2019 AIChE Annual Meeting in Orlando Nov. 10-15, 2019
Session: Ammonia Combustion

Date: 12t Nov. 2019

Session time: 1:45 PM - 3:40 PM

Location: Hyatt Regency Orlando, Regency Ballroom P

New Technology of the Ammonia Co-Firing with
Pulverized Coal to Reduce the NOx Emission

IHI
Takamasa Ito
Hiroki Ishii
Juwei Zhang
Sakiko Ishihara
Toshiyuki Suda

[ &

CTrY
S5

BRI R —vavfliE T 075 A

Cross-ministerial Strategic Innovarion Promotion Program

ol LR
(050 N

wrd [achrmiogy Agency

IHI Corporation




Role of hydrogen energy on GHG reduction in Japan IHI

Towards 2030

» GHG reduction targets of Japan e y  ouse gases
mid-term : 26% by 2030FY (compared to 2013FY) " Jo achieve shergy mix target -
|Ong term : 80% by 2050FY —DEIiIJE{a%:E pr-::m-:;rti-:m e

— Realistic inifiatives
— Intensify and enhance measures

» On July 3, 2018, the Cabinet approved the <Primary messures>
new 5th Strategic Energy Plan. Promotion | = Renewable eneray

_-H_ln'fl:LIﬂl:-H onE 10 USe 8k I'I'I-H oI pOwer Source

of hydrogen energy is one of the o o e s
measures to achieve mid-term target. = Nuclear power

= Lower dependency on nuclear power generaton

to the extent possible
Electricity Demand Composition of Power Sources = Restart of nudlear power plants and continucus
mprovernent of safety

Thorough Energy Savings

about 196, 1 billion kKWh 2 Fossil fuels
17% compared to before measures) (Total amount) :Mﬁmﬁ_ - Promote independent development of fossil
Economic growth === -==== about 1,065 bilion kWh Wind 17% fuels upstream, etc.
1.7%/year /____!____: [ Solar 7% = Effective use of high-efficiency thermal power
ar generation
SN S | T = Enhance response to disaster risks, etc
Power Power i © Energy efficiency
966.6 980.8 = Continued thorough enengy efficiency
billion kWh sl Coal 26% - Integrated implementation of regulation of Act
QiL3y on Rationalzing Emergy Use and support
FY 2013 FY 2030 FY 2030 MgasUres
(Results)
Ideal composition of power sources in 2030FY [3 :t’;r’“:;'l'  of hwdregen/power ]«
Source : Japan's ENERGY (2017 EDITION) = =Y

Measures to reduce 26% GHG by 2030EY
Source : The 5% Strategic Energy Plan
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Advantages of ammonia as an energy carrier IHI

Advantages of ammonia as an energy carrier
(1) Highest hydrogen content per unit volume
(2) Easy to liquify (-33°C at 1bar, similar to LPG)
(3) Infrastructures for production and transportation are already existing
(4) Can be used directly as a fuel for power plant

Hydrogen Transport (Energy carriers) Utilization
production
- ™ - ri— T ™
Natural gas & T ' ti%
Petroleum liqlidihydiogen
Coal Reforming/ Vel Gasification Fuel cellvehlcle

gasification \ LH,(A253C) f/}

Power generation

Qrganic hydrides
(methyl cyclohexane) “‘f E

.. Fuel cell
(" Renewable "\ Carbon dioxide capture Dehydrogenation ™

energy and storage
- liu.,__ F toluens MCH
1]

-
Ammonia NH; direct combustion
gas turbine

~,

'[‘ Production by
1] [ ] L j electricity and heat Direct'use
e v

\ Fuel cell \JHzfr"waced,J

Enerqy carriers considered in ‘SIP Enerqgy Carriers’ project

Copyright © 2019 IHI Corporation All Rights Reserved. 3




Applying ammonia co-firing to coal fired power plant IHI

» CO, emission from coal fired power plant = 23% of total emission in Japan.
» Green ammonia co-firing can directly reduce CO, emission.
Applying 20%(LHV) ammonia co-firing to USC boiler
USC : 795g-CO.,/kWh = USC with ammonia 20% co-firing : 6369-CO./kWh

Coal
Others 270 Mt
658Mt GENH
270875t
(23%)
Z At
6588 At &)U
T N
(15%) .
s oM
7885t
(7%) Oil
78Mt

CO, emission in Japan
(2015)

1200

1000 -+

800 -+

400 +

200 -+

(9-CO,/kWh)

1023

927

695

476
376

C D Average/ Average USC IGCC IGFC Qil LNG LNG

GT GTCC
CO, emission from coal fired CO, emission from coal
power plant in the world fired power plant in Japan
CO, emission factor of power plant
Ammonia co-firing can directly reduce CO,
Applying to USC : 795 x 80%=636g-CO,/kWh

Source : Agency for Natural Resources and Energy
https://www.enecho.meti.go.jp/about/special/johoteikyo/sekainosekitankaryoku.html



Problems to overcome IHI

Problems to overcome

(1) Optimized combustor design for stable flame and reduction of
fuel-NOx to use ammonia in thermal power plant.

(2) Evaluation of performance of power plant

(3) Safety measures

(4) Feasibility studies ‘

IHI has joined Cross-ministerial Strategic Innovation Promotion &rw,

Program (SIP) for the development of Ammonia Direct e
Combustion technology for gas turbine and coal fired boiler and

also Ammonia Fuel Cell.
Coal fired boiler Gas turbine SOFC

{“ —

-

DeNOx catalyst = -

¥

HERimmmn

Insulator

— \
ol FC stack

X CFT(Coal Firing Test Furnace)
Target power plant of ‘SIP Energy Carriers’ project in IHI

exchanger
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Ammonia co-firing pulverized coal (P.C.) boiler IHI

Task : Optimization of the combustion system for the NOx reduction.
Feasibility study to introduce ammonia into the existing power plant

= 2017FY : Co-firing test using 10MWnermar test furnace
2018FY : Trial design to introduce ammonia co-firing system for existing coal fired
power plant (1000MW)

Study condition :
Model plant

Output :1000MWe
Co-firing rate: 20% in

2. Evaluation of boiler performance by CFD
3. Feasibility study for boiler

1.Optimization of
combustor to reduce

, DeNOXx
NOX =
FES—EL T '

Steam turbine [}

DeSOx
BEIERR IR

4. Feasibility study for y |
Receiving Terminal, T AL ER 2R s )
Storage Tank_l_an Vaporizer ASh hand"ng N rheater mmmp Cyclone Dust collector mmp FGD -
. _ @yé Sibss s Coal Tanker e
7YE=T 538 B R o
"Bh— =
Ammonia Tanke = h— [oas ctoumon an
W o Do A ]
s o ot
Tasks Combustion test facility
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NOx formation in coal and ammonia combustion IHI

NO, formation in coal combustion

HCN —*NOQ N,
+Char
— Ninvolatile matter \ +Hydrocarbon
N in Coal — NH; +0, T
— Ninchar
+0,

NO, formation in ammonia combustion
Ammonia oxidation NH; + (5/4)0, — NO + (3/2) H,0O

NO reduction by ammonia NHz+ NO + (1/4)0, — N, +(3/2) H,0

Ammonia 2NH; - N,+3H,
decomposition
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Approach to control NOx and boiler performance IHI

» Technical Issue and approaching method:
- NOy reduction by experimental and numerical analysis
- Boiler performance (amount of the steam generation) by numerical analysis

-

.

Consideration of the fluid dynamics

9l

~

Temp.(K)

= 1800
= 300

-~

Consideration of the NH3 Reaction path

O ... Candidate zone for NH3 injection

PR AR
. Burnerzone '
|| Combustion Air

JI 1L

NO, reduction by the NH3 injection

method (CHEMKIN)

¢ Y~ Degree of reduction
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Coal Firing Test Furnace (CFT)

THI

Burner for coal combustion

Test facility

co-firing with ammonia

Measurement items

Pulverized Coal
+Primary air

Ammonial ”

FRAE

5 tack
Alr heater wmp Cyclone Dust collector mp FGD -‘ -5
N -t
I Induced
draft fan
—

Main flow diagram

Reduction of NOx

- Exhaust gas
(CO. CO2. NO. N20)
- Unburned carbon
- Heat flux
- Flame shape
etc.

(Gas recirculation fan

Fuel feeding
rate

Coal 1.0-1.6 ton/hour
Ammonia 0.4 ton/hour

Burner type

IHI-Dual Flow burner,

NO below 200 ppm

(@ O, 6% conversion, NH; 20% co-firing)

P

Overview Ammonia tank

-

Control box

Evaporator
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Experimental results: flame stability, NOx

THI

> Stable flame can be achieved by controlling swirl of the secondary air.

» NOx concentration in 20% ammonia co-firing condition is same or under
that of 100% coal firing condition.

» NH;, N,O in exhaust gas is under detection limit.

A 20% ammonia co-firing
€ 100%coal

. A

..“0""‘-'1--‘ ....... A
— 10
gt
26 -
S 4
g T g A
QO A~ | ¥ e
2, [ et
2 | | l
.}

300
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NOXx (0, 6%) [ppm]

1.00 1.10 1.20 130 140

Excess air ratio [-]

Unburned carbon [%)]
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O N B oY 0O

0

10 20
Air staging ratio [-]

Effect of ammonia co-firing on NOx and unburned carbon
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Ref.

SIP report 2018

300
200
100

NOXx (02 6%) [ppm]

Flow direction

a) Coal 100 %

Flow direction
b) Coal 80 % + Ammonia 20 %
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Conditions for the Numerical Evaluation IHI

Conditions for the Numerical evaluation

Co-firing ratio of NH; (LHV, %) 0 20.5
Heat input from fuel (MW) 9.5 9.5
Overall excess air ratio 1.22 1.22
Staging air ratio (%) 30.8 30.9

Tool

Software: Fluent 15.0
Dimension: 3D

Turbulent model: k-¢
Chemistry: Eddy Dissipation
Concept

Radiation: DO

Burner Mesh: around 2 million

Furnace

Ref. 35th Annual International Pittsburgh coal conference, China, 2018, Oct. 15-18
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Reactions considered in the numerical evaluation IHI

Devolatilization (HCN,NH, formation)
Volatile combustion

Char oxidation/gasification (Char NO, formation)

NH. related reactions
NH, + 0, - NO + H,0 + H,
NH, +NO - N, +H,0 +H,
NH4 - 1.9N, + 0.5H,

HCN related reactions
HCN + 0O, - NO + 0.5H, + CO
HCN +NO - N, +0.5H, + CO

Thermal NOx formation
0,-0+0

O +H,0 « 20H
O+N,«N+NO
N+0O,«0+NO
N+OHeH+NO

NOx reduction by char
C+NO -05N,+CO

Copyright © 2019 IHI Corporation All Rights Reserved.

Volatile matter combustion
Volatile - tar + C,H,+ H, +
CO + CO,+ H50

tar + O,— CO + H,

C,H, + (m/2)0, - mCO +
(n/2)H,

C,H, + mH,0 - mCO +
(n/2+m)H,

H, + 0.50, < H,0

CO + H,0 < CO, + H,

CO + 0.50, — CO,

Char combusiton

C (char) + 0.50, = CO
C + H,0— CO + H,
C + CO, —» 2CO
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| Results of the numerical evaluation IHI |

- 7.3
1045.0 1051.0 1033.0 1043.0 «
. 6.1 - 11.2

13.0 13.6 11.0 10.9
21.0 1.9 21.0 0.4

222 214 160 263 «

2.4 2.5 3.7 3.4

Ref. 35th Annual International Pittsburgh coal conference, China, 2018, Oct. 15-18
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Numerical results

Temperature profile

B 1700 “

(a) Coal firing
Heat flux
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on wall
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[2\ Cnal firing Left
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(b) NH; co-firing

Font Right

Coal firing

THI

Local heat flux is reduced in ammonia co-firing.
This trend is adequately simulated in the CFD.

Heat flux

B Numerical B Experimental

(a) Coal firing (b) ammonia co-firing

Heat flux

on wall
(kW/m?)

T Left Font Right Rear

Ammonia co-firing

Ref. 35th Annual International Pittsburgh coal conference, China, 2018, Oct. 15-18 14



| Numerical results IHI |

™ 1000 ™ 18
I 0 I 1.0
: Heat capacity
emissor (gt
(kW/m3)
™ 1000 Reduction of the heat flux on the furnace wall in
the ammonia co-firing is induced by the thermal
properties related to the heat transfer.
°r
Incident
radiation
(kW/m3)

Ref. 35th Annual International Pittsburgh coal conference,
China, 2018, Oct. 15-18
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Numerical results

§
= 1000
m 0
NO
(Ppm)
(a) Coal firing (b) Ammonia co-

firing
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THI

= 1000

a0

Reaction rate
(mol/m3-s)

Ammonia NO reduction
oxidation by ammonia

Ref. 35th Annual International Pittsburgh coal conference,
China, 2018, Oct. 15-18
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Conclusion IHI

» In this study, injection method of ammonia into the pulverized coal fired
boiler was investigated.

» Ammonia is injected into the reduction zone that is created by the coal
combustion and the thermal cracking of the ammonia is promoted.

» In some test cases, it was experimentally observed that NO concentration
in the ammonia co-firing is lower than that in the coal firing.

> By the numerical study, the reason for it could be seen that some part of
the injected ammonia contribute to the denitrification.

» According to this study, it can be mentioned that ammonia can be used as

the fuel for the coal fired power plant.
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‘ New project IHI

@EDO MNew Energy and Industrial Technology

Development Organization

(1)Development of ammonia co-firing technology optimized for

multi burner in pulverized coal boiler
IHI, CRIEPI(Central Research Institute of Electric Power Industry), Osaka Univ.

(2)Development of direct combustion technology of liquefied

ammonia for gas turbine
IHI, Tohoku Univ., AIST(National Institute of Advanced Industrial Science and Technology)

» Establishment & improvement of the technology
» Feasibility study for demonstration

Copyright © 2018 IHI Corporation All Rights Reserved. 18



IHI's Carbon free energy network using ammonia IHI
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