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Coal is Japan’s Lowest Cost Option in Post-Nuclear Age

Costs of Electric Power Generation in Japan

450

400 - “The cost of power from new energy
(renewables) is higher than existing

350 ; L ..
energies (coal) due to low utilization

300 rates, unstable output, and limited
siting areas.”

250 - Japan Agency for Natural Resources

200 and Energy, 2010

150 -

100 ’.‘

I
. l N
0

Hydro Coal Nuclear Solar Wind

Source: Japan Ministry of Economy, Trade and Industry, 2010, and Japan Institute of Energy Economics, 2011.
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NOx Control Methods and the Progress in Japan
(only by the combustion technology )
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Change of Coal Fired Power Plant in Japan

No.1 Isogo Power Station
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Integrated Coal Gasification Combined Cycle
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IGCC (Integrated Coal Gasification
Combined Cycle)

IGFC (Integrated Coal Gasification
Fuel Cell Combined Cycle)

@EAGLE Project
@Oxygen blown, entrained-flow gasifier
@150t/d pilot test, 2001-2009

@High efficiency (30% CO2 reduction)
@CO2 capture test, 2007-

@Clean Coal Power R&D Co., Ltd.

@ Air blown, entrained-flow gasifier
@250MW demonstration, 2007-2009
@High efficiency (20% CO2 reduction)

Bird eye's view of the demonstration plant Pilot plant at Wakamatsu Res. Inst., JPower

Proceeding of IEEJ seminar, Jan., 2007

@ School of Engineering Tokyo Institute of Technology

- ”

36

1|




BARQOBRKNDHER EO—FTyT

70
65 54%UP o -
LENABHED
ESHEEB(IGFC)
] -
?—:- BO AIGCC
% sl O s
L 565 r
AR MRS RE
% ”f'fgg,wg (|t’3::c)
ﬁ 50 i 1500°CERGT,
M o4t et A0~ BT A%
B00C KDHFERA-USC)
40 ‘2%1 1 1 1 1
1990 2000 2010 2020 2030 2040 2050

E R TR R & DY ITRRT ).
M Cool Earth— T3 )L ¥ — R B EL AT ) 0o 1RRE

(BRI WO8E., V)—>a—)LE3F—KIK. 2011, 12/16) 37

@ School of Engineering Tokyo Institute of Technology

£

5. ARNADCO2EAITIVIIIE
(CO2MEDELFHRARKAFTA ?)
(BRXDDBRHIFEM~? 2012.9)

@ School of Engineering Tokyo Institute of Technology

38

I

HRDOBRXDDIHE
EHRDOBERKAIZIE
ER L = CO2RIRD RN H D

HEO TR KD FERMELHY - RERK)

45%
43%

g e e o e | [T POWER
41% e — ——AX
39% — HE- TN
374 /\/—/ W\/ — Ay

h RN AV VIV VIRV VIRV |t -
35% PE
- — AUk

] . -

— =M

3w = . -

0 k——_\‘ —_
29%
27%
25[‘“ 1 1 1 1 1 1 1 1 1 1

1990 1992 1994 1996 1998 2000 2002 2004 2006

H# TEcofys International Gomparison of Fossil Power Efficiency and CO2 Intensity 2009 (B3 E {241) |1/ SER
(JCOAL REEE. ¥Y—>a—)L+&3F—KH, 2010, 12/10)

@ School of Engineering Tokyo Institute of Technology

39

I

Climate goal of 2 degrees: the 450 Scenario
Abatement by technology

World energy-related CO2 emission savings by technology in the
450 Scenario relative to the Current Policies Scenario

o 45 o :
O Current Policles _ 40 ¢ o Share of cumulative
Scenario N abatement
40 2010-2035
Efficiency 53%
35 Renewables 21%
20.9 Gt Biofuels 3%
30 Nuclear 9%
H CCS 15%
25
450 Scenario 21.7 Gt
20 T T T T 1
2008 2015 2020 2025 2030 2035

In the 450 Scenario, compared with the Current Policies Scenario,
efficiency measures provide 53% of the necessary abatement, but
renewables, CCS and nuclear are also crucial.
( Bo Diczfalusy, IEA, Clean Coal Day in Japan, September, 2011 )
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CO2recovery from coal-fired power station
1. Pre-combustion system (Gasifier)

Coal(C,H,0,N,S,Ash) q. qifier Syngas H(
Air N, A treatmen  CO shift HRSG
(N,. 0,) | H, GT
i 5
2 CO, H, CO,, Compress
ASU H.

2. Post-combustion system (From flue gas)

. Flue gas
Boiler treatment CO, separationg/

Coal
(C,H,O,N,S,Ash) N,. H,0, O,

Air —>
(N2, 0;) w co Compress/Cooling
2 L»O_> CO, storage/sequestration

3. Oxy-fuel combustion system

Coal(C,H,0,N,S,Ash) poiler tfél;g  gas “ N, 0,
- N, A I—’ A
Air f | f
(N,. 0,) O O—»CO2 storage/sequestration
— 0, .
{ Compress/Cooling
ASU ]
Flue gas recycle (CO,, --) H,0, SO,
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CO, storage/sequestration

42

I

0,/CO, combustion system

ll co,
Over 95% of CO, aN,
mo,
Coal : _
Fig. Exhaust gas concentration

N

Al O o, Boiler E:>|:_) O
. Flue gas +
ASU treatment Co,
(Air Separation Unit) r Recycled gas capture

Oxy-fuel combustion and CCS system

B RIRCO, UM B BIEEEL TRIREE 4D
B RT LG ENORIEE R E DRFHERZ
%Iﬁd—%} ﬂﬁg’lifﬁﬁjé ['] ,2] [1] Okazaki and Ando, Energy 22 (1997)

[2] H. Liu and K. Okazaki, Fuel 82 (2003)
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Flow Diagram of Oxyfuel Power Plant for CCS

STr—G

Stack Q Non-condensable gas

Liquid CO2 tank

S —
.

Transportation
%
CQOZ2 Processing Unit CO2 storage

:CPU | underground

[ CO2 [H20 [ 02 [N2+Ar
58% |

Dustremover |

-

Recirculated flue gas
o)
&

\
\
}
Oxyfuel Combustion \
\
\

- 02
Al )—’I Boilr
iT
|

Air Separation Unit I
IASU I
|

Y
U

Boiler

I - 7

Air
Flue g%
Oxyfue SN

4%2% 3%

v" Combustion in 0,/C0O, atmosphere

[mass%]

v Direct CO, captured by compression.
v" Smaller flue gas treatment equipment.

v’ Integration of existing technologies . No black box technology
( T. Fujimori (IHI), 34th Int. Symp. On Combustion, Warsaw, August, 2012 )

@ School of Engineering Tokyo Institute of Technology

44

7|




Oxy-Coal Combustion

TTie Clesryaler

2004 No presentation
P i f .
Focesdings o 2005  One presentation
The 36™ International Technical Conference on X
2006 One session
Clean Coal & Fuel Systems
June 5 to 9, 2011 2007 Full sessions (full of audience)
Sheraton Sand Key Clearwater, Florida, USA ree

2011 Full sessions (full of audience)

Panel: Oxy-Fuel Technology

Oxy-Fuel Technology | : Overview & Demonstrations

Oxy-Fuel Technology Il : Emissions

Oxy-Fuel Technology lll: Experimental Studies

Oxy-Fuel Technology IV: Understanding Oxy-Combustion Impacts

Oxy-Fuel Technology V : Burner Developments .5
B
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Oxy-fuel combustion
for power generation

and carbon dioxide
(CO;) capture

Edited by Ligang Zheng

@ School of Engineering

“Oxy-fuel combustion for
power generation and carbon
dioxide (CO,) capture”

Editted by Ligang Zheng, 2011

Contents

Part |

Introduction to oxy-fuel combustion
Part i

Oxy-fuel combustion fundamentals
Part Il

Advanced oxy-fuel combustion

concepts and developments
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Mass balance of N-atoms

Fuel-N: N

F\C_’Q‘ 1 >
— 2R Exhausted-N (NO):
Ng (17 [Ng=CR+Ng « (1-RR))(1-)
(04
System CR*
Recycled-N (NO): Ny Exhausted-N
Fuel-N

[Ng«CR+Ny « (1-RR)] - ot

local CR and local RR were

Nas Rl R (EREN experimentally identified.

<Okazaki, Ando, ENERGY, 1997> 47
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Conventional coal

Drastic Reduction of CR* (Fuel-N to NOx) by Oxy-firing

0.3 — —— — combustion
Base case 1
L[ Conventional !
02 1V 02:21% 1 || Decreased to
«Qﬁ Ll HR.: 0% ] one-seventh
O 015 | Oxy-fuel .
. 0, L
- 02:30% Oxy-fuel -
0.1 F 1 H.R.:0% 02:21% Oxy-fuel ]
[ H.R.: 0% 02:15% i
: o H.R.: 40%1
0.05 | -
[ % / /// /// 1 0,/CO, coal combustion
ok ) ZF s A 1 with heat recirculation
Case 1 Case 2 Case 3 Cased .
Various cases for CR estimation <Llu & Okazakl, FUEL. 2003>
Cases System O concentration (%) Gas recirculation ratio according A im volatile matter
to chemical stoichiometry o combustion zone
Case | Conventional pulven coal combustion 21 0.0 07
Case 2 O/CO: pulverized coal combustion 30 0.77 0.7
Case 3 0./COs pulverized coal combustion 21 0.84 0.7
Case 4 000, pulverized coal combustion with 15 .89 07

about 405 heat recirculation

48
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TFEN:

Flue gas recirculation

Total Nitrogen in NOx , HCN, NH;,/——\

Combustion Characteristics (IHI pilot plant)

NOx behavior

N in \ Volatlle Volatile
Nitrogen( Volatile \ NOx NOx
g N2
Nin — TFN & - TF Char 4 Char
Char N2 NOx NOx

@ Complete combustion region

@ NOx reduction zone

@VM combustion region

T. Fujimori (IHI), 34t Int. Symp. On Combustion, Warsaw, August, 2012 49
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1500 ® Callide ' 500 ® Coal A
® Acland / ® CoalB
® Rollestone
1250 t /{ S 400 ® CoalC
~ v o 2
2 A .
£ 1000 £
= .2/' ~ 300
E il b
£ 750 £
g s > 200
% 500 W 27 D_ L.
g S o lp—7k
/ 2 100
250 A |~
0 0
0 200 400 600 8OO 1000 1200 0 100 200 300 400 500
NOx, Air mode (pprm) NOx, Air mode (mg/MJ)
v" NO concentration:1.1-1.6 times of the air mode
v" NO emission :0.3 times of the air mode
50
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Flame Propagation Velocity in High CO, Concentration

1.5 T T T T T T T 1
Coal A(N2/02)
Coal B(N2/02)
Coal C(N2/02)
Coal A(C02/02)
Coal C(C02/02)

[ Coal AN/,

crHler»mnm

0.5

Flame propagation velocity [mfs]

LA a
Coal A CO,/0,
— B ™ Coal € N,/0,
I Qg0 <« Coal € 00,/0,
0 1 1 s
0 1 2 3 4

Coal concentration [kg/m®]

Experimental Set-up Flame Behavior Flame Propagation Velocity

Flame propagation velocity in CO,/O, largely
decreases to 1/3 — 1/5 of that in N,/O,
<Suda & Okazaki, FUEL, 2007>

q

@ School of Engineering Tokyo Institute of Technology W

One-Dimensional Flame Propagation Model

3.5 . .
i —&%
— F —
X . Radiation Tp(n) Volatile release 25 r -—(02/02, k=01 ]
A 5EF ]

(n) and combust)on
Ty P

Flame propagation velocity [mfs]

Ignition ® o O 0 o . |® . . !
source | [7) @ © | @ o s
e ®l. o e @ . 1.5¢

Element Absorption by Scattering x=L=Nx Al 1E E
n=1 gas or particle by particle =N r
F1 iti r

ane p.os‘ ion Heat conduction between 0.5 [ ]

Tp(n)>Tig !
gas and particle F ]
ok . . . . = ]
0 0.5 1 1.5 2 2.5 3 3.5

One-Dimensional Model

Coal concentration [ke/m']

Calculated Results of Flame Propagation

Velocity
< Suda & Okazaki, FUEL, 2007 >

» Large decrease of flame propagation velocity is mainly due
to large heat capacity and small thermal diffusivity in CO,/O,
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Large difference in char formation

WD23 Tmn 10 Ok x1. 0k

(in N2)

(in CO2)

v At 1873K, surface of the particle in CO2 is rougher than N2,
which difference of the morphological structure is due to
CO2 gasification (C+C02—-2C0)

T. Fujimori (IHI), 34" Int. Symp. On Combustion, Warsaw, August, 2012 53
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Australia/Japan Oxy-firing Project GJYCOAL TH 1

Air separat'_ - _. __________________________ ,
units : Oxygen !

Aus. |} ..'l_- .

ﬂStack

Recovery

TrTTrTTrrTrrT et A Feed water ® Bag filtey =
heater  ® <) Air ‘S Cs energy
Coal H
GAH/GGH g GRF/FDF
feed [€”) 2 generations ahead

Storage

Transportation
(gas or liquid)

(truck or railway or pipeline)

Sequestration

(Coal seams or underground)
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Oxyfuel system development history in Japan
BRXAIZBVNTEHECCSOEMBARIBAMICEHSNTIND

‘Commercial

[ |

® e

k
-'WII:T“-
Pilot Plant
(Horizontal)

Drop Tube Furnace
Ignition apparatus
under Micro-gravity

3
|Pilot Plant
Vertic

=
=)

ST

Large Scale

Demonstration
~

Callide-A=
|
2011 2015~

Time
55
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Callide Oxyfuel Project Callide
Y I Oxyfuel Project
- c
-.
E " ,e"‘.

o] ~
“Callide A PIS
]

* Brisban

Oxyfuel Project Pariners

Sosenerny  C e
a('ss e xotrata - JTHI co.aﬁ“ i e —————— METI
snlﬂlllllﬂl‘lﬂl‘ I’/F'DWHF g nm-m?::u.. Lro. mﬁ;ml %"r::ﬂ::::’: m— )

T. Fujimori (IHI), 34 Int. Symp. On Combustion, Warsaw, August, 2012 56
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Callide Oxyfuel Project - Schedule

2008 2009 2010 2011 2012 2013

F/S, FEED Boiler retrofit work Commissioning Demonstration
¢ !
. . |

Engineering Now

Site work :
Commissioning in Air combustion :
ASU commissioning :

Commissioning in Oxyfuel combustion
1
CPU commissioni?g

1
Demonstrailon
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Callide
OxyfFuel Project 5

I

Callide Oxyfuel Project - Retrofit

Callide
<Before Retrofit> Oxyfuel Project
Coal -
Bunker Boiler Fabric
Tilter d
= AH ! l—q:}—bﬂ
IDF
1 o\
NN
<After Retrofit> FDF|
= N
Coal - e o e e - AS
Boiler L | 0O, N
Fabric
‘ Filter (J\/
Pri. Sec FG
at [T aH ™ cooler ""ﬂ
? l IDF -
[ ,’ \
H,O BFP Feed water - = }‘\CPUI’
Drain LSOOVET FDF(GRF)” e
-t
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T. Fujimori (IHI), 34 Int. Symp. On Combustion, Warsaw, August, 2012
Tokyo Institute of Technology
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Callide Oxyfuel Project — Transportation and Storage

Phase diagram of CO,

o — 7T
. | I bl |
=14 o
N ¥ EE
soLID Injegdian Wldi:ticﬁﬁi.':Super Critical
: B ——— e S
£ . —] v I s = __
40t C[.)2 Career T = ; e
2 trailers for transport L | 1 / N
e L T ﬂm— " //37” T - —
O_ = et
7 W e, T | 1
@, - / L |
T 4 Temperature (°C) -
2, - 4t
; =+ ’"';Y Callide
il SR iy Oxyfuel Project

T. Fujimori (IHI), 34t Int. Symp. On Combustion, Warsaw, August, 2012
Tokyo Institute of Technology
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Oxy-Fuel Combustion Boiler Projects

(1 MWe = 3 MWt = 10 MMBtu/hr)

1000.0—= - r
= = = = [ — ~ ~ = = = ~ N
I vattentall Jansct walde 300 040 @ 300.0 Endesa/CIUDEN - El Bierzo (oxy-CFB) 1
Utility [ | @200 FutyreGen/B&W )
100.0 Boilers  Demo. ™ B&W/BIK Fifs (oxyCoal NZEP100.0 1000|KEPRUKOSEP Yongdong
’ @ 72.0FWC/Praxair HBPA, Michigan
CS Energy|30.0
0 =D
nnnnnnnnn

ional Combussti 33 @ ENEL (HP Oxy PC)

5 10.0 Ak 'ﬂ"m e BEW-GEOF1 0.0 @ ETAL Lage (oxy-NG)10.0

E ° Industrial - tenfall SP10.0 | 10-0CIUDEN (oxy-CFB)

0

Furnaces BENC h/PIlOt

Alstom toxly-_cfh) ‘

zh. 7 CIUDEN (oxy-pc)
supiter @ @5 0 Alstom Tangential

| Terry Wall, IEA 1st
Oxyfuel Combustion
Conference, 2009

ANL/EERC FRE | "
1.0 o — LA | o,
|
v g
ANLBHP
Test  “go2 WDStutlgarl @RWE NPOWER
Furnaces CANMET Q.1 0.2
0.1+ L4
1980 1990 2000 2010
Year

Updated by S. Santos (03/09/09)
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Eight Major CCS Demonstration Projects

Post-Combustion
[clas

Oxy-Combustion
Industrial (ICCS)

FutureGen 2.0
B&W Oxy-Combustion
DOE: $1.0488
= Saline Storage — 1.0 MTPY
= 200 MWe (gross)

Archer Daniels Midland
Industrial Power & Fthanal
DOW Alstom Amine
Total: $208M; DOE: $141M
Saline, 1 MTPY

HECA
GE Gasifier/Rectisol CO, Capture
Total:~$2.28; DOE: $408M
* EOR Storage — 2.0 MTPY

= 250 MWe (net)

\

Fluor Econamine FG Plus™
Total: $334M; DOE: $167M

* EOR Storage — 0.4MTPY
= 60 MWe Slipstream

Air Products
SMR H2 Production, VPSA
Total $431M; DOE: $284M

EOR, 1 MTPY |

o

o
= o
Summit TX Clean Energy
Siemens Gasifier/Selexol CO; capture
Total: ~$1.78; DOE: $450M
= EOR Starage — 3.0 MTPY
= 270 MWe {net)

Southern Company
Transport Gasifier/Selexol CO, Capture
Total: ~$2.98; DOE: $270M
* EOR Storage — 3.0 MTPY

= 582 MWe (net)

Leucadia Energy
Methanol, Rectisol
Total: $436M; DOE: $261M
EOR, 4.5 MTPY

Tokyo Institute of Technology
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Feasiblity Study

| Plant Specification |

> 1000 MWe retrofit study in Japan
2x 500,000 m3y/h

ASU
BTG 600/620 degC USC
oluay ~esult
Study Result CPU 770t/

110 30 -
295 115 21,000
205 140 17,000 BTG (Blue)

xyfuel

retrofit céﬂse

Efficien Base
[air case]

Gross efficiency [%] 44.2

42.0

334

Netefficiency [%]

> i -
Improvement the power consumption 7 ASU (Pink)

for ASU & CO, capture unit
» Compactification or downsizing of
ASU & CO, capture unit

~"CO, capture unit
(Green)
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<NEDQ Report, 2011 > .

I
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A GTCC(LNG)
| GTCC 1,700 T#H
55
GTCC 1,500 T ﬂg—i%&%@ :
aEkh (Bl TR
g =0 | GTCC 1,300 T .
% A-USC 35 MPa iﬁam
ks FE(TOOT/T50C) "
GGG 1,500 T "
45 e —— CL| cossEEE R
AUSC 25 MPa 600 T/700 T e, IGO0 TR E kA
IGCC 1,300 T p— ;zj\gn;ﬂﬁ' Fok
USC 24 MPa 600 T/600 T g
40 L o
50 100

BEREEEE (COHI ) (%)
Wi AR BOEEREEE — KA RR LS Eon EARATNLA. CCSR

FIZ IR EH LT oo, M) (FEFHE COS Bl LB Th T,
Plant efficiency and environmental performance of next-gzneration thermal power plants

Tokyo Institute of Technology
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Inter-Departmental Organization for Environment and Energy EBRFzHESERICATHEEEEEDEREEITRIE
established in November, 2009, at Tokyo Institute of Technology International Cooperative Gonference on Green Economy

(7centers, 23 divisions, 215 researchers )

and Climate Change
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