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1 Introduction	

1.1 Motivation	
Producing	 biomethane	 (also	 called	 synthetic	 natural	 gas,	 SNG)	 by	 combining	 hydrogen	 produced	 via	
electrolysis	 and	 biogas	 produced	 via	 anaerobic	 digestion	 can	 be	 an	 effective	 way	 of	 lowering	 CO2	
emissions	 in	 energy	 systems	 with	 a	 high	 penetration	 of	 renewable	 electricity	 generation.	 This	 can	
furthermore	be	an	effective	method	for	indirect	storage	of	excess	electricity	production	from	fluctuating	
sources,	such	as	wind	turbines	and	photovoltaics,	by	allowing	for	the	conversion	of	intermittent	electrical	
energy	to	storable	chemical	energy.	This	scheme,	which	frequently	goes	by	the	name	of	“power-to-gas”,	
opens	up	the	possibility	of	using	the	vast	storage	capacity	of	the	natural	gas	system	to	indirectly	store	
excess	renewable	electricity	production.	The	biomethane	can	be	used	in	the	transport	sector	directly	and	
also	 be	 reformed	 to	 liquid	 vehicle	 fuels,	 if	 desired.	 Figure	 1.1	 shows	 how	 biogas	 methanation	 with	
hydrogen	addition	can	act	as	an	integrator	between	different	sectors	of	the	energy	system.	

	

	
Figure	1.1	A	system-level	schematic	showing	how	biogas	methanation	with	hydrogen	addition	can	fit	into	the	energy	
system	and	how	it	can	serve	as	a	system	integrator	between	the	electricity,	gas	and	transport	sectors.	Note	that	the	
methanation	unit	is	marked	as	“Sabatier	reactor”	in	the	figure.	The	only	input	to	the	biogas	reactor	in	the	figure	is	
manure,	but	sludge	and	straw	can	also	be	used	as	inputs.	Figure	reproduced	in	slightly	altered	form	from	[1,2].	
	



	

4	
	

Producing	gas	from	biomass	and	renewable	electricity	and	injecting	it	to	the	natural	gas	network	lowers	
the	net	CO2	emissions	of	the	gas	sector.	The	hydrogen	addition	to	biogas	also	leads	to	a	more	efficient	
utilization	of	the	(finite)	biomass	resources	consumed	in	the	process,	as	all	contents	of	the	biogas	are	used	
for	producing	biomethane	(as	compared	to	conventional	biogas	upgrading,	where	the	CO2	fraction	of	the	
biogas	is	discarded).	

1.2 The	scope	of	the	report	
This	 report	 is	 confined	 to	 the	 description	 of	 methanation	 of	 biogas	 with	 hydrogen	 addition.	 Biogas	
production	and	hydrogen	production	are	not	the	main	subjects	of	this	report,	and	these	processes	are	
only	 briefly	 touched	upon	 in	 the	 text.	 Biomethane	production	without	 hydrogen	 addition,	 i.e.	 by	 CO2	
removal	from	biogas	via	processes	such	as	amine	scrubbing,	is	not	included	in	this	report.	Biomethane	
can	also	be	produced	via	methanation	of	syngas	from	thermal	gasification	or	via	methanation	of	CO2	from	
other	carbon	sources	(e.g.	captured	CO2	from	industrial	point	sources).	These	methods	of	biomethane	
production	are	not	covered	in	this	report.		

A	review	of	biogas	upgrading,	including	descriptions	of	biogas	upgrading	without	hydrogen	addition,	has	
been	prepared	by	K.	Hjuler	and	N.	Aryal	as	part	of	the	FutureGas	research	project	[3].	A	good	technological	
and	economic	review	of	biomethane	production	with	hydrogen	addition,	including	the	methods	excluded	
in	this	report,	has	been	carried	out	by	Götz	et	al.	[4].	Examples	of	reports	describing	the	technology	and	
perspectives	for	biomethane	production	from	biogas	methanation	include	[5–13].	A	quick	overview	of	all	
power-to-gas	demonstration	projects	in	Europe	is	provided	in	[14].	

1.3 Gas	types	

1.3.1 Biogas	
Biogas	is	produced	via	the	process	of	anaerobic	digestion	of	wet	biomass.	In	this	process,	microorganisms	
ferment	organic	material	into	a	mixture	of	methane	and	carbon	dioxide	in	the	absence	of	oxygen.	This	
process	usually	takes	place	in	the	temperature	interval	of	35-55°C.	Typical	feedstock	for	the	production	
of	biogas	is	wet	biomass,	such	as	animal	manure	from	agriculture	or	sludge	from	wastewater	treatment	
plants.	

The	resulting	biogas	 is	typically	composed	of	50-70%	methane	(CH4),	30-50%	carbon	dioxide	(CO2)	and	
trace	amounts	of	other	gases.	One	of	the	trace	gases	is	typically	hydrogen	sulfide	(H2S),	which	must	be	
removed	 before	 the	 methanation	 process.	 Other	 trace	 gases	 may	 include	 NH3,	 hydrogen,	 oxygen,	
nitrogen,	CO,	VOC	and	siloxanes.	The	anaerobic	digestion	process	yields	a	nitrogen-rich	digestate	as	a	bi-
product,	which	can	be	used	as	fertilizer.	

1.3.2 Hydrogen	
Hydrogen	from	an	external	source	is	needed	for	the	methanation	of	the	CO2	fraction	of	the	biogas.	Pure	
hydrogen	 is	 obtained	 by	 electrolyzing	water.	 There	 are	 three	main	 types	 of	 electrolysis	 technologies;	
alkaline	electrolysis,	proton	exchange	membrane	electrolysis	(PEM)	and	solid	oxide	electrolysis	(SOEC).	
Alkaline	electrolysis	is	a	mature	and	widely	used	technology	in	industry.	PEM	and	SOEC	electrolysis	are	
still	mainly	used	on	a	smaller	scale	in	research	and	demonstration	projects.	Especially	the	SOEC	technology	
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has	a	large	potential	of	becoming	superior	to	alkaline	electrolysis	due	to	its	higher	energy	efficiency	and	
future	prospects	for	low	costs	[15,16].	

Alkaline	and	PEM	electrolysis	takes	place	at	modest	temperatures	of	60-100°C	and	generate	excess	heat	
as	 a	 byproduct.	 SOEC	 electrolysis	 is	 also	 called	 “high-temperature	 electrolysis”	 and	 operates	 at	
temperatures	of	650-800°C.	The	electrical	energy	input	required	for	the	SOEC	process	can	be	lowered	in	
case	a	part	of	the	energy	is	available	as	steam	from	other	processes,	which	offers	a	very	good	synergy	
with	the	exothermic	process	of	biogas	methanation.	

1.3.3 Biomethane	
The	 terms	 “synthetic	 natural	 gas”	 or	 “substitute	 natural	 gas”	 (SNG)	 are	 frequently	 used	 for	 gas	 from	
chemical	and/or	biological	processes	that	is	suitable	for	injection	into	the	existing	gas	grid	as	a	substitute	
for	conventional	natural	gas	of	fossil	origin.	In	a	new	international	standard	for	biogas	upgrade	(EN16723-
1),	 the	 term	 “biomethane”	 is	 used	 instead	 of	 SNG.	 In	 this	 standard,	 biomethane	 is	 defined	 as	 “gas	
comprising	principally	methane,	obtained	from	either	upgrading	of	biogas	or	methanation	of	biosyngas”.	
In	this	report,	we	follow	the	terminology	of	the	EN16723-1	standard	and	refer	to	methanated	biogas	as	
“biomethane”.	

The	methods	for	upgrading	biogas	to	biomethane	can	be	divided	into	two	categories:	

a) Biogas	upgrading	by	removal	of	the	CO2	fraction	of	the	biogas	by	physical	or	chemical	processes.	
b) Methanation	of	biogas	by	reacting	the	CO2	 fraction	of	 the	biogas	with	hydrogen	from	another	

source.	
	

Only	the	processes	involving	methanation	reactions	are	included	in	this	report,	i.e.	category	a)	is	excluded	
here.	By	utilizing	the	whole	content	of	the	biogas,	instead	of	discarding	the	CO2	fraction,	the	CO2	emissions	
from	the	process	are	lowered	and	the	(finite)	biomass	feedstock	for	the	biogas	production	is	used	in	a	
more	efficient	way	[17].	

Before	injection	to	a	gas	grid,	biomethane	must	comply	with	the	requirements	of	the	grid	concerning	gas	
composition	and	quality.	One	of	the	requirements	concerns	the	Wobbe	index,	which	is	a	measure	of	the	
combustion	energy	of	a	gas.	The	typical	Wobbe	index	for	natural	gas	from	the	North	sea	is	around	54.9	
MJ/Nm3	 [18].	 Other	 requirements	 for	 injection	 to	 the	 gas	 distribution	 grid	 concern	 e.g.	 the	moisture	
content	(dew	point)	and	the	sulfur	contents	of	the	biomethane.	
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Figure	1.2	The	Wobbe	index	of	upgraded	biogas	as	a	function	of	CH4	content.	Here	it	is	assumed	that	the	gas	contains	
1%	atmospheric	air	and	that	the	remaining	fraction	of	the	gas	is	CO2.	The	dashed,	red	line	shows	the	lower	limit	for	
the	permitted	Wobbe	index	of	gas	in	the	Danish	gas	transmission	and	distribution	system.	The	dashed,	green	line	
shows	the	lower	limit	for	the	Wobbe	index	of	natural	gas	that	follows	the	H-gas	standard.	Figure	from	[19].	
	

2 Methanation	of	biogas	

2.1 Catalytic	methanation	of	biogas	
The	methanation	of	biogas	takes	place	via	the	following	chemical	reaction,	where	the	CO2	contents	of	the	
biogas	react	with	hydrogen	to	form	methane:	

	 CO# + 4H# ⟶ CH( + 2H#O + ΔH	 (Eq.	1)	

The	reaction	is	exothermic	with	ΔH	=	-164.9	kJ/mol.	The	process	usually	takes	place	over	a	nickel-based	
catalyst.	In	the	process,	the	existing	CH4	fraction	of	the	biogas	remains	unchanged	while	the	CO2	fraction	
of	the	biogas	is	methanised.		

The	methanation	process	of	biogas	consists	of	two	reaction	steps.	First,	a	reverse	water-gas	shift	reaction	
takes	place	to	form	CO	by	reacting	CO2	and	hydrogen:	

	 CO# + H# + ΔH ⟶ CO + H#O	 (Eq.	2)	

This	reaction	is	endothermic	with		ΔH	=	+41.5	kJ/mol.	The	latter	reaction	is	the	Sabatier	reaction,	where	
methane	is	formed	by	reacting	CO	and	hydrogen:	

	 CO + 3H# ⟶ CH( + H#O + ΔH	 (Eq.	3)	

The	Sabatier	reaction	is	exothermic	with	ΔH	=	-206.2	kJ/mol.	
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Figure	 2.1	A	 schematic	 of	 the	 process	 for	 the	methanation	 of	 biogas	 using	 hydrogen	 from	 alkaline	 electrolysis,	
showing	the	stoichiometry	of	the	gas	flows.	The	amount	of	methane	in	the	biogas	is	denoted	with	x	to	take	into	
account	that	the	ratio	of	methane	and	CO2	in	biogas	varies	based	on	the	feedstock.	The	methane	in	the	biogas	goes	
unaltered	through	the	methanation	reactor.	Excess	heat	from	the	electrolysis	and/or	the	methanation	can	be	utilized	
in	the	anaerobic	digestion	process,	or	possibly	for	other	industrial	processes	or	district	heating.	Water	formed	in	the	
methanation	reaction	can	be	used	in	the	electrolyzer.	It	is	not	strictly	necessary	to	include	both	a	hydrogen	storage	
and	a	biogas	storage,	as	this	depends	on	the	operating	strategy	of	the	plant.	
	

	

	
	

Figure	2.2	A	schematic	of	the	process	for	methanation	of	biogas	using	hydrogen	from	SOEC	electrolysis,	showing	the	
stoichiometry	of	the	gas	flows.	The	amount	of	methane	in	the	biogas	is	denoted	with	x	to	take	into	account	that	the	
ratio	of	methane	and	CO2	in	biogas	varies	based	on	the	feedstock.	Excess	heat	from	the	methanation	can	be	utilized	
in	the	anaerobic	digestion	process,	or	possibly	for	other	industrial	processes	or	district	heating.	The	methanation	
reactor	can	provide	steam	to	 the	electrolyzer,	 thereby	supplying	 it	with	 its	 required	water	and	heat	 inputs.	The	
external	water	input	can	be	turned	into	steam	by	utilizing	waste	heat	from	the	methanation	process.	The	methane	
in	the	biogas	goes	unaltered	through	the	methanation	reactor.		It	is	not	strictly	necessary	to	include	both	a	hydrogen	
storage	and	a	biogas	storage,	as	this	depends	on	the	operating	strategy	of	the	plant.	Figure	partly	based	on	a	figure	
from	[6].	



	

8	
	

	

Figure	2.1	and	Figure	2.2	show	the	schematic	process	layout	for	the	methanation	process	using	alkaline	
electrolysis	and	SOEC	electrolysis,	respectively.	Note	that	when	producing	one	mole	of	CH4,	the	overall	
reaction	also	yields	two	moles	of	H2O.	This	water	can	be	fed	to	the	electroyzer	for	hydrogen	production,	
thereby	covering	half	of	its	water	demand.	This	holds	true	regardsless	of	which	electrolysis	type	is	used.	
This	saves	water	resources	and		possible	costs	of	water	treatment	prior	to	the	electrolysis.	In	the	case	of	
SOEC,	this	water	can	be	provided	as	steam,	thereby	reducing	the	need	for	external	energy	input	for	the	
high-temperature	electrolysis.	

The	 methanation	 process	 typically	 takes	 place	 at	 tempertures	 in	 the	 range	 of	 250-550°C.	 In	 this	
exothermic	process,	between	8.5	%	and	15%	of	the	energy	output	of	the	reaction	comes	in	the	form	of	
heat	at	the	reaction	temperature	[16].	This	high-grade	heat	can	e.g.	be	utilized	to	provide	steam	for	high	
temperature	 (SOEC)	 electrolysis.	 Alternatively	 (and	 less	 exergy	 efficiently),	 the	 heat	 can	 be	 utilized	 in	
lower-grade	applications	such	as	the	anaerobic	digestion	process	(which	typically	takes	place	around	50°C)	
or	for	injection	in	a	district	heating	network	(typically	at	70-90°C).	In	any	case,	the	utilization	of	the	excess	
heat	is	important	to	maximize	the	overall	energy	efficiency	of	the	methanation	process.	

	

	

	
Figure	 2.3	Gas	 volume	 and	 energy	 flows	 of	 the	 biogas	methanation	 process,	 scaled	 for	 an	 electrolyzer	with	 an	
electricity	input	of	10	MW	and	an	assumed	efficiency	of	84%.	It	is	assumed	that	the	biogas	is	composed	of	65%	CH4	
and	 35%	 CO2.	Hydrogen	 and	 CO2	 are	 injected	 in	 the	 ratio	 4:1,	 corresponding	 to	 the	 chemical	 equation	 of	 the	
methanation	reaction.	The	calculation	assumes	a	100%	conversion	rate	of	CO2	and	H2	to	CH4.	In	the	calculation,	it	is	
assumed	that	all	gas	types	take	up	identical	volume,	as	per	the	ideal	gas	law.	It	should	perhaps	be	mentioned	that	
this	data	is	not	based	on	any	existing	plant;	these	are	only	calculations.	Figure	reproduced	from	[1].	
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For	effective	integration	of	fluctuating	electricity	production	from	wind	and	photovoltaics,	it	is	beneficial	
to	be	able	to	regulate	the	operation	of	the	methanation	process.	The	production	of	the	electrolyzer	can	
be	regulated	from	zero	to	100%	on	the	time	scale	of	a	few	seconds	assuming	a	warm-start,	i.e.	that	the	
electrolyzer	 is	kept	at	 its	operating	temperature	also	during	zero	production.	The	production	from	the	
methanation	unit	can	be	regulated	on	the	time	scale	of	around	15	minutes.	The	output	of	the	biogas	plant	
can,	however,	only	be	regulated	on	the	time	scale	of	hours	or	days,	depending	on	the	storage	facilities	of	
the	plant.	At	 least	 two	possible	 regulation	 strategies	 can	be	 considered	 for	 a	methanation	plant;	 one	
where	 biogas	 is	 stored	 and	 the	 electrolysis	 and	 methanation	 processes	 are	 regulated	 based	 on	 the	
electricity	 supply	 (and	 spot	 prices),	 and	 one	 where	 hydrogen	 is	 stored	 and	 the	 methanation	 unit	 is	
operated	continuously.	The	optimal	relative	scaling	of	 the	biogas	plant,	electrolyzer,	methanation	unit	
and	storages	will	be	different	for	these	two	strategies.	

In	the	ForskEL	research	project	MeGa-stoRE	[20],	carried	out	by	Aarhus	University,	DTU	and	others,	The	
gas	volume	and	energy	flows	of	the	methanation	process	were	calculated	with	the	assumption	that	the	
whole	system	is	scaled	to	fit	an	electrolyzer	with	10	MW	of	electricity	input.	The	result	is	shown	in	Figure	
2.3.		

2.2 Biological	methanation	of	biogas	
Biogas	 can	 be	methanised	 using	microorganisms	 called	 archaea,	which	 also	 play	 an	 important	 role	 in	
biogas	 production	 via	 anaerobic	 digestion.	 Archaea	 are	 single-celled	microbes	 that	 are	 in	 some	ways	
similar	to	bacteria,	but	are	classified	as	a	separate	domain	of	life.	Among	the	properties	of	archaea	that	
separate	them	from	other	life	forms	is	the	fact	that	they	can	use	a	wide	array	compounds,	organic	and	
inorganic,	as	energy	sources.	Certain	types	of	archaea,	named	hydrogenotrophic	methanogens,	produce	
CH4	using	CO2	as	a	carbon	source	and	hydrogen	as	a	reducing	agent.	This	process,	called	methanogenesis,	
is	a	biological	equivalent	of	the	chemical	biogas	methanation	process	discussed	in	subsection	2.1:	

	 CO# + 4H# ⟶ CH( + 2H#O + ΔH	 (Eq.	4)	

where	ΔH	=	-164.9	kJ/mol.	The	biological	methanation	process	is	highly	controllable	because	the	microbes	
perform	the	conversion	only	when	CO2	and	hydrogen	are	available	and	stay	inactive	at	other	times.	The	
microbes	have	less	stringent	requirements	on	the	purity	of	the	inlet	gases	than	the	Sabatier	process,	but	
too	high	oxygen	 levels	are	harmful	 to	 the	microbes.	The	process	 takes	place	at	40-70°C,	which	 is	very	
similar	to	the	temperature	of	the	anaerobic	digestion	process	(biogas	formation)	and	considerably	lower	
than	for	the	Sabatier	process.	

The	 required	 hydrogen	 and	 CO2	 ratio	 in	 the	methanogenesis	 process	 is	 the	 same	 as	 in	 the	 chemical	
methanation	 of	 biogas.	 Therefore,	 hydrogen	 (from	 electrolysis)	must	 be	 added	 to	 the	 system	 for	 full	
utilization	 of	 the	 CO2	 in	 the	 biogas.	 The	 ratio	 of	 hydrogen	 to	 CO2	 injection	 shown	 in		
Figure	2.3	also	holds	for	the	biological	methanation	process.		

The	methane-generating	microbes	can	be	placed	either	inside	the	biogas	reactor	(in-situ)	or	in	a	separate	
biological	methanation	 reactor	 (ex-situ).	 Either	way,	 the	 hydrogen	 can	 be	 injected	 directly	where	 the	
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microbes	are	located.	In	case	the	microbes	are	located	in-situ,	the	whole	process	of	biogas	formation	and	
methanation	takes	place	within	a	single	anaerobic	digester,	without	the	need	for	an	extra	reactor.	

The	 biological	methanation	 process	 has	 been	 known	 for	more	 than	 100	 years,	 but	 has	 only	 recently	
reached	the	demonstration	level.	In	sections	3.4	and	3.5	below	two	demonstration	plants	of	the	ex-situ	
design	are	described.	

The	 in-situ	 design	 has	 the	 obvious	 advantage	 of	 simplicity	 and	 lower	 investments.	 It	 also	 solves	 the	
problem	of	utilization	of	the	low	temperature	heat	surplus	of	the	process	in	an	elegant	way.	However,	it	
faces	 practical	 problems	 because	 of	 the	 limited	 solubility	 of	 H2	 in	 water.	 This	 problem	 can	 be	 partly	
overcome	by	careful	injection,	where	the	H2	bubble	size	is	minimized,	combined	with	extensive	stirring	of	
the	reactor.	But	the	latter	causes	increased	electricity	demand	and	high	levels	of	backmixing	of	the	gases	
[4].	For	these	reasons,	it	is	difficult	to	achieve	good	effectiveness	for	the	conversion	(CH4	%	>	90)	in	an	
economic	manner.	These	considerations	are	confirmed	by	experiments	carried	out	by	Aarhus	University	
at	the	Foulum	Research	Station	in	a	1200	m3	biogas	reactor	[21].	

Another	 problem	of	 the	 in-situ	 design	 is	 that	 the	methanation	 process	 removes	 CO2	 from	 the	 biogas	
reactor.	This	alters	the	partial	pressures	and	pH	levels	in	the	biogas	reactor,	which	affects	the	equilibrium	
of	the	chemical	reactions	that	take	place	during	biogas	formation.	The	biogas	methanation	process	can	
thus	have	a	negative	influence	on	the	biogas	formation	process.	

Several	 research	projects	 aim	at	overcoming	 the	problems	 relating	 to	 the	 in-situ	 design.	One	 idea	 for	
achieving	this	is	by	mixing	H2	with	recirculated	liquid	from	the	reactor	in	a	separate	tank.	The	H2	passes	a	
metallic	diffusor	followed	by	a	ceramic	sponge	[22].	A	second	project	is	working	with	the	formation	of	a	
biofilm	 in	a	 trickle	bed	reactor,	which	 is	 relevant	 for	sewage	water	 [23].	A	 third	project	 is	 injecting	H2	
through	gas	permeable	membranes,	which	is	relevant	for	all	liquid	biogas	reactors	[24].	

A	possible	outcome	of	the	present	endeavors	in	the	field	of	in-situ	biological	methanation	of	biogas	could	
be	a	suggestion	for	a	concept,	where	the	bulk	of	the	methanation	is	carried	out	by	a	relatively	simple	H2	

injection,	and	the	final	conditioning	of	the	gas	for	injection	in	the	natural	gas	grid	is	made	by	a	traditional	
biogas	upgrading	technology.	In	this	way,	most	of	the	advantages	of	the	PtG	process	can	be	maintained	
in	a	flexible	and	economic	feasible	way.	
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3 Plant	descriptions	and	data	sheets	for	existing	biogas	methanation	
plants	

	

3.1 Haldor	Topsøe:	Catalytic	methanation	in	Foulum,	Denmark	
A	 small	 demonstration	 plant	 for	 the	 catalytic	 methanation	 of	 biogas	 is	 located	 at	 the	 Agrigcultural	
Research	Centre	of	Aarhus	University	in	Foulum	in	Northern	Jutland,	Denmark.	The	demonstration	plant	
was	built	 as	 a	 part	 of	 project	 called	 ‘El	 upgraded	biogas’	 coordinated	by	Haldor	 Topsøe	 and	with	 the	
participation	of	Aarhus	University,	HMN	Naturgas,	Naturgas	Fyn,	EnergiMidt,	the	Danish	Gas	Technology	
Center,	Xergi,	Cemtec	fonden,	Ea	Energianalyse	and	PlanEnergi.	The	project	started	in	2013	and	ends	mid-
year	2017.	The	total	budget	of	the	project	is	39.3	million	DKK	(5.28	million	€)	and	66%	of	this	amount	was	
funded	through	the	EUDP	grant	program	of	the	Danish	Energy	Agency.	The	following	description	and	data	
sheet	for	the	demonstration	plant	is	based	on	the	reports	[25,26].	

The	 demonstration	 plant	 has	 a	 50	 kW	 SOEC	 electrolyzer	 for	 hydrogen	 production.	 The	 electrolyzer	
includes	8	stacks	with	75	cells	each.	The	stacks	are	contained	in	two	units	with	4	stacks	each.	The	operating	
temperature	of	the	electrolyzer	is	around	725°C.	The	aim	is	to	operate	the	electrolyzer	at	thermoneutral	
voltage,	 i.e.	at	a	voltage	where	no	excess	heat	 is	generated.	To	compensate	 for	 the	slowly	decreasing	
performance	of	 the	electrolysis	cells	during	 their	 lifetime,	 the	operating	 temperature	 is	planned	to	be	
slightly	increased	during	the	plant’s	lifetime.	

The	 methanation	 plant	 receives	 biogas	 from	 Aarhus	 University’s	 on-site	 biogas	 plant.	 The	 biogas	 is	
composed	of	43%	CO2,	57%	CH4	and	 small	 amounts	of	organic	 sulfur	 compounds,	oxygen	and	others.	
These	compounds	are	harmful	 for	 the	methanation	catalyst	and	 therefore	 the	plant	 includes	a	biogas	
clean-up	unit	for	removing	them	prior	to	the	methanation.	

The	 methanation	 unit	 is	 designed	 to	 yield	 10	 Nm3/h	 of	 biomethane.	 A	 proprietary	 nickel-based	
methanation	catalyst	from	Haldor	Topsøe	is	used.	The	reaction	takes	place	at	280°C.	The	methanation	
process	 is	 designed	 such	 that	 the	 resulting	 gas	 should	 be	 at	 least	 96%	 pure	 CH4.	 The	 product	 gas	 is	
conditioned	by	drying	it	to	a	dew	point	of	less	than	-8°C	and	compressing	it	to	40	bar	(for	injection	to	the	
natural	gas	distribution	grid).	The	LHV	conversion	efficiency	of	(biogas	+	hydrogen)	to	biomethane	is	close	
to	80%.	The	bulk	of	the	remaining	20%	of	the	energy	inputs	is	converted	to	heat,	with	the	process	yielding	
usable	heat	both	at	the	reaction	temperature	and	at	lower	temperatures.		

To	reach	the	design	yield	of	10	Nm3/h	of	biomethane	when	methanating	biogas	with	43%	CO2	content,	
the	50	kW	SOEC	must	provide	17.3	Nm3/h	of	hydrogen.	This	hydrogen	production	corresponds	to	a	lower	
heating	 value	 (LHV)	 electricity-to-hydrogen	 efficiency	 of	 96.5%.	 Such	 high	 efficiency	 values	 can	 be	
obtained	according	to	Haldor	Topsøe’s	calculations,	 in	part	because	the	excess	high-temperature	heat	
from	the	methanation	process	is	used	for	evaporating	the	water	used	in	the	electrolyzer	(see	Figure	3.1).	
This	heat	input	is	not	taken	into	account	in	the	calculated	efficiency	of	96.5%.	Because	of	the	steam	input,	
the	electrolyzer	does	not	consume	energy	for	evaporating	liquid	water.		
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Haldor	Topsøe	has	carried	out	calculations	for	a	full	scale	methanation	plant	yielding	7.5	million	Nm3/year	
of	biomethane,	which	equals	approx.	940	Nm3/h	for	8000	annual	operating	hours.	The	calculated	LHV	
efficiency	 for	 the	 total	 conversion	 of	 biogas	 +	 electricity	 to	 biomethane	 is	 76.3%.	 	 The	 LHV	 biogas	 +	
electricity	conversion	efficiency	to	heat	 (for	use	biogas	production	and/or	district	heating)	 is	14%.	The	
total	 calculated	 LHV	 efficiency	 of	 (biogas	 +	 hydrogen)	 to	 (biomethane	 +	 heat)	 is	 therefore	 90.3%.	 An	
important	part	in	reaching	such	high	efficiencies	is	the	synergy	effect	of	utilizing	high-temperature	heat	
from	the	methanation	as	an	input	for	the	electrolyzer.	

Early	 results	 from	 the	 plant	 operation	 showed	 a	 H2	 production	 of	 16.3	 Nm3/h.	 This	 equals	 an	 LHV	
electricity-to-hydrogen	efficiency	of	91.0%.	However,	the	full	integration	of	steam	generation	and	use	has	
not	been	implemented	at	the	demonstration	plant.	The	same	early	results	showed	that	the	product	gas	
is	of	sufficiencly	high	quality	for	grid	injection,	containing	97.7%	CH4,	1.4%	H2,	0.9%	N2	and	trace	amounts	
of	CO2.	This	will	be	measured	in	more	detail	by	the	Danish	Gas	Technology	Center	later	in	the	project.	

No	 biogas	 or	 hydrogen	 storage	 facilities	 are	 included	 in	 the	 demonstration	 plant.	 The	 feasibility	 of	
including	such	storages	will	be	investigated	as	a	part	of	upscaling	to	a	larger	methanation	plant.	

	

	
	

Figure	3.1	A	schematic	of	the	system	layout	of	the	catalytic	biogas	methanation	facility	in	Foulum.	
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Table	3.1	A	data	sheet	for	the	catalytic	biogas	methanation	facility	in	Foulum.	The	numbers	are	based	on	actual	
plant	configuration	and	operation	data,	and	not	just	design	figures.	No	cost	information	is	available	for	this	small	
demo	plant.	
Data	type	 Value	 Unit	 Ref.	
	 	 	 	
Electrolysis	 	 	 	
Electrolyzer	type	 SOEC	 	 [25]	
Electrolysis	electricity	input	capacity	 50	 kW	 [25]	
Hydrogen	output	(design	value)	 17.3	 Nm3/h	 [25]	
Oxygen	output	(design	value)	 8.65	 Nm3/h	 [25]	
Operating	temperature	 725	 °C	 [25]	
Start-up	time,	cold	start	 10-11	 Hours	 [25]	
Start-up	time,	hot	start	 0-100	%	in	seconds	 	 [25]	
	 	 	 	
Methanation	 	 	 	
Reactor	type	 Boiling	water	type	 	 [25]	
CO2	source	 Directly	from	biogas	 	 [25]	
Hydrogen	input	 17.3	 Nm3/h	 [25]	
Biogas	input	(57%	CH4,	43%	CO2)	 10	 Nm3/h	 [25]	
CO2	input	 4.3	 Nm3/h	 [25]	
Biomethane	output	(design	value)	 10	 Nm3/h	 [25]	
Biomethane	CH4	content	(measured)	 97.7	 %	 [26]	
Biomethane	H2	content	(measured)	 1.4	 %	 [26]	
Biomethane	N2	content	(measured)	 0.9	 %	 [26]	
Biomethane	CO2	content	(measured)	 Trace	amount	 	 [26]	
Operating	pressure1	 “Medium	pressure”	 	 [25]	
Operating	temperature	 280	 °C	 [25]	
	 	 	 	
Efficiency	 	 	 	
Electrolysis	efficiency	(LHV),		
electricity	to	H2	(measured)2	

91.0	 %	 [25]	

Electrolysis	efficiency	(LHV),		
electricity	to	H2	(design	value)3	

96.5	 %	 [25]	

Methanation	efficiency,	
hydrogen	+	biogas	to	biomethane4	

79.1	 %	 	

Total	 efficiency,	 biogas	 +	 electricity	 to	
biomethane	(design	value)	

76.3	 %	 [25]	

Useful	heat	output	(LHV),	
biogas	+	electricity	to	heat	(design	value)	

14.0	 %	 [25]	

Total	energy	efficiency	(LHV),	el.	+	biogas	
to	biomethane	+	heat	(design	value)	

90.3	 %	 [25]	

																																																													
1	No	numerical	data	available.	
2	Based	on	early	results,	presented	in	[25],	with	50	kW	electricity	input,	32	Nm3/h	steam	input	and	a	hydrogen	production	of	
16.3	Nm3/h.	
3	Based	on	the	plant’s	design	values	of	50	kW	electricity	input,	steam	input	(from	the	methanation	process)	and	a	hydrogen	
production	of	17.3	Nm3/h.	
4	Calculated	based	on	an	electrolysis	efficiency	of	95.5%	and	a	total	efficiency	of	76.3%.	
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3.2 Etogas	&	Audi:	Catalytic	methanation	in	Werlte,	Germany	
	

The	 largest	 biogas	 methanation	 plant	 in	 operation	 in	 the	 world	 (as	 of	 October	 2016)	 is	 a	 catalytic	
methanation	 plant	 located	 in	Werlte,	 Lower	 Saxony,	Germany	 [27–30].	 The	 plant	was	 constructed	 by	
Etogas	 (formerly	 called	 Solarfuel)	 for	 the	German	 automaker	Audi,	 in	 collaboration	with	 the	 research	
institutions	Fraunhofer	 IWES	and	ZSW	and	the	energy	company	EWE.	The	gas	and	energy	flows	of	the	
plant	are	shown	in	Figure	3.2.	Table	3.2	is	a	data	sheet	with	technical	specifications	for	the	plant.	Note	
that	all	numbers	in	Table	3.2	are	design	values	and	not	measurement	values	from	the	operation	of	the	
plant.	

The	plant	has	 three	2	MW	alkaline	electrolyzer	units	 for	hydrogen	production,	 i.e.	a	 total	electrolyzer	
capacity	of	6	MW.	The	energy	efficiency	of	the	electrolysis	process	is	70%	and	the	maximum	hydrogen	
output	 is	 1310	 Nm3/h.	 The	 plant	 has	 a	 hydrogen	 storage	 capacity	 corresponding	 to	 the	 maximum	
electrolyzer	output	of	one	hour.	The	hydrogen	is	stored	in	pressurized	vessels.	

The	methanation	plant	is	located	at	the	site	of	a	large	biogas	plant	where	biogas	is	also	upgraded	by	CO2	
removal	(amine	scrubbing)	for	injection	to	the	natural	gas	network.	The	annual	biomethane	injection	to	
the	grid	from	this	process	is	approximately	3	million	Nm3	[27].	Around	340	Nm3/h	CO2	are	removed	from	
the	biogas	in	the	amine	scrubbing	process.	This	is	used	as	the	CO2	feedstock	for	the	biogas	methanation.	
The	methanation	unit	therefore	does	not	directly	receive	biogas,	but	only	the	CO2	fraction	after	 it	has	
been	separated	from	the	methane	in	the	biogas.	

The	 biogas	methanation	 unit	 produces	 biomethane	 from	hydrogen	 and	 CO2	 according	 to	 the	 process	
described	in	section	2.1.	It	takes	1300	Nm3/h	of	hydrogen	and	325	Nm3/h	of	CO2	as	inputs	and	yields	325	
Nm3/h	of	biomethane.	The	energy	efficiency	of	the	methanation	process	is	around	78%,	with	an	additional	
10%	energy	 output	 in	 the	 form	of	 heat.	 In	 the	Werlte	 plant,	 this	 excess	 heat	 is	 utilized	 in	 the	 biogas	
production	(anaerobic	digestion)	and	the	biogas	upgrading	(amine	scrubbing)	processes.	The	output	gas	
is	 composed	 of	 >91%	methane,	 <5%	 hydrogen	 and	 <6%	 CO2.	 The	 biomethane	 from	 the	methanation	
process	fulfills	the	German	requirements	for	injection	to	the	gas	grid	(although	propane	injection	may	be	
required	to	fulfill	all	regulations,	depending	on	where	in	the	gas	grid	the	injection	takes	place,	according	
to	DVFW	G685).	
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Figure	3.2	A	schematic	of	the	system	layout	of	the	biogas	methanation	facility	in	Werlte.	
	

The	plant	is	expected	to	have	4000	annual	full	load	hours,	which	yields	a	production	of	1000	metric	tons	
(1.5	million	Nm3)	of	biomethane.	The	motivation	for	Audi	 to	produce	biomethane	from	electricity	and	
biomass	 is	 that	 this	 low-emission	 biomethane	 compensates	 for	 the	 CO2	 emissions	 of	 their	 gas-fueled	
vehicles,	 that	 consume	natural	 gas	of	 fossil	 origin.	 The	biomethane	production	 from	 the	Werlte	plant	
would	suffice	to	power	1500	Audi	A3	e-tron	biomethane	cars,	assuming	that	the	cars	are	driven	15000	
km/year	on	average	[28].	According	to	Audi,	this	makes	up	for	2800	tons/year	of	CO2	that	are	emitted	
from	these	cars	[30].	
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Table	3.2	Data	sheet	with	design	data	for	the	biogas	methanation	plant	in	Werlte,	Germany.	
	
Data	type	 Value	 Unit	 Ref.	
	 	 	 	
Electrolysis	 	 	 	
Electrolyzer	type	 Alkaline	 	 [28]	
Electrolyzer	unit	electricity	input	capacity	 3	units	with	2	 MW/unit	 [28]	
Electrolysis	total	electricity	input	capacity	 6	 MW	 [28]	
Hydrogen	output	 1310	 Nm3/h	 [28]	
Oxygen	output	 655	 Nm3/h	 [28]	
Operating	temperature	 80	 °C	 [28]	
Regulation	ability	(for	each	electrolyzer)	 30-100	 %	of	max.	 [28]	
Hydrogen	storage	capacity	 6	 MWh	 [28]	
	 	 	 	
Methanation	 	 	 	
Reactor	type	 Fixed-bed		 	 [28]	
CO2	source	 Biogas	CO2	removal	

(amine	scrubbing)	
	 [28]	

Hydrogen	input	 1300	 Nm3/h	 [28]	
CO2	input	 325	 Nm3/h	 [28]	
Biomethane	output	 325	 Nm3/h	 [28]	
Biomethane	CH4	content	 >91	 %	 [28]	
Biomethane	H2	content	 <5	 %	 [28]	
Biomethane	CO2	content	 <6	 %	 [28]	
Operating	pressure	 8-10	 bar	 [28]	
Operating	temperature	 250-550	 °C	 [4]	
	 	 	 	
Efficiency	 	 	 	
Electrolysis	efficiency	(HHV)	 70	 %	 [29]	
Methanation	efficiency	 77	 %	 [28,29]	
Total	efficiency	electricity	to	Biomethane	 54	 %	 [28]	
Useful	heat	output	from	methanation	 10	 %	 [28]	
Methanation	waste	heat	utilization	 Biogas	production,	

biogas	CO2	removal	
(amine	scrubbing)	

	 [28]	

Total	energy	efficiency		
(el.	to	biomethane	+	heat)	

64	 %	 [28]	

	 	 	 	
Other	information	 	 	 	
Planned	annual	full	load	hours	 4000	 hours	 [28]	
Planned	annual	biomethane	production	 1’500’000	 Nm3		 [28]	
Start	of	operation	 June,	2013	 	 [28]	
	 	 	 	
Costs	 No	cost	information	available	
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3.3 MeGa-stoRE:	Catalytic	methanation	in	Lemvig,	Denmark	
A	biogas	methanation	research	and	demonstration	project	called	MeGa-stoRE	was	carried	out	from	2013-
2015,	with	a	demonstration	facility	at	a	biogas	plant	in	Lemvig	in	Western-Jutland,	Denmark	[1,2,20].	The	
project	partners	were	DTU	Mechanical	Engineering,	Aarhus	University	in	Herning,	Lemvig	biogas,	Green	
Hydrogen	and	Elplatek.	The	project	was	funded	by	the	ForskEL	grant	programme	of	the	Danish	electricity	
and	gas	TSO,	Energinet.dk.	

In	the	project,	a	very	small	biogas	methanation	pilot	plant,	dimensioned	for	an	biomethane	output	of	1	
Nm3/hour,	was	constructed	and	tested.	According	to	the	project	partners,	this	biogas	methanation	plant	
is	the	first	that	directly	methanises	biogas	without	first	separating	its	methane	and	CO2	contents	[20].	The	
plant	uses	a	novel	sulfur	cleaning	and	one-step	methanation	reactor,	designed	as	a	part	of	the	project.	

The	MeGa-stoRE	 project	 report	 [20]	 contains	 both	measurement	 data	 from	 the	 pilot	 plant	 as	well	 as	
assumptions	and	calculations	for	a	larger	(10	MW)	plant	that	has	not	yet	been	constructed.	The	available	
measurement	 data	 for	 the	 pilot	 plant	 is	 shown	 in	 Table	 3.3.	 Unfortunately,	 no	 data	 is	 available	 on	
electrolysis,	on	the	economics	or	on	the	energy	efficiency	of	the	current	pilot	plant	in	the	MeGa-stoRE	
project	reports.	

It	is	not	explicitly	mentioned	in	the	project	reports	if	the	hydrogen	was	produced	via	electrolysis	on-site,	
or	if	they	simply	purchased	compressed	hydrogen	gas	on	bottles	for	the	pilot	plant.	Due	to	the	lack	of	
discussion	 of	 electrolysis	 in	 the	 reports,	 and	 due	 to	 the	 small	 hydrogen	 flow	 rates	 of	 1.4	 Nm3/hour	
(corresponding	to	an	electrolyzer	capacity	of	only	6-7	kW),	the	latter	seems	more	plausible.	A	successor	
project,	“MeGa-stoRE,	Upgrading	and	Upscaling”,	has	been	funded	by	ForskEL	and	runs	from	2015	until	
2018.	In	that	project,	hydrogen	will	be	produced	using	a	250	kW	alkaline	electrolyzer.	

	

Table	3.3	Data	sheet	for	the	MeGa-stoRE	biogas	methanation	demonstration	plant	in	Lemvig,	Denmark.	All	
numbers	in	the	table	are	based	on	measurement	results	presented	in	[20].	No	data	was	available	on	the	efficiency	
or	economics	of	the	current	pilot	plant	in	the	MeGa-stoRE	project.	
	
Data	type	 Value	 Unit	
Methanation	reactor	type	 New	design	 	
CO2	source	 Directly	from	biogas	 	
Biogas	input	(65%	CH4,	35%	CO2)	 0.72	 Nm3/h	
Hydrogen	input	 1.0	 Nm3/h	
Biomethane	CH4	content		 >97	 %	
Biomethane	H2	content	 <3	 %	
Biomethane	CO2	content	 <2	 %	
Operating	pressure	 8	 bar	
Operating	temperature	 260-310	 °C	
Reactor	volume	 0.0004	 m3	
Start	of	operation	 4th	quarter	of	2014	 	
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3.4 Electrochaea:	Biological	methanation	in	Avedøre,	Denmark	
The	largest	biological	methanation	project	in	Denmark	is	located	at	the	Biofos	wastewater	treatment	plant	
in	Avedøre,	just	outside	of	Copenhagen.	The	plant	was	constructed	by	the	company	called	Electrochaea,	
with	Audi,	Hydrogenics,	NEAS	Energy,	HMN	Naturgas,	Biofos	and	Insero	as	partners.	This	demonstration	
project	 received	 funding	 from	 the	 ForskEL	 grant	 programme	 of	 Energinet.dk	 under	 the	 project	 name	
BioCat	[31].	The	project	started	in	2014.	The	total	project	budget	is	49.9	million	DKK	(6.7	million	€)	and	
55%	of	this	amount	was	funded	by	ForskEL.	The	final	report	of	the	BioCat	research	project	is	expected	to	
be	published	in	the	spring	of	2017.	

A	much	smaller	proof-of-concept	plant,	also	supported	by	ForskEL	was	set	up	by	Electrochaea	and	Aarhus	
University	at	Aarhus	University’s	Agriculture	Research	Centre	in	Foulum,	Denmark	prior	to	this	project.	

At	the	plant	in	Avedøre,	twelve	alkaline	electrolyzer	modules	from	the	project	partner	Hydrogenics,	with	
a	total	electricity	input	capacity	of	1.2	MW,	are	used	for	producing	hydrogen.	The	electrolyzers	consume	
5.5	kWh/Nm3	H2	and	have	a	total	hydrogen	output	capacity	of	200	Nm3/h.	This	equals	a	LHV	electricity	to	
hydrogen	 efficiency	 of	 51%.	 The	 pressure	 of	 the	 output	 hydrogen	 is	 12-13	 bar.	 Each	 of	 the	 twelve	
electorlyzers	can	operate	with	a	40%	-	100%	load.	The	electrolyzers	power	can	be	ramped	up	and	down	
on	the	time	scale	of	minutes	and	could	in	principle	be	used	for	providing	capacity	regulation	services	to	
the	grid	(although	this	has	not	been	tested	in	the	BioCat	project).		

The	biological	methanation	unit	is	designed	by	Electrochaea	and	was	constructed	by	a	subcontractor	from	
the	Netherlands.	The	plant	uses	an	ex-situ	reactor,	meaning	that	the	hydrogen	injection	and	methanation	
does	not	take	place	in	the	biogas	plant	(the	wastewater	treatment	plant)	itself.	The	primary	reasons	for	
this	are	the	problems	with	in-situ	reactors	mentioned	in	section	2.2.	During	the	plant	startup,	the	archaea	
microorganisms	were	injected	in	the	reactor,	where	it	took	them	three	weeks	to	multiply	to	their	final	
population.	After	this	phase,	the	archaea	perform	the	task	of	producing	methane	whenever	hydrogen	and	
CO2	are	available.	The	methanation	process	can	be	ramped	up	and	down	almost	instantly	by	regulating	
the	gas	flows.	The	biological	process	is	therefore	not	a	bottleneck	in	the	regulation	ability	of	the	plant.	
The	energy	conversion	efficiency	of	the	biologic	methanation	process	from	hydrogen	to	methane	is	84%,	
based	on	measurement	data	from	March	2017.	The	methanation	takes	place	at	a	pressure	of	9	bar	and	a	
temperature	of	63°C.	

The	archaea	are	very	 tolerant	 regarding	gas	 impurities,	 such	as	H2S	and	O2.	The	product	gas	 from	the	
methanation	reactor	is	90-95%	pure	CH4.	In	order	to	increase	the	methane	purity	above	97%	(which	is	the	
required	value	for	injection	to	the	distribution	grid),	the	gas	goes	through	a	membrane	cleaning	unit.	An	
iron	sponge	is	used	for	removing	H2S	from	the	gas.	The	resulting	gas	is	98%	CH4,	2%	H2,	1%	CO2	and	<40	
ppm	H2O.	The	gas	will	be	injected	to	the	4	bar	local	gas	distribution	network	of	HMN	Naturgas.	This	has	
not	been	tested	yet,	but	all	connections	are	in	place	and	grid	injection	is	planned	to	start	soon.	

During	the	project,	the	plant	will	be	tested	both	on	raw	biogas	(65%	CH4,	35%	CO2)	and	on	pure	CO2	(from	
an	amine	scrubbing	biogas	upgrade	process).	Until	now,	the	plant	has	only	been	tested	with	raw	biogas,	
as	the	amine	scrubbing	unit	 is	still	under	construction.	 In	the	biogas	operation	mode,	the	biomethane	
output	 capacity	 is	 limited	 by	 the	 biogas	 injection	 capacity,	 and	 not	 by	 the	 electrolysis	 capacity.	 The	
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electrolysis	therefore	only	operates	at	46%	of	the	installed	capacity	to	provide	the	stoichiometric	amount	
of	 hydrogen	 required	 for	 the	 methanation	 of	 60	 Nm3/h	 of	 biogas.	 In	 the	 CO2	 operation	 mode,	 the	
electrolysis	capacity	will	be	fully	utilized	to	methanate	50	Nm3/h	of	CO2.	

The	plant	does	not	include	hydrogen	or	biogas	storage	facilities,	as	the	methanation	plant	is	rather	small	
compared	with	the	biogas	plant	at	the	site.	Hydrogen	is	produced	on	demand	and	the	system	is	tested	
both	with	continuous	operation	and	with	start	and	stop	every	night.	The	final	operation	strategy	of	the	
plant	is	to	operate	the	electrolysis	only	when	the	electricity	price	is	sufficiently	low.	

The	electrolysis	process	yields	usable	excess	heat	amounting	to	20%	of	the	electrical	energy	input	and	the	
methanation	process	yields	usable	excess	heat	corresponding	to	around	15%	of	the	H2	energy	input.	The	
excess	heat	is	extracted	via	a	heat	exchanger	and	has	a	temperature	of	about	58°C.	This	is	slightly	too	low	
for	most	district	heating	networks.	A	heat	pump	would	therefore	be	required	to	boost	the	temperature	
to	district	heating	levels,	if	the	plant’s	excess	heat	should	be	fully	utilized.	This	has	not	been	done	at	the	
plant	in	Avedøre	due	to	its	small	scale	but	will	be	considered	in	the	future	for	larger	plants.	

The	 total	 capital	 expenses	 for	 this	 first-of-its-kind	 plant	 were	 around	 3.85	 million	 €.	 Electrochaea	 is	
currently	building	a	second	demonstration	plant	in	Solothurn	in	Switzerland	as	a	part	of	the	Horizon	2020	
project	Store&Go	[32].	A	10	MW	(electrolyzer	energy	input)	methanation	plant	is	considered	a	full-scale	
plant	 by	 Electrochaea	 and	 the	 company	 has	 recently	 begun	work	 on	 a	 plant	 at	 this	 scale	 at	 another	
location.	Electrochaea’s	future	cost	target	for	a	full-scale	plant	is	around	1	million	€.	
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Figure	3.3	A	schematic	of	the	system	layout	of	the	biogas	methanation	facility	in	Avedøre	when	biogas	is	used	as	a	
feedstock	for	the	methanation	reactor.	
	

	
	

Figure	3.4	A	schematic	of	the	system	layout	of	the	biogas	methanation	facility	in	Avedøre	when	pure	CO2	is	used	as	
a	feedstock	for	the	methanation	reactor.	This	has	not	been	tested	yet,	as	the	amine	scrubbing	facility	at	the	site	is	
still	under	construction.	
	

	 	



	

21	
	

Table	3.4	Data	sheet	for	the	biogas	methanation	plant	in	Avedøre,	Denmark.	The	measurement	values	in	the	data	
sheet	were	measured	during	biogas	injection	mode	in	September	2016.		
	
	
Data	type	 Value	 Unit	 Ref.	
	 	 	 	
Electrolysis	 	 	 	
Electrolyzer	type	 Alkaline	 	 [33]	
Electricity	input	capacity	 1.2	 MW	 [33]	
Electricity	consumption5	(measured)	 5.5	 kWh/Nm3	H2	 [33]	
Water	consumption	(measured)	 0.8	 liters/h	 [33]	
Maximum	hydrogen	output	(99%	pure	H2)	 200	 Nm3/h	 [33]	
Maximum	oxygen	output	 100	 Nm3/h	 [33]	
Maximum	H2	operating	pressure		 13	 bar	 [33]	
Partial	load	operation	capability	 4-100	 %	 [33]	
Data	type	 Value	 Unit	 Ref.	
	 	 	 	
Methanation	 	 	 	
Reactor	type	 Separate	reactor	 	 [33]	
CO2	source	 Wastewater	treatment	 	 [34]	
Maximum	hydrogen	input	 200	 Nm3/h	 [33]	
Maximum	biogas	input	(35%	CO2,	65%	CH4)	 60	 Nm3/h	 [33]	
Maximum	CO2	input	(pure	CO2	stream)	 50	 Nm3/h	 [33]	
Maximum	biomethane	output	 60	 Nm3/h	 [33]	
Biomethane	CH4	content	(measured)	 >98	 %	 [33]	
Biomethane	H2	content	(measured)	 <2	 %	 [33]	
Biomethane	CO2	content	(measured)	 <1	 %	 [33]	
Biomethane	H2O	content	(measured)	 <40	 ppm	 [33]	
Operating	pressure	(measured)	 9	 bar	 [33]	
Operating	temperature	(measured)	 63	 °C	 [33]	
Excess	heat	output	temperature	(measured)	 58	 °C	 [33]	
	 	 	 	
Efficiency6	 	 	 	
Electrolyzer	energy	efficiency	(LHV),	
electricity	to	hydrogen	(measured)7	

51	 %	 [33]	

Electrolyzer	energy	efficiency,	
electricity	to	heat	(measured)	

20	 %	 [33]	

Methanation	energy	efficiency	(LHV),	
hydrogen	to	biomethane	(measured)	

84	 %	 [33]	

Methanation	energy	efficiency,	
hydrogen	to	heat	(measured)	

15	 %	 [33]	

																																																													
5	At	„beginning	of	life“.	This	value	will	probably	slightly	increase	over	the	lifetime	of	the	electrolyzer	due	to	cell	
degradation.	
6	The	methane	content	of	biogas	passes	unaltered	through	the	methanation	reactor.	The	efficiency	calculations	
therefore	only	take	energy	input	in	the	form	of	hydrogen	into	account.	
7	Calculated	based	on	an	electricity	consumption	of	5.5	kWh/Nm3	H2.	
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Total	energy	efficiency	(LHV),	
electricity	to	biomethane8	

43	 %	 [33]	

Total	energy	efficiency,	
electricity	to	(biomethane	+	heat)3	

70	 %	 [33]	

	 	 	 	
Other	information	 	 	 	
Plant	ramp-up	time,	cold	start	 60	 min.	 [33]	
Plant	ramp-up	time,	hot	start	 15	 min.	 [33]	
Plant	shut-down	time	 <1	 min.	 [33]	
Start	of	operation	 April	2016	 	 [33]	
Investment	lifetime	 20	 years	 [33]	
	 	 	 	
Costs	 	 	 	
Electrolyzer	investment	 2.1	 M€	 [33]	
Methanation	investment	 1.75	 M€	 [33]	
Operating	expenses	 No	information	 	 [33]	

	

	 	

																																																													
8	Calculated	based	on	the	electrolyzer	efficiency	and	the	methanation	efficiency.	
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3.5 MicrobEnergy	&	Audi:	Biological	methanation	in	Allendorf,	Germany	
The	largest	biological	methanation	project	in	Germany	is	located	at	a	biogas	plant	in	Allendorf	(Eder)	in	
Hessen.	 The	 plant	 was	 constructed	 by	 MicrobEnergy,	 which	 is	 a	 subsidiary	 of	 Viessmann	 Group,	 in	
cooperation	with	Audi.	Like	with	the	methanation	plant	in	Werlte,	the	motivation	for	Audi	to	invest	in	this	
project	 is	 that	 the	 low-emission	 biomethane	 compensates	 for	 the	 CO2	 emissions	 of	 their	 gas-fueled	
vehicles,	 that	consume	natural	gas	of	 fossil	origin.	 	The	plant	 is	part	of	a	demonstration	project	called	
BioPower2Gas,	which	is	expected	to	receive	a	30%	subsidy	of	the	investment	costs	according	to	[35].	The	
available	data	for	the	plant	are	shown	in	Table	3.5.	Note	that	all	data	in	Table	3.5	are	the	plant’s	design	
data	but	not	measurement	data	from	the	operation	of	the	plant.		

The	plant	has	a	300	kW	PEM	electrolyzer	that	produces	60	Nm3/h	of	hydrogen.	The	hydrogen	is	injected	
into	an	ex-situ	 biological	methanation	 reactor	 together	with	biogas	 containing	15	Nm3/h	of	CO2.	 This	
yields	an	output	of	15	Nm3/h	biomethane.	After	the	methanation,	the	biomethane	fulfills	 the	German	
requirements	for	injection	into	the	gas	grid.	The	energy	efficiency	of	the	biological	methanation	process	
is	75-80%	[35].	The	plant	is	located	at	a	biogas	plan	that	produces	330	Nm3/h	of	biogas.	The	plant	has	a	
biogas	upgrading	facility	(without	hydrogen	addition)	that	injected	175	Nm3/h	of	biomethane	into	the	grid	
before	the	methanation	plant	was	built.	The	methanation	plant	only	takes	a	small	fraction	of	the	biogas	
produced	 at	 the	 plant	 as	 an	 input.	 The	 project	 partners	 have	 plans	 about	 doubling	 the	 biomethane	
production	capacity	of	the	methanation	plant	[36].	

The	electrolysis	and	methanation	process	can	be	regulated	quickly.	The	biological	methanation	process	
can	be	fully	started	and	stopped	in	 less	than	a	minute.	When	the	microbes	have	the	input	gases,	they	
perform	the	work	required	for	methane	production,	otherwise	they	are	dormant.	An	important	part	of	
the	business	plan	behind	the	plant	is	to	provide	ancillary	services	to	the	grid;	the	sales	of	such	services	are	
in	fact	planned	to	contribute	more	to	the	revenue	of	the	plant	than	the	sales	of	biomethane	to	the	grid	
[35].	
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Figure	3.5	A	schematic	for	the	layout	of	the	biogas	methanation	facility	in	Allendorf.	
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Table	3.5	Data	sheet	with	design	data	for	the	biogas	methanation	plant	in	Allendorf,	Germany.	
	
Data	type	 Value	 Unit	 Ref.	
	 	 	 	
Electrolysis	 	 	 	
Electrolyzer	type	 PEM	 	 [36]	
Electricity	input	capacity	 300	 kW	 [36]	
Hydrogen	output	 60	 Nm3/h	 [36]	
Oxygen	output	 30	 Nm3/h	 [36]	
Operating	pressure		 40	 bar	 [36]	
	 	 	 	
Methanation	 	 	 	
Reactor	type	 Separate	reactor	 	 [36]	
CO2	source	 Biogas	plant	 	 [36]	
Hydrogen	input	 60	 Nm3/h	 [36]	
CO2	input	 15	 Nm3/h	 [36]	
Biomethane	output	 15	 Nm3/h	 [36]	
Biomethane	CH4	content	 >95	 %	 [35]	
Biomethane	H2	content	 <3	 %	 [35]	
Biomethane	CO2	content	 <3	 %	 [35]	
Operating	pressure	 5	 bar	 [37]	
Operating	temperature	 40	 °C	 [35]	
Regulation	(start/stop)	 <1	 minute	 [35]	
	 	 	 	
Efficiency	 	 	 	
Methanation	efficiency	 75-80	 %	 [35]	
	 	 	 	
Other	information	 	 	 	
Start	of	operation	 Spring	2015	 	 [36]	
Investment	lifetime	 20	 years	 [35]	
	 	 	 	
Costs	 No	 reliable	 cost	 data	 available.	 Some	 cost	 data	 is	

presented	 in	 [35],	 but	 these	 costs	 are	 estimates	
from	2013	for	a	larger	version	of	the	plant.	
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3.6 Other	biogas	methanation	plants	
The	following	is	a	list	of	other	biogas	methanation	plants	that	the	authors	are	aware	of,	but	about	which	
they	have	no	further	data	or	knowledge	at	this	point	[38].	These	plants	are	all	very	small	compared	with	
most	of	the	methanation	plants	covered	in	the	previous	sections.	

• DVGW:	Catalytic	methanation	in	Karlsruhe,	Germany	
o A	test	setup	of	the	DVGW	research	center	at	the	Engler	Bunte	Institute	of	Karlsruhe	

Institute	of	Technology.	
o Uses	a	200	kW	electrolyzer.	

• MicroPyros:	Biological	methanation	in	Straubing,	Germany		
o Located	at	the	wastewater	treatment	plant	in	Straubing	
o A	test	setup	with	an	biomethane	production	of	only	0.4	Nm3/h.	

• Stedin:	Catalytic	methanation	in	Rozenburg,	Netherlands	
o A	small	demonstration	plant.	
o The	only	biogas	methanation	project	outside	Germany	and	Denmark	known	to	the	

authors.	
o Uses	a	10	kW	PEM	electrolyzer.		

	

The	Horizon	 2020	 R&D	project	 Store&Go	 [32],	which	 started	 in	March	 2016,	 aims	 at	 setting	 up	 both	
catalytic	 and	 biological	methanation	 plants	 at	 three	 locations;	 Falkenhagen	 in	 Germany,	 Solothurn	 in	
Switzerland	and	Puglia	in	Italy.	These	plants	will	be	on	a	demonstration	scale	(<	1	MW)	with	the	aim	of	
increasing	the	technology	readiness	level	of	the	methanation	processes.		

Furthermore,	 a	 recent	 publication	 by	 Bailera	 et	 al.	 provides	 a	 listing	 of	 existing	 research	 and	
demonstration	projects	in	the	field	of	biogas	methanation	[39].	
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