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• The majority of the inhalation exposure
occurs in built environments.
• Indoor particle emissions have very limited regulations and are not well known.
• Indoor exposures are reduced by decrease of both outdoor and indoor air
pollution.
• Particle emission sources should be documented in an emission library.
• Model development is dependent on
high quality ﬁeld measurements.

a r t i c l e

i n f o

Article history:
Received 3 January 2019
Received in revised form 20 February 2019
Accepted 25 February 2019
Available online 1 March 2019
Editor: Pavlos Kassomenos

a b s t r a c t
Poor air quality is a leading contributor to the global disease burden and total number of deaths worldwide.
Humans spend most of their time in built environments where the majority of the inhalation exposure occurs.
Indoor Air Quality (IAQ) is challenged by outdoor air pollution entering indoors through ventilation and inﬁltration and by indoor emission sources. The aim of this study was to understand the current knowledge level and
gaps regarding effective approaches to improve IAQ. Emission regulations currently focus on outdoor emissions,
whereas quantitative understanding of emissions from indoor sources is generally lacking. Therefore, speciﬁc indoor sources need to be identiﬁed, characterized, and quantiﬁed according to their environmental and human
health impact. The emission sources should be stored in terms of relevant metrics and statistics in an easily
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accessible format that is applicable for source speciﬁc exposure assessment by using mathematical mass balance
modelings. This forms a foundation for comprehensive risk assessment and efﬁcient interventions. For such a
general exposure assessment model we need 1) systematic methods for indoor aerosol emission source assessment, 2) source emission documentation in terms of relevant a) aerosol metrics and b) biological metrics, 3) default model parameterization for predictive exposure modeling, 4) other needs related to aerosol
characterization techniques and modeling methods. Such a general exposure assessment model can be applicable for private, public, and occupational indoor exposure assessment, making it a valuable tool for public health
professionals, product safety designers, industrial hygienists, building scientists, and environmental consultants
working in the ﬁeld of IAQ and health.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Aerosols and their impact on human health
The air that we breathe contains a diverse mixture of gaseous and
particulate matter (PM) pollutants released from natural and anthropogenic sources (Streets et al., 2009; Karagulian et al., 2015). In modern
society, people spend 80 to 90% of their time indoors, where the quality
of air is driven by pollutant source and loss mechanisms, including indoor emission sources in close proximity to occupants, outdoor pollutants that are transported indoors via ventilation and inﬁltration,
pollutant deposition to indoor surfaces, and ﬁltration, among others
(e.g. Hussein et al., 2013).
Air pollution was ranked as the sixth highest risk factor attributable
to Disability-Adjusted Life-Years (DALYs) in 2016 (GBD, 2017a). In
2015, over 90% of the world's population was breathing unhealthy air,
with the majority of the disease burden carried by middle- and lowincome countries (Landrigan et al., 2018; HEI, 2017). However, developed countries also carry their part of the disease burden attributed to
poor air quality. According to the European Environmental Agency
(EEA), ambient air PM2.5 (D50 ≤ 2.5 μm) concentrations alone caused
ca. 400,000 premature deaths in the EU-27 (EEA, 2018). The World
Bank (2016) estimated that air pollution in 2013 cost the global economy more than $5 trillion in welfare losses. There is a common agreement that air pollution is globally still at an unacceptably high level
and more stringent emission regulations are needed (HEI, 2017; WHO,
2016; The World Bank, 2016; OECD, 2014; IEA, 2016). For example, in
the U.S., the beneﬁts/costs ratio in air pollution regulations issued between 2004 and 2014 were economically at least four times more beneﬁcial than the regulation expenses, being the most economically
beneﬁcial of all federal regulations (OMB, 2015). However, worldwide
current regulations are mainly implemented for outdoor emissions,
while there are mainly guidelines for indoor emissions (Harrison et al.,
2011).
Disease burden due to ambient air pollution exposure is mainly associated with PM10 (D50 ≤ 10 μm), PM2.5, ozone (O3), and nitrogen
oxide (NOX) pollutants where PM2.5 is considered the most harmful
component for human health (Landrigan et al., 2018; GBD, 2017a,
2017b; Butt et al., 2017; EEA, 2018; HEI, 2017; WHO, 2016; Lehtomäki
et al., 2018). Air pollution causes a wide range of diseases (e.g.
Thurston et al., 2017; Guxens et al., 2018; Bowe et al., 2018). Both
short-term (few hours to weeks) and long-term (years to decades)
PM2.5 exposure is associated with respiratory and cardiovascular illnesses (Brook et al., 2010). For a short-term exposure, Achilleos et al.
(2017) found a 0.89% increase in all-cause respiratory mortality per 10
μg m−3 increase in PM2.5, and for long-term PM2.5 exposure, the theoretical minimum for No-Observable Adverse Effect Level (NOAEL)
ranges from 2.5 to 5.9 μg m−3 (GBD, 2017b). This is clearly lower than
the WHO air quality guidelines for PM2.5 of 25 μg m−3 for a 24-h
mean and 10 μg m−3 for the annual mean (WHO, 2016).
An aerosol is a dynamic system where different compounds can be
in gas, liquid, or solid phase depending on their thermodynamic equilibrium (e.g. Seinfeld and Pandis, 2016). Ambient PM is a complex mixture
of inorganic elements from crustal or anthropogenic sources, water-

soluble ions (acids, alkalines and salts) forming secondary inorganic
aerosols, carbonaceous aerosols including organic carbon (OC) and elemental carbon (EC), organic compounds such as polyaromatic hydrocarbons (PAHs), volatile organic compounds (VOCs), secondary
organic aerosols (SOAs), and inhalable biological matter, including bacteria, fungi, and pollen (Nozière et al., 2015; Pernigotti et al., 2016; Liang
et al., 2016; Mukherjee and Agrawal, 2017). In urban areas, the majority
of PM emissions originate from local anthropogenic sources, such as
trafﬁc, industry, domestic fuel burning, and other combustion-related
emissions (Karagulian et al., 2015; Liang et al., 2016), along with longrange transport of PM2.5 (e.g. Lehtomäki et al., 2018).
Even though PM is a complex mixture of primary and secondary particles and condensates, epidemiological studies often focus on health effects of PM2.5 or PM10 mass concentrations, regardless of their chemical
composition, biological activity, or particle morphologies. This is mainly
due to outdoor air quality measurement standards set in the 1990s
(McClellan, 2002). However, there is increasing evidence that PM1
(D50 ≤ 1 μm) or ultraﬁne particulate matter (UFP; D50 ≤ 0.1 μm) might
have stronger associations to health effects at similar mass concentration (Seaton et al., 1995; Peters et al., 1997; Oberdörster, 2001;
Donaldson et al., 2001; Nel, 2005; Politis et al., 2008; Chen et al.,
2017). Chemical reactions, such as oxidation in ambient air, can change
the compositions of the gaseous and PM pollutants and affect their toxicity (e.g. Shiraiwa et al., 2012). For example, Tyler et al. (2016) showed
that freshly generated diesel and gasoline engine exhaust UFPs are inherently more toxic than PM that has lost surface-adhered volatile
gases by aging.
2. Inhalation exposure to indoor aerosols
Asikainen et al. (2016) estimated that 78% of the total annual disease
burden of indoor exposures in the EU was caused by PM2.5, corresponding to a loss of 2 million DALYs annually. It was found that approximately 62% of the annual DALYs of indoor exposure was caused by the
transport of outdoor PM2.5 to the indoor environment via ventilation
and 16% by indoor sources. Thus, according to this study, reducing outdoor concentrations is the most efﬁcient way to make indoor air healthier. However, Chen and Zhao (2011) reviewed PM2.5 pollutant indoor/
outdoor (I/O) ratios measured in North America and Europe and
found that it varies from 0.8 to 3.4, suggesting that indoor particle emission sources can still signiﬁcantly contribute to indoor air pollution.
Many studies report indoor particle concentrations in residences
(Bari et al., 2015; Secrest et al., 2017; Li et al., 2017), work environments
(Moitra et al., 2015; Viitanen et al., 2017), public areas (Morawska et al.,
2017; Chang et al., 2017), schools (Salthammer et al., 2016), or public
transportation (Cepeda et al., 2017). However, quantitative particle releases from speciﬁc emission sources are seldom reported (Abadie and
Blondeau, 2011), even though aerosol physics-based mathematical
tools for indoor source characterization have been well established for
decades (e.g. Nazaroff, 1989). Mass (or material) balance models account for the interplay between particle source processes that act to increase concentrations in an indoor space (e.g. emissions) and loss
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processes that act to reduce indoor concentrations (e.g. ventilation, deposition, and ﬁltration).
The publicly available indoor air pollutant emission database
PANDORA contains ca. 9000 pollutant emission rates coming from 600
indoor sources (gaseous and PM), but particle emission rates are given
only for a limited number of sources: a candle or incense burning,
cooking, spray use, printing, household cleaning, and wood combustion
in a conventional masonry heater (Abadie and Blondeau, 2011; LaSIE,
2017). Similarly, ca. 2000 microbial volatile organic compound emissions from 1000 species are well documented in a public database
(Lemfack et al., 2018). Detailed inventories of particle emission rates,
which are strongly size-dependent, are clearly lacking and urgently
needed. Recently, Koivisto et al. (2017) identiﬁed requirements for
emission source characterization, which allows for predicting the
source impact on the environment and human health. They established
a ﬁrst draft for an emission library for quantitative material releases
from products containing manufactured nanomaterials.
Identiﬁcation of emission sources forms a foundation for an effective
indoor exposure control. The concentrations at the source are poorly diluted and can be removed or enclosed efﬁciently. Indoor personal exposure levels can be reduced by i) reducing outdoor ambient air
concentrations, ii) removing indoor sources, iii) reducing product and
process emissions by safe-by-design and building architecture, iv) applying engineered emission controls such as local exhaust ventilation
systems, v) using high efﬁciency ﬁlter media in ventilation systems
and portable air puriﬁers, vi) administrative changes of work organization, and vii) using personal protective equipment (PPE). Considering
the emission control, emission source identiﬁcation and detailed
physio-chemical characterization of pollutants from molecular length
scales (b3 nm) to N10 μm is critical (e.g. Nozière et al., 2015; Rönkkö
et al., 2017). Without knowledge of source behavior, strength, and emitted chemicals, bioaerosols and other particles, it is challenging to efﬁciently implement safety actions as the listed above. Emission source
identiﬁcation is needed for the development of safer products or providing better guidance for product use before launching them to markets.
For example, Sung et al. (2017) shows that a safe-by-design action reduces printer emissions by 40% and Jensen et al. (2015) demonstrated
how working practices in sanding techniques affects the particle emission rate. The impact of risk management measures (RMMs) on air
quality levels can be estimated by using mathematical mass balance
models if emission sources and RMMs efﬁcacies are known. This can
be used to select or even design efﬁcient RMMs for speciﬁc exposure
scenarios.
3. Mathematical models for estimating indoor aerosol exposure
Indoor air quality (IAQ) can be assessed empirically and directly by
suitable sampling. However, measurements are not always possible to
perform to the required extent, and therefore may not provide sufﬁcient
information about the determinants of exposure. In the case of limited,
or even completely missing empirical data, IAQ and exposure determinants can be alternatively assessed by means of mathematical models.
Important exposure determinants that such models should include are
source strengths, dispersion of pollutants, and particle removal rates
by exposure and emission controls. Indoor exposure models can provide insight into exposure levels across a range of environmental conditions, facilitating efﬁcient answers to ‘what if’ questions and can also be
useful tools in understanding the dynamic behavior of aerosols under
controlled conditions.
If implemented correctly, models can improve understanding of personal exposure, which so far has been mostly based on epidemiological
studies solely based on ambient air monitoring data. For example, indoor exposure models can provide input data for epidemiological studies, which has been challenging because measurements in indoor
environments on a population-representative scale have thus far not
been feasible. In addition, indoor exposure models can be used for
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total personal exposure assessment in different and mixed daily exposure scenarios, including kindergarten/school/workplace, home, mall,
transit, and outdoors (Hussein et al., 2015). A full daily personal exposure assessment is needed to understand which environments have
most signiﬁcant contribution to inhalation intake, dose, and health
effects.
Exposure models consist of four main components describing:
• The source term (gas and PM emissions) and transformation of pollutants during release to the surroundings.
• Loss and transformation processes as described by the general dynamic equation for aerosol particles (mass balance) and chemical reactions (energy balance).
• The exposure controls reducing emissions from the source (e.g. local
ventilation), preventing dispersion of pollutants (e.g. process chamber),
reducing concentrations (e.g. portable air puriﬁer), and use of PPE.
• A lung deposition model for estimating regional deposition of particles
in respiratory tract during inspiration and expiration.

Different exposure model categories include mathematical mass balance models, knowledge-based models, and statistical models of exposure determinants (AIHA, 2009). Compared to knowledge-based or
statistical models, mathematical mass balance models are transparent,
have a physical concept to simplify reality, and may include physical
processes, such as transformation of pollutants (e.g. particle coagulation). Most physical indoor air models are based on the general dynamic
equation (Gelbard and Seinfeld, 1979), which describes the time rate of
change of an indoor pollutant concentration by including sources, sinks
(deposition, ﬁltration), room-to-room airﬂows (interzonal airﬂows), air
exchange with the outdoors, and transformation processes (e.g.
Nazaroff, 1989; Kephalopoulos et al., 2005; Howard-Reed and Polidoro,
2006; Abadie and Blondeau, 2011). Importantly, the use of such models
enables for generalization of the results across diverse indoor environments and exposure scenarios.
The general dynamic equation can be simpliﬁed according to user
needs. Common simpliﬁcations are a single-compartment model for
rooms with fully mixed air (Hewett and Ganser, 2017) and a twocompartment model where a concentration gradient near the source
is described using a virtual volume with limited air exchange with a
far-ﬁeld zone (also known as a Near-Field/Far-Field (NF/FF) model;
Hemeon, 1955; Nicas, 1996; Ramachandran, 2005; Jayjock et al., 2011;
Ganser and Hewett, 2017; Jensen et al., 2018). Single- and twocompartment models can be useful especially in predictive top-down
exposure modeling where a limited amount of information is available
about the environmental characteristics.
Two-compartment models are especially useful for evaluating exposures when the occupant is in close spatial proximity to the source, e.g.
cooking and human movement-induced dust resuspension (e.g. Wu
et al., 2018). In such cases, the buoyant human thermal plume plays
an important role in governing the transport of particles between the
NF and FF (Rim and Novoselac, 2009; Licina et al., 2017; Göhler et al.,
2018). Multi-compartment models, such as CONTAM, can be applied
when the indoor environment (e.g. I/O and interzonal pressure differentials) and ventilation system characteristics (e.g. volumetric airﬂow
rates and HVAC run-time) are known for a particular building. However,
measurements of interzonal airﬂows between compartments, HVAC
run-times, and long-term variations in ventilation rates are severely
lacking (Liu et al., 2018; Touchie and Siegel, 2018; Alavy et al., 2018).
Regardless of the modeling approach, the emission source is the
most critical parameter considering exposure to indoor generated aerosols. The particle emission source is usually described with i) a worstcase assumption - all used material is emitted and becomes airborne,
ii) using a concept of dustiness index (mg kg−1; e.g. Schneider and
Jensen, 2009 and demonstrated in Levin et al., 2014), iii) by direct measurements in chamber and/or ﬁeld studies. The particle emissions from
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powder handling are dependent on the material characteristics and
properties (e.g. density, mechanisms and extent of aggregation and agglomeration, particle size distribution, moisture content), as well as external parameters (which can be mathematically represented by e.g. a
handling energy factor) that are currently arbitrary and mostly qualitative values. Some studies have shown a correlation between dustiness
and personal exposure to dust (Breum et al., 2003; Heitbrink et al.,
1990; Brouwer et al., 2006; Ribalta et al., 2019). However, accurately
connecting source parameterization concepts to measured concentrations and exposure has been shown to be challenging. As an example,
in a paint factory, Koivisto et al. (2015a) demonstrated that the dustiness index did not predict the airborne respirable particle massconcentrations during a pouring process very well. Better knowledge
of the sources and their behavior, as well as more research on potentially useful concepts for representative source parameterization is
needed for more accurately predicting exposure levels and mass ﬂows
of pollutants (Koivisto et al., 2017).
The RMMs and PPE properties are relatively well studied due to regulations. Fransman et al. (2008) developed an exposure control efﬁcacy
library, which contains 433 efﬁcacy values for six RMM groups: enclosure, local exhaust ventilation, specialized ventilation, general ventilation, suppression techniques and separation of the worker. Goede
et al. (2018) revised recently the exposure control efﬁcacy library, but
still more studies are needed to understand their workplace performances and append the library to cover modern RMMs (e.g. Yu and
Kim, 2013; Mølgaard et al., 2014; Koivisto et al., 2015b). Moreover, a
change from pure mass-based to aerosol dynamic modeling covering
the entire nano- to μm-scale size-range would require a considerable
improvement of the RMM test procedures and documentation.

4. Status of exposure assessment tools under REACH
The Registration, Evaluation, Authorization, and Restriction of
Chemicals (REACH) regulation implemented by the European Chemical
Association (ECHA) demands that manufacturers or importers must determine the appropriate risk management measures and prevent excessive exposure by all relevant exposure routes (EC, 2006). Since June
2018, this is applied to all chemicals that are manufactured or imported
in quantities over 1 metric ton per year within the European Union. Exposure assessment/exposure scenarios are needed on substances
manufactured/imported N10 t/a and are classiﬁed as hazardous according to EU classiﬁcation, labelling and packaging criteria for environmental, occupational, and consumer exposure scenarios (ECHA, 2016a).
Such a task is not possible to overcome only with measurements, and
therefore exposure assessment relies on mathematical exposure
modeling.
ECHA accepts the use of both deterministic models, e.g. ConsExpo,
and empirical models that are not necessary physical models, such as
Stoffenmanager® (Marquart et al., 2008) and the Advanced REACH

Tool (ART; Fransman et al., 2011). Empirical models are based on dimensionless exposure modifying factors to calculate an exposure
score, which are further converted either to an exposure value
(mg m−3) by using calibration factors based on occupational exposure
measurements (e.g. Schinkel et al., 2011). These exposure modifying
factors are not always clearly described (e.g. the ART v1.5,
Stoffenmanager® v8.0, EASE v2.0, EMKG-EXPO-TOOL, MEASE; see
Savic et al. (2016) and its references), which makes the models typically
more challenging to evaluate. For example, Koivisto et al. (2018a) found
that the general ventilation multipliers were not correctly calculated by
Cherrie (1999) in Stoffenmanager® and by Cherrie et al. (2011) in the
ART. However, despite the direct error in the NF/FF ratios ranged from
0.8 to 2.8, the consequence of the error was difﬁcult to assess due to subsequent calibration of the tools with measured exposure data and the
empirical modeling approach.
The uncertainties in mechanistic or conceptual models can be seen
in their poor predictive capability, which is why occupational exposure
assessment substances of very high concern should rely on measured
exposure levels. Comparison of modeling results using the ART and
Stoffenmanager® with measurements has shown that the predicted exposure levels 90% conﬁdence interval limits are typically two orders of
magnitude or more (Lamb et al., 2015; Landberg et al., 2017, 2018;
Savic et al., 2017; van Tongeren et al., 2017; Spinazzè et al., 2017; Lee
et al., 2018a, 2018b). Due to modeling uncertainties, ECHA recommends
using measurement data in exposure assessment of substances of very
high concern (ECHA, 2016b). Properly applied physical mass-balance
models appear to be stronger tools for case-speciﬁc exposure assessments (Table 1). Recent developments have demonstrated the use of
the initial development of such tools including uncertainty analysis in
the exposure and hazard assessments along product life-cycles as background for decision support and regulatory use (Tsang et al., 2017;
Hristozov et al., 2018; Pizzol et al., 2019).

5. Current needs in aerosol exposure risk assessment and
management
Aerosol exposure measurements form the foundation for understanding the exposure determinants. Measurements are needed to
identify and characterize pollution sources, exposure model parameterization, performance testing and calibration, development of default exposure scenarios, and for better understanding of RMMs. This usually
requires spatial concentration and size distribution measurements
(ventilation air or outdoor air, Near-Field, Far-Field, and breathing
zone) where exposure determinants can be solved if high quality contextual information is available regarding activities, material uses, and
emission controls. Development of inexpensive and small sensors,
such as shown by Crilley et al. (2018), are needed both for source and
exposure identiﬁcation and can be used to understand dispersion of pollutants in different indoor environments. Dispersion of pollutants is

Table 1
Ratios of predicted concentrations and measured concentrations. An update of Jayjock et al. (2011).
Scenario description

Study

Ratio of predicted and measured value

8 scenarios: Iron foundry, Dry wall ﬁnishing, weighing and transferring, mixing and cleaning
6 scenarios: welding at two different environments (total particulate, Fe, Mn)
17 test in emission rooms with volumes of 203, 169, and 8 m3: Dry wall joint compound
sanding using various tools.
7 Pouring scenarios at paint factory (500 kg and 25 kg sacks)

Arnold et al. (2017)
Boelter et al. (2009)

GMa 1.46, GSD 1.89b
GM 1.08, GSD 1.25

Jones et al. (2011)

GM 1.08, GSD 2.54

Koivisto et al. (2015a) GM 1.01, GSD 2.32
Modeled NF concentrations were between 170
Medical laser-generated particulate matter exposures at operating room and treatment room. Lopez et al. (2015)
and 340 μg m−3, while measured were up to 246 μg m−3.
Mc 0.88, SDd 0.25
Packing of inorganic fertilizer into 25 kg and 600 kg bags.
Ribalta et al. (2019)
M 0.82, SD 0.12
a
b
c
d

Geometric mean (GM).
Geometric standard deviation (GSD).
Mean (M).
Standard deviation (SD).
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needed to select the model design, such as number of model segments
and air exchange between the segments. Closure studies are needed
for indoor environments relating observations of individual particle
characteristics to total concentrations, environmental parameters and
activity patterns. However, comprehensive exposure assessment studies with such information are scarce. This is probably because comprehensive particle measurements standardization was recently
developed (see e.g. CEN FprEN 17058:2018 E for occupational
nanomaterial exposure assessment and Zhao et al. (2018) for I/O measurements). However, measurements and analyses not only need to
be standardized, but also simple, feasible and to some extent, costefﬁcient. Automated procedures are needed to limit time and user
bias; otherwise, long-term studies are not economically feasible.
5.1. Measurement of relevant particle properties
There is a wide range of sampling techniques capable of providing
information on the health relevant aerosol physical properties (e.g.
mass, size, surface area, structure, charge, radioactivity), chemical aspects (molecular composition, solubility, elemental contents) and biological features (species, microbial viability, allergens, etc.).
Nevertheless, for many important particle characteristics there is still a
substantial need for new instrumentation to obtain data with high speciﬁcity, at high time resolution and at reasonable cost. In addition, the
rapid development of new measurements techniques over the last decades have not been followed by a similar advancement in standardization, control and calibration of the instruments. Thus, variability
between instruments may be considerable. Inter-calibration and harmonization of measurement procedures have been developed further
in atmospheric research than in research of indoor environments
through well-coordinated large research networks that allow comparison between ﬁeld stations at different locations around the globe.
Hence, experimental assessment of air quality and emissions in the
built environment could probably beneﬁt from an increased use of
methodologies developed for calibration and quality control in atmospheric science.
High time resolution, on the scale of minutes, is often required to enable source identiﬁcation, not least in indoor environments where temporal variability may be considerable. Aerosol morphological
parameters can be determined in-situ by measuring the relationship between particle electrical mobility and mass (McMurry et al., 2002). Such
measurements can be conducted by pairing a mobility sizer with an
aerosol particle mass analyzer or centrifugal particle mass analyzer
(e.g. Johnson et al., 2013, 2014; Rissler et al., 2012, 2014; Wang et al.,
2015). This measurement technique enables for determination of sizeresolved aerosol effective densities, dynamic shape factors, and fractal
dimensions. However, in-situ assessment of the morphology of aerosols
produced by indoor emission sources is very limited.
On the other hand, high spatial resolution is needed to assess distinct
physico-chemical properties. There are currently rapid advancement in
detection technologies that facilitates this research. Combined with energy dispersive X-ray detection, electron microscopy can serve to classify and categorize airborne collected particles according to their
source (Schuetz, 1989, Scheuvens et al., 2011) and or effects, e.g. radiative properties (Lieke et al., 2011). The derived information from electron microscope data can be converted into quantiﬁable relevant
metrics and assessed on a statistical basis (Weinbruch et al., 2018;
Kandler et al., 2011). Current advancements in image analyses of transmission electron microscope images make it possible to derive primary
particle size and speciﬁc surface area of nanoparticle aggregates
(Bourrous et al., 2018) and nanoparticle structure relating to their composition (Malmborg et al., 2019); online aerosol detection with mass
spectrometry enables analysis of increasingly complex chemistry
(Nozière et al., 2015; Butler et al., 2018); and the revolution in molecular biology and genome sequencing have opened completely new opportunities to study biological aerosols (Mbareche et al., 2017). Long,
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insoluble ﬁbers can to date only be identiﬁed by using combined
methods in microscopy and spectroscopy (Kling et al., 2016). Considering regulatory nanoﬁber counting to comply with existing recommended provisional limit values, there is an urgent need to develop
and validate both particle sampling and electron microscopy image
analysis techniques (Koivisto et al., 2018b; Brostrøm et al., in review).
5.2. Measurement of biologically relevant particle properties
Commonly used exposure/dose limit values are derived from
NOAELs (e.g. Hristozov et al., 2016, 2018; Koivisto et al., 2016; Tsang
et al., 2017; Pizzol et al., In Press), integrated exposure-response functions (IERs; GBD, 2017b; Pope 3rd et al., 2018), human equivalent
dose-responses (e.g. a daily no signiﬁcant risk dose level; Thompson
et al., 2016), and micro-organisms infectivity potency (Teunis et al.,
2008; Hamilton et al., 2017). The majority of the exposure/doseresponse studies rely on mass, even though it is known to be only a
rough indicator for a biologically effective dose of the complex mixture
of airborne particles; especially in the work environment (e.g. Kuempel
et al., 2014; Braakhuis et al., 2016; Noël et al., 2017; Fadeel et al., 2018).
Other biologically relevant metrics, such as number and surface-area,
needs to be considered as well, depending on the aerosol particle properties. For example, the total particle BET surface area (cm2) instilled in
rats and mice lungs was recognized to correlate well with polymorphonuclear neutrophilia (PMN) for low solubility and low toxicity particles
as well as some transition metal oxides (Schmid and Stoeger, 2016).
PMN is a strong indicator for lung inﬂammation and forming acute
phase response protein that cause plaque formation in the blood vessels
causing cardiovascular diseases (Saber et al., 2014; Thompson et al.,
2018). Koivisto et al. (2016) used the relation of surface area dose and
PMN inﬂux to predict ﬁrst order estimates of workers risk suffering pulmonary inﬂammation during an 8-h exposure. This is a potential technique to predict exposure risks of low solubility low toxicity particles
and transition metal and metal oxide particles by assessing inhaled surface area doses. Such relations between exposure and health effects
needs to be derived for different pollutants and their relevant health effects in order to select the best methods for on-line risk monitoring
techniques.
Microbial pollution in indoor air is traditionally estimated based on
total bacterial and fungal concentrations present in the air measured
as colony-forming units (CFU) m−3 by cultivation of air samples on
non-selective agar (ACGIH, 1986). Although this can be used as indication of air quality, human pathogens, capable of causing illness even in
low concentrations, may still be present. Identiﬁcation of potential
pathogens that could pose a health risk upon exposure and investigations of microbial diversity may therefore be crucial for assessment of
health effects. Speciﬁc pathogens can be measured as CFU m−3 by cultivation on selective medium or as genomic copies m−3 by using
molecular-based methods such as qPCR. Although, the latter lacks the
ability to differentiate between infectious and non-infectious organisms, it is often used for assessing exposure to non-culturable and
slow-growing microorganisms e.g. viruses (e.g. Uhrbrand et al., 2011,
2017a, 2017b). Bioaerosol diversity can be assessed as relative genomic
abundance m−3 of air by sequencing when viability is not important
(e.g. Madsen et al., 2015; Fang et al., 2018), while MALDI-TOF identiﬁcation can used be to quantitatively study the diversity of culturable bacteria and fungi as CFU m−3 (e.g. Uhrbrand et al., 2017a; Madsen et al.,
2016).
5.3. Assessment of particle emission rates
Currently, the source emission rate testing standards and guidelines
for airborne pollutants are designed mainly for gaseous emissions
(European Communities, 1991; ASTM, 1997, 2001). Particle emission
source characterization methods exists for well-controlled chamber
studies (e.g. Rauert et al., 2014; Morgeneyer et al., 2015; Torkmahalleh
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et al., 2017; Boor et al., 2017), as well as for measurements performed in
built environments, such as residential houses (He et al., 2004; Hussein
et al., 2005), classrooms (e.g. Bhangar et al., 2014), and occupational environments (Koivisto et al., 2014, 2018c). However, guidelines and standard methods for particle source characterization are needed for
assuring quality of the emission rate assessment and sampling and characterization of the physio-chemical properties of the released particles.
For bioaerosols, methods should be able to quantitatively detect and
discriminate between speciﬁc human pathogenic and non-pathogenic
micro-organisms (e.g. Uhrbrand et al., 2017a). Size-resolved particle
emission rates are needed for mass ﬂow analysis, and because there is
no clear consensus of relevant metrics, for particle hazard assessment
(EN ISO 28439; CEN FprEN 17058:2018 E). Procedures for determination of aerosolization of fungal spores using a particle-laboratory ﬁeld
emission cell has been developed and used for controlled human exposure assessments (Kildesø et al., 2003; Meyer et al., 2005).
5.4. Particle emission source descriptors and ontology
Reliability of an exposure assessment model depends on user inputs.
Thus, an ontology including all descriptors needs to be designed so that
the users can identify the processes and sources with reasonable accuracy. This requires agreement on emission rate assessment in biologically relevant metrics, measurement of particle properties, ontology
and descriptors for the processes causing emissions. A Danish EPA
(Miljøprojekt nr. 1800, Christensen et al., 2015) and the EU FP7 SUN
project (PF7, EC-GA No. 604305) developed a preliminary structure
for an particle emission library for articles and products containing
nanomaterials (Table 2). The emission library development continues
in the EU Nano Safety Cluster task force (https://www.
nanosafetycluster.eu/) by developing an ontology of the parameters
used to describe particle emission sources and revising the library format so that it meets the requirements for both human and environmental risk assessment. Harmonized ontology is needed for both source, i.e.
process, and the emissions reporting. The GRACIOUS project (EU H2020,
EC-GA No.760840) will continue the work by developing rules for
source read-across extrapolation for products containing
nanomaterials.

5.5. Exposure modeling
A comprehensive indoor exposure model compromising both gaseous and particle emissions from outdoors via ventilation, passive
sources (e.g. building materials), and processes (i.e. indoor activities)
can be used to understand most relevant exposure determinants. Outdoor exposure levels can be estimated from regulatory environmental
measurements and by using atmospheric air pollution models (e.g.
Hvidtfeldt et al., 2018; Jensen et al., 2017). The model can be combined
with the emission library and exposure control library where the user
can select correct parameters for describing indoor activity emissions.
Such models exist for gas pollutants, such as e.g. PANDORA, MOEEBIUS
or CONTAM, but models combined with comprehensive particle emission library are needed.
In model development, comprehensive aerosol measurements are
needed for model performance testing, calibration, and understanding
parameterization of different exposure scenarios for top-down modeling. Default exposure scenarios need to cover parameters such as building properties, sources, emission controls, and activities. Currently,
personal or environmental exposure modeling exclude gas-particle interactions mainly because the source emission compositions are rarely
well deﬁned (Hopke, 2016), and detection techniques of atmospheric
organic compounds suffer limitations (Nozière et al., 2015). However,
when the information becomes more available, there are relatively simple models applicable to estimate the phase of chemical species in an
aerosol using mass balance models (e.g. Liu et al., 2013; Liagkouridis
et al., 2014). Such processes are needed to estimate the uptake of
semi-volatile compounds, such as PAHs, where particles effect on the
semi-VOCs uptake. In addition, it is clear that in many indoor environments, it is likely that photochemically formed aerosol components
are readily available and may strongly contribute to the aerosol mass
and number as well as various removal processes.
5.6. Parameterization of dispersion model
The model needs to be parameterized by respecting the user needs
and available information with respect to the current exposure assessment standards. For example, the consumer exposure assessment

Table 2
Structure of the emission library designed in the SUN project. Colors indicate different descriptor groups.
Descriptor

Description

Study
Process
Process details
Process rate (g s−1)
Matrix
Matrix details
NM
NM vendor
NM product name
NM concentration (wt%)

Reference
Process overview
Description of process(es)
Material production, use, or removal rate
General description of the matrix
Description of the matrix
NM composition
NM manufacturer or supplier
NM name
NM concentration in the matrix
State of ENM(s): pristine, embedded into matrix, surface bound, incorporated,
impregnated, dispersion, surface bound, …
NM primary particle size or NM dimensions

NM state
MN PP size (nm)
Other information for materials and methods
Released fragments
Fragments density (g cm−3)
Notes
S (units s−1)
GMD (μm)
GSD
Dp,i
dSi (units s−1)
dlog(Dp,i)
Expected effect levels, limit values

Description of released fragments
Density of released particles
Relevant information regarding uncertainties, assumptions, and boundary
conditions
Emission rates where units can be number, surface area, or (respirable) mass.
Geometric mean diameter
Geometric standard deviation
Geometric mean diameter of size channel i
Emission rate of channel i
Logarithmic (10-based) width of size channel i
e.g. OEL, NOAEL (units m−3), IER (units m−3), dose-response (units g−1 bw−1),
where bw is body weight.

Descriptor group

Process descriptors

Material descriptors

Emission descriptors

Emission rates described with log-normal
distribution parameters
Emission rates measured values
Hazard descriptors
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should follow the ECHA R.15 recommendations where the room volume
is 20 m3 and the air exchange is 0.6 h−1. Model complexity can always
be reduced with parametrization, which is a beneﬁt of multicompartment models with complex ventilation designs. Nymark et al.
(in preparation) designed a default parameterization for an exposure
assessment along a Cooper-like stage-gate idea-to product launch
scheme as part of the EU H2020 caLIBRAte project (www.
nanocalibrate.eu). In their proposal, the parameterization complexity
of the source and dispersion model increases accordingly the knowledge of the product and exposure situation; the less information available, the more conservative the exposure prediction is. Such an
approach can enable material producers or product users to predict conservative estimates for worst-case material/application users for topdown exposure estimates, and vice versa, estimation of exposure levels
in well-deﬁned conditions.
Top-down exposure assessment is required when a material producer or importer assesses human exposure risks of material use in unspeciﬁed exposure scenarios. For such assessment, default personal
exposure scenarios (e.g. pouring ﬁller in a mixing tank) are needed,
which can be analogous to OECD emission scenario documents that
form the basis for estimating the concentration of chemicals in the environment (OECD, 2017). Default parameterization of the ventilation and
interzonal airﬂows in indoor exposure scenarios needs to be based on
measured values (U.S. EPA, 1994; Liu et al., 2018). Currently, in ECHA
R.14 and R.15 guidance, parameterization of the models is based on mutual agreement rather than measured values even though the data is
available (see Tables 3 and 4 for interzonal airﬂows and ventilation
rate in occupational settings and residences, respectively). Facilitating
exposure scenario development requires systematic measurement and
reporting methods, such as the Industrial Hygiene Exposure Scenario
Tool (IHEST), which is freely available and guides the exposure assessor
through the collection and documentation of these details (Arnold et al.,
2017). Further, it can be used to assess the critical exposure determinants used in mass balance models.

5.7. Regulatory exposure assessment
The U.S. EPA (2009) provides comprehensive guidance for a model
development and evaluation for a regulatory decision-making. Welldocumented and generally accepted models may be required if modeling results are used in an expert witness's scientiﬁc testimony. In the
USA, the Daubert standard is widely used to assess whether expert witnesses scientiﬁc testimony is methodologically valid (Daubert v. Merrell
Dow Pharmaceuticals, Inc., 509 U.S. 579, 1993; Raul and Dwyer, 2003).
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The standard provides ﬁve criteria that may be used to assess the validity of the methodology:
1) Is applicable and has been tested.
2) Has been subjected to peer review and is generally accepted.
3) The rate of error is known and acceptable.
4) The existence and maintenance of standards and controls
concerning the operation.
5) Is generally accepted in the relevant scientiﬁc community.
In regards to human exposure assessment, Jayjock et al. (2011) challenged the NF/FF model for these criteria in the context of an industrial
hygienist providing a testimony for gaseous pollution exposure assessment. The conclusion was that when the NF/FF model fulﬁls the Daubert
criteria and when it is used within its stated limitations, it simulates adequately the conditions. Later studies support this conclusion
(Hofstetter et al., 2013; Earnest and Corsi, 2013; Arnold et al., 2017).
Based on 63 case studies, the NF/FF model is shown to have good predictive power for PM exposure assessment as well when high quality input
values can be derived or are available (Table 1; Jayjock et al., 2011). The
single-compartment model has similarly been demonstrated to accurately predict exposures in well-mixed rooms and detailed knowledge
of emission rates and ventilation rates (Arnold et al., 2017; Arnold
et al., In Press). This provides strong indication that properly designed
and used models based on mathematical mass balance are applicable
for regulatory decision-making as well as juridical procedures when
representative measured exposure data is not available. Similarly, as
Jayjock et al. (2011) evaluated the NF/FF model regulatory acceptance
and recommended reviewing the exposure assessment tools used
under REACH regulation.
5.8. Impact on society
On a global scale air quality needs to be improved healthier for
humans and environment. Indoor air consisting of outdoor aerosols
and indoor aerosol emissions is a dominant exposure route for humans.
The impact of indoor sources on IAQ becomes increasingly more important as buildings become more airtight, ventilation air is recirculated
and new materials, products, and processes are being introduced
(McDonald et al., 2018). A holistic understanding of the emission
sources and dispersion of particles is needed for IAQ assessment and
management. Currently, there is no mandatory particle emission labelling for products or processes that people use in their everyday life. This
is one reason why determinants for IAQ are not well known. Systematic
mapping and reporting of the emission sources is needed for effective

Table 3
Default parameterization of the interzonal ﬂows in occupational exposure scenarios.
Source/location
Inter-zonal ventilation (β)
Indoor workplaces
Indoor workplaces
Ofﬁces
Naturally ventilated industrial
building with heat sources
Rooms ranging from 79 to 1137 m3
Simulation in industrial
environment
a
b
c

Study

Number of measurements

Face velocity/volume ﬂow through NF
volume.

Baldwin and
Maynard (1998)
Berry and Froude
(1989)
Thorshauge
(1982)
Wang et al.
(2016)
Keil and Zhao
(2017)
Keil (2015)

55 work areas within 27
different factories
16 workers in 6
workplaces
12 different ofﬁces

12 m min−1 (0.04–0.72 m min−1)
GMa 3.6 m min−1, GSDb 1.96
12 m min−1 (6–94 m min−1)c

4 locations

18–90 m min−1

Comments

3–24 m min−1

From 5 to 8 experiments in 4.0 m min−1 (0.33–15.6 m min−1)
12 rooms
34 (mid-room) and 27
GM 2.14 m3 min−1, GSD 1.81 (mid-room)
(side of room)
1.19 m3 min−1, GSD 1.54 (side of room)

Geometric mean (GM).
Geometric standard deviation (GSD).
Averages of static and personal measurements and excluding fume cupboard face velocity when used.

Effect of worker motion, room volume,
and general ventilation was studied
Robot arm simulating the work
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Table 4
Default parameterization of general ventilation and interzonal ﬂows in consumer exposure scenarios.
Source/location
General ventilation rates (QFF)
HouseDB database
Japan
Residence, summer, occupied
Residence, winter, occupied
Inter-zonal ventilation (β)
HouseDB database
Danish bedrooms
Danish residences
Swedish bedrooms
Basements and garages at Boston
Japan
a
b

Study

Number of measurements

GMa (h−1)/Range

GSDb

Jayjock and Havics (2018)
Shinohara et al. (2011)

603
26
8-weeks of continuous measurements
5-weeks of continuous measurements

0.39
0.38–1.4
0.47
0.33

1.8

603
500
5
390
45
26

0.51
0.46
0.36–1.67
0.31–0.47
1.1
0.42–1.6

2.05
2.08

Liu et al. (2018)

Jayjock and Havics (2018)
Bekö et al. (2010, 2011)
Bekö et al. (2016)
Bornehag et al. (2005)
Dodson et al. (2007)
Shinohara et al. (2011)

1.6
1.3

Geometric mean (GM).
Geometric standard deviation (GSD).

mitigation for air pollution in residences, public domains, and occupational environments. One potential measure might be an emission
index label for products, which is based on the fraction of material released per amount of processed material (mg kg−1). A measure for
product emissions is needed to make people aware of their role in a
clean ambient environment.
Emission libraries combined with mass balance models is applicable
for ﬁnding biologically relevant components for human health trough
epidemiological studies. A properly designed mass balance model
with well characterized sources, emission controls, and activities fulﬁls
requirements for regulatory exposure assessment and would be applicable for all particles from natural or incidental sources, as well as for
manufactured nanomaterials. Such tools would be widely applicable
for atmospheric research, epidemiological and toxicological studies, industry at both occupational hygiene and safe product development, and
public health and environmental professionals to understand exposure
determinants. Accuracy in exposure/risk assessment is needed to assure
a lower probability of underestimating or overestimating the human
health hazards associated with product use. The advantage of not
underestimating exposure/risk are obvious considering the precautionary principle, but the societal costs of overestimating and overregulating risk could also be grave.

6. Conclusions
Investment in good air quality is an efﬁcient way to increase quality
of life in both developed and developing countries. The most effective
approach to improve air quality is to prevent the emissions at the
source. This requires knowledge of the materials, processes, and activities that cause emissions. The best approach to identify aerosol emission
sources are systematic measurements, which are recorded into an emission library and made widely available for scientiﬁc and administrative
uses. When the pollution components and particle properties are sufﬁciently characterized, their impact on human health and the environment can be estimated; thus enabling efﬁcient risk control actions.
Currently, there exist mass balance models for estimating mass ﬂows
and dynamic transformations of gases and aerosols and libraries that
comprise mainly gaseous emissions (e.g. PANDORA) and exposure controls in work environments. Emission libraries for aerosol particles are
currently just emerging. For top-down modeling, we need exposure
scenarios to understand the potential impact of the sources to IAQ.
Good modeling methods based on mathematical mass balance have
been designed decades ago, which should be taken into efﬁcient use
(e.g. MOEEBIUS). The current need is to improve the model parameterization such that it reﬂects better the reality, which requires high quality
release rate data and exposure measurements for model testing. Good
knowledge of size-resolved particle and gas emission sources in

combination with well parameterized mass balance models give us
comprehensive picture of factors inﬂuencing our atmospheric
environment.

Acknowledgements
This project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement
No 760840 and was partly supported by Academy of Finland project
BATMAN (285672) and NordForsk under the Nordic Programme on
Health and Welfare project #75007 (NordicWelfAir), EU LIFE+ project
Index-Air (LIFE15 ENV/PT/000674) and intramural funding by the participating institutes. The authors also wish to thank Tiina Santonen
(Finnish Institute of Occupational Health) for her excellent comments.
References
Abadie, M.O., Blondeau, P., 2011. PANDORA database: a compilation of indoor air pollutant emissions. HVAC&R Res. 17, 602–613.
ACGIH committee activitites and reports "Bioaerosols: Airborne viable microorganisms in
ofﬁce environments: sampling protocol and analytical procedures". Appl. Ind. Hyg. 1,
1986 R19-R23.
Achilleos, S., Kioumourtzoglou, M.-A., Wu, C.-D., Schwartz, J.D., Koutrakis, P.,
Papatheodorou, S.I., 2017. Acute effects of ﬁne particulate matter constituents on
mortality: A systematic review and meta-regression analysis. Environ. Int. 109,
89–100.
AIHA, American Industrial Hygiene Association. 2009. Mathematical Models for Estimating Occupational Exposure to Chemicals 2nd edition. ISBN: 978-1-935082-10-1.
Alavy, M., Li, T., Siegel, J.A., 2018. Exploration of a long-term measurement approach for
air change rate. Build. Environ. 144, 474–481.
Arnold, S.F., Shao, Y., Ramachandran, G., 2017. Evaluation of the well mixed room and
near-ﬁeld far-ﬁeld models in occupational settings. J. Occup. Environ. Hyg.14, 694702.
Arnold, S.F., Kaup, H.D., Servadio, J., 2018. Estimating the evaporation rate and timevarying generation rate of acetic acid from an All-Purpose Floor Cleaner. (in Press).
Asikainen, A., Carrer, P., Kephalopoulos, S., de Oliveira, F.E., Wargocki, P., Hänninen, O.,
2016. Reducing burden of disease from residential indoor air exposures in Europe
(HEALTHVENT project). Environ. Health 15 1:35.
ASTM, 1997. Standard Guide for Small-Scale Environmental Chamber Determinations of
Organic Emissions from Indoor Materials/Products. D 5116-97. Society for Testing
and Materials, American.
ASTM, 2001. Standard Practice for Full-Scale Chamber Determination of Volatile Organic
Emissions from Indoor Materials/Products. D 6670-01. Society for Testing and Materials, American.
Baldwin, P., Maynard, A., 1998. A survey of wind speeds in indoor workplaces. Ann.
Occup. Hyg. 42, 303–313.
Bari, M.A., Kindzierski, W.B., Wallace, L.A., Wheeler, A.J., MacNeill, M., Héroux, M.È., 2015.
Indoor and Outdoor Levels and Sources of Submicron Particles (PM1) at Homes in Edmonton, Canada. Environ. Sci. Technol. 49, 6419-6429.
Bekö, G., Lund, T., Nors, F., Toftum, J., Clausen, G., 2010. Ventilation rates in the bedrooms
of 500 Danish children. Build. Environ. 45, 2289–2295.
Bekö, G., Toftum, J., Clausen, G., 2011. Modeling ventilation rates in bedrooms based on
building characteristics and occupant behavior. Build. Environ. 46, 2230–2237.
Bekö, G., Gustavsen, S., Frederiksen, M., Bergsøe, N.C., Kolarik, B., Gunnarsen, L., Toftum, J.,
Clausen, G., 2016. Diurnal and seasonal variation in air exchange rates and interzonal
airﬂows measured by active and passive tracer gas in homes. Build. Environ. 104,
178–187.

A.J. Koivisto et al. / Science of the Total Environment 668 (2019) 13–24
Berry, R.D., Froude, S., 1989. An investigation of wind conditions in the workplace to assess their affect on the quantity of dust inhaled. HSE Internal Report, IR/L/DS/89/3.
Bhangar, S., Huffman, J.A., Nazaroff, W.W., 2014. Size-resolved ﬂuorescent biological aerosol particle concentrations and occupant emissions in a university classroom. Indoor
Air 24, 604–617.
Boelter, F.E., Simmons, C.E., Berman, L., Scheff, P., 2009. Two-Zone Model Application to
Breathing Zone and Area Welding Fume Concentration Data. J. Occup. Environ. Hyg.
6 (5), 298–306.
Boor, B.E., Spilak, M.P., Laverge, J., Novoselac, A., Xu, Y., 2017. Human exposure to indoor
air pollutants in sleep microenvironments: A literature review. Build. Environ. 125,
528–555.
Bornehag, C.-G., Sundell, J., Hägerhed-Engman, L., Sigsgaard, T., 2005. Association between
ventilation rates in 390 Swedish homes and allergic symptoms in children. Indoor Air
15, 275–280.
Bourrous, S., Ribeyre, Q., Lintis, L., Yon, J., Bau, S., Thomas, D., Vallières, C., Ouf, F.-X., 2018.
A semi-automatic analysis tool for the determination of primary particle size, overlap
coefﬁcient and speciﬁc surface area of nanoparticles aggregates. J. Aerosol Sci. 120,
122–132.
Bowe, B., Xie, Y., Li, T., Yan, Y., Xian, H., Al-Aly, Z., 2018. The 2016 global and national burden of diabetes mellitus attributable to PM2.5 air pollution. Lancet Planet Health 2,
e301–e312.
Braakhuis, H.M., Cassee, F.R., Fokkens, P.H., de la Fonteyne, L.J., Oomen, A.G., Krystek, P., de
Jong, W.H., van Loveren, H., Park, M.V., 2016. Identiﬁcation of the appropriate dose
metric for pulmonary inﬂammation of silver nanoparticles in an inhalation toxicity
study. Nanotoxicology 10, 63–73.
Breum, N.O., Schneider, T., Jorgensen, O., Rasmussen, T.V., Eriksen, S.S., 2003. Cellulosic
building insulation versus mineral wool, ﬁberglass or perlite: installer’s exposure by
inhalation of ﬁbers, dust, endotoxin and ﬁre-retardant additives. Ann. Occup. Hyg.
47, 653–669.
Brook, R.D., Rajagopalan, S., Pope, C.A. 3rd, Brook, J.R., Bhatnagar, A., Diez-Roux, A.V.,
Holguin, F., Hong, Y., Luepker, R.V., Mittleman, M.A., Peters, A., Siscovick, D., Smith,
S.C. Jr, Whitsel, L., Kaufman, J.D., 2010. on behalf of the American Heart Association
Council on Epidemiology and Prevention, Council on the Kidney in Cardiovascular
Disease, and Council on Nutrition, Physical Activity and Metabolism. Particulate matter air pollution and cardiovascular disease: an update to the scientiﬁc statement
from the American Heart Association. Circulation 121, 2331–2378.
Brostrøm, A., Kling, K.I., Koponen, I.K., Hougaard, K.S., Kandler, K., Mølhave, K., 2019. Improving the foundation for particulate matter risk assessment by individual nanoparticle statistics from electron microscopy analysis. Sci. Rep. in review.
Brouwer, D.H., Links, I.H.M., De Vreede, S.A.F., Christopher, Y., 2006. Size selective dustiness and exposure; simulated workplace comparisons. Ann. Occup. Hyg. 50, 445–452.
Butler, O.T., Cairns, W.R.L., Cook, J.M., Davidsond, C.M., Mertz-Krause, R., 2018. Atomic
spectrometry update – a review of advances in environmental analysis. J. Anal. At.
Spectrom. 33, 8–56.
Butt, E.W., Turnock, S.T., Rigby, R., Reddington, C.L., Yoshioka, M., Johnson, J.S., Regayre,
L.A., Pringle, K.J., Mann, G.W., Spracklen, D.V., 2017. Global and regional trends in particulate air pollution and attributable health burden over the past 50 years. Environ.
Res. Lett. 12, 104017.
CEN FprEN 17058:2018 E, n.d.. Workplace exposure – Assessment of exposure by inhalation of nano-objects and their aggregates and agglomerates. Technical Committee
CEN/TC 137, Brussels.
Cepeda, M., Schoufour, J., Freak-Poli, R., Koolhaas, C.M., Dhana, K., Bramer, W.M., Franco,
O.H., 2017. Levels of ambient air pollution according to mode of transport: a systematic review. Lancet Public Health 2, e23–e34.
Chang, T., Ren, D., Shen, Z., Huang, Y., Sun, J., Cao, J., Zhou, J., Liu, H., Xu, H., Zheng, C., Pan,
H., He, C., 2017. indoor air pollution levels in decorated residences and public places
over Xi’an, China. Aerosol Air Qual. Res. 17, 2197–2205.
Chen, C., Zhao, B., 2011. Review of relationship between indoor and outdoor particles: I/O
ratio, inﬁltration factor and penetration factor. Atmos. Environ. 45, 275–288.
Chen, G., Li, S., Zhang, Y., Zhang, W., Li, D., Wei, X., He, Y., Bell, M.L., Williams, G., Marks,
G.B., Jalaludin, B., Abramson, M.J., Guo, Y., 2017. Effects of ambient PM1 air pollution
on daily emergency hospital visits in China: an epidemiological study. Lancet Planet
Health 1, e221–e229.
Cherrie, J.W., 1999. The effect of room size and general ventilation on the relationship between near and far-ﬁeld concentrations. Appl. Occup. Environ. Hyg. 14, 539–546.
Cherrie, J.W., Maccalman, L., Fransman, W., Tielemans, E., Tischer, M., Van Tongeren, M.,
2011. Revisiting the effect of room size and general ventilation on the relationship
between near- and far-ﬁeld air concentrations. Ann. Occup. Hyg. 55, 1006–1015.
Christensen, F.M., Koivisto, A.J., Kling, K.I., Jensen, A.C.Ø., Nørgaard, A.W., Brinch, A., Jensen,
K.A., 2015. Miljøprojekt nr. 1800. https://www2.mst.dk/Udgiv/publikationer/2015/
11/978-87-93352-93-3.pdf, Accessed date: 5 December 2018.
Crilley, L.R., Shaw, M., Pound, R., Kramer, L.J., Price, R., Young, S., Lewis, A.C., Pope, F.D.,
2018. Evaluation of a low-cost optical particle counter (Alphasense OPC-N2) for ambient air monitoring. Atmos. Meas. Tech. 11, 709–720.
Dodson, R.E., Levy, J.I., Shine, J.P., Spengler, J.D., Bennett, D.H., 2007. Multi-zonal air ﬂow
rates in residences in Boston, Massachusetts. Atmos. Environ. 41, 3722–3727.
Donaldson, K., Stone, V., Clouter, A., Renwick, L., MacNee, W., 2001. Ultraﬁne particles.
Occup. Environ. Med. 58, 211–216.
Earnest, C.M., Corsi, R.L., 2013. Inhalation exposure to cleaning products: application of a
two-zone model. J. Occup. Environ. Hyg. 10, 328–335.
EC, 2006 European Union Regulation No 1907/2006 of the European Parliament and
of the Council of 18 December 2006 concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH). Off. J. Eur. Communities L136,
3–280.
ECHA, Guidance on Information Requirements and Chemical Safety Assessment, 2016a,
Guidance on registration.

21

ECHA, Guidance on Information Requirements and Chemical Safety Assessment, 2016b,
Chapter R.14: Occupational exposure assessment.
EEA, European Environmental Agency. 2018. Air quality in Europe — 2018 report.
EN ISO 28439, Workplace atmospheres — Characterization of ultraﬁne aerosols/
nanoaerosols — Determination of the size distribution and number concentration
using differential electrical mobility analysing systems (ISO 28439).
European Communities, 1991. European Concerted Action Indoor Air Quality & Its Impact
on Man (EUR 13593), Guideline for the Characterization of Volatile Organic Compounds Emitted from Indoor Materials and Products Using Small Test Chambers. Report No. 8. COST Project 613. Ofﬁce for Publications of the European Communities,
Luxembourg.
Fadeel, B., Bussy, C., Merino, S., Vázquez, E., Flahaut, E., Mouchet, F., Evariste, L., Gauthier,
L., Koivisto, J., Vogel, U., Martín, C., Delogu, L.G., Buerki-Thurnherr, T., Wick, P., BeloinSaint-Pierre, D., Hischier, R., Pelin, M., Carniel, F.C., Tretiach, M., Cesca, F., Benfenati, F.,
Scaini, D., Ballerini, L., Kostarelos, K., Prato, M., Bianco, A., 2018. Safety Assessment of
Graphene-Based Materials: Focus on Human Health and the Environment. ACS Nano
12, 10582–10620.
Fang, Z., Guo, W., Zhang, J., Lou, X., 2018. Inﬂuence of Heat Events on the Composition of
Airborne Bacterial Communities in Urban Ecosystems. Int. J. Environ. Res. Public
Health 15, 2295.
Fransman, W., Schinkel, J., Meijster, T., Van Hemmen, J., Tielemans, E., Goede, H., 2008. Development and Evaluation of an Exposure Control Efﬁcacy Library (ECEL). Ann.
Occup. Hyg. 52, 567–575.
Fransman, W., Van Tongeren, M., Cherrie, J.W., Tischer, M., Schneider, T., Schinkel, J.,
Kromhout, H., Warren, N., Goede, H., Tielemans, E., 2011. Advanced REACH
Tool (ART): Development of the Mechanistic Model. Ann. Occup. Hyg. 55,
957–979.
Ganser, G.H., Hewett, P., 2017. Models for nearly every occasion: Part II - Two box models,
Journal of Occup. Environ. Hyg. 14, 58–71.
GBD, Global Burden of Disease. 2017a. Global, regional, and national comparative risk assessment of 84 behavioural, environmental and occupational, and metabolic risks or
clusters of risks, 1990–2016: a systematic analysis for the Global Burden of Disease
Study 2016. Lancet 390, 1345–422.
GBD, Global Burden of Disease. 2017b. Estimates and 25-year trends of the global burden
of disease attributable to ambient air pollution: an analysis of data from the Global
Burden of Diseases Study 2015. Lancet 389, 1907-1918.
Gelbard, F., Seinfeld, J.H., 1979. The general dynamic equation for aerosols. Theory
and application to aerosol formation and growth. J. Colloid Interface Sci. 68,
363–382.
Goede, H., Christopher-de Vries, Y., Kuijpers, E., Fransman, W., 2018. A Review of Workplace Risk Management Measures for Nanomaterials to Mitigate Inhalation and Dermal exposure. Ann. Work Expo. Health 62, 907–922.
Göhler, D., Gritzki, R., Rösler, M., Felsmann, C., Stintz, M., 2018. Estimation of Inhalation
Exposure on the Basis of Airborne Nanomaterial Release Data and Propagation
Modeling. ACS Sustain. Chem. Eng. 6, 9352–9359.
Guxens, M., Lubczyńska, M.J., Muetzel, R.L., Dalmau-Bueno, A., Jaddoe, V.W.V., Hoek, G.,
van der Lugt, A., Verhulst, F.C., White, T., Brunekreef, B., Tiemeier, H., El Marroun,
H., 2018. Air Pollution Exposure During Fetal Life, Brain Morphology, and Cognitive
Function in School-Age Children. Biol. Psychiatry 84, 295–303.
Hamilton, K.A., Weir, M.H., Haas, C.N., 2017. Dose response models and a quantitative microbial risk assessment framework for the Mycobacterium avium complex that account for recent developments in molecular biology, taxonomy, and epidemiology.
Water Res. 109, 310–326.
Harrison, P., Crump, D., Kephalopoulos, A., Yu, C., Däumling, C., Rousselle, C., 2011.
Harmonised regulation and labelling of product emissions – a new initiative by the
european commission. Indoor Built Environ. 20, 581–583.
He, C., Morawska, L., Hitchins, J., Gilbert, D., 2004. Contribution from indoor sources to
particle number and mass concentrations in residential houses. Atmos. Environ. 38,
3405–3415.
HEI, Health Effects Institute. 2017. State of Global Air. 2017. Special Report. Boston, MA:
Health Effects Institute.
Heitbrink, W., Todd, W., Cooper, T., O’Brien, D., 1990. The application of dustiness tests to
the prediction of worker dust exposure. Am. Ind. Hyg. Assoc. J. 51, 217–223.
Hemeon, W.C.L., 1955. Convection Ventilation Rate, in Plant and Process Ventilation. Industrial Press, Inc., New York, pp. 236–238.
Hewett, P., Ganser, G.H., 2017. Models for nearly every occasion: part I - one box models.
J. Occup. Environ. Hyg. 14, 49–57.
Hofstetter, E., Spencer, J.W., Hiteshew, K., Coutu, M., Nealley, M., 2013. Evaluation of recommended REACH exposure modeling tools and near-ﬁeld, far-ﬁeld model in
assessing occupational exposure to toluene from spray paint. Ann. Occup. Hyg. 57,
210–220.
Hopke, P.K., 2016. Review of receptor modeling methods for source apportionment. J. Air
Waste Manag. Assoc. 66, 237–259.
Howard-Reed, C., Polidoro, B., 2006. Database Tools for Modeling Emissions and Control
of Air Pollutants from Consumer Products, Cooking, and Combustion. National Institute of Standards and Technology, NISTIR 7364. Available: https://nvlpubs.nist.gov/
nistpubs/ir/2006/ir7364.pdf [accessed 5 December 2018]
Hristozov, D., Zabeo, A., Jensen, K.A., Gottardo, S., Isigonis, P., Maccalman, L., Critto, A.,
Marcomini, A., 2016. Demonstration of a modelling-based multi-criteria decision
analysis procedure for prioritisation of occupational risks from manufactured
nanomaterials. Nanotoxicology 10, 1215–1228.
Hristozov, D., Pizzol, L., Basei, G., Zabeo, A., Mackevica, A., Hansen, S.F., Gosens, I., Cassee,
F.R., de Jong, W., Koivisto, A.J., Neubauer, N., Sanchez Jimenez, A., Semenzin, E.,
Subramanian, V., Fransman, W., Jensen, K.A., Wohlleben, W., Stone, V., Marcomini,
A., 2018. Quantitative human health risk assessment along the lifecycle of nanoscale copper-based wood preservatives. Nanotoxicology 12, 747–765.

22

A.J. Koivisto et al. / Science of the Total Environment 668 (2019) 13–24

Hussein, T., Korhonen, H., Herrmann, E., Hämeri, K., Lehtinen, K.E.J., Kulmala, M., 2005.
Emission rates due to indoor activities: indoor aerosol model development, evaluation, and applications. Aerosol Sci. Technol. 39, 1111–1127.
Hussein, T., Löndahl, J., Paasonen, P., Koivisto, A.J., Petäjä, T., Hämeri, K., Kulmala, M., 2013.
Modeling Regional Inhaled Dose of Submicron Aerosol Particles. Sci. Total Environ.
458-460, 140–149.
Hussein, T., Wierzbicka, A., Löndahl, J., Lazaridis, M., Hänninen., 2015. Indoor aerosol
modeling for assessment of exposure and respiratory tract deposited dose. Atmos.
Environ. 106, 402–411.
Hvidtfeldt, U.A., Ketzel, M., Sørensen, M., Hertel, O., Khan, J., Brandt, J. Raaschou-Nielsen,
O., 2018. Evaluation of the Danish AirGIS air pollution modeling system against measured concentrations of PM2.5, PM10, and black carbon. Environ. Epidemiol. 2, e014.
IEA, International Energy Agency, 2016. Energy and Air Pollution: World Energy Outlook
Special Report. International Energy Agency, Paris, France Available:. https://www.
iea.org/publications/freepublications/publication/
WorldEnergyOutlookSpecialReport2016EnergyandAirPollution.pdf, Accessed date: 5
December 2018.
Jayjock, J., Havics, A.A., 2018. Residential inter-zonal ventilation rates for exposure modeling. J. Occup. Environ. Hyg. 5, 376–388.
Jayjock, M.A., Armstrong, T., Taylor, M., 2011. The Daubert Standard as applied to exposure assessment modeling using the two zone (NF/FF) model estimation of indoor
air breathing zone concentration as an example. J. Occup. Environ. Hyg. 8,
D114–D122.
Jensen, A.C.Ø., Levin, M., Koivisto, A.J., Kling, K.I., Saber, A.T., Koponen, I.K., 2015. Exposure
assessment of particulate matter from abrasive treatment of carbon and glass ﬁbrereinforced epoxy-composites - two case studies. Aerosol Air Qual. Res. 15,
1906–1916.
Jensen, S.S., Ketzel, M., Becker, T., Christensen, J., Brandt, J., Plejdrup, M., Winther, M.,
Nielsen, O.-K., Hertel, O., Ellermann, T., 2017. High resolution multi-scale air quality
modelling for all streets in Denmark. Transport Res. D-TR E. 52, 322–339.
Jensen, A.C.Ø., Dal Maso, M., Koivisto, A.J., Belut, E., Meyer-Plath, A., Van Tongeren, M.,
Jiménez, A.S., Tuinman, I., Domat, M., Toftum, J., Koponen, I.K., 2018. Comparison of
geometrical layouts for a multi-box aerosol model from a single-chamber dispersion
study. Environments 5, 52.
Johnson, T.J., Symonds, J.P.R., Olfert, J.S., 2013. Mass–mobility measurements using a centrifugal particle mass analyzer and differential mobility spectrometer. Aerosol Sci.
Technol. 47, 1215–1225.
Johnson, T.J., Olfert, J.S., Cabot, R., Treacy, C., Yurteri, C.U., Dickens, C., McAughey, J.,
Symonds, J.P.R., 2014. Steady-state measurement of the effective particle density of
cigarette smoke. J. Aerosol Sci. 75, 9–16.
Jones, R.M., Simmons, C.E., Boelter, F.W., 2011. comparing two-zone models of dust exposure. J. Occup. Environ. Hyg. 8, 513–519.
Kandler, K., Lieke, K., Benker, N., Emmel, C., Küpper, M., Müller-Ebert, D., Ebert, M.,
Scheuvens, D., Schladitz, A., Schütz, L., Weinbruch, S., 2011. Electron microscopy of
particles collected at Praia, Cape Verde, during the Saharan Mineral Dust Experiment:
particle chemistry, shape, mixing state and complex refractive index. Tellus B 63,
475–496.
Karagulian, F., Belis, C.A., Francisco, C., Dora, C., Prüss-Ustün, A.M., Bonjour, S., AdairRohani, H., Amann, M., 2015. Contributions to cities' ambient particulate matter
(PM) - A systematic review of local source contributions at global level. Atmos. Environ. 120, 475–483.
Keil, C.B., 2015. Experimental Measurements of Near-Source Exposure Modeling Parameters. J. Occup. Environ. Hyg. 12, 692–698.
Keil, C., Zhao, Y., 2017. Interzonal airﬂow rates for use in near-ﬁeld far-ﬁeld workplace
concentration modeling. J. Occup. Environ. Hyg. 14, 793–800.
Kephalopoulos, S., Arvanitis, A., Jayjock, M.A., 2005. Global CEM Net Report of the Workshop no. 2 on “Source Characterization, Transport and Fate”, Intra (Italy), 20-21 June
2005. ISBN 92-79-03673-4B B.
Kildesø, J., Würtz, H., Nielsen, K.F., Kruse, P., Wilkins, K., Thrane, U., Gravesen, S., Nielsen,
P.A., Schneider, T., 2003. Determination of fungal spore release from wet building materials. Indoor Air 13, 148–155.
Kling, K.I., Levin, M., Jensen, A.C.Ø.K., Jensen, A., Koponen, I.K., 2016. Size-resolved characterization of particles and ﬁbers released during abrasion of ﬁber-reinforced composite in a workplace inﬂuenced by ambient background sources. Aerosol Air Qual. Res.
16, 11–24.
Koivisto, A.J., Palomäki, J.E., Viitanen, A.-K., Siivola, K.M., Koponen, I.K., Mingzhou, Y.,
Kanerva, T., Norppa, H., Alenius, H.T., Hussein, T., Savolainen, K.M., Hämeri, K., 2014.
Range-ﬁnding risk assessment of inhalation exposure to nanodiamonds in a laboratory environment. Int. J. Environ. Res. Public Health 11, 5382–5402.
Koivisto, A.J., Jensen, A.C.Ø., Levin, M., Kling, K.I., Dal Maso, M., Nielsen, S.H., Jensen, K.A.,
Koponen, I.K., 2015a. Testing a Near Field/Far Field model performance for prediction
of particulate matter emissions in a paint factory. Environ. Sci.: Processes Impacts 17, 62.
Koivisto, A.J., Aromaa, M., Koponen, I.K.K., Fransman, W., Jensen, K.A., Mäkelä, J.M.,
Hämeri, K.J., 2015b. Workplace performance of a loose-ﬁtting powered air purifying
respirator during nanoparticle synthesis. J. Nanopart. Res. 17, 177.
Koivisto, A.J., Kling, K.I., Levin, M., Fransman, W., Gosens, I., Cassee, F.R., Jensen, K.A., 2016.
First order risk assessment for nanoparticle inhalation exposure during injection
molding of polypropylene composites and production of tungsten-carbide-cobalt
ﬁne powder based upon pulmonary inﬂammation and surface area dose. Nanoimpact
6, 30–38.
Koivisto, A.J., Jensen, A.C.Ø., Kling, K.I., Nørgaard, A., Brinch, A., Christensen, F., Jensen, K.,
2017. Quantitative material releases from products and articles containing
manufactured nanomaterials: Towards a release library. Nanoimpact 5, 119–132.
Koivisto, A.J., Jensen, A.C.Ø., Koponen, I.K., 2018a. The general ventilation multipliers calculated by using a standard Near-Field/Far-Field model. J. Occup. Environ. Hyg. 5,
D38–D43.

Koivisto, A.J., Bluhme, A.B., Kling, K.I., Fonseca, A.S., Redant, E., Andrade, F., Hougaard, K.S.,
Krepker, M., Prinz, O.S., Segal, E., Holländer, A., Jensen, K.A., Vogel, U., Koponen, I.K.,
2018b. Occupational exposure during handling and loading of halloysite nanotubes
– a case study of counting nanoﬁbers. Nanoimpact 10, 153–160.
Koivisto, A.J., Kling, K.I., Fonseca, A.S., Bluhme, A.B., Moreman, M., Yu, M., Costa, A.L.,
Giovanni, B., Ortelli, S., Fransman, W., Vogel, U., Jensen, K.A., 2018c. Dip coating of
air puriﬁer ceramic honeycombs with photocatalytic TiO2 nanoparticles: a case
study for occupational exposure. Sci. Total Environ. 630, 1283–1291.
Kuempel, E.D., Attﬁeld, M.D., Stayner, L.T., Castranova, V., 2014. Human and animal evidence supports lower occupational exposure limits for poorly-soluble respirable particles. Ann. Occup. Hyg. 58, 1–4.
Lamb, J., Hesse, S., Miller, B.G., MacCalman, L., Schroeder, K., Cherrie, J., van Tongeren, M.,
2015. Evaluation of Tier 1 Exposure Assessment Models under REACH (eteam)
Project-Final Overall Project Summary Report. Available: http://www.baua.de/de/
Publikationen/Fachbeitraege/F2303-D26-D28.html. [accessed 5 December 2018].
Landberg, H.E., Axmon, A., Westberg, H., Tinnerberg, H., 2017. A study of the validity of
two exposure assessment tools: Stoffenmanager and the advanced REACH tool.
Ann. Work Expo. Health. 61, 575–588.
Landberg, H.E., Westberg, H., Tinnerberg, H., 2018. Evaluation of risk assessment approaches of occupational chemical exposures based on models in comparison with
measurements. Saf. Sci. 109, 412–420.
Landrigan, P.J., Fuller, R., Acosta, N.J.R., Adeyi, O., Arnold, R., Basu, N.N., Baldé, A.B.,
Bertollini, R., Bose-O'Reilly, S., Boufford, J.I., Breysse, P.N., Chiles, T., Mahidol, C., CollSeck, A.M., Cropper, M.L., Fobil, J., Fuster, V., Greenstone, M., Haines, A., Hanrahan,
D., Hunter, D., Khare, M., Krupnick, A., Lanphear, B., Lohani, B., Martin, K., Mathiasen,
K.V., McTeer, M.A., Murray, C.J.L., Ndahimananjara, J.D., Perera, F., Potočnik, J., Preker,
A.S., Ramesh, J., Rockström, J., Salinas, C., Samson, L.D., Sandilya, K., Sly, P.D., Smith,
K.R., Steiner, A., Stewart, R.B., Suk, W.A., van Schayck, O.C.P., Yadama, G.N., Yumkella,
K., Zhong, M., 2018. The Lancet commission on pollution and health. Lancet 391,
462–512.
LaSIE, 2017 Laboratoire des Sciences de l’Ingénieur pour l’Environnement - UMR CNRS
7356. PANDORA website. Available: https://lasie.univ-larochelle.fr/PANDORA-AcomPilAtion-of-iNDoOR [accessed 5 Descember 2018].
Lee, E.G., Lamb, J., Savic, N., Basinas, I., Gasic, B., Jung, C., Kashon, M.L., Kim, J., Tischer, M.,
van Tongeren, M., Vernez, D., Harper, M., 2018a. Evaluation of Exposure Assessment
Tools under REACH: Part I—Tier 1 Tools. https://doi.org/10.1093/annweh/wxy091
[Epub ahead of print].
Lee, E.G., Lamb, J., Savic, N., Basinas, I., Gasic, B., Jung, C., Kashon, M.L., Kim, J., Tischer, M.,
van Tongeren, M., Vernez, D., Harper, M., 2018b. Evaluation of exposure assessment
tools under REACH: part II—higher tier tools. Ann Work Expo Health. https://doi.
org/10.1093/annweh/wxy098 [Epub ahead of print].
Lehtomäki, H., Korhonen, A., Asikainen, A., Karvosenoja, N., Kupiainen, K., Paunu, V.,
Savolahti, M., Soﬁev, M., Palamarchuk, Y., Karppinen, A., Kukkonen, J., Hänninen, O.,
2018. Health Impacts of Ambient Air Pollution in Finland. Int. J. Environ. Res. Public
Health 15, 736.
Lemfack, M.C., Gohlke, B.-O., Toguem, S.M.T., Preissner, S., Piechulla, B., Preissner, R., 2018.
mVOC 2.0: a database of microbial volatiles. Nucleic Acids Res. 46, D1261–D1265.
Levin, M., Koponen, I.K., Jensen, K.A., 2014. Release and exposure assessment of four pharmaceutical powders based on dustiness and evaluation of damaged HEPA ﬁlters.
J. Occup. Environ. Hyg. 11, 165–177.
Li, Z., Wen, Q., Zhang, R., 2017. Sources, health effects and control strategies of indoor ﬁne
particulate matter (PM2.5): a review. Sci. Total Environ. 586, 610–622.
Liagkouridis, I., Cousins, I.T., Cousins, A.P., 2014. Emissions and fate of brominated ﬂame
retardants in the indoor environment: a critical review of modelling approaches.
Sci. Total Environ. 491–492, 87–99.
Liang, C.-S., Duana, F.-K., He, K.-B., Ma, Y.-L., 2016. Review on recent progress in observations, source identiﬁcations and countermeasures of PM2.5. Environ. Int. 86,
150–170.
Licina, D., Tian, Y., Nazaroff, W.W., 2017. Inhalation intake fraction of particulate matter
from localized indoor emissions. Build. Environ. 123, 14–22.
Lieke, K., Kandler, K., Scheuvens, D., Emmel, C., Von Glahn, C., Petzold, A., Weinzierl, B.,
Veira, A., Ebert, M., Weinbruch, S., Schütz, L., 2011. Particle chemical properties in
the vertical column based on aircraft observations in the vicinity of Cape Verde
Islands. Tellus B 63, 497–511.
Liu, C., Shi, S., Weschler, C., Zhao, B., Zhang, Y., 2013. Analysis of the dynamic interaction
between SVOCs and airborne particles. Aerosol Sci. Technol. 47, 125–136.
Liu, Y., Misztal, P.K., Xiong, J., Tian, Y., Arata, C., Nazaroff, W.W., Goldstein, A.H., 2018. Detailed investigation of ventilation rates and airﬂow patterns in a northern California
residence. Indoor Air 28, 572–584.
Lopez, R., Lacey, S.E., Jones, E.M., 2015. Application of a two-zone model to estimate medical laser-generated particulate matter exposures. J. Occup. Environ. Hyg. 12,
309–313.
Madsen, A.M., Zervas, A., Tendal, K., Nielsen, J.L., 2015. Microbial diversity in bioaerosol
samples causing ODTS compared to reference bioaerosol samples as measured
using Illumina sequencing and MALDI-TOF. Environ. Res. 140, 255-267.
Madsen, A., Alwan, T., Ørberg, A., Uhrbrand, K., Jørgensen, M.B., 2016. Waste workers’ exposure to airborne fungal and bacterial species in the truck cab and during waste collection. Ann. Occup. Hyg. 60, 651–668.
Malmborg, V.B., Eriksson, A.C., Török, S., Zhang, Y., Kling, K., Fortner, E.C., Gren, L., Kook, S.,
Onasch, T.B., Bengtsson, P.-E., Pagels, J., 2019. Relating aerosol mass spectra to composition and nanostructire of soot particles. Carbon 142, 535–546.
Marquart, H., Heussen, H., Le Feber, M., Noy, D., Tielemans, E., Schinkel, J., West, J., Van Der
Schaaf, D., 2008. 'Stoffenmanager', a web-based control banding tool using an exposure process model. Ann. Occup. Hyg. 52, 429–441.
Mbareche, H., Veillette, M., Bonifait, L., Dubuis, M.E., Benard, Y., Marchand, G., Bilodeau,
G.J., Duchaine, C., 2017. A next generation sequencing approach with a suitable

A.J. Koivisto et al. / Science of the Total Environment 668 (2019) 13–24
bioinformatics workﬂow to study fungal diversity in bioaerosols released from two
different types of composting plants. Sci. Total Environ. 601-602, 1306–1314.
McClellan, R.O., 2002. Setting ambient air quality standards for particulate matter. Toxicology 181-182, 329–347.
McDonald, B.C., de Gouw, J.A., Gilman, J.B., Jathar, S.H., Akherati, A., Cappa, C.D., Jimenez,
J.L., Lee-Taylor, J., Hayes, P.L., McKeen, S.A., Cui, Y.Y., Kim, S.W., Gentner, D.R.,
Isaacman-VanWertz, G., Goldstein, A.H., Harley, R.A., Frost, G.J., Roberts, J.M.,
Ryerson, T.B., Trainer, M., 2018. Volatile chemical products emerging as largest petrochemical source of urban organic emissions. Science 359, 760–764.
McMurry, P.H., Wang, X., Park, K., Ehara, K., 2002. The relationship between mass and mobility for atmospheric particles: a new technique for measuring particle density.
Aerosol Sci. Technol. 36, 227–238.
Meyer, H.W., Jensen, K.A., Nielsen, K.F., Kildesø, J., Norn, S., Permin, H., Poulsen, L.K.,
Malling, H.J., Gravesen, S., Gyntelberg, F., 2005. Double blind placebo controlled exposure to moulds: exposure system and clinical results. Indoor Air 15, 73–80.
Moitra, S., Puri, R., Paul, D., Huang, Y.C., 2015. Global perspectives of emerging occupational and environmental lung diseases. Curr. Opin. Pulm. Med. 21, 114–120.
Mølgaard, B., Koivisto, A.J., Hussein, T., Hämeri, K., 2014. Performance of portable indoor
air cleaners. Aerosol Sci. Technol. 48, 409–417.
Morawska, L., Ayoko, G.A., Bae, G.N., Buonanno, G., Chao, C.Y.H., Clifford, S., Fu, S.C.,
Hänninen, O., He, C., Isaxon, C., Mazaheri, M., Salthammer, T., Waring, M.S.,
Wierzbicka, A., 2017. Airborne particles in indoor environment of homes, schools, ofﬁces and aged care facilities: the main routes of exposure. Environ. Int. 108, 75–83.
Morgeneyer, M., Shandilya, N., Chen, Y.-M., Le Bihan, O., 2015. Use of a modiﬁed Taber
abrasion apparatus for investigating the complete stress state during abrasion and
in-process wear particle aerosol generation. Chem. Eng. Res. Des. 93, 251–256.
Mukherjee, A., Agrawal, M., 2017. World air particulate matter: sources, distribution and
health effects. Environ. Chem. Lett. 15, 283–309.
Nazaroff, W.W., 1989. Mathematical modeling and control of pollutant dynamics in indoor air. Dissertation (Ph.D.), California Institute of Technology. Available: http://thesis.library.caltech.edu/576/. [accessed 5 Descember 2018]
Nel, A., 2005. Air pollution-related illness: effects of particles. Science 308, 804–806.
Nicas, M., 1996. Estimating exposure intensity in an imperfectly mixed room. Am. Ind.
Hyg. Assoc. J. 57, 542–550.
Noël, A., Truchon, G., Cloutier, Y., Charbonneau, M., Maghni, K., Tardif, R., 2017. Mass or
total surface area with aerosol size distribution as exposure metrics for inﬂammatory,
cytotoxic and oxidative lung responses in rats exposed to titanium dioxide nanoparticles. Toxicol. Ind. Health 33, 351–364.
Nozière, B., Kalberer, M., Claeys, M., Allan, J., D'Anna, B., Decesari, S., Finessi, E., Glasius, M.,
Grgić, I., Hamilton, J.F., Hoffmann, T., Iinuma, Y., Jaoui, M., Kahnt, A., Kampf, C.J.,
Kourtchev, I., Maenhaut, W., Marsden, N., Saarikoski, S., Schnelle-Kreis, J., Surratt,
J.D., Szidat, S., Szmigielski, R., Wisthaler, A., 2015. The molecular identiﬁcation of organic compounds in the atmosphere: state of the art and challenges. Chem. Rev.
115, 3919–3983.
Nymark, P., Bakker, M., Dekkers, S., Franken, R., Fransman, W., García-Bilbao, A.,
Gulumian, M., Hadrup, N., Halappanavar, S., Hongisto, V., Hougaard, K.S., Jensen,
K.A., Kohonen, P., Koivisto, A.J., dal Maso, M., Oosterwijk, T., Poikkimäki, M.,
Rodriguez-Llopis, I., Stierum, R., Birkelund Sørli, J., Grafström, R., 2019. Applicability
of new approach methodologies to innovation and safety assessment of
nanomaterials. In preparation.
Oberdörster, G., 2001. Pulmonary effects of inhaled ultraﬁne particles. Int. Arch. Occup.
Environ. Health 74, 1–8.
OECD, Organization of Economic Cooperation and Development. 2014. The Cost of Air
Pollution: Health Impacts of Road Transport. Paris:OECD Publishing. Available: doi:
https://doi.org/10.1787/9789264210448-en [accessed 5 Descember 2018].
OECD, Organization of Economic Cooperation and Development. 2017. Introduction to
Emission Scenario Documents. Available: http://www.oecd.org/env/ehs/risk-assessment/introductiontoemissionscenariodocuments.htm [accessed 5 December 2018].
OMB (U.S. Ofﬁce of Management and Budget). 2015. “2015 Report to Congress on the
Beneﬁts and Costs of Federal Regulations and Agency Compliance with the Unfunded
Mandates Reform Act.” https://obamawhitehouse.archives.gov/sites/default/ﬁles/
omb/inforeg/2015_cb/2015-cost-beneﬁt-report.pdf [accessed 5 Descember 2018].
Pernigotti, D., Belis, C.A., Spanò, L., 2016. SPECIEUROPE: the European data base for PM
source proﬁles. Atmos. Pollut. Res. 7, 307–314.
Peters, A., Wichmann, H.E., Tuch, T., Heinrich, J., Heyder, J., 1997. Respiratory effects are
associated with the number of ultraﬁne particles. Am. J. Respir. Crit. Care Med. 155,
1376–1383.
Pizzol, L., Hristozov, D., Zabeo, A., Basei, G., Wohlleben, W., Koivisto, A.J., Jensen, K.A.,
Fransman, W., Stone, V., Marcomini, A., 2019. SUNDS probabilistic human health
risk assessment methodology and its application to organic pigment used in the automotive industry. Nanoimpact 13, 26–36.
Politis, M., Pilinis, C., Lekkas, T.D., 2008. Ultraﬁne particles (UFP) and health effects. Dangerous. Like no other PM? Review and analysis. Global NEST J. 10, 439–452.
Pope 3rd, C.A., Cohen, A.J., Burnett, R.T., 2018. Cardiovascular Disease and Fine Particulate
Matter: Lessons and Limitations of an Integrated Exposure-Response Approach. Circ.
Res. 122, 1645–1647.
Ramachandran, G., 2005. ExposureModeling. In Occupational Exposure Assessment for
Air Contaminants, J. Perkins (Ed.). Boca Raton, FL:CRCPress, Taylor&Francis Group.
Rauert, C., Lazarov, B., Harrad, S., Covaci, A., Stranger, M., 2014. A review of chamber experiments for determining speciﬁc emission rates and investigating migration pathways of ﬂame retardants. Atmos. Environ. 82, 44–55.
Raul, A.C., Dwyer, J.Z., 2003. Regulatory Daubert: A Proposal to enhance judicial review of
agency science by incorporating Daubert principles in administrative law. Law and
Contemporary Problems 66: 4, Science in the Regulatory Process, pp. 7-44.
Ribalta, C., Koivisto, A.J., López-Lilao, A., Estupiñá, S., Minguillón, M.C., Monfort, E., Viana,
M., 2019. Testing the performance of one and two box models as tools for risk

23

assessment of particle exposure during packing of inorganic fertilizer. Sci. Total Environ. 650, 2423–2436.
Rim, D., Novoselac, A., 2009. Transport of particulate and gaseous pollutants in the vicinity
of a human body. Build. Environ. 44, 1840–1849.
Rissler, J., Messing, M.E., Malik, A.I., Nilsson, P.T., Nordin, R.Z., Bohgard, M., Sanati, M.,
Pagels, J.H., 2012. Effective density characterization of soot agglomerates from various
sources and comparison to aggregation theory. Aerosol Sci. Technol. 47, 792–805.
Rissler, J., Nordin, E.Z., Eriksson, A.C., Nilsson, P.T., Frosch, M., Sporre, M.K., Wierzbicka, A.,
Svenningsson, B., Löndahl, J., Messing, M.E., Sjogren, S., Hemmingsen, J.G., Loft, S.,
Pagels, J.H., Swietlicki, E., 2014. Effective density and mixing state of aerosol particles
in a near-trafﬁc urban environment. Environ. Sci. Technol. 48, 6300–6308.
Rönkkö, T., Kuuluvainen, H., Karjalainen, P., Keskinen, J., Hillamo, R., Niemi, J.V., Pirjola, L.,
Timonen, H.J., Saarikoski, S., Saukko, E., Järvinen, A., Silvennoinen, H., Rostedt, A., Olin,
M., Yli-Ojanperä, J., Nousiainen, P., Kousa, A., Dal Maso, M., 2017. Trafﬁc is a major
source of atmospheric nanocluster aerosol. PNAS 114, 7549–7554.
Saber, A.T., Jacobsen, N.R., Jackson, P., Poulsen, P.S., Kyjovska, Z.O., Halappanavar, S., Yauk,
S.L., Wallin, H., Vogel, U., 2014. Particle-induced pulmonary acute phase response
may be the causal link between particle inhalation and cardiovascular disease.
Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 6, 517–531.
Salthammer, T., Uhde, E., Schripp, T., Schieweck, A., Morawska, L., Mazaheri, M., Clifford, S.,
He, C., Buonanno, G., Querol, X., Viana, M., Kumar, P., 2016. Children's well-being at
schools: complex interdependency between air pollution, temperature and underlying energy considerations. Environ. Int. 94, 196–210.
Savic, N., Racordon, D., Buchs, D., Gasic, B., Vernez, D., 2016. TREXMO: a translation tool to
support the use of regulatory occupational exposure models. Ann. Occup. Hyg. 60,
991–1008.
Savic, N., Gasic, B., Schinkel, J., Vernez, D., 2017. Comparing the advanced REACH tool’s
(ART) estimates with Switzerland’s occupational exposure data. Ann Work Expo
Health. 61, 954–964.
Scheuvens, D., Kandler, K., Küpper, M., Lieke, K., Zorn, S.R., Ebert, M., Schütz, L.,
Weinbruch, S., 2011. Individual-particle analysis of airborne dust samples collected
over Morocco in 2006 during SAMUM 1. Tellus B 63, 512–530.
Schinkel, J., Warren, N., Fransman, W., van Tongeren, M., McDonnell, P., Voogd, E., Cherrie,
J.W., Tischer, M., Kromhout, H., Tielemans, E., 2011. Advanced REACH Tool (ART): calibration of the mechanistic model. J. Environ. Monit. 13, 1374.
Schmid, O., Stoeger, T., 2016. Surface area is the biologically most effective dose metric for
acute nanoparticle toxicity in the lung. J. Aerosol Sci. 99, 133–143.
Schneider, T., Jensen, K.A., 2009. Relevance of aerosol dynamics and dustiness for personal
exposure to manufactured nanoparticles. J. Nanopart. Res. 11, 1637–1650.
Schuetz, L., 1989. Atmospheric Mineral Dust - Properties and Source Markers. In: Leinen
M., Sarnthein M. (eds) Paleoclimatology and Paleometeorology: Modern and Past
Patterns of Global Atmospheric Transport. NATO ASI Series (Series C: Mathematical
and Physical Sciences), vol 282. Springer, Dordrecht.
Seaton, A., MacNee, W., Donaldson, K., Godden, D., 1995. Particulate air pollution and
acute health effects. Lancet 345, 176–178.
Secrest, M.H., Schauer, J.J., Carter, E.M., Baumgartner, J., 2017. Particulate matter chemical
component concentrations and sources in settings of household solid fuel use. Indoor
Air 27, 1052–1066.
Seinfeld, J., Pandis, S.N., 2016. Atmospheric Chemistry and Physics: From Air Pollution to
Climate Change. Wiley, New York.
Shinohara, N., Kataoka, T., Takamine, K., Gamo, M., 2011. Distribution and variability of
the 24-h average air exchange rates and interzonal ﬂow rates in 26 Japanese residences in 5 seasons. Atmos. Environ. 45, 3548–3552.
Shiraiwa, M., Selzle, K., Pöschl, U., 2012. Hazardous components and health effects of atmospheric aerosol particles: reactive oxygen species, soot, polycyclic aromatic compounds and allergenic proteins. Free Radic. Res. 46, 927–939.
Spinazzè, A., Lunghini, F., Campagnolo, D., Rovelli, S., Locatelli, M., Cattaneo, A., Cavallo,
D.M., 2017. Accuracy evaluation of three modelling tools for occupational exposure
assessment. Ann. Work Expo. Health. 61, 284–298.
Streets, D.G., Yan, F., Chin, M., Diehl, T., Mahowald, N., Schultz, M., Wild, M., Wu, Y., Yu, C.,
2009. Anthropogenic and natural contributions to regional trends in aerosol optical
depth, 1980–2006. J. Geophys. Res. 114, D00D18.
Sung, G., Ha, S., Kwon, S.B., Kim, T., 2017. Reduction of ultraﬁne particles emission from
ofﬁce laser printers. J. Aerosol Sci. 103, 15–23.
Teunis, P.F.M., Moe, C.L., Liu, P., Miller, S.E., Lindesmith, L., Baric, R.S., Le Pendu, J., Calderon,
R.L., 2008. Norwalk virus: how infectious is it? J. Med. Virol. 80, 1468–1476.
The World Bank and Institute for Health Metrics and Evaluation, 2016. The Cost of Air Pollution: Strengthening the Economic Case for Action. World Bank, Washington, DC
Available:. http://documents.worldbank.org/curated/en/781521473177013155/pdf/
108141-REVISED-Cost-of-PollutionWebCORRECTEDﬁle.pdf, Accessed date: 5 December 2018.
Thompson, C.M., Suh, M., Mittal, L., Wikoff, D.S., Welsh, B., Proctor, D.M., 2016. Development of linear and threshold no signiﬁcant risk levels for inhalation exposure to titanium dioxide using systematic review and mode of action considerations. Regul.
Toxicol. Pharmacol. 80, 60–70.
Thompson, J.C., Wilson, P.G., Shridas, P., Ji, A., de Beer, M., de Beer, F.C., Webb, N.R.,
Tannock, L.R., 2018. Serum amyloid A3 is pro-atherogenic. Atherosclerosis 268,
32–35.
Thorshauge, J., 1982. Air-velocity ﬂuctuations in the occupied zone of ventilated spaces.
ASHRAE Trans. 88, 753–764.
Thurston, G.D., Kipen, H., Annesi-Maesano, I., Balmes, J., Brook, R.D., Cromar, K., De
Matteis, S., Forastiere, F., Forsberg, B., Frampton, M.W., Grigg, J., Heederik, D., Kelly,
F.J., Kuenzli, N., Laumbach, R., Peters, A., Rajagopalan, S.T., Rich, D., Ritz, B., Samet,
J.M., Sandstrom, T., Sigsgaard, T., Sunyer, J., Brunekreef, B., 2017. A joint ERS/ATS policy statement: what constitutes an adverse health effect of air pollution? An analytical framework. Eur. Respir. J. 49, 1600419.

24

A.J. Koivisto et al. / Science of the Total Environment 668 (2019) 13–24

van Tongeren, M., Lamb, J., Cherrie, J.W., MacCalman, L., Basinas, I., Hesse, S., 2017. validation of lower tier exposure tools used for REACH: comparison of tools estimates with
available exposure measurements. Ann Work Expo Health. 61, 921–938.
Torkmahalleh, M.A., Gorjinezhad, S., Unluevcek, H.S., Hopke, P.K., 2017. Review of factors
impacting emission/concentration of cooking generated particulate matter. Sci. Total
Environ. 586, 1046–1056.
Touchie, M.F., Siegel, J.A., 2018. Residential HVAC runtime from smart thermostats: characterization, comparison, and impacts. Indoor Air 905–915.
Tsang, M.P., Hristozov, D., Zabeo, A., Koivisto, A.J., Jensen, A.C.Ø., Jensen, K.A., Pang, C.,
Marcomini, A., Sonnemann, G., 2017. Probabilistic risk assessment of emerging materials: case study of titanium dioxide nanoparticles. Nanotoxicology 11, 558–568.
Tyler, C.R., Zychowski, K.E., Sanchez, B.N., Rivero, V., Lucas, S., Herbert, G., Liu, J., Irshad, H.,
McDonald, J.D., Bleske, B.E., Campen, M.J., 2016. Surface area-dependence of gasparticle interactions inﬂuences pulmonary and neuroinﬂammatory outcomes. Part.
Fibre Toxicol. 13, 64.
U.S. EPA, United States Environmental Protection Agency. (1994). Report of the Agency
Task Force on Environmental Regulatory Modeling: Guidance, Support Needs, Draft
Criteria and Charter. EPA-500-R-94-001. Washington, D.C.: U.S. Environmental Protection Agency.
U.S. EPA, United States Environmental Protection Agency. (2009). Guidance on the Development, Evaluation, and Application of Environmental Models. EPA/100/K-09/003.
Ofﬁce of the Science Advisor, Council for Regulatory Environmental Modeling.
United States Environmental Protection Agency.
Uhrbrand, K., Schultz, A.C., Madsen, A.M., 2011. Exposure to airborne norovirus and other
bioaerosols at a wastewater treatment plant in Denmark. Food Environ. Virol. 3,
130–137.
Uhrbrand, K., Schultz, A.C., Koivisto, A.J., Nielsen, U., Madsen, A.M., 2017a. Assessment of
airborne bacteria and noroviruses in air emission from a new highly-advanced hospital wastewater treatment plant. Water Res. 112, 110–119.

Uhrbrand, K., Koponen, I.K., Schultz, A.C., Madsen, A.M., 2017b. Evaluation of samplers and
ﬁlter materials for collection and recovery of airborne norovirus. J. Appl. Microbiol.
124, 990–1000.
Viitanen, A.-K., Uuksulainen, S., Koivisto, A.J., Hämeri, K., Kauppinen, T., 2017. Workplace
measurements of ultraﬁne particles - a literature review. Ann. Work Expo. Health 61,
749–758.
Wang, J., Bahk, Y.K., Chen, S.-C., Pui, D.Y.H., 2015. Characteristics of airborne fractal-like
agglomerates of carbon nanotubes. Carbon 93, 441–450.
Wang, Y., Gao, J., Xing, X., Liu, Y., Meng, X., 2016. Measurement and evaluation of indoor
thermal environment in a naturally ventilated industrial building with high temperature heat sources. Build. Environ. 96, 35–45.
Weinbruch, S., Benker, N., Kandler, K., Schütze, K., Kling, K., Berlinger, B., Thomassen, Y.,
Drotikova, T., Kallenborn, R., 2018. Source identiﬁcation of individual soot agglomerates in Arctic air by transmission electron microscopy. Atmos. Environ. 172, 47–54.
WHO, World Health Organization. 2016. Ambient air pollution: A global assessment of
exposure and burden of disease. http://apps.who.int/iris/bitstream/10665/250141/
1/9789241511353-eng.pdf?ua=1 [accessed 5 December 2018].
Wu, T., Täubel, M., Holopainen, R., Viitanen, A.K., Vainiotalo, S., Tuomi, T., Keskinen, J.,
Hyvärinen, A., Hämeri, K., Saari, S.E., Boor, B.E., 2018. Infant and adult inhalation exposure to resuspended biological particulate matter. Environ. Sci. Technol. 52,
237–247.
Yu, C.W.F., Kim, J.T., 2013. Photocatalytic oxidation for maintenance of indoor environmental quality. Indoor Built Environ. 22, 39–51.
Zhao, J., Weinhold, K., Merkel, M., Schmidt, A., Schlecht, S., Tuch, T., Wehner, B., Birmili, W.,
Wiedensohler, A., 2018. Concept of high quality simultaneous measurements of the
indoor and outdoor aerosol to determine the exposure to ﬁne and ultraﬁne particles
in private homes. Gefahrst. Reinhalt. L. 3, 73–78.

