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ABSTRACT

Aerosol particle research is motivated by the negative influence of particles on
human health and air quality, as well as their impact on climate. Despite
overwhelming evidence of their serious potential to do harm, only very few places
have particle concentrations that do not exceed guideline values. To reduce particle
pollution, we must also understand their sources. For these reasons, air quality
monitoring is still of utmost importance. The World Health Organization provides
guideline values for particle mass concentration, but many studies now point out that
particle surface area concentration and particle number concentration may be crucial

in determining the toxicity of a particle population.

This thesis presents aerosol measurement methods which are based on the
electrical detection of aerosol particles, building up to the presentation of a novel
electrical measurement method. The background section provides an overview of
why different methods and metrics are necessary for aerosol measurement, and
summarizes current knowledge on particle charging, both naturally in ambient air
and through purposeful diffusion charging. The results first present electrical
measurement methods in comparison to traditional filter-based techniques. Then
electrical methods are employed in different surroundings to measure lung-
depositing surface area (LDSA) and the LDSA concentration is compared to the
particle mass concentration. Cheaper, sensor-type instruments for LDSA
measurement are also evaluated in comparison to more expensive research grade
instrumentation. Finally, the thesis presents the new measurement method, based on
employing the natural charge of particles.

Based on the results presented in this thesis, sensor-type measurements are
dependable for long-term particle monitoring; however, more intensive
measurements are required as well, and sensors must be chosen to fit the monitored
environment. For example, measurements in a roadside environment near Delhi and
in Helsinki revealed that both particle concentrations and particle distributions differ
significantly. Employing the novel measurement method in highly polluted air
revealed that particle charging with a charger is unnecessary for detection, as the

naturally occurring charge is enough for detection and monitoring,.
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TIVISTELMA

Aerosolihiukkasia  tutkitaan erityisesti hiukkasten haitallisten terveys- ja
ilmanlaatuvaikutusten, sekd ilmastokytkOksen takia. Vaikka tutkimustietoa
haittavaikutuksista terveydelle on runsaasti, vain harvoilla alueilla hiukkaspitoisuudet
ovat terveelliselle ilmalle vaadituissa rajoissa. Hiukkaspdistdjen vihentimiseksi
tdytyy my6s tuntea niiden lihteet. Siksi edelleen on tarve pitkaaikaisille hiukkasten
mittausmenetelmille.  Maailmanterveysjirjest6 WHO  maddirittelee  toistaiseksi
suositeltavia maksimipitoisuuksia vain hiukkasten massalle, mutta uusimpien
tutkimusten mukaan hiukkasten pinta-ala tai lukumiaird saattavat olla terveyden
kannalta ratkaisevassa roolissa.

Tissa tyossa esitellddn eri aerosolimittausmenetelmid, jotka perustuvat hiukkasten
sihkoiseen havainnointiin. TyOssd lihdetiin olemassa olevista menetelmistd ja
esitellidan lopuksi uusi, hiukkasten luonnolliseen varaukseen perustuva
mittausmenetelmi. Teoriaosuudessa taustoitetaan tarvetta erilaisille menetelmille ja
mittausmetriikoille, sekd tiivistetddn nykytietimys hiukkasten varautumisesta niin
ilmakehdssid kuin varaajissa. Tuloksissa esitelliin ensin perinteisid kerdykseen
perustuvia mittalaitteita ja verrataan niitd sdhkéisiin menetelmiin. Hiukkasten
keuhkodeposoituvaa pinta-alaa mitataan sidhkoisesti ja timan pinta-alan suhdetta
hiukkasten massaan tutkitaan eri ymparistoissa. Lisdksi verrataan anturityyppisid
edullisia mittalaitteita kalliimpiin tutkimuslaitteisiin. Lopuksi esitelliin hiukkasten
luonnolliseen varaukseen perustuva tdysin uudenlainen mittausmenetelma.

Anturityyppiset mittalaitteet ovat tutkimuksen perusteella luotettavia laitteita
hiukkasten pitkdaikaiseen seurantaan. Kuitenkin my6s korkeampitasoisia mittauksia
vaaditaan, ja sopiva anturi tiytyy valita kohteen mukaan. Esimerkiksi Delhin laidalla,
tienvarsiympiristossd, sekd hiukkasten pitoisuus ettd kokojakauma poikkeavat
merkittavisti Helsingin tienvarsiymparistostda. Uuden varaukseen pohjautuvan
mittausmenetelmin kdytt6 hyvin saastuneessa kaupunki-ilmassa osoitti, ettd
hiukkasten varaaminen erilliselld varaajalla tienvarsiymparistossi ei ole tarpeellista,
vaan hiukkasten havaitsemiseen ja seurantaan riittid niiden luonnollinen varaus.
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17 INTRODUCTION

The ambient air all around us is an aerosol. Aerosol particles occur both naturally
and due to human activity. In urban areas, the most important anthropogenic
sources of aerosol particles are traffic (road dust and engine exhaust), biomass
combustion and industry (Hopke et al., 2020). Inhaling one breath of air introduces
millions of tiny particles into your respiratory tract, and about half of those are
released back into the air as you breathe out, but the rest are deposited into your
nasal cavity, throat, mouth, and lungs. While it may sound alarming, the mass of the
inhaled particles is tiny, only about one millionth of one gram. Still, in large amounts
or over long exposure times these particles are very harmful: globally 7.8 % of all
deaths are attributable to air pollution (Ritchie & Roser, 2022).

In addition to air quality concerns, aerosol particles play a part in the global
climate. Particles are required for cloud formation as they act as condensation nuclei
for water vapor, and they contribute to the radiative forcing of the atmosphere (both
directly and indirectly through cloud formation). Currently, aerosols are thought to
have a net cooling effect; however, the margins of uncertainty are large and some
compounds, such as black carbon, are estimated to have a net positive contribution
(J. Li et al,, 2022). Adding to the uncertainties, global warming is likely to change the
makeup of atmospherics aerosols (Gettelman et al., 2016; Jacob & Winner, 2009).
Increased temperatures are leading to an increase in sea salt aerosol production
(Paulot et al., 2020) and more devastating wildfires (Emmerson & Keywood, 2021;
Hoover & Hanson, 2021; San-Miguel-Ayanz et al., 2020; United Nations
Environment Programme, 2022), while increased humidity will affect the optical
properties of aerosol particles (Gettelman et al., 2016). Direct anthropogenic
emissions are also changing as a result of policies meant to improve air quality or
reduce climate impacts.

These two motivating factors, air quality and climate, drive research into ways to
limit emissions at their sources as well as developing monitoring techniques.
Electrical methods excel at measuring with a high time resolution, and they can cover
many magnitudes of particle concentrations as well as a wide range of particle sizes.

In this thesis, electrical particle measurement methods are compared and evaluated,
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aerosols in different environments are considered from a health perspective, and

finally, a new measurement methodology is introduced.

1.1 Aerosols and their impact on air quality and health

Air pollution (fine particles and ozone) as a risk factor for death is trumped only by
smoking and high blood pressure, making it the most important environmental risk
factor: recent estimates for deaths due to all sources of air pollution give a range of
6.7 to 8.8 million deaths annually worldwide (data gathered by Ritchie & Roser
(2022), original sources Health Effects Institute (2020) and Lelieveld et al. (2019)).
These estimates have increased compared to earlier research, for example, Lelieveld
previously estimated 3.3 million annual deaths (2015). The World Health
Organization (WHO) guideline value for PM2.5 (mass concentration of sub 2.5 um
particles) in outdoor air is 5 ug/m3. Unfortunately, 95 % of the world’s population
live in areas where even the previous guideline value of 10 pug/m? is exceeded.

An intuitive effect of inhaling too many particles is respiratory problems, but
literature shows that strokes, heart attacks and other cardiovascular problems are
also a major health consequence. While respiratory outcomes are a result of long-
term exposure to air pollution, cardiovascular effects are usually acute, occurring
within hours to days of exposure (Brook et al., 2010).

The physicochemical properties of particles matter when it comes to health
effects. While mass concentration, rather than number concentration or chemical
makeup, is the only metric for which there are air quality guidelines, it is not a perfect
metric for predicting health outcomes. The per mass unit toxicity of particles varies
from country to country (X. Li et al., 2019), and it is reasonable to think that this is
due to differences in chemistry, size, or morphology.

Perhaps eventually a multivariate model incorporating all these particle attributes
will be developed, but for now, there is laboratory evidence that surface area is a
better predictor than particle mass or number of acute health effects, at least for
insoluble particles (Oberdérster, 1996; Schmid & Stoeger, 2016). There are two ways
that particle surface influences toxicity. Firstly, when a particle is deposited in the
lungs, the particle surface is the site where reactions happen. Additionally, particles
act as condensation nuclei for semi-volatile vapors, thus an otherwise innocuous
particle can carry a toxic substance on its surface, allowing it to also enter the lungs.
Particle size influences where in the respiratory tract particles are deposited (if at all).
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Very small and very large particles deposit easily, the former due to diffusion and the
latter due to impaction mechanisms.

1.2 Abrief history of electrical methods for aerosol
measurement

This section presents major milestones which led to the instruments employed in
the experimental research for this thesis.

Scientists in the late 19t century, most notably John Aitken, discovered that
aerosol particles were a prerequisite of fog, and that combustion created many more
of these nuclei around which the fog was able to form (Aitken, 1881, 1895). At the
time, fogs were considered a nuisance due to poor visibility, rather than a health
concern, as associated deaths were blamed on cold weather instead (Russell, 1926).
However, in a 1925 article (“The Measurement of Atmospheric Dust,” 1925)
published in The Lancet, the author writes “The importance of atmospheric dust as
a cause of respiratory disease has long been recognized.” The author goes on to give
two other reasons for aerosol measurement: high dust concentrations can cause
explosions (relevant in coal mines) and cloud formation. Although not mentioned
in the Lancet article, acrosols were already known to directly affect climate as well.
In a review of aerosols by Aldrich (1927), atmospheric effects of volcano eruptions
are presented (Abbot & Fowle, 1913). Additionally, a book by William Humphreys
(1920) presented the total effect of dust particles on Earth’s temperature, calculated
to have a cooling effect.

Electrical aerosol measurement began as a separate endeavor. The following
advancements are summarized based on the “History of FElectrical Aerosol
Measurements” by Flagan (1998), original sources are cited where possible.

Quite soon after Aitken discovered particles through optical means, the same
particles were discovered through an entirely different avenue. Atmospheric
electrical conductivity interested scientists at the turn of the century as they sought
to better understand the nature of electricity. The coaxial condenser was introduced for
ion measurement from flames by McClelland (1898) and a similar instrument by
Gerdien, the Gerdien condenser, for atmospheric ion measurement (1905). Aerosol
particles were first observed with this method by Langevin (1950). He reported
measurements of ions with surprisingly low mobilities, so-called /arge ions, which
corresponded to what are now called accumulation mode particles. Interested to
learn more about these low-mobility ions, McClelland and Kennedy built a huge (5.5-
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m-long) rectangular condenser and measured the large ions in 30-minute intervals.
They noted a large variation in measured concentrations, realizing the need for
higher time resolution measurement. For decades, the coaxial condenser remained
the primary measurement method of large ions. In 1970, Israél published a full ion
concentration spectrum from 0.1 nm to 10 um, recreated in Flagan’s history review
(1998, p. 322).

A first version of the differential mobility analyzer DMA) was built in 1920. Methods
for charging aerosol particles were used early on, either to bring the aerosol
population to an equilibrium charge state or to simply increase the charge to allow
easier detection. Unipolar diffusion charging, with ions produced using a corona wire or
needle, is a widely used method in modern instruments targeting particles too small
for optical detection (Biskos et al., 2005; Rostedt, 2018). Rohman (1923) built an
instrument similar to the first DMA, but with the intention of measuring smoke
particles. He incorporated a corona needle to ionize the particles. Later, the first
diffusion charger was designed by Hewitt to aid particle detection (1957).
Simultaneously, he also designed a DMA geometry with a sheath flow separate from
the sample, and where the targeted particles would exit the condenser region through
a slit instead of being collected. Some cite Hewitt’s design as the first DMA. Liu and
Pui improved upon Hewitt’s design (1974a) for the purpose of producing
monodisperse aerosol for the calibration of aerosol instruments, such as the nuclei
counters introduced by Aitken.

Flagan’s review of aerosol measurement history presented methods which relied
on the electrical mobility of the ions and charged particles. A notable non-mobility-
based instrument is the Electrical low-pressure impactor (ELPI) (Keskinen et al., 1992).
In the instrument, particles are charged by diffusion charging, and then collected on
consecutive impactor plates, each with a smaller and smaller particle cut-off size. The
impactor plates are individually connected to a sensitive electrometer; hence the
aerodynamic size distribution of particles can be obtained. An updated model of the
original ELPI, the ELPI+ increased the number of impaction stages, allowing for a
higher particle size resolution (Jarvinen et al., 2014).

In recent years, electrical methods have been utilized in small, low-maintenance
instruments often referred to as particle sensors. They generally employ unipolar
diffusion charging and in the simplest instruments the output is the total current
from the moving charge particles, while others use additional stages to classify
particle by size before detection. Commercially available examples are Partector
(Naneos) and AQ Indoor (Pegasor). While optical methods are able to detect
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particles with diameters of 300 nm and above, electrical methods excel at a smaller

size range; thus, their usage and development is likely to continue for some time.

1.3 Research objectives
The broader topic of this thesis are the vatious electrical detection methods available
for aerosol measurement, and how they can fill in the gaps left by conventional mass-
based measurements, especially when targeting exhaust emissions from road-traffic.
Paper I deals with the reliability of different instruments for the measurement of
particle mass concentration, and the comparison of online electrical methods with
tradition offline sampling methods. Paper II and Paper III expand the usage of
electrical detection methods to monitoring air quality in three different surroundings:
an underground mine, a low-pollution traffic site and a high pollution traffic site.
Paper IV presents a novel sensor for air quality monitoring: the Inherently Charged
Particle (ICP) sensor. Itis a culmination of the work and findings in the previous
papers, informed by the typical particle concentrations and distributions which were
measured as well as the challenges faced.
The specific research objectives can be summarized into four bullet points:
e Establish the validity of the ELPI+ as a reference instrument for particle
measurement (Paper I)
e Compare results from commercially available sensors to the ELPI+,
establish their strengths and weaknesses (Paper II)
e Explore the importance of different measurement metrics for characterizing
different particle sizes and understanding particle sources, air quality, and
health (Paper II and Paper III)
e Introduce the ICP-sensor for electrical particle detection using a novel
method and investigate its performance and suitability for ambient
monitoring (Paper IV)
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2 TYPICALAEROSOL PARTICLES IN TRAFFIC
ENVIRONMENTS

The choice of aerosol instrumentation depends on what information is needed and
how we aim to use it, as well as the properties of the aerosol itself. In this chapter
we explore what is already known about aerosols originating from traffic and the
concentrations and properties of aerosols found in urban air as well as in the special
case of an underground mine—one of the most hazardous occupations both
historically and still today, due in part to poor air quality.

Aerosol particles from traffic can be broadly divided into two groups: non-
exhaust sources such as particles from the mechanical wear and tear of brakes, tires,
and road surfaces and particles from engine emissions. Non-exhaust emissions
contain both coarse and fine particles: road dust tends to be coarse (Fussell et al.,
2022; Kovochich et al., 2021) whereas breaking can produce even nanoscale particles
(Ingo et al., 2022; Kukutschova et al., 2011; Nosko et al., 2017). Exhaust emissions
contain mainly fine and ultrafine particles (Kittelson, 1998; Myung & Park, 2012;
Qian et al,, 2019). Coarse particles are usually of lesser interest, as they deposit more
easily, simply by gravitational settling, and thus have a shorter lifespan in the
atmosphere than fine particles. That being said, coarse particles can become a
nuisance in dry conditions, as is seen in many northern cities in the spring when the
snow melts and studded tires grind paved roads causing high dust concentrations.
Engine emissions produce much smaller particles (median size < 150 nm), but the
concentration and exact size distribution depends on the fuel and engine lubricant
as well as any after-treatment systems. For example, diesel-vehicles were previously
notorious for their abundant particle emissions, but with the requirement for diesel
particle filters (DPFs) and diesel oxidation catalysts (DOCs), particle emissions have
dropped markedly—generally below corresponding gasoline-fueled cars (Platt et al.,
2017).

Ambient urban aerosols are a mixture of primary particles and gases from
emission sources, as well as products from chemical and physical processes in the
atmosphere. While the precise composition varies, traffic is usually one of the main
contributors to particle number concentration (Kumar et al., 2014; Rivas et al., 2020).

Other direct particle sources can be emissions from factories and power plants

22



(Aurela et al., 2021; Mylliti et al., 2016; Pope, 1989), airports and harbors (Hudda et
al., 2018; Pirjola et al., 2014), as well as smoke from biomass combustion for cooking
and heating (Gustafsson et al., 2009; Krecl et al., 2008, 2023). Gaseous emissions
from various sources can react chemically in the atmosphere to form new particles,
while semi-volatile compounds can condense onto existing particles causing them to
grow. Depending on parameters such as particle concentrations, particle sinks,
weather, and climate, this secondary aerosol can linger and age, forming a steady
urban background aerosol until eventually being removed by precipitation or winds.

Occupational surroundings can have high particle concentrations if the work
processes require grinding or heating, and especially if the work is conducted
indoors. A particularly challenging occupational environment for controlling aerosol
pollution is an underground mine. Particles are released from the different mine
activities, such as crushing rocks and blasting new tunnels, as well as the traffic of
vehicles transporting materials and workers. The different particle emission sources
lead to a variety of particle sizes and chemical compositions (Saarikoski et al., 2019)
and the emissions cannot disperse properly without the help of mechanical
ventilation. Ventilation requires energy and energy costs money, thus knowing when
and where the air quality is poor is important for the efficient use of air exchangers
(Grau III et al., 2002).

2.1 Particle sources, size distributions and concentrations

Urban aerosol particles vary in size from very tiny newly formed nucleation particles
(< 30 nm) to soot mode particles (~30-300 nm) to accumulation mode particles
(~200-1000 nm) all the way to coarse dust (up to 100 um). These size ranges are
guidelines rather than definitions, and different sources give slightly different ranges,
as the typical modes also vary from place to place and between seasons. Additionally,
the mode nomenclature differs between aerosol textbooks: the soot mode is also
called the Aitken mode, and some texts refer to the soot mode as the accumulation
mode. Figure 1 illustrates an example of a three-mode urban aerosol particle
distribution, in the particle size range 1 nm to 10 um. Coarser particles have been
left out, as they are outside the focus of this thesis. The total urban aerosol is the
sum of the three separate modes. Note that this is an illustration, meant to convey
the idea of particle modes within a wide aerosol distribution. In reality, the different
modes may be closer together and much harder to differentiate, and there may also
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be additional or fewer modes, depending on the different sources and atmospheric

processes.
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Figure 1. An urban aerosol size distribution of three lognormal particle modes shown as a number,

area, and volume distribution. The y-axis is the concentration of particles normalized by
dividing by the integral of the distribution, i.e., the total particle number, area, and
volume.

Nucleation mode particles form from precursor gases in the atmosphere, growing
from an initially very small size of just a few nanometers up to tens of nanometers
(Kulmala et al., 2004), although just a small portion of these nanoscale particles
survive long enough to grow. Nanoscale particles are also emitted from combustion
sources such as engine emissions (Karjalainen et al., 2014; Kittelson, 1998). Engine
emissions exiting the tailpipe quickly cool and dilute which causes particles to form
by nucleation from semi-volatile vapors. The particle formation happens almost
instantly after emission; however, vehicles also emit some solid particles in the
nucleation mode size-range which originate (in particle form) from the engine
(Heikkild et al., 2009; Saffaripour et al., 2015; Sgro et al., 2012).
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Soot mode particles—also called the Aitken mode, named after John Aitken—
mostly consist of particles from engine exhaust (Rivas et al., 2020; T. Wu & Boor,
2021; Z. Wu et al,, 2008). Fresh soot begins its life as a fractal agglomerate of small
black carbon spheres, but the large surface area allows it to quickly scavenge smaller
particles and over time they become denser and more spherical. Thus, while freshly
emitted engine-originated soot is roughly 50-70 nm in size, the atmospheric soot
mode is closer to 100 nm (Enroth et al., 2016). Soot patticles are composed of mainly
black carbon, but also other exhaust pollutants such as metals and semi-volatile
organic compounds. A large soot mode generally indicates large amounts of local
traffic. While biomass combustion in homes also produces soot, the particles are
usually larger than from engines, more in the accumulation mode size range
(Leskinen et al., 2014; Pirjola et al., 2017).

The accumulation mode consists of aged particles, aerosols transported from
regional sources (sometimes from far-away sources as well), as well as some
mechanically produced particles. The name for the mode comes from the
observation that once particles grow to be in the accumulation size range they are
not easily removed from the atmosphere: they are too big to move much by diffusion
and too small to settle gravitationally. Particles which begin in the soot mode can
grow up to become accumulation mode particles in favorable conditions. Due to
their longer lifespan, accumulation mode particles are the most likely to get
transported far from their original source.

A more recent metric in aerosol science is the lung-deposited surface area
(LDSA). It is the surface area distribution weighted by the lung-deposition
probability of each particle. More specifically, in this thesis, it is the probability of
deposition in the alveolar area of the lungs; however, sometimes in literature the
same acronym is used for total deposition in the respiratory system (head airways,
tracheobronchial region, and alveolar region), or the region may be denoted as A-
LDSA (alveolar). Deposition in the alveoli is believed to be the most harmful, thus
the LDSA distribution represents the particle distribution in a way which shows the
particle size most likely to cause harm.

A good question to ask is why LDSA rather than lung-deposited number
concentration or mass concentration? The scientific reason is that particle surface
area has been found in toxicological studies to be the best predictor of toxicity for
insoluble, spherical particles (Oberddrster, 1996; Schmid & Stoeger, 2016; Tran et
al., 2000) and for ultrafine particles (UFP) (Aguilera et al., 2016). Epidemiological
evidence is still scarce; however, one study on indoor air pollution found LDSA
superior to PM2.5 in predicting lung function (Patel et al., 2018). This is fairly
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intuitive, as it is the particle surface which reacts with the lung cells, and a high
surface area concentration also means a large condensation sink, allowing particles
to carry more toxic material on their surfaces. This applies especially to fresh,
agglomerated soot particles released together with toxic semi-volatile compounds,
such as polycyclic aromatic hydrocarbons (Polidori et al., 2008). The technical reason
for the greater usage of LDSA (as opposed to lung-deposited number or mass) is

that it is easy to measure. This will be discussed more in section 3.
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Figure 2. The surface area distribution from Figure 1 alongside the alveolar deposition curve and

the product of these two: the LDSA distribution. The surface area and LDSA distributions
have been normalized by dividing by the total surface area and LDSA, respectively.

Figure 2 shows the same particle surface area size distribution as in Figure 1
along with the alveolar deposition curve and the product of these two, the LDSA
curve. The deposition probability curve shown in equation (1) is an empirical fit to
the ICRP (International Commission on Radiological Protection) model (1994),
published in Hinds (1999) and gives the fraction of deposited particles as a function
of particle size, Fgipeotar (Dp), where Dy, is in micrometers.
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The deposition probability is highest (roughly 50 %) at 18 nm, decreasing down to a
local minimum of 6 % at 250 nm. A second smaller maximum (13 %) is found at
1.4 um. For this particle population, the nucleation and soot modes comprise most
of the total LDSA (86 %, 62 % from the soot mode), and quite often LDSA is
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portrayed as a metric sensitive to local emission sources, especially soot or BC
(Lepisto et al.,, 2022). However, this is not always the case. For example, if the
accumulation mode particles were to age further, they would begin to move toward
the second maximum of the deposition curve, thus increasing their contribution to
LDSA.

There are numerous studies which cover aerosol particle concentrations and
distributions in urban air. In 2017, the average exposure-weighted PM2.5
concentration ranged from ~5ug/m3 to ~100 pug/m3 from country to country
(Ritchie & Roser, 2022, data from the World Bank). In review of aerosol size
distributions, Europe, North America, Australia and New Zealand had particle
number size distributions dominated by soot mode particles, whereas Asian
countries tended to have larger contributions from the accumulation mode (T. Wu
& Boor, 2021). The same study showed that the median particle diameter in urban
background air tends to be larger than the median at traffic sites, explained by the
shorter lifespan of nucleation mode particles compared to the soot and accumulation
mode. Total number concentrations at urban measurement sites have high spatial
and temporal variability and can range thousands to hundreds of thousands of
particles per cubic centimeter (Kumar et al., 2014). The current WHO good practice
statement gives 10 nm as the minimum size that must be measured in terms of
number concentration (World Health Organization, 2021); however, a large fraction
can be even smaller (Ronkko et al, 2017). In terms of LDSA, outdoor urban
concentrations are typically above 10 pm?/cm? and below 100 pm?/cm3. In Europe,
studies show LDSA is correlated with local combustion sources (Hama et al., 2017;
Lepisto et al., 2022; Reche et al., 2015; Shah et al., 2023).

Unsurprisingly, studies of underground mine air quality are not quite as abundant
as urban air studies, but there are a few, and several studies point to traffic as a central
emission source (Debia et al., 2017; McDonald et al., 2003; Noll et al., 2007; Pronk
et al., 2009; Saarikoski et al., 2018, 2019). In a source apportionment study by
McDonald et al. (2003) over 78 % of PM2.5 in an underground mine originated from
diesel exhaust. A later study by Saarikoski et al. (2019) studied five locations in a
mine and found the contribution of diesel exhaust to PM1 to be 35 to 84 % and the
contribution of blastings was 7-60 %. The mass size distributions of BC in the
different areas were similar to those in outdoor ambient air. The particle modes were
between 100-200 nm, corresponding quite well with the soot mode in the mass size
distribution of Figure 1. The blasting-originated particles were mostly larger,
sulphate peaked at ~550 nm and organics at ~450 nm. The study also reported the
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overall number size distribution, which showed a significant presence of nucleation
mode particles as well.

Occupational settings are not covered by the WHO air quality standards, and they
have their own, often national, guidelines. In Finland, for instance, the Finnish
Institute of Occupational Health recommends limiting respirable dust (particle
diameter smaller than ~4 um) to 500 pg/m3 (Hyytinen et al, 2016) and soot
(elemental carbon) to 20 pug/m3 (8-hour mean) at underground occupation locations
such as mines, although the law only requires 100 ug/m3 (Taxell et al., 2015).
Compate these to the WHO guideline for 24h-PM10, which is 45 ng/m?3. Not only
are these guideline values astoundingly large, but there are also no guidelines or
limitations on the number of UFP.

In addition to illustrating a particle size distribution, Figure 1 shows one reason
for the many measurement metrics employed for understanding aerosols. The
number size distribution emphasizes small particles while the mass size distribution
emphasizes large particles. In fact, the urban aerosol portrayed only has three visible
modes in the middle panel, displaying the surface area distribution. As was explored
in the introduction, we do not have a full understanding of what metric or metrics
should be measured to best predict health outcomes, and clearly measuring either
purely the total number or mass concentration leaves out a lot of information. As is
also portrayed in Figure 1, particle modes from various sources and in various
surroundings tend to be lognormal (Kulkarni et al., 2011), meaning they appear as

normal distributions when viewed on a logarithmic x-axis.

2.2 Section summary

Like the size of particles, ambient particle concentrations also span several orders of
magnitude, especially if measured with a high time-resolution. To summarize this
section and give context for the results later shared in this thesis, Table 1 gives some

examples of measured values for mass, number and LDSA in recent studies.
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Table 1.

Particle concentrations in several metrics for different locations. The first row gives

guideline values provided by WHO. The purpose of this table is to show the range of
typical values; the locations cannot be compared as the measurement times differ.

PM10 PM2.5 PN 1/cm® LDSA Reference
pg/m? Mg/m? UmZcm?
WHO 24 h average 45 15 10 000 - (World Health Organization,
guideline value 2021)
Beijing 110 37 - - https://www.igair.com/china/bei
jing, January 18t, 2023
Delhi - 270 67 000 330 Paper Il
Helsinki 9.9* 6.4 26 000 27 Paper Il
*(European Environment
Agency (EEA), 2021)
Helsinki (long- 20* 19 21000 40 Paper Il
range transport *(European Environment
episode) Agency (EEA), 2021)
Vienna 17 95 18 000 35 (Strasser et al., 2018)
Underground mine 49 46 34000 79* (Saarikoski et al., 2019)
maintenance area *Paper I
Helsinki subway 60 31000 - (Aarnio et al., 2005)

station

The wvalues for different cities are mean values for at least some hours of

measurement, up to days of measurements. In addition to giving a range of possible

values, Table 1 shows that knowing the value for one metric is not enough to guess
another. For example, LDSA and PM2.5 in Delhi are very high, but PN is quite
comparable with the other locations. Comparing the values to WHO guidelines

shows exceedances especially in PM2.5; however, the 2021 WHO guidelines were

not in effect yet when these measurements were conducted, and the previous limit

was 25 pg/m3 (Wortld Health Organization. Occupational and Environmental

Health Team, 2000).

i While not worded as a guideline value, 10 000 1/cm3 is given as the lower limit for “high PN” in the

Best Practice Statements

i This value is for PM2, the study did not report a PM2.5 value.
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3 PARTICLE CHARGE

Many aerosol instruments employ charging as an initial step for particle detection or
classification. As this thesis deals with electrical measurement, we wish to understand
the typical charge distributions found in ambient air and the charges which result
from charging for classification or detection. In ambient air, roughly half of all
particles are either positively or negatively charged. In electrical aerosol instruments,
the typical charging method for detection is diffusion charging with unipolar ions,
usually positive ions, which results in almost all particles becoming positively
charged.

Both charging methods involve the Fuchs limiting sphere, which describes a region
around a particle with a radius dependent upon the mean free path (Fuchs, 1963).
Outside the sphere, ions behave as they normally would, moving in random motions
due to diffusion. Inside the sphere, ions are no longer bumping into gas molecules,
and instead they move according to their initial velocity and the electric field. The
limiting sphere is relevant for particles which are smaller than the mean free path,

66 nm for the average air molecule at ambient conditions.

3.1 Ambient ions

The word ion is often used for any kind of charged particle. In this thesis, ions refer
to gaseous ions (also called small ions), while charged aerosol particles (either in the
liquid or solid phase) are referred to as charged particles. Charged clusters of
molecules at a size of ~1 nm can be called cluster ions, and indeed the difference
between ions and particles in this size range is difficult to define. Most atmospheric
ions form from air molecules ionized by radiation. When a neutral molecule hit by
radiation gains enough energy to eject an electron it becomes positively charged and
the free electron quickly finds a new neutral molecule, causing it in turn to become
a negatively charged ion (Fleagle & Businger, 1980, p. 134). These single-molecule
primary ions are unstable and become small ions in just few microseconds (Hirsikko

et al., 2011). The end result is positive and negative szall ions ot cluster ions, which can
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ionize aerosol particles by being scavenged by existing particles, or they can act as
condensation nuclei and form new particles.

A typical ionization rate is 10 ions/cm3s (Jokinen, 1995) and ambient small ion
concentrations typically range from 102/cm3-103/cm? (Ling et al, 2010). Ion
concentrations depend on many factors, namely local ion sources and sinks.
Examples of ion sources (in addition to the air ions described above) are waterfalls
(Laakso et al., 2007), powerlines (Jayaratne et al., 2015), and combustion generated
aerosol, such as vehicle exhaust (Jayaratne et al., 2014; Yu et al., 2004). The main
small ion removal methods are recombination with other ions of opposing polarity
and deposition on aerosol particles and other surfaces (Horrak et al., 2008).
Concentrations of ions in heavily polluted air are generally lower than the
corresponding background level, as ions are quickly scavenged by particles (Jokinen,
1995). A simple mathematical balance equation for ion concentrations is

dNion
dt

=d - aNionz — BNNion, 2

where Nj,, is the ion concentration, N is the aerosol particle concentration, @ is the
ion production rate, @ is the recombination rate and f§ is the rate of attachment to
aerosol particles. This equation, presented originally by Hoppel and Frick (1980),
assumes equal amounts of the two polarities of ions and the attachment rate is an
average for the total acrosol particle distribution. The term SN is sometimes referred
to as the ion sink from particles (Tammet et al., 20006), and can be thought of as a
property of the aerosol particle population, as in how much particle surface area is
available for ion attachment.
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Figure 3. Total small ion concentrations in various environments. Data is from Ling et al. (2010),
measured in an Australian city.
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As an example of measured ion concentrations in urban areas, Figure 3 shows
measured values from different environments within an Australian city. The park ion
concentrations can be considered equivalent to background concentrations. The
other areas show higher concentrations. The study found low ion to particle ratios
in the city center and the freeway despite the local ion sources, indicating a large ion

sink. (Ling et al., 2010).

3.2  Bipolar particle charge distributions

Particles can become charged by scavenging gaseous ions or the small gaseous ions
can act as condensation nuclei for semi-volatile vapors, therefore growing into
charged aerosol particles (Hirsikko et al., 2011). Larger particles can reach higher
charge numbers than small particles and higher temperatures also increases charge
numbers due to more diffusional movement increasing the chances of particle-ion
collisions. Over time, ambient particles reach a state of quasi-equilibrium, where
particles gain positive and negative charges at equal rates. This steady state is
approximated by the Boltzmann equilibrium charge distribution. 1t gives the fraction of
particles f, of a certain size with a given number of charges n (either positive or
negative) (Flagan, 2011, p. 351; Hinds, 1999, p. 335).

ex nte?
P DpkT
i2

Saen (~557) ®)

In eq. (3) e is the elementary charge, k is the Boltzmann constant (k = 1.381-10-

f(n,Dp) =

23 J/K) and n is the number of elementary charges. The Boltzmann distribution is
applicable when ion attachment rates are high, either due to high temperature or
large particle size. Experimentally, it has been found to fit many measurements
(Forsyth et al., 1998; Liu & Pui, 1974b; Maricq, 2006; Sgro et al., 2011), and its
simplicity makes it attractive. Unfortunately, the Boltzmann distribution
underestimates the number of charges carried by small particles (< 30 nm) at
ambient temperatures (Flagan, 2011, p. 352). Also, negative ions have slightly higher
mobilities than positive ions, increasing their chances of colliding with particles.
Thus, negatively charged particles are slightly more common than their positive
counterparts. For example, J-Fatokun et al. reported a mean net charge of -478

elementary charges/cm3 measured outdoors.
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Another approach to particle charging is the Fuchs model, based on the limiting
sphere theory (Fuchs, 1963; Hoppel & Frick, 1986). It is only solvable numerically.
Wiedensohler (1988) has formulated a parameterization, eq. (4), which fits ambient
equilibrium particle charge distributions, and can be combined with Gunn’s charging
theory (Gunn & Woessner, 1956), eq. (5), to calculate the charged fraction of
particles at ambient temperatures. The first equation is for charge numbers from -2
to 2, while the second equation gives the fraction of particles with (absolute) charge

numbers of three and above.

f(n, Dy) = 10%i=0in(10810 Do)’ || < 3 @

—26.3328 -2.3197 -0.0003 —2.3484 —44.4756
35.9044 0.6175 -—0.1014 0.6044 79.3772

Q@ = —21.4608 0.6201 0.3073 0.4800 —62.8900
s 7.0867 —0.1105 -—0.3372 0.0013 26.4492
—1.3088 —0.1260 0.1023 -0.1553 —5.7480

0.1051 0.0297 -0.0105 0.0320 0.5049

f(n.Dp) =
2megDykT NiontZiont 2
e —|n—- In ; .
Van2e,D kT ¥ | ez4neonpk(TN”"‘Z‘°"‘)] ,In] =3

In eq. (5), Njon+ and Nj,y,_ are the concentrations of negative and positive small
ions and Zj,p, 4 and Zj,,, _ are their respective mobilities. If these values are unknown,
the ratio of ion concentrations can be taken as one, and the ratio of mobilities as

0.875 (Wiedensohler, 1988). The particle diameter in eq. (4) must be given in
nanometers. Note, the original coefficients in matrix @;, given by Wiedensohler

have been revised (Flagan, 2011, p. 352).
The absolute mean charge per particle for one polarity, Ngyg(D,), can be

calculated by summing the probabilities multiplied by the respective charge numbers.

Margs(0,) = ) n-1(n.0,)
0
Mag-0) = ) nf(nD,) o
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The Boltzmann distribution is symmetrical and Ngyg4 = |nm,g_ , whereas the
Wiedensohler distribution is not.

As shown by eq. (3) and eq. (5), temperature also plays a role in particle charging.
Higher temperatures increase ion diffusion, leading to an increase in the average
charge. As a result, soot particles emitted from combustion engines are expected to
have more charges than similarly sized particles of other origins in a traffic
environment, and studies confirm this (Jayaratne et al., 2015). Based on charge
distribution experiments directly on engine exhaust, combustion-originated soot-
mode particles are well-described by the Boltzmann distribution (Jung & Kittelson,
2005b; Lihde et al., 2009; Maricq, 2006) at temperatures of roughly 800 K to 1100 K
(Maricq, 20006). This result could hint that the processes affecting particle size end
before ions are depleted; however, Maricq has shown that an alternative theory in
which particles are first charged and then undergo coagulation results in a very
similar charge distribution. In contrast to soot mode particles from exhaust,
nucleation mode particles tend to be neutral, as they form from gaseous compounds
after the exhaust cools and dilutes in atmospheric conditions (Jung & Kittelson,

2005b; Sgro et al., 2011).

3.3 Unipolar diffusion charging of particles

In instruments designed for particle detection, diffusion charging is a common
solution. lons are produced from a needle or wire electrode, called a corona needle,
by connecting a high-voltage source to the electrode. The simplest charger design
employing a corona needle is to direct the sample aerosol flow past the corona needle
(Rostedt, 2018, p. 14), where the ions will then attach to the particles by diffusion.
Unipolar charging by diffusion is described by the limiting sphere approach
(Dhaniyala et al., 2011, p. 394). A particle and an ion will always have the same
polarity and the two will therefore repel each other. This means that inside the
limiting sphere of small particles there is a decreased probability of collision between
the ion and the particle. Diffusion charged particles smaller than ~30 nm have less
than one elementary charge on average.

Compared to ambient charge distributions, higher charge numbers are possible
with unipolar diffusion charging, because any ion attachment will result in an
increased charge. The average charge per particle can be derived from the product
of the ion concentration and the charger residence time. Experimentally, diffusion

chargers are characterized by their Pn-curves, where P is the particle penetration
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through the charger and n is the average charge per particle. For most diffusion

chargers, the following relationship to particle size has been observed:

Pn=aD,”, @)

where a and b atre constants specific to the charger. The exponent tends to be
between 1.1 to 1.9 (Dhaniyala et al., 2011, p. 397).
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Figure 4. Comparison of the average charge achieved by unipolar diffusion charging and naturally

occurring charge distributions. Figure from Paper IV.

Figure 4 shows the average charge number as a function of particle size for
naturally occurring charge distributions and as a result of unipolar diffusion charging.
The diffusion charging curve is the Pn-curve for the ELPI+ (Jarvinen et al., 2014).
The two curves at higher than ambient temperatures are the average charge numbers
based on the Boltzmann distribution. Only one curve is shown for each, as the
negative and positive charge numbers are the same, whereas two curves are shown
for the ambient temperature based on the Wiedensohler approximation. The
number of charges is slightly larger for negatively charged particles.
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3.4  Relationship between particle charge concentration and
other metrics

Particle charge concentration is the charge contained in a volume. As a metric, it is
perhaps more often used in relation to ambient ion concentrations. In relation to
particles, the net particle charge concentrations have been previously measured in
ambient air using an electrometer connected to a filter (J-Fatokun et al., 2008) and
the number concentration of charged particles has been reported in ambient air
based on measurements with the Neutral Cluster and Air Ion Spectrometer (NAIS)
(Jayaratne et al., 2014). In this thesis, charge concentration refers to the total charge
carried by particles of one polarity in a volume of air. If the average charge per
particle is Ngy4(Dp), as given in section 3.2, then the charge concentration A4 for a
particle number distribution N (D) is

Ai = J Nenavgi de (8)

In this form, the charge concentration relays information on the particle
concentration and the charge state of the particle population. As the charge
distribution depends on temperature in addition to particle size, an accurate
calculation might include information on the source of the particle mode, such as
applying a high-temperature distribution to soot mode particles, assuming they
originated from engine exhaust.

It is interesting to know how the charge concentration relates to other, more
established metrics. Particles which have undergone charging with a diffusion
charger have lost the information of their initial charge, thus reporting the charge
concentration seems irrelevant in this case.

Figure 5 shows the average charge number as a function of particle size divided
by its different moments. The purpose of viewing the charge distribution this way is
to understand what metric or metrics the charge concentration is associated with.
The curves have been normalized to equal one at 100 nm to allow for easier
comparison, and the average number of charges has been calculated with equations
(5) & (4) for negatively charged particles. The solid line simply shows the average
charge number dependency on size. Based on the plot, the charge concentration of
an ambient aerosol is most closely related to the particle length concentration of
UFP and to the particle number of particles larger than 100 nm. In an instrument

created for charge measurement, different sampling methods and analyzer
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geometries can be used to modify the particle detection efficiency to better correlate

with a targeted output metric.
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Figure 5. The relationship between the average ambient charge, calculated from the empirical

equation by Wiedensohler (1988), to different moments of particle size. Each line has
been normalized to equal one at 100 nm for easier comparison.

Along with LDSA, other surface-based metrics have been proposed for the
calibrated output of charge-based measurement. Particle surfaces can be thought of
as sinks for gaseous ions or semi-volatile molecules; hence the terms zon sink, as in
eq. (2), or condensation sink. Diffusion-charged particles are well-correlated with these
metrics (Kuuluvainen et al., 2010). The Fuchs Surface Area, also called the Active Surface
Area (ASA), is a term to describe the portion of the total geometric surface area
which is available for surface interactions. It has also been used, for example, as the
quantity measured by a device where aerosol particles are detected via attached
radioactive lead isotopes, called an epiphaniometer, whose signal closely followed
Fuchs coagulation theory (Baltensperger et al., 1991; Pandis et al., 1991). The ASA
of a particle is a function of its diameter to a power of 1 to 2: for small particles (<
100 nm), it is proportional to the geometric diameter (ASA « Dj) and for larger
particles it decreases with increasing particle size. Later studies began using ASA to
describe the surface available for ion attachment in diffusion chargers (Keller et al.,
2001; Siegmann & Siegmann, 2000), although it is not entirely equivalent to the ASA
measured by the epiphaniometer due to the repulsion between unipolar-charged
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particles. Experimentally, the response of diffusion-charging based instruments has
been found to equal the ASA (or Fuchs Surface area) at least for some cases (Jung
& Kittelson, 2005a).

The sensor response for diffusion charging based sensors is close to Dpl, the sum
of particle diameters, both according to Fuchs’ theory and experimental results
(Dhaniyala et al., 2011, p. 396). Due to the focus on particle mass and number
concentration, this may seem unfortunate at first, but somewhat coincidentally
LDSA x Dpl, for particles in the size range 20 nm to 300 nm. This is the result of
the deposition curve in this size range following a curve of approximately o D1,
which is then multiplied by particle surface area, D, to achieve LDSA, D, Dj =
Dy This has led several diffusion-charging based instruments to report the measured
current as LDSA, needing only a single calibration factor (Fierz et al., 2014; Fissan
et al., 2007; Wilson et al., 2007). The benefit of reporting LDSA as opposed to
another surface-related quantity is the weighting towards health-relevant particles,
while a slight negative is the dependency on an empirical model of lung-deposition.
Deposition of course varies depending on the biology of a specific individual, as well
as the hygroscopicity and density of the particles, neither of which are usually known.
Nonetheless, LDSA has gained popularity especially with sensor-type electrical
measurement.

Continuing with the same particle population as in Figure 1 and Figure 2,
Figure 6 shows how the particle distribution would look based on the average

ambient charge compared to other metrics related to particle surface area.
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Figure 6. The ambient particle charge distribution alongside the unipolar diffusion charged

distribution, and LDSA, number, surface area and volume distributions. This example
particle distribution is the same three-mode population as in Figure 1 and Figure 2.

The ambient charge distribution gives more weight to the nucleation mode
particles than the LDSA or diffusion charged distributions, although its modes are
quite close to those two. While LDSA has a clear mode for accumulation mode
particles, it is not seen in either the ambient or the diffusion charged particle size
distribution. Compared to the surface area distributions, the soot mode peak is
shifted to smaller sizes, while the nucleation mode is in a similar size range. This
shows in practice how the ion attachment goes from following a relationship to Dj
for small particles to D}, for larger particles, although the soot mode particles belong
to a transition regime, where the power is somewhere in between. The high
sensitivity to smaller particles indicates that the ambient charge concentration should

be a good metric for UFP as well as soot mode particles.
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4 METHODS

This thesis consists of articles and results which have involved several months of
experimental research in laboratory settings, in an underground mine, in an engine
laboratory, in ambient air, in a powerplant test facility and a laboratory wood
fireplace. This chapter gives an overview of electrical methods in general, then
summarizes instruments and data handling which is common to all (or most) of the
thesis papers, and finally gives more specific information regarding each paper. The
detailed methodology is found in each corresponding Paper, and thus only short
summaries are presented here.

4.1 Electrical particle measurement

Electrical particle measurement excels when particles are small, numerous and
high time resolution is required. UFP are too small to be measured optically, and
they have very little mass (as discussed previously), but they can be charged (either
by ions in the atmosphere or ions created with a charging device), and in large
enough quantities that charge becomes detectable with an electrometer. Electrical
methods are employed both in expensive instruments for intensive research and
cheaper, sensor-type instruments for monitoring purposes. Electrical methods are
also employed for particle classification, most notably the Differential Mobility
Analyzer (DMA), which is a second order mobility analyzer (Knutson & Whitby,
1975). This section presents an analyzer for measuring charged particles as well as
diffusion charging, as it is used in many commercial measurement devices.

The particle size which can be inferred from electrical mobility is the mobility
diameter, Dy,. Charged particles can be categorized by their drift velocity vg in an

electric field of a given strength E, this is called the electrical mobility of the particle,
Z.

Vg

Z=7 ©)

Electrical mobility is a property of a particle moving in a fluid, and can also be written
using physical parameters, eq. (10). It depends on the particle diameter D,,, the
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number 1, of elementary charges e, the Cunningham slip correction factor C¢(Dp)
and the dynamic viscosity of the surrounding fluid g, usually air. The SI-unit of
electrical mobility is m2/(V-s). When particles are small and highly charged, they have
a high mobility, whereas larger and less charged particles have lower mobility. When
particle diameter is determined from mobility, the number of charges must be
known, otherwise large, highly charged particles can be mistaken for smaller, less
charged particles.

_ neC.(Dy)

10
3muD, (10)

Zeroth order mobility analyzer

One of the first electrical instruments for atmospheric studies is the Gerdien condenser,
which measures atmospheric conductivity by collecting and measuring gaseous ions,
presented in detail in, e.g., Aplin (2005). The general equations for mobility analyzers
were first derived by Tammet (1970), although he uses the term aspiration counter. In
this section, we examine a similar concept from the perspective of charged aerosol
particles, which have much smaller mobilities than their gaseous counterparts.

Mobility analyzers are devices used to separate particles based on their electrical
mobility. The simplest mobility analyzer consists of two electrodes of length L
opposing each other. One of the electrodes is grounded and the other connected to
a voltage source, creating an electric field of in between the two. A common
geometry is two concentric cylinders. Charged particles in an aerosol flowing
through the analyzer will begin moving in the direction of the electric field (in
addition to moving with the fluid). Particles with a high enough mobility will always
reach an electrode surface, while particles with lower mobilities will sometimes travel
through the analyzer, depending on how far from the electrode they are to begin
with. An important parameter of a mobility analyzer is the limiting mobility Zj,
defined as the lowest mobility for which all particles are collected.

The derivation of the limiting mobility and collection efficiency of a coaxial
condenser was first presented by Tammet (1970). It depends on the radii of the outer
1, and inner 7; electrodes, the volumetric flow Qfoy through the instrument, the

voltage V applied across the electrodes and the length L of the collection area.
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The limiting mobility is a very useful concept. It incorporates all the analyzer
geometry as well as the adjustable variables into a single variable. It also allows for
the determination of collection efficiency. The mobility analyzer can be used to
separate high mobility particles from low mobility particles, or with a high enough
collection voltage, all charged particles can be collected. By attaching an electrometer
to the electrode, the current I from the deposited particles can then be measured

Iy = 21 Qfiow (12)

where A4 is the charge concentration of either positive or negative polarities, the
subscript symbolizing one of the two polarities. The measured polarity is the same
as the polarity of the applied voltage. If the applied voltage is not high enough to
capture particles of all electrical mobilities; however, the deposited particles and the
resulting current are dependent on the collection efficiency 1(Z). For high
mobilities, i.e., mobilities larger than Zy, the efficiency is 1, simply from the definition
of the limiting mobility. For a smaller mobility Z*, only the particles entering the
analyzer close enough to the measuring electrode are collected. Letting the flow
through this surface be Qf4y,, the collection efficiency is the ratio of the two flows.

Q*
Nz = (13)
Q flow
and the collection efficiency can then be written as
") = z 14
The theoretical collection efficiency for a particle of any mobility is therefore
1,Z = Z,
n(2) = {1 ;
and the measured current is
L = [ 122 @ pu0naz
Zy VA ©
=Q <f —A (Z)dZ+f A (Z)dZ)
T\ 27 w (16)
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Particle mobility is a continuous variable: although the charge is limited to multiples
of the elementary charge, particle size varies continuously. The true collection
efficiency can deviate from the theoretical one for several reasons: the aerosol isn’t
sufficiently mixed at the entrance, losses caused by diffusion, interactions between
particles (coagulation, repulsion/attraction, etc.) and nonuniform flowlines from

bumps and edges.

Diffusion charging based measurement

Electrical measurement methods often employ a charging mechanism in order to
increase the number of charges per particle or create a known charge distribution.
Ideally, the new charge distribution is independent from the initial charge
distribution. For particle detection, unipolar chargers are more common, whereas
classification uses bipolar charging.

Diffusion chargers are characterized using Pn rather than each variable
separately. Without removing the charger from its surroundings, it is impossible to
measure the particle penetration, and secondly, it is not even necessary to know each
one separately to be able to process the measurement data into particle
concentrations. For example, if the Pn for a certain particle size is 0.5, it can mean
(for example) that there are no particle losses, but only half are (singly) charged, or
that all particles are singly charged but only half of them penetrate the charger. In
either case a correction factor of two is necessary to compensate for uncharged or
depositing particles. The output current I is determined similarly to eq. (12), where
the charge density can now be replaced the number concentration of particles
multiplied by the average charge of a single particle, Pn - e.

I=N-Pn-e~QﬂOW (17)

Diffusion charged particles can be detected by collecting them on an electrically
conductive surface and measuring the incoming charge as a current with an
electrometer. Collection can be done using a filter, a mobility analyzer, a diffusion
battery, an impactor, or some combination of these. For an instrument with several
particle collecting stages, where the particles are separated according to their size,
the average Pn can be determined for each particle size bin. For size ranges which
are narrow enough, this allows the calculation of particle number concentration by
rearranging eq.(17):

I

=5>—" 18
Pnlelow ( )
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If the shape of the particles is known, then also the surface area and volume
concentration can be determined, and furthermore, if the density is also known, then
the mass concentration can also be calculated. Often particles are assumed to be
spherical, and a density is assumed based on knowledge of the particle composition,
or if the composition is mixed or unknown, then unit density may be used (1 g/cm?).
Of course, the more assumptions and simplifications are made, the larger the error

bars are for the result.

4.2 Measurement instruments

Paper I introduces two offline instruments. The first is a cascade impactor
(commercial name Dekati PM10 Impactor, by Dekati Ltd.), which collects particles
between 2.5 to 10 um, 1 to 2.5 um and below 1 um. The first two size ranges are
collected using impaction and the final stage is a filter. The cascade impactor flow
rate needs to be 10 Ipm for the above-mentioned cut-offs. The collected particles
are weighed, and the volume of aerosol sampled is recorded to allow calculation of
the mass concentration.

The second is only partially offline, as the eFilter (Dekati Ltd.) simultaneously
collects particles on a filter and houses a diffusion-charging based sensor. This allows
for more information on the temporal nature of a measurement than a purely offline
device. The eFilter Pn curve was characterized by Lassila (2018), and the resulting
exponent b, as in eq. (7), was 1.47 for particles between 25 nm to 570 nm. The main
flow through the instrument can be set to 10 to 30 lpm, and the flow through the
electrical detection is 0.5 Ipm. For one eFilter sample, the matching charge or current
can be taken as an integral of the collection time, then dividing the total mass by the
total charge gives a factor for converting the charge to mass. An approximation of
the mass concentration can be determined for any period within the original sample.
The quality of the approximation depends on the stability of the particle size
distribution (median size, distribution width).

Paper I also introduces an online measurement method, and one of the main
instruments in this thesis, the ELPI+ (Electrical Low-Pressure Impactor,
manufactured by Dekati Ltd.), it is an important part in all Papers I to IV. Like its
predecessor ELPI (Keskinen et al., 1992), it consists of a diffusion charger for
charging incoming particles, followed by an ion trap to remove excess ions, then a
cascade impactor followed by a filter to collect the charged particles. The current

from the collected particles is detected with an electrometer. There are altogether 14
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measurement stages, thirteen impactor stages and one filter stage, and one additional
pre-impactor stage for removing coarse particles (> 10 um). The measurable particle
size range is from 6 nm to 10 um. Whereas the largest size is limited by the pre-
impactor, the smallest measurable size is limited by the diffusion charging efficiency.
The minimum measurable concentration depends on the particle size (fewer large
particles are needed to create enough current compared than small particles). The
stage at which each particle impacts is determined by its aerodynamic size; thus, the
size distribution may not always match a distribution obtained using electrical
classification (for example, the Scanning Mobility Particle Sizer, SMPS). A low-
density particle would reach a lower stage (corresponding to a smaller aecrodynamic
diameter) in a cascade impactor than an equal size high-density particle would,
whereas the electrical mobility is independent of particle density. The ELPI+
requires a downstream pressure of 40 mBar. The low-pressure environment allows
for the impaction of very small particles; however, small particles also undergo
significant movement due to diffusion, which can cause them to deposit earlier.

The ELPI+ has been previously characterized by Jarvinen et al. (2014). Particle
deposition by diffusion is corrected in the data handling by moving current from the
upper stages to the lower stages (from larger particles to smaller particles), according
to the collection efficiency determined by Jdrvinen et al. The Pn of the charger is
given separately for three particle size ranges: for sub 1.035 um particles the
exponent b, eq. (7), is 1.225 and up to 4.282 um particles it is 1.515. The current
measured with the ELPI+ is converted into a number size distribution by using eq.
(17) for each impactor stage (and the final filter stage). If the shape and density of
the particles is known, then also the mass size distribution can be calculated. It is a
reasonable assumption in most cases that particles are close to spherical. In ambient
measurements, the particle population is a mixture of chemistries, morphologies, and
sizes, thus in this thesis all particles are treated as spheres of unit density, unless
otherwise noted.

Papers II and III explore the uses of the ELPI+ for LDSA measurement. As it
is a diffusion charging based instrument, the measured current can be converted into
LDSA. Furthermore, this can be done using stage-specific calibration factors
(Lepisto et al., 2020), increasing the accuracy of LDSA-measurement. As discussed
in section 3.4, the linear relationship between diffusion charged particles and LDSA
is generally limited to particle diameters between 20 — 300 nm, but the stage-specific
calibration expands this range to 10 nm — 10 um. An SMPS was also employed in
these measurements and could have been used to assess LDSA by multiplying the
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surface area concentration with the deposition curve; however, the SMPS
measurable particle size range is much narrower than that of the ELPI.

In addition to the ELPI+ measurement of LDSA, LDSA is also measured with
several commercially available sensors in Paper II: Partector (Naneos GmbH), AQ
Indoor (Pegasor Oy), DiSCmini (Testo). These sensors all employ diffusion charging
and particle concentration is given as the LDSA concentration, using a calibration
factor inserted by the manufacturer. There are some differences in how the particles
are collected: the Partector does not collect the particles at all, rather it uses pulsed
charging and measures the current induced by the changing charge. The DiSCmini
uses two-stage collection, the first collector employing diffusion and the second a
filter to collect any remaining particles. The two stages allow a rough estimate of the
mean particle size. The AQ Indoor also estimates particle size. It only has one
collection area, but the collection voltage is varied, and the particle size inferred from
the changes in the resulting current. To keep the insides free of accumulating coarse
particles, the DiSCmini has an impactor before the sample inlet, and the AQ Indoor
has a cyclone. These instruments are expected to work best within the 20 to 300 nm
size range.

In Papers II and III, the campaigns also included other instruments, such as
CPC’s (Condensation Particle Counters), aerosol mass spectrometers and
aethalometers. The data from these instruments is touched upon only briefly in these

papers and are outside the scope of this thesis.

4.3  Instrument comparison

Paper I concerns the comparison of three different instruments for the measurement
of particle concentration: two ELPI+ instruments, one eFilter and two cascade
impactors.

The first measurements were at an oil shale test facility, located on the Tallinn
University of Technology campus. The second comparison measurement employed
a brick fireplace in a laboratory setting, where wood and garbage were burned. The
cascade impactors measured the raw exhaust, whereas the ELPI+ and eFilter
received aerosol samples diluted with ejector diluters (Dekati Ltd.), as shown in the
schematic in Figure 7. Although the measurements were conducted with
combustion-originated aerosol, the results should apply to ambient aerosols (of

similar particle sizes and concentrations) as well.
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Figure 7. Schematics of the sampling systems used in the exhaust measurements for Paper .

The top schematic shows the sampling setup for the PM10 cascade impactors, while
the lower one shows the setup for the two ELPI+ units and the eFilter.

The data handling for the PM10 cascade impactors involved weighing the samples
and calculating the mass per volume based on the sampled aerosol volume. The
eHilter samples were also weighed; however, these samples were collected over
longer sampling times, and the mass concentration was calculated as described in the
instrument sections. For the ELPI+ mass concentration, only stages which sampled
at least 2.5 % of the total current were included in the calculated mass. This is
because very small errors in the correction of diffusion collected particles could
result in a large mistake in the calculation of the total mass. Particles were assumed

to be spherical and have unit density.
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4.4  LDSA measurement in an underground mine

Paper II concerns LDSA concentrations and size distributions in different areas of
an underground mine. To begin with, the different sensors were tested in the
maintenance area of the mine with the ELPI+ as the reference. The other
measurement locations were near different mining operations: dumping, crushing, a
transfer belt and blasting. A mobile laboratory was used to move around the mine
and measure the LDSA distributions with the ELPI+; unfortunately, some areas did
not have electricity available, limiting the measurement time.

After the main measurement campaign, two sensors (the AQ Indoor sensors)
were left to measure for about a month at two mine locations. The purpose was to
monitor the LDSA concentration for a longer period, and to determine whether the
sensors were suitable for long-term measurements in an underground mine
environment.

4.5 Ambient measurements of LDSA in Delhi and Helsinki

Paper 111 concerns ambient measurements in two cities: Delhi-NCR and Helsinki.
The aim of the measurements was to establish the similarities in the aerosol
population between two cities: one relatively clean city (Helsinki) and one polluted
city (Delhi). In both Delhi-NCR and Helsinki, ambient air LDSA concentration was
measured from a roadside container or mobile laboratory. The sampling system
consisted of a PM2.5 impactor and tubes leading to each instrument: an ELPI+, the
ICP-sensor (results presented in Paper IV), an aethalometer, an SMPS, and an ACSM
(Aerosol Chemical Speciation Monitor). The inlet was placed at roughly 3 m above
ground and horizontally just a few meters from driving lanes. The traffic rates were
similar on the two roads, approximately 1000 vehicles/hour.

The measurements lasted several weeks in Delhi-NCR, and about one week in
Helsinki. In total, four days of the Delhi-NCR data was valid, the rest was affected
by the accumulation of particles in the ELPI+ instrument, despite feeding clean air
into the line with a compressor to dilute the aerosol (dilution factor 2)—the ambient
particle concentration was even higher than anticipated. The Delhi-NCR
measurement campaign was in December 2018 and the Helsinki campaign in
September 2019. Although the two are compared to point out the extent of the
differences between the particle distributions, both represent only snapshots of the
total variation (both spatially and temporally).
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4.6 Characterization of a new electrical sensor

Paper IV details the measurement method, characterization, and testing of a novel
electrical sensor, the ICP sensor. The sensor measures the charge concentration of
particles in an aerosol flowing through it, one polarity at a time. I designed the sensor
using Solidworks software and the sensor was built by the workshop staff at
Tampere University. Dimensions were selected to target particles in a size range
found in traffic environments, but also to keep the sensor small in size. The sensor
was characterized in the Aerosol Physics calibration laboratory, while the test
measurements were in an engine laboratory and ambient air. The ambient air tests

were conducted in the same measurement campaign as the LDSA measurements in
Delhi-NCR for Paper II.

Sensor components

The sensor consists of an ion trap, a mobility analyzer with one electrode connected
to a voltage source and one electrode connected to an electrometer, a critical orifice,
and a pump. The ion trap removes gaseous ions to avoid mistakenly measuring them
as particles. The data output is the current measured by the electrometer.

The mobility analyzer consists of concentric cylinders with an electrical field
applied between them. It is similar to the Gerdien condenser, used in atmospheric
studies to measure air conductivity by collecting gaseous ions. The outer electrode
collects particles which have the same polarity as the applied field and the current
from the particles is measured with an electrometer. The inner electrode, where the
voltage is applied, collects particles of the opposing polarity; however, they are not
measured. Neutral particles and charged particles with low mobilities penetrate the
mobility analyzer. This allows for the possibility to also measure the penetrating
particles. Finally, the critical orifice controls the flow rate through the sensor to the
pump.

The geometry of the mobility analyzer is shown in Figure 8: a cross-section of
the model produced with computer software. The most important dimensions are
the distance between the two electrode surfaces (2 mm) and the length of the
collecting area (48 mm). The outer electrode is slightly longer at each end, 1mm each
way, adding to a total length of 50 mm. This is to decrease electrical losses caused
by edge effects on the electric field. The top of the mobility analyzer is connected to
the rest of the sensor with screws through the flange.
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The collection voltage was chosen as -500 V and the flow rate as 1 LPM. The
flow was chosen to be large enough that particle diffusion does not reduce efficiency
too much, but on the other hand it should be small enough that the flow stays
laminar. The voltage was then chosen to be large enough to capture all charged soot
mode particles. These parameters equal a limiting mobility of 1.466-104 cm?2/(V-s),
or in terms of particle size, a singly charged 140 nm particle or doubly charged
220 nm particle.

Access to outer electrode

(for electrometer)

Access to inner electrode

(for voltage source)

Figure 8. The mobility analyzer portion of the sensor. The aerosol enters from the top and exits
through the bottom. The main body of the sensor is stainless steel, the tightly cross-
hatched sections are an electrically insulating material. Figure adapted from Paper IV
(supplementary material).

Laboratory characterization

The laboratory characterization was conducted with the setup shown in Figure 9.
The dotted line encapsulates SCAR (Singly Charge Aerosol Reference), a system for
producing singly charged monodisperse particles (Yli-Ojanperi et al., 2010). The
reference instrument is an FCAE (Faraday cup and electrometer, Keithley 6430 Sub-
Femtoamp Remote SourceMeter, Keithley Inc.). To measure the penetration of
particles through the ICP-sensor, a CPC (model 3750 by TSI Inc.) was placed after
the sensor.
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Figure 9. The schematic for laboratory characterization of the ICP-sensor. Figure adapted from
Paper IV.

The basic principle of the ICP sensor is that it uses an electric field to collect charged
particles onto two opposing surfaces, one of which is connected to electrometer
allowing current created by collected charged particles to be measured. The
theoretical detection efficiency was calculated based on eq. (15), using eq. (11) to
determine the Z value and eq. (10) for the Z value. Figure 10 shows the measured
detection efficiency for two particle sizes: 25 nm and 100 nm. To achieve different
Z to Z ratios, the collection voltage was altered, thereby changing the Z, value.
Other options were to change the sample flowrate, the test particle size, or the
number of elementary charges on the particles, but the collection voltage is the
easiest and fastest to control. The measured efficiency of the sensor is the percentage
of particles detected compared to the reference FCAE.
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Figure 10.  Characterization of the ICP sensor's mobility analyzer's detection efficiency. Figure
adapted from Paper IV.

Judging by the coefficients shown in Figure 10, the effective length is almost equal
to the physical length of the collection electrode. It should be noted that the
electrode collecting particles for current measurement is longer (50 mm) than the
opposing electrode (48 mm, connected to a voltage source), and for this calculation
the shorted length electrode was used. The fit for 100 nm was slightly steeper than
for 25 nm particles, possibly due to increased diffusional losses for the 25 nm
particles. Zooming into the area where the detection efficiency is at its maximum, it
nears one and begins to slowly decrease at higher ratios. As the ratio was controlled
with the collection voltage, which increases towards the right, the electrical losses
due to edge effects from the electrical field may be the cause for the decrease in
detection efficiency. The sensor diffusion losses were measured as a function of
particle size. The measurements matched the theoretical losses of a 4.263 m tube,
calculated according to Gormley & Kennedy (1948). For 25 nm particles the losses
were between 6 % to 12 %, whereas the losses for 100 nm particles were essentially
zero.

Additional measurements were made with different particle number
concentrations and the detection efficiency was found to be higher for lower
concentrations. I also tested the sensor for losses in its full configuration, the
efficiency peaked at 0.92 compared to 0.95 for just the mobility analyzer. The
additional losses came simply from the ion trap and additional tubing required to

attach the ion trap to the mobility analyzer.
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Test cases

The two test cases were 1) engine exhaust from a heavy-duty vehicle and 2) ambient
air at a roadside in Delhi-NCR. The engine exhaust measurements were in an engine
laboratory, where the exhaust was sampled using a Constant Volume Sampler, CVS.
The vehicle was a typical heavy-duty truck with a diesel oxidation catalyst (DOC)
but no particulate filter. The vehicle was driven following the Delhi Bus Driving
Cycle (DBDC), which is designed to mimic typical Delhi traffic. The highest speed
in the cycle is 50 km/h. The test matrix included different fuels and oils, as well as
cold and warm starts, in-depth information has been published by Martikainen et al.
(2023). The ICP-sensor was operated mostly with a positive voltage (therefore
measuring positively charged particles), but a few cycles were also measured with a
negative voltage for comparison.

As mentioned previously, the ambient tests were done alongside the
measurements for Paper III. A negative voltage was applied to the sensor to measure
negatively charged particles, which are (in theory at least) slightly more numerous
than positively charged particles.

For both test cases, a theoretical charge concentration was calculated based on
measurements with the ELPI+ and using eq. (3), the Boltzmann distribution
(T = 500°C), to approximate the charge distribution for engine exhaust particles, and
eq. (4) and eq. (7) to approximate the ambient charge distribution. The diffusion
losses of the ICP were also noted, and the ELPI+ currents were adjusted

accordingly.
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5 RESULTS AND DISCUSSION

Together the four Papers included in this thesis build a picture of the current
electrical measurement methods, aerosol distributions in traffic-influenced
environments, and the types of challenges faced. This section presents the most

relevant results from each paper regarding the broader topic of this thesis.

2.1 Comparison of online and offline results for mass
concentration

The purpose of the Paper I study was to compare online electrical instruments to
offline aerosol sampling. The main metric for comparison was the particle mass
concentration each instrument measured, as the offline method, sampling with the
PM10 cascade impactors, cannot be easily employed for other metrics. Figure 11
presents the mass concentration in flue gas samples taken from oil shale and wood
combustion, as well as the intercortrelation between two ELPI+ units and two PM10
cascade impactor units. Each sample is the duration of a sample taken with the PM10
cascade impactors. The corresponding time was averaged from the ELPI+ and
eFilter. Although the eFilter also contains a filter, the samples taken with it do not
match the PM10 samples—the mass concentration for the correct time period was

inferred from the online current measurement.
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Figure 11. Mass concentration of particles measured from two combustion emission sources,
covering a large range of concentrations. Figure adapted from Paper | with permission
from Taylor & Francis.

The oil shale combustion aerosol had far less particle mass than the wood
combustion aerosol (measured from the flue gas), thus the instruments were tested
both at low and high concentrations. In some of the oil shale measurements the
PM10 cascade impactor samples resulted in negative masses, and they are missing
from these logarithmic plots. The ELPI+ instruments reported lower concentrations
than the PM10 cascade impactors at low concentrations (oil shale), and vice versa
when the measured concentration was high. The difference for the high
concentration measurements is attributed in part to semi-volatile particles, such as
polycyclic aromatic hydrocarbons, which are released in abundance from wood
combustion (Shen et al., 2017). Some semi-volatiles may still have been in gaseous
form when passing through the PM10 impactors, as they were at a higher
temperature than the ELPI+, or the collected particles may have evaporated from
before weighing. The eFilter was only included in the wood combustion study, where
it reported results similar to the PM10 cascade impactors. The correlation plot shows
that both the PM10 cascade impactors and the ELPI+ are very well intercorrelated.
The two diverging points in the PM10 results were most likely due to a misaligned
sampling nozzle.

In Figure 5 of Paper I, the size distributions of particles measured by ELPI+ in

terms of current, number and mass are compared. The difference in the raw current

distributions is very small; however, small differences in current become large
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differences in the number concentration of the smallest particles (< 10 nm) and mass
concentration of the largest particles (< 2 um). Additionally, the presence of large
amounts of sub-10 nm particles may cause errors if the correction for deposition by
diffusion is not sufficient. The most reliably measured particles are the midrange
stages.

Overall, Paper I showed the ELPI+ to be a robust and reliable instrument,
although care must be taken especially with mass concentration, where the
deposition of small particles by diffusion may have a significant effect on the total

mass concentration.

5.2 LDSAin the underground mine

Underground mines require mechanical ventilation to circulate air, and it is very
important for occupational hygiene that exhaust fumes are quickly removed. The
two main aims of Paper II were to investigate the LDSA distributions inside an
underground mine and establish whether LDSA sensors are a suitable option for
monitoring air quality in the underground mine. The ELPI+ is the reference
instrument for the sensor. As shown in Paper I, the midrange stages, around 10 nm
to 1 um, which correspond to most of the surface area concentration in traffic-
influenced environments can be reliably measured with the ELPI+, additionally, it
measures the LDSA for a large size range of particles.

Figure 12 shows a timeseries of the sensor comparison, as well as a correlation
plot of each sensors’ measurement results against the LDSA measured with the
ELPI+. The lines show fits for each data set and the corresponding equations are in
the legend. The AQ Indoor sensors achieved the best correlation factors; however,
the equations reveal that these sensors reported 50 % higher concentrations than the
ELPI+. Overall, all the sensors report higher concentration than the ELPI+ on
average, and looking at the timeseries, the discrepancy was especially large at the end.
The end of the measurement period had a particularly wide particle size distribution,
with a large concentration of small and large particles. An examination of the sensor
to ELPI+ LLDSA variation in relation to the presence of either large or small particles
revealed that small particles (sub 30 nm) caused an overestimation of LDSA. Most
likely this is due to the sensors being calibrated for a larger median particle size. The
closest to a one-to-one relationship was the Partectora.

While the larger particles did not seem to significantly distort the measurement
results, they did cause problems by depositing inside the sensors. The DiSCmini and
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Partectors had to be cleaned several times (the DiSCmini impactor and the Partector
corona wire chambers). A qualitative result of this study is that a cyclone significantly

increases the maintenance-free operation time of a sensor-type instrument in this

environment.
800 T T ‘
E ELPI+ Partector,, |
E 600 - AQ IndoorA - = —ParTectorB 1
~N
AQ Indoor, DiSCmini |
5 400 B iSCmini '
%
A 200
|
0 " 1 1 1 1

Mar 21, 20:00 Mar 22, 00:00 Mar 22, 04:00 Mar 22, 08:00
2017
AQ IndoorA

y = 1.59x, R? = 0.59
AQ IndoorB

y = 1.44x, R? = 0.59
E o PartectorA

y =1.06x, R? = 0.53
o PartectorB

- — —y=157x,R>=0.54
o DiSCmini

y =1.31x, R? = 0.55

10" 102 10°
ELPI+ LDSA (um?/cm®)

Figure 12.  Comparison of LDSA measured with electrical particle sensors to LDSA measured with
the ELPI+ in the maintenance area of an underground mine. The original data was
averaged into 5-minute time bins. Figure adapted from Paper II.

Figure 13 shows LDSA size distributions measured at the various mine locations.
Several locations show a mode at roughly 100 nm, which corresponds to the soot
mode of diesel exhaust. Several locations have a second mode at a larger particle size,
which could indicate mechanically produced particles (dust). The only location with
a larger mode size is the blasting area, influenced by dust from the blast. The lowest
measured concentration is at the maintenance area. Although not pictured here, brief
measurements were conducted inside the mine canteen (located near the
maintenance area); however, there were essentially no particles there, showing that
air can be kept clean with filters and ventilation, even in challenging areas. Figure
13 includes two lines measured at the conveyor belt, as the particle levels were very
different for two measurements (at different times).

The overall LDSA concentration in the maintenance area is high in comparison

to typical urban concentrations; however, it is comparable to a previous study on
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mine LDSA (Huynh et al., 2018). Also importantly, the LDSA concentration was
low inside the canteen and offices, where workers spend a lot of time without any
bartiers to the ambient air. At the other locations, most of the work was done inside

vehicles.
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Figure 13.  LDSA size distributions in different areas of the studied underground mine. Figure
adapted from Paper II.

Very little LDSA in the mine was contributed by particles larger than 2.5 um (less
than 13 % for all areas), and there was large variation in the LDSA to mass ratios:
0.9 in the blasting area and 1.6 in the maintenance area (units pm2?cm-3ug-'m?). These
observations show that mass-based monitoring and guideline values are not

sufficient for ensuring good air quality.

5.3 Particle size distributions in urban air

In Paper III the contrasting air quality of two cities, Helsinki, and Delhi-NCR, was
measured with the same instrumentation to determine particle size distributions.
Figure 14 shows the particle number, LDSA and mass size distributions
measured in Helsinki and in Delhi-NCR. The top row distributions are normalized
to a maximum concentration of 1 to allow for easier comparison of the mode sizes.
The bottom row shows the distributions with the absolute concentrations. Particle
modes described in section 2.1 and Figure 1 can be identified in these measured
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results. Nucleation mode particles dominate each of the number size distributions,
and the soot mode particles form a second smaller mode. The mass size distributions

each have a dominant mode in the range of the accumulation mode particles.
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Figure 14, Number, LDSA and mass size distributions measured in Delhi-NCR and Helsinki. Figure
adapted from Paper |Il.

The most interesting result is the LDSA distribution modes. The Helsinki local
LDSA distribution shows that the soot mode contributes most to the lung-
depositing particles, whereas the highest mode of the Delhi-NCR distribution is
firmly within the accumulation particle size range—although the soot mode particles
create a “shoulder” in the distribution. Finally, the LRT-episode in Helsinki includes
the same soot mode as the local distribution, but also an approximately equal height
accumulation particle mode. The contrast between the different size distributions
(when viewing the normalized distribution) is small for number and mass, whereas
the LDSA distributions have profoundly different modes. Other studies in Europe
have found a local emissions to be the largest contributor to LDSA (Hama et al.,
2017; Lepist6 et al., 2022; Shah et al., 2023), and one other study in Asia (in Taipei)
also found that LDSA consisted mostly of accumulation mode particles (Chen et al.,
2023).

As was the case between locations in Paper 11, the LDSA to mass concentrations
were inconsistent between Helsinki Local and Helsinki LRT and Delhi-NCR.
Whereas in Delhi-NCR mass concentration and LDSA concentration are highly
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correlated, there is almost no correlation between the two in Helsinki, especially
when the particles are from the local sources. The LDSA to mass ratio in Helsinki
(local emissions only) was more than twice the amount in Delhi-NCR. These results
hint at one reason why PMz;s toxicity depends on location: the particles lungs are
exposed to are of different sizes and therefore of different origins and chemical
compositions as well. Again, this result emphasizes the need for more than a single

particle concentration metric.

54 Measurements with the novel electrical sensor

Paper IV presents the novel ICP-sensor for particle measurement. The
characterization results were presented in section 4.6 and this result section covers
the two test cases: engine exhaust measurements in a laboratory and ambient
roadside measurements in Delhi-NCR.

The measured charge concentration inside the CVS in the engine exhaust tests
was between 0 fC/cm® to 60 fC/cm3. The ambient charge concentration was
between 1 fC/cm? to 6 fC/cm3. Figure 15 shows that the ICP-sensor results
correlated very well with the theoretical charge concentration, as calculated from the
ELPI+ particle number size distribution.
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Figure 15. The measured charge concentration (ICP) versus the theoretical charge concentration
based on the number distribution from the ELPI+ and the equilibrium charge distribution
predicted by the Boltzmann distribution (engine exhaust, top) or Wiedensohler
formulation (ambient air, bottom). Figure adapted from Paper IV.

In Figure 15, the engine exhaust charge concentration is compared to the
Boltzmann distribution at 500°C while the ambient concentration is compared to
the Wiedensohler distribution for negative charge. In the engine exhaust case, while
the measured and theoretical charge concentrations correlated well, the measured
concentration was much lower, only 10 % for “all particles” and 20 % for “solid
particles”. Previous research has found engine exhaust charge distributions to
correspond to Boltzmann distributions between temperatures of 500°C to 800°C
(Maricq, 2006)—the reason for this different result remains uncertain.

In the ambient case there was more variation, but the best fit line was almost one
to one. Investigation of the residuals of the fitted line revealed that soot mode
particles were associated with a higher measured than theoretical charge

concentration, whereas the opposite was true for nucleation mode particles. This
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result is in line with previous research, which has found that nucleation particles
emitted with exhaust are uncharged (Jung & Kittelson, 2005b; Sgro et al., 2011), and
that soot particles retain the higher charge numbers incurred in the engine for some

time after emission into ambient air (Jayaratne et al., 2014).
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Figure 16.  Charge concentration measured with the ICP-sensor compared to number, surface area
and mass concentration from the ELPI+, measured from engine exhaust (top row) and
ambient air (bottom row). Figure adapted from Paper IV.

Because charge concentration is not a widely used metric, it is interesting to see
whether it correlates with any more common particle concentration metrics. Figure
16 shows the correlation between the particle charge concentration and the number,
surface area and mass concentration. The top row is for engine exhaust and the
bottom row for ambient measurements. The particles size distributions for the
engine study are reported by Martikainen et al. (2023) and the ambient size
distributions are the same as in Paper III (Delhi-NCR).

The exhaust data is separated into “All particles” and “Solid particles”, and for
the number concentration the two groups have very different fits, showing that the
solid particles are much more highly charged on a per particle basis. This is the
expected result, as previous research has demonstrated that combustion-originated
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nucleation particles are uncharged (Maricq, 2006; Sgro et al., 2011). The correlation
with surface area is good for both particle groups, and there is less difference
between the groups. There is little correlation with particle mass concentration (for
either group).

In the ambient cases, the charge concentration is well-correlated with all three
metrics, but the correlation coefficient is the highest for the surface area
concentration (R2=0.800). Based on Figure 5, the correlation for number and
surface area concentrations is expected to be about the same; however, the
nucleation mode particles, which make up a large portion of the number
concentration, tended to be less charged than the ambient equilibrium predicts,
hence the poorer correlation with number (R2=0.493). The relatively good
correlation (R? = 0.555) with the mass concentration is the most surprising result;
however, LDSA and mass concentration were also found to be well-correlated in
Paper I11.

In a previous study by Y. Li et al. (2022), they reported that measurements with
an SMPS (Scanning Mobility Particle Sizer) can be conducted without using a
neutralizer, and still achieve reliable results, simply by using the inherent particle
charge for classification. In analyzing the results in Paper IV, I noted a similar result:
an excellent correlation between charge concentration measured from inherently
charged particles and diffusion charged particles. The result was almost the same
between the engine laboratory and the ambient measurement results, including the
correlation coefficient and the slope of the fit (R?=0.92 and R2=0.87, slope = 0.63
and slope = 0.76, when adjusted to the same flow rates). Research regarding this
finding is currently ongoing. If this relationship holds in other environments as well,
the use of DCs could be unnecessary in cases where the inherent particle charge
concentration is high enough for detection and the price of the sensor is an
important factor.

Overall, the sensor’s performance in both applications showed it to be a suitable
option for particle monitoring, especially for high pollution environments. On its
own, it can be used to measure particle pollution as charge concentration—or
possibly surface area; however, one should be careful to note that sensitivity was
poor for nucleation mode particles. Combined with the ELPI+ data, the sensor data
showed that ambient particles in the soot mode size range were highly charged
whereas nucleation mode particles were less charged than the theoretical equilibrium
state.
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6 SUMMARY

One important measure of good air quality is low aerosol particle concentration, but
should the concentration be measured as mass, number, surface area or something
else? The results from this thesis show that low particle mass concentration is not
an exhaustive criterion, despite being the only widespread ambient air quality particle
metric. UFP are barely detectable by mass, yet their small size allows them to easily
bypass barriers meant to keep toxins outside of our bodies and organs. Furthermore,
toxicological studies have found the surface area of solid particles, rather than mass,
to better correlate with health effects. This thesis gives an overview of the current
knowledge of particle populations in different traffic-influenced surroundings and
discusses both commercially available electrical measurement methods and the
potential of the newly developed ICP-sensor.

Paper I established the ELPI+ as a reliable instrument, based on the high
correlation of results between two ELPI+ units. That being said, mass
concentrations measured with the ELPI+ should be reported with caution, paying
close attention to the contribution from higher stages. A simple test for whether the
mass of a given stage should be included, is to check if the current from that stage is
at least 2.5 % of the total measured current. Overall, the ELPI+ is a highly useful
instrument, as it enables high time resolution measurement of a wide particle
distribution.

In Paper II, four of the five sensors included in the test significantly
overestimated the LDSA concentration, especially when the measured particle
distribution contained two separate modes. Additionally, only the sensors which had
a cyclone to remove coarse dust were able to measure without fault for a longer
duration (several weeks, until the campaign ended). Despite the less-than-perfect
measurement results, air quality monitoring in an underground mine needs to include
a method for UFP (as established with the size distribution measurements), and the
diffusion charging based sensors are a decent option.

Paper III presented particle size distributions in two traffic influenced
environments and showed how the measurement metric plays an important role in
understanding air quality. The different LDSA distribution modes indicated that the
most important lung-depositing particles are from different aerosol sources.
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Whereas the particle number and mass size distributions had roughly the expected
particles modes, the particle LDSA size distribution revealed a major difference
between the two environments. This finding has significance for the future of air
quality monitoring and the design of instruments for different environments.

Papers I-III revealed many challenges that aerosol instrumentation must
overcome. Aerosol populations vary in concentration and in the particle mode sizes,
both spatially and temporally. A single instrument is unlikely able to be suitable for
every situation. Traffic environments typically have particles in one to three modes,
as discussed in section 2.1, and found experimentally to be true for the environments
in Paper II and Paper III. While number concentration emphasizes the nucleation
mode particles, and mass concentration emphasizes the accumulation mode or
coarse mode particles, surface area concentration gives a good middle ground.
Additionally, surface area is a health relevant metric which can be monitored
efficiently with electrical sensors.

Paper IV introduced the newly developed ICP-sensor for measuring the naturally
occurring particle charge concentration. The sensor has high detection efficiency,
over 90 % for the targeted range, and a limit of detection corresponding to 1500
100 nm particles/cm? at ambient charge distributions (three times the standard
deviation of the noise level measured at 1 Hz). The signal is well-correlated with
particle surface area in ambient air (R?=0.800) and the sensor handles high
concentrations without trouble, at least for some weeks. The roadside testing showed
it to have good potential for monitoring purposes in highly polluted traffic
environments. Interestingly, the ICP-sensor response was very well correlated with
diffusion charged particles. Compared to diffusion-charging sensors, it has the
benefit of not needing the corona charger: one less part which may break and lower
power-usage. On the downside, it cannot measure low concentrations accurately,
although different choices for the geometry, flowrate and collection voltage allow
for endless possibilities to target specific particle size ranges or concentrations.

To reiterate, the two most important findings of this thesis are the vast difference
in size between lung-depositing particles in the studied cities and the potential of
monitoring particles based on their inherent charge, especially in areas with heavy
pollution from traffic. These two findings are related in that inherent charge
correlated very well with surface area, therefore targeting the metric that best
differentiates the particle size distribution of these two locations. These findings also
point a clear direction for next steps: expand the measurements to new cities and
areas with different emission sources to further establish the potential and limitations
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of measurement based on the inherent particle charge. Depending on the findings,

new sensor versions can be built to better suit different surroundings.
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ABSTRACT

Particulate matter in the atmosphere is known to affect Earth’s climate and to be harmful to
human health. Accurately measuring particles from emission sources is important, as the
results are used to inform policies and climate models. This study compares the results of
two ELPI+ devices, two PM10 cascade impactors and an eFilter, in combustion emission
measurements. The comparison of the instruments in a realistic setting shows what types of
challenges arise from measuring an emission aerosol with unknown particle morphologies
and densities, different particle concentrations and high temperature. Our results show that
the PM10 cascade impactors have very good intercorrelation when the collected mass is
greater than 150 ug, but below that, the uncertainty of the results increases with decreasing
mass. The raw signals of two ELPI+ devices were nearly identical in most samples, as well
as the particle number concentrations and size distributions calculated from raw signals;
however, transforming the current distributions into mass distributions showed variation in
the mass concentration of particles larger than 1 um. The real-time time signal measured by
eFilter was similar to the total current measured by ELPI+. The eFilter and PM10 cascade
impactors showed similar particle mass concentrations, whereas ELPI-+ showed clearly
higher ones in most cases. We concluded that the difference is at least partially due to vola-
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tile components being measured by ELPI+, but not by the mass collection measurements.

1. Introduction

Anthropogenic aerosols are of great concern, as it is
well-established that they are harmful to human
health (e.g. Lelieveld et al. 2015) and have climate
effects (e.g. Andreae, Jones, and Cox 2005; Lee,
Reddington, and Carslaw 2016).Combustion emissions
are a major source of atmospheric particle pollution.
To understand their full effect on health and climate,
researchers create dispersion and climate models to
predict effects. These models require accurate meas-
urements directly from the emission source as input.
Otherwise, inaccuracies in measurements are passed
onto the models, and the inaccurate models are used
to inform decision making and environmental poli-
cies. One established way to gain information on the
instrument performance is to compare results from
instruments in concurrent measurements.

In atmospheric aerosol measurements, instrument
comparisons are commonplace. For example,
Hitzenberger et al. (2004) compared more than 50
mass measurement instruments in their atmospheric
aerosol study, including Electrical Low Pressure
Impactor (ELPI) and several cascade impactors. In
combustion emission measurements, results for each
studied characteristic (particle number concentration,
mass concentration, size distribution, etc.) are often
reported based on the measurement data from a single
instrument. Instruments are of course calibrated
before use, but laboratory calibration is conducted
with known particle material, concentration and size
distribution, under controlled environmental condi-
tions. Considering the harsh conditions of emission
measurements—high temperatures, varying pressure,
high particle concentrations—and the rapidly chang-
ing source, it would be surprising not to encounter

CONTACT Laura Salo @ laura.salo@tunifi e Aerosol Physics, Faculty of Engineering and Natural Sciences, Tampere University, Korkeakoulunkatu 10,
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Table 1. Information on the three instrument types used in th
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is study.

Instruments used Flow rate Particle sizes
in this study (L/min) measured Data outputs Other information
ELPI+ (x2) 10 6nm-10 pm Stage-specific electrical current Current size distribution may be
processed into number and mass
distributions. Cutoff sizes for
impactor stages (um): [10 5.3 3.6
2.5 1.6 0.94 0.60 0.38 0.25 0.15
0.094 0.054 0.030 0.016 0.006]
PM10 gravimetric 10 0nm-10 pm Sampling time averaged mass con- There are three cut points (impac-
cascade impactor (x2) centration of three particle size tors) at particle diameters 10 pum,
ranges: 0-1 pum, 1-2.5 pm, 2.5 um, and 1 pum. The remaining
2.5-10 um particles are collected with
a filter.
eFilter (x1) 20 (mass collection) onm < Sampling time averaged total mass Combining the data outputs gives

and 0.5 (electrical
measurement)

concentration and related real-
time electrical current

an estimation of the time-
resolved mass concentration.

any discrepancies between instruments. In addition to
the conditions within the tubing, the surroundings
create challenges as well: vibrations from moving
components, high or low temperatures and tight
spaces. Small differences in operation methods by dif-
ferent users may also have noticeable effects on
the results.

Instrument comparisons between different instan-
ces of combustion emission measurements are diffi-
cult, as sampling methods are also known to affect
results (Burtscher 2005; Lipsky and Robinson 2006;
Ronkko et al. 2006). Despite the general lack of com-
parison studies, some instrument pairs have been
studied: ELPI and Scanning Mobility Particle Sizer
(SMPS) in particle size distribution measurements
(Amaral et al. 2015; Maricq, Podsiadlik, and Chase
2000; Marjamaki et al. 2000), SMPS and Engine
Exhaust Particle Sizer (EEPS) in particle size distribu-
tion measurements (Xue et al. 2015) and ELPI and
gravimetric impactor particle mass concentration in
the submicron size-range (Maricq, Xu, and Chase
2006). As far as we could tell, only one previous study
compared identical instruments (condensation particle
counters) in the same combustion emission measure-
ment (Petzold et al. 2011).

In addition to accuracy, other instrument proper-
ties to consider when choosing instruments for a
measurement setup are price, time resolution, size,
measurement output, and how much maintenance is
required. Aerosol measurement techniques can be div-
ided into two main groups: offline and online, with
the former generally being the more inexpensive
method upfront (Dhaniyala et al. 2011). Collecting
particles with an impactor or filter are types of offline
measurements. Although the instruments are inexpen-
sive, the collected substrates require handling, con-
suming work hours. Online instruments are generally
more expensive, but offer numerous benefits: high
time-resolution, instantaneous results and fewer work

hours. When it comes to measurement output, mass
concentration is commonly used, as particle air quality
standards are defined by mass concentration (“Air
Quality Standards” 2017). Particle number is also
commonly measured, as small particles are not well
represented by mass, and particle number emissions
are limited for vehicles. When possible, it is better to
measure both in order to get a full picture of
the emissions.

In this study, we present a comparison of five aero-
sol measurement instruments: two PM10 gravimetric
cascade impactors (Dekati Ltd., Kangasala, Finland),
two ELPI+’s (Dekati Ltd.) and one eFilter (Dekati
Ltd.). The instruments were used to measure flue gas
from oil shale and wood combustion. Data from each
instrument was then used to calculate the mass con-
centration of particles in the flue gases. Additionally,
the electrical currents measured by eFilter and
ELPI + were compared. The two measured emission
types, oil shale and wood, contained highly different
concentrations of particles, giving a good range of
data. The purpose of our study is to report on the
correlation of results from essentially identical instru-
ments operated by different research groups, to dis-
cover limitations of the selected instruments by
comparing results, and to discuss the reliable utiliza-
tion of these instruments for emission measurements.
We also hope to encourage a culture of instrument
comparison  studies in

combustion  emission

measurements.

2. Materials and methods
2.1. Instrument descriptions

The three instrument types used in this study are
summarized in Table 1. ELPI+is an online device,
whereas the PM10 cascade impactor is offline. The
eFilter is a hybrid, measuring electrical current while
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Figure 1. Graphical representation of the eFilter operation principle, image provided by Dekati®.

simultaneously collecting particulate mass onto a fil-
ter, which needs to be weighed. In addition to the
studied instruments, an SMPS was in use during
the measurements, but the data is only included in
the supplementary material, as it was not part of the
initial study design.

PM10 gravimetric cascade impactors (Dekati Ltd.)
are used to measure the mass concentration of par-
ticles smaller than 10um in aerodynamic diameter.
Incoming particles are deposited on collection plates
by impaction. The PM10 impactors in this study also
have an impactor cutoff at 2.5um, and another at
Ium. A filter collects any remaining particles (less
than 1pm in aerodynamic diameter). Thus, they can
also be used to determine PM,s; and PM,. These
impactors are commonly used in atmospheric meas-
urements as well as measurements from an emission
source. They fulfill the requirements for 1SO23210,
which sets the standard for particle mass concentra-
tion measurements from stationary emission sources.

ELPI+, as well as its predecessor ELPI (Dekati Ltd)
(Keskinen, Pietarinen, and Lehtimaki 1992), is widely
used for both atmospheric and emission measure-
ments (Brachert et al. 2014; Duan et al. 2012; Liu
et al. 2011; Maricq, Xu, and Chase 2006; Pirjola et al.
2017). The ELPI+includes an impactor with 14
stages, each connected to an electrometer. The

particles entering the device are electrically charged
and then classified by aerodynamic diameter in the
cascade impactor. The charged and impacted particles
impart an electrical current, which is then recorded.
The current from each stage can be converted into a
particle number concentration, and together the four-
teen stages give the number size distribution. The par-
ticle number distribution can also be converted to
other distributions, such as particle surface area, vol-
ume and mass. The ELPI+ (and ELPI) time resolution
is 1s, making it useful for measuring transient particle
size distributions. The particle size range measureable
by ELPI+is approximately 6nm to 10um.
Calibration coefficients and stage-specific cutoff sizes
for the ELPI + are reported in Jarvinen et al. (2014).
The eFilter (Dekati Ltd.), marketed since 2016,
combines electrical measurement and gravimetric
mass collection of particles. The benefit of this novel
two-pronged approach is that it allows the user to see
the changes in the particle concentration during the
gravimetric particle collection. The instrument compo-
nents and operation principle can be seen in Figure 1.
The instrument has a large primary flowrate of
20-100 lpm through a 47mm collection filter and a
secondary flowrate of 0.5 lpm for the electrical meas-
urement (through the replaceable sensor block). The
secondary flow is generated with an internal pump,
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Table 2. Information on the measured combustion cases, the
sampling times for PM10 cascade impactors and the dilution
ratios for ELPI 4+ and eFilter. The cascade impactors measured
the flue gas undiluted.

Sampling Dilution ratio
Fuel Details ~ time (min)  (ELPI+ and eFilter)
1 Oil-shale 75 84
2 Oil-shale 94 9.6
3 Oil-shale 90 9.6
4 Oil-shale 70 9.6
5 Oil-shale 96 10
6 Oil-shale 30 10
7 Wood Ignition 20 80
8 Wood Burning 5 80
9 Wood Burning 10 80
10 Wood Burning 10 86
1 Wood + waste Ignition 10 86
12 Wood + waste Burning 10 86
13 Wood + waste Burning 10 86
14 Wood + waste Burning 10 86
15 Wood + soot remover  Ignition 7 177
16  Wood + soot remover  Burning 10 177
17 Wood + soot remover  Burning 10 177
18  Wood + soot remover  Burning 10 177

and it does not affect the gravimetric collection. The
electrical portion of the instrument first charges
incoming particles with a corona charger and then
collects the particles onto a fiberglass filter inside a
Faraday-cup connected to an electrometer. Electrical
measurement is automatically switched on when the
instrument detects the primary flow. This is useful, as
the filter collection time then corresponds to the elec-
trical measurement. The data output of the instrument
is the current measured from the diffusion charged
particles. If necessary, the electrical portion may also
be used separately, i.e., independently of the filter col-
lection of particles. In this study, quartz filters were
used for the gravimetric collection. They were weighed
as described in Section 2.2. The filter collection could
also be used to perform chemical
the sample.

analysis of

2.2. Measurements

Table 2 displays the different measurement cases. The
first six measurements were for oil shale combustion,
and final twelve for wood combustion, with three dif-
ferent subcases: wood, wood and waste, and wood
and a concentrated soot remover (Hansa'™, UAB
Triju artele, KaiSiadorys, Lithuania). For the wood
combustion, one measurement was taken during each
ignition phase and three during the normal burning
phase. Oil shale tests were conducted at a 60 kWth
Circulating Fluidized Bed (CFB) combustion test facil-
ity in Tallinn University of Technology, described in
detail in Konist et al. (2018). In this facility, the fluid-
ized bed is produced from mineral matter of the oil
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shale; the amount of mineral matter can be 43-53%
of the original mass of the fuel (Konist et al. 2016).
The CFB facility was operated with its normal circula-
tion and temperature profile. Wood combustion tests
were carried out in the Estonian Environmental
Research Centre (EERC) stove laboratory, using a
3500kg brick made masonry heater, which is built
according to the standard “EN 15544 One off
Kachelgrundofen/Putzgrundofen (tiled/mortared
stoves) — Dimensioning”. Logwood from three species,
spruce (Picea abies), alder (Alnus incana) and pine
(Pinus silvestris), was used. In each case, the wood
was cut into pieces of 0.4-0.5 m length and split into
halves or quarters. The wood was stored in a conven-
tional way in an outdoor woodshed and was brought
to stove laboratory at least 1day prior to combustion
experiment. Fuel was ignited from the top, in order to
ensure good startup for the wood ignition. The wood
moisture content ranged between 14% and 18% on
wet basis. Each log batch was weighed, the heating
value was measured and the relative humidity of each
log was measured separately.

One research group operated one ELPI+and one
PM10 cascade impactor, while the other two identical
devices were operated by the other group. This article
will refer to these research groups as group A and
group B. The measurement setups are shown in
Figure 2a (cascade impactors) and Figure 2b
(ELPI+and eFilter). The two PM10 cascade impac-
tors sampled for the exact same time periods in order
to allow comparison. The other instruments sampled
for longer periods. For the purposes of this article,
only the data for the times matching the cascade
impactor samples was compared.

The PMI10 cascade impactors each had their own
sampling tubes of the same length, diameter, and
bends, as well as identical cyclones to remove large
particles. The inlets were oriented parallel to the sur-
rounding flow. The only notable difference between
the oil shale and wood combustion experiments was
in the heating of the cyclone and PM10 cascade
impactor, as it was about 80-100°C in the oil shale
cases and 120-150°C in the wood cases. The nominal
volumetric flowrate through the PM10 impactor needs
to be 10 lpm for the cutoffs of 10 um, 2.5pum, and
1.0 um. For PM10 A the flow was controlled with a
mass flow controller (Alicat, Alicat Scientific, USA ),
set to 10 SLPM. The PM10 B flow rate was controlled
using Aquaria CF-20 Alfa Basic (AQUARIA Srl,
Lacchiarella (MI), Italy) pump, where flow rate is
measured with the high precision flow-meters and the
flow rate was set to 10 SLPM. Because the cascade
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Figure 2. Measurement setups for (a) the PM10 cascade impactors and (b) ELPI + and eFilter. The second ejector diluter, drawn in
dashed lines, was used in the first oil shale measurement and all of the wood measurements. The PM10 cascade impactors, along
with the cyclones were heated to approximately 90°C and 135°C in the oil shale and wood cases, respectively.

impactors were heated, the true cutoff particle diame-
ters varied slightly, at most 6% from the given values,
calculated according to Hering (1995). The difference
was not taken into account in the results. In prepar-
ation for sampling, the PM10 cascade impactors and
cyclone were allowed to heat up for about 20min
before each run. If they were still warm from the pre-
vious sampling run, this time was shorter. The cas-
cade impactor plates were covered with greased foils,
which were changed for each sample, and the used
foils were stored for weighing. The PMI10 cascade
impactor filter, which collects the smallest particles,
was similarly changed and stored for weighing
between each measurement. The PMI10 impactors
were clean before beginning the experiments and were
cleaned in an ultrasonic bath after the first sampling
from wood combustion, as they were visibly
soot-covered.

Both ELPI + instruments measured after dilution of
the flue gas, at the same distance from the source.
The flue gas was diluted with an ejector diluter
(Dekati Ltd.), in which heated (70 °C) and pressurized
air was used for dilution. The setups for wood and oil
shale experiments were almost identical, but in the
wood combustion case, an additional ejector diluter
was used. The flow rate in ELPI+is 10 lpm, and it is
controlled by a critical orifice within the instrument.
Before measuring, the ELPI+ collection plates were
covered with greased foils. The foils were changed
daily to avoid measurement error due to particles
bouncing. ELPI+ devices were switched on about an
hour in advance, to allow their electrometers to settle
before actual measurement. Instruments’ outlet pres-
sures were checked to be 40 mbar and adjusted
accordingly. The instruments were zeroed by sampling
room air through a HEPA-filter, and administering
the zeroing routine from the software menu. After

zeroing, the HEPA-filter was left in place for
5-10min to check that the zero levels did not change.
The corona needle of the ELPI+ A was cleaned twice
during the measurement campaign.

The eFilter measured from the same location as the
ELPI+ instruments and used the same dilution sys-
tem. The flowrate to the gravimetric filter was 20
lpm—the total sampled volume was measured using a
pump with integrated flow measurement. The flowrate
through the electrical measurement portion of the
eFilter was 0.5 lpm, taken from the main flow, as seen
in Figure 1. The eFilter was switched on at least
30 min before the measurement in order to stabilize
the electronics temperatures. Sampling was started
and stopped manually by switching on and off the
gravimetric sample pump. This started also the elec-
trical measurement and data logging. Electrical data
was saved to a memory card for further data process-
ing. After measurement, the sample filter was
removed for gravimetric analysis. The weighing pro-
cedure was the same as for the PMIO
cade impactors.

The ELPI+and PMI10 impactor foils were greased
with Dekati® Collection Substrate Spray to improve
particle attachment. The PMI10 filters and impactor
foils were weighed before and after sampling. The fil-
ters were heated to 200°C for 2h, before sampling,
and to 160 °C for 1h after sampling, to remove mois-
ture. After sampling and before weighing, the foils
were allowed to cool inside a desiccator for at least
1h and the filters for 2h, as temperature can affect
the weighing. The weighing room conditions were
controlled and set to 50% humidity and a temperature
of 22°C. The foils and filters were weighed with a
Kern 770 balance (10 pug precision).

A blockage occurred in the second ejector diluter
during sample 11, which affected the ELPI+and

cas-
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Figure 3. The white boxes show the times when the specified instrument (y-axis) has been actively measuring. For eFilter and
PM10 A and B, this means the duration of mass collection. The black rectangle shows the times when the ejector diluter was

blocked, and affected eFilter and ELPI + measurements.

eFilter results. For the eFilter, this means that also the
particle mass concentration for sample 12 must be
excluded, as it was collected with the same filter as
sample 11. Figure 3 shows the times when each
instrument was sampling the aerosol.

2.3. Data processing

2.3.1. pm10

The PM10 size fractioned results were obtained from
the difference in collection foil and filter masses
before and after sampling. Each particle mass concen-
tration was calculated by dividing the collected par-
ticulate mass by the volume of aerosol sampled. The
sampled volume was calculated by multiplying the
sample flow rate by the sampling time.

2.3.2. elpi+

The ELPI+ results were obtained using the datasheet
provided by Dekati Ltd., and entering the required
beginning and ending times for each measurement.
We used 1g/cm’ as the particle density setting and 1
as the dilution ratio (corrected later to reflect the true
dilution ratio). the data sheet first applies a simple
non-iterative calculation algorithm (Moisio 1999) to
correct the current values for the secondary collection
of sub-cut diameter particles (Virtanen et al. 2001).
Then the number concentration is calculated from

I 1
N=—— |— (1)

eQPn |cm?
where is the current measured from an impactor
stage, is the elementary charge (1.602e — 19 C), is the
flowrate. The term is a particle diameter dependent
product of particle penetration through the charger
and the average number of elementary charges per

particle. The number size distribution is the combined
number concentration for each stage, plotted against
the geometric mean diameter of the corresponding
stage. From the number size distribution, the mass is
calculated by multiplying by volume and density. The
values for as well as the correction values to account
for secondary collection, by diffusion can be found in
Jarvinen et al (2014).

2.3.3. eFilter

The eFilter results for the electric current were the
reading given by the instrument. The eFilter mass col-
lection times were not the same as the PM10 cascade
impactors, as can be seen from Figure 3. The eFilter
was used to collect mass for the whole duration of a
combustion event, from ignition to burning out. The
eFilter particle mass concentration was calculated for
the same duration as the PM10 sampling period, in
order to compare results. The ability to determine
mass from any period within one measurement,
related to just one filter sample, is a key feature of the
eFilter. Figure 3 displays the eFilter collection times
along with the PM10 sample times. First, the average
particle mass concentration was obtained by dividing
the measured particle mass with the total sampled vol-
ume (Equation 2). Dividing the mass concentration by
the average gives a
(Equation 3). To convert the average current during
any time period to to the corresponding particle mass
concentration, the current is multiplied by the conver-
sion factor (Equation 4). The conversion factor is not
a calibrated constant, but a value which must be
determined on-site for the studied particle population.
The conversion factors used in this study are listed in
Table S4.

current conversion factor
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line is the one-to-one curve. Some of the results are missing from this plot, as they had a negative mass and the axes are logarith-

mically scaled.

The underlying approximation here is that there is
a direct correlation between the particle mass concen-
tration and measured current. From one mass collec-
tion, it is possible to determine one coefficient of
correlation. Best results are obtained if the particle
size distribution width (geometric standard deviation),
modal diameter and dilution ratio is constant
throughout the collection period.

In order to compare all instruments to each other,
the results from the ELPI+instruments and eFilter
were multiplied by the dilution ratio (shown in
Table 2). The dilution ratio was determined by meas-
uring the carbon dioxide concentration (SICK
Maihak, SIDOR, China) before and after the dilution
of the combustion aerosol samples. There was no
coarse particle pre-separator on the eFilter line, but
the (double) ejector diluter effectively acts as one, hav-
ing a low penetration of particles larger than 3 um
(Koch et al. 1988). Therefore, the contribution of par-
ticles larger than 10 um was expected to be negligible.

3. Results
3.1. Comparison of similar instruments

Figure 4 shows a stage-by-stage comparison for the
particulate masses measured from the two PMI0

cascade impactors. The numerical values can be found
in Table S1. The correlation for the total collected
PM,, mass for the two impactors is y=0.97x+ 1.68,
R® = 0.986. The highest stage (particles above 10 um)
also depends on the performance of the cyclone pre-
ceding the impactor. The correlation for this stage
was R* = 0.756, with PM10 B generally having a larger
mass. The offset between the two instruments is small
(1.68 ng) considering the total range of measurements.
The visibly symmetrical distribution around the one-to-
one curve indicates that the deviations of the instru-
ments are caused by random errors; there is little to no
systematic deviation due to user influence or instrument
properties. Some of the results for impactor stages were
showed negative mass, and are excluded from Figure 4
(but included in the correlation values). Figure S7 in the
supplementary material shows the relative difference in
the measured mass between the two PMIO cascade
impactors, plotted on a linear scale.

There are two outliers in the 2.5-10 um size range
for oil shale samples. The particulate mass collected
was much larger for PM10 B than for PM10 A—this
is most likely due to the inlet nozzle of PM10 A being
misaligned. There were also a few human errors dur-
ing the process of taking out the foils and weighing
them. The filter stage stuck to its container very easily,


https://doi.org/10.1080/02786826.2019.1578858

Oil Shale 6 Wood
3000 310
2000 2
<
~ 1000 1
0 0
102 10° 102 10°
x10° 107
3 6
5
2, ELPI+A|
1 ——ELPI+ B
a
a1 2
]
=z
S0 0
102 10° 102 10°
& 0.1 3
3
>
3 2
8005
2 1
gt
3
Z o0 0
1072 10° 102 10°

Particle diameter (um) Particle diameter (um)

Figure 5. Comparison of the electric current, particle number
concentration and particle mass concentration size distribu-
tions as measured by ELPI+ A and ELPI 4 B. The left column is
the average of the oil shale emission measurement samples
(excluding sample six) and the right column is the average of
the wood emission measurement samples. The separate distri-
butions for each sample can be found in Figures S1-S3.

and often had to be carefully scraped off. The weigh-
ing room was also quite windy due to the air exchan-
ger, which caused challenges when handling the foils
and filters. Despite these challenges, the overall results
for the PM10 cascade impactor comparison were very
good: R* = 0.986.

Figure 5 shows averaged flue gas particle size distribu-
tions measured with ELPI+, for electric current (diffusion
corrected), particle number and particulate mass. The oil
shale and wood combustion cases have been separated, as
the particle concentrations were vastly different. The cur-
rent distributions are nearly identical, whereas there are
slight differences in number distributions in the small
particle range and notable differences in the mass concen-
tration of large particles. In each distribution plot, the
particle mode is at the same particle size.

In both combustion cases, ELPI+B reports a
higher number concentration of the smallest measured
particles. This is true for each separate measurement
as well, as can be seen from the raw current results in
Figure S1. For the mass concentrations, there is a dif-
ference in the largest particle sizes. Again, the
ELPI+B consistently reported a larger mass in the
larger particle sizes. ELPI+B experienced an error
during the measurement of sample 6, and the sample
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has been excluded from these results. The number
and mass distributions are plotted separately in sup-
plementary Figures S2 and S3.

The R® value was over 0.98 for current measured
from stages 3 to 8. For the small particle stages the
correlation was slightly worse, R* = 0.71 (filter stage)
and R* = 0.90 for stage 2. The large particle stages
had the lowest correlation values, of only R? = 0.09
for stage 12 and 0.38-0.97 for the others. The reason
stage 12 had such poor correlation is that it received
almost no current.

To compare the total particle mass concentration
reported by each ELPI+ to the other instruments, any
mass measured from a stage which received less than
2.5% of the total current (after correcting the current
for secondary collection effects) was ignored.
Although the measured mass in these higher stages
can be large, it results from a very small current. Over
all 18 measurement cases, stages 10-14 contributed an
average of 6.2% of the total current to ELPI+ A and
7.3% of the total current to ELPI+ B. For the wood
cases (7-18), this percentage drops even further, to
1.0% and 2.7% (ELPI+ A and ELPI+ B). The error
margins in the higher stages are quite large due to
secondary collection of small particles, which the cor-
rection may not adequately account for. For stage 10,
the correction (applied by the ELPI+ datasheet) was
approximately 40% of the measured current, and it is
even larger for the higher stages.

3.2. Comparison of electrical measurements

Figure 6 displays the average of the total electric cur-
rent during each sample as measured by ELPI+ A,
ELPI+ B and eFilter. For ELPI+, the reported current
is the sum of all the stages (averaged over the sam-
pling period). The eFilter current is the average of the
current over the sampling period. The correlation
between the ELPI -+ instruments is y = 1.00x + 409, R*
= 0.999; there is a very small difference in the
reported total current, with ELPI+ B consistently giv-
ing a slightly larger value. The eFilter current is very
close to the ELPI + current if adjusted for the different
flowrate, correlation curve being y=0.053x —128.4,
R* = 0.875, compared to ELPI+ A. Figure S4 shows
the time series data of the electrical current for each
measurement sample.

3.3. Comparison of mass measurements

Figure 7 shows the particle mass concentration calcu-
lated from PMI10 cascade impactor and eFilter


https://doi.org/10.1080/02786826.2019.1578858
https://doi.org/10.1080/02786826.2019.1578858

534 L. SALO ET AL.

10*
10 . . . 5000 __
< oil shale X wood <
£ 8 X 14000 €
o ELPI+ A|: X 3 £
3 6 ELPI+B o x % {3000 3
i x eFilter e . 2
o 4 ¢ 12000 i
> " % >
S 2 11000 ©
g g
< 06—6—0— . , , 0 <
5 10 15

Sample number

Figure 6. Average measured electric current for ELPI+ A, ELPI+ B and eFilter at each sample point. These values have not been
dilution corrected, as the dilution was the same for all three instruments. Sample 6 has been excluded for ELPI+ B due to an error

during the measurement.

—_
N
o

—~ ] ] ] T T X
"’E n n 1 1 1 I %
5100 PMIO Al | , , , 1
k3 PM10 B I I I
s 80 | x eFilter |, l l l
= T T 1 1 1 1
©
£ 60F e ' # ! I I I 1
Bk 5L i ik
S 40 % | 1 1 1 1 1 T
o 1 1 1 X % 1 1
(]
g 200 1! : : o
s 1 1 1 1 1 1

O 1 1 L1 1 1 1 1 1 1 1

8 10 12 14 16 18

Sample number
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ejector diluter was partially blocked.

measurements for the wood combustion cases. The oil
shale cases have been left out, as the eFilter was not
used in these measurements and the results for the
PM10 impactors are shown in Figure 8. Only the par-
ticle mass concentration up to 10pm particles is
included for the PM10 impactors, in order to leave
out any cyclone effects. The eFilter results compare
well (less than 21% difference, R> = 0.78 and 0.77,
respectively for comparison to PM10 A and B) with
the PMI10 results for the four pure wood combustion
cases (7-10), the results are lower (—24% to —31%)
for the wood and waste combustion cases (13 and 14),
and higher (+39% to +89%) for the wood and soot
remover cases (15-18). The vertical lines show when
the filter in the eFilter was exchanged. For example,

the particle mass concentration for sample periods 7
and 8 are reported from just one weighed filter, com-
bined with the electric current data. Samples 15 and
16 show that in the eFilter, even relatively small
changes in particle mass concentrations can be
detected, even when the filter is not changed between
the measurements.

Figure 8 shows the particle mass concentration
from each of the studied instruments for each sam-
pling period. The particle mass concentration meas-
ured by ELPI+ (A and B) only includes stages which
contributed at least 2.5% of the total electrical current,
as discussed previously (Section 3.1). In the oil shale
combustion cases (samples 1-6); the average results
from ELPI+ were 26% of the PM10 cascade impactor
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masses. For the wood combustion cases (7-18) the
average ELPI+result is 272% compared to PMI10,
with the ELPI + instruments reporting values that are
1.4-6.3 times larger than the PM10 reported values.
The eFilter results are closer to PM10 values than
ELPI+. The results between similar instruments are
very consistent. The PM10 impactors vary somewhat
in the oil shale case, where particle mass concentra-
tions are small, but ELPI4+’s are nearly identical
throughout all samples (R* = 0.995).

4, Discussion

Using the PM10 cascade impactors in emission meas-
urements gave nearly identical results. As was seen in
Figure 4, the largest deviations were generally in the
smallest collected particulate masses, due to the preci-
sion of the scale used to weigh the samples. To avoid
small masses, low particle concentrations (such as in
the oil shale cases, <0.1 mg/m®) need long collection
times. This leads to a loss in time resolution, and may
even be impossible in cases where the particle produc-
tion does not last long enough, or the particle source
strength varies in time. The correlation for collected
mass above 150 pug had much less variance (), com-
pared to smaller particulate masses (). The correlation
is even better overall (R* = 0.997), if the points where
the inlet may have been misaligned are excluded,
showing the importance of the sampling nozzle orien-
tation. Additionally, without a comparison instrument,
this error would have gone unnoticed. This highlights
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the importance of parallel measurements with similar
instruments, each with their own inlet.

The electrical current distributions measured by the
two ELPI 4 devices were well correlated for both com-
bustion types, as seen in Figure 5. The correlation was
especially good in the wood case. The particle number
concentration distributions varied slightly, with
ELPI+ B consistently showing a slightly larger value
in the smaller particle size range, and similarly the
mass distribution in the larger particle stages. The
small discrepancies between ELPI4+ A and B in the
large and small size ranges indicate a small difference
between the instruments, or in the measurement
methods employed by research groups A and B; how-
ever, the R?> was greater than 0.98 for current from
most stages and R> = 0.995 for the resulting total
mass, meaning that overall the results compared well.

Figure 6 displays the average current measured
during each sample by ELPI+A, ELPI+B and
eFilter. There was almost no difference between the
time-averaged  total  currents of the two
ELPI + instruments (R* = 0.999). The eFilter charging
efficiency seems to be similar to the ELPI4, as the
measured current was very similar after correcting for
the different flow rates between the two instruments
(R* = 0.875 and 0.900, respectively for comparison to
ELPI+ A and B). The particle charge applied by the
ELPI+ charger has been previously measured to be
dependent on for particles smaller than 1pm
(Jarvinen et al. 2014). Changes in the eFilter current
as compared to ELPI+ seem to be caused by a poorly
zeroed electrometer. This can be seen from Figure S4,
where the eFilter to ELPI+ measured current ratio
changes during the sampling period in samples 9, 10,
and 18. Electrometer drift can be minimized by allow-
ing the instrument more time to warm up, and by
checking that the zero level does not change while
measuring clean air. As the electrometer drift can play
a role in calculating the results, it would be beneficial
to record the data also from the zeroing time period.
Unfortunately, the zeroing measurements were not
recorded for later investigation. There are no previous
studies regarding the eFilter, and only one device was
available for this study, so we cannot comment on
how typical the results are.

As seen in Figure 8, particle mass concentrations
calculated from ELPI+are smaller than the PM10
cascade impactor results for oil shale, but 1.3-4.8
times larger when compared to the PM10 results in
the wood combustion cases, even when higher stages
are excluded, as described in Section 3.1. The
ELPI + sample was diluted with one ejector diluter in
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the oil shale case and with a double ejector in the wood
case. These results could have indicated that the differ-
ence might be caused by effects from dilution; however,
the eFilter results for particle mass concentration had a
reasonably good correlation with the PMI10 impactor
results (R> = 0.78), even though it measured the same
diluted flue gas as the ELPI+ instruments. As both
ELPI+ instruments showed similarly high particle mass
concentrations, it is evident that the instruments were
working as intended. The deviation of the mass concen-
tration results compared to the results from other instru-
ments was highest in the final three measurement cases,
in which wood was burned along with the soot remover.
However, also the eFilter showed higher particle mass
concentrations than the cascade impactors in these three
cases, suggesting dilution might have played a partial
role. Figure S5 shows ELPI+ particle number distribu-
tions compared to SMPS distributions. The SMPS results
are only indicative, as one measurement cycle is 3 min,
which was far too long for these measurements.
However, the shapes of the particle number distributions
(from ELPI+and SMPS) were similar, and the largest
differences were observed in the small particle size range,
which does not contribute significantly to the PM.
Previous studies have also indicated higher particle
mass concentration results with ELPI + and its prede-
cessor ELPI, when compared to filter collection.
Maricq, Xu, and Chase (2006) found that ELPI over-
estimated mass and reported several concerns regard-
ing ELPI mass measurements from diesel emissions.
Two of these concerns are applicable to the results
presented in this article. First, the particle loading
effect, which can change the impactor jet geometry
due to the accumulation of particles in the jets.
Second, Maricq et al. discuss the role of density, and
show how a non-constant density can be used to
obtain better results. In this study, the particle loading
effect was minimized by wiping the jet plates with a
cloth and chancing the foils after each measurement
day. The mass calculation from ELPI+ results would
have been improved by taking into account the non-
constant density of the particles. In our study, adjust-
ments for density were not made during data process-
ing, as the size-specific density could not be reliably
calculated from the available data. Using the SMPS
and ELPI+ data together, we calculated the densities
for the wood combustion measurements to be
between 0.7 and 3.8 g/crn3 (Table S3). Leskinen et al.
report a range of 0.25-2g/cm® for particles from
wood combustion emissions, depending on particle
size and the burning phase the particles were emitted
from (2014). In addition, it should be noted that other

studies have found that the assumed (constant) dens-
ity of particles had a minor effect on the overall par-
ticle mass concentration reported by ELPI (Charvet
et al. 2015; Moisio 1999).

Hitzenberger et al. (2004) measured PM, s in ambi-
ent air and noticed that ELPI gave a mass concentra-
tion 1.92 times higher than the average of other
measurement methods. They speculated that the cause
was moisture in ambient air, as the aerosol was not
dried before measuring with ELPI. As we used
ELPI + current data to calculate particulate mass, and
did not weigh the collected particulate mass from the
impactor stages, the sample conditioning can affect
the ELPI 4+ results. In our measurements, the raw flue
gas was highly diluted (dilution ratio over 80 in the
wood combustion cases), thus it is unlikely that the
humidity of the flue gas played any role in the
ELPI + results. Hitzenberger et al. also speculate that
the online measurement by ELPI included semi-vola-
tile compounds, whereas semi-volatile compounds
evaporate from filter samples before weighing. Thus,
the mass of the nonvolatile PM can be lower than the
calculated PM from ELPI 4 data. The volatility of par-
ticles was not measured in our study, and their role
remains an uncertainty. In future measurements, we
would recommend removing the volatile particle frac-
tion by using a thermodenuder or a hot double ejector
diluter system, if the aim of the study is related to
nonvolatile/solid particle characterization.

A wood combustion literature review by Obaidullah
et al. (2012) gives the typical range of particle number
concentrations as particles/cm®. The particle number
concentrations calculated from ELPI+in our study
were well within this range, with an average of particles/
cm’. PMIO concentrations are also reported by
Obaidullah et al, ranging from 13 to 67, measured
from filter samples. In our study, the PM10 cascade
impactor and eFilter results are of similar magnitude,
while the ELPI -+ results are considerably larger, even
when discounting higher stages. Oil shale combustion
emissions have been studied for pulverized fuel boilers
(Aunela-Tapola, Frandsen, and Hédsdnen 1998; Hasdnen
et al. 1997). In their study, the average emission factor
for pulverized oil shale combustion was 1100 mg/MJ.
Since then, many pulverized fuel power plants have
been upgraded and CFB boilers have been built in new
power plants (Parve et al. 2011).

In addition to the operation principles, the instru-
ments have some physical differences as well. The
ELPI+is the most sophisticated of the three instru-
ments, but it is also the largest. The PM10 cascade
impactors and the eFilter are closer in size, but the
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eFilter offers the advantage of real-time data (as does
the ELPI4). This is useful for following trends in
combustion, and it can help with detecting problems
related to the boiler operation or instrument oper-
ation. On the other hand, the PMI10 is very robust
and can withstand high temperatures, allowing par-
ticle collection without dilution. Each of the three
instruments requires a separate pump for operation.
The eFilter flowrate does not need to be exact, as long
as it is approximately constant. The PM10 impactor
and ELPI+require a specific flowrate to ensure the
impaction of the particles to the correct collection
plates. The ELPI+sample flowrate can easily be
adjusted with a valve within the instrument, whereas
the PMI10 impactor requires an additional flow con-
troller. While conducting the measurements, the
PM10 impactor requires the most attention from the
user. Preparation of the foils is similar between
ELPI +and PM10 impactors, but the PM10 foils need
baking and weighing before assembling the impactor.
After the measurement, the process of taking out the
collection foils and weighing them needs to be done
very carefully to avoid removing (or adding) mass. The
ELPI + produces the highest amount of data, since it
gives information about the particle current and number
size distribution once every second. The ELPI+ can be
processed with the software provided with the instru-
ment or with user’s own software. Where the
ELPI + data has detailed information about the particle
number distribution, the eFilter only gives the current
imparted by the particles in the sample flow. To use the
eFilter efficiently, weighing the filter to gain information
about the collected mass is necessary. The analysis of
the results is always left to the user. The least laborious
data processing is with the PM10 impactor.

To summarize the major points in this discussion,
the particle number and mass concentration in the
wood combustion cases was much larger than in the
oil shale combustion cases. In all cases, electrical sig-
nals were very well correlated and mass concentra-
tions were well correlated for the PM10 impactors
and the eFilter, whereas the ELPI -+ mass concentra-
tions were significantly larger for almost every case.
Our hypothesis for this discrepancy is a) the effective
density of the particles was not the assumed value of
1, and b) volatile particles were measured by ELPI+,
but were not measured from the filter samples, as
volatile compounds would have evaporated before the
weighing. A better comparison between instruments
could have been made by adding a thermodenuder
before the ELPI+ instruments and by measuring the
effective density by some other means. The eFilter
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average current correlated well with the ELPI+ current
in these measurements. When the current signals for the
two different instruments were adjusted by the respect-
ive flow rates, they matched almost exactly, showing
that the eFilter charger efficiency is similar to that of the
ELPI+. Comparing the eFilter mass concentration to
the PM10 mass concentration showed that the measure-
ment method introduced in the eFilter is valid.

5. Conclusions

Our study shows that the PM10 gravimetric cascade
impactor and ELPI+ are highly comparable, in that the
two different instruments produce the same results, even
when operated by different research groups. ELPI+ or
eFilter is a good alternative to offline measurement
methods, when measuring a transient source, as they
give data with a 1-s time resolution. To measure particle
mass concentration from an emission source, eFilter or
a PM10 impactor is generally a better choice, whereas
ELPI+is well suited for particle number concentration
and size distribution measurements.

The eFilter was shown to have the advantage of real-
time current measurement which is comparable to
ELPI+, combined with mass concentration results that
are comparable to the results from PM10 cascade impac-
tors. In addition, the eFilter requires less attendance (than
the PM10 impactor) by the operator during the measure-
ments, as the online current measurement can be used to
calculate the approximate particulate mass concentration
for any time period. For these reasons, it is a convenient
new instrument for emission measurements.
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ABSTRACT

Ultrafine particles produced by diesel-powered vehicles in underground mines are largely
unaccounted for in mass-based air quality metrics. The Lung Deposited Surface Area concentration
(LDSA) is an alternative to describe the harmfulness of particles. We aim to study concentrations
and size distributions of LDSA at various locations in an underground mine as well as to evaluate
the applicability of sensor-type measurement of LDSA. This study was conducted in an
underground mine in Kemi, Finland, in 2017. Our main instrument was an electrical low-pressure
impactor (ELPI+) inside a mobile laboratory. Additionally, five diffusion-charging based sensors
were tested. The environment was challenging for the sensors as the particle size distribution
was often outside the optimum range (20-300 nm) and dust accumulated inside the instruments.
Despite this, the correlations with the ELPI+ were decent (R? from 0.53 to 0.59). With the ELPI+
we determined that the maintenance area had the lowest mean LDSA concentration (79 +38 um?
cm™) of the measured locations. At the other locations, concentrations ranged from 137 to
405 um? cm. The mode particle size for the LDSA distribution was around 100 nm at most
locations, with the blasting site as a notable exception (mode size closer to 700 nm). Diffusion-
charging based sensors—perhaps aided by optical sensors—are potential solutions for long-term
monitoring of LDSA if dust accumulation is taken care of. Our research indicates worker exposure
could be reduced with the implementation of a sensor network to show which locations need
either protective gear or increased ventilation.

Keywords: Occupational exposure, Electrical particle sensor, Fine aerosol, Ultrafine aerosol

1 INTRODUCTION

Particulate matter (PM) in the air is known to be harmful for human health (Lelieveld et al.,
2015; Burnett et al., 2018), mostly due to the ability of particles to penetrate and deposit into the
human lungs (Pope, 2000; Pope and Dockery, 2006). This lung-deposition, as well as the deposition
of particles in other parts of the human respiratory tract, is strongly dependent on the size
distribution of particles. Especially ultrafine particles (particle diameter smaller than 100 nm) and
to some extent larger fine particles (particle diameter smaller than 2.5 pm) can reach the most
vulnerable alveolar areas of human lungs and deposit there (Oberdérster, 2001). These particles
can consist of compounds that are toxic for the human body or they can carry the toxic components
on their surfaces (Goulaouic et al., 2008). In addition to acute symptoms, the particulate matter of
inhaled air has been observed to cause cardiovascular diseases, lung cancer and brain diseases
(Grahame et al., 2014).

Historically, mine work has been a notably hazardous occupation, but even modern-day mines
often struggle with air quality concerns. Underground mines are especially challenging environments,
and efficient mechanical ventilation is necessary for keeping the air clear of polluting gases and
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particles. The particulate matter originates from different sources: exhaust of mine vehicles, surfaces
of mine galleries, and from the different processes related to mining work (Saarikoski et al., 2019;
Afshar-Mohajer et al., 2020). The particles from different sources have varying chemical and
physical characteristics and the total mixture and concentration of particles can therefore vary
significantly, both temporally and spatially (Saarikoski et al., 2019), making monitoring and air
quality control a challenge. Ventilation of an underground mine is an energy-intensive process, so
to limit costs it is preferential to use increased ventilation only at times and places where workers
are at risk of exposure. To protect against particle inhalation, workers may also use personal
protection (masks), or stay inside vehicles equipped with HEPA-filters (High-efficiency particulate
air filter).

In outdoor air, coarse (PMio, sub 10 um) and fine (PMzs, sub 2.5 pm) particles are closely
monitored and efforts are put into keeping mass concentrations low. The World Health Organization
gives guidelines for yearly averages of PM2s (10 ug m™3) and PM1o (20 ug m=3). Occupational
exposure limits are much higher and vary from country to country. Some countries set limits on
inhalable dust (PM100), while others limit respirable dust (~PMa) or thoracic dust (another name
for PM1o). The Finnish Institute of Occupational Health (FIOH) recommends limits of 2000 ug m™
for inhalable dust and 500 pg m= for respirable dust (Hyytinen et al., 2016). In addition, diesel
particulate matter (DPM) is often monitored, usually measured indirectly through a surrogate, such
as elemental carbon (Noll et al., 2007; Pronk et al., 2009). For DPM limits, FIOH uses Switzerland’s
officials’ suggested value of 100 ug m= for elemental carbon (Taxell et al., 2015). Most recent
aerosol studies related to underground mining focus on DPM, as there is evidence of health effects
related to it (Chang and Xu, 2017; Barrett et al., 2019). The problem with these existing mass-
based exposure limits is that they do not adequately account for ultrafine particles (sub 100 nm),
which are able to penetrate deep into human airways and deposit into lung alveoli (Braakhuis et al.,
2014). This is especially worrisome, since the majority of particle emissions (measured by number)
from diesel engines fall into the ultrafine category (Karjalainen et al., 2019; Pirjola et al., 2019).

One metric better suited for ultrafine particle measurement is the Lung Deposited Surface Area
(LDSA) concentration of particles. It has been introduced to describe the harmfulness of particulate
pollutants of inhaled air. LDSA combines the idea that toxic compounds lie especially on the
surfaces of particles, with deposition efficiency of particles into the alveolar area of the human
respiratory system. The LDSA of 20—300 nm particles can be easily monitored by sensor type devices
(Kuuluvainen et al., 2018; Kuula et al., 2019) which has increased its use in air quality monitoring
applications, especially related to urban ambient air. The sensors are small, stand-alone units, allowing
them to be used in sensor networks for overall air quality monitoring or for personal exposure
monitoring. The first instrument designed for LDSA measurement was presented by Fissan et al.
(2007), and since then many more designs have become available. In the original LDSA instrument,
the user could choose to measure the deposition in a certain lung-region, but recent research
has focused on the alveolar region, as it has been assumed to have the highest health-impact.

LDSA concentrations, size distribution and height profiles have been measured in ambient
conditions in different urban environments (Kuuluvainen et al., 2016; Kuula et al., 2020; Tran et
al., 2020). In urban ambient air studies, the LDSA concentrations have been observed to be linked
with emissions from combustion sources, such as engines and residential wood burning. Studies
conducted in working environments and indoor conditions have measured LDSA e.g., to characterize
LDSA exposure in printing centers (Setyawati et al., 2020) or to study influence of air cleaner
devices to LDSA in offices (Kiipper et al., 2019). In ambient air the LDSA concentrations typically
vary from ~10-50 ;,lm2 cm~measured at clean background areas (Kuula et al., 2020), to values
up to ~100-150 um? cm typically observed near PM sources such as roads (Leavey et al., 2017;
Cheristanidis et al., 2020). LDSA concentrations related to mining operations have recently been
studied using real time instruments in the context of open taconite mining operations. Huynh et
al. (2018) studied ambient fine particle concentration in six taconite mines, using several particle
concentration metrics, including LDSA. In their study, LDSA concentrations ranged from 50 to
300 um? cm~ depending on the processing area. Afshar-Mohajer et al. (2020) studied the variability
of aerosol concentrations in different processing areas of a taconite mine using different metrics,
including LDSA, which ranged from 85 to 200 um? cm™3. Within these studies, the highest readings
were found in the pelletizing area. To the best of our knowledge, LDSA concentrations of underground
mines have not been reported before.
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In this study, we measured total LDSA along with the LDSA size distribution of particles up to
10 um. The measurements were conducted in an underground mine in Kemi, Finland, in 2017.
The aim of this article is to report the concentrations of LDSA in various locations in the mine and
evaluate the applicability of LDSA as a measurement metric and the applicability of sensor-type
measurements of LDSA in a mine environment.

2 METHODS

The total LDSA and LDSA particle size distributions were measured in an underground chrome
mine located in Kemi, Finland, and operated by Outokumpu. The mine has been in operation since
1968, and the underground operations began in 2003. In 2016, the mine employed approximately
200 people through Outokumpu and an additional 300 people through permanent contractors,
and in total, 3 million tons of rock was mined within the year (https://www.kaivosvastuu.fi/yrity
skortti/outokumpu-chrome-oy/). The measurement campaign took place from March 21 to
March 30t in 2017. Two sensors were left to monitor the mine air for an additional 12 days, until
April 11t

Five measurement sites were chosen for this study, each to represent an aerosol source or a
location of personnel exposure (or both). Three sites—the dumping area, crushing station and
maintenance area—each had workers operating in the area, although in the dumping area most
workers were inside vehicles. The maintenance area also had vehicle traffic, and many people
were also walking in the area, as offices and the cafeteria were located on this level. The two
remaining sites were the blasting area and conveyor belt. The blasting area did not have workers
during the blasting for safety reasons, but trucks arrived shortly afterwards to transport rocks.
The conveyor belt location did not have much human activity during our measurements, although
the belt itself was in operation. We expected vehicle emissions to be present in all locations, but
especially in the dumping area and in the blasting area (after the blasting, which were scheduled
to be at 14:00 and 22:00), where heavy-duty traffic was frequent. The maintenance area was
frequented by passenger vehicles, taking people to the offices and cafeteria, so some traffic
exhaust was expected to originate from there as well. We expected to see coarser particles at
the crushing station as well as the blast site. The measurement locations along with the mobile
laboratory setup are described in more detail by Saarikoski et al. (2019), where other aspects
(particle mass, number, and chemical composition) of this measurement campaign are reported.

Measurements were conducted primarily using ELPI+ (Electrical Low-Pressure Impactor, Dekati
Ltd.) but, in addition, the applicability and performance of five smaller, sensor-type instruments
was tested in the mine environment.

ELPI+is a 14-stage low-pressure cascade impactor. Unlike in traditional impactors, the particles
are measured electrically in real time (Keskinen et al., 1992). For the particles to be detected,
they are first charged with positive ions from a diffusion charger. The raw data from the instrument
is the current measured from each of the 14 stages. The lowest stage is a filter, which collects
essentially all particles, but due to weakened charging of very small particles, the lowest detectable
size is 6 nm. Before the highest stage, there is an impactor to remove particles over 10 pm in
aerodynamic size. When handling the data, the currents were first corrected using zero measurement
data (current measured when a HEPA filter was placed at the inlet) and then adjusted to account
for secondary collection by diffusion (Jarvinen et al., 2014). The LDSA distribution was then
calculated from the current distribution, using the method described by Lepisto et al. (2020).
Total LDSA was calculated for different size ranges, based on the impactor cut-off sizes. In this
article we have rounded the actual cut-off sizes to nearest round values, true cut-offs can be
found in Table S1.

The chemical composition of submicron (< 1 um) particles was determined by a Soot Particle
Aerosol Mass Spectrometer (Aerodyne Research Inc.). The SP-AMS was equipped with both laser
and tungsten vaporizers, and therefore, it was able to measure both non-refractory material
(organics, sulfate, nitrate, ammonium and chloride), and refractory material (i.e., the refractory
BC and metals) in particles. The details of the SP-AMS analysis can be found in Saarikoski et al. (2019).
Additionally, the black carbon concentrations were measured with a dualspot Aethalometer
(AE33; Magee Scientific).
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The five electrical particle sensors included in this study were two Partectors (Naneos), one
DiSCmini (Testo) and two AQ Indoors (Pegasor). The sensors employ a diffusion charger to charge
incoming particles and the electrical current generated by the particles is measured. The raw
current is transformed into LDSA using an internal calibration factor. The calibration factor relies
on the linear relationship between diffusion charging and LDSA, but this linear relationship is only
true for a rather small size range of approximately 20-300 nm. If a sensor is calibrated with 100
nm particles, as is the case with the Partector, then the LDSA of 300 nm particles will be over-
estimated, while the LDSA of 50 nm particles is under-estimated (Fierz et al., 2014). The three
different sensor types employed in this study all measure alveolar deposition.

While each of the sensors uses the same basic principle for LDSA measurement, there are some
notable differences in the measurement techniques. The Partector uses pulsed charging, and it
measures the induced current created by the changing charge (Fierz et al., 2014). The benefit of
this method is that the particles do not need to be collected. The DiSCmini has two-stage
collection, which allows for it to estimate the mean size of the particle population. The first stage
is a diffusion collector, collecting only the smallest particles, and the second stage is a filter, collecting
what is left over after the first stage. The AQ Indoor employs a particle trap with a cycling voltage
to remove some of the particle population, also allowing for an estimation of the particle size.
The larger the voltage, the larger the particles which can be removed. To ensure coarse particles
and dirt do not get inside the sensors, the Partector uses a wire mesh at the inlet, the DiSCmini
has an impactor which can be inserted at the inlet, and AQ Indoor has a cyclone.

The ELPI+ was located inside a mobile measurement laboratory along with various other air
quality instruments. The sensors were located initially in the Maintenance area of the mine and
connected to each other with Tygon tubing, to make sure they sampled the same air for the
duration of a sensor comparison. Later, the AQ Indoor sensors were moved to different locations
in the mine (AQ Indoor A to the dumping area and AQ Indoor B to the crushing station), for the sensor
network type measurement. The Partector and DiSCmini instruments began reporting faults after
just a few days of measurements, due to over-loading, and were not employed further.

3 RESULTS

Fig. 1 shows the time series of total LDSA concentration, based on the measurements using
ELPI+. Color bars in the figure indicate measurement locations and time periods analyzed, these
are the same times and locations as in the study by Saarikoski et al. (2019). In general, Fig. 1
shows that the LDSA concentration had a large spatial and temporal variation in the air of studied
underground mine. This variation can be seen both between the locations and within one location
as a function of time. For instance, in the blasting area, the total LDSA concentration varied from
values lower than 100 um? cm™ to values larger than 700 um? cm=, and similar variation can be
seen in crushing station. In the maintenance area the LDSA concentration remained relatively low,

2000 T T . . : :
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A 1500 - Conveyor belt J
£ Crushing station
o .
~ Blasting area
g 1000 - Maintenance area |
= Sensor comparison
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— 500 |- |
I L L | L i

Mar21 Mar22 Mar23 Mar24 Mar25 Mar26 Mar27 Mar28 Mar29 Mar30 Mar31
2017

Fig. 1. Timeseries of total LDSA concentration measured with ELPI+, and measurement locations shown with color bars.
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mostly under 200 um? cm=. In general, rapid changes in LDSA concentrations indicate that local
sources affect the concentrations. However, measurements conducted simultaneously in two
different locations (dumping area and crushing site, Fig. S1) indicate that emissions also spread
between locations. Sensors were also used to measure LDSA inside the canteen and offices
located at the maintenance level, separated by doors. Both locations showed essentially zero
LDSA concentrations.

Fig. 2 shows the time series of particle LDSA size distributions for each measurement location.
The figure shows that particle sizes from 10 nm to 6 um contribute to the LDSA in an underground
mine. However, the relative contribution of different size ranges varies among locations. The
highest contributions from largest particles, i.e., from particles larger than 200 nm in diameter,
were observed in the blasting area and were directly linked with blasting events. However,
occasional short periods of high LDSA from large particles were also observed at the crushing
station and in the maintenance area, where the sensor comparison was made. While at the
crushing station the high LDSA concentration was likely from a local source, in the maintenance
area it was most likely caused by blasting originated large particles transported from a distant
blasting event.

Fig. 3 shows the time-averaged particle LDSA size distributions. In the figure, each line corresponds
to one of the color plots in Fig. 2. Most locations had the largest particle mode around 50-200 nm,
the Blasting area being the main exception, with a mode size around 500 nm. Several locations
had two particle modes. Looking back at Fig. 2, at the blasting area and the crushing station these
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Fig. 2. Location-specific LDSA distribution timeseries measured with ELPI+. The sensor comparison was conducted in the
Maintenance area. Note that the Conveyor belt and Dumping area measurements were much shorter than others, due to
difficulties with the power supply.
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Fig. 3. Mean LDSA size distribution from each location.

different modes occur independently, meaning they must be from different sources. In contrast,
at the dumping area and conveyor belt, both modes appear at the same time. The particles are
either from the same source, or from different sources which have activity at the same time.
From Fig. 3 it may seem as though the conveyor belt and dumping area had less activity (plots
are smooth); however, the smooth appearance is due to the shorter time periods measured. The
dumping area was also measured with a sensor for a longer duration (Fig. S1), which shows
dramatic changes in the total LDSA.

Fig. S2 shows the chemical composition of particles by mass fraction, plotted against particle
size. As the data is by mass, it is difficult to directly compare with the LDSA size distributions in
Figs. 2 and 3. However, the particles consisted mostly of organics, with black carbon (soot) being
the second most common substance. The blasting area had a large amount of sulphate as well.
It should be noted that the SP-AMS only detects particles up to 1 um in diameter, and it requires
that the detected particles either vaporize at 600°C or absorb light at a wavelength of 1064 nm,
which is why it did not detect mineral dust. In-depth discussion on the aerosol chemical
composition can be found in Saarikoski et al. (2019).

Table 1 contains a summary of the numerical results for LDSA for each measurement location
(columns) and separated into particle size ranges (rows). The size ranges have been selected to relate
to the conventions in mass concentration measurement (PMio, PM2s, PM1, PMo.); additionally,
diffusion-charging based sensors are often calibrated for sizes between 30-300 nm. The table
shows that a large portion of particles (34-70%) is measured incorrectly with these sensors, due
to the particles being larger than the size range that the sensors are calibrated for. On the other
hand, less than 13% of LDSA is contributed from particles over 2.5 um.

Fig. 4 shows a time series (top panel) of the sensor comparison performed at the beginning of
the measurement campaign (see Fig. 1). Five different diffusion-charging sensors were used, and
the 5-minute averaged values were compared to ELPI+. The lower plot shows the correlation
between ELPI+ and each sensor, along with fitted lines. The best correlations were with AQ
Indoor (A and B, R? = 0.59). Some of the discrepancy between ELPI+ and the sensors is probably
due to the slightly different measurement locations (the ELPI+ measurement point was approximately
5 meters away from the sensors). The largest discrepancy between sensors and ELPI+ was at the
end of the sensor comparison, where all sensors overestimated the LDSA concentration. The
overestimation did not persist after the sensors were moved to new locations (Fig. S4, Fig. S5).
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Correlations between each of the similar sensor pairs (Partector A & B, AQ Indoor A & B) are in
Fig. S6. The AQ Indoor sensors were remarkably well-correlated, with a correlation factor of R? =
1.00.

Table 1. Mean and standard deviation of LDSA (um? cm~) for each measurement location (measured with ELPI+) divided into
particle size bins. The percentage represents the fraction of LDSA attributable to particles smaller than the specified size.

LDSA mean + standard deviation (um? cm™3)

Sensor Maintenance Blasting Crushing Conveyor Conveyor Dumping
comparison  area area station belt 1 belt 2 area

Total (Sub 10 um) 120+ 66 79+38 323+175 270 £ 157 389 + 89 137 +68 405 + 107
100% 100% 100% 100% 100% 100% 100%

Sub 2.5 um 112 +59 74+ 36 282 +139 246 + 138 349 + 84 124 + 62 370+ 93
94% 94% 87% 91% 90% 91% 91%

Sub 1 pum 99 + 49 67 + 33 220+ 107 214 +93 312+ 80 110 +55 329+ 85
83% 84% 68% 80% 80% 80% 81%

Sub 300 nm 79+ 42 49+ 25 97 +77 175+ 74 237 +64 86+ 46 253+71
66% 62% 30% 65% 61% 63% 62%

Sub 100 nm 47 +30 28+14 44 + 46 122 +£56 120+33 58 +37 132+43
39% 35% 14% 45% 31% 42% 32%

Sub 30 nm 11+10 6+4 8+11 35+14 13+4 20+ 19 18+9
9% 7% 2% 13% 3% 15% 4%

800

I
Mar 21, 20:00 Mar 22, 00:00 Mar 22, 04:00 Mar 22, 08:00
2017
| ELPI+ AQ Indoor, AQ Indoory Partector, Partectory DiSCmini

- Pegasor %

y = 1.59x, R? = 0.59
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——y=1.06x, R2=0.53
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DiSCmini
y=1.31x,R®=0.55

Sensor LDSA (pmzlcms)
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ELPI+ LDSA (um%/cm®)
Fig. 4. Time series of electrical sensors and ELPI+ measuring LDSA concentration and related

correlation plot. The sensors were all located on a table in the mine, whereas ELPI+ was measuring
about 5 m away, inside the mobile laboratory.
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During the measurements, the Partectors and DiSCmini reported faults and had to be cleaned
several times. The DiSCmini impactor collected dust quite quickly and needed frequent cleaning
(once per day). The AQ Indoor sensors were not cleaned during the entire measurement period,
and they did not report faults. These sensors have a rather large cyclone at the entrance of the
instrument, which seems to have helped keep the insides clean.

4 DISCUSSION

We successfully measured the LDSA distribution of several locations in the underground mine.
In most locations, the majority of the total LDSA concentration was contributed by sub 300 nm
particles; however, a significant portion (34%—-70%) of LDSA was in larger particle sizes.

Despite the large size range of particles in the mine, electrical sensors were able to measure
total LDSA with a good correlation to ELPI+ (R? = 0.53-0.59). Somewhat surprisingly, discrepancies
between sensors and ELPI+ measurements in the sensor comparison were unrelated to the
presence of large particles, and perhaps slightly effected by sub 30 nm particles. The relationship
was investigated by plotting the percentage difference of each sensor vs. ELPI+ on the y-axis, and
the portion of particles over 300 nm on the x-axis (Fig. S3(a)), and similarly for particles smaller
than 30 nm (Fig. S3(b)). A slight correlation was observed only in the latter case. A previous
laboratory study showed that sub 20 nm particles are overestimated by LDSA sensors, while
particles over 400 nm are underestimated (Todea et al., 2015), which is also explained by the
relationship of the diffusion charger Pn-curve (particle penetration efficiency multiplied by the
number of unit charges) compared to the deposition probability function (Fierz et al., 2014). We
did find some evidence of LDSA from large particles being underestimated by the AQ Indoor sensor
from a measurement at the crushing station (Fig. S4, not included in the main measurements
covered in this article). The main problem, however, was overloading of the sensors caused by
coarse dust—an inlet cyclone removing coarse particles is a necessity for long-term measurement.
An optical particle sensor would be a useful addition for locations with coarse particles, as they
are better suited for particle diameters over 300 nm.

Another recent study (Barrett et al., 2019) also examined particle sensors for underground mine
applications; however, they focused on measuring the mass concentration of elemental or black
carbon. They found good potential in a prototype black carbon sensor, which had good correlation
with the reference method during field testing (R? = 0.85). Barrett et al. (2019) used 30-minute
averages for the comparison (compared to 5 minutes in our study—30 minute averaging would
likely improve the correlation coefficient for the LDSA sensors). Particle loading was a problem in
Barrett’s study as well (Barrett et al., 2019).

Longer measurements with the two AQ Indoor sensors indicated that particle populations in
the mine mix and spread quickly, at least in these two locations (Fig. S1). This means that to
improve air quality at a specific location requires changes in ventilation, in addition to controlling
the location-specific sources. Based on total LDSA time series data, the air exchange rate at the
dumping area was approximately 15 (1/h) (Fig. S7(a)) and 22 (1/h) in the crushing station
(Fig. S7(b)).

Comparing the mean LDSA size distributions, the lowest concentrations in all sizes were seen in
the maintenance area. Compared to the taconite mine study which also reported LDSA concentrations
(Huynh et al., 2018), our results were in a similar range, although slightly higher (mean LDSA in
our study: 79-405 um? cm=, Huynh et al. (2018): 54-303 pm? cm™3, excluding office and laboratory
spaces, which were very clean, < 10 um? cm™3). However, it should be noted that this previous
study only included particles up to 1 um in diameter, which, if the distributions were similar to
ours, leaves out 20%—30% of total LDSA. The LDSA values measured both in our study and in the
previous taconite mine study are very high when comparing to the ambient background levels
(e.g., 10-50 um? cm~ measured in Helsinki (Kuula et al., 2019)). Although the concentrations are
high in comparison to ambient levels, they are comparable to several other working environments.
For instance, personal exposure measurements by Setyawati et al. (2020) at a printing center
revealed a maximum exposure of 220 um? cm™, The worker with highest exposure levels had an
overall mean exposure of 106 um? cm=. In another exposure study, airport taxiway personnel
were found to operate in mean LDSA concentrations of 59 to 174 um? cm™ (Marcias et al., 2019).
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Our study was not a personal exposure study and cannot be directly compared to these values;
however, the potential for similar or even higher exposure exists.

The previous paper covering other measurements from this same campaign shows average PM1o
was highest at the blasting area (355 pg m=) and lowest in the maintenance area (49 ug m=3)
(Saarikoski et al., 2019). While the LDSA is also higher in the blasting area than in the maintenance
area, the average LDSA to mass ratios for these locations are 0.9 and 1.6 (units pm? cm™ pg™ m3),
respectively. This indicates that one unit of particle mass in the blasting area is likely to be less
toxic than one unit of mass in the maintenance area, based on the lung-deposition. Basing
guidelines or regulation purely on mass concentration misses this effect.

5 CONCLUSION

This study shows that there are large variations in the LDSA concentrations and LDSA size
distributions of an underground mine. This should be considered in future air quality guidelines
and monitoring in occupational surroundings, which are currently trailing behind the science of
aerosol health effects. Furthermore, this study shows that diffusion charging based particle
sensors are a viable method for long-term monitoring of LDSA in underground mines if dust
accumulation is taken care of, perhaps aided by optical sensors or other solutions for a larger
particle size range coverage. Finally, occupational exposure limits need to be extended to smaller
particles, and LDSA is a good choice for the measurement metric, as it is easily measurable and
intrinsically health relevant.
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HIGHLIGHTS

o LDSA particle size distributions compared between Delhi-NCR and Helsinki.

o Particles contributing to LDSA were up to five times larger in Delhi-NCR.

o Size differences indicate different sources and different chemical composition.
o Results may explain reported discrepancies in PM, s toxicity between the cities.

ARTICLE INFO ABSTRACT
Keywords: Currently, only the mass of sub 2.5 pm and sub 10 pm particles (PMz 5, PMjo) in ambient air is regulated and
Air quality monitored closely, but the same increase in PMy 5 can cause different degrees of health effects in different cities

Particle size distribution
Traffic emissions
LDSA

(sometimes more harmful effects per unit mass in less polluted cities) (Li et al., 2019). In addition to mass
concentration, other measurement metrics are needed to connect particle pollution data and health effects. In our
measurements made in traffic-influenced environments in Helsinki, Finland (a relatively clean city), and Delhi-
National Capital Region (Delhi-NCR), India (a polluted area), we noted a large difference in the median particle
size for lung-deposited surface area (LDSA). In Helsinki, the median size was 80 nm, corresponding to soot
particles emitted from diesel engines. However, the median size increased to 190 nm during a long-range
transport event of air mass. In Delhi-NCR, surprisingly, the median size was even larger, 410 nm. These larger
particles were likely to originate from regional sources rather than local traffic. The LDSA to PMy 5 ratio for
particles in Helsinki was 2-4 times the amount in Delhi-NCR, potentially linked with the higher toxicity of a unit
of particulate mass in Helsinki.

1. Introduction premature death. Recent studies provide numbers between 3.3 and 4.2
million excess deaths annually due to ambient air pollution (Lelieveld
Particulate matter in urban air is one of the leading causes of et al., 2015; Cohen et al., 2017). The relationship between PMy 5 and
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health effects has been thoroughly verified in epidemiological studies
around the world (e.g. US (Samet et al., 2000), China (Lu et al., 2015;
Song et al., 2017), Europe (Pelucchi et al., 2009; Lelieveld et al., 2019)
and India (Balakrishnan et al., 2019)). While most studies and current
regulations are based on particulate mass concentrations, the relation-
ship between particle mass concentration and health effects differs from
city to city (Li et al., 2019; Ritchie, 2019). For example, the per unit mass
death rate caused by outdoor air pollution is 40% higher in Finland than
in India (Ritchie, 2019). To address this issue, researchers have proposed
the adoption of additional metrics like particle number concentration (e.
g. (de Jesus et al., 2019)), surface area concentration (e.g. (Oberdorster,
1996; Schmid and Stoeger, 2016)), oxidative potential (OP) (Daellen-
bach et al., 2020) and chemical composition (e.g. (Li et al., 2019)).
These metrics require new measurement techniques, as well as applying
those techniques in real environments before conclusions can be made
on their explanatory power.

The surface area of micro-scale particles has been foreseen as one of
the main determinants of harmfulness in toxicological studies (Schmid
and Stoeger, 2016; Oberdorster et al., 2005; Stoeger et al., 2006) and in
lung functions (Moshammer and Neuberger, 2003). The increase in
surface area of particles, compared to mass, causes more reactivity be-
tween the inhaled materials and the biological systems, leading to toxic
effects (Bakand and Hayes, 2016), as well as inflammatory reactions
(Keller et al., 2014). It should be noted, however, that these studies have
been conducted with insoluble particles, and the results are likely to
differ for soluble particles. However, not only is the surface of the par-
ticle the reaction site; toxic vapors released from emission sources can
condense on surfaces, increasing the harmfulness of particles and even
turning otherwise innocuous particles into harmful ones. Soluble as well
as insoluble particles can act as condensation nuclei, so from this
perspective the surface area of soluble particles can also be relevant
when considering potential health effects of ambient aerosols.

The lung-deposited surface area (LDSA) of particles is a metric
related to the abovementioned harmfulness of particulate surface area,
defined as the concentration of particle surface area multiplied by a
deposition function (usually alveolar deposition), which is dependent on
the particle size. LDSA concentration has been shown to be a health-
relevant metric in some health assessments (Patel et al., 2018; Agui-
lera et al., 2016). So far, only a few epidemiological studies have been
published on LDSA and health effects (Patel et al., 2018; Aguilera et al.,
2016; Panella et al., 2017; Mostafavi et al., 2019; Tran et al., 2020;
Habre et al., 2018). These studies have reported LDSA as a sensitive
marker for lung function (Patel et al., 2018; Habre et al., 2018),
atherosclerosis (Aguilera et al., 2016), cardiovascular mortality (Hennig
et al., 2018), and asthma (Panella et al., 2017; Mostafavi et al., 2019;
Habre et al., 2018) as well as a good indicator of personal exposure in
different environments (Tran et al., 2020). In a review of mouse and rat
exposure studies, the delivered dose of particle surface area was the
most relevant metric for acute lung toxicity, when comparing
non-soluble spherical nanoparticles of different compositions (Schmid
and Stoeger, 2016). In principle, LDSA could be used to estimate the
adverse health effects of particles in ambient air, however, information
on the LDSA of particles in different environments is currently very
limited. This makes it impossible to fully understand the contribution of
ambient particles’ LDSA to diseases and premature deaths.

Atmospheric transformation processes have a significant role in the
toxicity of particulate matter. The OP of particles is often used as a proxy
for measuring the intrinsic toxicity of an aerosol in acellular assays. In
general, smaller particles have more OP than larger particles, but OP
also varies spatially (Saffari et al., 2014). A previous study reported that
organic aerosol from biomass burning and cooking has a larger OP than
urban background aerosol (Verma et al., 2015). It has also been shown
that secondary organic aerosol (SOA) formed from gasoline engine
exhaust has greater OP than primary engine emissions (Lovett et al.,
2019). This suggests that the atmospheric conversion of vehicle exhaust
emissions may increase OP. However, the mechanism of particulate
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matter (PM) toxicity is not straightforward and various toxicity mech-
anisms have to be considered. While SOA causes adverse health effects
through inflammation and oxidative stress, it is not effective in causing
cell death. The health effects of SOA might be mediated through
increased particle number concentration rather than mass (Gaschen
et al., 2010). A study by Park et al. (2018) investigated fresh emissions
from biomass and diesel exhaust, SOA, as well as sulfate and nitrate
aerosols, and found the long-aged aerosols to be less toxic. This is also
supported by a previous article studying the effects of long-range
transport (LRT) episodes in Helsinki (Jalava et al., 2006). It was re-
ported that the inflammatory and cytotoxic potential of the locally
produced, fresh aerosol was higher than that of LRT aerosols, indicating
that after several days in the atmosphere, the toxicity of PM decreases.
Previous measurements of OP in Delhi showed that OP of PM; 5 was
mainly dependent on SOA (Puthussery et al., 2020); however, OP per
unit of particulate mass was low, when compared to similar measure-
ments in Illinois, USA, where both SOA and traffic contributed to the OP
(Puthussery et al., 2018).

LDSA measurements inherently include deposition into lungs, which
has not been considered in past toxicological studies. New toxicological
methods, such as air-liquid interface exposure of cells, can detect the
effects of the whole aerosol on cell cultures (Aufderheide and Mohr,
1999; Miilhopt et al., 2016; Ihalainen et al., 2019; Ihantola et al., 2020).
In these methods, the aerosol sample is directed to cells and thereafter
toxicological endpoints can be measured and correlated to aerosol
properties, including surface area. However, this methodology needs to
be further evaluated to build a direct link to adverse health effects.

Only a few previous studies report the total LDSA concentrations
measured in cities. For example, during a long-term measurement in a
street canyon in Helsinki, the total LDSA was found to be 22 pm?cm ™~ on
average (Kuula et al., 2020). A study in Barcelona reported a mean of 37
pmzcm’g, and determined that particles between 50 and 200 nm
contributed the most (Reche et al., 2015). There is a single previous
study which reports on LDSA size distributions in various locations in
Helsinki, Finland (Kuuluvainen et al., 2016). The highest particle mode
at traffic sites was at around 100 nm, corresponding to fresh vehicle
emissions (Kittelson, 1998), while a residential suburban area had the
highest mode at 200-300 nm.

In this study, we employed a recently developed method to measure
LDSA as a function of particle size over a large size range of particles
(Lepisto et al., 2020). Measurements were conducted at two contrasting
measurement sites: Helsinki, Finland and Delhi-NCR, India. Both mea-
surement sites were in the immediate vicinity of busy roads with similar
traffic rates. Our main aim was to characterize the differences in LDSA
size distributions between the relatively clean traffic environment
(Helsinki) and the very polluted traffic environment (Delhi-NCR).

2. Material and methods
2.1. Measurement locations

This study consisted of two measurement campaigns that were both
conducted in roadside environments, the first in Delhi-NCR, India, and
the second in Helsinki, Finland. The exact locations of the measurement
sites are shown in Fig. 1. In Helsinki, we were able to use an existing
long-term measurement site, and in Delhi-NCR we used a mobile labo-
ratory to house the instruments close to the road.

Helsinki is a coastal city in the Southern region of Finland, north of
the Baltic sea with a population of 650 000 (Population, 2019). The air
quality in Helsinki is relatively good on average (Pohjola et al., 2002;
Virtanen et al., 2006; Pirjola et al., 2017). In 2019, the PM5 5 concen-
tration did not exceed WHO guidelines (yearly average below 10 pg/m%)
at any of 11 measurement locations (Korhonen et al., 2020). The Hel-
sinki measurements were conducted at the HSY supersite (60°11'N,
24°57'E), operated by Helsinki Region Environmental Services Author-
ity (HSY). The supersite was on the south-west side of the road, which
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Fig. 1. Measurement locations marked with a black dot in Delhi-NCR (top) and Helsinki (bottom).

has three lanes going both ways, separated by trees, and a tram-railway
in between. The surroundings are described in more detail in Kuulu-
vainen et al. (2018). Our study was conducted during a rather warm
period (temperatures between 10 and 20 °C) in the beginning of
September 2019. During that time, the most significant local particle
source was traffic of the closest road, with 1167 vehicles/hour, 10% of
which were heavy-duty (information from City of Helsinki).

The measurement site in India was in Gwal Pahari, on the south
border of Delhi-NCR (28°43'N, 77°15'E), along a busy road with two
lanes in both directions. The measurements were conducted during
November and December of 2018. The ambient temperature varied
between 8 °C to 20 °C during the period. The area is located approxi-
mately 20 km southward from the center of Delhi, which is one of the
largest cities in the world, with an estimated population of 29 million in
2018 (Delhi and India Population, 2019). It is in the Indo-Gangetic Plain
in northern India. Many studies report on the air quality and meteo-
rology in the area (Nair et al., 2007; Hyvarinen et al., 2010; Tiwari et al.,
2013; Joshi et al., 2016). PM; 5 pollution is usually high (Raatikainen
et al.,, 2014), especially during the winter (for example, the average
PM, 5 measured in 2011 was over 300 pg/m3 for December) (Tiwari
et al., 2013). Deaths due to poor air quality in India have been increasing
between 1998 and 2015, especially in North India (Jia et al., 2020). The
diurnal variation during winter is affected by the planetary boundary
layer, which heightens during the day, leading to the dilution of
polluting components (Nair et al., 2007; Hyvarinen et al., 2010; Tiwari
et al., 2013). To the north-east of the measurement site there was a golf
course and a green area, and in the south-west direction a road con-
necting Gurugram and Faridabad. Across the road was a busy street. The
average traffic rate was 843 vehicles/hour and 7.5% of those were
heavy-duty. The traffic count was done in March 2019 (spring after the
measurement campaign) by hand and was limited to daytime traffic.

In Helsinki, the campaign instruments were housed next to a per-
manent measurement site, inside a shipping container. The sampled air
came from inlets through the container roof, at a height of about 2.5 m.
In Delhi NCR, instruments were housed in a mobile measurement lab-
oratory. Again, the inlet was through the roof of the van, at a height of
approximately 2.5 m. Due to the highly polluted air in Delhi NCR, we
used a PMy 5 impactor inlet to remove coarse particles and avoid clog-
ging instruments. In all the presented results, the size distribution data
has been limited to 2.5 pm from both measurement sites.

2.2. Instrumentation

Measurements in both locations used the same instrumentation: an
ELPI+ (Electrical Low Pressure Impactor (Keskinen et al., 1992; Mar-
jamaéki et al., 2000; Jérvinen et al., 2014), Dekati) to measure particle
size distributions, a Quadrupole-ACSM or ToF-ACSM (Time-of-Flight
Aerosol Chemical Speciation Monitor (Frohlich et al., 2013), Aerodyne
Research Inc.) to measure particle chemistry and an aethalometer
(Magee Scientific, type AE31) for particle light absorption and black
carbon. Both sites also had instrumentation for measuring basic mete-
orological data (data presented in Fig. S1 and Fig. S2). For Helsinki we
have also included data from a nearby weather station (Pasila, mea-
surement from a rooftop at 53 m above ground), as wind direction and
speed below building height are influenced by the canyon geometry and
passing traffic. Detailed information on each instrument is included in
the Supplementary material.

2.3. Calculating LDSA

LDSA is the particle surface area multiplied by a size-dependent
deposition function describing the efficiency of deposition into the
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alveolar region. Most often the deposition function used is based on data
from an ICRP (International Commission on Radiological Protection)
model (Human respiratory tract m, 1994) which has been formulated
into an empirical equation by Hinds (1999). The current from particles
in the size range 30 nm-300 nm charged by a diffusion charger have a
roughly linear relationship with LDSA, and this relationship is used in
some sensor-type aerosol measurement devices (Fierz et al., 2014).
Because the ELPI+ separates particles into bins based on their aero-
dynamic size, it can be used to transform the current of
diffusion-charged particles into LDSA for a much larger particle size
range. Instead of using just one coefficient, a coefficient can be applied
to each impactor stage separately. The coefficients used in this paper use
the method reported by Lepisto et al. (2020). The stage-specific values
for three different effective densities of particles are presented in
Table 1. Unit density is used in this article, excluding one section where
the dependency of LDSA distributions on effective density is examined.

For data analysis of Delhi-NCR measurements we chose the most
reliable ELPI+ data from our measurements, the first 48 h after cleaning
the instrument. Because the ELPI+ collects particles, the accumulation
of particles can change the response functions. This can be seen in
Fig. S3, which shows the full measurement data from Delhi-NCR. We
used greased aluminum foils for particle collection and, to extend the
measurement period between instrument maintenance, the sample was
diluted with clean air using one-to-one dilution ratio. In future long-
term measurements in polluted areas, sintered collection plates could
make maintenance-free measurement periods longer.

3. Results and discussion
3.1. LDSA concentrations

Fig. 2 shows the time resolved particle LDSA size distributions from
the measurement locations in Delhi-NCR and Helsinki. The variation in
LDSA concentrations was significant in both locations; however, it
should be noted that, overall, the average LDSA concentrations were
more than ten times higher in Delhi-NCR (329 + 127 ym?/cm®) than in
Helsinki (27 + 15 pm?/cm®) and much larger than LDSA concentrations
observed in previous ambient studies (Cheristanidis et al., 2020).

Although the LDSA concentrations in Helsinki were relatively low,
an increase in LDSA concentration and mean LDSA size (Fig. 2 and
Fig. 3) was observed between September 9th to 11th. During this period,
PM mass and sulfate concentrations (Fig. S4, Fig. S5, Fig. S6) were also
higher than usual. This coincided with an LRT pollution episode in
Helsinki, confirmed by PM, 5 increases also observed in background
stations. Based on air mass trajectories, the pollution during the LRT
period originated from central Europe and Russia (Fig. S7). Several LRT
episodes are observed in Helsinki every year and their contribution to
particulate mass concentrations of ambient air can be substantial (Niemi
et al., 2009). Compared to this study, earlier studies (Timonen et al.,
2008; Teinilé et al., 2019) have reported relatively similar changes in
PM mass, composition and size distribution during LRT episodes. In this
study, the LRT episode affected the data interpretation and presentation
so that we divided the measurement period in Helsinki to two parts, one
describing the situation dominated by local sources (later referred to as
Helsinki Local) and the other describing the situation when the air
quality was significantly affected by LRT aerosol (later referred to as
Helsinki LRT).
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The mean, minimum, maximum, and standard deviation of hourly
averaged values for PM; 5, LDSA, and mass concentration measured in
Delhi-NCR and Helsinki are presented in Table 2, together with black
carbon (BC) concentrations. The total BC time series are presented in
Fig. S8. For the measurements in Helsinki, values are presented sepa-
rately for Helsinki Local and Helsinki LRT. Although both measurements
were made in roadside environments with relatively similar traffic rates
on the adjacent roads (1167 vehicles/hour in Helsinki and 843 vehicles/
hour in Delhi-NCR), extremely large differences were seen in LDSA
concentrations. While the mean LDSA concentration in Helsinki was 27
pmz/cm3 and 40 pmz/cm3 during Helsinki Local and Helsinki LRT,
respectively, the mean LDSA concentration in Delhi-NCR was 329 pm?/
cm®. Regarding the variation of the LDSA concentrations, even the
minimum hourly averaged LDSA concentration in Delhi-NCR (114 pm?/
cm?®) was larger than the mean LDSA concentrations in Helsinki. These
differences were linked to concentrations of PM; 5 and BC, which were
also significantly higher in Delhi-NCR.

In addition to total LDSA concentrations, Table 2 shows the mean
LDSA concentrations separately for particle size ranges of 10-30 nm,
30-150 nm and 150 nm - 2.5 pm. In this paper we will also use the terms
nucleation, soot and accumulation mode for these three size ranges, as
those modes can be seen in the size distributions (Fig. 3). Based on the
numbers in Table 2, there were large differences in how different par-
ticle size ranges contributed to total LDSA. In Delhi-NCR, 78% of the
total LDSA concentrations was from the largest size range (150 nm - 2.5
pm), whereas in Helsinki LRT data the contributions of size ranges
30-150 nm and 150 nm - 2.5 pm were more equal (38% and 50% of the
total LDSA concentration, respectively). Furthermore, in Helsinki Local
the dominating size range was 30-150 nm with 59% contribution to the
total LDSA of ambient particles. Importantly, the variation of contri-
butions of different particle size ranges led to differences in the LDSA to
PM,, s ratio, which varied from 1.2 pmzmg/cmgpg in Delhi-NCR to 2.1 in
Helsinki LRT and 4.5 in Helsinki Local.

The diurnal variation of the LDSA was different in the studied loca-
tions (Fig. $9); while in Helsinki no clear trend was observable, in Delhi-
NCR the lowest LDSA concentrations were repeatably observed between
11 a.m. and 5 p.m. The same day-night variation has been observed in
previous studies on particle mass concentrations during wintertime in
Delhi-NCR and is likely a result of the aerosol diluting due to the plan-
etary boundary layer heightening (Raatikainen et al., 2014; Hooda et al.,
2016; Wang et al., 2020).

3.2. Comparison of particle number, mass and LDSA size distributions

Fig. 3 shows the average particle size distributions for particle
number (left), lung-deposited surface area (middle) and particle mass
(right) for Delhi-NCR, Helsinki Local and Helsinki LRT. In the Helsinki
data, the LRT episode is separated as it clearly represents a different PM
source, and the size distributions for the LRT episode are different from
the local distribution for each metric, and especially for LDSA.

The observed particle number concentrations and size distributions
for Helsinki and Delhi-NCR were relatively similar, with a maximum
concentration in nucleation mode particles, and a smaller peak in soot
mode particles. However, larger differences were observed for LDSA and
mass size distributions. For Helsinki (local) the LDSA maximum was in
the soot mode (median particle size 80 nm) and in Delhi-NCR in the
accumulation mode (median particle size 410 nm). The maximum in PM

Table 1
Stage-specific coefficients used to calculate LDSA from current in the ELPI+ instrument.
Stage
1 2 3 4 5 6 7 8 9 10 11 12 13 14
p (K/me) 0.7 0.030 0.049 0.051 0.042 0.032 0.032 0.049 0.091 0.174 0.268 0.317 0.308 0.283 0.226
1.0 0.020 0.042 0.052 0.048 0.037 0.031 0.041 0.077 0.150 0.245 0.290 0.282 0.240 0.192
1.5 0.011 0.032 0.048 0.052 0.044 0.033 0.035 0.062 0.125 0.218 0.262 0.255 0.214 0.159
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Fig. 3. Average particle size distributions for number, LDSA and mass concentrations. In the upper panel, the size distributions are normalized by dividing by the
maximum value, and in the lower panel the absolute concentrations are shown. Each column represents a different moment of the distribution (number, LDSA and
mass). The x-axis has been divided into three particle size bins, representing the nucleation, soot, and accumulation mode particles. For tracheobronchial and head
airway deposition-weighted surface areas see Fig. S10.

Table 2
Mean, minimum, maximum, and standard deviation of hourly averaged values for PM2.5, LDSA, and BC measured in Delhi-NCR and Helsinki.
Delhi-NCR Helsinki Local Helsinki LRT
Mean Min Max Std Mean Min Max Std Mean Min Max Std
PM, 5 (ug/m®) 268 81 607 114 6 1 18 3 19 7 30 6
LDSA (um?/cm®) 329 114 737 137 27 9 82 15 40 17 146 20
LDSA 150 nm - 2.5 pm (pm?/cm®) 257 85 581 108 6 0 21 4 20 8 33
LDSA 30 nm-150 nm (pmz/cmS) 60 13 178 40 16 3 65 11 15 7 92 13
LDSA 10 nm-30 nm (pm?/cm?) 12 1 34 8 5 1 18 4 4 1 21
LDSA/PM, 5 (pm’m®/cm>ug) 1.2 4.5 2.1
BC (pg/m3) 15.1 2.6 42.6 9.0 1.1 0.0 16.7 1.7 1.4 0.0 8.1 1.2




L. Salo et al.

mass size distributions were in the accumulation mode both cases;
however, the median particle size for Delhi-NCR was slightly larger
(580 nm in Delhi-NCR compared to 280 nm in Helsinki). During the LRT
episode, the LDSA size distribution in Helsinki became bimodal: in
addition to the soot mode particles, an accumulation mode clearly
appeared in the LDSA size distribution. This larger mode during the LRT
episode was in a similar size range to the accumulation particle mode of
the LDSA size distribution observed in Delhi-NCR. The particle size
distributions for number, LDSA and mass in Helsinki are relatively
similar to size distributions previously measured in Helsinki traffic en-
vironments (Kuuluvainen et al., 2016; Enroth et al., 2016). Indications
of a bimodal LDSA size distribution during the LRT period have been
seen in a previous study (Pirjola et al., 2017), but here the shape is very
clear.

The side-by-side comparison of the different particle size distribu-
tions in Fig. 3 highlights the dependency of measurement results on the
chosen metric. The number distribution emphasizes the small particles,
and the mass distribution emphasizes the large particles. The LDSA
distribution falls somewhere in between and shows the largest differ-
ence between the two measurement sites.

In the Delhi-NCR results, the LDSA concentration in the soot mode,
representing local and fresh emissions of traffic (see e.g. (Ronkkoé and
Timonen, 2019)), was small in comparison to accumulation mode par-
ticle concentrations, which typically represents more aged particles,
grown by condensation and coagulation, or originating from biomass
combustion. In contrast, the accumulation mode particle concentration
for LDSA was very small in Helsinki when the particles were from local
sources; however, during the LRT event the soot mode and accumulation
mode particle concentrations were approximately equal. Somewhat
surprisingly, Delhi-NCR only had approximately twice the number
concentration of sub 30 nm particles compared to Helsinki, partially due
to the prevalence of condensation sinks in ambient air (i.e. vapors
condense onto previous particles, rather than going through nucleation)
and the similar amount of vehicles, which are a major source of
nano-sized particles (Ronkko et al., 2017). These smallest particles from
nearby sources were therefore not the key factor for differences in the
pollution levels of the studied environments during our measurement
period.
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Fig. 4 shows the LDSA versus mass concentration for particles in the
above-mentioned three particle size groups (10-30 nm, 30-150 nm, and
150 nm - 2.5 pm), along with best-fit lines. In Delhi-NCR, the total LDSA
and mass concentrations of particles are highly correlated (R? = 0.81)
with close to a 1-to-1 ratio; thus, using either metric would yield the
same result, i.e., a doubling of particle mass also doubles the LDSA
concentration. In Helsinki local, there was almost no correlation be-
tween the PMy 5 and total LDSA concentration—an increase in particle
mass concentration can have almost no effect on total LDSA or vice
versa.

As seen in Fig. 4, the slopes of correlation plots differ significantly
between the measurement sites and between the chosen particle size
ranges. In general, in Helsinki the increase of PM3 5 causes a much larger
relative increase of total LDSA than in Delhi-NCR; the slopes of the
correlation plots between the total LDSA and PM; 5 were 1.2 in Delhi-
NCR, 2.0 in Helsinki LRT, and 3.4 in Helsinki Local. These values
clearly demonstrate the differences between the studied environments,
and they can explain why the ambient PMy 5 has been observed to be
more dangerous for human health in Helsinki than in Delhi (Ritchie,
2019). Furthermore, this result demonstrates that the monitoring of
ambient particle LDSA and especially the particle LDSA size distribu-
tions could significantly improve the explanatory power of air quality
monitoring regarding the harmful effects of particulate pollution on
human health. For instance, the effect of LRT events on health in Hel-
sinki may therefore be less severe than one might expect by simply
observing an increase in particle mass concentration.

In addition to concentrations and lung-deposition efficiencies of the
particles, the health impacts of the particles likely depend on the
physical and chemical characteristics of the particles. These character-
istics can vary significantly as a function of particle size and depend on
the prevailing particle sources, and they likely affect the toxicity and e.g.
the above-mentioned oxidative potential of the particles. Fig. 5 sum-
marizes how the results of this study relate to particle composition and
sources in an urban traffic environment. In the Figure, the LDSA and
mass size distribution modes measured in our study are represented by
the horizontal bars at the bottom part of the figure, showing that the soot
mode size range dominate the LDSA in Helsinki but the accumulation
mode size range dominates the LDSA in Delhi-NCR and, in addition, that
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Fig. 4. Correlation plots of LDSA vs mass concentration for different particle size bins. The different colors represent the different size groups, and a best fit line has
been calculated for each group, equations listed in the legend. Note the different axes used in the subfigures. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Nucl. mode Soot mode Accumulation mode
Volatile or Coated soot Aged soot particles
non-volatile agglomerates Particles from other sources

Fresh exhaust dominant

Aged aerosol dominant

..“

LDSA Delhi-NCR

Delhi-NCR ﬂ
honm 1100 nm I

Particle size

Fig. 5. Schematic of traffic environment particle types in different sizes and
their lung-deposition probability. The blue lung-deposition curve shows that
small particles have the highest lung deposition probability, but deposition
probability increases again around 1 pm. The largest surface area of lung-
depositing particles in Helsinki (Local) belongs to the medium particle size
range (30-150 nm), while in Delhi NCR the largest LDSA of particles belongs to
the largest particle size range (150 nm-2.5 pm), these are shown by the lighter
color intensity in the LDSA strip towards the bottom. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

the accumulation mode size range dominates the particulate mass con-
centrations both in Helsinki and in Delhi-NCR. These size ranges, i.e.,
the nucleation mode size range, soot mode size range and the accumu-
lation mode size range, are shown in the figure as separate parts,
overlaid with the bi-modal alveolar lung-deposition curve. The
Figure also shows the different particle types dominating each size
range. The first size range (<30 nm) is dominated by nucleation mode
particles from precursor gases or tiny solid particles emitted directly
from engines (Ronkko et al., 2017). The second size range is affected
mainly by freshly emitted soot agglomerates from combustion. This soot
can be coated with harmful substances, such as oxidative species or
polycyclic hydrocarbons (PAHs) (Biswas et al., 2009; Surawski et al.,
2011). The largest particles, referred to here as the accumulation mode
particles, consist typically of more aged particles, which can originate
from distant sources, and e.g. biomass burning can contribute their
concentrations (Tissari, 2008; Obaidullah et al., 2012). Some road dust
can also be found in this size range (Zhao et al., 2017; Wang et al., 2005).
Due to their different physical and chemical characteristic, particles in
different size ranges can have different effects on human health, which
should also be taken into account in air pollution monitoring and
pollution mitigation actions.

3.3. Sources of uncertainty in the LDSA results

In this study, we assumed particles to be spherical with unit density,
and to not grow due to hygroscopicity when entering the lungs. These
assumptions were required to conduct the analyses above, but they led
to some uncertainties in the results, as discussed below.

Many studies report on the effective densities of urban ambient
particles, for example, a study at a Helsinki traffic site gives soot mode
particles an effective density of 1.5 g/cm® in the summertime (Virtanen
et al., 2006). Another study conducted at a street canyon in Copenhagen
(Rissler et al., 2014) found 75 nm particles grouped into two categories
of effective density: approximately 1 g/cm® and 1.5 g/cm?, with the
higher density particles identified as LRT aerosol, and the lower density
as locally emitted soot. In the same study, particles sized 350 nm
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contained some very low-density soot agglomerates (0.3 g/cm®) but
were mostly LRT aerosol with a density close to 1.5 g/cm°. Considering
these previous studies, perhaps a density between 1.0 and 1.5 g/cm3 is
closer to the true mean densities of the ambient aerosols studied here. To
examine the effects of density on the LDSA distribution, we calculated
two additional distributions for the Delhi-NCR, Helsinki Local and
Helsinki LRT data sets (Fig. S11). Assuming a higher density decreased
the LDSA of accumulation mode particles, while increasing the LDSA of
soot mode particles. Overall, increasing the effective density from 1.0 to
1.5 g/em® did not significantly affect the total LDSA, but the relative
importance of local emissions increased.

Highly fractal particles have a larger surface area than corresponding
spherical particles, but they are also charged more efficiently by the
diffusion charger in the ELPI+ (Ouf and Sillon, 2009)—in that sense the
surface area is expected to be somewhat accurately represented. From a
deposition perspective, a fractal particle is less likely to deposit by
impaction, but more likely to deposit by diffusion than its counterpart
sphere of equal mobility. In a previous study, the relative standard error
for soot particle deposition was 1.2-3.8% when taking into account
uncertainties in both shape and effective density (Vu et al., 2018).

Hygroscopicity determines how much a particle grows due to water
uptake in a humid environment. Lungs have high humidity, and thus the
hygroscopicity of particles is important in determining their lung-
deposition fraction. Vehicle exhaust particles are mostly hydrophobic
(Henning et al., 2012), but accumulation mode particles can be hygro-
scopic (Swietlicki et al., 2008). In our study, the effect of including
hygroscopicity into calculations would likely be to increase the fraction
of depositing accumulation mode particles in both Helsinki (LRT period)
and Delhi-NCR, assuming that the soot mode particles are hydrophobic.

Finally, as was noted in the introduction, particle surface area has
been shown to be a health-relevant metric for insoluble particles, but
studies with soluble particles have not yet been conducted. Typically, in
the ambient atmosphere approximately 30-60% of submicron particu-
late matter consist of organic compounds, 30-40% of inorganic ions and
5-20% of black carbon, depending on the particle sources and aging
stage of particles (e.g. (Jimenez et al., 2009; Gani et al., 2019; Barreira
et al., 2020)). Black carbon is water insoluble, approximately 50% of
organic mass is water-soluble (e.g. (Timonen et al., 2010)) and inorganic
ions are mostly water-soluble. Thus, the ambient aerosol contains both
insoluble and soluble compounds forming as a complex internally and
externally mixed aerosol. Due to that, results for ambient aerosol cannot
be directly compared to laboratory studies made with purely water
insoluble particles, when evaluating the potential health effects of the
studied aerosols.

4. Conclusions

In this study, we conducted experiments in a relatively clean traffic
environment and in a highly polluted traffic environment, i.e., in Hel-
sinki and in Delhi-NCR. We focused the experiments on the lung-
depositing surface area (LDSA) of ambient particles, aiming to under-
stand the differences in LDSA concentrations and size distributions be-
tween the measurement sites. We observed vast differences in LDSA,
both in the LDSA concentrations and in particles’ LDSA size distribu-
tions. The LDSA of particles in Helsinki was mostly in the size range of
the freshly emitted soot particles, but during the LRT event a second
mode appeared in the larger particles. In Delhi-NCR, only a small frac-
tion of the LDSA came from freshly emitted particles, but for most of the
measurement period the larger, aged particles contributed an over-
whelming majority of the LDSA, despite the lower lung deposition
probability of larger particles (Fig. 5). Additionally, The LDSA to mass
ratio of particles was significantly smaller in Delhi-NCR than in Helsinki,
which may be one reason for the previously observed location-based
differences in toxicity of ambient particulate matter (Li et al., 2019;
Ritchie, 2019).

Our study indicates that if health effects of particulate pollution were
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estimated based on PM mass only, they would be significantly different
than if information on particle number and LDSA size distributions are
considered, and further, the largest differences in this study were
observed specifically in the LDSA distributions.

Here, we presented the first measured evidence that the size of lung-
deposited particles differs on average by a factor of five between clean
and polluted traffic environments. This implies that particle sources and
expected health implications are different as well. Further toxicological
and epidemiological studies along with long-term LDSA measurement
data in several locations across the globe are needed to establish the
detailed relationship between health and LDSA.
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Abstract—Ambient particles from natural and anthro-
pogenic sources are a major cause of premature deaths glob-
ally. While there are many instruments suitable for scientific
measurements of aerosols, better methods for long-term mon-
itoring purposes are still needed, especially low-maintenance,
affordable solutions for ultrafine particles. In this article,
we present a new sensor design and prototype, the inherently
charged particle (ICP) sensor, which uses the preexisting elec-
trical charge of particles to measure particle concentration,
instead of employing a charging mechanism, as is typical
for instruments based on electrical detection. When the ICP-
sensor is employed in conjunction with another instrument,
information on the particle charge state can also be derived.
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occurring charges
° @
[ ]
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We present the results of a laboratory characterization as well as two measurements in suggested applications: 1) engine
exhaust measurements and 2) ambient measurements in a traffic environment, where we compare the sensor response
to three particle concentration metrics: 1) number; 2) surface area; and 3) mass. The sensor proved suitable for both
applications, the signal correlated best with number concentration in the engine emission measurements and with particle
surface area in the ambient measurements. The measured charge concentrations were well-correlated (R2 > 0.8) with
theoretical values calculated from the number size distribution assuming an equilibrium charge distribution.

Index Terms— Air pollution, air quality monitoring, ultrafine particles.

. INTRODUCTION

ARTICLES in the air are known to contribute to cloud
formation and atmospheric radiative forcing [1], [2] and
they have adverse effects on human health [3]. High particle
pollution levels are a problem, especially in large cities,
as cities bring together particle sources (traffic and heating)
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and large numbers of people. The risk of major wildfires is
also growing with the increased temperature due to changes
in land use and global warming [4]. The World Health
Organization (WHO) has set targets for particle concentra-
tion levels and air quality monitoring is key in making
sure that those targets are met. In addition to well-equipped
monitoring stations with a variety of gaseous and particle
measurement instruments, sensor-type monitoring is needed
for a denser measurement network. Long-term monitoring
with sensor networks can expose particle sources and show
particle dispersion patterns. In addition, sensor data are used to
inform air quality modeling, e.g., The Finnish Meteorological
Institute’s ENvironmental information FUsion SERvice (FMI-
ENFUSER), which is used to show real time and predicted
urban air quality (https://en.ilmatieteenlaitos.fi/environmental-
information-fusion-service).

Different types of particle sensors give different informa-
tion. For example, the most common and inexpensive solutions
rely on optical detection of particles sized ~0.3 um and
larger—smaller particles cannot be detected because their size
is close to the wavelength of light [5]. Optical measurement
gives a signal that correlates with the mass concentration of
particles. Some optical sensors target specific compounds such
as black carbon (BC); these sensors operate by collecting
particles on a filter and measuring the attenuation of light
through the filter [6]. Electrical measurement of diffusion-
charged (DC) particles can detect much smaller particles,
down to approximately 10 nm, and the signal of DC particles

For more information, see https://creativecommons.org/licenses/by/4.0/
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is closely correlated with the lung-deposited surface area
(LDSA) [7], [8]. To get a full picture of an aerosol population,
many particle sizes and metrics must be covered.

Because aerosol particles are small, the electrostatic forces
affecting them can be much stronger than the gravitational
force [9]. This property is used in many aerosol applications,
for example, to remove unwanted particles from a flow with
an electrical field or to classify them by size, as in the
differential mobility analyzer (DMA), where particles are
selected based on their electrical mobility (charge to diameter
ratio). Electrical particle sensors do not (usually) rely on the
preexisting charge, but instead charge particles by ionizing
the surrounding air. A common method is diffusion charging,
where particles pass through a chamber with a high-voltage
corona needle creating ions. The ions attach to the particle
surfaces mainly through movement caused by diffusion [9].
Diffusion charging is employed in many existing commer-
cial particle sensors: 1) nanoparticle surface area monitor
(NSAM) (TSI); 2) Partector (Naneos); and 3) AQ Urban
(Pegasor), for instance. There are also some examples of
sensors employing bipolar charging methods, for example,
with a radioactive source [10], [11]. While particles are usually
intentionally charged in aerosol instruments based on particle
electrical detection, Bilby et al. [12] presented a particle
emission sensor utilizing the existing charge on the particles
in the engine exhaust. This design, however, is based on
the current amplification effect caused by the fragmentation
of the collected conductive soot particles inside the sensor.
To differentiate between particles charged intentionally for
detection or classification and particles charged naturally, the
latter will be referred to as indigenously or inherently charged
(IC) hereafter. This terminology is also used by Eastwood [13].

In our study, we present a prototype of a new electrical
particle sensor, the IC particle (ICP)-sensor, which relies on
the IC of particles in the atmosphere or in exhaust. Our study
shows that IC can easily be used to monitor particle concen-
trations, thus removing the necessity of a diffusion charger,
at least for some applications. We share our results from two
test measurements, first in an engine laboratory where we
measured the (diluted) emissions of a heavy-duty truck and
second from ambient measurements in a roadside environment
with heavy air pollution. We also compare the measured charge
concentrations to number, surface area, and mass concentra-
tions of particles as well as theoretical charge concentrations
calculated from the particle number distribution.

Il. THEORETICAL BACKGROUND

Particle charge is the net charge of all electrons and protons
contained in a particle. The number of elementary charges
is often reported instead of the absolute charge. Negatively
charged particles have more electrons than protons and vice
versa. In equilibrium conditions, the charge distribution of
particles depends on the ambient temperature, as well as the
size of the particles [14]. The equilibrium ambient particle
charge distribution can be calculated based on Fuchs’ limiting-
sphere theory, most conveniently using the formulation by
Wiedensohler [15]. The net charge of an ambient particle
population is close to zero, but negatively charged particles are

slightly more common [16]. The charge distribution of freshly
emitted combustion-originated particles is indicative of the
temperature when the particles were formed and tend to follow
a Boltzmann distribution, although the emitted particles will
eventually neutralize to the ambient charge distribution [17],
[18]. The time it takes aerosol particles to reach an equilibrium
state depends on the availability of gaseous ions, and how
far from equilibrium the aerosol population is to begin with.
Ambient ion concentrations are typically around 10% ions/cm?
[16], but polluted air tends to have fewer ions, as they either
grow into larger ions (particles) or are scavenged by existing
particles [19]. Jayaratne et al. [20] showed that cluster ions
near a road were rapidly scavenged by particles, but highly
charged particles were detected up to 400 m from the road,
giving some indication of the timeframe it takes for particles
to reach an equilibrium charge distribution.

Previous studies have shown ways in which the particle
charge of IC particles can be used to understand particle
sources. Burtscher et al. [17] showed that particles produced
by combustion had charge distributions, which could be related
back to the process that created the particles. Kittelson and Pui
[21] studied the charged fraction of particles (by mass) from
exhaust and found a range of 72% during idle to 88% at full
load. They also measured the charge distribution by electrical
mobility and found that there were equal amounts of positive
and negative particles. Maricq [18] also measured particle
charge distributions from a motor vehicle and determined that
the distributions corresponded to Boltzmann distributions at
temperatures of 800-1100 K. Like Kittelson and Pui, he also
found there to be equal amounts of positive and negative
charges. In addition, Ldhde et al. [22] reported on the ion
number concentration distribution in heavy-duty diesel engine
exhaust, finding that far fewer ions were present in the exhaust
when using a diesel particulate filter (DPF), compared to no
after treatment, or a diesel oxidation catalyst (DOC). Large
amounts of charged particles (ions) have also been observed
when measuring near busy roads [20], [23], [24] and the
number of charges carried by ultrafine particles has been found
to be larger near traffic than in background locations [24] or
near powerlines [23]. Other types of combustion also produce
charged particles, for example, natural gas engines [25], mixed
pulverized coal and wood pellets in power plant boilers [26],
and cooking on a gas stove [27].

Fig. 1 shows the average number of charges per particle for
10-nm-to-1-um particles at temperatures of 20 °C-1000 °C.
Even at high temperatures, many particles are neutral, which
is why the average number of charges can remain below one.
The black line represents a typical diffusion charger, this one
is the electrical low-pressure impactor (ELPI4-, Dekati Ltd.)
Pn-curve [28], and the other lines show how temperature
affects the charge distribution. A Pn-curve describes the
efficiency of a charger, giving the average charge per particle
as a function of particle size. Diffusion charging imparts a
much higher charge to the particles than they would have
otherwise.

The Boltzmann charge distribution is symmetrical around 0,
i.e., the number of charges is the same for negative and positive
charges, and therefore, only one line is shown in Fig. 1
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Fig. 1. Boltzmann equilibrium mean particle charge as a function of
particle size at two different temperatures, as well as the Wiedensohler
mean charge at T = 20 °C. The Pn curve of the ELPI+ charger is also
shown (black line).

for each temperature (the other line can be imagined to be
on top). The Wiedensohler distribution charge distribution is
more accurate at ambient temperatures, especially at the lower
particle sizes where the Boltzmann distribution underestimates
the mean charge [15]. Unlike the Boltzmann distribution, it is
not symmetrical, and thus, both the negative and positive
charge numbers are shown. Later in this article, we will
use the Wiedensohler distribution for the negative charge
fraction when comparing our measurements to a theoretical
ambient charge distribution and the Boltzmann distributions
when comparing exhaust aerosol measurements

I1l. SENSOR DESIGN
For our sensor design, we used a zeroth-order mobility
analyzer, or electrostatic collector, with annular geometry.
A cross-sectional drawing of the mobility analyzer is shown in
Fig. S1. The inner electrode is connected to a voltage source
and the outer electrode is connected to an electrometer. The
basic principle of any mobility analyzer is that particles travel
through an electric field, and particles with a high enough
electrical mobility Z are collected, while low mobility particles
travel through. This type of an analyzer can be characterized
by the smallest electrical mobility (Zp) that has a 100%
collection efficiency [29], and for an annular geometry, it is
given by (1), where Q is the volumetric air flow rate, doyer and
dinner are the diameters of the electrodes, L is their length, and
V is the voltage difference across the electrodes. The ratio of
a particle’s mobility to the limiting mobility is the collection

efficiency # (2) when the flow is laminar

on ()

dinner
2=y )
z
=70 2
The electrical mobility of a particle is given by (3), where n
is the number of elementary charges, e is equal to one elemen-

tary charge (1.602 x 10719 C), C(dp) is the Cunningham slip

TABLE |
IMPORTANT DIMENSIONS AND OTHER PARAMETERS OF THE SENSOR

Parameter Value
L 48 mm
Louter 50 mm
douter 32 mm
dinner 28 mm
Q 1 Lpm
%4 +500 V
Zy 1.466x10* cm?/(V-s)

correction factor, 7(7T') is the viscosity of the surrounding gas,
dependent on the gas temperature T, and d, is the particle
diameter. As can be seen from the equation, particles have
high electrical mobility if they are small and highly charged.
Ignoring the slip correction, a singly charged particle has
the same mobility as a twice charged particle of double the
diameter (including the slip correction would increase the
mobility of the smaller particle compared to the larger)

7 neC (d,,) . 3)

3z (T)d,

The dimensions and other constant parameters used in our
sensor are shown in Table I. The measurement electrode was
slightly longer than the opposing high-voltage electrode to
minimize particle losses caused by the edge effects of the
electric field. The L value shown and used for calculation
is for the shorter electrode.

The Z value above corresponds to a singly charged particle
with a diameter of 140 nm or a doubly charged particle with
a diameter of 220 nm, which is suitable for measuring most
urban particles or engine emitted particles. The same sensor
geometry can easily be changed to target various mobility
sizes, either by changing the flow rate or the collection voltage.
When characterizing the sensor efficiency, we also used lower
voltages to change the Z value.

In addition to the mobility analyzer, the ICP-sensor con-
sisted of an ion trap to prevent the measurement of gaseous
ions; a voltage source, electrometer, and computer connected
to the mobility analyzer; a critical orifice to control the flow
rate; and a pump. In the engine laboratory and ambient
measurements, we also used a cyclone to prevent coarse dust
from entering the sensor.

IV. METHODS

We measured the sensor’s detection efficiency dependency
on particle mobility, size, and number concentration in a
laboratory. We then tested the ICP-sensor for two applications:
measuring particles from engine exhaust from a heavy-duty
truck as well as ambient aerosol in an urban traffic environ-
ment. Correlations with different metrics were calculated using
simple linear regression with ordinary least squares method.

A. Laboratory Measurement of Detection Efficiency
The laboratory characterization was conducted at the
Tampere University Aerosol Physics Calibration Laboratory.
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To measure the detection efficiency of the ICP-sensor, we built
the setup shown in Fig. S2 and used the singly charged aerosol
reference (SCAR) system to produce a monodisperse aerosol
of unipolar, singly charged particles [30]. Our main reference
for the detection efficiency was a Faraday cup and electrometer
(FCAE) (Keithley 6430 Sub-femtoamp Remote Sourceme-
ter, Keithley Inc.), FCAE. In addition, particles penetrating
through the sensor were measured with a condensation particle
counter (CPC 3750, by TSI).

For the most part, only the mobility analyzer portion of
the ICP was characterized, but we also conducted a few
measurement points with the ion trap in place, in order to
characterize the losses in the ion trap for small particles.

B. Engine Laboratory Measurements

The engine laboratory measurements were conducted at
Indian Oil Corporation (IOCL) facilities in Faridabad, using a
chassis dynamometer. The test subject was a typical Indian
heavy-duty truck, registered in 2017 and equipped with a
DOC, but DPF, and it was driven following a transient driving
cycle. The exhaust sampling was conducted using a constant
volume sampler (CVS), and we alternated between measuring
all particles and solid particles. A thermodenuder was used
to remove the semivolatile particle fraction in the latter case,
as shown in the simple schematic (Fig. S3). The measurement
matrix included three different fuels and two lubricating oils.
The three fuels were Bharat Stage VI (BSVI) fossil fuel, and
two fuels blended with Bharat Stage IV (BSIV): 1) renewable
paraffinic diesel (RPD) and renewable fatty acid Methyl Esther
(r-FAME). The test cycle was the Delhi Bus Driving Cycle,
which includes accelerations, decelerations, and idling. One
cycle lasts 7 min, and the maximum speed is 50 km/h. For two
fuels, the “All particles” measurements were conducted twice,
and we were able to measure both the positively and negatively
charged particle fractions by changing the collection voltage
from +500 to —500 V. The measurement matrix is included in
Table S1. Results from the measurement campaign have been
previously published [31], and more details on the vehicle,
fuels, oils, driving cycle, and so on can be found there.

We used an ELPI+ [28], [32] to measure the particle
number and size distribution as well as to compare the ICP
to. ELPI+ is a cascade impactor, where each impactor stage
is separately connected to an electrometer. The particles are
positively charged using diffusion charging. The particles
going through the ICP-sensor were measured with an eFilter
(by Dekati Ltd., presented in [33]), which also employs
diffusion charging. eFilter also allows for collecting particles
onto a filter, which can then be weighed to interpret the mass
concentration of the sample, but we only used the electrical
portion of the instrument. The data output of the instrument
is simply the current measured from the DC particles. The
sample dilution was calculated using CO, as a tracer gas.

C. Ambient Air Measurements on a Roadside

The ambient measurements were conducted in Gual Pahari,
located south of New Delhi, in December 2018. During the
measurements, the days were sunny, there was almost no wind

Detection efficiency

¥ =0.9984x +0.0054, R? = 0.9992

D), =25 nm, notincluded in fit

F D= 100nm
¥=1.0523 + 0.0000, R? = 0.9992
% D, =100 nm, notincluded in fit

0 1 2 3 4 5
21z,

Fig. 2. Detection efficiency of the sensor prototype as a function of
particles’ electrical mobility divided by the minimum electrical mobility.
The variation in the ratio Z/Zy(V) was achieved by varying the collection
voltage. Two particle sizes were used, 25 and 100 nm.

(<1 m/s), and the temperature ranged between 10 °C and
25 °C. The instruments were housed in a mobile laboratory
parked adjacent to a busy road with approximately 800 vehi-
cles per hour during daytime. Fig. S4 shows a simplified
schematic of the measurement setup. All instruments sampled
air through a PM2.5 inlet, and the ICP had an additional
cyclone to prevent the accumulation of coarse dust. The cutoff
diameter (dsg) of the cyclone was 2.239 um. The sensor
collection voltage was set to —500 V; thus, the measured
particles were also negatively charged. Again, ELPI+ was
used for comparison and to calculate the theoretical charge
concentration. The ELPI4 sample was diluted with 5 L/min
of clean air to lessen the accumulation of particles. The total
flow for the ELPI+ is 10 L/min, and thus, the dilution ratio
was 2 (results corrected to represent ambient concentrations in
the data analysis). The measurements are described in more
detail in a previous article [34].

V. RESULTS
In this section, we present the results from each measure-
ment separately, and the three experiments are interpreted
together in Section VI.

A. Mobility Analyzer Characterization

We determined the detection efficiency for the mobility
analyzer portion of the ICP by employing (2) for two different
particle sizes, 25 and 100 nm, and varied the Z/Zg ratio by
changing the collection voltage of the analyzer.

Fig. 2 shows the detection efficiency of the ICP-sensor as
a function of electrical mobility ratio. The ratio Z/Zp was
changed by changing the voltage used to collect particles, V in
(1). Ideally, the relationship between detection efficiency and
the mobility ratio should be one-to-one, as shown in (2), and
the measurements show that this is the case. The fit for 100-nm
particles is slightly steeper than the fit for 25-nm particles,
due to greater diffusional and electrical losses for the smaller
particles. The results for mobility ratios greater than one show
that the detection efficiency begins to go down. This is most
likely due to the increased electrical field causing losses in
the area before the detection plates. We also measured the
detection efficiency for the whole sensor (including an ion
trap and additional tubing to connect it to the analyzer) in
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Fig. 3. Particles lost due to diffusion as a function of particle size.
Collection voltage Vwas setto 0 V. The error bars represent the standard
deviation of measured variables combined into a total standard deviation
using error propagation. The fit line represents theoretical diffusion
losses for a tube of length 4.263 m (Lg).

a similar measurement but changed particle size (instead of
the collection voltage) to vary the mobility ratio (see Fig. S5).
As expected, the detection efficiency was slightly lower due to
additional diffusion losses (fit line y = 0.8976x + 0.0582 and
R? = 0.9988). Here, we also observed that the detection
efficiency began to decrease when Z/Z increased past one,
due to the increased diffusion losses of smaller particles.

Fig. 3 shows the particle losses due to diffusion in the
mobility analyzer inlet, outlet, and annular flow geometry
before and after the electrodes. Particles deposited onto the
detection cylinder were not counted as losses, i.e., the mea-
sured values were calculated as

diffusion losses
_1 penetrating particles + detected particles

total concentration

The dso value for the lower limit of the mobility analyzer
is 5.5 nm, but in practice, the dso size will be larger, and
the overall losses greater, as diffusion losses due to the ion
trap and tubing are not accounted for here. To compare to a
theoretical value, we used Gormley and Kennedy’s equation
for diffusion losses in a tube [35], calculating the effective
length to best match the measured values. We used the form
given by Cheng [36]. The diffusion losses for a tube resulted
in a good fit, with an effective length of 4.26 m, and this
equation is used to correct the theoretical current from the
ELPI+ number size distribution. An even better fit might have
been achieved by dividing the mobility analyzer into regions
and using a combination of equations; however, we preferred
this approach due to its simplicity.

Fig. S6 shows the effect of particle concentration on detec-
tion efficiency. In theory, high particle number could lower
the detection efficiency due to space charge losses. The space
charge is caused by our test aerosol, in which all particles
are either positively or negatively charged (in this test, they
were negatively charged). Consequently, the particles repel
each other, and if the particle concentration is large enough,
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Fig. 4. Charge concentration measured with ICP compared to particle
number and mass concentrations during the engine laboratory measure-
ment campaign. These values are corrected for dilution and losses in the
thermodenuder, representing the concentrations in the CVS. Each data
point is a 5-s average.

particles may be lost inside the sensor due to movement caused
by the space charge. However, we calculated an approximate
value for space charge losses inside the sensor, and even with
a concentration of 107 particles/cm?, the space charge losses
were less than 0.5%. Thus, it is unlikely that the lowering
detection efficiency seen in Fig. S6 has to do with this effect.
In addition, the space charge losses should continue to reduce
detection efficiency with increasing particle concentration,
whereas in our results, the detection efficiency levels off at
10 000 particles/cm?, settling at approximately 0.93. In the
previous results for detection efficiency, particle concentrations
were between 10 and 15 x 10 particles/cm® and thus in the
level area.

B. Engine Laboratory Measurements

The engine exhaust particles were small but numerous.
Based on the data measured by ELPI4, the count median
diameters (CMDs) of the particles were below 30 nm in all
cases and the measured number concentration of particles
ranged from 50 000 to 800 000 particles/cm3 (after dilution).
The median current measured by the ICP ranged from 20 to
70 fA, depending mostly on the phase of the driving cycle.
Median values for each measurement point are shown in
Table S2 and the particle size distributions of the exhaust sam-
ple are presented in Fig. S7. There was no statistical difference
between the charge concentrations of different fuels and oils
and the in-group variation was large, i.e., if a difference exists,
the sample size would need to be larger.

Fig. 4 shows the correlation of the charge concentration
to three different particle metrics: 1) number; 2) geometric
surface area; and 3) mass (PM; s, mass concentration of sub
2.5 pum particles). Number, surface area, and mass were chosen
for comparison because they are common metrics for particle
measurements. Number concentration was highly correlated
with the charge concentration, but the fit was different for
solid particles versus all particles. This demonstrates that solid
particles have a larger charge concentration than nucleation
particles, which are included in the “all particles” case, and
agrees with previous research showing that particles originat-
ing from inside the engine (solid particles) are more highly
charged than particles formed when the exhaust dilutes (e.g.,
[22]), which have been found to carry little to no charges [37],
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Fig. 5. Current measured with ICP compared to a theoretical current,
calculated based on the data measured by the ELPI+ and assuming
a Boltzmann charge distribution at 500 °C. The left plot shows the
correlation for “all particle” test points, while the right plot shows solid
particle test points. The data were averaged into 5-s sections from the
original 1-Hz data and charge concentrations smaller than 0.1 fC/cm3
were filtered out.

[38]. When the aerosol is passed through the thermodenuder,
not only are semivolatile particles removed, but solid particles
that have been coated by the semivolatile vapors lose their
coating, causing them to shrink. As a result, diffusional losses
increase. Thus, some of the change in the charge concentration
measured with the ICP can be due to higher diffusional losses
in the sensor and in the sampling lines, and this effect is not
corrected for. Selected time series for ICP current and number
concentration are shown in Fig. S8 and time series for ELPI4-
current and ICP current for each measurement point are shown
in Fig. SO.

Finally, we looked at the charge concentration measured
with ICP in comparison to a theoretical concentration derived
from the ELPI4+ number concentration and a Boltzmann
charge distribution at 500 °C. This temperature was chosen
based on previous findings that engine exhaust charge distribu-
tions match a Boltzmann equilibrium between 800 and 1100 K
[18]. All the engine laboratory data are gathered in Fig. 5,
which shows the linear fit between the measured current and
theoretical charge concentration at 500 °C. The left side plot
shows “all particles” cases and the right side plot shows
“solid particles” cases. Note that the axes are logarithmic,
which is why the linear fit function with a constant term
looks nonlinear. In both cases, the correlation between the
measured and theoretical charge concentration is very good
(R? > 0.8), but the slope is far from one (0.12 for all particles
and 0.24 for solid particles). Positive and negative polarities
were not significantly different, which agrees with previous
findings [18]. Examining the residuals for the “solid only”
data points (Fig. S10) showed that larger CMD values (60-80
nm) were associated with positive residuals and vice versa for
small CMD values (<20 nm).

C. Ambient Roadside Measurements

The particle concentration during the roadside measure-
ments was very high and ELPI+ showed signs of overloading,
and thus, only the first few days of measurements after
cleaning the ELPI+ are analyzed in depth. Many particle
concentration metrics have been previously reported and are
not repeated here [34].

To investigate the relationship of charge concentration to
other particle metrics, Fig. 6 shows the correlation plots com-
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Fig. 6. Charge concentration measured with ICP compared to particle
number and mass concentrations measured with ELPI4 during the
ambient air measurement campaign. Each data point represents a 5-
min average.
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Fig. 7. Measured current from ambient charged particles, and the
theoretical charge concentration calculated by assuming a Wiedensohler
charge distribution and using ELPI+ size-distributed particle number
concentration data. The data in both plots have been averaged into 5-min
sections. Tick marks in the time series are placed at midnight.

paring the measurements with ICP to particle number, surface
area, and mass (PMjs). The correlation was similar with
number concentration (R2 = 0.493) and mass concentration
(R? = 0.555), while the correlation was highest with surface
area (R? = 0.800).

Fig. 7 shows a time series of the electrical current measured
with the ICP and a theoretical current calculated using the
particle size distribution data measured with ELPI4+ and
Wiedensohler equation for the charge distribution at a tem-
perature of 293.15 K or 20 °C. Along with the time series,
the correlation between the two is displayed with a line fit to
the data.

Fig. 7 shows that the ICP charge concentration is correlated
with the theoretical charge concentration, and the difference
between the two seems to be the smallest from midday to
afternoon (tick marks are placed at midnight). The ICP charge
concentration was larger than the theoretical at midnight.
The fit line between the two for the whole duration is y =
1.009x 4 0.715 with a correlation coefficient of R? = 0.800.
We investigated the dependency of the residuals on the time
of day, ambient temperature, electrometer temperature, particle
size, and particle concentration (Fig. S11) and found that they
depended on the time of day, ambient temperature, and particle
size. Initially, we worried that the electrometer temperature
might be the cause for residual dependence on ambient tem-
perature, but the electrometer temperature had essentially no
effect on the residuals. Instead, it seems that the particle size
might be the root cause: smaller particles (<40 nm) resulted in
negative residuals, while larger (~100 nm) particles resulted in
positive residuals. Our interpretation is that when the particle
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size distribution is dominated by small particles, they are either
newly formed ambient particles or particles nucleated during
fresh exhaust cooling and thus have no charge to begin with
and have not reached charge equilibrium. Conversely, soot
mode particles may still be closer to their initial higher charge,
explaining the positive residual associated with them. The
correlation coefficient between temperature and particle size
was —0.34 (Table S3), which then explains why the ambient
temperature seemed to affect the residuals: particle size was
smaller and temperatures higher during midday to afternoon
times. Surprisingly, hourly traffic counts (shown in Fig. S11)
were unrelated to residuals.

We noted that the best fit line in Fig. 7 leaves a relatively
large error for smaller values, and thus, we checked whether
the analysis would change if the logarithmic values for mea-
sured and theoretical charge concentration were compared
instead. While the fit improved for the smaller values, the
interpretation of the residuals did not change.

VI. DISCUSSION

Comparing the charge concentration measured with ICP to
other metrics revealed a high correlation (R? > 0.7) with
number and surface area concentration in the engine laboratory
measurements, whereas in the ambient measurement case, the
correlation was equally good for number and mass (R? ~
0.5) and the highest correlation was with surface area (R? =
0.8). The expectation was that the surface area would have
the best correlation, as ion attachment is governed by Fuchs’
surface area. The good agreement with mass concentration
in the ambient measurement case was surprising and perhaps
somewhat of a coincidence due to the specific aerosol proper-
ties at the location.

Previous engine exhaust studies have found particles to
match a Boltzmann distribution of much higher temperatures
than found here. For example, Maricq [18] observed that par-
ticles from a diesel passenger car corresponded to Boltzmann
distributions at approximately 500 °C-800 °C. There are, how-
ever, a few differences between our studies: in our study, the
vehicle was a heavy-duty truck, not a passenger car, and while
we used a conventional CVS dilution system, Maricq used
a “remote mix tee,” which reduces the time from tailpipe to
dilution tunnel. In the “All particles” case, the nucleation mode
particles were at least partially responsible for the measured
current being smaller than predicted, but when measuring
only the solid particles, the measured charge concentration
relative to the theoretical charge concentration only increased a
little. Although the charge per particle (Table S2) is correlated
with the CMD, R? = 0.63, we assume based on previous
studies that the main reason for the change in the level of
charge between the two cases is the removal of uncharged
nucleation particles. The particle size distributions show that
the solid particle measurements still included many small
particles (Fig. S7). These must either be solid core particles
[39], [40] or the thermodenuder was not efficient enough to
remove all the semivolatile material. In future measurements,
it would be interesting to measure particles directly from the
tailpipe, or with less dilution, to see whether the charge per
particle would better match previous findings.

In calculating a reference value for the measured ambient
charge concentrations, we assumed that the particles had
reached an equilibrium distribution described by the Wieden-
sohler equation. The measured charge concentration was
slightly larger than the theoretical one, and we assumed that
overcharged traffic-originated soot particles were the cause.
When we aimed to verify this by analyzing the residuals of
the fit to measured versus theoretical values, it turned out that
traffic rates did not correlate with higher positive residuals
(or negative residuals, for that matter), as is evident when
comparing the hourly residuals to the traffic cycle in Fig. S11.
From the analysis, we determined that particles in the soot
mode size range were indeed more charged, but also nucleation
particles were less charged than the equilibrium distribution
predicted. Combustion engines can release particles from both
modes, which is why the effect of traffic might be difficult
to spot. In addition, other combustion sources nearby, such
as cooking or heating, may also have contributed to the soot
mode.

One aim of the engine and ambient measurements was to
test the sensor performance in different settings and particle
concentrations. The sensor’s limit of detection is 1.636 fA,
equal to three times the standard deviation of the electrome-
ter signal when measuring clean air. This corresponds to a
concentration of 4500 particles/cm® for 25-nm particles or
1500 particles/cm® of 100-nm particles with ambient charge
levels. The ICP is, therefore, not a good choice for low
particle concentrations. In the ambient measurements, the ICP
was employed in a high-pollution environment for two weeks
without problems (the data from these measurements were
limited due to particle accumulation in the ELPI+), which
shows that the geometry tolerates particle accumulation quite
well. The highest currents we measured were around 700 fA,
in the engine laboratory, but the electrometer can measure far
larger currents (up to 400 000 fA); thus, high concentrations
are not a problem.

The chosen mobility analyzer dimensions worked quite well
in both environments. For these dimensions, many other appli-
cations are also possible, as the ICP can easily be modified
for different needs by varying the collection voltage and/or
flow rate. New versions with different dimensions could also
be built to cater to specific needs. For instance, to target low
concentrations, a higher flow rate could be used to increase
the sensitivity (although the Zp value must be checked).
Outside of modifying the mobility analyzer, particles in a
soot mode size range could be better targeted by increasing
the ion trap voltage, thereby removing more of the nucleation
mode particles. Large particles with multiple charges could be
removed aerodynamically before the sensor (with an impactor
or a cyclone). Although we did use a cyclone in the ambient
measurements here as well, the dpsy was not sufficiently low
to impact the measurements (2.2 xm).

We did not have an instrument available to measure the
neutral particles penetrating the ICP in the ambient mea-
surements. However, we examined this possibility by sim-
ulating the output of the ICP and a subsequent DC sensor
(we used the Pn-curve for an eFilter) for different types of
particle distributions. Two examples are shared in Fig. S12:
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the first is an ambient number size distribution dominated
by local emissions and the second is dominated by more
aged emissions in the accumulation mode. Assuming that
the nucleation and accumulation mode particles have reached
an equilibrium state (calculated for negative particles from
the empirical Wiedensohler equation [15]) and a Boltzmann
distribution at 800 K for the soot mode particles, the IC to DC
ratio was 50% for the first case and 30% for the second case.
Therefore, this combination of sensors could be used to detect
local traffic emissions based on this ratio, but as was seen in
the ambient measurements, nucleation mode particles had less
inherent charge than in theoretical equilibrium conditions.

VIl. CONCLUSION

In this article, we presented a new electrical sensor type
and showed it to be suitable for measuring particles both in an
engine laboratory and in ambient measurements in a polluted
environment. When used in tandem with other instruments,
such as we did here with the ELPI+, it can give information
of the charge state of the aerosol. Compared to most previous
electrical sensors, the benefit of the ICP is that a charging
mechanism, often vulnerable to contamination, is not needed,
whereas the downside of the ICP-sensor is that larger particle
concentrations are required to produce a detectable current
than in DC sensors.
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