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AGENDA

e Challenge of CO, sequestration

e Supercritical CFB boiler technology

e CO, postcombustion capture in supercritical CFB boiler
- Process Description
- Performance/Investment Cost

- Comparison with PC USC boiler

e Oxycombustion in CFB boiler
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THE CHALLENGE OF CO, SEQUESTRATION

e Proven Technologies?

precombustion capture . yes
postcombustion capture :yes, but.....
oxycombustion . yes, but.....

e Reach Acceptable Efficiency
e Reach Acceptable Investment Cost

e Carbon tax
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CIRCULATING FLUIDIZED BED (CFB) BOILER

e Fuel Flexibility
- Fuels from Biomass to Anthracite Coals
- Low-grade fuels (high ash/high moisture)
- Co-firing of different fuels/fuel qualities

e Low Emissions
- SO, removal with limestone injection (95-98%06 reduction)
- NO, emissions typically < 200 mg/Nm?2 depending on fuel

* Further NO, reduction achieved in sequence by ammonia
Injection (SNCR) and by SCR

e Competitive Investment Cost & Availability
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CFB CHARACTERISTICS

Flue gas
2 800-900°C
\ \

FEATURE BENEFIT
e Low furnace e Low NO )
temperatures . Low SO, 800-900°C

: _ _ o 4.5-5.0 m/s
» Hot circulating solids < Fuel flexibility

 Handles low grade

fuels
» Simple feed systems

Limestone <1mm

* Long solid residence « Good fuel burnout
time * Good sorbent

utilization Biomass <50mm

W Coal <10mm

Air
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SUPERCRITICAL CFB BOILER

PRINCIPLE NATURAL CIRCULATION (DRUM) ONCE-THRU
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CHARACTERISTICS OF ONCE THROUGH (OTU)
SUPERCRITICAL CFB BOILER

e Low and Uniform Furnace
Heat Flux
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e Low Water / Steam Side
Pressure Loss
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e [Fast Response With
INTREX™ Controls
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Clean Coal Technologies for our Future 10-12 May 2005, Castiadas (Cagliari)



ccr ¢
2005!

SUPERCRITICAL CFB BOILER
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CFB WITH CO, CAPTURE BLOCK FLOW DIAGRAM
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POST COMBUSTION CO, CAPTURE

TARGET : 85%0 capture rate, CO, dried
and compressed up to 110 bar

e Technology available today : MEA Scrubbing

CO, capture requirements : very stringent NOx and SOXx
limit (20 ppm and 15 ppm at
6%0 O, vol.)

e Impact of other flue gas impurities on amine degradation to be
further investigated.
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CO, CAPTURE PROCESS
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STEAM CYCLE
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COMPARISON BETWEEN CFB AND PC ALTERNATIVES

Steam Parameters

HP steam temperature, °C

HP steam pressure, bar g

RH steam temperature, °C

RH steam pressure, bar g
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COMPARISON OF PLANT PERFORMANCES

PC-USC+CO;

Coal Flow rate

Coal LHV

Thermal Input

Gross power output

Total Auxiliary Consumption

Net Power output

Gross electrical efficiency
Net Efficiency

South African Bituminous Coal (LHV:25100 kJ/kg; sulphur: 0.55%wt, moisture: 8%owt, ash: 10%wt)
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COMPARISON OF GASEOUS EMISSIONS
CFB CFB+CO, PC-USC PC-USC+CO,
Capture Capture
Emissions mg/Nm*® mg/Nm*® mg/Nm*® mg/Nm*®
NOXx 150 40 150 40
SOx 100 43 100 43
CO Less than 150 | Lessthan 150 | Less than 150 Less than 150
Particulate 30 Less than 30 | Less than 30 Less than 30%
Specific Emissions kg/MWh kg/MWh kg/MWh kg/MWh
NOXx 0,416 0,120 0,387 0,111
SOXx 0,278 0,129 0,258 0,120
CO 0,416 0,448 0,387 0,416
Particulate 0,083 Nil 0,078 Nil
CO, 756 143 727 138
CO, to Storage - 364 t/h - 360 t/h

(1) Dry gas, O, Content 6% vol
(2) NO, and SO, and particulate emissions upstream AGR unit; after solvent washing, emissions

are expected close to zero
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INVESTMENT COSTS

CEB CFB+CO, PC-USC PC-USC+CO,
Capture Capture

Total | nvestment
Cog 1076 € 622 728 671 791
Net Power
Output MWe 566 448 584 464
Specific
| nvestment Cost 1099 1625 1150 1705
€/kW

Clean Coal Technologies for our Future 10-12 May 2005, Castiadas (Cagliari)



cCr ¢
2005 |

ECONOMICAL EVALUATION

COST OF ELECTRICITY (COE)
(COAL PRICE: 38€/T, DCF — 10%0)

PC-
CFB CFB+CO; | pecuse | usc+co,
Capture
Capture
COE
cE/kWh 3.93 5.97 4.04 6.15

The higher efficiency of PC alternative is completely
offset by the higher investment cost (mainly due to the
FGD cost)
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ECONOMICAL/TECHNICAL ASSUMPTIONS

e Costofcoal :38€/t Cost of limestone : 20 €/t

e Cost of amine : 1300 €/t

e 7900 operating hours/year Plant life : 25 operating years

e 10%b discount cash flow

e Maintenance cost equivalent to approx 3%o of the total capital costs

e Direct labour: 105 persons Overhead costs : 3026 of direct labour cost

 No selling price is applied to CO, potentially used for EOR
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SENSITIVITY ANALYSIS

e COE vs Carbon Tax
e COE vs Coal price

e COE vs Discount Cash Flow
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COE vs COAL PRICE (10% DCF, NO CARBON TAX)

CEB CFB+CO, PC-USC PC-USC+CO,
Capture Capture
Coal Cost €/t | COE c€/kWh | COE c€/kWh | COE c€/kWh COE c€/kWh
34 3.81 5.82 3.92 6.02
38 3.92 5.98 4.04 6.18
50 4.33 6.48 4.39 6.66

e The trend is confirmed

e At higher coal price the advantage of CFB alternative
decreases due to the effect of its lower efficiency
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COE vs DCF (38€/t COAL PRICE, NO CARBON TAX)

orB CFB+CO, U PC-USC+CO,
Capture Capture
D'SCOE/Z“ rate | ~OE ce/kWh | COE ce/kWh | COE ce/kwh | COE ce/kwh
5 3.03 4.94 3.07 5.09
10 3.02 5.08 4.04 5.18
15 461 7.02 481 727
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OXYCOMBUSTION IN CFB BOILERS

N2
_ Flue CO2
Al |Air Separation [O2_, OXY CFB 1988 | Fluegas |(19.)]CO> Transport
Unit treatment | g, |Sequestration
T (H20) | Hzol lNZ’OZ’Af

CO>

TARGET: Produce near nitrogen free flue gas to get an
easy CO, sequestration.
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OXYCOMBUSTION

FIRST RESULTS:

e Significant Increase of Net Electrical Efficiency
e High Investment Cost

 Higher COE vs Postcombustion CO, Capture

HOWEVER

THE FUTURE 1S PROMISING..................
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CFB OXYCOMBUSTION

e Combustion tests conducted in a pilot scale CFB test rig at
FW Research Center in Finland

 No drastic changes in combustion from CO, replacing N,

* Increasing of O, concentration:

> Increase of char combustion rate

> reduction of unburned C in ash

> higher combustion efficiency

> higher local heat production rates in furnace

 No significant change in emission levels of SO,, NO, and CO
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CHAR CONTENT AS A FUNCTION OF O, CONCENTRATION
IN COMBUSTION GAS
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OXYGEN CONCENTRATION IN CFBs WITH AIR COMBUSTION
AND OXYGEN ENRICHED COMBUSTION

Air Design O2 Design (mel-%]
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TEMPERATURE PROFILES IN CFBs WITH AIR COMBUSTION
AND OXYGEN ENRICHED COMBUSTION

Air Design O2 Design (*C)

1000

40 .,
950

35 .

30 200

25 .

-850

800

750

J00

Clean Coal Technologies for our Future 10-12 May 2005, Castiadas (Cagliari)



cCr ¢
2005 |

PC vs CFB IN OXYCOMBUSTION

e Competition is similar to air blown cases:

> fuel flexibility
> low NO, and SO, levels
> etc.

e Additional advantages of CFC

> more uniform temperatures with enriched O,
> high local heat production rates
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FUTURE PLANT FOR FUTURE DEVELOPMENTS

e« Continue Pilot Scale Testing in Oxycombustion conditions varying
0,/CO, ratios

e Build design and modeling tools on experimental results
e Design oxycombustion boiler

e Build a small scale demonstration unit (10+35 MWe) by 2008-2009

4

LARGER SCALE DEMONSTRATION UNIT
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CONCLUSIONS

 CFB boiler power plants with CO, capture are feasible and promising
e Competition between CFB and PC Boilers continues

e Oxycombustion needs additional R&D efforts

 Plant efficiency with CO, capture to be higher and higher

(increase of HPS temperature, integrated process configuration, new
solvents, etc.)
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