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Executive Summary 
 
Objectives 
 
To enable PEMs4Nano to run the proposed engine and vehicle emission measurements, a suitable and 
calibrated Condensation Particle Counter (CPC) for laboratory use is necessary. This instrument (short name “10 
nm lab CPC”) must be optimized by PEMs4Nano partner TSI to achieve a particle detection efficiency (D50) less 
than 10 nm for “soot-like” particles. An initial calibration must be carried out to document the instrument’s 
performance. As agreed in WP 1, this initial calibration is done with Poly-Alpha-Olefin (PAO) particles as 
calibration aerosol. This ensures comparability with the calibration of 23 nm CPCs as described by PMP and as 
used for measurements according to UN-ECE Regulations 49 [1] and 83 [2].  
   
After the initial calibration, the instrument is handed over to PEMs4Nano partner Horiba (Oberursel, Germany) 
for further detection efficiency tests with soot-like particles and for integration of the device into the 10 nm 
laboratory measurement system.  
 
The PEMs4Nano proposal sets Month 10 (June 2017) as target for completion of the above described instrument 
optimization and calibration, together with the documentation of the calibration procedure and the calibration 
measurement results. The instrument was ready for Horiba Oberursel end of Month 9, while the documentation 
will be completed in month 10. 
 
Method 
 
A 23 nm CPC (TSI model CPC-100 as used in Horiba MEXA 2X00-SPCS series) was used as the base for 
optimization. Saturator-temperature and condenser temperature of the instrument had to be changed to reach 
the target particle detection efficiency for PAO of 70 % at 10 nm. Since this change in temperatures also results 
in a change of the instrument’s characteristic condensation droplet size, the particle concentration dependent 
coincidence error changes compared to a 23 nm CPC. The concentration response linearization must be altered 
slightly to account for this effect. 
 
After optimizing the settings of the CPC-100 to achieve a D50 of approximately 70% together with the required 
linearity of response in an iterative process, the initial calibration measurements were carried out. All detection 
efficiency measurements were run against a Faraday cup aerosol electrometer (FCAE) as reference detector. To 
characterize the 10 nm lab CPC, the detection efficiency was measured at several particle sizes (10 nm, 15 nm, 
23 nm and 55 nm). At 55 nm, the linearity of the response of the instrument to changes in particle number 
concentration was determined. These measurements were run at nominal particle number concentrations of 0 
cm-3, 2,000 cm-3, 4,000 cm-3, 6,000 cm-3, 8,000 cm-3, 10,000 cm-3, 25,000 cm-3 and 50,000 cm-3.  
 
The nominal concentrations from 0 to 10,000 cm-3 are used for a linear regression (concentration measured by 
the reference instrument, REF, vs. concentration measured by the unit under test, UUT). Following the method 
in regulations 49 and 83, the inverse slope of the regression line is the k-factor, which must be used to correct 
concentration measurements by the UUT. Measurements at nominally 25,000 cm-3 and 50,000 cm-3 are not 
used to determine the k-factor. However, these data points demonstrate the applicability of the 10 nm lab CPC 
at such high concentrations.   
 
To ensure traceability of the calibration measurements as well as their quality/validity, the test setup for the 
measurement of each detection efficiency value is in accordance with ISO 27891[3] (calibration of condensation 
particle counters). The same standard is applied to check the validity of the measurements (e.g. sufficient 
stability of the concentration of the calibration aerosol, accuracy of its size, flow splitter bias, fraction of multiply 
charged particles etc.). The criteria used to qualify the CPC for use in PEMs4Nano are those agreed to in WP1 
and documented in D1.1 (Table 3.1). As mentioned above, the target detection efficiency at 10 nm -when 
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measured with PAO- was set to 70%. This should result in a detection efficiency > 50% for soot-like particles 
when measured at the same mobility equivalent size. 
 
Results 
 
The particle size dependent efficiency of the UUT is shown in Table 1 and Figure 1. As can be seen, the 
uncorrected detection efficiency at 10 nm is -as targeted- 70.5%. It increases with size and reaches an 
uncorrected plateau efficiency of 96.4 %. Applying the k-factor derived from the linearity measurements, the 
plateau efficiency at 55 nm and 6000 cm-3 reaches 99.6 %. Respectively, the detection efficiency at 10 nm 
increases to 72.8 %. Figure 1 visualizes these results. 
 

Table 1 – Data for the determination of the size dependent detection efficiencies of the 10 nm lab CPC for PAO 
calibration particles 

 

 Initial detection efficiency measurement 

Particle diameter (nm) 10 nm 15 nm 23 nm 55 nm 

Reference concentration (cm-3) 5511 5484 5151 5972 

UUT concentration [cm-3] 3883 4941 4862 5757 

Detection efficiency (%) w/o k-factor 70.5 90.1 94.4 96.4 

Rel. uncertainty (%, k=2) 3.95 4.14 3.52 3.58 

k-factor (see Tab 2) 1.0327 

Detection efficiency (%) with k-factor 72.8 93.0 97.5 99.6 

 
 

 
 

Figure 1 - Size dependent detection efficiencies of the 10 nm lab CPC for PAO calibration particles with and 
without k-factor. 
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The results of the measurement of the linearity of response are summarized in Figures 2 to 4 and in Table 2. The 
linear regression for concentrations measured by the reference instrument vs. the UUT - applied to the first six 
concentrations up to nominally 10,000 cm-3 – results in a slope of 0.9683, compare Figure 2. 
    

 
 

Figure 2 – Regression analysis for concentrations up to (nominally) 10.000 cm-3 
 
Table 2 summarizes the data measured for each linearity calibration point, including the high concentrations at 
approximately 25,000 cm-3 and 50,000 cm-3. For concentrations up to nominally 10,000 cm-3, the relative 
uncertainty according to ISO 27891 is given as well.   
 

Table 2 – Linearity of response of the 10 nm lab CPC to particle number concentration changes for PAO 
calibration particles 

 

 Initial linearity measurement 

Particle diameter (nm) 55 55 55 55 55 55 55 55 

Reference concentration (cm-3) < 9 2046 4304 5972 8425 11207 27394 57116 

UUT concentration [cm-3] < 0,12 1942 4123 5757 8161 10888 26563 53660 

Detection efficiency (%) 
w/o k-factor 

- 94.9 95.8 96.4 96.7 97.2 97.0 93.9 

Detection efficiency (%) 
with k-factor 

- 98.0 98.9 99.6 100.0 100.3 100.1 97.0 

Rel. uncertainty (%, k=2) - 4.18 3.72 3.58 3.51 3.50 - - 

Slope of linear regression 0.9683 

k-factor 1.0327 

R² 0.99997 

 
The concentration ratio of the measured k-factor-corrected UUT number concentration versus the measured 
reference instrument number concentration is shown in Figure 3. As can be seen from this figure, the 
concentration error (expressed as residual or deviation from the regression line) is less than 3% for all measured 
concentrations.  
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Figure 3 – Concentration ratio (k-factor corrected UUT / Reference) for the measured concentration range.  
 

Finally, Table 3 shows that the data found in the initial calibration measurements fulfill the requirements as 
agreed in WP1.  
 
Table 3 – Comparison of the initial calibration results of the 10 nm lab CPC with the corresponding requirements 
as agreed in WP 1 (see report D1.1 Table 3.1) 
 

Item  Requirement Fulfilled 

   

Lower detection efficiency characteristics 
as per PMP / ISO27891 

D50 efficiency > 50% at 10 nm 
D90 efficiency > 90% at 15 nm 

Yes 
 

Particle concentration range 0 to 3 104 particles/cm3, single 
particle counting with continuous, 
live-time coincidence correction that 
can be turned off 

Yes 

Particle concentration accuracy ±10% at 3 104 particles/cm3 
compared to standard as 
recommended by PMP – ISO 27891 

Yes 

Concentration Linearity Linear response from 1 to 30,000 
particles/cm3 coefficient of 

determination (R2) 0.97 as per PMP 
up to 50,000 particles / cm3  

Residuals at reference concentrations 
relative to regression line < 5%. 

Yes 
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1 Introduction 

To enable PEMs4Nano to run the proposed engine and vehicle emission measurements, a suitable and 
calibrated Condensation Particle Counter (CPC) for laboratory use is necessary. This instrument (short name 
here: 10 nm lab CPC) must fulfill a set of requirements, which were agreed between the PEMs4Nano partners in 
WP 1. The requirements are listed in Deliverable Report D1.1, Table 3.1. 
 
Some of the requirements are design criteria for the 10 nm lab CPC; they were derived in WP 1 to guarantee a 
simple way to integrate the CPC into the laboratory measurement system. By choosing the TSI CPC-100, which is 
already used for >23 nm, PMP and UNECE regulations 49 [1] and 83 [2] compliant measurements with the Horiba 
MEXA 2X00-SPCS series, as the starting point for instrument optimization, these design criteria were 
automatically fulfilled. 
    
The (>23 nm) CPC-100 must be optimized by PEMs4Nano partner TSI to achieve a particle detection efficiency 
(D50) less than 10 nm for “soot-like” particles. Soot-like particles in the sense of this project are, for example, 
particles generated by a quenched diffusion flame aerosol generator. 
 
An initial calibration must be carried out to document the instrument’s performance. As agreed in WP 1, this 
initial calibration is done with Poly-Alpha-Olefin (PAO) particles as calibration aerosol. This ensures comparability 
with the calibration of 23 nm CPCs as described by PMP and as used for measurements according to UN-ECE 
Regulations 49 [1] and 83 [2].  
   
After the initial calibration, the instrument is handed over to PEMS4Nano partner Horiba (Oberursel, Germany) 
for further detection efficiency tests with soot-like particles and for integration of the device into the 10 nm 
laboratory measurement system.  
 
The PEMs4Nano proposal sets Month 10 (June 2017) as target for completion of the above described instrument 
optimization and initial calibration, together with the documentation of the calibration procedure and the 
calibration measurement results. The instrument was ready for Horiba Oberursel end of Month 9, while the 
documentation (this report) will be completed in month 10. 
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2 Methods and results 

2.1 Calibration method   

2.1.1 General 

A 23 nm CPC (TSI model CPC-100 as used in Horiba MEXA 2X00-SPCS series) was used as the base for instrument 
optimization. Saturator-temperature and condenser temperature of the CPC had to be changed to reach the 
target particle detection efficiency for PAO of 70 % at 10 nm. Since this change in temperatures also results in a 
change of the instrument’s characteristic condensation droplet size, the particle concentration dependent 
coincidence error changes compared to a 23 nm CPC. The concentration response linearization must be altered 
slightly to account for this effect. 
 
Once the optimized settings of the 10 nm lab CPC are determined, the initial calibration can be done. Goal of the 
calibration procedure is to 

a) determine the CPC’s size dependent detection efficiency at several particle sizes and a nominally 
fixed number concentration and  
b) characterize the instrument’s response to number concentration changes of the calibration 
aerosol at a fixed particle size.  

 
These calibration measurements are all based on comparing the number concentration measured by the unit 
under test (UUT) with the number concentration measured in parallel by a traceably calibrated reference 
instrument. Such comparison-based calibration measurements are standardized:  
 
ISO 27891[3] describes  

- the necessary laboratory equipment and its set-up  
- requirements and tests to qualify the equipment’s applicability and the integrity of the set-up,  
- the calibration procedure for the determination of the detection efficiency of the UUT at a given 

monodisperse particle size and a given particle number concentration, 
- criteria to determine the validity of the detection efficiency measurement 
- the calculation/estimation of the uncertainty in the detection efficiency measurement, 
- the contents of calibration reports.  

 
Figure 2-1 Components and their set-up for the initial calibration of the 10 nm lab CPC 
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All initial calibration measurements were made at the calibration laboratory of TSI GmbH in Aachen, Germany. 
The instruments and tools used for the calibration measurements and their set-up are shown schematically in 
Figure 2-1. All calibration instruments and tools used for the calibration measurements had a valid, SI-traceable 
calibration certificate. 
 
The calibration aerosol used for the initial calibration was poly-alpha olefin PAO-4 (a/k/a Emery oil). This 
material is commonly used by TSI for engine exhaust CPC calibration because it offers many advantages over 
other aerosol materials: 

- The calibration particles are spherical  
 no uncertainty due to otherwise unknown influence of particle shape on detection efficiency, 
 for d ≥ ≈5 nm, electrical mobility equivalent diameter equals geometric diameter. 

- When generated with an electrospray aerosol generator (EAG) and size classified by differential 
electrical mobility classifier (DEMC), particles are practically all singly charged (fraction of multiply 
charged particles φ is less than 0.1 %). 

- Since pre-mixed solutions are used for the EAG, changing the particle size (10 nm, 15 nm, 23 nm, 55 nm) 
is accomplished in some minutes. 

- Since introduced for PMP-CPC calibration more than 10 years ago, the use of PAO at TSI has proven 
excellent repeatability and reproducibility. 

 
 
2.1.2 Preparations 

Prior to the calibration measurements described in sections 2.1.3. and 2.1.4, several preparations are necessary. 
All these preparations follow the procedures described in ISO 27891[3]: 

- Determination and documentation of ambient P, T and RH in the calibration laboratory 
- Determination and documentation of the inlet pressure of the reference instrument and the UUT. 
- Determination and documentation of the volumetric inlet flow rates of the reference instrument and 

the UUT 
- Determination and documentation of the baseline (zero concentration) of the reference instrument and 

the UUT 
- Determination and documentation of the flow splitter bias of the calibration set-up 

 
2.1.3 Size dependent detection efficiency 

Particle size dependent detection efficiency is measured with monodisperse, singly charged PAO particles at 10 
nm, 15 nm, 23 nm and 55 nm. For all sizes, the particle number concentration is set to a value between 5,000 
and 6,500 cm-3. 
 
To ensure that the fraction of multiply charged particles in the calibration aerosol downstream of the differential 
electrical mobility classifier (DEMC) is insignificant (less than 0.1 %), the size distribution of the raw, primary 
aerosol produced by the electrospray aerosol generator is measured with an SMPS.  
 
Only if  

- the modal diameter of the size distribution displayed as dN/dlog(Dp) equals the target size of the 
monodisperse calibration aerosol plus or minus one SMPS size channel (at an SMPS size resolution of 64 
size channels per size decade) and  
the concentration of particles dN/dlog(Dp) corresponding to the size of double charged target particles 
measured by the SMPS is smaller than 2 % of the concentration at the target diameter, the generated 
raw, primary PAO aerosol qualifies for the calibration measurement. 

 
A sequence of measurements as shown in Figure 2-2 is run. The measured data are analyzed according to ISO 
27891[3]: 
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- Baseline and number concentration stability criteria are used to qualify a measurement as valid 
- The detection efficiency of the UUT for the target size and the number concentration measured by the 

reference instrument is calculated from the data and documented. 
- The uncertainty in detection efficiency is determined and documented. 

 
 

 
 

Figure 2-2 Alternating measurement sequence (11 x 30 s) to acquire the particle number concentration of a UUT 
and of the reference instrument (REF) for the determination of the UUT’s detection efficiency 

 
 
2.1.4 Linearity of the response to changes in particle number concentration 

The particle number concentration dependent detection efficiency of the UUT is measured with monodisperse, 
singly charged PAO particles (target size 55 nm) at concentrations measured by the reference instrument of 0, 
2,000 ± 500, 4,000 ± 1,000, 6,000 ± 1,000, 8,000 ± 1,000, 10,000 ± 2,000, 25,000 ± 3,000 and 50,000 ± 5,000 cm-3.  
 
To ensure that the fraction of multiply charged particles in the calibration aerosol downstream of the differential 
electrical mobility classifier (DEMC) is insignificant (less than 0.1 %), the size distribution of the raw, primary 
aerosol produced by the electrospray aerosol generator is measured with an SMPS.  
 
Only if  

- the modal diameter of the size distribution displayed as dN/dlog(Dp) equals the target size of the 
monodisperse calibration aerosol plus or minus one SMPS size channel (at an SMPS size resolution of 64 
size channels per size decade) and  

- the concentration of particles dN/dlog(Dp) corresponding to the size of double charged target particles 
measured by the SMPS is smaller than 2 % of the concentration at the target diameter, the generated 
raw, primary PAO aerosol qualifies for the calibration measurement. 

 
A sequence of measurements as shown in Figure 2-2 is run. The measured data are analyzed according to ISO 
27891[3]: 

- Baseline and number concentration stability criteria are used to qualify a measurement as valid 
- The detection efficiency of the UUT for the target size and the number concentration measured by the 

reference instrument is calculated from the data and documented. 
- The uncertainty in detection efficiency is determined and documented. 
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The particle number concentrations measured by the UUT for the first 6 measurements (up to nominally 10,000 
cm-3) are plotted against the corresponding concentrations measured by the reference instrument. A linear 
regression forced through zero is applied to obtain a regression line y = a * x.  

- The slope a of the regression line is determined and documented. 
- The k-factor (k = 1/a) is calculated and documented. 
- R² of the linear regression is determined and documented. 

 
For all 8 measurements (up to nominally 50,000 cm-3), the k-factor corrected concentration ratio (NUUT*k / NREF ) 
is calculated and documented. 
 

2.2 Results of the initial calibration of the 10 nm lab CPC  

2.2.1 Optimum CPC settings for the 10 nm lab CPC 

In an iterative process, the temperature settings of the CPC were optimized. The following settings were found 
optimum: 

Saturator:  T = 39°C 
Condensor: T = 19°C 

  
The CPC-100 uses live-time correction (compare TSI application note [4]) to correct the coincidence error. The 
correction factor DTC in the CPC’s firmware compensates pulse shape effects in the measured live time. The 
factor DTC was reduced from originally 1.9 (23 nm CPC-100) to 1.5 for the 10 nm lab CPC. 
   
2.2.2 Preparation 

The Calibration measurements were run by Marcus Hilgers, Bernd Raspe and Hans-Georg Horn on May 18, 2017 
on EECPC Calibration Bench No. 1 of TSI GmbH, Aachen, Germany. All equipment and calibration tools used for 
the measurements had valid, traceable calibration certificates.  
 

 Laboratory P, T and RH were: 
 P = 99.28 kPa 
 T = 20.8 °C 
 RH = 58.7 % 
 

 Inlet pressure (measured in-line) of the UUT and the reference instrument: 
 Pin,UUT = Pin,REF = 98.58 kPa 
 

 Inlet temperature of the UUT and the reference instrument: 
 Tin,UUT = Tin,REF = 20.8 °C 
 

 The volumetric inlet flow rate (measured in-line) of the UUT and the reference instrument: 
 Qin,UUT = 1.006 L/min  
 Qin,REF = 1.006 L/min 
 Note: Equal values of Qin are not systematic but simply coincidence. 

 
A Zero-Test according to ISO 27891[3] was run over a period of 15 minutes, the results are summarized in Table 
2-1. The requirements of ISO 27891 are fulfilled. 
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Table 2-1 Results of the 15 minutes zero test (average and standard deviation based on 1 second data) 
 

 
Average 1 s Std Dev 

measured required measured required 

Current IREF(fA)  
of reference FCAE 

-0.046 |IREF| < 1 0.201 < 2.5 

Concentration N (1/cm³) 
of UUT 

1.3e-4 N < 0.1 --- --- 

 
The flow splitter bias was measured according to ISO 27891. It was found insignificant (< 0.1 %), see for example 
Horn and Gladis (2016)[4]. A flow splitter bias correction is not applied. A value of 0.1 % is used as relative splitter 
bias standard measurement uncertainty; it is considered in the overall measurement uncertainty calculation. 
 
2.2.3 Size dependent detection efficiency 

The size dependent detection efficiency is measured at an electrical mobility equivalent diameter (Dp) of 10 nm, 
15 nm, 23 nm and 55 nm. Raw primary PAO aerosol is produced from four pre-mixed solutions with the EAG. 
Figure 2-3 shows the size distribution of the raw primary aerosol, measured with an SMPS.  
 

 
 

Figure 2-3 Particle number concentration size distribution dN/dlog(Dp) of the raw primary aerosol produced by 
the electrospray aerosol generator for the calibration measurements at 10 nm, 15 nm, 23 nm and 55 nm. 

Measured with TSI SMPS model 3936 with nanoDMA model 3085 
 
As can be seen in Figure 2-3, there is always a steep drop in particle number concentration once the particle size 
increases beyond the target diameter of a solution. This ensures that there are practically no multiply charged 
particles in the calibration aerosol after the raw primary aerosol is classified by the DEMC. The expected fraction 
of multiply charged particles , φ,can be estimated from the number size distribution by applying the following 
equation: 
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Φ ≈
𝑓𝑝=2+ (𝐷𝑝(2

+)) ∙ [d𝑁 d𝑙𝑜𝑔 (𝐷𝑝(2
+))⁄ ]

𝑓𝑝=1+ (𝐷𝑝(1+)) ∙ [d𝑁 d𝑙𝑜𝑔 (𝐷𝑝(1+))⁄ ]
 

 
Table 2-2 Estimated expected fraction of multiply charged particles φ in the calibration aerosol and data to 

calculate φ from measured number size distributions dN/dlog(Dp) and fractions of singly and doubly charged 
particles fp. 

 

 
 
As can be seen in Table 2-2, the contribution of multiply charged particles is always < 0.05%. It is therefore 
neglected in the calculation of the detection efficiency. However, a contribution of 0.1% (at k=1) is considered 
when calculating the measurement uncertainty. 
 
The particle size dependent efficiency of the UUT is shown in Table 2-3 and Figure 2-4. As can be seen, the 
uncorrected detection efficiency at 10 nm is -as targeted- 70.5%. It increases with size and reaches an 
uncorrected plateau efficiency of 96.4%. Applying the k-factor derived from the linearity measurements (see 
2.2.3), the plateau efficiency at 55 nm and 6000 cm-3 reaches 99.6 %. Respectively, the detection efficiency at 10 
nm increases to 72.8%. Figure 2-4 visualizes these results. 
 
Table 2-3 Data for the determination of the size dependent detection efficiencies of the 10 nm lab CPC for PAO 

calibration particles 
 

 Initial detection efficiency measurement 

Particle diameter (nm) 10 nm 15 nm 23 nm 55 nm 

Reference concentration (cm-3) 5511 5484 5151 5972 

UUT concentration [cm-3] 3883 4941 4862 5757 

Detection efficiency (%) w/o k-factor 70.5 90.1 94.4 96.4 

Rel. uncertainty (%, k=2) 3.95 4.14 3.52 3.58 

k-factor (see Table 2-3) 1.0327 

Detection efficiency (%) with k-factor 72.8 93.0 97.5 99.6 

 
 

 

Target Dp [nm] Modal Dp [nm] dN/dlog(Dp(1+)) [1/cm³] fp=1+(Dp(1+)) Dp(2+) [nm] dN/dlog(Dp(2+)) fp=2+(Dp(2+)) φ

10 10.6 1.15E+07 4.11E-02 14 3.69E+05 < 1.00E-07 0.00%

15 15.1 2.26E+07 6.36E-02 21 2.58E+05 < 1.00E-06 0.00%

23 23.3 2.80E+07 9.63E-02 33 4.00E+05 1.48E-03 0.02%

55 55.2 3.82E+07 1.78E-01 81 1.05E+05 2.13E-02 0.03%
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Figure 2-4 Size dependent detection efficiencies of the 10 nm lab CPC for PAO calibration particles with and 

without k-factor. 
The relative, expanded (k=2) measurement uncertainties given in Table 2-3 range from 3.52% to 4.14%. These 
values are calculated using the equations given in ISO 27891[3], see also Horn and Gladis (2016)[4].  
 
2.2.4 Linearity of response 

The raw aerosol used for the measurement of the linearity of response is the same as for the measurement of 
the size dependent detection efficiency. Hence, the contribution of multiply charged particles to the 
measurement results can be neglected, compare 55 nm raw PAO aerosol particles in Figure 2-2 and fraction of 
multiply charged particles φ for the calibration aerosol target size 55 nm. 
 
The results of the measurement of the linearity of response are shown in Table 2-4 and in Figures 2-5 and 2-6. 
The linear regression for concentrations measured by the reference instrument vs. the UUT – applied to the first 
six concentrations up to nominally 10,000 cm-3 – results in a slope of a = 0.9683, compare Figure 2-5. 
    

 
 

Figure 2-5 Regression analysis for concentrations up to (nominally) 10.000 cm-3 
 
Table 2-4 summarizes the data measured for each linearity calibration point, including the high concentrations at 
approximately 25,000 cm-3 and 50,000 cm-3. For concentrations up to nominally 10,000 cm-3, the relative 
uncertainty according to ISO 27891 is given as well.   
 

Table 2-4 Linearity of response of the 10 nm lab CPC to particle number concentration changes for PAO 
calibration particles 

 

 Initial linearity measurement 

Particle diameter (nm) 55 55 55 55 55 55 55 55 

Reference concentration (cm-3) < 9 2046 4304 5972 8425 11207 27394 57116 

UUT concentration [cm-3] < 0,12 1942 4123 5757 8161 10888 26563 53660 

Detection efficiency (%) 
w/o k-factor 

- 94.9 95.8 96.4 96.7 97.2 97.0 93.9 

Detection efficiency (%) 
with k-factor 

- 98.0 98.9 99.6 100.0 100.3 100.1 97.0 
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Rel. uncertainty (%, k=2) - 4.18 3.72 3.58 3.51 3.50 - - 

Slope of linear regression 0.9683 

k-factor 1.0327 

R² 0.99997 

 
The concentration ratio of the measured k-factor-corrected UUT number concentration over the measured 
reference instrument number concentration is shown in Figure 2-6. As can be seen from this figure, the absolute 
value of the concentration error (expressed as relative residual or deviation from the regression line) is less than 
3% for all measured concentrations. 
  

 
 

Figure 2-6 k-factor-corrected concentration ratio (NUUT*k / NREF) and residuals for the measured concentration 
range.  

 
The relative, expanded (k=2) measurement uncertainties range from 3.5% to 4.2%. The uncertainty increases 
with decreasing number concentration. This must be expected since the noise in the measurement of the 
reference FCAE gains significance. 
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Figure 2-7 Linearity of response displayed over the full calibration measurement range, including linear 
regression line from Fig. 2-4 and ± 10% tolerance band. 

 
Figure 2-6 shows the concentration response of the 10 nm lab CPC over the full calibration range. In addition, 
the regression line and the ±10% tolerance band are shown. The coefficient of determination R² decreases 
slightly from 0.99997 to 0.9998 in this case. Since all residuals (Fig. 2-6) are less than 3%, the measured data are 
well within ±10% the tolerance bad. This holds true even for the upper and lower 95% confidence values since 
the expanded uncertainty is small (~ 3.5%) for high concentrations. 
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3 Discussion and Conclusions 

It was demonstrated that the initial calibration of the 10 nm lab CPC with PAO as calibration aerosol is feasible. 
The set-up and procedures according to ISO 27891 were applied successfully. All requirements that qualify 
calibration measurements as valid in ISO 27891 were fulfilled.  
 
The relative, expanded (k=2) measurement uncertainties for the detection efficiency were between 3.5 % and 
4.2 %, which is comparable to those found when calibrating 23 nm CPCs. 
 
Finally, Table 3-1 shows that the data found in the initial calibration measurements fulfill the requirements as 
agreed in WP1 (Report D2.1, Table 3).  
 
Table 3-1  Comparison of the initial calibration results of the 10 nm lab CPC with the corresponding requirements 

as agreed in WP 1 
 

Item Requirement Result Fulfilled 

Lower detection 
efficiency characteristics 
as per PMP / ISO27891 

D50 efficiency > 50% at 10 nm 
D90 efficiency > 90% at 15 nm 

Efficiency 72.8% at 10 nm 
Efficiency 93.0% at 15 nm 

Yes 
 

Particle concentration 
range 

0 to 3 104 particles/cm3, single 
particle counting with continuous, live-

time coincidence correction that can 
be turned off 

0 to > 5 x 104 cm-3, single particle 
counting with continuous, live-time 
coincidence correction that can be 

turned off 

Yes 

Particle concentration 
accuracy 

±10% at 3 104 particles/cm3 
compared to standard as 

recommended by PMP – ISO 27891 

±3% at 5 104 particles/cm3 
compared to standard as 

recommended by PMP – ISO 27891 

Yes 

Concentration Linearity 

Linear response from 1 to 30,000 
particles/cm3 coefficient of 

determination (R2) 0.97 as per PMP 
up to 50,000 particles / cm3 

Residuals at reference concentrations 
relative to regression line < 5%. 

Linear response from 1 to 50,000 
particles/cm3 coefficient of 

determination (R2) 0.9998 as per 
PMP up to 50,000 particles / cm3 

Residuals at reference concentrations 
relative to regression line < 3%. 

Yes 
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4 Recommendations 

In the next step, the detection efficiency of the 10 nm lab CPC will be measured with soot-like CAST aerosol. 
Based on the results of these measurements, it will be possible to replace the target detection efficiency of 70 % 
for the initial calibration with PAO with a tolerance band (e.g. ≥ 65 %). It is recommended to define this 
tolerance band such that even on its low end the 10 nm lab CPC is expected to achieve an efficiency greater than 
50% with soot-like CAST aerosol. 
 
If (unexpectedly) the measurements with CAST aerosol result in a detection efficiency at 10 nm less than 50 %, 
the temperature setting of the 10 nm lab CPC should be altered by decreasing the condenser temperature and 
eventually slightly increasing the saturator temperature, until the detection efficiency for soot-like CAST aerosol 
increases above 50 %. However, if such a modification of the CPC turns out necessary, it must be returned to 
partner TSI afterwards to repeat the calibration measurements with PAO for the new CPC temperatures. 
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5 Risk Register 

Risk No. What is the risk Probability 
of risk 
occurrence1 

Effect of 
risk2 

Solutions to overcome the risk 

WPx.x Efficiency for soot-like CAST Aerosol 
at 10 nm turns out (at Horiba) to be 
< 50% 

2 3 Change T-settings as 
described in Chapter 4; send 
CPC back to TSI for repetition 
of calibration measurements 
at new T-settings. 

     

     

     

     

     

 
 

                                                             
1 Probability risk will occur: 1 = high, 2 = medium, 3 = Low  

2 Effect when risk occurs: 1 = high, 2 = medium, 3 = Low  
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Question Peer reviewer 1 Peer reviewer 2 Technical 
Coordinator 
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1. Do you accept this 

deliverable as it is? 
Yes Yes Yes 

2. Is the deliverable 
completely ready? If 
not, please indicate 
and motivate 
required changes. 

Yes Yes Yes 

3. Does this deliverable 
correspond to the 
DoW? 

Yes Yes Yes 

4. Is the Deliverable in 
line with the 
PEMs4Nano 
objectives? 

Yes Yes Yes 

a. WP Objectives? Yes Yes Yes 
b. Task Objectives? Yes Yes Yes 
5. Is the technical 

quality sufficient? 
Yes Yes Yes 
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Appendix B – Abbreviations / Nomenclature 

Table B-1 List of Abbreviations / Nomenclature. 

 
Symbol / Shortname  

CPC Condensation particle counter 

D50 Lower detection limit where the detection efficiency equals 50% 

PAO Poly-Alpha-Olefin (here: a calibration aerosol material) 

FCAE Faraday cup aerosol electrometer 

REF Index for “reference instrument” 

UUT Unit under test 

k-factor Correction factor for particle number concentration measured by the 
UUT, derived from calibration measurements 

k Coverage factor for measurement uncertainty 

a Slope of the regression line y = a*x 

R² Coefficient of determination 

N Particle number concentration 

EAG Electrospray aerosol generator 

φ Fraction of multiply charged particles in the classified calibration 
aerosol 

fp(Dp) Fraction of multiply charged particles at a given electrical mobility 
equivalent particle diameter Dp for steady state conditions 

Dp Electrical mobility equivalent particle diameter 

dN/dlog(Dp) Number concentration size distribution function 

P Pressure 

T Temperature 

RH Relative Humidity 

SMPS Scanning Mobility Particle Sizer ™, a differential mobility analysing 
system (by TSI Inc., Shoreview, MN, USA) 

I Electrical current 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 


