outdoor emission data per production $ for each sector, we can compare
the occupational health impacts due to exposure to organic chemicals with the impacts on human
health due to outdoor emission (caanigon graph on thaght of Figure B4), the two impacts

being within a factor 5.

In addition to the impacts presented in this example, the same analysis can be easily performed at
the intake level since the intake intensity factors are also providedafdr chemicatector

couple.
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Figure C.1 Data source
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SI-1: DAMAGE IN EACH IO/NA ICS SECTORS

The following describes howo obtain detailed dollar based impact intensities due to the different

IO commodities in (or NAICS sectors) for the different components of the FU.

Equation6.4 define &z ¢

gl N HBL %FHN H:&L %FH n H:uF m?> H & (S1)
Or in anotherymbolism:
a
8o & %o agHHS (S2)
a
a
& B % &gHM?HHY (S3)
a
a
& @& %8s AgH N 2H 2F 75 HHY (S4)
a

If we use a diagonal matrix instead of the CF vector, we will obtain a damage vector providing

the total impact (value chain + manufacturgegtor) per FU in each of the NAICS sectors:

o o

a a
Mo L BogéoH >n 2H :2F 275 HHY (S5)
a a

The notation%é%orresponds to a diagonal matrix with the element$gfon the diagonal and

0 outside of the diagonal.

Alternatively, by using a diagonal mixt instead of the result of& %&; 5 & gH >n Awve will
obtain a damage vector providing the total impact (value chain + manufacturing sector) per FU in

each of the 10 sectors:

o o

a a
Ho® L Bog8H >n 0H -12F 2?5 H HY (S6)
a a
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a
Also, using a diagonal matrix instead thfe I—!)81 vector will help differentiate between the
a
a
impacts due the different component of tmﬁvector. For instance if the purchases per
a
functional units come from different sectors, or if the functional unit is the production of a
a
manufactured goodr( which case, the component of tlhgg‘l vector would be the purchases per
a

FU from each supplier sector, as in thesthative case study, see tabl@)B.

In those cases one can obtain a matrix of dollar based impact intensities providing the damage
dueto each 10 commodity (respectively NAICS sector) as rows with each contpainibie FU
(columns) by using guation S7 (respectively S8):

Pgz8L @o,ﬁ%}l >n?H : 3W?F 2?5 H BRC (S7)

D5 3L BogH n7CH :3?F 2?5 HERC (S8)
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SI-2: DAMAGE AT MANUFACTUR ING FACILITY, IN THE SUPPLY
CHAIN

Eq 3. Defines the total impact (supply chain + manufacturing facility). But one might want to

differentiate between the supply chain and the manufacturing facility.

It must be noted that with8he vector containing the $/FU of demand (such as the price of the

chair in our illustrative case study), the 10 model can be modified as follow:
6KP@AI=J@uF m’> H:&L & ::uF m’°F £ H:& (S9)
And using the power serie lawuF m?® L Aflg] n? (S10)
We then have K P @HA | = I@.&E ::A8] nit; F + H &L &E (A nf; HZ (S11)
6 KP @ | = I@&E Adld nf?S; HmH &L &E A2T nf; HmH ;& (S12)
6KP @A I=J@%E :uF m?> HmH & (S13)

It is interesting to note thamnH ;&s the direct requirement of the demand vecfoif we see;8as

the value of a product, or the demand per FU to the manufacturer of this produaty khgis
the demand per FU to the suppliers of the product metw&. Eq 13 shows that the total
demand is the sum of the demand per FU to the manufacturer plus the total demand linked to the

demand to the suppliers of the product manufacturer.

Joining Egq S13 and Eq 3:

gl N HN HEE %gHn H:uF m?5 HmH &L % & H & (S14)
&=1=CAR=JQB=?PQBREFEPEHN HE % (4=IQB&YP:& (S15)
%(4=JQB&¥PUH SURYLGHG LQ WKH 6, VOV[ ILOH LQ WKH 3&) E\

&=1=CBIQLLHAM EZ % & H & % (4=JQB &R & (S16)

Eqg S15 and S16 shows how to use the CF provided in the Sl.xIsx file and in the Sl.txt file to

calculate the manufacturing facility and the damage in the supply chain.
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TableC.1Creation of the Q matrix, an example

Starting with a classification (NAICS) with 5 sectors for which we know the-@xbliars worked
hours (BCWH):

Sector BCWH,
hi(h)

NAICS_1|1

NAICS 2|2

NAICS_3| 3

NAICS_4| 4

We also have an Inp@utput classificationvith only 3 commodities and 3 sectors for which we
know the total production:

Sector Total
sector
output,
gi (9)

IO _c1 10

IO _c2 10

IO _c3 30

Commodity| Total
commodity

production,
q ($)




10_s1 10
10_s2 20
I0_s3 20

The corresponding make matrix is:

, (9) Commodities
10_cl 10_c2 10_c3
Sectors I0_s1 5 5 0
10_s2 5 5 0
1O0_s3 0 10 20

The mapping between the two classifications is provided by government agencies:

Step 1:

We start by calculating the normalized conversion matrfz , ».-- :

cony; IO sectors
10 1 10_2 10_3
NAICS_1 1 0 0
NAICS NAICS_2 1 1 1
sectors NAICS_3 0 1 1
NAICS_4 0 1 1
o{z, .~
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?KIRaayy IO sectors
PRI G 10_1 10_2 10_3
Al ? KLRH Go; - - -
NAICS_ 1 1 0 0
NAICS NAICS_ 2 0.2 0.2 0.6
sectors NAICS_3 0 0.25 0.75
NAICS_4 0 0.25 0.75

In this matrix, the sum on every row is 1.
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Step 2:

We then multiply every row by the total number of hours worked in the corresponding NAICS

sector:

On this matrix, the sum on

$369*HO0{z, .-

? KHRH Ly |0 sectors
Dy Hr— .
Apes-? KIRRH Lp;
10 1 10 2 10 _3
NAICS 1 1 0 0
NAICS NAICS 2 0.4 0.4 1.2
sectors NAICS_ 3 0 0.75 2.25
NAICS 4 0 1 3

any row corresponds to the total number of BCWH worked in the

correspondingNAICS sector for the whole modelled system.

Step 3:

Each column is then divided by the total production of the corresponding 10 sector:

$369*Ho{z, .~

H@s

IO sectors
10_1 10_2 10_3
NAICS_1 0.1 0 0
NAICS NAICS_2 0.04 0.04 0.04
sectors NAICS. 3 0 0075 ore
NAICS 4 0 0.1 0.1
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Step 4:
$# 9*Ho{z, .-« H&5H,

We multiply the previous matrix by the make matrix (note that we now have commaodities in the

columns):

IO commodities

10_1 10_2 10_3
NAICS 1 0.5 0.5 0
NAICS NAICS_2 0.2 0.8 0.8
sectors NAlCS_3 0 1.125 0.15
NAICS 4 0 1.5 2




Step 5:

$89*Ho{z, .~

H@5H, HM5L n

Now each column is divided by the total commodity production value:

IO commodities

10 1 10_2 10_3
NAICS 1| 0.05 0.05 0
NAICS NAICS 2| 0.02 0.08 0.04
sectors NAICS_3 0 0.1125 0.075
NAICS_4 0 0.15 0.1

We then obtain thB matrix.
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Table C2: Aggregated information for the reproduction of the illustrative case study

x Detail of purchase per functional unit from suppliers actiramoditylevel

Value of purchass
IO Commodities ($/FU)

Textile and fabric

313310 finishing mills 3,84E+01
All other textile

314990| product mills 1,14E01
Reconstituted WOO(

321219| product manufacturing 2,63E+01
Paperboard containg

322210| manufacturing 1,83E+01
Other basic organi

325190| chemical manufacturing 1,63E+01
Plastics material an

325211 resin manufacturing 3,27E+01
Paint and coating

325510| manufacturing 4,89E02
Urethane and other foam prody

326150| (except polystyrenenanufacturing 3,38E+00
Steel product manufacturin

331200| from purchased steel 2,70E+00
Turned product and screv

332720| nut, and bolt manufacturing 5,62E01

483000| Water transportation 1,35E01

484000| Truck transportation 1,43E+01
Veneer and plywood

32121A manufacturing 4,88E+00
All other chemical produc

3259A0 and preparation manufacturing 3,01E+00
Other plastics produg

32619A manufacturing 6,01E+00
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Table C2 Aggregated information for the reproduction of the illustrative case study

(cont.and end)

x Otheraggregated data:

Impacts from exposure to organic chemicals

the manufacturing facility

3.15E06 DALY/FU

Impacts due to exposure to organic chemi

of the user during the use phase

4.06E07 DALY/FU
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Figure C.2 Direct hourbased potential impact intensity (DALY/h) function of direct
dollar based labour intensity $

Blue diagonals represent the -isopactper$. Two dots on the same diagonal have the same
impact intensity per $ (DALY/$).
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Figure C3: Overall Occupational Human Health Impact for the 151 4madustrial economic sectors of the U.S. economy with the
highest impact intensity. Histograms represent potential impact on human health from occupational exposure to orgatscpenemica

IO sector as a eobination of Impact Intensity, DALY/$ ¢gxis) and number of final demand $ for each sect@x(g).
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Figure C4: Contribution of the different phases to the potential cancer impact on Human Health



147

Figure C5: Contribution of the different phases to the potential-camcer impact on Human
Health



Table C3: Detail on proxy available for missing data

Value of production

Demand for each supplier

BCWH (h/FU)

Occupational

concentration

Prox

data

(Only at producer level)
Estimation of value

At the tiern level, this
data correspond to th
demand for each suppli

at the tier(n-1) level

Calculated:
m H :&

With A being the direc

requirement matrix from th

IO model and;&he vector of
demand of commodities p¢
at the

functional  unit

considered level

Calculated:
n H:&

n being the matrix tha
provides the
BCWH worked in each
NAICS sector per $ of IC
commaodity.

direc

concentratio
(Kijko, et al. 2015) anc

correspnding

Generic

direct
impact  characterisatio

factors (CF).
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When using the developed approach, the practitioner may face a lack of data. This table shows, for each needed daid tthe meth
obtain a proxy data for a given supplier (at a given level in the wapjlin) to calculate the full supply chain occupational impacts.
For more detail on he to use this data, see figuresC.
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SI-3: PROCEDURE TO APPLY THE METHOD

We will apply the method for a very simple FU: the production of a 1$ painted wooden planck.

1. Simplest case:

We just know the demand per FU, with corresponding 10 commodity (the price of a painted

wood planck for exemple).
The total damage is:
6 KP@H|=0QAY% (g3 &

With all % ( 5 gprovided in the Sl.txt file in supporting information or in the Sl.xlIsx file for the

% ( gaggregated by IO commodity.

2. Concentration at manufacturing facility:

Now we have théhe demand per FWith corresponding IO commodities (the price of a painted

wood planck for exemple) along with measurementoatentrations.

The total damage is:
6KP@HI1=AQA&=I=CAR=JQB=?POB\-PPEHERRU=CBI)L LHO=EJ

And: &=1=CBD QL LMBHEZ % & H :&F % (4=J QB &Yr &

We know ;& % & @nd % (4=J QB &%B & = | = CB D Q L L?BLEzJis known.
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And:

&=1=CAR=JQB=?PQB\PPEHERBHBH$S4H ' (sH5( (see Kiko et al
2015Kijko et al., 2015).

The Effect Factors (EF) come from the USEtox model (go to http://www.usetox.org/ to download

the model and data).

The Sevety Factors (SF) and corresponding GSD2 are the following:

effect severity Daly/case | GSD2

cancer 11,5 2,7
norn-
cancer 2,7 13

See Huikbregts et al. 20Q4uijbregts et al., 2005)

The Breathing Rate can be chosen from different sources such as thExpBgure Factors
Handbook (see https://cfpub.epa.gov/ncealrisk/recordisplay.cfm?deid=236252).

D¥s the vector of BCWH worked in each 10 sector. It can be obtained by multiplying&the
vector by the vector of BCWH by $ provided in supporting info (seéllin RI WKH 3% PDWU
sheet in Sl.xlIsx file.

3. supplier demand per FU

In this case we know the demand of each 10 commodity needed to produce our FU, but we
also know the supplier demand per FU (the price of wood and of paint from suppliers for

exemple).
The total damage now is:

6KP&H1=0QA&=I=CAR=JQB=?POBN-EPHOERRU=-CBD QL L"BHE J
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And: &=1=CBD QL LPBHEZ % (& H &F % (4= QB &HYR &
We know & % & gnd % (4=J QB &%B & =1 = CB D Q L L?BElis known.

And this time

&=1=CAR=JQB=?P QB-EPEHHEPBHBHS4H (s H5 (L %L-+paomaSHBE
o]

The CF can be directly extracted from Kijgbal 2015Kijko et al., 2015) But this time we need
to calculate the number of hours worked in each NAICS sector (as the CF are specific to NAICS

sectors).
Using the equatiori&L $ H Zhe equation becomes:
&:I:CAH:JQB:?PQB\I:E?\E}ELE%P,(UWQ@MS%Hn H ;&

4. Concentration, hours and supplier demand at manufacturing facility:

We now have all access to the producer data.
The total damage still is:
6KP@H#=CAL &=1=CAR=JQB=?P QB2 HEHRRU=CED QL L7BE J
But this time &=1=CAR=JQ B =? P QB\-E?EXt&nPh¢ calculated as in the previous

exemple without the need talculate the BCWH.

&=1=CAR=JQB=?P QB:E?HEH EIP $BH$ % 9&HS4H" (o H5(
o)

Also the & =1=CB D QL L“BHEdan be calculated using the real supplier demand per FU

instead of using a generic value:

&=I=CADQLLEREL % & H—""2¢tsfe1t" &
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5. Other cases

If more data is accessible, then consider calculating&hel =CAR=JQB=?P QBNEEHEP U
at each level of the supply chain and then move on to the next level, using the points 2 to 4. If
you cannot complete a level completely, it is recommended to use the point 1 to calculate the
6 K P @H= | = GfAhis level.

Note that the :&vector of the first supplier level for a given commodityis obtained by

calculating

; 'gch mH ; &the second level will be "a‘g‘L mH ; a‘g‘



153
Here 6 KP @H |1 = QA
&=1=CAR=JQB=7?P QB2 HI2EKW® Q TPAEXKRIKUNINg point 4
E
&=1=CAR=JQB=?P QBN-E2EI6ERS® Q L L HsE A NIsing point 3
E

&=1=CAR=JQB=?P QOB\-E2XEIH6EREN Q L L HtE A NIsingpoint 2

E

&=1=CBODQLLPHESHEMASSQLLHIEAN Using point 1 as we do not have
all data for theTier 2 Supplier 1

E

&=1=CBDQLLMPHESE AN QLL HE Absing point 1



154

Figure C6: TOCArt



