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1 Introduction 

This position paper describes how the most common gas engines are influenced by the quality of 

the gaseous fuel provided. This topic is becoming increasingly important as highly fluctuating 

renewable energy resources call for quick reacting and reliable back-up power often provided by 

gas engines.  While the main focus is on marine gas engines it is also applicable to land based 

applications. 

Furthermore, and in response to growing marine Liquefied Natural Gas (LNG) as fuel applications, 

the need to provide further industry guidance and specifications has arisen. In particular the need 

to provide an international standard specifying the fuel quality requirements for marine LNG was 

recognised by the International Organization for Standardization (ISO) and resulted in the 

publication in October 2020 of ISO 23306:2020, Specification of liquefied natural gas as a fuel for 

marine applications [1]. 

CIMAC members participated in the development of the ISO 23306:2020 standard and support 

application of the standard, albeit the standard does not contain defined limits for Methane Number 

(MN) or particles/debris.  

This position paper has been updated by Working Group (WG) 17 in order to provide the latest 

information regarding gas and LNG quality. 

For additional information regarding gas engine performance, information on the following topics 

can be found in other WG 17 position papers: 

■ Information concerning the application of gas engines in the marine industry (December 2013) 

■ Transient response behaviour of gas engines (April 2011) 

■ The influence of ambient conditions on the performance of gas engines (March 2009) 

■ Information about the influence of ammonia in the fuel gas on NOx emissions (December 

2008/updated April 2023) 

In Section 2 of this paper theoretical information about the effect of gas quality on engine 

performance is given. Section 3 provides information regarding engine knock and knocking 

characteristics of gaseous fuels. Section 4 gives an overview of current Methane Number 

calculation methods and their limitations. Section 5 provides information on debris and particles. 

Section 6 provides additional information on LNG as fuel. Section 7 provides information regarding 

current and historic pipeline gas composition, as well as some discussion of future Wobbe Index 

and knocking characteristics based on proposed changes to gas pipeline supply sources. Section 

8 concludes with the CIMAC position on gas composition, Methane Number calculation programs, 

and required gas standards as regards the use of gas in reciprocating engines. 

2 Impact of Gas Quality Variation 

2.1 General 

Variations in gaseous fuel composition present a number of challenges for engine operation. The 

change of the composition of hydrocarbons and inert gases like carbon dioxide and nitrogen from 

biogas admixture influences the ignitability and the combustion behaviour of the gas mixture. When 

variable quality fuels are provided, the engine controller must adapt operating parameters to 
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prevent poor combustion, misfire or engine knocking. Changing combustion parameters influences 

the exhaust emissions, the cylinder peak pressure and the knock margin. High frequency 

fluctuations have an impact on the engine load controller and, if present, on the exhaust gas 

aftertreatment system control and can result in unstable operation and varying emissions levels. 

Even low frequency variations in fuel quality have an impact on engine diagnostics and operation 

as regards the ability to achieve maximum efficiency, minimum emissions levels and optimum 

loading performance. The wider the variations are from the expected fuel quality, the more difficult 

it is for the engine controller to maintain acceptable engine operation. 

The composition of pipeline quality gas is changing due to the increasing admixture of biogases, 

synthetic gases, hydrogen, new sources of natural gas and LNG. It is therefore becoming ever 

more important to have a good understanding of the knock resistance of the gaseous fuel that is 

fed to a given engine. Special gases like biogases, synthetic gases, well head gases or associated 

petroleum gases have compositions that differ greatly from the composition of historic pipeline 

quality natural gas. The knock resistance of these special gases can only be determined correctly 

when the effect of each constituent of the gas is taken into account correctly. 

As a primary energy source, LNG is shipped globally in dedicated LNG carriers in its cryogenic 

liquid state. Like other cryogens, natural gas cannot be compressed to a liquid at normal ambient 

temperatures. Instead, it must be cooled to a temperature below the thermodynamic “saturation 

temperature” at whatever pressure the gas will be stored. For a pressure of 1 bar(a), LNG must be 

cooled to approximately -160°C. No insulation is perfect, so the cryogenic liquid is always 

evaporating at a rate that provides a cooling effect equal to the heat “leaking in” through the 

insulation. Gas carriers utilise this “natural boil-off gas” and, as required, additional “forced boil-off 

gas” as fuel. Switching between “natural boil-off gas” and “forced boil-off gas” can come with a 

significant change in fuel gas composition and hence in combustion properties possibly inducing 

the aforementioned impact on engine (and aftertreatment system) operation – see section 6 for 

more information on LNG. 

LNG is normally traded by its energy content or by the Wobbe index with otherwise little 

information about its actual composition. Although LNG predominantly consists of methane it also 

contains nitrogen and some heavier hydrocarbons. Therefore, LNG can pose a specific gas quality 

challenge when it needs to be stored for a significant length of time. Of the components present in 

normal LNG, nitrogen and methane have the lowest boiling temperature, so they evaporate most 

readily. Unfortunately, that leaves the remaining liquid rich in the longer chain hydrocarbons, which 

raises the heating value and, most importantly, reduces the methane number [5]. 

Since gas engines are designed for an expected window of specific gas or LNG composition, it is 

important that the actual gaseous fuel provided to a given engine lies within this window to ensure 

optimal performance. Where the fuel composition falls outside of the design window, reduced 

power or shut down of the engine (or switching to fuel oil mode operation in the case of Dual Fuel 

(DF) engines) by the control system may result. In the worst case, damage to the engine or fuel 

gas supply system components might occur. The presence of contaminants in a gaseous fuel 

affects engine wear, oil degradation and emissions while the composition of the combustibles 

affects the power, efficiency and emissions of the engine. Where fuel properties are not within the 

design specification, the engine operator will not be able to achieve the expected performance and 

revenue. 
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2.2 Heating Value 

Depending on the composition of the gas, its heating value may vary significantly. In general, the 

presence of longer chain hydrocarbons increases the heating value whereas N2, CO2 or CO have 

the opposite effect. There are different standards that specify the key characteristics of gas – such 

as the heating value - for different applications. For instance, ISO 23306:2020, the specification of 

liquefied natural gas as a fuel for marine applications, limits the minimum heating value to 

33.6 MJ/m3. When using LNG in a “natural boil-off mode” it should be considered that the heating 

value and the methane number may change over the sailing time as the different compositions of 

the LNG have different boiling temperatures. 

The variation in the heating value impacts mainly the load controller of the engine. When the 

heating value increases the engine load control will be more aggressive than intended and this can 

lead to over fuelling during load increases and over-compensation when operating on variable 

load. At low engine loads the control of the gas quantity can be limited if the fuel heating value is 

greater than that for which the fuel system was designed. If the heating value decreases over time 

the engine load control can become slow and this may impact the capability of the system to take 

on load effectively. If the heating value is too low the capacity of the gas control system may 

restrict the available power output of the engine. 

2.3 Methane Number 

The Methane Number of gaseous fuels like LNG is like the Octane Number of gasoline in that it is 

a measure of resistance to auto-ignition or engine knock.  Pure methane and hydrogen have by 

definition MN of 100 and 0 respectively. Therefore, the MN is of extreme importance for optimized 

engine operation. The knock resistance of the fuel must be known to set the operating space of the 

engine and the MN available defines the engine calibration and component configuration to a high 

degree. When the MN fluctuates, the engine operating space changes and thus the engine 

performance deviates from the optimum design condition. Depending on how the MN fluctuates, 

both the operating knock margin and ignition capability of the engine can be affected. See Section 

3 for more information regarding the impacts of MN on engine performance and Section 4 for 

information on calculating MN. 

2.4 Sulphur 

When sulphur appears in the gas supplied to the engine, the direct result is the emission of sulphur 

dioxide in the engine exhaust. Sulphur is present in some gas sources and biogas admixed to the 

gas, but is also added as an odorant for safety reasons. In addition to the emissions concerns 

surrounding sulphur containing fuels, the acids formed from sulphur have an impact on engine 

parts, lube oil lifetime and after-treatment components, such as exhaust oxygen sensors, catalytic 

converters and heat recovery systems. A higher content of sulphur results in rapid degradation of 

flue gas abatement systems with the consequences of higher emissions, reduced lifetime and 

higher operating costs. 

3 Impact of Methane Number on Engine Performance 

During normal spark ignited (or diesel pilot ignited) gas engine operation, a compressed mixture of 

fuel and air is ignited at a central point in the engine cylinder. Following this ignition event, a flame 

moves outwards through the cylinder, converting the chemical energy stored in the fuel into 
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thermal energy. The release of thermal energy raises the pressure and temperature of the gases in 

the cylinder, which is used to drive the piston and produce work at the engine output shaft. 

Throughout the normal combustion process, the gas mixture in the cylinder which has not yet been 

consumed by the flame is driven to greater and greater pressures and temperatures by the 

advancing flame front. If the temperature and pressure of the unburned mixture reaches a critical 

level for a long enough period of time, the mixture will auto-ignite, causing a very rapid release of 

the chemical energy of the fuel. This auto-ignition process is known as engine knock because the 

very rapid rise in cylinder pressure (not peak pressure) causes ringing or a knocking sound.  

Engine performance and emissions are generally optimum at the highest feasible working fluid 

temperatures and pressures; however, increasing the unburned gas temperature and pressure 

above their critical level for a given fuel will result in engine knock. Engine knock causes a 

degradation of engine performance, increases emission levels and results in damage to engine 

hardware that cannot be tolerated.  

The Methane Number used for gaseous fuels like natural gas represents a reliable measure to 

indicate how resistant a given fuel mixture is to auto-ignition, and thus how resistant an engine will 

be to engine knock when operated on the given fuel mixture. Natural gas compositions with high 

methane content and herewith high Methane Numbers have a very high resistance to engine 

knock and this resistance is key to the ability of modern gas engines to reach high performance 

and efficiencies while producing low emissions. If the knock resistance of available natural gas or 

LNG is reduced, existing engines will be forced to operate below their design capabilities in terms 

of performance (efficiency, power density, transient capability), and emissions. 

In order to maximize performance while avoiding engine failure, a given engine installation is 

typically designed and adjusted for the least knock resistant fuel (lowest Methane Number) on 

which it will be expected to operate. For this reason, the engine must be re-adjusted (or perhaps it 

will self-adjust) to accommodate the lowest expected MN fuel being provided at a given site if the 

fuel is below the manufacturer’s intended minimum. This will at best cause an increase in fuel 

consumption by reciprocating gas engines with an associated rise in greenhouse gas emissions. 

Worse, it can cause a dangerously slow transient performance characteristic of the engine. In the 

worst cases it will become so difficult for the engine to operate without knocking that the engine will 

only be able to operate at a steady load that is a fraction of the full rated power of the engine.  

Standard gas engine applications in Western Europe are typically optimized for a MN range of 70-

80, whereas applications in Japan operate with a MN around 65. When operating with gas 

compositions below this range, adjustments to combustion parameters, engine power output 

derating, or even hardware modifications (such as reduced compression ratios) may be necessary. 

 

4 Methane Number Calculation 

Methane Number is a calculated parameter based on the gas or LNG composition that gives an 

indication of how resistant a given fuel is to auto-ignition, and thus how resistant an engine will be 

to engine knock when operated on the given fuel. The MN of the gas is therefore of extreme 

importance for optimized engine operation. 

Numerous methods exist for calculating the Methane Number of natural gas, but their accuracy 

varies, especially when dealing with gases containing higher hydrocarbons (C4+) and hydrogen. 

The MN not only depends on the gas composition itself but also on the chosen calculation 
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algorithm. The MNC and MNPKI calculation methods are the two most accepted methods. 

Differences in MN between the MNC and MNPKI calculation methods are generally small, but can be 

as high as 4 MN points, as shown in Figure 1.  

 

Figure 1. Comparison of MNC and MNPKI MN calculation methods 

 

The MNC method is based on the MWM method [2] as defined in Annex A of EN 16726 (Gas 

infrastructure - Quality of gas - Group H) [3]. In Europe, EUROMOT endorses the MWM method. 

Standard ISO 23306:2020 (Specification of liquefied natural gas as a fuel for marine applications) 

does not prescribe a minimum MN value for delivered marine liquefied natural gas. Instead, it 

emphasizes that both the calculation method and the minimum MN value should be agreed upon 

between the supplier and user, taking into account Original Equipment Manufacturer (OEM) 

specifications. For the calculation of the MN it refers to the MWM method defined in EN 16726, 

while recognizing the PKI method as an equivalent accepted MN calculation algorithm.  

The MNC method defined in ASTM D8221-18ae1 (Standard Practice for Determining the 

Calculated Methane Number (MNC) of Gaseous Fuels Used in Internal Combustion Engines) [6] is 

also based on the MWM method.  

The MNC and PKI methods are being formalized in the form of ISO standards i.e. ISO 17507 

(Natural gas — Calculation of methane number of gaseous fuels for reciprocating internal 

combustion engines), parts 1 and 2 respectively, with an expected release in 2025. 

5 Debris and Particles 

As with conventional liquid fuels, the physical cleanliness and the levels of impurities of gas and 

LNG delivered to gas engines needs to be specified to avoid damage to fuel supply systems or 

engine components. With respect to marine LNG, the ISO 23306:2020 standard [1] contains 

information on particles within Annex E of the standard but does not set quality limits. 
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Particles or debris may originate from the production or distribution processes, or contamination 

may occur during construction, maintenance or during gas delivery or bunkering. 

Accordingly, gas supply systems need to be provided with filtration arrangements capable of 

removing particles or solids to the OEM cleanliness specifications and particular care taken during 

commissioning of new installations to ensure systems are cleaned to the required standard. 

The supplier and end user should agree gas quality cleanliness and use industry best practices to 

avoid contamination during delivery. 

6 LNG as Fuel 

In addition to the use of cargo as fuel on LNG gas carriers, since the year 2000 there has been 

increased interest and growth in LNG as fuel applications in the wider shipping sectors. The natural 

gas is also typically stored as LNG on this non-gas carrier fleet. When using LNG as fuel there are 

two distinct means to extract the fuel from the tanks: 

■ “natural boil-off gas” - which is taken off the top of the LNG tanks above the liquid has a high 

methane content with some nitrogen and thus will have a high knocking resistance. Analysis 

shows values typically around MN 100 and heating values between 33 – 35 MJ/nm3. Initial 

natural boil-off gas extraction after gas carrier LNG cargo loading may have reduced heating 

value because of the high nitrogen content at the top of the tanks. 

■ “forced boil-off gas” - i.e. LNG extracted from down in the tanks and evaporated separately 

through a fuel supply system. This gas will contain a mixture of all hydrocarbons in the liquid 

and its resistance to knocking may differ from origin to origin and even from load to load, with 

the MN typically in the range between 70 and 80. The heating value will be higher than natural 

boil-off gas and quite stable at around 38 – 39 MJ/nm3. 

The base natural gas from which the LNG is made not only contains methane - although this is by 

far the main component - but also ethane, propane and even some butane. During the 

condensation process these other components, and a certain amount of nitrogen, will be present 

as well. 

Since methane requires the lowest temperature for liquefaction (after nitrogen), the other 

hydrocarbons which may be present in the natural gas will all become liquids before the methane 

during the cooling-down process. Therefore, it is normal to take out most of these in a process 

called “fractioning” and which can be explained by the boiling temperatures and liquid densities: 

 

 Boiling temperature at 

atmospheric pressure, °C 

Liquid density, kg/m3 

Nitrogen - 195.8 810 

Methane - 161.5 421 

Ethane - 88.6 546 

Propane - 42 585 

N-Butane - 0.5 600 
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Depending on the liquefaction process, storage capacity, and other practical and economic 

considerations at the terminal, there might be an incentive to keep some of the higher 

hydrocarbons in the LNG. This will increase the energy content per shipload of LNG and as such 

has clear economic attractions for the trader. 

Therefore, a limited amount of heavy hydrocarbons will always be present in the LNG depending 

on the geographic origin, production process and commercial considerations. This also means that 

there will be a certain spread in the knocking resistance of gas made from LNG. 

In summary, “natural boil-off gas” from the top of the tanks is readily available in LNG gas carriers 

for propulsion and is very high in methane and has good knocking stability. It is therefore 

particularly well suited as an engine fuel. However, when a propulsion system is laid out for the use 

of this, it is important to ensure that there is always enough natural boil-off gas with sufficiently high 

methane content available, so that any need for mixing in “forced boil-off gas” from the bottom of 

the tanks in order to maintain the power, is limited. If this is nevertheless required, the operator 

must be aware that the knocking stability of the gas will then be reduced and that appropriate 

precautions concerning engine power or ignition timing will have to be taken in order to avoid 

knocking. 

Engine installations specifically designed to be fuelled by LNG should preferably be of the type 

“forced boil-off gas” with the LNG taken from deep down in the tanks and well mixed before 

extraction into the evaporator. This will ensure good homogeneity of the LNG taken out and hence 

constant gas quality. One must be aware that this type of LNG-based fuel gas will be different from 

the “natural boil-off gas” from a tank top and the rating of the engine will have to be based on a 

somewhat lower MN in this case, in order to ensure knocking-free operation. Evaporator sizing 

must be sufficiently large in order to ensure that no gas droplets are entering the engine even 

under severe transient operation. 

7 Gas Quality Today and in the Future 

Natural gas will likely continue to play a major role as an energy source, due to the high available 

quantity for decades to come and the positive impact on emissions (CO2- reduction by >20%, NOx 

and particulate reduction as well) compared to liquid fuels.  LNG imports, bio-methane and hydrogen 

admixture from renewable energy will also change the future composition of pipeline natural gas. 

Gas quality is linked to the source of the gas supply.  For this reason, the limits for gas properties in 

countries in the European Union differ substantially. Figure 2 shows the actual values and proposed 

rules for the Wobbe Index (Ws) in Europe [4]. This figure does not imply that a given customer will 

experience the actual range shown, as locally the gas composition can be relatively constant. The 

gas specification in most countries allows a higher variation for Ws. Figure 3 shows the actual 

Methane Number range for 5 countries in Europe, as well as typical ranges for the United States [4]. 
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Figure 2. Actual values for Ws and proposed rules 

 

Figure 3. MN range for different countries 

 

Impurities in pipeline gases, mainly sulphur from the source but also from odorant, are today in most 

countries less than 5 mg/m³.  In some exceptional gases, values as high as 20 mg/m³ are seen.   The 

EASEEgas (European Association for the Streamlining of Energy Exchange) have proposed a limit 

of 30 mg/m³.  

In today’s gas specification there are no limits for the speed of variation of the parameters and 

Methane Number is not even covered by the specification.  The given limit values for lower heating 

value (LHV) and Wobbe Index do not correlate to the MN, as demonstrated in Figure 4 [4].  It can 

be seen that the proposed upper level of 54 for the Wobbe Index results in a Methane Number of 

less than 65, which is unacceptable for most high efficiency natural gas engines.  

 

 

Fig. 4: Methane number vs. Wobbe Index 
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The higher hydrocarbons (C4 and C4+) sometimes found in LNG fuel will lower the MN and the 

admixture of hydrogen has a comparable effect.  A 10% limit for hydrogen is under discussion from 

the gas industry while manufacturers of gas turbines and engines have currently specified limits 

between 1% and 5%.  Technology development is ongoing to meet higher hydrogen ratios.  Even 

with 10% admixture the resulting density of the mixed gas will be for some base gases out of the 

current specification for density ratio (0.55<d<0.75).  The admixture of bio-methane can bring 

additional impurities such as siloxanes and sulphur to the gas network which would have a negative 

impact on all consumers, but would have especially profound effects for gas engines. 

8 Conclusions 

Gas engines are producing ecologically friendly and economically sound electrical and mechanical 

energy and in CHP (Combined Heat and Power) and therefore their popularity increases world-

wide. Also, for the changing electricity market, with increasing energy from renewables, gas 

engines provide a growing portion of the required back-up infrastructure due to their operational 

flexibility. 

Gas engines can accept, within their design limits, a wide range of gas quality, but fluctuation of 

the fuel quality harms their performance. Rapid changes present serious engine control challenges 

and can have a substantial impact on engine performance and emissions. The most important fuel 

property for gas engines is the knocking characteristic (Methane Number). Engine applications are 

typically designed for a minimum MN range of 70 - 80 in Western Europe and USA and MN around 

65 for Japan, to achieve a high power density, low emission levels, and excellent fuel efficiency 

and economy for the expected engine conditions and fuel. To ensure reliable and economic 

operation of gas engines, the knocking characteristic of natural gas has to be addressed in the 

natural gas specification. Impurities such as sulphur or siloxanes in natural gas from biogas 

admixture have a negative impact on the engine condition and the required maintenance. 

To fulfil the expected requirements like: 

■ Safe and reliable operation 

■ Economic operation 

■ Ecologically friendly with low emissions 

■ Long maintenance intervals 

Well-defined fuel and specifications are mandatory: 

■ MN should be close to 80 or higher for highest efficiency, economy and lowest GHG emissions 

■ For the installed fleet, MN must be maintained near the historical value as this will in most 

cases be the design point of the engines 

■ Requirements for a minimum MN and (other) specifications of MNs should always be 

accompanied by a reference to the MN calculation method used. The MNC and PKI methods 

are the two most accepted methods, allowing referencing to ASTM D8221 and/or the upcoming 

ISO 17507-1 and ISO 17507-2 standards.  

■ Wobbe Index, Methane Number and flame speed at the operating site must be held within a 

narrow range for stable operation, low emissions and high economy 

■ Fluctuation of gas parameters only over long period of time (low frequency) is required for 

stable operation 
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■ Impurities in the gas, especially siloxanes and sulphur should be as low as possible to reduce 

SO2-pollution to the environment and to reduce deterioration of abatement systems 

With a well-defined high quality pipeline gas the gas engines will perform as expected by their 

users, safe and reliable, preserving the environment with economically and ecologically friendly 

operation. 
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