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1 Rationale for comparison   
  

The CCQM-K82.2023 comparison was designed to evaluate the level of compatibility of 

methane in air primary reference mixtures within the range of (1800-2200) nmol mol-1. 

The balance gas for the standards was either scrubbed dry real air or synthetic air. This 

comparison also serves to demonstrate the purity analysis capabilities of NMIs (national 

metrology institutes) for measurements of trace levels of methane in various matrix gases.  

  

The key comparison involved a simultaneous comparison of a suite of 22 primary gas 

standards, with two travelling standards prepared by each of the 11 participating 

laboratories. The standards were sent to the BIPM, where the comparison measurements 

were conducted. The reference value for a given travelling 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: cavity ring-down 

spectroscopy (CRDS) and gas chromatography with a flame ionisation detector (GC-FID). 

In light of the technical issues encountered with our GC-FID, as outlined in Section 

ANNEX II- Application of GC-FID method to CCQM–K82.2023 travelling standards, it 

is proposed to utilize the results from the CRDS method for the calculation of the key 

comparison reference values of the comparison.   

  

The key comparison CCQM-K82.2023 is considered to present an analytical challenge 

and is therefore classified as a Track C comparison in the CCQM nomenclature.   

  

2 Quantities and Units  
In this comparison the measurand was the amount of substance fraction of methane in 

either synthetic, scrubbed, or natural air1, with measurement results being expressed in 

mol mol-1 and its submultiples μmol mol-1 or nmol mol-1.  

3 Participants  
The comparison included 11 participants listed below:   

- Korea Research Institute of Standards and Science (KRISS)  

- Laboratoire National de métrologie et d’Essai (LNE)  

- National Institute of Metrology (NIM)  

- National Institute of Metrology Thaïland (NIMT)  

 
1 Synthetic air – A gas mixture prepared by mixing of high purity gases, such as oxygen, nitrogen, argon, to replicate the composition 

of ambient air. The final composition typically mirrors the natural abundances of nitrogen, oxygen, and argon found in the atmosphere 

air. Scrubbed air – air from a natural source that has been scrubbed for all major analytes, excluding oxygen, nitrogen, and noble 

gases An air sample, collected directly from ambient, air that has been scrubbed to remove all major analytes, except for the major 

components of ambient air, such as oxygen, nitrogen, and noble gases, and pressured into a gas cylinder for use as a balance gas in 

the preparation of gas mixtures. These major components are included at their natural abundance levels. Natural air – an air sample 

that has been pressurized into a gas cylinder from an outdoor source and is being used as the balance gas within that mixture. Based 

on the preparative process all ambient gases, excluding water, are included at natural abundance levels. An air sample collected 

directly from ambient air, with water vapor removed during the collection process, and pressurized into a gas cylinder for use as a 

balance gas in the preparation of gas mixtures or for dissemination. All components of ambient air, except for water vapor, are 

included at their natural abundance levels. 
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- National Institute of Standards and Technology (NIST)  

- National Metrology Institute of South Africa (NMISA)  

- National Oceanic and Atmospheric Administration, Global Monitoring 

Laboratory (abbreviated as NOAA)  

- National Physical Laboratory (NPL)  

- National Physical Laboratory of India (NPLI)  

- National Metrology Institute of Türkiye (UME)  

- Van Swinden Laboratorium, the National Metrology Institute of the Netherlands 

(VSL)  

4 Schedule  
  

The revised schedule for the project was as follows:  

  
May 2023- Oct 2023  Mixtures preparation, verification and stability tests by participants.  

July 2023- Dec. 2023  Shipment of cylinders to the BIPM   

Jan. 2024 – April 2024  Analysis of mixtures by the BIPM  

May 2024 –June 2024  Shipment of cylinders back from the BIPM to participants  

June2024 – Sept 2024  2nd set of analysis of mixtures by participants   

March 2025  Distribution of Draft A1 report  

  

  

5 Standards prepared by participants  

5.1 Nominal methane amount fractions  

Participants were asked to submit two standards prepared using their usual technique, in 

which the methane amount fraction shall be within a predefined range. The amount 

fraction intervals were chosen so that the values of methane amount fractions in the first 

standards would be distributed to span the low (L) range from 1780 nmol mol-1 to 1820 

nmol mol-1, while the values in the second standards would span the high (H) range from 

2180 nmol mol-1 to 2220 nmol mol-1. Each interval was divided into three sub-intervals 

of 10 nmol mol-1 width each. After registering for the key comparison, each participant 

was informed by the BIPM of the specific amount fraction sub-range within which each 

standard had to be produced. The sub-ranges were identified as L1, L2, L3, H1, H2, and 

H3, with the amount fractions of these referred to listed in Table 1. The combinations in 

which participants were asked to provide a standard in both the low and high ranges is 

listed in Table 2. The pairs of standards to be supplied by participants were confirmed by 

the BIPM upon registration, based on the order in which completed registrations were 

received.   
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 Table 1. Sub-range code and corresponding nominal amount fraction.  

 

Sub-range 

Code  

Assigned  
CH4 amount 

fraction  

range   

   

   

xNMI  

(nmol mol-1)  

L1  1780-1790  

L2  1795-1805  

L3  1810-1820  

H1  2180-2190  

H2  2195-2205  

H3  2210-2220  

 

 

 

Table 2. Participants and sub-ranges of pairs of standards as requested.  

 

Participants’ 

registration 

order  

Pair of  
Standards to be 

submitted by 

participant  

VSL, NIMT  L1 and H1  

NIST, NPLI  L1 and H2  

NPL, KRISS  L2 and H1  

UME  L2 and H3  

NOAA, NIM  L3 and H2  

LNE, NMISA  L3 and H3  
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5.2 Matrix gas  

Based on the potential biases that could have been introduced into the spectroscopic 

comparison method (CRDS) due to variations in the composition of the air matrix across 

different standards, participating laboratories were required to ensure that the composition 

of their air matrix was consistent with the nominal amount fractions within real air, as 

stated above, within the following limits:  

 

 Table 3.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.  

 

Component in Air  Minimum amount fraction 

permitted within submitted 

mixture  

Maximum amount fraction 

permitted within submitted  

mixture  

Nitrogen  0.77849 mol mol-1  0.78317 mol mol-1 

Oxygen  0.20776 mol mol-1 0.21111 mol mol-1 

Argon  
8.865 mmol mol-1 9.799 mmol mol-1 

Carbon Dioxide  
0 µmol mol-1 500 µmol mol-1 

 

According to the results submitted by participants (see Table 4):   

o All mixtures, except those from NOAA, were produced in synthetic air.  

o All mixtures complied with the specified requirements, except for VSL174373, 

which showed a slight exceedance of the oxygen limit. However, as reported by 

Nara et al.1, this level of oxygen deviation has a negligible influence on the CRDS 

response and the resulting regression analysis, and was therefore not expected to 

affect the overall conclusions of this study. 

o The methane amount fraction was reported above the limit of their range in two 

mixtures:  by 0.75 nmol mol-1 in cylinder KRISS-D133520 and by 14 nmol mol-1 

in cylinder KRISS-D133707.   

o The methane amount fraction was reported below the limit of their range in two 

mixtures:  by 6.4 nmol mol-1 in cylinder NPL-D133091 and by 0.5 nmol mol-1 in 

cylinder UME-PSM034418.  

 

A sensitivity analysis was conducted to assess the influence of these out-of-range 

values on the regression. Their inclusion had no impact whatsoever on the final 

regression results. Furthermore, the cylinders remained well distributed across the 

low and high concentration ranges, supporting the robustness of the regression 

performed using all standards (see Assigned Values Table 6). 
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5.3 Information to be submitted with the mixtures  

 

When the travelling standards were submitted, participants were required to complete and 

submit the results form to the BIPM, specifying the methane amount fraction value and 

the associated uncertainty for each standard submitted. Additionally, participants were to 

complete an information sheet for each submitted standard, providing at least the 

mandatory information outlined below.  

 

Mandatory information to be provided included:   

a) a purity table with uncertainties for the nominally pure N2, O2, Ar or scrubbed  

Air and CO2 parent/balance gases   

b) a description of the metrological traceability and measurement method for the 

measurement of the amount fraction trace methane  

(critical impurity) in the pure parent/balance gases;   

c) a purity table for each of the final mixtures including the value and uncertainty 

of the methane amount fraction which arises from the sum of trace methane 

that is a critical impurity in the pure parent/balance gases;   

d) an uncertainty budget for the final mixtures including gravimetric, stability, 

verification components and final combined uncertainty   

  

Optional  information that would be useful to provide was:   

e) a brief outline of the dilution series undertaken to produce the final mixtures;   

f) a purity table with uncertainties for the nominally pure methane parent gas   

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

h) 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.  

  

Information submitted by participating laboratories, including stability measurements, is 

included in ANNEX III - Measurement reports of participants. The final methane amount 

fractions reported by participants, after stability measurements, are listed in Table 4, 

where:  

  

xNMI  is the value assigned by the participating NMI based on gravimetric 

preparation;  

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

  associated with the assigned value xNMI;  

It should be noted that three participants (NIST, NMISA, and NPLI) reported changes in 

their stated uncertainties after stability measurements with some cases showing 

significant adjustments.   
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Figure 1 plots the final 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 plotted separately in Figure 2.   

  

6 Measurement facility and procedure  
The comparison facility of the BIPM is composed of two analytical instruments: one 

CRDS and one GC-FID. It is very similar to the one used in the previous comparison 

CCQM-K82 2, with a more recent CRDS instrument (Picarro G2301).   

The measurements procedure, briefly described below, was also very similar to the one 

used in 2013, and validated prior to the 2013 comparison using standards in different 

matrices provided by NIST 3.   

 

6.1 Handling of cylinders  

On receipt by the BIPM, all cylinders were allowed to equilibrate at laboratory 

temperature for at least 24 hours. The pressure inside the cylinders was measured and 

recorded, and measured again before their return to participant’s laboratories (see Table 5). 

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 32-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.   

 

6.2 Series of measurements  

The mixtures were analysed using CRDS first, then GC-FID. The CRDS measurements 

were performed under repeatability conditions over 16 hours, while the GC-FID 

measurements were conducted over 9 days. In both cases, the BIPM-reported value was 

based on the drift-corrected ratio between the instrument response and a control cylinder. 

Two cylinders owned by the BIPM were added at the start and the end of all measurement 

sequences, to monitor the intermediate precision of the system.   

  

7. Comparison results   
Measurements were performed at the BIPM from January to April 2024. Table 5 lists the 

inlet pressure before and after the standards were analyzed by the BIPM.   

The value assignment of each cylinder was performed following the methods outlined in 

in section 6.2. Due to the GC-FID exhibiting noise levels five times higher than in 2014, 

affecting repeatability despite consistent results (see section ANNEX II- Application of 

GC-FID method to CCQM –K82.2023 standards), the CRDS measurements were chosen 

as the reference values, detailed in Table 6 where:  
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𝑅  is the drift-corrected ratio to the control cylinder of the response obtained 

by CRDS to each standard;  

  

 𝑢(𝑅)  is the standard uncertainty of R;  

  

To simplify the presentation of the results, Table 6 results were plotted in Figure 3,  Figure 

4, Figure 5 and Figure 6.    

  

Once returned to the participants, the standards were analyzed by the participating 

laboratories in order to verify the stability of the mixtures.   

  

According to the conclusions of the CCQM-K82 comparison in 2014, a key measurement 

required for the preparation of accurate methane standards was the determination of trace 

methane in the balance gas1. Similarly, in most cases, a major contributor to the reported 

uncertainty of participants’ standards arises from the measurement of trace levels of 

methane in the balance gas used for preparing their standards. The average trace methane 

levels in the balance gas of the standards provided and measured by the participants are 

plotted in this occasion in Figure 7.  Notably, the CH4 background levels are higher on 

average compared to 2014, with half of the participants reporting at least double the 

background methane in their synthetic air components compared to a decade ago. 
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Table 4. Purity table of the submitted gas mixtures according to participants’ reports in ANNEX III - Measurement reports of participants. Synthetic Air is 

identified as S. A. and Purified real air as R. A.* No data given.   

                    

Participant   

  Number of Cylinder  

Gas  
Matrix  

  

NMI’s  
assigned   

CH4 amount 

fraction   
  

NMI’s  
assigned   
expanded  
uncertainty  

k=2  

NMI’s  
assigned  CO2  

amount fraction   
  

NMI’s  
assigned   

Ar  

amount  

fraction   
  

NMI’s  
assigned  

O2   
amount  fraction   

  

NMI’s  
assigned  

N2   
amount fraction   

  

         xNMI  U(xNMI)   xCO2  xAr  xO2  xN2  

         (nmol mol-1)  (nmol mol -1)  (μmol mol-1)  (mmol mol-1)  (mol mol-1)  (mol mol-1)  

KRISS  D133520  S. A.  1805.75  1.37  397.75740  9.56240  0.21049  0.77955  
KRISS  D133707  S. A.  2203.12  1.67  370.68890  9.24170  0.21027  0.78011  
LNE  APE1126469  S. A.  1814.50  2.60  0.00540  9.32700  0.20959  0.78108  
LNE  APE997315  S. A.  2213.10  3.00  0.00540  9.29600  0.20924  0.78146  
NIM  L226018046  S. A.  1812.70  1.00  0  9.41470  0.20935  0.78123  
NIM  L226014004  S. A.  2202.10  1.20  0  9.29491  0.20963  0.78107  
NIMT  D094433  S. A.  1785.08  5.00  370.81869  9.13467  0.21007  0.78042  
NIMT  D094436  S. A.  2184.90  5.68  365.45548  9.10020  0.20927  0.78126  
NIST  FF68037  S. A.  1786.81  2.24  441.00000  9.38000  0.20949  0.78069  
NIST  FF68033  S. A.  2201.68  4.32  441.00000  9.38000  0.20949  0.78069  
NMISA  D73 3629  S. A.  1813.00  45.00  254.59000  9.00700  0.21009  0.78064  
NMISA  D67 9445  S. A.  2218.00  57.00  473.69000  9.00100  0.21059  0.77993  
NOAA  FB04227  R. A.  1813.30  3.40  389.00000  9.30000  0.20960  0.78070  
NOAA  FB04226  R. A.  2200.50  4.10  424.00000  9.30000  0.20960  0.78070  
NPL  D133091  S. A.  1789.60  1.70  0.03300  9.25820  0.20801  0.78273  
NPL  D132886  S. A.  2186.60  2.08  0.03300  9.30020  0.20929  0.78141  
NPLI  D001986  S. A.  1787.45  10.17  0  9.34300  0.20832  0.78232  
NPLI  D001989  S. A.  2199.66  8.04  0  9.60700  0.20912  0.78127  
UME  PSM034418  S. A.  1794.50  3.14  369.75170  9.38155  0.20943  0.78082  
UME  PSM034390  S. A.  2216.51  4.30  369.74640  9.31283  0.20852  0.78180  
VSL  VSL174000  S. A.  1787.29  3.57  370.74000  9.32450  0.20956  0.78075  
VSL  VSL174373  S. A.  2187.86  4.38  373.71000  9.32040  0.21130  0.77900  
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Table 5. Pressure of the gas standards on arrival and departure from the BIPM. 

 

Cylinder ID  
Pressure at cylinders arrival  

(bar)  

Pressure before 

cylinders departure 

(bar)  

Real gas 
consumption  

(bar)  

KRISS-D133520  93.0  91.5  1.5  

KRISS-D133707  94.0  92.0  2.0  

LNE-APE1126469  127.0  123.5  3.5  

LNE-APE997315  128.0  125.5  2.5  

NIM-L226014004  127.0  125.0  2.0  

NIM-L226018046  131  130  1.0  

NIMT-D094433  105.0  103  2.0  

NIMT-D094436  103.0  101.0  2.0  

NIST-FF68033  84.0  80.5  3.5  

NIST-FF68037  77.0  74.0  3.0  

NMISA-D679445  116.0  114.0  2.0  

NMISA-D733629  103.0  98.0  5.0  

NOAA-FB04227  130.0  125.5  4.5  

NOAA-FB04226  134.0  128.0  6.0  

NPL-D132886  107.0  105.0  2.0  

NPL-D133091  108.0  106.0  2.0  

NPLI-D001986  114.0  112.0  2.0  

NPLI-D001989  113.0  111.0  2.0  

UME-PSM034418  122.0  116.5  5.5  

UME-PSM034390  120.0  80.0  40.0  

VSL-D044000  118.0  114.0  4.0  

VSL-D044373  118.0  108.0  10.0  
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Table 6. Cylinders reference, CH4 amount fraction assigned by the participant xNMI, its standard uncertainty u(xNMI), drift-corrected ratios to the control 

cylinder of CRDS response to each cylinder R, and its standard uncertainty u(R). 

 

Cylinder reference  
xNMI  

(nmol mol-1)  

u(xNMI)  

(nmol mol-1)  
R  u(R)  

KRISS-D133520  1805.75  0.68  0.99518  0.00013  

KRISS-D133707  2203.12  0.84  1.21404  0.00014  

LNE-APE1126469  1814.50  1.30  0.99903  0.00013  

LNE-APE997315  2213.10  1.50  1.21845  0.00014  

NIM-L226014004  2202.10  0.60  1.21267  0.00014  

NIM-L226018046  1812.70  0.50  0.99819  0.00013  

NMISA-D679445  2218.00  28.50  1.20433  0.00014  

NMISA-D733629  1813.00  22.50  0.98123  0.00013  

NIMT-D094433  1785.08  2.50  0.98139  0.00013  

NIMT-D094436  2184.90  2.84  1.20136  0.00014  

NIST-FF68033  2201.68  2.16  1.21258  0.00014  

NIST-FF68037  1786.81  1.12  0.98505  0.00013  

NOAA-FB04226  2200.50  2.05  1.21366  0.00014  

NOAA-FB04227  1813.30  1.70  0.99976  0.00013  

NPL-D132886  2186.60  1.04  1.20323  0.00014  

NPL-D133091  1789.60  0.85  0.98499  0.00013  

NPLI-D001986  1787.45  5.09  0.96757  0.00013  
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Cylinder reference  
xNMI  

(nmol mol-1)  

u(xNMI)  

(nmol mol-1)  
R  u(R)  

NPLI-D001989  2199.66  4.02  1.18681  0.00013  

UME-PSM034390  2216.51  2.15  1.21672  0.00014  

UME-PSM034418  1794.50  1.57  0.98450  0.00013  

VSL-D044000  1787.29  1.79  0.98368  0.00013  

VSL-D044373  2187.86  2.19  1.20411  0.00014  
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Figure 1. CH4 amount fractions xNMI  provided by participants. The error bars represent the standard uncertainty  associated with the submitted values.  
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Figure 2. Participants’ assigned expanded uncertainties U(xNMI) associated with the amount fraction methane. 
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Figure 3. CRDS ratios to the control standard. The error bars represent the standard uncertainty of the BIPM measurement results. For further information  see ANNEX II- 

.  
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Figure 4.  CRDS ratios to control cylinder as a function of the amount fraction methane (x-axis). The error bars represent the standard uncertainty of the BIPM measurement 

results (y-axis). 
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Figure 5. Zoom of the previous figure on the lower range of amount fractions. The error bars represent the standard uncertainty (k=1) associated with the BIPM 

measurement results (y- axis) and the NMI gravimetric values (x-axis).   
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Figure 6.  Zoom of the previous figure on the higher range of amount fractions. The error bars represent the standard uncertainty (k=1) associated with the 

BIPM measurement results (y- axis) and the NMI gravimetric values (x-axis  
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8 Key Comparison Reference Value   
  

The following model for determining the reference values for the comparison was discussed and 

approved during the comparison participants’ meeting on the Draft A1 report held on 30 June 

2025.  

The model is based on the approach that was adopted for CCQM-K82 in 2014, also coordinated 

by the BIPM, which consisted in the calculation of one reference value by standard, obtained by a 

Weighted Total Least Squares (WTLS) straight line regression of the pairs (xNMMI, R), and selecting 

the largest consistent subset of points resulting in appropriate regression parameters 2 . The 

measurement results obtained by CRDS were selected, since this method had the lowest 

measurement uncertainties. Reference values and degrees of equivalence determined from the GC-

FID method show consistent results, but with enlarged uncertainties (See details in ANNEX II- ).  

  

8.1 Notation   
  

The degree of equivalence is defined as:  

    

  

  

where   

  

 D = 𝑥NMI − 𝑥KCRV  (1)  

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);  

u(xKCRV)  

  

is the uncertainty of the predicted value;  

xNMI  

  

is the amount of substance fraction submitted by the participating laboratory;  

u(xNMI)  

  

is the standard uncertainty associated with the submitted value xNMI;  

  

  

  

 
2 The approach consisted of iteratively testing different data sets, localizing outliers, and subsequently redefining the working data set. At each 

step, the fit was evaluated using a statistical goodness-of-fit criterion, with subsets retained only if the goodness-of-fit value was less than 2. This 

procedure ensured that the final regression was based on the maximum number of mutually consistent points, thereby minimizing the influence of 

outliers and providing stable and statistically valid regression parameters. 
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8.2 Degrees of equivalence and graph of equivalence  
  

The analysis of the data from the comparison was done following the procedures outlined in ISO 

6143:20012 (Gas analysis – Comparison methods for determining and checking the composition 

of calibration gas mixtures). The regression analysis was performed with B_LEAST, a computer 

program which implemented the methodology of ISO 6143:2001, and takes into consideration 

uncertainties in both axes for regression analysis.   

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 led to a self-consistent set of cylinders 

comprising all cylinders except cylinders UME-PSM034418, UME-PSM034390, NPLI-D001986, 

NPLI-D001989, NMISA-D679445 and NMISA-D733629 (NMISA's results showed a significant 

offset, leading to large uncertainty).  

The goodness-of-fit of the regression performed with this data set is equal to 1.6 (see Table 7), 

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 8. This resulted in 

four standards UME-PSM034418, UME-PSM034390, NPLI-D001986 and NPLI-D001989, not 

agreeing with the KCRV.  

 

 Table 7.  Output from the GLS Algorithm in its Analysis Mode. b0, b1, u(b0), u(b1), and cov(b0,b1) are the 

parameters of a straight-line model calibration function for the CRDS ratios to the control cylinder against xCH4 
values assigned by participants. 

     

 

GLS parameter Value 

b0 (nmol mol-1)  -0.39825  

b1  1816.40  

u(b0) (nmol mol-1)  4.80  

u(b1)  4.34  

cov(b0, b1) (nmol mol-1)  -20.70  

SSD rem  20.30  

GOF  1.60  

  

  
.    

The comparison between the results obtained in 2014 and 2023, as shown in the equivalence graph 

Figure 9, demonstrates good consistency among participants. For each 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. This consistent performance highlights the reliability of the 

technical capabilities of participants over the past ten years.  
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Table 8.  Degrees of equivalence for the key comparison CCQM-K82.2023   

  

Participant  

  

Cylinder  

  
xKCRV  

  

u(xKCRV)  

  

xNMI  

  

u(xNMI)  

  

D( xNMI-  xKCRV )  

  

u(D)  

  

U(D)  

(k = 2)  

      (nmol mol-1)  (nmol mol-1) (nmol mol-1)  (nmol mol-1)  (nmol mol-1)  (nmol mol-1)  (nmol mol-1)  

LNE  LNE-APE1126469  1813.90  0.41  1814.50  1.30  0.60  1.36  2.72  

LNE  LNE-APE997315  2212.50  0.50  2213.10  1.50  0.60  1.58  3.16  

NIM  NIM-L226018046  1812.40  0.41  1812.70  0.50  0.30  0.65  1.29  

NIM  NIM-L226014004  2202.00  0.48  2202.10  0.60  0.10  0.77  1.54  

NIMT  NIMT-D094433  1781.80  0.43  1785.08  2.50  3.28  2.54  5.07  

NIMT  NIMT-D094436  2181.40  0.47  2184.90  2.84  3.50  2.88  5.76  

VSL  VSL-D044000  1786.00  0.43  1787.29  1.79  1.29  1.84  3.68  

VSL  VSL-D044373  2186.40  0.47  2187.86  2.19  1.46  2.24  4.48  

NPL  NPL-D133091  1788.40  0.43  1789.60  0.85  1.20  0.95  1.90  

NPL  NPL-D132886  2184.80  0.47  2186.60  1.04  1.80  1.14  2.28  

KRISS  KRISS-D133520  1806.90  0.41  1805.75  0.68  -1.15  0.80  1.60  

KRISS  KRISS-D133707  2204.50  0.49  2203.12  0.84  -1.38  0.97  1.94  

NIST  NIST-FF68037  1788.50  0.43  1786.81  1.12  -1.69  1.20  2.40  

NIST  NIST-FF68033  2201.80  0.48  2201.68  2.16  -0.12  2.21  4.43  

NOAA  NOAA-FB04227  1815.20  0.41  1813.30  1.70  -1.90  1.75  3.50  

NOAA  NOAA-FB04226  2203.80  0.49  2200.50  2.05  -3.30  2.11  4.21  

NMISA  NMISA-D733629  1781.60  0.43  1813.00  22.50  31.40  22.50  45.01  

NMISA  NMISA-D679445  2186.80  0.47  2218.00  28.50  31.20  28.50  57.01  

NPLI  NPLI-D001986  1756.70  0.45  1787.45  5.09  30.75  5.10  10.21  

NPLI  NPLI-D001989  2155.00  0.44  2199.66  4.02  44.66  4.04  8.09  

UME  UME-PSM034418  1787.50  0.43  1794.50  1.57  7.00  1.63  3.25  

UME  UME-PSM034390  2209.30  0.49  2216.51  2.15  7.21  2.21  4.41  
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Figure 8.  Graph of equivalence for the key comparison CCQM-K82.2023. 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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 Figure 9.  Graph of equivalence for the key comparison CCQM-K82 run on 2014 and the CCQM-K82.2023. 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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8.3 Youden Plot  
  

To assess both within-laboratory and between-laboratory variability, the equivalence of 

the data was also presented using a Youden Plot. In this plot, the degrees of equivalence 

for one standard from each participant are plotted against the degrees of equivalence for 

the other standard. The Youden plot displayed in Figure 10 shows the degrees of 

equivalence for the standards prepared with the higher CH4 amount of substance fraction 

(around 2200 nmol mol-1) versus the degree of equivalence for the standards prepared with 

the lower amount of substance fraction (around 1800 nmol mol-1). The y = x line of the 

plot represents the line on which completely correlated pairs of standards would lie.   

Similar to the graph of equivalence, this plot shows that the standards UME-PSM034418 

and UME-PSM034390 do not agree with the reference value (standards NPLI-D001986 

and NPLI-D001989 show a significant deviation from the reference value, to the extent 

that they are beyond the range displayed on the plot). For the standards NMISA-D679445 

and NMISA-D733629, their large uncertainties result in technical consistency with the 

reference value; however, they were also omitted from the plot to enhance clarity in the 

visual presentation of the results. In conclusion 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.  

   

  
Figure 10.  Youden Plot of the CCQM-K82.2023 results. The error bar represents the expanded 

uncertainty at a 95 % level of confidence.  
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9 Conclusions   
  

The performance observed in the 2023 comparison is broadly consistent with that of the 

2014 comparison, with participants demonstrating similar levels of capability.  

Biases in pairs of standards were found to be highly correlated for several laboratories. In 

contrast, laboratories such as NIST and NOAA exhibited less correlation in the biases 

observed between their standard pairs. Notably, the amount fraction bias previously 

observed in 2014 for NOAA is no longer as evident in the 2023 results. Furthermore, 

NOAA showed improved agreement with the KCRV at higher amount fractions.  

In terms of measurement uncertainty, the reported values remain comparable between the 

two comparisons, indicating no significant change in uncertainty levels over time. 

However, some participants, such as NIM, implemented significant methodological 

improvements, including a reduction in gravimetric preparation uncertainty and improved 

verification procedures, which enabled them to further reduce their overall uncertainties.  

A persistent and significant contributor to the reported uncertainties continues to be the 

detection and quantification of trace levels of methane in the balance gases used for 

standard preparation.  

Based on the Youden plot analysis, it can be concluded that biases in pairs of standards 

are almost identical for KRISS, NIM, LNE, VSL, NPL, NIMT, and UME. They appear 

less consistent for NOAA and NPLI, while distinct differences in biases were observed 

for NIST. In the case of NMISA, although not plotted due to the magnitude of the 

difference (covered by the uncertainty), the bias within the pair resulted also nearly 

identical. 
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10  ‘How far the light shines’ statement   
  

Similarly to 2014 the results of this key comparison could be used to support:  

  

1. Claims of analytical capabilities for the measurement of methane in air or nitrogen in 

the range 1700 nmol mol-1 to 2500 nmol mol-1; 

  

1) Claims of analytical capabilities for the measurement of methane in air in the range 

2.5 µmol mol-1 to 10 mmol mol-1 or in nitrogen in the range 2.5 µmol mol-1 to 500 

mmol mol-1, following the guidance given in document GAWG19-41.   
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ANNEX I- CRDS uncertainty assessment for CCQM –

K82.2023 standards  
  

The formula to calculate the ratio to the control cylinder is  

  

 

 

 𝑅𝑖 =
𝐶𝑦𝑙𝑖

𝐴(𝑡𝑐)
  (2)  

  

where 𝐶𝑦𝑙𝑖 is the instrument response to the cylinder i at the time tc and 𝐴(𝑡𝑐) is the 

instrument response to the control cylinder at the same time tc interpolated using a linear 

model in between measurements of the control cylinder made just before and after the 

cylinder i.      

  

The uncertainties in the CRDS responses to cylinders i is constant (not dependent on the 

CRDS response) and a combination of the short-term repeatability, 𝑢𝐴𝑙𝑙𝑎𝑛, and the effect 

of the difference in air composition between measured gas mixtures (broadening effect),  

𝑢𝐵𝑟𝑜𝑎𝑑:   

  

 

 𝑢(𝐶𝑦𝑙𝑖) =  √𝑢𝐴𝑙𝑙𝑎𝑛
2 + 𝑢𝐵𝑟𝑜𝑎𝑑

2   (3)  

  

As described in the CCQM-K82 Comparison report (section 1.2.2), the short term 

repeatability was calculated by Allan Variance analysis, 𝑢𝐴𝑙𝑙𝑎 = 0.1 ppb and the effect of 

the difference in air composition between measured gas mixtures was evaluated as 

𝑢𝐵𝑟𝑜𝑎𝑑= 0.059 ppb (values are expressed in ppb to reflect that there are raw, uncalibrated 

responses of the instrument).   

  

The uncertainty in the response to the control cylinder, 𝐴(𝑡𝑐), is considered equal to the 

short-term repeatability only.   

  

  𝑢(𝐴(𝑡𝑐)) = 𝑢𝐴𝑙𝑙𝑎𝑛  (4)  

Uncertainty of the ratio  

  

The uncertainties on 𝐶𝑦𝑙𝑖  and 𝐴(𝑡𝑐) are first combined relatively  

  

  𝑢   (5)  

  

This value is further combined with two other components: intermediate precision and 

potential biases due to isotope ratio effects, 𝒖𝒊𝒔𝒐. 

  

https://www.bipm.org/documents/20126/44675878/CCQM-K82.pdf/510dce59-8df2-a7fa-06ff-be8eefdd3857
https://www.bipm.org/documents/20126/44675878/CCQM-K82.pdf/510dce59-8df2-a7fa-06ff-be8eefdd3857
https://www.bipm.org/documents/20126/44675878/CCQM-K82.pdf/510dce59-8df2-a7fa-06ff-be8eefdd3857
https://www.bipm.org/documents/20126/44675878/CCQM-K82.pdf/510dce59-8df2-a7fa-06ff-be8eefdd3857
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Intermediate precision  

  

The intermediate precision is estimated from measurements of the two QC cylinder 

included at the start and end of each sequence. A rectangular distribution of width equal 

to the maximum difference between two values of the ratio Ri obtained on each of the QC 

cylinder is assumed. A typical relative uncertainty of 7.7×10−5 is obtained.    

  

Potential biases due to isotope ratio effects, 𝒖𝒊𝒔𝒐  

  

During the first CCQM-K82 comparison we have concluded that assuming that pure 

methane used in the preparation of standards originates from natural gas, the reported 

mean isotopic delta values (±1 SD) that could be expected is –(43±7) ‰ for δ(13C) on the 

VPDB scale, and –(185±20) ‰ for δ(2H) on the VSMOW scale. Gas samples at the 

extremes of this range would lead to biases in the CRDS measured methane amount 

fraction values of +0.34 nmol mol-1 and −0.38 nmol mol-1. 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, uδ =0.21 ppb. This can be 

converted to a standard uncertainty on the ratio equal to 1×10−4 on average.     

  

Final combined uncertainty of the ratio 

 

Combining all sources of uncertainty, the standard uncertainty for the ratio Ri appears to 

be almost constant and equal to 1.3×10−4, corresponding to 0.24 nmol mol-1 at a CH4 

amount fraction of 1800 nmol mol-1.     
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ANNEX II- Application of GC-FID method to CCQM –K82.2023 

standards  
  

The CCQM-K82.2023 cylinders were analysed twice, first on April 8 and again on April 17, 2024. 

The April 8 ratios are listed in Table 10 and plotted in Figure 11, Figure 12, Figure 13 and Figure 

14.   

Unfortunately, different problems impacted on the quality and completion of the set of all cylinder 

measurements. In January 2024, a high-pressure side leak was identified during routine line 

preparation of cylinder NOAA-FB04226. Initial attempts to rectify the issue, including replacing a 

scratched connector, were unsuccessful, and a minor pressure loss continued on the cylinder gas 

line. To proceed with CRDS measurements, operational adjustments were implemented: enhanced 

oversight during working hours, controlled opening/closing times, and continuous monitoring to 

minimize gas depletion. Despite these actions, Cylinder NOAA-FB04226 was excluded from the 

GC-FID batch as a precaution, due to the significant risk of gas loss during GC-FID measurements.   

A second event occurred during the preparation of cylinders for the measurements performed on 

April 8. The cylinder KRISS-D133520 was accidentally partially opened by the operator, resulting 

in insufficient pressure to properly flush the gas into the CRDS line. Consequently, the gas flow 

was compromised, and unreliable results were obtained. It was decided to discard the corresponding 

measurements.   

In terms of the quality of the GC-FID measurements, it was noted that the noise levels were higher 

than those recorded in 2014, with typical relative uncertainties on the ratio RGC equal to 5×10−4 

instead of 2.5×10−4. This probably reflects the performances of an instrument which was sparsely 

used between the two comparisons.   

  

For each submitted cylinder, the difference from the reference value is defined as:  

    

  

  

where   

  

 D = 𝑥𝑁𝑀𝐼 − 𝑥𝐺𝐶 (1)  

xGC  

  

is the reference value, obtained by applying the reference function for the 

corresponding analyzer response (ratio to the control cylinder with the GC-FID);  

u(xGC)  

  

is the uncertainty of the reference value;  

xNMI  

  

is the amount of substance fraction submitted by the participating laboratory;  

u(xNMI)  

  

is the standard uncertainty associated with the submitted value xNMI;  
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The regression analysis was performed with B_LEAST. Standards that were to contribute to the 

reference values were the same as CRDS, see section 7 (self-consistent set of cylinders comprising 

all cylinders except UME-PSM034418, UME-PSM034390, NPLI-D001986, NPLI-D001989, 

NMISA-D679445 and NMISA-D733629). In this special occasion, a quadratic function was chosen 

as model for the least-square regression in B_LEAST, as the GC-FID response was observed to be 

non-linear. Reference values xGC and corresponding differences Diff are listed in Table 11 and 

plotted in Figure 15. Similarly to measurements performed by CRDS, this resulted in four standards 

UME-PSM034418, UME-PSM034390, NPLI-D001986 and NPLI-D001989, for which the 

submitted values do not agree with the reference values.  

  

  
 Table 9.  Output from the GLS Algorithm in its Analysis Mode. b0, b1 and b2 are the parameters of a quadratic model 

calibration function for the GC-FID responses against xCH4 amount fractions. 

 

     

 

Parameter value 

b0 (nmol mol-1)  349.94  

b1(nmol mol-1)  1157.4  

b2 (nmol mol-1)  307.43  
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Table 10.  Participants cylinders assigned values and drift-corrected ratios to the control cylinder obtained by GC-FID. 

  

Number of Cylinder  

Assigned NMI’s CH4  
amount of substance  

fraction  in   
Assigned NMI’s Standard 

uncertainty (k=1)  RGC  

  

u(RGC)  

  (nmol mol-1)  (nmol mol-1)  

GC-FID Ratios to 

control cylinder   

 Standard  uncertainty in the  

Ratios to control cylinder  

KRISS-D133707  2203.12  0.84  1.21034  0.00068  

LNE-APE1126469  1814.50  1.30  0.99992  0.00076  

LNE-APE997315  2213.10  1.50  1.21674  0.00074  

NIM-L226018046  1812.70  0.50  0.99791  0.00070  

NIM-L226014004  2202.10  0.60  1.20763  0.00084  

NMISA-D733629  1813.00  22.50  0.98286  0.00109  

NMISA-D679445  2218.00  28.50  1.20160  0.00087  

NIMT-D094433  1785.08  2.50  0.98159  0.00072  

NIMT-D094436  2184.90  2.84  1.19781  0.00081  

NIST-FF68037  1786.81  1.12  0.98549  0.00075  

NIST-FF68033  2201.68  2.16  1.21022  0.00065  

NPL-D133091  1789.60  0.85  0.98625  0.00073  

NPL-D132886  2186.60  1.04  1.20053  0.00091  

NPLI-D001986  1787.45  5.09  0.96963  0.00061  

NPLI-D001989  2199.66  4.02  1.18431  0.00075  

UME-PSM034418  1794.50  1.57  0.98485  0.00069  
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UME-PSM034390  2216.51  2.15  1.21194  0.00106  

VSL-D044000  1787.29  1.79  0.98415  0.00098  

VSL-D044373  2187.86  2.19  1.20027  0.00064  
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Figure 11 : GC-FID ratios to the control standard. The error bars represent the standard uncertainty (k = 1) associated with the BIPM measurement results.   
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Figure 12.  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).   
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Figure 13.  Zoom of the 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).   

  
Figure 14.  Zoom of the 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). 
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 Table 11.  Differences from the reference values obtained from measurements by GC-FID.   

 

Participant  

  

Cylinder  

  
xGC  

  

u(xGC)  

  

xNMI  

  

u(xNMI)  

  

Diff ( xNMI-  xGC )  

  

u(D)  

  

U(D) 

(k=2)  

      (nmol mol-1)  (nmol mol-1)  (nmol mol-1)  (nmol mol-1)  (nmol mol-1)  (nmol mol-1)  (nmol mol-1)  

NIM  NIM-L226014004  2199.40  1.62  2202.10  0.60  2.70  1.73  3.46  

NIM  NIM-L226018046  1812.60  1.69  1812.70  0.50  0.10  1.77  3.53  

NIMT  NIMT-D094433  1780.50  1.86  1785.08  2.50  4.58  3.12  6.23  

NIMT  NIMT-D094436  2182.30  1.81  2184.90  2.84  2.60  3.37  6.74  

VSL  VSL-D044000  1785.50  2.18  1787.29  1.79  1.79  2.82  5.64  

VSL  VSL-D044373  2186.60  1.49  2187.86  2.19  1.26  2.65  5.29  

NPL  NPL-D132886  2187.10  1.86  2186.60  1.04  -0.50  2.13  4.26  

NPL  NPL-D133091  1789.70  1.70  1789.60  0.85  -0.10  1.90  3.80  

KRISS  KRISS-D133707  2204.10  1.40  2203.12  0.84  -0.98  1.63  3.27  

NIST  NIST-FF68033  2203.90  1.36  2201.68  2.16  -2.22  2.55  5.11  

NIST  NIST-FF68037  1788.20  1.76  1786.81  1.12  -1.39  2.08  4.17  

LNE  LNE-APE997315  2215.10  1.71  2213.10  1.50  -2.00  2.27  4.54  

LNE  LNE-APE1126469  1816.50  1.85  1814.50  1.30  -2.00  2.26  4.52  

NMISA  NMISA-D679445  2188.90  1.77  2218.00  28.50  29.10  28.55  57.11  

NMISA  NMISA-D733629  1783.00  2.42  1813.00  22.50  30.00  22.63  45.26  

NPLI  NPLI-D001986  1756.80  2.60  1787.45  5.09  30.65  5.71  11.42  

NPLI  NPLI-D001989  2158.70  2.45  2199.66  4.02  40.96  4.71  9.41  

UME  UME-PSM034390  2206.80  2.00  2216.51  2.15  9.71  2.94  5.88  

UME  UME-PSM034418  1786.90  1.68  1794.50  1.57  7.60  2.30  4.59  
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Figure 15.  Differences from the reference values obtained from measurements by GC-FID. 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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ANNEX III - Measurement reports of participants  
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Korea Research Institute of Standards and Science (KRISS)  
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LNE statement on 8/22/2024:   

The stability measurents of CH4/air RGMs is now completed and we confirm the values and 

uncertainties we submitted for the comparison.   
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NIM statement on 9/24/2024:   

  

  

We have completed the stability measurements you intended to undertake and confirm the 

values and uncertainties you submitted for the comparison.  
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  Stability  

  

 10/16/2024  

I would like to formally confirm the values and associated uncertainties that I previously 

submitted for comparison.  
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We performed stability analyses and found that there is no stability issue on our mixtures.  
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6/28/2024  

We have completed the re-measurement of our K82 mixtures, we have seen no drift or 

stability issues in the measurements. Therefore we are happy with the values submitted when 

the mixtures were sent to BIPM.  
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