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The present paper describes a method that accounts for variation in indoor chemical exposure settings and
accompanying human toxicity in life cycle assessment (LCA). Metal degreasing with dichloromethane was
used as a case study to show method in practice. We compared the human toxicity related to the degreasing
of 1 m2 of metal surface in different exposure scenarios for industrial workers, professional users outside
industrial settings, and home consumers. The fraction of the chemical emission that is taken in by exposed
individuals (i.e. the intake fraction)was estimated on the basis of operational conditions (e.g. exposure duration),
and protectivemeasures (e.g. local exhaust ventilation). The introduction of a time-dependency and a correction
for protective measures resulted in reductions in the intake fraction of up to 1.5 orders of magnitude, compared
to application of existing, less advanced models. In every exposure scenario, the life cycle impacts for human
toxicity weremainly caused by indoor exposure tometal degreaser (N60%). Emissions released outdoors contributed
up to 22% of the life cycle impacts for human toxicity, and the production of metal degreaser contributed up to 19%.
These findings illustrate that human toxicity from indoor chemical exposure should not be disregarded in LCA case
studies. Particularlywhenprotectivemeasures are takenor in the case of a short duration (1h or less),we recommend
the use of our exposure scenario-specific approach.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In Life Cycle Assessment (LCA), the environmental impact of a
product or service is determined for its complete life cycle. The use of
resources and the emission of pollutants are quantified in an inventory
(Rebitzer et al., 2004). Subsequently, in a Life Cycle Impact Assessment
(LCIA) the potential environmental impacts are determined for all
impact categories of relevance, e.g. depletion of resources, global
warming, or human toxicity (Finnveden et al., 2009; Pennington et al.,
2004). Health impacts due to chemical exposure can be quantified
with the use of characterization factors (CFs) (Hauschild et al., 2008;
Rosenbaum et al., 2008, 2011). These are based on the fraction of the
chemical emission that is taken in by the people exposed, i.e. the intake
fraction (iF), and the chemical's toxicity.

Human toxicity in LCIA is primarily focused on the potential impacts
of chemicals that are emitted into the ambient environment. However,
the life cycle of goods or services also involves indoor exposure in
occupational settings or at home (Zhu et al., 2001). Despite developments
in occupational hygiene over the past 50 years, the concentrations to
which a part of the working population is exposed in occupational
settings exceed by far the concentrations towhich the general population
31 24 355 34 50.
will ever be exposed — often by a factor of 100 (Nieuwenhuijsen et al.,
2006). The human health impacts from indoor exposure throughout a
chemical's lifecycle can be important (Hellweg et al., 2005; Kohler et al.,
2008; Ostertag and Husing, 2008), and may even exceed the human
health impacts from production or disposal (Hellweg et al., 2005). As a
consequence, excluding health impacts from indoor chemical exposure
can lead to optimization of products or processes at the expense of the
workers' and/or the consumers' health (Hellweg et al., 2005, 2009;
Hofstetter and Norris, 2003; Meijer et al., 2005a,b; Nazaroff, 2008;
Vernez et al., 2006; Wilson et al., 2007). Therefore, indoor exposure
should be routinely addressed within LCA.

Hellweg et al. (2009) provided a generic, time-independent frame-
work to integrate indoor exposure to air pollutants within LCIA. The
intake fraction, however, depends on a combination of operational
conditions, and protective measures. Operational conditions that
influence the level of exposure are e.g. the volume of the room and
the duration of the exposure. Protective measures that can be applied
to reduce a person's exposure, and thereby the possible adverse health
impacts, are e.g. local exhaust ventilation and respiratory protective
equipment. The operational conditions and protectivemeasures needed
for the safe manufacturing and use of chemicals throughout their life
cycle are described in exposure scenarios (ES) (EC, 2006). Chemical
suppliers have to provide their downstream users with extended safety
data sheets (ext-SDS), including exposure scenarios, as part of the
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European Community Regulation on chemicals and their safe use
(REACH: EC 1907/2006). At present, however, a method to determine
CFs while accounting for the large variability in exposure settings in
the LCIA of indoor chemical emissions is lacking.

The goal of the present paper was to develop and apply an LCIA
method for indoor exposure to chemicals, accounting for differences
in operational conditions and protective measures. A case study on
metal degreasingwas carried out to show the application of thismethod
in practice. The case study focuses on the industrial solvent dichloro-
methane (DCM), also known as methylene chloride (CAS 75-09-2).

DCM is a suspected human carcinogen (IARC, 1999). Short-term
exposure to DCM is associated with functional impairment of the
central nervous system (WHO, 2000). The permissible exposure limit
(PEL) for an 8-hour workday with occupational exposure is 25 ppm
(i.e. 88.25 mg·m−3) (OSHA, 1998a,b). The chemical is used, e.g., as an
aerosol spray propellant in automotive products; as a solvent in the
manufacture of drugs; in electronics manufacturing; and as a metal
cleaning solvent (ATSDR, 2000; NTP, 1989). Demou et al. (2011) made
an occupational chemical priority list of chemicals for which more
detailed and industrial-sector specific quantitative exposure, risk and
life-cycle assessments should be completed. Based on its chemical
properties, quantity used, toxicity, exposure duration and number of
people exposed, DCM was the top ranked solvent.

2. Methods

This section provides the modeling framework proposed in this
study, including details about the metrics used to assess indoor
exposure and human toxicity, and default values for the parameters
influencing the intake fraction of chemicals. Subsequently, the goal
and scope, inventory analysis, and impact assessment for human toxicity
for the case of metal degreasing are described.

2.1. Modeling framework

In LCA, the environmental impact is related to a reference unit, i.e.
the functional unit (FU), and its reference flows. The emissions of
pollutants per FU and the impact per unit of emission can be combined
in one measure according to:

Impact ¼
X
x

X
i

Mx;i � CFx;i
� �

ð1Þ

where M is the emission of chemical x in kg/FU to environmental
compartment i (indoor air in this case), and CF is the characterization
factor of the impact categories of interest (human toxicity in this case).

The emission can be estimated from the amount of chemical that is
used per functional unit:

Mx ¼ Ax � pprep;x: prelease;x ð2Þ

where Ax is the amount of product that is used (kg/FU), pprep,x is the
weight fraction of the chemical x in the product (preparation) used,
and prelease,x is the fraction of the chemical x that is released.

CFs for the human-toxicological effects of a chemical (disease cases
per kg of emission) are the product of the dimensionless intake fraction
(iF) and the effect factor (EF) (Rosenbaum et al., 2007, 2008):

CFx;i ¼
X
j

iFx;i; j � EFx; j
� �

ð3Þ

where j indicates the exposure route, e.g. inhalation, dermal or oral
uptake.

Hellweg et al. (2009) described a single-compartment box model to
estimate the indoor intake fractions via inhalation, based on the number
of people exposed, the air inhalation rate of an individual, the volume of
the room, themixing of air, and the air exchange rate (see Appendix A).
However, the intake fraction is time-dependent, particularly when
people are exposed for only a short duration of time. Moreover, the
emission source may be (partially) enclosed or equipped with local
exhaust ventilation, or the worker may use respiratory protective
equipment to reduce the concentration in the inhaled air (from now
on referred to as ‘protectivemeasures’). Hence, we estimated the intake
fraction according to:

iFx;indoor;inh ¼ N � pencl � pLEV � pRPE � IR
V �m � kex

� 1
b−a

�
Zb

a

1−e−kex�t
h i

� dt ð4Þ

where iFx,indoor,inh is the intake fraction for exposure via inhalation to
chemical x emitted to indoor air. The time interval of indoor exposure
is a ≤ t ≤ b. N is the number of people exposed, pencl is the fraction of
the chemical emission remaining in the indoor air corrected for enclosure,
pLEV is the fraction of the chemical emission remaining in the indoor air
corrected for local exhaust ventilation, pRPE is the fraction of the chemical
emission remaining in the indoor air corrected for respiratory protective
equipment, IR is the air inhalation rate of the exposed individual(s)
(m3·h−1), V is the volume of the room (m3), m is the dimensionless
mixing factor (see explanation hereafter), kex is the air exchange rate
(h−1), and t is time (h). The mixing factor expresses the extent to
which the air is mixed by a value between 0 and 1. No mixing of air is
indicated by 0, and complete mixing of air is indicated by 1. More
information about the derivation of the time-dependent intake fraction
can be found in Appendix A. When applying Eq. (4), it is important to
consider that it is assumed that the exposed individual leaves the room
of use at the end of the usage period. Obviously, the intake will be higher
if the person would stay in the room. In that case, the person will also be
exposed to the chemical during the decay period.

2.2. Default parameters

In the context of the European REACH regulation several data
sources were available to assess the parameter values to determine
the intake fractions of chemical emissions. In Table 1, the parameters
from Eq. (4) are listed with their default values.

2.3. Case study

2.3.1. Goal and scope
The method proposed in the present paper was demonstrated for

metal degreasing with DCM. The functional unit (FU) was defined as
the degreasing of 1m2 ofmetal surface. In themetal-processing industry,
metal degreasing is a wide-spread routine. Before transport or storage,
metal parts are greased to protect them against corrosion. Subsequently,
they need to be degreased before their final treatment, e.g. coating,
welding and/or painting. We assessed the intake fraction of DCM via
indoor air exposure during the degreasing process in the following
industrial exposure scenarios.

1. Treatment of articles by dipping and pouring: Manually operated
metal cleaning machines are batch-loaded machines with non-
boiling solvent degreasers. They are mainly applied in maintenance
and manufacturing. This way of metal cleaning includes a.o. the
treatment of articles by dipping and pouring (ECHA, 2013; Solvay,
2011).

2. Treatment of articles in hooded cleaning machines: Conveyorized
degreasers are continuously loaded and are in most cases hooded
or enclosed, which leads to lower exposure levels compared to
other technologies. They can operate with cold solvents as well as
with vaporized solvent. We assessed the scenario of manually
operated vapor degreasing with local exhaust ventilation (ECHA,
2013; Solvay, 2011).
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3. Use in closed, continuous processwith occasional controlled exposure:
A modern technique of metal degreasing is the sealed cleaning
equipment, with occasional controlled exposure. These machines
are designed to wash the parts by flooding liquid solvent and then
by vapor degreasing in the same cleaning chamber. We assessed
this enclosed, automated vapor degreasing with local exhaust
ventilation (ECHA, 2013; Solvay, 2011).

Moreover, we assessed the life cycle impacts for human toxicity due
to the use of metal degreaser by professional users outside of industrial
settings, and home consumers:

4. Professional spraying with respiratory protective equipment:
Spraying by professionals with respiratory protective equipment
outside of industrial settings (ECHA, 2013; Solvay, 2011) refers to
e.g. maintenance by garage mechanics. We assessed the intake frac-
tion of spraying by professionalswithout the use of awell-ventilated
spray booth.

5. Consumer use of degreasing products (kitchen): Consumer use of
metal cleaner applied in a kitchen with the use of a cloth (ECHA,
2013; RIVM, 2013; Solvay, 2011) refers to e.g. the cleaning of an
oven or a stainless steel working top.

6. Consumer use of degreasing products (garage): Consumer use of
metal cleaner applied in a garage with the use of a cloth (ECHA,
2013; RIVM, 2013; Solvay, 2011) refers to do it yourself activities
such as the building, modifying, or repairing of an object.

In Appendix Bmore details are provided on the six exposure scenar-
ios. An overview of the operational conditions and protective measures
in the different exposure scenarios is provided in Table 2. We refer to
Appendix C for details on the data collection for the case study.

The system boundaries of our case study are shown in Fig. 1. We
include the production of DCM, the production of metal degreaser
(including the production of package material and the production of
other solvents added in the case of home consumers, see Section
2.3.2), transport, electricity for ventilation and pumps in industrial
settings, natural gas for heating inwarmmetal cleaning, disposal related
to DCMproduction, disposal of the packagematerial, and disposal of the
hazardous solvent and waste water after degreasing. For professional
and consumer settings, solvents are generally not recovered. The
degreasing facility (infrastructure) was not included. Neither was the
metal to be degreased. Possible intake of DCM via indoor air during
the production phase was not taken into account.

2.3.2. Inventory analysis
We used Ecoinvent v2.2 database for the inventory analysis

(Ecoinvent, 2013). The life cycle inventory of degreasing in industrial
settings was based on the Ecoinvent unit process ‘metal degreasing in
alkaline bath’ (Steiner and Frischknecht, 2007). Alkaline degreasing
baths are operated with temperatures between 50 and 90 °C (Ilve,
2008), and can be considered a similar process as warmmetal cleaning
with DCM. The resources, direct emissions, and emissions during waste
treatment per functional unit are shown in Table 3.

We applied the amount of electricity used for pumps and ventilation
in the case of metal degreasing in alkaline bath (Steiner and
Frischknecht, 2007) for all industrial settings. We considered the use
of electricity by professionals outside of industrial settings and
consumers negligible. Natural gas is used for the heating of the
degreasing bath, and the waste heat is used to dry the parts after
degreasing (Steiner and Frischknecht, 2007). The amount of natural
gas used for metal degreasing in alkaline bath was also applied in the
two scenarios with DCM vapor degreasing, i.e. treatment of articles in
hooded cleaning machines, and use in closed, continuous process with
occasional controlled exposure. For the other scenarios, no natural gas
was used. The required transport reported by Steiner and Frischknecht
(2007) was set for all exposure scenarios; industrial, professional, and
consumer exposures. We assumed that industrial degreaser was
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contained in jars of 180 kg, made of 4 kg high-density polyethylene
(HDPE), and that degreaser for professional and consumer uses was
contained in containers of 0.5 kg, made of 0.15 kg HDPE.

We calculated the indoor emissions according to Eq. (2). Since the
exposure scenario described in the extended safety datasheet allows
safe use for up to 100% of DCM in industrial settings and by professional
outside of industrial settings (Solvay, 2011), we assumed that the
degreasing solvent contained 100% DCM in these scenarios. For
consumer use, the exposure scenario allows safe use for up to 20% of
DCM (Solvay, 2011), so here we assumed that the degreasing product
contained 20% DCM, 40% acetone and 40%methanol, whichwas consid-
ered a representative mix based on the Household Products Database
(US NLM, 2013). Because of the high vapor pressure of DCM, i.e.
46.5 kPa at 20 °C (ATSDR, 2000), we assumed that the fraction released
to air from the chemical is 0.9, with the exception of spray application
where DCM is released fully and instantly into the air (see Appendix
Table E1 for vapor pressure bands that can be used to estimate release
to air, and ECETOC, 2009). Outdoor emissions were quantified by the
fraction of the indoor emission that was not captured within the
enclosure of themachine (and thus available for recovery via distillation)
or taken up by the individual(s) present. The emission captured by local
exhaust ventilation is transferred to outdoors.

After degreasing in industrial settings, the waste solvent was
distilled. 94% of this waste solvent was recovered and 6% was sent to
incinerator (Capello et al., 2005; Hellweg et al., 2005). In scenarios
with professional spraying, DCM was assumed to be released fully and
instantly into the air with no disposal (Appendix Table E1, ECETOC,
2009). After consumer application of metal degreaser with the use of a
cloth, the cloth was assumed to be rinsed. This way, the fraction of
DCM that was remaining in the cloth after use was sent to waste
water treatment. About 22.5% of the package material HDPE was
recycled (European Parliament and Council, 2004). Furthermore,
73.5% of the HDPE package material was sent to an incinerator, and 4%
was landfilled (Atsma, 2011). See Appendix D for further details on
the inventory.
2.3.3. Impact assessment for human toxicity
To assess the toxic impacts related to the life cycle of DCM metal

degreaser, we used USEtox™ 1.01 (including interim CFs) for human
toxicity (Hauschild et al., 2008; Rosenbaum et al., 2008, 2011). The
exception was the toxic impact related to indoor exposure to metal
degreaser. This impact was assessed by means of exposure scenario-
specific characterization factors calculated according to Eqs. (3) and (4).
The effect factors for inhalation of DCM were taken from USEtox™ 1.01
as well, and can be found in Appendix C. The effect factors were derived
from the effect dose (cases per kg of chemical intake) with the linear
approach (for details see Hauschild et al., 2008; Rosenbaum et al.,
2008, 2011).
2.3.4. Sensitivity analysis
In a sensitivity analysis, we tested the influence of uncertainty in the

chosen scenario-specific parameter values on the intake fractions for
the case of metal degreasing. Per scenario, we adjusted the value of
the parameters alternately to minimum and maximum values (see
Table 2 for N, V, m, and t; Table 1 for IR, pencl, pLEV, and pRPE; Tables 2
and E2 in the Appendix for kex), and looked at the relative decrease
and increase in the intake fraction.
3. Results and discussion

The exposure scenario-specific method proposed in this article was
applied in a case study on metal degreasing with DCM. In this section
we report and discuss the results of the case study as well as the
limitations of our framework.
3.1. Scenario-specific exposure characterization

The scenario-specific intake fractions are typifiedby twocharacteristics,
i.e. a time-dependency and a correction for protective measures. Here,
the results are described according to these two characteristics.

The influence of the time-dependency was especially visible in the
scenarios in which no protective measures were applied (see Fig. 2).
Overall, scenario-specific intake fractions without protective measures
varied between 2.0 · 10−3 for treatment of articles by dipping and
pouring in industrial settings and 2.4 · 10−2 for consumer use of
degreasing products in a small kitchen. In the scenarios describing
consumer exposure during 1 h of metal degreasing in a kitchen or a
garage, the intake fractions were 63% and 48%, respectively, of the
time-independent intake fractions by the model of Hellweg et al.
(2009). In industrial settings, 1 h of treatment of articles by dipping
and pouring without protective measures resulted in an intake fraction
of 83% of the intake fraction by the model of Hellweg et al. (2009).

The influence of protective measures was visible in the other three
scenarios shown in Fig. 2 (i.e. the yellow, green and purple line).
These scenarios describe exposure during 8 h of metal degreasing. The
time-dependency is less relevant here, because within 8 h maximum
exposure is approximately reached. The scenario-specific intake
fractions with protective measures varied between 8.7 · 10−5 for use
in closed, continuous process with occasional controlled exposure and
2.4 · 10−4 for treatment of articles in hooded cleaning machines. They
were 5–10% of the intake fractions by the model of Hellweg et al.
(2009).

When looking at Fig. 2, it is important to consider that it is assumed
that the exposed individual leaves the room of use at the end of the
usage period (see also Section 2.1).

In Table E6 of the Appendices, the influence of time-dependency
and correction for protective measures on the intake fraction is
shown separately as well as combined. Table E6 also provides the
accompanying CFs.
3.2. Life cycle impacts for human toxicity

Application of the new exposure scenario-specific CFs resulted in
human toxicity ranging from 1.4 · 10−7 disease cases per m2 of
degreased metal surface for professional spraying with respiratory
protective equipment to 2.8 · 10−4 disease cases for industrial workers
treating articles by dipping and pouring without protective measures.
Table E7 (Appendices) shows the human toxicity per FU for the different
exposure scenarios of metal degreasing.

Fig. 3 shows that human toxicity was mainly caused by the indoor
emissions of metal degreaser. The contribution of indoor emissions to
thenumber of disease cases ranged from63% for use in closed, continuous
process with occasional controlled exposure to N99% for consumers in a
kitchen.

Impacts caused by emissions transferred to outdoor air were mainly
relevant for exposure scenarios with protective measures resulting in
lower intake indoors. That is, for treatment of articles in hooded
cleaning machines (15%); for use in closed, continuous process with
occasional controlled exposure (17%); and for professional spraying
with respiratory protective equipment (22%).

Impacts caused by the production of metal degreaser were also
mainly relevant for exposure scenarios with protective measures as
they showed lower intake in the use phase. Namely, for treatment of
articles in hooded cleaningmachines (8%); for use in closed, continuous
process with occasional controlled exposure (19%); and for professional
sprayingwith respiratory protective equipment (5%). The contributions
to human toxicity of other processes (i.e. electricity for pumps and
ventilation, natural gas for heating, lorry and freight transport of metal
degreaser, waste water treatment, distillation of waste solvent, and
incineration of residuals in distillation) were negligible (b0.5%).



Table 2
Characteristics of the studied exposure scenarios of metal degreasing.

Treatment of articles by
dipping and pouring

Treatment of articles in hooded
cleaning machines

Use in closed, continuous
process with occasional
controlled exposure

Professional spraying with
respiratory protective
equipment

Consumer use of
degreasing products
(kitchen)

Consumer use of
degreasing products
(garage)

References

Number of
exposed
persons

On average 4.4 (i.e. near field
average 2.25, and far field
average 6.5)

On average 4.4 (i.e. near field
average 2.25, and far field
average 6.5)

On average 3.2 (i.e. near field
average 1.3, and far field
average 5)

1 (assumption) 1 (assumption) 1 (assumption) von Grote et al. (2003)

Inhalation rate 2 m3·h−1 2 m3·h−1 2 m3·h−1 2 m3·h−1 1.45 m3·h−1 1.45 m3·h−1 Adams (1993), ECHA (2012), US-EPA (1997),
Zaleski et al. (2013)

Enclosure None None Efficacy 50% None None None Fransman et al. (2008)
Local exhaust
ventilation

None Efficacy 90% Efficacy 90% None None None ECETOC (2012), Solvay (2011)

Respiratory
protective
equipment

None None None Efficacy 90% None None ECETOC (2009), Solvay (2011)

Room volume 600 m3 600 m3 600 m3 300 m3 (assumption) 15 m3 34 m3 Bremmer et al. (2006), Prud'homme de
Lodder et al. (2006), Solvay (2011),
von Grote et al. (2003)

Mixing of air 1 1 1 1 1 1 ECETOC (2012), Hellweg et al. (2009)
Ventilation
rate

6 h−1 6 h−1 6 h−1 4 h−1 2.5 h−1 1.5 h−1 ECETOC (2012), von Grote et al. (2003),
Bremmer et al. (2006), Prud'homme de
Lodder et al. (2006)

Exposure
duration

1 h 8 h 8 h 8 h 1 h 1 h Prud'homme de Lodder et al. (2006),
Solvay (2011)

Production 19 FUa 40 FUb 71 FUb 7.2 FUc 1.7 FUd 1.7 FUd

a 300 kg-part of metal per day (Kikuchi and Hirao, 2008). For the conversion of the amount of product per kg-part of metal to the amount per m2, we assumed that metal parts were steel plates with a thickness of 0.2 cm. This way we derived a
production of 19 m2 of metal degreased per day.

b We used the ratio of the cleaning capacity for different machine types reported by Hellweg et al. (2005) to extrapolate from the production in the case of treatment of articles by dipping and pouring to the other scenarios in industrial settings.
c Based on spray oven cleaning (Prud'homme de Lodder et al., 2006).
d Based on the cleaning of a stainless steel working top with use of metal cleaner applied on a cloth (Prud'homme de Lodder et al., 2006).
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Fig. 1. Processes included in the life cycle assessment of metal degreasing with DCM (dichloromethane), in high-density polyethylene (HDPE) packagematerial. Processes that are appli-
cable to all exposure scenarios are indicated in black. Processes that are only applicable to consumer use are indicated in blue, and processes that are only applicable to industrial settings
are indicated in orange.
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Looking at the contribution of different substances involved in the
life cycle of DCM metal degreaser to the total toxic impact, ≥80% of
human toxicity was caused by DCM itself (see Fig. E1 in the Appendices).
The remaining part of the disease cases was mainly caused by chromium
VI in water, and by mercury in air and water, which were all conse-
quences of the production of metal degreaser.

3.3. Modeling framework

Although many relevant parameters were included in the current
modeling framework, it is not conclusive. Other parameters may also
influence the intake fraction. For instance, the intake fraction of the
people exposed will increase with a higher wind velocity towards the
inhalation zone (van Tongeren et al., 2011). This can be a consequence
of the room ventilation. In the case of spray application of chemicals, a
spray direction towards the inhalation zone naturally enhances the
intake by inhalation. The wind and spray direction are not taken into
account in the current modeling framework.

Another parameter that is potentially relevant in spray applications,
is the mass released in the smaller aerosols (diameters b40 μm),
because the size determines the degree of inhalability of the aerosol
particles. Delmaar and Bremmer (2009) showed that for degreasing
products the fraction of total mass that ends up in the smaller aerosols
is 4.5%. In the present study, the influence of variation in aerosol size
was not considered. This adds uncertainty when respiratory protective
equipment is involved, and may result in an overestimation of the
inhaled mass and thereby the intake fraction.

Wemodeled the intake fractionwith the use of a single-compartment
approach. Hellweg et al. (2009) compared different exposuremodels and
recommended a single-compartment box model for use as a default in
LCA. Specific details about the exposure settings will not always be
available in LCA, and the level of detail of a single-compartment box
modelmatcheswith that ofmultimedia boxmodels for outdoor chemical
emissions, e.g. USEtox™ (Hauschild et al., 2008; Rosenbaum et al., 2008,
2011). However, in the case of near-field exposure in a large room,
assumptions about the mixing conditions are of crucial importance.
After all, when mixing is incomplete, the chemical concentration will
be higher in close proximity of the source. Expert knowledge may be
necessary to estimate the mixing of air in these cases. Though, one of
themajor practical advantages of using a single-compartment approach
is that the spatial distribution of the people exposed does not need to be
known.

We tested the sensitivity of the intake fractions estimated with our
modeling framework to the chosen scenario-specific parameter values.
The sensitivity analysis showed that, for the case of metal degreasing,
the intake fractions were particularly sensitive to the uncertainty in
the operational conditions, such as the rate of ventilation and mixing of
air, and less sensitive to uncertainty in the effectiveness of the protective
measures thatwere applied or the exposure duration. Therefore, in future
data collection for scenario-specific parameters, information about the
operational conditions deserves priority (see also Section 3.4). Appendix
E shows the results of the sensitivity analysis.

In the case study presented here, the scenario-specific CFs are used to
estimate the life cycle impacts for human toxicity based on scenario-
specific emission data. Besides application in LCA, CFs may also be used
in comparative toxic impact assessments in order to prioritize different
chemicals and/or exposure scenarios (Gandhi et al., 2010; Henderson
et al., 2011; Rosenbaum et al., 2008). An example of amethod to estimate
the potential risks posed by different scenarios within a chemical's life
cycle was proposed by Scheringer et al. (2001). Their method is based
on a comparison of the predicted concentration (PEC) and the predicted
no effect concentration (PNEC), resulting in a risk quotient. Alternatively,
in accordance with existing LCIA methods for the assessment of
human-toxic effects, the present paper describes a method to estimate
the number of disease cases in a specific scenario rather than a risk
quotient. In combination with real emission data, the CFs from the
present modeling approach can be used for screening purposes. This
way, important scenarios or chemicals that require amore specific assess-
ment can be identified.

3.4. Data limitations

In the life cycle inventory for the case of metal degreasing, we did
not consider the correlation between environmental conditions and
chemical evaporation. For instance, the release of a chemical to air is
influenced by the surface area of the liquid chemical, and by turbulence



Table 3
Inventory of the resources, emissions, and emissions during waste treatment per functional unit.

Treatment of articles by
dipping and pouring

Treatment of articles in hooded
cleaning machines

Use in closed, continuous process with
occasional controlled exposure

Professional spraying with respiratory
protective equipment

Consumer use of degreasing products (either
in kitchen or garage)

Resources
Use of metal degreaser (kg/FU) 6.14E+00a 1.97E+00b 8.58E−01b 2.67E−02c 5.85E−03d

Use of HDPE package material
(kg/FU)

1.36E−01 4.37E−02 1.91E−02 8.01E−03 1.75E−03

Electricity (kWh/FU) 1.50E−04 5.75E−04 3.23E−04 – –

Natural gas (MJ/FU) – 1.70E−02 7.41E−03 – –

Transport by lorry (tkm/FU) 2.18E−02 6.98E−03 3.05E−03 9.48E−05 2.08E−05
Transport by freight (tkm/FU) 3.63E−03 1.16E−03 5.07E−04 1.58E−05 3.46E−06
Emissions – – – – –

Indoor emission of DCM (kg/FU) 5.52E+00 1.77E+00 7.72E−01 2.67E−02 1.05E−03
Outdoor emission of DCM
(kg/FU)

2.87E−01 4.41E−02 5.41E−03 3.71E−03 6.01E−04

Disposal – – – – –

HDPE recycled (kg/FU) 3.07E−02 9.83E−03 4.29E−03 1.80E−03 3.95E−04
HDPE sent to incinerator (kg/FU) 1.00E−01 3.21E−02 1.40E−02 5.89E−03 1.29E−03
HDPE landfilled (kg/FU) 5.45E−03 1.75E−03 7.63E−04 3.20E−04 7.02E−05
DCM recovered from distillation
(kg/FU)

5.77E−01 1.85E−01 8.07E−02 – –

Incineration of residues from
distillation (kg/FU)

3.68E−02 1.18E−02 5.15E−03 – –

Waste water treatment (m3/FU) – – – – 4.40E−07

a According to the open top washing machines described by Kikuchi and Hirao (2008).
b We used the ratio of the amount of solvent used for different machine types reported by Hellweg et al. (2005) to extrapolate from the production in the scenario with treatment of articles by dipping and pouring to the other industrial scenarios.
c Based on spray oven cleaning (Prud'homme de Lodder et al., 2006).
d Based on the cleaning of a stainless steel working top with use of metal cleaner applied on a cloth (Prud'homme de Lodder et al., 2006).
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Fig. 2. Time-dependent intake fractions for metal degreasing with dichloromethane
corrected for the application of protective measures indicated by a continued line, com-
pared to intake fractions based on Hellweg et al. (2009) indicated by a dashed line, for:
treatment of articles by dipping and pouring (red); treatment of articles in hooded
cleaning machines (yellow); use in closed, continuous process with occasional controlled
exposure (purple); professional spraying with respiratory protective equipment (green);
consumer use of degreasing products (kitchen) (blue); and consumer use of degreasing
products (garage) (orange). The markers (*) indicate the intake fractions at the studied
duration.
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or agitation (van Tongeren et al., 2011). Furthermore, an increase in
temperature causes an increase in the vapor pressure and thereby the
fraction released to air. In the current illustrative example of metal
degreasing, we used a generic estimate of the air release fraction (i.e.
90% release to indoor air). Therefore, in practice, human toxicity from
indoor chemical emissions may be higher for the scenarios involving
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Exposure scenarios:

1. Treatment of articles by dipping and pouring

2. Treatment of articles in hooded cleaning
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3. Use in closed, continuous process with 
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4. Professional spraying with respiratory 

protective equipment

5. Consumer use of degreasing products (kitchen)

6. Consumer use of degreasing products (garage)

Fig. 3. Bar chart showing the relative contribution of metal degreaser production, indoor
and outdoor emissions of metal degreaser to human toxicity from metal degreasing per
functional unit (i.e. the degreasing of 1m2 ofmetal surface). Six different exposure scenarios
represent degreasing in industrial settings, by professional users, and by consumers.
DCMvapor (ECETOC, 2009), i.e. treatment of articles in hooded cleaning
machines, and use in closed, continuous process with occasional
controlled exposure.

For the spray application of chemicals, the mass generation rate
depends on how full the (trigger) spray container is. A full container
of degreasing product generates 7.7 g in 10 trigger sprays, whereas a
nearly empty container generates 6.2 g in 10 trigger sprays (Delmaar
and Bremmer, 2009). In the case study, we used a typical value for the
amount of metal degreaser that is used per FU (i.e. 26.7 g/m2) (based
on Prud'homme de Lodder et al., 2006).

In the current study, the influence of the activity level or the
individual's gender on the intake fractions of indoor chemical emissions
wasnot evaluated. As canbe seen in Table E5 (Appendix E), the inhalation
rate may vary between individuals according to their activity level and
gender. In our modeling framework, it is possible to adjust the inhalation
rate in order to make a more specific assessment. For the case study of
metal degreasing,we chose generic inhalation rates for an average person
during light to medium activity.

The present paper lists default values for parameters determining the
intake fraction, but often additional literature research may be necessary
to complete the list of input values for a specific case. Parameters that are
to a large extent dependent on the product of interest, and therefore
more difficult to find, are e.g. the used amount of chemical (which is
needed for the inventory) or the number of exposed workers (which is
needed for the impact assessment). In the data collection for the case of
metal degreasing with DCM, we preferably used process specific data
(i.e. a process approach). However, in the case of data limitations,
assumptions may have to be made, for instance based on sector
information. In a sector approach, statistical data from national sources
are used to estimate the impact from the working environment per
industrial sector. As process specific data are based on the actual
working environment, they may give the most precise assessment
(Kim and Hur, 2009).

The parameter values that were needed as input for our modeling
framework were obtained mainly via data sources available in the
context of the European REACH regulation. This legislative regulation
has the objective to stimulate safe use of chemicals, and therefore
plays an essential role in reducing industrial emissions (Styles et al.,
2009). In order to protect chemical users against unacceptable risks,
the approach of REACH is conservative. In contrast, in LCA the goal is
to provide a best estimate of the actual risk related to a product
(Hauschild, 2005). In practice, the operational conditions or protective
measures may differ from the conditions recommended for safe use in
the exposure scenario. They may be more advantageous (e.g. larger
room volume), but also worse (e.g. lower efficacy of LEV). Hence,
cautious interpretation of the product related risks with consideration
of the uncertainty is needed when applying REACH information in LCA.

An important source of information for this study is the ECETOC
Targeted Risk Assessment (TRA) tool, which was validated in the
ETEAM project (Evaluation of Tier 1 Exposure Assessment Models
under REACH, see http://www.eteam-project.eu/). The project aims
were to determine the applicability domain of tier 1 exposure models
usedwithin REACH, and the accuracy and reliability of their predictions.
Results of the project showed that due to differences in interpretation of
exposure determinants, the systematic differences between themodels
are small in comparison with the variability between users of the
exposure models (Lamb et al., 2014; van Tongeren et al., 2014). The
project's experts considered the inter-user variability the main cause
for concern, and an important issue for the standardization of REACH
processes. A standard protocol for data collection, interpretation,
sensitivity analysis, etc. was recommended, and further validation and
calibration exercises for different exposure scenarios were encouraged
(van Tongeren et al., 2014). A standard protocol for data collection
and development of a database with scenario-specific parameter values
would enhance the applicability of exposure models for LCA decision
making processes (Demou et al., 2009).

http://www.eteam-project.eu/
image of Fig.�2
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4. Conclusion

We proposed a method to include human toxicity from indoor
chemical exposure in LCA, accounting for variability in exposure
settings. As a case study, human toxicity related to the degreasing of 1
m2 of metal surface was quantified for different exposure scenarios
involving industrial workers, professional users, and home consumers.
It appeared that for all exposure scenarios, human toxicity per functional
unit was mainly caused by indoor exposure to metal degreaser (N60%).
Our findings stress the importance of including indoor chemical exposure
in LCA case studies. Compared to the generic, time-independent frame-
work of Hellweg et al. (2009), the introduction of a time-dependency
and a correction for protective measures resulted in reductions in the
intake fraction of up to 1.5 orders of magnitude. Our scenario-specific
modeling framework appeared to be particularly relevant in the case of
application of protective measures.
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