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If CO2 capture and storage is introduced to Chinain the
future it will want to be done:

1. As cheaply as possible

(minimise additional cost of electricity, chemicals etc)
2. Probably, as rapidly as possible

(Existing plant as well as new plant)

‘Immediate strategies’ are preparations for this.
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Immediate strategies apply to all current capture technologies:
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1. Improve capture technologies to retrofit to the plants that will
exist when capture is required

2. Build new fossil fuel plants so it is cheaper to retrofit capture

3. Develop new energy conversion technologies that will include
capture from the start

1. REBRERDOR, WAk aE TR
2. BHUKE] MW EER AR EEbZENEHRERE
3. JFAHH, AIAE—FFAARIE R AR ER B AE A I BEIR F B BOR

Page 4 © Imperial College London (4307 [E 1 2% [5)



o E &tk BRRH O RE R ER o [ SR B AR AT B KA B (>200MW)
, 220204, FEHERENE Trend in Coal-FiredBoiler Orders

BB aiER950GW, EARIE
RIREIRE R, MEKREEE
e, BEWRETETTRIIFEEY s
KR DA A SRR R I A FRL e

« 7 H, BTEEHFERNE O
BRBIR K, RERAIREFH AR
SHUERTRIN, (EMIA FIFRLRT 4%
BOURE, KIERESN: RE
K im AP <N EN, B 2
e R £ T — BB AR TH]

B SUPERCRITICAL
& SUB-CRITICAL

NN NN

0%

1999 2000 2001 2002 2003 2004
@ MitsuiBabcock

« State Council DRC predicts that, China’s total electrical
capacity will reach 950GW by 2020, at least twice the current
amount, and that coal will still be the main fuel.

 From present trends, supercritical power plant will
dominate new construction for the foreseeable future.

Page 5 © Imperial College London (13 [F ¥ 1 2% )



J e JE SR — A I BRI

1. Pr BRIt E RS TR R (g

2. AR ff BL R — ARk AL 52 ]k B T 1)

3. EUF ATHC A I F A FEL

4. R WORE B R TG M —— R sl i R B AR AU RE R SE LB K I 225 [BI 9
5. LW REHI AR R B 5

Post-combustion capture

1. Current studies mainly use liquid solvents (amines)

2. Solid adsorbents and ‘frosting’ CO2 by cooling also being
considered

3. Best with supercritical power plant
4. Flexible — can adjust capture level to get best economic return
5. Co-combustion with biomass is easy
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Work involving Imperial on post-combustion capture:

1. Rules to ensure good post-combustion capture from power plant
2. Improved integration with steam cycle

3. Industrial study for IEA GHG with Fluor, Mitsui Babcock and
Alstom

4. New pulverised coal plant in Canada designed to have capture
added later
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Work involving Imperial on post-combustion capture
(Cont.) :

5. Industrial study on adding post-combustion CO2 capture to
existing UK power plants

6. New study with co-optimisation of power plant and capture
system just starting

7. Solvent development with University of Regina
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IEA GHG PH4/19, Potential for improvement in gasification combined cycle power generation with CO2 capture, May

Pre-combustion capture on oxygen

blown entrained flow gasifier IGCC Shell gasifier Texaco gasifier
plant
Without With Capture Without With Capture
capture | capture | penalty capture | capture | penalty
Net power output MW 776 676 826 730
Efficiency % LHV| 43.1 34.5 8.6 38.0 31.5 6.5
Capital cost $/kW| 1371 1860 489 1187 1495 308
CO2 emissions g/kWh 763 142 833 152
CO2 captured g/kWh 809 851
Increase in fuel use due to capture 25% 21%
Electricity cost c/kWh 4.8 6.3 1.5 4.5 5.6 1.1

IEA GHG PH4/33, Improvement in power gener

ation with post-combustion capture o

f CO2, November 2004

Post-combustion capture on
advanced supercritical pulverized coal
plant

Fluor amine technology

MHI amine technology

Without With Capture Without With Capture
capture | capture penalty capture | capture | penalty
Net power output MW 758 666 754 676
Efficiency % LHV| 44.0 34.8 9.2 43.7 35.3 8.4
Capital cost $IkW| 1222 1755 533 1171 1858 687
CO2 emissions g/kWh 743 117 747 92
CO2 captured g/kWh 822 832
Increase in fuel use due to capture 26% 24%
Electricity cost c/kWh 4.4 6.2 1.8 4.3 6.3 2.0
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Source: IEA GHG
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Work involving Imperial on oxyfuel capture:
1. Improved integration with steam cycle

2. Industrial study for IEA GHG with Mitsui Babcock, Air
Products and Alstom

3. Industrial study on adding oxyfuel CO2z capture to existing UK
power plants

4. Comparing pulverized coal ignition in air and CO2/O2 mixtures
(with US partners)

5. CFD modelling for air and oxyfuel burners
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IEA GHG PH4/33, Improvement in

power generation with post-combustion capture of CO2, November 2004

Post-combustion capture on
advanced supercritical pulverized
coal plant

Fluor amine technology

MHI amine technology

Without With Capture Without With Capture
capture | capture | penalty capture | capture | penalty
Net power output MW 758 666 754 676
Efficiency % LHV| 44.0 34.8 9.2 43.7 35.3 8.4
Capital cost $IKW| 1222 1755 44% 1171 1858 59%
CO2 emissions g/kWh 743 117 747 92
CO2 captured g/kWh 822 832
Increase in fuel use due to capture 26% 24%
Electricity cost c/kWh 4.4 6.2 41% 4.3 6.3 47%

IEA GHG 2005/9 Oxy combustion processes for CO2 capture from power plants, July 2005

Oxyfuel capture on advanced
supercritical pulverized coal plant

Oxyfuel, cryogenic ASU

MHI amine technology (PH4/33)

Without With Capture Without |With Capture
capture | capture | penalty capture |capture |penalty
Net power output MW 677 532 754 676
Efficiency % LHV| 44.2 35.4 8.8 43.7 35.3 8.4
Capital cost $/kW| 1513 2342 55% 1171 1858 59%
CO2 emissions g/kWh 722 85 747 92
CO2 captured g/kWh 831 832
Increase in fuel use due to capture 25% 24%
Electricity cost c/kWh 4.9 7.3 49% 4.3 6.3 47%
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Post-combustion research and demonstration needs:

1. Better solvents (for use with power plants)
2. Cheaper capture equipment
3. Demonstrate gas cleanup and solvent life on real plant
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Oxyfuel research and demonstration needs:

1. Burner designs for oxyfuel — need direct oxygen at the burner
2. Improved oxygen production methods — lon Transfer Membranes
3. Understand safety implications

4. Vattenfall/Germany (30 MWth) and IHI/Australian (30MWe) trials
planned
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Purpose of Capture Ready Power Plant

2. Build new plants so it is cheaper to retrofit capture
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General principles for making pulverized coal plant
capture ready
Fundamental requirements:

a) Sufficient space on site and in critical access locations to add
CO2 capture plant and necessary interconnections.

b) Design study for adding CO, capture, to assess technical
feasibility and cost-effectiveness.

Plus optional pre-investments, depending on economic justification
(based on NPV and probability of benefiting from the investment)
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Possible pre-investment options for pulverised coal steam plant are:
1. Build capture ready IGCC (i.e. not just ordinary IGCC) instead of PC
2. For post combustion capture:
a) High efficiency (or upgradeable) FGD (if FGD is required)
b)  Turbine modifications to facilitate steam extraction
3. For oxyfuel capture:
a) Support tie-ins for heaters and recycle ducts
b)  Provision for fans to operate under changed flows
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Pre-combustion capture ready

1. Problem for IGCC, if gas turbine is matched to gasifier and
oxygen plant before capture is added

Gasification Heat Recovery (with Shift)

2. Easier for chemical
plants, especially if
making hydrogen

COAL SLURRY
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Possible alternative for IGCC
— have shift from the start
and recover the losses

HP STEAM TO HRSG

& OXYGEN COLD MAKE-UP WATER

COLD SYNGAS TO SULPHUR

REMOVAL
>

SHIFT

REACTOR DESATURATOR

SLAG

QUENCH MAKE-UP

LP STEAM

TO HRSG

e

BFW

h RECYCLE OF HEAT FOR UPGRADING
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Adding capture to:

Original efficiency
Efficiency penalty

s %LHV
AR %LHV

Additional electricity cost for reduced output

Capture plant capital cost ($/kW, % above original)

Capture plant capital cost as % of original capital cost
Capture plant capital cost contribution to electricity cost for
original fuel cost fraction shown 30%

Loss of 1 year production added to next 20 years at 10% discount

rate, % of cost/yr

11.7%

Fuel cost fraction (avoided costs) 30%

Total additional electricity cost, based on ORIGINAL cost for

THAT technology

MO IR v ) A B0 T 43

SR T B

Capture ready

IGCC
40.0%
6.5%

19.4%

30.0%
10.6%

7.4%

26.8%

PC
42.0%
8.5%

25.4%

50.0%
24.6%

17.2%

42.6%

BAEWETE

Capture un-ready
IGCC PC
40.0% 42.0%
7.5% 9.5%
23.1% 29.2%
45.0% 75.0%
21.9% 45.8%
15.3% 32.0%
8.2% 8.2%
46.6% 69.5%

B IR R i SRR E R AR TN, HIGCCHRIG R AR T
With current technology higher capital cost to add capture to PC, but initial
capital cost for IGCC probably higher
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Adding capture to:

Original efficiency J5izi#% %LHV
Efficiency penalty #5452k %LHV
Additional electricity cost for reduced output

Capture plant capital cost ($/kW, % above original)

Capture plant capital cost as % of original capital cost

Capture plant capital cost contribution to electricity cost

for original fuel cost fraction shown 30%
Loss of 1 year production added to next 20 years at 10%

discount rate, % of cost/yr 11.7%
Fuel cost fraction (avoided costs) 30%
Total additional electricity cost, based on ORIGINAL

cost for THAT technology  Aslig 52 i it g picAs [ 17 4 %

CO2 emissions without capture tCO2/MWh
CO2 emissions with capture tCO2/MWh
Cost of electricity without capture RMB/MWh
Cost of electricity with capture RMB/MWh
CO2 abatement cost (excluding storage) RMB/tCO2
Assuming RMB10 =1 Euro Euro/tCO2
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Capture ready
IGCC
40.0%
6.5%
19.4%

30.0%
10.6%

7.4%

26.8%

PC
42.0%
8.5%

25.4%

50.0%
24.6%

17.2%

42.6%

0.8
0.1
350
499
213
21

B W E T
Capture un-ready

IGCC PC
40.0% 42.0%
7.5% 9.5%
23.1% 29.2%
45.0% 75.0%
21.9% 45.8%
15.3% 32.0%
8.2% 8.2%
46.6% 69.5%
0.8
0.1
350
593
347
35
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Conclusion:
Three immediate strategies, all are needed:

1. Improve capture technologies to retrofit to the plants that
will exist when capture is required

2. Build new plants ‘capture ready’ so it is cheaper to
retrofit capture

3. Develop new technologies that will include capture from
the start
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Conclusion (Cont.):

4. Pulverised coal efficiency with capture comparable to IGCC
and many plants — need to include PC in capture strategies

5. New DTI/MOST initiative on ‘getting ready for CO, capture’
planned — looking for potential partners
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Could we use this old Chinese Phrase to advertise “Capture Ready” Project?

AMAZ, FRKTHK

“In Fair Weather Prepare for Foul

Fl H

5
Thank youl!
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Getting ready for carbon capture and storage: Canadian progress

Overview

Canadian industry is making preparations for a future in
which carbon dioxide from fossil fuel production and
utilisation activities that would otherwise be released to
the atmosphere is captured and placed securely
underground. The techniques being developed can
make a significant direct contribution to reducing future
Canadian CO, emissions. Even greater reductions in
global emissions are possible through technology
transfer and capacity building in other economies with
large scale use of fossil fuels, notably the USA, China
and India.

Commercial progress in carbon dioxide capture in
Canada is taking place along two main avenues. Novel
capture technology options are being developed to allow
carbon dioxide capture from new power plants using
proven coal combustion equipment. Established capture
technologies for carbon dioxide in high pressure gas
streams are also being considered for use with less-
proven gasification plants. This multi-track approach
mirrors global developments as the world gets ready, for
the first time, for constraints on CO, emissions from
fossil fuel power plants.

Canada also leads global developments in CO; storage
in depleted oilfields, with the Weyburn project in
Saskatchewan. Canada has, in addition, been
investigating enhanced coal bed methane opportunities
and technology development and studying acid gas
injection as an industrial analogue for geological storage
of COa.

Industrial developments in CO; capture are supported by
a number of university and government research
centres, including the Canadian Centre for Mineral and
Energy Technology (CANMET), the International Test
Centre for CO, Capture (ITC) and the University of
Waterloo (UoW) among others.

'‘Getting Ready for CO2 Capture'

The title of this paper deliberately uses the terminology
'getting ready for CO, capture' as opposed to 'capture
ready'. The rationale here is that, although the concept
of making new power plants 'capture ready' is beginning
to be discussed, this is only one element of the
preparations that are required to be able to deploy CO»
capture and storage effectively at some time in the
future. Apart from engineering the necessary flexibility
and space to accommodate CO, capture equipment in
new plant to make them ‘capture ready', the scope for
their later conversion will also depend critically on
research, development and demonstration work over the
intervening period to improve the performance and
reduce the capital cost of adding capture, also the
provision of effective and socially acceptable storage
options. It is also quite likely that some technology
options could be very effective if capture was required
from the outset, but would not be so competitive to build
as 'capture ready' before capture was required. So
‘getting ready for capture' implies a multi-track approach:

a) Making sure that new fossil fuel plants of all types
are built so that, within the limits of the best current
understanding, they can have capture retrofitted in
the future with the minimum additional cost and
performance penalty.

b) Improving the technologies that will be needed to
convert these 'capture ready' plants (and other
existing plants) to capture CO,, and feeding
experience from this back into capture ready plant
design.

c) Making sure that any additional technologies that
may not be so competitive untii CO, capture
becomes the norm are also developed for rapid
deployment then.

d) Developing proven and socially acceptable CO,
storage options.

A range of technology options will be appropriate for all
of these tracks, depending on numerous site specific
factors, including the type of coal used, goals of the
power station (polygeneration, electricity only etc.), the
timing of addition of capture facilities and other pollutant
capture requirements. 'Getting ready for capture'
therefore describes a process that will lead us down the
road of fully understanding the implications for the
design and application of a broad range of capture and
storage technologies. Because of the diversity of the
Canadian energy market, however, Canada is in a good
position to cover major elements of the varied
technology portfolio required. = The most advanced
examples are described below.

'‘Capture ready' combustion plant and post-
combustion capture

The Canadian Clean Coal Power Coalition has
examined the scope for carbon dioxide capture from
coal-fired electricity generating facilities. As a direct
outcome of that work, SaskPower is currently
undertaking a prefeasibility study for a new 350-450 MW
power plant burning low-rank Saskatchewan lignite that
will have the latest emission controls for oxides of
sulphur and nitrogen and mercury and will also be able
to have equipment added to 'scrub’ carbon dioxide from
the flue gases before they are emitted to the
atmosphere. Costs using current technology are
estimated to be approximately 40%Can/tonne CO,
captured, but will be reduced over time since this is a
new application with significant scope for learning. New
pulverised coal or fluidized bed combustion power plants
can be built ‘capture ready' for post-combustion capture
from the flue gases at minimal additional cost. Capture
equipment can then be added later without taking the
plant off-line for extended periods and without
unnecessary expenditure or unavoidable loss in plant
performance.



The low additional costs for building 'capture ready'
combustion plant are an advantage for rapid deployment
in the large numbers of new coal power plants currently
being built in several of the world’s rapidly growing
economies, but it is also essential that the full-scale
capture technology is demonstrated as soon as possible.
This will both establish the commercial viability of this
option and start the process of commercial development
and demonstration that is required to reduce costs in
advance of the time when capture is required for large
amounts of recently-built plants.

Gasification, polygeneration and pre-combustion
capture

The other major commercial-scale Canadian CO;
capture initiative is centred around plans to gasify
petroleum coke, residual hydrocarbon liquids and/or coal
to provide hydrogen, heat and electric power (including a
surplus for export) for tar sand processing in northern
Alberta and heavy oil elsewhere. Gasifiers normally
make large amounts of carbon monoxide gas and this
has to be 'shifted' to carbon dioxide and hydrogen by

reaction with added steam before 'pre-combustion' CO,
capture. Both the costs and the energy losses
associated with this shift reaction are minimised if
hydrogen is required already. Similarly, performance
can be improved if not all the fuel has to be converted to
a hydrogen product, but can also be used to make
electricity, and there is a use for low grade heat from the
electricity generation plant. This type of 'poly-generation'
plant will generally allow more effective use of
gasification technology than stand-alone ‘integrated
gasification combined cycle' (IGCC) plants producing
only electricity.

Nexen is currently constructing a polygeneration plant in
northern Alberta to produce hydrogen and electricity.
Carbon dioxide capture is being actively considered for
enhanced oil recovery in conventional oil bearing regions
of Saskatchewan and Alberta offering some potential for
CO; capture from this facility, either as soon as the plant
is built or at some time in the future. Globally, high
natural gas and oil prices mean that gasification plant is
being built or planned in a number of countries, giving a
clear route for wider applications of any gasification-
based CO; capture technology demonstrated in Canada.

Pre-combustion and post-combustion capture for new power plants

Recent |IEA studies have compared the performance of new power plants built with and without CO; capture and
compression. All relevant factors such as fuel, ambient conditions, interest rates etc. were the same for all
studies. Relative differences between plant thermodynamic and economic performance will vary slightly with the
absolute factor values selected, but the overall trends are that differences between predicted performance for
current pre- and post-combustion capture technologies are not striking. The efficiency drop for building a plant
with capture is lowest for the Texaco (now GE) gasifier, but this can be explained by the inclusion of wet quench
cooling. This lowers the efficiency without capture but is an advantage when the gas stream needs to be loaded
with steam to promote 'shifting' carbon monoxide to carbon dioxide for pre-combustion capture. More significant
is the low capital cost for the Texaco gasifier design and hence low overall cost of electricity, but in the current
North American power plant market it appears that the price differential between IGCC and supercritical
pulverized coal plants without capture is somewhat higher than the 0.1 c/kWh shown here. It is not yet clear,
however, how capital costs for these two very different electricity generation technologies will compare if IGCC
becomes more widely deployed in the market.

IEA GHG PH4/19, Potential for improvement in gasification combined cycle power generation with CO2 capture, May 2003.
Pre-combustion capture on oxygen

blown entrained flow gasifier IGCC Shell gasifier Texaco gasifier
plant
Without With Capture Without With Capture
capture capture  penalty capture capture  penalty
Net power output MW 776 676 826 730
Efficiency % LHV 431 34.5 8.6 38.0 31.5 6.5
Capital cost $/KW 1371 1860 489 1187 1495 308
CO2 emissions g/kwh 763 142 833 152
CO2 captured g/kWh 809 851
Increase in fuel use due to capture 25% 21%
Electricity cost c/kWh 4.8 6.3 15 4.5 5.6 11

IEA GHG PH4/33, Improvement in power generation with post-combustion capture of CO2, November 2004
Post-combustion capture on
advanced supercritical pulverized

Fluor amine technology MHI amine technology

coal plant
Without With Capture Without With Capture
capture capture  penalty capture capture  penalty
Net power output MW 758 666 754 676
Efficiency % LHV  44.0 34.8 9.2 43.7 35.3 8.4
Capital cost $IKW 1222 1755 533 1171 1858 687
CO2 emissions g/kwh 743 117 747 92
CO2 captured g/kWh 822 832
Increase in fuel use due to capture 26% 24%
Electricity cost c/kWh 4.4 6.2 1.8 4.3 6.3 2.0



Carbon dioxide geological storage

Canada hosts the world's first demonstration of carbon
dioxide storage as part of an enhanced oil recovery
(EOR) CO; flood, at the Weyburn field in southern
Saskatchewan. This EOR project is receiving some
5,000 tonnes or more per day of CO, generated at a
coal gasification (for methane synthesis) plant in North
Dakota. The research associated with this EOR project
is designed to demonstrate the integrity of geological
storage and other issues surrounding the geological
storage of CO,. Preliminary findings indicate the
technical success of EOR with CO, as well as
demonstrating that monitoring of the CO, movement in
the subsurface is feasible. Early results strongly indicate
the long-term safety of storage in this type of
environment, although much work remains to be done to
confirm these preliminary studies. Globally, there is
intense interest in the results coming from this project.

Research activities

On the capture side, significant research is underway at
Canadian institutions to better understand the
operational issues associated with large scale capture,
the development of new technologies and helping to
develop ‘capture ready' facilities. This work includes:

e ITC (the International Test Centre for CO, Capture)
- post combustion capture technology development.
Facilities include two pilot plants, a one tonne per
day using a flue gas stream from the combustion of
natural gas and a four tonne per day attached to a
lignite-fired electrical generating station, to
demonstrate at scale both process improvements

Weyburn Field

and new chemicals for CO; capture from flue gases.
Outputs are demonstrating the extensive
opportunities for cost reductions in potential
commercial operations.

CETC (CANMET Energy Technology Centre) -
oxyfuel combustion for CO;, capture. Work at the
Ottawa facilities is designed to demonstrate at the
pilot scale the denitrification of the flue gas before
combustion. In this system, the fossil fuel is
combusted in relatively pure oxygen, moderated by
recycling combustion gases from the combustor. In
this way, the concentration of CO; in the flue gas
can become high (90% plus) making it essentially
ready for storage. For EOR, additional purification
may be required depending on the nature of the
contaminants. One of the most significant benefits
of this methodology is the ability to capture other
pollutants along with the CO; stream and to store
these safely in the subsurface.

University of Waterloo - system modelling. The
University of Waterloo has developed capacity in
system modelling for better understanding of the
relative merits of different methods of capture from
the combustion of fossil fuels. Work at Waterloo
also includes the development of membranes for
use in the separation of gases to purify the CO- in a
flue gas stream.

Other institutions in Canada have expertise in
activities such as gasification. These can be further
developed to provide greater insight into
opportunities for Canada in the future.

In the late 90's, a major Canadian oil company, PanCanadian Petroleum Limited (now EnCana Corporation)
announced plans to undertake a large-scale CO, Enhanced Oil Recovery (EOR) operation on a mature field in
southern Saskatchewan. The field was nearing the end of its prime production, and some form of enhanced

recovery would be needed to keep the field viable. The company also indicated that they would be interested in
operating the program as a demonstration project for CO; geological storage. This opportunity possessed all of
the key elements for a sufficiently large storage demonstration project: a large-scale EOR program in a partially
depleted reservoir, an anthropogenic CO, source, a reservoir appropriate for storage, and an opportunity to collect
a baseline dataset. However, this site also offered something that could not be found at any other site in the world
— a vast and publicly accessible collection of historical records dating back to the discovery of the field. All of this
data was available to the researchers to provide a thorough historical dataset in addition to the pre-injection
dataset. Thus, there could be no better picture of a suitable reservoir.

The essential findings of the project were that the CO, will be safely contained and the storage project can be
economic. Geological settings such as the Weyburn reservoir appear to be highly suitable for long-term storage of
CO,. A good geological description of the reservoir and a large surrounding area was developed, demonstrating
that the regional geology provides multiple containment zones. If CO, were to leak past the primary sealing
caprock, there are a number of other zones with sealing capacity and several saline aquifers above the primary
storage zone. However, caprock integrity issues were examined and found to be negligible. The risk assessment
modelling showed that CO, will almost certainly never reach or penetrate overlying saline water zones through
geological formations, nor will it reach either potable water zones closer to the surface or the ground surface above
the storage reservoir. Numerical simulations showed that, after 5000 years, 100% of the CO, will remain stored
underground. Of this, 73.2% will remain in the Midale reservoir, where it was injected, 18.2% will seep into the
geosphere below the reservoir, 8.6% will migrate within the Midale reservoir to areas outside the initial EOR zone,
and only 0.02% will seep to the geosphere above. Geochemical fluid sampling allowed researchers to track the
CO: in the reservoir. Seismic surveys were able to detect the changes in the reservoir that result from CO.. As a
result, we can essentially ‘see’ the movement of CO; in the reservoir.



Capture ready power plant options for IGCC and PC

The ideal 'capture ready' approach would allow a plant to be built which had the both the same costs and performance as a
normal plant without capture when it was built, and then also the same performance and equivalent capital cost as a plant that
was built with capture from the outset after capture is added at some time in the future.

In achieving this 'capture ready' ideal, there is a fundamental difference between PC and other combustion plants and
conventional IGCC. Carbon dioxide (CO,) must be produced to be captured. Pulverized coal and fluidized bed combustion
plants do this in their normal configuration. Post-combustion capture units can then be added to 'scrub’ the CO, out of the
combustion products (e.g. using an amine solvent) before they go to the chimney. The only major change required to the original
plant is adding a pipe to take steam out before it is fully used in the turbine, so that it can be used to heat up the solvent to
release the CO,. This reduces the power output from the turbine; more power is also required to run compressors and pumps
associated with the capture plant.

In normal IGCC plants, most of the carbon in the fuel is converted to carbon monoxide (CO) to use as a fuel, not to carbon
dioxide. To allow pre-combustion capture of CO, the carbon monoxide must first be shifted to CO,, with its fuel value transferred
into extra hydrogen and heat (some of which can be recovered as steam for power generation). The CO, is then removed from
the pressurised gas mixture and taken away for storage and a hydrogen-rich fuel gas (diluted with nitrogen from the air
separation unit supplying oxygen to the gasifier) is fed to the gas turbine. When IGCC plants that are designed to burn carbon
monoxide in the gas turbine are converted to pre-combustion CO, capture, the amount of fuel gas for the gas turbine is therefore
reduced and its combustion properties are changed. The consequence is that the gas turbine may operate less efficiently,
giving a further performance penalty in addition to the other pre-combustion capture penalties (shift, CO, removal, compression)
found in plant built with capture from the start.

One proposed solution for 'capture ready' IGCC plants is to oversize the gasifier and associated equipment initially, to allow the
gas turbine fuel deficiency when capture is added to be made up, but this incurs obvious up-front capital costs. An alternative
route, being developed by Jacobs in the UK, is to incorporate a shift reactor to make CO, and hydrogen in the plant from the
outset. In the original 'capture ready' plant the CO, passes to the gas turbine, where it is expanded to do useful work. When the
CO; is captured upstream of the gas turbine it is replaced by nitrogen in the fuel gas mixture going to the turbine. It is claimed
that both the cost and performance penalties of the shift process under normal operation can largely be offset by careful heat
integration and savings on alternative heat recovery equipment. While this new concept offers promise, it must be emphasised
that conventional IGCC, particularly configurations not employing a water quench, are unlikely to meet ‘capture ready' ideals very
closely.

All ‘capture ready' plants will require some additional space to be left on site to accommodate capture and compression, but the
necessary initial costs involved are likely to be low. Both IGCC and PC ‘capture ready' plant may benefit from improvements in
capture technology up to the time capture is fitted but, because the capital cost and efficiency change are currently larger for
post-combustion capture, there is arguably more scope for this to impact on the latter.

lllustrative relative performance and cost penalties for adding capture to ‘capture ready' and 'capture unready' IGCC and PC
plants are shown below. For capture ready plant, IGCC will incur the lower relative increase in the cost of electricity when
capture is added, but this advantage would be offset if the original cost of electricity was higher for the IGCC plant. The
balancing margin would reduce rapidly from the 16% difference in the bottom line if the time to capture was delayed, reflecting
the inherent disadvantage of paying more money earlier to save money later.

For both IGCC and PC 'capture unready' plant, however, the worse performance, capital cost and conversion time for adding
capture all add up to give large unnecessary increases in the cost of subsequently capturing CO,. Such increases could either
delay the installation of capture for longer than needs to be the case or, if they affect large proportions of a nation's installed
power plant capacity, have a serious effect on the economic, political or social costs of making the transition to CO, capture.

Adding capture to: Capture ready Capture un-ready
IGCC PC IGCC PC
Original efficiency %LHV 40.0% 42.0% 40.0% 42.0%
Efficiency penalty %LHV 6.5% 8.5% 7.5% 9.5%
Additional electricity cost for reduced output 19.4% 25.4% 23.1% 29.2%
Capture plant capital cost ($/kW, % above original) 30.0% 50.0% 45.0% 75.0%
Capture plant capital cost as % of original capital cost 10.6% 24.6% 21.9% 45.8%
Capture plant capital cost contribution to electricity cost for
original fuel cost fraction shown 30% 7.4% 17.2% 15.3% 32.0%
Loss of 1 year production added to next 20 years at 10% discount
rate, % of cost/yr 11.7% 8.2% 8.2%
Fuel cost fraction (avoided costs) 30%

Total additional electricity cost, based on ORIGINAL cost for
THAT technology 26.8% 42.6% 46.6% 69.5%



Conclusion

There are two principal messages to be delivered by this
paper. The first is that there is research and industrial
demonstration capacity for carbon dioxide capture and
storage in Canada, but that its optimum exploitation
requires more engagement between industry and
government and more capacity building. This capacity is,
however, some of the best in the world at present and
can provide significant assistance in the development of
global responses to the need to capture CO,to prevent it
reaching the atmosphere. As an aside, it should also be
noted that there is also significant CO, storage capacity
in geological formations in the country, although not
always in convenient locations for large sources. Again,
much work is required on developing a full
understanding of storage capacity.

More importantly, it is important to understand the
complexity of determining the technologies that will be
required to become ready for carbon capture and
storage. There can be no single, simple response to this
question. The technology will be very dependent on site
specific issues such as coal type, economics, existing
infrastructure, need to deal with pollutants in the gas
stream, the presence of regulations or financial
incentives etc. Each of the three basic technologies,
post-combustion, oxy-fuel combustion and gasification
(and possibly some hybrids of the above) may be
required to achieve Canadian and global goals. As
importantly, each of these technologies will need to be
demonstrated at commercial scale to prove its
effectiveness and bring industrial inventiveness to bear
on technology improvement. As an example, industrial
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input in the development of sulphur dioxide capture from
power plants resulted in significant cost reductions in a
relatively short time. Without demonstration, this activity
will not occur. While research can suggest new process
options and new systems, the combination with industrial
demonstration is essential to provide solutions that can
actually deliver large scale CO, emission reductions.

It is the intent of the authors of this paper to offer a
workshop on the theme of 'Getting ready for carbon
capture and storage' in the fall of 2005, possibly in
connection with the COP/MOP meeting in Montreal.
This will bring together a number of experts in the area
of capture technology to provide a sound, un-biased
review of technology availability, status and related
issues involved in planning and preparing for widespread
use of capture and storage to help mitigate dangerous
climate change. A particular area for discussion will be
how the urgent need to make new power plants ‘capture
ready’ can best be integrated into the broader
technology development and deployment process for
carbon dioxide capture and storage technologies.

For more information, contact

Malcolm Wilson, Director of CO, Management, Energy
INet at 306 337 2287 or at malcolm.wilson@uregina.ca
or CO2@energyinet.com

Jon Gibbins, Imperial College and Adjunct at the
University of Regina at + 44 (0)7812 901244 or at
j-gibbins@imperial.ac.uk

The Energy Innovation Network, is a newly established Canadian technology development network
designed to improve the collaboration and integration of research into energy related activities,
particularly low emission technologies. The Network is currently in the process of incorporating as a
self-supporting entity, developing partnerships with industry, government and international agencies
and working with technology developers to pursue research and demonstration opportunities. More
information on Energy INet can be found on the website www.energyinet.com or by contacting

Malcolm Wilson at CO2@energyinet.com.
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CO2 £t g/kWh| 722 85 747 92
CO2 e g/kWh 831 832
WA BN 25% 24%
B SRR (D c/kWh 4.9 7.3 49% 4.3 6.3 47%
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