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1. Rationale for comparison

The CCQM-K82 comparison was designed to evaluate the level of comparability of
NMI preparative capabilities for gravimetric methane in air primary reference mixtures
in the range (1800-2200) nmol mol™. The balance gas for the standards was either
scrubbed dry real air or synthetic air.

This study involved a simultaneous comparison of a suite of gas standards with two
prepared by each of the eight participating laboratories. The standards were sent to the
BIPM where the comparison measurements were performed. The reference value for a
given gas standard was calculated from a calibration line derived from a self-consistent
subset of the standards. Measurements at the BIPM were performed using two
independent analytical methods gas chromatograph (GC-FID) and cavity ring-down
spectroscopy (CRDS), and following the advice of the CCQM Gas Analysis Working
Group, results from the CRDS method were used to calculate the key comparison
reference value.

The performance of the BIPM measurement systems were previously validated using a
suite of CHy4 in air standards prepared by the NIST.

2. Quantities and Units

In this comparison the measurand was the amount of substance fraction of methane in
either scrubbed dry real air or synthetic air, with measurement results being expressed
in mol/mol and its submultiples pmol/mol or nmol/mol.

The table below describes the limits of the gas matrix composition of the scrubbed dry
real air and synthetic air, which were to be met by participants:

Component in Air Minimum  amount  of | Maximum  amount  of
substance fraction | substance fraction
permitted within submitted | permitted within submitted
cylinder cylinder

Nitrogen 0.77849 mol/mol 0.78317 mol/mol

Oxygen 0.20776 mol/mol 0.21111 mol/mol

A 8.865 mmol/mol 9.799 mmol/mol

rgon
Carbon Dioxide 360 pmol/mol 400 umol/mol

Table 1. Limits for balance gas composition in standards submitted for the comparison. Based upon the
possible biases that could be introduced into the spectroscopic comparison method (CRDS) due to
variation in the composition of the air matrix in different standards, participating laboratories were
asked to ensure that the composition of their air matrix was within these limits.
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3. Schedule

The revised schedule for the project was as follows:

May 2012- April 2013 Mixture preparation, verification and stability tests by participants.
October 2012- May 2013 Shipment of cylinders to the BIPM

May 2013 — June 2013 Analysis of mixtures by the BIPM

July 2013 Shipment of cylinders back from the BIPM to participants

August 2013 — October 2013 2nd set of analysis of mixtures by participants

October 2013 Distribution of Draft A of this report

March 2014 Distribution of Draft B of this report

July 2014 Distribution of final report

4. Measurement standards

The study was organised as a comparison of a suite of 2n primary gas standards, two
standards prepared by each of the n participating laboratories. The reference value for a
given gas standard was to be determined from a regression line calculated from all
standards, or from a self-consistent subset of the standards. Measurements at the BIPM
were performed with two independent analytical methods, notably Cavity Ring Down
Spectroscopy (CRDS) and Gas Chromatography with Flame Ionization Detector (GC-
FID).

Each participating laboratory was asked to provide one high pressure cylinder standard
at the nominal amount of substance fraction of 1800+20 nmol/mol and one high
pressure cylinder standard at the amount of substance fraction 2200£20 nmol/mol
together with the following information:

In the case of standards produced with synthetic air:

- apurity table with uncertainties for the nominally pure CH4 parent gas;

- a purity table with uncertainties for the nominally pure N, O,, Ar and CO,
parent gas;

- abrief outline of the dilution series undertaken to produce the final mixtures;

- apurity table for each of the final mixtures, including gravimetric uncertainties;

- abrief outline of the verification procedure applied to the final mixtures;

- a brief outline of any stability testing of the mixtures between the time they are
prepared and the time they are shipped to the BIPM.

In the case of standards produced with scrubbed ‘real’ air:

- apurity table with uncertainties for the nominally pure CH4 parent gas;

- results of the analysis and amount of substance fractions and uncertainties of N,
O,, Ar and CO, in the scrubbed real air;

- abrief outline of the preparation procedure of the final mixtures;

- a composition table for each of the final mixtures, including gravimetric
uncertainties when relevant;

- abrief outline of the verification procedure applied to the final mixtures;

- a brief outline of any stability testing of the mixtures between the time they are
prepared and the time they are shipped to the BIPM.
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Information submitted by participating laboratories is included in ANNEX 2 -
Measurement reports of participants .

The CH4 amount of substance fractions reported by participants are listed in Table 3,

where:

XNMI is the value assigned by the participating NMI based on gravimetric
preparation;

u(xNmr) is the standard uncertainty including contributions from verification

associated with the assigned value xnwmr;

Figure 1 plots the CH4 amount of substance fraction reported by the participants for
each gas standard. In this figure the error bars represent the standard uncertainty
associated with the certified value. In this figure it can be observed that for the amount
of substance fraction range (1800+20 nmol/mol) NIST submitted the mixture with the
smallest CH4 amount of substance fraction, 1796.76+1.7 nmol/mol, and NIM with the
highest, 1825.6+1.7 nmol/mol, which was outside of the amount of substance fraction
range requested. For the amount of substance fraction range (2200+20 nmol/mol) NIM
produced the lowest amount of substance fraction, 2193.80+2.00 nmol/mol, and VNIIM
the highest, 2214.60+£2.5 nmol/mol. The expanded uncertainties reported by the
participants are plotted in Figure 2.

All mixtures were within specifications, for gas matrix composition, as required in the
comparison protocol’ (see Table 4). Ten of sixteen standards were produced in synthetic
air and the six others in purified (scrubbed) real air (Table 3).

5. Measurement protocol

On receipt by the BIPM, all cylinders were allowed to equilibrate at laboratory
temperature for at least 24 hours. All cylinders were rolled for 1 hour to ensure
homogeneity of the mixture. Each cylinder was connected from the pressure reducer to
one inlet of a l6-inlet automatic gas sampler. The sampler was connected to two
analysers, the GC-FID and to the CRDS. The pressure reducer of each cylinder was
flushed nine times with the mixture. The cylinder valve was closed leaving the high
pressure side of the pressure reducer at the cylinder pressure and the low pressure side
of the pressure reducer at ~300 kPa (abs). The cylinders were left stand at least 24
hours, to allow conditioning of the pressure reducers.

Four methodologies were used to measure the cylinders, three based on CRDS, Method
1-A, 1-B and 2, and one on GC-FID.

' This nominal fraction limits were given in order to avoid possible biases that could be introduced into
the spectroscopic comparison method (CRDS) due to variation in the composition of the air matrix in

different standards.
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In Method 1-A and Method 1-B the BIPM reported values were the CRDS responses
defined as the average of the CRDS value over five minutes of measurements. Methods
1-A measurements were made under repeatability conditions over 6 hours. Method 1-B
measurements were made under intermediate precision conditions by sequential
measurements during thirty days. Method 2 measurements were also made under
intermediate precision conditions, over 30 days. In this Method, the BIPM reported
value was the drift corrected ratio between the instrument response and a control
cylinder.

The cylinders were also analysed by GC-FID, where the BIPM reported value was the
drift corrected ratio between the GC-FID response and the control cylinder. These
measurements were performed under intermediate precision conditions (thirty days).

6. Comparison results

Measurements were performed at the BIPM from April to June 2013. Table 5 lists the
inlet pressure before and after the standards were analyzed by the BIPM.

Each cylinder was value assigned using the methods described in section 5 (details in
ANNEX 1- BIPM Value assignment procedure). The results of these series of
measurements are listed in Table 6 where:

v, is the reported value based on CRDS measurements by Method 1-A
(under repeatability conditions, 6 hour measurement period);

u(; A) is the standard uncertainty of the reported value based on CRDS
measurements by Method 1-A;

YV is the reported value based on CRDS measurements using Method 1-B
(response under intermediate precision conditions, measurements over
30 days);

u(; 3) is the standard uncertainty of the reported value based on CRDS

measurements by Method 1-B;

R> is the reported value based on CRDS measurements by Method 2 (with
control cylinder under intermediate precision conditions, measurements
over 30 days);

u(ﬁz) is the standard uncertainty of the reported value based on CRDS

measurements by Method 2;
Ech is the reported value based on GC-FID measurements;

u(ﬁcc) is the standard uncertainty of the reported value based on GC-FID;
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To simplify the presentation of the results, Table 6 results were plotted in Figure 3 and
Figure 4 overlapping CRDS Method 1-A and CRDS Method 1-B responses and CRDS
Method 2 and GC-FID ratios to control standard results respectively. The typical
uncertainties for each of the methods used by the BIPM are listed in Table 2. Once
returned to the participants, the standards were analyzed by the laboratories in order to
verify the stability of the mixtures.

intermediate precision conditions

Typical
Comparison method . . relative
name Measurement quantity Symbol | unit standa.rd
uncertainty
(%)
CRDS Method 1-A Instrument response under -
repeatability conditions Ya ppb 0.01
CRDS Method 1-B Instrument response under -
intermediate precision conditions Vs ppb 0.02
CRDS Method 2 Ratio to control cylinder under }—2 | 0.025
intermediate precision condition 2 )
GC-FID Ratio to control cylinder under Ewcc | 0.025

Table 2. Summary of methods used during the CCOQM-KS82 international comparison and typical
uncertainties obtained by the BIPM.
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NMTI’s NMTI’s
assigned CH, assigned CH,
amount of expanded
substance uncertainty
Participant Cylinder Gas Matrix fraction
references k=2
XNMI Ulxxmr)
(nmol/mol) (nmol/mol)

KRISS D929248 Synthetic Air 1797.10 1.00
KRISS D985705 Synthetic Air 2200.90 1.20
NIM CAL017763 Synthetic Air 1825.20 1.70
NIM CAL017790 Synthetic Air 2193.80 2.00
NIST FB03569 Purified real air 1796.76 1.70
NIST FB03587 Purified real air 2195.96 1.68
NMIJ CPB-28035 Synthetic Air 1797.30 1.30
NMIJ CPB-28219 Synthetic Air 2198.30 1.30
NOAA FB03578 Purified real air 1812.10 2.60
NOAA FB03593 Purified real air 2208.90 2.80
NPL 221727 Purified real air 1799.40 3.60
NPL 233097 Purified real air 2199.60 4.40
VNIIM D249682 Synthetic Air 1812.90 2.60
VNIIM D249845 Synthetic Air 2214.60 2.50
VSL D 249292 Synthetic Air 1798.29 4.00
VSL D 249289 Synthetic Air 2196.33 4.80

Table 3. Characteristics of gravimetric mixtures as provided by participants.
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NMTI’s NMTI’s NMTI’s NMTI’s NMTI’s
assigned NMI’s assigned NMTI’s assigned NMI’s assigned NMI’s assigned NMI’s
CH, assigned CO, assigned Ar assigned 0, assigned N, assigned
Gas amount of expanded amount of expanded amount of expanded amount of expanded amount of expanded
Participant | Number of | Matrix | substance uncertainty substance uncertainty substance uncertainty substance uncertainty substance uncertainty
Cylinder fraction k=2 fraction k=2 fraction k=2 fraction k=2 fraction k=2
XNMI Ulenmr) Xco2 Ulxcoz) XAr Ulxar) X02 U(xo2) XN2 Uxnz)
(nmol/mol) | (nmol/mol) (umol/mol) (umol/mol) (mmol/mol) (mmol/mol) (%) (%) (%) (%)
KRISS D929248 S. A. 1797.10 1.00 381.76000 0.17000 9.88000 0.01100 20.96007 0.00071 78.05350 0.00110
KRISS D985705 S.A. 2200.90 1.20 379.70000 0.19000 9.41360 0.00700 20.76648 0.00066 78.25379 0.00091
NIM CALO017763 | S. A. 1825.20 1.70 378.91000 0.08369 9.39110 0.00640 21.01900 0.00108 78.00300 0.00012
NIM CALO017790 | S. A. 2193.80 2.00 377.68000 0.08321 9.36110 0.00631 20.86900 0.00103 78.15700 0.00117
NIST FB03569 R. A. 1796.76 1.70 390.89300 0.04500 9.37986 0.01274 20.92714 0.00261 78.09558 0.00818
NIST FB03587 R. A. 2195.96 1.68 390.93900 0.04194 9.37999 0.01223 20.92595 0.00249 78.09671 0.00792
NMIJ CPB-28035 | S. A. 1797.30 1.30 386.66000 0.09000 9.25980 0.00070 21.05380 0.00060 77.98140 0.00060
NMIJ CPB-28219 | S. A. 2198.30 1.30 383.39000 0.09000 9.43990 0.00080 20.92760 0.00070 78.08980 0.00070
NOAA FB03578 R. A. 1812.10 2.60 376.18000 0.14000 9.33200 0.00600 20.91200 0.01200 78.15500 0.01200
NOAA FB03593 R. A. 2208.90 2.80 366.98000 0.14000 9.33200 0.00600 20.91200 0.01200 78.15500 0.01200
NPL 221727 R.A. 1799.40 3.60 370.70000 0.70000 9.34500 0.02700 20.92720 0.01300 78.10060 0.04700
NPL 233097 R.A. 2199.60 4.40 372.50000 0.70000 9.34100 0.02700 20.92710 0.01300 78.10080 0.04700
VNIIM D249682 S. A. 1812.90 2.60 380.75000 0.21000 9.33600 0.00700 20.97670 0.00150 0.00000 0.00000
VNIIM D249845 S. A. 2214.60 2.50 381.18000 0.23000 9.32400 0.01000 21.02040 0.00180 0.00000 0.00000
VSL D 249292 S.A. 1798.29 4.00 380.29200 0.02000 9.29510 0.00035 20.89707 0.00027 78.13520 0.00027
VSL D 249289 S.A. 2196.33 4.80 380.34400 0.22000 9.30828 0.00037 20.90399 0.00027 78.12692 0.00027

Table 4. Purity table of the submitted gas mixtures according to participants’ reports in ANNEX 2 - Measurement reports of participants.Synthetic Air is identified as S. A.
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Departure and return pressure of the gas standards

Number Date of Date of pressure on pressure on
Lab of Cylinder arrival return arrival departure

Mpa Mpa
KRISS D929248 11/02/2013 09/07/2013 8.0 6.5
KRISS D985705 11/03/2013 09/07/2013 8.5 7.0
NIM CALO017763 02/05/2013 16/07/2013 8.5 7.0
NIM CALO017790 02/05/2013 16/07/2013 9.5 8.0
NIST FB03569 21/12/2012 12/07/2013 7.6 4.5
NIST FB03587 21/12/2012 12/07/2013 6.9 4.0
NMIJ CPB-28035 06/11/2012 26/09/2013 10.0 8.5
NM1J CPB-28219 06/11/2012 26/09/2013 10.0 8.0
NOAA FB03578 16/11/2012 12/07/2013 - 8.0
NOAA FB03593 16/11/2012 12/07/2013 - 8.0
NPL 221727 07/02/2013 05/07/2013 9.0 8.5
NPL 233097 07/02/2013 05/07/2013 9.0 7.5
VNIIM D249682 30/10/2012 16/07/2013 9.0 7.0
VNIIM D249845 30/10/2012 16/07/2013 9.0 6.5
VSL D 249292 09/11/2012 06/09/2013 11.7 9.5
VSL D 249289 09/11/2012 06/09/2013 11.8 8.0

Table 5. Pressure of the gas standards on arrival and departure from the BIPM.
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XM u(xnmr) v, u (y 4 ) Vs u (y R ) R, u (R 2 ) Ryce M(Rcc)
Assigned
NMTI’s Assigned CRDS CRDS CRDS GC-FID
CH, NMTI’s Method 1-A Method 1-B Method 2
Participant Number of amount of Standard (Under repeatability Standard (Under Intermediate Standard (Under intermediate Standgrd (Under intermediate Standgrd
Cylinder substance | uncertainty conditions) Uncertainty | precision conditions) | Uncertainty | precision conditions) | uncertainty | precision conditions) | uncertainty
fraction (k=1) in in in the in the
in Response of CRDS | instrument | Response of CRDS instrument Ratios to control Ratios to Ratios to control Ratios to
(nmol/mol) (nmol/mol) analyzer in response analyzer in response cylinder control cylinder control
cylinder cylinder
ppb ppb ppb ppb
KRISS D 929248 1797.10 0.50 1799.60926 0.14073 1799.86935 0.38388 0.94490 0.00026 0.94496 0.00024
KRISS D 985705 2200.90 0.60 2204.16130 0.14480 2204.63154 0.36594 1.15737 0.00026 1.15796 0.00025
NIM CALO017763 1825.20 0.85 1827.50983 0.15982 1827.63050 0.37394 0.95961 0.00027 0.95978 0.00025
NIM CALO017790 2193.80 1.00 2195.89326 0.17085 2196.30459 0.38093 1.15314 0.00026 1.15336 0.00025
NIST FB03569 1796.76 0.85 1798.60535 0.19742 1799.06344 0.35702 0.94449 0.00026 0.94445 0.00024
NIST FB03587 2195.96 0.84 2196.67296 0.21216 2197.01439 0.36278 1.15345 0.00026 1.15377 0.00025
NMIJ CPB-28035 1797.30 0.65 1798.14676 0.16347 1798.55020 0.34420 0.94429 0.00026 0.94429 0.00025
NMIJ CPB-28219 2198.30 0.65 2199.05187 0.26322 2199.62465 0.33020 1.15489 0.00026 1.15506 0.00025
NOAA FB03578 1812.10 1.30 1816.28065 0.19906 1816.63607 0.41202 0.95368 0.00027 0.95371 0.00024
NOAA FB03593 2208.90 1.40 2215.77219 0.15564 2216.13485 0.42586 1.16346 0.00026 1.16388 0.00025
NPL 221727 1799.40 1.80 1802.42557 0.16529 1802.70344 0.37915 0.94650 0.00026 0.94659 0.00025
NPL 233097 2199.60 2.20 2203.04409 0.15029 2203.46678 0.37632 1.15683 0.00026 1.15689 0.00024
VNIIM D 249682 1812.90 1.30 1812.03194 0.18482 1812.06648 0.33792 0.95159 0.00026 0.95151 0.00026
VNIIM D 249845 2214.60 1.25 2216.42565 0.17334 2217.03717 0.37642 1.16395 0.00026 1.16408 0.00025
VSL D 249292 1798.29 2.0 1799.61069 0.14994 1799.69072 0.45676 0.94499 0.00027 0.94515 0.00024
VSL D 249289 2196.33 24 2197.31476 0.17831 2197.60865 0.49573 1.15390 0.00026 1.15415 0.00023

Table 6. Results of BIPM CH,4 amount of substance fraction measurements.
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Figure 1. CH4 amount of substance fractions xyy; provided by participants. The error bars represents the standard uncertainty (k=1) associated with the submitted values.
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CRDS responses by methods 1-A and 1-B
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Figure 3. CRDS responses on gas mixtures by Method 1-A (red dots) and Method 1-B (black dots). The error bars represent the standard uncertainty (k=1) associated with the
BIPM measurement results. For further information see section ANNEX 1- BIPM Value assignment procedure.
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GC-FID and CRDS ratios (CRDS Method 2) to the control standard
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Figure 4. CRDS ratios to the control standard by Method 2, R, (black dots) and GC-FID ratios to the control standard, Rywgc (red dots). The error bars represent the standard
uncertainty (k = 1) associated with the BIPM measurement results. For further information see ANNEX 1- BIPM Value assignment procedure.
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Table 7 summarizes the figures showing the measurements results obtained by different
methods at the BIPM.

Comparison CH, amount of substance fraction Figure
method

CRDS Method 1-A
(Instrument responses under repeatability conditions)

1750 nmol/mol to 2250 nmol/mol 5
1795-1830 nmol/mol 6
2190-2220 nmol/mol 7
CRDS Method 1-B
(Instrument responses under intermediate precision conditions)
1750 nmol/mol to 2250 nmol/mol 8
1795-1830 nmol/mol 9
2190-2220 nmol/mol 10
CRDS Method 2
( Ratio to control cylinder under intermediate precision conditions)
1750 nmol/mol to 2250 nmol/mol 11
1795-1830 nmol/mol 12
2190-2220 nmol/mol 13
GC-FID
(Ratio to control cylinder under intermediate precision conditions)
1750 nmol/mol to 2250 nmol/mol 14
1795-1830 nmol/mol 15
2190-2220 nmol/mol 16

Table 7. List of figures corresponding to results obtained from Methods 1-A, 1-B, 2 and GC-FID.

A key measurement required for the preparation of accurate methane standards is the
determination of trace methane in the balance gas'. Trace methane levels in balance gas
in the standards provided and measured by participants is shown in Figure 17.
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Figure 5. CRDS response to the participants gas mixtures by Method 1-A. The error bars represent the standard uncertainty (k=1) associated with the BIPM measurement
results (y- axis) and the NMI gravimetric values (x-axis). For further information see section ANNEX 1- BIPM Value assignment procedure.
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Figure 6. Zoom of the CRDS response to the participants gas mixtures by Method 1-A. The error bars
represent the standard uncertainty (k=1) associated with the BIPM measurement results (y- axis) and the
NMI gravimetric values (x-axis). For further information see section ANNEX 1- BIPM Value assignment

procedure.
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Figure 7. Zoom of the CRDS responses to the participants gas mixtures by Method 1-A. The error bars
represent the standard uncertainty (k=1) associated with the BIPM measurement results (y- axis) and the
NMI gravimetric values (x-axis) . For further information see section ANNEX 1- BIPM Value

assignment procedure.
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Figure 8. CRDS responses to the participants gas mixtures by Method 1-B. The error bars represent the standard uncertainty (k=1) associated with the BIPM measurement
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Figure 10. Zoom of the CRDS responses to the participants gas mixtures by Method 1-B. The error bars
represent the standard uncertainty (k=1) associated with the BIPM measurement results (y- axis) and the
NMI gravimetric values (x-axis). For further information see section ANNEX 1- BIPM Value assignment

procedure.
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Figure 11. CRDS ratios to control standard (Method 2). The error bars represent the standard uncertainty (k=1) associated with the BIPM measurement results (y- axis) and
the NMI gravimetric values (x-axis). For further information see section ANNEX 1- BIPM Value assignment procedure.
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Figure 12. Zoom of the CRDS ratios to control standard (Method 2). The error bars represent the standard
uncertainty (k=1) associated with the BIPM measurement results (y- axis) and the NMI gravimetric
values (x-axis). For further information see section ANNEX 1- BIPM Value assignment procedure.
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Figure 13. Zoom of the CRDS ratios to control standard (Method 2). The error bars represent the
standard uncertainty (k=1) associated with the BIPM measurement results (y- axis) and the NMI
gravimetric values (x-axis). For further information see section ANNEX 1- BIPM Value assignment

procedure.
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Figure 14. GC-FID ratios to control standard. The error bars represent the standard uncertainty (k=1) associated with the BIPM measurement results (y- axis) and the NMI
gravimetric values (x-axis). For further information see section ANNEX 1- BIPM Value assignment procedure.
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Figure 17. Trace CH, mole fractions in balance gas as reported by participating laboratories. See ANNEX 2 - Measurement reports of participants
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8.  Key Comparison Reference Value

During the 31% meeting of the CCQM GAWG (7-8 April 2014) it was agreed that the key
comparison reference value for CCQM-K82 was to be calculated using the measurement results
of the CRDS method 2. Furthermore, several statistical approaches, all based on least-square
regression, were presented and detailed in the Draft B report (GAWG/14-09). From this analysis,
it was agreed to fit the CRDS method 2 results versus the participant’s gravimetric values with a
line, using the Generalised Least Square approach defined in the standard ISO 6143:2001. It was
also agreed to select a subset of cylinders contributing to the regression line so as to obtain a
consistent set with regard to the regression, i.e. a set that allows the goodness-of-fit parameter to
be less than 2.

Notation

The degree of equivalence is defined as:

D - Xymr — Xkcry (1)
where
XKCRV is the amount of substance fraction in the cylinder predicted by the linear analysis
function for the corresponding analyzer response (ratio to the control cylinder
with the CRDS method 2);
u(XKCrv) is the uncertainty of the predicted value;
XNMI is the amount of substance fraction submitted by the participating laboratory;
u(xXNMI) is the standard uncertainty associated with the submitted value xnwi;
D is difference in amount of substance fraction as measured by the laboratory and
the reference value x; and
U(D) is the expanded uncertainty of this difference.
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Degrees of equivalence and graph of equivalence

The analysis of the data from the comparison was done following the procedures outlined in ISO
6143:2001% (Gas analysis — Comparison methods for determining and checking the composition
of calibration gas mixtures). The regression analysis was performed with XLGenlinevl.l, a
computer programme developed by NPL which implements this methodology by taking into
consideration uncertainties in both axes.

Standards that were to contribute to the KCRV were selected by applying the regression analysis
first to the entire set of cylinders, so as to identify possible outliers, which then were not selected
in the next set of data to be analysed. This process lead to a self-consistent set of cylinders
comprising all cylinders except one, cylinder FB03593 prepared by NOAA. The goodness-of-fit
of the regression performed with this data set is equal to 1.72, demonstrating consistency of the
ensemble. Key comparison reference values and degrees of equivalence are listed in Table 8.
Degrees of equivalence are plotted in Figure 18. This resulted in only one standard, NOAA
cylinder FB03593, not agreeing with the KCRV. .
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Participant | Cylinder XKCRV u(Xgcrv) XNMI u(Xnmr) D(xxmr- Xkerv )  u(D) E{((D))
=2
(nmol/mol) (nmol/mol) | (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol)
KRISS D 929248 1797.60 0.69 1797.10 0.50 -0.50 0.85 1.70
KRISS D 985705 2202.20 0.71 2200.90 0.60 -1.30 0.93 1.85
NIM CAL017763  1825.60 0.67 1825.20 0.85 -0.40 1.08 2.17
NIM CALO017790  2194.00 0.70 2193.80 1.00 -0.20 1.22 2.44
NIST FB03569 1796.80 0.69 1796.76 0.85 -0.04 1.09 2.19
NIST FB03587 2194.60 0.70 2195.96 0.84 1.36 1.09 2.19
NMIJ CPB-28035  1796.40 0.69 1797.30 0.65 0.90 0.95 1.89
NMIJ CPB-28219  2197.50 0.70 2198.30 0.65 0.80 0.96 1.91
NOAA FB03578 1814.30 0.68 1812.10 1.30 -2.20 1.47 2.93
NOAA FB03593 2213.80 0.71 2208.90 1.40 -4.90 1.57 3.14
NPL 221727 1800.60 0.69 1799.40 1.80 -1.20 1.93 3.85
NPL 233097 2201.10 0.71 2199.60 2.20 -1.50 2.31 4.62
VNIIM D 249682 1810.30 0.68 1812.90 1.30 2.60 1.47 2.93
VNIIM D 249845 2214.60 0.71 2214.60 1.25 0.00 1.44 2.88
VSL D 249292 1797.80 0.69 1798.29 2.00 0.49 2.11 4.23
VSL D 249289 2195.60 0.70 2196.33 2.40 0.73 2.50 5.00

Table 8. Degrees of equivalence for the key comparison CCOM-K82
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Figure 18. Graph of equivalence for the key comparison CCQM-K82. The error bar represents the expanded uncertainty at a 95 % level of confidence. For
the pair of standards the degree of equivalence for the low amount of substance fraction standard is plotted before the high amount of substance fraction standard.
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Youden Plot

In order to observe the within-laboratory variability and the between-laboratory
variability the graph of equivalence was also represented by a Youden Plot. In a Youden
Plot, degrees of equivalence for one standard of each participant are plotted versus
degrees of equivalence of the other standard. The Youden plot displayed in Figure 19
shows the degrees of equivalence for the standards prepared with the higher CH4
amount of substance fraction (around 2200 nmol mol™) versus the degree of
equivalence for the standards prepared with the lower amount of substance fraction
(around 1800 nmol mol™). The y=x line of the plot represents the line on which
completely correlated pairs of standards would lie.

Like the graph of equivalence, this plot shows that NOAA cylinder FB03593 is the only
standard not in agreement with the reference value. However the two standards from
NOAA do appear to have some level of correlation, and are biased in the same direction
compared to their KCRVs. On the contrary, the standards from VNIIM would be
expected to be correlated due to the same balance gas being used in their preparation.
The results of the comparison show that this is not the case, which indicates that another
uncorrelated source of uncertainty other than purity measurements needs to be
accounted for. The rest of participants seem to be positioned uniformly around the y = x
line of the plot, demonstrating that the majority of laboratories have a relatively low
within-laboratory variability.

Method CRDS 2
_GLS_LCminSet

D 2200 / nmol mol
A
1 1

10 +-r-rr-rr-r-r-r--r-—-r--r--r--r--r--r--r--r--r-
10-9-8-7-6-5-4-3-2-10122345678 910
-1

D 1800/ nmol mol

Figure 19. Youden Plot of the CCOM-K82 results. The error bar represents the expanded uncertainty at
a 95 % level of confidence.
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Q. Conclusions

The level of agreement amongst standards improved by a factor of ten compared to a
similar comparison exercise performed in 2003 (CCQM-P41).

In most cases a major contributor to reported uncertainty of participants’ standards
arises from the measurement of trace levels of methane in the balance gas used to
prepare their standards.

Youden plot analyses of the comparison results confirm that in most cases the
standards within submitted pairs are correlated, and a major reason is that the same
balance gas is being used to prepare standards within pairs.

In this comparison reported standard uncertainties ranged from 0.50 nmol/mol to
2.4 nmol/mol and the uncertainties of individual KCRVs ranged from 0.68 nmol/mol
to 0.71 nmol/mol.

The standards from VNIIM would be expected to be correlated due to the same
balance gas being used in their preparation. The results of the comparison show that
this is not the case, which indicates that another uncorrelated source of uncertainty
other than purity measurements needs to be accounted for.

The two standards from NOAA do appear to have some level of correlation, and are
biased in the same direction compared to their KCRVs.

A very good level of agreement was observed between both techniques, GC-FID and
CRDS.

It has been confirmed that the addition of an extra contribution to the uncertainty in
CRDS measurements of methane mole fractions arising from possible isotopic
variation in the standards has no significant effect on their level of compatibility.

The standard deviation of the ensemble of standards about the KCRV value was 1.70
nmol/mol. This relative standard deviation can be compared to the data compatibility
goal set by the World Meteorological Organization — Global Atmospheric Watch for
CHy in air which are + 2 nmol/mol (1 SD). In order for a primary standard, or rather a
change in primary standard, to have negligible influence on measurement
comparability, the standard uncertainty of the primary standard and the standard
deviation of a set of compared primary standards should be arguably less than one
quarter the value of the compatibility goal, which would be 0.5 nmol/mol. This level
of agreement is the goal to set for a future repeat of the CCQM-K82 comparison, and
will require further improvements in uncertainties for the measurement of trace level
methane in balance gases.
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10.  Support to Calibration and Measurement Capabilities claims

The results of this key comparison can be used to support:

1) Claimed capabilities CH4 in synthetic air, scrubbed air, or in nitrogen in the range
1700 nmol/mol to 2500 nmol/mol;

2) Claimed capabilities for CHy4 in nitrogen or in air in the range 2.5 pmol/mol to 25
mmol/mol, where an NMI’s smallest claimed relative standard uncertainty is equal or
greater to the relative standard uncertainty it reported in CCQM-KS82 for results that
agree with the KCRV;

3) Claims of purity measurements in nitrogen, oxygen and argon matrix gases for the
quantification of methane amount of substance fractions above 1 nmol/mol where the
standard uncertainty is equal or greater to u(KCRYV).
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ANNEX 1- BIPM Value assignment procedure

1. Description of the facility

The BIPM-CH4 gas facility includes a gas chromatograph (GC-FID), a Cavity ring-down
spectrometer (CRDS) and an auto-sampler (Figure 20).

wiaste waste

CH: standards

He
Purifier
LSRRI DN, He
— -
Auto-sampler i
GC-FID Air I:L S
| Synthetic
waste

Corrpressed
ar

Figure 20 : Schematics of the BIPM Methane facility

11  The GC-FID

The GC-FID is a modified Agilent system series 7890A acquired from the SRA Instruments
‘France. It is equipped with a flame ionization detector (FID), a stainless steel column packed with
Poropak Q (80-100 mesh) and the FID detector is supplied with pure oxygen and hydrogen (see
Figure 21).
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Figure 21 : Internal schematics of the BIPM system for Gas Chromatography with Flame lonization
Detector (GC-FID) comprised by a Poropak Q 80-100 mesh (6 m x 1/8”) column, a Sample loop of 5 mL,
one Valco two positions six port valves and a FID detector.

The GC-FID is equipped with:

- one 6 port valve V1 (Vici-valco);
- one 5 mL stainless steel injection loop;
- one one-way valve;
- one 6 m stainless steel column packed with Poropak Q (80-100 mesh);
- one flame ionization detector (FID);
- one hydrogen generator;
- one helium purifier;
- one control computer for the GC-FID equipped with:
0 ChemStation version Rev. B.04.02 (118)
0 ProChem Set-up version 2.5.7
0 ProChem software version 2.0.1.
- one barometer (Sensor Technique DC 25/10)

The gas mixtures used for operating the facility were:

- one helium 6.0 gas cylinder, quality 99.9999%

- one oxygen 5.5 in gas cylinder, quality 99.9995 %.

- source of air with pressure of 7 bars .

- one 40 L CHy/air commercial secondary gas standards (control standard 4) with an initial
internal pressure of 150 bar with the composition specified to be within the following
ranges:

0 CHy: 1950 nmol mol ™ to 2050 nmol mol'l;
0 CO;,: 360 pmol mol™ to 400 pmol mol™;
0 Ar: 8865 umol mol™ to 9799 pmol mol™;
0 0,:20.77 % to 21.11 %;

0 N,: Matrix gas.

- Cylinder 589241, used as stability column control standard* with an initial internal
pressure of 150 bar with the follow composition:
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CH,: 3.05 ppm
CO,: 388 ppm
Ar: 9480 ppm
0,:20.5 %
N,: Matrix gas

Oo0o0OO0O0

- Two 40 L CHy/air commercial secondary gas standards with an initial internal pressure of
150 bar and a with the following composition specified to be within the following ranges:
0o CH,: 1850 nmol mol™ to 3000 nmol mol™
CO»: 360 pmol mol™ to 400 pmol mol™
Ar: 8865 pmol mol™ to 9799 pmol mol™
0,:20.77 % to 21.11 %
N,: Matrix gas

O O0O0Oo

*This control standard was used for quality control of the column retention characteristics.

1.1.1 GC-FID separation and quantification method

The GC-FID is operated at 250 °C. A 6 m by 6.35 mm stainless steel column packed with Poropak
Q (80-100 mesh) was used at a temperature of 35 °C for the analysis. Helium column carrier’, gas
passed through a heated gas purifier, was used at a flow rate of 70 ml min”'. The FID is supplied
with 320 ml min™" of pure oxygen® and 40 ml min™ of hydrogen®. A 5 ml stainless steel sample
loop is used to introduce the CH4/air sample onto the column. The pressure in the sample loop is
measured by a calibrated pressure sensor having a resolution of 0.2 hPa and recorded at each
injection. Finally the peak areas are measured with an on-line computing integrator.

Pressure correction

Once measured, all peak areas are corrected to the standard pressure using the following
expression

ReuC=R(pu/p.) (1)
where

R C is the response corrected to standard pressure, arbitrary units (a.u.);

R. is the measured response, a.u.;

Pc: 1s the ambient pressure, kPa

Pst: 1s the standard atmospheric pressure (101.325 kPa)

Sampling sequence

% The Carrier Gas is He grade 6.0 passing through a SAES getters® PS2-GC50-R-2 for extra purification.

* The Flame is produced from Oxygen grade 5.5.

4 Hydrogen is produced on site by a commercial H, generator CG2200 (Claind). It produces grade 6.0 H, at a
maximum flow rate of 200 ml/min with a purity higher than 99,99999%.
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The BIPM measurement procedure for analyzing a set of CH4/Air gas standards is based on the
analysis of two CH4/Air gas mixtures between a CH4/Air gas mixture used as control standard (4).
The measurement sequence starts by measuring the methane peak area response of three replicate
analyses of the control cylinder (41,4 ,,43) and then of two CHy/air standards (CH4/air standard
one is named Cy/; and the second is named Cyl,) for finalizing again with the control cylinder as
illustrated in the sequence below:

Sample Name

Control Cylinder 4, Ay, Az, As wn
(before cylinder 1 and 2 measurements) %
Cylinder 1 measurements Cyly1, Cylp,, Cylyz 4
Cylinder 2 measurements Cyls,1, Cylsz, Cylss =
Control Cylinder 4, Ay, As, As B
(after cylinder measurements)

Table 9. Typical sampling sequence.

Since the analysis of each CH4/Air gas mixture takes 15 minutes this measuring sequence takes
about 180 minutes to be completed. Once the sequence is complete a new sequence starts
following the same order but using as samples new CHy/air standards named Cyls and Cyls as
shown in the sequence below:

Control Cylinder 4, (before) As, As, Ao

Cylinder 3 Cyl 3,1, Cyl 3,2 Cyl 33
Cylinder 4 Cyl4, 1 Cyl4, 2, Cyl4, 3
Control Cylinder 4, (after) Ao, A1, A1z

&
LASdNS

This sequence is repeated until the last CHy/air standard is measured.

This sequence is repeated seven times, so that eight days of continuous measurements are
necessary to accomplish the measurement of ten cylinders.

Ratios to the control standard

The ratios to the control cylinder are calculated determining first the average responses of three
successive measurements performed on the CHa/air standard gas mixtures as well as on the control
cylinder (4). The measurements are performed following the sequence described below for the

case of cylinders 1 and 2. Finally the average responses, Zb , a, C_zand Zaare calculated for
each set of two standard gas mixtures, as described in the equations below:

E = (Rc,stA,l + RC’StA,z + Rc,stA,3)/3 (2)

36/129



a = (Rc,stcyll,l + Rc,stcyll,z + Rc,stCyll,g)B 3)
C_z = (Rc,stCyZZ,l + Rc,stcylz,z + Rc,stcylz,3)/3 4)

A, =Resida+ RogAs+ ResAg)/3 (5)

Where R, Cyl;;is the response j (j = 1 to 3) to the gas mixture 7 corrected to the standard pressure.

The drift of the signal on the entire sequence between the first and last control cylinder
measurements is determined as:

Drifi=(4,-4,) ©)

Considering that all the cylinder analysis is equally spaced in time, the drift a correction to apply
between two analyses is:

Corr = Drift/3 (7)

This correction is then added to the first corrected average response of control cylinder, 4, , in

order to deduce the drift corrected responses factor of the control cylinder for cylinders 1 and 2,
CpiandCp ,:

Cp,= A_b + Corr (®)
Cp =4, +2-Corr 9)

The ratios of each standard mixture to the control cylinder A, corrected for the drift of the
instrument, are calculated by dividing the average response of the CHy/air standards mixtures ( C,

and C_Z) by the drift corrected responses factor C,.;and C;. , respectively:

RGC_I,I = 61 /CF,l (10)
RGC72,1 = 62 /Cp,z (1)

Rac is the average of the seven ratios calculated during one set of measurements.

The associated short term stability of the average of the seven ratios calculated during one set of
measurements, u(RGc), necessary for the uncertainty determination, was calculated by the
standard deviation of the mean as follows:
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M(EGC)Z = = (12)

Weighted means

Since each set, composed of seven sampling sequences, was repeated three or in some cases four
times during the entire comparison, the weighted mean was used to combine the means from the
sets of measurements.

In this case, the weighted mean, Ech , 1s defined as:

Rucc = Zj:lwll_?ccfl (13)

Where s is the repeated cycle of seven measurements (3 or 4) and the weights w, are defined as:

W, = I/M(EGCJ)Z (14)

il/u (EGCJ)Z
=

Where U(EGCJ) is the short term stability (standard deviation of the mean) of the
measurements performed on each cylinder calculated with equation (15).

" set of

Those weighted means are the final results further used as y-axis data, Rwcc . Their associated
uncertainties, u(RGC), are described as follows.

1.1.2 Uncertainty determination

The uncertainty of the weighted mean was determined using the following statistics:

(1) R — (15)
ZI/M(EGCJ‘ )2

Where s is the number of sets.

This uncertainty contribution is then combined with the intermediate precision, u,,,,, , determined
calculating the standard deviation of the ratio between the cylinder 581087 (installed in position

38/129



15) and the control cylinder 597888 during the period of April 5 to May 15 (see Figure 22). The
standard deviation resulting of this calculation is u,,, ,=0.0002.

For completeness reasons the long term stability was determined as well for the standard cylinder
400330 (installed in position 14) during the same period (see Figure 22). The standard deviation
resulting of this calculation is 0.00018.

Combined uncertainty

Finally the combined standard uncertainty was determined as follows:

H(EGC)Z \/u(ﬁch )2 +UL b (16)
1.1.3 Application of GC-FID method to CCQM -K82 standards

The CCQM-K82 cylinders were measured from April 6 to May 15. Table 10 lists the GC-FID
ratios measured during this period.
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1.0045 -
1.0044 —
1.0043 —
1.0042 —
1.0041 —
1.0040 —
1.0039 —
1.0038 —

1.0037 -
1.2011 5

1.2010 —
1.2009 —
1.2008 ~
1.2007 —
1.2006 —
1.2005 —

1.2004 -

1.2003 -

Ratio of the cylinder 581087 to the control standard 597888

@ 091052013
@ 29/04/2013

@ 04/052013

@ 03/05/2013

e @ 05052013
@ 05052013 @ 12/05:2013

@ 07/04/2013
@ 2610472013

Ratio of the cylinder 400330 to the control standard 597888

@ 29/4/2013 @ 552013
@ 352013

@ 452013
@ 952013
@ 13/4/2013

@ 552013 ®5/122013

@ 26/4/2013

@ 5412013

Figure 22 :Ratio of the cylinder 581087 and 400330 to the control cylinder 597888.

40/129



Assigned

NMI’s Assigned
CH, amount NMD’s 1 ond 3th 4
Number of of substance Standard measurement | measurement - measurement | - measurement | - — (— )
Participant-Gas matrix Cylinder fraction uncertainty set Rae set Rac 2 set Rac_s set Rac 4 Ruwce | u Rac
XNMI K=1
u(2Nmr)
(nmol/mol) (nmol/mol) Date Date Date Date
KRISS-Synthetic Air D929248 1797.10 0.50 04/06/2013 0.9451 09/05/2013 0.9451 12/05/2013 0.9449 15/05/2013 0.9449 0.9450 0.0002
KRISS-Synthetic Air D985705 2200.90 0.60 04/06/2013 1.1577 09/05/2013 1.1578 12/05/2013 1.1580 15/05/2013 1.1583 1.1580 0.0003
NIM-Synthetic Air CALO017763 | 1825.20 0.85 05/09/2013 0.9597 12/05/2013 0.9597 15/05/2013 0.9600 - - 0.9598 0.0002
NIM-Synthetic Air CALO017790 | 2193.80 1.00 05/09/2013 1.1534 12/05/2013 1.1531 15/05/2013 1.1536 - - 1.1534 0.0002
NIST-Purified real air FB03569 1796.76 0.85 06/04/2013 0.9446 13/04/2013 0.9445 26/04/2013 0.9446 29/04/2013 0.9442 0.9444 0.0002
NIST-Purified real air FB03587 2195.96 0.84 06/04/2013 1.1536 12/04/2013 1.1538 26/04/2013 1.1541 29/04/2013 1.1536 1.1538 0.0003
NMIJ-Synthetic Air CPB28035 1797.30 0.65 13/04/2013 0.9442 26/04/2013 0.9444 29/04/2013 0.9443 - - 0.9443 0.0003
NMIJ-Synthetic Air CPB28219 2198.30 0.65 13/04/2013 1.1552 26/04/2013 1.1551 29/04/2013 1.1549 - - 1.1551 0.0003
NOAA-Purified real air  FB03578 1812.10 1.30 04/06/2013 0.9535 09/05/2013 0.9537 12/05/2013 0.9539 15/05/2013 0.9539 0.9537 0.0002
NOAA-Purified real air  FB03593 2208.90 1.40 04/06/2013 1.1639 09/05/2013 1.1639 12/05/2013 1.1640 15/05/2013 1.1638 1.1639 0.0002
NPL-Purified real air 221727 1799.40 1.80 04/06/2013 0.9463 12/04/2013 0.9468 25/04/2013 0.9468 29/04/2013 0.9465 0.9466 0.0002
NPL-Purified real air 233097 2199.60 2.20 04/06/2013 1.1569 13/04/2013 1.1570 26/04/2013 1.1567 29/04/2013 1.1570 1.1569 0.0002
VNIIM-Synthetic Air D249682 1812.90 1.30 12/04/2013 0.9513 25/04/2013 0.9519 29/04/2013 0.9513 - - 0.9515 0.0003
VNIIM-Synthetic Air D249845 2214.60 1.25 06/04/2013 1.1644 13/04/2013 1.1637 26/04/2013 1.1642 29/04/2013 1.1643 1.1641 0.0002
VSL-Synthetic Air D249292 1798.29 2.00 06/04/2013 0.9451 09/05/2013 0.9451 12/05/2013 0.9454 15/05/2013 0.9451 0.9452 0.0002
VSL-Synthetic Air D249289 2196.33 2.40 06/04/2013 1.1541 09/05/2013 1.1541 12/05/2013 1.1542 15/05/2013 1.1542 1.1541 0.0002

Table 10. GC-FID ratios to the control cylinder A. i is the cylinder number.
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1.2 The CRDS

The CCQM-K82 comparison cylinders were measured by the Cavity Ring Down Spectrometer
(CRDS) Picarro G1202 model using three different methods, two of them based on the
instrument response (Method 1-A, Method 1-B) and one in the ratio to a control cylinder
(Method 2). In Method 1-A and Method 1-B, the measurand was the CRDS response defined
as the average of the CRDS response over five minutes. In Method 1-A, the measurements
were done without interruption during 6 hours (under repeatability conditions) and in Method
1-B the measurements were performed sequentially during one month (intermediate precision
conditions). .

In the third method, Method-2, the measurand was the ratio of the CRDS response to the
control cylinder 597888 (as for the GC-FID Method). The measurements by this method were
done over one month as well. The related uncertainties and methodologies of these three
methods are fully explained in the coming sections.

1.2.1 Method 1-A : CRDS response during 6 h measurements

As previously described in this method the measurand was the CRDS response defined as the
average of the CRDS value over five minutes of measurement, y,, where each cylinder i was

measured three times during 6 hours.

The uncertainties related with this methodology were calculated using the following equation:

u(;A)=\/uj+u§+gz 17

where u,is the Type A uncertianty, #, the Type B, and o~ an additional variance term.
These three terms are defined as follows:

Type A uncertainty

This uncertainty component was defined as the combination of the short term repeatability,
calculated during the Allan Variance analysis, u ,,,, , and the instrument drift, .,
calculated as the standard deviation of the instrument response to the control cylinder

during the measurement period, U,;; (6 hours).

To determine u,,,,, Allan variance analysis was applied to time series obtained of

CH4/Air gas mixtures in the amount of substance fraction range of 1.8 umol mol™ to 2.9
umol mol™ using Stable 32 software. As can be seen on Figure 23, white noise behavior
was observed with a measurement averaging time up to t,,=300s. The measurement
response of the instrument was then associated with an uncertainty equal to the Allan
deviation at to,: u,,,= 0.1 ppb. This value was found to be constant over the methane

amount of substance fraction range of 1.8 pmol mol™ to 2.9 pmol mol™.
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Figure 23 : Allan deviation of the CRDS response to five methane in air gas mixtures and pure nitrogen.
The uncertainty component related to the instrument response drift, # ., , was determined

using the standard deviation of the instrument response to the control cylinder during 6
hours, see Figure 24. For 6 hours measurements u,,, resulted equal to 0.110 ppb.
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CRDS response to cylinder 400330
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Figure 24 : CRDS response of the control cylinder.

During this analysis all cylinders were analyzed successively and this was repeated three
times. The average of the three measurements, y ,, was calculated and the associated Type A

uncertainty determined using equation:

2
u, = 1/”f‘%wgnﬁ ~0.124 ppb (18)

Type B uncertainty

The effects of potential pressure broadening on CH,4 due to the difference in the matrix gas
composition was considered as Type B uncertainty, wu,=u,, .. The effects were

examined using the instrument response function proposed by Nara et al. 2012° . Nara et al
used a CRDS Picarro model G-1301, an instrument very similar to BIPM’s CRDS Picarro
G-1202. Nara’s equation was interpolated and then its potential on the CH4 instrument
response evaluated using the following equations:

AXgyy = 53X, +41.378 (19)
AX ey =450, —9.434 (20)
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Axgyy, =104152-x, —0.976 1)

where xy , x, and X, are the amount of N, O, and Ar present in the measured gas

mixtures. The uncertainty due to the effects of potential pressure broadening was
determined considering the maximum and minimum difference given by equations 19, 20
and 21. These values were used then as limits of a rectangular distribution of the
uncertainty due to the independent variation of N,, O, and Ar.

The uncertainty related to the potential broadening effect in the measurements of the
CCQM-KS82 cylinders was determined using the real purity values of the cylinder mixtures
submitted by the participants where ten of the gas mixtures were produced in synthetic and

eight in purified real air (see Table 4, section 6).

Up..a Was determined by the following equation:

2 2 2
Uprosa = \/uCRDS (Xy2)" +Ucpps (X02)" +pps (X4,) (22)
Where Ugpps(Xy2)s Uerps(Xpy) and Uqgpg(X,, ) were calculated from Table 11.
N2 02 Ar
According According According
Cylinders Cylinders Nara et al Cylinders Cylinders Nara et al Cylinders Cylinders Nara et al
mole fraction ACH4 mole fraction ACH4 mole fraction ACH4
% (ppb) % (ppb) % (ppb)
KRISS-Syn|D929248 78.053500 0.780535 0.009645 20.960070 0.209601 -0.001968 9.480000 0.009480 0.010186
NMU-Synt|CPB-28035|  77.981400 H 0.047858 21.053800 0.210538 0.040210 9.259800 0.009260 -0.012860
VNIIM-Syn D249682 20.976700 0.209767 0.005515 9.336000 0.009336 -0.004885
NOAA-Pur| FB03578 78.155000 0.781550 -0.044150 20.912000 0.209120 -0.023600 9.332000 0.009332 -0.005304
NPL-Purifie] 221727 78.100600 0.781006 -0.015318 20.927200 0.209272 -0.016760 9.345000 0.009345 -0.003943
NIST-Purifi FB03569 78.095575 0.780956 -0.012655 20.927138 0.209271 -0.016788 9.379864 0.009380 -0.000294
NIM-Synth]CALO17763  78.003000 0.780030 0.036410 21.019000 0.210190 0.024550 9.391100 0.009391 0.000882
VSL CALO1779 78.135200 0.781352 -0.033656 20.897070 0.208971 -0.030318 9.295100 0.009295 -0.009166
KRISS-Syn|D985705 78.253790 -0.096509 20.766480 0.207665 -0.089084 9.413600 0.009414 0.003237
NMIJ-Synt] CPB-28219]  78.089800 0.780898 -0.009594 20.927600 0.209276 -0.016580 9.439900 0.009440 0.005989
VNIIM-Syn| D249845 21.020400 0.210204 0.025180 9.324000 0.009324 -0.006141
NOA A-Pur] FB03593 78.155000 0.781550 -0.044150 20.912000 0.209120 -0.023600 9.332000 0.009332 -0.005304
NPL-Purifie{ 233097 78.100800 0.781008 -0.015424 20.927100 0.209271 -0.016805 9.341000 0.009341 -0.004362
NIST-Purifi| FB03587 78.096706 0.780967 -0.013254 20.925950 0.209259 -0.017323 9.379985 0.009380 -0.000281
NIM-Synth| CALO1779 78.157000 0.781570 -0.045210 20.869000 0.208690 -0.042950 9.361100 0.009361 -0.002258
VSL VSL 149289  78.126920 0.781269 -0.029268 20.903990 0.209040 -0.027204 9.308280 0.009308 -0.007786
Diff Max-Min  Diff Max-Min Diff Max-Min  Diff Max-Min Diff Max-Min  Diff Max-Min
0.002724 -0.144367 0.002873 0.129294 0.000220 0.023046
Ucros(Xy2)  0.041675 Ueros(Xo2)  g.037324 Ueros (X)) 0.006653

Table 11. Cylinder amount of substance fractions and difference in CH4 amount of substance fractions
according Nara et al. Red: minimum and maximum mole fraction of N, as reported by participants. Orange:
maximum and minimum mole fraction of O, Yellow: maximum and minimum mole fraction of Ar.

In this manner u,,,,, was equal to:

Uy =zh3=-J(—0.04168)2+-01037324)24—01006653)2 =0.056 ppb

(23)
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Additional uncertainty variance, o

As each cylinder was analyzed during a number of s sets, it was decided to include the
experimental standard deviation of the mean responses of each cylinder as uncertainty
contributor to the final uncertainty. For three responses it was calculated by:

LZS:(J"A,J\» _;A)

| LA (24)
N

The experimental standard deviations of the mean responses for each mixture are listed in
Table 12.

Combined standard uncertainty, u(; A)
Finally the combined uncertainty of all these uncertainty contributors is given by:

u(;/A):ﬂuj +u§+g'2 (25)

Where u(; A) is the standard uncertainty of the CRDS responses for 6 hours of measurements,

; .- The final combined uncertainties are listed together with CCQM-K82 results in Table 12.
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st nd th — — —

Institute name ~ Cylinder ID Gravimetric uigxfeﬁﬁy 1 meassfl;ltrement Yau ? measse]'tlrement Yan ’ meass;remem Va3 Y c u, u(y A)

hsanee

fraction (k=1) Date Date Date

(nmol/mol) | (nmol/mol) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
KRISS D929248 1797.10 | 0.50 18/6/2013 10:44 1799.55 18/6/2013 12:54 1799.64 18/6/2013 15:05 1799.64 | 1799.61 0.03 0.14 0.14
KRISS D985705 2200.90 | 0.60 18/6/2013 11:00 2204.08 18/6/2013 13:11 2204.16 18/6/2013 15:21 2204.24 | 2204.16 | 0.05 0.14 0.14
NIM CALO017763 | 1825.20 | 0.85 18/6/2013 10:28 1827.37 18/6/2013 12:38 1827.50 18/6/2013 14:48 1827.65 | 1827.51 0.08 0.14 0.16
NIM CALO017790 | 2193.830 1.00 18/6/2013 9:39 2195.70 18/6/2013 11:49 2195.95 18/6/2013 14:00 2196.03 | 2195.89 | 0.10 0.14 0.17
NIST FB03569 1796.76 | 0.85 18/6/2013 9:06 1798.33 18/6/2013 11:17 1798.69 18/6/2013 13:27 1798.80 | 1798.61 0.14 0.14 0.20
NIST FB03587 219596 | 0.84 18/6/2013 9:23 2196.37 18/6/2013 11:33 2196.72 18/6/2013 13:43 2196.93 | 2196.67 | 0.16 0.14 0.21
NMIJ CPB28035 1797.30 | 0.65 18/6/2013 10:52 1797.97 18/6/2013 13:03 1798.20 18/6/2013 15:13 1798.26 | 1798.15 0.09 0.14 0.16
NMLJ CPB28219 | 2198.30 | 0.65 18/6/2013 8:58 2198.60 18/6/2013 11:09 2199.31 18/6/2013 13:19 2199.24 | 2199.05 0.22 0.14 0.26
NOAA FB03578 1812.10 1.30 18/6/2013 9:31 1815.99 18/6/2013 11:41 1816.40 18/6/2013 13:52 1816.44 | 1816.28 0.14 0.14 0.20
NOAA FB03593 2208.90 1.40 18/6/2013 10:03 2215.65 18/6/2013 12:14 2215.77 18/6/2013 14:24 2215.90 | 2215.77 | 0.07 0.14 0.16
NPL 233097 1799.40 1.80 18/6/2013 10:36 2202.92 18/6/2013 12:46 2203.12 18/6/2013 14:57 2203.08 | 2203.04 | 0.06 0.14 0.15
NPL 221727 2199.60 | 2.20 18/6/2013 9:47 1802.30 18/6/2013 11:57 1802.37 18/6/2013 14:08 1802.60 | 1802.43 0.09 0.14 0.17
VNIIM D249682 1812.90 1.30 18/6/2013 9:14 1811.81 18/6/2013 11:25 1812.05 18/6/2013 13:35 1812.24 | 1812.03 0.12 0.14 0.18
VNIIM D249845 2214.60 1.25 18/6/2013 9:55 2216.22 18/6/2013 12:06 2216.50 18/6/2013 14:16 2216.56 | 2216.43 0.11 0.14 0.17
VSL D249292 1798.29 | 2.00 18/6/2013 10:20 1799.55 18/6/2013 12:30 1799.55 18/6/2013 14:40 1799.73 | 1799.61 0.06 0.14 0.15
VSL D249289 2196.33 2.40 18/6/2013 10:12 2197.09 18/6/2013 12:22 2197.43 18/6/2013 14:32 2197.43 | 2197.31 0.11 0.14 0.18

Table 12. CRDS responses during a 6hr period.
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1.2.2 Method 1-B: CRDS response over 30 days

In this method the measurand was the CRDS response defined as the average of the CRDS
value on five minutes of measurement, y,, where each cylinder i was measured three or four

times, during approximately 30 days. Method 1-B differs from Method 1-A only by the period
during the measurements were completed.

Type A uncertainty, U,

The Type A uncertainty component was defined as the combination of the short term
repeatability, Allan Variance analysis (u ,,,= 0.1 ppb), and the intermediate precision
Uppipre O drift. w0, was determined calculating the standard deviation of the instrument

response to the control cylinder during the measurement period, 30 days, that Method 1-B
measurements were done. Figure 25 plots the instrument response to the control cylinder

during the period 09/04 to 07/05 where u,,,,,, was equal to 0.319 ppb.
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Figure 25 : CRDS response of the control cylinder.
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Since the arithmetic mean was used the associated standard uncertainty was calculated by:

2
u
u,= (_Allan ] + ulzntpre (26)

where s is the number of independent observations obtained under the same conditions (3
or 4). For s equal to 3 equation 29 was equal to:

(0.1)° .
[ 5 ]+(0.319) ~0.324 ppb 27)

for s equal to 4:

(0.1) ,
u, = \/{ g ]+(0.319) ~0.323 ppb (28)

Type B uncertainty

Type B uncertainty was the same as Method 1-A, u, , =u, =0.059 ppb .

Additional variance, o

The experimental standard deviation of the mean of the s CRDS responses was calculated
by the equation:

S

LZ‘,()/B,k _;B)

sl (29)
S

o =
where s is the number of measurements sets (3 or 4).

Combined standard uncertainty, u(; 5 )

The combined uncertainty of all this contributors was given by:

uly,)=u +ud +o | (30)

All measurements results and uncertainties are listed in Table 13.
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lst 2nd 3th 4th

e | oravimere | ot L v | T v | v [T vea | v [0 | u [ u(r)

amount of

substance

fraction (k=1)

(nmol/mol) (nmol/mol) Date (ppb) Date (ppb) Date (ppb) Date (ppb) (ppb) | (ppb) | (ppb) (ppb)
KRISS D929248 1797.10 0.50 9/4/2013 1800.26 7/5/2013 1799.70 | 17/5/2013 1799.65 - - 179987 | 020 | 032 038
KRISS  D985705 2200.90 0.60 9/4/2013 | 2204.91 | 7/522013 | 2204.64 | 17/5/2013 | 2204.35 - - | 220063 | 016 [ 032 | 037
NIM CALO17763 | 182520 0.85 7/5/2013 | 1827.57 | 17/522013 | 1827.70 | 17/5/2013 | 1827.62 - - | 182763 | 004 [ 037 | 037
NIM CALOI7790 | 2193.80 1.00 7/512013 | 2196.43 | 17/522013 | 2196.16 | 17/5/2013 | 2196.32 - - 1219630 | 0.08 | 037 | 038
NIST  FBO3569 1796.76 0.85 9/4/2013 | 1799.48 | 15/42013 | 1798.86 | 24/4/2013 | 1798.94 | 2/52013 | 1798.98 | 179006 | 0.14 | 032 | 036
NIST  FBO3587 2195.96 0.84 9/4/2013 | 2197.47 | 15/422013 | 2196.82 | 24/4/2013 | 2196.93 | 2/52013 | 2196.84 | 519701 | 015 | 032 | 036
NMU  CPR2gozs | 1797-30 0.65 15/4/2013 | 1798.43 | 24/4/2013 | 1798.75 | 2/5/2013 | 1798.47 - -~ 170855 | 010 1 032 | 034
NMIJ CPB28219 2198.30 0.65 15/4/2013 | 2199.63 | 24/4/2013 | 2199.66 2/5/2013 2199.58 - - 219962 | 0.02 | 032 0.33
NOAA FB03578 1812.10 1.30 9/4/2013 1817.13 7/5/2013 1816.43 17/5/2013 1816.35 - - 1816.64 | 025 | 032 0.41
NOAA FB03593 2208.90 1.40 9/4/2013 2216.67 7/5/2013 221592 | 17/5/2013 | 2215.81 - - 2216.13 | 027 | 032 0.43
NPL 221727.00 1799.40 1.80 9/4/2013 | 1803.25 | 15/4/2013 | 1802.36 | 24/4/2013 | 1802.62 [ 2/5/2013 | 1802.58 | 150270 | 0.19 | 032 038
NPL 233097.00 2199.60 2.20 9/4/2013 2204.02 | 15/4/2013 | 2203.27 | 24/4/2013 | 2203.24 2/5/2013 2203.34 | 250347 | 0.18 | 032 0.38
VNIIM D249682 1812.90 1.30 15/4/2013 1811.92 | 24/4/2013 1812.11 2/5/2013 1812.17 - - 1812.07 | 0.07 | 032 0.34
VNIIM D249845 2214.60 1.25 9/4/2013 2217.58 | 15/4/2013 | 2216.88 | 24/4/2013 | 221691 2/5/2013 221678 | 251704 | 018 | 032 0.38
VSL D249292 1798.29 2.00 9/4/2013 1800.27 | 7/5/2013 | 1799.63 | 17/5/2013 | 1799.18 - - 1799.69 | 032 | 032 0.46
VSL D249289 2196.33 2.40 4/9/2013 2198.35 7/5/2013 2197.23 | 17/5/2013 | 2197.25 - - 219761 | 037 | 032 0.50

Table 13. CRDS responses during the period of 09/04 to 07/05, 2013.- No measurement.
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1.2.3 Method 2: Uncertainty approach for ratios to the control cylinder 597888

The measurand of this method is the drift corrected ratio between cylinder responses to the
control cylinder.

In order to determine the drift corrected ratios for each cylinder the average responses of a
CHy/air standard gas mixture i and control cylinder 4 are determined following Table 14

scheme:
SampleName
Control Cylinder before Ap w
Cylinder i Cl, =
Cylinder i+1 Cylivg g
Control Cylinder after A, =

Table 14. Typical sampling sequence.

where Cyl; is the CRDS response to the gas mixture i (i = 4 for the control or n for the
standard gas mixture connected to the autosampler port m). The drift of the signal on the
subset / between 4, and A4,, is determined by

Corr=(Ap- A4)/3 31

considering that all analysis are equally spaced in time.

Corr is then the correction factor to be applied between two mixtures analysis. To
calculate the drift corrected responses for Cylinder 1 and 2, Corr is then added to A4, ,
cylinder 1, and twice to cylinder 2:

Cr = Apt Corr (32)
Cro=Apt2- Corr (33)

Then, the ratio corrected for the drift of the instrument of each cylinder to the control
cylinder 4, Rcrps 1 1 and Rcrps 2 1, are calculated dividing the response of the CHa/air
standards mixtures (Cyl; and Cyl,) by the drift corrected responses Cr; and Cr»
respectively:

Rerps 1.1= Cyli/Cr; (34)
Rcrps 2 1= Cyli+1/Cris. (35)
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Uncertainty

The uncertainties related to the use of CRDS ratios to the control standard 4 were
calculated programing equations 37 and 38 in the software GUM Workbench. GUM
Workbench is a Windows software to evaluate the uncertainty of measurement based on
the "DIN/ISO/BIPM Guide to the expression of uncertainty in measurement". The final
equations as programed in GUM were:

For cylinder i :

R, =|——F— (36)

for cylinder i+1:

R _ i+1 (3 7)

To accomplish this task in GUM, uncertainty values were assigned to each of these
parameters. The uncertainty related to the cylinder analysis for cylinders 1 and 2 and
control cylinder, u(Cyl;), u(Cyly), u(45) and u(A4,) were evaluated as follows:

The uncertainties in the CRDS responses to cylinders 1 and 2 were considered equal to the
combination of the short term repeatability, u ,,, , and the effect of the difference in air

composition between measured gas mixtures, u, _, :
Broad

u(Cyll ) = u(CyZZ) = V uillﬁm + ulziroad (3 8)

As described in section 1.2.2, the short term repeatability, given by Allan Variance
analysis, u,,, = 0.1 ppb and the effect of the difference in air composition between

measured gas mixtures, u, ., = 0.059 ppb.

Finally, the uncertainty in the control cylinder measurements, u(4,) and u(A4,), was

considered equal to the short term repeatability only, u . :

u(AB ) = ”(AA ) = 4,, =0.1 ppb (39)
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Table 15 and Table 16 list the input parameters used in GUM for cylinders FB03587 and

D985705.
Instrument
Quantity | response Standard Uncer. Sensitivity Uncertainty Index
coefficient Contribution | %
(ppb) (ppb)
Cyl; 2197.473 0.116 5.20E-04 6.10E-05 34.9
Ap 1905.178 0.1 -8.10E-04 -8.10E-05 61.3
A, 1905.171 0.1 2.00E-04 2.00E-05 3.8
Expanded Coverage
Value uncertainty factor
K
1.15342 2.10E-04 2
Table 15. GUM output values for cylinder 1.
Quantity | Instrument | Standard Uncer. | Sensitivity Uncertainty Index
response coefficient | Contribution | %
(ppb) (ppb)
Cylivy 2204.905 0.116 5.20E-04 6.10E-05 23.8
Ay 1905.178 0.1 -1.00E-03 -1.00E-04 65.7
A, 1905.171 0.1 4.00E-06 4.00E-05 10.5
Value Expanded Coverage
Uncertainty Factor
K
1.15732 2.50E-04 2

Table 16. GUM output values for cylinder 2.

Intermediate precision, U e

An additional term describing the uncertainty due the intermediate precision of the CRDS

ratio measurements was added to u(Rz). This uncertainty term was calculated by the

standard deviation of the ratio between the cylinder 400330 (installed in position 14) and
the control cylinder 597888 during the period of April 5 to May 15. This term was
equivalent to «,,,, =0.000075 (see page 56).
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Standard deviation of the mean, o

The standard deviation of the mean calculated for s sets of ratios for each cylinder was also
evaluated and it was decided to include this component in the combined uncertainty. The
uncertainty for each cylinder measurement is listed in Table 13:

i —
_ _IZ(RU _RU)
o= (40)
N

The final expression to determine the global uncertainty for each cylinder i is given by
equation 44 and the results of the measured cylinders listed in Table 17.

u(ﬁz)z\/u(&)z +u,2mpre to (41)
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1st R2,1 2nd R2,2 3111 R2,3 4th R2,4
Institute Standard measurement measurement measurement measurement — - p—
name Cylinder ID Gravimetric uncertainty set set set set R> o u (R 2 )
mole fraction (k=1)
(nmol/mol) (nmol/mol) Date Date Date Date

KRriss ~ D929248 1797.10 1 0.50 9/4/2013 | 0.94493 | 7/5/2013 | 0.94484 | 17/5/2013 | 0.94494 - - 0.94490 | 0.00003 | 0.00026
Kriss ~ D985705 | 2200.90 | 0.60 9/4/2013 | 1.15733 | 7/5/2013 | 1.15738 | 17/5/2013 | 1.15740 - - 1.15737 | 0.00002 | 0.00026
NIM CALO17763 | 182520 | 0.85 7/5/2013 | 0.95950 | 17/5/2013 | 0.95970 | 17/5/2013 | 0.95963 - - 0.95961 | 0.00006 | 0.00027
NIM CALO17790 | 2193.80 1.00 7/5/2013 | 1.15311 | 17/5/2013 | 1.15308 | 17/5/2013 | 1.15323 - - 1.15314 | 0.00004 | 0.00026
NisT - FBO3569 1796.76 | 0.85 9/4/2013 | 0.94451 | 15/4/2013 | 0.94445 | 24/4/2013 | 0.94447 | 2/5/2013 | 0.94454 | 0.94449 | 0.00002 | 0.00026
NisT  FBO3587 2195.96 | 0.84 9/4/2013 | 1.15342 | 15/4/2013 | 1.15345 | 24/4/2013 | 1.15352 | 2/5/2013 | 1.15341 | 1.15345 | 0.00002 | 0.00026
nvy  CPB28035 | 1797.30 | 0.65 15/4/2013 | 0.94427 | 24/4/2013 | 0.94437 | 2/5/2013 | 0.94423 - - 0.94429 | 0.00004 | 0.00026
Nvy  CPB28219 | 2198.30 | 0.65 15/4/2013 | 1.15492 | 24/4/2013 | 1.15491 | 2/5/2013 | 1.15485 - - 1.15489 | 0.00002 | 0.00026
Noaa  FBO3578 1812.10 1.30 9/4/2013 | 0.95379 | 7/5/2013 | 0.95359 | 17/5/2013 | 0.95364 - - 0.95368 | 0.00006 | 0.00027
Noaa  FB03593 2208.90 | 1.40 9/4/2013 | 1.16348 | 7/5/2013 | 1.16339 | 17/5/2013 | 1.16350 - - 1.16346 | 0.00003 | 0.00026
NPL 221727 1799.40 | 1.80 9/4/2013 | 0.94649 | 15/4/2013 | 0.94646 | 24/4/2013 | 0.94649 | 2/5/2013 | 0.94657 | 0.94650 | 0.00002 | 0.00026
NPL 233097 2199.60 | 2.20 9/4/2013 | 1.15691 | 15/4/2013 | 1.15681 | 24/4/2013 | 1.15676 | 2/5/2013 | 1.15684 | 1.15683 | 0.00003 | 0.00026
VvNIM - D249682 1812.90 [ 1.30 15/4/2013 | 0.95157 | 24/4/2013 | 0.95153 | 2/5/2013 | 0.95168 - 0.95159 | 0.00004 | 0.00026
vNIm - D249845 221460 | 1.25 9/4/2013 | 1.16397 | 15/4/2013 | 1.16396 | 24/4/2013 | 1.16393 | 2/5/2013 | 1.16393 | 1.16395 | 0.00001 | 0.00026
VSL D249292 1798.29 | 2.00 9/4/2013 | 0.94494 | 7/5/2013 | 0.94511 | 17/5/2013 | 0.94491 - - 0.94499 | 0.00006 | 0.00027
VSL D249289 [ 219633 | 240 9/4/2013 | 1.15389 | 7/5/2013 | 1.15389 | 17/5/2013 | 1.15392 - - 1.15390 | 0.00001 | 0.00026
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Intermediate precision for ratio CRDS measurements, u,, .

The intermediate precision was calculated by the standard deviation of the
ratio between the cylinder 400330 (installed in position 14) and the control
cylinder 597888 during the period of April 5 to May 15 (see Figure 26). The

standard deviation resulting of this calculation is «,,,, =0.000075.

For completeness reasons the intermediate precision was determined as well
for the standard cylinder 581087 (installed in position 15) during the same
period (see Figure 26). The standard deviation resulting of this calculation is

0.00006.
Ratio of the cylinder 400330 to the control standard 597888
1.2004 -
| ® 352013 11:21
1.2003 4
] @ 15042013 11:51:10 ® TS 1545 @ 252013923
1.2002 @ 252013 14.35 ;
& @ 22013125824 @ L5231
@ 2252013 10048
1.2001 @ 9472013 16:51 @ 17512013 13:52
1.2000 -
Ratio of the cylinder 581087 to the control standard 597888
1.0041
1.0040 +
@ 02052013 MBI 112851
- @ 070572013 15:53:12
1.0039 - " _
g .1r.05qn|31?§§'3095'2013°931 14

@ 220572013 3@&,2013 1
2013 115921

@ 0a0iz013 BN
@ 240412013 13:06:33

1.0038

1

1.0037

Figure 26 :Ratio of the cylinder 400330 and 581087 to the control cylinder 597888.
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ANNEX 2 - Measurement reports of participants

Korea Research Institute of Standards and Science

(KRISS)

Key Comparison CCQM-KS82
Methane in Air at Ambient level (1800-2200) nmol/maol

Result form CCQM-KS82-R

Project name: CCQM-ES2 (Methane in Air at Ambient level).

Comparison: Comparabality study of laboratories” preparation capabilities for Methane in
AsrStandards.

Proposed dates: 05/2012 to 03/2013 (to be extended)

Coordinating laboratories:

Bureaun International des Poids et Mesures
Chemistry Section

Pavillon de Breteuil

92312 Sevres Cedex, France.

NIST
100 Burean Drive, Stop 8300, Gaithersburg, MD 20899-8300
uUs

Stmdy Coordinator: Edgar Flores
Phene: +33 (0)1 43 07 70 92

Fax: +33 (001 453420 21
Email-ejardine/abipm org

Return of the form:
Please complete and return the form preferably by email to ejardine@bipm org

The CCQM-K82 comparison is designed to evaluate the level of compatibility of NMI preparative
capabilities for gravimetric methane in air prumary reference moctures in the range (1800-2200)
nmol/mol. The balance gas for the standards shall be either scrubbed diy real air or synthetic air.

Al. General information

Instifute Korea Research Institute of Standards and Science (KBRISS)
Center for Gas Analysis (Chemistry Building #306 Office #206)
Division of Metrelogy for Quality of Life

Address 267 Gajecng-Ro, Yuseong-Gu
Daejeon 305-340. REPUBLIC OF KOREA

Contact person Dr. Namgoo Kang

Telephone +82-42-868-5221 | Fax | =82-42-868-5042

Email* nkang/akriss re by

Serial mumber of | DO20248; DOSITOS

cylinder received

Cylinder pressure a5 | - o \p;. 70 MPa

received
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Al Results
Senal mumber of cylinder | Methane mole fraction Expanded uncertainty Coverage
XrHa Ulxrcpg) factor (k)
Do29248 1797 1nmol/'mol 1.0nmol/'mol 2
DISST05 2200 9nmol/mol 1 2nmol/mol 2

The sbove results are the gravimemic mole fraction of methane and gravimetric uncertainegy at level of confidence of 95%:.

A3, Uncertainty Budget
Please provide a complete imeertamty budget.

A3.l. Gravimetric preparation of the evlinders

i) Based on the Protocel of the Key Comparison COQM-ES82 (GAWG/12-36), the above KRISS
CH,standards were prepared gravimetrically with synthetic air.

ii) Specification of the balance was Mettler Toledo Model XP26003L wath the resolution of 1 mg
and the maxinmm loading of 26 kg.

iii) A substitution method using the weighing secuence of B-A-B™ was used as the weighing method
where A denotes a reference (tare) cylinder and B and B" sample cylinders. respectively. The
cyele of B-A-B was repeated 5 times in one measurement and 3 measurement data sets were nsed
to obtain the arithmetic mean and standard deviation of the weighing result. The data for the
temperature, atmospheric pressure and relative noudity i the ambient conditions of the balance
room were synchronously recorded with the weighing process.

iv) The mole fractions of CH,and the other 4 components (COy, Ar. Oy, and N;) in the final mixture
were calculated by the equations presented in A3.2. Model Equations based on the equation (3)
1n ISO 6142:2001.

v) Uncertamnties for the mole fractions of the components in the final mxiure were estimated nsing
virtually all the nncertamnties:1) uncertainties associated with the differencein the readings of the
weighing between reference cylinder and sample cylinder; and i) uncertainties associated with
the gravimetric preparation process (U_min A3.1. Model Equations) due to the balance the
standard mass pieces (OIML E2 grade). reference cylinders and sample cylinders. potential
leakages of cylinders, impurities of source gases. and molar mass of the components.

A3.2, Model Equations:

C Ar=n compl / (11 total) * 100 ;

C_CO2=n comp? / (n_total) * 1000000 ;

C CH4 n_comp3 / (n_total) * 1000000000 ;

C 02=n compd / (n_total) * 100 ;

C_N2=(n ball +n bal? +n bal3 3 n_bald +n bal)(n total)*100:

n_fotalEn compl + 0 comp? + n comp3 + n compd + 0 ball + n bal? + n bal3 + n bald +
n bal:

n_compl =n_compMother] /m Mother]l * m compl ;
n_ball =n balMoather] / m Mother]l *m compl :
1_comp? =n_compMother? / m Mother? * m _comp? ;
n_bal? =n balMother? / m Mother? * m comp? :
1_comp3 =n_compMother3 / m Mother3 * m comp3 ;
n_bal3 =n balMother3 /m Mother3 * m comp3 :
n_compd =n_compMotherd /m Motherd * m compd ;
n bald =n balMotherd / m Motherd * m compd ;
n_bal=n balMother / m balMother * m bal ;
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m Mother] =n compMother]l * MW _compl + (100 -n_compMotherl) * MW bal ;
m Mother? =n compMother? * MW _comp2 + (100 -n_compMother2) * MW bal ;
m Mother3 =n_compMother3 * MW _comp3 + (100 - n_compMother3) * MW _bal ;
m Motherd =n_compMotherd * MW _compd + (100 - n_compMotherd) * MW _bal ;

m compl = ((SC_compl - 5C_empty) - (RC_compl - RC empty)) + U m;

m comp? = ((SC_comp2 - 5C_compl) - (RC_comp? - RC_compl))+ U m :
m comp3 = ((SC_comp3 - 5C_comp2?) - (RC_comp3 - RC_comp2))+Um :
m_compd = ((SC_comp4 - S5C_comp3) - (RC_compd - RC_comp3)) + TU_m

m _bal = ((SC_bal -5C_comp4) - (RC_bal - RC_comp4)) + U_m-

MW compl = Ar;
MW _comp2 = C+0*2;
MW _comp3 = C+H*4:
MW _compd =0*2;
MW bal=N*2

A2, Uncertainty Budgets and List of Quantities:

Uncertainty budget for the mole fraction of CH, in the final mixture (D929248)

Uncastai
Standand Sensitivity niy
Quarcity Definiticn Wikt Distritation e
: Uncertainty Coetficient Comribu
tign
n_total Total moke of gas £1 275496 mad 17E-3 % [rd}
n_ba moke of balance gas ZAIEEEST mol E3DE-6 % (rel)
FAIFEITE 233E0
n_comphdoiher]l mike of componen 1 (4] in puee Ar f 3I5E6 % el NOCMa a1z rel) [eTe %
il {n
23TES
n_balkdother] micske of balance gas [M2] in pune Ar 16000 6 maod 16 % (pel) NOMMa a1? re) [eTe; %
{ hied
19.0E-9
n_comphdiothe e of componend 2 (002 in pune 002 1599151 maol DO1L % (eell noAma a15 et [le:
(e
SEOO0EI D00 ATTE-12
n_baihAothis 2 mioke of balance gas (N2} in pure 002 i 2EE-& % (rad) norma 034 - Do
mil (i
DE0E &
n_comphdathisd ik of camponent 3 (CHA) in pune CH4 A99324E-3 mol | 0026 W el oM 3B0E+05 s BATR
(e
FAIIHE0000 B00E-12
n_balfdother3 mioke of balance gas [N2} in pure OH4 f 15E«5 % [rel} norma OE5 rel) D
il {n
IASIEAIT 1B0E-3
n_comphdothed micske of component 4 (03] in pune 02 mal S8E-E % jraf) rictangular 33 trel [eTe; %
303E-9
n_balbdothesd e of balance gas [M2) in pure O AV600E-3 mol | 0035 W el rectanguar =8 - [le:
(e
J1BE-3
n_balhActhes micke of balance gas [N2) in pure N2 10000% | 30E-6 % ) 13 e Do
{ fid
- . " N 12366
m_ bbbt mass of balance gas (M3 in pure N2 ZEOL34TIE g 250E-6 % (el [=E rel) s
{n
. mass af component 1 (A2 in the firal . L
m_compl 1563300 g 0059 W (eed)
Priketisre
- mass of camponent 2 (00 in the Snal ~ .
m_compl 123300 g D71 % (el
mribeiLre
mass of component 3 [CH4) in the fina
m_comp3 L1L60E50 g 0012 % (el
mribeiise
mass of component 4 (02} in the final
mi_comps ITeR34E0 g 20€E-3 % (rad)
PoikTLTE
miass of balarce gas (N2 inthe final
m_ba B3 320 g SEOE-G % (rel)
Priketisre
14056
RC_empiy mass of reference oplinder, empty 1374158730 g | S1E6 % jef) norma 11 () el
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SC_mmpity mass af cample cylindis, gty 138073210 g | M4E6E % oy normal 1l O.0%
mass of pelmence linder. Comporent 1 _ %
RC_compl e 1374154040 g T5E-& % [ref} narmnal 045 [=Te:
()
mass of camphs cyinde, companent 1
SC_compl A 1362300640 g 95E-5 % [ral} normal LB [=e:
el
mass of releenoe cflinder, component 2 13741573800
RC_comp2 i TI1E& % [ral} normal a3 T
(CoE 9
o s of Sampls cylindis, compandnt 2 - . i
SC_compl B5E-& % (rel) normal L%
£og
s of iefeence cylindes, companent 3
RC_comp3 1Ay 1374171020 g 12EE % ) normad
imiass of samphs Cpindis, companent 3
SC_coemgd ot ey 136ETOLERD § | I6E-6 % ok noemai a3
mas of veleene Oylindel, component & § _
IiC_coimipd 1374175800 g T1E-6 % fref} normal 013 =l
mas of camplhs cpindis, CoMpanent 4
SC_cormgd = 13968389520 g 15E-6 % jaly normal 01z (=l
mass of relerence cylinder, balance gas 13741773600
RC_bal 43E-& % [ral} ol 1 [ele:
(N2} q
14203 168000
5C_bal mias of sample cplindes, halince gas | A0E-& % [rel) narmad 16 [=le:
3
P00
MW _compl ervoilar mrs of coamponent 1 (A7) L3E-3 % (ref]
gimal
2009500
MW _compd meodar mas of coengaonent 2 (OO ke LIE-3 % fral}
ai'mal
16043460 L
MW _compd eneodar miaes of cormgonent 3 (054 2EE-3 % [ral)
gfmal
2193=200
MW _comps molar mars of component 4 (00 SS0E-6 W [ref)
gimal
28013
MW_hai molar mas of balance gas (N3 (R 25056 W [ref)
gimal
m_MoEhei ] mas of componant 1 (A0 IFMTHT g 13E-3 % irel]
m_Mcchei2 mas of componem 2 E3L g 2B0E-
m_Mother 3 s of componam 2E 22 g 2506 %
m_Mocherd mass of componen 4 [02) 31955783 g GAE
Expanded combined wnoertainty for BI3ES
Lm ang normal EL Bl
gravimenic preparation pencess (L]
10073400 M1E12
H atomic mass of H 35E-3 % irel] normal anz [=le:
g'mal el
12010700 4.TOE-5
€ atamic mass of C 33E-3 % frel] normal [=Fika | [=lec
gfmal el
18E:&
o atomic mass of O SE0E6 W (ref) normal 24 o =12 3
]
N acomic mass of W ) IS0E-6 W (rel) normal 120 [=Te:
gmal ]
5982000 11565
A ALCATIE s Of A7 13E-3 % (red} normad nes Do
g'mal )
1TST0EL
TH4 mole fraction of CHE in e final misture 0028 % (el
T
C A& rrode fraction of Ar in the finad mistune *
€002 vole fracton of CO2 in the final mivwrs uirrifmad
CoH4 mole fraction of CHE in e fimal midore sl frmand
rvole fractice of O2 in the Snal micture %
2 mioke fractice of N2 in the Snal mixture %
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Uncertainty budget for the mole fraction of CH, in the final mixture (DY85705)

Lincestal
Standase Sensitivity my
Qrantity Dafinition Vabe Ditstribest ion Indes
Uncerainty Coefficient | Camnba
tian
n_iotal Total mole of gas A1222310 mod
n_bal mole of balance gas 298X ELE-6 % [ref}
299996375
n_comphdather moke of componend 1 (A in pure A i 3SE-E % fref} rarmal 115 eTec 1
mal
n_baihAoithes] mioke of balance gas (NI} in puee A 16006 mad 16 % () rairal a1 0%
n_comphiathe ke of Companant 2 (002 A pung C 2000445 minl Q012 % el raal 418 oo%
STSE55100
n_balfdothis? mioke of Palance gas [NI) in puee CO2 I 2BE-& % [red] el 042 [ela; )
s
n_comphdaites3 moke of companerd 3 (CHE) in pune O34 SO1433E-3 mol | DOZ6 % (eel) ramrmal 440705
993458565 5
n_balkdothes 3 moke of balance gas [N in pure 054 i 25E5 % [ref] ramal 057 ; oo
mal el
52559
n_comphdoihes moke: of companesi 4 (X pure 03 FI9584 mol Z90E-6 . [mel neciangular 4 ' et
fiel)
3.00E-9
n_naihAothisd mioke: of balance gas [NZ) in pors O2 4163056 mol 035 % jnal) [l LF " oo
frel)
Fal: 2]
Dbt mioke of Balance gas (N2 in pure N2 plishic: 3 30E-E % el 15 i o
el
LEOE-&
bl mas of balanoe gas [N in purs K2 2E0134778 g IS0E-6 W (el asT ; el 3
()
mass af component 1 (A7 in the final
mi_compl 1558540 g 038 % (el
mitetrE
. mass of componem 2 {003 in the Snal A Wik,
m_compd 2278840 g 0023 % (el
mikure
mrizss of component 3 (T4} in the final
m_comp3 SO95E00 g DO1T % (refy
ikt
m.comp+ maEs of companant 4 (02 ¢ Tl 27539540 g [
mibxiure
mass of balanoe gas [N in the final
mi_bad B3.97600 g
ik
AC_empry mas of reeence olinde Empty 134255600 g | 1766 % by ramal 13 ok
SC_empty s of @mple oylindes, Emgty 13537 54040 g il 13 oo%
mass of releence oylinder component 1
RE_compl , 1354258900 g 13E-E % e} nairral a54 el
miass af smple cpkinder, component 1
EC_coempl et 1370335880 g 13E: ramal s D0
maz of releene olindis; compaonent 2
RC_comp2 oo 1354300600 g 1156 % el ol a3
10T
mas ol sampls cyindes, component 7
BC_oowrgd 137355840 g el L3
mass of relerence olinder, component 3
RC_rnmps3 g 13643 06580 g raveeral 2
CH4)
mass of emphe cyinde, componend 3
SC_oongpd 3 1377658200 g 1866 % ) il a3 0%
mass of rdesence ofinder. comporent 4 13543 067000
RE_cormpd % EBE-& % [red} ol 024 el 9
(o2 ]
mizss: of campls cylindis, component 4
SC_roarged o 1a52 260 g S7E5 % (red] nramal o oo
maz of relieence ofinde halance gac 13643121200
RC_bal 45E-& W [red] narmal 13 [ele;
g
5C kal s, of mampls cylindis, DaGno: gas (N2 14228280 g 10E-6 % e} rairal 19 oo%
MW coimpld miolar mass of component 1 (&) 3 i o 13E3 % (red]
gimo
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A4S0
MW _compd molar mass of coemponent 2 (CO2) 11E-3 % (rel]
gimal
16047460
MW_compd molar mass of companent 3 (CH4) 3 26E-3 % [rel)
g/mal
31 SREEND
MW_comps mmolar mass of eompanent £ (0 SA0EE W (red)
gl
ZRO134800
WM _bal molar mass of halance gas (N2 2S0E-6 W (el
gl
m_hotherl mass of component 1 [A] FFLTHET g 3% [rel}
m_Mother? mass of componant 7 (002 E6 W el
m_Moeher3 mass ol componam 3 (048] 28 £ % [rel)
m_Motherd mass of componem 4 (03] 31558TR3 g GL0E-6 W (el
eaganded combined uncertainty for E2BE&
Um 0o g 4DE-3 g rareral 35 1%
AT [IERATATIGN PETCess i)
10073400 J80E-12
H aroimike mass of H 3I5E-3 % (rel) naeral 0015 Do
gimal jrel)
12010700 458ES
C abomile mass of © 3363 % [red} mavreral ounzs ;)
gl {rel)
15995400 195E-&
o atomic mass of O SL0E-6 W (ref) ol 29 Qo
q'mal ]
140057500 1m5 g
N atomic mass of N 25056 W (ref) noviral 150 [eTs; %
gyt reel)
FERLEOOT NZES
A atomic mass of A L3E-3 % (el rorrmal [=L>s e
gfmal nel)
2200520
Ha mole fraction of CHE in B final midure 0038 W (eel)
nmal/mel
Ca imoke raction of Ar in the finsl mistuns %
C o2 ol o of CO2 i the: fieal mistune ol fmod
C.Osd ke fractcn of CHE in the final mimure nmol/mol
coz rmoke fracticn of O2 in & iral midure *®
a2 rvoike: fractioe of M2 in B Snal miune %

Ad. Descriprion of the procedure used during the gas analysis
Please describe in detail the analytical method(s) used for gas analysis.

The anatysis of CHsin the final moxtures of the two gravimetrically prepared cylinders was conduected
by using GC-FID. Analytical conditions for gas analysis of CHs are presented in the following.

CH;, GC-FID
Cohumn MS5A8m
Carrier flow N,. 70 psi

Crven temperature 65, isothermal
Detector temperature 2551

H; flow 65 ml/'min

Air flow 550 ml'min
Sample flow 100 ml'min
Saniple loop 10 mlL

The verification process was based primarily on consistency between mole fraction of CHs in the two
standard cylinders (D929248 and D985705) and other traceable KRISS standard cylinders with
comparable CHsmole fractions. We examined relative standard deviation of the average ratios of the
response factor of CH, in the standard to the average response factor in the reference cylinder during
the analysis cycle of A-B-A where A and B are the reference cylinder and the sample cylinder.
respectively. This process implicitly reflects (i) relative standard deviation of respomse factors
(repeatability); (i) relative degree of change in the response factors with respect to time (drift); and
{i1) relationship between the ratio of responses of sample cylinder and reference cylinder and
gravimetric mole factions of CHs in sample cylinders for the tested mole fraction range (linearity).
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E:»u?.g:ed mpifeg?;ﬂn of Expanded total nncertainty in the mole
Cylinder ID . pre . fraction of CHs
- verification analysis
X o E"-lt:flil['i. loml)
ACH4 veril
D5920248 1796 4 nmol/'mol 3 9 nmol'mol
DS285705 2201 .6 nmol/mol 4 4 nmol/mol

A3, Complementary information
Please include in this section in the case of standards produced with synthetic air:

a) Puonty table with nncertamties for the nominally pure CHs parent gas

. ‘ Standard uncertainty [ pumol/mol]
Component Value [pmol/mol] (B type: R e
H, 0.2500 0.0808
0, 1.400 0.162
co 0.02500 0.00577
Co, 0.1100 0.0127
N, 13.10 1.51
C:H: 0.01250 0.00577
C.H; 0.2550 0.0866
C:He 0.02500 0.00289
C;Hg 0.1800 0.0208
C;H; 0.06500 0.001219
C:Hip 0.6060 0.0700
CsH;» 0.1100 0.0127
Cs 0.100 0.0173
H,0 11.20 129
He 2.500 0.831
Ar 2.500 0.831
CH, 990983.5 2.4 (level of confidence: 95%, k=1)

b) Purity table with uncertainties for the nominally pure N,, 0., Ar and CO, parent gas

Pure N,
- ; Standard uncertainty [ umol‘mol]
Component Vale [pmol/mol] (B type: R T
H. 0.0500 0.0144
0, 0.1800 0.0520
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Ar 0.1700 0.0491
CH; 0.001 0.00289
co 0.1000 0.0289
COn 0.01000 0.00289
Cs 0.1000 0.0289
H,O 1.200 0.289
Ny 0000082 0.6 (level of confidence: 95%, k=1)
Pure O,
Componest Value [umol/mol] (Sﬁm"fﬁ;ﬁ Eﬂ;ﬂ)
H. 0.0300 0.0144
N: 2.800 0.808
CH4 0.003 0.00866
Co 0.1000 0.0289
CO, 0.01000 0.00289
H,O 1.100 0.318
Cs 0.1000 0.0289
0, 0000058 0.6 (level of confidence: 95%, k=1)
Pure Ar
Compron | ibetpmotmn | St it
H: 0.002500 0.00577
Co 0.0300 0.0173
CH: 0.030000 0.00577
COy 0.010000 0.000577
0, 0.4100 0.0693
Na 1.600 0.237
H.O 1.500 0.248
Ar 909906.4 0.7 (level of confidence: 95%, k=12)
Pure CO:
Component Value [umol/mol] éﬁi‘mﬂ M}
H: 0.02500 0.00577
Co 0.0500 0.0173
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CH, 0.990 0114
COy 0 0.000577
Ar 0.500 0.167
9] 2.430 0.281
N; 4110 0.237
H,0 5.000 0.577
CsHyp 45.10 1.30
cO, 000004.18 3 (level of confidence: 95%, k= 12)

c) Brief outline of the dilution series undertaken to produce the final mixtures
All KRISS CHistandards were prepared with synthetic air.

¢ i o ; Gravimetric nocertainty

Cylinder ID Dilution step Mele fraction of CH, (level of confidence-95%)

Pure CH,4 Oth 0099835 % 2.4 pmolimol

D0 5213 1st 5.000 %o 0.0018 %
ES0008527 2nd 1981.15 pmol/'mol 0.85 pumel'mol
ES0008509 3rd 49938 umol/mol 0.026 umol/mol
D5929248 | 4th (Final mixture) 1797.1 nmol/mol 1.0 omol/mol

Pure Pure Pure | Pure || Pure
CH, 0 Ar Co Ny
. |
00 5213 Dbz 515
5,000 % 199918 %
ES000ES2T |
1961.15 pmolmal
ES0008500
48,638 umolfmel
DsgeomE
CH, 1797.1 nmal/mal
‘ = €Oz 38176 umolimol + Ar 3480 mmol/mal + Oz 2096007 % + Ny 78.0535%
Fioure 1
5 g : Gravimetric uncertainty

Cylinder ID Dilution step Mole fraction of CHy (level of confidence: 95%)

Pure CH,4 Dtk 0099835 % 2.4 pmol‘mol

D929221 1st 4.9906 % 0.0019 %
ES0008628 2nd 198358 umol/mol 0.87pmol/mol
ES0008689 3rd 50.143 pmol/mol 0.026 nmol/mol
D5985705 | 4th (Final mixfure) 2200.9 omel'mol 1.2 omol/mol
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Pure

8%

DS 965705
CHy 2200.9 nmalfmal

+ 00, 37970 pmolimol + Ar 94136 menolimol + Oy 20.76548 % + N; 7425397 %

Figure 2

d) Purity table for each of the final mixtures. including sravimetric uncertainties

Cylinder I : D929248

Component Gravimetric value ﬂﬂ?ﬁ;‘mm ~2)
CH, 1797.1 nmol/mol 1.0 nmol/mol
COn 381.76 pmol/mol 0.17 pmol'mol
Ar 9480 mmol'mol 0.011 mmol/mol
08 20.96007 % 0.00071 %
Ny 78.0335% 0.0011 %

Note: The mutial report as of February 1, 2013 contained the gravimetric value for Ar with a trivial
mumerical typo (9.880). The report also showed an evident record of Ar 9.480 mmol‘mol in the lowest
box (DS929248) in Figure 1 of Section ). This tvpo in the purity table above was thus comrected to

9 480 The submitted cylinders were prepared with the mole fractions of Ar within the requured range
of 8.863 mmol/mol to 9.799 mmol/mol presented m the protocol (GAWG/13-36). The value of 9.880
15 far over the maximum valuve, supporting that this value is a just typo.

Cylinder ID : DRS3T05

Component Gravimetric value ﬂu??fo}‘m;m -
CH; 2200.9 nmol/'mol 1.2 pmol/mol
COx 379 70umol/mol 0.19umol/'mol
Ar 9.4136 mmeol'mol 0.0070 mmol'mol
Oz 20.76648 % 0.00066 %
Nz 7825379 % 0.00091 %

a) Bnef outline of the verification procedure applied to the final mictures
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KFRISS analyzed not just CH. but also the other components (CO,, Ar, Oy, and N;) in the final
mixtures for verification puspose. The verification process for the other components was similar to
that for CH. presented previously in A4. Description of the procedure used during the pas analysis.
The analytical conditions of the four components are presented in the following.

(o)) GC-FID-Methanizer

Column Porapak Q 8/100 12 ft SUS

Carrier flow N, 35 psi

Oven temperature 35 T, Isothermal

Detector temperature 250 T

Methanizer temperature 385 T

Hflow 65 ml /min

Air flow 650 ml/min

Sample flow 100 ml/min

Sample loop 0.5 mL

Ar, O N, GC-TCD

Column MoleSieve SA Capillary
30.0 mx 530 pm x 50.0 pm

Carrier flow He, 28 mL/min (50 psi)

Oven temperature -207C, isothermal

Detector temperature 250T

Beference flow 40 ml /min

Sample flow 100 mL

Sample loop 1.0mL

b) a brief outline of any stability testing of the mixtures between the time they are prepared and
the time they are shipped to the BIPM

KRISS prepared gravimetrically one ambient-leve] CHain air standard as of 27 September
2008, another standard as of 24 April 2012, and two standards as of 12 September 2012. In
the long term stability test, differences in gravimetric and verified mole fraction of CH, were
less than 0.08%. The verification vncertainty of the two CHs standards was about 0.2%.
These results suggest that KRISS primary standard gas mixtures of ambient-level CH, in air
are stable over 4 years.

c) Additional information on cylinder and valve

" . Valve type Pressure left before
Cy D olume {Onitlet connection) shipment to the BIPM
T1S B 8246 V2 Type .
207 A 7
D929248 0L | @wm20 14 TPL RELEXT) -0 MPa
— 7IS B 8246 V2 Type .
D985705 0L w20, 14 TPL REEXT) 1O MPa
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Report for the CCQM-KB2 (methane in air at amhbient level, preparation) by WNMIJ

Al General information

Institute

Address

National Metrology Institute of Japan (NMIJ), AIST

ATST Tzukuba Central 3, 1-1-1, Umezono, Tsukuba. Ibaraki
305-8563, JAPAN

Dr. Takuro WATANABE

Contact perzon

Telephone +81-29-861-68b1 Fax +81-29-861-6854
E-mail watanabe-taluro®aist.zojp

Serial number of | CPB-28035 (1797.3 nmolimol)

cylinder CPB-25219 (2195.3 nmol/mol)

Cylinder pressure Approximately 10 MPa (CPB-28035)

lat 35 °C} Approzmately 9 MPa (CPB-28219)

A2 Resulis
CPEB-28035

Methane, mole fraction

acHs / pmolimel

Expanded uncertainty

[lxcret / proolimol

Coverage factor

k

Balance

1.7973

0.0013

o

Zynthetic air

CPB-28219

Methane, mole fraction Balance

Expanded uncertainty | Coverage factor
aCH4 / pmolimel

2.1983

[lxcrd} / prool/mol i
0.0013 2

Zynthetic air

A3. Uncertamnty budeet

Atomic weights and their standard uncertaintiez were from the atomic weights of the
elements 2007,

Two samples of the “methane in air at ambient level” were prepared using 4-steps
gravimetric blending as described below in the Section A5, c).

Uncertainty budgets of pure parent gases such as CH4, N2 02 Ar, and CO2 were
summarized in the Section AS. a) and b) as referred to hereinafter. And, uncertainty

budgets of the final mixtures were described below in the Section AS5. d).
Average molecular mass (M __ ) of pure parent gases and prepared pre-mixtures were

estimated by using the following equation { Equation 1).

Final Report - International comparison CCQM-K82: Methane in Air at Ambient level (1800-2200) nmol mol™
Page 69 of 129



Version 2 07/03/14

M = ZX,— -M, (Equation 1)

Where x iz mole fraction of component 7 in the pure parent gases or prepared
pre-mixtures. and 1Jf;is molecular mass of the component 1.

Concentration of the prepared gas mixture was estimated by using the following

equation (Equation 2).

m.
i
X X G
el s & i :
i = 5 e (Equation 2)
g P
i ey B

Where Crprep is mole fraction of compound y in the prepared gas mixture, jis meant
filled gas which is pure parent gas or prepared pre-mixture, ris filled amount of gas j.

njy;is filled amount of compound 3 which is contained in the filled gas j myis mass of

filled gas j. M_.r is average molecular mass of filled gas j and Cijis mole fraction of

compound yin the filled gas ;.
Uncertainty budgets for concentration of methane in pre-mixtures were summarized in

six tables (from Table 1 to Table 6). Concentrations and their uncertainties of the

other components, nitrogen, oxygen, argon. and carbon dioxide, were estimated using

equations 1 and 2. The results were summarized below in Figure 1.
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Table 1 Uncertainty table for concentration of methane in the cylinder CPB-29215

Aszumed Standard
Uncertainty source Estimate I 5
distribution uncertainty
Mazs of filled methane (mg) 134092 MNormal 3.4592
Mazs of filled nitrogen (mg) 871291 Normal 3.4630
Average molecular mass of the
16.0425 MNormal 00005
parent methane (gfmol)
Average molecular mass of the
i 28.0134 Normal 0.0002
parent nitrogen (z/mol}
Mole fraction of methane in the
So0009.1 Normal 0.2
parent methane (umaol/mal)
Mole fraction of methane in the _ _
i 1.15% 103 Rectangular 0.67 x 103
parent nitrogen (umol/moll

Concentration of methane in gas

mixture (pmol/moel)

26329 - 6.6230

Takle 2 Uncertainty table for concentration of methane in the cylinder CPB-29219

2 3 ] Azzsumed Standard
Uncertainty source Estimate =l i
distribution uncertainty
Mazs of filled methane (mg) 19534 Normal 3.4546
Maszs of filled nitrogen (mg) 0094845 MNormal 34594
Average molecular mass of the _ ~
! 16.0425 Normal 0.0005
parent methane (gfmol)
Average molecular mass of the
) 280134 MNormal 0.0002
parent nitrogen (g/mol)
Mole fraction of methane in the
3 So0909 1 MNormal 02
parent methane (pmeol/mol)
Mole fraction of methane in the _ @ =
f 1.15 = 103 Rectangular 0.67 = 103
parent nitrogen (umol/mol}
Concentration of methane in gas
33643 5.7562

mixture (umol/mol)
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Table 3 Uncertainty table for concentration of methane in the cylinder CPB-28221

. . Azsumed Standard
Uncertainty source Eztimate o )
distribution uncertainty
Mazss of filled parent CPB-29218 (mg) 21443 Normal 3.6107
Mass of filled carbon dioxide (mg) 193064 Normal 3.6095
MMass of filled nitrogen (mg) 845688 Normal 3.4665
Average molecular mass of the parent
27.6982 Normal 0.0003
CPB-29218 (g/mol)
Average molecular mass of the parent R
o 44.0004 Normal 0.0006
carhon dioxide (g/mol)
Average molecular maszs of the parent _
) ) 28.0134 Normal 0.0002
nitrogen (z/maol)
Mole fraction of methane in the . ~
. ) 26329 Neormal 6.6230
parent CPB-29218 (pmol/mol)
Mole fraction of methane in the _ _
o 8.7x 109 Normal 1.2= 103
parent carbon dioxide (umol‘mol)
Mole fraction of methane in the : B
) 1.15 =103 Rectangular 0.67 = 103
parent nitrogen (umol/mel)

Concentration of methane in gas

mixture (pmol/mol}

57662 017163

Table 4 Uncertainty table for concentration of methane in the cylinder CPB-28222

. . ) Aszsumed Standard
Uncertainty source Eztimate L )
distribution uncertainty
Llazs of filled parent CPB-29218 (mg) 19644 Normal 3 4628
Maszs of filled carbon dioxide (mg) 183767 Normal 3.4553
Mass of filled mitrogen (mg) 858661 Normal 3.4585
Average molecular maszs of the parent
27.6107 Normal 0.0003
CPB-20219 (g/mol)
Average molecular mass of the parent
o 440094 Normal 0.0006
carbon dioxide (z/mol)
Average molecular mass of the parent _
) ) 28.0134 Normal 0.0002
nitrogen (g/mol)
Mole fraction of methane in the _ o
) 33643 Normal 5.7562
parent CPB-29219 (pmol'mol)
Mole fraction of methane in the o _
o ) 8. 7= 103 Normal 1.2x 103
parent carbon dioxide (pmol‘mol)
MMole fraction of methane in the
) 115 =103 Rectanpular 067 =103
parent nitrogen (umol/mol)

Concentration of methane in gasz

mixture (pmol/mol}
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Table 5 Uncertainty table for concentration of methane in the cylinder CPB-28223

) . Azsumed Standard
Uncertainty source Estimate o )
distribution uncertanty
Mass of filled parent CPB-28221 (mg) 33380 Normal 3.4608
MMassz of filled argon (mg) 132190 Normal 3.4003
Mass of filled nitrogen img) TO8319 Normal 3.4629
Average molecular mazs of the parent
256916 Normal 0.0003
CPB-25221 (g/mol)
Average molecular mass of the parent
) 39.9480 Normal 0.0006
argon (gimol)
Average molecular mass of the parent o R
) ) 28.0134 Normal 0.0002
nitrogen (g/mol)
DLlole fraction of methane in the __ B _
57662 Normal 017163
parent CPB-28221 (pmol'mol)
Mlole fraction of methane in the _ B
) 217 = 103 Rectangular 125 %103
parent argon (umolfmel)
Mole fraction of methane in the ~ _
. 1.15 = 109 Rectangular Q.67 = 108
parent nitrogen (umol/mol)
Concentration of methane in gas
. ) 19.5020 6.152 x 103
mixture (pmol/mol}

Table 6 Uncertainty table for concentration of methane in the cylinder CPB-25224

) . Assumed Standard
Uncertainty source Estimate o )
distribution uncertainty
Mazssz of filled parent CPB-28222 (mg) 336658 Normal 3.4601
Llazs of filled argon (mg) 137043 Normal 3.4552
MMass of filled mitrogen img) 790228 Normal 3.4622
Average molecular mass of the parent
29 8848 Normal 0.0003
CPB-28222 (g/mol)
Average molecular mass of the parent R
) 39.9480 Normal 0.0006
argon (ghmol)
Average molecular mazs of the parent B
28.0134 Normal 0.0002
nitrogen (g/mol)
Mlole fraction of methane in the . B
67351 Normal 0.16228
parent CPB-28222 (pmol'mol)
Llole fraction of methane in the _ _
) 217 = 103 Rectangular 125 % 108
parent argon (umol/mol)
Meole fraction of methane in the ~ _
. 1.15 = 109 Rectangular Q.67 = 108
parent nitrogen (umol/meol)
Concentration of methane in gas
. ) 24,2301 6.290 x 103
mixture (pmol/mol}
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A4 Description of the procedure uzed during the gas analy=sis

al Operating conditions for estimation of methane concemtrations

nitrogen. oxygen, and argon gases

in the parent

Operating conditions for estimation of methane concentrations in the parent nitrogen.

oxygen and argon were summarized in tables 7, 8, and 9.

Table 7 Operating condition for estimation of methane concentration in the parent N2

Analytical instrument

GC-FID, Shimadzu GC-2010AF

{Shimadzu Corporation, Evoto, Japan)

Sample injection method

Direct injection using gas sampling valve

Sample volume

2 mL

Column

G-column G-920, 40 m = 1.2 mm 1.d, 25 pm
thickness
(Chemical Evaluation and Research Institute,

Saitama, Japan)

Column flow

Nz, 7.3 mL/min

Oven temperature

30 °C, 1zothermal

FID fuel gas

Hz, 50 mI/min

Air, 400 mT fmin
FID makeup gas Nz, 0 mIimin (not used)
FID temperature 250 °C

Table 8 Operating condition for estimation of methane concentration in the parent Oz

Analytical instrument

FT-IR equipped White Cell WEXUS 670
(Thermo Fischer Scientific Inc., M4 TUSA)

Detector

Mercury-Cadmium-Telluride, iiguid Nz cooled

Sample injection method

Flowing, 0.1 Limin

Sample pressure

400 EPa abs.

Path length 106 m
Resolution 1cm?
Apodization function Blackman Harriz
Number of scan 16384
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Table 9 Operating condition for estimation of methane concentration in the parent Ar

Analyvtical instrument

GC/MS, Shimadzu GCMS-@P2010

(Shimadzu Corporation, Evoto, Japan)

Sample injection method

Direct injection using gas sampling valve

Sample volume

1mL

Column

ShinCarbon ST 50/80 mesh, micropacked column,
2mx1mmid

(Shinwa Chemical Industries Ltd_, Kvoto, Japan)

Column flow

He, 8 mLimin

Oven temperature 80 *C, izothermal
Ion zource temperature 200 °C
LS lonization method EL 70 eV

M3 monitoring mode

SIM, mz=15 and 16

b} Operating conditions on verification procedures of pre-mixtures

In thiz verification process,

Zod pre-mixtures and 37 pre-mixtures were validated.

Operating conditions of an analytical mstrument were summarized in Tablez 10 and 11.

Tablesz 10 Operating condition on vertfication procezs of the 2 pre-mmxtures

Analvtical instrument

GC-FID, Shimadzu GC-2010AF

(Shimadzu Corporation. Kyoto, Japan)

Injected samples

CPB-28221 (CHs+CO2/Nz, CH+ 576.62 pmol/mol)
CPB-258222 (CH4+COo/N2, CHy 673.51 pmolimol)
CPB-29160 (CHs /Nz, PRLL CHe 766.77 pmolimel)

Sample injection method

Direct injection using gas sampling valve

Sample volume

0.1 ml.

Column

Chrompack Al:03EC1 PLOT. 30 m = 0.53 mm 1.d..
10 pm thickness
(Agilent Technologies Inc., CA TUSA)

Column flow

Nz, 5.6 mL/man

Oven temperature 50 *C, izothermal
FID fuel gas Hs, 47 mI/min

Air, 400 mT /min
FID makeup gas Na, 25 mI/min
FID temperature 200 °C
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Tables 11 Operating condition on verification process of the 378 pre-mmxtures

Analvtical mstrument GC-FID. Shimadzu GC-2010AF
(Shimadzu Corporation, Kyoto, Japan)

Injected samples CPB-28223 (CHs+CO2+Ar/N2, CH+ 19.502 umol/mol)
CPB-28224 (CH4+COo+Ar/Na, CHy 24.230 pmol/mol)
CPB-20166 (CH: Nz, PRM, CH+ 25.941 umol/mol)

Sample injection method Direct injection using gas sampling valve

Sample volume 0.5 mL

Column Chrompack Al203KCI1PLOT, 50m = 0533 mm i.d., 10 ym
thicknezz
lAgilent Technologies Inc., CA, USA)

Column flow Nz, 5.6 mL/min

Oven temperature 50 *C, izothermal

FID fuel gas Hz, 47 mLfmin
Ar, 400 mL/min

FID makeup gaz Naz. 25 mLimin

FID temperature 200 °C

Uncertainties of reproducibility of the sample preparations were estimated by the
ANOVA  In this estimation, obtained measurement values were normalized with each
gravimetric concentration. The between-cylinder variances were negative values in
theze verification processzes. Therefore, the uncertanty of reproduchbibty of the
sample preparations in 20 pre-mixtures and ¢ pre-mixturez was estimated as zero,

respectively.

¢} Venfication procedure of the final mixtures
Operating condition of an analytical nstrument mm this verfication procesz was

summarized in Tables 12.

Final Report - International comparison CCQM-K82: Methane in Air at Ambient level (1800-2200) nmol mol™
Page 76 of 129



Version 2

07/03/14

Tahble 12 Operating condition on verification process of the final mixtures

Analytical instrument

GC-FID, Shimad=u GC-2010AF

{(Shimadzu Corporation, Kyoto, Japan!

Sample injection method

Direct mmjection using gas sampling valve

Sample volume

2 ml.

Column

Carboxen-1006 PLOT, 30 m » 0.5 mm id.
(Sigma-Aldrich Co. LLC., MO, USA)

Column flow

Nz, 6 mLimin

Oven TeEmperamr:e

40 °C, 1zothermal

FID fuel gaz

Ha, 50 mI/min
Arr, 400 mTimin

FID makeup gaz

Na, 20 mLimin

FID temperature

250 °C

Ad. Complementary information

ar

in the parent gac was summarized in Table 13.

A purity table with uncertamnties for the nominally pure CH4 parent gaz
NMIJ CRL 4051-b “Methane” was used az the parent gas.

Information of impurities

It was from certificate.

Table 13 Llocle fraction of methane and impurities in the parent gas

) Mole fraction Standard uncertainty I S¥ R
Component 1 Distribution
5 nmol/mol wi sz [ pmolmel

Methane 005005 14 0.21
Nitrogen 014 Q.08 Fectanpular
Oxyzen 0.12 0.07 Rectanpular
Argon 0.03 Q.02 Fectanpular
Carbon moncoxde 013 0.07 Rectanpular
Carbon diccade 0.07 0.04 Fectangular
Hrydrogen 0.07 0.04 Rectanpular
Ethane 0.0z 001 Rectangular
Nater 0.27 0.16 Rectanpular

Other impurities neglizible i
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b} A purity table with uncertainties for the nominally pure N2, Oz, Ar and COz parent
gas

1. Nitrogen

Mitrogen was purchaszed from Japan Fine Products (JFP: Eawazaki, Kanagawa, Japan)
and Sumitomo Seika Chemicals Company Limited (35: Ozaka, Japan). In the
preparation proceszes, three cylinders by JFP and two cylinders by 35 were uszed.
Information of impurities in the parent gas was summarized in Tahles 14 and 15
Checking of methane concentration in all uzed cylinders was carried out, and obtained

highest values were dezcribed in the tables.

Table 14 Llole fraction of nitrogen by JFP and impurities in the parent gas

Mole fraction

Standard uncertainty

Component 1 Diztribution
X pmolimol ulx) fjpmolimol

Nitrogen 099999 .57 0.16 -
Methane 0.00115 0.00067 ERectangular
Oxygen 0.03 0.03 Eectangular
Carbon monoxide 0.05 0.03 Rectangular
Carbon dioxide 0.05 0.03 Rectangular
Mitrogen monoxide 0.005 0.003 Rectangular
Sulfur dioxide 0.003 0.003 Rectangular
Water 027 0.16 Rectangular

Other impurities negligible -

Takle 15 Mole

fraction of nitrogen by 35 and impurities in the parent gas

Mole fraction

Standard uncertainty

Component 1 Distribution
X /pmolimol ulx) jpmolimol

Nitrogen 09999950 017 -
Methane 000081 0.00047 ERectangular
Oxygen 0.10 0.06 ERectangular
Carbon monoxide 0.10 0.06 Rectangular
Carbon dioxide 0.05 0.03 Rectangular
Water 0.25 0.14 Rectangular

Other impurities neglimble -

a

2. Oxygen

Oxygen was purchased from Japan Fine Products (Kawasaki, Kanagawa, Japan!.
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the preparation procecses, only ome cylinder was used. Information of impurities in

the parent gas was summarized in Table 16

Tahle 16 Llole fraction of cxygen and impurities in the parent gas

Component IMole fraction Standard uncertainty Distribution
i jpmolmol ulxit /umol/mol

Oxyzen Q0909000 58 0.17 i
Methane 0.00104 0.00081 Rectangular
Nitrogen 0.10 0.06 Rectangular
Arzom 0.03 0.01 Rectanpgular
Carbon monoxide 0.10 0.06 Rectanpular
Carbon dioxide 010 0.06 Rectangular
Nater 027 0.16 Rectangular

Other impuritiez nezlimble - -

3. Argon

Argon was purchased from Japan Fine Products (Kawasaki, Kanagawa, Japan). Inthe
preparation processes, only ome cylinder waz used. Information of impurities in the

parent gas was summarized in Table 17.

Table 17 Mole fraction of argon and impurities in the parent gas

Ilole fraction Standard uncertainty R
Component 1 Distribution
x jpmolimol ulx) /umol/mol
Argon Laooog 38 0.19 -
Llethane 0.00217 0.00125 Rectangular
Nitrogen 015 0.08 Rectangular
Oxyzen 005 0.03 Rectangular
Carbon monoxide 0.05 0.03 Rectangular
Carbon dioxide 0.05 0.03 Rectangular
Hydrogen 0.05 0.03 Rectangular
Water 027 0.16 Rectangular
Other impurities neghghble * =

4. Carbon dioxide
NMIJ CEM 3407-a “Carbon dioxide” was used ac the parent gaz. Information of

impurities in the parent gas was summarized in Table 18, It was from certificate.
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Table 18 Mole fraction of carbon dioxide and impurities in the parent gas

iR Mole fraction Standard uncertainty Distribution
X (pmol'mal ulxg /pmol/mel
Carbon dioxide 09959509 1.57 =
Methane 0.0087 0.0012 Normal
Nitrogen 1.55 0.80 Rectangular
Oxygen 0.04 0.55 Rectangular
Hydrogen 1.87 114 Rectangular
Vater 0.438 0.253 Rectangular
Other impurities negligihle = =

c)

A brief outline of the dilution zeries undertaken to produce the final nuxtures

The outhne of the dilution proceszes was summarized in Figure 1.

#1 ppm: pmolimol

#:2 mean + expanded uncertainty (k=2)

CH4:939993 ppm CH,4:999993 ppm
+N, (JFP) 4 +N,(UFP)
CPB-29218 CPB-29219
N,:Balance N,:Balance
CH4:26329.0 ppm £ 13.2 ppm CH,4:33642.8 ppm + 11.5 ppm
J +CO.+N, (JFP) 4 +CO,+N, (JFP)
CPB-28221 CPB-28222
N,:Balance N,:Balance

C0,:124099 ppm + 5 ppm
CH,:576.62 ppm + 0.34 ppm

C0,:117494 ppm + 5 ppm

CH,:673.51 ppm £ 0.32 ppm

J +Ar+N, (IFP)

CPB-28223

CPB-28224

M,:Balance
Ar:100517 ppm + 6 ppm

C0,:4196.9 ppm £ 0.9 ppm
ppm CH,:24.230 ppm £ 0.013 ppm

CH,:19.502 ppm + 0.012

MN,:Balance
Ar:104084 ppm + 6 ppm
C0,:4226.8 ppm £ 0.8 ppm

¢ +Ar+M,

(JFP)

| +0,+N, (55)

CPB-28219

CPB-28035
N,: 779814 ppm £ 6 ppm
0,:210538 ppm £ 6 ppm

Ar:9259.8 ppm £ 0.7 ppm
C0,:386.66 ppm + 0.09 ppm
CH,;:1.7973 ppm  0.0013 ppm

(Balance) N,: 780895 ppm & / ppm (Balance)

0,:209276 ppm £+ 7 ppm
Ar:9439.9 ppm # 0.8 ppm

) +0,+N, (55)

C0,:383.39 ppm + 0.09 ppm
CH,:2.1983 ppm + 0.0013 ppm

Figure 1 Qutline of the dilution zeries undertaken to produce the final mixtures
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d} A purity table for each of the final mixturez, including gravimetric uncertainties

Uncertainty budgets for concentration of methane 1n final mixtures were summarized
in Tables 19 and 20. Concentrations and their uncertainties of the other components,
nitrogen, oxyeen. argon. and carbon dioxide. were estimated using equations 1 and 2.

The results were summarized in Figure 1.

Table 19 Uncertamty table for concentration of methane in the cylinder CPB-28035

.. ) ) Aczumed Standard
Uncertainty source Eztimate P
distribution uncertamty
Mazz of filled parent CPB-28223 (mg} 108318 Normal 34616
Mass of filled oxyren (mg) 270545 Normal 3 4611
MIass of filled mitrogen (mg) 784487 Normal 3.4616
Average molecular mass of the parent e .
29,2799 Normal 0.0003
CPB-28223 (g/mol)
Average molecular maszs of the parent 5
) 31.9988 Normal 0.0003
oxyeen (g/mol)
Average molecular mass of the parent i T
. , 28.0134 Normal 0.0002
nitrogen (zimol)
Mole fraction of methane in the
5 ; 19.5020 Normal 6.152 = 103
parent CPB-23223 (pmolimol)
Mole fraction of methane in the
1.04 x 109 Rectangular 0.81 = 103
parent oxygen (pmol/mol)
Mole fraction of methane in the = =
j 115 =108 Rectangular 0.67 = 1032
parent nitrogen (pmolmol)
Concentration of methane 1n gaz o B
) 1.7973 6.50 x 10t
mixture (pmolmol)
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Table 20 Uncertainty table for concentration of methane in the cylinder CPB-28219

R ) ) Azzumed Standard
Uncertainty source Estimate T
distribution uncertamnty
Mass of filled parent CPB-28224 (mg) 0g377T Normal 3.4607
Mazz of filled oxygen (mg) 250235 Normal 3.45375
Mass of filled nitrogen (mg} T32T85 Normal 3.4736
Average molecular maszs of the parent _
29 3229 Normal 0.0003
CPB-28224 (g/mol)
Average molecular mass of the parent 2 =
31.9988 Normal 0.0003
oxveen (g/mol)
Average molecular mass of the parent o .
) 28.0134 Normal 0.0002
nitrogen {g/moll
Mole fraction of methane in the _
i 24.2301 Normal 6290 x 103
parent CPB-28224 (pmol/mol)
Mole fraction of methane in the
3 1.04 % 103 Rectangular 0.81 x 103
parent oxygen (umoel‘mol}
Mole fraction of methane in the _ i
) 1.15 = 103 Rectangular 0.67 = 103
parent nitrogen (pmol/mol)
Concentration of methane in gas
. 21983 6.64 » 10¢
mixture (pmolmol)

el A brief outline of the verification procedure applied to the final mixtures

Four gas mixtures were prepared in the year of 2012. Two of the four mixtures were
made 1n early June one was in late of August. and the another one was In early
September. Prepared mixtures were included two gas mixtures which were shipped to
the BIPA. An uncertainty of reproducibility of the sample preparations was estimated
by the ANOVA. In thiz estimation, verification of the final mixtures was also carried

out. Table 21 shows the measurement data of the prepared gas mixtures.
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Table 21 Measurement data of the prepared sample gas mixtures (units: pmol/mol)

. Gravimetric values Lleazsurement result
Cylinder
Standard ) y _
ID MMean : =1 #2 =3 #4 ]
uncertainty

CPB-28035 | 1.7973 6.59x=10
CPB-28218 | 18138 6.63x=10¢

7962 | 1.5001
8135 | 1.8137

7973 | 17952 | 1.7968

§160 | 1.8117 | 1.8148

CPB-258219 | 21083 6.64x10¢ | 21958 | 21994 | 21975 | 21966 | 2.2009
CPB-28042 | 2.2401 6.71x10+ | 22375 | 2.2389 | 2.2405 | 22435 | 22471

The obtamned values were normalized with each grammetric concentration (Table 225

Table 22 Standardized meazurement data of the prepared gas mixtures

- Measurement rezult
Cylinder ID =
#1 w2 #3 74 #3
CPB-28035 0.990.L0 1.00135 1.00002 0909885 0.98973
CPB-28218 0.99635 0.90085 1.00123 099887 1.00056
CPB-28218 099887 1.00051 0.99063 099024 1.00120
CPB-28042 0.99885 099947 1.0:0020 1.00108 1.00089

The ANOVA shown in Table 23 was computed using our spreadsheet software.

Table 23 ANOVA table for the prepared sample gas mixtures

Source of Variation 5 Degree of freedom M
Between cylinder 1.89558 = 1077 3 6.31860 = 108
Within cylinder 147314 = 105 16 8.98215 < 107
Total 145610 = 105 19

The between-cyhnder variance ug? 1= estimated using

o 631860x107° —8.08215x1077

5

=-1.67006x107" —0

U,

Therefore, the between-cylinder standard deviation us was zero, and the uncertainty of

reproducibility of the sample preparations was estimated as zero.

fi A brief outline of anyv stability testing of the mixtures between the time they are
prepared and the time they are shapped to the BIPM

Two gas mixtures were prepared at December 2010. Preparation values of
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concentrations of methane in these mivtures were 1.9028 pmol/mol = 0.0028 pmolimoel
(£=2) and 20373 pmolmol = 0.0029 pmolmel (£=2). The Concentrations in these
mixtures were estimated using the calibration curve which was prepared in the
verification procedure. This estimation was carried out in September 2012 and it was
equivalent to a stability test for 21 months. The period. 21 months, was enough in

order to perform this key comparizon. Obtained results were summarized in Table 24,

Table 24 Rezults of a stability tezt for 21 months

Prepared values” Obtained values at the test”
Expanded Expanded Fa
IMethane ) Methans )
uncertainty™ uncertaimnty™
CPB-20198 1.0028 0.0029 1.2040 0.0015 028=1
CPB-20197 20373 0.0029 2.0378 0.0025 008=1

*: Units of values were umol/'mol.

**: Coverage factor £ was 2.

Statistical inspections between the prepared valuez and the obtained values were
carried out using Fp number which was described in the ISOTIEC 17043. The E;
numberz for two cylinderz were lesz than 1 and the mspection results were zhown
zsatisfactory performance in 95% confidence level. Therefore. the uncertainty of the

stabality of the final mixtures was estimated ac zero.

g} Cylinder pressure
Cylinder prezssure of the final mixtures, CPB-28035 and CPB 28219 iz approximately 10

MPa and @ MPa, respectively. They are the values at 30 degrees Celzius.

Miscellaneous

Two adaptors for JIS-22mm-right to DIN-477 No. 1 and two packing rings for
JI53-22mm-right have also been shipped with the cylinders. To attach the adaptor to
the valve outlet connection of the cylinder. please lay the cylinder on its side. After
that. put a packing ring on the cylinder valve outlet connection as shown in Figure 2 to
pozition the packing ring properly. And then screw the adaptor onto the connection In

order to prevent a leak of sample gaz.
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Key Comparison CCQM-K82
Methane in Air at Ambient level (1800-2200) nmol/mol

1. General information

Version 2

Institute National Institute of Metrology (NIM), China

Address No.18, Bei-San-Huan Dong Str., Beijing 100013, China

Contact person Dr. Qiao Han, Dr. Hai Wu

Telephone +86-10-6452 5330 Fax +86-10-8425 2306
Email wuhai@nim.ac.cn

SN of cylinders CAL017763, CALO17790

Cylinder pressure 8Mpa
2. Results
Methane mole E ded taint
xpan ncertain
cvlinder N fraction panded uncertainty | coverage
ylinder No. U
X /nmol/mol
Xeys /nmol/mol (¥crrs) factor
CALO17763 1825.2 1.7 2
CAL017790 2193.8 2.0 2
3. Purity data of Parent gases
02, pure, No. 013368# fraction Std. u Technique
Ar(Argon) 5.000E-06 2.887E-06 Product Spec*
CH4(Methane) 7.710E-08 8.190E-10 CRDS
CO(Carbon_monoxide) 5.000E-09 2.887E-09 GC-FID-Cat.**
CO2(Carbon_dioxide) 5.000E-09 2.887E-09 GC-FID-Cat.**
H2(Hydrogen) 1.000E-08 5.774E-09 GC-PDHID
H20(Water) 5.000E-07 2.887E-07 CRDS
02(Oxygen) 0.9999894 3.266E-06 /
N2(Nitrogen) 5.000E-06 1.500E-06 GC-PDHID
CO2, pure, No. B5209170# fraction Std. u Technique
Ar(Argon) 2.500E-05 5.000E-06 GC-PDHID
CH4(Methane) 2.415E-06 1.810E-07 GC-FID
CO(Carbon_monoxide) 2.500E-07 5.000E-08 GC-FID-Cat.
CO2(Carbon_dioxide) 0.9999243 8.725E-06 /
H2(Hydrogen) 1.000E-08 1.000E-08 GC-PDHID
H20(Water) 3.000E-06 1.000E-06 DP meter
02(Oxygen) 2.500E-05 5.000E-06 GC-PDHID
N2(Nitrogen) 2.000E-05 5.000E-06 GC-PDHID
Ar, pure, BIP fraction Std. u Technique
Ar(Argon) 0.9999896 1.005E-06 GC-PDHID
CH4(Methane) 4.000E-10 2.000E-10 CRDS
CO(Carbon_monoxide) 5.000E-09 2.887E-09 GC-FID-Cat.**
CO2(Carbon_dioxide) 5.000E-09 2.887E-09 GC-FID-Cat.**
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H2(Hydrogen) 1.000E-08 2.887E-09 GC-PDHID
H20(Water) 1.000E-07 5.774E-08 CRDS
02(Oxygen) 2.600E-07 7.800E-08 02 anylzer
N2(Nitrogen) 1.000E-05 1.000E-06 /
N2, pure, BIP fraction Std. u Technique
Ar(Argon) 8.600E-05 8.600E-06 /
CH4(Methane) 4.000E-10 2.000E-10 CRDS
CO(Carbon_monoxide) 5.000E-09 2.887E-09 GC-FID-Cat.**
CO2(Carbon_dioxide) 5.000E-09 2.887E-09 GC-FID-Cat.**
H2(Hydrogen) 1.000E-08 2.887E-09 GC-PDHID
H20(Water) 1.000E-07 5.774E-08 CRDS
02(Oxygen) 2.600E-07 7.800E-08 Product Spec.*
N2(Nitrogen) 0.9999136 8.601E-06 GC-PDHID
CH4, pure, J01344# fraction Std. u Technique
Ar(Argon) 3.000E-08 2.000E-08 GC-PDHID
CH4(Methane) 0.9999992 1.847E-07 /
CO(Carbon_monoxide) 3.000E-08 1.000E-08 GC-PDHID
CO2(Carbon_dioxide) 9.000E-08 5.000E-08 GC-PDHID
H2(Hydrogen) 6.000E-08 3.000E-08 GC-PDHID
H20(Water) 2.700E-07 1.600E-07 DP meter
02(Oxygen) 1.100E-07 6.000E-08 GC-PDHID
N2(Nitrogen) 1.700E-07 1.000E-08 GC-PDHID

* Product Spec., data was from the product specification provided by the manufacturer.
** GC-FID-Cat., GC-FID with methanator catalyst. CO and CO2 were not detected, and thereby
half of Detection Limit was taken as their concentration.

4. Gravimetric Preparation of Gas Mixtures

The standard gas mixtures of methane in synthetic air were prepared by using gravimetric
method according to ISO6142:2001, and the parent gases were nitrogen, oxygen, argon,
carbon dioxide, and methane of high purity. The flow chart below showed dilution from pure
gases to the final gas mixtures of CHy/air.
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Parent gases Cyl. No. 013368 Cyl. No. L23205196
value(%) 100% 02 value(%) 7.0164%
|_|Parentgas mass(g) u(g)
Cyl. No. BIF Cyl. No. BIP CH4(J01344 19.5745 0.0054
value(%) 100% N2 value(%) 100% Ar N2 452.9985 0.0179
]
Cyl. No. J01344 Cyl. No. B5209170 Cyl. No. L23205074
value(%) 100% CH4 value(%) 100% CO2 value(ppm) 5557.03
Parentgas mass(g) u(g)
L23205196  30.5676 0.0055
N2 366.3672  0.015
Cyl.No.  L23205073 |
value(%) 3.9054% Cyl. No. L23205037
Parent gas mass(g) u(g) value(ppm)  406.96
CO2 28.2091 0.0055 Parentgas mass(g) u(g)
Ar(BIP) 630.0094 0.0233 L23205074 29.1592 0.0055
| N2 369.8863 0.0152
Cyl.No.  L24001130 |
value(ppm) CO2:1729.6 Cyl. No. L23205024
Ar:42562 value(ppm)  29.137
JParentgas mass(g) u(g) Parent gas mass(g) u(g)
123205073 54.5841 0.0057 L23205037 28.3939 0.0055
02(013368) 939.8056 0.0332 N2 368.2506  0.0149
l ]
]
| ]
Cyl. No. CALO17763 Cyl. No. CALD17790
value(ppm) 1.8252 CH4 value(ppm) 2.1938 CH4
Parent gas mass(g) u(g) Parent gas mass(g) u(g)
123205024  39.3858 0.0056 L23205024 50.8379 0.0057|
L24001130 161.2323  0.008 L24001130 171.6541 0.0081
N2 455.8399  0.018 N2 481.1286 0.0185

Fig 1. Dilution scheme from pure gases to CH4/syn_air

Mass comparator with capacity of 10kg and resolution of 1mg was provided by Mettler Toledo.
Temperature and relative humidity in balance room were controlled at 20°C+1°C and
50%RH =+ 10%RH, respectively. Tare cylinder and substitution method were used during
weighing of cylinder in order to cancel buoyancy effect.

Fig.1 showed that standard uncertainty to the mass of added parent gas into the target cylinder
was estimated as 0.004g~0.006mg when the added gas was around 30g~40g. By 5-step
dilutions, around 2ppm methane in synthetic air could be achieved from the pure gases.

Cyl. No. CAL017763

Component Purity std Ugray Exp. Ugrav EXp.Ure
Ar(Argon) 9.3911E-03 6.3995E-06 | 1.2799E-05 0.14%
CH4(Methane) 1.8252E-06 7.9977E-10 | 1.5995E-09 0.088%
CO(Carbon_monoxide) 6.1439E-09 2.4082E-09 | 4.8164E-09 78%
CO2(Carbon_dioxide) 3.7891E-04 8.3694E-08 | 1.6739E-07 0.044%
H2(Hydrogen) 1.0000E-08 2.4081E-09 | 4.8162E-09 48%
H20(Water) 1.8518E-07 7.3573E-08 | 1.4715E-07 79%
02(Oxygen) 2.1019E-01 1.0780E-05 | 2.1559E-05 0.010%
N2(Nitrogen) 7.8003E-01 1.2235E-05 | 2.4470E-05 0.003%
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Cyl. No. CALO017790

Component Purity std Ugray Exp. Ugrav EXp.Ure
Ar(Argon) 9.3611E-03 6.3108E-06 | 1.2622E-05 0.14%
CH4(Methane) 2.1938E-06 9.3154E-10 | 1.8631E-09 0.085%
CO(Carbon_monoxide) 6.1360E-09 2.3788E-09 | 4.7576E-09 78%
CO2(Carbon_dioxide) 377.68E-09 8.3212E-08 | 1.6642E-07 0.044%
H2(Hydrogen) 1.0000E-08 2.3787E-09 | 4.7575E-09 48%
H20(Water) 1.8457E-07 7.2888E-08 | 1.4578E-07 79%
02(Oxygen) 0.20869 1.0260E-05 | 2.0519E-05 0.010%
N2(Nitrogen) 0.78157 1.1717E-05 | 2.3433E-05 0.003%

5. Verification

Five newly prepared cylinders together with one old cylinder including methane in synthetic air
of 1800ppb~2200ppb were prepared according to above dilution chart, and their internal
consistency was also verified by using CRDS (Picarro G2301). The pressure of each sample
cylinders was reduced by a regulator, and then the sample gas was introduced into CRDS by

using a pump, which was set in downstream of CRDS. Sample gas flow rate was around
400mL/min. Measurement of each cylinder took ~5min, and data during last 30sec were

collected and averaged.

Verification was carried out on different days, and the results showed a standard uncertainty

(uyer) of 0.3ppb.

6. Stability

Instability of newly prepared cylinders was checked against the old PRM cylinder by using

CRDS, and results showed no instability found. Uncertainty due to instability (usp) Was taken as

0.

7. Combined uncertainty

u, = uz +u2

c grav ver

Final Report - International comparison CCQM-K82: Methane in Air at Ambient level (1800-2200) nmol mol™

Page 90 of 129

, in which ug, including the contribution from purity of parent gases.



Version 2

07/03/14

National Institute of Standards and Technology (NIST)

Report Form CCQM-K82 Methane in real air

Laboratory name: NIST

Contacts:

, 100 Bureau Drive, Gaithersburg, MD 20899-8393 USA.
Jerry Rhoderick, email: George.rhoderick@nist.gov; phone: 301-975-3937

Franklin, Guenther, email: frank.guenther@nist.gov; 301-975-3939
Cylinder number: FB03569 (1100 psi) and FB03587 (1000 psi)

A2. Results
Methane mole fraction Expanded uncertainty Coverage factor (k)
Xcna / pmol/mol U(xcpa) / pmol/mol
FB03569 = 1.79676 0.00170 2
FB03587 =2.19596 0.00168 2
A3. Uncertainty Budget
Cylinder #
FB03569 FB03569
Standard Sensitivity | Contribution
Value Uncertainty | Coefficient Uncertaing;
Major Component MW 28.01340 0.00028 0.0048 0.00000
Minor Component MW 16.04246 0.00081 0.0692 0.00006
Mass Parent Gas 13.09109 0.00240 0.0012 0.00000
Mass Balance Gas 539.57759 0.00219 0.0000 0.00000
Minor Component Wt Fraction 0.000041987 0.000000014 257746.07 0.00349
Mass minor component -
Parent 0.00054965 0.00000020 | 17159.2786 0.00350
Mass minor component - Bal 0.00000032 0.00000015 108.6378 0.00002
Total mass minor component 0.00054997 0.00000025 | 14063.2724 0.00356
Moles of minor component 0.00003428 0.00000002 237424.30 0.00377
Balance gas wt fraction (purity) 0.755278688 0.00003290 2.7322 0.00009
Mass balance gas - parent 9.88965160 0.00259018 0.0068 0.00002
Mass balance gas - balance 407.53145635 0.01783067 0.0050 0.00009
Total mass balance gas 417.42110795 0.01801782 0.0060 0.00011
Moles of balance gas 14.90076563 0.00066055 0.1656 0.00011
Moles impurities from parent 0.09891309504 | 0.00003285790 0.0962 0.00000
Moles impurities from balance 4.0804534 0.0016842 0.0244 0.00004
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Total Moles of gas 19.0801664 0.0018094 0.0855 0.00015
Conc minor component (ppm) 1.79676 0.00085 | k=1
Relative uncert 0.047% | k=1
Cylinder #
FB03587 FB03587
Standard Sensitivity | Contribution
Value Uncertainty | Coefficient Uncertaing;
Major Component MW 28.01340 0.00028 0.0025 0.00000
Minor Component MW 16.04246 0.00081 0.0356 0.00003
Mass Parent Gas 32.01328 0.00174 0.0017 0.00000
Mass Balance Gas 471.68120 0.00202 0.0000 0.00000
Minor Component Wt Fraction 0.000019128 0.000000006 303045.69 0.00170
Mass minor component -
Parent 0.00061235 0.00000018 9360.7844 0.00171
Mass minor component - Bal 0.00000026 0.00000013 282.9510 0.00004
Total mass minor component 0.00061260 0.00000022 8207.7027 0.00184
Moles of minor component 0.00003819 0.00000001 139587.18 0.00197
Balance gas wt fraction (purity) 0.755291668 0.00003290 0.8694 0.00003
Mass balance gas - parent 24.18102545 0.00460394 0.0015 0.00001
Mass balance gas - balance 356.25688192 0.01559487 0.0018 0.00003
Total mass balance gas 380.43790737 0.01626026 0.0022 0.00004
Moles of balance gas 13.58056885 0.00059642 0.0613 0.00004
Moles impurities from parent 0.24201004210 | 0.00007317437 0.0175 0.00000
Moles impurities from balance 3.5668088 0.0014723 0.0065 0.00001
Total Moles of gas 17.3894258 0.0015902 0.0299 0.00005
Conc minor component (ppm) 2.19596 0.00084 | k=1
Relative uncert 0.038% | k=1

A4. Description of procedures for gas analysis

The two K-82 methane primary standard reference materials (PSMs) were compared to 7 existing
ambient methane NIST PSMs using a Picarro cavity ring down spectrometer (CRDS). A computer
operated gas analysis system was used to select the sample stream to be analyzed. The lot standard (LS)
from SRM 1721 Southern Hemisphere Air, was used as a control to bracket two PSMs at a time so as to
correct for drift in the instrument. A ratio was determined for each PSM by dividing the CRDS response
of the PSM by that of the LS 1721-Al-01. Six independent ratios were determined for each PSM. An
average ratio and standard error were calculated from the data for each PSM.

NIST PSMs used:

FF4267 2.05367 £ 0.00068 pmol/mol; u is k=1
FF4287 2.00595 + 0.00073

FF4295 1.93605 + 0.00063

FF4249 1.89536 + 0.00068

FF4288 1.83866 + 0.00068
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FF4283 1.79802 + 0.00064
FF4260 1.68981 + 0.00055

A5. Complimentary information

NIST CHy standards where prepared gravimetrically with analysed real air as the matrix
gas.

a)
b) Pure CH, purity table

Mole Fraction  Limit
Analytical

Component MW pmol/mol® umol/mol
Instrumentation

Ethane 30.069 42+0.2 GC/FID and
HID

Propane 44.0962 04+04
GC/FID and HID

Carbon dioxide 44.0096 03+0.3
GC/HID

Argon 39.948 ND 0.1
GC/TCD/HID

Oxygen 31.9988 0.5+0.2
GC/TCD/HID

Nitrogen 28.0134 1.7£0.2
GC/TCD/HID

Methane Purity = 99.9993 + 0.00006 %

*Relative combined standard uncertainties, k=1.

c) Mole fractions of components in real air matrix gas

Nitrogen® Oxygen Argon Carbon dioxide Methane Carbon monoxide Nitrous o
Cylinder # % mol mol” % mol mol’’ % mol mol’’ pmol mol” nmol mol™ pmol mol™ pmol m
CC28338 78.0943 + 0.0020 20.9287 + 0.0016 0.9378 £ 0.0013 391.44 £ 0.02 0.97 £ 0.50 0.005 + 0.004 0.321+0
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d) Preparation procedure of mixtures

07/03/14

FB03569 FB03587

Composition Table: Final Mixture Composition Table: Final Mixture

Compound mol/mol Uncert (k=1) Compound mol/mol Uncert (k=1)
Ar 0.000222062 0.000000516 Ar 0.000596256 7.79304E-07

These methane primary standard mixtures (PSMs) were prepared gravimetrically in accordance
with the Gas Metrology Group Quality System (QMIII-646.03) Technical Procedure 646.03.07.
The K-82 PSMs, cylinder numbers FB03569 and FB3587, were prepared from parent methane
PSMs FF4241 (75.805 + 0.022) umol/mol and CAL018213 (34.536 + 0.009) umol/mol
respectively, and were previously developed and documented in ROAs 639.03-11-039a and
639.03-11-157. Those parent PSMs were prepared from pure methane which was analyzed for
purity shown in Table 1. Table 2 lists the analysis for the cylinders of nitrogen used to prepare
the original PSM suite, with cylinder number CC28338 being used to prepare these two K-82
PSMs. The preparation procedure used for preparing CH, in Air PSMs has been fully
documented in “NIST Gravimetrically Prepared Atmospheric Level Methane in Dry Air
Standards Suite”, Analytical Chemistry, Vol.84 (8) pp. 3802-3810, 2012.

e) Composition table for final mixtures
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02 0.004952814 0.000001709 02 0.01329597 4.31058E-06
CO2 0.000009202 0.000000002 CcO2 2.48355E-05 4.89595E-09
C2H6 0.000000000 0.000000000 C2H6 9.34599E-12 4.61726E-13
C3H8 0.000000000 0.000000000 C3H8 9.41544E-13 8.80897E-13
N20 0.000000000 0.000000000 N20 1.89748E-08 1.77375E-10
Ar 0.009157802 0.000012730 Ar 0.008783729 1.22077E-05
02 0.204318568 0.000026090 02 0.195963526 2.45364E-05
CO2 0.000381690 0.000000044 COo2 0.000366104 4.16516E-08
C2H6 0.000000000 0.000000000 C2H6 1.87288E-12 1.87288E-11
C3H8 0.000000000 0.000000000 C3HS8 9.36442E-13 9.36442E-12
N20 0.000000313 0.000000003 N20 3.00598E-07 2.80948E-09
CH4 0.00000179676 0.00000000085 CH4 0.00000219596 0.00000000084
N2 0.780955750 0.000081752 N2 0.780967064 7.92252E-05
Ar 0.009379864 0.000012740 Ar 0.009379985 1.22326E-05
02 0.209271383 0.000026146 02 0.209259496 2.49121E-05
CcOo2 0.000390893 0.000000045 CO2 0.000390939 4.19383E-08
C2H6 9.54185E-12 1.95342E-11 C2H6 1.12189E-11 1.87345E-11
C3H8 1.71827E-12 9.79185E-12 C3H8 1.87799E-12 9.40576E-12
N20 3.1342E-07 2.92911E-09 N20 3.19573E-07 2.81507E-09

f) Outline of verification procedure

The data were then analyzed using an ISO 6143-compliant generalized least squares

regression. The average ratio and standard error where plotted on the x-axis and the

gravimetric concentration and uncertainty were plotted on the y-axis for each PSM.

In each case, all PSMs passed the u-test. This verified the gravimetric concentrations
of the K-82 samples to the original ambient methane PSM suite.

Data to be fit to a function using 1ISO 6143 compliant GenLine

Evaluation Data

Value of Standards Analytical Response Responses
Y-Values, ppb Y-uncertainty X-Values X-uncertainty X-Values X-uncertainty
1687.15 0.70 0.95258 0.00006 1.00000 0.00006
1795.10 0.75 1.01319 0.00004 1.01510 0.00006

1796.76 0.85 1.01459 0.00005

1836.16 0.75 1.03694 0.00002

1892.84 0.79 1.06867 0.00004

1933.08 0.78 1.09146 0.00003

2003.44 0.83 1.13133 0.00004

2050.12 0.77 1.15730 0.00007

2195.96 0.84 1.23923 0.00005
GENLINE - Linear
(y=b0+b1*x)

Value Std Error

b0 -2.787 3.433
b1 1773.852 3.192
cov(b0,b1) -10.927
rms residual error 0.551
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PSM X Y, ppb X-Solution Y-Solution,ppb uTest Diff, ppb % Diff
FF4260 0.95258 1687.15 0.95259 1686.96 PASS -0.19 -0.01%
FF4283 1.01319 1795.10 1.01320 1794.47 PASS -0.63 -0.03%
FB03569 (K-82 sample) 1.01459 1796.76 1.01459 1796.95 PASS 0.19 0.01%
FF4288 1.03694 1836.16 1.03694 1836.59 PASS 0.43 0.02%
FF4249 1.06867 1892.84 1.06867 1892.88 PASS 0.04 0.00%
FF4295 1.09146 1933.08 1.09146 1933.30 PASS 0.22 0.01%
FF4287 1.13133 2003.44 1.13133 2004.02 PASS 0.58 0.03%
FF4267 1.15730 2050.12 1.15730 2050.10 PASS -0.02 0.00%
FB03587 (K-82 sample) 1.23923 2195.96 1.23924 2195.44 PASS -0.52 -0.02%

g)

h)

Final Report - International comparison CCQM-K82: Methane in Air at Ambient level (1800-2200) nmol mol™

Stability testing of K-82 samples.

Stability testing of the NIST K-82 samples was not done. However, the agreement of the K-82
samples with the NIST CH4/Air suite (labeled NIST-2011) conveys stability to that suite of 7
cylinders which are almost 2 years old. NIST has observed no stability issues with CH4/Air
mixtures in the past as documented in “The National Institute of Standards and Technology

Ambient Level Methane in Air Standard Reference Material Historical Record”, Analytical
and Bioanalytical Chemistry, Vol. 403, pp. 537-548, 2012.

Cylinder pressure shipped to BIPM

FB03569 1100 psi (7.6 MPa)
FB03587 1000 psi (6.9 MPa)
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D.l.Mendeleyev Institute for Metrology (VNIIM)

02/09/2013

Key Comparison CCQM-K82
Methane in Air at Ambient level (1800-2200) nmol/mol
Result form CCQM-K82-R

Al. General information

Institute D.l. Mendeleyeyv Institute for Metrology
VNIIM

Address 19, Moskovsky pr., St. Petersburg, Russia,
190005

Contact person

Leonid Konopelko,
Yury Kustikov

Telephone +7 (812) 315-11- Fax : +7 (812) 327-97-76
45

Email* Ikonop@b10.vniim.ru

Serial number of cylinder D249845;

sent D249682

Cylinder pressure as

6.4 MPa for D249845

received 6.8 MPa for D249682
A2. Results
Cylinder Ne Methane mole Expanded uncertainty* | Coverage factor
fraction U (x CH4) / ymol/mol
XCH4 / ymol/mol
D249845 2.2146 0.0025 2
D249682 1.8129 0.0026 2

*The values of expanded uncertainty do not include the component due to

verification
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A3. Uncertainty Budget

1 Uncertainty budget (only gravimetry) for the cylinder N D249845

07/03/14

Standard

Uncertainty source Estimate Evaluation uncertaint Sensitivity Contribution
xAy Xi type Distribution u(x) y coefficient ui(y)
' (AorB) ' Ci pgmol/mol
Purity of N, 999999.470 B Rectangular 0.145 0.00738 0.00108
pmol/mol pmol/mol
Purity of O, 999998.436 B Rectangular 0.142 0.00163 0.000231
pmol/mol pmol/mol
Purity of CO, 999982100 B Rectangular | 9859 0.000133 |  0.000114
pmol/mol pmol/mol
Purity of CHq 999984.660 B Rectangular 1.36 0,0000135 |  0.0000184
pmol/mol pmol/mol
Purity of Ar 999999.496 B Rectangular | 00331 0.000394 | 0.00001305
pmol/mol pgmol/mol
Weighing* | CHs 37.25649 g AB  |Normal 0.0027g 00572 | -0.000155
1 stage
premixture |\ 1115.4297 g AB  |Normal 0.0260g | 0.00191 | 0.0000497
Weighing® | -bre | 40.3543 AB | Normal 0.0025g | -0.0527 | -0.000132
2 stage
premixture |, 1126.3421 g AB  |Normal 0.0220g | 000189 | 0.0000416
Weighing® | o | 59.1861g AB | Normal 0.0036g | -0.0353 | -0.000127
3 stage
premixture |, 1095.8774 g AB  |Normal 0.0250g | 0.00191 | 0.0000477
Weighing® | €Oz 12,9120 g AB  |Normal 0.0022g | -0.0000502 | -0.000000111
CO,IN,
premixture |, 576.3338 g AB  |Normal 0.0130g | 0.00000112 | 0.0000000146
3 pre- 12.9261 g AB  |Normal 0.0026 g 0.167 -0.000434
mixture
Ar 7.8004 g AB  |Normal 0.0043g | 000253 | 0.0000109
Weighing” | CO2/N, 16.0299 g AB  |Normal 0.0041g | 000371 | 0.0000152
final mixture |premixture
A,B Normal
o) 140.8709 g 0.0060g | 0.00325 | 0.0000195
Ny 429.0713 g AB  |Normal 0.0140g | 000377 | 0.0000528
Combined standard uncertainty 0.00122
Expanded uncertainty k=2 0,0025
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2 Uncertainty budget (only gravimetry) for the cylinder N D249682

U . Estimate Evaluation Standgrd Sensitivity | Contribution
ncertainty source P, uncertainty ..
X Xi type Distribution u(x) coefficient ui(y)
' (AorB) ' Ci pmol/mol
Purity of Ny 999999.470 B Rectangular | 2:14° 0.00738 | 000108
pmol/mol pgmol/mol
Purity of O, 999998.436 B Rectangular | 0142 0.00163 | 0.000231
pmol/mol pmol/mol
Purity of CO, 999982.100 B Rectangular | 2859 | 0000133 | 0.000114
pgmol/mol pmol/mol
Purity of CHq 999984.660 B Rectangular 1.36 0,0000111 | 0.0000151
pmol/mol pgmol/mol
Purity of Ar 999999.496 B Rectangular | 29331 1 9000394 | 0.00001305
pgmol/mol pmol/mol
Weighing® | CHs 18.3240 g AB  |Normal 0.0035g | -00952 | -0.000333
1 stage
premixture |\, 548.447 g AB  |Normal 0.0160g | 0.00318 | 0.0000509
Weighing® |0 20.2786 g AB |Normal 0.0019g | -0.0858 | -0.000163
2 stage
premixture |, 568.9606 g AB  |Normal 0.0130g | 000306 | 0.0000398
Weighing* | e 30.1264 g AB|Normal 0.0038 g | -0.0567 | -0.000216
3 stage
premixture |, 553.8310 g AB  |Normal 0.0150g | 0.00309 | 0.0000463
Weighing* | CO: 12.9120 g AB|Normal 0.0022g | -0.0000502 | -0.000000111
CON, PN S
premixture | N, 576.3338 g ' orma 0.0130g |0.00000112 | 0.0000000146
3 pre- 10.5493 g AB  |Normal 0.0031g | -0.168 | -0.000520
mixture
Ar 7.8111g AB  |Normal 0.0027g | 000205 | 0.00000554
Weighing® | CO2/N, 16.0125 g AB  |Normal 0.0035g | 0.00303 | 0.0000106
final mixture |premixture
AB Normal
0, 140.5831g 0.0050g | 0.00265 | 0.0000133
N, 4317311 ¢ AB  |Normal 0.0120g | 0.00309 | 0.0000370
Combined standard uncertainty 0.00131
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Expanded uncertainty k=2

0,0026

*Uncertainty due to weighing includes constituents related to accuracy of balance, buoyancy
effect resulting from change of cylinder volume during filling, mass pierces used, drift of
balance, residual gas in cylinder.

A4. Description of the procedure used during the gas analysis

Gas chromatography with FID was used for verification
Instrument: Gas Chromatograph «Crystal 5000.2» (Chromatec);

Capillary column: Agilent J&W capillary GC column (HP-PLOT Q; 30 m x 0.530

mm, 40.00 um);

Carrier gas: helium 100 cm/sec;

Oven conditions: 35 °C for 40 sec;

Sample loop: 1 ml;

Split:1:2:

Data collection: by “Chromatec Analytic 2.6” software.

3 measurement series with 8 sub-measurements each were carried out.

SD of a single measurement (repeatability within measurement series) was 0,05

% -0,15 %

A5. Complementary information

Please include in this section in the case of standards produced with synthetic
air:

a) Purity table with uncertainties for the nominally pure CH4 parent gas

Cylinder N 62449

Main component CH4 Mole fraction  99.998466 %
Component Mole fraction, ymol/mol | Standard uncertainty, pmol/mol
H.O 5.0 0.5
N2 4.5 0.6
CO; 1.0 0.6
CoH4 1.0 0.6
Ar+0O; 0.84 0.16
CoHs 0.50 0.29
C4He 0.50 0.29
CsHe 0.50 0.29
i-C4Hs 0.50 0.29
C4Hs-1 0.50 0.29
CsHs 0.50 0.29
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b) Purity tables with uncertainties for the nominally pure N, O, Arand CO,

parent
gases

Cylinder N 37471

Main component N>

Mole fraction

99.999947 %

Component Mole fraction, pmol/mol Standard uncertainty, pmol/mol
H,O 0.250 0.145
Ar 0.146 0.004
Ne 0.107 0.006
0Oz 0.0160 0.001
CO, 0.0025 0.0015
Ha 0.0025 0.0015
CH, 0.0025 0.0015
CO 0.0010 0.0006

Cylinder N 910287

Main component O,

Mole fraction

99.99984 %

Component Mole fraction, umol/mol Standard uncertainty, pmol/mol
Ha 0.0025 0.0014

Ar 0.1828 0.0042

N2 0.988 0.024

Kr 0.0010 0.0006

CO 0.0075 0.0043

CHq4 0.0352 0.0010

CO, 0.0944 0.0048

Xe 0.0025 0.0014

H20 0.25 0.14

Cylinder N 205863
Main component Ar

Mole fraction

99.999950 %

Component Mole fraction, umol/mol Standard uncertainty, pmol/mol
0O, 0.174 0.004

Ny 0.17 0.03

CH4 0.0950 0.0014

CO; 0.030 0.017

Hy 0.025 0.014
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| cO 0.010 0.006

Cylinder N 226934
Main component CO, Mole fraction  99.99821 %
Component Mole fraction, umol/mol Standard uncertainty, pmol/mol
H.O 15 0.7
N2 1.06 0.07
CO 0.5 0.3
CH, 0.5 0.3
Ho [ 0.5 0.3
0O, 0.3 0.13

c) Brief outline of the dilution series undertaken to produce the final mixtures:

Preparation of final mixtures (methane in synthetic air) was carried out from
pure substances in 4 stages.

1-st stage — 3 mixtures CH4/N2 —level 5.5 %

2-nd stage — 3 mixtures CH4/N, —level 0.195 %

3-rd stage — 3 mixtures CH4/N, —level 100 pmol/mol

4-th stage — 5 mixtures CH4/synthetic air — level 2 ymol/mol

The mixtures of 1-3 stages were prepared in Luxfer cylinders (V=10 and 5 dm?);
5 dm® were with Aculife4+Aculife3 coating.

All the mixtures of the 4-th stage were prepared in Luxfer cylinders (V=5 dm?®)
with Aculife4+Aculife3 coating

d) purity table for each of the final mixtures, including gravimetric uncertainties;

Cylinder Ne: D249845

Component Mole fraction, pmol/mol Expanded uncertainty, umol/mol
k=2
02 210204 18
Ar 9324 10
CO2 381.18 0.23
CH4 2.2146 0.0025
N2 balance

Cylinder Ne: D249682

Component Mole fraction, pmol/mol Expanded uncertainty, umol/mol
k=2
02 209767 15
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Ar 9336 7
CcO2 380.75 0.21
CH4 1.8129 0.0026
N2 balance

e) brief outline of the verification procedure applied to the final mixtures

Gas chromatography with FID was used for verification

3 measurement series with 8 sub-measurements each were carried out within
each verification procedure.

SD of a single measurement (repeatability within one series) was 0,05 % -0,15
%.

f) brief outline of any stability testing of the mixtures between the time they are
prepared and the time they are shipped to the BIPM

The final mixtures were prepared 25.06 -10.07.2012.

First verification measurements were carried out 11.07 -16.07 2012.

Second verification measurements (stability testing) were carried out 25.09 -
28.09.2012.

Verification measurements were performed by checking consistency within the
group of the 5 prepared mixtures.

Third verification measurements (stability testing) were carried out 19.09 -
20.09.2013 after return of the cylinders from BIPM.

Verification measurements were performed by checking consistency within the
group of the 5 prepared mixtures.

Uver =0,1 %=0,002 pmol/mol

Stability testing did not show instability within the accuracy of the measurement
method.

g) cylinder pressure
6.4 MPa for D249845
6.8 MPa for D249682
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Dutch Metrology Institute (VSL)

Key Comparison CCQM-K82
Methane in Air at Ambient level (1800-2200) nmol/mol

Result form CCQM-K82-R

Project name: ~ CCQM-K82 (Methane in Air at Ambient level).

Comparison: Comparability study of laboratories’ preparation capabilities for Methane in Air
Standards.

Proposed dates: 05/2012 to 03/2013.

Coordinating laboratories:

Bureau International des Poids et Mesures NIST

Chemistry Section 100 Bureau Drive, Stop 8300, Gaithersburg, MD 20899-
Pavillon de Breteuil 8300

92312 Sevres Cedex, France. us

Study Coordinator:  Edgar Flores
Phone: +33 (0)1 4507 70 92
Fax: +33(0)145 34 20 21

email: edgar.flores@bipm.org

Return of the form:

Please complete and return the form preferably by email to edgar.flores@bipm.org

The CCQM-K82 comparison is designed to evaluate the level of compatibility of NMI
preparative capabilities for gravimetric methane in air primary reference mixtures in the
range (1800-2200) nmol/mol. The balance gas for the standards shall be either scrubbed
dry real air or synthetic air.

Al.  General information

Institute VSL Dutch Metrology Institute
Address Thijssseweg 11
2639 JA Delft

The Netherlands

Contact person Ewelina Zalewska
Telephone +31 15269 1576 ‘ Fax ‘ +311526129 71
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Email* ezalewska@uvsl.nl
Serial number of cylinders D249292 P =117 bar
received and cylinders pressure _
as received D249289 P = 118 bar
A2.  Results
Methane mole fraction Expanded uncertainty Coverage factor
Cylinder number
X cppq | pmol/imol U(x(y) | imolimol
D 249292 1.7983 0.0040 2
D 249289 2.1963 0.0048 2
A3.  Uncertainty Budget

The basis for the uncertainty budget is formed by the uncertainty evaluation from the
gravimetry and that from purity analysis of the parent gases [1]. The uncertainty
evaluation of the weighing is performed using the default procedures [2]. The atomic
weights of 2007 [3] have been used, which is in agreement with a resolution taken by
ISO/TC158. As the preparation of the gas mixtures is a multistage preparation, the
uncertainties in each step are duly propagated. For the propagation of uncertainty, the
law of propagation of uncertainty [4] is used.

No allowance is made for stability effects. The maintenance programme for the primary
standard gas mixtures (PSMs) indicates that for the amount—of—substance fraction
methane, such effects are negligible. A contribution due to sampling from the cylinder is
included in the uncertainty budget (0.1% relatieve, k = 1), which is derived from the
verification measurements. The verification measurements are performed in accordance
with ISO 6143 [5].

Ad.

Description of the procedure used during the gas analysis
Please describe in detail the analytical method(s) used for gas analysis®.

Final Report - International comparison CCQM-K82: Methane in Air at Ambient level (1800-2200) nmol mol™

Page 105 of 129




Version 2 07/03/14

Methane was analyzed using gas chromatography with flame ionisation detection. A GC
was used with the following configuration:

GC - Agilent 6890N

Column — Moilsieve 5, 10 ft, 80-100 mesh

FID

Carrier gas - Helium

Cylinders were analyzed against own primary standard gas mixtures. All mixtures were
prepared in accordance with ISO 6142 [1]. The verification analysis was performed in
accordance with ISO 6143:2001. Eight PSMs with methane in the low ppm range were
selected; balance gas was was either synthetic air and nitrogen. Each cylinder was
equipped with a pressure regulator. All the cylinders have been flushed three times within
24 hours time period. Cylinders were connected to a sample box equipped with 16-
position valve. Every cylinder was injected seven times.

A5. Complementary information

a) a purity table with uncertainties for the nominally pure CHy4 parent gas;

Table 28: Purity table methane (APCH4), all data are given in umol mol-1

Component X u(x)

methane 999998.60 0.60
Carbondioxide 0.05 0.03
Ethane 0.05 0.03
Propane 0.005 0.003
Hydrogen 0.05 0.03
Nitrogen 1.0 0.6
Oxygen 0.25 0.14

All composition data in all purity tables are given in terms of amount—of—substance
fractions.

b) a purity table with uncertainties for the nominally pure N;, O,, Ar and CO, parent
gas;
Table 29: Purity table nitrogen (AP6430); all data are given in pmol mol-1

Component X u(x)

Argon 34 0.34
Methane 0.0005 0.0003
Carbonmonoxide 0.015 0.009
Carbondioxide 0.010 0.006
Hydrogen 0.025 0.015
Water 0.010 0.006
Nitrogen 999996.42 0.35
Oxygen 0.118 0.012
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Table 30: Purity table nitrogen (AP6430); all data are given in umol mol-1

Component X u(x)

Argon 1.2 0.12
Methane 0.0005 0.0003
Carbonmonoxide 0.015 0.009
Carbondioxide 0.010 0.006
Hydrogen 0.025 0.015
Water 0.010 0.006
Nitrogen 999998.62 0.12
Oxygen 0.122 0.012

Table 31: Purity table oxygen (AP8381), all data are given in umol mol-1

Component X u(x)

Argon 0.5 0.29
Methane 0.048 0.003
Carbonmonoxide 0.05 0.029
Carbondioxide 0.050 0.029
Water 0.25 0.15
Nitrogen 0.250 0.15
Oxygen 999998.9 1.0

Table 32: Purity table argon (AP8230), all data are given in umol mol-1

Component X u(x)

Argon 999999.8 0.5
Methane 0.025 0.015
Carbonmonoxide 0.013 0.008
Carbondioxide 0.013 0.008
Water 0.01 0.006
Nitrogen 0.150 0.087
Oxygen 0.005 0.003

c¢) abrief outline of the dilution series undertaken to produce the final mixtures;

The mixtures have been prepared using three different types of pre-mixtures: methane in
nitrogen, argon in nitrogen and carbon dioxide in nitrogen. Methane in nitrogen was prepared
with five dilution steps, carbon dioxide with two dilution steps. Argon in nitrogen was prepared
was prepared using one dilution step.
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VSL223609
1000 ppm CHy4 in N2
VSL149292 VSL503782 ‘
1.8 ppm CHy in air 50 ppm CH4in N, |
APN26B
nitrogen
| vsL260256
15% Arin Ny a
AP8230
argon
R APB430
nitrogen
A
| VSL324435 ‘ VSL351981 ‘ AP9358
0.75% CO,inN, | 20% CO,in N, | carbon dioxide
R LI8381
oxygen

Figure 39: Preparation scheme for VSL149292 (nominal 1.8 pmol mol-1 methane in synthetic air)

VSL223609
1000 ppm CHy in N2
VSL149289 . VSL503782 ”
2.2 ppm CHy in air | 50 ppm CH4in N, |
APN26B
nitrogen
|| VSL260256
15% Arin N
AP8230
argon
|| AP6430
nitrogen
A
VSL324435 VSL351981 AP9358
0.75% CO; in N, 20% CO, in Ny carbon dioxide
L L18381
oxygen

Figure 40: Preparation scheme for VSL149289 (nominal 2.2 umol mol-1 methane in synthetic
air)

d) a purity table for each of the final mixtures, including gravimetric uncertainties;

Final Report - International comparison CCQM-K82: Methane in Air at Ambient level (1800-2200) nmol mol™
Page 108 of 129



Version 2 07/03/14

Table 33: Purity table VSL149289

Component Unit y u(y)

Argon pmol mol™ 9308.28 0.37
Methane pmol mol™ 2.19633 0.00088
Carbonmonoxide  pmol mol™ 0.02248 0.00836
Carbondioxide pmol mol™ 380.344 0.022
Ethene pmol mol™ 0.0000011  0.0000011
Ethane pmol mol™ 0.0000011  0.0000011
Propane pmol mol™ 0.0000011  0.0000011
Hydrogen pmol mol™ 0.0195 0.0096
Water umol mol™ 0.0609 0.0316
Nitrogen umol mol™ 781269.2 2.7
Oxygen umol mol™ 209039.9 2.7

Table 34: Purity table VSL149292

Component Unit y u(y)

argon pmol mol™ 9295.10 0.35
methaan pmol mol™ 1.79829 0.00082
koolstofmonoxide ~ pmol mol” 0.02248 0.00841
koolstofdioxide pmol mol™ 380.292 0.020
etheen umol mol”  0.0000009  0.0000009
ethaan umol mol”  0.0000009  0.0000009
propaan pmol mol”  0.0000009  0.0000009
waterstof umol mol™ 0.0195 0.0097
water pmol mol™ 0.0609 0.0316
stikstof pumol mol™ 781352.0 2.7
zuurstof pmol mol™  208970.7 2.7

e) a brief outline of the verification procedure applied to the final mixtures;

f) a brief outline of any stability testing of the mixtures between the time they are
prepared and the time they are shipped to the BIPM; and

g) cylinder pressure

A6. References

[1] International Organization for Standardization, “ISO 6142 Gas analysis - Preparation of calibration gas
mixtures - Gravimetric methods”, ISO Geneva, 2001

[2] Alink A., Van der Veen A.M.H., “Uncertainty calculations for the preparation of primary gas mixtures. 1.
Gravimetry”, Metrologia 37 (2000), pp 641-650

[3] Wiesser M.E., Berglund M., “Atomic weights of the elements 2007”, Pure Appl. Chem., 81 (2009), pp. 2131-
2156
[4] BIPM, IEC, IFCC, ISO, IUPAC, IUPAP, OIML (2008) “Evaluation of measurement data — Guide to the

expression of uncertainty in measurement’, first edition, GUM:1995 with minor corrections

[5] International Organization for Standardization, "ISO 6143 — Gas analysis — Comparison methods for
determining and checking the composition of calibration gas mixtures ", ISO Geneva, 2001
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National Physical Laboratory (NPL)

Key Comparison CCQM-K82
Methane in Air at Ambient Levels (1800-2200) nmol/mol
Result Form CCQM-K82-R

Al General information

Institute: National Physical Laboratory

Address: Hampton Road, Teddington, TW11 OLW, UK

Contact person: Paul Brewer

Telephone: +44 (0)20 8 943 6007

Email: paul.brewer@npl.co.uk

Serial number of cylinders sent: 221727 (nominal amount fraction: 1800 nmol/mol
CHy) and 233097 (nominal amount fraction: 2200 nmol/mol CHy4)

A2 Results
Component Amount Fraction Expanded Uncertainty (umol/mol)
P (umol/mol) P YK
CH4 1.7994 0.0036
CO2 370.7 0.7
Ar 9345 27
N> 781006 470
0, 209272 130

Table 1: Submitted data for 221727
Amount Fraction

Component (umol/mol) Expanded Uncertainty (umol/mol)
CHy4 2.1996 0.0044
CO, 372.5 0.7
Ar 9341 27
N> 781008 470
0, 209271 130

Table 2: Submitted data for 233097

A3 Uncertainty
The estimated uncertainty for the measurement contains the following components:
e Purity analysis of CH4 and of real scrubbed real air

e Gravimetric preparation (weighing and atomic weight uncertainties)
Stability
Transfer losses
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A4 Description of the procedure

The two gas mixtures were prepared for this comparison (221727 and 233097) at NPL
in real scrubbed air from pure CHy4 (>99.9999%) and pure CO; (>99.9999%). The pure
industrial source of CO, was spiked with pure *CO, to achieve an isotopic composition
close to natural abundance. The mixtures were prepared in BOC 10 litre cylinders with
Spectraseal passivation. A second pair of reference standards was prepared and these
were used to validate the comparison mixtures. The scheme below shows the
gravimetric dilutions with nominal CH4 and CO, amount fractions.

Pure CH, Pure CO,

M, +0, scrubbled air
1000 pmol/maol 4000 pmolfmal

CH,/Air CO,/Air

221727 233097

Dilution scheme for gravimetric preparation

A Picarro G2301 Cavity ring-down spectrometer was used to validate the amount
fraction of CH4 in mixtures 221727 and 233097. The analyser response to the matrix
gas was recorded. The analyser response to a reference mixture was then recorded for a
five minute period followed by the either 221727 or 233097 for the same time. This
sequence was repeated four times. At the end of the experiment the analyser response to
the matrix gas was recorded a second time. To minimise the effects from zero drift, a
mean of the analyser response to the matrix gas before and after the experiment was
used. The amount fractions of 221727 and 233097 were then determined by
multiplying the ratio of the analyser response to each mixture and the reference mixture
(both were corrected for the analyser response to matrix gas) with the amount fraction
of the reference mixture. These measurements were used to validate the gravimetric
amount fractions submitted.

Cylinders were maintained at a laboratory temperature of (20 = 3) °C throughout the
period of analysis. Samples were introduced into the analyser at atmospheric pressure
(excess flow was passed to vent) using a low volume gas regulator.
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Purity tables for the CH4 and real scrubbed air are provided below.

Amount Fraction

Component (umol/mol) Expanded Uncertainty (umol/mol)
CHq 999999.0 1.0
0 0.10 0.10
Ar 0.040 0.040
CO; 0.035 0.035
Cco 0.20 0.20
N> 0.20 0.20

Table 3: Purity table for CH,

Amount Fraction

Component (umol/mol) Expanded Uncertainty (umol/mol)
N> 781280 500
0, 209350 100
Ar 9365 30
CO, 0.05 0.05
Cco 0.0040 0.0020
CHq 0.0032 0.0006

Table 4: Purity table for scrubbed real air

The mixtures were prepared on 28™ November 2012. Measurements to study the
stability of the mixtures were carried out over a 2 month period.

The cylinder pressure of mixtures 221727 and 233097 prior to shipping was > 9 MPa.
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National Oceanic and Atmospheric Administration (NOAA)

Key Companison CCQM-ES2

Methane in Air at Ambient level (1800-2200) nmol’‘mol
Result form CCQM-K82-R

Project name: CCQM-KS82 (Methane i Air at Ambient level).
Date: Nov. 9, 2012 (vpdated Feb. 5, 2013)

1.0 General Information

Institute: NOAA
Address: 325 Broadway
Mail Stop R.GMD1
Boulder, CO 80305 USA
Contact: Brad Hall
Tel: + 1303 497 7011
Emanl: Bradlev Hall@noaa gov

Serial Numbers: FB03378. FB03593

2.0 Results:

Cvylinder CH, Uncertainty Coverage co,
{(nmol/mol)* (nmol/mol) factor {mmol/mol)

FB03578 1812.1 26 =2 3762

FB03593 22089 28 k=2 367.0

*WMO X2004 CHs Reference Scale
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3.0 Uncertainty Budget
Purity Table: CHs

Component Mole fraction Uncertainty
02 = 100 ppm

N2 < 100 ppm

H20 = 10 ppm

CH4 0.9995+ 0.0002

Purity Table: CO2

Component Mole fraction Uncertainty
NzZ0 2 ppb

CH4 <1 ppm

co2 0.99999 0.00001

Purity Table: Dilution Gas (scrubbed real air)

Component Maole fraction Uncertainty
(k=1)

02 0.20912 0.00006

N2 0.78155 0.00006

Ar 0.009332 0.000003

co2 <le-6 D.5e-6

CH4 4.8e-9 0.7e-9

3.1 Uncertainty Components

Component Fractional Fractional
Uncertainty Uncertainty

Cylinder FB03578 FE03393
MW CH4 2.49e-5 249e-3
MW dilution gas 6.91e-5 6.91e-5
Mass of dilution gas 9.30e-6 0.34e-0
Mass of CH4 aliquot 6.124e-3 3.460e-4
CH4 in dilution gas 3.867-4 3.168e-4
Total 7.280e-4 6.361e-4
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3.2  Summary of Results and Uncertainties

Cylinder: FB03378 (CH4 in purified real air)

Component Mole fraction Uncertainty
(=2)

0z 0.20912 0.00012

Nz 0.78155 0.00012

Ar 0.009332 0.000006"

co;? 376.18- 10+ 0.14-10%

CHs 1812.1-10° 2.6-10°

" estimated

T analyzed, WMO X2007 Reference Scale

Cylinder: FB03593 (CH4 in purified real air)

Component Mole fraction Uncertainty
(:=2)

0 0.20912 0.00012

Nz 0.78155 0.00012

Ar 0.009332 0.000008"

cox’ 366.98 - 10 0.14-10%

CHy 2208.9 - 109 2.8-1049

" estimated

" analyzed, WMO X2007 scale

Samples FB03578 and FB03593 were prepared by gravimetric dilution of a 1.06% CH4-in-
air primary standard. Gravimetrically-prepared values of CH4 in these samples are
consistent with the WMQ X2004 scale. Analyzed values are reported in section 2.0 and 3.2.
Uncertainties are derived from components listed in section 3.1 and are consistent with
uncertainties associated with standards that define the WMO X2004 scale.

Impurities in CO2 were not included in the uncertainty budget for this comparison. Pure
CO03 was analyzed by GCMS and by GC-ECD. CHy was not detected. However, the WMO
X2004 CH4 scale is based on primary standards that do not contain COz. Therefore any
contribution to uncertainty from CO2 would be inconsistent with the WMO X2004 CHs
scale.

4.0  Analysis System

The current analytical system for calibrations 15 based on a Hewlett-Packard 6890 gas
chromatograph with flame ionization detector, multi-position stream selection valves for sample
selection. a two-position, six-port valve for injection of gas onto the GC column, and custom
software for valve control and chromatogram peak integration. A single, 3.2 mm OD, 3 m long
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column packed with 80/100 mesh HayeSep Q at 40°C 1s used for CHy separation. Sample loop
volume is 5 mL. Carrier gas is 99.9995% N, purified by passing it through a heated metal-oxide
catalyst (Trace Analytical CAT-1) and a 50 cm long. 2.1 em ID trap filled with a 50/50 mixture
of 13X (8-12 mesh) and 5A (0.16 cm) melecular sieve pellets. Carrier gas column head pressure
is set with one of the GC’s electronic pressure controllers to give a flow rate of 36 mI min . The
flame is foeled by 40 mL min™ H; (99.999%) and supported by 250 mI min” 40% 03 (99.98%)
in Ny

The WMO X2004 CH; reference scale is based on 16 gravimetrically-prepared standards, with a
nominal range of 300-2600 nmol/mol (see Dlugokencky et al.. 2005). Cylinders FB03578 and
FBO03593 were analyzed over a period of 11 days. The standard deviations of analysis results
from three separate analysis periods were 0.13 nmol mol” and 0.06 nmol mol” for cylinders
FBO03578 and FB03593, respectively.

5.0 References

Dilugokencky. E. J. R. C. Myers. P. M. Lang. K. A Masarie, A. M. Crotwell, K. W_ Thoning, B.
D. Hall J. W_Elkins, and L. P. Steele (2005). Conversion of NOAA atmospheric dry air
CH4 mole fractions to a gravimetrically prepared standard scale, J. Geophys. Res.. 110,
D18306, do1:10.1029/2005TD00S035.
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ANNEX 3- Validation data

Validation of BIPM’s measurement systems with a suite of standards produced by the
NIST

In preparation for CCQM-K82 the BIPM conducted a number of studies to validate the
performance and uncertainty of its analytical systems.

Compressed gas mixtures containing CHs; in a balanced air were prepared
gravimetrically by the NIST and sent to the BIPM. Six standards were used in the
validation study presented here. The preparation procedure used for preparing CHy4 in
Air PSM’s has been fully documented by Rhoderick et al.'

Table 18 lists the characteristics of the methane gas standards along with the
gravimetric concentration and its relative uncertainty expressed at a level of confidence
of approximately 68% (k = 1) as reported by NIST used in this validation study. The
mole fraction and relative uncertainty of NIST standards are plotted in Figure 27.

Number Assigned Certified standard
of Cylinder CH, mole fraction uncertainty Matrix
XNIST Uyer(XN1sT)
(nmol mol™) (nmol mol™)

CALO018193 1637.42 0.56 Real Air
FF4234 1815.72 0.66 Synthetic Air
CALO018226 1906.34 0.66 Real Air
FF4190 1929.63 0.64 Synthetic Air
CALO018216 1969.34 0.75 Synthetic Air
CALO018191 1970.9 0.74 Real Air

Table 18. Characteristics of gravimetric mixtures as provided by NIST

2000 .
Real Air

4 g B .
1950 Synthetic Air

1900 u
1850 -
1800 -

1750 4

1700 4

1650

NIST assigned mole fraction / nmol/mol

1600 v T pe—1 " T y T Y T Y T v 1
0 1 2 3 4 5 6 7

Figure 27 : Methane mole fractions of NIST standards

Final Report - International comparison CCQM-K82: Methane in Air at Ambient level (1800-2200) nmol mol™
Page 117 of 129



Version 2 07/03/14

NIST standards were analyzed by the CRDS Method 2 and then by GC-FID on July
2013. Table 19 lists the results obtained by both methods (bold type writing) together
with the results of the CCQM-K82 comparison extracted from Table 6.

To observe the consistency between the CRDS Method 2 and GC-FID , the CRDS
Method 2 responses were plotted against GC-FID ratio responses in Figure 28. As can
be observed, there were no apparent outliers or deviations from a linear relationship.

In order to verify more carefully the linearity of both methods, the regression analysis
was performed including NIST validation standards with the ensemble of standards
contributing to the regression in the key comparison. The cylidner FB03593 from
NOAA was not consider as part of the set of cylinders used to produce the KCRV (for
more information see section 8).

The resulting goodness of fit, listed in Table 20, confirmed the agreement between the
analysis function and calibration data in both cases. The difference (Axcus) between
predicted and gravimetric values for the methane mole fraction for CRDS Method 2 are
listed in Table 21 and for GC-FID in Table 22.

The differences (Axcps) between CH4 gravimetric mole fractions and predicted values
using CRDS analysis Method 2 are plotted in Figure 29 for CCQM-K&82 participants
and NIST validation cylinders. The differences (Axcus4) between CHy4 gravimetric mole
fractions and predicted values using GC-FID analysis are plotted in Figure 30, also for
CCQM-K82 participants and NIST validation cylinders.

Based on these results the response functions of both methods can be considered as
linear within the mole fraction range of 1600 nmol/mol to 2250 nmol/mol and the stated
uncertainties of Table 6.
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R» M(Rz) Ruce “(R GC)
NMI’s GC-FID
NMI’s assigned CRDS
Participant Number of assigned Standard Method 2 Standard (Under intermediate Standard
Cylinder CH,4 mole uncertainty (Under intermediate uncertainty precision conditions) uncertainty
fraction k=1 precision conditions) in the in the
XNMI u(xnw) Ratios to Ratios to control Ratios to
(nmol/mol) | (nmol/mol) Ratios to control control cylinder control

cylinder cylinder cylinder

KRISS D 929248 1797.10 0.50 0.94490 0.00026 0.9450 0.00024
KRISS D 985705 2200.90 0.60 1.15737 0.00026 1.1580 0.00025
NIM CALO017763 1825.20 0.85 0.95961 0.00027 0.9598 0.00025
NIM CALO017790 2193.80 1.00 1.15314 0.00026 1.1534 0.00025
NIST FB03569 1796.76 0.85 0.94449 0.00026 0.9444 0.00024
NIST FB03587 2195.96 0.84 1.15345 0.00026 1.1538 0.00025
NIST CAL018193 1637.42 0.56 0.86128 0.00026 0.86115 0.00022
NIST FF4234 1815.72 0.66 0.95409 0.00026 0.95421 0.00023
NIST CAL018226 1906.34 0.66 1.00178 0.00027 1.00186 0.00021
NIST FF4190 1929.63 0.64 1.01422 0.00027 1.01428 0.00023
NIST CAL018216 1969.34 0.75 1.03493 0.00027 1.03520 0.00022
NIST CAL018191 1970.9 0.74 1.03579 0.00027 1.03625 0.00022
NMIJ CPB-28035 1797.30 0.65 0.94429 0.00026 0.9443 0.00025
NMIJ CPB-28219 2198.30 0.65 1.15489 0.00026 1.1551 0.00025
NOAA FB03578 1812.10 1.30 0.95368 0.00027 0.9537 0.00024
NOAA FB03593 2208.90 1.40 1.16346 0.00026 1.1639 0.00025
NPL 221727 1799.40 1.80 0.94650 0.00026 0.9466 0.00025
NPL 233097 2199.60 2.20 1.15683 0.00026 1.1569 0.00024
VNIIM D 249682 1812.90 1.30 0.95159 0.00026 0.9515 0.00026
VNIIM D 249845 2214.60 1.25 1.16395 0.00026 1.1641 0.00025
VSL D 249292 1798.29 2.00 0.94499 0.00027 0.9452 0.00024
VSL D 249289 2196.33 2.40 1.15390 0.00026 1.1541 0.00023

Table 19. Results of BIPM CH,4 mole fraction validation measurements. NIST validation standards are

shown in bold type.
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Figure 28. CRDS ratios to control standard Messer 597888 (Method 2) vs GC-FID ratios to control standard. Error bars representing the standard uncertainty (k=1)
associated with the BIPM measurement results are plotted but cannot be seen on the graph. For further information see section ANNEX 1- BIPM Value assignment procedure.
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Parameter CRDS Method 2 GC-FID
bo -2.705 -0.30361
b1 1.905-10° 1.9026-10°
u(bo) 2.2963 2.2245
u(by) 2.2497 2.1835
Covariance -5.1433 -4.836
Remaining SSD 16.547 21.20
Goodness -of-fit measurements 1.74 1.94

Table 20. Regression analysis parameters for CRDS Method 2 and GC-FID using the ensemble of contributing cylinders in CCQM-K82 together with NIST validation
cylinders in the linear regression.
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Participant Num})er of NMI’s assigngd NMTI’s assigngd 1_22 o u(ﬁz » ) .
Cylinder CH, mole fraction Standard kir;certamty P N Ax cH, = (xNMI —R2 prea ) u (Ax cH, ) U (Ax cH, )
u(xnmr) (k=2)
Xamr (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol)
KRISS D 929248 1797.10 0.50 1797.54 0.57 -0.44 0.76 1.51
KRISS D 985705 2200.90 0.60 2202.34 0.63 -1.44 0.87 1.74
NIM CALO017763 1825.20 0.85 1825.56 0.57 -0.36 1.02 2.04
NIM CALO017790 2193.80 1.00 2194.28 0.63 -0.48 1.18 2.36
NIST FB03569 1796.76 0.85 1796.76 0.57 0.00 1.02 2.04
NIST FB03587 2195.96 0.84 2194.87 0.63 1.09 1.05 2.09
NIST CALO018193 1637.42 0.56 1638.22 0.65 -0.80 0.86 171
NIST FF4234 1815.72 0.66 1815.05 0.57 0.67 0.87 1.74
NIST CALO018226 1906.34 0.66 1905.90 0.56 0.44 0.87 1.73
NIST FF4190 1929.63 0.64 1929.61 0.56 0.02 0.85 1.70
NIST CALO018216 1969.34 0.75 1969.07 0.55 0.27 0.93 1.86
NIST CALO018191 1970.9 0.74 1970.71 0.56 0.19 0.93 1.85
NMIJ CPB-28035 1797.30 0.65 1796.37 0.57 0.93 0.87 1.73
NMIJ CPB-28219 2198.30 0.65 2197.62 0.63 0.68 0.90 1.81
NOAA FB03578 1812.10 1.30 1814.25 0.57 -2.15 1.42 2.84
NOAA FB03593 2208.90 1.40 2213.93 0.64 -5.03 1.54 3.08
NPL 221727 1799.40 1.80 1800.59 0.57 -1.19 1.89 3.77
NPL 233097 2199.60 2.20 2201.31 0.63 -1.71 2.29 4.58
VNIIM D 249682 1812.90 1.30 1810.29 0.57 2.61 1.42 2.84
VNIIM D 249845 2214.60 1.25 2214.87 0.64 -0.27 1.40 2.81
VSL D 249292 1798.29 2.00 1797.70 0.58 0.59 2.08 4.16
VSL D 249289 2196.33 2.40 2195.72 0.62 0.61 2.48 4.96

Table 21. Difference Ax ¢y of CHy mole fractions assigned by participants from predicted values using Method CRDS 2 for the twenty two gas standards in the validation
study set. NIST validation standards are shown in bold type.

Final Report - International comparison CCQM-K82: Methane in Air at Ambient level (1800-2200) nmol mol™
Page 122 of 129




Version 2 07/03/14

Participants

4 NIST-Val

VNIIM -

-
@
_|

NIM J_ [ ]
NIM VNIIM

1
N

|

| -

®
[ I¥YVN NPL | | KRISS

AxCH4 (nmol/mol)

-6 — NOAA

-10 v L v Ll v Ll v Ll v Ll v Ll v Ll v I,/I/ v L v Ll v Ll v Ll v Ll v 1
1600 1650 1700 1750 1800 1850 1900 1950 2190 2195 2200 2205 2210 2215 2220

NMI'smolefractio

Figure 29. Difference between CH,4 gravimetric mole fractions and predicted values using CRDS Method 2, including CCQM-K82 participants (black dots) and NIST
validation cylinders (red dots). The error bar represents the expanded uncertainty at a 95 % level of confidence.
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Participant Number of Assigned NMI’s Assigned NMI’s
Cylinder CH, mole fraction StandardKu:nlcertamty R voc e U (E voe pred ) _ u ( Ax gy ) ) U ( Ax oy ) )
u(xnmr) AxCH (XNMI ~ R ed) (k=2)
Xamr (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol) (nmol/mol)
KRISS D 929248 1797.10 0.50 1797.56 0.53 -0.46 0.73 1.46
KRISS D 985705 2200.90 0.60 2202.80 0.61 -1.90 0.85 1.71
NIM CALO017763 1825.20 0.85 1825.76 0.53 -0.56 1.00 2.00
NIM CAL017790 2193.80 1.00 2194.04 0.60 -0.24 1.16 2.33
NIST FB03569 1796.76 0.85 1796.58 0.53 0.18 1.00 2.00
NIST FB03587 2195.96 0.84 2194.83 0.60 1.13 1.03 2.07
NIST CAL018193 1637.42 0.56 1638.09 0.58 -0.67 0.81 1.61
NIST FF4234 1815.72 0.66 1815.16 0.50 0.56 0.83 1.65
NIST CAL018226 1906.34 0.66 1905.81 0.46 0.53 0.80 1.61
NIST FF4190 1929.63 0.64 1929.45 0.49 0.18 0.81 161
NIST CAL018216 1969.34 0.75 1969.23 0.46 0.11 0.88 1.76
NIST CAL018191 1970.9 0.74 1971.24 0.48 -0.34 0.88 1.76
NMI1J CPB-28035 1797.30 0.65 1796.28 0.54 1.02 0.85 1.69
NMIJ CPB-28219 2198.30 0.65 2197.29 0.60 1.01 0.89 1.78
NOAA FB03578 1812.10 1.30 1814.20 0.52 -2.10 1.40 2.80
NOAA FB03593 2208.90 1.40 2214.07 0.61 -5.17 1.53 3.05
NPL 221727 1799.40 1.80 1800.66 0.54 -1.26 1.88 3.76
NPL 233097 2199.60 2.20 2200.76 0.60 -1.16 2.28 4.56
VNIIM D 249682 1812.90 1.30 1810.01 0.56 2.89 1.41 2.83
VNIIM D 249845 2214.60 1.25 2214.44 0.61 0.16 1.39 2.78
VSL D 249292 1798.29 2.00 1797.92 0.52 0.37 2.07 4.14
VSL D 249289 2196.33 2.40 2195.55 0.58 0.78 2.47 4.94
Table 22. Difference Ax ¢y of CHy mole fractions predicted from the analysis function GC-FID versus gravimetric values assigned by participants for the twenty two gas

standards in the validation study set. NIST validation standards are shown in bold type.
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Figure 30. Difference between CH, gravimetric mole fractions and predicted values using GC-FID analysis, including CCQM-K82 participants (black dots) and NIST
validation cylinders (red dots). The error bar represents the expanded uncertainty at a 95 % level of confidence.
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Analysis of effect of input port and regulator on method reported uncertainties

The variability in BIPM measurement results introduced by using either different
regulators or different input ports of the auto sampler was studied.

Input ports consistency test:

A consistency test was performed using a manifold to simultaneously connect all the
auto-sampler inputs to a single cylinder with a single pressure reducer then analysing
the measurements given by each port to a control cylinder.

Three repeats of this analysis led to the conclusion that all the input ports where
equivalent within the measurement uncertainties (the standard deviation of the 36 ratios
measured during the test was equivalent to: 0.14 nmol/mol). The measurements were
performed from November 29 to December 3 2012.

Pressure reducer consistency test:

This test was performed using a manifold to simultaneously connect one cylinder to all
pressure reducers, each connected to an input port of the auto-sampler. Measurements
were also repeated three times and again no difference was found within the
measurement uncertainties (the standard deviation of the 36 ratios measured was
equivalent to: 0.13 nmol/mol). The measurements were performed from December 6 to
72013.

In the current uncertainty budgets described in this report, no component of uncertainty
has been included for port and regulator effect, as they were assumed negligible in
comparison to the uncertainty arising from instrument repeatability.
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ANNEX 4- Potential biases due to isotope ratio effects

Previous publications® have concluded that the isotopic bias for CH4 measurements with
CRDS are not significant as the potential bias is of the same magnitude as their reported
analytical precision of their CRDS instrument of +£0.3 nmol mol™".

This conclusion is re-examined taking into account the uncertainties reported in this
comparison. Assuming that pure methane used in the preparation of standards originates
from natural gas, the reported’ mean isotopic composition and (£1 SD) range around the
mean that could be expected is —(43+7) %o for 6°C (VPDB) and —(185+20) %o for 6D
(VSMOW). Gas samples at the extremes of this range would lead® to biases in the
CRDS measured methane mole fraction values of +0.34 nmol mol”' and -0.38 nmol
mol™. Considering a rectangular probability distribution between these limits, allows a
type B standard uncertainty to be calculated to cover potential variations in CRDS
measurements occurring due to potentially different isotopic mixtures in the gas
measured, us =0.21 ppb. This is an additional uncertainty component that should be
added to CRDS methods used to compare standards produced with different methane
source.

The final expression to determine the global uncertainty for each cylinder using CRDS
method 2 is given in section 1.2.3 by the equation 38. This corresponds to a relative
standard uncertainty of 0.025 %, using the largest values obtained in a conservative
approach. Adding an uncertainty component to cover variance arising in CRDS
response due to possible isotopic variation in the methane in different standards (us, was
computed to be 0.21 ppb) would result in a value of u(R,) of 0.031% when expressed
as a relative standard uncertainty. Figure 31 plots the Youden Plot without (a) and with
(b) such additional uncertainty component to cover variance arising in CRDS response
due to possible isotopic variation. As can be observed (Figure 31) the addition of the
extra contribution to the uncertainty in CRDS measurements of methane mole fractions
arising from possible isotopic variation in the standards has no significant effect on their
level of compatibility.

Final Report - International comparison CCQM-K82: Methane in Air at Ambient level (1800-2200) nmol mol™
Page 127 of 129



Version 2 07/03/14

Method CRDS 2

a) 10 -GLS_LCminSet

1
S
1

D 2200 / nmol mol
&
| I
It

T T T T T T T T T

™1
9 10

b 10 +rrrrrrrr
10-9 -8 -7 -6 5 -4 -3-2-10

D_1800/ nmol mol”

T T T T 7 T T 7T 1
12 3 45 6 7 8

Method CRDS 2 _Isotop
GLS_LCminSet

D 2200/ nmol mol”
A
1 N

210 I
-109 8 -7 6 54-3-2-101 2

D_1800/ nmol mol”

T T T T T T T

LI L LA BN BLEN L N
3456 7 8 910

Figure 31. Youden Plot of the CCOM-K82 results. The error bar represents the expanded uncertainty at
a 95 % level of confidence.
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