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Coal or climate?

Stuart Haszeldine
University of Edinburgh

Fossil fuels will still provid
of world energy to 2050
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CQO2 capture and storage
i 10,000yr remedy: bury CO,

S

2. CO5 transport
. by pipeline

4.CO, storage sites

British
B,LT:S Geological Survey

NATURAL ENVIRONMENT RESEARCH COUNCIL

In aquifers or oilfields
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Supercritical
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How Much Delivery, When

How much Deliver, When
Transitional long short ?
Growth potential
Sustainability impacts

Obstacles research needs
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Fossil fuel :90% remains to burn
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[Only 10% fossil resource already used
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CO2 from power. Huge imports

Scottish CO2 emissions 2002

Land use

20%

Power stations
30%
Industry
20%

Data:
Royal Society
Edinburgh 2006

UK emissions are

INCREASING

s.haszeldine@ed.ac.uk

CO2 emissions (Mt CO2)
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Development of an embedded carbon indicator

Consumed CO2 37% higher than Produced
18% increase since 1992
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CCS in the national electricity mix@

2000

UK Electricity generation mix:

1800 — illustrative MARKAL model
Storage
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Will CCS be competitive in
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{CCS typically 20-50% world COZ]
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When How Much ?

Can deliver from 2015
Ambition 2020 routine in EU

Ambition 2030 to be routine in world

s.haszeldine@ed.ac.uk Towards a low carbon energy future. Royal Society, London 17 Nov 7



IEA Roadmap

2020 2030

Baseline

9% of power
generation
by 2030

. G e i . i IEA 2008 p135
In this roadmap, commercialisation assumes an incentive of USD 50/t CO, saved. Energy Technology Perspectives

IF: CCS is to deliver for >25% decarbonisation
THEN : 20 plants needed by 2015 (G8); 20/yr coal, 22/yr gas
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EU industry :  ZEP roadmap @
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2007 2010 20.12 2015 2020 e nemetmet 2025
On track for 2020, if OpEx funded
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CCS dominates after 2030 >35Gt &

1000
|EA 2008 Transport alternative fuels
3 800 - : ) ’
3 Technology Perspectives
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9, 600 - Industry fuel switching
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By 2050: For level CO2 emissions $50/ton abatement
For decreased CO2 emissions $200/ton abatement
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Brown COAL
gasification since 1984,
CO2 pipe, 330 km

Since 2000, 1 Mt CO2 /yr, 152 bar

s.haszeldine@ed.ac.uk

Dakota: Beulah gasification 1984

Inject for
Enhanced Oll

Recovery

'{ Additional
'.‘ oil recovered

© BRGM-im@gé
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CCS is happening 2008 &

2008 E Germany et l\‘\
Schwarze Pumpe os e I &2

Vattenfall 50 MW
Oxy-fuel COAL

Rl o .

2013 BP Abu Dhabi

Masdar 1.7Mt CO2/yr
420MWe

Pre-combustion GAS

Towards a low carbon energy future. Royal Society, London 17 Nov 12
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Short and medium timescales
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SRR

Pilot Plant: Cycles of learning &

DINBOY

Imperial College

London CCS - Sequencing the Deployment — the Big Plcture

BUILD ALL PLANTS CAPTURE READY RETROFIT CAPTURE

Overall effort also important

to maintain continuity
SECOND \ 0 G%%%AL
TRANCHE EU
12 plants by o ————— - ccs ROLLOUT

Big prize is getting
two learning cycles
from two tranches of
CCS projects before
global rollout

IGCC/OXYFUEL2015 in EU  Regulatory Drivers~ ROLLOUT

NEW BUILD/ FIRST e
REBUILD TRANCHE -

PLANTS PATH Demonstration
TO ROLLOUT

2010 2015 2020 2025

TIMING FOR

Imperial College London
Power plant design series

Gibbins and Chalmers 2008
Energy Policy
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Europe:

CCS “F;agship”.

12 projects
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IEA Greenhouse Gas R & D Programme
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Capture -ready V deployment @

Annual CO2 emissions UK coal plant -
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route to fund UK CCS

£ 3,000 M per year projects by EU-ETS
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Sustainability
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Potential leakage routes and remediation techniques for CO2 injected
Into saline formations

Injected CO, migrates up dip
maximizing dissolution &
residual CO, trapping

A

Siltstone

failures
of site

Fault .
= \ choice y
Potential Escape Mechanisms

[ PR
g ————
o

A.CO, gas B. Free CO, C.CO, D. Injected CO, E. CO, F. Natural flow G. Dissolved
pressure leaks from A escapes migrates up escapes via dissolves CO, CO, escapes to
exceeds into upper through ‘gap’ in dip, increases poorly plugged at CO, /water atmosphere or
capillary aquifer up fault cap rock into reservoir old abandoned interface & ocean

pressure & higher aquifer pressure & well transports it out

passes through permeability of of closure
siltstone fault
Remedial Measures
A. Extract & B. Extract & C. Remove CO, D. Lower E. Re-plug well F. Intercept & G. Intercept &
purify ground- purify ground- & reinject injection rates or with cement reinject CO, reinject CO,
water water elsewhere pressures

Intergovernment Panel on Climate Change Special Report  ggrcesFigure 158
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North Sea Saline Aquifer CO2

—

Utsira form




U, stored in the Utsira formation
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Leakage: naturally

CO, Leakage: Natural analogues
show what a worst case would be ....
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electricity system buying price
(E/MWh)

s.haszeldine@ed.ac.uk

Power plant operation

Variation in electricity buying prices within the New Electricity

Trading Arrangements in the UK
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Arbitrage on price will
determine Capture

350

30.0 -

)
h
(o]

Vent

20.0 4

15.0 -

Slow chan(
10.0 -

\J Rapid chan

Capture

5.0 4

0.0

20 40 80 80 100
Carbon dioxide price (EACO2)

Chalmers and Gibbins
(2007) Fuel Imperial College

Make markets to encourage capture of CO2 not venting?
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Life Cycle Analysis

CLAIM: capture 90%
CO2 at power plant

Supercritical PC no CCS

Total GHG emissions (g CO,-e / KWh):

Direct Fuel Fuel Other Waste
Combustion | production Transport Operation & Disposal
Transport

0.2 % 90.7 % 5.5 % 0.2 % 3 % 0.4 %

Supercritical PC with CCS AC-I;ZU(')A\ZL: Oc\l/era_lll 72%
Total GHG emissions (g CO,-e / kwh): 244 reduction

Direct Fuel Fuel Other Waste
Combustion production Transport Operation and Disposal
Transport

1.3 % 43.7 % 25.8 % 0.7 % 25.1 % 3.4 %

Production of MEA &

— [1GCC 160 g CO2 kWh - 80% | =

Rea Ing .uk Towards a low carbon energy future. Royal Society, London 17 Nov
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Key unknown: research

Pace of delvery

Learning cost of capture (energy & money)
Storage volumes

Public acceptance

Transport

s.haszeldine@ed.ac.uk Towards a low carbon energy future. Royal Society, London 17 Nov
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World activity CCS pilot

Proposed FULL-CHAIN CCS around the world
Operational date, size and separation technology

COAL IGCC

Pre-combustion

Proposed UK sites-

GAS Hatheld: ;
Pre-combustion Drymn Abu Dhabi
COAL ’ Schwarze Pumpe Janschwalde /
Oxyfuel /
GAS O Lacq An‘nk\po \I;ne}: Brindisi WA
Oxyfuel R Parish Plant UK BERR - 50 MW
test sites
COAL UK BERR
Post combustion Competition
400 MW
/\ Janschwalde

GAS
Post combustion

Sneh\w!/ Karste :: Mongstad - Pilot UMongslad -full scale

Moomba
Yasmin Bushby www.geos.ed.ac.uk/sccs

T

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

| Pre-combustion first (IGCC). UK looks slow| N
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World CO2 cuts from CCS

1400
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million tonnes of CO2

400

200

Cumulative world CO2 cuts /
EESSL?OOE'a””ed CCS sites CO2 reduction aims
as predicted by IEA

Q@ 2 D D DD P

v P P P PP P
Y Bushby N Markusson S Haszeldine
2008 www.geos. ed.ac.uk

|

World pace only 50% need, at best
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Funding: Pilot, Rollout ®
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. Incremental cost
of mature CCS |\
------------------------- Should be

reflected in the
future carbon
based power
price

Reflected in
future power price

www.zero-emissionplatform.eu
Sweeney 2007 General Assembly
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Cost of demo
program
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Finance changes TI M E
through time, and learning q
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Improved CO2 capture reduces cost |

&

ABB
Lummus

6000 Parsons \)
- Study Data of &
5000 (Fluon) current Advanced
projects Amines
4000

Chillled
Ammonia
Process

3000 3150 kJ/kg

Heat of Reaction [kJ/kg]

2000
1000 *
0 P;rocess Aidvanced Process A Process
Optimisation Amines Innovations Optimisation
1995 2000 2005 2010 2015
/Example claim: chilled ammonia capture h

(NH,),CO; + CO, + H,0 «~ 2 NH,HCO,
Capture cost MEA € 40 /ton CO,; NH,; € 12 /ton CO,
\.Demo 100,000 t/yr mid 2007 - 2010, Commercial 2011 )
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Key unknown: storage volume &

oo
Injection at borehole ~n % 200 md - 40 years ( \

°? | 10 bar limit to far field [\ /\ 500 md - 40 years

80 / \ 3200 mMmd - 40 years

i e L T moome - aayeats;
SO / \ — 3200 md - 60 years

S0 10 Mt COZ2 /yr
e // T \\ SRR

30

20 / / \\ \

— / e \

o 50 100 150 200 250

- - o e e van der Meer 2008
Cross-sectional distance [km] Src Tosos

Relative pressure increase [oar]

o

Available Space Used Space
Spill point

van der Meer 2008

< Pressure Affected Space oTG 15309

Unaffected Space
[ World aquifer storage may be 400 yr or 40 yr ]
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Public: Capture Ready coal

Building new coal
supercritical power
plant - with future
ability to capture CO2,
but NOT capturing now

Capture-Ready Emissions Standard
Power plant fitted, (500) 350 gCO2/kwh
No specified route or Ramps down

storage site
_ Intended future date
No date for operation _ . _
_ _ Simple administration
Complex detailed designs

Risk with operator

Risk with Government

s.haszeldine@ed.ac.uk Towards a low carbon energy future. Royal Society, London 17 Nov 31




Transport: EU CO2 emissions

Fossil CO2 :gé/ 5:7 AN A D)
EU emissions 3 - g il ‘ ‘;’I\,L

Storage
Aquifers?
Oil & Gas
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www.co2-cato.nl

an van den Heuvel Rotterdam Climate Initiative 2008
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transport
and store

B K’SO% of EU CO2 export\

via Rotterdam ?

Largest storage Is in
Norwegian and Scottish
offshore

How to get a transport

Qetwork to come north?/

| ty, London 17 Nov

NLVE,
U '?J./

North Sea ~
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RISKS for CCS

Politics: Funding pilot plant
« 500 M tons Emission Allowances for new plant
==> 10 x 400 MW coal plant 2013 - 2020
« 500 g CO2 /KW hr electricity emissions standard
* EU Council of Ministers anti EU-A ==> may hypothecate ?

Risk of deferment

No CCS = marginal cost of climate stabilisation + 70%

s.haszeldine@ed.ac.uk Towards a low carbon energy future. Royal Society, London 17 Nov
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SUMMARY

* CCS is the only DIRECT CO2 reduction method
« Top down and bottom up studies agree CCS important
« CCS is RAPID, BIG, COMMERCIAL
 REPLICATION - similar plant worldwide
* RISK: funding pilot plants, political change
« BANKABLE - Pilot plant £5/yr per household
- Short term from tax hypothecation
- Medium term from Emissions allowances
« GLOBAL 50 plant / yr (£ 100 Bn) until 2050

s.haszeldine@ed.ac.uk Towards a low carbon energy future. Royal Society, London 17 Nov
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