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Location: Royal Academy of
Engineering, London

Purpose:

Three day international workshop which
hosts delegates from academia, industry
and government to discuss the future of
CCS.

Attendees:

Delegates from the US & EU, including
participants from Imperial College,
Cambridge, Edinburgh, Columbia,
Princeton, Stanford, Berkeley, Shell, BP,
Tata, Capture Power Ltd and Novacem
and the UK’s DECC.

CCS Leaders Forum 10—12 Feb 2016
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CCS review and
perspective paper.

Provides a state-of-
the-art update.

Key research
challenges that need
to be addressed.

Balanced perspective
on scientific, policy
and commercial
priorities.

Outcome of the 2016 CCS Forum
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CCS Forum 2018

Imperial College
London

Location: San Michele, Calabria, Italy

Dates: 3—8 June 2018

Format: Similar to Faraday Discussions.

Speakers allotted 15 minutes (incl. 5 min Q&A).
All delegates invited to present. Panel at the end
of each session to encourage discussion.

Participants: Imperial College, Cambridge,
Melbourne University, PNNL, TU Delft, IASA,
Shell, Total, IEA, Carbon Engineering, Sheffield,
SINTEF, Colorado School of Mines, BEIS, ETH
Zirich, UK FCO and many more...

UK, US, Netherlands, Norway, Switzerland,
France, Germany, Austria, Australia, Canada
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Overview of the sessions

[EEN

. Summary of EES review paper

N

. Introductory Keynote: Do we really need CCS?
3. Research Priorities: Problem Statement

4. Scaling down CCS

ol

. Technologies for atmospheric CO, removal

»

. CO, conversion and utilisation (CCU)

~l

. Enabling policy frameworks

(00]

. Quantifying the value of CCS in the energy system
9. Advanced sorbents and CCS cost reduction

10. Delivering CCS projects — commercialisation challenges




Imoer Do we really need CCS?
mperial College

London

Submit  About Contact  Joumnal Club  Subscribe Institution: Imperial College London Library Login Logout W™

Proceedings of the
P |_\ AS National Academy of Sciences Keyword, Author, or DOI

of the United States of Americ Advanced Search

Articles Front Matter News Podcasts Authors

NEW RESEARCH IN Physical Sciences - Social Sciences - Biological Sciences -
H H H HH Article Alert  Sh

Low-cost solution to the grid reliability & ¥ Arice Alerts o

bl ith 100% trati f % Email Article
pro emwi 0 pene ration o @ Citation Tools m
intermittent wind, water, and solar for all © Request Permissions &% Mendeley
purposes
Mark Z. Jacobson, Mark A. Delucchi, Mary A. Cameron, and Bethany A. Frew ’ More Articles of This Classification
PNAS December 8, 2015 112 (49) 15080-15065; published ahead of print November 23, 2015
https://doi.org/10.1073/pnas. 1510028112 Physical Sciences -

R R RSB
8



Imperial College

London

Submit

PQ

NEW RE!

Low-
prob
inter
purp

Mark Z. J

PNAS Dece
https://doi.o

Submit About Contact Journal Club Subscribe

PNAS

Articles Front Matter

Proceedings c
National A
of the United Stz

Podcasts Authors

NEW RESEARCH IN Physical Sciences v Social Sciences

Evaluation of a proposal for reliable low-cost *

grid power with 100% wind, water, and solar

Christopher T. M. Clack, Staffan A. Qvist, Jay Apt, Morgan Bazilian, Adam R. Brandt,

Ken Caldeira, Steven J. Davis, Victor Diakov, Mark A. Handschy, Paul D. H. Hines,
Paulina Jaramillo, Daniel M. Kammen, Jane C. S. Long, M. Granger Morgan, Adam Reed,
Varun Sivaram, James Sweeney, George R. Tynan, David G. Victor, John P. Weyant, and
Jay F. Whitacre

PNAS June 27, 2017 114 (26) 6722-6727; published ahead of print June 19, 2017
https://doi.org/10.1073/pnas. 1610381114

9

Do we really need CCS?

Institution: Imperial College London Library Login Logout =

Keyword, Author, or DOI

Advanced Search

v Biological Sciences A

! Article Alerts  Share

& Email Article
@ Citation Tools

© Request Permissions &2 Mendeley

P More Articles of This Classification

-

Physical Sciences




Do we really need CCS?

Imperial College ——
LO nd on ower viakeover Idealized Power Plant Plan for 2040

Each dot represents one power plant, color
Radically redesigning the U.S. power system could boost renewable energy to more than coded by ty‘;e. Dotsize irllxl:ey re‘:)resents

67 percent of supply in 2040. The configuration here would emit 89 percent less greenhouse 1,000 Megawatts.

U S e n e rgy Syste m 0 pti m isati 0 nm Od eI : 80% gas than the 2016 system and trim electric bills by 10 percent. The key is using detailed data

about how weather changes in every three-by-three kilometer square of the country every ®—— Coal
o Q H H H five minutes, year-round, to determine which power plants to build where (dots) and how : Storage
re d u Ctl O n Of C O 2 e mi SS I O n S fe aS I b I e Wlth 0 Ut C C S . to most efficiently interconnect regions with high-voltage direct-current (DC) transmission g Natural Gas Combine Cycle
lines (white). This plan, created by Vibrant Clean Energy, uses many smaller, more distributed e Ems ot oo T

plants than today, so they can back up one another as weather changes nationwide. — rRlzZ::zs Solar Photovolaic
ReqUIreS utltanlcu SOCIGta| and p0||tlca| Cha nges’ High-voltage direct-current transmission line ;7 gﬁ:ﬁ:"x{nd
. . . Geothermal
also technical constraints relaxed. E.g., social o— Ontrci

Photovoltaic

acceptance, no overshooting of targets,
unconstrained build rates, perfect interconnection.

Need a portfolio of technologies. No technology is
indispensable, all are desirable but for different
reasons (i.e., different services).

Solar 42%
Nuclear 28%
Wind 15%
Natural gas 10%
Hydroelectric 5%

Florida Fix
Florida's dense popu-

CCUS needs to adapt and find its place in the

Nuclear Bet

- The plan expands nuclear lation and voracious air

evolving energy sector (e.g., phase out of coal). pover om 20 percen conioners dmand
in 2016 to nearly 28 per- lots of electricity, and
centin2040. Natural gas weather can shift rapidly,

drops from 31to 10 per- . sothe system matches

1 cent, displaced largely by Lone Star big solar farms there
I n th e U S SC e n arl O m 0 d e I I e d ) I OW Cost re n eWab I e renewables. Nuclear cost Texas maintains its own grid and limits power exchanges DC Decision -~ with regional backup,
. . - . . estimates are optimistic; with neighbors to avoid interference from federal regulators, The extensive grid coordinated over huge
h h if they rise instead, the soitis not connected here. This simulation also leaves out overhaul requires many DClines. Battery storage
e n e rgy I S I n St ro n g CO m p etl tl 0 n Wlt C C S I n t e share would decrease, filled Canada and Mexico, but a weather-smart grid that maximizes long, DC power lines, helps to buffer variable

2= mostly by natural gas. reliability and minimizes cost would crisscross North America. but only a few exist today. solar and wind output.
electricity system.

10 Fig: Fairley, P. (2018). Building a weather-smart grid. Scientific American, 319, 60-65.
Map by Christopher Clack, Vibrant Clean Energy (VCE)
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Do we really need CCS?

CCS focus should shift towards applications in industry and

negative emissions.

System modelling and optimisation provide important insights.

Some common myths challenged:

* Nuclear can be flexible (common practice in France).

* Intermittent renewables (wind/solar) can provide adequate
power and full range of services (reserve, ancillary etc.).

Although these insights are useful, reality may not follow the
global optimum, e.g., due to political and societal reasons.

Mutual agreement on detailed model assumptions difficult to

achieve.

Results tend to be region specific and is highly dependant on data
inputs — need to ensure the use of realistic data inputs.

C. Demand for aviation,
long-distance transport,

\"-E. B. Demand for
and shipping NH;

structural
v Materials

Essential
energy services

D. Ammonia
plant

W,
L
A. Demand for
highly reliable
electricity

G. Cement
and steel
w/ capture

F. Synthetic

gas/liquids_ 9 I
1
b

N i
E. Geologic .\'\ =
storage . CO,
N somess NN~ H,
TN S
S L. Electrolysis
N & T NN
o " &
%J. Direct / ﬁ‘, - @ = ?
air capture H.0
o
& -
e - \@rs
M. Natural gas/ LN " / d
biomgss’ : o all "\ 7-’/

co,
N

syngas
w/ capture

0. Solar R. Compressed
' air energy
P. Hydragen/
synthetic gas Q. Other centralized storage storage

(e.g., thermal, batteries)

11 Fig: Davis, S. J., et al. (2018). Net-zero emissions energy systems. Science, 360 (6396).
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. Proof of concept . . Commercial .
Concept Formulation (lab tests) Lab prototype | Lab-scale plant Pilot plant Demonstration | o oo required Commercial
TRL1 TRL2 TRL3 TRL4 TRLS TRLE TRL? TRL8 TRLY
"“—-—-—._______‘—-—-—-_______
D
Post-combustion
lonic liquids Memhraqes
Membranes . polymeric Post-combustion
polymeric (NG industry) amines
(power plants) Pre-combustion (power plants)
BECCS power IGCC +CCS
l Membranes Post-combustion | o\ combustion Pre-combustion
dense inorganic biphasic solvents coal power plant NG processing
(H; separation for
Ocean storage reformer) Transport
Pre-combustion Oxy-combustion Chemical looping Post-cumbgslion &ﬂ“;f!hﬁﬂ?
Low T separation gas turbine combustion (CLC) Adsorption ° Is ore
(water cycle) pipelines
Calcium carbonate . Transport
BECCS industry
Membranes Looping (CaL) ships
dense inorganic Direct air
(CO; separation) eapture (DAC) caline
i formations
CO; utilisation Depleted oil
(non,gog). & gas fields oron
Mineral storage 2= .
. CO,-EGR
_______._.—-—-'—'_._.—-—-—'—" . Capture
/—“' . Transport
/ ) . . . Storage
/ Not an exhaustive list of technologies |
. Utilisation

Current status of CCS development

There is a suite of CCS
technologies for capture,
transport and storage of CO.,.

Technologies advance through
a series of scale-up steps (lab
to commercial scale).

Congestion occurs at TRL 3,
TRL6 & TRL 7.

Development tends to be
hindered due to technical
challenges or insufficient
funding.

Bui, M., et al. (2018). Energy & Environmental Science, 11 (5), 1062-1176.
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Current status of CCS development

Proof of concept

Demonstration

Commercial

=
w

. . . Commercial .
Concept Formulation (lab tests) Lab prototype | Lab-scale plant Pilot plant Demonstration | o oo required Commercial
TRL1 TRL2 TRL3 TRL4 TRLS TRLE TRL? TRL8 TRLY
"“—-—-—._______‘—-—-—-_______
T
Past-combustion
lonic liquids Membranes
Mermbranes NpGo\.yr:ert\c Fostrcor.nhusmon
polymeric (NG industry) asts
(power plants) Pre-combustion (power plants)
BECCS power IGCC+ CCs
l Membranes Post-combustion y y Pre-combustion
i biphasic sol Oxy-combustion NG processing
dense inorganic iphasic solvents | oz bower plant
(H; separation for
Ocean storage reformer) 7 Transhpart
Pre-combustion | Oxy-combustion Chemical looping P°5t'°°"”b‘.’5“°“ &D";fs Em
Low T separation gas turbine combustion (CLC) Adsorption ? Isinore
(water cycle) pipelines
Calcium carbonate BECCS industry Transport
Membranes Looping (CaL) ships
dense inorganic . .
Direct
(CO; separation) rect air
capture (DAC) Saline
i formations
€O, utilisation Depleted oil
(noanUR). & gas fields R
Mineral storage 2= .
. CO,-EGR
L Capture
/ . P—
/ ) . . . Storage
/ Not an exhaustive list of technologies @ ui
Utilisation

TRL7 TRLO
Membranes
polymeric Post-combustion

(NG industry)

Pre-combustion
IGCC + CCS

Oxy-combustion
coal power plant

Post-combustion
Adsorption

BECCS industry

Direct air
capture (DAC)

Depleted oil
& gas fields

@ co.tcr

amines
(power plants)

Pre-combustion
NG processing

Transport
on-shore
& off-shore
pipelines

Transport
ships

Saline
formations

CO,-EOR .

Bui, M., et al. (2018). Energy & Environmental Science, 11 (5), 1062-1176.




Imperial College Global status of commercial scale CCS

London 35 — . |
I Australia and New Zealand
37 commercial-scale projects worldwide: 30 4 = Canada i
« 17 are in operation | [ Asia
* 4 under construction [ Europe
254 | Viddle East .
I South America
Total capacity of CO, captured B UsA

= 31.2 Mtpa
(based on currently operating projects)

capture capacity (Mtpa)
S
1

15
IPCC scenario for limiting to 2 °C

requires a capture rate of 10 Gt.g,/year o 104
by 2050. O

Current CCS deployment rate will not
reach requirements of our mitigation
target. Need to accelerate... 1) Identify

2) Evaluate  3) Define  4) Execute 5) Operate

14 Bui et al. (2018). Energy & Environmental Science, 11 (5), 1062-1176.




imperial College ~ ACCelerating CCS deployment: key priorities

London

Foster sharing of data/databanks:

» Accelerates technology development;

» Improves bankability of CCS projects;

» Should publish failed attempts to avoid repetition of
mistakes;

* Need transparency in reporting of technology
performance data to enable fair comparison of
technologies.

Develop Industries
Consortia

States

Information and study outputs need to be shared in such :
a way that will actually reach industry and decision / Convince

makers (i.e., not research articles). ‘

NGO, Associations

External collaboration and partnerships should be
promoted.

Experts

Balancing of IP protection and knowledge sharing is
necessary for cooperative problem solving.

15 Fig: Fabrice Devaux, Total, 2018



imperial College ~ ACCelerating CCS deployment: key priorities

London

We have to accelerate codes and standards to enable
faster technology deployment.

Innovative policy is useful as long as it translates into value
for both industry and society.

Current discussions are too focussed on the technical
detail (e.g., cost/tonne, efficiency), technology developers
need to also demonstrate the societal value of
CCS/CCuUs.

Demonstration should be priority and need to show that
CCUS is: (i) “clean” and there are no emissions of any
pollutant such as SOy, NO,, nitrosamines, (ii) scalable
(e.g., > 500 Mt level), and (iii) brings clear impact to
people’s lives.

16

Northern Lights Project: Full-chain CCS demonstration in Norway

CO, Storage:

Conceptual WS
and FEED 9
Studies il i

EGEBhergy ‘

Recydling
\PlantOslo

Norcém—«l W
Cem&m‘

, Factory

7’/
B "« _"_" . firstintegrated industrial-scale
project, supported by the

CO, transportation by Norwegian Government

ship

Fig: Courtesy of Fabrice Devaux, Total, 2018
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CO, capture platform capital cost
Modularity, mass/additive manufacturing, biotechnology 2.00
and innovative design can open up new opportunities in

scaling down CCS and reducing overall cost.

—Solvent 1 Train
—Solvent 2 Train
—Membrane

The scale of CO, emission sources is matched with the
appropriate capture technology (e.g., membrane —
adsorption — absorption).

Strategic technology design has strong potential for
small-scale, remote and off-shore applications.

Platform-Normalized Capital Costs [$/tonne ]
5

Down-scaling of specific elements in the CCS chain
provides opportunities for improved system design and
further cost reduction, e.g., down-scaled oxy-combustion 0 5000 10000 15000 20000 25000 30000
boiler combined with large-scale ASU. Captured CO2 [TPD]

Solvent capital cost increases exponentially.

Scale down of CO, transport is also possible via ship, Membranes projected to be more modular - good for scaling

train and truck.

17 Figure by Michael Matuszewski, National Energy Technology Laboratory, 2018.
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London

Gyroid structure  Hierarchy structure Multifunctional
Reactors

Adsorption is a promising technology for scaling - can scale up or bl

down while still maintaining the same performance level.

Adsorption technology development needs to focus on the
combination of material development and process

design/optimisation. Permeable

Membrane

4

Biology is modular in nature. New opportunities in scaling
biotechnology is currently being explored, e.g., printed reactor
made of living organisms. Novel bio-reactor systems have the
potential to improve cost and efficiency of small-scale CCUS.

Printed prototypes

The major challenge for this strategy is that storage on small scale
is unlikely to happen.

When dealing with small emission sources, there is a need to
consolidate capture and couple appropriate transportation scale. Live biology in
printed reactors

18 Figures: Laurence Livermore National Laboratory, 2018.



: Technologies for atmospheric CO, removal
Imperial College

London 300

The fair comparison of technologies E
relies on transparency and availability
of performance data.

DACCS

200

Regulators are not ready for “load
balancing of technologies” (e.g., power
from only intermittent renewables, or
variable biomass supply). Need to
address this for both BECCS & DAC.

100

ks y

Cost in US$ tCO271

|
|
|
i H iSoil carbon |
1 sequestraticG * |

Potential carbon removal in GtCO2-1

Fuss, S., et al. (2018). Environmental Research Letters, 13 (6), 063002. 19
Nemet, G. F., et al. (2018). Environmental Research Letters, 13 (6), 063003.

Figure: Minx, J. C., et al. (2018). Environmental Research Letters, 13 (6), 063001.



: Technologies for atmospheric CO, removal
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The fair comparison of technologies

Capture via: Photosynthe5|s Chem|stry

p
relies on transparency and availability Technoioy | rierenston | sSusaacen) | ot || Snmevarue | W O fen...sa..m
Of performance data (AR) (sCs) & storage (BECCS) (DACCS)
[ oy | [ conves | [Summe] [ omge ]| comye | fl]

Regulqtors are not reaqy Ior load tmplementation [ - ] [ Ag;;ccut.&?.] [ — ] [.t] [ Siicate ] fen’?ni*a%on]
balancing of technologies” (e.g., power
from only intermittent renewables, or [Temperate] [ ;‘::;Ez;:] [ — }
variable biomass supply). Need to
address this for both BECCS & DAC.

) ) ) syii’gtmh Land Ocean
The portfolio of readily available
technologies that enable negative

emissions is very limited, and all Storage [JESUSRERE , o —————. S Magine sediment
solutions should not be regarded as
competing but as complementary.

BECCS and DAC rely on accessibility/availability of reliable CO, storage. Deploying both in parallel could enable risk
sharing, thereby promoting progress of these technologies.

Fuss, S., et al. (2018). Environmental Research Letters, 13 (6), 063002. 20
Nemet, G. F., et al. (2018). Environmental Research Letters, 13 (6), 063003.

Figure: Minx, J. C., et al. (2018). Environmental Research Letters, 13 (6), 063001.
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Easier to regulate but some misconceptions need to
be clarified.

Growing evidence that DAC can work at a relatively
low cost (at least in the lower range of cost
estimates), but the only viable business model
remains DAC to fuels (e.qg., Air to Fuels™).

DAC plants cannot simply be put anywhere — need to
be near a source of energy.

The type of energy source and the carbon accounting
of the whole cycle impacts the cost of net CO,
removal.

Clarification of terminology is important — carbon
removal vs. carbon avoided.

21

Direct air capture (DAC)

Atmospheric Air

1t-CO,
Nat Gas Elec o 0 Pure CO,
8.81GJ 0kWh irect Air| (1.3-1.5t)
or Capture Fuels or .
5.25GJ 366 kWh Sequestration

Levelized Cost
94-232 $USD/t-CO,

}

Process simulation & EPC cost estimate

§ 9

DL

Pilot plant performance Commercial scale reference

data design

Fig: Keith, D. W., Holmes, G., St. Angelo, D. & Heidel, K. (2018). Joule, 2 (8), 1573-1594.



Bioenergy with CCS (BECCS)

Imperial College
London

No agreement on whether biomass can actually be grown All forests

on marginal land.

Concerns about access to marginal land (e.g., small pockets
dispersed across a large area), productivity and supply

reliability (e.g., bad season). Managed

forest
Regulation, monitoring and certification systems is needed
to help ensure that BECCS is sustainable (i.e., net negative
CO, removal) and that there is a net energy production. - A

. v

Delays in regulation development and certification is a Ma"?@!ed L. T |
bottleneck for technology deployment. & certified ¢ el gt

BECCS can provide energy as a co-product, but very United stat »
inefficiently. Another solution could be to combine DAC + nitec states -

Biomass available (G)/year): e

PV, which may replace the need for BECCS altogether. <10 10100 ™ 100500 M 5001000 MW> 1000 ' {~

© In-situ BECCS plant

-
22 Figure: © Kraxner et al., 2018, IIASA.
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There are a variety of CCU pathways with different
* Impacts, Time scales, Costs.

* Purposes: climate change mitigation, carbon
removal, get cheaper chemicals.

Need to capture in the message communicated to
policy makers, e.g., ensure comparable carbon
removal vs. carbon avoided for different pathways.

Are uncertainty ranges helpful?

* Need more transparency as to the source of
“‘uncertainty”.

 Is it uncertainty in performance? Diversity in
methodologies? Pathways? Regional context?

* Where is the mean/average? Differentiate what is
possible from what is probable.

» These ranges are still key in highlighting the gaps.

CO, Conversion & Utilisation (CCU)

€02 in Atmosphere

direct air
capt | e released
) land- based (
© (©“capture ©)

/ o

emission to
energy.  atmosphere
input 7

©® ®
Concentrated C0: Carbon in Product
\

" _industrial

‘ (L] - / \®~F‘~> E E”
\ ~wre — ‘/® some stored

= Transform to C0Oz |
sequestration

At @
extra J tion
Carh
in Lithos

Fig: Cameron Hepburn, Ella Adlen, John Beddington, Emily A Carter, Sabine Fuss, Niall Mac
Dowell, Jan Minx, Pete Smith and Charlotte Williams, CO, utilisation and removal: promises and
challenges - A Review, 2018

N
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CO, Conversion & Utilisation (CCU)

Imperial College

Lond ecosphere
ondon |________________Ecﬁnozphzre-'
Like any product, CCU needs to I %D @ I
be marketed. “Carbon recycling” | |Power plants/ Diectuse |
may appeal to consumers and : | Industry ) |
general public. P
| B M hdml et R R

There is a tendency to design Biomass co, Conversion i End-of-life I
CCU products in a way that | — -
outperforms products from ‘ solid I
conventional pathways, e.g., with €O, + inorganic I
higher material strength. L Air Capture |
But over performance should not Opportunities: niche markets, industrial symbiosis, help develop CCS

be taken as benchmark. infrastructure.
We should focus on synergies between CCU & CCS rather than difference. Possible sharing of infrastructure and risk.
CCU may also suffer from regulation issues: how do you make sure you are displacing the right product?

We should not forget about the importance of permanence - CCU, enabler or distraction for CCS?

24 Fig: Bui, M., et al. (2018). Energy & Environmental Science, 11 (5), 1062-1176.



Imperial College Advanced sorbents & CCS cost reduction

London

For improvements in economic and technical performance - need
the development of second and third generation CCS processes.

The demonstration of technology, i.e., “learning by doing”, is essential
communicate technical feasibility, thereby convincing policy makers.

Development should employ multi-scale approach, also considering
the coupling effects of multiple process parameters.

c
o
©
N

=

2
O

o

thesis and

yn
ar:

Modelling advances can help accelerate the development of new
technologies, e.g., high-throughput modelling for material screening
and reduced order modelling to decrease CPU time.

N
)

(o

Development of new technologies can have co-benefits (spill-over
benefit) to multiple sectors, e.g., membrane designed for desalination
and now finding new applications in gas separation.

Design based on fundamental understanding rather than using a
“shot-gun”/Edisonian approach is shown to be highly valuable, saving
a significant amount of time, money and resources.

Employing integrated multi-disciplinary teams
can further accelerate technology development.

25 Fig: David Heldebrant, Pacific Northwest National Laboratory, 2018
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security

/N

cost ——— carbon

Enabling policy frameworks

The transition to a low carbon energy system is a challenging process.
Based on historical data, energy transitions appear to coincide with the
occurrence of catalytic event, e.g., 1970s Khmer Rouge in Cambodia,
Oil crises, 1990s Burst of Dot Com Bubble, 2008/09 GFC.

In contrast, initiatives that aim to mitigate climate change (e.g., Kyoto
Protocol) have had a negligible impact on CO, emissions, i.e.,
“delusion is the new denialism”.

Growing importance of cost within the energy trilemma. Why CCS?

1) Governments waiting for technical innovation to decrease costs.

2) Developers of CCS projects require government to de-risk
investment and drive innovation.

Where crediting schemes exist, operation of the technology is required
prior to accessing that scheme - uncertainty deters project
investment.

If there is no confidence in the market, will investments really happen?
How do we break the circle?

Fig: Clara Heuberger, Imperial College London, 2018

26



Enabling policy frameworks
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London US $100/tCO,e —
Liechtenstein Switzerland
The development of supportive policies can drive R I."
business.
Finland
- - - US $75/tCO,e —
There is a need for pragmatic long-term policy based $75/COs e
on detailed LCA and economic analysis which allow Stern-Stiglitz range
the free-market to work.
i 3 3 US $50/tco - France enmark
Busting misconceptions: renewables are often used 2 crvontax  carbon ax
as a proxy for decarbonisation so CCS can never
CO m pete . orica floor Ireland carbon tax
Iceland BC carbon tax
: . US $25/tCOse — [ Nomay
The right language. There needs to be a unified Sl carbon tex quibeccT
. . . ETS Mexico apan
vision and compelling argument. rone | % Sowns caroon
. . . o - [ax | \ ‘RGGI ,Pmmgal /plls:”é‘.’[rs‘_‘ California CaT
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Short-sighted decarbonisation strategies (e.g.,
deploying only wind and solar) can lead to
infrastructure lock-in, potentially asset under-
utilisation.

Thus, understanding the true value of low-
carbon energy technologies is vital to ensuring
cost effective decarbonisation of future energy
systems.

To make cost comparisons meaningful, it is

important to:

« compile and standardise methodologies,

» Be transparent in what assumptions are
used (currency, inflation, geography),

» Transparent about whether non-
standardised approach was employed for
analysis (e.g., heat requirements).

Value of CCS in today’s and tomorrow’s energy system

lustrative frequency management requirements with respect to time
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Levelised cost of electricity (LCOE) is not a
useful metric for valuing technologies. It does
not take into account the value of different
technology features and system
dependencies.

Low-carbon dispatchable technologies have
high value and crucial role in full
decarbonisation pathways of power systems.

In particular, CCS can provide value with
regards to power system resilience and
operability.

It is important to recognise that only a
combination of technologies will allow to
achieve CO, emission reduction goals.
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“We're not selling CCS. We need to be selling a carbon-free

stable grid.”
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Policy and decision makers are looking for
tangible benefits rather than technical detail,
e.g., GDP and employment benefits.

The offer of energy services (e.g., firm capacity,
system resilience, managing contingency
events) do not convince/compel policy makers.

However, monetising these services could help
support CCS.

Need to demonstrate the societal value of
CCS/CCUsS.

Benefits
can
outweigh

cCs
costs <
(Capex & 3
Opex) o
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Clean Fossil and Bioenergy Research Group (CleanFaB)
Report available online (soon):

https://www.imperial.ac.uk/a-z-research/clean-fossil-and-bioenergy/ccs-forum/

For more information:

Dr Niall Mac Dowell
Reader in Energy Systems
Imperial College London
niall@imperial.ac.uk
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