
Dr.	S.	Julio	Friedmann, CEO
Carbon	Wrangler	LLC
@CarbonWrangler
碳牧马人

Carbon	capture,	use	and	storage	
in	the	power	sector

C	is	the	New	Black

Dr.	S.	Julio	Friedmann,
Senior	Research	Scholar
Center	for	Global	Energy	Policy
Columbia	Univ.





“All	pathways	that	limit	
global	warming	to	1.5°C	
with	limited	or	no	
overshoot	project	the	use	
of	carbon	dioxide	
removal	(CDR)	on	the	
order	of	100–1000	GtCO2	
over	the	21st	century.”
IPCC	Special	Report,	1.5°C



Large-Scale	C	Management	Required

A	key	component	to	deep	decarbonization

There	are	very	few	pathways	to	2ºC	or	<2ºC	without	large-scale	C	management

7	of	11	IPCC	models	
require	CCS	for	2ºC
• ~14%	of	solution
• 33%	of	next	

increment	for	1.5	ºC



Operating

Under	construction

Advanced	planning

Industrial	project

Power	project

Estimated	storage	worldwide:	~10	trillion	tons
18	operating	plants,	storing	~30	Mtons CO2 each	year



W.A.	Parrish,	TX
NRG/PetraNova project

Fully	operational	Jan	2017.	1.4M	tons/year,	90%	capture
$100/ton	CO2 costs;	next	plant	30%	less



Shell	Quest	Project Scottsford Upgrader,	Alberta

Fully	operational	Sept.	2015
Over	2	Million	tons/y	into	saline	formations



The	market	today	(Unsubsidized	LCOE	– Lazard	2016)
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(d) $43 

Unsubsidized Levelized Cost of  Energy Comparison  

Source: Lazard estimates. 
Note: Here and throughout this presentation, unless otherwise indicated, analysis assumes 60% debt at 8% interest rate and 40% equity at 12% cost for both conventional and 

Alternative Energy generation technologies. Assumes diesel price of ~$2.50 per gallon, Northern Appalachian bituminous coal price of ~$2.00 per MMBtu and a natural gas 

price of ~$3.50 per MMBtu for all applicable technologies other than Natural Gas Reciprocating Engine, which assumes ~$5.50 per MMBtu. Analysis does not reflect potential 

impact of evolving regulations/rules promulgated pursuant to the EPA’s Clean Power Plan. See following page for footnotes. 
‡ Denotes distributed generation technology. 
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No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior consent of Lazard. 
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Certain Alternative Energy generation technologies are cost-competitive with conventional generation technologies under some scenarios; 
such observation does not take into account potential social and environmental externalities (e.g., social costs of distributed generation, 
environmental consequences of certain conventional generation technologies, etc.) or reliability-related considerations (e.g., transmission 
and back-up generation costs associated with certain Alternative Energy technologies) 
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Certain Alternative Energy generation technologies are cost-competitive with conventional generation technologies under some scenarios; 
such observation does not take into account potential social and environmental externalities (e.g., social costs of distributed generation, 
environmental consequences of certain conventional generation technologies, etc.), reliability or intermittency-related considerations (e.g., 
transmission and back-up generation costs associated with certain Alternative Energy technologies)

Source: Lazard estimates.
Note: Here and throughout this presentation, unless otherwise indicated, analysis assumes 60% debt at 8% interest rate and 40% equity at 12% cost for conventional and Alternative Energy generation technologies. Reflects global, 

illustrative costs of capital, which may be significantly higher than OECD country costs of capital. See page 15 for additional details on cost of capital. Analysis does not reflect potential impact of recent draft rule to regulate carbon 
emissions under Section 111(d). See pages 18–20 for fuel costs for each technology. See following page for footnotes.

‡ Denotes distributed generation technology.
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• 100%	CO2 stream,	at	pressure
• Produces	water
• Nth plant:	~price	parity	to	NGCC
• Can	ramp	up	&	down
• Addl.	potential	revenues
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• Solid	sorbent	+	3D	printing
• Very	low	capital	costs
• Nth plant:	~$30/t	CO2
• Modular	design
• New	CEO
• Can	ramp	up	and	down

• Molten	carbonate	“afterburner”
• Produces	extra	power
• Nth plant:	unclear
• High	efficiency,	modular	design
• Partnership	with	ExxonMobil	&	Southern	Co.
• Can	ramp	up	&	down



Policy	aperture	must	expand
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Incentives	(carrots)
• Tax	credits,	feed-in	tariffs,	contract	for	differences,	trading	schemes,	etc.
• Direct	grants	(AEIC&		PCAST	recommend	x4	increase)
• State-sponsored	“strategic”	projects	(China’s	5-year	plan)
• Broader	clean	financing	mechanisms	(CEPS	vs.	RPS;	LCFS	vs.	RFS)

Disincentives	(sticks)
• Carbon	tax	(e.g.,	Norway)
• Regulatory	caps	(e.g.,	CPP,	California’s	SB	1368)
• Border	adjustable	carbon	tariffs	



FUTURE	Act	is	now	law	(45Q	tax	credit	reform)

Senate:	FUTURE	ACT	(Heitkamp,	Capito,	Whitehouse,	Barrasso)	25	sponsors
House:	Carbon	Capture	Act	(Conaway)	44	sponsors
• UNCAPPED
• $50/ton	CO2 for	storage;	$35/ton	CO2 for	EOR	&	CO2U;	$35	for	direct	air	capture
• Non-refundable	tax	credit,	transferable	along	chain	of	custody
• Projects	qualify	at	500,000	tons/y	(power)	or	100,000	tons/y	(industrial)storage	&	EOR
• CO2U	projects	qualify	at	>25,000	tons	CO2/y	
• Monitoring	required	to	receive	credit
• Active	for	12	years	for	any	project	initiated	within	7	years	of	enactment	(+	inflation	

adjusted)

New	opportunities	for	projects	and	financing
Well	assessed	sites	will	allow	rapid	project	development



FUTURE	Act	is	now	law	(45Q	tax	credit	reform)

https://static1.squarespace.com/static/58ec123cb3d
b2bd94e057628/t/5b0604f30e2e7287abb8f3c1/1527
121150675/45Q_EFI_5.23.18.pdf



FUTURE	Act	is	now	law	(45Q	tax	credit	reform)



Federal	R&D	Programs:	Unprecedented	funding

Office	of	Fossil	Energy:	$727M	total
Clean	Coal	and	Carbon	Management
Maintains	carbon	capture	and	advanced	cycle	programs
Maintains	carbon	storage,	including	CarbonSAFE assessments
Maitains CO2	Utilization,	possibly	expands

Office	of	Energy	Efficiency	and	Renewable	Energy:	$2.3B
Bioenergy	Technology	Office	(BETO)
• CO2	to	products	program	(including	algae	and	biochemicals)
• Engineered	Carbon	Reduction	Report	(Rewiring	C	Economy)

DOE	Loan	program	Office
• Sustained	current	advanced	fossil	budget
• Added	$2B	authorities	for	rural	cooperatives



CA	SB100:	100%	Clean	Energy	Portfolio	Standard	by	2045
EO	B-55-18:	100%	decarbonized	by	2045,	net	removal	after



Today’s	carbon	prices	in	policy

Carbon	Taxes	($US/ton	CO2):

Carbon	trading	systems:

CA	Low-carbon	fuel	standard:

For	Comparison	(units	in	$/ton	eq.	for	CO2 reduction)

Sweden:	$167				 Switzerland	(2020):	$200 Norway:	$80-85	(on	industry)				
Canada:	$8,	rising	to	$40	in	2022		(Alberta:	$24;	Manitoba:	$20;	BC:	$10)

European	Trading	System:	~$20-25	(last	year,	~$6-10).	RGGI:	$3-4	CA:	$10-15
China	Carbon	Market:	(Beijing:	$6-7;	Shanghai	$4-6;	Shenzhen,	$4-6)

Emissions	standards	(LCFS):	$150-180

EV	subsidy,	CA:	~$1000
EnergieWende,	GER:	$300 Wind	Prod.	Tax	Credit:	$60-120
Est.	current	CA	RPS	system	costs:	$120-160
Projected	CA	RPS	system	costs	(50%):	$400-1200





Carbon	Dioxide	
Utilization	Roadmap	
(CO2U):	ICEF	
Roadmap	1.0,	2016
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b tons to 0.5b tons). Similarly, decisive and timely action can have a major impact on both the 
market size and potential to mitigate CO2 emissions for other CO2-based products. 
 

 
Figure 0.1: Potential CO2 reduction due to implementing strategic actions 
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New	C	Economy:	Thriving	economy	that	consumes	more	than	emits

https://www.icef-forum.org/roadmap/
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Figure 0.2: Potential increase in market size due to implementation of strategic actions 
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Carbon	Dioxide	
Utilization	Roadmap	
(CO2U):	ICEF	
Roadmap	1.0,	2016

New	C	Economy:	Thriving	economy	that	consumes	more	than	emits

https://www.icef-forum.org/roadmap/



Cement	&	Concrete Fuels	&	Chemicals Durable	carbon

Circular	C	economy	pioneers
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Generation	Engine: turning	CO2 to	fuel:	Carbon	Engineering	&	Greyrock
Squamish,	British	Columbia



Third	new	species:	Air-CO2 for	fun	and	profit:	Global	Thermostat,	Alabama



MANY	APPROACHES	TO	CARBON	DIOXIDE	REMOVAL

25

WHAT INDUSTRIES HOLD POTENTIAL FOR CARBON
REMOVAL SOLUTIONS?
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WHY DO WE NEED CARBON REMOVAL? (cont.)
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“The large majority of  scenarios produced 

in the literature that reach roughly 450 

ppm CO
2
eq by 2100 are characterized by 

concentration overshoot facilitated by the 

deployment of  carbon dioxide removal 

(CDR) technologies.”

  IPCC: Fifth Assessment Report on Climate 

Change. Chapter 6 from Working Group 3

Models show that carbon removal solutions are not just critical for limiting global tempera-

ture increases to 2°C, but also are relied upon to prevent even higher scenarios of  warming.

BAU

Graphic adapted from the Climate Institute Moving Below Zero report

Center	for	Carbon	Removal

https://www.icef-forum.org/roadmap/
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ALL	CDR	APPROACHES	HAVE	BENEFITS	&	CHALLENGES

https://www.icef-forum.org/roadmap/



New	carbon	economy	required

Transform CO2 in the atmosphere into a valuable resource via 
“moonshot” style research and innovation? We’re on it. 
 
Oakland, CA - Carbon180, a California-based NGO, releases an Innovation Plan for a New 
Carbon Economy. The Innovation Plan is the work of the New Carbon Economy Consortium, an 
alliance of thirteen universities, national labs, and NGOs partnering to build a prosperous, growing 
economy that captures and stores more carbon than it emits. Launched in 2017, the Consortium 
connects and supports individuals from across institutions and disciplines to work together towards 
the transition to a new carbon economy. The Innovation Plan marks the Consortium's first 
endeavor together and aims to consolidate the group’s priorities for future research activities.  
 
The New Carbon Economy Consortium 

 
 
The Innovation Plan 
The Consortium has identified three primary innovation pathways towards a rapid transition to a 
New Carbon Economy. Engineered pathways include technologies and systems that capture, 
convert, and store CO2 from the air and oceans. Biological pathways use working forests and 
farmland to store carbon, increase yields, and improve ecosystem functions. There are also 
opportunities to bring biological and engineered pathways together to create energy and/or 
products. These hybrid energy pathways can include bioenergy with carbon capture, biochar 
production, waste-to-energy systems, and carbon-cultivating aquaculture. 
 
Enacting this ambitious research agenda and bringing forth successful and economically viable 
carbon removal solutions requires expertise that does not yet fully exist. The Consortium’s vision is 
to build the knowledge and expertise, new infrastructure to test ideas, and the capacity to iterate 
quickly in order to rapidly scale solutions that work. The Innovation Plan envisions emergent and 
reimagined industries that can provide jobs, economic opportunity, and prosperity, all while 
mitigating climate change and supporting other important environmental goals.  
 
To learn more about the New Carbon Economy Consortium, visit  
www.carbon180.org/newcarboneconomy or reach out to giana@carbon180.org 

https://carbon180.org/newcarboneconomy


