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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 preexistingelec-
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.
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.

I. INTRODUCTION

PARTICLES 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 μm 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
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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.

II. 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 103 ions/cm3

[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, Lähde 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-μm 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 (ELPI+, 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

III. 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 (Z0) 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, douter 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 η (2) when the flow is laminar

Z0 =
Q ln

(
douter
dinner

)

2π LV
(1)

η = Z

Z0
. (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 × 10−19 C), C(dp) is the Cunningham slip

TABLE I
IMPORTANT DIMENSIONS AND OTHER PARAMETERS OF THE SENSOR

correction factor, η(T ) is the viscosity of the surrounding gas,
dependent on the gas temperature T , and dp 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)

Z = neC
(
dp

)

3πη (T ) dp
. (3)

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 Z0 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 Z0 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 CO2 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

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/Z0(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 (d50) of the cyclone was 2.239 μm. 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 ELPI+ 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/Z0 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/Z0 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 V was set to 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 (Leff).

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
R2 = 0.9988). Here, we also observed that the detection
efficiency began to decrease when Z/Z0 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 d50 value for the lower limit of the mobility analyzer
is 5.5 nm, but in practice, the d50 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,

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/cm3, 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/cm3, settling at approximately 0.93. In the
previous results for detection efficiency, particle concentrations
were between 10 and 15 × 103 particles/cm3 and thus in the
level area.

B. Engine Laboratory Measurements
The engine exhaust particles were small but numerous.

Based on the data measured by ELPI+, 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 (PM2.5, mass concentration of sub
2.5 μm 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 ELPI+
current and ICP current for each measurement point are shown
in Fig. S9.

Finally, we looked at the charge concentration measured
with ICP in comparison to a theoretical concentration derived
from the ELPI+ 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
(R2 > 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-

Fig. 6. Charge concentration measured with ICP compared to particle
number and mass concentrations measured with ELPI+ during the
ambient air measurement campaign. Each data point represents a 5-
min average.

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 (PM2.5). The correlation was similar with
number concentration (R2 = 0.493) and mass concentration
(R2 = 0.555), while the correlation was highest with surface
area (R2 = 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 ELPI+ 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 + 0.715 with a correlation coefficient of R2 = 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 (R2 > 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 (R2 ≈
0.5) and the highest correlation was with surface area (R2 =
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, R2 = 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/cm3 for 25-nm particles or
1500 particles/cm3 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 Z0 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 dp50 was not sufficiently low
to impact the measurements (2.2 μm).

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.

VII. 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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