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Foreword

The evaluation of measurement uncertainty is a key component in any measurement. Whereas
the concept measurement uncertainty suggests that it pertains to measurement, i.e., the process
of experimentally obtaining one or more quantity values that can reasonably be attributed to a
quantity [|1, Definition 2.1], only, but in fact the necessity to evaluate and propagate this kind
of uncertainty pertains to all calculations involving quantities with uncertain values. Such cal-
culations include for instance the calculation of a calorific value from the composition of a gas,
where reference data are used with given uncertainty [2-4]]. The calculation does not generate
any experimental data, so it is not a measurement.

The Guide to the expression of Uncertainty in Measurement (GUM) [5-10] provides a framework
for evaluating and propagating measurement uncertainty, not only in measurement, but also
in calculations. Energy determination in gas grids starts with measurements of, e.g., mass or
volume flow rates, composition, pressure, temperature, density, calorific value and use the data
thus obtained to calculate over intervals of time the mass, volume or energy supplied or delivered.

Measurement results [|1, Definition 2.9] contain typically the measured value [1]], or more gener-
ally, the estimate [|6, Definition C.2.26] and an indication of the [|6, Clause 2.2.3] measurement
uncertainty. The measurement uncertainty provides information about the closeness of agree-
ment with the true value of the quantity, which is usually unknown. Measurement uncertainty is
important to assess compliance with limits, specifications, and contractual obligations [9]]. The
evaluation of measurement uncertainty is therefore critical in the safe operation of gas grids, as
well as in trade, commerce and meeting regulatory and legislative requirements.

This best practice guide is developed within the framework of the project “Metrology for the
hydrogen supply chain” to provide novel methods for the evaluation of measurement uncertainty
along the supply chain as a whole, namely with regard to the measurement of total quantity,
and energy and impurity content of hydrogen and hydrogen blends. The document supplements
existing guidance on the evaluation of measurement uncertainty, fiscal metering and international
standards in this area. It is intended to support the industry and users of other standards to
enhance their practices in evaluating measurement uncertainty by including the dependencies
between the quantities involved, as well as the dynamics in such gas grids into these evaluations,
to provide realistic uncertainty budgets for the relevant quantities.

The guidance provided in this document is provided in good faith. It is provided “as is” without
any warranty or that it is fit for a particular purpose.

This document is provided under the license CC BY 4.0.
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Introduction

The transition from fossil fuels to renewable fuels is reflected in an increase of the production
and use of biogas, biomethane and hydrogen from renewable sources. To increase the produc-
tion of these renewable energy gases, their use should increase too, which calls for transmission
and distribution systems that are ready to receive and supply them. To an extent, current natu-
ral gas infrastructure is used for this purpose alongside the construction of distribution systems
for hydrogen only. The transmission system operators (TSOs) and distribution system operators
(DSOs) see also the geometry of their grids change, in particular with respect to the number of
points where gas enters their grids.

The use of a greater diversity of gaseous fuels also creates larger fluctuations in the properties
measured for billing and custody transfer. These larger fluctuations are caused by a greater
diversity of gaseous fuels transmitted and distributed through gas grids. Another cause lies in the
fact that the production of biomethane and hydrogen from renewable sources is usually taking
place at a smaller scale than the production of natural gas, which leads to a more distributed
supply of these renewable energy gases, leading to a larger number of entry points.

A concern from TSOs and DSO is that current practices such as those described in ISO 15112 [|11]],
EN 1776 [[12] and OIML R140 [|13]] no longer suffice to evaluate in a reliable manner fiscal me-
tering data, including the evaluation of measurement uncertainty. Said documents consider the
measurement results that enter into the calculation of total volume, mass or energy as mutually
independent. Failing to address these dependencies severely underrates the uncertainty calcu-
lated for total quantity and total energy.

This best practice guide describes novel methods for the evaluation of measurement uncertainty
along the supply chain, namely with regard to the measurement of total quantity, and energy
and impurity content of hydrogen and hydrogen blends. These methods address the correlations
arising due to (1) the use of the same instrumentation for the measurement result, (2) temporal
(serial correlation) effects, and (3) effects arising from the use of time averages. These novel
methods find their root in the methods of the Guide to the expression of Uncertainty in Measure-
ment (GUM).

Whereas the framework of the GUM is deemed to be generally applicable [6]], it is only so for
measurement models where there are no constraints between the input quantities. Thus, for
measurement models that have as input the composition of the fuel gas, the framework was
extended to provide appropriate sensitivity coefficients for using the law of propagation of un-
certainty (LPU) [|6,/8]]. The Monte Carlo method (MCM) that can also be used for propagating
measurement uncertainty is less affected by this issue, if the constraint on the amount fractions
forming the composition is duly respected [|14].

The guidance is aimed at specialists in gas metering, members of standardisation committees and
developers of software to support fiscal metering, billing, custody transfer and gas allocation.

Uncertainty in gas metering Met4H2 D7 — 21 November 2025



2 Normative references 7

1 Scope

1.1 This best practice guide describes approaches for the evaluation of measurement data of
gaseous fuels, such as natural gas, biomethane, hydrogen and blends thereof. The guidance
supplements existing guidance such as provided in ISO 15112, OIML R140 and other documents
concerned with the metering of gas to obtain a total quantity or energy supplied or received. The
intent of these measurements is to enable financial transactions, such as those between buyer
and seller, conformity assessment with respect to regulatory and contractual requirements and
taxation.

1.2 This guide describes best practices in evaluating the measurement uncertainty, building
forth on the principles of and guidance in the Guide to the expression of Uncertainty in Mea-
surement (GUM). It supplements and goes beyond the guidance in e.g., ISO 15112 [11] and
OIML R140 [[13]] as this guide considers the dependencies between quantities as they arise in
fiscal metering and includes them when propagating measurement uncertainty.

This guide uses the framework of the GUM, which is based on

(a) the specification of the measurand (quantity of interest),
(b) the formulation of a measurement model,
(c) the evaluation of the uncertainty of the input variables in that model and

(d) using a suitable mechanism to propagate the measurement uncertainty from the input quan-
tities to the output quantities of the measurement model.

Notwithstanding that most of the guidance is written with the law of propagation of uncertainty
(LPU) in mind, the guidance in this document can equally well be applied when using the Monte
Carlo method (MCM). As the LPU is the industry standard in these evaluations, it is used predom-
inantly in this guide.

1.3 This guide uses, where appropriate, vector and matrix algebra. Whereas on one hand this
notation is not perceived as the most accessible under physicists, chemists and engineers, yet it is
in many instances much simpler to implement in software than their counterparts without using
vectors and matrices. It should be born in mind that matrix multiplications and transpositions,
the commonest operations, are also available in mainstream spreadsheet software.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any amend-
ments) applies.
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ISO/IEC Guide 98-3 Uncertainty of measurement — Part 3: Guide to the expression of uncertainty
in measurement (GUM:1995). ISO, International Organization for Standardization, Geneva,
Switzerland, 2008. First edition

ISO/IEC Guide 98-3:2008/Suppl 1:2008 Uncertainty of measurement — Part 3: Guide to the
expression of uncertainty in measurement (GUM:1995) — Supplement 1: Propagation of dis-
tributions using a Monte Carlo method. ISO, International Organization for Standardization,
Geneva, Switzerland, 2008. First edition

ISO/IEC Guide 98-3:2008/Suppl 2:2011 Uncertainty of measurement — Part 3: Guide to the ex-
pression of uncertainty in measurement (GUM:1995) — Supplement 2: Extension to any number
of output quantities. ISO, International Organization for Standardization, Geneva, Switzerland,
2011. First edition

ISO/IEC Guide 98-6 Uncertainty of measurement — Part 6: Developing and using measurement
models. ISO, International Organization for Standardization, Geneva, Switzerland, 2021. First
edition

ISO 6974-1 Natural gas — Determination of composition with defined uncertainty by gas chro-
matography — Part 1: Guidelines for tailored analysis. ISO, International Organization for Stan-
dardization, Geneva, Switzerland, 2012. Second edition

ISO 6974-2 Natural gas — Determination of composition with defined uncertainty by gas chro-
matography — Part 2: Measuring-system characteristics and statistics for processing of data. ISO,
International Organization for Standardization, Geneva, Switzerland, 2012. Second edition

ISO 6976 Natural gas — Calculation of calorific values, density, relative density and Wobbe indices
from composition. ISO, International Organization for Standardization, Geneva, Switzerland,
third edition, 2016

ISO 15112 Natural gas — Energy determination. ISO, International Organization for Standard-
ization, Geneva, Switzerland, 2018. Third edition

ISO 20765-2 Natural gas — Calculation of thermodynamic properties — Part 2: Single-phase
properties (gas, liquid, and dense fluid) for extended ranges of application. ISO, International
Organization for Standardization, Geneva, Switzerland, 2008. First edition

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO/IEC Guide 98-
3:2008, ISO/IEC Guide 98-3/Supplement 1:2008, ISO/IEC Guide 98-3/Supplement 2:2011,
ISO/IEC Guide 99:2007, ISO 14532 and the following apply.

ISO and IEC maintain terminology databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

Uncertainty in gas metering Met4H2 D7 — 21 November 2025
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3.1
relative standard uncertainty

absolute value of the quotient of the standard uncertainty and the associated measured value

NOTE The relative standard uncertainty is not defined if the measured value is zero.

3.2
relative expanded uncertainty

absolute value of the quotient of the expanded uncertainty and the associated measured value

NOTE The relative expanded uncertainty is not defined if the measured value is zero.

3.3
uncertainty budget

list of sources of measurement uncertainty, their method of evaluation, sensitivity coefficients,
standard uncertainties and covariances used in an uncertainty evaluation

3.4
time series

series of data points indexed by their time of observation

3.5
autocorrelation
serial correlation

dependence of a data point in a time series on its predecessor or predecessors

3.6
autocovariance function

mathematical function providing the covariance due to autocorrelation in a time series

3.7
autocorrelation function

mathematical function providing Pearson’s correlation coefficient due to autocorrelation in a time
series

3.8
partial correlation

correlation between two random variables with the linear effect of other variables removed.

Uncertainty in gas metering Met4H2 D7 — 21 November 2025
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3.9
partial autocorrelation function

mathematical function providing the autocorrelation in a time series with the linear dependence
of terms between the two observations being analysed removed

3.10
weakly stationary time series

finite-variance process such that

i) the mean is constant and does not depend on time;

ii) the autocovariance function depends only on the distance between two observations and
not on time.

3.11
(purely) random process

process such that any of its realizations is a sequence of mutually independent and identically
distributed variables.

3.12
autoregressive process

finite-variance process X, such that
X[ = a]_Xt_]_ +---+ apXt_p + Zt

where a;,...,a, are constants and Z, is a purely random process. p is called the order of the
autoregressive process.

3.13
moving average process

finite-variance process X, such that
Xt = ﬂOZt + ﬁlzt—l +teoet ﬂqzt—q

where f, ..., 8, are constants and Z, is a purely random process. q is called the order of the
moving average process.

Uncertainty in gas metering Met4H2 D7 — 21 November 2025
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4 General principles

4.1 Measurement model

4.1.1 Measurement uncertainty is propagated using a measurement model. An explicit mea-
surement model with one output quantity is denoted by

Y:f(Xla"':XN) (1)

where Y denotes the output quantity of the measurement model, f the functional relationship
and X,,...,Xy the N input quantities. The output quantity is also called the measurand.

4.1.2 A measurement model should be developed in such a fashion that it includes all variables
that affect the uncertainty of the output quantity in a meaningful way. ISO/IEC Guide 98-6:2021
[10] provides guidance on developing measurement models. Where necessary, this guidance is
applied in this guide to extend models used in fiscal metering to make these suitable for the
propagation of measurement uncertainty.

4.1.3 The input quantities X1, ..., Xy should be evaluated as part of an evaluation of measure-
ment uncertainty. Depending on the information about them, type A methods of uncertainty
evaluation or type B methods can be employed. Type A methods involve the use of statistical
methods for data reduction, including analysis of variance, regression and time series analysis
(see also clause[11)). Type B methods on the other hand use other information to elicit a proba-
bility density function, which describes the knowledge about that input quantity. In this guide,
in most instances this probability density function is a normal distribution or rectangular distri-
bution.

4.1.4 An input quantity of a measurement model can also have been an output quantity of a
measurement model in a preceding uncertainty evaluation. In that case, the input quantity is
evaluated using the measurement model of that preceding stage. In this guide, this mechanism
is often used, as in the measurement of the total quantity (e.g., mass, volume) or energy, the
measurement results of, e.g., measurements of the flow rate and calorific value are used. The
measurement results of these flow rates and calorific values are obtained using their own mea-
surement models.

In many instances, a measurement model has multiple output quantities, which is the multivariate
pendant of equation (I)), viz.,

Y, = f1(Xq,.. ., XN) 2

Yy = fuX1, ... XyN)
which can be written in vector-matrix notation as

Y = £(X) 3)
where Y =[Yy,....Yy1", f =[f1,.... ful’, and X = [X1,...,Xn]".

Uncertainty in gas metering Met4H2 D7 — 21 November 2025
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4.2 Evaluation of uncertainty of input quantities

4.2.1 Unless otherwise stated, this guide assumes that measured natural gas properties, such
as amount fractions of components, calorific values, volumes, masses can be modelled using the
normal distribution. It is assumed that measurement equipment is calibrated, and calibration gas
mixtures used to calibrate (on-line) analysers are accompanied by an appropriate calibration or
reference material certificate [|16]].

4.2.2 For the uncertainty sources, this guide follows the guidance of ISO/IEC Guide 98-3:2008
and ISO/IEC Guide 98-3/Supplement 1:2008 [6}7]] with regard to the selection of probability
density functions (PDFs) for input quantities.

4.2.3 Where input quantities are correlated, which is usually the case for those quantities mea-
sured periodically in gas metering stations, a joint PDF is chosen with an appropriate vector of
values and associated covariance matrix.

NOTE In legal metrology, the uncertainty arising from using a measuring instrument is often modelled
using a rectangular distribution and a maximum permissible error (MPE) [|13]].

4.3 Propagation of measurement uncertainty

4.3.1 This guide applies, when using the LPU, the process described in ISO/IEC Guide 98-3:2008
clause 8 [|6]], or, in the case of a multivariate or implicit measurement model, the process described
in ISO/IEC Guide 98-3/Supplement 2:2011 clause 6.3 [8]].

4.3.2 When using the propagation of distributions, also known as the MCM, this guide uses the
process described in ISO/IEC Guide 98-3/Supplement 1:2008 clause 7 [|7]] and in the case of a
multivariate measurement model ISO/IEC Guide 98-3/Supplement 2:2011 clause 7 [8]].

4.3.3 Covariances between input quantities are included in the uncertainty evaluations, either
by making these dependencies explicit in the measurement models used, or by assigning multi-
variate probability density functions to sets of input quantities [|8, clause 5.3].

4.3.4 This guide takes the view that dependencies between variables should be evaluated to
perform a proper evaluation of measurement uncertainty. Where these dependencies are ignored
by setting the correlation coefficient, or equivalently, the covariance to zero, such decision should
be corroborated by an assessment.

Uncertainty in gas metering Met4H2 D7 — 21 November 2025
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4.3.5 The LPU should in principle only be used for nearly linear measurement models [|10].
Many of the measurement models used in fiscal metering of energy gases are distinctively
non-linear which may cause that the linear approximation underlying the LPU is insuffi-
cient to produce a reliable estimate (value) and associated uncertainty. If there is doubt
about using the LPU, the uncertainty evaluation should be validated using the MCM from
ISO/IEC Guide 98-3/Supplement 1:2008 [7]] or for multivariate measurement models its ex-
tension from ISO/IEC Guide 98-3/Supplement 2:2011 [8]].

4.4 Law of propagation of uncertainty

4.4.1 When propagating measurement uncertainty, it is important to know whether the input
quantities are independent. Independence is the case when one variable does not influence the
value, and thus the PDF, of the other. Dependencies between quantities arise, e.g., when two
quantities depend on a joint third one.

4.4.2 Infiscal metering of energy gases, often the same instruments are used to obtain a (large)
series of measurement results. These results are all dependent by nature, as they share several
contributions in their uncertainty budgets. Guidance on evaluating such dependencies is given in

clauses|[6] [7} [8][9] and

4.4.3 On the other hand, when constructing a measurement model [[10]], often an attempt is
made to come up with a form in which the input quantities are mutually independent, as it makes
their evaluation easier as well as the propagation of measurement uncertainty.

4.4.4 When the input quantities X1, ...,Xy are mutually independent or uncorrelated, the vari-
ance of the output quantity can be computed as [|6, equation (10)]

uz(y)=i(—af )Zuz(xi) @
=1 axi
where
_9f
¢ = ax, 5)

is called the sensitivity coefficient. It is the first partial derivative of f with respect to X; evaluated
at X; = x;. The product 6, clause 5.1.3]

u;(x;) = c;u(x;) (6)

is called uncertainty contribution. For a measurement model with mutually independent quan-
tities, u(y) is obtained as the square root of the sum of the squared uncertainty contributions
u;(x;),i=1,...,N. The list of uncertainty contributions is called an uncertainty budget [[17]].

Uncertainty in gas metering Met4H2 D7 — 21 November 2025
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4.4.5 In this guide, sensitivity coefficients are often obtained using symbolic differentiation.
For using the LPU, a simple formula for the partial derivative is not required. Instead, numerical
differentiation techniques can be used as well [|[14}/18]. For example, the functional relationship
between the input and output quantities in many equations of state is quite involved and not so
easy to handle using symbolic differentiation. In these instances, this guide will use numerical
methods. These methods can of course also be used where symbolic differentation is used.

4.4.6 For simple sums, differences, products and quotients, the variance of the output quantity
can be readily expressed in terms of the input quantities. As these equations are frequently used
throughout this guide, they are given here for convenience.

Given y = x1 + x5, then

u(y) = u?(x) + u?(xy)

Given y = x; — X4, then

ui(y) = UZ(Xl) + uz(xz)

Given y = x1x,, then

UZ(J’) uz(xl) uz(xz)
s T .2 T3
Y X7 Xy

Given y = x1/x5, then

UZ(J’) _ Uz(xl) " u2(x2)

2 2 2
Y X7 Xy

These expressions for simple sums, differences, products and quotients can be readily extended
to more than two input quantities.

4.4.7 If there are correlations between pairs of input quantities in the set X;,...,Xy, then co-
variances should be taken into account. In that instance, the variance of the output quantity y is
given by [|6, equation (13)]

N

uz(y)=Z( f) 2(x)+2Z: Z a—fa—fu(xi,xj) @)

i=1 i=1 j= 1+1

where u(x;, x j) is the covariance between x; and x 5o The double summation runs over all combi-
nations of dependent input quantities.

Note that when working with covariances, it is essential to carry the signs of the sensitivity coef-
ficients and of the covariances!

Uncertainty in gas metering Met4H2 D7 — 21 November 2025
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4.4.8 For dependent input quantities, the same four basic formule for calculating the variance
of a sum, difference, product and quotient can be developed.

Given y = x1 + x5, then

u(y) = u?(x1) + uP(xy) + 2r (g, xo)u(x Ju(xy)

Given y = x; — X4, then
u?(y) = u?(xq) + u?(xg) — 2r (x, xg)u(xp Ju(x,)

Given y = x;X,, then

2 2 2
w0 _wla)  w0) L e u(ey) ®
y x? x5 X1X2

NOTE The proof is as follows. From the measurement equation, it follows
dy = x,dx; +x;,dx,

Dividing both sides by y = x;xs,
2 _ dx, + dx,

Y X1 Xg

Given y = x;/x,, then

2 2 2
uw(y) _ut(xg) | u(xp) 1
5 = 21 + 22 —2 r(xq, x2)u(xpJulxs)
Yy Xl x2 X1Xo

NOTE The proof is as follows. From the measurement equation, it follows

1 X
dy = —dxl——idxz
Xy x5

Dividing both sides by y = x;/x,,
dy _ dx;  dxy

Y X1 Xo

Extension of these expressions to more than two variables can be performed. It is important
to recall that for every combination of dependent input quantities a covariance term appears.
So, if X;,X,,X5 are the input quantities and they are mutually dependent, then there are three
covariances to be included, u(x, x,), u(xy, x3) and u(x,, x3).

4.5 Sensitivity coefficients

4.5.1 Sensitivity coefficients are often obtained using symbolic differentiation. That method is
also widely used in this document.

Uncertainty in gas metering Met4H2 D7 — 21 November 2025
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4.5.2 Measurement models that have a chemical composition as one of the arguments require
special attention when used with the LPU from the GUM. The constraint that the amount fractions
in a composition add to unity exactly (see equation (55)) does not only affect the covariance
matrix associated with the composition, but also impacts the differentiation of the measurement
model to obtain the expressions and values of the sensitivity coefficients, as differentiating the
model with respect to each variable individually and independently may not be possible as it may
involve evaluating the model for infeasible inputs leading to an undefined output.

4.5.3 Neither ISO/IEC Guide 98-3:2008 nor ISO/IEC Guide 98-3/Supplement 2:2011 [|6}8]],
provide any guidance on how to deal with the specifics of such measurement models. Mathemat-
ical functions with probabilities [[19]], compositions and the like require an approach with respect
to partial differentiation that is markedly different from functions where there are no constraints
on the arguments. The response of the measurement model to a (finite) change in the input
quantities is usually different when the constraint is considered from that of the measurement
model taking the input quantities as independent.

EXAMPLE Consider the model from ISO 6976 [|4] for calculating the molar calorific value H from the pure

component calorific values hy, ..., hy for a mixture with N components with amount fractions x1, ..., Xy
N
H=Y xh, )
j=1
The partial derivatives with respect to h; are obtained as usual,
g_i = x, (10)

whereas those with respect to x; should be obtained respecting the normalisation constraint (see clause|8.4.2])
[14,19]

f=hi—ﬁ (11

The expression for the sensitivity coefficients with respect to x; are notably different from the ones obtained
without respecting the constraint.

NOTE 1 ISO 6976 [|4] provides the same output uncertainties for the molar calorific value, molar mass
and compressibility factor (and related quantities) if a covariance matrix is used which satisfies the nor-
malisation constraint [[20L21]].

NOTE 2 The sensitivity coefficients provided by equation describe the physical reality; the smaller
the differences between the pure component calorific values, the smaller the uncertainty contribution due
to the composition becomes. In the case of the molar mass of isomers (i.e., components with the same
molar mass), there is no uncertainty contribution due to the composition, for the molar masses of isomers
(e.g., the pentanes) are usually taken as identical.

NOTE 3 The partial derivatives given in equations and can be obtained numerically.

NOTE 4 The constrained partial derivatives are unique [[144(19]].
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4 General principles 17

4.5.4 Given a function f with as one of the arguments a composition x, the derivatives with
respect to the components in the composition can be obtained as follows. Let us assume that f
is differentiable on the domain of x. Further, the constraint of equation (55) can be formulated
as [19]

N

g(x)=> x—1=0 (12)
i=1
The Jacobian of a scalar function f is defined as a row vector with as elements j =1,...,N [[22]
5,
Jj= ofr (13)
an

but now considering that the x; are dependent through the normalisation constraint. From the

definition of a derivative, let us define a directional derivative f‘; at x = xg as

f(xo+hq)—f(xp)
h

where it is required that x + hq is also a valid composition for a sufficiently small h. In this case,
the constraint can be expressed as g(x) =e'x —1 =0 wheree' =(1,...,1). xo+hq is a
valid composition if q is orthogonal to e. From the requirement that xy+hgq is a valid composition,
it follows that the sum of the elements in q is zero.

f1(xg) = lim (14)

4.5.5 The relationship between a directional derivative fq' and the Jacobian J is
fq=Jq. (15)
A finite value for h will be used instead of computing the limit in equation 14].

4.5.6 The vectors g can be obtained in different ways. These start with computing an orthog-
onal matrix with N — 1 columns and N rows. The columns hold the vectors q of the directional
derivatives. The matrix Q for a composition with N components can be formed as follows [|14]].
For each column j =1,...,N —1, the first j elements are equal to

-1

. . (16)
viG+1)
and the following element is equal to
- a
vi(G+1)
The remaining elements are zero.
EXAMPLE For N = 5, using equations and
—0.70711 —0.40825 —0.28868 —0.22361
0.70711 —0.40825 —0.28868 —0.22361
Q= 0 0.81650 —0.28868 —0.22361 (18)
0 0 0.86603 —0.22361
0 0 0 0.89443
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For each of the columns q j in Q, compute

b= f(xo+hq;)—f(xo)

j h (19)
Then the sensitivity coefficients are given by [|14]
c'=bQ". (20)

NOTE The ISO/IEC Guide 98-3:2008 and ISO/IEC Guide 98-3/Supplement 2:2011 [|6,8]] presume that
partial derivatives are computed symmetrically about the estimate. To do so, instead of equation (I9), the
following approximation for the directional derivative can be used instead

b= f(xo+hq;)—f(xg—hq;)

Using equation (21) instead of equation (19) comes at the computational expense of N extra calls to the
measurement equation f.

4.5.7 According to the guidance in ISO/IEC Guide 98-3:2008 [6| clause 5.1.3 NOTE 2], h can
be chosen in the order of a standard uncertainty. For natural gas compositions, the standard
uncertainties can be substantially different between the most abundant component (methane)
and minor components such as the pentanes and hexane. A practical choice is to take 1% of the
smallest amount fraction in the composition, which will ensure both satisfactory performance for
the minor components and a valid composition for xy &+ hq.

4.5.8 The approximation of the partial derivatives for input quantities that are not subject to a
constraint can be performed in the usual way, i.e., by directly approximating the partial derivative
using a finite difference.

EXAMPLE Equations of state are usually a function of the composition, temperature and pressure. The
latter two quantities are not subject to a constraint, so their partial derivatives can be approximated using
the process from ISO/IEC Guide 98-3:2008 [6, clause 5.1.3 NOTE 2]. So, evaluating the equation of state
for xy, T+ 6T, p and a second time for x,, T, p+ 6 p, enables evaluating these two partial derivatives, which
are approximated by

a_f — f(xo’ T+ 6T7p)_f(x07Trp)

oT 5T (22)

and

ﬁ _ f(XO) T)p + 5P)_f(xo’ T,P)
op &p '

(23)
In these expressions, x, denotes the input composition, whereas f denotes the equation of state.

NOTE 1 The numerical methods for obtaining the sensitivity coefficients described in this clause enable
propagating the measurement uncertainty from the measurement of composition, pressure and tempera-
ture through an equation of state.

Uncertainty in gas metering Met4H2 D7 — 21 November 2025



4 General principles 19

NOTE 2 Even if the measurement model is implicit [|8]] or an algorithm, the numerical approximations can
be used with an implementation that delivers the relevant output quantity or quantities as a function of
the input quantities.

NOTE 3 In clause[9} the gradient (i.e., the partial derivatives ignoring the constraint) are used. The proof
that these partial derivatives provide the same results when the covariance matrix associated with the
composition is properly formed [21] is given elsewhere [14]].

4.6 Monte Carlo method

4.6.1 Dependencies between input quantities in measurement models can be handled with the
MCM as well. With regard to dependencies between input quantities, these are modelled using a
joint PDF that describes not only the knowledge about the input quantities themselves, but also
their interdependencies. In the case of input quantities modelled by normal distributions, the
joint PDF is a multivariate normal distribution that takes as arguments a vector with the means
of the input quantities and a covariance matrix providing the squared standard uncertainties and
covariances [|7,8]].

4.6.2 Dependencies can also be articulated in the measurement model by providing explicitly
the mathematical relationships between the input quantities.

4.7 Evaluating covariances

4.7.1 The evaluation of covariances using type A methods of evaluating measurement uncer-
tainty is well known. The calculation of the sample covariance of a series of observations (x j, x2;)
is carried out as follows [|6} clause 5.2.3]

o 1 < _ _
u(x, x,) = _n—ljzzl(xlj_X1)(X2j_XZ) (24)
where
1w 1w
xl:g;x”; XZIEjZ];ij. (25)

The correlation coefficient and the covariance are related as follows [|6] clause 5.2.2]
u(xy, x9) = (g, x9)ulxy)x(xy) (26)

where r(xq,x,) denotes the correlation coefficient between x; and x,. Correlation coefficients
take values in the interval [—1,1]. If a correlation coefficient is zero, then the pair of variables
is uncorrelated [23]]. Whereas covariances and variances enter into the LPU, for expressing in-
formation about uncertainty correlation coefficients and standard uncertainties are more readily
interpretable. Hence, the latter will be used for this purpose.
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4.7.2 If the input quantities X; and X; depend on a set of quantities Q, £ = 1,..., L, then [6,
equationn (E2)]

L

dX; 9X;
u(Xp, X)) =Y 30 30 “@) 27)

where it is assumed that the Q, are mutually independent.

NOTE Equation (27) can be viewed as the sum of the products of the uncertainty contributions to X; and
X for the input quantities Q, for £ = 1,..., L. Note that an uncertainty contribution is zero if the output
quantity does not depend on the input quantity in question. In that case, the corresponding sensitivity
coefficient is zero.

4.7.3 Whereas equation holds if the values of u(Q,) for X; and X; are the same, in many
uncertainty budgets the modelled effect is correlated, but the values of the standard uncertainty
are different. Let the standard uncertainties be denotes by Q;, and Q;, for X; and X respectively,
then

L

X, X;) = —u(Q;)u(Q; (28)
u(X;, X)) ;aQeaQeu( Du(Qy0)

where it is assumed, like in equation (27)), that the correlation coefficient is one.

EXAMPLE In the use of a temperature transmitter, the influence of the ambient temperature on the perfor-
mance of the transmitter is modelled as a function of the ambient temperature. Hence, when evaluating
the covariance between two temperature measurements made at different ambient temperatures, the stan-
dard uncertainties due to this effect will generally be different. With equation the contribution to the
covariance can be readily evaluated.

4.8 Multivariate measurement models

4.8.1 A limitation of equation is that it requires the input quantities Qq,...,Q; to be mu-
tually independent. In this guide, measurement models are used where this limitation is no
restriction, but in particular in the models that take a chemical composition as input, this re-
striction is an issue. Notwithstanding that there is a counterpart for equation that works
with dependent input quantities [24], it is more practical to work in this instance with multivari-
ate measurement models. The extension of ISO/IEC Guide 98-3:2008 and ISO/IEC Guide 98-
3/Supplement 1:2008 to multivariate measurement models provides a versatile way of propa-
gating measurement uncertainty from one measurement model to another.

4.8.2 When dealing with correlated input quantities, it can be advantageous to formulate the
measurement models as multivariate measurement models, viz., [|8, clause 5.1.2]

Y; = filXy,...,XN)

Yu =fM(X1,--->XN)
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The measurement model can be written as
Y = f(X) (29)

where YT = (Y;,...,M), fT =(f1,..., fu) and X = (X3, ...,Xy). The LPU can be written as [8,
clause 6.2.1]

-
V, =C,V,C, (30)

where V,, is the covariance matrix associated with Y, C the sensitivity matrix, and V,. the covari-
ance matrix associated with X, viz.,

w?(x1) oo u(xg,xy)
V, = : . :

u(xy,x;) - u*(xy)

and

oh . Sh

dxq Ixy
C= : - :

Ofu .. fm

dxq Ixy

4.8.3 Defining the correlation matrix as
1 c (X, Xy)
R, = : :
r(xy,x1) - 1

where r denotes the correlation coefficient and considering that r(x;, x;) = 1, the relationship
between the correlation matrix and covariance matrix is [|8, clause 3.21]

V, =DR,D
where D = diag{u(x;),...,u(xy)}. Using this relationship, the LPU for multivariate measurement
models can be written as
T
V, = C,DR,DC] (31)

4.8.4 The correlation matrix can be calculated from the covariance matrix as follows [|8], defini-
tion 3.21]

R,=D'v,Dp7!
where D™ = diag{u(x1),...,u ' (xy)}.

NOTE For a univariate, explicit measurement model (see equation (IJ)), the variance of the output quantity
in vector-matrix notation can be written as

u2(y) =G, VxC;r

where

o]

dx;” " Bxy
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4.9 Reporting

4.9.1 Measurement results shall be reported in accordance with the requirements of ISO/IEC Guide 98-
3:2008 [6, clause 7]. In this guide, generally standard uncertainties are provided with two deci-
mal figures, and the associated values (estimates) are rounded accordingly.

4.9.2 When reporting results with dependencies, it can be necessary to use more than two
decimal figures for the standard uncertainties [|[18, clause 6].

NOTE General requirements with respect to reporting measurement results are given in ISO/IEC 17025
[16, clause 7.8].

5 Total energy and quantity measurement

5.1 Mass

5.1.1 The mass of gas delivered over a time period is calculated by summing the measured mass
flow rates of a time interval, i.e.,

J

i=0
where it is assumed that the flow rate measurements are made at regular time intervals At.

NOTE Equation (32) is an approximation of the integration the continuous function of the mass flow rate
over the time interval of interest. This approximation has also an uncertainty, which can be evaluated as
described in clause

5.1.2 As far as it concerns the effect of the measurement, the standard uncertainty associated
with m(t;) can be readily obtained using the LPU for correlated input quantities [6, eqn. (13)],
or, alternatively, the LPU for multivariate measurement models from ISO/IEC Guide 98-
3/Supplement 2:2011 [8]].

5.1.3 The uncertainty associated with At in summations like equation (32)) can be ignored, as
its uncertainty is negligible in comparison to the uncertainties associated with the other quantities
in the measurement model.

5.1.4 Using the LPU for correlated input quantities, the expression for the squared standard
uncertainty associated with the mass m(¢t;) is given by

J Joo
wX(m(t)) = (A Y u?(i) + 2802 Y > iy, ) (33)

i=0 i=0 k=i+1
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or, using correlation coefficients,
j i
wX(m(t))) = (AP D (i) + 2802 >0 > r(ri, sy Ju(rinu(ity) (34)

i=0 i=0 k=i+1

NOTE Guidance on how to evaluate the standard uncertainties associated with the flow rates and the
correlation coefficients is given in clause [10]of this guide.

5.2 Volume

5.2.1 The volume of gas delivered over a time period is calculated by summing the measured
volume flow rates of a time interval, i.e.,

j
V(t;)= AtZVi (35)

i=0

where it is assumed that the flow rate measurements are made at regular time intervals At.
The volume flow rates should be converted to reference conditions [125]] before being summed.
This conversion is in the form of a multiplication with a correction factor that accounts for the
differences in temperature, pressure and compressibility factor between the actual conditions and
the reference conditions.

NOTE Equation (35) is an approximation of the integration the continuous function of the mass flow rate
over the time interval of interest. This approximation has also an uncertainty, which can be evaluated as
described in clause [13]

5.2.2 As far as it concerns the effect of the measurement, the standard uncertainty V(t;) can be
readily obtained using the LPU for correlated input quantities [6, eqn. (13)], or, alternatively, the
LPU for multivariate measurement models from ISO/IEC Guide 98-3/Supplement 2:2011 [|8]].

5.2.3 Using the LPU for correlated input quantities, the expression for the squared standard
uncertainty associated with the mass m(¢t;) is given by

J JooJ
V() = (A0 D uP (V) +2(A02 > D> u(V;, V) (36)
i=0 i=0 k=i+1
or, using correlation coefficients,
J JooJ
(V) = (A0 D WP (V) +2(A02 Y > r(V;, Vidu(Vu(V) (37)

i=0 i=0 k=i+1

NOTE Guidance on how to evaluate the standard uncertainties associated with the flow rates and the
correlation coefficients is given in clause [10]of this guide.
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5.3 Energy

5.3.1 Depending on whether the mass flow rate or volume flow rate, there are two relationships
for calculating the energy over a time interval. Using mass, the relationship reads as

J
i=0

where H; denotes the calorific value on a mass basis. This calorific value can be obtained from
the calorific value on a molar basis and the molar mass of the gas metered [4]].

5.3.2 Applying the LPU for dependent input quantities [|6, eqn. (13)] to equation yields the
expression to calculate the variance (squared standard uncertainty) associated with the energy

J J
w2 (E(t) = (A0 > A2 () + (A6 Y mPu?(H)

i=1 i=1

=1

+2(A02 > HiHyr (g, g i (i)
i=1 k=i+1
j=1

+2(A02 Y D g (A, Hiu(A u(Ay)

i=1 k=i+1

There are no dependencies to be considered between pairs m;, Hy.

5.3.3 On a volume basis, the energy is calculated as
j . ~
E(t;)= At > Vif, (39)
i=0

where H; denotes the calorific value on a volume basis. This calorific value can be obtained from
the calorific value on a molar basis and real gas molar volume of the gas metered [|4]]. This molar
volume is a function of the compressibility factor.

5.3.4 The uncertainty of the time intervals, At is generally small and can for practical purposes
be neglected.
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5.3.5 Applying the LPU for dependent input quantities [|6, eqn. (13)] to equation yields the
expression to calculate the variance (squared standard uncertainty) associated with the energy
J J
w(E(t) = (A D HXA(V) + (A2 > V2uA(H)

i=1 i=1

j—1 J

+2(A02 Y D Hir (V, Vidu(Vu(V)
i=1 k=i+1
j—1

+2(A0% Y > ViV, Hiu(H; Ju(f)

i=1 k=i+1
j o
+(A0) ), > HVer (A, Vu(H)u(v,)

The correlation coefficients r(H;, Vi) are nonzero due to the volume conversion. Often, both
the calorific value and the compressibility factor are computed from the same composition, hence
they are correlated. If the calorific value or the compressibility factor are measured independently;,
then the ultimate covariance terms are zero.

6 Temperature measurement

6.1 Temperature is, along with the pressure, one of the key auxiliary parameters measured in
the fiscal metering of gas. It is usually measured using a calibrated temperature transmitter [|26]].

6.2 Temperature is usually measured in a gas metering station using a transmitter mounted
near a flow meter. The temperature thus measured is used for various purposes, e.g.,

— conversion of the gas volume from actual to base conditions [|[11,[25[];
— calculation of the compressibility factor under actual conditions [|15,27-29];

— conversion of other properties to base conditions.

6.3 The measurement model takes into consideration various factors that influence the mea-
surement of the gas temperature. The measurement model takes the form (after [26]])

Tgas = lipg + 6Tcal + 6TRFI + 6Tdrift + 6Ttemp + 5Tstab + 6Tother (40)
where
Tind temperature indication
O0T.4 calibration uncertainty

O0Tppr  effect of radio frequency interference

OT4up  drift of the transmitter since it was calibrated
8Twemp temperature effect

0T stability of the temperature element

OT,mer Other effects
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The listed effects are considered to be mutually independent.

6.4 The measurement model (equation does not account for the precision of the measure-
ments, installation effects, temperature difference between the location of the transmitter and
the location where the temperature is needed (e.g., the flow meter). These effects can be added
by further developing the term 6T ,e,-

6.5 Considering the shape of the measurement function (40), the formula for calculating the
variance (i.e., squared standard uncertainty) associated with T, is given by

uz(Tgas) = uz(Tind) + uz(STcal) + uz(éTRFI) + uz(éTdrift) (41)
+ uz(éTtemp) + uz(éTStab) + uz(éTother)

which is obtained by using the LPU for independent quantities [6, eqn. (10) ] and the measurement

function (40)).

In a series of measurements from the same instrument, it is important to note that the results
of the temperature will be dependent, as some of the factors included in the measurement func-
tion are the same for pairs of measurements. In fact, save the uncertainty associated with
the indication, all other sources of uncertainty can be considered dependent for two subsequent
temperature measurements. In that case, the covariance is given by

u(Tgas,i’ Tgas,j) = uz(Tind) + uz(éTcal) + uz(éTRFI) + uz(BTdrift) (42)
+ uz(éTtemp) + uz(éTstab) + u2(6Tother) (i 7é ])

using equation (E2) of the GUM [|6, Annex E1].

NOTE An example with representative values and standard uncertainties is given in [|30]]. It is shown how
equation (28] is used for the drift and ambient temperature effects, which are dependent on time and the
ambient temperature, respectively.

6.6 The measurement model in equation does not account for the performance of the
temperature transmitter when installed in the grid. Such effects include the precision under
actual conditions, the mismatch between the temperature of the gas at the transmitter and at the
point of interest (e.g., the flow meter), among other effects. A measurement model that includes
such effects (8T,y4) can be formulated as

T,

gas,i — dind + 6Tgricl,i + 6Tcal + 6TRFI + 6Tdrift + 6Ttemp + 6Tstab + 6Tother (43)

The effect 8Tyyiq ; should be evaluated using time series analysis (see clause [11)) to assess depen-
dencies between the measurements arising from effects in the grid.

NOTE Any autocorrelation in the temperature measurements add to the dependence between pairs of
measurements. Another source of dependence is the fact that the same measuring instrument is used.
The correlations arising from the instrumentation apply to the entire series of measurement results eval-
uated, whereas the autocorrelation effects are in time much more localised to a one or a few previous
measurements (see clause[11)).
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6.7 If, instead of a detailed analysis of the correlation coefficients between pairs of temperature
measurements, a simpler approach is preferred, then the temperature measurements should be
treated as (almost) fully correlated, with a correlation coefficient close to 1.

7 Pressure measurement

7.1 Pressure is, along with the temperature, one of the key auxiliary parameters measured in
the fiscal metering of gas. It is usually measured using a calibrated pressure transmitter [26]].

7.2 The measurement model takes the form (after [[26]])

Pgas = Pind + 6pcal + 6pstab + 6p rr1 6ptemp + 6patm + 6pvib + 6ppower + 6pmisc (44)
where
Dind pressure indication
OPcal calibration uncertainty
OPRr effect of radio frequency interference

OPstab stability of the transmitter since it was calibrated

dpremp ~ temperature effect

OPatm atmospheric pressure effect

SPvib effects of vibrations

8Ppower  effects due to the power supply

OPmise  Other effects, such as installation and mounting effects
The listed effects are considered to be mutually independent.

7.3 Using the LPU for independent input quantities [[6, equation (10)], the squared standard
uncertainty (variance) associated with p,s can be calculated as

uz(pgas) = uz(pind) + uz(épcal) + uz(spstab) + uz(épRFI) + uz(éptemp) + uz(épatm) (45)
+ uz(épvib) + uz(éppower) + uz(épmisc)

7.4 The covariance between two measurements of the pressure can be computed using equa-

tion (F2) from ISO/IEC Guide 98-3:2008 [6]]

u(pgasi: pgas,j) = uz(pind) + uz(épcal) + uz(épstab) + uz(épRFI) + uz(éptemp) + Uz(épatm) (46)
+ uz(épvib) + uz(éppower) + uz(épmisc)

where pg,; and pg,, ; denote a pair of measurements.
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7.5 The measurement model in equation does not account for the performance of the
pressure transmitter when installed in the grid. Such effects include the precision under actual
conditions, the mismatch between the pressure of the gas at the transmitter and at the point of
interest (e.g., the flow meter), among other effects. A measurement model that includes such
effects (8pgriq) can be formulated as

Pgas,i = Pind + 6pgrid,i + 6pcal + 6pstab + 5pRFI + 6pternp + 6patm + 6pvib + 6ppower + 6pmisc (47)

The effect pgiq ; should be evaluated using time series analysis (see clause to assess depen-
dencies between the measurements arising from effects in the grid.

NOTE 1 Any autocorrelation in the pressure measurements add to the dependence between pairs of mea-
surements. Another source of dependence is the fact that the same measuring instrument is used. The
correlations arising from the instrumentation apply to the entire series of measurement results evaluated,
whereas the autocorrelation effects are in time much more localised to a one or a few previous measure-
ments (see clause [11)).

NOTE 2 The treatment of temperature and pressure measurements can be kept very similar. The evalu-
ation of the covariance due to instrumentation (equation (46)) is very similar to that for evaluating the
standard uncertainty due to instrumentation (equation (45)).

NOTE 3 The only aspect that can be unrealistic about equation (45) is that the covariance does not de-
pend on the distance between the two pressure measurements. A more sophisticated modelling of the
measurement would be required to

7.6 If, instead of a detailed analysis of the correlation coefficients between pairs of pressure mea-
surements, a simpler approach is preferred, then the pressure measurements should be treated
as (almost) fully correlated, with a correlation coefficient close to 1 (e.g., 0.99).

8 Composition measurement

8.1 General

8.1.1 Composition measurement is generally done using a gas chromatograph (GC) equipped
with an thermal conductivity detector (TCD). The basis for the guidance are the methods in
ISO 6974 [2,3]].

8.1.2 Calibration gas mixtures used for composition and energy measurement should be accom-
panied by a certificate according to ISO 6141 [31]. It should state the amount fractions of the
components, their associated expanded uncertainties, the coverage factor(s) and a statement of
metrological traceability [|16]]. For energy measurement, the components covered in the calibra-
tion gas mixture shall cover all components found in the gas to be analysed down to an amount
fraction of 50 pmolmol ™! [4]. For calculating the compressibility factor or density, small amount
fractions of heavy hydrocarbons can be important to obtain reliable result.

NOTE 1 Metrological traceability aspects of calibration gas mixtures are described in ISO 14167 [[32]].

NOTE 2 Guidance on metrological traceability in natural gas analysis is given in ISO 14111 [I33].
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8.1.3 The uncertainty associated with the certified amount fractions of the calibration gas mix-
ture should be taken into account in the choice of regression (if a multipoint calibration approach
is used) [2]]. Regression methods that ignore the uncertainty in the amount fractions, such as
ordinary least-squares regression (OLS) or weighted least-squares regression (WLS) shall not be
used to avoid underrating the uncertainty in fiscal metering. ISO 6974 [[2}(3]] and ISO 6143 [|34]]
describe acceptable regression methods in support of multipoint calibration based on weighted
total least-squares regression (WTLS).

8.2 Single point calibration

8.2.1 The measurement described is the analysis of the natural gas composition using an online
GC with a single channel and a TCD as detector. The example shows the processing of the data
of two natural gas samples, which are processed using the same calibration. Usually these GCs
are calibrated once a day.

8.2.2 Let us consider the single point calibration [[2,[35]] of a natural gas analyser first. The
amount fraction x; of sample j is given by

% (48)

Xj = —T—Xws
T Aws

where xyg denotes the amount fraction of the same component in the working standard, a cali-
bration gas mixture. Ayg denotes the response from the working standard (calibration gas mix-
ture [|32,/36]]). In this scenario, it is assumed that the natural gas analyser is operated with a
single calibration. Using the relationship [6, clause 5.1.6]

S ]

y =1 i

for a multiplicative measurement model of the form Y = ch IXSZ ¢ ]{’,N , where the p; denote
the exponents, X; the input quantities and Y the output quantity of the measurement model, it
follows that the sensitivity coefficients in equation (48) are

_ %

= —:C
1A Aws,j

Xj Xj
3l = T (50)
Aws T Xws

Ca

Note that all sensitivity coefficients are a function of the index j.
The covariance between any pair of amount fractions obtained with the same calibrations is given
by
— 2 2
u(xj, xi) = Cays ; CAws U (Aws) + Cxws,; Cxws U (xws)

= x; 2 (2 (Aws) + 12y (cws)) (51)

EXAMPLE Equation (51) makes calculating covariance of this kind of models very straightforward. Let us
assume that for the amount fraction carbon dioxide in the WS the relative standard uncertainty is 0.20 %
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and the amount fraction 4.0325 cmolmol*, and the repeatability standard deviation of the analyser is
0.10%. Let Ayg = 4212mV, A; = 4315mV and A, = 4344 mV. Now,

15

xj= i4.0325 cmolmol™! =4.1311 ecmol mol ™!
4212

X = %4.0325 cmolmol ™! = 4.2606 cmol mol *
4212

Ut (X)) = Xy (x;) = 4/(0.20%)2 + (0.10%)2 + (0.10%)2 = 0.24%
The covariance is calculated as

u(xj, X)) = XX [ufel(AWS) + ufel(st)] = 8.80 x 107° cmol® mol 2
and finally the correlation coefficient is computed from [|6, equation (14)]

u(x;,x)  8.80x107°

= =0.83
u(x;)u(x;) 0.0101-0.0104

r(xj, xi) =

This calculation shows that there exists a substantial correlation between pairs of amount fractions obtained
with the same calibration. The large value for the correlation coefficient stems from the calibration of the
instrument in this simple example.

Table[1| shows the composition of a working standard (calibration gas mixture) for the analysis of natural
gas up to n-hexane. For the amount fractions of the butanes and neo-pentane, the relative expanded
uncertainty is 1.0 % and for the amount fraction methane it is 0.10%. For the amount fractions of the
other components, the expanded uncertainty is 0.50%. A coverage factor k = 2 is used to convert these
expanded uncertainties into standard uncertainties.

Table 1: Composition of the calibration gas mixture, expressed in amount fractions (cmolmol™!)

Component x U(x) Upel(x)
nitrogen 4.090 0.020 0.50
carbon dioxide  1.500 0.008 0.50
methane 88.779 0.089 0.10
ethane 4.000 0.020 0.50
propane 1.000 0.005 0.50
i-butane 0.2000 0.0020 1.00
n-butane 0.2010  0.0020 1.00
neo-pentane 0.0500 0.0005 1.00
i-pentane 0.04990 0.00025 0.50
n-pentane 0.04980 0.00025 0.50
n-hexane 0.04990 0.00025 0.50

Table |2| shows the results of the analysis of two natural gas samples and the calibration of the natural
gas analyser. The relative repeatability standard uncertainties shown are obtained from a performance
evaluation of the instrument.

The response factors f shown in table [2| are the ratio Ayg/xws (see also equation (48))). The response
factor for any given component is constant until the next calibration of the analyser with the working
standard. So, the correlation between the two composition arises from the response factors.

The raw (non-normalised) compositions, their associated standard uncertainties and correlation coeffi-
cients are shown in table|3] The outputs are obtained as follows:
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Table 2: Peak areas (A, mV), response factor (f, mV mol cmol™1), repeatability standard deviation
(s, mV) and relative repeatability standard deviation (s,, %) of two natural gas samples

Component Ay Ay f s Srel
nitrogen 303018.6 303504.6 23249 244.2 0.08
carbon dioxide  38691.9 38733.6 28277 28.4 0.07
methane 1585895.5 1586184.1 19721 1209.9 0.08
ethane 93465.5 935959 30690 75.7 0.08
propane 20218.6 20190.1 50144 123 0.06
i-butane 5625.1 5613.3 57946 4.1 0.07
n-butane 5702.6 5714.5 60120 8.9 0.16
neo-pentane 3064.6 3044.3 58326 8.0 0.26
i-pentane 3288.9 3286.0 66778 1.8 0.06
n-pentane 3411.4 3407.2 68986 2.2 0.07
n-hexane 3831.0 3824.3 77290 2.7 0.07

Table 3: Raw amount fractions (x;, cmolmol 1), standard uncertainty associated with the re-
sponse factor (u(f), mV mol cmol ™), relative standard uncertainty of the response factor (i (f),
%), relative standard uncertainty of the amount fractions (u.(f), %), covariance between the
amount fractions (u(x;, x,), cmol®> mol™2), correlation coefficient between the amount fractions
(I”(Xl, XZ))

Component X1 X3 u(f) walf) u(x)  ulxxg)  rlxg,x)
nitrogen 13.03 13.05 61 0.26 027 1.174x1073 0.91
carbon dioxide 1.368 1.370 74 0.26 0.27 1.272x107° 0.93
methane 80.42 80.43 18 0.09 0.12 5.380x1072 0.59
ethane 3.045 3.050 81 0.26 0.27 6.412x107° 0.91
propane 0.403 0.403 129  0.26 0.26 1.075x107° 0.95
i-butane 0.0971 0.0969 293 0.51 0.51 2.402x 1077 0.98
n-butane 0.0949 0.0951 315 052  0.55 2474x1077  0.92
neo-pentane 0.0525 0.0522 329 0.56 0.62 8.735x 1078 0.82
i-pentane 0.04925 0.04921 171 0.26 026 1.591x1078 0.95
n-pentane 0.04945 0.04939 178 0.26 0.27 1.630x1078 0.94
n-hexane 0.04957 0.04948 201 0.26 0.27 1.655x1078 0.93
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— The amount fractions are obtained using equation (48)), or, with the response factor f as x; = A;f ~*.

— The relative standard uncertainty associated with the response factor u,;(f) is obtained as
\/ ufel(st) + ur2e1(Aws) ; the standard uncertainty itself is obtained as u,(f) f.

— The relative standard uncertainty associated with the amount fractions is obtained as

v u?el(f) + ufel(Ai)-

— The covariance between the amount fractions is obtained as xlxzufel( f) (see also equation (51))).

— The correlation coefficient can be computed as urzel( )/ urzel(x).

In all symbols, the index for the component was omitted.

8.3 Multipoint calibration

8.3.1 Multipoint calibration is described in ISO 6974 [12,]3]] and ISO 6143 [34]]. To propagate
duly the measurement uncertainty associated with the amount fractions of the components and
the instrument responses, errors-in-variables regression (EIV) regression shall be used. Other
forms of regression, such as WLS or OLS do so only partly or not at all. The WTLS described
in ISO 6143 and ISO 6974-1 is a specific form of EIV and suited to propagate the uncertainty
from the amount fractions and the responses to the outputs of the regression [37]], typically the
coefficients of the calibration or analysis function or to the amount fraction of the components in
a sample by interpolation.

8.3.2 The most convenient way to apply multipoint calibration is to choose a suite of calibra-
tion gas mixtures encompassing the ranges for which the GC is to be calibrated. Details about
the number of data points and the number of replicates needed to obtain reliable responses are
given in ISO 6974-1 and ISO 6143. These standards shall be followed to calibration the GC. The
requirements for the calibration gas mixtures are given in clause

8.3.3 The normal use of a calibrated GC is to use it for determining the amount fraction of an
unknown gas mixture. This value assignment is described in ISO 6143 [|34]]. The uncertainty
evaluation can be performed using the LPU as given in ISO/IEC Guide 98-3/Supplement 2:2011

(8.

8.3.4 Given formulea for interpolation in ISO 6143 [|34]] and ISO 6974-1 [12]], the sensitivity coef-
ficients can obtained by analytically, that is, by symbolic differentiation . Given the measurement
model (for a cubic analysis function)

X = bO + b1A+ 132142 + b3A3 (52)
the expressions for the sensitivity coefficients read as follows

OX _ b + 2byA+ 3bya? (53)
y
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9x 1
by
9X _ 4
b,
dx

= =52
b,

dx

= =3
b,

NOTE For a generalised linear model of the form

X = i b ¢ (A)

k=1

the partial derivatives with respect to the b, are the functions ¢ (A). For a cubic polynomial, these functions
are ¢ (A) = Ak,

8.3.5 The combined standard uncertainty associated with x is obtained using
ag)z m ag 2 m—1 m ag ag
) === ¥+ — | u*(b;)+2 (—) —> |u(b;, b; 5
e (8}/ o) jZ:O(abJ' ‘ ( ]) iZ:O:j:ZH-:l db; )\ 9b; U( l ]) oY

If, instead of the cubic polynomial of a parabola or straight line is used, then the necessary
expressions can be obtained by setting b, and b to zero (straight line), or setting bs to zero
(parabola) in equations and (53). The expressions for the sensitivity coefficients of b, and
b; (straight line), or setting b; (parabola) are in these situations not needed.

8.3.6 For subsequent composition measurements, the same interpolations can be used. The
covariance matrix V, can be obtained using the LPU for multivariate measurement models. For
each x;, the measurement equation takes the form (see equation (52))

X; = bo + blAi + bzA? + b3A:13

The covariance matrix of the input quantities can be formed as

Vo, O
v=| 4
0 Vv
where V}, denotes the covariance matrix associated with the coefficients b as obtained from re-
gression. The covariance matrix V, is diagonal, viz.,

V, = diag{u?(4,), ..., u*(Ay)}

where N denotes the number of compositions measured. The sensitivity matrix C then takes the
form

9x; 2 3

c—| @ 0 1 A A A

dx 2 43
0 6_A§1A2A2A2
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for two measurements and a cubic polynomial. The covariance matrix V, associated with the
amount fractions x is then obtained from the matrix product

vV, =cvc'

Note that in this clause, x is a vector holding the amount fractions of a single component and
that V, is the associated covariance matrix.

NOTE x and V, are not to be confused with the composition vector introduced in clause 8.4

8.4 Normalisation

8.4.1 The calculation of natural gas properties is fundamental to the trade in natural gas. Many
contracts in this area are energy-based, which means that the energy content (calorific value) of
the gas transmitted plays as important a role as the volume or mass of natural gas [11,|13}38].

8.4.2 For use in calculations, the natural gas composition should meet the requirement of any
composition, namely that the sum of all fractions forming it is exactly equal to a constant [39]].
This condition can be expressed as

ij =K (55)
j=1

where x; denote the normalised amount fractions of the components j, and n the number of
components. k is the normalisation constant. When expressing amount fractions in molmol ™,
x = 1molmol ™}, whereas when expressing these in cmolmol™, ¥ = 100cmolmol ™, and so
on [39].

8.4.3 A composition calculated from (gravimetric) gas mixture preparation [|40,41[]] always
meets the normalisation constraint (equation (55])), as it is inherent to the measurement equa-
tion used. Not all measurement procedures provide amount fractions that sum exactly to the
normalisation constant. When using compositional data from, e.g., a gas chromatographic deter-
mination, the constraint shall be enforced by normalising the amount fractions. Amount fractions
that do not meet the mathematical constraint of a composition are sometimes called “raw” amount
fractions to distinguish them from (normalised) amount fractions that satisfy the condition.

8.4.4 Ensuring that a composition expressed in amount fraction satisfies this condition can be
achieved by using, e.g., the normalisation procedure from ISO 6974 [2,[3]], also known as closure
of a composition [|[39]]. The normalisation procedure is described in ISO 6974-1 [2]] and the
uncertainty calculation is given in ISO 6974-2 [3]]. These procedures shall be used to process
non-normalised compositions.
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8.4.5 The normalised amount fraction x; is related to the raw amount fraction %; as follows [[2}3]]

X; = (56)

Zl’l ~

j=1%j
The covariance matrix associated with the vector of the normalised amount fractions x, V., can be
calculated from the covariance matrix V; associated with the raw amount fractions as follows [8]]

V,=CViC' (57)
where the elements of the sensitivity matrix C are given by
K KX
Cij = = ':'21 (58)
KX; o
Cj=——5 (@#)) (59)

8.4.6 The covariance matrix of a normalised composition has some special features. In each
row (and column) the elements of V, add to zero, which is a property of the uncertainty of a
composition [[39]. Equation is a convenient way to verify whether the covariance matrix of
a composition is valid for use in uncertainty calculations [39]]. In matrix form, this check can be
performed by verifying whether

1'v,1=0 (60)

where 1 denotes a column vector of length n, whose elements are all 1. Equation is a direct
consequence of the condition given in equation (55).

8.4.7 Compositions meeting the normalisation constraint have a covariance matrix that is
singular. Depending on how a composition is formed [42], the covariance matrix looks different.
Considering that — at least in principle — both the input compositions and the output composi-
tions have associated covariance matrices, the LPU for multivariate measurement models from
ISO/IEC Guide 98-3/Supplement 2:2011 [8]] is used.

8.4.8 Tor a single non-normalised composition ¥; with associated covariance matrix Vg , the
covariance matrix associated with the normalised composition x; is given by

Ve, =C Vg Cl (61)
where the elements of the sensitivity matrix C; are given by
K KX"l
Cin=o —— (62)
KXj1 L
Cijn =% (i #Jj) (63)
=1

—_ n ~ . . . o ——
and 2; = D7 _, X, 1. The normalised amount fractions are given by x; ; = X; 1E] L r20.
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8.4.9 Consider now two compositions that are correlated due to the fact that they have been
measured with the same gas chromatograph with the same calibration. Let the sensitivity matrix
for composition X; be noted by C; and that for composition X, by C,. For both compositions,
equations and provide the expressions to form them.

8.4.10 Let us consider the case typical for subsequent composition measurements, where a se-
ries of correlation coefficients is available, for each pair of amount fractions of a component one.
The correlation matrix associated with the two compositions given by

< I R
Ry, =| = 64

12 |: R 1 i| ( )
where I denotes an n x n identity matrix and R the correlation matrix between the two composi-
tions

R = diag{fy,...,7,}

where 7; is shorthand for the correlation coefficient r(%;,%,). To obtain the covariance matrix
V15, a diagonal matrix is needed with the standard uncertainties associated with the raw amount
fractions, viz.,

f)12 = diag{u(X17),...,u(X1,), u(¥12), ..., u(Xz,))

where the u(X;;) denotes the standard uncertainty associated with the non-normalised amount
fraction X; in composition j. The covariance matrix V;, associated with the two non-normalised
compositions is calculated as

‘712 = f’lzﬁlzﬁlz

The covariance matrix V;4 associated with the normalised compositions x; and x, is given by

Vxlz = C12V3~C12C;|—2 (65)
where
c; O
C+oy = (66)
12 [ 0 CZ i|

where C; and C, are calculated using equations and (63).

EXAMPLE Using the non-normalised composition from table |3} the normalised compositions are given in
table[4]

The sub matrices of the correlation matrix are given in tables[5} [f|and [7} The correlation matrix is given
by
Ry Ry ]
R= (67)
[ Ri; Ry
The covariance matrix associated with the vector holding the two compositions can be computed using [|7]]
V =DRD

where

D' = diag{u(xy1),...,ulxyq), ulx12), ..., ulxy2)}

Uncertainty in gas metering Met4H2 D7 — 21 November 2025



8 Composition measurement 37

Table 4: Normalised amount fractions (x;, cmolmol 1), relative standard uncertainty associ-
ated with the amount fractions (u,¢(x), %), correlation coefficient between the amount fractions
(r(x1,x2))

Component xq X Upe () (1, x9)
Nitrogen 13.21 13.23 0.26 0.87
Carbon dioxide  1.387 1.3878 0.29 0.89
Methane 81.51 81.49 0.04 0.83
Ethane 3.087 3.0898 0.29 0.88
Propane 0.409 0.4079 0.28 0.90
i-Butane 0.0984 0.0981 0.52 0.97
n-Butane 0.0961 0.0963 0.56 0.91
neo-Pentane 0.0533 0.0529 0.63 0.82
i-Pentane 0.04992 0.04985 0.28 0.91
n-Pentane 0.05012 0.05004 0.29 0.90
n-Hexane 0.05024 0.05013 0.29 0.89

Table 5: Correlation matrix R; associated with the first normalised composition. The order of the
components is the same as in table

1 -0.003 -0956 -0.020 0.007 0.004 0.004 0.004 0.011 0.011 0.011

-0.003 1 -0.140 0.091 0.117 0.064 0.060 0.053 0.121 0.119 0.118
-0.956 -0.140 1 -0.246 -0.082 -0.043 -0.042 -0.034 -0.062 -0.061 -0.061
-0.020 0.091 -0.246 1 0.101 0.055 0.051 0.046 0.105 0.103 0.102
0.007 0.117 -0.082 0.101 1 0.070 0.065 0.058 0.131 0.129 0.128
0.004 0.064 -0.043 0.055 0.070 1 0035 0.031 0.072 0.071 0.070
0.004 0.060 -0.042 0.051 0.065 0.035 1 0.029 0.067 0.066 0.065
0.004 0.053 -0.034 0.046 0.058 0.031 0.029 1 0.059 0.059 0.058
0.011 0.121 -0.062 0.105 0.131 0.072 0.067 0.059 1 0.133 0.132
0.011 0.119 -0.061 0.103 0.129 0.071 0.066 0.059 0.133 1 0.130
0.011 0.118 -0.061 0.102 0.128 0.070 0.065 0.058 0.132 0.130 1

Table 6: Correlation matrix R, associated with the second normalised composition. The order of
the components is the same as in table

1 -0.003 -0956 -0.021 0.007 0.004 0.004 0.004 0.011 0.011 0.011

-0.003 1 -0.140 0.091 0.117 0.064 0.060 0.053 0.121 0.119 0.118
-0.956 -0.140 1 -0.246 -0.082 -0.043 -0.042 -0.034 -0.062 -0.061 -0.061
-0.021  0.091 -0.246 1 0.101 0.055 0.051 0.046 0.105 0.103 0.102
0.007 0.117 -0.082 0.101 1 0070 0.065 0.058 0.131 0.129 0.128
0.004 0.064 -0.043 0.055 0.070 1 0.035 0.031 0.072 0.071 0.070
0.004 0.060 -0.042 0.051 0.065 0.035 1 0.029 0.067 0.066 0.065
0.004 0.053 -0.034 0.046 0.058 0.031 0.029 1 0.059 0.059 0.058
0.011 0.121 -0.062 0.105 0.131 0.072 0.067 0.059 1 0133 0.132
0.011 0.119 -0.061 0.103 0.129 0.071 0.066 0.059 0.133 1 0.130
0.011 0.118 -0.061 0.102 0.128 0.070 0.065 0.058 0.132 0.130 1

Uncertainty in gas metering Met4H2 D7 — 21 November 2025



8 Composition measurement 38

Table 7: Correlation sub matrix R;, associated with the normalised amount fractions of the com-
ponents between the two compositions. The order of the components is the same as in table

0.868 -0.044 -0.812 -0.060 -0.035 -0.019 -0.018 -0.015 -0.032 -0.032 -0.031
-0.044 0.888 -0.073 0.046 0.069 0.038 0.035 0.032 0.072 0.071 0.071
-0.812 -0.073 0.831 -0.169 -0.019 -0.010 -0.010 -0.005 0.000 0.000 0.000
-0.060 0.046 -0.169 0.876 0.054 0.030 0.028 0.025 0.058 0.057 0.056
-0.035 0.069 -0.019 0.054 0.904 0.043 0.040 0.036 0.081 0.080 0.080
-0.019 0.038 -0.010 0.030 0.043 0965 0.022 0.019 0.044 0.044 0.043
-0.018 0.035 -0.010 0.028 0.040 0.022 0908 0.018 0.042 0.041 0.041
-0.015 0.032 -0.005 0.025 0.036 0.019 0.018 0.818 0.037 0.037 0.036
-0.032 0.072 0.000 0.058 0.082 0.044 0.042 0.037 0910 0.084 0.083
-0.032 0.071 0.000 0.057 0.080 0.044 0.041 0.037 0.084 0.899 0.082
-0.032 0.071 0.000 0.056 0.080 0.043 0.041 0.036 0.083 0.082 0.892

8.5 Covariance matrix from normalised composition data

8.5.1 In industry, data transfers are usually restricted to reporting the normalised amount frac-
tions of the components. The uncertainty of these amount fractions is usually known to a certain
extent, for example from subjecting the natural gas analyser to a performance evaluation as de-
scribed in ISO 10723 [43]] or by evaluating the measurement uncertainty in accordance with
ISO 6974-2 [|3] and propagating it when performing the normalisation.

8.5.2 Whereas it is recommended to provide measurement results with an uncertainty, and
where relevant, also with covariances (or, equivalently, correlation coefficients) [|6,8l44]], practice
is different. Yet, it can be readily shown that in the case of natural gas properties, ignoring the
correlations between the amount fractions of the components has a serious impact [[21]].

8.5.3 Inmany uncertainty calculations in metrology, it is impossible to recover covariances with-
out having a detailed insight in the underlying uncertainty calculations. In the case of natural gas
composition data, there is an agreed method to normalise the data (described in ISO 6974 [12,3]]).
Under the assumption that the normalisation method of ISO 6974 has been used, it is possible to
recover the covariances from the normalised compositions and their associated standard uncer-
tainties alone. The algorithm is presented in section 8.4}

8.5.4 The reconstruction of the covariance matrix is based on the considerations discussed in
section The expressions for the sensitivity coefficients (see equations and (59)) re-
quire the raw sum Z and the raw amount fractions ¥;. These are however unknown when only
normalised fractions are at hand, but they can be approximated by E ~ k and X; ~ x; for all com-
ponents i. These approximations are sufficient for the uncertainty calculation, but obviously not
to provide values for the raw amount fractions. Only when the raw sum = were known, these raw
fractions can be reconstructed as well, and there would be no need to approximate the sensitivity
matrix C using equations and (70).
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8.5.5 The first step in the recovery algorithm is to calculate the variances (squared standard
uncertainties) associated with the raw amount fractions. These are related to the variances of the
normalised ones through equation (57). For u?(x,) this relationship reads as

n
u?(x;) = Z ijuz()”cj) k=1,...,n. (68)
j=1

The sensitivity coefficients can be approximated by
Cl~1-—2 (69)
/ Xi . .
K

which follows from equations (58)) and (59)), respectively, by considering that x; ~ X; for all i and
E ~ k. Substituting equations and (70) into the n equations leads to a set of n linear
equations where the uz(fcj) are the unknowns. This set can be represented as

Avgy =v, (71)

where v, = (u?(xy),. ..uz(xn))T, and vy = (13(%1),. ..uz()”cn))T. The elements of the matrix A

are A;; = C/ jz, where C’ is given by equations and (70).

8.5.6 The solution of equation (7I) is given by vy = A~ v, but directly inverting the matrix A
is not the best way of solving a set of linear equations. The set can better be solved using a stable
numerical method, such as QR-factorisation or singular value decomposition [21}/45]].

8.5.7 Using QR-factorisation for example, compute first the factorisation
A=QR

where Q is an orthogonal matrix and R an upper triangular matrix. Then, compute
v.=Q'v,

and then solving

Rvg =v! (72)

X

by back substitution [46, section 2.4]. In R [47], the solution of the set of linear equations
can be obtained by a call to the function qr.solve () [21].

NOTE QR factorisation is not available in mainstream spreadsheet software. Whereas generally orthogo-
nal factorisation of the matrix A is the preferred method to minimise loss of accuracy, other ways of solving
a linear set of equations can be used instead.

Once the vector vy is obtained, it can be converted to (an approximation of) the diagonal covari-
ance matrix Vg and used in equation (57) to obtain the full covariance matrix V,.
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EXAMPLE The recovery algorithm for the covariance matrix of the composition (see section[8.5) has been
implemented in R [47]]. The default solver for a set of linear equations is using the QR-factorisation.
Consider the simple raw composition in table [8] The standard uncertainties in this example are neither
intended to represent typical performance let alone state-of-the-art natural gas measurement results. The
increase of the relative standard uncertainties from methane (CH,) to propane (C;Hg) as well as those for
nitrogen and carbon dioxide represent a typical uncertainty structure for a composition measurement of
natural gas. The sum of the amount fractions is Z = 99.034 cmolmol ™.

Table 8: Non-normalised composition of a natural gas containing 5 components, expressed in
amount fractions (cmolmol™)

Component x u(x) Upe ()
cmolmol™  cmolmol™?

Nitrogen 3.248 0.021 0.65 %

Carbon dioxide 2.398 0.018 0.75 %

Methane 83.520 0.209 0.25 %

Ethane 6.523 0.044 0.67 %

Propane 3.345 0.113 3.38 %

To illustrate the recovery algorithm, the normalised composition computed from the data in table[8]is used,
ie.,

x " =(3.280,2.421,84.335,6.587,3.378)
v] =(0.022%,0.019%,0.211%,0.044%,0.110%)

Solving the set of linear equations yields
v{ =(0.021%,0.018%,0.209%,0.044%,0.113%)

which are the recovered standard uncertainties associated with the raw amount fractions. The relative
difference between the standard uncertainties associated with the raw amount fractions thus recovered
and the original ones (see table [8) is -0.97 %, which is acceptable for an uncertainty calculation. The
covariance matrix V,, computed with the recovered values for the standard uncertainties differs negligibly
from that computed directly from the data in table|8] The performance of this recovery algorithm depends
on the value of the raw sum Z. In most practical cases, the raw sum is 98 cmol mol ™ <= < 102cmolmol ™!,
which is close enough to 100 cmolmol ™" for using this recovery algorithm.

The correlation matrices after normalisation and from recovery are shown in table[9] The values of the cor-
relation coefficients are identical up to four digits, which is more than sufficient for accepting the outcome
of the recovery algorithm for an uncertainty evaluation [[44}[48].

9 Gas properties

9.1 General

9.1.1 Natural gas properties play a key role in the volumetric metering of gas, as well as in the
measurement of energy. The volume flow rate is converted from actual to reference conditions.
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Table 9: Correlation matrices of the normalised composition (upper triangle) and from recovery
(lower triangle) [[21]]

Component N, CO, CH,4 C,oHg C3Hg
N, 1 0.0635 —0.0703  0.0367 —0.1543
CO, 0.0635 1 —0.0605 0.0320 —0.1341
CH,4 —0.0703 —0.0605 1 —0.2531 —0.8782
CyHg 0.0367 0.0320 —0.2531 1 —0.1609
C3Hg —0.1543 -0.1341 -0.8782 —0.1609 1

This correction factor is given by

Vo _ PToZo

- 73

where V,, denotes the volume flow rate at reference conditions, V the volume flow rate as mea-
sured at temperature T and pressure p. The compressibility factors at actual and reference con-
ditions are denoted by Z and Z, respectively, and the reference pressure is denoted by p, and
the reference pressure by T.

9.1.2 In energy measurement, the volumetric calorific value comes into play as well, which also
depends on the compressibility factor, albeit not necessarily by the same reference conditions
[4,11].

9.1.3 The propagation of measurement uncertainty from the composition and component prop-
erties is described in ISO 6976, Annex B [4]]. This treatise is taken as starting point in this guide.
The only exception that is made is that this guide deprecates ignoring the correlation coefficients
between the amount fractions in the normalised gas composition [|4]]. Table [10|illustrates why it
is generally not appropriate to ignore these correlation coefficients.

Table 10: Calculation of natural gas properties with correlations, using the recovered correlation
matrix, and without correlations. Shown are the molar superior calorific value (H, kJmol™),
molar mass (M, gmol™!), compressibility factor (Z), superior calorific value on a mass basis
(H,,, MJkg™1), and on volume basis for a real gas (H, MJm™). [21]

With Correlations Recovery Without Correlations

x u(x) x u(x) x u(x)

H 929.8 1.5 929.8 1.5 929.8 2.7

M 18.984 0.030 18.984 0.030 18.984 0.055
Z
H

0.997448 0.000045 0.997448 0.000045 0.997448 0.000048
m 48.977 0.030 48.977 0.030 48.977 0.20
q 39.423 0.065 39.423 0.065 39.423 0.117
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9.1.4 The guidance in this document is not limited to ISO 6976 [4]]. Much of what is being pro-
vided to work with the natural gas properties in ISO 6976 applies equally to the use of equations
of state as described in, e.g., ISO 12213 [27,[28]] and ISO 20765 [|15,29]].

9.2 Calculation from composition

One of the most widely used methods to obtain natural gas properties is by calculation from com-
position. In subsequent calculations involving the quantities obtained, the covariances between
the natural gas properties are needed, alongside the standard uncertainties and values for them.
ISO 6976 [4, Annex B] provides a consistent propagation and evaluation of the measurement un-
certainty associated with the gas properties covered by said standard. The treatise is elaborated
to evaluate the covariances between calorific values, compressibility factors and molar masses
from subsequent measurements of the composition (see also clause [8.4]and clause[5.3

9.2.1 From three natural gas properties mentioned in ISO 6976, all other natural properties can
be calculated. The base properties are the calorific value on a molar basis, the compressibility
factor and the molar mass. Together with the molar mass of air and the compressibility factor of
air, all other properties can be calculated.

9.2.2 Itis convenient to express the measurement model for calculating the relevant natural gas
properties in two stages. In stage 1, the three base properties are calculated and a full covariance
matrix obtained. Using these, all other properties can be calculated. Hence, the output vector &
of the first stage can be defined as

§=[mm,z] (74)

where H denotes the calorific value on a molar basis, M the molar mass of the natural gas and Z
the compressibility of the natural gas. For brevity of notation, the combustion temperature t; and
the metering conditions t,, p, have been omitted. In the first stage of the measurement model,
the properties listed in equation are calculated. In a second stage, all or selected natural
gas properties can be computed, and the covariance matrix, holding, among others, the squares
standard uncertainties of these properties.

9.2.3 The input quantities needed for the first stage are the composition x, the pure substance
calorific values h, the molar masses M, and the coefficients needed for computing the compress-
ibility s. Thus, the input vector of the first stage can be defined as

oup=[H,MT,sT,yT] (75)

9.2.4 As stated previously in the first stage three natural gas properties are calculated, H?,
M, and Z. The properties of air are included in the calculation of the covariance matrix Ve
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associated with the vector &, holding the output variables of this stage of the measurement
model. The calculation is performed as follows
_ T
V§sup = Cngsupcg (76)

where V; denotes the sensitivity matrix and Ve the covariance matrix of the input variables,
ie.,

Vgsup = diag{VH: VM) VS’ Vy’ uz(Mair)) uz(Zair)} (77)

As ISO 6976 [4] assumes the enthalpies H; and the coefficients s; as mutually independent, the
corresponding covariance matrices Vi and V are diagonal. On the other hand, the molar masses
of the components are usually correlated. The calculation of the covariances is described in
ISO 6976 [4]]; the calculation of the covariance matrix V,, is discussed elsewhere [40]. The
calculation of the covariance matrix V, was discussed in section[8.4] The standard considers the
compressibility (Z,;,) and the molar mass (M,;,) of air as independent of the other properties, and
this convention will be used here as well. The values for the standard uncertainties associated
with Z,;, and M,; are 0.000015 and 0.004 respectively for all metering temperatures covered in
ISO 6976 [[4].

9.2.5 The formation of the sensitivity matrix, the matrix holding the sensitivity coefficients,
can be carried out as follows. A convenient way to develop the expressions for the sensitivity
coefficient is to write the equations forming the measurement model as total differentials [40]].

Any function f with n input variables x4, ..., x, that is differentiable can be written as total
differential [|49]]
5} 0
df =—fdx1+--~+ f dx,
9x, dx,
The factors before dx.,..., dx,, are the sensitivity coefficients as they appear in the law of propa-

gation of uncertainty [6}/8]. Total differentials also provide a convenient mechanism for applying
the chain rule of differentiation [|49]]. the partial derivatives appearing in a total differential form
a row in the sensitivity matrix; the sensitivity coefficients of the variables not present in the total
differential are zero.

9.2.6 Writing the expression for the superior calorific value from ISO 6976 [4]] on a molar basis
as a total differential yields

n n
dHyup = D Hydy; + 3y dH,
j=1 j=1
For the molar mass [[4]], an analogous expression is obtained

n n
i =Y M;dy;+ > y;dM;

j=1 j=1
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In the same vein, the expression for the compressibility can be developed
)

dZ =—-=25dS (78)
Po
where § =377, y;s; and thus
n n
dSZZsjdyj+Zyjdsj (79)
j=1 J=1

Do denotes the reference pressure (101 325 Pa) [4]] and p, the metering pressure. Substitution of
equation ([79) into (78) is an application of the chain rule of differentiation [49] and yields the
expressions for the sensitivity coefficients of Z with respect to the input variables (the y; and the
s;). The expression for the sensitivity matrix Cy reads as

y' o o HT
C;=| 0 yT o M’ (80)
0O O cyT csT

= _Pa S
where c =—2237 | y;s;.

9.2.7 For calculations on inferior base, a few modifications are needed to the expressions devel-
oped for the superior base. In the input vector, the vector H holding the pure component superior
calorific values should be replaced by the vector H’ holding the pure component inferior calorific
values. Also the covariance matrix Vi should be replaced by a covariance matrix Uy; holding the
uncertainty information for the calorific values on an inferior base. The vector H’ can be defined
as

H =H-L

where the elements of the vector L are given by L; = %b jLO(tl). The covariance matrix associated
with this vector is given by

vV, =bb"u?(L?)
where b denotes a vector whose elements are —%b j- The covariance matrix H ’ is given by

U,=Vy+V;

9.2.8 The vector with input quantities now reads as
T _ as T T 4T
inf — (H M, s,y Mair, Zajy

With these expressions, the covariance matrix Vg, . can be written as follows

V, 0 0 0
0 Vy 0 0 | .7
0 0 V, 0 |~¢

0 0 0 V,

V§ inf C€

The sensitivity matrix Cy is given by equation (80), where H should be replaced by H’ for the
inferior base.
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EXAMPLE The Wobbe index of a real gas is defined as quotient of the gross calorific value on a volume
basis divided by the square root of the relative density, viz.,

W= H
VozV/d

where V is the ideal gas volume and d the relative density at reference metering conditions (t;,p;).
Writing equation [81] provides the expressions for the sensitivity coefficients

(81)

I SR H 1 Z, Tt H M Z, v
vozv/d 2dvd My Z 2dVdME Z "
A M1 H M Z, H
A (e ),
Zd\/aMairZ

ZdﬁMair Z? VOZZ\/E

The factors preceding dH, dM, dM,;,, dZ,;, and dZ are the expressions for said sensitivity coefficients.
M,;, denotes the molar mass of air and Z,;, its compressibility factor.

The uncertainty associated with the Wobbe index can now be calculated using the LPU from ISO/IEC Guide 98-
3:2008 or ISO/IEC Guide 98-3/Supplement 2:2011 [|6,/8]] and the results from the first stage of the mea-
surement model, providing values and standard uncertainties for H, M and Z as well the covariances
between them.

9.3 Pairs of calorific values, molar masses and compressibility factors

9.3.1 Inclause a method was provided to obtain the covariance matrix associated with two
compositions x; and x,, see equation (65)). The method from clause is extended to evaluate
the covariance between pairs of calorific values, molar masses and compressibility factors, so that
the covariances necessary when evaluating the uncertainty in the total energy as computed from

equations and (39).

9.3.2 Let

Jp=1[hy,...,hy] (82)
and

Jy =[My,...,My] (83)
and

J,=2S[s1,...,5x] (84)
where

N
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9.3.3 Consider two compositions x; and x, with covariance matrix V, , then the covariance
matrix associated with the pair of calorific values [H;,H,]", using the law of propagation of
uncertainty, is given by [8]]

Vi, = JonVind (85)
where
[ J 0 xf
Jx,H—[ o U x;} (86)
and
Vx1 Vx12 0
Ver=| Ve, Vi, O (87)
0 0 Vg

where 0 denotes an N x N matrix with zeros, V, the covariance matrix associated with x,, V,,
the covariance matrix associated with x,, V,., the covariance matrix between x; and x, and V4
the covariance matrix associated with the calorific values of the components H.

9.3.4 For the molar mass, a similar set of equations can be developed. The covariance matrix
associated with the pair of calorific values [M;, M,]", using the law of propagation of uncertainty,
is given by [|8]]

Vit = et Vs g (88)
where
w0 xf
and
Vi, Vi, O
Vx,M = Vx12 sz 0 (90)
0 0 Vy

where Vj; denotes the covariance matrix associated with the molar masses of the components M.

9.3.5 For a pair of compressibility factor finally, the set of equations is as given below. The
covariance matrix associated with a pair of compressibility factors [Z;,Z,]" is given by

VZu = Jx,st,sJ;—’s (91)
where
J. 0 x|
o |: 0 J, x,
and
Ve Vi, O
VX,S = Vxlz sz 0 (93)
0 0 Vv

where V, denotes the covariance matrix associated with the molar masses of the components s.
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9.3.6 Considering that all other properties from ISO 6976 can be computed from H, M and Z,
to compute correlation coefficients between any set of properties from this standard depending
on H, M and Z, it is practical to calculate first the covariance matrix associated with the vector
0 =[H;,H,,M;,M,,Z1,Z,]". This covariance matrix is given by

Vo=JVJ' (94)

where

0 JH X9 0

J 0 0 0 x
L 0 J 0 0 x|
and
V., V,, 0 0 0
Vo, Vo, O 0 0
v=| 0 0 vy 0 O (96)

0 0 0 Vy O

0 0 0 0 V,

9.3.7 For energy measurement on a volume basis, there are dependencies between Z and H,
the calorific value a volume basis [|4]]

H

H=— 97
o 97)

where V, = RT /p, where R denotes the ideal gas constant, T the temperature and p the pressure.

Generally, V, is without uncertainty, as a reference temperature and pressure are used.

9.3.8 For the vector [H,Z]", given the input vector [H, Z]", the partial derivatives are given by

(98)

-

I
| —|
O T
o |

NE
| I |

9.3.9 Extending the calculation to two pairs of calorific values and compressibility factors can
be done as follows. First, the covariance matrix associated with the vector 8 = [Hy, Ho,Z1,Z5]" .
This covariance matrix is given by

Vo=JVJ' (99)
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where
JH 0 Xq 0
o gy x, 0
J= L0 0 x (100)
0 J 0 x
and
V., V., 0 O
| Ve, V., O 0O
V=18 o v, o (101)
0 0 0 V,
The covariance matrix associated with the vector [Hy,H,, Z;,Z,]" is then given by
V=JVyJ' (102)
where
A H
A )
H H
J=| 0 m 0 -7 (103)
0 1 0
0O 0 O 1

Instead of forming explicitly forming V,, the covariance matrix associated with the vector [H,, Hy, Z1, Z,]"
can be calculated as

V=JgVJTJ (104)

9.3.10 The calorific value on a mass basis is given by [4]

- H
H=— (105)

M
For energy measurement on a mass basis, the covariance matrix associated with a pair of calorific
values [Hy,H,]" can be computed as follows. The covariance matrix associated with the vector

0= [H]_,Hz,M]_,Mz]T is giVen by
Vo =JVJT (106)

where

Jy 0 x; O
0 Jgy x, O
Jy 0 0 x;
0 Jy 0 xy

(107)
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and
Vi, Vi, O 0
| Vi, Vi, O 0
V=18 o v, o (108)
0 0 0 Vy

Vi =Jo, Vo, Ty (109)
where
H, H,
- 0 ——= 0
_| H M
Jo, = 01 B A, (110)
Hy M,

10 Flow rate measurements

10.1 Volume flow

10.1.1 The volume flow rate is measured with a flow meter under field (metering) temperature
and pressure conditions and should be converted to reference conditions before the energy can
be calculated using equation (35)). Following the methodology of OIML R140 [[13]], the volume
flow rate at reference conditions when calculated from temperature, pressure and compressibility
factor is

ToZ,
:P 020y,
poTZ

0 (111)

If the metering station is equipped with a densitometer, the volume flow rate at reference condi-
tions is

v, =Lv (112)

Po

where p denotes the density at field conditions and p, is the density at reference conditions
calculated according to ISO 6976 [4].

10.1.2 The methods for evaluating the measurement uncertainty of temperature and pressure
measurements are described in clauses [6] and [7] respectively. Similarly, the uncertainty in the
compressibility factor can be estimated from the gas composition as described in clause [9} The
focus in the following is therefore on the measurement of volume flow rate under field conditions.
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10.1.3 The volume flow rate can be found by direct measurements with a dedicated volume
flow meter or by indirect measurements with a mass flow rate meter or a differential pressure
meter. If a mass flow meter is applied, the volume flow rate is calculated from the measured mass
flow rate as

V== (113)

If a differential pressure flow meter (for example Venturi or Orifice), the volume flow rate is
calculated from the measured differential pressure

. 2A
=& T 28R (114)
1—p4 4 P

where C denotes the discharge coefficient, 3 the ratio between the diameter of the throat (d) and
the diameter of the pipe (D), ¢ is the expansibility factor and Ap is the differential pressure.

10.2 Mass flow

10.2.1 Mass flow rate is measured directly. typically using a Coriolis or thermal flow meter,
or indirectly using a volume flow meter or differential pressure flow meter combined with gas
density information. If the mass flow rate is determined using a volume flow meter, the mass
flow rate is given by

m=pV (115)

where p is the density at field conditions. If a differential pressure flow meter is used, the mass
flow rate is calculated as

C T
m=——e—d2y/2App (116)
V1-p4 4

The gas density can be found either by direct measured with a densitometer [|50]] or indirectly
by application of equation of state calculations from the gas composition [4,15,27,28]. The
gas density at the same temperature and pressure conditions as the primary flow measurement
shall be used to calculate the mass flow rate. Temperature and pressure measurements at field
conditions are needed for the equation of state calculations of gas density, as well as for calculating
the uncertainty of densitometer readings.

10.3 Uncertainty evaluation

10.3.1 The uncertainty evaluation presented in this subsection is valid for dedicated flow rate
meters such as an ultrasonic flow meter or a turbine meter for volume flow or a Coriolis meter
for mass flow.
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10.3.2 The uncertainty model presented here is based on the model applied by the Norwegian
Society for Oil and Gas Measurement [[26] for flow meters with the flow rate under field conditions
as the primary output. Typically, the flow meter will be flow calibrated at a calibration facility,
followed by an adjustment of the meter to correct for systematic errors. The two main uncertainty
contributors to the uncertainty of a flow calibrated meter are the calibration uncertainty and the
field uncertainty as described by

u*(Q) = *(Qear) + U*(Qfic1a) (117)

where Q = i1 for mass flow and Q = V for volume flow. If the flow meter is a dedicated volume
flow meter, the flow quantity is volume flow rate at field (metering) conditions. If the flow meter
is a dedicated mass flow meter, the flow quantity is mass flow rate.

10.3.3 The calibration uncertainty can be expressed as

uz(Qcal) = uz(Qcal,dev) + uz(Qcal,ref) + uz(Qcal,rep) (118)

where

u(Qca1 dev) is the uncertainty of the correction factor estimate,
u(Qcayref) is the uncertainty of the reference measurement at the calibration facility, and

U(Qcal,rep) is the repeatability of the meter to be calibrated and the reference measurement.

10.3.4 The uncertainty of the correction factor estimate is calculated from the deviation of the
actual flow rates measured by the flow meter and the reference meter at a series of actual flow
rates. The uncertainty estimate will depend on the method that the correction is carried out, and
will typically be lower for a linear interpolation correction between flow rates than a constant
correction applied for all flow rates. The uncertainty of the reference measurement depends on
the actual metering applied at the calibration facility. This is typically stated in the flow cali-
bration certificate. The calibration repeatability is also found in the calibration certificate. This
value covers both the repeatability of the flow meter and the repeatability of the reference meter.
Typically, a linear interpolation between the repeatability at various flow rates is used.

10.3.5 The field uncertainty can be expressed as

u*(Qfie1a) = uz(Qﬁeld,rep) + U*(Qfield,cond) F U*(Qficld, misc) (119)

where

U(Qfield,rep) is the repeatability of the flow meter at field conditions,

u(Qfield,cond) is the uncertainty due to changes in conditions from calibration to field oper-
ation, and

U(Qfie1d misc) is additional uncertainties not eliminated by flow calibration.
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10.3.6 The repeatability is typically found in the data sheet of the flow meter. The uncertainty
due to changes in operating conditions depend on the actual installation and the functional op-
erating principle of the flow meter. This include influencing factors such as dimensional changes
in the meter body due to temperature and pressure changes, uncertainty due to calibration with
other fluids than the true gas mixture, as well as changes in flow profile from calibration to field
operation.

11 Temporal effects

11.1 Premable

11.1.1 Observations collected over time of the same quantity, e.g., the gas flow through a pipe,
tend to be interrelated, the more so the smaller the time interval between observations. Often
such a quantity is influenced by phenomena which themselves are a function of time.

EXAMPLE In gas grids, such phenomena can be, but are not limited to, the injection or withdrawal of gas,
changes in process conditions (e.g., p, T) or blending with gases of other composition.

11.1.2 Time series models can be used to analyse series of observations made at equispaced
epochs. An example of how such a model can be used is provided in ISO/IEC Guide 98-6:2021
[10} clause 11.7] for the temperature in a thermal bath.

11.1.3 Time series models should be applied to assess dependencies between the indications
in a series of measurements. If such an analysis demonstrates that the indications are mutually
independent, they can be modelled as such. In all other cases, a model should be chosen to
describe the interrelationships between the indications.

11.1.4 A widely used class of time series models are the so-called auto-regressive moving aver-
age (ARMA) models. ARMA models express the value observed at a particular epoch as a linear
combination of a finite number of past values (auto-regressive (AR) part) plus an error defined as
a linear combination of measurement errors affecting the current observation and a finite num-
ber of previous observations (moving average (MA) part). ARMA models can be used to describe
series of observations provided that the series and the fitted model satisfy the following two re-
quirements.

1. The series of observations is stationary. In statistics, a (weakly) stationary time series is a
finite variance process such that its mean value function is constant, and its auto-covariance
function depends only on the distance between two data points, and not on the time at
which the observations have been recorded.

2. The error terms of the fitted model behave like white noise with mean zero.
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11.2 Checking the properties of the time series

11.2.1 Before performing any test or analysis to a series of data, it is good practice to plot the
series to see the main features present in the data. This can be useful to, e.g., check if there are
missing data or anomalous values in the time series.

11.2.2 The PDF of the measurement data can be compared to the resulting normal distribution
fitted on the available data. This could be done visually or by computing the statistical distance,
such as the Kullback-Leibler divergence or the Kolmogorov-Smirnov distance, between the two
PDFs. A visual inspection of the sample PDF may be useful also to determine if multiple regimes
have been recorded. This could be reflected in the sample PDF by, e.g., the presence of multiple
peaks.

11.2.3 The Augmented Dickey Fuller (ADF) test is a statistical test commonly used to deter-
mine whether a time series is (weakly) stationary. The series is said to be stationary, if the null
hypothesis can be discarded at the confidence level determined by a preset probability; in most
applications, a 95 % confidence interval is considered. When performing the ADF test, it is possi-
ble to use a selection criteria such as Akaike’s Information Criterion (AIC) or Bayesian Information
Criterion (BIC) to select the number of lags to be included in the test. The default option in many
publicly available data analysis libraries is AIC however, in applications where a small amount of
data is available, it may be advisable to use BIC instead of AIC, since BIC takes the sample size
into account.

11.2.4 The Shapiro test is a statistical test commonly used to determine whether the data are
normally distributed. The data are said to be normally distributed if the null hypothesis cannot
be discarded at the confidence level determined by a preset probabiity; in most applications, a 95
% confidence interval is considered.

11.3 Segmenting a series of observations

11.3.1 Arequirement for the application of ARMA models is for the series of data to be statisti-
cally (weakly) stationary. If this is not the case, an option is to split the series at hand into shorter
stationary sub-series. So-called change point methods can be used for this purpose [51]]. These
methods split the given series in sub-series according to detected changes in, e.g., the mean value
or the empirical distribution. Therefore, depending on the selected criterion, different methods
may detect different changing points.

11.3.2 Approximate methods, such as binary segmentation (BinSeg) [|52]], look at changes in
the process’s mean and are efficient methods to detect major changes in regime. If instead all
regime changes are to be detected, exact methods such as Pruned Exact Linear Time (PELT) [|53]]
should be employed.
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11.3.3 Independently from the method used, it is good practice to check whether the resulting
sub-series are stationary with normally distributed observations. If the newly defined sub-series
satisfy the stationarity condition, an ARMA model can be fitted to describe the series.

11.3.4 Irrespective of the methods used to obtain the subseries, these subseries shall be long
enough to fit a time series model.

11.4 Model selection

11.4.1 The order (i.e., the number of iterations to be included) of a pure MA process can be
determined by checking the auto-correlation function (ACF), while the order of a pure AR model
can be defined by analysing the partial auto-correlation function (PACF). In both cases, the num-
ber of lags with (partial) correlation value statistically different from zero should be included in
the model.

11.4.2 In case of mixed models (i.e., models formed by a combination of MA and AR processes
with order greater than 0), it is necessary to look both at the ACF and PACF. [|54] provides some
examples on how this can be done in practice. Commonly used model selection criteria such as
corrected Akaike’s Information Criterion (AICc) or BIC may be used to decide between mixed
models of different orders. However, they should not be used to decide between, e.g., a mixed
model and a purely MA (or AR) model. Such a decision should be made based on the physics
being represented by the model, and the most sensible model from the point of view of the physics
should be selected.

11.4.3 If multiple models are feasible from the point of view of the physics, instead of selecting
a single model, they could be combined in some sort of averaging.

12 Combining time series analysis with uncertainty arising from mea-
surement

12.0.1 In the metering of natural gas, biomethane, hydrogen and other energy gases, temporal
effects as well as instrumental effects should be considered when calculating the total mass, vol-
ume or energy. The evaluation of temporal effects is described in clause [11{and provides insight
as to whether the fluctuations in the quantities measured (e.g., temperature, pressure, volume,
mass or calorific value) can be treated as independently distributed indications or that correlations
need to be considered.

12.0.2 The correlations arising from instrumentation were described in clauses [6] [9and
[10l These correlations affect an entire time series and should be combined with those from time
series analysis.
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12.0.3 The equations for total volume (equation (35)), total mass (equation (32))) and total
energy (equations and (39)) contain only one quantity per epoch in the time series. To tie
in the instrumental uncertainty in a time series analysis, the modelling framework of the GUM
can be used, as laid down in ISO/IEC Guide 98-3 and ISO/IEC Guide 98-6 [|6,/10]. Introducing
different quantities for the autocorrelation from time series analysis and for the effect of mea-
surement instrumentation lets readily combine the corresponding uncertainty evaluations into
the measurement model.

12.0.4 The introduction of different quantities for the uncertainty budget due to measurement
instrumentation and the time series analysis can be performed in different ways. What is most
practical depends on the shape of the measurement model describing the uncertainty budget of
a single input quantity in the equation for the total volume, mass or energy. At this level, it is
often evident how an input quantity for the indication of the instrument can be best integrated
into the measurement model. Recalling, the indications, possibly corrected for, e.g., drift effects,
are to be used in the time series analysis (see clause[1I). From this analysis, estimates, standard
uncertainties and correlation coefficients are obtained for these quantities.

12.0.5 Let us consider a simple additive measurement model
Ve =V1+V (120)

where V,,, denotes the total volume and V; and V;, are the volumes passing a flow meter during
subsequent time intervals At. The V; and V; are affected by uncertainty arising from the measur-
ing instruments used [|6,/55[]. In the absence of serial correlation between V; and Vj, the variance
of Vi is given by

U2 (Viop) = 1*(Vy) + 1(Vy) + 2u(Vy, V) (121)

where u(V;, V,) denotes the covariance between V; and V5.

12.0.6 If V; and V, are serially correlated, then this dependence should be taken into consider-
ation. Let the revised measurement model take the form

Viot = V1/¢1 + V2/¢2 (122)

where ¢, and ¢, are correction factors with mean 1 and standard uncertainty u(V;)/V; and
u(V,)/V,, respectively. The covariance u(¢q, ¢,) = u(Vq,V,)/(V;V,). The correction factors ¢
could be due to, e.g., the conversion of the volume measurement to normal conditions. The Vl’
and V, are the recorded volumes as used in the time series analysis.

12.0.7 Using —again— the LPU, the variance of V,,, is given by

U (Vior) =t2(V)) + (V) + 2u(Vy, V)
+ (Ve (1) + (V)P (¢o) + 2V, Vyu(dy, §) (123)
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where u(Vl' s Vz’ ) is the serial correlation determined using the methods presented in section
and thus a type A uncertainty; u(¢;, ¢) is the correlation due to the instrumentation involved
in determining the correction (e.g., flow meter, temperature and pressure sensors, gas chromato-
graph, equation of state) and thus a type B uncertainty. u(¢,, ¢) could also include the uncer-
tainty due to the time average approximation.

12.0.8 The covariance of a quantity that is the product of random variables (e.g., energy is the
product between volume and calorific value) can be calculated using the formula by [[56]],

Cov(XY,UV) = E[X]E[U]Cov(Y, V) + E[X JE[V ]Cov(Y, U)
+E[Y]E[U]Cov(X, V) + E[Y ]E[V]Cov(X, U)
+ Cov(X,U)Cov(Y, V) + Cov(X,V)Cov(Y,U) , (124)

where X, Y, U and V are random variables.

13 Uncertainty of totalized and average values

13.1 When accounting for quantity and energy in gas trading, it is necessary to determine their
totalised or average values (see Sections 5.1 to 5.3). The calculation uncertainty component of
these values depends both on the numerical procedure used to calculate them and on the nature
of the observed quantities over time. In general, both deterministic and randomly varying quan-
tities are present simultaneously, which poses additional challenges in estimating the calculation
uncertainty.

13.2 Here, a method using separation of time variations of the observed quantity into the deter-
ministic and random components using the time-domain filtering, followed by a separate analysis
of calculation uncertainty for both components [57] is presented. This method enables the estima-
tion of the calculation uncertainty over the entire accumulation time interval but also introduces
certain effects of time-domain filtering on the correlation of the values in the random component.
An outline of the proposed procedure for evaluating uncertainty associated with calculation of
total/average from the time-sampled data is presented in Figure

13.3 In the first step, time-domain signal processing is used to separate the deterministic and
random components of the time-sampled input data, g;, i = 1...N. Savitzky-Golay (S-G) fil-
tering, a generalized moving average method based on least squares polynomial fitting across a
moving window, is employed in this work. The setting parameters of the S-G filter are the order
of the smoothing polynomial (set to 2 in this work) and the size of the smoothing window in
terms of the number of samples N,;, on either side of centre point (smoothing window contains
(2N, + 1) samples). The passed part of the signal is considered as the deterministic component,
Qeti> 1 = 1 + Ny ... N— Ny, and the removed part of the signal is considered as the random
component qpan; = q; — qdeti> L = 1 + Nyjn - -« N = Nyip.
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Input time-sampled data

;

Time-domain
signal processing

Deterministic Random
component l i component
Decimation method Statistical analysis
Z‘det zlran

Combined uncertainty

.

2 +u 2

det ran

U, =Ju

cal —

Figure 1: Schematic diagram of the procedure for evaluating the calculation uncertainty
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13.4 The contribution to the totalization/averaging uncertainty, which is related to the numer-
ical integration of the deterministic component qge;, is estimated using the decimation method.
Decimation or downsampling with the decimation factor ng.. means that only every ng..™" sam-
ple is taken from the observed data qq..;. The sought total/average Q is calculated for different
decimation factors, Q(ngec), Ngec = 1 .. Ngee, and its dependence is least square approximated
by the function Qg (nge.) = a ngec + b. Here, the use of the linear function of ng4.. is based on
the assumption that the rectangle-rule numerical integration error is inversely proportional to the
number of samples. The parameter b = Qg (0) is used as a prediction of the reference value for

the case of infinite sample rate, and thus the numerical integration error is estimated as:

€det :Q(l)_int(O) (125)

with the standard error associated with the estimate of the parameter b:

u(eger) =5 (Qf1.(0)) (126)

13.5 The standard uncertainty of calculation associated with the deterministic component is
determined as:

2
s = (%) 1 (ege) 127)

13.6 The contribution to the totalization/averaging uncertainty, which is related to the aver-
aging of the random component, is estimated by statistical analysis. Without taking correlation
effects into account, it is determined as:

S (qran,i)
uncor) — — (128)

and with consideration of correlation effects as:

NEOr
(cor) — M 1+ szzl (Nyan — k) p(k)

ran m N ) (129)

where p (k) is the k™ auto-correlation coefficient, N, is the number of considered auto-correlation
coefficients and N,,;, is the number of samples of the separated random component. In this paper,
N, is determined by identifying the smallest k for which p(k) > 0 and p(k+1) <O0.

13.7 Combined totalisation/averaging uncertainty, which considers the contributions related to
deterministic and random components, is determined as:

Ucal = V udet2 + uranz (130)
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Annex A Conventions and notation

A.1 A generic quantity is denoted by an upper case letter and a measured value (estimate) by a
lower case letter [|7, Clause 4.8].

EXAMPLE 1 The measured value of the input quantity X, is denoted by x,.
EXAMPLE 2 The measured value of the measurand Y is denoted by y.

A.2 A specific quantity is denoted by its agreed symbol. The measured value (estimate) is de-
noted by the same symbol adorned with a hat [7, Clause 4.8].

EXAMPLE 1 The thermodynamic temperature is denoted by T and a measured value of this temperature
by T, for example T = 295.4K.

EXAMPLE 2 The mass of a weight is denoted by m and the measured value by m.

A.3 The state of knowledge about a quantity is described by the probability density function
(PDF) of a random variable denoted by the same symbol used for the quantity [|7, Clause 4.1].

A.4 A PDF for more than one input quantity is often called joint even if all input quantities are
mutually independent.

A.5 The PDF provided by the GUM uncertainty framework (GUF) is either a normal distribution
with mean y and standard deviation u(y) or a shifted and scaled Student t-distribution with mean
y, scale u(y) and effective degrees of freedom ».

A.6 The law of propagation of uncertainty (LPU) applies to the use of a first-order Taylor series
approximation to the model. The term is qualified accordingly when a higher-order approxima-
tion is used [|7, Clause 4.9].

A.7 The notation u(y) is to be read as the standard uncertainty associated with y. It represents
the standard uncertainty about the true value of Y.

A.8 The terms “coverage interval” and “coverage probability” are used throughout this docu-
ment. ISO/IEC Guide 98-3:2008 uses the term “level of confidence” as a synonym for coverage
probability, drawing a distinction between “level of confidence” and “confidence level” [6, 6.2.2],
because the latter has a specific definition in statistics. Since, in some languages, the translation
from English of these two terms yields the same expression, the use of these terms is avoided
here [|7, Clause 4.11].
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A.9 The subscript “c” [|6, Clause 5.1.1] in u.(y) for the combined standard uncertainty is deemed
redundant and not used. Thus, the standard uncertainty associated with y is denoted generally
as u(y). Likewise, the qualifier “combined” is also regarded as superfluous [|7, Clause 4.10].

A.10 Unless otherwise qualified, values are expressed in a manner that indicates the number of
meaningful significant decimal digits [7, Clause 4.13].

A.11 Some symbols have more than one meaning in this document. See Annex Bl The context
clarifies the usage.

A.12 According to Resolution 10 of the 22nd CGPM (2003) “...the symbol for the decimal
marker shall be either the point on the line or the comma on the line ...”. This document follows
the convention of the Joint Committee for Guides in Metrology (JCGM) that has decided to adopt,
in its documents in English, the point on the line as decimal marker [|7, Clause 4.12].
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Annex B List of symbols

Z, compressibility factor at reference conditions
0  null matrix or vector
1  vector containing ones

References

NXxkr <<SIFQHEN2DRIIZE I/~~~ oononoa

relative density

diagonal matrix

calorific value on a molar basis
calorific value on a mass basis
calorific value on a volumetric basis
molar calorific value of a component
identity matrix

molar mass of a component

molar mass of a mixture

mass flow rate

pressure

reference pressure

correlation coefficient

ideal gas constant

correlation matrix

density

coefficient for calculating the compressibility factor according to ISO 6976

temperature

reference temperature
expanded uncertainty

standard uncertainty

volume flow rate

covariance matrix

amount fraction

non-normalised amount fraction
composition (normalised)
compressibility factor
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Abbreviations

ACF auto-correlation function. 54

ADF Augmented Dickey Fuller. 53

AIC Akaike’s Information Criterion. 53

AICc corrected Akaike’s Information Criterion. 54
AR auto-regressive. 52, 54

ARMA auto-regressive moving average. 52—-54

BIC Bayesian Information Criterion. 53, 54

BinSeg binary segmentation. 53
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EIV errors-in-variables regression. 32

GC gas chromatograph. 28, 29, 32
GUF GUM uncertainty framework. 59

GUM Guide to the expression of Uncertainty in Measurement. 3, 6, 7, 16, 26, 55

JCGM Joint Committee for Guides in Metrology. 60

LPU law of propagation of uncertainty. 6, 7, 12-14, 16, 19, 21-27, 32, 33, 35, 45, 55, 59

MA moving average. 52, 54
MCM Monte Carlo method. 6, 7, 12, 13, 19

MPE maximum permissible error. 12
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PACF partial auto-correlation function. 54
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TCD thermal conductivity detector. 28, 29

TSO transmission system operator. 6

WLS weighted least-squares regression. 29, 32

WTLS weighted total least-squares regression. 29, 32
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Alphabetical index
(purely) random process,

autocorrelation, [9]
autocorrelation function, [9]
autocovariance function, 9]
autoregressive process,

billing, [6]
biogas, [6]
biomethane, [6]

calibration,
calorific value,
volume basis,
certificate
calibration,
reference material,
composition, [3} [6]
compressibility factor,
conformity assessment,
custody transfer, [6]

density,
distribution system, [f]

energy, [6]
volume basis,
energy determination,

flow rate
mass, 3] [22]

volume,
fossil fuel, [f]

hydrogen, [§]

ideal gas constant,
input quantities
constraint, [f]
dependent,
input quantity,
dependent,
evaluation,
normal distribution,
probability density function,
Type A evaluation,

Type B evaluation,

matrix algebra,
measurand,
measurement model,
development,
explicit,
functional relationship,
multi-stage,
multivariate explicit,
propagation of measurement uncer-
tainty,
measurement result
reporting,
measurement results
dependent, [f]
independent, [6]
measurement uncertainty,
calculations,
conformity assessment,
grid dynamics, [6]
instrumentation, []
propagation,
totalisation error, [6]
metering conditions
mass flow rate,
volume flow rate,
molar volume
reference conditions,
moving average process,

natural gas,
hydrogen-enriched,

output quantity,

partial autocorrelation function,
partial correlation, [9]
pressure, [3]
properties
fluctuations, [6]

reference data,
relative expanded uncertainty; [9]
relative standard uncertainty, [9]
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renewable fuel, [6]
serial correlation, [9]

temperature, [3]
time series, [9]
time series analysis,

total mass, [6}
total volume, [6]

transmission system, [6]
uncertainty budget, [9]

weakly stationary time series,
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