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ABSTRACT

Twenty-two standards of synthetic natural gas siedwl were submitted from ten
different NMlIs for a comparison using the harmotiamethod developed by NPL.

All standards had seven components. This methoderaave the correlated variation
in calibration data for multi-component mixtures damakes a significant

improvement in fitting individual points to caliliran curves. After removing the

non-random variation from the data all the stanslaldowed very good agreement
with only a few outliers. The typical deviation fnothe calibration curves was around
0.05 % (relative) for the main components and fleas 0.2 % for the butanes.
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A preparative comparison using the “harmonisation”method on
standards of synthetic natural gas (CCQM —P87)

Abstract

Twenty-two standards of synthetic natural gas stedslwere submitted from
ten different NMIs for a comparison using the hanmation method

developed by NPL. All standards had seven compaenéritis method can
remove the correlated variation in calibration déta multi-component

mixtures and makes a significant improvement itinfit individual points to

calibration curves. After removing the non-randoaniation from the data all
the standards showed very good agreement with antgw outliers. The
typical deviation from the calibration curves waeumd 0.05 % (relative) for
the main components and less than 0.2 % for themnlest

Introduction

There is a continuing requirement for improvemeimtsthe accuracy of multi-
component standards of synthetic natural gas. T&G®M GAWG has carried out
several key comparisons covering different compmsst of synthetic natural gas.
These comparisons have all used the “analyticaltlehdor a key comparison in
which the coordinating laboratory prepares a soitestandards at the same nominal
concentrations; these standards are then distdlateach participant. This model for
the organisation of a key comparison places a aobat burden on the coordinating
laboratory since it must prepare a large suitetafidards that must also be analysed
before and after they have been distributed tagyaaints.

This report describes the results of CQM-P87 whies organised according to the
“preparative” model in which all participants prepatandards which are sent to the
coordinating laboratory to perform the analysisatidition, advantage was taken of
the fact that all of the analysis was carried owttlire coordinating laboratory to
exploit the benefits of the harmonisation methodettgped by NPL. This enables
multi-component standards having wider concentnatranges for the different
components to be compared by fitting individual poments on calibration curves for
all standards optimise simultaneously for all comgas. Since the establishment of
calibration curves for many standards and compeneraty take an extended period
of time, there can be significant drift in some sw@wament parameters. As long as
these changes have a similar affect on all comgen#rey can be separated from the
random variations and thus compensated. The hasaiiom method was developed
by NPL to do this special calculation.

To gain further insight into the operation of themonisation method, this pilot study
used standards that had been prepared by NMIisrasfghaeir work on CCQM-K23

series of comparisons of synthetic natural gashi;wway, the results of a preparative
comparison and an analytical comparison on the sdarelards could be compared.
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Standards submitted

Twenty two standards were submitted to the cootuligdaboratory for analysis. The

gravimetric value and the associated standard taiogr for each standard are listed
in Table 1. These can be associated with the ndnaimeunt fractions used for

CCQM-K23 as follows:

Seven standards had “high” methane correspondi@PiQM-K23a
Seven standards had “medium” methane corresponadi6@¢QM-K23c, and
Eight standards had “low” methane correspondinQ@&QM-K23b.

The standard uncertainty of each of each of thesta@dards is plotted against its
amount fraction in Figure 1. The points tend to ugroalong vertical lines
corresponding to the nominal amount fractions usdte three parts of CCQM-K23.
For example, all of the methane amount fractiores cwstered around the nominal
values of 950, 820 and 750 mmol/mol. Also, manthefamount fractions afbutane
andn-butane in the “hi” and “med” standards are grouglede to 1 and 2 mmol/mol.

Analytical Method

The analysis method used a high-performance miaokgd column with a ten-port

diaphragm sampling valve, placed in the main oviean\darian 3800 GC. The column

was packed with Porapak R (8.8 m long, 0.75 mmali) was connected to a thermal
conductivity detector. It was made from 1/16” skass steel tubing and packed with
100-120 mesh particles. The carrier gas was heliitm a head pressure of 12 bar,
the isothermal oven temperature was 160 Celsius.

This column has a very high separation power. Bveen operating at this relatively
high temperature there is baseline separation leetwigrogen and methane. Although
carbon dioxide and ethane naturally elute on theotahe methane peak, there is no
integration problem. Narrow peaks and good separagive a repeatable baseline
allocation.

Harmonisation analysis

The harmonisation method has been published in [Mdrgha 2005] and is
summarised in Annex B of this report.

The Table lists the Concentration Correction fact¢CCF) calculated for each
cylinder. The CCFs are a consequence of any changenditions over the time

period of the analysis of the cylinders; hencedanglues for the CCF indicate larger
changes during the analysis. A value of unity repnés the average condition.
Consequently, the identities of the cylinders amgti®ed from the Table, since the
CCF provides no information about the standardfitse
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Table 2: The concentration correction factor (CCF) for eawfhthe 22
standards analysed for the study.
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Level | Nitrogen |  Methane | Carbon dioxide |  Ethane |  Propane [ n-Butane | iso-Butane |

X u(x) X u(x) X u(x) X u(x) X u(x) X u(x) X u(x)
BAM5039 hi 38.746 0.006 908.934 0.091 9.671 0.005 29.122 0.009 9.687 0.005 1.927 0.001 1913 0.001
BAM6028 lo 66.583 0.017 765.880 0.096 28.466 0.007 88.876 0.040 32.294 0.016 9.857 0.006 8.043 0.005
CEM6338 med 55.896 0.006 822.227 0.017 20.012 0.002 70.811 0.005 20.140 0.013 5.116 0.009 5776 0.001

CENAM31141 med 40.232 0.004 905.853 0.007 10.066 0.003 29.680 0.004 10.162 0.003 1991 0.001 2.010 0.001

CENAM31080 lo 70.038 0.011 753.399 0.018 29.937 0.007 94.326 0.010 34.307 0.007 9.987 0.002 8.000 0.002

CENAM31145 hi 135.427 0.004 822.419 0.006 5.077 0.001 30.122 0.004 4.944 0.001 1.003 0.000 1.002 0.000

KRISS0748 hi 39.780 0.026 904.879 0.265 10.525 0.012 30.520 0.024 10.292 0.010 1977 0.003 2.001 0.003

KRISS0400 lo 70.888 0.043 752.820 0.231 31.485 0.023 93.166 0.053 33.325 0.029 10.292 0.016 7.970 0.015

KRISS0773 med 136.864 0.038 820.496 0.195 5.157 0.011 30.565 0.023 4940 0.005 0.951 0.002 1.004 0.002

LNE606316 med 131.728 0.258 821812 1.603 5508 0.010 34.135 0.036 4.764 0.010 0.951 0.002 1.102  0.002

LNE614734 hi 44.072 0.123 903.304 2435 10.757 0.011 28494 0.029 9.096 0.013 2211 0.004 2.067 0.004
NMi226686 hi 40.557 0.009 905.599 0.090 9.993 0.006 29.874 0.008 9.982 0.006 1991 0.002 2.000 0.002
NMI202677 med 135.184 0.012 822.840 0.044 5,003 0.003 29.976 0.008 4997 0.003 0997 0.001 0999 0.001
NMi133436 lo 70.327 0.026 753.638 0.257 29.938 0.012 94.184 0.034 33.958 0.013 9.972 0.006 7.979 0.005
NMi133436* 0.010 0.020 0.006 0.010 0.006 0.004 0.004
NMIA8847 hi 42512 0.005 900.803 0.011 10.645 0.003 31.237 0.005 10.549 0.003 2115 0.002 2127 0.002
NMIA8856 lo 65.528 0.007 769.403 0.016 28.462 0.005 88.422 0.006 31.354 0.005 8.810 0.001 8.001 0.004
NMIA8849 med 139.496 0.005 816.246 0.010 5.227 0.003 31592 0.005 5.219 0.003 1103 0.002 1.095 0.002
NMIJ31833 lo 66.472 0.003 772374 0.024 29.946 0.002 85.033 0.004 30.428 0.002 7.560 0.002 8.186 0.002
NPL71 hi 40.187 0.013 905.920 0.030 9.967 0.004 29915 0.023 2.038 0.004 9.995 0.002 1.967 0.002
NPL69 med 134.040 0.030 823.920 0.040 5.016 0.004 30.029 0.025 1.000 0.001 4989 0.001 0998 0.001
NPL95 lo 69.991 0.031 753.690 0.044 94.395 0.020 29.990 0.029 33.912 0.020 9.982 0.002 8.034 0.002
VNIIM lo 68.940 0.080 751.100 0.180 30.210 0.035 95.070 0.145 37.250 0.060 9.884 0.015 7.512 0.015

Table 1 Gravimetric values and associated standard unogesi(in mmol/mol) for each of the twenty two stards submitted. The
column headed “level” indicates whether the meth@meunt fraction of the standard was high (K23adimm (K23c) or low (K23b).
NMil133436* refers to a corrected set of uncertamsubmitted by NMi for standard 133426.
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Figure 1 Gravimetric amount fraction and associated standacgrtainty for each of the 22 standards submitie@CQM-P87.
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Table 3 The absolute deviation (“absolute residual dewrd) of each
standard (immmol/mol) from the best-fit regression curve for r@omponent.
The values are given for the data before and #feeharmonisation process.
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Results

The absolute deviations (inmmol/mol) for each standard for each component are
given in Table 3 both before and after the harnaiioe has been applied. The
harmonised values are the results of the use afdhef CCFs in Table 2.

The relative deviations (in %) are plotted in tb#dwing seven Figures. In each case,
the error bars represent the expanded uncertak#2)(in the residual deviation,
which is a combination of the uncertainty in thawgmetric value of the standard and
the uncertainty in the analysis of the standard.

The parameters for the best-fit calibration lines éach component are shown in
Table 4, both for the raw and the harmonised dasaexpected, the harmonisation
process has very little influence on the bestHiies themselves, it largely serves to
reduce the deviations from the lines.

The mean, standard error of the mean (SEM) andlatdrdeviation for the relative
deviations (in %) for the 22 standards for each poment are shown in Table 5. The
standard deviation ranges from 0.027% for methgméou0.2% forn-butane. The
mean and standard deviation of the standard demmwf the 22 sets of analysis of
each component are also shown in Table 5.

Comparison with CCQM-K23

Since the standards submitted for analysis in CO€g\-are at the nominal amount
fractions used for the parts of CCQM-K23, it is gibe to make a comparison of the
results from the two exercises. Table 7, togethigh ws three associated Figures,
shows the standard deviation of all results in CCBR8F both before and after
harmonisation. It can be seen that the harmonisatiocess has reduced the standard
deviation of the results by a factor of three. E®ablalso shows the mean and standard
deviation for a sub-set of results from CCQM-K28g<Table 6) that corresponds to
the standards submitted for this study.
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Raw data

Component 2nd Coeff. 1st Coeff. Intercept
Nitrogen 3.9591 306.915 0.1684
Methane 0.0000 382.494 -11.5626

Carbon dioxide 4.3328 264.488 0.0127

Ethane 4.2723 249.797 0.0065

Propane 3.4933 199.909 0.0098

i -Butane 0.0000 173.919 0.0040

n -Butane 0.0000 169.300 0.0011
Normalised results

Component 2nd Coeff. 1st Coeff. Intercept
Nitrogen 3.5339 307.374 0.1453
Methane 0.0000 382.365 -10.7066

Carbon dioxide 4.4958 264.774 0.0087
Ethane 4.3099 250.046 -0.0015
Propane 3.5394 200.089 0.0088

I -Butane 0.0000 174.072 0.0040

n -Butane 0.0000 169.445 0.0014

Table 4 Terms in equations of best regression fits focchea
component.

Table 5 Statistical measures for the analytical resuhig &or the
relative deviations from the regression lines. étpressed as relative
measures (in %).
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Table 6 Degrees of equivalence and uncertainty for paditong laboratories in corresponding phases of CGQ8. The levels
correspond with the parts of K23 as follows: hi=li2&ed=K23c, 10=23b.
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Data Results deviations
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Mean 0.0023 0.0011 -0.018
SEM 0.024 0.0084 0.011
SD 0.30 0.10 0.14

Table 7. Statistical measures applied to the relative ateams (in %
relative to value) for the raw data and the norssaliresults.
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Conclusions

This study has proved the word-wide comparabilitytiee standards of synthetic
natural gas prepared by the participants. The lefebmparability is slightly better
than the average uncertainties submitted by therdébries. In general the estimates
of uncertainty appear to be realistic, but in sorases there is evidence that the
evaluation process could be improved.

The harmonisation process proved to be useful filedtee in removing the non-
random part of the variations in the raw measurérdata. It is very interesting that
whilst the absolute peak areas varied by approxinat/-0.3%, no changes were
observed between the relative responses of thereliff components. Harmonisation
plays a similar role in improving calibration ddtathat played by normalisation for
measurement data. Providing the relative respoasestable, both methods can be
used without any restriction in the case of harmatmn and with the simple
restriction that all components must be measureshwiormalisation is used.
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Annex A — Mathematical description of the Harmonisation hoet

Suppose we carry out a calibration wikhstandard gas mixtures, each of which
includes a total ofQ components. During the analysis of standard mexgurthe
amount () of component i introduced into the GC from thenp& loop can be
calculated by use of the ideal gas law:

p V (1)
ij T R XI]
wherep; is the pressure of the gas in the sample loopTamlits temperature at the
time of the analysisy is the volume of the sample loop aRdis the ideal gas

constant. The amount fraction of component i imdsad j is denotec; and is
defined by

X = U (@)

where the total amount of all components is

_ Q
= (3)
Throughout this paper we present more generalioakdtips that are valid for any
value of q less than or equal@ The integrated areg;{ recorded by the detector in
response to component i in standard j is

Yi =y @)
wherer; is the relative response factor for the detec@aramponent j. Expression (4)
assumes that the detector has a proportional respdm some cases, there may be
some non-linearity in the response of the detdatevhich case a quadratic term can

be introduced. Substituting expression (4) into regpion (1) leads to the
measurement equation for this process:

V
Y =1, % X; (5)

3.2 Formulation of calibration curves using an nady least squares model

In line with the conventional approach to develgpin calibration curve for each
component i, we would fit the model equation

Yi =4, +bixij +hij ©6)
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to the measured data by linear regression, whemgresents an effect presumed to be
random and aj allows for any offset in the deteotatput during analysis j. The use of
this approach assumes that all uncertainties aecaded with the; and therefore
those associated with thg are negligible. Since the objective of this woskto
develop a calibration curve that can be used terdebe the value of an unknown, we
fit an “inverse calibration” model of the form:

Xu:@+hyU+% 7)

by minimising the sum of the squares of the redidasiations  (x; - X; )?, wherex

i
is the measured value andhe corresponding model value. The use of thisrsee
calibration model is valid when any quadratic comg@t in the response of the
detector is small.

The principal objective of the harmonisation methigdcribed here is to remove the
non-random effect from the measured data and hémaenprove the fit of the
calibration curves to the data. The method compeasdor the systematic
contribution to the residual deviations from thigefil lines and leads to a corrected set
of measurement responses with the covariation esjuc

The harmonisation method is based on the use et afsmultiplicative correction
factors ci that compensate for variations in ambard instrumental conditions by
correcting the ratigj/Tj experienced during the analysis of standard ‘jstandard”
conditions pO/TO defined by

cPi_P ©)
T,

Substitution of expression (9) into equation (53de to a modified measurement
equation:

_ i pY
=_1 0 X;
c. T,R

J

(10)

Yi

Although theg; are shown in expression (9) as factors that aréiphed by the ratio
of the pressure to the temperature, they also aitlpliaccount for any other
multiplicative effect including, for example, detec sensitivity changes. The
modified measurement equation can be re-arrangedha form

_1TR
i PV

(11)

i i Yi
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This form of the modified measurement equation mitke errors in the ci with those
in y; andr;. Our studies show that this does not cause amyfis@nt difficulty in the
examples considered here [8]. A modified regressiodel equation can now be
fitted to the measured data

),Zij =a +6|Cj 9ij +ai (Cj 9ij)2 T € (12)

whereg; is a normally-distributed random variable with @enean. This modified
model equation differs from the model (7) by thi#aduction of the correction factors
cj on the right-hand side and a quadratic term tmleh a quadratic deviation from
linearity in the response of the detector.

For reasons given elsewhere [8], to obtain a phlilgiteasible least squares solution

to this model requires the introduction of a caaistr. In the examples presented here,
the constraint used is

The incorporation of this constraint is equivalemtmposing the requirement that the
standard conditiong§/Tp) to which all measurements are corrected are tbannof
all the measurement conditions:

Ppp_1 ~ P (14)
T, N 2T
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Annex B — Protocol for CCQM-P87
Objectives

The proposal for CCQM-P87 was approved at the mgeif the CCQM GAWG in
October 2005. Its benefit will be that it bringsdad value to existing work carried
out on synthetic natural gas for CCQM-K26. It wolhly require a small amount of
additional work from participants. The data will pecessed using NPL’s published
“harmonisation” method [1], which represents a dewment of the model
established for “preparative comparisons” [2] by@WI-P23 and CCQM-P41.

The results of the study will provide the best destmtion so far of the
comparability of standards of synthetic natural gaspared by NMils. It will also
provide insight into the results of CCQM-K23.

Participants

The study requires independent standards, whickd ne® be from different
laboratories. They should represent a spread athestree different mixtures used
for CCQM-K23 (see Table). The following laboratarigave agreed to send standards
used for CCQM-K23 to NPL for use in CCQM-P87:

Multi-component preparative study
Coordinating lab = NPL
NPL (3) NMi (3) CENAM (?) CEM(?)
BAM (3) KRISS (3) NRCCRM(?) SMU(?)
NMIA (3) NMIJ (1) (?) LNE (?)
VNIIM (3)
The numbers in brackets indicate the number ofdstals that will be supplied for the study.
Total = 12
Component Mixture  Mixture  Mixture
[mmol/mol] 1 2 3
nitrogen 40 70 135
carbon dioxide 10 30 5
ethane 30 94 30
propane 10 34 5
n-butane 2 10 1
iso-butane 2 8 1
methane 906 754 823

Table B1: Nominal values of standards used for CCQM-K23
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Analytical method to be used by the coordinating laoratory

The analysis method uses two high-performance mpacked columns in parallel
with a ten-port diaphragm sampling valve, placethim main oven of a Varian 3800
GC. A Porapak R column (8.8 m long, 0.75 mm ID)canected to a thermal
conductivity detector (TCD), and a Porapak P colugd m long, 0.75 mm ID) is
connected to a flame ionisation detector (FID).HBBoblumns are made from 1/16”
stainless steel tubing and packed with 100-120 npesticles. The carrier gas is
helium with a head pressure of 12 bar, the isotaeowven temperature is 160 Celsius.

These columns have very high separation power. BvbBan operating at this

relatively high temperature there is baseline s#jpar between nitrogen and
methane. Although carbon dioxide and ethane ndyuedlte on the tail of the

methane peak, there is no integration problem. dvwampeaks and good separation
give a very repeatable baseline allocation.

Hydrocarbon components are separated on both cslland can be measured on
both detectors. For lower concentration componehtsFID improves the precision
of the measurements.

For high quality gravimetric standards, harmonisalibration makes a very good fit.
For example using the TCD we have achieved 0.05/éfage relative deviation for
60 calibration points of the five main componentsl@ newly prepared synthetic
natural gas standards. This 0.05% covers all graivio} measurement and fitting
uncertainty for the whole measurement range ofetr@smponents. This makes it
possible to compare standards with large conceémtrdifferences.

Timetable

NPL prepares and distributes protocol and invisigipation (Feb 06)
Participants submit standards to NPL (by end Apsil

Results available (June 06)

Discussion of results at GAWG (Oct 06)

Return of standards to participating laboratoriéay 06)
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Annex C - List of Participants

Laboratory |Country Contact name Address

BAM Germany Hans-Joachim Heine
Germany

CEM Spain Belen Martin Centro Espafiol de Metrologia,
c/ Alfar, 2, 28760 Tres Cantos, Madrid, Spain

CENAM Mexico Alejandro Perez Centro Nacional de Metrologia, Km. 4.5 Carretera a los Cués,
Municipio El Marqués, 76241 Querétaro, México

KRISS South Korea | Jin Chun Woo Korea Research Institute of Standards and Science,

Division of Chemical Metrology & Materials Evaluation
P. O. Box 102 Yusung, Taejon, 305-600, Korea

LNE France Tatiana Mace BNM-LNE, 1, Rue Gaston Boissier, 75724 PARIS CEDEX 15
France

NMi Netherlands | Adriaan van der Netherlands Meetinstituut, Schoemakerstraat 97,

Veen PO Box 654, 2600 AR DELFT, The Netherlands

NMIA Australia Damian Smeulders National Measurement Institute, Bradfield Road, West Lindfield,
NSW, 2070, Australia

NMIJ Japan Nobuhiro Matsumoto | National Metrology Institute of Japan, Tsukuba Central 3, 1-1-1
Umezono, Ibaraki, 305-8563, Japan

NPL United Martin Milton National Physical Laboratory, Hampton Road, Teddington

Kingdom Middlesex, TW11 OLW, UK
VNIIM Russia Leonid Konopelko D. I. Mendeleyev Institute for Metrology, 19, Moskovsky Prospekt

198005 St- Petersburg, Russia

25 of 25




