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Abstract

The new energy measurement concept is based on the idea that three physical properties will be sufficient for characterising

natural gas and providing the information required for energy conversion by way of correlation. The inferential or correlative

system uses relative permittivity (e), speed of sound (w) and CO2 mole fraction (xCO2
) as input parameters. For relative

permittivity, a measurement unit (a re-entrant resonant cavity cell), has been optimised by National Engineering Laboratory

(NEL) for both laboratory and field or on-line applications. With the new system, the calorific value measured at reference

conditions agrees with other experimental results, Cutler–Hammer calorimeter and GC analysis, to within 0.1%.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Energy measurement is one of the central tasks in

the gas industry. Compared with the measurement and

billing of electrical energy, determining the energy

contained in a gas involves a much greater effort and is

far more complex because fluid mechanics and the

thermodynamic and calorific properties of natural

gases have to be taken into account.

Present energy measurement systems for natural

gas comprise volume metering, volume conversion

from field conditions to reference conditions and

calorific value determination. The calorific value

(Hsr) is either measured with a calorimeter or deter-

mined by compositional analysis using a process

chromatograph [1,2]. At large gas receiving or deliv-

ery stations, this information is made available

together with the volume measured by orifice plates,

turbine flow meters or ultrasonic flow meters, etc. as

shown in Fig. 1. The energy is defined as the product

of the calorific value and the volume, each under

reference conditions. The volume (Vf) measured under

operating conditions (pf, Tf), therefore, is converted to

the volume (Vr) at reference conditions (pr, Tr). The

conversion factor (CFÞ ¼ Vr=Vf is determined from

thermal equations of state which primarily calculate

compression factors or densities [3,4].

This paper presents a novel correlative concept for

determining the energy contained in a gas but using

conventional volume measurement. It describes the

development of the new concept, the selection of the

components of a possible future energy measurement

system, followed by some details of the newly devel-

oped system, especially the component for measuring

relative permittivity which will basically replace the

calorimeter in our present system (see Fig. 2). Infor-

mation is provided on the laboratory tests of the new
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Fig. 1. Existing energy measurement system with a pTZ converter. The compression factor (Z) is determined from CO2 content (xCO2
), density

(r) and superior calorific value (Hsr) at field or reference conditions (index f and r, respectively). For an ideal gas pressure (p) and temperature

(T ) only defines the conversion factor (Trpf /Tf pr) for the volume (Vf) measured at field conditions. The uncertainty (DHsr)is approximately

0.4%.

Fig. 2. Future energy measurement system based on a correlative, inferential energy determination from CO2 content (xCO2
), speed of sound

(w) and dielectric permittivity (e). The expected uncertainty under field conditions including conversion is DHsf ¼ 0:3%. The volume (Vf) is

measured a field conditions (pressure (pf) and temperature (Tf)).
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energy measurement system and the field test with a

simplified data acquisition system.

2. Development of a new energy measurement
system

The new energy measurement concept is based on

the idea that three physical properties will be sufficient

for characterising natural gas and providing the infor-

mation required for energy conversion by way of

correlation. In other words, this is an inferential

method which determines the calorific value and the

conversion factor for energy conversion. A similar

approach has already been adopted with the SGERG

equation for calculating the density and compression

factor values of natural gases [3]. A central feature of

this concept is the availability of an accurate caloric

equation of state to calculate values for the properties

used in agreement within the measurement uncer-

tainty of the properties. Using this information, a

correlation is developed between three physical prop-

erties and the calorific value of natural gases. The

AGA8 equation [4], also referred to as the AGA8

DC92 equation of state, was used to calculate the

caloric properties of natural gases. For other proper-

ties, e.g. transport properties, simple equations were

applied.

2.1. Feasibility study

In two feasibility studies conducted by Ruhr-Uni-

versität Bochum [5] and the Van der Waals-Zeeman

Institute, Amsterdam [6], physical properties were

checked for their suitability. The results presented

below have been taken from the study by Ruhr-Uni-

versität Bochum. The selection criteria were: low

measurement uncertainty, high sensitivity to gas com-

position (e.g. methane, ethane, nitrogen and carbon

dioxide) and low cross-correlation between input

properties. From the practical point of view, the

following requirements are important: availability of

measurement method, low capital expenditure and low

operating and maintenance costs.

Possible physical properties were checked as input

parameters to determine if they are suited for appro-

priately characterising binary mixtures of methane þ
nitrogen or ethane or carbon dioxide. In principle, any

property which changes with composition is useful in

determining the composition of a binary mixture as

long as the variation of an input property (Dinp) to

produce a change in mole fraction of CH4 of 0.1 mol%

is smaller than the experimental uncertainty of that

input property (Dinp (expt)).

Natural gases may be treated as four-component

mixtures consisting of methane (CH4), nitrogen (N2),

carbon dioxide (CO2) and the sum of the other hydro-

carbons. In that case three input properties can produce

sufficient information to characterise the gas composi-

tion. An approach of this type was already used for the

SGERG equation [3]. However, in the approach

adopted here, the mole fraction of the equivalent

hydrocarbon gas (the sum of all hydrocarbons includ-

ing methane) (xCH) is explicitly correlated to the mole

fractions of the alkanes from ethane up to n-octane via a

second-order expansion in the molar calorific value

(HCH) of the equivalent hydrocarbon gas.

xi ¼ fa1;iðHCH � HCH4
Þ þ a2;iðHCH � HCH4

Þ2gxCH

(1)

where subscript i denotes ethane, propane, etc. The

coefficients a1,i and a2,i were correlated previously [7].

An example for ethane and propane as a function of

the molar calorific value (HCH) is shown in Fig. 3 for

Fig. 3. Ethane and propane percentage mole fractions as a function

of the superior calorific value (HCH) of the equivalent hydrocarbon

gas for 200 natural gas samples.
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approximately 200 natural gases. Here, HCH is calcu-

lated using ISO 6976 [1] for the equivalent hydro-

carbon gas which is obtained by deleting the mole

fractions of the inert gases, nitrogen, carbon dioxide,

etc. and re-normalising the mole fractions of the

hydrocarbons.

The feasibility study concluded that either of the

two combinations of input parameters may be

selected:

Tf ; pf ; xCO2
;wr; er

Tf ; pf ; xCO2
; rr; er

Pressure ( pf) and temperature (Tf) are necessary for

defining operating or field conditions for the volume

flow metered (subscript f ). Mole fraction CO2 (xCO2
),

density (r) or speed of sound (w) and relative permit-

tivity (e) are the input properties proposed for deter-

mining the gas composition. The subscript (r) refers to

predetermined reference conditions. Instruments were

available for CO2 content, density and speed of sound,

while a new system had to be developed and tested for

permittivity (e) [8].

2.2. Test of correlation method

A correlation method for calculating the gas com-

position which is then used to determine the energy

conversion factor under field conditions (i.e. superior

calorific value (Hsr) and conversion factor (CF)) was

developed. A flow diagram is given in [9]. For the

iterative method to be used, the input properties must

be known. Moreover, the method requires an equation

to calculate these properties from a given gas compo-

sition. For density and speed of sound, the AGA8

DC92 equation is employed [4,10]. For relative per-

mittivity, a truncated virial expansion in molar density

(rm) is used. The term on the left-hand side of Eq. (2)

is called the Clausius–Mossotti function for molar

polarisability.

e� 1

eþ 2

� �
1

rm

¼ Ae þ Berm (2)

Ae and Be are the first and second dielectric virial

coefficients. In the feasibility study, values for these

coefficients were taken from the literature [11,12],

whereas, the final values used were fitted to our own

experimental results.

The calculation method was tested on the same,

approximately 200 gas samples as used in Fig. 3. The

input parameters (speed of sound, relative permittivity

and mole fraction CO2) were calculated from a GC

analysis. The correlated superior calorific value is

compared to the value calculated from the GC analysis

in Fig. 4. The maximum differences are below 0.04%.

They result from systematic errors in the correlation

and do not include any experimental uncertainties.

2.3. Re-entrant cavity for relative permittivity

The National Engineering Laboratory (NEL), East

Kilbride, UK [8] has developed a re-entrant cavity

operated as a LC resonator (L: inductance, C: capa-

citance). It is based on the concept described by

Goodwin et al. [13]. A schematic is given in Fig. 5.

The re-entrant cavity comprises two main compo-

nents, an inner part with a bulbous shape and an outer

part or shell into which the inner part is assembled by

means of a finely threaded connection. The complete

permittivity cell assembly is designed to be mounted

in an external pressure containment vessel. Hence, the

larger part of the resonator structure is completely

Fig. 4. Deviations of superior calorific value, correlated from input

data, from values derived from GC analysis at reference conditions

(Tr ¼ 273:15 K, pr ¼ 0:101325 MPa). Relative permittivity (e),
speed of sound (w) and CO2 mole fraction (xCO2

) are calculated

from GC analysis.
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immersed in the test gas and not subjected to large

dilating forces. The dimensions of the new cavity have

been optimised to provide a high-quality factor and to

minimise the effect of gaseous adsorption through an

enlarged annular gap. Silver and gold plating were

used to further reduce the influence of gaseous adsorp-

tion as well as to enhance the electrical conductivity of

the internal surface layers and thereby improve the

quality factor to around 2300. The quality factor is

defined as Q ¼ f=Df , where f is the central frequency

of the resonance curve and Df the half-width. The

resonance frequency of the evacuated cavity is

approximately 394 MHz.

Provided that the Q value is kept above 1000,

Goodwin’s theoretical model can be replaced by the

following general model which is applicable to an

absolute uncertainty better than 1 ppm at ambient

conditions [8,14].

erðT; pÞ ¼ ð f0ðTÞ=feðT; pÞÞ2ð1 þ CpÞ � ð1 þ CdÞ (3)

where f0(T ) is the resonant frequency of the evacuated

cavity at temperature T, feðT; pÞ is the resonant fre-

quency at the conditions of measurement, Cp is the

correction factor for dilation due to pressure, and Cd is

the correction factor for effective dilation due to the

change in penetration depth.

For the specific cell geometry and material (ber-

yllium–copper alloy), the correction factor has been

shown to be Cp ¼ ð6:6 	 0:6Þ 
 10�12p, where p is

the absolute pressure in Pa. At the maximum operating

pressure of 10 MPa the correction reaches 66 ppm.

The correction factor Cd results from the penetration

depth of the electromagnetic field into the metallic

surface of the cavity. The effective depth of penetra-

tion of the field, the so-called skin-depth, can be

related to the quality factor, Q0(T ), of the evacuated

cell and the relative permittivity, Er, of the enclosed

dielectric media. The correction factor for the dilation

of the specific cavity due to skin-depth has shown to be

Cd ¼ (4.32 
 10�5 þ 6.47 Q0(T )�1) (Er
1/4�1). For a

relative permittivity of 1.1 (e.g., a natural gas at

10 Mpa) the correction factor reaches 69 ppm. The

uncertainty in the factor Cp is 	 0.1Cp and in the factor

Cd 	 0.05 Cd.

The re-entrant cavity was designed to operate at

temperatures from 280 to 360 K at pressures to

10 Mpa allowing a relative permittivity range from

1.0 to 1.1. The cavity was used to measure a consistent

set of data for the dielectric virial coefficient of the

major natural gas components, thus providing the

necessary coefficients for Eq. (2) to calculate relative

permittivity values.

3. Test of new energy measurement system

3.1. Laboratory measurements

For the laboratory test of the energy system the

following physical properties were measured simulta-

neously:

� Speed of sound with a domestic ultrasonic flow

meter.

� CO2 mole fraction with an infrared absorption

device.

� Relative permittivity with the re-entrant cavity

developed by NEL.

The resonant frequency of the permittivity cell

cavity was determined by examination of the trans-

mission amplitude response using a swept-frequency

analyser (Hewlett-Packard HP8752C, 1.3 GHz max.).

The stability of the instrument was maintained by

using an oven-controlled oscillator giving a reference

frequency stability of around one part in 108. The

temperature was regulated to better than 10 mK. The

Fig. 5. Schematic of the re-entrant cavity operated as a LC

resonator. L is the inductance and C the capacitance of the

resonator.

M. Jaeschke / Thermochimica Acta 382 (2002) 37–45 41



uncertainty in temperature measurement is estimated

to be 5 mK. Pressure measurements were made with

a set of four quartz oscillator pressure transducers

(Paroscientific) covering an operational range of up

to 14 MPa in four overlapping sub-ranges. The uncer-

tainty in pressure measurement is estimated to be

0.02%.

The complete energy measurement system was

tested to verify the envisaged 0.2% uncertainty for

the superior calorific value (Hsr) allowing uncertain-

ties for the physical input properties of Dw ¼ 0:1%,

Dðe� 1Þ ¼ 0:1% and DxCO2
¼ 0:4 mol%. The corre-

lation Eq. (2) for molar polarisability based on the

dielectric virial coefficient from this work and the

AGA8 DC92 equation to calculate speed of sound and

molar densities as a function of p, T and xi were

employed to determine the superior calorific value

from the input data.

The results for 10 natural gases are given in Fig. 6.

For the speed of sound and the CO2 mole fraction, the

data were measured at ambient conditions and relative

permittivity was measured at T ¼ 293:15 K and

p ¼ 1 MPa. The results for Hsr,cor (volume at reference

conditions) agree to within better than 0.05% with the

calorific value calculated from the GC analysis. More- over, the superior calorific value based on the volume

at assumed field/operating conditions (Tf ¼ 283:15 K,

pf ¼ 5 MPa) (Hsf), i.e. the energy conversion factor

for Hsf ¼ energy conversion factor for Hsr, also agrees

to within 0.1% with the calculated results obtained

from the GC analysis (see Fig. 7). For this comparison,

the conversion factor (CF) for Hsf,GC from the gas

analysis and for Hsf,cor from the correlation method

was calculated from the AGA8 DC92 equation.

3.2. Field measurements

Two major modifications were made to adapt the

laboratory equipment to field applications. For the

speed of sound measurements the domestic ultrasonic

flow meter, which is no longer manufactured, was

replaced by a speed of sound sensor of Instromet

International. This sensor is based on a time of flight

principle and uses components of the ultrasonic flow

meter of the same company.

The relative permittivity measurement was modi-

fied as to enable the re-entrant cavity to be operated

as an accurate self-resonant device suitable for field

or on-line applications. The main features of this

Fig. 6. Deviations of superior calorific value, correlated from input

data, from values derived from GC analysis at reference conditions

(Tr ¼ 273:15 K, pr ¼ 0:101325 MPa). Relative permittivity (e),
speed of sound (w) and CO2 mole fraction (xCO2

) are measured

simultaneously in the laboratory.

Fig. 7. Deviations of superior calorific value, correlated from input

data, from values derived from GC analysis at fictitious field

conditions (Tf ¼ 283:15 K, pf ¼ 5 MPa). Relative permittivity (e),
speed of sound (w) and CO2 mole fraction (xCO2

) are measured

simultaneously in the laboratory.
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development can be seen in Fig. 8. A driver circuit was

designed and developed by NEL [15].The field instru-

ment consists of a permittivity transmitter and a

remote metering unit. It provides a means of exciting

and maintaining the re-entrant cavity in electronic

resonance at its natural resonance frequency. It trans-

mits a precisely scaled frequency back to the remote

metering unit which is precisely one-hundredth of the

resonance frequency.

The frequency related to the resonant frequency of

the permittivity cell cavity is counted with a frequency

meter (Agilent 53131A universal counter). The coun-

ter is fitted with a temperature-stabilised reference

frequency source. The stability is better than one part

in 107. The instrumentation for the field test is

installed in an container close to a gas transmission

pipeline. The container is air-conditioned keeping

temperature changes below 5 K. The uncertainty in

temperature measurement is less than 0.05 K, that is,

0.02% (Rosemount, PT100). Pressure is measured

with a quartz oscillator pressure transducer (Rose-

mount, type 3051). The uncertainty in pressure mea-

surement is estimated to be 0.05%.

Six of the 10 natural gases for which results are

shown in Fig. 6 under laboratory conditions have been

investigated again with the field equipment installed in

the container. As before, the speed of sound and the

CO2 mole fraction were measured at ambient condi-

tions and relative permittivity was measured at

T ¼ 293:15 K and p ¼ 1 MPa (see Fig. 9). The results

for Hsr,cor (volume at reference conditions) agree

to within better than 0.1% with the calorific value

calculated from the GC analysis and with the previous

results measured with the laboratory equipment.

The long-term stability of the system is under

investigation. The calorific value results obtained

are being compared with the reading of a calorimeter

of Ruhrgas and the reading of a GC operated by

Fig. 8. Schematic of the re-entrant cavity cell operated as a self-resonant device.

Fig. 9. Deviations of superior calorific value, correlated from input

data, from values derived from GC analysis at reference conditions

(Tr ¼ 273:15 K, pr ¼ 0:101325 MPa). Relative permittivity (e),
speed of sound (w) and CO2 mole fraction (xCO2

) are measured

simultaneously on-line under field conditions.
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Gasunie. At the same time, other systems are being

tested in the container.

4. Verification of calorific value

In Figs. 6, 7 and 9 the reading of the new energy

measurement system, i.e. the calorific value (based on

the volume at reference or field/operating conditions)

has been compared with the calorific value calculated

from GC analysis using the data provided by ISO 6976

[1]. The uncertainty of the calorific value from GC

analysis is made up by the uncertainty in the analysis

and the uncertainty of the basic data in ISO 6976. This

results in an total uncertainty of approximately 0.2–

0.3% for the calorific value of the gases used in testing

the equipment.

The best that can presently be achieved for the

calorific value of mixtures in the certification process

in Germany is about 0.2% (95% confidence limit)

[16]. Gases needed in calibration or verification pro-

cedures have ‘‘to be certified by a process which

provides an uncertainty on the certified calorific value

which is significantly less than the uncertainty require-

ment for the calorific values to be measured by the

instrument. To achieve this, the uncertainty of the

certified calorific value shall be not more than one-

half of the uncertainty specified for the application’’

[2].

To verify a uncertainty of 0.1–0.2% for the calorific

value determined with the new energy measurement

system requires among other things a calorimeter

which is ‘‘maintained or operated by a national stan-

dard institute or an accredited laboratory, which pro-

vides traceability to recognised national metrological

standards’’ [2] and has an uncertainty of 0.05–0.1%.

Therefore, a study was carried out by Advantica

Technologies (formerly BG Technology),UK, Physi-

kalisch Technische Bundesanstalt (PTB), Ruhrgas AG

and SNAM, Italy, to determine the possibility/feasi-

bility of developing a reference calorimeter with an

uncertainty better than 0.05% (for two standard devia-

tions, i.e. for a 95% confidence limit).

A detailed investigation was done on two calori-

meter configurations, the Rossini-type [17,18] and the

Alexandrov-type [19] calorimeter, which included

improvements and refinements. A detailed uncertainty

analysis has demonstrated that an uncertainty of

0.05% can be achieved. A follow-up project was

proposed to develop a reference calorimeter to mea-

sure the superior calorific value of pure gases

(methane, ethane, propane and butane) and a gas

mixture. The original project team will be joined by

Enagas, Spain, Gaz de France and Laboratoire

National d’Essais of the Bureau National de Métro-

logie in France to build such a calorimeter.

5. Conclusion

A new energy metering system has been devised

and developed. The correlative or inferential system

uses speed of sound, relative permittivity and CO2

mole fraction as input parameters. The following

results were achieved:

� The measurement of relative permittivity with the

re-entrant cavity has been optimised.

� The calorific value measurements made under

laboratory conditions agree with the GC results

to within 0.05%.

� The results of measurement with the field instru-

ment which uses a driver circuit to operate the re-

entrant cavity as a self-resonant device agree to

within 0.1% with the GC analysis.

A contract between seven partners is being nego-

tiated to develop and build a reference calorimeter

traceable to national metrological standards.
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