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AGENDA 
	

Wednesday,	September	13,	2017	

9:00		Welcomes	

9:15	 Session	1:	 Learnings	from	Recent	
UK	Studies	

Chair:		Jon	Gibbins	
a. UK	costs	for	a	range	of	CCS	technologies,	

Suzanne	Ferguson,	Amec	FW	
b. Natural	Gas	Post‐combustion,	Den	

Gammer/Andrew	Green,	ETI	

10:45		Break	

11:00		Session	2:		Cost	of	Large‐scale	CCS	
Projects	

Chair:		Jeff	Hoffmann	
a. Petra	Nova,	David	Greeson,	NRG		
b. Quest,	Wilfried	Maas,	Shell	Global	

	12:30		Lunch	

1:45		Session	3:		Cost	of	Emerging	
Processes	

Chair:		George	Booras	
a. Update	on	NET	Power:	Demonstration	

and	Commercial	Activities,	Mike	
McGroddy,	8	Rivers	Capital	

b. Demonstrating	CO2	capture	<$40/ton:	
Experience	from	Industrial	Projects,	
Prateek	Bumb,	Carbon	Clean	Solutions	

3:15		Break	

3:45		Session	4:		CCS	in	Energy‐	
Economic	Models	

Chair:		Keith	Burnard	
a. A	review	of	CCS	techno‐economic	

representation	in	Integrated	
Assessment	 Models	James	Glynn	
University	College	Cork	

b. What	is	the	role	of	CCS	in	determining	
costs	and	climate	outcomes	of	scenario	
analysis	in	Integrated	Assessment	
Models?,	Richard	Millar,	Oxford	
University	

5:00	Networking	reception	(Imperial)																		

7:30	Dinner,	Coco	Momo																										
	
	

	
	
	
	
Thursday,	September	14,	2017	

9:00		Session	5:		CCS	Flexibility	

Chair:	 Howard	Herzog	

a. Quantifying	and	qualifying	the	role	and	
value	of	flexible	CCS	to	the	
decarbonisation	 of	national	electricity	
systems,	Clara	Heuberger,	Imperial	
College	

b. Decarbonising	the	Australian	National	
Electricity	Market	‐	Implications	for	CCS,	
Andy	Boston,	Red	Vector	

10:30		Three	Parallel	Breakout	Sessions	

A. Energy‐Economic	Models:	 Is	CCS	being	
represented	appropriately?	(co‐chairs:	
Howard	Herzog,	Niall	MacDowell)	

B. Learnings	 from	 demonstration	 projects:	
what	will	 the	 next	 plant	 cost?	 (co‐chairs:	
Jeff	Hoffmann,	George	Booras)	

C. Beyond	demonstrations:	CCS	projects	
with	multiple	repeat	units	(co‐chairs:	Jon	
Gibbins,	Den	Gammer)	

1:30	 Lunch	

2:30		Breakout	Group	Reports	

3:15		General	Discussion	

3:45		Next	Meeting	–	Topics,	Location,	
Timing	

4:00		Adjourn	
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INTRODUCTION 

	

The	 fifth	 meeting	 of	 the	 CCS	 Cost	 Workshop	
was	held	on	September	13‐14,	2017	at	Imperial	
College	 London	 (South	 Kensington	 Campus)	
under	 the	 auspices	of	 the	 IEA	Greenhouse	Gas	
R&D	Programme.	

The	 meeting	 was	 organized	 by	 a	 Steering	
Committee	 chaired	 by	 Howard	 Herzog	
(Massachusetts	 Institute	 of	 Technology),	 along	
with	 representatives	 from:	 Carnegie	 Mellon	
University	(Ed	Rubin),	Electric	Power	Research	
Institute	(George	Booras),	 IEA	Greenhouse	Gas	
R&D	 Programme	 (Keith	 Burnard),	 Lawrence	
Livermore	 National	 Laboratory	 (Sean	 McCoy),	
USDOE	National	Energy	Technology	Laboratory	
(Jeff	 Hoffmann),	 NaturalGas	 Fenosa	 (John	
Chamberlain),	Shell	Global	(Wilfried	Maas)	and	
the	 University	 of	 Sheffield	 (Jon	 Gibbins).	 In	
addition,	 the	 participation	 of	 the	 UK	 CCS	
Research	 Centre	 and	 Imperial	 College	 London	
were	critical	to	the	planning	and	success	of	this	
meeting.	

The	 purpose	 of	 the	 CCS	 Cost	Workshops	 is	 to	
share	and	discuss	 the	most	 currently	 available	
information	 on	 the	 cost	 of	 carbon	 capture	 and	
storage	 (CCS)	 in	 electric	 utility	 and	 industrial	
process	applications,	as	well	as	the	outlook	 for	
future	CCS	costs	and	deployment.			

	

	

	

The	workshop	also	seeks	to	identify	other	key	
issues	 or	 topics	 related	 to	 CCS	 costs	 that	
merit	further	discussion	and	study.	

As	in	past	workshops,	Day	1	was	devoted	to	a	
plenary	 session	 addressing	 four	 general	
topics.	 Each	 session	 included	 two	 invited	
presentations,	 followed	 by	 a	 discussion	
among	 workshop	 participants.	 	 The	 second	
day	 began	with	 a	 fifth	 plenary	 session	 topic,	
followed	 by	 three	 parallel	 breakout	 sessions	
pursuing	 selected	 topics	 in	 more	 detail.	
Reports	 of	 the	 breakout	 groups	 were	
presented	 in	 a	 concluding	 a	 plenary	 session,	
followed	 by	 general	 discussion	 and	 planning	
for	future	events.		

This	 document	 presents	 brief	 summaries	 of	
the	 five	plenary	session	topics,	 together	with	
the	 full	 set	 of	 presentations	 by	 invited	
speakers.	 	 The	 proceedings	 of	 this	 and	 all	
previous	CCS	Cost	Workshop	are	available	at:					
www.ieaghg.org/networks/costs‐
network/125‐networks/costs‐network‐
members‐area/423‐costs‐network‐members‐
area.	
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PRESENTATION SUMMARIES 

Session 1: Learnings from Recent UK 
Studies 

Rapporteur:	J.	Gibbins	

Two	 studies	 on	 the	 cost	 of	 full‐scale	 CCS	
deployment	in	the	UK	market	were	presented	
in	 this	 session.	 	 Following	 its	 previously	
unsuccessful	 approach	 to	 fund	 a	 small‐scale	
demonstration	 project	 based	 on	
‘competitions’,	 the	 UK	 Government	 is	 now	
considering	a	more	holistic	approach	to	CCUS	
in	 its	 Clean	 Growth	 Strategy	
(https://www.gov.uk/government/publicati
ons/clean‐growth‐strategy),	 which	
emphasizes	 the	 importance	 of	 CCUS	 being	
cost‐competitive	with	alternative	options	if	it	
is	to	achieve	widespread	deployment.		

In	this	context	there	is	significant	UK	interest	
in	both	the	general,	longer‐term	prospects	for	
CCUS	 costs.	 A	 review	 of	 expected	 costs	 is	
being	 undertaken	 by	 Amec	 Foster	 Wheeler	
(FW)	 for	 the	 UK	 Department	 for	 Business,	
Energy	 &	 Industrial	 Strategy	 (BEIS).	 Viable	
projects	 for	 initial	deployment	are	also	being	
examined,	as	in	a	study	by	the	ETI	on	natural	
gas	 combined	 cycle	 plants	 with	 post‐
combustion	capture.	

UK Costs for a Range of CCS Technologies  

Suzanne	 Ferguson	 is	 the	 Carbon	 Capture	
Technical	 Lead	 of	 the	 Business	 Solutions	
Group,	 Oil,	 Gas	 &	 Chemicals	 at	 Amec	 Foster	
Wheeler.	 	 In	 her	 presentation	 she	
summarised	 work	 done	 for	 a	 forthcoming	
report,	 “Benchmarking	 State‐of‐the‐art	 and	
Next	 Generation	 Technologies”	 as	 part	 of	 a	
BEIS	 study	 “Assessing	 the	 Cost	 Reduction	
Potential	and	Competitiveness	of	Novel	(Next	
Generation)	UK	Carbon	Capture	Technology”.	
This	will	eventually	be	 issued	into	the	public	
domain	 on	 the	 BEIS	 website.	 Based	 on	 the	
assumptions	used,	and	within	the	uncertainty	
range	of	the	study’s	cost	estimates,	this	study	
concluded	 that	 the	 lowest	 levelised	 cost	 of	
electricity	(LCOE)	with	carbon	capture	is	still	
natural	 gas	 CCGT	with	 a	 proprietary	 solvent	
for	CO2	capture.	This	result	 is	due	to	the	high	
efficiency	 and	 low	 capital	 cost	 of	 the	 base	
plant,	and	the	fact	that	natural	gas		

	

	

	

combustion	 produces	 CO2	 conditions	 less	
challenging	 than	 e.g.,	 coal,	 resulting	 in	 less	
carbon	 to	 be	 captured	 and	 compressed	 per	
unit	of	electricity	generated.			

For	 capture	 from	 natural	 gas	 power	 plants	
post‐combustion	 routes	 appear	 most	
attractive	 (with	 oxy	 not	 far	 behind),	 but	 it	
was	 noted	 that	 this	 was	 for	 baseload	
operation.	 The	 flexibility	 advantages	 of	 pre‐
combustion	 routes	 (e.g.,	 hydrogen	
production)	 were	 not,	 therefore,	 quantified.		
Two	 of	 the	 leading	 novel	 technologies,	 the	
Allam	 Cycle	 and	molten	 carbonate	 fuel	 cells,	
appear	 well	 positioned	 to	 compete	 with	
proprietary	 solvents	 for	 base	 load	 power	
generation	 if	 they	 can	 reduce	 their	 capital	
costs	or	improve	efficiencies	further.	

Natural Gas Post‐combustion Capture  

	Den	Gammer	 and	Andrew	Green	 reported	
on	 work	 undertaken	 as	 part	 of	 an	 Energy	
Technology	Institute	(ETI)	study	performed	
by	 SNC‐Lavalin,	 AEOCOM	 and	 the	
University	 of	 Sheffield.	 	 For	 a	 five‐train	
NGCC	power	 plant	 (each	 train	 being	 an	H‐
class	GT,	HRSG	and	steam	plant,	with	a	CO2	
capture	 and	 compression	 system)	 the	
estimated	levelised	cost	of	electricity	was	in	
the	range	of	63	to	93	£/MWh.		A	conceptual	
layout	for	the	five	train	plant,	capturing	10	
million	 tonnes/year	 of	 CO2	 from	 a	 single	
site,	is	shown	below.	

	

Interestingly,	 it	was	noted	that	even	with	a	
“conservative“	 configuration,	 the	 capture	
energy	 penalty	 has	 dropped	 by	more	 than	
two	 percentage	 points	 since	 their	 2010	
estimates	 while	 the	 base	 plant	 generation	
efficiency	 has	 increased	 by	 about	 two	
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percentage	 points.	 Offsetting	 this	
improvement,	however,	 the	post‐Brexit	 fall	
in	 the	 £/US$	 exchange	 rate	 has	 raised	 the		
capital	 cost	 by	 3%	 to	 4%,	 so	 overall	
levelised	 costs	 have	 not	 changed	
significantly	since	earlier	ETI	estimates.			

	

Session 2: Cost of Large‐scale CCS 
Projects 

Rapporteur:	J.	Hoffmann	

Two	studies	on	the	cost	of	full‐scale	CCS	
projects	were	presented	in	this	session.			

Petra Nova Carbon Capture 

David	Greeson	from	NRG	gave	an	overview	of	
the	 240	 MWeq	 carbon	 capture	 project	
operating	 at	 NRG’s	 640	MW	 coal‐fired	 Petra	
Nova	‐	WA	Parish	generating	station	in	Texas.	
This	 is	 a	 commercial	 venture	 between	 NRG	
and	JX	Nippon	Oil	&	Gas	Exploration	that	uses	
a	 post‐combustion	 CO2	 capture	 process	
developed	 by	 Mitsubishi	 Heavy	 Industries	
(MHI)	 and	 the	 Kansai	 Electric	 Power	 Co.	 It	
captures	1.6	million	tons	CO2	per	year	which	
is	used	for	enhanced	oil	recovery	(EOR)	at	the	
West	Ranch	oil	field.	

Greeson	 reported	 that	 the	 total	 project	 cost	
was	 approximately	 one	 billion	dollars,	 about	
half	 of	 which	 was	 for	 power	 plant	
installations	and	half	for	the	CO2	pipeline	and	
oil	 field	development.	He	expressed	 the	 total	
cost	 of	 CCS	 in	 units	 of	 dollars	 per	 thousand	
cubic	 feet	(mcf)	of	CO2.	Current	cost	 is	about	
$3.50/mcf,	compared	to	a	maximum	value	for	
EOR	of	$2.00/mcf.	 	That	gap	could	be	closed	
in	 a	 decade	 with	 gradual	 cost	 reductions	 of	
4%/year,	 or	 much	 faster	 with	 proposed	
policy	incentives.	

A	unique	feature	of	the	Petra	Nova	project	 is	
the	 commercial	 structure	 which	 includes	 oil	
sales.	 Greeson	 said	 that	 oil	 revenues	 pay	 for	
the	entire	project.				

Overall,	 he	 saw	 the	 CCUS	 industry	 as	
progressing	 and	 beginning	 to	 emerge	
commercially,	 but	 still	 facing	 a	 number	 of	
“headwinds”	 including	 cost,	 competition,	
scale,	 development,	 reputation,	 and	 time	 for	
constructing	new	projects.		

Quest CCS Project Costs 

Wilfried	Maas	 from	Shell	Global	 summarized	
Shell’s	 current	 involvement	 in	 CCS	 projects	
worldwide,	 then	 focused	 on	 the	 Quest	 CCS	
project	in	Alberta,	Canada,	where	CO2	is	being	
captured	 at	 the	 Scotford	Upgrader	 industrial	
facility,	 then	 stored	 in	 a	 deep	 saline	 aquifer	
(the	Basal	Cambrian	Sands).	This	project	 is	a	
joint	 venture	 between	 Shell,	 Chevron	 and	
Marathon	 Oil.	 Since	 startup	 in	 August	 2015,	
Quest	 has	 captured,	 transported	 and	 safely	
stored	 2	 million	 tonnes	 of	 CO2	 as	 of	 June	
2017.	

In	terms	of	cost,	the	project	CAPEX	(including	
the	FEED	study)	was	929.7	million	Canadian	
dollars	 (CAD),	 or	 about	 744	 million	 USD.	
Actual	 2016	 OPEX	 was	 30.2	 million	 CAD	
(~24.2	million	USD).	 	 On	 a	 normalized	 basis	
the	 reported	 costs	 per	 tonne	 of	 CO2	 avoided	
were	 77.4	 CAD/t	 (62	 USD/t)	 in	 2015,	
increasing	to	92.7	CAD/t	(74	USD/t)	in	2016.	
The	 reported	 costs	 per	 tonne	 captured	were	
15%―16%	 lower	 than	 the	 cost	 per	 tonne	
avoided.	

	

Session 3: Cost of Emerging 
Processes 

Rapporteur:	G.	Booras	

This	 session	 focused	 on	 the	 cost	 of	 new	 and	
innovative	 technologies	 that	 include	 CO2	
capture.	 Special	 emphasis	was	placed	on	 the	
methodology	 for	 estimating	 capital	 costs	 of	
novel	 equipment	 components	 and	 systems,	
and	how	costs	are	expected	to	improve	as	the	
technology	 moves	 from	 First‐of‐a‐Kind	
(FOAK)	 to	 Nth‐of‐a‐Kind	 (NOAK)	 projects.		
The	 session	 included	 speakers	 from	 NET	
Power	and	Carbon	Clean	Solutions.			

Update  on  NET  Power:  Demonstration 
and Commercial Activities 

Mike	McGroddy	from	8	Rivers	Capital	gave	an	
overview	of	the	NET	Power	supercritical	CO2	
power	cycle	(Allam	Cycle)	technology	and	its	
development	and	commercialization	timeline.		
The	 NET	 Power	 partners	 include	 8	 Rivers,	
Excelon,	 and	 CB&I.	 The	 power	 cycle	 is	 very	
efficient	and	captures	CO2	as	an	inherent	part	
of	 the	 process.	 8	Rivers	 believes	 the	 process	
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will	 be	 economically	 competitive	 with	 NGCC	
plants	 that	 do	 not	 include	 CCS.	 	 The	 novel	
components	 are	 the	 combustor	 and	 turbine,	
which	 are	 being	 developed	 by	 Toshiba.		
McGroddy	 noted	 that	 the	 turbine,	which	 has	
an	 inlet	pressure	of	300	bar,	 looks	 like	a	gas	
turbine	 in	 a	 steam	 turbine	 shell.	 He	 gave	 a	
status	update	on	their	50	MWt	demonstration	
plant	 in	 La	 Porte,	 Texas.	 They	 are	 also	
developing	 a	 design	 and	 cost	 estimate	 for	 a	
commercial‐scale	plant.			

Learnings	 from	 the	 design	 and	 construction	
of	 the	 demo	 plant	 are	 being	 incorporated	 in	
the	FOAK	commercial	plant	design.	McGroddy	
noted	 that	 cost‐efficiency	 trade‐offs	 are	
helping	 reduce	 the	 capital	 cost	 with	 only	
minimal	 efficiency	 loss.	 	 He	 concluded	 by	
describing	some	of	the	future	cost	reductions	
that	may	apply	to	the	Nth‐of‐a‐kind	plant.	The	
inventor	of	this	supercritical	CO2	power	cycle,	
Rodney	 Allam,	 was	 also	 present	 for	 this	
session	 and	 helped	 respond	 to	 some	 of	 the	
questions.			

Demonstrating CO2 Capture at <$40/ton: 
Experience from Industrial Projects 

Aniruddha	 Sharma,	 CEO	 of	 Clean	 Carbon	
Solutions	Limited,	 talked	about	 their	process	
for	 capture	 of	 CO2	 from	 industrial	 sources.	
Their	 process,	 known	 as	 CDRMax,	 uses	
advanced	 amine	 chemistry	 to	 remove	 CO2	
from	 a	 variety	 of	 gas	 streams.	 	 Sharma	
reviewed	 their	 process	 flow	 diagram,	 which	
looks	 like	 a	 conventional	 amine‐based	
absorber‐stripper	configuration.		Some	of	the	
advantages	of	 their	 advanced	amine	are	 that	
it	has	very	low	solvent‐aerosol	emissions	and	
can	be	used	 in	a	 carbon	 steel	 absorber.	 	The	
process	 has	 been	 tested	 at	 the	 Technology	
Centre	 Mongstad	 (TCM)	 in	 Norway.	 They	
have	 a	 commercial‐scale	 (174	 tpd)	 CO2	
capture‐to‐chemicals	 plant	 that	 was	
commissioned	 in	 India	 in	 late	 2016.	 	 It	
captures	 CO2	 from	 a	 10	MW	 coal	 boiler	 flue	
gas	stream.		The	capture	cost	is	claimed	to	be	
less	 than	$40/	metric	 tonne,	 including	 capex	
and	opex.		

Clean	 Carbon	 Solutions’	 plan	 for	 cost	
reductions	 in	 future	 plants	 is	 based	 on	 a	
“standardize	and	replicate”	philosophy.		They	
are	 also	 investigating	 stacking	 of	 equipment	
to	 reduce	 the	 overall	 footprint.	 	 Sharma	

foresees	many	CO2	capture	plants	being	built	
at	 smaller	 industrial	 scale	 facilities,	 referred	
to	 as	 iCCUS.	 	 They	 plan	 to	 deliver	 three	
industrial‐scale	CO2	capture	projects	in	2017,	
and	are	conducting	two	conceptual	studies	in	
Norway	 for	 1500	 tons/day	 (75MW)	 CO2	
capture	plants.	

	

Session 4: CCS in Energy‐Economic 
Models 

Rapporteur:	K.	Burnard	

This	session	focused	on	the	treatment	of	CCS	
in	 energy‐economic	 models.	 In	 the	 Paris	
Agreement	developed	at	COP21	in	December	
2015,	 governments	 signed	 up	 to	 a	 stringent	
“well	below	2°C”	target	and	a	more	ambitious	
pursuit	 to	 limit	 the	 global	 average	
temperature	 increase	 to	 1.5°C	 above	 pre‐
industrial	levels.		

Energy‐economic	 models	 are	 a	 key	
methodological	 tool	 for	 investigating	 long‐
term	trade‐offs	among	the	energy	system,	the	
climate	 system	 and	 the	 broader	 economic	
system.	 Such	models	 play	 an	 important	 role	
in	 underpinning	 the	 scientific	 debate	 on	
climate	 change	 mitigation	 and	 adaptation.	
They	 are	 developed	 and	 operated	 by	 a	wide	
range	of	international,	national,	academic	and	
industrial	 organisations.	 Outputs	 from	 these	
models	 are	 important	 because	 their	 results	
inform	 assessments	 by	 bodies	 such	 as	 the	
IPCC,	 and	directly	 or	 indirectly	 influence	 the	
advice	 and	 decisions	 of	 national	 and	
international	 policy	 makers	 and	 regulators.	
Two	presentations	informed	the	workshop	on	
recent	modeling	developments	related	to	CCS.	

A  Review  of  CCS  Techno‐Economic 
Representation in Integrated Assessment 
Models 

James	 Glynn,	 a	 Postdoctoral	 Researcher	 and	
member	 of	 the	 Energy	 Policy	 and	Modelling	
Research	 Group	 at	 University	 College	 Cork,	
discussed	 the	 findings	 of	 a	 new	 IEAGHG‐
sponsored	study	on	the	representation	of	CCS	
in	 techno‐economic	 models.	 CCS	 is	
represented	 in	 most	 of	 these	 models	 and	
plays	 a	 role	 in	 many	 climate	 scenarios	
consistent	 with	 a	 2°C	 temperature	 limit.	
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While	 the	 models	 often	 align	 on	 high‐level	
messaging	about	the	value	and	need	for	CCS,	
the	actual	role,	impact	and	applications	of	CCS	
vary	 considerably.For	 example,	 there	 are	
differences	in	terms	of	CCS	applications	in	the	
power	 sector	 versus	 the	 industry	 sector,	 the	
extent	 to	 which	 it	 is	 applied	 to	 coal	 or	 gas,	
and	 the	 degree	 of	 biomass	 energy	 with	 CCS	
(BECCS).		

Glynn’s	 presentation	 provided	 some	
transparency	 on	 the	 input	 data,	 calibration	
and	 cost	 assumptions	 for	 a	 range	 of	
approaches	used	to	represent	CCS	in	energy‐
economic	 models	 for	 climate	 scenario	
analysis.	 The	 work	 represented	 a	 broad	
collaborative	 review	 of	 the	 technical	 and	
economic	 calibration	 of	 CCS	 technology	
options	 in	 influential	models,	 and	 outlined	 a	
best‐practice	 calibration	 of	 CCS	 costs	 in	
energy‐economic	models.		

The Role of CCS in Determining Costs and 
Climate Outcomes of Scenario Analysis in 
Integrated Assessment Models  

This	 presentation	 was	 given	 by	 Richard	
Millar,	 a	 Postdoctoral	 Research	 Assistant	 in	
the	 Environmental	 Change	 Institute	 at	 the	
University	 of	 Oxford.	 As	 recognised	 in	 the	
previous	 presentation,	 energy‐economic	
models	have	regularly	shown	CCS	to	be	a	key	
technology	 in	 scenarios	 that	 meet	 the	 long‐
term	 goals	 of	 the	 Paris	 Agreement	 to	 limit	
global	warming	to	“well	below	2°C.	However,	
the	 reasons	 underlying	 its	 importance	 in	
determining	 the	 total	 costs	 of	mitigation	 are	
often	not	well	understood.		

Millar	investigated	the	impact	of	assumptions	
regarding	CCS	calibration	by	technology	type,	
model	 type	 and	 the	 level	 of	 granularity	 on	
cost	 curves	 for	 capture,	 transport	 and	
storage,	 as	 well	 as	 the	 time	 evolution	 of	
mitigation	 technology	 portfolios	 deployed	 to	
meet	 climate	 goals.	 Using	 a	 review	 of	
intermodal	 comparison	 projects	 databases,	
he	explored	the	key	determinants	of	CCS	cost	
learning	 curves	 as	well	 as	 their	 implications	
on	 cost‐effective	 mitigation	 frames.	 Finally,	
Millar	 discussed	 his	 results	 on	 the	
effectiveness	 of	 supporting	 near‐term	
deployment	 of	 CCS	 as	 a	 way	 to	 bring	 down	
the	overall	cost	of	meeting	climate	goals.	

	

Session 5:  CCS Flexibility  

Rapporteur:	H.J.	Herzog	

The	 levelized	 cost	 of	 electricity	 (LCOE)	 is	
often	 used	 to	 characterize	 and	 compare	 the	
cost	 of	 differing	 electricity	 generating	
technologies.	 	 However,	 there	 is	 a	 growing	
realization	that	LCOE	alone	 is	 inadequate	 for	
this	 task,	 especially	 as	 more	 intermittent	
energy	 supply	 technologies	 get	 deployed.		
Characteristics	 such	 as	 flexibility	 can	 add	
value	 to	 a	 generating	 technology.	 	 The	 two	
presentations	 in	 this	 session	 explore	 this	
question.	 	 Using	 models,	 they	 quantify	 the	
value	of	flexibility	and	other	services	required	
to	provide	 grid	 stability.	 	 Both	presentations	
show	 that	 the	 value	 of	 CCS	 as	 a	 low‐carbon	
supply	 technology	 is	 significantly	 greater	
when	 these	 system	 characteristics	 are	 taken	
into	account	compared	to	simply	using	LCOE.	

Quantifying and Qualifying  the Role and 
Value  of  Flexible  CCS  to  the 
Decarbonisation  of  National  Electricity 
Systems  

This	 presentation	 by	 Clara	 Heuberger	 of	
Imperial	College	used	the	concept	of	“system	
value	 metric”	 to	 help	 quantify	 the	 value	 of	
flexibility	 in	 electricity	 supply	 technologies.		
This	 is	 defined	 as	 the	 difference	 in	 total	
system	cost	resulting	from	the	deployment	of	
a	 power	 generation	 or	 storage	 technology.		
Models	 based	 on	 this	 Electricity	 System	
Optimization	 (ESO)	 framework	 were	
developed.	 	 Key	 features	 are	 described	 as	
including	 bottom‐up	 engineering	 model	 of	 a	
wide	 range	 of	 technologies,	 features,	 and	
learning	 (technology‐agnostic);	 cost‐optimal	
capacity	 planning	 considering	 adequacy,	
security,	 and	 carbon	 (transition	 planning);	
and	 granular	 representation	 of	 time	 and	
space	 with	 long‐term	 foresight	 (operational	
detail).			

Model	results	show	significantly	greater	value	
for	 CCS	 than	 simple	 modeling	 using	 only	
LCOE.		Conclusions	of	the	presentation,	based	
on	modeling	results	for	the	UK,	were	that	“the	
value	 of	 a	 power	 technology	 changes	 as	 a	
function	 of	 the	 penetration	 level	 and	 is	
dependent	 on	 the	 incumbent	 system	
conditions;	 flexible	 CCS	 technologies	 provide	
an	 additional	 value	 in	 being	 able	 to	
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accommodate	 higher	 levels	 of	 intermittent	
renewable	 capacity	 and	 power	 generation;	
and	 total	 system	 cost	 by	mid‐century	 can	be	
reduced	 when	 investments	 into	 low‐carbon	
technologies	are	made	now.”	

Keeping  the  Lights  on  Whilst 
Decarbonising Electricity  

This	 presentation	 by	 Andy	 Boston	 of	 Red	
Vector	 was	 based	 on	 a	 study	 looking	 at	
decarbonization	 in	 Australia.	 	 The	 project	
used	 a	 model	 called	 MEGS	 (Modelling	
Energy	 &	 Grid	 Services).	 	 This	 is	 medium	
resolution	model	 validated	 using	 historical	
data	 .	 It	 allows	 for	 simulating	 100s	 of	
scenarios	 and	 includes	 interconnect	
capabilities,	 economics,	 and	 system	
stability.		

Boston’s	overall	messages	are	that,	 (1)	 it	 is	
important	 to	 consider	 the	 whole	 system	
across	 all	 time	 scales	 to	 2050	 and	beyond;	
(2)	 a	 secure	 grid	 requires	 a	 range	 of	
essential	 services;	 (3)	 the	 solution	 will	 be	
diverse;	 and	 (4)	 providing	 reliable	 low	
emissions	 electricity	 comes	 at	 a	 cost.		
Regarding	the	technology	options,	the	study	
concludes:	 “The	 effectiveness	 of	 a	
technology	 depends	 on	 how	 much	 exists	
already	 (costs	 increase	 in	 a	 non‐linear	
fashion	as	they	are	added	and	simple	metric	
like	 LCOE	 can’t	 explain	 or	 represent	 that	
behavior);	 renewables	 appears	 to	 be	
cheapest	for	initial	steps,	but	not	for	deeper	
decarbonisation	 (diminishing	 returns);	
building	 gas	 is	 cheaper	 for	 mid‐levels	 of	
decarbonization,	around	50%;	only	CCS	can	
get	 to	deep	 (>60%)	decarbonisation	 levels;	
and	 the	 cost	 of	 gas	 CCS	 and	 coal	 CCS	 are	
similar	at	$12/GJ”.	

 

BREAKOUT SESSIONS 

Day	 2	 of	 the	 workshop	 included	 three	
parallel	 breakout	 sessions	 to	 discuss	
selected	 topics	 in	greater	detail.	 Issues	and	
discussion	 points	 arising	 in	 these	 sessions	
are	outlined	below.		

	

Energy‐Economic  Models:  Is  CCS  being 
represented appropriately?  

Rapporteur:	H.	Herzog	

This	 session	 was	 a	 far‐ranging	 discussion	
and	commentary	on	topics	raised	in	Session	
4	 of	 the	 first	 day	plenary,	 centered	 around	
the	 findings	 of	 a	 recent	 workshop	 on	 the	
representation	of	CCS	in	large‐scale	energy‐
economic	models.			The	results	and	findings	
of	 that	 workshop	 are	 summarized	 in	 an	
IEAGHG	 report	 entitled:	 Proceedings	 of	
USDOE	 Workshop:	 Energy‐Economic	
Modeling	Review,	 IEAGHG	Technical	 Report	
2017‐06,	June	2017,	20p.	

 

Learnings  from  demonstration  projects: 
what will the next plant cost?  

Rapporteur:	G.	Booras	

Topics	 and	 comments	 discussed	 in	 this	
session	included	the	following:	

 Learnings	from	failures		
 Learnings	from	DOE	demos	
 Execution	risk	
 Demo	vs.	commercial	
 Procurement	

	
 Commercial	guides	demo	scale,	then	

feeds	back	to	commercial	
 Up	front	cost?	5‐8%,	20%	including	

detailed	engineering	
 Danger	of	moving	too	quickly	from	

design	to	construction	
 Don	Valley	project	moved	too	fast	

	

 Modularization,	engineering,	
contingency	

 New	vs	retrofit?	(Petra	Nova	less	
risk	–	no	cutting	into	steam	system)	

 Nth	is	5	to	10	plants	(no	technology	
changes	to	get	to	N)	

 1st	plant	reduces	technical	risk	
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 2nd	plant	reduces	execution	risk	
	

 Close	in	design	and	close	in	time	to	
get	to	2nd	plant	

 How	do	we	learn?	
 Power	companies	do	not	

understand	technology	risk	
 Risk	allocation	is	key	
 Knowledge	transfer	from	

proprietary	processes?	
 Execution	learning	
 Next	plant	=	1st	commercial	plant	

following	demo	
 Need	to	add	cost	of	commercial	

wrap	
	

 TRL	8	=	full	scale.			Can	you	go	from	
TRL	7	to	9?	

 Is	LSTK	the	right	way	to	go?		Pay	
extra	for	risk	vs.	cost	reimbursable	
or	EPCM	approach	

 Loan	guarantee	better	for	plant	2	
 Open	book	structure	for	plant	1	
 1st	to	2nd	cost	reductions	are	outside	

of	kit	cost	
	

 IP	inhibits	learning	and	tech	
transfer	

 Location	of	2nd	plant	is	important	
 Licensor	has	to	see	market	potential	
 Commercial	plant	–	full	guarantees	

(plant	1)	
 Plant	1	to	plant	2:	cost2	=	

(scale2/scale1)^0.5,	then	less	30%	
 IEA	reports:	Lessons	learned	from	

BD3	and	other	projects	
	

	

Beyond  demonstrations:  CCS  projects 
with multiple repeat units 

Rapporteur:	J.	Gibbins	

Notes	 and	 comments	 from	 this	 session	 are	
summarised	in	the	following	outline.	

1.	 RISKS	 AND	 WHO	 CONTROLS	 THEM	 OR	
HAS	TO	TAKE	THEM	

1.1	Industry	controls:	

•	Construction	risk	–	industry	can	handle	
this,	but	not	just	turnkey	contracts	

•	Get	a	specialist	in	chemical	plant,	
electricity	generator	supply	land,	steam,	
electricity	

1.2	Government	controls/takes:	

Long	term	storage	risk:	

•	The	province	of	Alberta	dealt	with	it,	
abandon	the	well	according	to	the	
regulations	

•	EOR	–	storage	has	to	be	done	properly	

CCS	as	a	waste	disposal	business:	

•	Regulated	return	on	investment	

•	Fees	for	CO2	T&S	regulated	–	could	be	
passed	through	to	first	project	and	they	
pass	on	to	market	(e.g.	20	year	CFD),	no	
system	yet	for	industrial	CCS	

Market	risk:	

•	Power	station	goes	bust	or	CCS	not	built	
because	government	supported	renewables	
	

2.	REWARDS	

•	Oil	companies	supply	the	gas	and	store	the	
resulting	CO2	

•	Regulated	asset	model	(new	regulator	
probably	for	transport	&	storage)	

•	Assets	privately	owned	with	regulated	
return	

•	Operator	–	fee	for	operating	
	

3.	BREAKING	UP	THE	CCS	CHAIN		

(different	from	BD3,	PetraNova,	Peterhead)	

Hard	to	find	a	company	that	could	take	on	
the	whole	chain,	especially	at	the	large	scale	
for	offshore	storage.	

3.1	Generator	

•	Capture	(could	be	over	the	fence	for	post‐
com,	over	the	fence	oxygen)	

•	Separate	control	room?	
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•	Over	the	fence	‐	pass	through	risk	for	
power,	gas	etc.		

3.2	Transport:	•	Open	access	

3.3	Storage		

•	Must	have	somewhere	for	the	CO2	to	go	

•	 CCS	systems	with	EOR	different	from	
systems	with	storage,	no	value	to	drive	the	
project,	also	with	offshore	storage	the	
system	is	much	larger	(BUT	need	to	be	able	
to	accommodate	EOR)	

•	 Limited	value	in	existing	infrastructure	
(pipelines/wells,	not	in	the	right	place,	right	
conditions)	
	

4.	RECIPE	FOR	A	CLUSTER	WITH	A	POWER	
ANCHOR	PROJECT	IN	THE	UK	

4.1	PART	1	

•	 Anchor	project	needed	for	CCS	cluster	

•	 Multiple	units	required	to	get	>5Mt	
CO2/yr	

•	 Only	power	can	be	an	anchor	project	–	it	
cannot	move	away	

Ingredient	#1:	T&S	is	available	as	regulated	
utility	

Ingredient	#2:‘CFD’	to	guarantee	the	
investment	is	recovered,	alternatively	‘base	
facility	charge’	separate	from	operating	
costs,	incentives	for	efficiency	etc.	in	
industrial	gases,	analogue	in	power	market	
is	capacity	payment			

4.2	PART	2	

•	 Anchor	is	3+	units	(for	gas,	less	for	
biomass)	

•	 Not	too	few	as	average	costs	too	high	

•	Not	too	many	as	reduces	future	options	–	
technology	will	improve	

•	 Benefits	of	scale	reduce	after	about	3	
units,	zero	by	5,	difficult	to	find	sites	for	
larger	numbers	of	units	

•	 Characteristics	of	sites	set	by	legacy	
infrastructure,	enough	brownfield	sites	
available	in	the	UK.		

•	 Bigger	than	24	inch	CO2	pipeline	a	bit	
difficult	–	around	15Mt	CO2/yr	

•	 Design	first	pipeline,	compressor	
stations	etc.	to	add	a	second		

•	 Maybe	a	third	where	large	storage	
available,	need	strategy	for	storage	capacity	
development	

•	 Storage	hub	required,	first	store	or	two	
stores	or	backup	wells.		Would	depend	on	
what	is	there,	the	geology.		Appraisal	
requirements	different	for	old	hydrocarbon	
reservoirs	vs	aquifers.		Full	derisking	of	
storage	will	be	required	at	this	scale	but	
complete	assessment	not	feasible	until	
injection	has	progressed	(due	to	injectivity,	
salt	buildup,	compartmentalization).	

•	 EOR	may	come	in	once	CO2	is	available;	
leave	it	as	a	future	option	if	possible.	

•	 Key	is	getting	Treasury	on	board	–	jobs,	
growth	prospects	better	than	alternatives.	

•	 Oil	companies	getting	more	motivated,	
power	needs	confidence	rebuilt.		
	

5.	ADDITIONAL	NOTES	ON	BUILDING	SITES	
WITH	MULTIPLE	UNITS	

E.g.,	3‐10	units,	power	

•	 Can	construction	be	staged	to	get	
learning?	

•	 Pipe	sized	for	maximum	flow	10	years	
ahead,	pressure	drop	increases	over	time	

•	 Storage	sites	can	be	developed	in	stages	
provided	necessary	lead	time	is	noted		

•	 How	long	to	operate	to	get	learning	–	2	
years?	

•	 Get	some	learning	once	construction	is	
finished	(i.e.	before	running)?	

•	 Test	facilities	may	be	able	to	get	info	in	
parallel,	3000	hrs	plus	operation	required	
to	verify	satisfactory	solvent	management	
approach	for	amines	

	

CLOSING PLENARY 

Participants	 affirmed	 the	 continuing	 value	
of	 this	 workshop	 series.	 The	 next	 meeting	
will	be	planned	by	the	Steering	Committee,	
with	 a	 tentative	 date	 of	 March	 2019	 at	 a	
location	to	be	determined.	
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PRESENTATIONS 
	

Session 1:  Learnings from Recent UK Studies 

	

1a. UK costs for a range of CCS technologies   

    Suzanne	Ferguson,	Amec	Foster	Wheeler	
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1b. Natural Gas Post‐combustion  

    Den	Gammer	and	Andrew	Green,	ETI	
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Session 2:  Cost of Large‐scale CCS Projects 

 

2a. Petra Nova Carbon Capture 
    David	Greeson,	NRG		
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2b. Quest CCS Project Costs 
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3a. Update on NET Power: Demonstration and Commercial Activities,  
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3b. Demonstrating CO2 capture <$40/ton:  Experience from Industrial Projects   

	 	 Prateek	Bumb,	Carbon	Clean	Solution
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4a. CCS techno‐economic representation in Integrated Assessment  Models  

James	Glynn	University	College	Cork	
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4b. What is the role of CCS in determining costs and climate outcomes of scenario 
analysis in Integrated Assessment Models? 

	Richard	Millar,	Oxford	 University	
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Session 5:  CCS Flexibility 

	

5a.  Quantifying  and  qualifying  the  role  and  value  of  flexible  CCS  to  the 
decarbonisation  of national electricity systems  

Clara	Heuberger,	Imperial	College	
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5b. Decarbonising the Australian National  Electricity Market—Implications for CCS   

Andy	Boston,	Red	Vector	
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