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1 INTRODUCTION 

 

In fiscal and allocation metering of natural gas, where financial settlement is based on mass or energy, the 

accurate assessment of gas quality parameters such as density and calorific value is critical [1]. The 

standard industry practice involves using an online gas chromatograph (GC) to measure the gas 

composition, from which quality parameters are calculated using equations of state, such as AGA Report 

No. 8 [2], and measured pressure and temperature. While this GC-based method is well-established, it is 

associated with significant costs and technical challenges, particularly in remote, unmanned, or subsea 

metering stations where GCs may be impractical or not cost-effective [3]. 

 

An alternative approach is to use correlative methods, which infer gas quality parameters from measured 

physical properties [3][4][5][6][7]. These methods are not intended to replace the GC, but rather to provide 

a robust, cost-effective solution for stations where a GC is not viable, for quality checks or for backup 

systems. The velocity of sound (VOS), which is readily measured by multipath ultrasonic transit time flow 

meters (USMs), is a particularly valuable physical property, containing significant information about the gas 

[5]. Research since the 1990s has explored the relationship between VOS and gas properties like density 

and calorific value [8][9][6][3][5], leading to VOS-based algorithms that can be implemented on existing 

USM metering stations with only a software upgrade, requiring no additional hardware [3][5].  

 

Current state-of-the-art single-VOS methods typically take measured VOS, pressure, and temperature as 

live inputs, combined with a predefined "typical" gas composition that is updated periodically, for instance, 

through annual sampling [4]. The most established approach, as demonstrated by Mosland et al. [4], uses 

an iterative procedure that exploits the relationship between gas molar mass and VOS. Starting from a 

typical composition, the method adjusts the ratio between methane (C1) and higher-order hydrocarbons 

while keeping inert gas fractions (N2, CO2) fixed and maintaining constant relative ratios among C2+ 

components. This iterative process continues until the calculated VOS matches the measured value, yielding 

estimates of density and calorific value. 

 

However, this conventional single-VOS approach faces fundamental limitations at the high pressures (often 

above 100 bar) and low temperatures typical of upstream industrial and subsea applications [8]. Under 

these conditions, the relationship between VOS and gas properties becomes ambiguous or non-unique, 

creating what is known as "the uniqueness problem”. Even very low uncertainties in VOS measurements 

can generate large uncertainties in estimated quality parameters, making single-VOS algorithms ill-posed 

and insufficiently robust for practical applications with varying gas compositions [4]. Furthermore, existing 

single-VOS methods provide limited guidance on the measurement uncertainties required to achieve target 

accuracy levels for specific field conditions and gas compositions, making it challenging to specify 

appropriate instrumentation requirements and predict achievable performance a priori. Additionally, the 

rigid assumptions about composition ratios may not adequately represent the actual variability in industrial 

gas streams. To overcome this uniqueness problem, several studies have explored adding a second, 

independent physical property measurement. One strategy involves complementing the VOS measurement 

with ultrasonic attenuation [10], as the attenuation parameter provides additional information on the gas 

composition, particularly for heavier hydrocarbons and inert gases. Other correlative instruments have 

combined VOS with measurements of thermal conductivity or even developed sensor arrays that measure 

multiple physical properties like thermal conductivity, heat capacity, and viscosity simultaneously [6]. An 

alternative strategy, which is the focus of this paper, is to use VOS measurements at two different pressure 

levels, exploiting the pressure dependencies of VOS in hydrocarbons and inert components. Although some 

earlier works have used VOS measurements at different pressure levels combined with additional 

measurements for energy determination at relatively low pressure [7][6], using dual-pressure VOS 

measurements to resolve the uniqueness problem in density and calorific value estimation has not been 

systematically investigated across a wide range of different conditions and natural gas compositions. 



 

This paper addresses the limitations of current state-of-the-art single-VOS methods through two 

complementary methodological improvements. First, we introduce a Monte Carlo-based algorithm that 

provides more flexible and robust composition modelling compared to existing iterative approaches, 

improving the flexibility and interpretability of VOS-based methods even at single pressure conditions. 

Additionally, our Monte Carlo framework enables systematic evaluation of the relationship between 

measurement uncertainties and achievable accuracy for specific field conditions and gas compositions, 

providing practical guidance for instrumentation specification that existing methods cannot readily provide. 

Second, we present a dual-pressure VOS method that fundamentally resolves the uniqueness problem by 

constraining the solution space through measurements at two distinct pressure levels. The Monte Carlo 

algorithm exploits how VOS responds differently to pressure changes depending on gas composition, 

systematically eliminating the ambiguities inherent in conventional single-VOS methods. Through 

systematic evaluation across industrially realistic natural gas compositions and operating conditions, we 

demonstrate quantified improvements in both algorithmic robustness (Monte Carlo vs. iterative methods) 

and measurement strategy (dual-pressure vs. single-pressure approaches).  The method's performance is 

demonstrated through analysis of field measurement scenarios, showing its potential applicability for 

upstream and subsea applications where conventional methods become ill-posed. Note that while single-

pressure VOS methods offer the advantage of software-only implementation on existing USM installations, 

the dual-pressure approach requires velocity of sound measurements at two substantially different pressure 

levels within the same gas stream, which necessitates practical considerations for system design and 

implementation that are discussed in the Results and Discussion section. 

 

This paper is organized as follows: Section 2 presents the methodology, including the enhanced single-VOS 

Monte Carlo approach (2.1), the extension of the method to a dual-pressure VOS approach (2.2), 

composition constraints and prior composition knowledge implementation (2.3), measurement uncertainty 

considerations (2.4), and algorithm implementation details (2.5). Section 3 defines the case studies, 

including systematic investigation across operating conditions (3.1) and field case study definitions (3.2). 

Section 4 presents results and discussion, first demonstrating the method using a practical example (4.1), 

then providing systematic performance across compositions and conditions (4.2). Further, Section 4.3 

shows a field data application, while practical implementation considerations and overall discussion are 

included in Section 4.4 and 4.5, respectively. Concluding remarks are included in Section 5.  

 

2  METHODOLOGY 

 

2.1  Enhanced Single-VOS Approach with Monte 

Carlo Method 

 

Our enhanced single-VOS method (see Fig. 1 for flow 

diagram and Monte Carlo filtering illustrations) addresses 

some limitations of existing approaches through Monte 

Carlo sampling. Unlike the iterative method of Mosland et 

al. [4] that adjusts composition ratios deterministically, 

this Monte Carlo based approach generates thousands of 

potential gas compositions within realistic constraints 

that are filtered to match measurements, providing a 

more comprehensive exploration of the solution space.  

 

The algorithm generates natural gas compositions by 

sampling each component independently within North 

Sea production ranges; hydrocarbons from C1 through 

C6+ and inert components N₂ and CO₂, all with a uniform 

distribution pattern. Prior composition knowledge, when 

available, is applied to constrain the generated 

compositions within expected operational ranges for the 

specific field conditions. For each generated composition, 

theoretical VOS and density is calculated at relevant 

pressure and temperature conditions using the GERG 

2008 equation of state [2] and mass based gross calorific 

value (GCV) at 25 °C reference combustion temperature 

is calculated according to the industrial standard ISO 

6976 [13]. Compositions whose calculated VOS values 

match the measured value within specified bounds 

defined by the measurement uncertainty (e.g., ±500 

ppm) are retained as valid solutions. Analysis of the 

Fig. 1 – Flow diagram and Monte Carlo filtering 

illustrations for the Single-VOS approach. Step 

1: Measured VOS, pressure, temperature inputs 

and composition generation within North Sea 

constraints. Steps 3-4: Filtering compositions 

using GERG 2008 calculated VOS values within 

uncertainty bounds (typically ±500 ppm). Step 

5: Density and GCV are estimated from valid 

solution distribution. Scatter plots to the right 

show composition filtering progression. 



filtered composition set provides density and GCV estimates with associated uncertainty ranges. It should 

be noted that in addition to the density and mass based gross calorific value discussed here, the same 

method can be applied for estimation of other essential gas quality parameters such as gas compressibility 

and volume based gross calorific value. However, using the estimates of density and mass based gross 

calorific value, it is possible to obtain the mass flow rate and the energy flow rate from the volumetric flow 

rate measured by a USM. 

 

This approach offers several advantages over conventional iterative methods: (1) more flexible 

representation of composition variability, (2) estimate of uncertainty quantification through solution 

distribution, (3) elimination of rigid assumptions about component ratios, and (4) systematic evaluation of 

measurement uncertainty, enabling practical guidance for VOS, pressure, and temperature instrumentation 

specification.  

 

However, even this enhanced single-VOS approach cannot resolve the fundamental uniqueness problem at 

high pressures and low temperatures, where multiple distinct gas compositions can produce identical VOS 

values, leading to unacceptably large uncertainty ranges in density and GCV estimates. 

 

2.2  Dual-Pressure VOS Approach with Monte Carlo Method 

 

The dual-pressure VOS approach (see 

Fig. 2 for flow diagram and Monte Carlo 

filtering illustrations) exploits the fact 

that different gas compositions exhibit 

different VOS-pressure relationships, in 

line with earlier works [7][6]. When VOS 

is measured at two substantially different 

pressure levels, the combination of 

measurements often provides sufficient 

constraint to uniquely determine gas 

density and calorific value within realistic 

uncertainty bounds. The method requires 

measurement of VOS, pressure, and 

temperature at two distinct operating 

conditions within the same gas stream. 

 

The dual-pressure method extends the 

Monte Carlo framework described above 

by requiring simultaneous matching of 

VOS measurements at both pressure 

levels. The algorithm generates the same 

range of potential natural gas 

compositions as in the single-VOS 

approach, but now calculates theoretical 

VOS values at both operating conditions. 

Monte Carlo filtering identifies those 

compositions whose calculated VOS values 

match the measured values at both 

pressure and temperature conditions 

within specified uncertainty bounds. This 

is illustrated in the density-VOS plots in 

Fig. 2, step 4, where the compositions 

matching the high-pressure VOS (VOS1) 

are shown in red in the left panel and the 

compositions matching the low-pressure VOS (VOS2) are shown in blue in the right panel. In the final step, 

the compositions matching both high- and low-pressure VOS are identified (green color in Fig. 2, step 5, 

right panel). The same compositions can also be show in a density-VOS plot, as illustrated in the left panel 

of step 5 in Fig. 2. Thus, this analysis of the filtered composition set provides density and GCV estimates 

with associated uncertainty ranges.  

 

This dual-constraint approach can substantially reduce the solution space compared to single-VOS methods 

for challenging cases. While single-VOS analysis might yield valid compositions spanning wide ranges of 

density and GCV values for high pressure-low temperature cases, the dual-pressure constraint often 

improves estimate precision significantly. The effectiveness of the dual-pressure approach depends critically 

on the pressure differential between measurement points, though this relationship is complex rather than 

Fig. 2 – Flow diagram and Monte Carlo filtering illustrations for 

the Dual-Pressure VOS approach. Steps 1-2: Dual VOS 

measurements at two pressure/temperature conditions and 

composition generation within North Sea constraints. Steps 3-

4: Sequential filtering requiring compositions to satisfy both 

VOS constraints simultaneously within uncertainty bounds. 

Step 5: Density and GCV are estimated from a reduced valid 

solution set. Scatter plots to the right show dual-constraint 

intersection, reducing range of filtered values substantially. 



simply monotonic. While adequate pressure differences are necessary for discrimination capability, certain 

pressure differences can compromise the method's effectiveness by creating conditions where the dual-

pressure constraint becomes poorly conditioned.  

 

2.3  Composition Constraints and Composition Knowledge 

 

The Monte Carlo applies realistic constraints on gas composition to generate representative solution sets. 

In our systematic investigations across gas compositions and operating conditions we employ a broad range 

for each component to reflect the typical compositions found in North Sea gas (see Table 1, column “Typical 

North Sea gas”). The composition constraints are derived based on a combination of North Sea gas 

composition data published in open literature  [3][4][11] and discussions with industry experts [12]. The 

composition ranges are kept wide to ensure that the complete range of possible gas compositions is spanned 

in the analyses. Note that for inert gas components N2 and CO2 a more limited range than the full North 

Sea gas range, ±0.4 mol%, is used in the analysis. 

 

The algorithm also gives the possibility to apply a "typical composition knowledge" to represent the 

uncertainty range applied when prior composition information is available. In practise, the typical 

composition knowledge varies significantly from case to case. In some cases, it is known that the 

composition is close to constant as a function of time, while in other cases there can be substantial variations 

for specific components. One approach to determine a relevant value for “typical composition knowledge” 

is to consider how much gas compositions from different North Sea gas fields vary throughout a longer 

period. We have analysed actual North Sea field data spanning 11 different production facilities, sampled 

weekly or bi-weekly throughout a year and analysed at an accredited laboratory, and examined the span 

for each component in this period. Table 1 (column “Range for typical composition knowledge”) shows a 

typical span observed across all facilities per component. This reflects realistic operational knowledge for 

cases where field operators have composition measurements yearly or less often. Note that this may be too 

optimistic in some scenarios, but comparing the full range for a typical North Sea gas with this restricted 

range will nevertheless give insight into how prior composition knowledge influences the estimated density 

and calorific values. 

 

Table 1 – Composition range for typical North Sea gas and range  

restrictions used for typical composition knowledge. 

 

Component Typical North Sea 

gas 

Range for typical 

composition knowledge 

C1 70 - 100 % ±2 mol% 

C2 0 – 20 %  ±1 mol% 

C3 0 – 10 % ±1 mol% 

iC4 0 – 1 % ±0.15 mol% 

nC4 0 – 2 % ±0.25 mol% 

iC5 0 – 0.5 % ±0.15 mol% 

nC5 0 – 0.5 % ±0.2 mol% 

C6+ 0 – 1 % ±0.3 mol% 

N2 0 – 5% ±0.4 mol% 

CO2 0 – 7% ±0.4 mol% 

 

 

2.4  Measurement Uncertainty Considerations 

 

The current analyses employ measurement variation ranges representative of achievable USM installation 

performance, with VOS measurement precision representing the most critical parameter. The analyses 

explore two VOS scenarios: (1) ±0.25% (±2500 ppm) reflecting a VOS uncertainty around 1 m/s typically 

achievable in current USM installations [4] and (2) ±500 ppm, representing potential achievable 

performance with optimized USM installations and a possible future accredited VOS measurement setup. 

This comparison enables systematic mapping of the relationship between instrumentation requirements and 

achievable output accuracy for gas quality parameters, providing assessment of the performance benefits 

achievable through improved VOS measurement precision. For pressure and temperature measurements, 

the analysis applies variations of either ±0.2%1 and ±0.2°C, respectively, reflecting achievable performance 

levels for high-quality industrial instrumentation typically deployed in upstream natural gas applications, or  

 
1 Note that most industrial pressure transmitters specify uncertainty as % of full scale (absolute) rather than % of reading. For relatively small pressure 

ranges, this difference has limited impact on the analysis. 



±0.1% and ±0.1°C, respectively, representing potential achievable performance. These values account for 

both sensor accuracy and installation effects under field operating conditions.  

 

It should be noted that the current work does not conduct formal uncertainty analysis according to ISO 

GUM principles [14], but rather examines how specified measurement variation ranges propagate through 

the algorithm to produce corresponding ranges in estimated density and GCV values. This approach provides 

practical guidance on achievable estimation precision under different measurement scenarios. However, the 

Monte Carlo methodology is readily extensible to rigorous ISO GUM uncertainty analysis by incorporating 

proper probability distributions for measurement uncertainties, correlation matrices between measurement 

parameters, and systematic error components, enabling formal uncertainty quantification. Further, the 

current analysis focuses on measurement uncertainty propagation and does not formally quantify model 

uncertainties associated with the GERG 2008 equation of state [2] and ISO 6976 standard [13]. For typical 

North Sea natural gas compositions within the validated operating ranges, GERG 2008 uncertainties for 

density and velocity of sound are generally small (on the order of 0.1% for density and 0.5 m/s for VOS) 

relative to the measurement uncertainties considered here. However, additional model uncertainty arises 

from the lumping of heavier hydrocarbons (C6 through C10+) into a single C6+ pseudo-component, as the 

actual molecular composition of this fraction affects both density and calorific value calculations. While the 

calculations presented here use C6+ lumping, the methodology can also apply individually characterized 

heavier components (C7, C8, C9, C10), which reduces this source of model uncertainty.  

 

2.5  Algorithm Implementation Details 

 

The Monte Carlo algorithm was implemented using the GERG 2008 equation of state for thermodynamic 

property calculations and ISO 6976 for calorific value calculations. Each Monte Carlo simulation generates 

100.000 candidate gas compositions through uniform random sampling within the specified composition 

ranges. The number of samples was selected to ensure robust representation of the solution space while 

maintaining reasonable computational time. Higher accuracy can be achieved with increased number of 

samples. For each candidate composition, the algorithm calculates VOS, density, and GCV at the specified 

pressure and temperature conditions, then filters compositions based on VOS matching criteria and 

composition constraints. Measurement uncertainties for pressure and temperature are incorporated through 

uniform random sampling within the specified uncertainty ranges when calculating properties via GERG 

2008. This approach represents the measurement variation propagation through the algorithm. Similarly, 

VOS measurement uncertainty is implemented as a uniform tolerance band (e.g., ±500 ppm or ±2500 

ppm) for the composition filtering step. GERG 2008 calculations utilize the NIST GERG 2008 implementation 

in C++ [15]. For computational efficiency, heavier hydrocarbons (C6 through C10+) are lumped into a 

single C6+ pseudo-component represented as normal hexane (nC6) in the GERG 2008 calculations. As 

discussed in Section 2.4, the methodology can readily accommodate individual characterization of heavier 

components (C7, C8, C9, C10). 

 

Computational performance on standard 2018 computing hardware (Intel i7-8700 CPU@3.20HGz) on a 

single core without parallel processing averaged approximately 15 seconds per scenario for 100.000 

compositions, making the method suitable for both offline analysis and potential near-real-time applications. 

The computational time scales approximately linearly with the number of generated compositions and the 

number of pressure conditions evaluated (single vs. dual pressure). 

 

3  CASE STUDY DEFINITIONS 

 

This chapter defines the two complementary approaches used to evaluate the dual-pressure VOS method. 

The first approach employs systematic investigation across the full range of North Sea operating conditions 

to establish fundamental performance characteristics. The second approach applies the method to two 

specific field case studies using actual gas composition and operating data to demonstrate practical 

applicability. 

 

3.1  Systematic Investigation Across Operating Conditions  

 

The systematic investigation spans the complete North Sea gas composition range as defined in section 2.3, 

covering typical upstream pressure and temperature conditions from 20 - 250 bar and 0 - 60°C. The 

investigation examines the method's ability to narrow the range of possible density and GCV values, and 

how this depends on gas composition as well as the pressure and temperature difference between 

measurement points. 

 

Monte Carlo analysis across these operating conditions identifies regimes where single-VOS approaches 

become non-unique, i.e. determining where a measured VOS value with typical measurement uncertainty 

bounds corresponds to a large range of possible density and/or GCV values. The investigation demonstrates 



how dual-pressure measurements constrain the solution space compared to single-pressure approaches, 

examining the distribution of possible density and GCV values for given VOS measurements under different 

scenarios. 

 

The systematic investigation establishes the relationship between measurement precision requirements and 

achievable accuracy levels for density and GCV estimation across a wide range of operating conditions, 

providing guidance on implementation decisions across varying field conditions and gas compositions. 

 

3.2  Field Case Studies 

 

The method is evaluated for two different fields, Field A and Field B (see Table 2). Field A represents gas 

injection conditions at 244 bar and 36°C combined with export conditions at 171 bar and 27°C, while Field 

B utilizes export conditions at 184 bar and 42°C paired with fuel gas conditions at 35 bar and 51°C. These 

fields are selected to provide realistic time series data of composition and pressure-temperature variations 

for method evaluation under actual operational conditions where the “uniqueness problem" is present, and 

not necessarily as candidates where the dual-pressure VOS method would be an alternative to existing gas 

chromatography systems. As the Field A pressure levels are very high, an additional case where Field A 

composition data is paired with lower pressure (150 bar nominal high pressure with 50 bar nominal pressure 

difference) is also included. 

 

The evaluation employs calculated VOS values determined from the measured gas compositions using the 

GERG 2008 equation of state [2], rather than direct USM measurements. This approach enables controlled 

investigation of algorithm performance by applying known measurement variation ranges (±500 ppm and 

±2500 ppm) to the calculated VOS values, providing systematic assessment of method sensitivity to 

measurement precision under realistic field conditions. 

 

Table 2 – Typical composition and pressure/temperature conditions for Field A and Field B. An additional 

case, denoted Field A-150, where Field A composition data is paired with lower pressure (150 bar nominal 

pressure with 50 bar nominal pressure difference) is also included. 

 

Component Field A Field B Field A-150 

C1 [mol%] 80.11 78.53 80.11 

C2 [mol%] 8.64 9.63 8.64 

C3 [mol%] 5.55 5.12 5.55 

iC4 [mol%] 0.73 0.81 0.73 

nC4 [mol%] 1.66 1.54 1.66 

iC5 [mol%] 0.31 0.32 0.31 

nC5 [mol%] 0.33 0.28 0.33 

C6+ [mol%] 0.29 0.19 0.29 

N2 [mol%] 0.73 0.63 0.73 

CO2 [mol%] 1.65 2.95 1.65 

P, highP [bara] 244 184 150 

T, highP [°C] 36 42 10 

P, lowP [bara] 171 35 100 

T, lowP [°C] 27 51 10 

 

 

4  RESULTS AND DISCUSSION 

 

The results are presented in three main parts. First, Section 4.1 demonstrates how the method works in 

practice using the Field A-150 case with controlled scenarios to illustrate how single-pressure and dual-

pressure approaches compare under varying measurement precision and composition knowledge conditions. 

Section 4.2 then presents systematic performance analysis across the full range of North Sea operating 

conditions to establish general performance characteristics. Finally, Section 4.3 applies the method to time-

series field data from the two case studies defined in Section 3.2 (Field A and Field B) to demonstrate 

practical applicability under realistic operational conditions. Practical implementation considerations and 

overall discussion are provided in Sections 4.4 and 4.5, respectively. 

 

4.1  Method Demonstration 

 

To demonstrate the method and algorithm, the Field A-150 case is considered, with composition and 

pressure-temperature conditions as given in Table 2. The method is applied to several scenarios to evaluate 

algorithm performance under different operational assumptions and VOS measurement precision levels. 



These scenarios vary in terms of VOS measurement precision (±500 ppm or ±2500 ppm) and whether prior 

composition knowledge from field operations is available or not. 

 

To visually illustrate the method's operation, Fig. 3 shows the Monte Carlo filtering process for both the 

single-pressure and dual-pressure VOS methods for one representative scenario, the ±500 ppm VOS 

scenario without composition knowledge except some knowledge for inert components (±0.4 mol%). The 

scatter plots show the high-pressure density (upper panels, a and b) and GCV (lower panels, c and d) versus 

VOS for all compositions that satisfy the constraints from 100.000 potential gas compositions. For the single-

pressure case (left panels), the wide vertical spread of points for measured VOS range, corresponding to a 

range of ±20.4% for the density and ±2.8% for the GCV, illustrates the uniqueness problem. Many different 

density/GCV values are consistent with the VOS measurement range. The dual-pressure case (right panels) 

shows the intersection of constraints from both pressure levels. For the density (upper panel), this leads to 

a substantial narrowing of the range of valid solutions to ±1.4%. The narrowing of the range for the GCV is 

less substantial, corresponding to ±2.3%. 

 

  
        (a) Density highP, single pressure method               (b) Density highP, dual pressure method           

 

  
             (c) GCV, single pressure method                            (d) GCV, dual pressure method 

 
 

 

Fig. 3 – High-pressure density and GCV estimation comparison for Field A-150 using ±500 ppm VOS 

variation without prior composition knowledge. Scatter plots show Monte Carlo filtered compositions 

demonstrating how single- or dual-pressure measurements constrain the solution space. Panels show (a) 

density, single-pressure method; (b) density, dual-pressure method; (c) GCV, single-pressure method; (d) 

GCV, dual-pressure method. 

 

 

To demonstrate how the performance varies across different conditions, we evaluate both the single-

pressure and dual-pressure VOS methods for two VOS measurement variation levels (±2500 ppm and ±500 

ppm) and two composition knowledge scenarios (see Table 3). The "no composition knowledge" case 

assumes only the broad North Sea composition ranges defined in the first column of Table 1 are available, 

with inert gas components N2 and CO2 constrained to ±0.4 mol% absolute variation from baseline values 

given in Table 2. The "composition knowledge" case applies the tighter constraints from the second column 

in Table 1, representing situations where field operators have recent composition information and expect 

limited compositional variation.  

 



For the single-VOS case without composition knowledge using ±2500 ppm VOS variation, the algorithm 

identified compositions satisfying the VOS constraint, yielding density estimates with ranges of ±23.4%, 

demonstrating the fundamental ill-conditioning problem at high-pressure conditions. Reducing the VOS 

variation five-fold to ±500 ppm, the case illustrated in Fig. 3 (a), provides minimal improvement, with 

density ranges remaining at ±20.4%. Corresponding GCV ranges show a substantially narrower range, 

spanning ±3.1% and ±2.8% respectively.  

 

The availability of prior composition knowledge improves single-VOS performance, reducing density ranges 

from ±23.4% to ±14.4% for ±2500 ppm VOS variation, and from ±20.4% to ±13.0% for ±500 ppm 

variation. This demonstrates the critical importance of composition constraints in single-VOS applications, 

though the remaining uncertainty levels exceed practical requirements for most industrial applications. 

 

Table 3 – Density and GCV estimation ranges for Field A-150 across systematic 

VOS measurement precision scenarios comparing single-pressure and dual- 

pressure VOS methods with and without prior composition knowledge. 

 

  Single pressure Dual pressure 

VOS 

range 

[ppm] 

Composition 

knowledge 

[Yes/No] 

Density 

Range 

[%] 

GCV 

range 

[%] 

Density 

Range 

[%] 

GCV 

range 

[%] 

±2500 No 23.4 3.1 3.2 2.7 

±2500 Yes 14.4 2.6 2.0 2.6 

±500 No 20.4 2.8 1.4 2.3 

±500 Yes 13.0 1.9 0.8 0.9 

 

 

From the four last rows in Table 3 it is evident that dual-pressure measurements fundamentally resolve the 

uniqueness problem across these investigated scenarios. Without composition knowledge, dual-pressure 

VOS constrains density ranges to ±3.2% for ±2500 ppm VOS variation and ±1.4% for ±500 ppm variation, 

representing substantial improvements compared to single-VOS approaches. Here the latter is the case 

illustrated in Fig. 3 (b). Prior composition knowledge provides additional benefit for dual-pressure density 

estimates, leading to further improvements to ±0.8% for density range estimation and ±0.9% for GCV 

range estimation. Note, however, that the achievable performance is highly dependent on a range of factors, 

as will be presented and discussed in the following. 

 

4.2  Systematic Investigation Across Operating Conditions 

 

The Field A-150 demonstration in Section 4.1 illustrated the dual-pressure VOS method's performance for 

one specific case with challenging operating conditions. To establish the broader applicability and 

performance characteristics of both single-pressure and dual-pressure approaches, this section presents 

systematic investigations across the full range of North Sea gas compositions and operating conditions. 

Section 4.2.1 maps the single-pressure method's performance across the pressure-temperature operating 

envelope (20-250 bar, 0-60°C), identifying regions where the uniqueness problem makes single-pressure 

approaches impractical. Section 4.2.2 examines representative cases from well-conditioned to severely ill-

conditioned operating points to illustrate how varying conditions influence precision. Section 4.2.3 

demonstrates how composition knowledge and dual-pressure measurements may be used to improve 

precision.  

 

4.2.1 Performance mapping of single-pressure limitations 

 

To establish where the single-pressure approach shows poor performance across the broader range of North 

Sea gas compositions and operating conditions, we made systematic Monte Carlo analyses spanning 

pressures from 20-250 bar, temperatures from 0-60°C, considering the complete North Sea composition 

range defined in Table 1. 

 

Fig. 4 presents the results of this systematic analysis using the single-pressure approach, showing the 

maximum density range (left panel) and GCV range (right panel) across the North Sea composition range 

as a function of temperature and pressure conditions. A VOS filtering range of ±500 ppm, a pressure filtering 

range of ±0.2%, and a temperature filtering range of ±0.2°C is applied. For each pressure-temperature 

combination, the composition producing the worst-case (largest) uncertainty range was selected to map 

the operational envelope where the single-pressure method becomes problematic. No composition 

knowledge was assumed. 

 



Several interesting patterns emerge from the analysis of the density estimates in Fig. 4 (a). High uncertainty 

regions (shown in red/orange) correspond to conditions where single-pressure measurements struggle to 

accurately determine gas properties, while low uncertainty regions (shown in blue/green) represent 

conditions where the conventional approach performs adequately. At low pressures (< 50 bar), the single-

pressure method performs well, with density estimates found to be within ±2% across the temperature 

range. However, precision in density estimation decreases dramatically at higher pressures, particularly in 

combination with lower temperatures. The density uncertainty exhibits a complex pressure-temperature 

dependence with a characteristic uniqueness problem region. This uniqueness problem region is seen as a 

peak in uncertainty that shifts systematically with temperature—occurring around 120 bar at 0°C and 

moving to approximately 200 bar at 40°C. In these peak regions, density ranges can exceed ±40%, 

rendering single-pressure methods without composition knowledge impractical. At pressures beyond the 

peak, uncertainty decreases as the VOS response to composition changes becomes more distinctive again, 

though performance never fully recovers to low-pressure levels. 

 

The gross calorific value uncertainty (Fig. 4 4b) shows substantially less variation with pressure and 

temperature, with maximum ranges between 2% and 4% up to 100 bar, and with some cases up to 5% at 

higher pressure and low temperature. This occurs because the uncertainty in GCV is primarily determined 

by the uncertainty in inert gas composition, with less sensitivity to pressure and temperature changes. The 

main focus in the remainder of this section is on density estimation, as this is where the largest challenges 

have been identified. However, as can be seen from section 4.1, a combination of composition knowledge 

and dual-pressure measurements also gives substantial improvement in precision for gross calorific value 

estimates. 

 

  
     (a) Maximum range for estimated density                   (b) Maximum range for estimated GCV           
 

Fig. 4 – Performance of single-pressure Monte Carlo approach as a function of temperature and pressure 

for (a) density and (b) gross calorific value at 25°C. For each pressure/temperature combination, the 

composition where the algorithm has worst performance is selected. The performance is represented by the 

filtered range of the estimated variable (density or GCV), given a ±500 ppm VOS filter, a ±0.2% pressure 

uncertainty and a ±0.2°C temperature uncertainty. In the left panel, the four pressure/temperature 

combinations shown in Fig. 5 (a) to (d) are marked with circles and labelling A to D, respectively. 

 

 

 

4.2.2 Illustrative examples across operating conditions 

 

Fig. 5 presents four representative cases from the systematic investigation, demonstrating how the 

uniqueness problem manifests differently across operating conditions. The cases are marked as points A-D 

in Fig. 4(a) and correspond to: (a) 50 bar, 15°C—a well-conditioned case where single-pressure VOS 

effectively constrains density; (b) 150 bar, 15°C—a highly challenging case near the uniqueness problem 

peak; (c) 250 bar, 15°C—a high-pressure case beyond the peak where performance partially recovers; and 

(d) 150 bar, 60°C—a high-temperature case showing improved performance due to temperature effects on 

the VOS-composition relationship. 

 

These examples illustrate that the single-pressure method's viability depends critically on the specific 

operating conditions. For certain pressure-temperature combinations, particularly those falling near the 

uniqueness problem peak, single-pressure approaches become impractical regardless of measurement 

precision as long as no previous composition knowledge is assumed.  



 
                            (a) 50 bara, 15 °C                                           (b) 150 bara, 15 °C                               

 

 
 

                           (c) 250 bara, 15 °C                                           (d) 150 bara, 60 °C                               

 

Fig. 5 – Performance of single-pressure Monte Carlo approach as a function of temperature and pressure 

for selected cases from Fig. 4. For each pressure/temperature combination, the composition where the 

algorithm has worst performance is selected in the pressure-VOS plot, given a ±500 ppm VOS filter, a 

±0.2% pressure uncertainty and a ±0.2°C temperature uncertainty. No composition knowledge is assumed. 

 

 

4.2.3 Dual-pressure resolution of the uniqueness problem 

 

Fig. 6 examines the worst-case scenario from Fig. 5 (panel b: 150 bar, 15°C) to demonstrate how 

composition knowledge and dual-pressure measurements improve the precision in density estimates. Panel 

(a) shows the single-pressure case without composition knowledge, exhibiting poor precision in density 

estimation for a large fraction of all North Sea gas compositions. Prior composition knowledge (panel b) 

provides substantial improvements in some cases, but there is still a large fraction of compositions which 

exhibit relatively large uncertainty ranges of ±5-10%, typically for densities between 180 and 220 kg/m3. 

 

Panels (c) and (d) demonstrate dual-pressure performance using two different pressure differentials: 50 

bar (150-100 bar) and 10 bar (150-140 bar) pressure differences, both without prior composition 

knowledge. The 50 bar differential (panel c) dramatically resolves the uniqueness problem, constraining 

density estimates to within ±1.8% (shown more clearly in panel e with expanded color scale). However, 

the 10 bar differential (panel d) proves insufficient, maintaining relatively large uncertainty ranges of ±5-

8% (panel d and f). This demonstrates that adequate pressure difference is critical—the two VOS 

measurements must provide sufficiently distinct thermodynamic constraints to effectively intersect the 

solution space.  

 

The relationship between pressure difference and method effectiveness is complex rather than simply 

monotonic. While adequate pressure separation is necessary, certain pressure differences may create poorly 

conditioned dual-pressure constraints depending on how the VOS-pressure relationship varies for different 

gas compositions at those specific conditions. The temperature difference may also influence the 

performance. Optimal pressure differential selection thus requires consideration of the expected operating 

conditions. However, pressure differences of 20-30 bar or more typically provide robust performance across 

large ranges of North Sea gas compositions. 



 

 
  (a) Single-Pressure, “no composition knowledge”     (b) Single-pressure, “with composition knowledge”  

 

 
(c) 150 bara & 100 bara, “no composition knowledge”  (d) 150 bara & 140 bara, “no composition knowledge”        

 
 

     (e) As (c), but color scale up to 1.8%                         (f) As (d), but color scale up to 8%          

 

Fig. 6 – Density estimation performance for the worst-case scenario from Fig. 5 (b) (150 bara, 15°C) 

comparing different measurement strategies. All cases use ±500 ppm VOS uncertainty, ±0.2% pressure 

uncertainty, and ±0.2°C temperature uncertainty. Panels show: (a) single-pressure at 150 bar without 

composition knowledge; (b) single-pressure at 150 bar with composition knowledge (±ranges from Table 

1); (c) dual-pressure (150 bar and 100 bar) without composition knowledge; (d) dual-pressure (150 bar 

and 140 bar) without composition knowledge; (e) same as (c) with expanded color scale to 1.8%; (f) same 

as (d) with expanded color scale to 8%. Scatter plots show all Monte Carlo filtered compositions with density 

ranges indicated by color. 

 



 

 

 

4.3  Field Data Application 

 

To demonstrate practical applicability under realistic operational conditions, we applied both the single-

pressure and dual-pressure VOS methods to time-series data from Field A and Field B, spanning several 

weeks of operation for both cases.  

 

For each data point, densities at high and low pressure and gross calorific value are estimated based on 

VOS measured by the USM along with temperature and pressure measurements at both high and low 

pressure conditions. This is compared to the target densities and gross calorific value calculated using the 

GERG 2008 equation of state and ISO 6976 based on the gas composition measured by a gas chromatograph 

(GC) 

 

The following approach is applied: 

 

1. Gas composition along with corresponding temperature and pressure measurements are used to 

calculate the target densities and gross calorific value. 

2. The GERG 2008 equation of state and ISO 6976 is used to calculate VOS (for Monte Carlo filtering), 

density and gross calorific value for the full North Sea gas range, except some composition 

knowledge for inert components (±0.4 mol%). 

3. The composition where the measured VOS values are arithmetically closest to the calculated VOS 

values is chosen. 

4. The difference to the target densities and gross calorific value is calculated. 

 

This approach isolates algorithm performance from USM measurement uncertainties, enabling direct 

assessment of the method's ability to estimate gas properties from VOS information under varying 

compositional and operational conditions. 

 

4.3.1  Field A Results 

 

Field A represents particularly challenging operating conditions with high-pressure injection at around 244 

bar and 36°C, with relatively large changes in pressure (20 bar), temperature (3°C) and composition (up 

to 2 mol% for C1) within the time series. Fig. 7 shows a large performance difference between single-

pressure and dual-pressure approaches. The single-pressure approach gives density estimation errors 

ranging from approximately 10% to 25%, with large variability over the evaluation period. The algorithm 

generally selects compositions with substantially different densities than the actual gas. 

 

The dual-pressure method (right panels, Fig. 7) dramatically improves performance. Density errors are 

constrained to approximately ±0-3% throughout the period, with most estimates within ±2%. GCV errors 

similarly improve, remaining predominantly within ±1%, demonstrating that the dual-pressure approach 

effectively resolves compositional ambiguities. Note, however, that there are relatively large differences in 

VOS measured by the USM and VOS calculated from the GERG 2008 equation of state at a given point in 

time, and thus the performance for this particular case is actually better than would be expected. The 

combination of multiple constraints given by measured VOS at two pressure levels along with the constraints 

given by North Sea gas compositions does, however, improve the outcome.  

 

4.3.2  Field B Results 

 

Field B operates at around 184 bar and 42°C for export with fuel gas around 35 bar and 51°C, providing a 

large 149 bar pressure difference. Also for Field B there are relatively large changes in operating conditions 

throughout the period; up to 6°C temperature changes, 8 bar pressure changes, and up to 0.5mol% changes 

in CO2 content. Fig. 8 shows results for this configuration. 

 

The single-pressure method (left panels, Fig. 8) shows highly variable density errors ranging from 

approximately 5% to 20%. GCV errors range approximately ±1.5-2%. The dual-pressure method (right 

panels, Fig. 8) again provides substantial improvement, constraining density errors to approximately ±0.5-

1.5% throughout the evaluation period. GCV errors remain mostly within ±0.5-1%. 

 

 

 



 
              (a) Single and dual pressure results                            (b) Dual pressure results only 

 

Fig. 7 – Field A time-series results showing density and GCV estimation performance in March-April 2025. 

(a) Results for single-pressure (single-P) method using high-pressure conditions (244 bar, 36°C) and for 

dual-pressure method (dual-P) using both high-pressure (244 bar, 36°C) and low-pressure (171 bar, 27°C) 

conditions. (b) Dual-pressure method results only in expanded view. Target values are calculated from GC-

measured compositions using GERG 2008 and ISO 6976. VOS values are measured using USM meters. No 

prior composition knowledge is assumed (full North Sea ranges from Table 1 applied, with some knowledge 

for inert components, ±0.4 mol%). 

 

  

 
              (a) Single and dual pressure results                            (b) Dual pressure results only 

 

Fig. 8 – Field B time-series results showing density and GCV estimation performance in February-March 

2025. (a) Results for single-pressure method using high-pressure conditions (highP: 244 bar, 36°C) and for 

dual-pressure method using both high-pressure and low-pressure (lowP: 171 bar, 27°C) conditions. (b) 

Dual-pressure method results only in expanded view. Target values are calculated from GC-measured 

compositions using GERG 2008 and ISO 6976. VOS values are measured using USM meters. No prior 

composition knowledge is assumed (full North Sea ranges from Table 1 applied, with some knowledge for 

inert components, ±0.4 mol%). 

 

 

4.4  Practical implementation 

 

While the dual-pressure VOS method demonstrates substantial performance improvements over single-

pressure approaches, practical implementation requires careful consideration of measurement system 

design and operational constraints. Unlike single-pressure methods that can be implemented through 

software upgrades to existing USM installations, the dual-pressure approach fundamentally requires VOS 

measurements at two distinct pressure and temperature conditions within the same gas stream. 

 

Several implementation strategies are feasible depending on facility configuration. One option is existing 

multi-point measurements (e.g., export metering at high pressure and fuel gas metering at lower pressure, 



or injection and export conditions). When such configurations exist with the same gas stream, dual-pressure 

VOS data may already be available, requiring only software implementation of the algorithm presented 

here. Field B represents this scenario, with export gas at 184 bar and fuel gas at 35 bar providing natural 

dual-pressure measurement points. Another option would be dedicated dual-pressure metering stations: 

For critical applications such as custody transfer metering in subsea environments where gas 

chromatography is impractical, purpose-designed installations could incorporate two USM metering sections 

at different pressure levels. This approach incurs additional capital costs for pressure reduction equipment, 

additional instrumentation, and potentially larger footprints, which must be weighed against the avoided 

costs of gas chromatography systems and associated maintenance. 

 

4.5  Overall Discussion 

 

This work demonstrates that dual-pressure VOS measurements combined with Monte Carlo composition 

sampling successfully address the uniqueness problem that limits single-pressure correlative methods in 

high-pressure natural gas applications.  

 

The key contributions and findings are  

 

(1) Algorithmic improvements: The Monte Carlo framework provides more flexible composition 

modelling than existing iterative approaches, eliminating rigid assumptions about component ratios 

while enabling systematic uncertainty quantification. Section 4.1 demonstrated that this approach 

provides transparent representation of the solution space, showing how measurement precision 

requirements relate to achievable accuracy for specific field conditions – this is information that 

existing iterative methods cannot readily provide. The framework's ability to incorporate prior 

composition knowledge in a flexible manner allows adaptation to varying levels of operational 

information availability.  

 

(2) Resolution of the uniqueness problem: For challenging high-pressure conditions where single-VOS 

methods produce density estimate ranges exceeding ±20-30%, dual-pressure measurements 

constrain estimates to ±1-5%, bringing performance into practical accuracy ranges. Field data 

validation confirms this improvement persists under realistic operational variations in composition 

and operating conditions.  

 

(3) Practical guidance framework: The systematic investigations across operating conditions provide 

guidance for predicting achievable performance a priori, addressing a significant gap in existing 

correlative methods.  

 

There are, however, several limitations and areas for future work. These include (1) Model uncertainties: 

The current analysis focuses on measurement uncertainty propagation and does not comprehensively 

quantify model uncertainties from GERG 2008, ISO 6976, and particularly C6+ lumping. For heavier natural 

gas streams with significant C6+ fractions, extending the methodology to explicitly characterize C7-C10 

components would reduce model uncertainty and improve overall accuracy. (2) Inert gas sensitivity: The 

strong sensitivity to inert gas (N₂, CO₂) composition variations, particularly evident in the systematic 

investigations, represents a fundamental challenge for VOS-based methods. Periodic sampling to constrain 

inert gas fractions, or complementary measurement approaches specifically targeting these components, 

may be necessary for optimal performance.  

 

Despite these limitations, the dual-pressure VOS method with Monte Carlo algorithm represents a 

substantial advance in correlative gas quality measurement capability. For applications where gas 

chromatography is impractical or uneconomical—particularly in subsea, remote, or unmanned facilities—

this approach may provide a viable path to achieving acceptable accuracy for custody transfer metering, 

allocation, or process control purposes. The methodology's applicability in uncertainty quantification and 

guidance for instrumentation specification address critical practical needs that existing methods do not 

adequately serve. 

 

While the main measurement uncertainty focus has been on VOS measurement uncertainty, pressure and 

temperature measurement precision significantly influences overall performance. The ±0.2% pressure and 

±0.2°C temperature uncertainties used in the systematic investigation represent achievable high-quality 

instrumentation. Degradation to ±0.3% and ±0.3°C produces substantial performance reduction, while 

improvement to ±0.1% and ±0.1°C would provide substantial gains. This highlights that achieving optimal 

accuracy requires high precision across all three measurement parameters (VOS, pressure, and 

temperature). 

 

 



5  CONCLUSIONS 

 

This work presents two complementary methodological contributions for VOS-based natural gas quality 

assessment. First, a Monte Carlo-based algorithm provides more flexible composition modelling than 

existing iterative approaches, enabling systematic evaluation of how measurement uncertainties propagate 

to density and calorific value estimates. This framework offers improved transparency for single-pressure 

applications and enables practical guidance for instrumentation specification. 

 

Second, a dual-pressure VOS method is developed to address the uniqueness problem that limits single-

pressure approaches at high-pressure low-temperature conditions. Systematic investigation across North 

Sea operating conditions identifies where single-pressure methods become ill-conditioned and demonstrates 

that dual-pressure measurements can substantially reduce estimation uncertainty in these challenging 

regimes. Application to field data from two North Sea facilities demonstrates improved performance 

compared to single-pressure approaches under realistic operational variations. 

 

The dual-pressure VOS method may provide an alternative measurement strategy for applications where 

gas chromatography installation is challenging, such as subsea or remote facilities. Further validation under 

diverse field conditions would strengthen assessment of the method's practical applicability. 

 

 

6 NOTATION 

 

C1  Methane (CH4) 

C2  Ethane (C2H6) 

C3  Propane (C3H8) 

C4  Butane (C4H10) 

iC4  Iso-Butane 

nC4  n-Butane 

C5  Pentane (C5H12) 

nC5  n-Pentane 

iC5  Iso-Pentane 

C6+  Hexane and heavier hydrocarbons 

nC6  Normal-hexane 

CO2  Carbon dioxide 

N2  Nitrogen 

 

 

GC  Gas chromatograph 

GCV  Gross calorific value at 25 °C [MJ/kg] 

GERG 2008 Equation of state for natural gas 

AGA-8           American Gas Association Rep. No. 8 

ISO                 International Org. for Standardization 

NIST             Nat. Inst. of Standards and Tech. 

ppm  Parts per million [-] 

USM  Ultrasonic transit time flow meter 

VOS  Velocity of sound [m/s] 

ρ                  Density [kg/m3] 

P                  Pressure [bar(a)] 

T                  Temperature [°C] 

mol%           Mole percent [mol/100 mol] 
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