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Abstract
The concentration of nanometre-sized particles is frequently measured in terms of particle number
concentration using well-established measuring instruments, e.g. condensation particle counters.
Traceability for these measurements can be achieved by means of calibrations using an aerosol
electrometer (AE) as a reference. A number of national metrology institutes (NMIs) and expert
laboratories provide such calibrations, but the metrological basis is at present not well established
because the equivalence between the unit realizations has not been investigated by means of an
inter-laboratory comparison. This paper presents the results of the first comprehensive comparison of
AEs involving NMIs and expert laboratories worldwide. The comparison covered the particle size and
charge concentrations ranges 20 nm to 200 nm and 0.16 × 10−15 C cm−3 to 2.72 × 10−15 C cm−3

(equivalent to 1000 cm−3 to 17 000 cm−3 singly charged particles), respectively. The obtained results
agreed to within about ±3%, which was within stated uncertainties, with only a few exceptions, such as
at low concentrations. Additional measurements with sub-20 nm particles show that comparisons in this
size range are more challenging and require special considerations, though agreement to within about
±5% was still found with 6 nm particles. This comparison is the first and vital step towards
internationally recognized SI traceability in particle number concentration measurements.

Keywords: comparison, particle number concentration, aerosols, electrometer

1. Introduction

Aerosol particles play an important role in many areas of
technology and science, e.g. global climate change [1], health

10 Authors to whom any correspondence should be addressed.

effects of particulate emissions [2] and nanotechnology [3]. In
addition, aerosol particle measurements are widely applied,
e.g. in clean room and process technology, ambient air
monitoring, as well as in studying emissions from traffic,
industry and power production. In recent years the interest
in fine and ultrafine particles has increased, as it has been
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shown that these nanometre-sized particles have adverse health
effects [4] and are responsible for particle formation in the
atmosphere [5]. The behaviour and effect of nano-sized
particles is better described in terms of number concentration,
surface area and size distribution rather than simply mass
concentration. Moreover, the sensitivity of particle number
and surface area concentration measurements is superior to
mass concentration measurements owing to the negligible
mass of nano-sized particles. Measurement of particle number
is, however, preferred over surface area in the regulatory
context as it is more clearly defined than surface area, which
is ambiguous for aerosols with complex surface structure.

Instruments measuring particle number concentration,
e.g. condensation particle counters (CPCs [6]) and optical
particle counters (OPCs [7]), are well developed and have
been available on the market for a few decades. Number
concentration measurements are also often integral to particle
size distribution measurements, such as when using a scanning
mobility particle sizer (SMPS [8]) or an electrical low
pressure impactor (ELPI [9]). Aerosol particle number
concentration measurements are frequently applied in clean
room monitoring where the measurements are covered by
standards [10]. Moreover, particle number concentration has
recently featured in the European vehicle emission legislation
[11] and it is becoming increasingly important in other
areas such as ambient air monitoring. This has generated a
growing demand for traceable particle number concentration
measurements. Currently some national metrology institutes
(NMIs) and research laboratories have primary particle number
concentration standards [12–14]. However, the metrological
basis is at present incomplete because the equivalence of the
actual unit realizations has not been investigated by means of
inter-laboratory comparisons.

Most of the standards in use comprise an aerosol
particle generator and an aerosol electrometer (AE). The
particle generator provides calibration aerosols with known
size and average charge, whereas the AE measures charge
concentration of the generated aerosol particles. The
traceability for charge concentration is achieved by SI traceable
measurement of electric current induced by charged particles
inside a Faraday cup (FCUP) and the volume flow of the
aerosol. If the charge of the particles from the generator
is known, the number concentration (expressed typically
in cm−3) is directly derived from the charge concentration
(e.g. in C cm−3). As a primary standard, however, the
performance of an AE contributes to the uncertainty of all
particle concentration measurements traceable through it.
Therefore, a thorough validation comprising a full uncertainty
analysis and inter-laboratory comparisons is essential.

In an AE, random noise in the current measurement
becomes the prominent source of uncertainty when measuring
low particle concentrations (low currents), thus setting a lower
limit for the measurement range. In addition, the average
charge of the particles must be known and contributes to
the uncertainty of the number concentration. Despite these
limitations the AE is considered the prime choice for realizing
SI traceability for aerosol particle number concentration. The
AE is well suited for calibrating CPCs (an instrument type

widely in use for measuring particle number concentration in
the size range from a few nanometres to a few micrometres)
because its response, after correcting for the diffusion losses
at the inlet, remains constant at about unity for particles in the
size range from 1 nm to 30 nm where the detection efficiency
of CPCs drops steeply. In fact, the draft ISO standard ISO/DIS
27891 [15] describes a calibration procedure for CPCs by
reference to an AE, and explicitly describes the role of NMIs
in providing certification for AEs.

Up to now, only one inter-laboratory comparison on
particle number concentration and particle size distribution
measurements has been carried out at the NMI level [16].
It was performed using CPCs and SMPS which have been
independently calibrated by the participating laboratories.
This comparison was performed using combustion aerosol
particles and covered the particle size range from 50 nm
to 170 nm. However, the comparison involved secondary
standards and it did not cover the sub-50 nm particle size range
which is relevant for many particle number measurements
using CPCs. Recently, a bilateral comparison between the
Finnish and Japanese particle number concentration standards
[12, 13] was performed at the National Institute of Advanced
Industrial Science and Technology (Japan) by calibrating a
single CPC in a wide particle size range from 10 nm to
10 µm using three different calibration standards [17]. This
comparison was exceptional because the Finnish standard
was transported to Japan where the comparison took place
allowing direct comparison without transporting the CPC.
This approach, however, is not applicable in general since
most particle number concentration standards are not suitable
for transportation. To overcome this issue but still keeping
the influence of the comparison method at minimum, it
was agreed in the European Metrology Research Programme
(EMRP) PartEmission project to compare the reference AEs
directly to each other because accurate determination of
charge concentration is a prerequisite for the realization of
a particle number concentration scale. This is the first AE
comparison (registered also as the EURAMET project 1244—
comparison of AEs [18]) involving multiple NMIs and research
laboratories with profound expertise in the field.

In the comparison reported here, participant laboratories
brought their reference AEs to the Aerosol Physics
Laboratory of Tampere University of Technology (TUT)
where measurements were conducted from 18 to 22 March
2013. The aim was to investigate the validity of the unit
realization among laboratories and to demonstrate the best
measurement capability that can be achieved for particle
charge concentration. The instruments were operated by the
representatives of the owner laboratories. The calibration
aerosol was generated using the single charged aerosol
reference (SCAR [19]), which generates singly charged
particles with known size. The measurement scheme and
experimental setup were carefully designed to minimize the
uncertainty due to the comparison method. For example
special care was taken to ensure symmetric flow splitting
of the aerosol such that the particle concentrations at the
AE inlets were equal. The comparison measurements
were performed at different calibration particle sizes ranging
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Table 1. Participants in the study.

Country Organization Status Role

UK National Physical Laboratory (NPL) NMI Coordinator
Finland Centre for Metrology and Accreditation (MIKES)a NMI Participant
Finland Tampere University of Technology (TUT)a Expert lab Host
Switzerland Federal Institute of Metrology (METAS) NMI Participant
Germany Physikalisch-Technische Bundesanstalt (PTB) NMI Participant
Japan National Institute of Advanced Industrial Science and Technology (AIST) NMI Participant
EU Joint Research Centre (JRC) Expert lab Participant
Germany Leibniz Institute für Troposphärenforschung (TROPOS) Expert lab Participant
USA US Army Primary Standards Laboratory (APSL) Expert lab Participant

a MIKES and TUT participated with one instrument.

from 20 nm to 200 nm in order to reveal any particle size
dependent losses in the instruments. Measurements were
also performed at different charge concentrations from 0.16 ×
10−15 C cm−3 to 2.72 × 10−15 C cm−3 using 100 nm singly
charged calibration particles (equal to particle concentrations
1000 cm−3 to 17 000 cm−3). This range of particle
concentrations and sizes covers the scope of the calibration
requirements set forth in the European regulation on exhaust
emissions tests performed in the type approval of passenger
vehicles [20]. Additionally, measurements with sub-20 nm
particles were performed for studying the applicability
of the experimental setup to comparisons with smaller
particles.

2. Reference standards

2.1. AE: operating principle and uncertainty sources

The AE is a flow-through instrument measuring charge
concentration of aerosol particles. It comprises a FCUP, an
electrometer and flow control and measurement. The FCUP
consists of a high efficiency particulate filter enclosed in a
conducting cup, which is surrounded by a grounded enclosure
acting as a shield. The inner cup is connected to ground
potential only via a sensitive current-to-voltage amplifier, an
electrometer. As charged particles get collected in the filter,
an equal but opposite electric charge (so-called image charge)
passes through the electrometer so that the net charge on
the FCUP is zero. Therefore, the current measured by the
electrometer corresponds to the current carried by the particles
to the filter. Flow control and measurement is applied to
determine the gas volume rate corresponding to the electric
current. The aerosol particle charge concentration C is
calculated as

C = I

V̇ · ηFCUP
, (1)

where I is the electric current, V̇ is the volume flow rate and
ηFCUP is the detection efficiency of the FCUP. The particle
number concentration can be further calculated from the
charge concentration by dividing the charge concentration
with the average number of elementary charges carried by
particles and the value of one elementary charge. According
to [12], particles generated by the SCAR generator are singly
charged with an uncertainty of only 0.16%. Therefore, the

number concentration is directly obtained in this comparison
by dividing the charge concentration with the elementary
charge.

It is fairly straightforward to obtain traceable electric
current and aerosol flow measurements through calibrations of
the volume flow meters and electrometers. A more challenging
task is to determine the FCUP detection efficiency. Particle
losses may occur inside the FCUP through diffusion losses
in the inlet tube and/or deposition of particles outside the
detection enclosure. Also, particles might bypass the filter
due to leaks or penetrate the filter without being collected.
Furthermore, leakage currents and/or improper grounding of
the FCUP are possible sources of errors. The effect of the
aforementioned defects on the FCUP detection efficiency is
hard or even impossible to reliably and accurately quantify. A
comparison study is the only way of revealing such defects.
However, with careful design these defects can be minimized.
Including AEs of different design and manufacturer in the
comparison enables us to identify possible model dependent
uncertainties in the results.

2.2. Participating laboratories and associated AEs

A total of nine laboratories participated in the comparison study
(see details in table 1). MIKES and TUT participated with the
AE of the SCAR instrument, which has been designed, built
and tested by TUT [19] and validated in co-operation with
MIKES [12]. As a consequence, there were eight AEs to be
compared as shown in table 2. All laboratories, except AIST,
participated with their primary standards. The AIST standard
is considered a secondary standard as it is calibrated against the
Japanese primary standard [13]. All of these were commercial
AEs or modified commercial AEs, except the MIKES–TUT
standard, which comprises a self-made FCUP and commercial
current and flow measuring instruments. Furthermore, the
AIST secondary standard has traceability to the self-made AE
of the Japanese primary standard. Each participant took care of
the calibrations of the volume flow meter and electrometer used
in their AEs. Final results and associated uncertainties were
submitted by the participants individually to the Coordinator
some weeks after the comparison, to allow for further checks
and recalibration at the participants’ laboratories.
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Table 2. Properties of participating laboratories AEs.

Electric current
Participant AE model Status of standard measurement Flow measurement/control

NPL GRIMM 5.705 Primary Internal MKS 179/internal
MIKES–TUT Self-made FCUP Primary Keithley 6430 Alicat Scientific MC-2SLPM-D/5 M
METAS TSI 3068B Primary Internal Vögtlin Red-y GSM-B4PA-BN00/internal
PTB TSI 3068B Primary Internal Internal
AIST TSI 3068B Secondary Internal Internal
JRC Ioner EL-5030 Primary Internal Alicat Scientific MC-5SLPM-D/5 M
TROPOS TSI 3068B Primary Internal Internal
APSL TSI 3068B Primary Internal Bios Defender 510-M/critical orifice

Figure 1. Experimental setup used in the comparison. The arrangement of AEs as seen from above is shown in the figure inside the dashed
lines.

3. Comparison procedure

3.1. Experimental setup

The aerosol generator of the SCAR comprises four
operational units which are used in numbered order for
generating singly charged aerosol particles of known size.
(1) Generation of NaCl seed particles by means of tube furnace
evaporation/condensation method. (2) Bipolar charging of
the 10 nm to 12 nm seed particles. (3) Size classification
of the charged seed particles using a differential mobility
analyser (DMA). (4) Condensational growth of seed particles
to desired size using di-octyl sebacate (DOS) as the working
fluid. The condensational growth preserves the particle charge
(one elementary charge) acquired as result of steps 2 and 3 [12].
A more detailed description of the operating principle of the
SCAR is in [19].

The setup used in the AE comparison is depicted in
figure 1. The output flow rate of the aerosol generator is by
design constant at 2 l min−1. A dilution flow at the output
was used for providing sufficient sample flow for the AEs

and to dilute the output particle concentration of the generator.
Nitrogen was used as the dilution gas since it corresponds to the
carrier gas of the generated aerosol. Nitrogen was also used in
calibrations of the flow meters of the participant AEs. This
eliminates possible flow measuring inaccuracies caused by
mismatch between calibration gas and the actual metered gas.

Special attention was paid to ensuring symmetric flow
splitting to the AEs. A static mixer was placed before a
flow splitter (TSI flow splitter 3708) in order to guarantee
spatially homogeneous particle concentration before the 4-way
flow splitter. In addition, a standard stainless steel Swagelok®

branch tee was used to further split the sample aerosol to the
AEs (figure 1). The sample was drawn through the AEs at a
flow rate of 1 l min−1 using their own pump or, if not available,
using an external pump. All sample lines between the flow
splitter and the AEs were of equal length and diameter, thereby
the diffusion losses in the sample lines were expected to be
similar. In this comparison study, the volume flow rate was
set and measured with reference to standard conditions (25 ◦C
and 1013 hPa). This simplifies the measurement setup as no
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Table 3. Summary of measurement points in the AE comparison. Measured combinations of charge concentration and particle size are
marked with x.

Nominal particle size/nmNominal charge Equivalent number
concentration/10−15 C cm−3 concentration/cm−3 20 30 50 80 100 200

2.72 17 000 x
1.60 10 000 x x x x xa x
1.28 8 000 xa

0.64 4 000 x
0.32 2 000 xa

0.16 1 000 xa

0 0 x

a Measured twice.

additional temperature and pressure sensors for each AE are
needed. The validity of the flow splitting was investigated for
particle sizes between 20 nm and 200 nm by means of separate
measurements, which confirmed that the concentrations at the
eight sampling ports agree within experimental uncertainties.
However, the uncertainty of these measurements was added to
the uncertainty of the comparison results.

The temperature, pressure and humidity of the calibration
aerosol were also measured. These measurements were only
performed for monitoring purposes, as the flow rate through
the AEs was specified as volume flow at standard conditions.
In the comparison, the particle size distribution at the generator
output was measured before each calibration run using a SMPS
consisting of a TSI 3081 DMA, a TSI3080 controller and a TSI
3776 CPC. The SMPS was operated at 1.5 l min−1 sample flow
and 15 l min−1 sheath flow rate. Before each measurement,
the nominal calibration concentration was adjusted based on
the reading of the TSI 3776 CPC. The uncertainty of the size
assigned to the particles, which will be more significant at
lower sizes, has not been estimated, as it is not critical to the
comparison.

3.2. Comparison measurement scheme

The comparison was performed with different particle
sizes ranging from 20 nm to 200 nm in order to reveal
any particle size dependent losses within the instruments.
These measurements were performed at a nominal charge
concentration of 1.6 × 10−15 C cm−3 (equal to 10 000 cm−3

of singly charged particles) in order to achieve good signal-
to-noise ratio and thus minimize the contribution of the
uncertainty due to electrometer noise. Moreover, AEs
were compared at different particle concentrations ranging
from 0.16 × 10−15 C cm−3 to 2.72 × 10−15 C cm−3 (equal
to 1000 cm−3 to 17 000 cm−3 singly charged particles) using
100 nm calibration particles. This particle size was chosen
because particle losses in the tubing are insignificant at this
size level. Measurements were repeated for the two lowest
concentrations where the AE noise is significant in order to
find out the repeatability that can be achieved with the applied
measurement cycle and also to compare the repeatability
of AEs. The repeatability was also measured at a higher
concentration (1.28 × 10−15 C cm−3) where the AE noise
is less significant. Moreover, the zero concentration was
measured for detecting and compensating drifts in the AEs

zero current. A summary of the measurement points included
in this comparison is given in table 3.

The measurement cycle at each measurement point
consisted of fifteen 1 min long periods of sampling at the
nominal concentration (figure 2). Before and after each
of these periods, a 1 min period of zero concentration was
sampled. This is necessary in order to compensate for the
zero current (i.e. zero concentration) offset inherent for AE
measurements. An estimate for the concentration during
a single measurement cycle was calculated by subtracting
the average value of two neighbouring zero concentration
periods from the calibration concentration period (see
expression inside brackets of equation (2)). After each
concentration change, the instruments need some time to
stabilize. Therefore, for each 1 min period, the concentration
was calculated as an average of the last 30 s of data. As a
result, the charge concentration for one measurement point
was calculated as an average of 15 zero corrected concentration
values as follows:

C =

15∑
k=1

(
Ck − C0,k+C0,k+1

2

)
15

, (2)

where subscript k denotes the period number and C0 the zero
concentration. The particles were switched on and off by
toggling on and off the voltage of the DMA inside of the SCAR.
All AEs sampled at a sampling rate of 1 Hz.

3.3. Calculation of results

Each participant calculated their results according to
equation (1). The uncertainty of the results was derived as(

u(C)

C

)2

=
(

u(I)

I

)2

+

(
−u

(
V̇

)
V̇

)2

+

(
−u(ηFCUP)

ηFCUP

)2

+ u2(δCs), (3)

where u(δCs) is the standard uncertainty due to inhomogeneity
in flow splitting which was added to the uncertainty reported
by each participant. Experimental investigations conducted
before the comparison campaign showed that the particle
concentration at the sampling ports was equal within the
experimental standard uncertainty of 0.5%.
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Figure 2. Measurement cycle.

The comparison reference value Cref for each measure-
ment point was determined as the weighted mean of the results
reported by the participants (C1 . . . CN), in which the weights
are given as the inverse square of the associated standard un-
certainties [21]:

Cref = C1/u
2(C1) + · · · + CN/u2(CN)

1/u2(C1) + · · · + 1/u2(CN)
. (4)

The standard uncertainty of the reference value is given as

1

u2(Cref)
= 1

u2(C1)
+ · · · +

1

u2(CN)
. (5)

This method of determining the reference value is, however,
only valid if the measurement results are consistent. The
measurement results were checked for consistency using the
chi-square test as described in [21]. The results were found
consistent with 95% confidence for every measurement point
when the JRC results were excluded from the reference value
calculations.

The results of the comparison are reported in terms of the
relative difference di between the result Ci of laboratory i and
the comparison reference value Cref .

di = Ci − Cref

Cref
× 100%. (6)

The corresponding standard uncertainty was calculated as

u(di) =
√

u2(Ci) − u2(Cref)

Cref
× 100%. (7)

The expanded uncertainty of di is calculated as

U(di) = 2u(di), (8)

which gives a 95% coverage assuming the results are normally
distributed [22].

The relative differences and their expanded uncertainties
were used for identifying potential anomalies in the results as

|di | > U(di). (9)

Concentrations measured by the AE used by the JRC were
10% to 30% lower than the other institutes’ concentrations.
The deviation was size dependent such that it was larger for

larger particle sizes. A possible source of these deviations
could be the design of the FCUP inner structure, which might
cause a fraction of particles to get deposited onto the grounded
inner walls of the FCUP and thus become undetected. Particle
deposition mechanisms are known to depend on particle size
[23], which would explain the observed size dependent losses.
In fact, the FCUP has been redesigned in current models. Due
to this apparent shortcoming, it was decided not to report the
JRC results, nor take them into account when calculating the
comparison reference value.

4. Results

4.1. Comparison results with different particle sizes

The results of the comparison measurements with different
particle sizes are summarized in figures 3 and 4, and table 4.
No clear dependence of the results on the particle size can
be identified in the results of figure 3. For all institutes, the
variations of the mean relative differences are smaller than
1.1%. As a typical example of complete results obtained with
different particle size, figure 4 shows the results obtained with
the particle size of 100 nm and the charge concentration of
1.6 × 10−15 C cm−3. It can be seen that both the AIST and
the PTB results show deviations from the reference value that
are close to the expanded uncertainty of the deviation. Similar
results were obtained with other particle sizes as shown in
table 4. The uncertainties increase only slightly for smaller
particle sizes, due to uncertainties caused by diffusion losses
in the AE inlet. From table 4 it can also be seen that all the
mean results are within ±3% of the reference value and that all
measurement results, except for the AIST result at 30 nm, agree
within the estimated uncertainties. The AIST 30 nm result is,
however, in good agreement with the rest of the AIST results
and cannot therefore be considered an outlier.

4.2. Comparison results at different particle charge
concentrations

The results obtained with different particle charge concentra-
tions with the particle size of 100 nm are presented in figure 5
and table 5. Similar to measurements at different particle sizes,
the mean results agree within about ±3% at concentrations
larger than 1.28 × 10−15 C cm−3. For these measurements the
differences between the institutes are very similar to the results
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Figure 3. Relative difference between the results obtained by participants and the reference value at different particle sizes with a nominal
charge concentration of 1.6 × 10−15 C cm−3 (equal to 10 000 cm−3).

Figure 4. Relative difference between the results obtained by participants and the reference value for a nominal particle size of 100 nm and a
nominal charge concentration of 1.6 × 10−15 C cm−3 (equal to 10 000 cm−3). Error bars show the expanded uncertainties (k = 2) of the
results.

Table 4. Comparison results at different particle sizes and a nominal particle charge concentration of 1.6 × 10−15 C cm−3 (equal to
10 000 cm−3). The results are expressed as relative difference di from the comparison reference value together with associated uncertainties
(k = 2).

Nominal particle size/nm

di /% 20 30 50 80 100a 200

NPL −0.1 ± 1.6 −0.5 ± 1.3 −0.3 ± 1.3 −0.3 ± 1.2 −0.3 ± 1.3 0.0 ± 1.5
MIKES–TUT −0.4 ± 1.8 −0.6 ± 1.5 −0.2 ± 1.5 −0.4 ± 1.4 0.0 ± 1.5 −0.4 ± 1.5
METAS 0.1 ± 1.5 0.1 ± 1.1 0.4 ± 1.2 0.1 ± 0.9 0.1 ± 1.1 −0.1 ± 1.1
PTB −1.8 ± 3.1 −2.4 ± 3.0 −2.6 ± 2.9 −2.0 ± 3.0 −2.9 ± 2.9 −2.0 ± 2.7
AIST 1.6 ± 2.1 1.8 ± 1.7 1.2 ± 1.7 1.2 ± 1.5 1.3 ± 1.6 1.1 ± 1.5
TROPOS −1.5 ± 3.3 −1.5 ± 3.2 −1.5 ± 3.1 −1.3 ± 3.1 −1.3 ± 3.1 −1.0 ± 3.1
APSL 2.1 ± 4.5 2.1 ± 3.2 1.8 ± 3.5 1.9 ± 3.3 1.5 ± 4.3 1.4 ± 2.9

a Results illustrated in figure 4.

shown in figure 4. Larger deviations and poorer repeatability
can be found in the results obtained with smaller concentra-
tions. This is probably due to the increasing uncertainty of
current measurements with smaller concentrations. Figure 6
demonstrates this well: the pattern of the results for particle
size and concentrations of 100 nm and 0.16 × 10−15 C cm−3,
respectively, is similar to that in figure 4, but the relative dif-
ferences and associated uncertainties are larger. Similarly to
the measurements at different particle sizes, both the PTB and
the AIST results show deviations from the reference value that
are close, and at some measurement points larger than, the

expanded uncertainties. From figure 5 it can also be seen that
the dependence on the concentration is very different between
the AEs at low concentration levels.

The relative differences of METAS and MIKES–TUT
remain constant within 1% for the whole studied concentration
range. Also, the NPL results were found independent of
particle concentration, but the scattering of results was larger
(2.2%) than for the METAS and MIKES–TUT AEs. This
scattering is, however, within the estimated uncertainties.

Particle concentration-dependent trends can be identified
in the results of APSL, AIST, TROPOS and PTB. From figure 5
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Figure 5. Relative difference between the results obtained by participants and the reference value for different particle charge concentrations
of 100 nm size particles.

Table 5. Comparison results with different nominal particle charge concentrations and a nominal particle size of 100 nm. The results are
expressed as relative deviation di from the comparison reference value and the associated uncertainties (k = 2).

Nominal particle charge concentration/×10−15 C cm−3

di /% 2.72 1.60 1.28 1.28 0.64 0.32 0.32 0.16a 0.16

NPL 1.3 ± 1.4 0.4 ± 1.3 0.3 ± 1.3 0.3 ± 1.3 0.5 ± 1.6 0.4 ± 1.3 −0.8 ± 1.3 −0.9 ± 2.0 −0.1 ± 1.1
MIKES–TUT −0.4 ± 1.4 −0.4 ± 1.4 −0.4 ± 1.5 −0.2 ± 1.4 −0.3 ± 1.9 0.3 ± 2.7 −0.2 ± 3.1 0.0 ± 3.4 −0.6 ± 4.1
METAS −0.6 ± 1.1 −0.4 ± 1.1 −0.4 ± 1.0 −0.4 ± 1.2 −0.4 ± 1.2 −0.6 ± 1.3 0.3 ± 1.5 −0.1 ± 1.8 −0.5 ± 2.6
PTB −1.7 ± 2.0 −2.3 ± 3.1 −3.2 ± 3.7 −3.2 ± 3.8 −8.3 ± 7.2 −18.4 ± 14.1 −10.0 ± 14.5 −17.9 ± 23.2 −39.5 ± 30.6
AIST 1.6 ± 1.5 1.5 ± 1.6 1.4 ± 1.5 0.8 ± 1.6 1.9 ± 2.9 3.4 ± 4.7 4.0 ± 3.8 3.5 ± 3.8 6.5 ± 6.5
TROPOS −1.4 ± 2.1 −0.8 ± 3.3 −1.5 ± 4.0 −0.1 ± 4.1 −1.6 ± 8.2 −2.1 ± 14.1 −0.6 ± 14.5 −2.8 ± 23.2 −4.4 ± 30.6
APSL 1.1 ± 3.1 1.3 ± 3.5 1.1 ± 3.6 1.1 ± 3.9 2.1 ± 7.2 −0.3 ± 12.4 2.6 ± 12.4 1.8 ± 19.3 5.8 ± 21.9

a Results illustrated in figure 6.

Figure 6. Relative difference between the results obtained by participants and the reference value for a nominal particle size of 100 nm and a
nominal charge concentration of 0.16 × 10−15 C cm−3 (equal to 1000 cm−3). Error bars show the expanded uncertainties (k = 2) of the
results.

it can be seen that for the first three of these the difference
from the reference value increases as the particle concentration
becomes smaller and reaches a value of 5% to 6% for the
lowest concentration of 0.16 × 10−15 C cm−3. The differences
are, however, less than the stated uncertainties, except for one
of the AIST low concentration results. Overall, the AIST
results deviated more than the associated expanded uncertainty
at 0.32 × 10−15 C cm−3 and 2.72 × 10−15 C cm−3. These
results were, however, in good agreement with the rest of the
AIST results indicating that these results cannot be considered
as outliers. The PTB results show a different behaviour

from the other AEs. The deviation from the reference value
increases notably with decreasing particle concentrations at
concentrations smaller than 1.28 × 10−15 C cm−3 (equal to
8000 cm−3). The different behaviour of the PTB AE in terms
of repeatability and concentration dependency indicates that
the results are potentially anomalous. In spite of this, the PTB
results were included in the reference value because no clear
reason for this odd behaviour was found. Moreover, the PTB
results cannot be classified as inconsistent according to the
outcome of the chi-square test. Due to the large uncertainties,
the PTB results have very small effect on the reference value.
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Figure 7. Relative difference between the results obtained by the participants and the reference value for particle sizes 6 nm to 20 nm.

For example, at the lowest concentration point, the reference
value would shift upwards by less than 0.1% if the PTB results
were excluded from the reference value calculations.

4.3. Additional measurements with sub-20 nm particles

Additional measurements were performed to find out the
applicability of the experimental setup for comparisons with
sub 20 nm particles. At these particle sizes the diffusion losses
in the sampling lines become significant. This has an effect on
the maximum particle concentration that can be achieved and
also on the symmetry of flow splitting. Even small differences
in the dimensions, flow geometry and flow rates of the branches
will have a relatively larger effect for small particles.

This is well demonstrated by the results shown in
figure 7. The relative differences between the results
of the institutes increase as the particle size gets smaller
(institute identifications are not shown in the figure). The
observed differences cannot exclusively be explained by the
slightly increased uncertainties due to diffusion corrections.
Because of diffusion losses in the sampling lines, the charge
concentration at the sampling ports decreases from a nominal
value of 1.6 × 10−15 C cm−3 (equal to 10 000 cm−3) for 20 nm
particles to 0.4 × 10−15 C cm−3 (equal to 2700 cm−3) for 6 nm
particles. Therefore, it is not clear to what extent the observed
increase of deviation is due size dependent losses inside the
AEs or different AE responses to particle concentration or due
to uneven flow splitting between sampling ports.

5. Discussion

The relative differences between the participants are fairly
constant over the particle sizes and concentrations studied in
this comparison. No indication of asymmetric flow splitting
was found suggesting that the observed deviations are probably
due to uncertainties of volume flow and electric current
measurements. If the particle concentration at the sampling
ports were asymmetric due to different particle losses in
the branches, then this asymmetry would depend on particle

size as the loss mechanisms are particle size dependent [23].
Although the mean correction due to the asymmetry was
estimated to be zero for all AEs, the associated standard
uncertainty of 0.5% was included in the uncertainty analysis.

With large particle concentrations, the most significant
sources of uncertainty are related to the volume flow and
flow splitting. The uncertainty related to volume flow is
around 1% for all institutes, depending on the method of flow
control and measurement, and calibration. The differences in
the uncertainties reported by the participants are to a large
extent caused by different calibration uncertainties of the
electric current measurement devices. At low particle charge
concentration levels the uncertainty of current measurement
becomes the dominating uncertainty component. Increasing
relative calibration uncertainty and noise in electric current
measurements with smaller concentrations cause the observed
poor repeatability and scattering of results at low particle
concentrations.

Reasons for the observed non-linear behaviour of the PTB
AE are not fully understood. PTB used the same type of
AE as METAS, TROPOS, AIST and APSL but showed very
different characteristics. Electric current calibration of the
PTB AE performed at PTB before the comparison did not show
such non-linearity and the same current calibration procedure
was performed at PTB for the TROPOS AE. Moreover,
recalibration of the PTB AE after the comparison indicated
that the AE response had not changed during the comparison.
These points indicate that the non-linearity is not due to the
electric current calibration nor is it caused by transport of the
AE. An error in the measurement of the zero current during
the comparison might have caused the observed behaviour, as
it would have a relatively larger effect on small current values
(small concentrations). After cleaning and recalibration of the
AE at the manufacturer, a more stable offset was observed,
also interference seen as transient spikes in the current signal
was lower than during the comparison at TUT.

Although the results of the institutes show a fairly good
agreement, the PTB and the AIST results had a systematic
deviation from the reference value that was very close to,
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and at some measurements points larger than, the expanded
uncertainty of the deviation. This does not, however, imply that
the results are invalid. It only shows that a mutual agreement of
the primary realizations of the charge concentration unit is not
achieved at these measurement points. As the disagreement
was mostly observed at low particle charge concentrations,
it might indicate that there are uncertainties related to
electric current measurements that have not been properly
accounted for in the uncertainty evaluation. Electric current
measurements and calibrations in the femtoampere range are
very challenging and further improvements in these areas are
needed for accurately measuring non-linearity of electrometers
and for better understanding the factors contributing to the
uncertainty. Also, the contribution of noise to the uncertainty
at low particle concentrations can be further reduced by
performing repetitive measurements and/or applying extended
measurement cycles.

The anomalies observed in the comparison results
emphasize the importance and need for inter-laboratory
comparisons. Even a careful validation of the measurement
standard (i.e. AE in this work) and calibration of instruments
measuring the input quantities (in this case volume flow
and electric current) do not guarantee valid realization of
the derived measurement quantity, i.e. particle charge
concentration. Besides particle charge concentration, also
exact knowledge about average particle charge is needed for
realizing the particle number concentration unit. Next, a
similar comprehensive comparison involving CPCs is needed
for investigating the equivalence of complete particle number
concentration realizations at different institutes taking also
into account the particle generation methods. In fact, such
a comparison (registered as the EURAMET project 1252—
Comparison of CPCs [24]) has already been initiated.

Overall, the charge concentration measurements of the
participating institutes were found to agree within the stated
uncertainties except for few measurement points, with the
agreement being within about 3%. Additional measurements
with sub-20 nm particles show that comparisons in this size
range require special considerations regarding sampling lines
in addition to a careful characterization of asymmetry in flow
splitting in order to minimize the experimental uncertainty.
Even so, agreement with 6 nm particles was still observed
to be within about ±5%. This outcome is an important
step towards internationally recognized traceability in particle
number concentration measurements.

6. Conclusions

This paper reports the first comprehensive comparison of
aerosol particle charge concentration standards at NMI level.
Eight laboratories from seven countries participated in this
comparison with their aerosol electrometers. The comparison
covered a particle size range of 20 nm to 200 nm and
charge concentrations from 0.16 × 10−15 C cm−3 to 2.72 ×
10−15 C cm−3 (equal to 1000 cm−3 to 17 000 cm−3 singly
charged particles). The analysed results for all particle
sizes and charge concentrations down to 1.28 × 10−15 C cm−3

(equal to 8000 cm−3) agreed within about ±3%. At lower

concentrations, and at sizes between 6 nm and 20 nm, the
agreement was about ±5%. However, a few potentially
anomalous results were observed indicating that further
research is needed.

As a summary, the results reported here show that
the charge concentration measurements performed by the
participating laboratories were mostly equivalent within their
stated uncertainties (k = 2). This study indicates that
the applied comparison protocol and measurement setup is
well suited for performing accurate comparisons of AEs in
a way that anomalous results can be identified. Additional
measurements show, however, that short sampling lines and
careful characterization of asymmetry in flow splitting are
necessary for comparisons in the size range below 20 nm.
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