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Introduction to gas quality variation and H2 impacts and 
principles for mitigation strategies



l www.gwi-essen.de

Gas quality/hydrogen: Impact on combustion 
processes and principles of mitigation

JörgLeicher
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Combustion: a very high-level description...

6 Quelle: GWI, 2020
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The vastmajorityof naturalgas consumptionisaccountedfor by combustionprocesses:
residentialheating/cooking, power generation, industrialprocessheat, transportationΣ Χ



Combustionand gas quality

ÅEvery combustionprocesscanbe characterizedby two processparameters:

- Firingrate: ╟ ά ɇὌȟ ὠȟ ɇὌȟ [W]

- Air excessratio:   ⱦ ȟ ȟ

ȟ ȟ

ȟ ȟ

ɇ ȟ
[-]
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Unit CH4 H2 50 % CH4 / 50 % H2

Hi,vol MJ/m3 34.06 10.24 24.95

WS MJ/m3 50.64 45.78 44.56

Airmin m3/m3 9.524 2.381 5.952

@15 °C / 15 °C



Combustionand gas quality

ÅEvery combustion process can be characterized by two process parameters:

- Firing rate: ╟ ά ɇὌȟ ὠȟ ɇὌȟ [W]

- Air excess ratio:   ⱦ ȟ ȟ

ȟ ȟ

ȟ ȟ

ɇ ȟ
[-]

ÅDŀǎ ǉǳŀƭƛǘȅ ǾŀǊƛŀǘƛƻƴǎ Ŏŀƴ ŀŦŦŜŎǘ ōƻǘƘ t ŀƴŘ ˂Σ ǊŜǎǳƭǘƛƴƎ ƛƴ ŎƘŀƴƎŜǎ ƛƴ ǘŜƳǇŜǊŀǘǳǊŜǎΣ 
efficiency, pollutant emissions (CO, NOXΣ ǎƻƻǘΣ ΧύΣ ǇǊƻŘǳŎǘ ǉǳŀƭƛǘȅ όǿƘŜǊŜ ŀǇǇƭƛŎŀōƭŜύΣ Χ

ÅIn addition to changes to such global parameters ŀǎ t ƻǊ ˂Σ ŎƘŀƴƎŜǎ ƛƴ Ǝŀǎ ŎƻƳǇƻǎƛǘƛƻƴ 
or quality can also have more specific effects, e. g. knocking, flash backs, thermo-
ŀŎƻǳǎǘƛŎ ǾƛōǊŀǘƛƻƴǎΣ Χ όǇŀǊǘƛŎǳƭŀǊƭȅ ǊŜƭŜǾŀƴǘ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ H2!)
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Typicalfiring ratesand air excessratios (examples)

9 Quelle: GWI, 2020
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Residential heating
appliance

Industrial furnace Gas turbine for
power generation

P:  < 70 kW
:˂ 1.2 - 1.4

P: 0.1 ς200+ MW
:˂ 1.05 - 1.15

P: < 1.5 GW(< 600 MWel)
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Whydo we talk about Wobbe Indices?

ÅIn many gas-fired applications, particularly residential appliances,  the volume flow of fuel 
gas (and hence the firing rate) is controlled by the pressure in the nozzle of a burner and the 
nozzle diameter.  The grid pressure can be a limiting factor.

ÅThe WobbeIndex(WI) was introduced as a way to compare the impact of a fuel gas change 
on the heat inputof such a system: if two gases have the same WobbeIndex, they will 
release the same amount of heatif they are burned at the same nozzlewith the same 
nozzle pressure. Thus, the two gases are interchangeablefor this system in terms of heat 
release. This is valid for residential or commercial appliances, but also many larger 
applications. 

ÅThe WI does only relate to the heat release, not to any other important aspects of 
ŎƻƳōǳǎǘƛƻƴ όŜƳƛǎǎƛƻƴǎΣ ŜŦŦƛŎƛŜƴŎȅΣ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ΧύΦ !ƭǎƻΣ ƛǘǎ ƳŜŀƴƛƴƎŦǳƭƴŜǎǎ ƛǎ ǎŜǾŜǊŜƭȅ 
reduced if chemically very differentfuel gases are compared (=> H2). 

10 Quelle: GWI, 2020



The limits of the Wobbe Index
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Unit 100 % CH4 94 % CH4 / 6 % CO2 92 % CH4 / 8 % N2 100 % H2

WI MJ/m3 50.64 45.28 45.27 45.78

NCV MJ/m3 34.06 32.02 31.34 10.24

GCV MJ/m3 37.80 35.53 34.78 12.10

d - 0.5571 0.6157 0.5901 0.0698

Airmin m3/m3 9.524 8.952 8.762 2.381

Tad ( =˂ 1) °C 1982 1971 1974 2096

sL ( =˂ 1) cm/s 38.57 36.79 37.52 209

MN* - 100 105 99 0

@
 1

5
 °C

 /
 1

5
 °C

*: MWM method



Example: residentialappliancewithout combustioncontrol: effectsof hydrogen 
admixture

12 Quelle: GWI, 2020
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ÅFiring rate: ȟ

ȟ

ÅFuel volumeflow: ὠ

ÅAir excessratio: ȟ

ȟ
ɇ

Å In the case of H2 admixture, the firing rate of the 
burner decreases with higher levels of H2, while 
the fuel volume flow increases.

Å If Wi,2 > Wi,1(e. g. due to a changeto a high-WI 
LNG), the situationis reversed:

- firing rate goesup
- air excessratio goesdown
(=> CO)

P(CH4) = 1 kW
˂ό/I4) = 1.2
Vair = const

Source:
THyGAProject



Additional aspects

ÅIn addition  to the impact of gas quality on main combustion parameters such as firing rate 
or air excess ratio, gas quality changes can also have more specific effects, often only 
affecting certain types of equipment, e. g. 

- flash backor flame lift -off (relevant for premixed burners, e. g. in residential 
appliances or gas turbines)

- knocking, i. e. premature self-ignition due to compression (gas engines)
- thermo-acoustingvibrations (gas turbines)
- hydrocarbon condensation(gas turbines)
- Χ

ÅOften, these effects cannot be tied to global GQ criteria like WI or GCV, but are connected 
to the actual composition or requiretheir own criteria, e. g. MN or C2+. H2 with its very 
different combustion characteristicscan be very relevant here. 

13 Quelle: GWI, 2020



Mitigation strategies

14



Mitigation strategies

ÅIn principle, there are several options of how the impact of gas quality on an end-
ǳǎŜǊΨǎ ǇǊƻŎŜǎǎ ŀƴŘ ŜǉǳƛǇƳŜƴǘ Ŏŀƴ ōŜ ƳƛǘƛƎŀǘŜŘΣ ŜΦƎΦΥ

ïa αǊƻōǳǎǘά ǎŜǘǘƛƴƎof the application

ïmeasurementand combustion control systems 

ïmeasurementand local gas conditioning(including preheating fuel gas)

ïgrid-levelconditioningof gas

ïgrid levelflow control to minimize local GQ fluctuations

Å Not all approaches are equally viable. Often, solutions have to be tailored to 
specific applications, processes and locations. 

15 Quelle: GWI, 2020



Robust settings: factory settingsand test gases

ÅIn the residential/commercial sector, appliances are (supposed to be) adjusted by the 
manufacturer and then sealed. 

ÅAdjustment means that the nominal operational point of an appliance is set to a 
specified firing rate and air excess ratio. The air excess ratio is usually determined by 
measuring either the O2 or CO2 concentrationin the flue gas. The volume flow of air is 
then tuned so that the measured concentration corresponds to a set point prescribed by 
the manufacturer. 

ÅThe adjustment is carried out with a well-defined reference gas(G 20, i. e. 100 % CH4, 
for H-gas regions; G 25, i. e. 86 % CH4, 14 % N2 for L-gas regions), and operational safety
of the appliance is tested with a number of limit gases, specified in EN 437.

16 Quelle: GWI, 2020



Reference and limit gasesGroup H (EN 437)
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Source:EN 437

G20: Airmin = 9.524 m3/m3 ; CARI = 12.76 m3/m3

G21: Airmin = 11.381 m3/m3 ; CARI = 13.726 m3/m3

G23: Airmin = 8.333 m3/m3 ; CARI = 10.681 m3/m3

CARI: CombustionAir RequirementIndex:

ὅὃὙὍ
ὃὭὶ

Ὠ



Adjustment with referenceand test gases: a thought experiment

ÅA residentialcombustionprocess(with constantair flow) isadjustedto˂ Ґ мΦор with G 20 
by the appliancemanufacturer.
It is then suppliedwith 2 limit gases, G 21 and G 23, to test for safety
(incompletecombustionandflamelift respectively). 
Whathappens?

18 Quelle: GWI, 2020

Å Thus: ˂G21 = 1.25 ; ˂G23 = 1.61 => the applianceisalwayssafe, no dangerof CO formation.

Å Now, the same exercise, but this time with an initial ˂  Ґ мΦлр (industrial setting):
=> ˂ G21 = 0.98; ˂ G23 = 1.25 

Å The air excessratio of the processshiftsaccordingto .



Factory settingsand referencegases

ÅUsingreferencegasesand factorysettings
to mitigategas quality fluctuationsonly
works in combinationwith high air excess
ratios and if one isnot overlyconcerned
aboutNOX emissions.

ÅForindustrialusers, it isgenerallynot an 
option, due to the inherent lossesin 
efficiencyand the likely increasein NOX.  

ÅThereisalso the questionhow to readjust
after maintenance. 

19 Quelle: GWI, 2020

0.8 1 1.2 1.4 1.6 1.8 2

C
O

, 
N

O
 i
n

 f
lu

e
 g

a
s

Air excessratio˂

CO NO



Combustion control via excess oxygen

20 Quelle: GWI, 2020

Oxidizer

Gas from the grid
όǾŀǊƛŀōƭŜ ²LκD/±Σ Χύ

l= 1.1

control

O2,exhaust, actual

O2,exhaust, target

Combustionchamber



Air excessratio a˂nd excessoxygen

21 Quelle: GWI, 2020
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It ispossible ςand indeedcommonpracticeςto adjust
the air excessratio of a combustionprocesswithout knowing
the actualand currentgas composition.



Combustioncontrol in a residentialappliance: effectsof H2 admixture
(flame ionizationsensor)

22 Quelle: GWI, 2020
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ÅCombustioncontrol
systemsareusually
designedwith certain
fuel typesin mind.

ÅThese systemswork well
withαƴƻǊƳŀƭά Ǝŀǎ quality
variations.

ÅIf the fuel changestoo
drastically, they may
respondin unexpected
ways. 

Source:THyGAProject



Combustioncontrol via localGQ measurementandexcessoxygen

23 Quelle: GWI, 2020
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Impact on an industrial non-premixedburner system(CFD study)

24 Quelle: GWI, 2020

RussianH-Gas
(P = 200 kW, ˂= 1.1)

Reference case:

North SeaH-Gas
Volume flowsconstant
(P = 208kW, ˂ = 1.056)

ҧ п ҈       Ҩ п ҈

No control:

North SeaH-Gas
(P = 200kW, ˂ = 1.1)
Air and fuel volumeflowsadjusted

Control of firing rate and air excessratio:

ɲҒ20 %

D WS= 0.4 %
D Hi = 4 %



Effectsof H2 admixtureon a non-premixedburner (test rig experiments) 

25 Quelle: GWI, 2020

Scenario I:
no control intervention at all, i. e. volumeflows of
both fuel andair remainconstant(worst case).

Scenario III:
both burner firing rate andair excessratio remain
constant, basedon advancedgas qualitymonitoring
(bestcase).

@ 1 vol.-% O2

Source:Leicher, J., Nowakowski, T., Giese, A., Görner, K., Hydrogen in natural gas: how does it impact industrial end users?,
World Gas Conference 2018, Washington D.C., USA



On-site fuel conditioning

26 Quelle: GWI, 2020
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Fuel gas conditioningon-site

ÅAnother option to compensate for gas 
quality fluctuations can be on-site fuel gas 
conditioning. Natural gas is blended with air 
or LPG to maintain a set NCV or WI. 

ÅThis usually is the more expensive approach, 
but it may be economically sensible if a 
system is extremely sensitive or contains a 
large number of burners, e. g. a feeder 
system in glass manufacturing.   

27

Fuel gas conditioninga feeder(glassindustry)

GCV
Relevant process

temperatures

Source:Lantoine, L., Ourliac, M., Buchet, P., WobbeIndex Measurement and Control for Industry:
A Mature Technology Facing New Challenges, IGRC 2017, Rio de Janeiro, Brazil



Hownot to control a furnacein timesof varyinggas qualitiesΧ

28 Quelle: GWI, 2020

Source:P. Hemmann, Regelungstechnische Lösungen zur vorausschauenden Kompensation schwankender Gasqualität 
Workshop "Erdgasbeschaffenheitsschwankungen in der Prozessindustrie -IƛƴǘŜǊƎǊǸƴŘŜΣ !ǳǎǿƛǊƪǳƴƎŜƴΣ [ǀǎǳƴƎǎŀƴǎŅǘȊŜάΣ 
Düsseldorf, Germany, 2018

Ғр ҈

GQ measurement
detectsincreasedHi

=> Vgasreduced



Hownot to control a furnacein timesof varyinggas qualitiesΧ
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Source:P. Hemmann, Regelungstechnische Lösungen zur vorausschauenden Kompensation schwankender Gasqualität 
Workshop "Erdgasbeschaffenheitsschwankungen in der Prozessindustrie -IƛƴǘŜǊƎǊǸƴŘŜΣ !ǳǎǿƛǊƪǳƴƎŜƴΣ [ǀǎǳƴƎǎŀƴǎŅǘȊŜάΣ 
Düsseldorf, Germany, 2018

GQ measurement
detectsincreasedHi

=> Vgasreduced

Fixed ratio of VO2/Vgas

set in furnacecontrol

O2 in flue gas dropsto 0



Hownot to control a furnacein timesof varyinggas qualitiesΧ

30 Quelle: GWI, 2020

Source:P. Hemmann, Regelungstechnische Lösungen zur vorausschauenden Kompensation schwankender Gasqualität 
Workshop "Erdgasbeschaffenheitsschwankungen in der Prozessindustrie -IƛƴǘŜǊƎǊǸƴŘŜΣ !ǳǎǿƛǊƪǳƴƎŜƴΣ [ǀǎǳƴƎǎŀƴǎŅǘȊŜάΣ 
Düsseldorf, Germany, 2018

GQ measurement
detectsincreasedHi

=> Vgasreduced

Fixed ratio of VO2/Vgas

set in furnacecontrol

O2 in flue gas dropsto 0
(=> ˂ < 1)
Extreme CO formation!
Bad idea!

Manual interventionby operator



Conclusion

ÅCombustion processes are generally designed for a specified fuel. While a certain variation 
can usually be accomodated, there are limits, for reasons of safety, fitness for purpose, 
ŜŦŦƛŎƛŜƴŎȅΣ ŜƳƛǎǎƛƻƴǎΣ Χ Φ ¢ƘŜǎŜ ƭƛƳƛǘǎ ŀǊŜ ǾŜǊȅ ŘƛŦŦŜǊŜƴǘ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŀǇǇƭƛŎŀǘƛƻƴǎΦ 
Some applications are more sensitive than others in terms of gas quality.

ÅWhile the WobbeIndex is generally used as the main gas interchangeability criterion, other 
criteria may also be relevant for various applications and technologies. 
H2 complicates matters significantly.

ÅThere are options to mitigate the effects of gas quality changes on combustion applications, 
either by reducing the variationsthe equipment is exposed to (either on-site or on a grid 
level) or by using measurement and controltechnologies to re-adjust. 

32 Quelle: GWI, 2020



Conclusions

ÅThese measures are often very specialized and need to be tailored  to the concrete 
application and process.

ÅThere are physicaland technological limitsto what mitigation systems can do. 
Response timescan be an important aspect here: some end-use applications require a 
very quick response. For others, a slower response may be sufficient.

ÅTechnological solutions at the end-user level also need to fulfill additional requirements, 
ŜΦ ƎΦ ƛƴ ǘŜǊƳǎ ƻŦ ǎŀŦŜǘȅ όŦŀƛƭǎŀŦŜΣ ǊŜŘǳƴŘŀƴŎȅύΣ ht9·κ/!t9·Σ ƳŀƛƴǘŜƴŀƴŎŜΣ ǊƻōǳǎǘƴŜǎǎΣ Χ

33 Quelle: GWI, 2020



Dr.-Ing. Jörg Leicher
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Mail: leicher@gwi-essen.de

Thank you for your attention
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Gas quality variation

Impact on feedstock usage

Prime Moversô Group, 24th February 2021
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