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ABSTRACT

Neglecting health effects from indoor pollutant emissions and exposure, as currently done in Life
Cycle Assessment (LCA), may result in product or process optimizations at the expense of workers’
or consumers’ health. To close this gap, methods for considering indoor exposure to chemicals are
needed to complement the methods for outdoor human exposure assessment already in use. This
paper summarizes the work of an international expert group on the integration of human indoor and
outdoor exposure in LCA, within the UNEP/SETAC Life Cycle Initiative. A new methodological
framework is proposed for a general procedure to include human-health effects from indoor
exposure in LCA. Exposure models from occupational hygiene and household indoor air quality
studies and practices are critically reviewed and recommendations are provided on the
appropriateness of various model alternatives in the context of LCA. A single-compartment box
model is recommended for use as a default in LCA, enabling one to screen occupational and
household exposures consistent with the existing models to assess outdoor emission in a multimedia
environment. An initial set of model parameter values was collected. The comparison between
indoor and outdoor human exposure per unit of emission shows that for many pollutants, intake per
unit of indoor emission may be several orders of magnitude higher than for outdoor emissions. It is

concluded that indoor exposure should be routinely addressed within LCA.
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BRIEFS

Indoor air exposure can and should be assessed within Life Cycle Assessment, as indoor human

intake fractions are often higher than outdoor intake fractions.

Introduction

Indoor concentrations of chemicals and resulting human exposures often substantially exceed

corresponding outdoor concentrations, mainly because there are significant indoor emission sources
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and with much lower dilution volumes. For example, typical concentrations measured for
tetrachloroethylene and formaldehyde in the ambient environment are smaller than 9 pg/m3 (1) and

24.6 ug/m3 (2), respectively, while they are several orders of magnitude higher in many industrial or
household settings (2, 3). Moreover, people spend most of their time indoors, which for industrial
countries amounts to more than 20 hours a day on average when considering both time spent at
home and at the workplace or school (4). Both aspects often give rise to indoor emission intakes of
up to several orders of magnitude higher than outdoor emission intakes (4-6). Nevertheless, health
effects from indoor exposure are generally neglected in Life Cycle Assessment (LCA). Such an
omission is an important shortcoming, as it may result in product or process optimizations at the
expense of workers’ or consumers’ health.

Recently, there have been significant efforts to integrate indoor exposure models within
environmental models commonly applied to LCA. For instance, Meijer et al. (7, 8) developed a
model for the assessment of household exposure to chemicals and radiation emitted to indoor air.
Hellweg et al. (9) used bulk-mixing models for occupational exposure in conjunction with
multimedia models for the assessment of cumulative chemical exposure from ambient and indoor
environments. Both studies illustrate that indoor exposure models are compatible with
environmental models used in LCA. Moreover, they reveal the significance of health effects
associated with occupational and household exposure in comparison to the total human-toxicity
potential from all pathways. In order to capture potentially relevant effects to human health, indoor
exposure to pollutants should be considered within LCA.

This paper summarizes the work of an international expert group on the integration of indoor and
outdoor exposure in LCA, within the UNEP/SETAC Life Cycle Initiative (http://Icinitiative.unep.fr),
which is taking up recommendations and conclusion towards the enhancement of the current LCA
framework.

The goal of this paper is to develop a general methodological framework that allows for the
assessment of indoor emissions and human exposure in combination with commonly used outdoor
fate and exposure models in LCA. In order to achieve this objective, (a) existing indoor exposure

models for households and occupational settings are reviewed and evaluated concerning their use in
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LCA, (b) these models are used to provide a methodological framework for the routine assessment
of indoor exposure to chemicals within LCA studies, (c) a sample set of model parameter values is
gathered and the application of the methodological framework illustrated, and (d) examples of
human intake fractions of indoor and outdoor exposure for a number of chemicals are compared.
Intake fractions are defined here as the mass of pollutant inhaled by humans per mass unit of

chemical emitted (10).

Methods
Screening Assessment of Indoor Air Exposure Models. In the field of Indoor Air Quality for

both residential and occupational environments, a large number of models has been developed for
assessing exposure to indoor pollutants, ranging from semi-quantitative models (11-15) to physical-
process models (16-18). In this paper, we address only the latter type of models, as these are also
commonly used for outdoor fate and exposure models, to allow for quantitatively comparing
assessments of exposure. A model review is performed to enable the LCA practitioner to make an
informed choice among suitable model alternatives for use in LCA, depending on the level of detail
needed. The first column of Table 1 displays an overview of the model types available for indoor
exposure assessments. These models range from simple bulk mixing models (zero-ventilation
model, one-box model, two-zone model) to diffusion-based models (eddy diffusion model, Gaussian
plume dispersion model) and complex computational fluid dynamics models. A brief description of
the model principles is presented in column 2 of Table 1, together with some selected references for
in-depth explanations in column 3 (a detailed overview is also presented in (16, 19)).

Model performance was evaluated qualitatively, with regard to the capabilities and limitations of
each alternative and its appropriateness in the context of LCA. The following criteria were set in
assessing the models: accuracy and precision (reliability of the model), transparency (the ability of
the model to communicate emissions/exposure relationships), data requirements and ease of use. In
addition, a literature survey was performed on case studies, mainly from occupational hygiene, that
compared model calculations to measured concentrations (see Supporting Information). The purpose
of this screening assessment was to narrow down the choice of models to those that are compatible

with the environmental fate and exposure models used in LCA. The screening assessment was
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performed by a team consisting of LCA and risk assessment experts as well as occupational
hygienists (UNEP/SETAC working group on the Integration of Indoor Exposure Assessment within
LCA, with the authors of this paper and the persons mentioned in the acknowledgement as
members).

Equation 1 shows the calculation of intake fractions resulting from indoor pollutant inhalation
using the example of the one-box model without (1a) and with (1b) correction for incomplete

mixing, assuming a constant exposure time.

. 0(G IR
= éln_tak_e = ol, -N :aCX—IR.N zﬁw :E.N :L.N (1a)
OEmission  0G, oG, oG, Q V-k
PR N (1b)
V-m-k

ex

where iF is the population intake fraction of a chemical (-), I is the daily intake of a chemical by
an individual (kg/day), IR is the daily inhalation rate of air of an individual (m’/day), N is the
number of people exposed (-), Cy is the chemical concentration in air (kg/m’), G, is the emission
rate of chemical x (kg/day), Q is the ventilation rate in the exposure area (m’/day), V is the volume
of the exposure area (m°), ke is the air exchange rate of the volume in the exposure area (-) and m is
the mixing factor (-).

With regard to the models that were considered appropriate to calculate human intake fractions, a
decision tree (figure 1a) was elaborated based on the model assessment, providing rough guidance
for model choice in specific situations.

Outdoor Exposure Model. The great variability between results of current toxicity models often
impedes a wide consideration of toxicity impacts in comparative studies. In order to provide an
agreed, consistent and stable toxicity assessment method for comparative environmental
assessments, the USEtox model (22, 23) was developed by an international expert group. USEtox is
based on a scientific consensus and thus parsimoniously built from only the most influential model
elements identified via an extensive model comparison (22, 23). It is currently being reviewed for
endorsement by UNEP/SETAC as the globally recommended model and source to address human-

toxicity impacts within LCA. As shown in figure 1b, the model covers an urban and continental
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scale which is nested into a global scale accounting for impacts outside the continental scale. The
various compartments are interlinked by steady-state exchange flows. The human intake fractions
include exposure through inhalation of air, and ingestion of drinking water, leaf crops, root crops,
meat, milk, and fish from freshwater and marine aquatic compartments, for the total human
population.

Combining Indoor and Outdoor Exposure Assessments. The indoor exposure model was
nested into the fate, exposure and effects model USEtox (23), in order to quantify indoor and
outdoor exposure on the same methodological basis. The indoor air and USEtox models
communicate via air exchange (figure 1b). The combined USEtox model with an indoor

compartment embedded will be made publically available in 2009.

a) |

YES
small room; 4———| one orfew point & multiple sources
i.e. V=100 m? sources in the room

YES YES |
e— 1-box model ——

NO

A " YES
well-mixed conditions
a) effective mechanical ventilation

NO

(mid-and far-field or
people exposed; high mobil)

mainly near field
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eddy-diffusion. model
multi-box.model

1-box model'&
mixing factor

OR

Figure 1: a) Decision tree for indoor-model choice in LCA studies. All dashed lines lead to the
models that allow for the assessment of near-field and far-field exposure (for model characteristics

see Table 1); b) Nesting the indoor model into the environmental fate and exposure model USEtox

(adapted from (23)).



Intake fractions for indoor exposure were compared to those for outdoor exposure. Value ranges
of parameters needed to run the models and calculate intake fractions were retrieved from a
literature review and personal communications with authorities and building insurance offices (see
Supporting information). Intake fractions from outdoor exposure were calculated with the USEtox
model (22, 23). Intake fractions from both indoor and outdoor exposure are part of the
characterization factor (CF), within the same impact category “human toxic effects”, following the
USEtox methodology (22, 23) (equation 2):

CF = iF -EF )

Where iF is the intake fraction [Kginwke/K€emitea] and EF the effect factor [cases/ Kginake]. In the
Life Cycle Impact Assessment phase, the characterization factors are multiplied to the emissions
reported in the inventory phase to determine an overall impact score for potential human-toxic

effects.

Results
Model Screening Assessment. As shown in Table 1, five of the existing indoor models (one-box

model, one-box model with mixing factor, two-zone model, multi-box model and eddy-diffusion
model) were considered compatible to the general principle of environmental exposure models, used
for the assessment of human health effects in LCA. Therefore, these models could be connected to
the environmental exposure models, in order to assess human-health effects from indoor as well as
outdoor exposure, using the same methodological basis.

Bulk-mixing models are particularly easy to integrate in the current LCA framework, because the
models are conceptually very similar to the existing environmental models. The applicability of such
models within LCA has already been demonstrated (7-9). The eddy-diffusion model represents
another possible approach. Although not yet applied within the context of LCA, the steady-state
version of this model could easily be integrated with environmental multimedia models. The eddy-
diffusion model has the advantage that it can model spatial concentration profiles in indoor settings
more accurately than bulk-mixing models. However, within the context of LCA it is open to
discussion whether such level of detail is necessary or even possible. For instance, even if the

information on the eddy-diffusitivity parameter is available (which is often not the case), the
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distance of all humans exposed to the emission source must be known to calculate intake fractions.

This information is both highly variable and only rarely available in LCA studies.

Three models were ruled out for use in LCA. The zero-ventilation model assumes complete

saturation without considering any pollutant sinks, such as ventilation. Therefore, this model may be

applicable for assessing worst-case scenarios, for instance within a risk assessment, but not within

the framework of LCA. On the other hand, the Gaussian plume and computational fluid dynamics

models require too much input information, e.g. the specific airflows within the room (Table 1),

which is not available within standard LCA studies. Thus, these models were not further considered.

Table 1: Screening assessment of indoor models by the UNEP/SETAC working group on the

Integration of Indoor Exposure Assessment within LCA. All models not marked in grey were

considered to be compatible with conventional exposure models for the environment used in LCA

(see last column for explanation).

Mixing factor is a

the position of

factor.

Model Short description of | Selectio | Accuracy and Trans- Data requirements Ease of use Compat
model principle and | n of | precision parency | for concentration ibility to
basic equations® referenc quantification. environ

es for Further parameters mental
model needed to quantify models
descript intake fractions used in
ion (equ. 1) LCA

Bulk-mixing models
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Pam Worst-case estimate.
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model of mass conservation sources and for good rent - emission rate ble, as
and of concentration mixing conditions. shown in
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function of emission conditions.
and ventilation rate
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(25)):
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One-box Corrects for | (26-28)° | Corrects for bad Medium | - ventilation rate Expert Compati

model with | incomplete mixing with mixing - emission rate knowledge ble.

mixing an empirical mixing con(_jltlor_]s/ventllatlon - mixing factors for necessary to

factor factor. efficiencies. choose mixing




G mg predicted value that is people exposed Spatial
C =—— [3} not constant (spatial variation of distribution of
m-Q m throughout the room. concentration > workers needs
expert knowledge) to be known.
Two-zone | Accounts for  the (11 9- | Good for near-field Medium | - ventilation rate Definition of Compati
model higher intensity of | 33)" exposure assessment. | (inner - emission rate various arbitrary | ble, as
exposure near the Assumption of ideal zone is | g0 geometry and parameter shown in
source by using two mixing within each box | concept | .. exchange of values 9).
conceptual well-mixed sometimes not ual) inner zone necessary.
compartments  (near i
part ( accurate. - distance to source | SPatial
and far field). of people exposed distribution of
At steady state: workers needs
G G to be known.
C.. =
QT [m}
3
G m
Cer ==
Q
Multi-box Accounts for transport (7, 8) b Adequate for multiple Medium | - ventilation rate Easy to use Compatil
model to and exposure in sources and for good - emission rate e, as
multiple rooms. . mixing condrtlons. - airflow between shown in
At steady-state with Not appropriate for rooms (7, 8).
emission in room 1: n_enarl-fleld (rexpos_l;re to - time fraction
G+4,C, single sources, | occupants spend
= ———= particular in large inside rooms
B +Q, rooms with bad mixing
B,C conditions.
C,=—"——
IBZI + QZ
mg
m
Diffusion models
Eddy- Assumes that mass | (34-36)° | Able to describe Medium | - eddy diffusitivity Steady-state Compati
diffusion transport is driven by concentrations as a (empirical value) version is easy ble, but
model turbulent (or “eddy”) function of space. - emission rate to use, but value | level of
diffusion,  which is Not for unidirectional - distance to source of D difficult to detail
expected to dominate air draft. obtain higher
molecular diffusion; at Spatial than for
steady state, distribution of ambient
concentrations are workers needs fate and
modeled as a function to be known. exposur
of distance from the e
emission source: models.
c -G [mg
47Dr | 'm?
Gaussian Diffusion model that | (35, 37, | Able to describe Low High data demands: | Complicated Many
plume takes into account the | 38) concentrations as a eddy diffusitivity informati
dispersion | direction of air function of space, (empirical value) on
model currents. considers directional - SIS e needs
airflows. ) that are
- location of source not
and person exposed available
- direction and within a
velocity of airflow regular
LCA
study
Numerical analysis models
Computati | Non-linear set of | (39) Very accurate and Low Many parameters, Only for experts; | Input
onal fluid | equations for the highly resolved results. such as physical, large informati
dynamics conservation of mass, fluid dynamic and computational on not
model energy and heat transfer power needed available
(CDF) momentum  (Navier- variables within
Stokes equations). regular
LCA
studies

4 Variables: P

Py,p 1s the saturation pressure [Pa], Pym the ambient atmospheric pressure [Pa], C is
the indoor concentration [ppm or mg/m’], Q the ventilation flow [m’/s], G the emission rate [
m the mixing factor [-], Cxrrr 1S the uniform concentration of the near and far field [mg/m’],

ég/s]

airflow rate between near and far field or between different rooms [m’/s], D the eddy d1ffusw1ty
[m?/s], and r the distance from the emission source [m].

* Further references for model applications and comparisons to measurements are provided in

Tables S1 and S2.
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The one-box model can be used as default model, as it matches the model principles and the level
of detail of exposure models for the environment (Figure 1b). Thus, the focus of the current paper
will be put on the one-box model. However, in some situations, a higher level of detail is necessary,
and a more sophisticated model may be needed to refine the analysis and model spatial
concentration patterns. In order to outline in which exposure situation which model is most
appropriate, a decision tree was set up by the expert team (figure 1a). This tree helps to choose an
adequate model for a specific exposure situation. For instance, if there are multiple sources in the
room or if the ventilation conditions are very good, the one-box model is often a valid choice. On
the contrary, if the room volume is big and if the ventilation conditions are poor, other models that
allow for the assessment of near-field exposure are more appropriate. This decision tree provides a
rough guideline, with mostly qualitative criteria.

Model parameter values. The models shown in Figure 1 require information on parameter values
with varying extends (see Equation 1 and equations in Table 1). Table 2 displays the results of a

literature review concerning value ranges for a selection of exposure parameters.

Table 2: Model parameters and empirical value ranges.

Parameter Value ranges References

Inhalation rate of humans®, | 0.44 — 1.04 m’/h (average 0.5 m’/h at rest) for | (6)
IR households

0.375 — 4.75 m*/h for occupational exposure® (average:

2.5 m’/h for a male worker) (40-44)

0.55 m’/h for environmental exposure (breathing rates 42 45

of adults at rest); 0.62 m’/h for 10 year-old children (42, 45)
Air exchange per hour, k US residential buildings: geometric mean: 0.5 | (46)

exchanges/hour (Stdev = 2.1)

Dutch recent single-family dwellings (living room):

0.9 exchanges/hour (Stdev = 0.7) (47)

Occupational setting:

Without mechanical system: 1 exchange/hour or less (4, 48)

With a mechanical system: 3 — 20 exchange/hour. (49-51)

Ventilation flow, Q/N Households: US household: GM = 80 m’/h per person, | (4, 6)
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GSD = 2.7 m’/h; arithmetic mean: 130 m’/h per person

Dutch recent single-family dwellings (living room): | (47)
Average = 85.9 m”/h, standard deviation = 45.9 m’/h

Building volume and | Households: US residences: GM = 160 m’/person; | (6)
number of people exposed GSD=1.9

Households Europe: (52)

- Median household size: 75-99 m?*/household (=225-
297 m3) for Austria, Denmark, Finland, France,
Germany, and Greece; 300-447 m>/household for
Norway; 150-222 m’/household for Albania, Croatia,
Czech Republic, Estonia, Hungary, Iceland, Italy,
Poland, Slovenia and Turkey;

- Average size of household: 2-3 persons/household
for all these countries but Albania (4.2 persons) and
Turkey (4.4 persons)

Industry: up to several 1000 m*/person° Figure S1

Mixing factor, m 0.1-1 (51)

Air exchange rates between | 3 — 30 m’/min (11)
zones, [}

Diffusitivity, D 0.05 — 11.5 m*/min (0.1 — 0.6 includes 70% of | (24)
observed values

* To avoid double counting, the consideration of exposure time in all compartments is necessary
when assessing exposure in indoor and outdoor settings

® Depending on physical activity and human characteristics (e.g. sex).

¢ The number of people exposed, N, and the building volume vary throughout and within industrial
sectors (see Supporting Information).

Comparison of indoor and outdoor intake fractions. Figure 2 shows a comparison of outdoor
and indoor intake fractions for households and for several industrial settings and chemicals. The
examples shown focus on substances that are primarily emitted from indoor sources. The intake
fraction is independent from the amount emitted (as opposed to e.g. concentration or dose) and
expresses the marginal increase in exposure due to an increase in emission. It can be seen that the
amount taken in by humans per kg of emission is several orders of magnitude higher for indoor
emissions at workplaces and in residential settings than for outdoor emissions. Therefore, if, for

example, a substance is emitted in an indoor setting and is eventually transferred to outdoor air by
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ventilation (neglecting for degradation), the major part of the impact is likely to occur in the indoor

setting.
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a) k=6 1/h; IR 2.5 m3/h, m=0.5, Volume=400 m3; N=8.75 (3)

b) k=8 1/h; IR 2.5 m3h, m=0.5, Volume=400 m3; N=5.75 (52)

c) (48)

d) Sector based assessment for Switzerland: k=11.5 1/h; IR=2.5 m3/h, m=0.5, Volume/worker see Supporting Information

e) k=0.5 1/h and IR 0.5m3/h; V/N=160 m3 (6)

f) k=0.9 1/h; IR 0.55 m%h, V/N =65.3 m? (7,46)

g) KTL database; multiple dots represent values for various countries (53)

h) Calculatons with USEtox (22,23)

i) Average exposure scenario from (5)

j) Intake fractions in indoor settings do not depend on the chemical released, because ventilation was considered to be the primary removal
pathway (ventilation is not chemical specific).

Figure 2: Examples for intake fractions found in indoor industrial and residential settings and in the
ambient environment. In contrast to outdoor intake fractions, intake fractions related to indoor
environments do not depend on the chemical, as ventilation was assumed to be the primary removal
pathway, neglecting for substance-specific degradation and adsorption (see Discussion).

Discussion

Life Cycle Inventory Analysis. The assessment of indoor exposure needs to be facilitated by
including emission factors, intake fractions and human-toxicological effect factors for indoor air
sources into existing LCA software tools and databases. The present study helps by providing the
methodological framework to estimate intake fractions in indoor settings in a structured, transparent
and consistent manner. However, indoor emission data also need to be provided in inventory
databases, similar to those available for outdoor emissions. This could be achieved by including an

indoor air compartment, in addition to the existing air, water and soil compartments in life cycle
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inventory databases, e.g. Ecoinvent (55). Further work is planned to establish a ready-to-use list of
relevant emission factors that can be incorporated in the life cycle inventory analysis.

Model choice and parameter values. In LCA information about specific exposures will not
always be available. This will often restrict the choice of the model to the one-box model. The one-
box model seems to be a good default choice, as the level of detail matches that of environmental
models used in LCIA. More sophisticated models with indoor spatial differentiation may be used as
well, if specific information, for instance on the spatial distribution of sources and people in the
room, is available (Table 1). However, in this case the level of detail would deviate from the
environmental fate and exposure models commonly used, as the latter do not consider
inhomogeneous mixing within the environmental media.

Setting up a list of recommended values for exposure parameters may be, in general, difficult. In
this paper, we tried to provide ranges of parameters for the models that were considered suitable for
use in LCA (Tables 1 and 2). However, these ranges are very broad. Especially with regard to the
more abstract, but very sensitive parameters, such as the air exchange rates between the conceptual
inner and outer boxes in a two-zone model or the eddy-diffusion constant, it is often difficult to find
representative values. Contaminant dispersion phenomena within the rooms can be influenced by
complex interactions between variables such as the room geometry, the direction of the principal air
flows, and the presence and movements of occupants (56-61). The models identified suitable for use
in LCA (Table 1) do not take into account such detailed information. Further, the intake fraction in
indoor environments was assumed to not depend on the chemical. This is a valid assumption if
removal by ventilation is large in comparison to adsorption to surfaces and degradation (which is
often the case in household and occupational settings). However, intake fractions may be reduced
significantly by sorption to indoor surfaces (20,62), especially for strongly sorbing substances in
furnished residential homes.

For generic LCAs, a good approach is to calculate intake fractions for several generic workplace
and household environments, which are characterized by air exchange rates, volumes and numbers
of people exposed. The parameter values for the indoor models (i.e. room volumes, air exchange

rates, etc.) may vary geographically, e.g. due to climate conditions, cultural aspects or different
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ventilation practices. For instance, the number of people per m® working in the chemical industry in
countries with cheap labor costs, such as China or India, is probably much higher than in industrial
countries with a high degree of automation. Therefore, an important requirement for the final
implementation of the model within the USEtox model is that the user can adapt the parameter
values to his or her specific circumstances and that default parameter lists for various workplace
settings and geographical regions are provided to facilitate the application.

The results assessed with the generic characterization factors based on the one-box model
calculations, will only give an indication of whether indoor exposure may be important. In such
cases, it is advisable to refine the model parameter values or even change the model according to
figure la. The implementation of various indoor model options into the USEtox model, among
which the user can choose, will make this recommendation feasible, also for LCA practitioners with
limited time availability.

The use of a model can be circumvented in the case that monitored concentration values and
production volumes are available. Instead of multiplying the emissions to the intake fractions, as
usually done in LCA, the amounts taken in by the people exposed would be directly calculated from
the monitored concentrations and the number and inhalation rates of people. This approach requires
that pollutant concentrations can be directly linked to the functional unit (source appointment),
which is possible in some indoor settings.

In a later stage, indoor exposure to radioactive gases such as radon can also be incorporated within
the impact category '"radiation" in LCIA methods such as Eco-Indicator 99, similarly to the
framework shown in this paper. This is especially important for household settings, where radon can
be an important factor for the total health damage as a result of indoor exposure.

Routine Assessment of indoor exposure within Life Cycle Assessment. The framework
suggested in this paper is the first in putting forward a general procedure for indoor exposure
assessment within LCA. From a practical point of view this is relevant, as the model results suggest
that intake fractions from indoor emissions are often larger than intake fractions from outdoor
emissions. This finding is confirmed by previous studies (6, 63) which show that indoor chemical

concentrations often surpass outdoor concentrations by many orders of magnitude. This stresses the

15



need to consider indoor exposure in LCA. It could even lead to human toxicity becoming a dominant
impact category for certain products such as paints, furniture or carpets. A routine assessment of
indoor exposure in LCA will be facilitated by including the indoor model in the USEtox model (22,
23). Similar developments can be anticipated for the field of risk assessment, as European REACH
legislation also calls for exposure scenarios, including worker or consumer exposure, for example.
Such integrated assessment will point to the most important exposure pathways and improvement
potentials, considering the whole life cycle of chemicals (64). Moreover, the past has witnessed
several cases in which chemicals were banned for one reason, such as ecological impacts, but got
substituted by chemicals with other problems, for instance occupational health effects (e.g. the
market introduction of n-hexane/acetone based brake cleaning products due to air quality rules in
California in 1990 (65)). Such trade-offs between the various possible effects of chemicals can be
revealed when applying integrated models for indoor and outdoor exposure and, ultimately, such

problem shifting may be avoided.

ACKNOWLEDGMENT

The authors thank Oliver Jolliet (University of Michigan), Manuele Margni (CIRAIG, Canada),
Yasunori Kikuchi (University of Tokyo, Japan), Pierre Droz (Institute of Occupational Health,
Lausanne University), Michael Hauschild (DTU, Denmark), Masahiko Hirao (University of Tokyo,
Japan), Sebastien Humbert (University of California at Berkeley, USA), Randy Maddalena
(Lawrence Berkeley National Laboratory, USA), Ottar Michelson (NTNU, Norway), K. C. Winco
Yung (PolyU Hong Kong, China), and Charles Kapor (Charles Kapor, Floor Care & Small
Appliances Latin America, Brazil) for taking part in the working group and for providing important
input to this paper. We also thank Philippe Peter for gathering the data about building volumes and
number of employees per industrial sector in Switzerland and Anita Langenegger for reviewing case
studies on indoor models. The work for this project was carried out on a voluntary basis and
financed by in-kind contributions from the home institutions of the authors and scientists mentioned
above, which are therefore gratefully acknowledged. The work was performed under the auspices of

the UNEP/SETAC Life Cycle Initiative which also provided logistic support. T.E. McKone was
16



supported in part by the US Environmental Protection Agency National Exposure Research

Laboratory through Interagency Agreement #DW-89-93058201-1 with Lawrence Berkeley National

Laboratory through the US Department of Energy under Contract Grant No. DE-AC02-05CH11231.

SUPPORTING INFORMATION PARAGRAPH

Supporting information on a literature survey comparing indoor model results to actual

measurements and on the gathering of parameter values for three industrial sectors.

REFERENCES

10.

11.

WHO. Air Quality Guidelines. 2000, accessed 2008;
http://www.euro.who.int/document/aiq/5_13tetrachloroethylene.pdf.

Air Toxics Web Site; Formaldehyde. 2007, accessed 2008;
http://www.epa.gov/ttn/atw/hlthef/formalde.html.

Von Grote, J.; Hiirlimann, C.; Scheringer, M.; Hungerbiihler, K. Reduction of occupational
exposure to perchloroethylene and trichloroethylene in metal degreasing over the last 30
years: influences of technology innovation and legislation. Journal of Exposure Analysis and
Environmental Epidemiology 2003, 13, 325-340.

ExpoFacts. accessed 2008, http://expofacts.jrc.ec.europa.eu/

Jones-Otazo, H.A.; Clarke, J.P.; Diamond, M.L.; Archbold, J.A.; Ferguson, G.; Harner, T.;
Richardson, G.M.; Ryan, J.J.; Wilford, B. Is House Dust the Missing Exposure Pathway for
PBDEs? Environ Sci Technol 2005, 39, 5121-5130.

Nazaroff, W.W. Inhalation intake fraction of pollutants from episodic indoor emissions.
Building and Environment 2008, 43, 269-277.

Meijer, A.; Huijbregts, M.A.J.; Reijnders, L. Human Health Damages due to Indoor Sources
of Organic Compounds and Radioactivity in Life Cycle Assessment of Dwellings - Part 1:
Characterization Factors. International Journal of Life Cycle Assessment 2005, 10, 309-316.
Meijer, A.; Huijbregts, M.A.J.; Reijnders, L. Human Health Damages due to Indoor Sources
of Organic Compounds and Radioactivity in Life Cycle Assessment of Dwellings - Part 2:
Damage sources. International Journal of Life Cycle Assessment 2005, 10, 383-392.
Hellweg, S.; Demou, E.; Scheringer, M.; McKone, T.E.; Hungerbuehler, K. Confronting
Workplace Exposure to Chemicals with LCA: The Examples of Trichloroethylene and
Tetrachloroethylene in Metal-Degreasing and Dry-Cleaning. Environ Sci Technol 2005, 39,
7741-7748

Bennett, D.H.; McKone, T.E.; Evans, J.S.; Nazaroff, W.W.; Margni, M.D.; Jolliet, O.; Smith,
K.R. Defining intake fraction. Environ Sci Technol 2002, 36, 206A-211A.

Cherrie, J.W. The Effect of Room Size and General Ventilation on the Relationship between
Near and Far-Field Concentrations. Applied Occupational and Environmental Hygiene 1999,
14, 539-546.

17



12.

13.

14.

15.

16.

17.

18.

19.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dosemeci, M.; Stewart, P.; Blair, A. Tree proposal for retrospective, semiquantitative
exposure assessments and their comparison with other assessment models. Applied
Occupational and Environmental Hygiene 1990, 5, 52-59.

Ramachandran, G.; Vincent, J. A Bayesian approach to retrospective exposure assessment.
Applied Occupational and Environmental Hygiene 1999, 14, 547-557.

Sottas, P., et al. A Bayesian Framework for Combining Different Occupational Exposure
Assessment Methods. in IOHA 6th International Scientific Conference. 2005. South Africa.
Wild, P.; Sauleau, E.A.; Bourgkard, E.; Moulin, J.J. Combining expert ratings and exposure
measurements: A random effect paradigm. Annals of Occupational Hygiene 2002, 46, 479-
487.

Keil, C.B., ed. Mathematical Models for Estimating Occupational Exposure to Chemicals.
2000, American Industrial Hygiene Association Press: Fairfax.

Keil, C.B. A Tiered Approach to Deterministic Models for Indoor Air Exposures. Applied
Occupational and Environmental Hygiene 2000, 15, 145-151.

Keil, C.B.; Murphy, R. An Application of Exposure Modelling in Exposure Assessments for
a University Chemistry Teaching Laboratory. Journal of Occupational and Environmental
Hygiene 2006, 3, 99-106.

Bruzzi, R., New Developments and Applications in Modelling Occupational Exposure to
Airborne Contaminants, 2007, Ph.D. thesis, Faculty of Biology and Medicine. University of
Lausanne.

Weschler, C.J.; Nazaroff, W.W. Semivolatile organic compounds in indoor environments,
Atmospheric Environment. 2008, 42, 9018-9040.

Hauschild, M.Z.; Huijbregts, M.A.J.; Jolliet, O.; MacLeod, M.; Margni, M.; van de Meent,
D.; Rosenbaum, R.K.; McKone, T.E. Building a Model Based on Scientific Consensus for
Life Cycle Impact Assessment of Chemicals: The Search for Harmony and Parsimony.
Environ Sci Technol 2008, 42, 7032-7037.

Rosenbaum, R.K.; Bachmann, T.M.; Swirsky Gold, L.; Huijbregts, M.A.J.; Jolliet, O.;
Juraske, R.; Koehler, A.; Larsen, H.F.; MacLeod, M.; Margni, M.; McKone, T.E.; Payet, J.;
Schuhmacher, M.; van de Meent, D.; Hauschild, M.Z. USEtox—the UNEP-SETAC toxicity
model: recommended characterisation factors for human toxicity and freshwater ecotoxicity
in life cycle impact assessment. Int J Life Cycle Assess 2008, 13, 532-546.

Jayjock, M.A. Modelling Inhalation Exposure. In:. Di Nardi SR The Occupational
Environment - its Evaluation and Control. AIHA. Fiarfax. 1997

Wenger, Y., Indoor versus Outdoor Intake Fraction of Gas-Phase Organics. 2005,
University of Geneva (Switzerland).

Ishizu, Y. General estimation for the estimation of indoor pollution. Environ Sci Technol
1980, 14, 1254-1257.

Jayjock, M.A. Assessment of inhalation exposure potential from vapors in the workplace.
AIHA Journal 1988, 49, 380-385.

Matthiessen, R.C. Estimating chemical exposure levels in the workplace. Chemical
Engineering Programme 1986, 30-43.

Nazaroff, W.W.; Cass, G.R. Mathematical modeling of indoor aerosol dynamics. Environ
Sci Technol 1989, 23, 157-166.

Nicas, M. Estimating exposure intensity in an imperfectly mixed room. AIHA Journal 1996,
57, 542-550.

Nicas, M.; Armstrong, T.W. Using a spreadsheet to compute contaminant exposure
concentrations given a variable emission rate. AIHA Journal 2003, 64, 368-375.

Ozkaynak, H.; Ryan, P.B.; Allen, G.A.; Turner, W.A. Indoor air quality modeling:
compartmental approach with reactive chemistry. Environment International 1982, 8, 461-
471.

Tielemans, E.; Schneider, T.; Goede, H.; Tischer, M.; Warren, N.; Kromhout, H.; Van
Tongeren, M.; Van Hemmen, J.; Cherrie, JJW. Conceptual Model for Assessment of
Inhalation Exposure: Defining Modifying Factors. Annals of Occupational Hygiene 2008,
52, 577-586.

18



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.
56.

57.

58.

59.

Nicas, M. The effect of concentration gradients on deducing a contaminant generation rate
function. AIHA Journal 1998, 59, 680-688.

Roach, S.A. On the Role of Turbulent-Diffusion in Ventilation. Annals of Occupational
Hygiene 1981, 24, 105-132.

Wadden, R.A.; Scheff, P.A.; Franke, J.E. Emission Factors for Trichloroethylene Vapor
Degreasers. AIHA Journal 1989, 50, 496-500.

Mulhausen, J.R.; Damiano, J. Strategy for Assessing and Managing Occupational Exposure.
AIHA Journal. ATHA Press. Fairfax. 1998

Scheff, P.A.; Friedman, R.L.; Franke, J.E.; Conroy, L.M.; Wadden, R.A. Source activity
modeling of Freon emissions from open-top vapor degreasers. Applied Occupational and
Environmental Hygiene 1992, 7, 127-134.

Ryan, P.B.; Spengler, J.D.; Halpfenny, P.F. Sequential box models for indoor air quality;
application to airliner cabin air quality. Atmosphere and Environment 1988, 22, 1031-1038.
Klassen, O.; Doull, J.; al, e. The basic science of poisons. The McGraw-Hill Companies.
1996.

Leung, H., Methods for setting occupational exposure limits. Human and Ecological Risk
Assessment, D. Paustenbach, Editor. 2002, John Wiley and Sons: New York.

Paustenbach, D. Exposure Assessment. Human and Ecological Risk Assessment. John Wiley
and Sons Vol. 4. New York. 2002

Roy, M.; Courtay, C. Daily activities and breathing parameters for use in respiratory tract
dosimetry. Radiation Protection Dosimetry 1991, 35, 179-186.

US EPA, Exposure factors handbook. 1996, US Environmental Protection Agency; Office of
Research and Development: Washington.

US EPA, Exposure factors handbook. 1997, US Environmental Protection Agency; Office of
Research and Development: Washington DC.

Murray, D.M.; Burmaster, D.E. Residential air exchange rates in the United States:
Empirical and estimated parametric distributions by season and climate region. Risk Analysis
1995, 15, 459-465.

Stoop, P.; Glastra, P.; Hiemstra, Y.; de Vries, L.; Lembrechts, J., Results of the Second Dutch
national survey on radon in dwellings, National Institute of Public Health and the
Environment, Editor. 1998: Bilthoven, The Netherlands.

Murray, D.M.; Burmaster, D.E. Residential Air Exchange-Rates in the United-States -
Empirical and Estimated Parametric Distributions by Season and Climatic Region. Risk
Analysis 1995, 15, 459-465.

Aro, T.; Koivula, K., Learning from Experiences with Industrial Ventilation, in Analyses
Series No. 10. 1993, CADDET Sittard (NL).

ASHRAE, Standard 62-1989, R.a.A.-C.E. American Society of Heating, Editor. 1989.
Heinsohn, R. Industrial Ventilation: Engineering Principles. 10th Edition, John Wiley &
Sons. New York/ Chichester/ Brisbane/ Toronto/ Singapore. 1991

United Nations Economic Commission for Europe (UNECE). Bulletin of Housing Statistics.
2006, http://www.unece.org/hlm/prgm/hsstat/Bulletin_06.htm.

Von Grote, J., Occupational Exposure Assessment in Metal Degreasing and Dry Cleaning -
Influences of Technology Innovation and Legislation, Ph.D. thesis, ETH Zurich, 2003.
National Public Health Institute of Finland (KTL). Intake Fraction Database (iFDb). 2007
http://www.ktl.fi/expoplatform/if _database ui/index.php?Option=frontpage.

Swiss Centre for Life Cycle Inventories. Ecoinvent v 2.0. 2007 http://www.ecoinvent.ch/.
Guffey, S.E.; Flanagan, M.E.; van Belle, G. Air sampling at the chest and ear as
representative of the breathing zone. AIHA Journal 2001, 62, 416-427.

Kim, T.; Flynn, M.R. Modeling a Worker's Exposure from a Hand-held Source in a Uniform
Freestream. AIHA Journal 1991, 52, 458-463.

Ojima, J. Worker Exposure due to Reverse Flow in Push-pull Ventilation and Development
of a Reverse Flow Preventing System. Journal of Occupational Health 2002, 44, 391-397.
Welling, I.; Andersson, I.M.; Rosen, G.; Raisdnen, J.; Mielo, T.; Martinen, K.; Niemeld, R.
Contaminant Dispersion in the Vicinity of a Worker in a Uniform Velocity Field. Annals of
Occupational Hygiene 2000, 44, 219-225.

19



60.

61.

62.

63.

64.

65.

Whicker, J.J.; Wasiolek, P.T.; Tavani, R.A. Influence of room geometry and ventilation rate
on airflow and aerosol dispersion: implications for worker protection. Health Physics 2002,
82, 52-63.

Brohus, H.; Nielsen, P.V. Personal exposure in displacement ventilated rooms. Indoor Air
1996, 6, 157-167.

Singer, B.C.; Revzan, K.L.; Hotchi, T.; Hodgson, A.T.; Brown, N.J. Sorption of organic
gases in a furnished room. Atmospheric Environment 2004, 38, 2483-2494.

Smith, K.R. Air pollution: Assessing total exposure in the United States. Environment 1988,
30, 10-15; 33-38.

Kikuchi, Y.; Hirao, M. Practical Method of Assessing Local and Global Impacts for Risk-
Based Decision Making: A Case Study of Metal Degreasing Processes. Environ Sci Technol
2008, 42, 4527-4533.

Wilson, M.P.; Hammond, S.K.; Nicas, M.; Hubbard, A.E. Worker exposure to volatile
organic compounds in the vehicle repair industry. Journal of Occupational and
Environmental Hygiene 2007, 4, 301-310.

20



