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Abstract 

The composition of natural gas highly depends on its origin: natural gas 

from various deposits, substitute natural gas that can be produced from 

fossil fuels or renewable sources. The intermixing of gases from various 

supply sources during pipeline transportation also leads to more 

complicated and unpredictable gas composition variations at the 

consumption site. Gas composition determines its qualitative properties, 

such as calorific value and Wobbe Index. These properties should be 

known or measured for efficient consumption and accurate fiscal metering. 

The industry-standard method, gas chromatography is too costly for 

widespread applications at end-user sites. Thus, there is a strong interest 

and need for alternative methods and instruments that would allow more 

cost-effective measurement of gas quality. 

The major aim of the research work presented in this thesis is to 

investigate the possibility of utilizing the measurable physical and 

specifically ultrasonic properties of a gas mixture for determining the gas 

quality of hydrocarbon fuel gases such as natural gas and biomethane. It 

was identified that the measurement of ultrasound attenuation effects in 

gases is a promising way of obtaining additional information on the gas 

sample and increasing the performance of gas quality determination in 

combination with other measurable properties: the velocity of sound, 

thermal conductivity, and carbon dioxide content by infrared absorption.  

As the main outcome of the thesis, the correlative method and the 

prototype of a cost-efficient instrument gas quality determination were 

proposed, developed, and experimentally tested. 

Keywords 

Natural gas, biomethane, calorific value, Wobbe Index, ultrasonic 

measurement, sound attenuation 
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Sammanfattning 

Sammansättningen av naturgas beror på dess ursprung; naturgas från 

olika lager i jordskorpan, naturgas som produceras från fossila bränslen 

eller förnybara källor. Blandningar av gaser från olika källor och som 

transporteras via rörledningar leder till komplicerade och oförutsägbara 

variationer i gassammansättningen när dessa når konsumtionsstället. 

Kompositionen av gaserna i en blandning bestämmer dess kvalitativa 

egenskaper såsom värmevärde och Wobbe-index. Dessa egenskaper bör 

vara kända eller uppmätta för effektiv förbränning och korrekta 

skattesatser. Gaskromatografi anses vara industristandard, och beräkning 

av efterföljande egenskaper är i de flesta fall för dyr för utbredd 

användning på konsumtionsstället. Det finns därför ett stort intresse och 

behov av nya metoder och instrument som möjliggör bestämning av 

gaskvalitet till lägre kostnad. 

Huvudsyftet med forskningsarbetet som presenteras i denna 

avhandling är att undersöka möjligheten att använda de mätbara fysiska 

och specifikt ultraljudegenskaperna hos en gasblandning för bestämning 

av gaskvaliteten på kolvätebränslegaser såsom naturgas och biometan. 

Mätning av ultraljudsdämpningseffekter i gasmediet identifierades som ett 

lovande tillvägagångssätt för att erhålla ytterligare information om 

gasprovet, och därmed öka prestandan vid bestämning av gaskvalitet i 

kombination med andra mätbara egenskaper, nämligen ljudhastighet, 

värmeledningsförmåga och koldioxid-koncentration genom infraröd 

absorption. 

Som huvudresultat av avhandlingen föreslogs, utvecklades och 

validerades en korrelativ metod och en prototyp för en kostnadseffektiv 

instrumentgaskvalitetsbestämning. 

Nyckelord  

Naturgas, biometan, värmevärde, Wobbe-index, ultraljudsmätning, 

ljuddämpning 
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Chapter 1 

Introduction 

The unbundling of gas markets, the discovery of new natural gas (NG) 

deposits, and the increased production of fuel gases from renewable 

sources have resulted in a significant diversification of the fuel gas supply, 

which has positively affected energy supply security in recent decades. 

However, because of such diversification, we now can observe a significant 

and unpredictable intermixing of gases during transportation in national 

and international NG grids, which was not the case previously. This has 

created an new problem: more frequent fluctuations in the quality of fuel 

gas delivered to the end-user. Gas quality significantly affects the operation 

of gas-powered appliances and processes and is therefore essential for safe, 

efficient, and low-emission operation. The measurement of gas quality is 

also required for custody transfer application by many national and 

international regulations and gas supply contracts. Climate policies, 

changes in gas markets with more and larger fluctuations of gas quality, 

and the increasing requirements for higher efficiency and lower emissions 

are convincing arguments for the use of intelligent gas combustion process 

controls. The monitoring of gas quality is one of the main approaches to 

optimizing the use of NG from fossil and renewable sources. Sometimes, 

national regulations or supply contracts for custody transfer also entail 

onsite gas quality measurement, particularly with biomethane injection 

into the NG grid. Thus, there is an emerging need for reliable low-cost real-

time onsite measurement of gas quality, as opposed to current industry-

standard practices of gas composition analysis conducted well upstream of 

the point of use. Besides the developments in background technologies for 

calorimeters, inferential and correlative instruments, the miniaturization, 

and reduced costs of gas quality instruments are also evident tendencies. 

NG has a complex chemical composition that depends on its source and 

upgrading procedures. The major components of NG are methane, ethane, 

propane, butane, nitrogen, and carbon dioxide. Substitute NG (SNG) from 

renewable sources such as biomethane also comprise a mixture of the 



2  CHAPTER 1. INTRODUCTION 

 

major components of NG such as methane, nitrogen, carbon dioxide (and 

propane and butane in the case of propanated biomethane). Knowledge of 

the complete chemical composition of the supplied gas is often required by 

various chemical and process industries. In most other applications, gas 

quality is usually defined by some key technical parameters, instead of 

using gas compositions to specify the gas quality. Commonly, the inferior 

or superior calorific value (CV), inferior or superior Wobbe Index (WI), 

and methane number are required, depending on the specific purpose. The 

WI is the key parameter for domestic gas-burning appliances, whereas gas 

trade and industrial operators are interested in the CV and air demand. In 

the case of compressed NG (CNG) for transportation or co-generation 

using internal combustion engines, the methane number is crucial for 

preventing knocking. All these parameters should be known or measured 

at the application site because of the highly unpredictable variations in the 

composition of NG supplied via the gas grid. 

There are three principal approaches (categories of methods and 

instruments) for measuring gas quality parameters [1]–[3]. The direct 

measurement approach is based on the measurement of the actual amount 

of energy released by the defined combustion of the sample by gas 

calorimetry for CV estimation. The indirect measurement approach uses 

the linear relationship between the residual oxygen content and the 

inferior CV of many gases and involves burning the gas sample. The 

inferential approach is represented by two major groups of methods: 

composition-based calculations and correlative methods. Gas composition 

measurements can be obtained using mass spectrometers, optical gas 

analyzers, or gas chromatography, the latter being the standard practice in 

the gas industry. Typically, gas chromatography (and other methods for 

composition analysis) is associated with high implementation costs and 

considerable single analysis time and is not suited to a widespread 

application by end-users. Correlative methods have the characteristic 

feature of operating in continuous nearly real-time mode and considerably 

lower implementation costs, compared to gas composition analysis. This 

makes correlative methods and instruments very promising for 

widespread application and for meeting the demands of a diversified gas 

supply.  

The basic idea behind correlative methods is to derive the target gas 

quality parameter based on the measurement of the various physical 

properties of the gas sample. These physical properties are typically 

measured by less expensive and commercially available sensors. The 

biggest challenge in the development of correlative methods is in 
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identifying the measurable set of properties, including suitable 

measurement techniques and the development of a regression model for 

determining gas quality parameters, while also trying to meet the criteria 

of reliability, cost-efficient implementation, and suitability for target gas 

groups. The applicability of correlative methods could be strengthened if 

such methods could use existing measurement techniques or 

instrumentation for the measurement of the required physical properties.  

One possibility discovered is the utilization of the measurable 

ultrasonic properties of the gas sample because these properties could be 

measured using existing instrumentation, namely, ultrasonic gas 

flowmeters based on the time-of-flight (TOF) technique. Such devices are 

increasingly being used in applications for residential gas metering 

because of the relatively low cost of implementation and reliability of the 

basic measurement principle. One of the distinctive features of such 

ultrasonic gas flowmeters is the possibility of obtaining the ultrasonic 

properties of the gas sample as a byproduct of the main measurement of 

the gas flow: velocity of sound (VOS) and signal dampening. The properties 

characterize the gas being measured and might be used for estimating gas 

quality properties, in addition to gas flow measurement. While the VOS is 

often used in various correlative methods, one gap observed from the 

literature review was the lack of actual implementation of sound 

attenuation as a measurable input property for gas quality determination. 

Utilization of the VOS and sound attenuation effects, possibly in 

combination with other measurable physical properties for gas quality 

determination, could potentially increase accuracy or reduce costs, 

enabling the implementation of the method as an actual technology and 

measuring instrument for widespread application at the end-user site. 

1.1 Aim of the study 

The overall aim of this study is to investigate a novel approach to gas 

quality estimation through the measurement of its physical properties, 

focusing on the utilization of the ultrasonic properties of the gas using a 

sensor design typical for ultrasonic gas flowmeters. 

The following research questions (RQ) form the basis of the thesis. 

RQ1: What are the practical opportunities for natural gas and 

biomethane quality estimation based on the physical properties of the gas 

sample measured using standard techniques and sensors? 
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RQ2: What is the actual relationship of the measurable ultrasonic 

properties of the multicomponent gas mixture of hydrocarbons to its 

components? 

RQ3: Can the gas quality parameters of a multicomponent gas mixture 

of hydrocarbons representing propanated biomethane be derived based on 

the measurement of ultrasonic properties with justifiable accuracy? 

1.2 Thesis arrangement 

The thesis is based on five scientific publications: three papers (two 

published and one accepted) in peer-reviewed scientific journals and two 

papers presented at peer-reviewed scientific conferences – all referred to 

as papers A–E. The overall structure of the thesis is outlined in Figure 1-1. 

 

Figure 1-1: The structure of the thesis.
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Paper A presents the literature review of the problem of NG quality. 

The paper provides an overview and analysis of the regulatory and 

normative requirements for gas quality measurements, and various 

approaches to gas quality determination using direct, indirect, and 

inferential methods. Also, a comprehensive overview of the various 

instruments is provided, including recent developments in gas quality 

measurement, and the challenges and benefits of various approaches to gas 

quality measurements are discussed. 

Paper B presents the initial attempt to characterize gas quality by 

measurement of the physical properties of a gas sample. The study results 

showed that the net CV is a nonlinear function dependent on the VOS, 

carbon dioxide content (XCO2), and nitrogen content of the gas sample. The 

analysis of the database of NG samples showed a strong correlation 

between these properties and NG qualitative parameters: CV, density, WI.  

The artificial neural networks method was used to solve nonlinear 

multivariable approximation of CV by measurement of these properties. 

Validation of the developed method was accomplished using the real 

samples of NG. 

Paper C presents the correlative method for the cost-efficient 

measurement of the energy content of propanated biomethane. For 

measurement of the physical properties of the gas sample representing the 

propanated biomethane, an experimental setup was developed. The sound 

attenuation parameter (SAP) was measured as a signal dampening of a 

pass-through ultrasonic pulse at ultrasound frequencies of 500 kHz and 1 

MHz. Substantial frequency dependency and the difference in sensitivity 

to biomethane components were observed for the SAP from the measured 

data. In combination with other measurable properties of the gas sample, 

VOS and XCO2, it was possible to predict the CV and the WI of the 

propanated biomethane with a good agreement with the reference 

measurement by gas chromatography. 

Paper D presents the correlative method for the real-time 

measurement of the quality characteristics of propanated biomethane. The 

target quality properties (superior CV, WI, and density) were predicted 

using the developed regression model based on the measuring of a selected 

set of physical properties of the gas samples. Measured physical properties 

are thermal conductivity (TCD), XCO2, VOS, and SAP. The proposed SAP 

was derived from the theoretical model of sound attenuation in a gas 

medium and is closely related to the sound attenuation coefficient. It was 

measured as ultrasonic signal damping at 1 MHz in specified measurement 

conditions. In order to obtain a sufficient amount of data for training the 
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final regression model, an empirical model of the SAP was developed for 

selected gases. The CV and WI were estimated using the developed 

regression model, which was tested experimentally and showed a good 

agreement with the chromatographic analysis. 

Paper E presents the improved correlative method for the real-time 

measurement of the quality characteristics of propanated biomethane. The 

target quality properties (superior CV and WI) were predicted using the 

developed regression model based on the measurement of the ultrasonic 

properties of the gas samples: the VOS and SAP at 1MHz. The VOS and 

SAP were measured experimentally for the major components of NG 

(propane and butane, carbon dioxide and nitrogen, and their 

combinations) mixed in methane. The regression model for predicting the 

CV and the WI by measurement of the VOS and SAP was developed and 

tested experimentally, demonstrating a good agreement with the analytical 

calculations from chromatographic analyses. 

1.3 Limitations of the study 

While this thesis addresses the quality (energy content) determination of 

NG, the results are based on the experimental data obtained from pre-

mixed gases (experimentally simulated gas mixtures). The pre-mixed gases 

comprise the same major components as real NG and biomethane. 

However, in real NG and biomethane, small concentrations of other higher 

hydrocarbons and traces of various gas impurities (oxygen, water vapor, 

etc.) may also be present. This could affect the measurement of physical 

properties and energy content and should be further studied.  

The measurements of the physical properties of the gas sample were 

performed in fixed temperature and pressure conditions: the reference 

conditions for method development. The temperature and pressure 

dependence of the measurable ultrasonic properties, SAP and VOS, were 

observed but not explicitly studied. A limited linear temperature correction 

of the VOS reading was applied because of temperature fluctuations that 

occurred during the experimental investigations. However, the actual 

effect of temperature and pressure on the SAP was not studied. 

The ultrasonic properties of the gas sample were measured at two 

ultrasonic frequencies only: 500 kHz and 1 MHz. This allowed the 

demonstration of the frequency dependency of the SAP and VOS. However, 

the performance of the model for gas quality prediction in the case of the 

SAP and VOS measured at different frequencies should be further studied.
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1.4 Contribution of this thesis to knowledge 

In this thesis, the concept of the method for gas quality estimation using 

physical properties was proposed and experimentally tested. It was 

established that the use of advanced regression techniques and the 

reduction of the applicability range of the method allowed comparably high 

accuracy in gas quality estimation. The results have been published in 

paper B. 

Paper C presented an experimental investigation on the possibility of 

using sound attenuation effects as an input parameter for improvement of 

the accuracy of the correlative method for gas quality estimation. The 

behavior and frequency dependency of the SAP are also shown. 

In paper D, several sets of measurable physical properties of the gas 

sample were studied as input parameters for the quality determination of 

propanated biomethane. It was shown that advanced regression 

techniques and machine learning algorithms could assist in the 

development of a correlative method. Utilization of the proposed SAP as a 

measurable property allows a substantial improvement in the performance 

of the developed regression model for the prediction of CV, WI, and density 

of propanated biomethane. 

Finally, given the availability of ultrasonic technology in gas flow 

measurement applications, paper E explored the concept of the method for 

gas quality estimation using ultrasonic measurement. The response of the 

SAP and VOS was experimentally investigated for the major components 

of NG and biomethane, revealing their behavior at the ultrasound 

frequency of 1MHz. Both properties were measured using a developed 

instrument prototype with a sensor setup similar to the setup in residential 

ultrasonic gas flowmeters. The developed regression model allowed the 

prediction of the CV and WI of propanated biomethane with high accuracy 

compared to the reference measurement obtained using gas 

chromatography following industry-standard procedures. The proposed 

concept offers opportunities to develop new instruments capable of 

simultaneous gas flow and gas quality measurement. 
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Chapter 2  

Background  

2.1 Natural gas as an energy source 

Outline of global energy balance 

According to statistical data provided by British Petroleum, global primary 

energy demand grew by an average of 2% from 2018–2019, roughly in line 

with the 10-year average and the fastest growth since 2010 [4], [5]. The 

growth in population and the increase in income, remain key drivers of 

energy demand worldwide. All fuels, except for coal and nuclear energy, 

have shown growth during the last decade, with NG providing the largest 

increment in energy demand, followed by renewable power and oil, as 

shown in Figure 2-1. Oil remains the world’s dominant fuel, comprising 

just over one-third of the total energy demand. In 2019, the oil market 

share decreased slightly, following several years of growth. The primary 

energy share of coal fell to 27%, the lowest since 2003. NG and renewable 

shares rose to a record 24.4% and 5% of global primary energy for the first 

time in modern history. 

Primary energy demand is forecast to grow in accordance with most 

potential scenarios to allow global living standards to continue to improve 

[6], [7]. The growth in energy demand is forecast to be steady for all energy 

sources in the coming decades. As seen from historical data, the primary 

energy source mix typically changes slowly because of long periods of 

gestation and asset lifetimes. However, NG and renewable energy are the 

only two energy sources that have shown steady growth in their share over 

the last two decades. The main competitors for oil as a primary energy 

source are NG and coal. Thus, NG is more energy-intensive, 

environmentally friendly, easy to use, and transport. Global NG 

consumption has an average annual growth rate of 2–2.5%. Global NG 

production has increased by an average of 3% in recent years, showing the 

largest quantitative increase compared to other energy sources. 
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Figure 2-1: Primary energy demand and shares of primary energy. 

Figure adapted from [6]. 

Natural gas and biomethane 

NG comprises gases extracted from gas deposits that mainly comprise 

methane. It includes both “non-associated” gas originating in fields that 

only produce hydrocarbons in gaseous form and “associated” gas. 

produced in combination with crude oil or methane recovered from coal 

mines [8]. The actual composition of NG primarily depends on the field 

from which it was extracted. In most parts of the world, NG is transported 

from a variety of sources to consumption points via pipeline or tanker. In 

recent decades, sources of NG supply have increased because of 

developments in gas production and the exploration of new deposits. This 

provides increased variations in compositions because of unbundling in 

the NG market. Although extreme variations in NG composition are 

limited by international standards, it can still affect consumers, causing 

issues regarding overconsumption and technological process failures. 

NG is a colorless, odorless gas that burns easily and delivers a 

substantial amount of energy. Raw NG is a naturally occurring 

hydrocarbon gas mixture primarily comprising methane. Typical NG also 

includes variable amounts of other higher alkanes and various impurities 

such as carbon dioxide, nitrogen, hydrogen sulfide, and others. Raw NG is 

a fossil energy source that was formed deep beneath the Earth's surface 

and can be extracted and processed. Once NG has been processed, it is still 

referred to as NG but becomes a flexible energy source.
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The largest part of NG is transformed into electricity using gas turbines 

or interna combustion engines. However, NG still makes up 15% of end-

use energy via the process of direct combustion. Compared to other fossil 

fuels, NG has a high energy density and flexible application capabilities. 

NG is the cleanest burning fossil fuel. The superior environmental qualities 

of NG over coal or crude oil are because emissions of sulfur dioxide are 

negligible and levels of nitrous oxide and carbon dioxide emissions are 

lower than for coal and oil [9]. NG is often considered being preferable to 

coal for electricity production as a bridging fuel to a sustainable energy 

system. With the increase in carbon dioxide emission rates, NG is 

becoming increasingly attractive and competitive. 

Once NG has been processed for further usage and consumption, it 

primarily comprises methane with smaller amounts of other constituents. 

For NG to be allowed to be transported and distributed in the NG grid in 

the EU (and most other countries in the world), its composition must be 

within the ranges listed in Table 2-1 in accordance with national and 

international regulations [10]. The largest component of NG is methane, a 

compound with one carbon atom and four hydrogen atoms (CH4). The 

other components are C2H6, C3H8, i-C4H10, n-C4H10, O2, N2, He, and CO2. 

In recent decades hydrogen should also be considered being one of the 

relevant components of NG because of the increased instances of hydrogen 

injection into the gas grid, up to 10% vol.[1]. The trace components of NG 

are represented by the higher alkanes C5+, H2S, H2O, CO, and aromatic 

compounds such as benzene and toluene. 

Table 2-1: Composition ranges of pipeline grade natural gas. 

The specified permissible composition ranges according to ISO 13686. 

Component 
Chemical 
formula  

Content 

Methane CH4 ≥70% 
Ethane C2H6 ≤10% 
Propane C3H8 ≤3.5% 
n-Butane and iso-Butane i-C4H10 and n-C4H10 ≤1.5% 
Higher alkanes (including isomers) C5+ ≤1% 
Carbon Dioxide CO2 ≤20% 
Nitrogen N2 ≤20% 
Hydrogen H2 ≤10% 
Minor and trace components Ar, He, Ne, Xe traces 
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Biomethane as substitute natural gas 

Biomethane is known as a “renewable natural gas” and is an SNG because 

of its ability to be used in NG gas infrastructure and supplied to typical gas-

powered appliances. Biomethane can be obtained from either biogas or 

solid biomass by methanation [11], [12].  

Biogas is a mixture of methane, carbon dioxide, and minor amounts of 

other gases produced by anaerobic digestion of various organic matter in 

an oxygen-free environment. The exact composition of biogas depends on 

the type of feedstock and the production process. There are three key 

technologies for biogas production: bio-digesters, landfill gas recovery, and 

wastewater treatment plants with organic material recovery. The methane 

content of biogas typically ranges from 45% to 75% by volume. Most of the 

remainder comprises carbon dioxide. Such variation means that the energy 

content of biogas can vary significantly, and, in most cases, it cannot be 

used in a typical gas appliance without upgrading the methane content to 

higher levels. For biogas to be used in NG infrastructure, it must be cleared 

of all contaminations and carbon dioxide following the specified 

requirements and national regulations. 

Biomethane is produced either by “upgrading” biogas (a process that 

removes any carbon dioxide and other contaminants present in the biogas) 

or through the gasification of solid biomass, followed by methanation [13]. 

Upgrading of biogas currently accounts for around 90% of total global 

biomethane production. Upgrading technologies use the different 

properties of the various gases in biogas to remove those, with membrane 

separation and water scrubbing is the most used nowadays. 

Biomethane is virtually indistinguishable from pipeline grade NG and 

could be used requiring no specific arrangements of the transmission and 

distribution infrastructure or end-user equipment, including NG-powered 

vehicles. However, in some countries, because of additional regulatory 

requirements, the energy content of biomethane must be further upgraded 

to comply with the required specifications and for transportation via the 

gas grid to be allowed [14]–[16]. In Sweden, the typical approach to 

biomethane upgrading is the addition of the propane in order to enable the 

CV in the resulting gas mixture to be the same as imported NG from 

Denmark [17].
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2.2 Quality of natural gas 

Background to natural gas quality 

A definition of the quality of NG is given in ISO 14532:2001, it is a property 

of NG that is defined by its composition and thermodynamic parameters 

(physical state) [18]. The physical state of NG is described by its 

thermobaric conditions and is typically expressed as a specific reference 

temperature and pressure. The reference pressure is equal to 101325 Pa for 

supply and consumption[19]. The temperature of NG is typically provided 

separately for supply and consumption (combustion). ISO standards for 

the NG quality define those temperatures as 15 °C [19], [20]. However, 

some national regulations may have different reference temperatures. 

The composition of the raw NG mixture is defined by the type of 

deposits and where it is recovered. If it is recovered from an NG field, then 

it mostly contains methane with small concentrations of ethane, propane, 

and butane. The typical extracted product of gas condensate fields contains 

a greater amount of heavier hydrocarbons [21]–[23]. After processing at 

the gas plant and before the NG enters the gas transportation system, it 

may contain other substances (e.g., carbon dioxide, nitrogen, hydrogen 

sulfide). Transported via gas grids, the composition of NG is sometimes 

also changed by being intermixed with gases from different supply sources. 

In recent decades, gas suppliers started the so-called injection of SNG into 

gas grids: locally produced biomethane or locally recovered shale gas. 

Liquefied NG (LNG) or compressed NG (CNG) imported from entirely 

different sources can also be injected into the gas transportation system. 

Consequently, NG and SNG from a variety of sources are intermixed in the 

pipeline unpredictably. Thus, the final composition of the NG received by 

the end-user may vary strongly in time and must be accepted by the 

distributor and end-user. Such variations in gas composition naturally 

cause a variation in its physical properties and energy content.  

The exact chemical composition of NG is often required by various 

chemical and process industries. However, for most applications, 

knowledge of gas composition is of less importance. Thus, gas quality is 

typically defined by several key technical parameters: lower/inferior/net 

and higher/superior/gross CV (𝐻𝐼  and 𝐻𝑆), inferior and superior WI (𝑊𝐼 

resp. 𝑊𝑆), air-fuel ratio, methane number (MN) [1]. Figure 2-2 shows an 

example of actual fluctuation of the WI in the distribution gas grid with 

typically constant wide fluctuations. 
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Figure 2-2: Actual fluctuations of the Wobbe Index in the gas grid. 

As reported by E.ON, 1 kWh/m3=3,6 MJ/m3. Figure adapted from [24]. 

Some typical compositions of NG distributed in Germany are given in 

Table 2-2 [1]. The comparative composition ranges of NG, LNG, and biogas 

(raw) are given in Table 2-3 [25], [26]. Raw biogas rarely fulfills the 

requirements for gas quality regulations in most EU countries for it to be 

pipeline grade NG and should therefore be further upgraded by removing 

carbon dioxide and very often adding LPG [13], [17]. 

According to most national regulations in the EU and globally, energy-

based billing for NG has completely replaced the previous volume-based 

billing approach to custody transfer application [25]. This is primarily 

because NG of different compositions might generate significantly 

different energy content for the equal volume and burning process 

parameters. In most cases, the superior CV of NG should be measured 

besides the consumed volume for custody transfer, as given in the 

following equation: 

𝐸𝑥 = 𝑉 ∙ 𝐻𝑥 ,   (2-1) 

where 𝐸𝑥 – energy flow,  𝐻𝑥 – superior or inferior CV, 𝑉 – gas volume.  
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Table 2-2: Typical natural gas of different origin and biomethane. 

Table reprinted from Paper A [1]. 
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CH4 mol-% 96.96 88.71 90.07 83.64 86.46 96.15 90.94 
N2 mol-% 0.86 0.82 0.28 10.21 10.24 0.75 0.69 
CO2 mol-% 0.18 1,94 0,6 1,68 2,08 2,9 2,68 
C2H6 mol-% 1.37 6.93 5.68 3.56 1.06  0  0 
C3H8 mol-% 0.45 1.25 2.19 0.61 0.11 0 5 
C4H10 mol-% 0.15 0.28 0.9 0.19 0,03 0 0,5 
C5H12 mol-% 0,02 0,05 0,22 0.04 0.01  0  0 
C6+ mol-% 0.01 0.02 0.06 0.07 0.01  0  0 
O2 mol-% <10-3 <10-3 <10-3 <10-3 <10-3 0.19 0.2 
Total 
Sulfur mg/m3 <3 <5 <3 <3 <3 <3 <3 
Superior 
calorific 
value MJ/m3 40.3 41.9 43.7 36.8 35.4 38.3 41.9 
Density kg/m3 0.74 0.81 0.81 0.83 0.81 0.76 0.83 
Wobbe 
Index MJ/m3 53.1 52.9 55 46 44.7 50 52.3 
Methane 
Number – 90 79 72 88 97 102 76 

Table 2-3: Typical composition of natural gas, LNG, and raw biogas. 

Table reprinted from Paper A [1]. 

Designation Natural gas LNG Raw biogas 
Methane 88.860% 91.1% 50%–65% 
Ethane 4.240% 4.3%  
Propane 1.140% 3.0%  
Butane 0.424% 1.4%  
Pentane 0.126% 0.0%  
Hexane 0.081% 0.0%  
Heptane 0.024% 0,0%  
Octane 0.003% 0.0%  
Nitrogen 4.006% 0.2% 0%–4% 
Carbon Dioxide 1.096%  0.0% 35%–46% 
Water 0.01% 0.0% 6% (at 40 °C) 
Wobbe Index, MJ/m3 48.53 52.84 25–33 
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Calorific value 

The main and most used quality characteristic of NG is its CV (also referred 

to as heating value). This parameter determines the energy content of NG. 

The definition of the superior CV for the specific purpose of gas supply is 

given in ISO 6976 [19]: “The amount of heat which would be released by 

the complete combustion in the air of a specified quantity of gas, in such 

a way that the pressure p1 at which the reaction takes place remains 

constant, and all the products of combustion are returned to the same 

specified temperature t1 as that of the reactants, all of these products 

being in the gaseous state except for water formed by combustion, which 

is condensed to the liquid state at t1”. Inferior (lower) CV is defined in the 

same way, but with all products of the reaction being in a gaseous state. 

Thus, the inferior CV differs from the superior CV by an approximately 10% 

lower value. The CV could be determined for different bases depending on 

the application: volumetric, mass, or molar basis. Various reference 

conditions for supplied and burned gas are used globally and even within 

the EU. This complicates gas trade and consumption to some extent. Thus, 

considerable efforts are being made by the EU towards the harmonization 

of gas standards. 

Table 2-4 contains references to the minimal and maximal CV 

variations for most European countries (EU and non-EU members), in 

accordance with national NG specifications and main local gas market 

suppliers [27]. The CV is given per national reference conditions, which 

vary slightly across countries. Thus, CV variation ranges are given in 

overall percentage ratios for comparison. 

Wobbe Index 

Another gas quality parameter relevant to consumption is the WI – a 

criterion for the interchangeability of gases. The WI is typically used for 

comparison of the combustion energy output of different fuel gases in 

industrial applications (engines, burners, boilers, etc.). WI is calculated 

based on superior CV (𝐻𝑠) and relative density (𝑑) at specified reference 

conditions [19]: 

Ws =
Hs

√d
    (2-2) 

Gases with different compositions but an equal WI have the same 

energy output during combustion. Thus, gas composition variation does 

not cause any notable change in the gas-to-air ratio and the combustion 

when the WI remains constant. An increase in the WI of supplied gas leads 
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to increased energy output from burner equipment and a potential 

reduction in air-to-gas ratio. This could lead to high energy outcomes with 

excessive soot formation and flame stability problems in gas-powered 

engines and turbines. A decrease in WI of the supplied gas can lead to 

burner combustion instability with potential flame lift and increased 

carbon dioxide emissions. Thus, WI is an important gas quality parameter 

that is included in most international gas quality specifications. 

Table 2-4: Calorific value variations of natural gas in Europe. 

Country 
Minimum 

superior CV, 
MJ/m3 

Maximum 
superior CV, 

MJ/m3 

Range, 
% 

EASEE (EU) 35.01 45.18 25.36 
Austria 38.52 46.08 17.87 
Belgium 34.3 46.055 29.26 
Denmark 39.6 46.0 14.95 
Estonia 36.8 37.7 2.42 
France 34.2 46.08 29.60 
Germany 30.2 47.2 43.93 
Greece 36.45 48.97 29.31 
Hungary 31.0 45.28 37.44 
Ireland 36.5 47.2 25.57 
Italy 34.95 45.28 25.75 
The Netherlands 31.6 38.7 20.20 
Poland 30.0 40.0 28.57 
Romania 32.80 Not specified  
Spain 36.83 47.63 25.58 
Sweden 34.2 47.2 31.94 
United Kingdom 36.9 42.3 13.64 

 

According to information provided by the Gas Quality project initiated 

by the EU and CEN in 2011, the WI in Europe differs significantly from 

country to country, according to national gas specifications and practices 

[27]. WI ranges for several European countries and the EASEE-gas 

common business practice are shown in Figure 2-3, displaying certain 

differences in permissible ranges and the lower and upper limits of this 

combustion-related property [1]. The harmonization of gas quality has 

been initiated by the EU with mandate M/400, which is still active within 

the EU 2020 work program [28], [29]. 
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Figure 2-3: National Wobbe Index ranges of H-gas. 

All data were re-calculated for the reference temperatures for volume measurement and 

combustion at 15 °C. EASEE-gas specification and G20 reference Wobbe Index as a dashed 

line. Figure reprinted from Paper A [1]. 

Other properties 

Other gas quality properties relevant to end-users in some applications are 

methane number, air-fuel ratio, and density. There are also some more 

specific technological gas properties such as dynamic viscosity, total sulfur, 

and water content, which are essential for gas transportation and storage 

applications.  

Air-fuel ratio 

Air-fuel ratio (stoichiometric air) is the ratio of air volume or mass in 

normal conditions required for the complete theoretical combustion per 

gas volume or mass [2]. This property is essential for internal combustion 

engines and burners according to the manufacturer’s specified gas/air 

ratio curve, to achieve the best efficiency and/or lowest CO emissions.
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Methane number 

One of the current trends for gas-powered internal combustion engines 

used for various purposes (including power generation) is for them to 

operate in a lean-burn regime. In this operation mode, it must be ensured 

that the engine has no pre-ignition (knock). For this purpose, the MN of 

the supplied fuel gas should be known. It is used to characterize the NG 

sensitivity to knock resistance [18]. The MN has a value of 100 for methane 

and 0 for hydrogen. To determine the MN the gaseous fuel should be 

compared with a methane-hydrogen binary mixture. Two gases with the 

same MN value have the same resistance to spontaneous combustion, even 

if they differ in composition. With a specified MN for gas fuel, engine 

control can be optimized towards improving efficiency and service life. 

Density 

Density directly depends on gas composition and thermodynamic 

conditions. To some extent, these parameters characterize the gas 

composition and are necessary for the determination of other important 

gas quality characteristics such as gas compressibility factor and density 

relative to the air, in accordance with international standards [30]. 

2.3 Gas quality determination 

There are three principal categories of methods and instruments for the 

determination of the quality characteristics of NG: 

• The direct measurement approach, which involves measuring the heat 

amount released by the combustion of the gas sample by calorimetry.  

• The indirect measurement approach, which involves stoichiometric 

combustion of the gas sample and the measurement of the residue.  

• The inferential approach is based on the correlation of target gas quality 

parameters with other measurable properties of the gas sample or 

composition-based calculations. 

The direct measurement approach 

The direct measurement approach to the CV of NG is based on the 

measurement of the amount of heat released during the combustion of a 

specified quantity of fuel gas. These measurements are called colorimetric 

measurements and can be categorized in accordance with their 

fundamental principle as follows [3]: combustion of a gas sample inside  
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a calorimetric bomb (isochoric combustion); combustion of a gas using a 

gas burner with an open flame (isobaric combustion); catalytic combustion 

of a gas sample (isobaric combustion with no flame). 

Determining the CV of solid and liquid fuels using a calorimetric bomb 

has been a standard procedure in laboratory practice for decades. 

However, for gaseous fuels, incomplete combustion persists in this 

technique because of preliminary gas and oxygen mixing and near-wall 

cooling effects. Thus, the measured results should typically be corrected 

[3]. This technique includes a complete analysis of combustion products 

and the remnants of the sample. 

The most prominent approach is open-flame combustion, which is 

widely used in the industry. Various types of calorimeters for 

implementing this technique are available: Boys, Hyde-Saville, 

Fairweather, Junkers, Reinke, Rossini, Thomas-Cambridge, Alexandrov, 

and Culter-Hammer [3]. The basic operational principle for all open-flame 

calorimeters is: a specific volume of gas is measured and then completely 

combusted; the released energy is transferred to the coolant (water or air) 

using specific types of heat exchangers; the coolant temperature increase 

is measured and related to the CV of the gas. The calibration is conducted 

using reference gas with a known CV that would typically be pure methane. 

The major drawback of this technique is the considerable capital and 

maintenance costs, long analysis time, required laboratory conditions, and 

the accuracy lower than the similarly priced instruments.  

Catalytic combustion (or cold combustion) is a flameless method for 

determining the CV of gases [2]. In this technique, a gas and air mixture is 

supplied through a catalyst. During this process, the gas is oxidized and 

releases the heat that increases the temperature of the catalyst material, 

which can be measured and related to the CV of the test gas [3]. However, 

this technique can be affected by incomplete gas oxidation or catalyst 

poisoning and requires laboratory conditions, specific rare materials, and 

calibration gases. The commercial application of this technique is therefore 

expensive and comparably more complex. 

Continuous gas calorimeters are often used by the metrological 

organizations with an uncertainty of CV determination of approximately 

0.25% [1]. However, for field measuring applications for natural and 

biogas, they have been largely replaced by gas chromatography. Typical 

relative uncertainties in measuring the gas quality properties of the 

available instruments range from 0.5% to 1% of full scale. 
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The indirect measurement approach 

The indirect measurement approach to the gas quality determination is 

primarily represented by the stoichiometric method. The stoichiometric 

method is based on the measurement of stoichiometric oxygen or air 

consumption during the combustion process. For saturated hydrocarbons 

(alkanes), there is a linear relationship between the gas-to-air ratio and the 

inferior CV of the gas mixture [2]. The stoichiometric mixture of gaseous 

fuel and air could be determined using residual oxygen measurements with 

a lambda sensor or the maximum flame temperature using a 

thermocouple. Thus, measuring the amount of consumed air/oxygen 

during stoichiometric gas combustion allows the CV of the gas mixture to 

be determined. Typically, if the constant air/oxygen flow is provided, the 

gas flow could be adjusted in order to obtain the maximum flame 

temperature. This would ensure stoichiometric conditions. The actual 

combustion of the gas sample can be performed with a flame or by catalytic 

combustion. 

Stoichiometric gas quality analyzers can measure the WI and 

combustion air requirement index [1]. If the density value is also provided, 

the instruments can determine the inferior CV and the air-to-fuel ratio. The 

main application of stoichiometric gas quality instruments is to control the 

gas quality supplied to gas turbines and custody transfer. Typical relative 

uncertainties for the instruments available on the market are 0.4% for the 

WI and 1% for the CV. 

The inferential measurement approach 

The most widespread method and instrument in the inferential 

measurement approach are composition-based calculation and gas 

chromatograph (GC). GCs have significantly replaced gas calorimeters in 

recent decades for custody transfer application in the gas industry [1]. 

Besides gas chromatography, the composition of the gas sample could be 

measured using mass spectrometers or optical NG analyzers. When the 

composition of the gas sample is known, the gas quality property (or any 

other property) can be calculated using a specific gas model or standard 

industry practice. Correlative methods and instruments are another large 

and diverse group of methods and instruments for the determination of gas 

quality using an inferential measurement approach. In most cases, they 

have the distinctive feature of operating in continuous and nearly real-time 

mode compared to any other instrument for gas quality determination. 



22  CHAPTER 2. BACKGROUND 

 

Composition based method 

Composition-based (or analytical) methods for gas quality determination 

are based on the principle that each component of the gas mixture 

contributes to the total CV according to its share of the mixture. Thus, the 

key idea is to determine the actual molar or volumetric fractions of the 

constituents using a suitable analytical technique [1], [3]. The CV of the gas 

mixture can be calculated from the sum of the molar fraction of 

constituents and corresponding molar CV and gas compressibility factor. 

Analytical method allows for the highest possible accuracy and 

repeatability to be achieved for gas quality determination, among other 

current techniques. The methodological uncertainty (the impact of the 

basic reference data and calculation) is up to 0.055%. This excludes the 

uncertainty of the gas composition analysis method. Thus, total 

uncertainty primarily depends on the equipment being used for 

determining gas composition [19]. 

Gas chromatography and mass spectroscopy are the most widespread 

techniques for determining gas composition. These techniques are based 

on the separation of gas mixture constituents. Another technique for 

determining gas composition is represented by optical methods that do not 

require the separation of gas sample constituents.  

Gas chromatography 

Gas chromatography is based on a separation technique that allows the 

distribution of gas sample components on one or more separation 

columns. The column ensures the separation of the constituents based on 

their interaction with the column’s materials or properties (molecular size, 

polarization ability, charge, and other physical properties). The individual 

constituents of the sample flow at different rates in the column and reach 

the detector at different time points. An inert carrier gas, typically nitrogen 

or helium, is used to transport the gas sample through the columns. By 

varying the temperature and pressure of the column and gas sample, the 

constituents travel through the column at different speeds, achieving 

separation. The specific column type will typically offer better performance 

or even limited application for specific gas constituents. Thus, several 

columns are usually used in parallel. This is particularly the case for a 

process GC or specially designed GC for NG application and measurement 

automation. The columns are made exceptionally long and thin in diameter 

in order to achieve complete separation of the sample. When a separated 

gas sample exits the column, it is analyzed by the detector. Typically, TCD 

or flame ionization detectors are used in gas chromatography. The detector 
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measures the concentration of the separated constituent of the gas sample 

in the carrier gas, conducting a binary mixture analysis. The detector 

readings, so-called chromatogram, provide information about the amount 

of each constituent and can be calibrated to a volumetric fraction or part 

per million [31].  

Gas chromatography is an accurate and reliable method for gas 

composition determination in field applications using process GC. The 

typical measurement uncertainty of gas quality parameter determination 

by process GC falls within class 1 of EN-ISO 15971 (0.25%). However, some 

instruments can achieve up to 0.1% [1]. The major benefit of gas 

chromatography is that the analysis provides a complete gas composition. 

Thus, additional physical properties of the gas sample can be also 

calculated, e.g., density, methane number, dew point. The main drawbacks 

of gas chromatography are the total time for each analysis (typically 15–20 

minutes, but not less than 4–5 minutes for the most expensive 

instrumentation), discontinuity of the analysis, considerably higher costs, 

maintenance requirements for the columns conditioning, and the regular 

requirements for calibration and carrier gases [2], [31]. Thus, gas 

chromatography is not considered practical for continuous online 

application and the end-user (point of use) side. 

GCs are widely used by gas suppliers and large-scale consumers that 

can afford them. Process GC and laboratory GC for NG analysis are 

typically used for custody transfer and process control, particularly when 

the exact composition of the gas should be measured. For NG analysis, 

different versions of GC are available and complemented by versions for 

higher and carbon dioxide and hydrogen contents. 

Mass spectrometry 

Mass spectrometry is a measurement technique that allows the 

measurement of the mass-to-charge ratio of charged particles. It is used 

for determining the masses of particles and the elemental composition of 

a sample or molecule. Mass spectrometry works by ionizing chemical 

compounds to generate charged molecules (molecule particles). Individual 

particles (ions) are separated by their momentum distribution and reach 

the detector in different areas, depending on the particle mass [32]. The 

content of each gas component could then be determined from peak 

intensities. The accuracy of mass spectrometers is typically very high and 

some of them permit real-time operation. However, maintenance and 

capital costs are substantially higher than for a typical GC. Thus, mass 

spectrometers are mainly used as specific laboratory equipment and 
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require an appropriate environment and highly skilled technical staff for 

their operation. However, there are several process gas mass 

spectrometers available on the market that are suitable for NG analysis and 

can achieve a high level of accuracy in determining gas quality properties 

(up to 0.1% relative error) and fast analysis time (up to 30 secs) [1]. 

Optical gas composition analyzers 

Optical methods are used to determine the full or partial gas composition 

for further calculation of gas quality properties. These methods are also 

used for partial composition determination in some correlative methods, 

e.g., infrared sensors for carbon dioxide or hydrocarbon content 

determination. The optical methods for NG analysis are based on Beer's 

law of extinction or the Raman effect, the latter being considerably less 

widespread outside laboratory analysis application. Extinction is the sum 

of losses caused by absorption and scattering (elastic and inelastic 

scattering). The extinction is usually described by absorption only because 

of the small contribution of scattering. For infrared absorption, the dipole 

moment of the molecule of the substance is changed by its interaction with 

infrared light. This results in various degrees of infrared light absorption 

by individual gas components in a wavelength of the infrared spectrum that 

can be measured and calibrated to the concentration of the specific 

component. There are several exceptions: diatomic gases such as 

hydrogen, nitrogen, and oxygen do not absorb infrared radiation and are 

therefore infrared inactive. 

The typical infrared spectra of alkanes in NG are shown in Figure 2-4. 

As could be observed there are many overlapping regions for all the alkanes 

in infrared spectra. Thus, measurement at any specific spectrum frequency 

will not allow separation of a specific alkane. Broadband infrared sensors 

measure the integral of the absorbance that covers nearly all alkanes and 

other constituents of NG. Chemometric techniques are then used to 

calculate the content of each component of the gas sample given the 

different responses of each component in the measured spectrum. 

Some other components of NG (e.g., carbon dioxide) could be measured 

in different parts of the infrared spectrum that are less affected by alkanes. 

Thus, infrared sensors for XCO2 are often used in natural and biogas 

analysis as an integral or optimal part of various instruments and methods. 

Nondispersive infrared (NDIR) sensors measure infrared absorption only 

on a specific narrow-band and only allow measurement of the 

concentration of specific gases (e.g., carbon dioxide) or all gases that 

absorb in given spectra (total hydrocarbons) [33].
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Figure 2-4: Infrared spectra of methane, ethane, propane and butanes. 

According to the NIST IR database [34]. 

Correlative methods  

In contrast to the combustion or full composition analysis of gases, it is also 

possible to measure some specific physical properties of the gas sample and 

then derive the gas quality parameters of the gas mixture using the 

developed correlative models. Correlative methods are considered to be 

much less expensive, quick, and viable for continuous use, at the cost of 

decreased accuracy and/or applicability. If compared to the methods and 

instruments discussed in this chapter, they are more suitable for the 

everyday needs of end-users. The correlative methods and instruments 

developed will be discussed in Chapter 3. 

2.4 Concluding remarks 

Considering the existing situation regarding gas quality issues, several 

European gas quality projects have been initiated by the European 

Commission in cooperation with CEN. These projects are aimed at 

harmonizing European and national gas quality specifications and 

producing a new European standard for NG specifications. It could 

therefore be concluded that the combustion features of NG and SNG, such 
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as superior and inferior CV and WI, are of great interest to all gas market 

players. Commercial transactions on NG in most countries globally are 

based on the energy content of the delivered gas, the energy flow. The 

energy flow is the product of the actual CV and consumed volume. 

Various techniques for determining gas quality properties (such as CV 

and WI) were discussed, except for the correlative methods. The discussed 

techniques are based on direct, indirect, or inferential methods and some 

of these methods are very accurate, although maintenance and capital costs 

are high and increase proportionally to the increase in the accuracy. Most 

of the discussed techniques and their application are not suitable for real-

time measurements by end-users (except for large-scale consumers). Thus, 

less expensive methods and instruments for determining NG quality are 

needed in the market for widespread determination of gas quality by end-

users, even at the expense of certain measurement range restrictions and 

accuracy. Correlative methods allow this gap to be filled.
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Chapter 3 

State of the art in correlative methods 

This chapter discusses the background and state-of-the-art of correlative 

methods and instruments for gas quality determination. 

3.1 Theoretical background 

Correlative methods also called physical properties measurement 

methods, allow the determination of NG quality characteristics by 

measuring only certain physical properties of the gas mixture, instead of 

combustion of the gas sample or performing a full composition analysis. 

Alkanes as a major component of natural gas 

NG mainly comprises hydrocarbon compounds and energy inert gases 

such as nitrogen and carbon dioxide (gases that do not contribute to energy 

production during NG combustion). The hydrocarbons that usually 

compose NG are the alkanes: methane, ethane, propane, n-/iso-butane, n-

/iso/neo-pentane, n-hexane, and minor amounts of higher alkanes from 

alkane homologous series [9], [21]. 

Alkanes are chemical compounds that only comprise hydrogen and 

carbon atoms that are bonded exceptionally by single bonds with no cyclic 

structures [35], [36]. The general chemical formula of alkanes is CnH2n+2. 

Alkanes belong to a homologous series of organic compounds; with its 

members differ in molecular structure by -CH2 bond. Alkanes differ in their 

molecular structure and therefore have different physical properties and 

energy content. The additional -CH2 bound of alkanes corresponds to the 

increasing molar CV of the chemical compound, and its effect on other 

physical properties [36], [37]. As the number of carbon atoms increases in 

the alkane homologous series, it is possible to observe an almost constant 

increment in the molar CV (Table 3-1 and Figure 3-1Table 3-1: Properties 

of alkane’s homological series) [19]. 
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Table 3-1: Properties of alkane’s homological series. 

Carbon 
atoms 

Homological 
series of alkanes 

Molar 
mass, 

kg/mol 

Superior 
molar 

CV, 
kJ/mol 

Inferior 
molar 

CV, 
kJ/mol 

1 Methane 16.043 890.63 802.60 
2 Ethane 30.070 1560.69 1428.64 
3 Propane 44.097 2219.17 2043.11 

4 
n-Butane 58.123 2877.40 2657.32 
2-Methylpropene 58.123 2868.20 2648.12 

5 
n-Pentane 72.150 3535.77 3271.67 
2-Methylbutane 72.150 3528.83 3264.73 
2,3-Dimethylpropane 72.150 3514.61 3250.51 

6 

n-Hexane 86.177 4194.95 3886.84 
2-Methylpentane 86.177 4187.32 3879.21 
3-Methylpentane 86.177 4189.90 3881.79 
2,2-Dimethylbutane 86.177 4177.52 3869.41 
2,3-Dimethylbutane 86.177 4185.25 3877.17 

7 n-Heptane 100.204 4853.43 4501.30 
8 n-Octane 114.231 5511.80 5115.66 

 

 

Figure 3-1: Superior and inferior molar calorific values of alkanes. 

Plotted as a function of carbon atom numbers of normal alkanes in alkanes series. 
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Physical properties of alkanes  

According to the reference data, various physical properties of alkanes also 

show a strong dependency on the number of carbon atoms and 

consequently the compound position in the alkane homologous series 

(Figure 3-2) [38]. Some of these physical properties are properties that can 

be directly measured by existing and commercially available instruments 

and sensors, such as the VOS, TCD, dynamic viscosity, and dielectric 

permittivity. Some relationships shown are not linear but can be well 

described by the defined continuous functions. 

Regular behavior of the previously mentioned physical properties as a 

function of carbon atom number observed in many experimental data is 

the main reason why hydrocarbon mixtures such as NG show good 

correlative relations between some of their properties. This means that the 

various properties of hydrocarbons in NG could be characterized by other 

single physical properties and show good approximation behavior [39]. 

Thus, it should be underlined that this theoretical consideration and 

experimental data only consider the hydrocarbons in NG and all other 

constituents are having zero mole fractions. If there are other constituents 

in the gas mixture that differ from the normal alkane homologous series, 

i.e., nitrogen, carbon dioxide, and some other specific components that 

could be contained in NG, then this relationship will change and might 

become more complex. 

Impact of other natural gas components 

Other constituents of NG include nitrogen, carbon dioxide, and relatively 

rare or persistent in an insignificant mole fraction amount hydrogen 

sulfide, oxygen, and some other rare gases. These gases also affect NG 

physical properties, while not contributing to its energy content (except for 

hydrogen sulfide). Considering the typical content of nitrogen and carbon 

dioxide in NG being substantial, it becomes obvious that gas quality cannot 

be accurately defined unless other input properties are measured. Some 

authors suggest that at least two other properties should be measured and 

that they should respond differently to the hydrocarbons, nitrogen, and 

carbon dioxide in the gas mixture [39]. 
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Figure 3-2: Some of the physical properties of alkanes. 

Plotted as a function of the carbon atom numbers of normal alkanes in alkanes series 

(calculated at 0.1 MPa, 393 K). 
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3.2 Correlative methods and instruments 

Correlative methods for gas quality determination are based on the 

measurement of various physical properties such as the VOS, TCD, 

infrared absorption at specific frequencies (not broadband), dynamic 

viscosity, dielectric permittivity, and others. Table 3-2 summarizes the 

applicability of the sensing principles for the major components of NG. 

Table 3-2: Applicability of the sensing principles. 

Table reprinted from Paper A [1]. 
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Hydrocarbons yes yes yes yes yes 

Nitrogen yes yes yes yes no 

Carbon dioxide yes yes yes yes yes 

Hydrogen yes yes yes yes no 

 

The measured physical properties are correlated to specific gas quality 

properties such as CV, WI, or density. It may initially appear difficult to 

obtain gas quality parameters based on measuring only a few physical 

properties of the gas sample, because NG is a rather complex chemical 

substance. However, it should be noted that correlative methods typically 

work within the pre-defined limits of the composition ranges of the NG. 

None of the correlative methods allow determining the full composition of 

NG. However, the target gas quality parameters can be determined using 

correlative methods and instruments with varying degrees of accuracy and 

applicability. 

The VOS in NG could be used to describe the hydrocarbons content as 

shown in the previous section. Some authors have initially proposed the 

direct correlation of VOS to the target gas quality properties, but for a very 

limited range of NG compositions, i.e. with low carbon dioxide and 

nitrogen content [40]. The Department of Energy of the United States and 

the Southwest Research Institute have proposed the correlation function 

for determining CV, based on the VOS, nitrogen, and XCO2 [41], [42]. 
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Gasunie and Instromet have proposed another approach based on VOS 

measurement as a “2VoS-meter” that measures the VOS at two pressure 

levels (i.e. 5 bar and 40 bar) and also the consideration of XCO2 measured 

using an NDIR sensor [43], [44]. It is important to note that this method 

considers that the VOS in nitrogen increases as pressure increases, while 

the VOS in hydrocarbons decreases with increased pressure. Thus, the VOS 

for two pressures responds differently to nitrogen and hydrocarbon 

content, providing additional information about the gas. A major benefit 

of this method is that the VOS at high pressure could be obtained using 

ultrasonic gas flowmeters. 

Several correlative methods and instruments share TCD measurement 

as their main operating principle. Typically, TCD is measured at two 

temperatures in combination with other properties. One of the first 

proposed approaches was based on a regression model that allowed the 

superior CV to be estimated by measuring the TCD at two different 

temperatures and dynamic viscosity [2]. Another approach proposed the 

determination of combustion properties of pseudo-gas compositions with 

the target quality and measurable physical properties (TCD and refraction 

index) close to the actual natural using the graphical nomogram method 

[45]. British Gas has proposed the following correlation to estimate the 

inferior CV [2]: 

𝐼𝐶𝑉 = 𝑎1𝜆𝑇𝐻
+ 𝑎2𝜆𝑇𝐿

+ 𝑎3𝑐 + 𝑎4𝑇𝑎 + 𝑎5𝑇𝑎
2 + 𝑎6  (3-1) 

where 𝐼𝐶𝑉 – inferior CV, 𝜆𝑇𝐻
 – TCD at the temperature 𝑇𝐻; 𝜆𝑇𝐿

 – TCD at 

the temperature 𝑇𝐿; c – VOS, 𝑇𝑎 – ambient temperature; 𝑎𝑥 are regression 

fitting coefficients; 𝑇𝐻 − 𝑇𝑎 = 70 K and 𝑇𝐿 − 𝑇𝑎 = 50 K . 

Another similar development was conducted by GL (formerly 

Advantica) and resulted in a correlative gas quality instrument GasPT1 

with sensors for the VOS and TCD and allowed to derive the four-

component pseudo gas mixture with physical properties similar or almost 

identical to corresponding real NG [39], [46]. GL subsequently developed 

GasPT2 with an additional NDIR XCO2 sensor. A similar set of measured 

properties has been proposed by other authors and the developed method 

eventually allowed to derive five-component pseudo gas mixture (CH4, 

C2H6, C3H8, CO2, N2) solving a nonlinear system of equations for the 

physical properties of quinary gases, TCD at 333 K and 383 K, VOS at 303 

K and XCO2 [47]. The properties of these derived pseudo gas mixtures are 

remarkably similar to the original NG. Thus, this inferred pseudo gas 

composition could be used to calculate directly the CV, WI, density, and 

other gas properties using typical practice in the gas industry [19]. 
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The ε-method, developed by N.V. Gasunie and Ruhrgas AG uses an 

inferential or correlative system based on the measurement of three input 

parameters: VOS, XCO2, and relative permittivity [39], [48]. For relative 

permittivity measurement, a specially developed re-entrant resonant 

cavity cell was developed. However, further development at the stage of 

series production has proven difficult because of the high production costs 

of the measurement chamber. The most recent developments to 

incorporate capacitance measurement have been reported by other 

authors [49]. The method relies on an array of capacitive sensor electrodes, 

each with a responsive coating to measure the concentration of methane, 

ethane, propane, carbon dioxide, water, and nitrogen in various gas 

mixtures. 

Several infrared adsorption-based technologies for NG quality have 

been developed. The general principle was proposed by Gaz de France as a 

correlation of superior CV to the optical absorption of gas components in 

the infrared spectrum [2]. Superior CV is deduced from the measurement 

of temperature, pressure, and absorption coefficients of NG at three 

wavelengths. Thus, superior CV is expressed as follows: 

𝑆𝐶𝑉 = ∑ (𝑎0,𝑖 + 𝑎1,𝑖
𝑇

𝑃
)3

𝑖=1 ∙ ln(𝜏𝑖) + (𝑎0 + 𝑎1
𝑇

𝑃
)  (3-2) 

where 𝑆𝐶𝑉 superior CV, 𝑎x,𝑥 are the empirical coefficients, 𝑇, 𝑃 are the 

temperature and pressure, correspondingly. 

Some infrared absorption methods are based entirely on IR absorption 

measurements of specific components, while other methods also use 

additional physical properties measurements as input data for correlation 

calculations [1]. The Methanzahl Controller (by Ruhrgas) measures the 

approximate CH absorption caused by hydrocarbons and correlates it to 

the methane number. FlowComp (by Systemtechnik) developed the 

method based on the scanning high-resolution infrared spectrometer to 

determine hydrocarbons and carbon dioxide absorption and correlated 

these measurements to the WI, CV, and density. 

Correlative systems comprising larger sensor arrays have been 

developed by some manufacturers, and some of these were also approved 

for fiscal metering applications by the German Metrological Institute PTB 

[1]. The EMC 500 by RMG applies the following sensor principles for 

correlating certain gas quality parameters: heat capacity, TCD, viscosity, 

and infrared absorption of carbon dioxide to the gas quality properties 

[39], [50]. GasLab Q2 by Elster (the successor to GasLab Q1) is a sensor 

array comprising two infrared absorption channels (for carbon dioxide and 

total hydrocarbons) and a TCD sensor [51], [52]. 
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3.3 Concluding remarks 

The above considerations represent the theoretical background to all 

correlative measurement methods. The evaluation of data measured by 

multiple sensors for arbitrary NG mixtures can be based on advanced 

chemometric methods such as principal component analysis, 

multidimensional regression analysis, or various advanced regression 

techniques (e.g., artificial neural networks). Typically, the VOS and TCD 

measurements are used jointly. Several methods and instruments often 

apply dynamic measurements by varying the temperature or pressure in 

order to provide additional information about the sample. Some 

instruments complement the sensor signals with infrared absorption of the 

CH bonds or carbon dioxide. Apart from theoretical considerations, 

various practical aspects also play a decisive role in selecting the input 

physical properties to be measured, for example, the final cost of the 

appliance, measurement sensibility and accuracy, and long-term stability.  

This chapter has listed several correlative gas quality methods and 

instruments based on quite different measurement principles. The 

combination of input parameters has a decisive influence on the response 

of the correlative methods for NG quality determination. It considers input 

data measurement errors and their effect on the target gas quality property 

calculation. Most of the existing correlative methods have the advantage 

that the carbon dioxide mole fraction in the NG can be very easily and 

effectively measured directly using infrared sensors [1], [53]. Infrared 

sensors are widely available on the market, have proved their efficiency 

and, in recent decades, have become reasonably affordable for usage in 

commercial instruments [54], [55].  

Some of the developed correlative instruments are summarized in Table 

3-3 based on the information obtained from a literature review and 

technical specifications provided by various manufacturers [1], [47], [53]. 

The table specifies the used set of measurable properties, output 

parameters, and the accuracy information as reported by the 

manufacturers. 
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Table 3-3: A selection of the correlative instruments. 

For specifications, refer to the manufacturer’s technical specifications (accuracy information 

in relation to the actual reading, unless otherwise stated). 

Manufacturer and 
instrument 

Measured input 
properties 

Target 
property 

and 
accuracy 

Status 

Ruhrgas/Gasunie 
2VOS meter 

VOS at two 
pressures, NDIR 
XCO2 

CV ±0.3% P 

ε-method 
Dielectric 
permittivity, VOS, 
NDIR XCO2 

CV ±0.2% P 

MEMS gasQ with 
sonic nozzle 

TCD, heat capacity, 
and relative density  

CV ±1% A 

RMG EMC 500 
TCD, heat capacity, 
viscosity, NDIR XCO2 

CV and 
density 
±0.5% 

D 

Orbital Gas PT  
replaced by Gas PT 2 

VOS, TCD at two 
temperatures, 
(+NDIR XCO2) 

WI and CV 
±0.4% 
/±0.2% 

D/A 

Elster Gas Lab Q1 
replaced by GasLab Q2 

TCD, XCO2, and XCxHx 
by NDIR 

WI and CV 
±0.5% 

A 

Bright Sensors 
BlueEye sensor 

Viscosity 
CV and WI 
± 3% 

A 

Itron ANGus Natural 
Gas Analyzer 

TCD, NDIR XCO2 CV ±1% D 

Azbil GasCVD Natural 
Gas Calorimeter  
Model CVM400 

TDC at multiple 
temperatures 

CV  
±(1–1.5) % 

A 

VOS – velocity of sound, TCD – thermal conductivity, NDIR – nondispersive infrared, Xy 
– the content of component y; 
CV – calorific value, WI – Wobbe Index; 
P – prototype, A – available, D – discontinued. 
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One of the gaps noted in the literature review was the lack of actual 

implementation of sound attenuation as a measurable input property for 

gas quality determination in gas quality instruments. The potential for 

utilizing sound attenuation for gas characterization has been mentioned by 

several authors [56]–[60]. Measurement of acoustic attenuation at 

multiple frequencies in the ultrasonic range serves as a basis for ultrasound 

attenuation spectroscopy that could also be used for the characterization 

of gas mixtures, similarly to infrared spectrometry, and typically in 

laboratory conditions [61], [62]. Despite the possibility of utilizing acoustic 

attenuation, there was a lack of actual implementation of such an approach 

and the actual method, particularly in the context of correlative methods 

and instruments for gas quality determination. The context of correlative 

methods would place certain restrictions on the actual implementation of 

the measurement technique compared to quite expensive ultrasound 

attenuation spectroscopy. For example, the key requirement would be to 

minimize implementation costs and simplify the measurement technique 

to allow further instrumentation of the method for widespread application 

by end-users. One potential solution could be to obtain the sound 

attenuation measurements in combination with the VOS measurements 

using the same sensor setup. This would allow ensuring further 

implementation of the method as an actual measuring instrument. Bearing 

in mind that ultrasonic gas flowmeters have a measuring sensor design that 

can measure both properties simultaneously and at relatively low cost and 

that they are quite common and widespread instruments with a steadily 

increasing share of the flowmeter market, this would be a very promising 

approach to gas quality determination if the performance and accuracy of 

the method were compatible with the requirements of any potential 

application.  
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Chapter 4 

The initial approach to the gas quality 
determination 

In this chapter, the initial approach and used methodology for determining 

the inferior CV of NG is described and experimentally tested. This study 

was completed at an early stage and formed the background to and 

direction of the major part of the research work. 

4.1 The methodology 

Various physical properties of hydrocarbons show linear behavior with the 

increase of carbon atom number [39]. This allows the hydrocarbon gas 

mixtures to be characterized by only measuring certain physical properties. 

The previous study showed the possibility of using the artificial neural 

network (ANN) for solving nonlinear, multiparametric approximations of 

CV by measurable physical properties of a gas sample: VOS, volumetric 

contents of nitrogen, and carbon dioxide [63]. As an improvement to the 

previously proposed approach, it was suggested to exclude nitrogen 

content from the input parameters. This is also highly desirable because 

there are currently no inexpensive sensors available that are capable of the 

direct measurement of nitrogen in NG. 

A theoretical evaluation of the possibility of excluding nitrogen content 

from the input parameters was performed on the NG sample database 

reported in [42]. The database comprises 95 distinctive NG mixtures of 

known compositions determined by gas chromatographic analysis. The CV 

of the gas samples was calculated in accordance with industry-standard 

procedures and ranged between 36.8151 MJ/m3 and 42.9323 MJ/m3 [19]. 

The carbon dioxide and nitrogen content of the gas samples ranged from 

0.44% to 6% and from 0.97% to 7.40%, respectively. The VOS was 

estimated from the gas composition using AGA10 [64]. 
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The regression model for CV prediction was based on the ANN, which 

was developed using MATLAB’s ANN Fitting Toolbox [65]. The ANN 

architecture comprises a two-layer feed-forward design with the activation 

(transfer) functions for neurons tansig in the hidden layer and logsig in 

the output layer. Two sets of input parameters (predictors) were 

considered. The first set comprised two inputs parameters: VOS and XCO2. 

In the other set, nitrogen content was also added to the input parameters. 

A database of gas samples has been randomly divided into two data sets 

comprising 86 and nine entries. The first 86 entries were used for training. 

The remaining nine samples were unknown to the developed ANN and 

were used for validating the performance. Before being fed to the ANN, the 

entire dataset was normalized (from 0 to 1). The CV predicted by the 

developed ANN coincides with actual values obtained by GC. The reduced 

to the range relative error was estimated at 3.7% and 2.4% for ANN with 

two and three input parameters, respectively. Additional testing of the 

ANN was conducted on eight NG samples. The gas samples were obtained 

from the local gas distribution network (Ukraine, Ivano-Frankivsk Region) 

and analyzed using the GC. The VOS and CV were calculated from the gas 

composition according to industry-standard procedures [19]. The results 

of the ANN performance on the NG samples were calculated as reduced to 

the range relative error and are as follows: ANN with two input parameters 

– 4.4%, ANN with three input parameters (including nitrogen) – 1.2%.  

4.2 Experimental setup  

The experimental rig is shown in Figure 4-1 and comprises the following 

key blocks: gas filtration unit, measuring chamber, VOS measuring unit, 

XCO2 sensor, temperature sensor, pressure and humidity sensors, data 

processing unit. The VOS measurement unit comprises a measuring 

chamber containing an ultrasonic transducer and reflector, and an 

ultrasonic measurement instrument DIO 562. The VOS was measured 

using the TOF pulse-echo technique using the ultrasonic transducer and 

the reflector with known separation distance. The ultrasonic transducer 

with a resonant frequency of 1 MHz operates in send-receive mode. The 

temperature and pressure inside the measuring chamber were stabilized at 

values of (20±1) ºС and (2.2±0.2) kPa gauge, respectively. The XCO2 

measurement unit comprises a Dynament MSH-P-CO2 XCO2 NDIR sensor 

and a DOZOR-C gas analyzer. The experimental setup was also equipped 

with pressure gauge MT-2H and thermal hygrometer OVT-6-7302.
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Figure 4-1: Schematic of the experimental setup. 

Legend:1 – gas filtration unit; 2 – measuring chamber; 3 – velocity of sound measurement 

unit; 4 – carbon dioxide content sensor; 5 – temperature sensor; 6 – pressure sensor; 7 – 

humidity sensor; 8 – processing and visualization unit. Figure reprinted from Paper B [66].  

4.3 Experimental investigation 

The experimental investigation of the proposed method was conducted 

using NG samples obtained from the local gas distribution network 

(Ukraine, Ivano-Frankivsk Region). The experimental investigation was 

implemented as follows: two identical samples of NG were simultaneously 

obtained from the gas grid (using two cylinders). The gas sample in one 

cylinder was analyzed using the developed experimental setup (capable of 

measuring the VOS and XCO2). Another cylinder with the same gas sample 

was analyzed by gas chromatography and subsequent CV calculation from 

the gas composition. 

In Ukraine, only the inferior CV of distributed NG is specified and used 

for energy billing purposes. Therefore, the inferior CV was selected as a 

target gas quality parameter. The experimental validation was conducted 

using 40 unique samples of NG obtained from the local distribution gas 

grid. The gas samples had the following composition range variations, 

typical for locally distributed NG: methane content not lower than 96%; 

total other higher hydrocarbons (ethane) content less than 1%; XCO2 0–2%; 

nitrogen content 0–2%; sulfur content less than 0.5%. All gas samples were 

analyzed using the experimental setup and reference GC. 
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The newly designed ANN, of the same architecture, was trained to 

predict the inferior CV based on the measured VOS and XCO2. The ANN 

trained on the new data that were experimentally obtained: 30 out of 40 

gas samples were used to train the ANN. The performance of the ANN was 

tested using the remaining 10 samples that were completely unknown to 

the developed ANN. The maximal absolute error was equal to 166 kJ/m3, 

corresponding to a relative error of 0.48%. These results can be considered 

acceptable for energy billing calculation purposes under regulations in 

force in Ukraine. 

4.4 Concluding remarks 

The proposed method has application limits regarding the gas composition 

variations used to develop the development of the ANN model. The ANN 

is capable to interpolate multiparametric nonlinear functions. However, it 

cannot be used outside the range of the supplied training data since the 

results of its predictions will be unreliable. Operational limits and the 

accuracy of inferior CV determination of the proposed approach could be 

improved by using a larger amount of training data with wider composition 

variation ranges and more dense and uniform coverage of all variations in 

gas composition to avoid data gaps. This is not achievable for the gas 

samples obtained from the NG grid. Thus, the study object should be 

simulated in a controllable way to allow creating the desired gas 

compositions. This would allow the measurable physical properties to be 

obtained for all variations in gas composition with reasonable data density 

to cover the target application. 

The experimental investigation has shown the deviation between 

measured and theoretically predicted VOS. The deviation was caused by 

the relaxation effects in NG and should be further investigated, and the 

accuracy and reliability of VOS measurement should be improved. 

Also, it was noted that the ultrasonic signal dampening during the VOS 

measurement showed some response to various NG being studied. This 

should be further investigated and the possibility of using this information 

for gas characterization should be explored. 
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Chapter 5 

Methodology 

This chapter describes the used methodology approach to further 

presented studies. To answer the RQs, the following steps were performed: 

1. Experimental simulation of NG and biogas using a gas blending 

approach including gas composition analysis and determination of 

target gas quality properties using reference methods and 

instrumentation. 

2. Measurement of the proposed physical properties of the gas mixture 

using standard or developed techniques or sensors. 

3. Development of a regression model for predicting gas quality 

parameters based on measurable physical properties using machine 

learning algorithms. 

5.1 Experimental simulation of natural gas and 
biomethane 

The simulation of NG and biogas was conducted by preparing the gas 

sample with the desired composition corresponding to the actual NG or 

biogas using pure gases. Preparation of the gas sample with specific 

compositions was conducted by gas blending and subsequent analysis of 

the resulting mixture. The target gas mixture of specific composition is 

usually specified in molar fractions of gas components, for example, by 

percentage or parts per million. For non-condensable gases, this would 

also be equal to the volumetric fraction of gas components. In practice, 

accurate gas blending could be done either in batch or continuously. The 

two main approaches to gas blending are either blending by partial 

pressure or by a mass fraction. Partial pressure blending (or volumetric 

blending) is mainly used in constant temperature and pressure conditions 

and is more suitable for batch blending. While pressure regulation and 

measurement are tasks that are easy to solve, maintaining constant 
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temperature is much more complex because of more complicated 

temperature measurement and temperature equalization in gases. The 

other approach is blending by a mass fraction, which is used for both batch 

and continuous blending. This approach to blending is unaffected by 

temperature fluctuations but requires accurate measurement of the mass 

of the supply gases. This is typically done using mass flow controllers 

(MFCs) that can regulate the flow rate of the supplied gas according to the 

required values [67]. 

Typically, an MFC is designed or calibrated to control a specific gas or 

liquid within a given range of flow rates. An MFC can control the gas flow 

from 0% to 100% of the full scale, which is limited by the design (size) of 

the control valve. The optimal accuracy of an MFC is typically achieved in 

the range between 10% to 100% of full scale and this should be considered 

during application [68]. An MFC comprises a flow rate measurement 

section that includes a sensor block and a bypass and control valve for the 

flow rate adjustment. The gas is input from the inlet and is predictably 

divided into two flows through the flow rate sensor and a bypass. The 

sensor measures the mass flow rate of the gas flow and the control valve 

proportionally changes the flow to achieve the desired setting (flow rate 

setpoint). An MFC requires the supply gas (or liquid) to be within a specific 

pressure range according to calibration specifications to maintain the 

correct set point for the flow rate. 

For NG and biomethane modeling in this study, the aim was to prepare 

a big number of gas mixtures (samples) in continuous and real-time mode 

as opposed to batch sample preparation and storage. The target gas flow 

rates were specified in the range of 0 to 0.5 Ln/min, which is typical for 

analytical instrumentation in the gas industry. The target variation ranges 

of gas mixture constituents were specified as follows:  

• Methane 50–100% vol. 

• Ethane 0–10% vol. 

• Propane 0–10% vol.  

• Butane 0–5% vol.  

• Nitrogen 0–10% vol. 

• Carbon dioxide 0–10% vol. 

For this purpose, a gas mixing station was designed and assembled as 

shown in Figure 5-1 and Figure 5-2. The desired gas sample was prepared 

by blending from pure gases. Six calibrated MFCs (EL-FLOW Prestige by 

Bronkhorst) were supplied by pure gases from gas bottles. The gas supply 

pressure was adjusted using a two-stage pressure regulator to achieve 

optimal accuracy [69]. 
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Figure 5-1: Schematic of the developed gas mixing station. 

Figure reprinted with adaptation from Paper E [72]. 

Upstream of the MFCs is the fine particle filter (two microns) and 

pressure lock valve we fitted to protect the equipment [70]. The purity of 

the supplied gases was selected in such a way as to ensure that there were 

no other unaccounted gas components in the final gas mixture over 0.01% 

vol.: N4.0 or higher for methane, carbon dioxide, and nitrogen, N3.5 for 

ethane and propane, and N3.0 for butanes. All interconnections are made 

of stainless steel ¼ inch tubing by Swagelok [71]. 

The prepared (blended) gas sample was then fed to the analytical 

instrumentation: the developed gas analyzers (array of various sensors) 

and a GC at the constant flow rate,  Figure 5-1 and Figure 5-2. The gas 

pressure could be constantly measured and adjusted to a specified value by 

the needle valve on the outlet to avoid any effect of atmospheric pressure 

variation (the open end connected to the flare burner). The gas sample 

composition was continuously measured and validated by VARIAN CP 

4900 Micro-GC until at least three consecutive measurements did not 

deviate from each other by more than 0.03% vol. (typically 0.01%) for each 

gas component (an average of three to seven analyses were conducted). 
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Figure 5-2: The gas mixing station, the sensors, and the GC in the fume hood cabinet. 

In this work, the target gas quality parameter (CV and WI) were 

calculated from the gas composition for the specified conditions (typically 

the standard conditions of 0 °C and 101325 Pa) and volumetric basis 

following gas industry best practice [19]. The CV and WI calculated from 

the gas composition are considered to be the true value for the entire study 

and the performance of the developed methods was compared to the 

targeted true values. The uncertainty of the CV and WI (calculated based 

on gas composition) comprises the uncertainties of the GC analysis and the 

uncertainty of the method and basic data in ISO 6976. Total uncertainty 

for CV and WI was estimated to not exceed 0.15% for the entire studied 

ranges of the prepared gas mixtures. 

5.2 Measurable physical properties  

In this thesis, only four measurable properties of the gas samples were 

considered: VOS, SAP, TCD, and XCO2. These properties were selected 

because they could be measured using known measurement techniques by 

relatively low-cost and commercially available sensors. The VOS and SAP 

were measured using an ultrasonic flowmeter and prototype measuring 

instrument opTim according to the techniques described in Chapter 6. 

TCD and XCO2 were measured using standard commercially available 

sensors typically used in various gas analyzers. The VOS and TCD could be 

also calculated for any gas sample using well-established prediction 

models that are beneficial to modeling.
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Velocity of sound 

The sound wave propagating through the gas medium has a specific speed 

of propagation and extinction because of the attenuation effects of the 

medium. The measurable properties VOS and SAP depend on the 

composition of the gas mixture and its thermodynamic conditions. 

The VOS in gas mixtures is determined by the ratio of the mixture 

components and the thermodynamic state of the gas mixture. The VOS in 

NG can be predicted using theoretical models based on the molar fractions 

of the constituents for the specified temperature and pressure conditions 

by the ideal gas approximation in the equation: 

𝑐2 = (
∑ 𝑥𝑖𝑐𝑝𝑖

∑ 𝑥𝑖𝑐𝑣𝑖
) ∙

𝑅∙𝑇

∑ 𝑥𝑖𝑀𝑖
     (5-1) 

where 𝑐 is VOS, 𝑐𝑝𝑖, 𝑐𝑣𝑖, 𝑥𝑖 and 𝑀𝑖 are the specific heat capacity at constant 

pressure, the specific heat capacity at constant volume, mole fraction, and 

molecular mass for component 𝑖, respectively, 𝑇 is the absolute 

temperature and 𝑅 is the molar gas constant. 

Existing advanced gas models (AGA8-DC92, GERG-2008, and Peng-

Robinson PR-78) can describe the VOS in NG with even greater accuracy 

at arbitrary temperature and pressure conditions [73], compared to the 

ideal gas model. These models are based on corresponding equations of 

state and are commonly used to predict the properties of NG and gas 

mixtures with similar ranges of gas components (biogas, biomethane, 

syngas, etc.). In the current study, the GERG-2008 model (NIST 

REFPROP implementation) was used for VOS calculations (where stated) 

of gas mixtures based on the molar fractions of each constituent for the 

given temperature and pressure conditions [38]. 

However, these models do not consider the molecular relaxation effect 

of the polyatomic gases in NG. Thus, the VOS in NG predicted by these 

models corresponds to the VOS measured at low frequencies or at high 

pressure, in which the relaxation effects are not present [74]. Molecular 

relaxation effects in polyatomic gases such as biomethane cause the 

anomalous absorption of sound energy and related changes in the VOS that 

highly depend on the frequency of the sound wave as shown in Figure 5-3. 

Analytical predictions of relaxation frequencies and intermolecular 

coupling effects are currently limited to binary and ternary mixtures [61], 

[75]. Typically used in the gas industry, AGA10 equations only apply to so-

called low-frequency VOS and do not consider the relaxation effects of 

methane and other hydrocarbons in propanated biomethane [41], [74]. 
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Such effects on the VOS are usually negligible for low ultrasound 

frequencies (approximately two orders of magnitudes below the lowest 

molecular relaxation frequency of the gas mixture) or high pressure of the 

gas medium (typical for main gas pipeline conditions). In the case of high-

frequency ultrasound and low pressure, the VOS predicted using AGA10 

would not be applicable and should therefore be obtained experimentally. 

In the gas industry, VOS measurements are used for the diagnostics of 

ultrasonic flowmeters by comparing the measured and theoretically 

calculated values [76]. The VOS in NG can be measured using typical 

ultrasonic gas flowmeters or specialized equipment [77]–[79]. 

 

Figure 5-3: Typical frequency-dependent behavior of the VOS and sound attenuation 

in gas with one dominating relaxation phenomena. 

The speed of sound is VOS. Figure reprinted from [80]. 
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Sound attenuation parameter 

The attenuation of gases is characterized by the total attenuation 

coefficient as the sum of classical attenuation and non-classical absorption 

of acoustic energy waves. Classical acoustic attenuation occurs on a 

macroscopic level as a result of viscosity, TCD, and diffusion of gas 

components. The attenuation due to viscosity and TCD increase 

monotonically with the square of frequency and could be predicted by the 

existing model. The diffusion effect is typically negligible for gas mixtures 

such as natural and biogas [81]. Non-classical attenuation is a result of the 

thermal relaxation of molecular vibrational and rotational levels and is 

frequency and pressure-dependent [62]. For low frequencies of ultrasound 

or high pressure, the relaxational attenuation of polyatomic gases in 

biomethane is negligible and only classical attenuation could be 

considered. However, for ultrasound frequencies and pressure typically 

used in the distribution NG grid (e.g. residential gas flowmeters or local 

biogas injection point), this relaxation attenuation has a much stronger 

effect on the propagating ultrasonic wave (Figure 5-3). The prediction of 

sound attenuation for a polyatomic gas mixture is possible and several 

models have been proposed by other authors [81], [82]. These models were 

expanded and experimentally validated for the gas mixtures that contained 

a smaller number of components than are typically found in NG. Data on 

molecular relaxation of other higher hydrocarbons are considerably 

limited and not fully validated in experimental studies with multi-

component gas mixtures such as NG or propanated biomethane. Thus, 

direct measurement of the physical properties would be a viable approach 

to the proposed hypothesis validation. As reported by other authors, sound 

attenuation is a very promising parameter for gas characterization and can 

be potentially measured in combination with the VOS [80], [83], [84].  

In this study, the proposed SAP measured at a single frequency of 

ultrasound using a specific measurement setup was considered. This 

parameter is closely related to sound attenuation in gases as shown below 

and is much easier to measure in practical applications. A simple setup for 

the VOS and SAP measurement has been proposed. The setup resembles 

the design of ultrasonic gas flowmeters that us the TOF measurement 

technique. This approach provides flexibility and low-cost technical 

implementation. The measurement methodology proposed in the 

following subsections does not allow separation of the acoustic attenuation 

in the gas medium from other effects during the measurement. However, 

it allows the SAP of an arbitrary gas mixture to be measured. 
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The measurement setup comprises ultrasonic transducers placed in 

axial alignment opposite each other, as shown in Figure 5-4. One 

transducer acts as an emitter and the other as a receiver, allowing the 

implementation of a pitch-catch measurement technique. The emitter is 

excited by electronic circuits, emits an acoustic wave at initial amplitude 

A0, which is transferred to a gas medium through the matching layer of the 

transducer. When the sound beam propagates in the gas medium, it loses 

its energy because of the attenuation in the medium and the diffraction 

effects of the beam opening along with the traveled distance. Once the 

beam reaches the receiving transducer, only a small part of its energy is 

transferred to the receiver and recorded as an electrical signal at amplitude 

A1. The other part of the ultrasonic beam is reflected towards the emitting 

transducer. When the reflected sound beam reaches the emitting 

transducer, it is reflected once more towards the receiving transducer and 

recorded using electronics as a signal at amplitude A2. 

 

Figure 5-4: Ultrasonic wave propagation model. 

Legend: 1, 2, 3 are the pass-through, reflected, and double-reflected beams, respectively; L 

is separation distance between the transducers; D is the diameter of the transducers; A0, A1, 

and A2 are the amplitudes of the initial, pass-through, and double-reflected beams, 

respectively; Z1, Z2, and Z3 are the acoustic impedances of the piezoceramics, matching 

layer and gas medium, respectively. Figure reprinted from Paper E [72]. 

The ultrasonic wave that propagates through the gas medium 

attenuates along with the traveled distance. The amplitude of the 

ultrasonic wave at distance x from the source 𝐴𝑥 is calculated according to:  

𝐴𝑥 = 𝐴𝑥=0 ⋅ 𝑒−𝛼∙𝑥,   (5-2) 

where 𝐴𝑥=0 is the amplitude at the emitting transducer and 𝛼 is the total 

sound attenuation coefficient in the gas medium.  

Besides the attenuation in the gas medium, the diffraction resulting 

from the finite size of the transmitter should also be considered. A plane 
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piston model was considered, therefore the received amplitude at distance 

x could be corrected as follows [81]: 

𝐴𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑥) = 𝐴𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑(𝑥) ⋅ {𝑠𝑖𝑛 [
𝜋∙𝑓

𝑐
(√𝑥2 + 𝑅2 − 𝑥)]},  (5-3) 

where 𝑐 is the VOS, 𝐴𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑(𝑥) is recorder amplitude at distance 𝑥 from 

the transducer, 𝑅 is the radius of the transducer, 𝑓 is the frequency of the 

piezoelectric transducer. 

Besides the mentioned attenuation effects, the ultrasonic signal is also 

subject to boundary transmission losses at the transducer-gas interface 

because of acoustic impedance mismatch [85]. Thus, the following model 

of amplitude losses for the received signal could be considered: 

𝐴1 = 𝐴0 ⋅ 𝑇1 ⋅ 𝑇2 ⋅ 𝑒−𝛼𝐿 ⋅ {𝑠𝑖𝑛 [
𝜋∙𝑓

𝑐
(√𝐿2 + 𝑅2 − 𝐿)]},  (5-4) 

where 𝑇1 and 𝑇2 are the transmission coefficients at the boundary of the 

ultrasonic transducer and gas medium, 𝐴0 and 𝐴1 are the initial amplitude 

and the amplitude of the pass-through beam, respectively. 

The SAP for the pass-through beam is designated as SAP1 and could be 

calculated as the ratio between the initial and the measured amplitude as 

follows [86]: 

𝑆𝐴𝑃1 =
𝐴1

𝐴0
= 𝑇1 ⋅ 𝑇2 ⋅ 𝑒−𝛼∙𝐿 {𝑠𝑖𝑛 [

𝜋∙𝑓

𝑐
(√𝐿2 + 𝑅2 − 𝐿)]}(5-5) 

SAP1 is the ultrasonic signal attenuation for the specific measurement 

setup. The SAP1 depends on the transmission coefficient of the used 

ultrasonic transducers, the separation distance between the transducers, 

and the total acoustic attenuation and dispersion of the ultrasonic beam in 

the gas medium. The latter highly depends on the ultrasonic signal 

frequency and the VOS in the gas medium.  

Let us consider the double-reflected beam. Such a beam will also be 

affected by boundary transmission losses at the transducer-gas medium 

interface. Also, the beam travels three times further in the gas medium and 

is subject to an attenuation and diffraction effect for each of the three paths 

traveled. By assuming that the transducer front is uniformly insonified by 

the incoming ultrasound beam, all points of the reflector could be 

considered to be elementary sources with equal amplitude. Thus, each 

reflector could be regarded as a new plane piston oscillator [87]–[89]. This 

is a reasonable assumption, particularly regarding a high-frequency 

ultrasonic beam at a short propagation distance in gases in which the 

diffraction effects are negligible [81]. Besides the previously mentioned 

effect, a double-reflected beam is also subject to boundary reflection losses 



50  CHAPTER 5. METHODOLOGY 

 

at the transducer-gas medium interface each time the beam is reflected 

from the transducer surface. Thus, the following model of amplitude losses 

for the received double-reflected pulse could be considered: 

𝐴2 = 𝐴0 ⋅ 𝑇1 ⋅ 𝑇2 ⋅ 𝑅1 ⋅ 𝑅2 ⋅ (𝑒−𝛼𝐿)3 {𝑠𝑖𝑛 [
𝜋∙𝑓

𝑐
(√𝐿2 + 𝑅2 − 𝐿)]}

3

, (5-6) 

where 𝐴2 the amplitude of the double-reflected beam, 𝑅1 and 𝑅2 are the 

reflection coefficients at the boundary of the ultrasonic transducer and gas 

medium. 

The SAP for the double-reflected beam is designated as SAP2 and could 

be calculated as the ratio between the measured and initial amplitudes as 

follows: 

𝑆𝐴𝑃2 =
𝐴2

𝐴0
= 𝑇1 ⋅ 𝑇2 ⋅ 𝑅1 ⋅ 𝑅2 ⋅ (𝑒−𝛼𝐿)3 {𝑠𝑖𝑛 [

𝜋∙𝑓

𝑐
(√𝐿2 + 𝑅2 − 𝐿)]}

3

(5-7) 

If we consider the ultrasonic beam between after the first reflection, this 

would allow us to exclude the transmission coefficient from the equation 

and receive the proposed SAP as follows: 

𝑆𝐴𝑃 =
𝐴2

𝐴1
= 𝑅1 ∙ 𝑅2 ∙ 𝑒−2 𝛼∙𝐿 {𝑠𝑖𝑛 [

𝜋∙𝑓

𝑐
(√𝐿2 + 𝑅2 − 𝐿)]}

2

 (5-8) 

In ultrasonic measurements, the specific matching layers on the 

transducer surface are used to minimize the losses at the medium 

boundaries. One approach for maximizing the transmission coefficient is 

to use a matching layer with a thickness equal to one-quarter of the 

wavelength, which was used in the current study. The transmission and 

reflection coefficient could be expressed as follows for a quarter 

wavelength matching layer and applies to both directions of beam 

propagation [90]: 

{
𝑅 =

𝑍2
2−𝑍1⋅𝑍3

𝑍1⋅𝑍3+𝑍2
2

𝑇 = 1 + 𝑅 =
𝑍2

2

𝑍1⋅𝑍3+𝑍2
2

,   (5-9) 

where 𝑇 and 𝑅 are the transition and reflection coefficient, 𝑍1, 𝑍2, 𝑍3 are 

the acoustic impedances of piezoceramics, matching layer, and gas 

medium, respectively, and could be calculated as follows:  𝑍 = 𝜌 ∙ 𝑐, where 

𝜌 is the density. 

For the given ultrasonic measurement setup design, the utilized piezo 

ceramic and matching layers are not changing. Thus, the acoustic 

impedances of the measurement setup are also known. Consequently, the 
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only factors affecting the SAP1 and SAP change would be the density, VOS, 

and total acoustic attenuation of the gas medium and the transducers' 

separation. These parameters, except for the separation distance, are 

defined by the gas composition and thermodynamic state of the gas 

sample. If the measurement conditions (pressure and temperature) are 

kept constant, only the gas composition would affect the amplitude loss in 

the received ultrasonic signals (both pass-through and double-reflected) 

[91]. It should be noted that this approach does not allow for isolating the 

actual acoustic attenuation coefficient of the gas from other effects. 

Thermal conductivity 

The TCD of the gas mixture depends on the molar fraction of each 

component and can be described using an extended state model. The TCD 

of NG is highly sensitive to methane and nitrogen content [47]. In the 

current study, NITS REFPROP models have been used to calculate the TCD 

of gas mixtures based on the molar fractions of each mixture component 

for specific temperature and pressure conditions [38]. Several commercial 

sensors can measure the TCD of gas mixtures with high accuracy. In this 

study, AGM22 and XEN-TCG3880 TCD sensors were used [92], [93]. 

Carbon dioxide content 

NDIR sensors were used in the gas analysis to determine the gas 

concentration. NDIR sensors are suitable for the measurement of the 

content of carbon dioxide in NG. Typical components of the NDIR sensor 

are the source of infrared radiation, an irradiated measurement chamber, 

in which the gas can be analyzed, and reference gas with known infrared 

absorption, a specific wavelength filter, and an infrared detector. The gas 

sample enters the measurement chamber. The light from the infrared 

source irradiates the gas in the measurement chamber and then passes into 

the infrared detector through a narrow-band optical filter, which is tuned 

to a specific wavelength. Ideally, only the target gas absorbs the light from 

this specific wavelength and no other gas is present in the gas mixture. 

Absorption areas can also overlay, which could cause varying degrees of 

cross-sensitivity.  
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5.3 Development of the model for predicting the gas 
property 

The various physical properties of the gas mixture depend on its 

composition and thermodynamic state. Any changes in the gas 

composition have direct repercussions on the properties of the gas mixture. 

This effect could be captured by the measurement of these physical 

properties of the gas sample. The target gas quality parameters CV and WI 

are also determined by the gas composition for the given reference 

thermodynamic conditions. Thus, the physical properties are related to 

specific gas quality parameters and could be used to predict the latter. This 

is the same principle used in the correlative method for gas quality 

determination [1]. 

In this work, the target gas quality properties, the CV and WI were 

correlated to the various sets of measurable properties according to the 

hypotheses proposed in 0 and could be generalized as follows: 

𝐶𝑉(or 𝑊𝐼) = 𝑓𝑢𝑛𝑐(𝑥1. . . 𝑥𝑖),   (5-10) 

where 𝐶𝑉 is CV, 𝑊𝐼 is WI, 𝑥1. . . 𝑥𝑖 is the set of input parameters selected 

from the following range of studied properties: VOS, SAP, TCD, and XCO2, 

𝑓𝑢𝑛𝑐 is the regression model developed using machine learning 

algorithms. 

To develop the regression model, a sufficient amount of data is required 

on the dependent (target) and independent (predictor) variables. A larger 

amount of data usually allows the accuracy of the developed statistical 

model to be increased. The input variables for the regression models were 

the measurable physical properties and the output variables were the 

volumetric CV and WI of the gas mixture under specified conditions. 

Training with the MATLAB Regression Learner module was carried out 

utilizing five-fold cross-validation to ensure validity and prevent 

overfitting [65], [94]. Typically, several regression techniques available in 

the MATLAB Regression Learner module were tested and compared: 

linear multiparametric regression, artificial neural networks, multilayer 

perceptron, regression tree, support vector machine, and Gaussian process 

regression with various cores. The comparison and selection of the best 

regression technique were performed by comparing the performance 

indicator of the developed model: RMSE and maximum deviation from the 

true response. The final regression model was trained using the most 

appropriate regression technique for further prediction of target gas 

properties for arbitrary gas mixtures.
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In this work, the dependent (target) variables (CV, WI, or density) were 

calculated from the gas composition for specified conditions (typically the 

standard conditions of 0 °C and 101325 Pa) and volumetric basis following 

gas industry best practice using the specific software [19], [95]. The 

independent (predictor) variables were calculated according to either 

specified empirical models from gas compositions (if stated) or were 

obtained through experimental data sets for the tested gas samples 

representing the target gas application at the specified reference 

thermodynamic conditions. 

To use the developed model for an unknown gas mixture, the predictor 

variables of the gas sample should be measured, preferably in the same 

reference conditions in which the model was developed. If the 

measurement conditions are different, the sensor readings should be 

corrected. Some of the measurable physical properties could be corrected 

using known and available techniques, e.g., TCD and VOS. XCO2 

measurements in natural and biogas using NDIR technology and 

commercially available sensors are usually temperature and pressure 

compensated within specified ranges. SAP measurements would require 

appropriate pressure and temperature compensation techniques, which 

are not within the scope of the present work and should be further studied. 

Another crucial aspect of applying machine learning algorithms and 

advanced regression techniques is the fact that the performance of the 

model outside the applicable range is usually considerably worse. Thus, to 

develop a reliable prediction model, the entire range of the target 

application of the gas composition should be covered by the data set used 

for model development. This was achieved by collecting data for all 

possible variations of gas compositions within the studied gas ranges (by 

varying the content of each component in the gas mixture). 
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Chapter 6 

Ultrasonic properties of gas mixtures 

In this chapter, the developed instrument and procedures used for 

measuring the ultrasonic properties of the gas mixture are described. The 

experimentally obtained VOS and SAP for the gas mixtures representing 

NG and biomethane are presented. 

6.1 Measurement of the VOS and SAP 

The VOS in gases is often measured using the pitch-catch technique by 

recording the propagation time of the pass-through ultrasonic pulse that 

travels through the gas medium at a known distance. The biggest challenge 

for this technique is the proper triggering of the emitted and received 

pulses that enter and leave the gas medium. Proper triggering is 

problematic because of the delays in electronic circuitry and the sonic 

beam propagating in the matching layer of the emitting and receiving 

transducers. The effect of these delays could potentially be evaluated and 

corrected in laboratory conditions. However, in practical applications, this 

is not very feasible. Typically, for ultrasonic gas flow measurement, it is 

necessary to rely on the dry calibration (by measuring the distance between 

the transducers) or wet calibration (using reference gases), providing there 

are no further influences and sources of delay. This approach was also 

adopted in the current study. However, after initial testing of the 

measurement setup, a systematic error was discovered in the TOF 

measurement caused by the delays in the matching layer and amplification 

circuit (Figure 6-1). It was also noted that this error could vary for different 

gas mediums up to 250 ppm on the resulting VOS measurement. To 

overcome this problem, it was decided to use the three-pulse measurement 

technique [78], [96]. The timestamps of the emitted ultrasonic signal and 

the double-reflected signal were recorded by the receiving transducer, with 

a total traveling distance equal to L and 3L. The difference between the 

recorded timestamp is used for VOS calculations for traveling distance 2L. 
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This approach allowed us to exclude the inevitable delays in electronic 

circuitry and matching layers of the transducer. No further correction of 

diffraction was applied because of the negligible effect on the VOS 

measurement on the utilized setup: small diameter of the transducers, 

near-field operation, high frequency of the ultrasonic signal of 1MHz [41].  

 

Figure 6-1: Illustration of the 3L VOS measurement technique. 

Figure reprinted with adaptation from [78]. 

The VOS (and SAP) of the target gas was measured using the developed 

opTim instrument (MK1 and MK2, developed in cooperation with OPTEL). 

The developed opTim instrument comprises a measuring chamber with 

two opposing transducers (the transmitter and receiver) at an adjustable 

separation distance in the range of 15 to 25 mm (Figure 6-2). Specially 

designed transducer sets (by OPTEL) were optimized for operations in the 

NG under standard temperature and pressure conditions by utilizing the 

matching layers. The center frequency of the utilized transducers was 

around 1 MHz (988 kHz). The technical specifications of these transducers 

are shown in Table 6-1. Optim MK1 was used for the measurements 

reported in Section 6.2 and opTim MK2 (with improved measurement 

algorithms, sensitivity, and noise-to-signal ratio) for measurements 

reported in Section 6.3.
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Figure 6-2: The measurement instrument opTim. 

On the left opTim MK1; on the right opTim MK2 – the prototype of gas quality metering 

instrument. 

For 500 kHz measurements, a transducer set extracted from a 

commercially available residential gas flowmeter was used. The technical 

specifications of this transducer set were unknown, apart from the fact that 

the transducers were equipped with matching layers optimized for 

operation in NG and the measured center frequency of the transducer was 

around 500 kHz. 

Table 6-1: Technical specifications of the ultrasonic transducers. 

Parameter 

Transducers set used 
in version 1 (MK1) 

Transducers set used 
in version 2 (MK2) 

Piezocera
mics 

Matching 
layer 

Piezocera
mics 

Matching 
layer 

Material PIC255 
Glass-
reinforced 
resin 

PIC255 
Glass-
reinforced 
resin 

Thickness 2 mm 0.475 mm 2 mm 0.475 mm 

Diameter 8 mm 9 mm 10 mm 13 mm 

Density 7800 kg/m3 632 kg/m3 7800 kg/m3 403 kg/m3 

Velocity 
of sound 

4000 m/s 1900 m/s 4000 m/s 2101 m/s 

Impedance 
31.2×106 
kg/m2s 

1.20×106  
kg/m2s 

31.2×106 
kg/m2s 

0.85×106 
kg/m2s 
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The opTim instrument allows the detection and measurement of the 

peak amplitude of two received ultrasonic signals and measures the time 

interval between the desired triggering events. The gain levels of the 

received signal could be separately adjusted at two settings in the time-

dependent domain in the range of 0 to 80 dB and with 0.064 dB step. The 

output measurements are the gain levels required to receive the desired 

peak amplitude of the received signal A1 and A2 as shown in Figure 6-3. 

Gain 1 and Gain 2 are the amplifications used for the received ultrasonic 

signals: the pass-through at amplitude A1 and double-reflected at 

amplitude A2, respectively. 

OpTim unit operates without capturing the waveform. It only measures 

the peak amplitudes of the received signal and time measurement 

according to pre-programmed algorithms. Time measurement is triggered 

by excitation of the transducer (zero time) and the preset amplitude level 

of each received signal (any amplitude triggering level from zero-crossing 

up to the peak amplitude). The actual time triggering during 

measurements was accomplished using zero-crossing points to further 

improve the accuracy of the TOF measurement. The waveform presented 

in Figure 6-1 and Figure 6-3 was captured in parallel with the opTim 

measurements using the ultrasonic oscilloscope OPBOX for visualization 

and validation of the measurement algorithms. 

 

Figure 6-3: Illustration of the SAP measurement technique. 

Figure reprinted from Paper E [72]. 
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The output measurement is the amplification factor (gain level) 

required to receive the desired peak amplitude of the received pulses at a 

specific level and could be expressed as follows: 

𝐺𝐴𝐼𝑁1 =
𝐴1

𝐴0
⁄ ,    (6-1) 

𝐺𝐴𝐼𝑁2 =
𝐴2

𝐴0
⁄ ,    (6-2) 

𝐺𝐴𝐼𝑁2
𝐺𝐴𝐼𝑁1⁄ =

𝐴2
𝐴1

⁄  ,   (6-3) 

where 𝐴1 and 𝐴2 are measured amplitudes of the pass-through and double-

reflected signal, A0 is the initial amplitude of transducer excitation. 

The amplification factors (6-1) and (6-2) describe the ratio between the 

amplitude of received ultrasonic signals and would therefore correspond 

to the SAP1 and SAP described in the previous section. 

According to the calculations, the effect of diffraction is negligible for 

the studied measurement setup (the utilized ultrasound frequency, 

diameter, and separation distances) for the target gas medium (VOS 

ranging from 380 to 450 m/s under measurement conditions), which was 

expected [81]. This simplification applies to the current study and utilized 

frequency and separation distance ranges. However, further studies should 

be conducted to determine the required coefficients for the diffraction 

correction if the separation distance is considerably bigger.  

By representing equation (5-5) and (5-8) in a logarithmic scale and 

considering (5-9) and the simplification regarding the diffraction 

correction, the following relationship for SAP1 and SAP is obtained: 

𝑆𝐴𝑃1𝑑𝐵 ~ 20 ⋅ 𝐿 ⋅ 𝑙𝑜𝑔10((
(𝜌2∙ 𝑐2)2

(𝜌1∙ 𝑐1) ∙ (𝜌3∙ 𝑐3) + (𝜌2∙ 𝑐2)2)
2

⋅ 𝑒−𝛼)

𝑆𝐴𝑃𝑑𝐵 ~ 20 ⋅ 𝐿 ⋅ 𝑙𝑜𝑔10((
(𝜌2∙ 𝑐2)2− (𝜌1∙ 𝑐1) ∙ (𝜌3∙ 𝑐3)

(𝜌1∙ 𝑐1) ∙ (𝜌3∙ 𝑐3) + (𝜌2∙ 𝑐2)2)
2

⋅ 𝑒−2𝛼)

  (6-4) 

The initial amplitude of the transducer excitation and received 

amplitude of the pass-through impulse are kept constant. In this study, the 

excitation amplitude was 320 V, and the received amplitudes 𝐴1 and 𝐴2 

were 500 mV with a standard deviation of ≤5 mV for the complete 

measurement cycle. Thus, the gain levels indicated by opTim correspond 

to SAP1dB (Gain1dB) and SAPdB (Gain2dB-Gain1dB). 

The transducer separation distance 𝐿 may differ depending on the 

measurement setup. Thus, the corresponding readings should be corrected 

accordingly. The separation distance also affects the beam diffraction, and 

this effect might be substantial for longer distances. Thus, this should be 

further validated by experimental investigation. 
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As the measurement setup (piezoceramics and matching layer 

materials, diameter and frequency of the transducers, and separation 

between the transducers) is fixed, the only factors affecting SAP1 and SAP 

are acoustic impedance and the total acoustic attenuation of the gas 

medium. These parameters are defined by the gas composition and its 

thermodynamic state. If the measurement conditions (pressure and 

temperature remain constant, it is only the gas composition that affects the 

measured SAP1 and SAP. 

Figure 6-4 shows the visualization of the typical measurement of VOS, 

SAP1dB (Gain1), gas medium temperature, and pressure of various gas 

mixtures during the experimental investigation (the presented readings 

are unprocessed). The gas mixtures were prepared continuously using the 

gas mixing station and supplied to the measuring chamber with sensors 

and GC. A stable VOS and SAP readings showed that the gas composition 

change has been fully completed and that the reading corresponds to the 

new gas composition. As could be also observed, various gas compositions 

might have an equal or similar SAP (the same applies to the VOS, and also 

any physical other properties), which is expected from multi-component 

gas mixtures. It should be noted that if the measurable physical properties 

of various gas mixtures are similar or equal, this does not mean that the 

other properties of the gas mixtures should also be similar or equal. 

Ultrasonic measurements of gas are typically subject to noise and 

various fluctuations in gas medium uniformity. Thus, for the measurement 

result to be representative, proper averaging should be carried out, 

preferably based on multiple consecutive single measurements at a high 

repletion rate. The opTim instrument has no digital signal processor and 

only captures the peak amplitudes and time measurements triggered by 

the desired signal level. This allows achieving a high repetition rate of the 

consecutive single measurement (on average 50–100 separate 

measurements per second). The typical measurement procedure for one 

set of output values comprised 100 consecutive single measurements at a 

maximum repetition rate. A median value with a ±10% corridor was then 

used to obtain the final average measurement result for the TOF value and 

peak amplitudes. This measurement procedure was established 

experimentally and allowed a representative measurement result for the 

VOS and SAP/SAP1 to be achieved, as shown in Figure 6-4. Each 

measurement procedure also included a preparatory algorithm for 

adjustment of the gain levels for the received signal to keep the peak 

amplitudes at the desired level based on preliminary measurements. 
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(a) 

 
(b) 

Figure 6-4: Visualization of a typical measurement. 

Illustration of typical unprocessed sensor readings for various gas mixtures. (a) shows the 

velocity of sound (VOS) and sound attenuation parameter (Gain1); (b) shows the temperature 

and pressure of the gas sample. 
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6.2 The SAP1 of biomethane and propanated 
biomethane 

The measurement of SAP1dB was conducted for gas samples that represent 

the target gas: biomethane and propanated biomethane. The samples were 

prepared to cover the entire range of possible variations of gas components 

of target gas according to Table 6-2. This was achieved by enumerating the 

possible variations of the gas mixture composition in steps of 1% vol. 

change for each gas component and using methane as the balance gas. The 

resulting gas matrix comprised 176 unique gas compositions representing 

the target gases. 

Table 6-2: The ranges of the components of the studied gas matrix #1. 

Component 
Minimum value,  

% vol. 
Maximum value,  

% vol. 

Methane 84 100 

Nitrogen 0 3(2*) 

Carbon dioxide 0 3 

Propane 0 10 

* for measurements using a 500 kHz transducer 

 

The mixed gas was supplied to the measurement chamber of the opTim 

instrument, in which the SAP1dB was measured. The pressure of the gas 

sample was elevated to 110±0.5 kPa (abs) to avoid the effect of atmospheric 

pressure variation. The measurement chamber was placed in a thermally 

isolated and heated enclosure with a regulated heater to maintain a 

chamber temperature of 25 °C. The temperature of the gas sample was 

measured at the inlet, outlet, and inside the measuring chamber with 1/10 

DIN temperature probes. The recorded variations of the gas sample 

temperature were 25±0.75 °C. The experiments were performed at a 

constant flow rate of 500±10 mL/min. 

Figure 6-5 shows the recorded SAP1dB at 1 MHz for the studied gas 

matrix. Each data point was measured multiple times (more than 10 

separate measurements) over two cycles of gas sample mixing and interim 

purging with pure nitrogen. The steadiness of the VOS reading was an 

additional indicator of the stability of the prepared gas mixture, in addition 

to the chromatographic analysis. A maximum absolute error of 

repeatability of SAP1dB was ±0.2 dB.
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(a) 

 
(b) 

Figure 6-5: Measured SAP1dB of the studied gas matrix. 

(a) – for the entire studied gas matrix; (b) – an enlarged view of Area 1 (b). Figure reprinted 

from Paper D [86]. 
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The normalized SAP1dB for the two different ultrasound frequencies is 

shown in Figure 6-6. To simplify the comparison, normalization of the 

SAP1dB values was performed by dividing the measured SAP1dB value by the 

SAP1dB reading for pure methane for each ultrasound frequency. 

 

Figure 6-6: Normalized SAP1dB at two ultrasonic frequencies. 

Figure reprinted from Paper C [97]. 

As can be observed from both figures, the SAP1dB parameter shows 

favorable sensitivity to the propane content of the biomethane gas mixture 

within the studied ranges. The response has an evident frequency 

dependency due to the molecular relaxation effects of the utilized 

ultrasonic frequencies. This shows agreement with the results reported by 

other studies [80], [81]. The response of the SAP1 to the XCO2 considerably 

lower if compared to propane but is still evident, while no frequency 

dependency was observed for the studied range. The SAP1 showed no 

usable response to the nitrogen content in biomethane for the studied 

composition ranges and instrumentation utilized.
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6.3 The SAP and VOS of natural gas components 

The detailed measurement of the SAP, SAP1, and VOS at 1 MHz was 

conducted for the gas matrix representing the NG in order to understand 

the response of the parameters to gas composition. The gas matrix was 

prepared by enumerating the possible variations in the gas composition 

with a variable % vol. step for each gas component within ranges according 

to Table 6-3 using methane content as balance gas. The resulting gas 

matrix comprised of 580 unique gas samples. The % vol. step of the gas 

components varied between 0.05% vol. and 2% vol. to capture the non-

linear nature of the SAP1 and SAP.  

Table 6-3: The ranges of the components of the studied gas matrix #2. 

Component 
Minimum value,  

% vol. 
Maximum value, 

% vol. 
Methane 84 100 

Nitrogen 0 3 

Carbon Dioxide 0 5.01 

Ethane 0 10.25 

Propane 0 10.35 

Butane 0 2.65 

 

The gas sample was prepared using the gas mixing station. The mixed 

gas sample was fed to the analytical instrumentation: the measuring 

chambers with flow-through design and VARIAN CP 4900 Micro-GC at a 

constant flow rate of 500±15 mL/min. The gas pressure in the system was 

constantly measured and adjusted at 102±0.5 kPa Abs to avoid any effect 

of atmospheric pressure variation. Each gas sample was continuously 

measured for around 30 mins after gas mixing with interim purging with 

pure nitrogen and methane to ensure the repeatability of the measured 

data and the subsequent correction of the fluctuations in gas temperature.   

The measurement of ultrasonic properties was conducted using two 

technically identical instruments that were connected in series with the 

same gas flow in each chamber. The waveform of the received signal was 

also occasionally captured for validation of measured data. Both 

measurement chambers were placed in a temperature isolated enclosure 

to help avoid undesirable temperature fluctuations. The temperature of the 

gas sample was measured at the inlet, outlet, and inside each of the 
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measuring chambers (before and after the ultrasonic transducers) with 

custom calibrated 1/10 DIN temperature probes. The recorded variations 

in the gas sample temperature for the whole experimental investigation 

were (22.8±0.75) °C. All sensor readings for the VOS and SAP were linearly 

corrected to an average temperature of 22.8 °C during data post-processing 

using the reference measurements in methane. No substantive difference 

in the measured values of the VOS and SAP between the flow and no-flow 

condition was observed, due to the small flow rate used. 

Measured SAP1 and SAP 

Figures 6-7–6-16 show the measured SAP1dB and SAPdB for the test gas 

matrix. The mean and maximum absolute deviations for specific gas 

mixture were ±0.12 dB and ±0.24 dB for SAP1dB and ±0.16 dB and ±0.34 

dB for SAPdB for the multiple measurements of the same specific gas 

composition for all the measured data set. The measured values were 

approximated using the polynomial function or point-by-point 

approximation to visualize the behavior of the measured property. 

As can be observed, both SAP parameters show a definite nonlinear 

response to the ethane, propane, and butane content in methane within the 

studied ranges for binary gas mixtures. For the trinary and quaternary gas 

mixture, the nonlinear response was preserved but was less pronounced. 

The response of both SAP parameters to carbon dioxide content is 

considerably lower if compared to hydrocarbons but is still evident and 

could be measured if the instrument had sufficient sensitivity. The SAP 

showed no usable response to nitrogen content in biomethane for the 

studied composition ranges. The response of SAP to nitrogen and carbon 

dioxide remained relatively stable for any combination of the studied 

hydrocarbons. 

The obtained response for SAP1dB and SAPdB have a similar shape. Thus, 

it is reasonable to assume that the response shape represents the behavior 

of actual physical phenomena: the effect of gas composition on the total 

acoustic attenuation, VOS, and density. For example consider the equation 

(6-4), the first multiplicands 
(𝜌2∙ 𝑐2)2

(𝜌1∙ 𝑐1) ∙ (𝜌3∙ 𝑐3) + (𝜌2∙ 𝑐2)2 for SAP1dB and 

(
(𝜌2∙ 𝑐2)2− (𝜌1∙ 𝑐1) ∙ (𝜌3∙ 𝑐3)

(𝜌1∙ 𝑐1) ∙ (𝜌3∙ 𝑐3) + (𝜌2∙ 𝑐2)2)
2

 for SAPdB. The numerical estimation of these 

multiplicands for the entire studied gas matrix allows observing that the 

variation between the smallest and largest values will not exceed 1%. This 

means that the captured response of SAP1dB and SAPdB is mainly due to the 

effect of the total acoustic attenuation of the gas according to (6-4). 
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Figure 6-7: SAP1dB for ethane in methane. 

 

Figure 6-8: SAP1dB for propane in methane. 

Figure reprinted from Paper E [72]. 
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Figure 6-9: SAP1dB for butane in methane. 

Figure reprinted from Paper E [72]. 

 

Figure 6-10: SAP1dB for butane and propane in methane. 

Figure reprinted from Paper E [72]. 
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Figure 6-11: SAP1dB for carbon dioxide and nitrogen in methane. 

Figure reprinted from Paper E [72]. 

 

Figure 6-12: SAPdB for ethane in methane. 
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Figure 6-13: SAPdB for propane in methane. 

Figure reprinted from Paper E [72]. 

 

Figure 6-14: SAPdB for butane in methane. 

Figure reprinted from Paper E [72]. 
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Figure 6-15: SAPdB for propane and butane in methane. 

Figure reprinted from Paper E [72]. 

 

Figure 6-16: SAPdB for carbon dioxide and nitrogen. 

Figure reprinted from Paper E [72]. 
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Measured VOS 

The results of the VOS measurement showed a good response to the 

concentrations of the gas components (Figures 6-17– 6-19). The mean and 

maximum absolute deviations in VOS measurements were 0.04 m/s and 

0.07 m/s for the multiple measurements of the same specific gas 

composition for all the measured data set. The non-linear discrepancy with 

the theoretical values obtained from the GERG-2008 (calculated from the 

composition of the given temperature and pressure conditions) model was 

also observed. This was well expected for the polyatomic gas mixture with 

a predominantly methane content because of the molecular relaxation 

effects being substantial for the utilized ultrasound frequency.  

 

Figure 6-17: VOS for ethane in methane. 
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Figure 6-18: VOS for propane in methane. 

Figure reprinted from Paper E [72]. 

 

Figure 6-19: VOS for butane in methane. 

Figure reprinted from Paper E [72].
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Chapter 7 

Determining the quality of biomethane 

This chapter proposes several hypotheses for biomethane quality 

prediction. The main idea was to test the possibility of predicting the 

qualitative characteristics of biomethane using measurable physical 

properties. The physical properties were measured by either developed 

experimental setup, using commercially available sensors, or were 

calculated using modeling software. 

7.1 Predicting the CV and WI by measuring the VOS, 
SAP1, and XCO2 

In this section, an attempt was made to predict the CV and WI of 

biomethane and propanated biomethane using a set of measurable 

properties of the gas sample as follows: 

𝐶𝑉 𝑜𝑟 𝑊𝐼 = 𝑓𝑢𝑛𝑐(𝑐, 𝑆𝐴𝑃1𝑑𝐵 , 𝑥𝐶𝑂2) (7-1) 

where 𝑥𝐶𝑂2 is the XCO2 and 𝑓𝑢𝑛𝑐 is a developed regression model. 

The dependent variables (CV and WI) were calculated from the gas 

composition (determined by chromatographic analysis) for standard 

conditions (0 °C, 100 kPa) and the volumetric basis using GasCalc software 

[95]. The predictor variables were the experimentally obtained data of the 

measurable physical properties of the gas samples: XCO2, VOS, and SAP1 

under reference temperature and pressure conditions, (25±0.75) °C and 

(110±0.5) kPa. All properties were obtained for the gas matrix representing 

biomethane and propanated biomethane. The gas matrix was prepared by 

enumerating the possible variations in gas composition at a 1% vol. step for 

each gas component, as shown in Table 7-1, with methane as the balance 

gas. The resulting gas matrix comprised of 131 unique gas samples. Each 

gas sample was prepared and analyzed twice with interim purging using 

pure nitrogen to ensure the repeatability of the measured data. 
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The physical properties of propanated biomethane were measured 

using the developed experimental setup as described in Chapter 6. The 

mixed gas sample was supplied to the sensor array in which XCO2, VOS, and 

SAP1dB were measured. The measurement was carried out at a constant 

flow rate of 0.5 ln/min. The pressure of the gas sample in the measuring 

chamber was elevated and kept at a constant 110±0.5 kPa (abs). The XCO2 

was measured using an S-AGM Plus 1031 sensor (Sensor Europe). The 

SAP1dB was measured at two ultrasonic frequencies: 500 kHz and 1 MHz. 

Table 7-1: Specification of the studied gas matrix. 

Designation Minimum value Maximum value 
Methane 84% vol. 100% vol. 
Nitrogen 0% vol. 2% vol. 
Carbon Dioxide 0% vol. 3% vol. 
Propane 0% vol. 10% vol. 
Superior calorific value 37.7 MJ/m3 45.8 MJ/m3 
Wobbe Index 49.1 MJ/m3 56.8 MJ/m3 

 

A training data set was used for the development of the regression 

model according to the equation (7-1). Several regression techniques were 

tested using the MATLAB Regression Learner module [65]. The best 

performance (by the criteria of the lowest RMSE) was achieved using 

Gaussian process regression. The ability of the developed regression 

models to predict the CV is shown in Figure 7-1 and the relevant 

performance indicators are shown in Table 7-2. 

Table 7-2: Performance indicators of the developed regression models. 

Table reprinted from paper C [97]. 

       Absolute 
             Error 
 
Model 

Calorific value, MJ/m3 Wobbe Index, MJ/m3 

Max Mean Max Mean 

500 kHz 0.928 0.255 1.181 0.402 
1 MHz 0.246 0.048 0.346 0.088 

 

The results indicated that the SAP1dB of propanated biomethane can be 

a useful measurable property for predicting the CV and WI in combination 

with VOS and XCO2. The greatest advantage of SAP1dB is the possibility of 

measuring it in combination with the VOS using the same ultrasonic 

transducer set.
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(a) 

 
(b) 

Figure 7-1: Ability of the developed regression models to predict the superior calorific 

value. 

(a) – 500 kHz transducers; (b) – 1 MHz transducers. Figure reprinted from Paper C [97]. 
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7.2 Predicting the CV, WI, and density by measuring 
the VOS, SAP1, XCO2, and TCD 

Hypothesis formulation 

In this section, the following hypothesis was proposed: the CV and WI of 

biomethane and propanated biomethane can be predicted using sets of 

measurable properties of the gas sample as follows: 

𝐶𝑉 (𝑜𝑟 𝑊𝐼, 𝑅𝑜) = 𝑓𝑢𝑛𝑐(𝑐, 𝜆),    (7-2) 

𝐶𝑉 (𝑜𝑟 𝑊𝐼, 𝑅𝑜) = 𝑓𝑢𝑛𝑐(𝑐, 𝜆, 𝑆𝐴𝑃1𝑑𝐵),   (7-3) 

𝐶𝑉 (𝑜𝑟 𝑊𝐼, 𝑅𝑜) = 𝑓𝑢𝑛𝑐(𝑐, 𝜆, 𝑆𝐴𝑃1𝑑𝐵 , 𝑥𝐶𝑂2),  (7-4) 

where 𝑅𝑜 is density and 𝜆 is TCD. 

The application of advanced regression techniques for the development 

of the predicting model typically requires a considerable amount of 

training data. The gas matrix was prepared by considering all possible gas 

mixture compositions in steps of 0.25% vol. change for each gas 

component, based on the component ranges shown in Table 7-3 and 

methane as the balance gas. This resulted in 6253 gas samples with unique 

gas compositions that covered the target gas. The dependent variables (CV 

and WI) were calculated from the gas composition at 0 °C, 100 kPa for 

volumetric basis. The predictor variables were obtained using the specific 

models from the gas composition under reference temperature and 

pressure conditions (25 °C, 110 kPa): TCD and VOS were calculated using 

NIST REFPROP [38], and SAP1dB was calculated using the developed 

experimental model described in the next sub-section. The XCO2 was 

considered as a known value from the gas composition. 

Table 7-3: Specification of the studied gas matrix. 

Designation Minimum value Maximum value 
Methane 84% vol. 100% vol. 
Nitrogen 0% vol. 3% vol. 
Carbon Dioxide 0% vol. 3% vol. 
Propane 0% vol. 10% vol. 
Superior calorific value 37.7 MJ/m3 45.8 MJ/m3 
Wobbe Index 49.1 MJ/m3 56.8 MJ/m3 
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Experimental model for predicting the SAP1 

The model was developed using the measured SAP1dB (Figure 6-5). The 

predicting (input) variables were the molar fractions of the gas 

components of the gas mixture and the target (output) variable was the 

measured SAP1dB at 1 MHz. The model was trained using the MATLAB 

Regression Learner module. The developed model is based on Gaussian 

process regression (with a rational quadratic core). The model was tested 

on the entire measured data set and its ability to predict the SAP1dB is 

shown in Figure 7-2. A maximum deviation of ±0.21 dB between the 

predicted by the model value and the measured true value was noted. 

 

Figure 7-2: Ability of the developed regression model to predict the SAP1dB. 

Figure reprinted from Paper D [86]. 
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Development of the predicting model 

The input variables for the regression models were the three sets of 

measurable properties as shown in Table 7-4. The output variable was the 

CV, WI, or the density of the gas mixture under standard temperature and 

pressure conditions. The training was completed with the MATLAB 

Regression Learner module with cross-validation. several regression 

techniques were tested for the development of the predicting model: linear 

multiparametric regression, support vector machines (Gaussian, 

quadratic, and cubic), and Gaussian process regression (rational quadratic 

and squared exponential). The best performance was achieved by the 

Gaussian process regression models. The performance indicators (the 

absolute error) of the developed models in predicting the gas quality 

parameters using studied sets of input parameters are shown in Table 7-4. 

Table 7-4: Performance indicators of the developed regression models. 

Table reprinted from Paper D [86]. 

     Absolute 
           Error 
 
Set of 
parameters  

Calorific value, 
MJ/m3 

Wobbe Index, 
MJ/m3 

Density, 
×10-3 kg/m3 

Max Mean Max Mean Max Mean 

𝑐, 𝜆 0.402 0.146 0.561 0.217 3.8 0.4 

𝑐, 𝜆, 𝑆𝑃𝑃 0.401 0.061 0.622 0.093 3.0 0.2 

𝑐, 𝜆, 𝑆𝑃𝑃, 𝑥𝐶𝑂2 0.025 0.002 0.046 0.004 0.3 0.1 

Experimental validation of the developed model 

The feasibility of the proposed approach was tested using experimental 

validation. The developed regression model was used to predict the target 

variables (CV and WI) by the measured input variables: VOS, SAP1, TCD, 

and XCO2 of the gas sample. TCD was measured using an AGM 22 sensor 

(Sensor Europe). The XCO2 was measured using an S-AGM Plus 1031 sensor 

(Sensor Europe). Both sensors were calibrated to operate at 25 °C and 110 

kPa. The measurement was performed on gas matrix #1 comprising 176 gas 

samples, described in Chapter 6. Each gas sample was analyzed using a 

reference GC and the actual gas composition was obtained. For each gas 

sample, the superior CV, WI, and density at standard conditions were 

calculated using the developed regression models and according to ISO 

6976. 

The results of the measured VOS showed considerable discrepancy with 

the theoretical values obtained from the GERG-2008 model, which was 
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used to train the model. This is due to the relaxation effect in polyatomic 

gases that causes an anomalous absorption of the sound energy and 

associated changes in the VOS. In biomethane, only the VOS at low 

frequencies (up to 100–200 kHz) corresponds with the values predicted by 

GERG-2008. To avoid the final result being negatively affected by the data 

discrepancy in the VOS measurement, it was decided that the measured 

VOS values would be replaced by calculated theoretical values based on the 

gas composition. Another approach would be to train the model using the 

actual measured VOS at a specific ultrasonic frequency. 

Figure 7-3 shows the ability of the models to predict CV and WI. Table 

7-5 shows the relative error in predicting the CV, WI, and density using the 

developed models in relation to the accepted “true value” obtained using 

GC. The calculated relative error was below 0.5% with a mean absolute 

deviation of 0.12% for CV and 0.13% for WI. 

Table 7-5: Performance indicators of the tested regression model. 

Table reprinted from Paper D [86]. 

Error 
Superior 

calorific value 
Wobbe 
Index 

Density 

Max absolute 0.153 MJ/m3 0.214 MJ/m3 4.4×10-3 kg/m3 
Mean absolute 0.044 MJ/m3 0.067 MJ/m3 1.4×10-3 kg/m3 
Max relative 0.376% 0.422% 0.08% 
Mean relative 0.12% 0.13% 0.016% 
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(a) 

 
(b) 

Figure 7-3: Ability of the developed regression models to predict the gas quality 

properties. 

(a) – calorific value; (b) – Wobbe Index. Figure reprinted from Paper D [86].
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7.3 Predicting the CV and WI by measuring the VOS 
and SAP 

In this section, the target gas properties CV and WI were correlated to the 

proposed set of measurable ultrasonic properties as follows: 

𝐶𝑉(𝑊𝐼) = 𝑓𝑢𝑛𝑐(𝑐, 𝑆𝐴𝑃1𝑑𝐵 , 𝑆𝐴𝑃𝑑𝐵),  (7-5) 

The target variables (CV and WI) were calculated from the gas 

composition (determined by chromatographic analysis) for standard 

conditions (0 °C, 101.325 kPa) and volumetric basis following the gas 

industry best practice [19]. The predictor variables comprised the 

experimentally obtained data sets of the measurable physical properties of 

the gas samples: VOS, SAP1dB, and SAPdB measured at reference 

temperature and pressure conditions of (22.8± 0.75) °C and (102±0.5) kPa 

(abs). The input variables were measured according to the procedures 

described in Chapter 6 using opTim MK2. The properties were obtained 

for the gas matrix representing propanated biomethane according to Table 

7-6. The gas matrix was prepared by enumerating the possible variations 

in gas composition at the variable step in % vol. for each gas component of 

the gas mixture. The resulting gas matrix comprised of 455 unique gas 

samples. Each gas sample was analyzed twice with interim purging with 

pure nitrogen to ensure the repeatability of measured data. 

Table 7-6: Specification of the studied gas matrix. 

Designations Minimum value Maximum value 

Methane 84% vol. 100% vol. 

Nitrogen 0% vol. 3% vol. 

Carbon Dioxide 0% vol. 5.01% vol. 

Propane 0% vol. 10.35% vol. 

Butane 0% vol. 2.65% vol. 

Superior calorific value 36.65 MJ/m3 47.1 MJ/m3 

Wobbe Index 46.75 MJ/m3 57.45 MJ/m3 

 

The model training was completed with the MATLAB Regression 

Learner module. The input variables for the regression models were the 

measurable ultrasonic properties in three combinations (Table 7-7). The 

output variable was the volumetric CV and WI, calculated based on 

measured gas composition. Several regression techniques were tested to 

identify the technique that achieved the best performance in predicting the 
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target gas quality parameters. The representative comparable performance 

RMSE for CV prediction (the best obtained for Model 1 using three input 

parameters) of all tested regression techniques was as follows: linear 

multiparametric regression 1.3 MJ/m3, artificial neural network multilayer 

perceptron 0.3 MJ/m3, optimizable regression tree 0.05 MJ/m3, 

optimizable SVN 1.1 MJ/m3, optimizable Gaussian process regression 

4×10-3 MJ/m3. The best performance was achieved by the optimized 

Gaussian process regression models as shown in Figure 7-4. The 

performance indicators are shown in Table 7-7. 

Table 7-7: Performance indicators of the tested regression models. 

Table reprinted from Paper E [72]. 

 
 
Set of  
measurable properties 

Superior 
calorific value,  

% of reading 

Wobbe Index,  
% of reading 

Max Mean Max Mean 
Model1: VOS, SAP1dB, SAPdB 0.05 0.006 0.06 0.007 

Model2: VOS, SAP1dB 0.053 0.006 0.066 0.007 

Model23: VOS, SAPdB 0.28 0.042 0.32 0.051 

 
(a) 
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(b) 

 
(c) 

Figure 7-4: Ability of the developed regression models to predict the calorific value. 

(a) – input parameters: VOS, SAP1dB and SAPdB; (b) – nput parameters: VOS and SAP1dB; 

(c) – input parameters: VOS and SAPdB. Figure reprinted from Paper E [72]. 
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Chapter 8 

Conclusions and suggestions for future work 

8.1 Conclusions 

In recent decades, correlative methods and instruments have emerged in 

line with the trend of lowering the cost and miniaturization of gas quality 

measurement instruments. In this thesis, the available methods and 

technologies for gas quality determination by measurement of physical 

properties of the gas sample were studied. It has been noted that there are 

currently no proposed methods or developed instruments for the gas 

quality determination that utilize sound attenuation effects as an input 

parameter, apart from brief references by certain authors to the potential 

of developing such instruments. 

To answer RQ1, several ideas about gas quality estimation using 

physical properties were proposed and experimentally tested. The first 

approach was to evaluate the possibility of gas quality prediction of NG 

measuring two physical properties (VOS and XCO2), and the application of 

advanced regression techniques (ANN) as shown in Chapter 4. The 

approach was tested through modeling and also through the experimental 

investigation using NG typical for a local distribution gas grid. The usage 

of advanced regression techniques and a reduced applicability range 

(targeting gases typical for local gas distribution networks) allowed to 

determine the inferior CV with a good agreement to the reference 

measurement by GC. However, it was not possible to validate the approach 

outside the studied applicability range due to the limited range of NG 

composition obtained from the local gas grid.  

To further answer RQ1, an experimental investigation was performed 

into the possibility of using sound attenuation effects in combination with 

a VOS measurement as an input parameter for improvement of the 

accuracy of the gas quality prediction method. Two other measurable 

physical properties of the gas sample were also considered: XCO2 and TCD. 

To facilitate the collection of experimental data for the measurable 
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properties, a test rig for gas quality simulation was developed. Any desired 

gas composition that simulated real NG or a biomethane could be prepared 

for further analysis. Using the proposed measurable property SAP for gas 

quality prediction (in combination with other measurable properties) 

allowed an improvement in the accuracy and an extension of the 

applicability of the proposed approach to gas quality determination. 

Several sets of physical properties measured using standard sensors were 

evaluated regarding the quality prediction of propanated biomethane as 

presented in Chapter 7. It was shown that adding an SAP parameter, which 

is measured as ultrasonic signal dampening in combination with the VOS, 

allowed an improvement to the accuracy of the energy content estimation 

of propanated biomethane. 

To answer RQ2, the ultrasonic properties (SAP and VOS) of NG alike 

mixtures were studied. This thesis focused on an amplitude measurement 

setup comprising a single pair of transducers operating at a specific 

frequency and registering the pass-through and double-reflected pulses. 

Such a setup is typically available in ultrasonic flowmeters that use the TOF 

technique. The benefit of such an approach is the simultaneous 

measurement of the VOS and SAP using the same sensor setup, thereby 

providing valuable additional information about the gas sample. The SAP 

was measured for the simulated gas mixtures representing the target NG 

and propanated biomethane under reference temperature and pressure 

conditions. In a comparative study, the SAP was measured at two 

ultrasonic frequencies of 500 kHz and 1 MHz, which allowed the frequency 

dependency and nonlinear character of SAP to be observed. Further study 

of SAP parameter showed a distinct response to the presence of the main 

NG components (ethane, propane, and butane) in methane, as shown in 

Chapter 6. This experimentally obtained response was shown for the first 

time for the hydrocarbon mixtures representing NG within studied 

composition ranges. This data could be used as a reference for planning a 

similar experimental investigation to understand the behavior of 

ultrasonic signal attenuation in NG mixtures at 1 MHz and 500 kHz.  

Finally, to answer RQ3, the concept of biomethane quality estimation 

using ultrasonic measurement was explored. The ultrasonic properties of 

the gas sample measured at a single frequency of 1 MHz allowed the 

qualitative properties of biomethane and propanated biomethane to be 

predicted with a good agreement with the reference data obtained by GC 

(maximum deviation within 0.05%). Due to the approach utilized for



8.2. SUGGESTIONS FOR FUTURE WORK  89 

 

developing the regression model (the gas matrix representing the target 

gas was studied), the achieved accuracy could be regarded as the most 

optimal accuracy for the given set of measurable input properties. 

This concept offers opportunities to develop new instruments capable 

of simultaneous gas flow and gas quality metering. The major benefits of 

the proposed approach are real-time measurement and the lower cost of 

technical implementation. The proposed measurement approach and 

methodology might be implemented using typical ultrasonic flowmeters 

during gas flow measurement. The usage of standard instruments and 

sensors for measurement of the required physical properties would allow 

in situ implementation of the method by extending the functionality of 

existing equipment. 

8.2 Suggestions for future work 

Some important aspects of the applicability of the proposed approach were 

not addressed in this thesis work, namely, temperature and pressure 

dependency of the SAP. The temperature effect was not observed in the 

studied limited temperature range of +20…+28 °C for several of the tested 

gas mixtures. However, the pressure effect was observed during the 

experimental studies. The increase in pressure decreased the measured 

SAP value. This is expected due to the increased density of the medium and 

could be linearly corrected within a small range of variation up to ±5kPa. 

The influence of pressure and temperature on the SAP is crucial for the 

applicability of the proposed method and should be further studied on a 

wider range of gas compositions and pressures. 

Another important aspect to study is the response of the SAP and VOS 

to the presence of other components in the gas mixture, for example, 

higher hydrocarbons (C5+), oxygen, hydrogen, etc. Only hydrocarbons up 

to butane were studied in this thesis because they are the major 

components of NG mixtures and are in a gaseous state at room 

temperature, which simplifies the process of experimental investigation. 

However, the presence of even small amounts of other higher 

hydrocarbons could significantly affect the quality parameters of the gas 

mixture. Thus, it is important to study the response of the SAP and VOS to 

other components of NG. 
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