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Abstract

In 2016, the Gas Analysis Working Group of the Consultative Committee on Amount of sub-
stance (GAWG) introduced an extrapolation scheme to be used for translating the measurement
uncertainty reported in a key comparison to a measurement capability. This extrapolation scheme
has a tipping point at 10 pmol mol ™. Below this amount fraction level, the expanded uncertainty is
assumed to be independent of the amount fraction, and above the relative expanded uncertainty is
assumed to constant. So, a relative expanded uncertainty of 1.0 % at 10 pmolmol ™! translates to an
expanded uncertainty of 1.0 % at 0.1 molmol !, and into a relative expanded uncertainty of 10 % at
1.0 pmolmol ™.

This work revisits the calibration and measurement capabilities (CMCs) for propane in nitrogen
and synthetic air and outlines the calculations necessary for a customised extrapolation scheme. Key
inputs include the measurements performed to support the national measurement standards, the
stability studies run on representative gas mixtures to understand their long-term behaviour and last
but not least, the uncertainty calculations performed in the participation in key or other international
comparisons. Meta-analysis is used to determine a reproducibility component of uncertainty, which
is combined with the standard uncertainty calculated in accordance with ISO 6143.

The re-evaluation of the long-term stability study data for calibration gas mixtures of propane
in nitrogen shows that there is good agreement between the expanded uncertainty calculated from
these data and the expanded uncertainties submitted in four international comparisons. It is shown
that the relationship between the amount fraction and the expanded uncertainty can be satisfac-
torily be described by a straight line when taking the logarithm on both axes to get an acceptable
distribution of the data points along the axes. The proposed extrapolation scheme outperforms the
scheme proposed by the GAWG.
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Notice

This report cancels and replaces report S-CH.17.16.

Comments

"CMCs are reviewed according to GAWG, KCWG and CIPM documents entitled ""CCQM-
GAWG strategy for comparisons and CMC claims"', ""Guidelines for the CCQM KCWG on
the Review of CCQM CMCs for Inclusion in Appendix C of the CIPM MRA"' and CIPM-
MRA-D-04. All of the documents can be downloaded from the BIPM website. If this CMC is
reviewed according to CIPM-MRA-D-04, only CCQM-K120 can be used to support this CMC.
I think that it is too strict that only Key and Suppl. comparisons can be used as evidences,
and that other kinds of evidences can support CMCs if the evidences cover all the relevant

metrological aspects to support claims appropriately.

As mentioned above, the report “Calibration and measurement capabilities for propane”
including the interpolation scheme is not sufficient to support this CMC, or the report can’t
be the evidence for this CMC. The result of CCQM-K111 does not also support uncertainty
of 0.2 % at 1 umol/mol.

VSL claimed that the result for 6 ppm standard gases with 0.08% uncertainty (k=1) can be
evidence for this CMC. I don’t think uncertainty estimation is not enough because the un-
certainty of 0.08% includes only tau and sigma. Even if result of the uncertainty estimation
(u=0.08%) could be used as an evidence for this CMC, uncertainty at 1 umol/mol should
be larger than 0.96% (=0.08 * 2 * 6)."
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1 Introduction and rationale

Laboratories and national metrology institutes (NMIs) are required to participate in interlaboratory
comparisons to demonstrate their competence [1]. For NMIs, this requirement is laid down in the
Mutual Recognition Arrangement of the International Committee on Weights and Measures [2]. Even
if such a participation leads to a “satisfactory” performance [3], there remains the question how the
result submitted should be viewed over the interval for which a calibration and measurement capability
(CMCQ) is requested. These intervals can be very wide, and the expanded uncertainty of the submitted
result may not be representative for the entire interval.

Looking at how expanded uncertainty should evaluated, for the quantity of interest a measurement
model should be formulated [4, 5] and the input quantities should be evaluated in such a fashion that
the standard uncertainty computed for the output quantity is valid for the intervals of values contem-
plated for the input quantities. This is an ideal situation, and not all NMIs state such a measurement
model, let alone evaluate the input quantities over the relevant intervals. It is important to emphasise
that such requirements are not posed on participants in key comparisons [2, 6] or proficiency tests [7].
Alternatively, the expanded uncertainty of a CMC can be related to results in a key comparison if a mea-
surand is assessed at different levels [8]. In gas analysis, there are examples of such key comparisons,
including the first one [9] and the key comparisons on natural gas composition [9, 10, 11, 12].

In 2016, the Gas Analysis Working Group of the Consultative Committee for Amount of Substance:
Metrology in Chemistry and Biology (GAWG) introduced an extrapolation scheme to be used for trans-
lating the measurement uncertainty reported in a key comparison to a calibration and measurement
capability (CMC) [13]. This extrapolation scheme has a tipping point at 10 pmolmol™*. Below this
amount fraction level, the expanded uncertainty is extrapolated absolute, and above relative. So, a
relative expanded uncertainty of 1.0 % at 10 pmolmol ™! translates to an expanded uncertainty of 1.0 %
at 0.1 molmol™!, and into a relative expanded uncertainty of 10 % at 1.0 pmolmol!.

The introduction of this extrapolation scheme for calibration and measurement capabilities (CMCs)
had some unfortunate side effects for VSL, especially for the services related to pmol mol~!- and %-levels
of propane, carbon monoxide, carbon dioxide and methane. The claimed calibration and measurement
capabilities for these services had to be increased for no other reason than that the extrapolation scheme
[13] predicted something different from what can be justified on the basis of, e.g., the multipoint cal-
ibration of the analyser and propagating the uncertainty from gas mixture preparation [14, 15] and
analysis [16], among other uncertainty sources.

For the measurement standards and related calibration and reference material services, there is
another isuse. The use of expanded uncertainties reported during the last three ‘track A key comparisons
(assessing the ‘core capabilities’ of a national metrology institutes [13]) provided U, (x,) = 0.07 % at
amount fraction x, = 10 pmolmol !, a CMC that is not supported by direct evidence involving this group
of measurement standards, such as the calculation of the measurement uncertainty using a calibration
function or the evaluation of relevant long-term stability study data.

The decision was taken to revisit the data collected over the years concerning the status of the
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national measurement standards (in most cases suites of Primary Standard gas Mixtures, PSMs) and
related measurement and preparative facilities and to develop for all groups of measurement standards
a customised extrapolation scheme that relates the expanded uncertainty for calibrations and reference
materials to the amount fractions for the entire range for which services are provided. A model for

calculating CMCs is presented, as well as an extrapolation scheme.

2 GAWG extrapolation scheme

The amount fraction range described in the GAWG Strategy [13] for a component runs in principle from
the purity analysis up to 50 % The tipping point in the extrapolation scheme is at an amount fraction
Xo = 10 pumolmol™!. For smaller amount fractions, the expanded uncertainty is assumed to be the same
as for x,, and for greater amount fractions, the relative expanded uncertainty is assumed to be constant,
viz., [13]

U(x)= Mq{ forx > x, (D
X0
U(x) = Ul(xg) forx < xg

According to the same strategy document, calibration and measurement capabilities can be supported
in two different ways by key comparisons [13]:

1. a dedicated key comparison (track A or track C)

2. for selected components and ranges, the combination of the last three track A key comparisons
Where possible, VSL seeks to support its CMCs though the default scheme, i.e., using dedicated key
comparisons. The flexible scheme, involving the last three track A key comparisons, is used in excep-
tional cases. In 2017, VSL was requested to resubmit their CMCs based on the performance in the last
three track A key comparisons. The pooling of the past three participations in track A key comparisons

gave a relative expanded uncertainty of 0.09 % at x, = 10 zmol mol ™.

3 Calculation of CMCs

The basis for CMCs for this component is given in the measurement reports of key comparisons [17, 18].
The relative standard uncertainty from gravimetric gas mixture preparation is typically between 0.01 %
to 0.03 %, where the smallest uncertainties are associated with amount fraction in the percentage range,
and the largest with the parts-per-million range. Whereas these amount fractions and associated uncer-
tainties are at the basis the hierarchy of national measurement standards [19], they play a subordinate
role. It is important to bear in mind that for certified reference materials, ISO 6142-1 [14] is used,
which requires the standard uncertainty from gravimetric gas mixture preparation to be combined with
the verification uncertainty. This combination is carried out in accordance with ISO 6142 [20], which

implies that usually a slightly larger standard uncertainty is computed.
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Hence, the CMCs for calibrations and for certified reference materials can be established on the same
footing, namely by considering the verification uncertainty only. ISO 6143 [16] requires evaluating the
uncertainty of the responses under reproducibility conditions, which is usually not done. Instead, the
long-term behaviour of primary standard gas mixtures (PSMs) has been considered, and based on the
verification data, the reproducibility of the entire system (gas mixture preparation and verification) has
been evaluated.

In the first stage, the data from monitoring selected PSMs has been evaluated using a mixed-effects

models as is customary in the evaluation of stability studies in reference material production [21, 22, 23]
Yi = u+At; +B; + ¢ 2

where y; denotes the amount fraction of the i™" data point, u the expected value at time 0, A the degra-
dation rate, t; the time of the i™ data point, B; the bias in data point i, and the random measurement
error ;. The mixed effects model in equation (2) is an extension of the simple mixed effects model for
stability study in reference material production [22, 23]. The term B; enables accounting for an excess
variance [24] due to a reproducibility effect in the stability study measurements. For stable gas mixtures,
A =0 and the model in equation (2) reduces to a random effects model as known from between-bottle

homogeneity studies [25] and meta-analysis [24], i.e.,
Yi=u+B;teg ®))

This random effects model has been used for the re-evaluation of the CMCs for propane in nitrogen and
air.

2 = var(B;) and the variance computed from the i measure-

In the following, the excess variance T
ment o2 = var(e;). The latter variance is the verification uncertainty and computed using the procedure
of ISO 6143 [16] and is known in ISO 6142-1 as “verification uncertainty”. The uncertainty contribu-
tion 7 is a reproducibility component, to address the fact that the o as computed is obtained under
repeatability conditions. For evaluating the long-term stability study data, the variance computed for
the last measurement is used in the subsequent meta-analysis. If there would be an improvement in the
performance of the measurement method, then this would result in an understatement of the standard
uncertainty of older measurements. Consequently, the value obtained for T would be larger. For the
data for propane, the assumption that o did not change during the stability study is justified, for there
have not been any meaningful improvements in the instrumentation and methods used.

The data from the gas mixtures used for long-term stability monitoring have been used. At regular
time intervals, these gas mixtures are analysed using a suite of Primary Standard gas Mixtures (PSMs).
The data of the stability study is then assessed for a trend [22]. If no trend is observed, the data is
then fitted to the DerSimonian-Laird model to assess whether there is an excess variance. This excess
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variance is a reproducibility component, and calculated as [26]

2 Siwi(yi—7)—(a—-1)

T Ziwi_ZiW%/ZiWi

where w; =1 /sl.z, s; denotes the within-group standard deviation, a the number of groups, and y =

4)

> w;¥;/> w;. Similar to traditional ANOVA, in meta-analysis 72 = 0 when the result of equation (4)
is negative.

The calibration and measurement capability is then calculated as
U(x)=kvV 12+ 02 (5)

where o denotes the standard uncertainty computed in accordance with ISO 6143, k the coverage factor
and U the CMC. This computation is made for several amount fractions across the entire range for which
measurement standards of C3Hg in nitrogen and synthetic air are maintained. As stated previously, the
standard uncertainty associated with the amount fraction due to gravimetric gas mixture preparation is
small enough the be ignored.

4 Results and discussion

4.1 Propane in nitrogen

The first subrange of propane in nitrogen is the range of amount fractions from 0.5 % to 6.0 %. These
analyses are performed using a gas chromatograph with thermal conductivity detector (GC-TCD). The
calibration function is a second-order polynomial. Figure 1 shows the calibration data (top left), the
calibration function (bottom left), and the residuals in both directions (right-hand side). All residuals
meet the criteria of ISO 6143.

The datasets obtained for the other C;Hg subranges in nitrogen, i.e., 400 umol mol ™ to 2000 mol mol ™,

100 pmol mol ™! to 1000 pmolmol ™, 10 pmol mol ™! to 100 pmolmol ™, and 1 pmolmol ™ to 10 pmol mol !,

are measured using a gas chromatograph with flame ionization detector (GC-FID). The calibration func-
tions for all of these amount fraction ranges are also quadratic and show full consistency with the criteria
of ISO 6143 for the residuals (see figures 2, 3, 4, and 5, respectively). In these figures, also the expanded
uncertainty from the gravimetric gas mixture preparation are depicted.

The results of the meta-analysis on the long-term stability study data are shown in table 1, while
the results of the international comparisons are summarised in table 2.

The relationship between the amount fraction and the standard uncertainty is visualised in fig-
ure 6. In the figures, also the results from CCQM-K3 [27], Euramet.QM-S4 [28], CCOM-K111 [17] and
Euramet.QM-S1 [29] are included. It is important to note that (1) the results in these comparisons were
consistent, and (2) the calculated standard uncertainty matches well with the standard uncertainties

summarised in table 1.
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Figure 1: Calibration data, function and residuals for propane in nitrogen on a gas chromatograph with
thermal conductivity detector (GC-TCD) calibrated in accordance with ISO 6143 [16]. The uncertainty
bars represent 95 % coverage intervals.
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Figure 2: Calibration data, function and residuals for propane in nitrogen on a gas chromatograph with
flame ionization detector (GC-FID) calibrated in accordance with ISO 6143 [16]. The uncertainty bars
represent 95 % coverage intervals.
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Figure 3: Calibration data, function and residuals for propane in nitrogen on a gas chromatograph with
flame ionization detector (GC-FID) calibrated in accordance with ISO 6143 [16]. The uncertainty bars

represent 95 % coverage intervals.
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Figure 4: Calibration data, function and residuals for propane in nitrogen on a gas chromatograph with
flame ionization detector (GC-FID) calibrated in accordance with ISO 6143 [16]. The uncertainty bars

represent 95 % coverage intervals.
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Figure 5: Calibration data, function and residuals for propane in nitrogen on a gas chromatograph with
flame ionization detector (GC-FID) calibrated in accordance with ISO 6143 [16]. The uncertainty bars
represent 95 % coverage intervals.

Table 1: Results from the meta-analysis performed on the calibration gas mixtures used to assess the
long-term behaviour of propane in nitrogen mixtures. T denotes the coefficient of variation between-
groups, and o that within-groups. x, denotes the amount fraction propane, as computed using
ISO 6142-1.

Mixture Xo T o V12402

VSL204667 4.00 x 1072 0.09%0.02% 0.09 %
VSL117417 4.00x 1073 0.01%0.04% 0.04%
VSL228555 2.00x107% 0.10%0.03% 0.11%
VSL104656 4.00 x10™* 0.19%0.03% 0.19%
PRM238552 1.00x10™* 0.15%0.04% 0.15%
VSL307414 8.00x 107> 0.06%0.04% 0.07 %
VSL307401 6.00x10° 0.07%0.04% 0.08 %

Table 2: Reported expanded uncertainty (including verification) in CCQM and Euramet comparisons;
all results were consistent with the assigned value.

Project X U(x) Uper (%)
molmol™ molmol™

CCQM-K3 2.06x107% 3.2x107% 0.16%

Euramet.QM-S4 1.00x10™° 6.6x1077  0.07%

CCOM-K111 9.93x10™* 7.0x1077 0.07%

Euramet.QM-S1 1.00x10™* 6.0x107%  0.06%
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From figure 6a, in can be seen that in first approximation the data can be described by a model of
the kind
logu = a; logx + a, (6)

where a; denotes the slope and a, the intercept. Comparing this model with equation (1), it has the

same shape for x > x, if the slope is set a; = 1, and for x < x if a; = 0.

4.2 Propane in synthetic air

The analyses performed for the C;Hg subranges in synthetic air, i.e., 800 ymol mol ! to 4000 pmolmol ™%,
20 pmolmol™! to 600 pmolmol™!, and 1 ymolmol™" to 80 pmolmol™!, are obtained using a gas chro-
matograph with flame ionization detector (GC-FID).

The first subrange is the range of amount fractions from 800 to 4000 ymolmol™!. The calibration
function is a second-order polynomial. Figure 8 shows the calibration data (top left), the calibration
function (bottom left), and the residuals in both directions (right-hand side). All residuals meet the
criteria of ISO 6143. In the figure, also the expanded uncertainty associated with the gravimetric gas
mixture preparation is shown.

The calibration function for the amount fraction range from 20 to 600 pmol mol™! is also quadratic
(see figure 9). All residuals are meeting the criteria of ISO 6143, save the x-residuals at 40 pmolmol ™,
80 pmolmol ™! and 100 pmol mol ™. Previous measurements in the same range showed full consistency
with the criteria of ISI 6143 for the residuals. In the figure, also the expanded uncertainty associated
with the gravimetric gas mixture preparation is shown.

The calibration function for the amount fraction C;Hg range from 1 to 80 imol mol ™" is also quadratic
(see figure 10). All residuals meet the criteria of ISO 6143. In the figure, also the expanded uncertainty
associated with the gravimetric gas mixture preparation is shown.

The results of the meta-analysis on the long-term stability study data are shown in table 3. Note that
due to the lack of data from propane in synthetic air mixtures used for long-term stability monitoring,
the between-group standard deviations are calculated from the long-term stability data of the propane in
nitrogen mixtures. The results of the international comparisons Euramet.QM-S4 [28] and Euramet.QM-
S1 [29] are summarised in table 2.

The relationship between the amount fraction and the standard uncertainty is visualised in figure 11.
In the figures, also the results from Euramet.QM-S4 [28] and Euramet.QM-S1 [29] are included. Again,
it is important to note that (1) the results in these comparisons were consistent, and (2) the calculated
standard uncertainty matches well with the standard uncertainties summarised in table 3.

From figure 11a, in can be seen that in first approximation the data can be described by a model
of the kind as described by equation 6. Fitting the data using ordinary least squares (OLS) [30] yields
for a; = 0.995 (see figure 12). In the figure, the 90 % coverage interval is also given. Two points lie

slightly outside the interval. The model gives a reasonable description of the data.
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Figure 8: Calibration data, function and residuals for propane in synthetic air on a gas chromatograph
with flame ionization detector (GC-FID) calibrated in accordance with ISO 6143 [16]. The uncertainty
bars represent 95 % coverage intervals.
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Figure 9: Calibration data, function and residuals for propane in synthetic air on a gas chromatograph
with flame ionization detector (GC-FID) calibrated in accordance with ISO 6143 [16]. The uncertainty
bars represent 95 % coverage intervals.
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Figure 10: Calibration data, function and residuals for propane in synthetic air on a gas chromatograph
with flame ionization detector (GC-FID) calibrated in accordance with ISO 6143 [16]. The uncertainty
bars represent 95 % coverage intervals.

Table 3: Results from the meta-analysis performed on the calibration gas mixtures used to assess the
long-term behaviour of propane in synthetic air mixtures. T denotes the coefficient of variation between-
groups, and o that within-groups. Note that the calculation of 7 is based on the long-term stability data
of propane in nitrogen mixtures. x, denotes the amount fraction propane, as computed using ISO 6142-
1.

Mixture® Xo o V12 +02
PRM144624 2.50x107% 0.02% 0.10%
PRM149344 4.50x10™% 0.02% 0.19%
PRM238554 2.50x107* 0.02% 0.15%
PRM238560 5.00x 10> 0.02% 0.06%
PRM249133 2.99x107° 0.08% 0.11%

“propane in synthetic air mixtures
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Figure 11: CMCs as a function of the fraction C3Hg in synthetic air.
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Figure 12: Regression of the standard uncertainty as a function of the amount fraction C3Hg in synthetic
air. The dotted lines indicate the extrapolation scheme from the GAWG.
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5 Interpolation scheme for CMCs

5.1 Propane in nitrogen

The current CMCs for propane in nitrogen range from 0.9 % — 0.09 % for amount fractions C3Hg from

1 pmolmol™ to 1%. Based on the calculations as presented, this relationship becomes
logu =—3.223 4+ 0.981log x (7

which means a relative expanded uncertainty of 0.16 % at 1 pmolmol™ to 0.13 % at 1 %.

5.2 Propane in synthetic air

The old CMC for propane in synthetic air was from 0.9% — 0.09 % for amount fractions C;Hg from

1 pmolmol™! to 1%. Based on the calculations as presented, this relationship becomes
logu =—3.123 + 0.995log x (8)

which means a relative expanded uncertainty of 0.16 % at 1 pmolmol™ to 0.15 % at 1 %. The expanded

uncertainties are slightly larger in air than in nitrogen.

6 Conclusions

The approach developed for relating the expanded uncertainty of the analysis of propane in nitrogen and
propane in synthetic air to the amount fraction provides satisfactory results. The use of meta-analysis
is helpful in characterising the dispersion due to, a combination of, reproducibility of the measurement
method, effects of cylinder walls and regulators. The standard deviation 7 from the DerSimonian-
Laird model is combined with the standard uncertainty computed from the multipoint calibration from
ISO 6143 to determine the calibration and measurement capability (CMC), based on the verification
uncertainty under reproducibility conditions. The uncertainty from gravimetric gas mixture prepara-
tion is negligible in view of the verification uncertainty. The results of the participation in different
international comparisons agree well with the CMCs determined from the long-term behaviour of the
standards of propane in nitrogen and propane in synthetic air.

The dedicated extrapolation scheme gives quite similar results in comparison to the GAWG scheme.
For most amount fractions, the dedicated extrapolation scheme gives slightly higher values for the (rel-
ative) expanded uncertainty, which are concordant with empirical evidence. The proposed model for
calculating the CMCs works well from 1 umolmol™! propane in nitrogen to the highest fractions in the
range. The same applies to the model for propane in air.

The differences between the two extrapolation schemes are at the edges. The GAWG extrapolation is
overly conservative, but that makes sense, as it is based on results from key comparisons of which there

are only a few below 10 pmolmol!. The long-term behaviour of the measurement standards indicate
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that also below 10 pmolmol ™, the extrapolation using the relative expanded uncertainty is valid albeit

that it is not conservative. Hence, it is appropriate that NMIs seeking better support provide empirical

evidence. It is also known that the relative expanded uncertainty (slightly) decreases when the amount

fraction increases; this decrease is however small, yet for providing services at the high end of the range

still important.
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