Single user license - Pro Tem Committtee on CCUS - No reproduction or circulation

TECHNICAL ISO/TR
REPORT 27912

First edition

2016-05-15
\
NG
7/
Carbon dioxide capture < Carbon
dioxide capture systems, technologl es
and processes Y
\ L3
Capture du dioxyde de carbong\l. Systémes de capture du dioxydp de
carbone, technologies et progessus
)
'Yy
O‘\\
)
NG
ﬂ.\\
A
QY
o"\/\
. \V‘
N\~
“\"~
\.“\/
0‘\ ’

s Reference number
Iémo ISO/TR 27912:2016(E)

© IS0 2016


https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user license - Pro Tem Committtee on CCUS - No reproduction or circulation

ISO/TR 27912:2016(E)
Y Y4
SN
7
R (AN
NV
8. "T
O
\ .
O
3 -
S,
@’
O‘\\
':\\
W
”.\\
\ ¢
o g
QY
o"\/\
>
'\/
t‘\"~
N,
AS.
e "\‘ COPYRIGHT PROTECTED DOCUMENT

© IS0 2016, Published in Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized otherwise in any form
or by any means, electronic or mechanical, including photocopying, or posting on the internet or an intranet, without prior
written permission. Permission can be requested from either ISO at the address below or ISO’s member body in the country of
the requester.

ISO copyright office

Ch. de Blandonnet 8 « CP 401
CH-1214 Vernier, Geneva, Switzerland
Tel. +41 22 749 01 11

Fax +41 22 749 09 47
copyright@iso.org

WwWw.iso.org

ii © ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user license - Pro Tem Committtee on CCUS - No reproduction or circulation

ISO/TR 27912:2016(E)
Contents Page
FFOT@WOT ........coocccoveeses st 5555855855855 vii
TIUETOQUICEION.....c.cc st viii
1
2
3
4
5 Carbon dioxide (CO2) CAPLUTe SYSTEIM .........cccouoriirrieeiieieiieie e \‘;\ ...................... 12
5.1 LT3 1<) - OSSO SN JE— 12
5.2 g
5.3
6 Review and documentation..............ee ey A
6.1 General......oonnn
6.2 Separation processes
6.2.1  Separation with sorbents/solvents
6.2.2  Separation with membranes .
6.2.3  Separation by cryogenics or flash evaporation
7 Post-combustion capture in the power industry .\ ( :: ................................................................................................ 22
7.1 System boundary ... O SRRSO N 22
7.1.1  Boundary with power plant or the’r process stream (cooling water,
steam, flue gas, Product COJ e s o 22
7.1.2  Boundary of the PCC plant v I 25
7.1.3  Boundary with transport@nd storage of CO; ...
7.2 Technologies, equipment andsproCesses
7.2.1  Chemical absorptionprocess based on (alkanol-) amines (amine process) (A])..25
7.2.2  Chilled ammonia Process (CAP) (B) ..o o 26
7.2.3  Amino acid SAS/(AAS) PTrOCESS () oo e 27
7.3 Carbon dioxide streams, flue gas streams and emissions, process and waste products|...28
7.3.1  FIUE GASSBIBAIMS ...
7.3.2  Compgsifion of carbon dioxide streams
7.3.3 Solvent streams, reclaiming waste Products ...,
7.3.4  \Waste (Process) Water SETEAIMIS. ... oo
7.3.5. P Brnission determination and calculation...
7.3%6\ Process by-products...............
7.4 valtuation procedure for capture performance...
&A1 Clarification of the evaluation basis..........
Q .\7.4.2 Basic performance...........os
o8 743 Uty CONSUMPEION ..o
N) 7.4.4  Operability (operational reqUIremMents).... ...
» 7.4.5  Economic evaluation index
(NY 75 SAFEEY ISSUES ..o
> 7.5.1  SAfElY CAtEBOTIES ..o e
7.5.2  Relevant equipment and manifestations....
7.5.3  Chemical substances and their behaviours...
7.5.4  Environmental Impact Assessment (EIA)......
7.5.5  Preventive measures ...
7.6 Reliability iSSUES ...
7.6.1  Need for reliability @SS@SSIMENT...... ..o
7.6.2  Operational reliability . ...
7.6.3  Reliability evaluation methods
7.6.4  Parameters of reliability..........c......
7.7 ManNAZEMENT SYSTEITL ..ot
7.7.1  Management system between capture plant and emission source...................... 57

© ISO 2016 - All rights reserved



https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user license - Pro Tem Committtee on CCUS - No reproduction or circulation

ISO/TR 27912:2016(E)

10

7.7.2  Operational Management. ...
7.7.3  Relationship with other areas for CCS standardization
7.8 REFEIEIICE PLAMES ..o

Pre-combustion capture in POWer iNAUSETY ...
8.1 GEEIIETAL ..
8.2 SYSEEIM DOUIAATTY ...t
8.3  Technologies, equipment and PrOCESSES ...
831 Establishment of COp capture rate
8.3.2 G2 CAPLULE PIOCESS. ..o et
8.4 Carbon dioxide streams, gas streams and emissions, process and waste products ....... ¢ 6}
B4 T CO2 SEIAIMNS.....ooooooeeeeeeeeeeeeeeeee s 66
8.4.2  SynthetiC Gas SEIEAMLS ... ‘)\ ..... 68
8.4.3  WaSE PrOAUCES.......oooiieiiess s AN W 69
8.5 Evaluation procedure for capture performance.............

8.5.1 Definition of greenhouse gas (GHG) capture rate
8.5.2  Evaluation procedure for capture performancel96]
8.6 Safety issues
8.7 Reliability issues
8.8 Management system
8.8.1  Management system between capture plant and em.Lss n source

8.8.2  Operational management. ... m.& ..................................

8.8.3  Relationship with other areas for CCS standardlzatlon ..............................................................
Oxyfuel combustion power plant with CO; capture....................:‘. ...............................................................................
9.1 System bOUNAATY ... o b o S, 77
9.2  Technology, processes and equipment........... A N ———— 78

9.2.1 Boilerisland and auxiliary equ1pm,e1ﬂt

9.2.2  Steam turbine island and generators ..........................................................................................................
9.2.3  Air separation UNit (ASU) .. i s
9.2.4  Flue gas processing units (e
9.2.5  Flue gas condenser (flue
9.2.6  CO; processing unit (CP

9.2.7  Balance of plant........‘ ...... eSS R S R R R R R S RR SRR 10
9.3 Product CO3, other ma]or g%}s streams, emissions and waste products....
10 TS 200 R o o Yo L Lot ol 60 1 3
9.3.2  Other gas SEEBAITS e
9.3.3  Emissions.and waste products from oxyfuel combustion power plant.
9.4  Evaluation procgdure for CO2 capture Performance ...
9.5 S B Y IS SIS S e 119
9.5.1 Safenperatlon of the ASU and handling of oxygen on Site..........c..c. 120
9.5.2 ‘R?éventlon procedure of known risks to fire and/or explosion in the
<\~boiler or mills should be revisited for oxyfuel combustion operation.............. 121
9;5'\?,~‘ Accidental release of COy, flue gases, or other inert gases including liquid
» \' GAS PIOAUCES .. 121
\\‘9 5.4  Prevention of any low temperature corrosion that could compromise the
» structural integrity of @QUIPIMENT. ...
'ﬂapture from cement production processes(1761[177] ...
10.1  System boundary ...
10.2 Technologies, equipment and processes...
10.2.1 Post-combustion Method (PCC) ...
10.2.2  Oxy-combustion METNOM. ...
10.3 Carbon dioxide streams, gas streams and emissions, process and waste products.......... 126
T10.3.1 N O e
110.3.2 SO i
10.3.3  DUSE oo
10.3.4 HCI (Hydrogen chloride)
10.4 Evaluation procedure for capture performance.......... s 130
T0.5  SAFELY ISSUES .ot 130

© ISO 2016 - All rights reserved



https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user license - Pro Tem Committtee on CCUS - No reproduction or circulation

ISO/TR 27912:2016(E)

10.6  Reliability issues.........
10.7 Management system
11 CO7 Capture in the iron and steel INAUSTIY ... 132
11.1  Overview — Global steel production
11.2  Point sources of CO emissions within the iron and steel production ... 133
11.2.1 Calculation of CO2 emissions from the steel mill...........ccccoooeoeceeee 133
11.2.2 Direct CO2 emissions in an integrated mill producing steel through the
BE-BQF route 133
11.2.3 Overview of CO3 emissions from alternative steel making processes........A& .136
11.3  COz reduction and CCS deployment strategy in the steel indusStry ... 8. .o .138
11.4 Review of major COp breakthrough programmes worldwide ... Swmthonnnn.n .139
1141 ULCOS PrOIAIMIME. .. oo ( 2 S 1139
11.4.2 COURSESO0 PrOgramme ... SN Y .140
11.4.3 POSCO/RIST programme >
11.5 System boundary ...
11.6  Capture of CO2 from blast furnace gas ... R — .
11.6.1 Development of chemical absorption technology under the
COURSES0 PrOZrammIme ... S ettt . 142
11.6.2 Development of chemical absorption technoloQI u-nder the POSCO/
|20 ST A 03 (0 <4 =1 101 0 (< IPR. S S . 144
11.6.3 Development of physical adsorption technology under
COURSESO0 Programime ... S, .
11.6.4 ULCOS BF — Oxygen-blown BF with top 8AS TECYCIe. ..o .
11.6.5 Other commercial development.. L .
11.7  Specific energy consumption of CO» Capqire‘d
LT1.8  GAS STTEAIMIS ..o SR etk .
11.8.1 Conventional blast furnace g& (BFG) e
11.8.2 BFG from an oxygen- blow’p BF with top gas recycle (ULCOS BF)
119 CO3 capture from alternative 1r6nmak1ng PLOCESS oo .
11.9.1 Direct reduction irQAMAaKING PrOCESS ... .
11.9.2 Smelting reducfion ironmaking process
11.10 Evaluation proceduresfor capture processes......
11.11 Reliability isSues.. {odme. " e
1112 Safety ISSUES ...l oo
12 Capture from industfial £AaS Production PIrOCESSES. ... .
12.1  System DOUIAAIY ...
12.1.1 ,Nart‘ural gas sweetening process
12.3.2 \Ammonla PrOAUCEION PIOCESS ..ot .
12..1 3 Hydrogen production process.....
12.2 'D&chnologles equipment and processes .
12,3=@arbon dioxide streams, gas streams and emissions, process and waste products....... . 172
NGF712.3.1 Chemical @DSOTPON .. §
X 12.3.2 Physical absorption process
\‘\" IO TS TNV 123 401 o) i U g LI Y=Y 0 F= =1 () o (OSSO .
\> 12.3.4 Evaluation procedure for capture performance ... .173
) A SAFEEY ISSUES oo 174
25— Reliabilit-issgesriirniii'otoro——7-+72772—7—79— 777000000000, 175
Management system ... 175
12.6.1 Management system between capture plant and emission source... .175
12.6.2 Operational Management. ... 177
12.6.3 Relationship with other areas for CCS standardization ..., 177
13 Discussion on possible future direCtion ... 177
115G 700 €75 4 ) =Y S
13.2 Possible area of standardization
13,3 DISCUSSION ..o
Annex A (informative) Chemical abSOrption ProCeSSEes........... s 181

© ISO 2016 - All rights reserved v


https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user license - Pro Tem Committtee on CCUS - No reproduction or circulation

ISO/TR 27912:2016(E)

Annex B (informative) Examples of flue gas compositions

Annex C (informative) Physical abSOrption ProCeSSES..............iiiiiiiisesiesisessesessses s
Annex D (informative) COz capture terms and definitions LiSt ... 193
BIBLIOGTAPIY ... 209

Vi © IS0 2016 - All rights reserved


https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user license - Pro Tem Committtee on CCUS - No reproduction or circulation

ISO/TR 27912:2016(E)

Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out

through ISO technical committees. Each member body interested in a subject for which a tech

nical

committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
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electrotechnical standardization. A\

The procedures used to develop this document and those intended for its further main'té\ﬁ;mc
described in the ISO/IEC Directives, Part 1. In particular the different approval criteri{h&ded fol
different types of ISO documents should be noted. This document was drafted in atcardance wit
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives). N\

[
1

»

Attention is drawn to the possibility that some of the elements of this docuni€f#’may be the subjq
patent rights. ISO shall not be held responsible for identifying any or allsyiéh patent rights. Deta
any patent rights identified during the development of the document wilkbe in the Introduction ay
on the ISO list of patent declarations received (see www.iso.org[pate{ts). :

Any trade name used in this document is information given for tb’e,convenience of users and doe
-

constitute an endorsement.
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For an explanation on the meaning of ISO specific terms and exptessions related to conformity assessient,

as well as information about ISO’s adherence to the WorldiTrade Organization (WTO) principles i
Technical Barriers to Trade (TBT) see the following URLIwww.iso.org/iso/foreword.html.

The committee responsible for this document is ISG}TC 265, Carbon dioxide capture, transportation
geological storage. J
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Introduction

Carb

on capture and storage (CCS) is a technology to mitigate climate change. Many demonstration

projects have been conducted worldwide, and CO; capture is an important process in CCS and is cost
and energy intensive.

CO3 capture in power 1ndustry could be cla551f1ed through pre, post and oxy combustlon Technologles

such

The
equi
prov|
CO

This
and
follo

r development and are in various stages of maturlty from commeraal (110 MW)[1 large-sca
nstrations to laboratory-scale evaluation, and should be delivered at low cost and low energy

Limption. B |/
P N

objectives of this Technical Report are to specify and review existing capture tech\o'logles
pment and processes and comprehend CO2 capture systems so that this Technical Report can
jde stakeholders with the guidance and knowledge necessary to develop a serles of standards for
fapture and build consensus on this standardization work in advance. NS,/

N

3

Technical Report describes CO; capture systems based on published papers: And other documents
then summarizes the different issues deemed most important by ISO/EC 265. This includes the

ving: V'

— Ioundary for CO, capture systems; o0\

— 1

—

—_— q

— 1

— Inanagement system. F

RS
echnologies, equipment and processes; °)

L —~N
JOZ streams, gas streams and emissions, processes andzaste products;

o~

valuation procedures for capture performance; &

gafety issues on each capture system; N v,
eliability issues on each capture system; .5‘\
W

S
N
% N
-
N>
'\‘/
O‘ |
=
t‘\
N\
N
\\

viii
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Carbon dioxide capture — Carbon dioxide capture systems,
technologies and processes

4 lal
I—S5cope

This Technical Report describes the principles and information necessary to clarify the QQZ,\ca[ ture
system and provide stakeholders with the guidance and knowledge necessary for the d‘e{ellOpme nt of
a series of standards for CO2 capture. This Technical Report also covers technologies, ‘equipmen{ and
processes specific to COy capture from the viewpoints of the international standa?aization for the
implementation of CCS. A g

The purpose of this Technical Report is to provide guidance for the developrﬁént of an ISO document
related to CO; capture as part of a CCS chain. This Technical Report/cgvers CO, capture systems
applicable to CO2 emission sources and their respective boundaries, gsfell as capture technolggies,
equipment and processes. In addition, it can be used for the develg ment of International Standards

under TC 265. 4

\
The following issues are to be excluded from this Technical Repqﬂ:
— industrial use of COy; J

~N
— compression of CO; (not described in detail); \\ ’

- -

— terminologies not used in this Technical Repdrt\

2 Normative references O

There are no normative references i thls document.
.
‘

X

3 Terms and definitions:}

For the purposes of this ddeument, the following terms and definitions apply.

X

3.1 oY
absorbent N

substance able t\d«absorb liquid or gas
3.2 N

affinityv\"'

tendencylof substances to react with each other

Notp\~1 to entry: Also defined as the decrease in Gibbs energy on going from the reactants to the products of a
«chiemical reaction.

[SOURCE: IUPAC Compendium of Chemical Terminology]

3.3

air separation unit

unit separating oxygen, nitrogen and other inert gases from air which delivers the reqired oxygen for
gasification or combustion applications in the context of CCS

3.4

alkanolamine

chemical compound that carries hydroxy (-OH) and amino (-NH, -NHR, and -NRj3) functional
groups on an alkane backbone

© IS0 2016 - All rights reserved 1
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3.5

amine
chemical compound consisting nitrogen atoms bound to hydrogen and/or carbon atoms having the
general formula R3N

3.6

amino acid
any of a class of organic compounds in which a carbon atom has bonds to an amino group, a carboxyl

grouy,

3.7

antigxidant Y/

subs

3.8
Bray

1 1 - ] . |
, d LIyUT' OgCIl dLUIT dIIU a1l O 541110 STUC g1 0uUp

fance that inhibits oxidation or reactions promoted by oxygen, peroxides, or free radicals (3
o
ton cycle \4

therfnodynamic cycle that describes the workings of a constant pressure heat eéhgire such as gas

turb

39
capi
sum

[SOU

3.10
capi
sum

3.11
cata
subs

3.12
CCS
total

3.13
chen
proc

3.14

N

ne englne )

fal cost V'
pf direct equipment costs to capture COz which is also known as inyeﬁtment cost or first cost
-

RCE: IPCC Special Report on Carbon Dioxide Capture and Storag‘e]’\“
t‘\ i

fal requirement
of direct equipment costs and indirect costs to capture’{l})

yst AW

fance that increases the rate of reaction wjthgalt itself being consumed in the reaction
N\

Pnergy consumption o

energy used for the development aq'd operation of a CCS project

“

.

hical absorption ¥
ess in which CO2 is absorBied’by chemical reaction

A
® .

circylating dry scru er

type
react

3.15

of semi-dry EGDausing hydrated lime as chemical reagent which is based on a circulating bed
or set up todesulfurize the flue gas

o

)

N

clinker /.S~

mas{

of ichmbustible matter fused together

-3

3.16

CO3 capture
separation of COz in such a manner as to produce a concentrated stream of CO; that can readily be
transported for storage

3.17

CO3 capture rate

ratio

of the captured CO2 mass flow rate at CO, capture system to the inlet CO2 mass flow rate to CO;

capture system

© ISO 2016 - All rights reserved
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3.18
CO2 processing unit
group of processes used in the purification of the CO3 rich gas to a desired CO3 specification

Note 1 to entry: Also known as compression and purification unit (CPU), CO; purification unit (CPU), cryogenic
purification unit, gas processing unit (GPU).

3.19

critical pressure
vapour pressure at the critical temperature

3.20 WV
critical temperature P\
temperature above which liquid cannot be formed simply by increasing the pressure .

3.21 ol
decarboxylation reaction W’
chemical breakdown of compounds containing carbonates R

'
3.22 Y
degradation -

act or process of chemical which makes its functional effectivenes Q. chemlcal purity decrease towards
the failure to meet the performance of the plant through physwa fid chemical breakdown or reaftion
with other substances

\

®)
3.23 CK
dehydration W
process of removing water from a stream or mater{al

SN

3.24 .
demineralized water N\
demin water D

water of which the mineral matter or salts"zhave been removed
Note 1 to entry: Sometimes designateg a§demin water.

3.25 Q¥
demister :
device, often fitted with vapour-liquid separator vessels, to enhance the removal of liquid dropldts or
mist entrained in a vapoyr stream
3.26 O

desorption -

release of CO,(f m absorbent or adsorbent

3.27 /07
directquench
pyocess ‘where hot gas is cooled by injection of water, cool gas or water immersion

.
=328

££1 I

CIITIUTIIU

flow of waste material discharged into the environment

3.29
equilibrium
state of balance between opposing forces or actions that is either static or dynamic

3.30
flash gas
gas separated from a liquid by pressure reduction

© IS0 2016 - All rights reserved 3


https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user license - Pro Tem Committtee on CCUS - No reproduction or circulation

ISO/TR 27912:2016(E)

3.31

flue gas
gases produced by combustion of a fuel that are normally emitted to the atmosphere

3.32

flue gas condenser
process of removing water from the flue gas by cooling

3.33

flue
equi

3.34
flue
unit

pas desulfurization
bment normally used in the removal of SOy in the flue gas by using chemical reagents X( ’\
e
>\
gas processing unit N

bf processes used to remove different criteria pollutants (SOx, NOy, PM, etc.) from fluegas of boilers

or figed heaters &
Note|1 to entry: Also known as environmental island, air quality control system (AQCS}\ gas quality control
system (GQCS). X
Y %

3.35 \ -
forced oxidation wet flue gas desulfurization -
typelof wet FGD using limestone as chemical reagent ‘f‘\ )
3.36 :‘
gas ]llurbine (X
machine in which a fuel is burned with compressed air or OXK{‘;\erf and mechanical work is recovered by
the gxpansion of the hot products

)
3.37 .
gasification N\
reaction that coal, biomass, petroleum coke, or natural gas is converted into a syngas composed mainly
of carbon monoxide (CO) and hydrogen (Hp) 7\.&
3.38 ) <O !
gasifier S
reacfor in which coal, biomass, petfoletim coke, or natural gas is converted into a syngas composed
mairlly of carbon monoxide (CO) and\hydrogen (Hp)
3.39 g
menjbrane 0"

3.40
mist]
stred

3.41

~-*,

pern[eable solid materidl that selectively separates the components of a fluid mixture

l\‘/

m ofliquic\}i};t'he form of very small drops

N

\\

nitrmsalqi-n'e

any (

farious organic compounds which are characterized by the grouping NNO

3.42

nitramine
any of various organic compounds which are characterized by the grouping NNO;

3.43
off-g

das

gas that is produced as a by-product of a process

© ISO 2016 - All rights reserved
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3.44

oxy-combustion

oxyfuel combustion

process involving combustion of a fuel with pure oxygen or a mixture of oxygen and re-circulated flue gas

3.45
oxy-CFB boiler
CFB boiler using technology based on oxyfuel combustion with recycled flue gas

3.46

oxy-PC boiler \C ’\
PC boiler using technology based on oxyfuel combustion with recycled flue gas N0 4
3.47 N\

particulate emission
solid and liquid particles that are by-products of combustion entrained in flue ga§ ex1t1ng the stack of a

fossil fueled boiler N\ Y/

3.48 K>

permeability rate NV

quantity of flow of gas (or liquid) through a membrane per unit of tln’}e and area

3.49 ;,\ )

permeance &4

measure of gas actually flowing through a membrane per uhit of pressure differential
~N

Note 1 to entry: In general, it is expressed in gas permean(‘{‘ﬁnfts (GPU).

Note 2 to entry: 1 GPU = 10-6 cm3(STP)/scm2(cmHg) {ea)

3.50 N

physical absorption D

process where a solvent absorbs a gas p]Qy‘slcally with pressure and without chemical reaction
3.51 .7

post-combustion capture \:‘

capture of carbon dioxide from flite gas stream produced by fuel air combustion

3.52 o

power output .

electricity which ig produced or supplied from a power plant

3.53 C >

pre-combustioh capture
capture of caﬁ)on dioxide following the processing of the fuel before combustion

3.54 % \

preg&ﬁfe swing adsorption

method of separating gases using the physical adsorption of one gas at high pressure and releasing it at
“loW pressure

3.55
pulverized coal
finely ground coal

3.56
pulverized coal boiler
utility boilers using pulverized fuel or coal as fuel

3.57
pulverized fuel
finely ground solid fuels such as coal or biomass

© IS0 2016 - All rights reserved 5
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3.58
quench
to cool hot gas suddenly

3.59
radiant quench design
design of the process where hot gas is cooled by radiant cooler

speefl of a chemical reaction N ,\
e

3.61 A\

reclaimer N7

3.62 N9,
recygled flue gas N
flue gas recycled to moderate the combustion temperature &\

o %
3.63 N

religbility
ability of an item to perform a required function, under glvenanronmental and operational conditions

and for a stated period of time i\
b O
[SOURCE: ISO 8402] R
\ »
3.65 A\
retrofit X
modlfication of the existing equipment to upgrade and incorporate changes after installation

[SOURCE: IPCC Special Report on Carbor{:l‘jlomde Capture and Storage]

1 to entry: See IEA Technology Roa‘dxfl‘ap: Carbon Capture and Storage.

Note

3.66 AN

satufation v

point of a solution conditionnat which a solution of a substance can dissolve no more of that substance

and gdditional amountsiefit will appear as a separate phase at the stable condition
.

3.67 N

o A
scrupber AlNg
gas lJquid contactor device, normally used to remove gaseous and solid emissions from flue gas streams

N
\\

3.68 v,
sele¢tiyvity
degreedthatonesubstance isabsorbed incomparisontoothers

[SOU

RCE: US Department of Energy/National Energy Technology Laboratory, Advanced Carbon Dioxide

Capture R&D Program: Technology Update, February 2013]

3.69

shift conversion
see shift reaction (3.71)

3.70
shift converter
reactor in which the water-gas shift reaction, CO + H,0 = CO3 + Hp, takes place
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3.71
shift reaction
chemical formation of carbon dioxide and hydrogen from carbon monoxide and water

3.72
sludge

semi-liquid (or semi-solid) residue or solids separated from suspension in a liquid in industrial

processes and treatment of sewage and waste water

3.73
slurry ’\
thick, flowable mixture of solids and a liquid, usually water g
3.74

solute

dissolved substance in a solution

3.75
solvent
liquid substance capable of dissolving CO2

3.76
sorbent
substance that absorbs CO> or to which CO3 is adsorbed

3.77
sour shift (reaction)
shift reaction without removing HS or COS

‘~\
'h
"
1
&

N

3.78
steam reforming

catalytic process in which a hydrocarboniis@eacted with steam to produce a mixture of Hp, CO and
N\

3.79 s

stripper \d

¥
which a component is transferred from liquid phase to the gas pha

|

gas-liquid contacting device, in
ot
Note 1 to entry: Can also be reférred to as “regenerator” or “desorber”.

4

3.80 )
sweet shift (reaction);”
shift reaction aftérremoving HzS or COS

X

3.81 N

syngas < '.\/

synthetig s produced through gasification process
N\

3.8&\‘/

treated gas
“gas finally discharged from the CO; capture process in the emission side after being processed to

| CO»

have

1 FaVal . 1 1 £ 1
d IOWET LU CONCEILI dLIOIT tIIdIT e IEeEU gd S

3.83
waste water
water for which there is no use in the process anymore

3.84
water gas shift
see shift reaction (3.71)
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4 Symbols and abbreviated terms

%RH % relative humidity

AAS Amino acid salt

ACI Activated carbon injection

AEP American Electric Power

AGR Acid gas removal

AIGA Asian Industrial Gas Association

AOD Argon-oxygen decarbonization » \\';\
AQC} Air quality control systems “\‘ v
ASME American Society of Mechanical Engineers « N7
ASU Air separation unit T\
A-U§C Advanced ultra-supercritical o

BAC Booster air compressor '§\ v
BAHK Brazed aluminium heat exchanger ~: >

BAT Best available technology :’-

BF Blast furnace \-‘\

BFG Blast furnace gas (D

BFW Boiler feed water ) ’

BOF Basic oxygen furnace (also known as LD or convertér)x g

BOFG Basic oxygen furnace gas (also known as LDG Oll&q\) '

BOP Balance of plant ,:\ﬁ\

BOS Basic oxygen steelmaking Y

BREF Best available technology reference dogﬁ;;n.ent

BSF Boiler simulator furnace ',z'\

BTG Steam and power generation unit \

BTX Benzene, toluene and xylenq‘(alg(; known as Benzole)

CalEPA California Environmental lfr‘otection Agency

CAP Chilled ammonia proce‘ss“

CAPEX Capital expendigure“

CAS Chemical absbr’ast’éervice

CCF Cyclone gonver\ter furnace

CCS Carbon\c‘\ﬁbt;lre and storage

CCU$ Cgrb&/capture, utilization and storage

CDA ‘C\iﬁ:'lilating dry absorber

CDQ < '\§Coke dry quenching

CDS ‘\.‘ Circulating dry scrubber

CEMB &) Continuous emission monitoring system

CERC Cambridge Environmental Research Center

CFB Circulating fluidized bed

CFR US Code of Federal Regulations

CG Converter gas (also known as BOFG or LDG)

CGA Compressed Gas Association

CIS Commonwealth of Independent States

CISWI Commercial and industrial solid waste incinerators

COG Coke oven gas
8 © IS0 2016 - All rights reserved
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COSHHHSE Control of substances hazardous to health under health and safety executive

CPU CO7 processing unit, compression and purification unit, CO; purification unit or
cryogenic purification unit

CSIRO Commonwealth Scientific and Industrial Research Organization

CTL Coal to liquids

cw Cooling water

DAF Dry ash free

DCAC Direct contact and after cooler N

DCC Direct contact cooler NI

DCCPS Direct contact cooler polishing scrubber ~_\

DP Dew point . Y

DRI Direct reduction ironmaking N Ny

DSI Direct sorbent injection \ X,

EAF Electric arc furnace "}

EHS Environmental, health and safety ( ':

EHSM Environmental, health and safety management system N\ ~

EIA Environmental impact assessment a \',

EIGA European Industrial Gas Association ’ .\:‘

EOP Electricity output penalty :»

EOR Enhanced oil recovery \n:\

EPA (USEPA)  US Environmental Protection Agency ¢

ESP Electrostatic precipitator .:\i\

ETP Energy technology perspectives{_ &

EU European Union \\ ’

FBC Fluidized bed combustion Q '{.\

FCV Flow control valve S

FD fan Forced draft fan <4

FEED Front end enginegﬁlﬁg design

FEGT Furnace exit gz;s temperature

FF Fabric fi,ltexj“or bag filter

FGC Flue g'azs\c{)ndenser

FGD Elde gas desulfurization

FMECA ! \Ea‘ﬂure mode and effects critical analysis

FOH ’ '~\/Forced outage hours
FOR <%~  Forced outage rate
FTA *“\\ Fault tree analysis
GBE Granulated blast furnace slag
"GECSI Global Carbon Capture and Storage Institute
GGBFS Granulated ground blast furnace slag
GGH Gas-gas heat exchanger
GHG Greenhouse gas
GHGT Greenhouse gas control technologies conference
GOX Gaseous oxygen
GPU Gas processing unit
GQCS Gas quality control system
GTCC Gas-fired combined cycle
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GTL Gas to liquids

HAZOP Hazard and operability

HBI Hot briquetted iron

HC Hydrocarbons

HGI Hard grove index

HM Hot metal (also known as pig iron)

HP Highpressure

HRC Hot rolled coil

HRM Hot rolling mill (also known as HSM)

HRSG Heat recovery steam generator

HS Hot stove

HSE Health, safety and environment

HSM Hot strip mill N
IAR( International Agency for Research on Cancer )'?
ID fan Induced draft fan ( ': ?
IEA International Energy Agency N\ >
IFA International Fertilizer Industry Association - \q*

IFC International Finance Corporation & ’\.*‘

1GCQ Integrated coal gasification combined cycle J

1P Intermediate pressure \":\

IPCQ Intergovernmental panel on climate change ;\\

ISO International Organization for Standardizatibn.\

JCR Jumbo coke reactor (also known as SCS]\' :3

JT Joule-Thomson RN

LCOE Levelized cost of electricity N\

LDG Linz-Donawitz gas (also knowitBOFG or CG)

LFO Light fuel oil \:“

LHV Lower heating value /(%

LIN Liquid nitrogen ¢,

LM Ladle metallurgy/\

LNG Liquefied natfxr;ﬁ gas

LOI Loss on igf}itién

LOX Liquid &ygen

LP Loy\ZSressure

LTE] Sliong-term exposure limit

MAG \1" Main air compressor

MCR (AN " Maximum continuous rating

MDT_~ Mean downtime

MHX Main heat exchanger

MP Medium pressure (also referred to as IP)

MTBF Mean time between failures

MTPY Million tonnes per year

MTTR Mean time to repair

NAFTA North American Free Trade Agreement (include USA, Mexico and Canada)
NEDO New Energy and Industrial Technology Development Organization
NFBF Nitrogen free blast furnace

10
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NG Natural gas
OBF Oxy-blast furnace (oxygen blown blast furnace)
OBF-PG OBF processed gas
OBF-TG OBF raw top gas
OFA Overfire air
OFO Overfire oxygen
SHF Operrtreartirfurmace
OHSAS Occupational health and safety assessment series N
OPEX Operating expenditure X ;/\."
OPERA Operational problem analysis \;-\
OREDA Offshore reliability data .
OSHA US Occupational Safety and Health Administration o
Oxy-CFB Oxyfuel combustion — circulating fluidized bed N Yy
Oxy-PC Oxyfuel combustion — pulverized coal )'?
PC Pulverized coal (also known as powdered coal) ( ': '
PCC Post combustion capture N\ >
PCI Pulverized coal injection - \q*
PF Pulverized fuel Q ’\.“
PFD Process flow diagram J
PGAN Pressurized gaseous nitrogen \")
PHA Process hazard analysis ;\\
PM Particulate matter )
POH Period of hours . :3
PSA Pressure swing adsorption ¢¢\
PSM Process safety managenfent.®
R&D Research and development
RCRA Resource conservati‘én and recovery act
REACH Registration,Eyaldation, Authorization and Restriction of Chemicals
RFG Recycled flyegas
RIST Researfh }nstitute of industrial science and technology
SC Super‘c‘.ri?ical
SCGH %t'goam'coil gas heater
SCR / }el’ective catalytic reduction
SCS »;. Single chamber system (also known as JCR)
SDA \‘ Spray dry absorber
SDI\\" Sorbent direct injection
( 8DS g Safety data sheet
SEC Specific energy consumption
SECARB Southeast regional carbon sequestration partnership
SM Secondary metallurgy
SMR Steam methane reformer
SNCR Selective non-catalytic reactor
SPC Specific power consumption
SR Smelting reduction
STEL Short-term exposure limit
STP Standard temperature and pressure
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SWIFT Structured what-if checklist
TC 265 Technical committee 265
TCM Technology Center Mongstad
tcs Tonne of crude steel
TDL Target detection limit
TGR Top gas recycle
thm Formeofhotmetat
tls Tonne of liquid steel N
TPD Tonnes per day L)) o
TR Technical Report \;-\
TRT Top gas recycle turbine .
TSA Temperature swing adsorber o
TWA Time-weighted average N\ QP
ULCOS Ultra-low COz steelmaking )'Tv
UscC Ultra-supercritical ( ':'
VLE Vapour-liquid equilibrium N\ >
VOoC Volatile organic compounds - \q*
VPSA Vacuum pressure swing adsorber Q ‘\.“
WESP Wet ESP J
WGS Water gas shift (reaction) \":\
WH( World Health Organization ;\\
WID Waste Incineration Directive )
WSA World Steel Association . :3
ZR Zero reformer .\\\
A
5 Carbon dioxide (CO2) capture §y§;tem
\:‘
5.1 | General 'S ad
In 2011, the global CO; emissiop (@ reported in References [12] and [228]) was around 33,8 gigatonnes.
The power generation sectax,Was responsible for nearly 40 %; while the other industrial sector was
resppnsible for 26 % of the:CO2 emissions.
Tabl¢ 1 briefly summanfz’es’the breakdown of the emissions from each sector in 2011. IEA has reported
that to achieve the*gpeenhouse gas mitigation goal for the 2DS (two-degree scenario) or 450 ppm
scenario, CCS issgegded to capture both energy- and process-based emissions, that is, it is important
to bg deplquck“w dely not only in the power generation sector but also in various energy intensive
indutrial s\egtors.[ﬂ]
@) :
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Table 1 — Global CO2 emissions in 2011

CO2 Emission Sources % of total CO2 emission Remarks

Power 39% fossil fuel power plant

as large COy stationary sources
Transport 20%
Industry 26 % iron and steel production,

cement production,

chemicals, refining and so forth

as large CO3 stationary sources N
Buildings 8 % Y
Agriculture and others 7% \ ;‘\
NOTE See Reference [12]. \

)
CO; capture is the first part of the CCS chain. The CO; capture system consists oftechnologles procgsses
and equipment that enable the separation, capture and processing of CO; frentgds streams (e.g. nafural
gas, syngas, process off-gas, flue gas) and make it suitable for transport and storage.

CO3 can be captured from different stationary point sources such as: fpséil fuelled power plants, |steel
works, cement and lime production, chemicals and petrochemical:\processes pulp and paper mnills,
natural gas processing plants, oil refineries and fuel conversmlkpﬂants (i.e. gas to liquids or caal to
liquids). 3

X

At present, the capture of CO; is an established compre c1él process of different industries su¢h as
natural gas processing, ammonia and urea production. Generally, the CO; captured from these procg¢sses
are either released to atmosphere or used as raw, méterlals in the production of other chemicalg (i.e.
urea, precipitated calcium carbonates) or sold as e‘.c@nmodltles to the EOR and food industries.

On the other hand, the capture of CO; from p wer plants and other energy intensive industries sugh as
steel and cement, are now being developed\and/or demonstrated with the purpose of mitigating CO2
emissions through CCS. \ X
Table 2 lists large-scale integrated<projects for CCS and/or EOR that are operational or ynder
construction and/or commlssmnm‘g (i.e. execute). The list, provided by The Global CCS Institute, shows
projects that capture and store.COz amount greater than 0,4 Mtpa, for gas-fired power plantd and
industrial processes, or greater’than 0,8 Mtpa for coal-fired power plants.

4

Tahl'g 2 — Large-scale integrated projects for CCS and/or EOR

N . CO2
Po Ang Project .
Project Name, \ ’ Life Cycle Country ((:::]I));::lilgr Opgr;telon Industry
. '\ Stage (Mtpa)

Val Verdé Natural Gas Plants Operate USA 1,3 1972 Natural gas
N processing
N\ 1

Epid Fertilizer CO2-EOR Project Operate USA 0,7 1982 pi f)fjt:llclffrn

Shute Creek Gas Processing Facility | Operate USA 7,0 1986 II;;ZLC';‘;'angS

Sleipner CO; Storage Project Operate Norway 0,9 1996 Eiglézzls?fgs

Great Plains Synfuel Plant and Synthetic NG

Weyburn-Midale Project Operate Canada 3,0 2000 production

In Salah CO; Storage Operate Algeria — 2004 Ei(t)lérez}sﬁ?gs

NOTE See Reference [13].
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Table 2 (continued)
Project Ca(;:)(t)lzlre Operation
Project Name Life Cycle Country . Industry
Stage Capacity Date
£ (Mtpa)
Snghvit CO, Storage Project Operate Norway 0,7 2008 Natural gas
processing
Centlry Plant Operate USA 8,4 2010 TArUTAl B
processing=|
. Hydrogén\/
Air flroducts steam Methane Operate USA 1,0 2013 produchipit
) through/SMR
Cofféyville Gasification Plant Operate USA 1,0 2013 Rytiliser
wiproduction
Lost|Cabin Gas Plant Operate USA 0,9 2013\\ y/ Natural gas
N processing
<
Petrpbras Lula Oil Field CCS Project | Operate Brazil 0,7 20173 Natural gas
e processing
l]iou_rldary Dam Integrated CCS Operate Canada 1,0 4/ 2014 Power
rojg¢ct «‘\ generation
Agripm Fertiliser Plant using X7 Fertiliser
Albefta Carbon Trunk Line (ACTL) Execute Canada 0‘:5_0’6 2015 production
\ .
Illingis Industrial CCS Project Execute USA <D 10 2015 Chemical
Y production
,.\i\ Hydrogen
Quedt Project Execute Canada 1,08 2015 production
N 3 through SMR
R N
Uthmaniyah COz EOR Execute | , ‘S#udi Arabia 0,8 2015 Natural gas
Dempnstration Project AL processing
Gor_gon Carbon Dioxide Injection Executerly  Australia 3,4-4,0 2016 Natural gas
Projéct 9) processing
Kemper County Energy Facility ( }" Power
(forrperly Kemper County IGCC HExecute USA 3,0 2016 .
Project) generation
Abu Phabi CCS Project (former-‘ Iron and steel
ly Erpirates Steel Industries CGS" > Execute UAE 0,8 2016 ducti
Project) AN production
Petrp Nova Carbon Capt@& Project Power
(formperly NRG Energ;gl?/a ish CCS Execute USA 1,4 2016 .
Projct) a\ generation
X Hydrogen
North West Sth?geon Bitumen Re- production
finerly using}Rlberta Carbon Trunk | Execute Canada 1,2-1,4 2017 through Lurgi
Line U}C'I;b) Gasification
. Process

NOTE See Reference [13].

5.2 (Classification of COz capture systems

As illustrated in Figure 1, COy capture system could be classified according to three different

capture routes.

a) Post-Combustion CO; Capture: Separation of CO3 from combustion flue gas.

14
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Pre-Combustion CO; Capture: CO; removal from syngas obtained from gasification prior to its
combustion?.

Oxyfuel Combustion with CO Capture: Combustion of the fuel in nearly pure oxygen and recycled
flue gas to produce a flue gas with highly concentrated CO; ready for further processing and
purification to a desired CO3 specification.

Post-combustion

Detailed description and types of tec es, processes and equipment used in these capture routes
applied to power generation 1ndustr %

co2 Q)
Fuel(coal) 7[ Combustion ]'_"‘I CO2 capture “&
Air (02) g@
Pre-combustion '&v
H2, CO2

Fuel(coal) -—-ol Gasification ]-—'l Shift reaction] — I CO2 capture I
\ 77
o [ comg

$.

Oxyfuel combustion

l CO2 compressiop [

Cco2

Fuel(coal}—o[ Combustion I

o &

Figure 1 — Different CO2 c e routes for coal-fired power plant

resented in Clauses 7, 8 and 9, respectively.

On the other hand, CO; capture m could also be classified according to the types of CO; separation
and capture technologies us s is presented in Figure 2 and explained briefly in Clause 6.

.
-

CO, Capture
Technologies

o

. . Cryogenic
rption Adsorption Membrane yogel
Separation
4 A 4
. . Pressure Swing Temperature .
A(t:)hemlt(?al K ll: hySlE_al Adsorption Swing Adsor- Gas Separation Transport
sorption sorption (PSA) ption (TSA) Membrane Membrane

Figure 2 — Types of CO; capture technologies

1

Pre-combustion CO; capture is not limited to gasification. This could be used as well in natural gas processing

when CO3 is captured before its combustion in power plant or other appliances. Also for off-gases from SMR, ATR or
others, removing the CO2 before combustion.
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For power generation industry, the use of both classifications is straightforward and well-defined. For
industrial COy capture, it is preferable to use technologies as the basis for classification. In fact, the
definitions of post-, pre- and oxy-combustion are typically referred to power generation and, in some
cases, might not be suitable to properly describe an industrial capture system if combustion process is
not included.

5.3 System boundary

The

system boundary of interest includes the host plant (i.e. power plant or industrial processes)

and the COz capture system, up to the point where CO; enters the pipeline (i.e. entry point to the CO%

tran

port). It should be noted that COz compression is included in the boundary of the CO2 capture

systé¢m; however, this is not discussed in detail in this Technical Report. p\

\4

For post-combustion CO2 capture, the CO; capture system is not integrated into the host{plant; thus,
syst¢m boundary of the capture system could be clearly defined. This could start from tife point where
the flue gas is taken and enters the flue gas quencher or other flue gas pre-treatment urpt It ends at the
point where CO; exits from the CO; compression flange and enters the CO2 plpell.ne A more detailed
discyssion of the boundary system for post-combustion capture is presented in Z,l

|
For gre-combustion COy capture, the CO, capture system could be partially in egrated into the host plant.
Therg are several variations depending on the technology selected, the defined CO; specifications and
the dapture rate. The boundary between the host plant and the CO; capﬂ.\ré system for pre-combustion
captiire is not well defined but could be distinguished. Generally, the{GO; capture system includes the
shiftfreactor, the acid gas removal unit and the CO2 compression unit{, However, it should be clearly noted

that

incorporating CO2 capture in IGCC power plant could alsoampact other parts of the host plant. A

morg detailed discussion of the boundary system for pre- comQ‘ustlon capture is presented in 8.2.

For ¢xyfuel combustion CO; capture, the CO capture s*ys}em is fully integrated with the host plant.

The

bystem boundary for the CO; capture system cotldnot be defined and could not be distinguished.

Thug, the whole power plant should be considered adihe system boundary, including the air separation

unit,

boiler, flue gas processing and CO» processu}g\mlt Furthermore, it should also be noted that CO;

compression is integrated into the CO, processitlg unit. A more detailed discussion of the boundary
syst¢m for oxyfuel combustion with capturegs presented in 9.1.

v
In conclusion, the boundary of the CO5-gapture system and the host plant could vary depending on the

COy

apture technology selected; add the variation to the boundary system could also be site specific. A

posslble approach in defining the boundary system for a particular project is by using the definition of
the groject scope as specifieddn tl’le FEED study.

6

6.1

T~

AN
Review and documentation
L4 \ !
l\/
oA,~

General <

The ﬁollowing»bs;pics will be discussed with regard to the capture technologies applicable to each source:

a)
b)
‘)
d)

e)
f)

16

S ystem\)oundarles

TIECTln01OQIGS eaumment and processes;

COy stream, gas streams and emissions, process and waste products;

evaluation procedure for capture performance including energy penalties (parasitic losses) and
other issues;

safety issues and environment impact assessment;

reliability issues;
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g) management system, including interfaces
1) between capture plant and emission source, and
2) with other Working Groups of TC 265.

“System boundaries” is defined as facility boundaries to be described respectively for the above-
mentioned CO7 capture systems based on each of the capture technologies.

"Technologies, equipment and processes,” including outlines of the capture technologies, reqliired
equipment and processes are described. Equipment and processes refer to a series of equipthent and
processes required to implement the aforementioned technologies. Each technology requn‘es ujique
equipment and processes, which will be discussed in each clause. ‘_\
7
“Carbon dioxide stream, gas streams and emissions, process and waste products” will provide
information regarding main gas streams containing CO2, remaining gas stxéams after CO;|was
captured, especially in pre-combustion capture or industrial gas productmn and emissions| and
waste products from gas streams that occur during those processes. This subefause will also provide
information related to chemical compounds occurring in capture process\e‘s or chemical compounds in
waste materials arising out of such processes. L)

o

The treatment of emissions and chemical compounds or wasl;e})l“oducts that occur in capture
processes should, at a minimum, comply with the regulations onﬁé’treatment, release, and disposal of
chemical substances in respective countries and regions. Theyshould be made innocuous or decrgased
to the prescribed value or below by incineration or other pfocesses before they are released intp the
environment. n\

“Evaluation procedure for capture performanceX }mll provide unique performance paramgters
and indicators for the capture technologies, to~b:e used as common indicators for comparing the
performances of different capture technologles Information necessary for the relative evalugtion
should be provided. N\

specific to each capture technology.and relevant to the goal of disseminating and promoting|CCS.
Health, safety and environment (HSE’) issues will be discussed from the perspectives of facilfities,
operations, occupational safety: "md hygiene, and environment. For example, potential emissiong and
areas of occurrence will be deSeribed.

N
“Safety and reliability issues” will deSC(iHe manifested and potential issues related to safety th]‘ are

It should be noted that anyfequipment and facilities related to capture plant must comply with exipting
laws and regulationsiinieach country or region.

In addition to cogn'plia\nce with laws and regulations relating to chemical processes and others in|each
country and région, it may be necessary to apply risk scenario analyses such as FMECA, HAZOP,|FTA,
SWIFT, and Qf.E A. Since each of these methods has both advantages and disadvantages,[Z] it may be
necessarytoirecommend the most appropriate method(s) for capture processes.

o

One.of.¥he common issues in capture technologies related to HSE is exposure to COz. The most
probable routes of human exposure to CO; are inhalation or skin contact. The need for a risk-Hased

roach is clear from the following two descriptions. COz and its products of degradation ar¢ not
da551f1ed as a toxic substance; are non-hazardous on inhalation, are non-irritant and do not sengitize
or permeate the skin. However, chronic effects on humans follow from long-term exposure to airborne
CO3 concentrations of between 0,5 % and 1 % resulting in metabolic acidosis and increased calcium
deposits in soft tissues. The substance is toxic to the cardiovascular system and upper respiratory tract
at concentrations above 3 %. The product risk assessment process is therefore necessary as with any
other chemical use to determine the risk and establish the necessary risk management processes.[3]
Other than COy, substances such as amine, oxygen, and hydrogen also need to be considered.[10]
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Incidentally, no management systems specific to CCS have been established so far. However, as a future

item,

there is a need to consider the development of management systems in association with the

following:

— ISO/TC 176, Quality management and quality assurance — for the quality control of personnel,
equipment, facility, work environment, etc. for the processes up to CO; compression;

ISO/TC 69, Applications of statistical methods and IEC/TC 56, Dependability — for reliability and

]
¢

Life
COy

6.2
Ther

route

6.2.1

The s
or sd
the s
(regg
arou
COy

betw
temp
mak
sorb

The

S nmn]ina;

SO/TC 207, Environmental management, ISO/TC 146, Air quality and ISO/TC 147, Water quallty -~ f(ﬁ\

bnvironmental management.
~\

ycle assessment (LCA) and end-of-life management need to be considered as a manageméhtftool of

fapture system.

Separation processes

e are three general separation processes of CO; capture that are integrated ﬁnto the CO; capture
(see Reference [3], Figure 3.2). These details are described in subsequent.stibclauses.
- \ ’
-\

eparation is achieved by passing the COz-containing gas in intim‘até contact with aliquid absorbent
lid sorbent that is capable of capturing the CO3. In the gene{al scheme of diagram a) in Figure 3,
prbent loaded with the captured CO; is transported to a different vessel, where it releases the COz
neration) after being heated, after a pressure decreasg.\o\: after any other change in the conditions
hd the sorbent. The sorbent resulting after the regeheration step is sent back to capture more
n a cyclic process. In some variants of this schéme the sorbent is a solid and does not circulate
een vessels because the sorption and regeneration are achieved by cyclic changes (in pressure or
erature) in the vessel where the sorbent is{cgtained or by a replacement of sorbent inventory. A
e-up flow of fresh sorbent is always requitred®o compensate for the natural decay of activity and/or
ent losses.

Separation with sorbents/solvents

!

general scheme of Figure 3 gover\ﬁ,‘s many important COy capture systems, including leading

cominercial options like chemical abgopption and physical absorption and adsorption.

S
N
% N
-
N>
'\‘/
O‘ |
=
t‘\
N\
N
\\
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<
b) Membrane separation y ¢) Cryogenic distillation
':\\

-

’
l.'

Figure 3 — General schemg oef main separation processes of CO2 capture
N\

Emerging processes based on newliquid sorbents, or new solid regenerable sorbents are being develpped
with the aim of overcoming the shigrt comings of the existing systems such as high energy requiremnent,
degradation, high investment, anH so on. One common problem of these CO; capture systems is thdt the
flow of sorbent between théwessels in Figure 3 a) is large because it has to match the huge flow of CO;
being processed in the power plant. Therefore, equipment sizes and the energy required for sorbent
regeneration are large agd tend to translate into an efficiency penalty and added cost. Also, in systems
using expensive sorbent materials there is always a danger of escalating cost related to the purchdse of
the sorbent and the, disposal of sorbent residues. Good sorbent performance under high CO loadipg in
many repetitive(cycles is obviously a necessary condition in these CO; capture systems.

- /
Chemical ap's\orption and physical absorption are well-known as CO; separation process with ljquid
absorbénts.

.

The’ch\e'mical absorption uses solvents (absorbents) that react chemically to gas to selectively capture
target substances. Materials such as amines and potassium carbonate are used in liquid absorblents.
Generally speaking, the chemical absorption method is suited for reducing the concentration of CO;
from tens of percentage points to around U,I %, or down to tens of ppm If necessary.

Figure 4 shows a schematic process flow of the chemical absorption method. This approach consists of
two major components: the absorber that captures the target substances and the regenerator (stripper)
that recycles the absorbent by adding heat to strip the absorbed substances from it. The absorbent
circulates between the absorber and regenerator, repeating the absorption and stripping of CO>.

Many of chemical absorption methods utilize heat to regenerate the solvent.
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A typical technology of the chemical absorption method is called amine absorption, which has such
a long history and successful track record that it can be considered a mature technology in the gas
refining sector. Many CCS projects use the chemical absorption method for CO; capture.

Anne

The
the 4

products are used, including methanol, propylene

main
and i

A sch
abso
targe
Or US
the

prop

Treated gas Condenser

—>

co,

< > N
Absorber Stripper Y
P\
7
)
Solvent N\ '.v
R heat exchanger )
o, >
containing gasT/ 4
"
Rc%iler
v

Figure 4 — Schematic flow of chemical ali,so’rption

n\
X A shows several examples of the chemical absorptlon p\l:ocesses

bhysical absorption takes advantage of differences inéolublhty (without chemical reactions) into
bsorbent to physically capture the target gas components, including CO2. A variety of absorbent

Tycol and propylene carbonate. This technology is
ly used for the production of syngas-based chb%mlcal products as a syngas purification technology
s recently applied to the capture process ofIGCC.

ematic flow chart of the physical absorptlon process is shown in Figure 5.[8] As with the chemical
Fption method, the system consists of a couple of primary components: an absorber, which absorbs
t gas components such as CO%f and a flash drum and a regenerator, which reduce the pressure
e heat to strip the absorbed gas compounds from the absorbent to regenerate the absorbent. In
hysical absorption method}; the solubility of gas components in the absorbent is almost directly
prtional to the partial pvr'ess’ure of the vapour phase (Henry’s law). In addition, solubility increases

as the temperature decrvéases. Thus, it follows that the higher the operating pressure of the absorber

and {

The
histd

he lower the operiting temperature, the more effective the capture of target gas components.

physical abs’or?‘tf)n method of industrial application is also a mature technology with a long
ry. Al
«‘\\

\.\
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Figure 5 — Flow chart of the physical absorptipﬁ}nethod
L
N
Pressure swing physical adsorption and temperature swing chep\foal adsorption are known as tyjpical
CO; separation process with sorbents. Pressure swing adsorpfion (or sorption) (PSA or PSS) is a
technology in which CO; is physically adsorbed into the pox“es’of solid sorbent. Once the pressyre is

lowered, the adsorbed CO; is released and captured. K

< N 4
Temperature swing adsorption (or sorption) (TSAQIISS) is a technology in which CO2 is chemically
adsorbed to solid sorbent. '.\Q‘

Promising results have also been reported with’CO2 removal from flue gas utilizing a combinatipn of
PSA and TSA (PTSA). \\

N
o
X
v

6.2.2 Separation with membranes \
(S
The membrane separation proceSgis-a gas separation technology that takes advantage of the differgnces
in the membrane permeability}étes among gas components. Because this process separates| CO2
by using as a driving force the pressure difference between the CO inclusive feed gas side angl the
permeate gas side of a membrane, very little energy is required to separate CO; from a high-pregsure
gas. It is therefore espegially effective when the feed gas is at high pressure and contains a high-
concentration CO2,% )"

A

Membranes in %g' iire 3 b) are specially manufactured materials that allow the selective permeftion
of a gas through*them. The selectivity of the membrane to different gases is intimately related tp the
nature of tpé{material, but the flow of gas through the membrane is usually driven by the pregsure
differefieeacross the membrane. Therefore, high-pressure streams are usually preferred for memHrane
separdtion. There are many different types of membrane materials (polymeric, metallic, ceramic)
thatf¥iay find application in CO; capture systems to preferentially separate H; from a fuel gas strieam,
(€Q7 from a range of process streams or Oz from air, with the separated O, subsequently aiding the
Pproduction of a highly concentrated CO; stream. Although membrane separation finds many cufrrent
commercial applications in industry (some of a large-scale, like COy separation from natural gas),
they have not yet been applied for the large scale and demanding conditions in terms of reliability and
low-cost required for CO; capture systems. A large worldwide R&D effort is in progress aimed at the
manufacture of more suitable membrane materials for CO; capture in large-scale applications.

A flow chart of the membrane separation process is shown in Figure 6.[91 The CO3 inclusive feed gas is
introduced upstream, and CO; is separated to the lower pressure side through a membrane. To improve
the capture rate, a two-stage process recycling permeate gas is adopted.
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The membrane separation process has been used widely in natural gas refineries where the feed gas
contains a high concentration (20 %) of CO3. Research and development on the membrane separation in
the IGCC process is also underway.

Inlet gas —» —

;—b Co2

two-stage process N
' 4

Inlet gas > — N

NOTH Top: Single-stage process; Bottom: Two-stage process. Y

.

Figure 6 — Schematic flow of membrane sepaﬁation process
~N

N 4

6.2.3 Separation by cryogenics or flash evaporation .\\

SN

A ga$ can be made into a liquid by a series of compressjon, cooling and expansion steps. Once in liquid
form), the components of the gas can be separated-iid flash or distillation column. In the case of air,
this pperation is currently carried out commercially on a large scale. Oxygen can be separated from air
following the scheme in Figure 3 c) and be usédii®’a range of CO2 capture systems (oxyfuel combustion
and pre-combustion capture). RefrigeratedsSgparation can also be used to separate COz from other
gases. It can be used to separate impuritiés from relatively high purity CO2 streams, for example, from
oxyfhiel combustion, and also for COyrémoval from natural gas or synthesis gas that has undergone a
shift|conversion of CO to CO>. 'S ud

4

7 Post-combustion capture in the power industry

a
Post{combustion captuse’fPCC) is an important and fundamental technology in the context of carbon
captyire and storage (QC‘S). PCC is the process which separates CO; from a stream of flue gas after
combustion, e.g. in-agds turbine or a coal-fired boiler, as well as raw gas, suitable for PCC, from other
indugtrial sourcggre'.g. refineries, chemical plants.

Coallis an im'p})rtant low-cost fuel source for generating electricity in various regions of the world,
espefially aeveloping nations. PCC could prove to be a critical technology for minimizing the CO;
emisfiofis generated by this industry.

7.1 System boundary

7.1.1 Boundary with power plant or other process stream (cooling water, steam, flue gas,
product CO2)

Figure 7 shows an example of the CO; capture processes deployed in a thermal power generation plant.
[14] Figure 7 can be also applicable to the combustion type steam generation plant. Here, the chemical
absorption method is used as an example. The captured CO2, once compressed, is transported using
pipelines and mobile carriers, such as ships and trains (not shown in Figure 7). After the CO; has
been removed, the flue gas is released into the atmosphere. The underlying principle for CO2 capture
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is the exothermic, reversible reaction between a weak acid such as CO2 and a weak base such as an
alkanolamine. The flue gas to be treated is contacted by the aqueous solution in an absorbing column or
vessel where a soluble salt is formed from the reaction between the CO; and the base solution.

The flue gas, now depleted of COy, is then released to the atmosphere. The solution, enriched with
the COp, is sent to a stripping column or vessel (desorber unit) where, by the addition of heat, the
salt formation reaction is reversed and the CO; is released and the base solution is regenerated. The
lean base solution is recycled to the absorber unit while the CO; is made ready for transportation by
C‘lC}l_ydl dtillg, dlld lf I cquil CC‘I, dCU)&_ygilldtiUll dlld L,Ullll)l Ubbillg lt

As shown in Figure 7, this subclause covers the flue gas path from the outlet of the f g gas
desulfurization (FGD) to the outlet of the absorber unit of the CO; capture plant, the solvent &ysterm and
the COz path up to the outlet of the CO2 compressor, regardless of the CO; capture p oce%s used| The
associated utilities, waste water and waste products are shown in Figure 8. In somefcasss, flue gaq pre-
treatment is required and this should be included within the boundary of the PCC plait.

To support the PCC process, there are interconnections with the power or utilify’plants steam, copling
water system and other utilities installed (e.g. demin water, plant drainage;pressurized air and others)
as shown in 7.4.2. The waste issue related to absorbent purification and/Or recovery or total exchange,
if cleaning is not possible, including solid waste, is noted in the follow1rigsubclauses Red arrow lirles in
Figure 7 show the possible integrated heat transferred from a cagtu\e and compressor part to ppwer
plant using the steam condensate of a power plant steam- waLe\r €ycle, for example, to improve the
power plant efficiency utilizing the waste heat in PCC plant. < f’.
>

integrated heat transfer

e Plant

Flue gas

Waslo s

Solvent

Reclaiming
*

FRIp——

Desorber Absorber

DeNOx *| DeDust/FGD |—

“NOTE See Reference [14].

Figure 7 — Schematic of a pulverized coal-fired power plant with a PCC system and other
emission reduction equipment

Figure 8 shows a generic chemical absorption process in detail.[14] A part or all of the flue gas exhausted
from the FGD equipment (only relevant for PCC at hard coal-fired power plants) may be routed through
a pre-scrubber to adjust the temperature and humidity of the flue gas to fit the optimal conditions of
the absorption process. The pre-scrubber may additionally be used to remove SO in the flue gas. The
flue gas is then routed to the absorber where CO; comes in direct contact with the solvent. The effect
is that the vast majority of CO; is absorbed by the solvent and capture rates of 90 % are considered
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typical. After the CO3 is removed, the remaining flue gas is released to the atmosphere. An additional
washing step, utilizing a water scrubber installed at the top of the absorber to remove highly volatile
substances such as process degradation product and absorbent, may be necessary to ensure that the
flue gas released into the atmosphere is in a state that would be acceptable under an Environmental
Impact Assessment (EIA). The solvent is returned to the system.

The COz-loaded (rich) absorbent is forwarded to the stripper (desorber or regenerator). In the
desorption process the solvent is heated, by either Low Pressure (LP) or Medium Pressure (MP) steam

dep 1u1ug UIl Llll:,' PLoOLesSsS uCllldllu, dllu C)&Ll dLLCu ll UIIT Llll;' POWLI lJldllL PIoLess LU I Clcdbc LllU Ldl.)l,ul [S] d
CO3.|The COz-free (lean) solvent is returned to the absorber to absorb CO; again. At the strlpper
outldt a mixture consisting of saturated CO; is exhausted. The condensate is collected and sent t

the l¢an solvent inlet at the absorber and the top part of the stripper.

Troated flue gas oullot .41_P
o almosphang

CO; Absorber Régenoieior
(Stripper)
2277
p -
@Eil_, —_ Filter System
h@ =] =] t
cw
h and
sheam gondensala
P I Fluo Gas Blower
Wasto waler { ‘ MP stoam and
(Fluo gas condensala) Absorbent chomical s@\ Roclsimer sleam condonsalo
X Waste (sobd and'or bquid)

Compressed CO;
®) i
= -

COy COmpressor
condansato

Dehydration Unit

Figure 8 — Generic PCC process flow scheme
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7.1.2 Boundary of the PCC plant

Boundary conditions have to be defined for further development of PCC technologies and projects.

following boundaries are considered for a PCC plant:

raw flue gas to the PCC plant;

required control and monitor signals to and from a hosted power plant;

The

residual flue gas outlet to the atmosphere on top of the absorber or at the inlet flange
separate stack; N

N
CO7 outlet of the separate vent stack or top of the CO; absorber to the atmosphere\m case
unplanned disruption in the transport and/or storage chain of COp; \J

flue gas condensate;
CO2 compressor condensate;

demin water, potable water, firefighting water;

— plant drainage; N\ -
— pressurized air, inert gas (e.g. nitrogen); ‘\*,\Q‘

— steam and steam condensate; :» ’

— cooling water supply and return; \\":\

— power supply; ,:S‘

— by-product and waste generation (solid a{d,’tor liquid);

— absorbent chemical supply. .:~\\

v

\

Boundary with transport and storage of CO>
v

7.1.3

The boundary between the PCC })Iant and the COy transport and storage systems is the downst
flange of the CO2 compressortJ"

To avoid backflow effeets and to clearly separate battery limits, an open-close valve should be positi
upstream of the dowfistFéam flange.

®

7.2 Technok{gles equipment and processes
The followmg\process technologies[18] are currently available or under development for PCC:
— a‘b‘sn{rptlon processes based on chemical solvents;

— ‘\adsorption processes and membrane processes are described at the beginning of Clause 6.[14]

of a

bf an

[eam

oned

in the appllcatlon of the absorption processes to the flue-gas treatment in coal-fired power plants
following the publication of the 2005 report on CCS by Intergovernmental Panel on Climate Change
(IPCC).[14] An overview of this technology is included in 7.2.1 to 7.2.3. The detailed processes are
described in References [18] and [19] as examples.

7.2.1 Chemical absorption process based on (alkanol-) amines (amine process) (A)

General explanation is provided in 7.1.1.
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According to the International Energy Agency (IEA), notable developments in CCS between 2009 and
2013 include increased experience and confidence with CO2 capture technologies.[18] It is believed that
the following factors are partly responsible for these developments on CO; capture; these statements
are partially applicable to all technologies not just amines.

a)

b)

d)

Several PCC technologies have been tested at scales on slipstreams of up to 25 MWe, mainly
from coal-fired power plants where the number of commercial references of the medium scale in
industrial applications increased.[21][22]

ade in reducing the amount of heat needed per unit of captured CO3. However, it should be not
hat presented values by the technology suppliers are dependent on the specific plant de51 ahd
perating conditions.[23] In some processes, a base unit of 2,5 GJ per tonne of captured CQg;<31(24]
r 1,0 tonne of LP steam per tonne of captured CO7,[25] has already been achieved 6F prOJected

urrently, efforts are aimed toward 2,0 GJ per tonne of captured CO>.[28] P

s a result of improvements achieved in processes and absorbents, significant progress has beeﬁ
€

fforts have been made to reduce the performance penalty suffered by a powdxgeneration plant
hen the LP steam used in a PCC is supplied by the turbines of the powep-géheration plant as a
ource of flue gas. Ways to reuse waste heat from both plants and find ap-eptimal arrangement of
he LP steam supply system were pursued so as to improve the eff1c1enchfthe power generation
lant as a whole, including the PCC process.[21] ¢
) 4
he attention of the EIA has been drawn to the amines contalnec} in the gas streams that are
mitted to the atmosphere after being treated by PCC facilities. I'nltlally many research groups,
rimarily in Norway, have been conducting studies on this/subject, resulting in evaluations and
improvements of PCC processes such as zero amine emissiéﬁ.}ystem[ﬁl to minimize emissions.[21]

uring the CO2 capture process the chemical absorbe \may react with other contents of the flue
as, e.g. oxygen, NOy and SOy, to form heat stable saltsWhlch degrade the solvent performance. This
ay, over time, reduce CO; absorption efficien «J6 maintain the solvents CO3 capture capability
uring operation, reclaiming systems are usedy The technology used for solvent reclaiming differs
ith the process and solvent used. Ammonra‘based solvents are reported not to degrade in this
anner and do not require reclaiming.

!

7.2.1 Chilled ammonia process (CAPJ:(B)

The

Chilled Ammonia Process (CAP) treats flue gas from coal-fired power plants, natural gas combined

cycld plants, and refinery cat cracKers to capture CO2. CAP consists of seven integrated unit operations.

a)

f)

g)

Direct-contact cooler/hééﬁe{“ to condition the primary flue gas stream by removing moisture and
gbsorbing SO7 (in DCEL)*and to prepare the residual flue gas for atmospheric discharge by heating
the gas and absorh'@‘g residual ammonia in the flue gas leaving the wash system (in DCH1).

<\ . . : . : :
Absorber systen}to capture COz by reaction with a circulated ionic ammoniated solution.

Ammonia water wash system to capture residual ammonia saturating the flue gas discharged from
the absQi:Ber system.

Reggherator system to release the CO; from the rich ammoniated solution and return the lean

mmaonintad calution tathao ~hearhar cuctaom for rancao

AT OO e O OTH CI O tO T C oo 0T O T Oy Ot It TOT T o uoTT

Ammonia stripper system to release NH3 from the wash water and returns it to the absorber
system for reuse.

Separate stripper system (not described in Figure 9) for ammonia recovery from wash water and
to limit salt accumulation (primarily ammonium sulfate) in the ammoniated ionic solution.

Compression system to permit transport of the product CO; for beneficial use or storage in a
geologic storage formation.

CAP is illustrated in Figure 9.

26
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Figure 9 — Simplified CAP proces:s flow diagram
r’"\

Details on the unit operations, including Flue Gas Qohdltlonmg, Regeneration, Appendix Stripper

CO2

Dehydration and Compression and Refrigeration Systems should be referred to published informatioh.[16]

N

7.2.3 Amino acid salts (AAS) process (€) \

The AAS process uses the aqueous solupcm of amino acid salts as a solvent. Figure 10 shows the
chart for PostCap?) of Siemens as an example The equipment configuration is similar to that

standard amine process. )

o

flow
of a

As the chosen solvent has a Ve-ryjow vapour pressure, it is anticipated that it will cause less emisgions

from the absorber as the afine system does. In addition, amino acid salts are less susceptib
degradation by oxygen and‘heat and therefore will have less losses of solvent than the standard a
(MEA) process.[48] S

Within the process de'p051ts and solids could theoretically form through precipitation. This is addre
by respective deglgn features and margins. No precipitation was reported during pilot plant operation

0\/

le to
mine

ssed
n.[17]

2)  PostCap is given for the convenience of users of this document and does not constitute an endorsement by ISO

of this process.
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NOTH See Reference [48].

Figure 10 — Siemens PostCa&process
7.3 | Carbon dioxide streams, flue gas stream emissions, process and waste
products
7.3. Flue Gas streams '&\

9

7.3.1.1 PCC plant with coal-fired and gas-fired combined cycle gas turbine (GTCC) with
Heafl Recovery Steam Generators )

.

of the fuel being combusted_t erate electricity. In the coal-fired application shown in Figure 11, a

Seled

and 4 flue gas desulfuri

) removes NOy, Electrostatic Precipitator (ESP) removes particulates,
(FGD) removes SO3.

tive Catalytic Reacti

The ¢omposition of flue gas that i§0 be introduced into a PCC plant to capture CO; is largely a function

Flue gas

\[ NH 3 desulfurization

Air heater (FGD)

>- PCC Plant

W

28

Selective Electrostatic
Catalytic Precipitator
Reactor (SCR) (ESP)

Boiler

Figure 11 — Gas phase configuration of PCC plant for the coal-fired power plant
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In the natural gas-fired application shown in Figure 12, catalytic beds promote the oxidation of CO into
CO2 and NOy into N and H30. Sulfur compounds are not present in natural gas and as a consequence
are not generally found in the flue gas.

HRSG
CO catalyst  SCR catalyst > PCC Plant
Fuel
i
Gas ' \\',\
N ./
>\
A ¢ \
Gas — S
Compressor  Turbine Steam Turbine 4
NV
Condenser N\

) %
Figure 12 — Gas phase configuration of PCC plant f&{ETCC with HRSG
O

As the combustion type steam generation plant, the once—thl;olig?l steam generators (OTSG) for in situ
oil sands production is an important and growing emissiohg_source in the oil and gas industry anf the
fastest growing source of emissions in Canada. OTSG is &egy similar to HRSG fed by the hot combupgtion
gas from the furnace or the gas turbine except for ¢he}steam generation section where typically the
primary stage evaporates the fed water to an intexmiediate steam quality and the secondary stage
completes the evaporation to a required level fmt\injection into the ground without recycle of the
generated steam as the feed water after utlllzatgon of its energy. Regarding COz capture from the flue
gas, the same concept mentioned above can b\&applled to OTSG.

.\
7.3.1.2 Input capture plant \a

.
“Flue gas streams” in this contekgtrefers to the flue gases that occur as a result of the combustipn of
fossil fuels and that are emittéd frdbm such sources as boilers and gas turbines at thermal power p|ants
and HRSGs at GTCC plants. $£J

Currently specific to plantsy FGD, CO/NOy removal equipment and dust collecting equipment are instilled
to remove impuritie§3fpollutant) pursuant to the relevant emissions regulations and the flue gases
downstream of these purification systems are to be the subject gas streams within this Technical Report.

The propertles\(composmon temperature and impurities) of flue gas supplied to PCC plant vpries
significantly def)endlng on the type of fuel used, the power plant type and the its system configurdtion.
Generallyfurther abatement of the pollutants, rather than the emission requirement at the conventjonal
stackettlet, is favourable to ensure conditions which allow an efficient and cost-effective CO, capture
thre@g‘ff simplification of the flue gas pre-treatment part or the countermeasures inside the PCC plant,
de\pe'nding on the applied technology.

*

-3
Dnrh'ml]:\r]y in the case of coal the compaosition of impurities varies grnaﬂy nr‘rnrding toits grndn and

mining location, and this may result in severe impacts related to the flue gas composition depending on
the above purification systems performance.

The characteristics of flue gases from power plants are manifested in the flow rate, temperature, gas
pressure, and composition (e.g. N2, Oz, CO2, H20, NOy, SOx, NH3, mercury, soot, ash). There could be an
obvious impact on the end-of-pipe CO; capture process design, even when the PCC plant is not installed
to treat 100 % of the flue gas.

It is very important to clarify the flue gas properties fed to PCC plant in terms of a proper comparative
evaluation of technology as explained in 7.4 and achievement of high reliability as explained in 7.6, as
well as fulfillment of emission regulation and waste management explained in 7.3.3 and 7.3.6.
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Flue

gas conditions are a function of fuel type, combustion conditions and pre-existing environmental

technologies.

The following are examples of flue gas compositions when natural gas or coal is used as fuel.

Example 1 —

Natural gas-fired (B.1)
SINTEF, Emission Compound Toxicity Protocol, P152

Pressure: 1’01 R:\r’ Tnmpnrahlrn- 20°Cto 45 °C (after flue gas qnnnr‘hnr\‘ (‘nmpnciﬁnn

Exar

The

abov
(min
char
exist]
|
|
|

]

7.3.1
Ther

(N2 76 mol%, 02 13,8 mol%, CO2 3,4 mol%, H0 \6,8 mol%,T\IOX 3 ppmv, 1}\IH3 2 ppmv)
Coal-fired (B.2)
CSIRO, process modelling for post combustion capture plant, P91

Temperature: 104,5 °C, Composition (N2 75,8 vol%, 02 6,3 vol%, CO2 10,1 vol%,
H20 7,8 vol%, NOy to 150 ppmv, SOx to 200 ppmv, HCI ppmv)

hple 2 —

.

-

"\ 4

mportant parameters summarized below, which will impact the plant design 3s%xplained in the
e, should be clarified and will be surveyed in the next step for indication ?f}the typical ranges
mum to maximum) respective to applied fuel type (coal, gas and LEQ)(so as to clarify the
hcteristics depending on the fuel type, including the effect of both_cembustion condition and

ing environmental equipment. 2
) 4
Flue gas flow rate ,“‘\
& .
‘lue gas temperature J
1 <
‘lue gas pressure )
O‘\\
lue gas composition: o
— O & 0:
2 \\
— CO2 Y
W\
— H30 &
v
— NOX \"
‘\ “h
[ SOX
— NH3 "'\/\
L CO QY
—  mist 2N i
- \/
— dust %
)

3 O\ft;‘)ilt capture plant (treated gas)

earetreated flue gases which are discharged to the atmosphere from the PCC plant after impurities

have

1 11 L b - 4 1 41 PR A ala N | 1 4 1
UCTITTTIIUVEU DY puriiitcatioir TyquipHITIIt dITU UIT dIITUUIIL U WU IS DECIT LAP LU cu.

As treated flue gases are released into the atmosphere, there is a need to characterize the discharge in
order to meet regulatory and permitting requirements that specify the concentrations of pollutants,

inclu

ding additional absorbent derived substances, to acceptable levels.

Although identified parameters that could impact the compositions of the treated gas should be
surveyed if needed in the next step, according to the variety of the inlet flue gas to PCC plant as shown
in 7.3.1.2, the properties of flue gases emitted from power plants are varying, as are the properties
of treated flue gases. The concentration of COz normally gets around 1 % in case of boiler flue gas
application, however, this value varies depending on the capture rate of CO; from the flue gases and

30
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both SOy and the solvent get in the order of ppm as shown in the Examples below. SO is easy to be
captured, while NO is not possible. Studies are underway to lower the concentrations of absorbent
(amines), which is generated in PCC plant, in order to reduce the impact of their emissions.[26]

The parameters listed below, which characterize PCC plant output in the emission sides and have the
obvious or possible impact on the plant design as explained in the above, should be clarified in terms
of the requirement, if any, and should be surveyed in the next step for indication of the typical range
respectlve to applled fuel type (coal, gas and LFO) soas to clarlfy the influence of the fuel type including

LllU llll 1ucuu: Ul UULll LUlllUubLlUll L,UllulLlUll auu U)&lbl,lllg CUVU UlllllCllLdl cqulplucuL

— Outlet gas flow rate
— Outlet gas temperature .\
— Outlet gas pressure
— Outlet gas composition: o
— 02 )Y
— CO2 “e
— H0 RS
— NOy O
— SOy %
— NH3 A
— CO "
— mist \
— dust \
— VoOC X
— absorbent £y
— absorbent degfad\a‘tion product
— organic comf)bﬁ{ld
Trace compone%s,contamed in the gases are discussed in 7.5.

The follown’ig*a/re examples of flue gas compositions when natural gas or coal is used as fuel.

AN
Exampl®1 — Natural Gas-Fired (B.1)
\,‘ SINTEF, Emission Compound Toxicity Protocol, P152
-, Pressure: 1,01 Bar, Temperature: 20 °C to 45 °C, Composition (N2 81,5 mol%,

0513 8 1meld%—-CO0s0-6melde—Ho03 mn]O NO 2 v ta 20 oy N S0 nnmyz
21Oy BT /oo 2—o5;91HE oo = pPPIYeL o PP <O PPHTY

\V e = e~

amine <5 ppmv)
Example 2 — Coal-fired (B.2)
CSIRO, process modelling for post combustion capture plant, P91

Temperature: 27,65 °C, Composition (N2 89,2 vol%, Oz 6,8 vol%, CO2 0,9 vol%,
H20 3,2 vol%, NOy approx. 150 ppmv, SOy <5 ppmv, HCI <5 ppmv, MEA <5 ppmv)
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7.3.2 Composition of carbon dioxide streams

“Carbon dioxide streams” refer to the captured (purified) CO; gases leaving the regenerator and then
compressing the remaining gases. The characteristics of carbon dioxide streams include flow rate,
temperature, gas pressure, and composition (e.g. Np, 02, CO2, H20, NOy, SOy, hydrocarbons, solvent
components).

compression discharge (i.e. battery limits) pressure should meet pipeline requirements. This could\se,a
changing condition depending upon the pipeline system requirements over time. Design Conside{at,ion
for pfressure variation is needed. 9

To prevent equipment damage due to the corrosion of pipes and the solidification of mgisture during
cooling, the concentrations of water, oxygen, SOx and NOy are strictly controlled. To al$o' ensure proper
trangportation and storage of the COy, it is necessary to consider the requiremerisyifi that respect.
Currpntly, no universally agreed figures of the maximum value of water and oxyggniexist and then the
requjrements also set by individual plants have to be followed utilizing the €@, purification process
described below in the outline, if necessary. CO; specifications are provided{iﬁ-the pipeline operator.

Oxygen removal is accomplished by catalytic oxidation and is based on (Tle reaction of hydrogen with
oxygen with excess hydrogen to the downstream. The process and/the©respective equipment can be

scalgd up. .

-

A number of suitable technologies for CO2 dehydration alreadyyexist. Glycol-based systems utilizing
triethylene glycol (TEG) and solid adsorption systems usip&the molecular sieve are the most likely
techpologies for implementation. The process and respectig€&equipment can be scaled up.

o

are several liquid agents available for use as &dfhydration medium from a variety of different
rs, TEG is well known in the continuous pro&éss. In this process, lean TEG fed to the contactor
absofbs the moisture in the raw CO; gas at the $@iFface of the packing inside. Rich TEG with absorbed
is removed from the chimney tray of the\contactor to be routed to the regeneration package for

a) heatintegration between thegich and the lean TEG for heat economy,

b) jprevention of TEG entgaidfent as mist with dried COz stream CO; gas velocity control with
emister device in thg-contactor, and

c) jprevention of TEG\I'Q"S’S by controlling the operation temperature in the regeneration package.

4
Relatively small CAI}EX/OPEX generally and the robustness to impurities in dehydrate gases are its
merifs compa.rgd\vith the solid sorbents. However trace TEG enters into the CO; stream.
SubsfangésSthat are well suited as solid adsorption agents are inorganic silica gel, activated alumina
and the¢ molécular sieves, a material with very small holes of precise and uniform size. At least two fixed
bed adSorbers, which are alternatively loaded or regenerated, are required. Solid adsorption systems
can be used if significantly lower moisture contents are required.

The normal compression process, such as compressor inter-stage cooling with knockout vessels,
reduces the gas equilibrium moisture content and could offload the dehydration unit, resulting in
smaller dehydration systems. The CO; purification process will be operated at the pressure range
within the multi-stage CO, compressor system and located between adequate steps of it as an economic
optimization. Using multiple dehydration techniques in series of the system above is possible.

Invariably, the contact with the package vendors or the media vendors is required for the access to the
cost and operation information with clarification of the required specification and the compositions of
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the COz stream including impurities. Details on the characteristics of the various drying processes and
their integration into the PCC system should be referred to published information.[26]

The important parameters summarized below, which characterize the CO; stream of PCC plant as
explained in the above and have the obvious or possible impact on the plant design, should be clarified
in terms of its requirement and should be surveyed in the next step in the typical range respective to
applied fuel type (coal, gas and LFO) so as to understand its properties according to the variety of its
requirement.

*

— CO3 flow rate A
— (CO7 temperature L-"
— COy pressure \
— CO3 composition: e
— COy NV
— 02 L\
— H0 W
— NOx oo,
— SOx ')
— NH3 S
— VoOC w)
— absorbent g
— absorbent degradation product —Z"\
— organic compound 5 :
This list only applies to PCC fr(zmgéémbustion sources.

€N
It is very important to highlight the item other-than-normal operation and the related consequencgs.

4

The following are exaniples of CO2 compositions.

a
Example 1 — Cdal-fired (B.2)
¢ BEIRO, process modelling for post combustion capture plant, P91

.

Q .\Temperature: 23,2 °C, Composition (N2 0 vol%, 02 0 vol%, CO2 98,2 vol%, H0 1,8 vol%,
+%7 NOy approx. 7,4 ppmv, SOx <5 ppmv, HCI <5 ppmv, MEA <5 ppmv)
Exa{nfﬂEZ — Coal-fired (B.3)

\ GHGT-11, Project Status and Research Plans of 500 TPD CO; capture and sequestration
) Demonstration at Alabama Power’s Plant Barry, P.6344

Composition (N2 210 ppm, Oz + Ar 38 ppm, CO2 >99,9 vol%)

Example 3 — Coal-fired (B.4)
GCCSI, ROAD CSS Non Confidential Feed Report, P34
Composition (N2 1 mol%, CO2 99,9 mol%, H20 <30 ppmv)

Example 4 — Coal-fired[3]
IPCC, Special Report on Carbon Dioxide Capture and Storage (2005), P141
For coal-fired plants (SOx <0,01 vol%, NO <0,01 vol%, N3 + Ar + O3 0,01 vol%)
For gas-fired plants (SOx <0,01 vol%, NO <0,01 vol%, N2 + Ar + 02 0,01 vol%)
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7.3.3 Solvent streams, reclaiming waste products

“Waste products” refer to those substances emitted from a CO; capture facility other than the
aforementioned emissions described under 7.3.1.2 and CO; streams under 7.3.2. In the following
subclauses, the term “solid waste” describes solid, semi-solid, liquids or contained gaseous material.
[30] Primary examples include waste products generated when absorbents, adsorbents, or membranes
to be used for CO7 capture are recycled and cleaned, and used absorbents, adsorbents, and membranes,
and waste detergent discharged from equipment cleaning.

7.3.3.1 Waste products (process effluent) N
S
COz fapture technologies can be differentiated by the types of effluents they generate. For-agiine-
basefl technologies, effluents are generated during the treatment of heat stable salts. For aqihonia-
basefl technologies, residual ammonia in the treated flue gas is neutralized with sulfuri¢’acid’to form
ammonium sulfate, which can be utilized as a fertilizer, depending on the impurities congentration.

The function and necessity of a reclaimer in chemical absorption processes is descgibedin 7.2.1.

Absdarbents degrade with the elapse of operating time and need to be regeneratéd on a periodic basis.
Duripg this process, a portion of the absorbent, with impurities and degraded®substances, is separated
and dlisposed of as reclaimer waste according to federal, state and local re,gu}aiory requirements.

) 4

One ¢f the following waste treatment methods is selected based on the\El‘rcumstances at the plant:

a) )

ff-site disposal contracted out to a waste disposal contractor; J

—~N

b) ¢n-site incineration using an incinerator; \\ ’
~\
c) on-site crystallization to obtain solid ammoniumysitifate which can be sold as fertilizer (for
mmonia-based process); 3
d) o¢ff-site shipment of ammonium sulfate liquidsas feed for a fertilizer process (for ammonia-based

e

rocess). W\

infojmation is required:

4

he physical properties aiidy¢chemical composition of the waste.
T~

aste category (productqualityspecification) or completeanalysisdataneeded forlegal classification
fwaste, hazardot\s:tor non-hazardous. For example, if it has any of the four characteristics (ignitable,
orrosive, reactive; oxic) in 40 CFR Part 261, it is classified as a hazardous waste and if a US RCRA
isted solventdsyised in the process, the waste solvent would be a listed hazardous waste in US. If it
isplays afie.br more of the characteristics of hazardous properties (explosive, oxidizes, ignitable,
frritantRarmful, toxic, carcinogenic, corrosive, infectious and mutagenic) listed in the Directive
008/9?7’EC, Annex I1I, 12 December 2008, it is classified as hazardous waste in EU.[30]

- .
otal annual production.

— Selected method of transport for the selected waste disposal method.

— Safety Data Sheets (formerly known as “Material Safety Data Sheet [MSDS]”) of the component, if it
is available.

In the amine-based technologies, since the waste has typically the heating values within range of those
of lignite coals, firing it in the cement kiln or in the on-site pulverized coal power plant is a potential
disposal option. However, the addition of the waste to the cement kiln would require additional testing
to show that the kiln emissions would still comply with the applicable emission limits while using
the waste as fuel. A pulverized coal power plant co-firing the waste would be subject to Commercial
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and Industrial Solid Waste Incinerator regulation (CISWI), whereas when the waste is considered a
hazardous waste, then co-firing this material would be regulated as a hazardous waste combustor
under the hazardous waste regulations of 40 CFR Parts 260 through 270 or state equivalent (whichever
is more stringent) in the US. In EU co-firing any amount of reclaimer waste in the boiler furnace triggers
the Waste Incinerator Directive (WID) without minimum threshold of the co-fired waste amount and is
classified as waste incineration.[30]

For amine-based technologies, thermal reclaiming is the most robust solvent reclaiming method and the
torrexchange sotvent rectaimming ortheetecrodiatystssotvent rectaiming camr beapphicabledepending
on PCC technology. In the thermal reclaiming,[30] chemicals like alkalines such as NaOH maynbe used
to support the regeneration of the solvent, which should be handled with care, and some\3@diuni will
be found in the waste product in this case. Residues from the reclaiming process are mostly hartpless
sulfates produced by neutralization (e.g. Na2S04); however, in some cases, toxic degradation prodlucts
such as nitrosamines and nitramines described in 7.5.3.2 may occur, which should be handled [with
caution.[4Z] )

While amine and ammonia processes generally evaporate the solvent by Qse'/of steam utilizing the
generated vapour for stripping of CO3 in the stripper (desorber or regenerator) and disposing of the
remaining components, the AAS process uses crystallization to separét‘,e the NOyx and SOy from the
solvent. N’

In these applications, solid waste management will become more,iltrportant for the large-scale CCS plant.
Therefore it is favourable to list up the outline of the composmon.and properties of the reclaimed waste
product in the typical range. However, such information is Very difficult to gather in the public domain.

Other waste products, such as the filter elements of thé r:ﬁrtridge filter or the activated carbons |beds
in the absorbent line, which need man-hours for replacement, will need to be considered. In the ¢vent
where the dust content in the flue gas going intg\‘{l\qe COy absorber is relatively high, like coal-fired
flue gas, an automatic filter systems may be negéssary. The treatment method should be selectgd by
identifying the composition and amount of Waste.
.\\
7.3.3.2 Solvent streams \ g
The solvent is pumped around ina loop between the absorber and the desorber. In principle, thif is a
closed loop, but it is not contamed‘m a complete closed system. Solvent droplets and/or aerosols ¢ould
leave the system at the absorhésto the atmosphere or at the desorber to the CO2 compressor, depeniding
on the process and the demister performance, and have to be considered to minimize emissions anfd the
need for the solvent ref'ill.\“

S \Y/
Waste generated (précess effluent) varies from one CO; capture technology to another.

The following re examples of the composition of liquid waste generated when amine absorbdnt is
treated for, l;ageneration.

Examplg‘l\—' (B.5)

\1" CSIRO, process modelling for amine-based post combustion capture plant, P94
(ALY ’ a) Reclaimer discharge (Sample A)
- S04 4,8 %, NH3 1 700 ppmw, NO3 5 300 ppmw, absorbent content 46 %, pH 11,0

b) Reclaimer discharge (Sample B)
S04 15,5 %, NH3 1 100 ppmw, NO3 7 000 ppmw, absorbent content 33 %, pH 10,0

7.3.4 Waste (process) water streams

7.3.4.1 Waste (process) water sources

Water is generally produced when flue gas is cooled. Depending on upstream flue gas treatment, the
water collected could be used as make-up water for cooling tower and other use. There are different
waste water sources to be found in a PCC plant, water streams that have to be counted as separate
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streams, which could produce waste water to be discharged out of process as a result of condensation
and separation occurring at several process steps and related equipment. These include:

— flue gas cooling;
The flue gas cooler generates flue gas condensate that is affected by the composition of flue gas.

— (€O dehydration;

eclaiming;

epending on the PCC technology, the waste water as hazardous waste water resulting fromithe
bsorption/desorption process may contain traces of Volatile Organic Compounds (VOC) an.g has
o0 be treated accordingly. Treatment of this amount of water may be necessary. \2

thers. P

necepsary first step in the permitting process. )
S
7.3. Emission determination and calculation \\
':\i
7.3.3.1 Emissions into the atmosphere .
: N
7.3.3.1.1 Emission release D

irectly releasing the emissions ito the atmosphere from PCC plant (top of the CO2 absorber).
eheating to avoid immediate condénsatlon is an option.

eleasing the emissions using an existing stack, when the CO; absorber height is not high enough
o clear the environmentalquality standards in the flue gas temperature and the ground level
oncentration. In this cas *the stack material and the mixing effect with the untreated gas should
e checked due to the change in the treated gas properties.

These emissions codld Mclude a reuniting of captured CO; with the flue gas stream or there could be a
separate stack fot CO‘Z product discharge.

Addi 1on§l'equ1pment for flue gas treatment to ensure compliance with the emission regulations, e.g.
reduftion of NOy or SOx content or dust in the flue gas, is generally considered as part of the power

plant/industrial process. Any treatment of the benchmark fTue gas thatis required prior to introduction
of the flue gas in the PCC facility should be included in the scope of the PCC technology provider. In
special cases, e.g. revamp of existing plants, it may also be part of the PCC plant. In the PCC process, CO>
is abated through the CO; capture process after the flue gas from the boiler/process and is treated by
the aforementioned equipment.

For a GTCC power plant, there is also treatment with NOx removal equipment and occasionally CO
removal equipment. Both are catalyst systems not adding secondary pollutants to the flue gas except
for NH3z depending on the process used.
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As a result, the evaluation method of conventional emission in case of PCC plant addition is necessary,
taking into account the following positive PCC plant performance on the following flue gas contaminants:

— NOy, SOz, PM removal effect;

— NOgy is partly absorbed but NO is not absorbed (separate measurement to identify NO and NO, may
be necessary); SOz, SO3 absorbed;

— PM removal effect in flue gas cooler;

— NH3 in process (7.2.1, 7.2.2, 7.2.3) removal effect; N
NI
— reduction of CO flow rate according to the absorption rate as defined in 7.4.2; N
— concentrations to be measured as CCS in and CCS out in g/GJ and as CCS outlet, the m\ags flow legving
the absorber should be evaluated. Va\ng

Sy

Additional emission such as amine/amine degradation products (aldehyd& ammonia, etc.) are
discussed in 7.5. S

7.3.5.1.3 Emission regulations ~

In cases where there are no clearly defined emission regulatlan% for PM, SO and NOy leaving 4 CO;
capture plant, it is suggested to express pollutants in g/GJ (fu'e} input), due to additional fuel firpd. A
requirement may be set as the mass of pollutants in total is not higher than that of the entering flu¢ gas.

In addition, other substances related to CO3 capture pro?ess is regulated by the existing regulations,
such as VOC and ammonia, depending on the regionahd the technology.

oA
In order to obtain an operating license for a PCCﬁlant (as is generally required for such big plgnts),
an EIA permit is required. General requireménts following IFC General EHS guidelines as a minijum
requirement should be considered and chec with local EIA regulations.[Z3]

7.3.5.1.4 Methods of calculating the concentratlons of impurities

There have been methods devele ed for the conventional plants applicable to the measurements qf the
amounts and compositions of‘the flue gas, SOx, NOx and PM. These need to be adapted for the changed
flue gas streams (O-ref. conternt, etc.).

Issues may be encounterﬁd when measuring trace or impurity components that are unique to thg PCC
system. Research,is gurrently underway to develop simple and accurate measurement methods for
such substances.tifat are present as both gas and mist phase.[33][3€]

-
-,

7.3.6 Proc&qé by-products

'

Other.than pressurized CO2, which may improve the economy depending on the process, there car also
be th‘f ellowing by-products produced in the specific process.

,Exdmples of economically interesting by-products of some capture processes are (NH4)2S04 and K3SO4.

7.4 Evaluation procedure for capture performance

COy capture from flue gases emitted by fossil fuel power stations, which are large stationary sources,
is an effective means of reducing Greenhouse Gases (GHG). However, its economic viability is yet to
be established and efforts toward its market application are currently underway. It is noted that
mechanisms should be established to facilitate knowledge sharing from early CCS projects.

Based on this philosophy, among a number of project-specific Front End Engineering Design (FEED)
of large-scale CO; capture and compression plant completed in recent years, only a few are in the
public domain, including Longannet project of ScottishPower Ltd.[31] Kingsnorth project of E.ON
UKI31] and the Rotterdam Capture and Storage Demonstration Project (ROAD).[32] For FEED studies,
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overall capital cost estimation is supported by detailed engineering and provides sufficient accuracy
to permit an informed business decision. Caution needs to be exercised in applying these public studies
for a specific location and project. Considerable variability can be found in available plot space, utility
capacity, current ducting layout and operating objectives.

On the other hand, new regulations, such as Directive 2009/31/EC on the geological storage of carbon
dioxide, requires businesses of new large-scale coal-fired power plants (nominal electrical output of
300 MW or more) to conduct studles into presence or absence of appropriate storage site, technical

facility (retrofit). Moreover, this philosophy also supports compliance with the above requirement-i
ordef to build a new large-scale coal-fired power plant, since, for supercritical pulverized fuel (PF)
plant, the most developed capture retrofit options are post-combustion amine capture and o;QIPuel
combustion.[33] N\

Reflgcting this background, developing a standard for the performance evaluation met;hod of COy
captyire technologies could help to achieve the following goals of CO; capture technologles

NV
— facilitating an objective evaluation of the current state of progress for bettejSinderstanding and
gharing of public knowledge; N
‘..
— ¢ontributing to fair competition without hampering technological adyaticement;
q)
— promoting the development of widespread application. \“\\

A »

& »

e e . . )

7.4. Clarification of the evaluation basis \ <
I‘

In order to carry out a proper comparative evaluation, the eu@luatlon basis and the definition of major
perfgrmance values and the economic indexes should be ¢} rified, as the reported figures could be site-
or technology-specific and should therefore be normahZBd In addition, the estimating methodology
should be identified and applied uniformly across eag\h plant design.

It is fmportant to establish a common set of start;zi't\ld end points. To start, the flue gas properties such
as flow rate, temperature, pressure and the.commposition (such as H20, CO2, Oz, SOy, NOy, HCI and dust)
should be established. Quality of the treatedyflue gas stream and the CO; product stream should be
defirled. Finally, a common list of utilities such as steam, steam condensate, cooling water, power,
pressurized air, chemicals and 1ndustnlatgases should be established. Modifying the basis set of utilities
would need to be accommodated withih the scope of the CO; capture system.

4

In addition, the following performance parameters affect the economic index and should be clarified
before evaluation. S

A
® .

7.4.1 Basic perfor@cé
- \‘/
74.2.1 CO c:iq{tl.tre efficiency and total mass of CO2 captured

COy ‘apturg*éfaciency (nCOy) is defined as follows:

1CO5(CO2in - FCO20ut) /fCO2in x 100 1
where
fCO2in, out is the mass flow rate of CO; at CO; capture plant inlet and outlet (treated flue gas

emission side) [in Nm3/h].

fCO2in = Fin x CO2in/100 [Nm3/h] (2)

fCO20ut = Fin x (1-CO2in/100)/(1-CO20ut/100) - F x (1-CO2in/100) [Nm3/h] (3)
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NOTE Since the outlet gas flow rate changes according to the CO; removal rate and the inlet gas flow rate,
which is always constant, is based on and fCO2oyt = Fout X CO20ut is not applied.

where
Fin, out is the flue gas flow rate at CO; capture plant inlet and outlet (treated flue gas
emission side) [Nm3/h-dry];
COo. ictha COo r‘nnr‘anfrqfw\n intha F]n agnc At COs cantiira nlant inlat [ual drsl
To21mT otato o -tonctitatioi i tnTaw ooy T ooz Tapra S Pl e I e e v o 70Ty
CO20ut is the COz concentration in the flue gas at CO; capture plant outlet (treated flue gas
emission side) [vol%-dry]. Y
‘!
Total mass of CO, captured is defined as follows: N\’

— The total mass of CO; captured is measured by the flow meter installed ify ithe /product COg line

(before CO2 compression), corrected by the operating condition: (Wa). W’

= H
In the operational data evaluation case, it is also recommended to check the following calculations}

— Total mass of CO; captured calculated from the absorbent side by, the measurement of the dissplved
CO3 concentration (g/L) and the flow rate of absorption solvent (bo\h the lean and rich solution): (Wg);

— Total mass of CO; captured calculated from the flue gas sxde‘by the balance calculations from the
gas side in the above Formula (2) and Formula (3): (W¢) )

If the difference among the value calculated from (WA),"(:WB) and (Wc¢) is within the acceptable |evel,
the CO2 balance is maintained correctly. Online analyzers have also been developed for the analysis of
absorption solvent and it is possible to quickly per.fg’(\m the operation management.[34]

7.4.2.2 Properties of the captured CO2.at\C02 compression system outlet

N
7.4.2.2.1 CO3 purity N

In the chemical absorption proces,ses a CO3 concentration (on a dry volumetric basis) of 99 % or more
can be achieved.[35] O

-
“

.

7.4.2.2.2 Concentrations of CO2 impurities

The captured CO; cofitatiis moisture, oxygen and nitrogen as a by-product of the absorption/desorption
process. Quality 6£€07 and content of other elements (H20, N2, 02) has to be defined with regarfs to
transport and to-rage/usage requirements. Conditions required for the further processing of the CO;
have to be giv by the organization responsible for transport and storage. This includes CO; qality
inclusive of'r;hl/n able pressure content of other elements, e.g. H20, N2 and Oj. If the requirenjents
concerzfing the moisture and the oxygen concentrations from the transportation side and beyongl are
too stringent for the specifications to the COz capture and compression systems, it may be necessafry to
insta.l'} a dehydrator (moisture removal system) and/or an oxygen removal system.

.

7.4.2.2.3 CO2 compressor system outlet port pressure

Coordination with the CO; transportation side based on CO; transportation mode and the actual
specifications of the transportation is needed. Interface pressure and temperature of CO; capture
equipment with CO; compression system is recommended to be defined in the specifications of the CO2
compressor along with impacts on the evaluation of the power consumption of the CO2 compressor.

7.4.2.2.4 Others

Captured CO;y is the end product of the CO; capture and compression process and it is important to
have quality control measures in place. COz metering will be required in the system to measure plant
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performance, potentially as a means of demonstrating compliance with the requirement from the
transportation and sequestration side and environmental regulations, as a total.

7.4.3 Utility consumption

7.4.3.1 LP (-MP) steam

eam is extracted from water steam cycle depends on the local power plant operating Condltlons
ity is LP and MP is required for some cases ™N

0\’

The LP (-MP) steam required by the PCC plant can be extracted from the water-steam- cycle‘i«n *the
power plant. This requires modifications in the power plant steam cycle and results in a reduetion of
the power plant efficiency. In terms of power plant performance alone, it is favourable_toylower the
condjitions of the extracted steam as much as possible.[32] In the case that the powep plant is mature
and the modification is restricted, or there is a necessity to avoid any impact of powefplant operation,
an aglditional gas- or oil-fired boiler can be installed with the existing open cyclergas turbine being
modlfied with an HRSG to supply LP steam.[31] The water condensate of the PC(? is discharged in the
condensate system of the power plant.
\ .

7.4.3.2 Power consumption ,‘\q*

For rjotating machinery like pumps, blowers, compressors, electrie m‘gtérs and/or steam turbines using
MP tp HP steam can be used as the driver. When the steam turhine”drive is selected, the outlet steam
is uspd again as LP steam for PCC plant and its supply source n'e'e{ds to be considered. When an electric
motqr is used, a power generation penalty as an equivalent; tbsthe LP steam consumption in 7.4.3.1 may
be incurred, depending on its electrical consumption. In.a,gy case, the shaft power consumption varies
according to the model and efficiency of the compréssor applied and the COz product gas interface
presyure at CO2 capture unit outlet before CO2 compxésSion unit-inlet.

\
Amnjonia systems typically have higher regeneraﬂ@}l pressures than generic amine systems as the vapour
pressgure of the solvent with higher pressun€_heating steam for the reboilers, provides higher interface
pressure of the captured COz at CO2 capture unit outlet. As a result, the design and number of stages of the
compressor can vary significantly. In add{{}on a higher suction pressure reduces power demand.

Thergfore, a separate assessment offhe impact to the drive energy consumption needs to be performed
for CPD2 capture plant part and COgcompression part, respectively.

X

K2 \/
7.4.3.3 Cooling medium\(CW)

In the PCC plant, CW. is;uSed at several steps and its required amount depends on the capacity and the
efficlency of the pro€gss applied. Feed and the return outlet temperatures of CW should be made clear,
sincq it may affe%process performance. When once-through water cooling is not viable, evaporative
cooling towers\é ir coolers could be employed. If it is difficult to secure water, an air-cooling fan can
be applied.“For'the chilled ammonia process, a chilled water system is needed to supplement CW to
achigve the\deSIred absorption temperatures. This utility is typically supplied by a refrigeration system
usin ap‘hydrous ammonia as the refrigerant.

In either case, required power consumption used for providing CW or required chilled water should be
included in the total power consumption in 7.4.3.2.

Waste heat integration using steam cycle condensate as cooling medium in the PCC coolers result in a
reduction of the additional cooling duty associated with the PCC operation.

The steam extracted from the steam cycle for solvent regeneration reduces the cooling requirements
of the turbine condenser, therefore offsetting some of the increase in cooling utility required by the
PCC plant.
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7.4.3.4 Demineralized water

In the PCC process, demineralized water is required for dilution of solvent, of the form received from
production, to supplement and maintain on specification alkaline solution during operation as required

for the process

7.4.3.5 Absorbent/solvent and other chemicals

*

Different types of chemicals, Inctuding absorbents, caustic soda or other aikaline USe

for

desulfurization, sulfuric acid for ammonia neutralization, nitrogen, activated carbon andhyétjogen
used when necessary to de-oxidize, depending on the requirements of the process deployed haye to
be considered. Absorbents in particular have a major economic impact due to the large dmourfts in
which they are consumed in the case of a large-scale PCC plant. Therefore, it is necessary'to clarifly the
consumption amount, refill method, transporting method and to develop technologi€sto minimizg the

amount of consumption. o)

N
7.4.4 Operability (operational requirements) N\

o\
Since PCC plant requires consequential amounts of LP steam and electricify, it is necessary to opergte in
collaboration with the hosted power stations and/or utility supply,systems in order to achieve efficient

operation. The following are the general operational requirementé.‘,

A »

.

7.4.4.1 Load following (ramping speed) 3

While various scenarios of economical operations are p(5§§ible, a PCC plant should be able to handle the

capacity of the flue gas source (e.g. provided by the tiermal power plant) and ideally not impos¢

any

restrictions on it. Furthermore the PCC plant should'be able to adjust its operating load in accordance

. . . o .
with a maximum load ramp up rate required, suchas 5 %/min.

\\'{ »
7.4.4.2 Partial load operation SO

x

W
The requirements of the flue gas souteécould make it necessary for PCC plant to operate at partial

load

and the stable operation at the sp@cifiéd partial load should be satisfied, solving the issues of a lpwer
operating threshold such as a-iguid distribution balance within the system. It has to be considered

that flue gas composition maydiffer significantly in partial load operation, it is noted that thg

COy

concentration of the flue gas'ean change as the unit ramps up and down. In addition the NOy contgnt in

the gas turbines is alsq kndwn to vary.
X/ \/\
7.4.4.3 Availability’

The following i‘s{'z;'definition of availability in PCC plant, although there are different ways to exjpress
it. Since it/coheentrates on the operational reliability, the periodic maintenance period related tp the

maintair}abﬂity could be discussed separately.
Qy'aﬁability = (1-FOR) x 100 %

.

)
> FOH

Forced Outage Rate (FOR)= - =
Period of Operation Hour (POH)

where

FOH isthe number of hours a PCC plant is unable to treat the flue gas from the hosted power
plant due to the inability of PCC plant to operate;

(4)

(5)

POH s the total period of hours for a PCC plant with calendar date basis, excluding the periodic

maintenance period.
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7.4.5 Economic evaluation index

Utility consumption (LP steam and electricity consumption) has a major impact on the economic
performance of PCC plant and evaluated in subsequent subclauses.

7.4.5.1 Specific Energy Consumption (SEC) for PCC plant

SEC, which refers to the thermal energy consumption, is defined as:

t G t GJ
{(supplied steam flow |:—:| x steam enthalpy |:—:|j - (recovered steam condensate flow |:—:| x condensate enthalpy [—:D} N
GJ h t h t |
ol | )
t
2

o o } NN\
2 L)

captured o, amount|: \/

h

.

-

7.4.3.2 Specific power consumption (SPC) for CO2 capture and compression Q™

1

Specjfic power consumption (SPC) for CO; capture and compression is defined as: Q \%
D
§PC [kWh/tCO32] = (power consumption of PCC plant [kW])/captured CO; amp,unt [tCO2/h] (7)

»

NOTH Power consumption of PCC plant includes COz compression and relat\eq'utility facilities.
7.4.4.3 Electricity output penalty (EOP) x‘ 4
Electricity output penalty (EOP), as defined below, is the unitjoutput penalty by PCC technologies
independent of fuel composition.[39] \*

HOP = Efficiency penalty/fuel specific emissions o (8)

AW
where D
N\
EOP is the total netlgss'in plant output due to PCC plant, as indicated in
Formula l9| m kWh/tCOz,
Efficiency penalty is calcul;ited based on the extracted steam information, the heat balance

of the steam turbine and the auxiliary power consumption required for
PCGplant, in kWh/KWhp;

X/ \/

Fuel specific emissions\are calculated based only on the fuel information, as shown in

) Reference [40], Annex B, in tCO2/kWh,.

-
-,

1000 »V{ldss of gross power output (MW) + PCC plant power consumption (MW)]

. \‘~\" CO, captured amount (tCO, /h)
Therefore; k;s‘s'of steam turbine generator output by the steam extracted from a steam turbine and the
unit post o-fSteam should be assessed using the heat balance data of the steam turbine. In determining

the Yifit/cost of the steam for the purpose of conducting economic evaluation, the efficiency and
oper&mmle i 4 t Nicas)iza

The development of high-efficiency super-critical thermal power plant and GTCC plant, with very low
levels of pollutants like NOy, SOx and PM makes the installation of such capture plants much more
sustainable.[53]

EOP =

(9)

The unit cost of steam based on individual configuration would be needed to calculate the running cost.
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7.4.5.4 Levelized cost of electricity (LCOE)

To conduct a comprehensive economic evaluation including that of the investment cost, the Levelized
Cost of Electricity (LCOE), the cost of CO2 avoided and the costs of CO2 captured or removed need to be
considered. For details, see Reference [35]. The cost of CO; avoided is evaluated at full CCS chain; the
increase in utility consumption by the CCS installation, which produces additional CO; emission, is also
considered. Since various site-specific economic parameters, such as the investment cost, the owner’s
cost, the maintenance cost, the fuel cost, the discount rate and so on, are included in the evaluation of

o R . : d by
nces
y to

various organizations to estimate the cost of CCS systems for fossil fuel power plants. Such differ
are often not readily available in publicly reported CCS cost estimates.[38] Therefore, it is nécess
develop a standard for this. N\ v
\J
7.5 Safety issues W\
Yy

In general, facilities and equipment dedicated for the corresponding capture\tq;hnology are designed
and constructed in compliance with the existing and applicable internatjenal, regional and natjonal
standards such as ISO, OSHA, and ASME, and other specific company standa}ds. In addition, complignces
with the laws, regulations and requirements in the region or country where the plantis located prgvide
additional securities for safety. V'

The safety issues relating to PCC technologies vary according toih‘e capture processes and chenjicals
applied, which are listed in the IPCC Special Report on Carboh Dioxide Capture and Storage 2005,
Figure 3.2[14] and 7.2 and 7.3, in addition to general safety i§sies common to those technologies. $ome

of the leading examples are listed below. o,

) X

LR

7.5.1 Safety categories )

The safety categories for chemical subst fieék’ include toxicity (e.g. acute toxicity, accumulating
property, genetic toxicity and carcinogenicita{;}t explosibility and inflammability.[43]
N

x
N\ >

!

7.5.1.1 Toxicity

Ammonia and amine solutions can“cause injury through unprotected skin contact and inhalation. There
are well known protocols for, -tl_lé safe handling of these substances. In addition, it has been reported
that some of nitrosamines, which are produced when amines react with NO3, cause genetic toxic;rty or
probably carcinogenic toitimans.[49][50]

As Table 3 shows, CO’B/not toxic at low concentrations, but its toxicity increases as its concentration
rises. According/te Control of Substances Hazardous to Health under Health and Safety Execfitive
(COSHH HSE) ef<the UK, its occupational Long-Term Exposure Limit (LTEL) is 0,50 % at the Time-
Weighted Aer,a»ge (TWA) of 8 h, while the occupational Short-Term Exposure Limit (STEL) is 1)5 %,
at 15 minxTherefore, it is important to have safety measures in place to ensure that these limitp are
obser\‘/ed}vhen operating a CO2 capture system and handling captured CO>.[44]

s %
B
‘\. Table 3 — Exposure reactions to carbon dioxide
= )
J Concentrationinair |_.. .
(% V/V) LIITCU
1% Slight increase in breathing rate.

Breathing rate increases to 50 % above normal level.

0,
2% Prolonged exposure can cause headache and tiredness.

Breathing increases to twice the normal rate and becomes la-
3% boured. Weak narcotic effect, impaired hearing,
headache, increase in blood pressure and pulse rate.

NOTE See Reference [44].
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Table 3 (continued)

Concentration in air
Effect
(% v/v)
Breathing increases to approximately four times the normal rate,
4%-5% symptoms of intoxication become evident and slight choking may
be felt.
Characteristic sharp odour noticeable. Very laboured breathing,
5% —10% headache,; visuahimpairment and Tinging im the ears. judgernent
may be impaired, followed within minutes by loss of consciousness. a\
10 % - 15 % Within a fgw minutes’ exposure, dizziness, drowsiness, severe ¥ L\_,»
muscle twitching, unconsciousness. 2N\
-
o 0 Within one minute, loss of controlled and purposeful A
17 % - 30 % . . . ¢
activity, unconsciousness, convulsions, coma, death. q
NOTE See Reference [44]. \4

NV
N

7.5.1.2 Explosibility and inflammability A

"N

While aqueous solutions of ammonia and amines are not explosive or pyrop\h’oxi'c in nature, their pure
formlhas low boiling points and high auto-ignition temperatures. 9.4
) 4

The typical operating conditions found in a PCC are several hundred deél’\tees less than the auto-ignition
templerature. In handling these compounds, these factors should Bé’taken into consideration when
designing a COy capture system and setting up its operating-~eonditions. Such risks are reduced or
solvgd when aqueous solutions are used, since they are not inflammable as long as the concentration
levellis kept below a certain level. ) X

LR

N

~

7.5.1 Relevant equipment and manifestations 3

"M

The following equipment and their behaviourstaré believed to pose safety risks in the COy capture
syst¢m, in case of troubles. W\

7.5.4.1 Pre-scrubbers A

S)

Pre-§crubbers are safety equipment that reduce SO, gases to very low levels using alkaline (NaOH, etc.)
when necessary. The equipment should be handled carefully as it uses strong alkaline. In addition, due
to the heavy metals, such as mefrgury, collected from flue gas at the same time, waste water treatment
should comply with the locabwaste water effluent standards of the considered country and region.

A
»

®

7.5.2.2 Absorber «Cs~
N\

Depdnding on thé ﬁg\ﬂre of the absorbent used, a very small portion of absorbents or its components
are gmitted witli{He flue gas in the form of gas and/or mist from the absorber. Large portions of the
mistjcan be removed using a demister installed inside the absorber or the water scrubber. Recently the
presence/0£503-induced aerosols with sub-micron dimensions has been shown to result in increased
emis ion§ of amines from the absorber.[42] There has been developed a countermeasure to reduce or
avoid amine emission caused by SO3 mist.[46]

In addition, it has been reported that the oxidative degradation of amines by oxygen in the flue gas cause
the formation and accumulation of ammonia, aldehydes amines and their polymerized materials, and
acid (formic acid and oxalic acid) within the absorbents, and some of these are emitted with the flue gas
from the top of the absorber. Furthermore, amines and their degradation products in the absorbents
react with NO; to produce nitramines and nitrosamines, which can be removed by the water scrubber
and accumulate in the absorbents. Some reports claim that traces of the nitrosamine and nitramine are
emitted with the flue gas from the absorber outlet.[47]
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For an ammonia-based system, solvent degradation has not been experienced. Ammonia, in equilibrium
with the treated flue gas, leaves the absorbers and is captured in an ammonia wash and neutralized
with sulfuric acid in a direct contact heater prior to atmospheric discharge.

7.5.2.3 Water scrubber

The water scrubber is installed if required depending on the absorbent used to remove gases and mists,
such as ammonia and amines, using water or acid to reduce and/or recover the emissions of these
substances.|4/]

\

N

7.5.2.4 Regenerator =)
P\
The high temperature inside the regenerator causes thermal decomposition produets”to formy and
accumulate in the absorbent. When the absorbent is routed back to the absorber and{comes into coptact
with the flue gas, portions of the thermal decomposition products may be releasedifto the atmosphere
through the absorber outlet together with the flue gas. They may also mix {a%yith the captured|CO.

Solvent degradation has not been experienced in ammonia processes. N

7.5.2.5 Reclaimer \‘..
Please refer to 7.3.3.1. AN
7.5.2.6 Waste water treatment systems :» !

Waste water produced by CO; capture systems is subj&'E;to the waste water effluent regulations and

treatment requirements applicable to the Chemicgl\production/power plants in each country and

region. Normally there is no waste water from G@g¥bsorber, if the acid wash is not applied. Amnjonia

systems are generally water neutral with residtral water injected in the by-product system.
N

7.5.2.7 By-product systems ~\\

Ammonia systems produce an ammomum sulfate solution by contacting residual ammonia in flug gas

with sulfuric acid. A
QP

7.5.2.8 CO2 compressor Systems

Using the CO2 compressdr; the CO, gas captured from the flue gas is compressed in several stages up
to the prescribed préssufe. The compressor is equipped with knock out vessels, heat exchangers|such
as an intercooler/and.d mist separator. The number and size of this equipment mainly depends oh the
suction pressurs:., g

The completéc’ompressor unit is often installed in an enclosure as a noise-control measure, and in
some case\g‘a 'liquefier is also installed. Large amounts of highly concentrated CO> are released oulside
the syssem during normal operational shutdowns as well as emergency shutdowns. It is essential that
COszJ.e released into the atmosphere from a safe location in such cases. In addition, personnel spfety
should be ensured in the event of CO3 emissions at high concentrations due to mechanical malfuncfions
“op'other incidents. In particular, countermeasures need to be established in case high-pressure O is

1 ] 4elo £ : R | 1
ITITASTU, d5 UIIS TTIdy LAUST ITTTLIITS d1IU UTULRAET.

7.5.2.9 Pipes, solvent storage tanks, etc.

The pipes and solvent storage tanks in CO, capture systems are subject to the regulations and treatment
requirements applicable to the chemical production plants in each country and region.
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7.5.3 Chemical substances and their behaviours

Chemical substances and their behaviours that should be subject to safety consideration are discussed
below. Although Table 4 is not an exhaustive list, it compiles a list of substances and their CAS
numbersl48] that are studied mainly in amine-based PCC plants.

46

Table 4 — Compounds that may be present in emissions from a PCC unit with amines

Class Compoumnds= CAS Numbers
PCC solvents Monoethanolamine (MEA) 141-43-5
Diethanolamine (DEA) 111-42-2 L)) o
2-Amino-2-methyl-1-propanol (AMP) 124-68-5 \;'\
Piperazine 110-85-0 N
N-Methyldiethanolamine (MDEA) 105-59-9 e
Amines Ammonia 7664-41-7 '\ '.v
Ethylamine 75-04-74 QS
Methylamine 74-89,-.5:\0 )
Dimethylamine 124%40-3
Diethylamine -569-89-7
N-Methylethylamine H624-78-2
1-Propanamine 2" 107-10-8
1,2-Ethanediamine \'.:\ 107-15-3
Amides Formamide ;\\ 75-12-7
Acetamide b 60-35-5
N-(2-Hydroxyethyl) fortafiide 693-06-1
N-(2-Hydroxyethyl}-acetamide 142-26-7
N-Methylformamidg' 123-39-7
Aldehydes Formaldehyde & 50-00-0
Acetaldehxd“e 75-07-0
2-Amindacetaldehyde 6542-88-7
Hydroxyacetaldehyde 141-46-8
Alcohols 'EJ}hanol 64-17-5
1,2-Ethanediol 107-21-1
Acids o AN Formic acid 64-18-6
: \.> Acetic acid 64-19-7
Q) Propanoic acid 79-09-4
. \“\ Butanoic acid 107-92-6
B Glycolic acid 79-14-1
¥’ |Nitrosamines N-Nitrosodimethylamine (NDMA) 62-75-9
N-Nitrosodiethylamine (NDEA) 55-18-5
N-Nitrosomorpholine (NMor) 59-89-2
N-Nitrosopiperidine (NPip) 100-75-4
N-Nitrosodiethanolamine (NDELA) 1116-54-7
N-Nitrosopiperazine (NPz) 5632-47-3
1,4-Dinitrosopiperazine 140-79-4
a  The list is comprehensive based on literature information and possibilities of more
compounds could not be ignored. This list does not contain compounds produced as a result
of degradation in the atmosphere.
NOTE See Reference [48].
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7.5.3.1 Chemical substances

As discussed in 7.5.2.2, some volatile substances contained in the absorbents may be released into the
atmosphere together with the flue gas in the form of gas or mist particles, and as a result may mix with
captured CO3. The same applies to the additives in absorbents (e.g. antioxidants).

7.5.3.2 Degradation products

C U U [ ald .0.4.0, 1IN0 O [ UD dl OW [1 VOId [ [Y the
reclaimer as residues. However, highly volatile substances may be emitted into the atmosphere|with
flue gas as gas or mist, and may mix with captured CO3. N\

e
>\
7.5.3.3 Heat stable salts N/

Heat stable salts generally have a low vapour pressure and are less prone to uaf)@lirization. Mdst of
them are emitted from the reclaimer as residues. N,
O,

7.5.3.4 Nitrosamines \.‘ v
Some nitrosamines cause acute toxicity, genetic toxicity, and/or prgbable carcinogenicity. Among
those nitrosamines that may be produced in CO; capture systerg&']y-nitrosodimethylamine (NDMA) is
categorized as “probably carcinogenic to humans” accordingg-the International Agency for Resgarch
on Cancer (IARC). NDMA is categorized high class probable éartinogenicity and there is abundarnjce of
data available on cases involving acute toxicity, genetic toxicity and/or probable carcinogenicity. There
are many types of nitrosamines that may be produced’in* CO; capture systems. Not all of them [have
the potential of causing acute toxicity, genetic toxigityand/or probable carcinogenicity. If data arg not
available on a certain species regarding its toxicity@‘should be handled with the assumption that it has

the toxicity equivalent to NDMA.[49] "

Table 5 and Table 6 show the allowable ath\ésf)heric concentrations of NDMA established by various
organizations, assuming that there is an ipCrease of the cancer rate of one person (patient) per 109 000
to 1 million after lifetime exposure (i-e; daily dose is taken or inhaled for approximately 70 years).[49]

!

Table 5 — Concentrations of NPMA in air, recalculated from the dose descriptors TDLy and|T25
AN by NIPH (in italics)[49]

.

ﬁak’lmt WHO® Canada®  USEPA®  CalEPA®®  NIPH’
DL, (rat) N TDLos TOLos TOL1o Tss
pg'kg bw/da 18 18 32 150
Intake® (54
10* 0.00036 0.00036 0.00032 0.0006
eniration 10° 0.00313  0.00313  0.0007 0.00278 0.0052
10°® 0.000313  0.000313  0.00007 0.000278 0.00052

Nix
\v Baszed on References [243] and [244].

3. ' Public Health goal. This is not an official guideline value. For US, the official guideline values are
> given by the EPA.

=
4 NIPH has recalculated the air concentration from the drinking waterdata in Beferences [243] and [244]
aceording to REACH guidance document B8 (initalics), The US EPA air values are from their documents,
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Table 6 — Human cancer risk estimate of NDMA in drinking water(49]

Health™®
Risk level WHO? Canada Us EPA’ CalEPA™*
Drinking water (pg/l) 10 0.1 0.04 0.007
10® 0.004 0.0007 0.003
[ Dased on RElETenCes (273 and (25
5 The document is only a draft.
¢ Public Health goal. This is not an official value. For US, the official risk estimates are given by the EPA. ’\
7.5.3.5 Nitramines \

Very|little data are available regarding the risks of acute toxicity, genetic toxicity, and/or eak¢inogenicity
and the extent of the risks remain unclear. Data collection will be one of the major goals going forward
in the future. Presently, the toxic assessment identical to that of nitrosamines may\be conducted in
somé cases, to be considered a conservative risk estimate.[49] < A=Y

. V

7.5.3.6 Acid gases (SOx, NOy, CO2) included in flue gases, heavy metals«(n'ﬁercury, etc.)

The flue gases and particulates emitted from thermal power stations\'a}e‘treated in compliance with
the fegulations of each country and region.[48] Specifically, acid,gases and particles are reduced to
the fegulations or below by NOy removal equipment, flue gas destlfurization equipment, and dust
collerting equipment. Preferably, this treatment should take pidce on the emitted side (power plant
or industrial process). When these devices are not installed; 1gh concentrations of NOy and SOy enter
into the COy capture system. While a large portion of SOXmay be removed by the pre-scrubber, most
of NQyx remains and is at risk of entering into the system‘from ducts or other components. For amine
syst¢ms, as mentioned in 7.5.3.4 and 7.5.3.5 above, g\e\n@frally NO3 can react with the solvent and lead to

\

RN
A

behayviour should be closely monitored in the future.

~
7.5.34.7 High-concentratib\n\coz

The foncentrations of: COZ captured from the regenerator may be 99 % or above once moisture is
remqved and there ¢ \isks ofleakage from pipes while it is being routed to the compressor. When large
amoyints of high-cgncentratlon CO;y are to be released outside the system during normal operational
shut]iowns orlemergency shutdowns, diffusion simulations may be necessary in some cases for safety
reasgns. o)

\.\

7.5.3 .8-‘\Anhydrous ammonia

Anhydrous ammonia supplies replacement solvent and is a refrigerant in ammonia-based PCC plants.
Anhydrous ammonia is a hazardous material but a widely available chemical with well-known
methodology for design and handling. This chemical is commonly found in power plants for use in
Selective Catalytic Reduction (SCR) units.

7.5.3.9 Sulfuric acid
Sulfuric acid is used to neutralize residual ammonia solvent in ammonia-based PCC plants. Sulfuric acid

is a hazardous material but widely available chemical with well-known methodology for design and
handling. This chemical is commonly found in power plants for use in water treatment.
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7.5.4 Environmental Impact Assessment (EIA)

To install a PCC system in a fossil-fired power plant or another industrial plant, under requirements
of local regulations and standards, an EIA should be conducted to obtain construction and operation
permits.

This assessment is necessary to evaluate the extent of direct emissions of solvent and solvent
degradation products from the PCC system, as well as toxic substances generated in the atmosphere by

T T e e oo OTy Tt oo reo oo g raaa cro o T oS TrotoCtIICIrIrecor rcoactrooT

While nitrosamines are prone to decomposition through chemical reactions in the atmﬁsphere,
nitramines are considered to be relatively stable. Europe is leading the way in the devblb'ﬁment of
EIA for amine emissions. For example, the Cambridge Environmental Research Centet,(CERC),|NVE
Corporation, and Commonwealth Scientific and Industrial Research Organization [CSJRb)’have reldased

exposure assessment models that take reaction rate into consideration. P\
1

While standards such as those in Table 5 and Table 6 are available, currentlyjspecific data used for the
evaluation criteria of nitrosamines and nitramines have not yet been estixhlished. In particular,|very
little data has been established with respect to nitramines. o

()

Therefore, early establishment of EIA methods for amine emisgi $1s desirable. In regard t¢ the
emission regulations, it should be stated that the emission levélsileaving the PCC plant are of great
interest, as the overall environmental impact of the PCC plahf®ill form a key point in future plant

acceptance. x‘ .

Higher abatement of pollutants in combination with MOFE fu'el input to produce utilities for PCC plant

are leading to higher emission levels per output (kg/k,kg/kWh), which need to be identified in detail.

As a consequence, the relevant emission regulation{need to be updated in that respect.
SN

For an appropriate consideration of process{plant efficiency, it is recommended to change emigsion
limit definitions from concentration-relatedifigures to efficiency-related figures (from mg/Nm3 to
g/KJfuel or g/kWhel). .:‘\

x

v

Emission/Effluent limits for liquid ar}d\ gaseous substances resulting from the solvent used in the
absorption/desorption process hg‘ve\to be evaluated and defined, e.g. amines, NH3, nitramined and
nitrosamines. Based on the attpal lack of commercial PCC plants with long-term and continuous
operation license, an establishiééd’set of requirements for such plants is not yet available.

The following topics shouldl be also considered in the design, with regards to environmental impacts,
based on similar planthandling similar chemicals.

— Solvent leakqgeg/;pillages during the transport chain to/from the PCC plant and in the plant dyring
operation \Aqt’h regards to soil and water

% . /
— Possible kakage/emission of other substances used in the process, e.g. chemical substance usged in
the’flite’gas scrubbers
N\
— A-x?lbient conditions, e.g. earthquakes, wind, rain, flooding

.

) !
=
"7.5.5 Preventive measures

A variety of measures have been introduced to the capture processes to maintain the safety of PCC
systems. Examples of the technologies used are dicussed in subsequent subclauses.

7.5.5.1 Washer

Atmospheric emissions may be reduced by removing and capturing gaseous amines and their
decomposition products if applicable based on the used capture process. Using multiple process stages,
as well as acid, is effective for improving the efficiency of removal process.[48] However, when their
concentrations in the cleaning water increase, the water is routed back into the system. Therefore, it
is necessary to treat decomposition products other than amines separately. Main processes are shown
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below (Figure 13 and Figure 14). In ammonia-based PCC systems, similar equipment is integrated into

the overall design.
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See Reference [48].

Figure 13 — Flow scheme sh
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two stages of washing on the top of absorber
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21 liquid distributor

22 collector plate
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NOTE 1

NOTE2  See Reference [48].
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liquid collector line to acid wash tank

acid wash tank

pump

optional heat exchanger (heater or cooler)
acid makeup line

acid wash bleed line

amine reclaimer

non-volatile and solid waste discharge
condensing steam

reclaimed steam and amine exit

alkaline solution feed line

line to run reclaimer in batch mode
demister

fractionation column

ammonia disposal line

amine and water exit to the main solvent loo

Acid is added at the last washing stage to realize acid wash.

Figure 14 — Modified absorption column with acid wash
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7.5.5.2 Demister

The demister is effective for removing mists containing solvent and its degradation products. Examples
of its structure are shown in Figure 15. The demister is installed above the absorber and (if applicable)
the washer as well as the regenerator.[48] The demister is available in different geometrical designs.
Mesh type mist eliminators are also used where applicable.

L NANNNNN /0
7 NN

N\
7

(a) (b) (c) Y @

NOTH See Reference [48].

\ @YY

S,
Figure 15 — Vane type dg‘lhiéter

-
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7.5.3.3 Adsorption 3

-
"M

Gasep containing amines and decomposition progdiicts are passed through a solid adsorbent layer of
solid| material to adsorb amines and prevent’them from leaking outside the system. However, further
deve]opment of adsorbents is needed.[48] Forammonia systems, residual ammonia is neutralized with
sulfyric acid. |

7.5.3.4 Ventilation A

Wheh a CO; capture system (og pafrt of it) is installed indoors, various safety measures are implemented
for pptential leakage of absdrbents and CO; from pipes and tanks. For example, such measures include
instdllation of a ventilate®~\"

7.6 | Reliability, Wu}s

7.6.1 Need.ﬁfr reliability assessment

Considerir@?he urgency of deployment of CCS as a greenhouse gas mitigation technology,[51] it is noted

that there is a need to shift into a higher gear in developing large-scale CCS into a true energy option.[53]

a) The practical technologies for separating CO, from the flue gases at a power station, as well as
those technologies for compressing CO; into a liquid-like state (dense phase) for transport and
storage with operating experience of a certain scale in similar gas treatment experience, are ready
for scale-up.[53]

b) Technical maturity of CO; capture technologies to-date varies from demonstration phase and
pilot phase to lab or concept level. Some are used for similar gas treatment processes with small-
to-medium commercial systems, as no large-scale commercial plant for flue gas treatment is in
operation yet. However, Saskpower Boundary Dam Integrated CCS project (1 million tonnes per
year of CO2) from 139 MW net, lignite-fired power station for capture and sales is at the operational
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stagel54] and the large post combustion CO; capture system of KM CDR Process3), which has a CO>
capture capacity of 4 776 tonnes per day from the coal-fired boiler for the enhanced oil recovery
project in Texas, U.S.A, is in EPC stage and will start operation in 2016.[55]

c) The CCS system is still very costly and is yet to be economically viable. Therefore, the construction
of a large-scale system is, at the current time, only economically feasible by the support of multiple
funding sources. For example, the production cost of coal-fired power generation may be increased
by 40 % ~ 63 %, to around 100 USD per megawatt hour (MWh) for commercial plants, by the

*

auuuluu Ul LUZ Ldpl,ul C LCLllllUlUg_y I."“’J

d) Efforts to improve and develop the CCS performance and decrease economic impact are c\r ently

under way and have the possibility of modifying the process. \~ Ve

Typically, rapid development can come with sustained technical problems, causm\g‘for example,
substantial reliability and maintenance issues, which would take some time to resolve [53]

While impact in small plants may be limited, large-scale CCS plants (3 000 TRD%>'S 000 TPD) bas¢d on
amine technology have been discussed and may encounter major problem§'*such as absorbent leakage
caused by corrosion resulting in escalating cost to purchase replacemepnt‘absorbent and the disposal
of absorbent residues.[36] In case of ammonia as a commodity chemical, it is less costly to replace.
However, such issues can be solved through R&D, long time comméreial experiences of the middle size
units and long-term demonstration test result of the middle smq’unlt As a result, the impact op the
budget cannot be ignored. €

-
.

Reliability plays a key role in the cost-effectiveness of systems Therefore, achieving high plant
availability is vital to keep costs competitive.[58] Full:stZe plants are so large and expensive that an
owner acting in a commercial environment cannot to}e\rate any technical failure.[31]

Since operational reliability is largely the outcomﬁ;‘s\C reliability in design (maturity in technology), it is
recommended that reliability in design assessmient and review be performed as early as possiblg, for

instance, when the technology is selected. [51\]\
N
7.6.2 Operational reliability »

.
Reliability is defined as “the abilityof an item to perform a required function, under given environmgntal
and operational conditions and ﬁor a stated period of time” (ISO 8402), plant availability is the most
commonly used reliability pafameter.

a) Reliability is generally measured as Mean Time Between Failures (MTBF), which shows|how
frequently dowrntimé occurs.

MTBF = Totg-'l,ope;rating hours/number of failures
\ 4

b) Maintaiapility is generally measured as The Mean Time to Repair (MTTR), which shows|how
quiclf{géquipment can be made available after failure.

) A\;e}lability has relationships with reliability and maintenance and is generally express¢d in
Formula (10).

.

).
*Y Operational availability = MTBF/(MTBF + MDT) (10)

Where Mean Downtime (MDT) includes MTTR and all other time involved with downtime, such as
periodical maintenance as preventive inspection and corrective maintenance, including logistical delays.

Reliability needs to be evaluated and improved related to both availability and the cost of ownership
due to the cost of spare parts, maintenance man-hours, transport costs, storage cost and part obsolete
risks, etc. There is often a trade-off between the two. Achieving optimal performance would be

3) KM CDR Process is given for the convenience of users of this document and does not constitute an endorsement
by ISO of this process.
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challenging for premature technologies and it only becomes possible through technology optimization
and maturity.

However, plant availability is often utilized as the same meaning as the reliability as shown in 7.4.4.
Operation requirement, as the consequences for the downtime for a PCC plant might be minimal
compared to a process that is fully integrated with the power plant, such as in a pre-combustion
process, an oxyfuel combustion process[>1] or the host power plant itself and fulfilment of the design
performance is the main interest.

7.6.3 Reliability evaluation methods N
S
Varigus quantification methods have been proposed to evaluate and improve the reliability of-designs.
[21] Here, “quantification” is defined as “the process of providing the evidence that the technology will
function within specific limits or operating regime with an acceptable level of confidence’xTo“conduct
this pssessment, it is necessary to gain a high level of understanding and knowledgesfeégarding the
procgsses and equipment. System designs should be examined from the perspective(of-reliability in
ordef to satisfy with minimum requirements, as large-scale PCC commercial systém's/ do not have a
suffifient track record it is not easy to establish fault scenarios attributed to the'PCC'processes.

% |
Varigus assessment methods, including Reliability and Maintenance (RAM) studlies, are being proposed.
Howgver, not enough data are available to conduct a RAM study. Therefare,;'based on the assumption
that the PCC system is a collection of equipment with a proven trackor}zc‘brd, the assessment will be
conducted based on the data on mechanical and electrical malfunctionscompiled from the experiences
faced in general chemical and environmental plants such as OREDA[32] In this circumstance, the debate
often) relates to the availability of redundant equipment.[51] Aslasesult of this, critical equipment, with

lack |of redundancy, plays an essential role in process reliz\b‘ﬂit'y since its failure results in a major
econpmic failure of processes production margin for the awser. This in turn is due to the high cost and

the ljmited availability of very reliable equipment for inst&dation of redundant equipment.[20]

The basic data will be based on manufacturers’ reseitch and development efforts, pilot demonstrations
and |operating experiences. To understand ,otSubstantially improve reliability, availability and
mairftainability, it is preferable to be able to aceess precise, dependable data that document the factors
that flecrease reliability and availability in large-scale commercial plants. Currently, there are no formal
mechanisms for acquiring this without digect contact with the technology supplier.

\ Y
7.6.4 Parameters of reliability <"

4

7.6.4.1 R&D results and théir'operating experience on PCC plant

R&D(results and operating experience are important parameters of a reliability assessment. Examples
of mjd-scale PC-fired“ele€etric power plants with a PCC process include MC Global Soda Ash Plant in
the Pnited States.a wo other plants. One of the most well-known commercial PCC facilities was
the Bellinghamfagility in Massachusetts, US, however this facility terminated operations as of 2005.
Similarly, a plafit-of Sumitomo Chemical Co., Ltd. and one other plant are listed as natural gas-fired
facilities Wi\t‘}‘l\B C processes.[29]

One pf/the examples of PCC from natural gas reforming flue gas is the KM CDR Process developed by The
Kandai’Electric Power Co., Inc./Mitsubishi Heavy Industries, Ltd. Eleven mid-scale (around 450 TPD)

plants using this process have been constructed and are currently in operation.[60]

The very first fully operating anthropogenic CO; CCS plant was a 300 TPD chilled ammonia facility
installed at the AEP Mountaineer power station and operated successfully for 8 000 h while injecting
CO2 in two underground formations.[29] Another example of PC-fired power plants with PCC process
is the 500 PD CO7 Capture and Sequestration Demonstration Plant which applied KM CDR Process, as
SECARB anthropogenic test with dedicated CO; pipeline and injection and monitoring systems has
achieved 100 000 tonnes injected (as of 29 October 2013) to understand the integration of capture plant
and injection field.[61] This plant is currently (2014) in operation at Alabama Power’s Plant Barry.[62]
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Up to this point, all amine-based PCC processes have been based on the monoethanolamine (MEA)
process, with the exception of KM CDR Process which involves the use of other amines, not only MEA
and reduces steam consumption, circulation rates and the consumption of chemicals in comparison
with MEA-based processes.[63]

7.6.4.2 Scale-up

For significant cost reductions in CCS, the capacity should be increased in order to achieve economies
of scale.l23] Any scale-up plans will require a steep learning curve. Therefore, to achieve large-lfcale

applications of CCS, securing reliability is essential and appropriate criteria should be established
in order to satisfy its evaluation. It is important to acknowledge that key component technelogies of
complete PCC plant have been deployed at scales large enough to meaningfully infor{p; 1scuspions
about CCS deployment on large commercial fossil-fired power plants.[63] N/

.

a) Facilities that capture and separate CO; from high-pressure gas for natural g@s'processing indlude;
Salah Natural Gas Production Facility (Algeria), Sleipner West Field (Netrth Sea, Norway) and
Snohvit LNG Project (Barents Sea, Norway). All of which have large—capa‘cit'fl facilities produding a
few thousand tonnes of CO per day. The CO7 capture process has a}sd beéen applied to large-scale
fertilizer plants. The process technologies used to capture CO; have’had a good track record in
the gas processing, chemical and petroleum industries for mogexthan 50 years.[64] The regenefator
designs of above application are virtually identical to the PCC\pl'ant.

b) In contrast, PCC process targeting the flue gas requires;tf‘éatment of a large amount of gas flose
to atmospheric pressure. Flue Gas Desulfurization (FGD)is performed in many large-scale plants
currently in operation. This is particularly common{with the packing layer inside the absorberfwith
the application of scale prevention technologies@n@s most similar to PCC in that it treats a|very
large amount of gas at atmospheric pressure{6ZkIh general, the critical aspects of scale-up relate
to the impact of surface/volume and height/dim}leter ratios on flow patterns, gas/liquid dispefsion

-

and heat transfer.[51] oy

¢) In addition, large-scale heat exchafigets and pressure vessels have been deployed at geeral
chemical plants and their perfofmdhce reliability has been confirmed. CO; compressorg are
installed downstream of naturalg@s processing facilities, mentioned above, and are also deployed
on a large-scale basis in amndgnia plants and a coal gasification plant.[65]66]

Y
Since there are no commer¢gial*CCS plants yet, the integrated function of large-scale comporents
in the manner required forslarge-scale CO; reduction has no references. Nevertheless, conimon
scale-up experiences ipdifate that large-scale PCC plants can be designed, built and operated inh the
required manner. e

A
® .

7.6.4.3 Parameters relating to flue gas composition and process design

Although 'ghé\fpital cost reductions, solvent degradation, solvent volatility and other such parampgters
are secop‘eLar’y to the prime issue of reduction in parasitic load on the host power plant imposed by the
PCC _progess itself,[68] the control of degradation and corrosion has in fact been an important agpect
in th&‘development of absorption processes over the past few decades.[56] Some degradationd and
corrosion are attributed to the processes themselves and are hard to distinguish, presenting issugs for
'a{fvancing large-scale deployment. The following are the main issues commonly reported.

7.6.4.3.1 Information required for reliability assessment
a) Foaming

Foaming in solvent systems may cause system malfunctions by the generation of flooding that
leads to an off spec product, lost production and solvent losses. Therefore, a better management
system of solvent properties is necessary.
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b) Prevention of corrosion of materials and degradation of solvents

Better management of corrosion issues for PCC technologies to reduce solvent degradation and to
optimize absorber feed gas composition, which reduces concentration of nitrogen oxide and sulfur
dioxide in flue gas as much as possible, is required as with item d) below.[69]

c¢) Foulingin the process equipment

Efficiency decreases due to fouling of heat exchangers, etc. Filters and other counter-measures may

be required to address soot in absorbents.
\
d) Impurities in the flue gas \; \L\_J
P\
A wide variety of impurities contained in the flue gas, especially from coal-fired plants, mag’affect
reliability and the cost of the PCC process depending on their concentrations and“types. Some
fmpurities require a long-term assessment for their impact. For this reason, a long-tefi operability
dnd reliability test is useful to demonstrate the efficiency of the process and~ to confirm the
¢ffectiveness of the countermeasures which are commercially viable. SN
A

7.6.4.3.2 Operability (load following operation) NV

L
.

Somg¢ reports show that control (operability) issues may have a significapiimpact on reliability on this
kind|of plant and particular attention need to be paid to the load folloting performance of the plant.

COy [capture systems, hosted by other non-power plant, are generally based on a constant load
operption and the optimum load values proposed for economlcfmrformance However, PCC plants will
need| to be able to withstand load changes on demand and éperate flexibly following the variability of
electricity demandI[Z0] and to fulfil the electric grid rehab{ky requirements([Z1] due to the prime issue
of copsiderable parasitic load on the host power plant.inipesed by the PCC process itself.[68] Therefore,
it is pecessary to validate the control system logic,and’'reliability to ensure load shiftinglZ2] so as to
prevent the CO, capture system from having a nega{l e impact on the power plant.
N

7.6.4.3.3 Information required for reliabili\yvassessment
.

Whille many bench-scale and pilot-scalé\tésts have been performed, it is difficult to expect technology
supplliers to disclose information ,on {helr technologies. Then, dedicated R&D efforts supported
by gpvernments and industry, shar‘mg of experiential learning and research efforts can facilitate
imprjovements in reliability.[53] However, since no large-scale commercial systems are available at
present, it is necessary to spec1f)r data that will be used as the basis of reliability evaluation, examples
listedl below. X

a) (lear record of operating conditions and performance including the flue gas source, presence of
impurities, ope'eri g duration and processes deployed.

b) (learly idenﬁﬁ‘éd troubles, its causes and countermeasures, such as any additional equipment
needed Leymaintain the solution quality as a result of the formation of degradation products,
( orrosrqn products and at the presence of particles [56] to avoid operational problems.

) ata‘on long -term operation including the operational load, the operatlonal conditions and the

leadfoHowingperformancePueto-thelackof experience-on—<€oa ed-Huegasonacommereta

scale, the operational data collected during this demonstration project can be utilized to design
and develop the process on a full scale.[62]

d) Performance and reliability of CO2 compressor system.
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7.7 Management system

7.7.1 Management system between capture plant and emission source

For each PCC, an Environmental Health and Safety (EHS) aspect identification and evaluation is
recommended to be prepared. EHS document management is pursuant to ISO 9000 and many of
those system components comply with international management system requirements such as
ISO 14001 and OHSAS 18001 or regional emission regulations (air pollution prevention, water pollution

*

prevention, waste treatment, etc.). Key elements of EHS Management system (EHSMS) are the “check”
of performance; furthermore, at the same time it is preferred to meet ISO 14000, OHSAS 18000%n( the
corresponding sustainability specifications/standards. For all the EHS aspects, the legal regpii*e

risks and operational mitigation measures have to be considered. For all EHS aspects, miogitoring |

need to be developed. Records also need to be kept. ¢ N
The following are examples for key elements of EHS management system. o
— EHS aspects R W
— Environmental aspects: ( N ‘ |
— Accidents/incidents with environmental impacts N\ 2

R e
— For all systems possible accidents to be identified />
X .
— Special focus on compressor system (gas leak)\{}
~N

Consumption of energy — primary/secondarx‘énérgy

— Inventory of energy consumption to~b§»\established (if possible energy management
applied) Ny

— Insulation to be optimized \

RN

<X

Consumption of resources

!

— Optimization of fuel i'r‘iput (plant efficiency)
— Consumption of aBst;rbents to be minimized
— Optimizing cq‘hsumables

— Optirr'liz'e;i\layout

Usage o\f:wéter (fresh/waste water)

% /. . - .
=< b‘ptlmlzmg cooling water demand

— \‘Use of land

N

\.\

.

)

-3

— Optimization of plant footprint

Disposal/waste management

ents,
blans

to be

— Optimization of absorbent usage
Emissions to air

— Amines and resulting reaction products
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— Reduction of pollutants NOy, SOy, PM, NH3
— Hazardous waste disposal

— Sludge from reclaimer, discharged absorbent
— Noise emissions

— Noise concept

+ Soil contamination

— Delivery and storage of chemicals

— Leaks scenario (
— Spills from accidents (water from firefighting, etc.) NS
— Health and Safety hazards aspects: ,'T\ v
1+ Air quality, e.g. dust, air conditioning, inadequate ventilation ( )
.
— Absorber/desorber (regenerator) venting 4 WV
1+ Gasleak hazard ¢ j‘\ ‘
N
— Detection of gas leaks (e.g. CO2) J
Y
— Selection of materials and equipment | \\ ’
+ Hazardous substances, e.g. carcinogens ':5\
— Amines exposure in work areas \\' S

. . . o\
— Insulation materials during constry({tlon

1+ Plant and equipment hazard (.
]

— Spills and accidents — Pfes$arre directive
P

1T Working with or in proximity to hazardous materials (Haz Com)

— Sludge from reclainter

— Feed of aminkes) "

— Laborg\{)g} ’

— HA‘Z@P:PSM review or equivalent safety and operability hazard review
N\

7.7.1 Qpérational management
\ A

To ellls'm'e a proper management of the PCC plant within the CCS value chain, the following operating

conditions should be considered:
— €Oy stream variations and start-up and shutdown (e.g. pressure/temperature level, etc.)
— Settings to be kept in regard to proper quantification and verification of CO; gas streams
— Other than normal operation conditions
— Power failure (safe operation mode)

— Failure in DeNOx, ESP or FGD in core power plant
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— Variation in COz quality (failure of absorber/desorber)

7.7.3 Relationship with other areas for CCS standardization

Transport

Flow control (acceptable mass flow variations)

-3

7.8 Reference plants ¥

Amine process (A) SO

~Earbon Capture Center in Wilsonville, Alabama, using coal-derived flue gas[21]
= )

Canturanlant F']I]!!P‘D

Capture plantfailuy
— Transport system failure (reaction time, buffering, etc.) ’\

: ./ ol
— Storage A\
7
— Flow control (acceptable mass flow variations) N
"\ 4

— Capture plant failure e

Quantification and verification
— Flow recording (acceptable mass flow variations) o D
— €Oz quality recording ) \',

Cross-cutting issues SO

— Risk management

Life cycle assessment

Econamine FG Plus¥ technology, 100 TPD of CO7 from Kraftwerke Wilhelmshaven Power Plant

of E.ON SE

¥

KM CDR Process technology, ¥500 TPD of CO; from Barry Power Plant of The Southern Compahy to
supply the captured CO3 lrthe Citronelle formation as part of the DOE partnership program(2f]

4

Hitachi Ltd.; a large Iyobile pilot plant (5 MWy) in Europe

Toshiba Corp@ration; Mikawa PCC Pilot Plant of 10 TPD of CO; from Sigma Power Ariake Co.| Ltd.

Mikawa Pov\vIer Plant

ShellsC(arI;\cﬂv Technology; 50 TPD of CO; from a slipstream at RWE npower Aberthaw PC plgnt in
Waleslzd

mobile amine pilot facility of Just Catch®) technology which completed its testing at the Natjonal

Shell Cansolv Technology; 1 MTPY of CO; from coal-fired power plant, Saskatchewan Ppwer

Corporation Boundary Dam (BDPS) integrated CCS project[Z8]

The CO3 Technology Centre Mongstad with an amine plant and a CAP plant from two CO3 sources:
flue gas from Combined Heat and Power (CHP) Plant with an annual capacity of 22 000 tonnes to
25 000 tonnes of COy, as well as off gases from a Residue Catalytic Cracker (RCC) from the nearby

4)

Econamine FG Plus is given for the convenience of users of this document and does not constitute an

endorsement by ISO of this process.

5)

Just Catch is given for the convenience of users of this document and does not constitute an endorsement by

ISO of this process.
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Mongstad Petroleum Refinery with an annual capacity of 74 000 to 82 000 tonnes of CO2, operating
since 2012[72][80]

Chilled Ammonia Plants
— 40 TPD CAP plant at We Energies Pleasant Prairie Power Plant on PRB Coal (7 700 operating hours)[Z4]
— 40 TPD CAP plant at E.ON SE Karlshamn Power Plant on Oil (2 000 operating hours)[48]

— 315 TPD CAP plant at AEP Mountaineer Power Plant on Bituminous Coal (7 800 operating hours) lQJ

— 200 TPD CAP plant at Technology Centre Mongstad (TCM) on Residual Cat Cracker Flue Gas (4 5()0

perating hours)[Z6][77] ‘\
— %0 TPD CAP plant at Technology Centre Mongstad (TCM) on Natural Gas Turbine from Combmed
Heat and Power Plant (CHP) (1 500 operating hours)[Z6][77] AN
Amino acid salts Q QY

In August 2009, Siemens began operation of a 1-MWe equivalent pilot unit at Ey @N SE Staudinger 5 PC
unit hear Hanau, Germany.[21] 5

8 Pre-combustion capture in power industry

8.1 | General

Pre-¢ombustion capture, one of the CO; capture methodsyiSeployed for power generation based on
an Ifftegrated Coal Gasification Combined Cycle (IGCC)power system. It is different from the capture
system that would be deployed on conventional coa1='fi'red (or fueled by other solid hydrocarbons)
power-generating units.[811[82][83][84][85] Figure 16 Shows a schematic system diagram.

".\\
- 1 . |
l A
: I > |
: 1 3 [
] P :
S\ X
|| o i il 4 20 AP O, '
Ofygen t !
I Gasifier \ I
| 500-1,000 Psl —ter - m
| | Coat —= 18002500 e | ) s |
i : |
| <O Water  Fuel Gas lcn, I
I N> !
|
| 4
I N> I
I A4 |
PR R ..-.._14;‘/\ ___________ |
» !
N\ |
) ;
1

NOTE See Reference [82].
Figure 16 — Schematic of pre-combustion capture of CO2 capture in IGCC

In IGCC, a gasifier converts coal, biomass, petroleum coke, or natural gas into a syngas composed mainly
of carbon monoxide (CO) and hydrogen (Hz). This system can allow for a blend of power production
and production of either chemicals or fuels. IGCC’s are typically divided into three different types of
gasifiers: fixed bed, fluidized bed, and entrained flow, and their air-blown and oxygen-blown varieties.
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[99] Only a small number of gasifier designs have reached the stage where they are viable candidates
for large-scale power production and hence candidates for pre-combustion carbon dioxide capture
systems.

In an IGCC plant without a COy capture system, once the syngas has been produced, it is then passed
through an acid gas removal unit to remove impurities such as sulfur before the clean syngas is sent to
gas turbines. CO3 is generated by the combustion of CO, just as itis in a coal-fired power generation plant.

In contrast an IGCC n]:\nf r:-nnlnnnd with a2 pre- combustion Fﬂq capture system creates syngas then
converts CO that has been formed into CO2 and Hj through a shlft reactlon The shift occurs byk cting
water vapour (H20) into the syngas in the shift reactor. This process essentially allows all the'energy
in the coal to be transferred to the H, while all the carbon in the coal is in the form of COgzlere it can
be removed through a CO3 capture system. The Hp-rich syngas then is supplied to the,g;s\turbme s for
combustion. 4

There are two types of shift reactions: the sour shift reaction, which supplles the syngas t¢ the
reactor without removing HS or COS, and the sweet shift reaction that remves HS before the gas is
forwarded to the reactor. In most cases, the sour shift is preferred, becausglit better utilizes the sfeam
in the syngas. If sulfur is removed prior to the shift, some of that steam w111 be condensed out. The¢ CO;

-

capture method is generally through physical absorption. b

»

Compared to post-combustion, the advantages of the pre- combust(on include the following: only a §mall
volume of gas needs to be treated for CO2 capture because the/pbocessing occurs before dilution|with
combustion air and the high-pressure of target gas reduces/it§.volume flow rate. Hence, compared|with
post-combustion capture processes used for conventiemal*Coal-fired power plants, pre-combugtion
capture keeps the CO; capture system compact.[82] However, the shift reaction reduces the he hting
value of the syngas, and an IGCC power plant has h;gher capital costs than a conventional pulverized
coal power plant. " N

8.2 System boundary AY

The system boundary is drawn around\t'ﬁ.e entire IGCC plant with capture. This is required bedause
adding CCS to an IGCC affects every,umt operation in the plant. There are three major sections that
need to be added:[83] )

X

a) Shift (typically a sour shift O-Peither two or three reaction stages);

b) Acid gas removal (typieally a two-stage unit that removes both CO2 and H3S);
c) COy compression:al;’rd\dehydration.

The design cons\i;teraéions that impact the rest of the IGCC power plant include:

— The typ&?f syngas cooler/quench. For no CCS, a radiant quench design is typical. However, |with
CCS, a\dq‘rect quench is preferred. The water added in the quench can then be utilized in the|shift
re.aqtors This is the most efficient way to generate steam for the shift reaction, but only nlakes
thSe if doing a sour shift.

':\‘Turbine design. An IGCC without CCS has a syngas containing CO plus Hy. With CCS, the sylngas
is primm‘ily Ho. The turhine deqign for each of these cases is very different in an Oyvgen-h own
gasifier. For the CCS case, N2 from the ASU is generally required to mix with the Hp-rich syngas prior
to combustion.

— Therelative sizing of the ASU, gasifier, and turbine changes by adding CCS. The CCS process produces
a lower heating value syngas than the IGCC without CCS. Therefore, either the ASU/gasifier needs to
be oversized or the turbine needs to be derated.

— Since the syngas heating value is lower in the CCS case, piping and equipment between the shift
reaction and the acid gas removal sections need greater capacity.
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8.3 Technologies, equipment and processes

8.3.1 Establishment of CO; capture rate

The amount of CO, captured from the syngas is largely determined by the extent of carbon monoxide
conversion in the shift reactors and the carbon dioxide removal efficiency of the absorber of the AGR.[83]
Theoretically, the capture rate could be controlled by modifying the extent of shift reaction, bypassing
some of the syngas around the shift reactor, and/or modifying the removal efficiency of the AGR.

It is now expected that the AGR would be operated the same regardless of desired capture raterA
typidal two-stage Selexol® will remove up to 95 % of the carbon dioxide in the syngas altheugh
captyire greater than 97 % is possible. Bypassing some of the syngas around the shift reactors.would
likely necessitate a COS hydrolyzer for that bypass stream, and the practicality of this option isaot yet
determined. This leaves modification of the extent of shift reaction as the primary method 6fachieving
a sp4cific capture rate. N\w,

For 1host gasifier designs, conversion of about 96 % of the carbon monoxide is achjev&d by using two
staggs of shift. The installation of only a single stage of shift will result in a modérate conversion, and
the resulting carbon dioxide can then be removed in the AGR. Some of the cafbotis are skimmed off in
the dasifier itself, because carbon dioxide is generated in the gasifier priorstdsthe conversion in a shift
reactor. This is referred to as “skimming.” The overall CO; capture ach'e\{e depends on the gasifier,
shift|specifications, and AGR. Skimming may result in capture up to 259%;while 50 % to 80 % capture
may pe achieved with only a single stage shift. While installing discretexiumbers of pieces of equipment
will fchieve distinct capture rates, the capture rate can be furtherfailored by controlling the extent of
the shift reaction through the steam/CO ratio and catalyst type\w:&riation.

8.3. CO3 capture process )
This|subclause will focus on the new process componefits required for CCS in pre-combustion capture,
nam¢ly the water-gas shift and the acid gas remoyél. While CO2 compression is fairly standard and
discyssed in Clause 7, there are several umiqeé aspects of CO2 compression in pre-combustion
applications: the CO> is generally available at elevated pressure since the syngas stream from which it
is reoved is at elevated pressure; and the €0 is often available at more than one pressure level due to
the fact that physical absorption-based.S@lvents are often regenerated through successive flash steps at
diffefent pressures. Q¥

8.3.4.1 Water-gas shift proces$
QY
See References [86], [87],[88]/and [89].

8.3.2.1.1 Sour shift

N4
The gour shift redetion is a process in which syngas is supplied directly to the reactor to convert CO into
COy.[Figure 1Z§’hows sour shift process. In the reactor, steam is directly added to the syngas containing
such|compgfients as H2S and COS, and then the syngas is converted into CO2 by a sulfurized catalyst
using the WGS reaction (CO + H20 = CO2 + Hp, COS + H20 = H3S + CO2).
=
Sour] shift is normally performed within the temperature range of 200 °C to 480 °C. Using a cobalt

molybdenum catalyst, sour shift is normally located after the water scrubber. The syngas is saturated
with water at a temperature between 230 °C and 260 °C, depending on the gasification conditions and
the amount of high-temperature heat recovery. To avoid damage to the shift catalyst by water, the syngas
in the scrubber is reheated from the saturation temperature to a higher temperature by 15 °C to 30 °C.

One of the benefits of the sour shift reaction is that it converts COS and other organic sulfur compounds
into H2S, making downstream sulfur removal easier. As a result the WGS-treated syngas does not
require a separate COS hydrolysis process and allows for a simplified equipment configuration. In

6)  Selexol is given for the convenience of users of this document and does not constitute an endorsement by ISO
of this process.
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addition, sour shift also reduces energy requirement. These factors make sour shift a superior process
for an IGCC plant with CO; capture.

Past experience in combining sour shift and physical absorption has confirmed that reducing the
amount of steam supply has the potential of significantly improving power generation efficiency. But an
excessive reduction in steam supply may cause secondary reactions in addition to the CO shift reaction
and lead to a decrease in catalyst robustness due to carbon deposits. Thus, it is important to identify
optimal operating conditions.

After passing through the sour shift reactor, CO-rich gas is sent to the H,S removal equiprgem and
then to the CO; absorber to separate and recover high-purity CO5.

0\'

To remove H;S and CO3 by the sour shift process, it is common to use physical absorptlon(\ee 8.3.212.1),
in which the degree of CO7 saturation is changed using a single type of absorbent to alloMor a selective
capture of H3S and COy, or the Methyl diethanolamine (MDEA) process. N

Raw gas High Synthesis
——) {emperature

fromgasfier | couir chift gas

>
Figure 17 — Schematic of sour shift'and acid gas removal
S,
< N 4
)

8.3.2.1.2 Sweet shift N\
)

In the sweet shift reaction, sulfur compounds$u¢h as H>S and COS are removed from syngas in advance,
then the cleaned gas will be supplied to the W‘GS reactor. Figure 18 shows sweet shift process.

In sweet shift, the shift reaction is perfor’med after the syngas is cooled and sent to the HpS renpoval
equipment. During this process, all ‘the moisture gained in the water scrubber is condensed. For this
reason, all the steam required for‘the ‘shift reaction in the sweet shift reactor should be injected and
heated. In the sour shift process,m contrast, the moisture gained in the water scrubber can be usgd for
the shift reaction, leading t6 @*¥éduction in steam consumption. From this perspective the sour|shift
process is considered to be:‘a more favourable process.

In the sweet shift prqcésfs; the HzS and CO3 removal systems are respectively located before and pfter
the shift reactor. Physieal absorption and chemical absorption, to be discussed in 8.3.2.2, are comnjonly

used as the remggaLmethod.
HaN Low [p—
HS _@* W [ _@_ _@_‘ o, [sross
. » ETOoELE rpirsre |
Eans | polsfing res ‘oR ol |

Figure 18 — Schematic of acid gas removal and sweet shift

8.3.2.2 Acid gas removal

8.3.2.2.1 Physical absorption

In physical absorption,[20] CO; (and H3S) are absorbed into an absorbent at high pressure. Desorption is
achieved by reducing the pressure (i.e. pressure-swing). Physical absorption is relatively easy to scale,
to apply to a large-capacity operation making it suitable for a large-scale processing of high-pressure
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gas. The energy requirement for physical absorption is much less than that for chemical absorption
used in post-combustion capture.

Physical absorption, as its name indicates, physically absorbs COz into an absorbent. According
to Henry’s Law, at equilibrium and a given temperature, the amount of solute dissolved is directly
proportional to its partial pressure in the gas. Since COz has a high partial pressure in the syngas,
physical absorption is ideally suited to capture it.

Aftera j ical absorbe A
H>S is preferentlally removed and in the second stage the COZ is removed Examples of absorbents use\

phys cal absorptlon processes are llsted in Annex C. The Weyburn project, in which CO» capture(fr,om

-

8.3.2.2.2 Chemical absorption ooy

In chepmical absorption,[211192] CO3 is absorbed into a solvent through a chemical reactionand is desorbed
by heating the solvent. One of its advantages is that it is easy to scale so as to@pply a large-capacity
operftion. It is also well-suited to the separation of low-concentration gas compdﬁents and a large-scale
treafment of low-pressure and low-concentration gases. Shortcomings includéZaarge amount of energy
requjred and the risk that some of the chemical substances contained in the sorbent may be released
into the environment. f,\

A »

Solvénts used for the chemical absorption of CO2 from high pressute Eyﬁgas streams in pre-combustion
captyire applications include alkanolamine solvents such asﬁMDEA and hot potassium carbonate
solvgnts. Because chemical reactions are used for chemical’absorbents, this method allows a highly
seledtive separation of CO; while absorbing less of hydroc}rbons such as methane. It also absorbs
CO> ell even under a low partial pressure. Leading chewical absorption processes are described in

Anndx A. 3
\\ .
8.3.2.2.3 Other CO3 capture technologies S
A

Membrane separation is a technology that‘takes advantage of the faster permeability rate of CO;
throfigh a polymeric or another membrdne.to separate and capture CO;. In pressure swing adsorption
(PSA)), CO3 is adsorbed into an adsorber)tunder a high pressure and desorbed under a low pressure to
captyire CO; from the process gas.At p‘1‘esent neither technology has a large-scale use in CO; capture.
Howgver, development for large-sgale applications is underway to take advantage of their low energy
requjrement. Other potentialdmprovements to pre-combustion capture systems are at various stages
of te¢hnical readiness although»ﬁpc))ne could be considered commercial. A number of alternative concepts
involving solvents, sorbefits)nd advanced membrane-based processes are in the R&D pipeline. Table 7
shows the comparison\ PTe-combustion capture commercial technologies.

- \‘/
o".
t‘\
« ‘\\
\\

7)  Rectisol is given for the convenience of users of this document and does not constitute an endorsement by ISO
of this process.
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Table 7 — Pre-combustion capture technologies

Technology Process Absorbent Absorption CO3 Regeneration
temperature contenta method
Physical Rectisol Methanol -20°Cto-70°C| ppm range flash and/or stripping
absorption
Selexol Polyethyleneglycol ambient ppm range flash and/or stripping
dimethylether temperature
Chemical MDEA MDEA 35°Cto65°C 100 ppm steam
absorption +additives N
range "V
Benfieldb K2CO3 70°Cto 120 °C | ppm range s\te‘@l'ﬁ
+additives N\
Chemical and Sulfinolc Sulfolane 40°Cto90°C 50 ppm flashand/or steam
physical +MDEA rance =
combined & AN
a  Minimum CO3 concentration in the treated syn gas. "}‘
b Benfield is given for the convenience of users of this document and does not conStitute an endorsement by ISO of this
process. o ,
¢ Sulfinol is given for the convenience of users of this document and does not &gtitute an endorsement by ISO of this
process. <\ )

A »

& .
8.4 Carbon dioxide streams, gas streams and emissions, process and waste product

o
This subclause will discuss gas streams and othegvz-:-rriissions from CO; capture systems. It

addresses liquid and solid (physical) wastes includi{rg aste/by-product absorbents.

o
Three primary types of gas streams emitted from CO; capture systems are described b

\

(see Figure 19). N\ g

2

also

elow

D
a) COz streams — CO captured by th\e'Cbz capture system. To be transported for storage or ¢ther

end use. p
.
b) Synthetic gas streams — Syntl"ietic gas after COy has been separated and captured. Mostly use
power generation. - _‘\

c) Waste — Waste produged by the CO; capture system.

d for

The list of potential*wdétes includes solids, liquids, slurries/sludges, off-gases, excess CO2, §pent
absorbents, etc. A~\"
\"" ; 1) CO, stream
N4 1) Transport/Storage
o".
t‘\
« ‘\\
\.\
S co, 2) Synthetic gas stream
Capture Gas utilization
3) Waste
Treatment/Recycle
/disposal
Figure 19 — Schematic of CO; stream flows
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8.4.1 CO; streams

COy streams are defined as gas streams captured by the CO; capture process with CO; as the main
component.

The purity, allowable value of impurities, temperature, and pressure of CO; streams are discussed below.

8.4.1.1 Purity of CO; streams

The purity of the product CO; stream is dependent on the end use: geologic storage, enhanced -ail
recoyery, food-grade applications, feedstock for chemical production, or other; as well as pipgline
trangportation limitations, if applicable. Generally, high purity CO streams are required. In the-édse
of CQ; sequestration, this requirement is largely defined by transport (i.e. pipeline) requlren\errts and
injection well requirements/standards. When CO; capture is performed through chemicalkabsorption
using aqueous solutions, COz is selectively absorbed by chemical reaction and dissolvés-very little
of other gases such as nitrogen and CO. In contrast, physical absorption is impactéd by the partial
presgures of gas components. Nz, Hy and other components in CO; may be abserbed depending on
their] partial pressures and their affinity to the absorbent. Therefore, stringent regulatlons and permit
requjrements on impurity values may impact the design of the CO; capture process (such as adding a
purification step), increasing the energy required for CO, capture. G

@
are two interrelated issues: ,‘\ Y

he minimum CO3 purity required to maintain single phase flow;at the conditions of interest;
he allowable concentration of specific impurities. Y,

Item(b) is particularly difficult because the allowable conceQ}T\a'tlons vary depending on the combination
of injpurities present. Guidance on purity may be detetirined by the requirements identified on the
trangportation or storage side and by permit/regulafiofi’The purity level of CO in the Weyburn project,
whette CO> is used for EOR, is set at 96 mol% or abos{éf[ﬂ]

8.4.1.2 Allowable amount of impuritiesin (\.Ovz streams

.
In the context of CCS system and equlpment design, the impurity content affects not only the design
of C()2 transportation and storage systéms but also the selection and design of CO; capture systems.
It is pxpected that, in many countri€s; the limits on impurities will be set by the requirements in the
injecftion permit. ¥

The presence of impurities affett’s the materials of construction for equipment, pipelines, and associated
fittigs as well as the motive power required for the final compression of CO;. Impurities also change
the physical properties=af CO, for transportation. Allowable values need to be established for toxic
gasep such as HpS aﬁ 0 as well as moisture to prevent safety and corrosion problems, and a system
design should Confo to such values.

COz from thes pre combustion catalyst cleaning process normally contains 1 % to 2 % of Hz and CO
and @ Verymall amount of H2S and other sulfur compounds.[23] An IGCC power generation plant with
pre- (ombus'tlon capture can be designed to remove mixtures consisting of COz vapour and sulfur
comlpounds so as to reduce cost and avoid the production of solid sulfur[23] in the pipeline and/or

1n]ect10n wells.

8.4.1.2.1 Impact of H20

Moisture, one of the impurities, dissolves CO2 and other acid gases and produces the associated acid,
causing corrosion on the inner surface of pipes. At a low temperature, water and CO; generate hydrate
and cause blockages in valves and scaling in pipes. For this reason captured COz normally requires
dehydration to prevent the production of free water in pipelines. Water knockout and dehydration
during compression is standard. In chemical absorption using aqueous solutions in particular, captured
CO3 contains moisture saturated at the temperature of the stripper outlet and in some cases requires
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dehydration using glycol during the CO; compression process. Other options besides glycol, e.g.
molecular sieves are available for dehydration.

8.4.1.2.2 Impact of toxic gas

The potential range of contaminants in the CO; product stream is impacted by the CO source gas and
the particular capture technology. In pre-combustion applications, likely gas contaminants include
CO, H3S, NH3, CH4, Hp, COS, HCI, Hg, and HCN. The limits for contaminants will be determined by the
minimum allowed for transport, end use, and/or permit requirements. The literature is replete|with
studies that have examined various aspects of the CO; capture and sequestration supply traifjnofably
including contaminant limits. The US Department of Energy’s National Energy Technologye L\abomtory
compiled a summary of many such studies and published the results in the document ”Quah‘ky Guidelines
for Energy System Studies: COz Impurity Design Parameters.” (http://www.netl, doe, gov/Fild%20
Library/Research/Energy%Z20Analysis/Publications/QGESS_CO2Purity_Rev3_20130927 1.pdf) While
providing an insightful summary of impurity considerations, ultimately each application is unigpe in
terms of the combination of contaminants, moisture content, and end use. Thu\s‘,’@ctual limits will efither
be set on a case-by-case basis, or through overarching regulations or perm{h#equirements

Another factor that can impact impurity limits is potential liability due taaccidental release of thé COy
stream. Risk management practices may dictate limits that are lovx@: than required due to physical
process factors such as corrosion. Such limits will be prOJect-sp\eqflc and project-developer-spgcific,
and as such cannot be addressed at a global level. o\

A »

Supply of CO7 to the Weyburn oil fields for enhanced ojl récovery is an active project. The tyJpical
CO; composition for that project is shown in Table 8. (Fhis provides an example of a project-spécific
application, but as noted above, each project is expquéd to have unique aspects that will impagt the
allowable impurity levels (see Reference [93]).

SN

Table 8 — Typical composition{)&he gas of the Weyburn EOR project[93]

Component ,:~\\ Weyburn - EOR
CO, > 96%
H,O \:“ : <20 ppm
H.S 5 0.9% (=9000ppmv)
CcO N\ 0.1% (=1000 ppmv)
O, X > <50 ppm
CH, &Y 0.7%
N/ <300 ppm
;‘i}'(.»\rgon)
\1“31 I,

(A Y Ammonia

= SO
NOy
C,+hydrocarbons 2.3%
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8.4.1.3 Temperature and pressure of CO2 streams

The temperature and pressure of the CO; stream are prescribed by the transportation and storage
conditions, and generally CO; streams are kept under supercritical conditions. The critical point of pure
CO3is 31,1 °Cand 73 Bar (see Figure 20).

Supercntica (o)
e S -

T
-

Liguid 4

1
\
v
\
j.

Figure Phase diagram of CO»

In a fwo-component mixture cons of COz and a contaminant gas, the critical pressure generally
incrgases while the critical temperature decreases as the concentration of the contaminant gas
rises|, with the exceptions of 02, and NO3, whose critical temperature and pressure both rise. It
is imjportant to keep in mi at in the COz-contaminant mixture, the physical properties of the gas
mixture change signifi a@as the amount of the contaminant increases.

8.4.1 Syntheti S)‘;‘ Ereams

\
%

eonsidered within this subclause is mainly used for power generation (primarily

ycle generation). The degree of purity, allowable levels of impurities, temperature, and
pressures.Of.Synthetic gas streams are set by the facilities where the synthetic gas streams are used.

Synthetic gas

elements in gas turbines and environmental regulations. In the case of chemical synthesis facilities, the

values are similarly set by the presence of catalyst poisoning elements.

The pressure requirement in an IGCC application is set by the combustion turbine specification at the
fuel valve. The gasifier should be operated at sufficiently high pressure so that after accounting for the
pressure drop through all piping, fittings, and process equipment, including the CO; capture process,
the fuel valve requirement is met.

There is no fixed synthetic gas temperature requirement. From an efficiency perspective, maximizing
the temperature is desirable since that increases the overall efficiency of the combustion turbine.
However, conventional mercury removal technology (carbon beds) and many pre-combustion CO2
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capture technologies require low syngas temperatures to be effective. Warm gas clean up processes
are being developed, but are not yet commercial.

8.4.3 Waste products

A commercial, solvent-based pre-combustion capture technology like Selexol generally produces both
a liquid and solid waste stream for treatment and/or disposal. The purge water stream from the reflux
loop in the condenser generally contains dissolved H2S and CO; as well as trace amounts of other
contaminants that may have been present in the capture system feed stream. This waste water stﬁeam
should be treated prior to discharge according to project permit levels. Metal carbonyls, whehysoluble
in the CO; capture solvent, are converted to sulfides and removed in the lean solvent filters:z \L\_J

Other technologies, like Rectisol, produce only a liquid waste stream that contains\pfimarily g§mall
amounts of the solvent (methanol in the case of Rectisol). Absorbed higher hydroearbons can be
recovered in an extraction stage if necessary. The waste water stream should-bé treated pripr to
discharge in compliance with the rules and regulations of each country and/ér-region (for example,
in the US, state-by-state). Additionally, a sour gas stream as output from).&éle'ﬁol/Rectisol should be
treated. S

"N

9 %
Capture technologies like membranes and solid sorbents that are st%lifm the development stage don’t
have well-defined information on details like waste products. Faetors like permeance and selectivity
will determine impurities in the CO2 product gas using membkaﬁqé's, and sorbent attrition propdrties
will impact potential solid waste products from sorbent-based{processes.

)
Related processes like water gas shift utilize a catalyst mtef“ial that deactivates over time and should
periodically be replaced. The spent catalyst should be\d.isposed off according to local guidelines.

o~

8.5 Evaluation procedure for capture pe}'ﬁ)}mance

8.5.1 Definition of greenhouse gas (GH.@VYapture rate

Two definitions of GHG capture rage are provided here. The broad definition is based on a ppwer
generation system, which is one ofithe-GHG emission source, while the narrow definition is dedicated to
indivudual CO3 capture systems izfch as Acid Gas Removal (AGR) system.
8.5.1.1 Broad definition

For the purpose of (jg\lgloping measures against global warming, the GHG capture rate should be
defined as the amoeunt.of GHG captured in moles per the mole flowrate of GHG-generating substapces.
GHG-generatingssubstances are those substances that turn into CO; following (or starting from) a
combustion pro{é’ss, such as CO and COS. In other words, the mass of GHG-generating substances can be
understood,a8 the mass of carbon in the feed.

From the\gl')ove, the GHG capture rate in IGCC is defined as the flow rate of GHG (e.g. CO3, [CH4)
captufe}l in moles per the mass flow rate of carbon in the feed gas and the supplementary fuel in moles

(see¥igure 21).

S6HG capture rate (%)

= C: captured GHG(mol)/total carbon(mol) of A: fuel and B: supplement fuel
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A fue: carbon C:captured
(mol) ) — >  GHG (mol)
Power generation
system
B: supplement fuel . Non-captured
carbon (mol) —> - carbon (mol)
Figure 21 — Schematic of COz capture — Broad definition '\
8.5.1.2 Narrow definition ¢\’
The [CO; capture system receives gas from the upstream, removes CO, within apd'sefd it to the
downstream. The CO; capture rate is expressed as follows (see Figure 22). X’
CO; Capture Rate = (COz in Captured CO7 stream)/(CO7 in Feed Gas) b S
-
'G\ ;
aptured CO,
Feed CO )
(mol) ? ' CO, capture system & (mol)
)
g Non-captured
\
<P co, (mol)
“\\
WO
Figure 22 — Schematic of COz gapture — Narrow definition
N
W
8.5.1 Evaluation procedure for capture pgrformance[i]
The premises of comparison are defined\é,‘s follows:

f

8.5.2

The
capty
[LHV

L . . kT . . . . e
[omparisons of economic performance will not be made since a wide variety of conditions of capture
acilities need to be considered;

X

| — N\ : .
[he objective of the evaludtion is to compare it against others.

®

.1 Broad definiflbri

- . /
GHG capturegaﬂformance of a power generation system is determined by the amount of GHG
ired per, ur\rit\ofpower output [t-GHG/MWh] and can be compared based on power station efficiency
%]. Fi%u'ie 23 shows the evaluation process.

-
.

= )

-3
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Definition of Supply Electricity Power
[MWh] Supplier
h,
Definiti £ ;

| ga‘
_)| Design of Power Generation System | ?@

P, :

Measurement of Capture Performance
[t-GHG/MWh]

|

Measurement of Efficiency of Poiref Plant

-

[LHV%] X
e
s

-

mf'uatian
N

=
x
v

\

(.
‘

Figuqé'ZS — Flowchart of evaluation process

.

The measurement of captire performance should include the operation rate and therefore shou|d be
evaluated on an annu'al'\l)ﬁ‘sis.

N

8.5.2.2 Narroy"definition

The broad-d&fiflition dealing with global mass balance of GHG is an important part of GHG capture.

NonetheleSs/ the evaluation of the particular CO2 capture system is a crucial part to understand the

performénce of the technology, which is the narrow definition. Some metrics focused on process

components can be understood and evaluated (e.g. absorbent loss); others may be very difficult to medsure

inghighly integrated system. Basically, Individual measurements should fit into a broader scheme.
)

aluation procedu ical 3 i 3 e 1sed e 15tj apture,
will be discussed.

8.5.2.2.1 (O3 capture rate

See 8.5.1

8.5.2.2.2 Absorbent loss

The vapour pressure of the absorbent is a major factor contributing to absorbent loss.
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It is also dependent on operating temperature and pressure. Absorbent loss occurs at the top of the
absorber and the desorber. Therefore the amount of absorbent lost with the gas from the top of the
towers as airborne droplets will be measured.

In case that the absorbent degradation is likely to take place, contaminated absorbent needs bleed-off

and

the introduction of make-up absorbent.

8.5.2.2.3 Power consumption and thermal loads[97]

The

thermal loads in physical absorption vary largely depending on equipment configuration.-a

genefal, the thermal loads in physical absorption are smaller than those in chemical absorption. 3\
)/

Upt

Hower consumption (MW,]) = X(Power consumptione| pump) + (Power consumptione| comrégsor) +

(Power consumptiong] other) 4
\ < » /
The thermal loads of boilers and coolers are expressed as follows: X’
1+ Heating load(MWyy,) = Z(Thermal loadst boiler) ,\‘ S
) %
1+ Cooling load(MW¢y) = 2(Thermal loadsth cooler) N ~

The ratios of captured CO; to the parameters above can be expresse;l as intensity.

1+ Power consumption intensity(MWgjh/kg) = (Power consumpt‘,iofl‘ MWe¢])/(CO7 capture rate kg/h)

— Heating intensity (MWph/kg) = (Steam consumptionMW,y,)/(CO2 capture rate kg/h)

— Cooling intensity (MW,h/kg) = (Heat removal by{’a}lant MW¢n)/(CO7 capture rate kg/h)
SN

this point, the capture and desorption processés @f CO2, the main processes in CO; capture, have

been|discussed. When the scope of assessment is expanded to include sour shift, H2S removal, and CO;
presgurization, the entire process flow will be evaltated by considering the amount of steam added and
heat[generated by reactions, including in the ¢altulations the corresponding power consumption and

thermal loads of the additional processes. 7

The

!

v
hssessment of the characteristics0fa*CO; capture process can be made by focusing on the above-

mentioned capture rate, absorbent’loss, power consumption and thermal loads. However, since each
procgss has different operating conditions, it is necessary to establish a method to normalize the state
of flyids and operating conditioss:

X N
In arfy case, the above-mentioned elements will be used to evaluate the process characteristics of the
physfical absorption. %

The

-
-,

liscussion aboy€@an be expressed in a table format as shown in Table 9 and Table 10. Other items

worth considerati\on can also be included in this table as causal parameters for the evaluation.[28]

72

.

D)
\‘\" Table 9 — CO; Capture Evaluation Sheet (Example)

= ) 1. COz conversion process

Tt coot-D oot

Performance

Conversion Rate to CO3 from CO —

Input Steam/CO —

Steam Amount Charged t/h
Condition of Steam Charged MPagG, °C

Steam Amount Produced (through shift reaction) t/h
Condition of Steam Produced MPagG, °C
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Table 9 (continued)
Operation State
CO conc. in Feed Gas mol%
CO conc. In Treated Gas mol%

Table 10 — CO; Capture Evaluation Sheet (Example)

2. COz capture process
Unit CaseA | CaseB Case C.\
Performance \ V
CO3 Capture Rate t/h N -
Absorbent Loss t/h {\
Steam Heat Duty MWy, (@ °C) (>’
Coolant Cooling Duty MW, (@ °C) SN
Power Requirement MW ,\‘ be
Operation State o VA (
CO conc. in Feed Gas mol% “ WV
CO7 conc. in Treated Gas mol% f\\ 4
CO3 purity in recovered CO3 rich gas mol‘)/o; d
CO7 Loading in Rich Absorbent ELQI/EY
CO3 Loading in Lean Absorbent Hywol/L
L/G 25 L/Nm3
Pressure and Temperature in Feed gas ~, d MPagG, °C
Pressure and Temperature in recoveredy' ¥ MPag, °C
COz-rich gas D
Absorbent property N\
Vapour Pressure . MPaA
Viscosity C‘: Pa-s
CO; Solubility o g/L
Normalization v
8.5.2.3 Operation ';in‘d) maintenance evaluations
Operation andwiaintenance evaluations are also crucial to minimizing GHG emissions in plant life pycle
in addition t'o\.tgévaluations of facility performance discussed above.
Althoug}‘l\.{‘f‘rére is one example of quantitative indicator that has been derived from an operation
availgb}/&ity analysis, there are no standardized quantitative evaluation systems available at present.
\\
(8.6 ’ Safety issues

In general, facilities and equipment dedicated for the corresponding capture technology are designed
and constructed in compliance with the existing and applicable international, regional and national
standards such as ISO and ASME. In addition, compliances with the laws, regulations and requirements
in the region or country where the plant is located, provide additional securities for safety. Those are
not subject to establishing a new standard for the CO; capture processes in CCS.

The following can be considered as remarkable subjects when the corresponding International
Standard will be discussed in the future.
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8.7 Reliability issues

The necessity of reliability assessment as described in 7.6.1 should be considered for pre-combustion

capture technology as well.
8.8 Management system

8.8.1

For pre-combustion capture, an EHS evaluation may be required. EHS document management-l \s

purspant to ISO 9000 and many of those system components complies with international mana ment

system requirement such as ISO 14001 and OHSAS 18001 or regional emission regulations (alrg tion
ge

prevention, water pollution prevention, waste treatment and so on). Key elements of EHS man

ment

syst¢gm (EHSMS) is the “check” of performance; furthermore, at the same time it is pref&rred to meet
ISO 14000, OHSAS 18000 and the corresponding sustainability spec1f1cat10ns/standafds For all the
EHS pspects the legal requirements, risks and operational mitigation measures have forbe considered.
For gll EHS aspects, monitoring plans need to be developed. Records also need toh&Xkept.

"N

The following are examples for key elements of EHS management system. o W)
(B
EHS aspects a C‘
LY
Environmental aspects: QO
)

1+ Accidents/incidents with environmental impacts CX

N 4

— For all systems possible accidents to be identifj.gﬁ.
A
— Special focus on compressor system (gasdeak)

1+ Consumption of energy — primary/secondéﬁy.energy

applied)

.
v
— Insulation to be optimized:

fa
T Consumptlon of resources

4

— Optimization fuelinput (plant efficiency)
— Use of absorbent’s to be minimized
— Optimizitgc'onsumables
)
— OptimiiZed layout
T Usiggs})f water (fresh/waste water)

(N ’ Optimizing cooling water demand

-3

— Inventory of energy consumptlon to'be established (if possible energy management to be

— Use of land

— Optimization of plant footprint
— Disposal/waste management

— Optimization of absorbent usage
— Emissions to air

— Amines and resulting reaction products

74
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— Reduction of pollutants

Hazardous waste disposal

— Sludge from reclaimer, discharged absorbent
Noise emissions

— Noise concept

Soil contamination

— Delivery and storage of chemicals

N\
— Leaks scenario ¢\’
— Spills from accidents (water from firefighting, etc.) N
— Health and Safety hazards aspects: AW
— Air quality, e.g. dust, air conditioning, inadequate ventilation ( )
o
— Absorber/desorber venting 4 WV
-\
— Gasleak hazard (X
& .
— Detection of gas leaks (i.e. CO3) J
%
— Selection of materials and equipment \\

LR

Hazardous substances, e.g. carcinogens (g

-

— Amines exposure in work areas \\ 4

. . . N .
— Insulation materials durmgd@nstructlon
Plant and equipment hazard &

v
— Spills and accidents$=> Pressure directive

Working with or in p;‘oximity to hazardous materials (Haz Com)
— Sludge frofnreclaimer

— Feed‘bf,a';nines

— 'kaj};r’atory

‘.A'"HAZOP, PHA review or equivalent safety and operability hazard review

)

N

88.2 Operational management

oo ) . s .
To ensure a proper management of the pre-combustion capture plant within the CCS value chairy

tollowing operating conditions are to be considered:

COy stream variations and start-up and shutdown (e.g. pressure/temperature level, etc.)

Settings to be kept in regard to proper quantification and verification of CO gas streams

— Other than normal operation conditions

Power failure (safe operation mode)

Failure in core power plant

© ISO 2016 - All rights reserved
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— Variation in CO7 quality (failure of absorber/desorber)

8.8.3 Relationship with other areas for CCS standardization

Transport

Flow control (acceptable mass flow variations)

q

Canturanlant Ffjﬂnvn
Capture plantfailu
1+ Transport system failure (reaction time, buffering, etc.) ’\
LN
e
ytorage >\
7

1+ Flow recording (acceptable mass flow variations)

Flow control (acceptable mass flow variations)
Capture plant failure

Duantification and verification

N

— CO7 quality recording \',

— (ross-cutting issues &7
)
1+ Risk management X
N 4
1+ Life cycle assessment ‘.\\
)
9 Oxyfuel combustion power plant with QO& capture
AN

Oxyfjuel combustion is the process of burning theftiel with nearly pure oxygen instead of air. In order to
control the flame temperature, some part ofjche‘ flue gas is recycled back into the furnace/boiler.

!

While oxyfuel combustion has a variet§uéf-applications depending on its users and the fuel used, the

scopg
gene

To ca
gene
from

Ano
or Ox
PCis
fluid

b of this Technical Report is llmued Yo the application of oxyfuel combustion to coal-fired power
ration with CO; capture. R

pture the CO7 from a coal-fifed power plant, the main purpose of using oxyfuel combustion is to
Fate a flue gas with verigphigh concentration of CO; and water vapour; and then separate the CO>
the flue gas by dehydrarion and low temperature separation processes.

xyfuel combustloNor coal-fired power plant with CO; capture can be broadly classified as Oxy-PC
y-CFB. Figured¢and Figure 25 present their respective simplified schematic flow diagrams. Oxy-
based on the\pulverlzed coal combustion technology, while the Oxy-CFB is based on the circulating
zed bed.cqmbustlon technology.

\.\
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Figure 24 — Simplified schematic flow diagram of Oxy-PC coal-fired
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Figure 25 — Simplifi chematic flow diagram of Oxy-CFB coal-fired power plant with CD>
\ capture

9.1 Syste undary
An oxy, mbustion coal-fired power plant consists of

@ — boiler island and auxiliary equipment;

ISO/TR 27912:2016(E)
b == steam turbire
o eniated iiand
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lant with CO capture

and power generation unit (BTG or power island):
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— steam turbine island and generators;
air separation unit (ASU),

flue gas processing units (which could consist of PM, NOy, SOx and Hg control, also known as
environmental island, flue gas clean-up system, flue gas cleaning; also related to AQCS or GQCS),

flue gas condenser [also known as flue gas cooler (FGC); also related to direct-contact cooler, LP
scrubber, LP quencher, DCC, DCCPS],

CO2 processing unit or CPU (also known as COz compression and purification unit or gas
processing unit),
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— balance of plant.

For the purpose of this Technical Report, the focus of the discussion will only cover the boiler island, air
separation unit, relevant areas of the flue gas processing units and CO; processing unit. This subclause
aims to provide information relevant to the development of future standardization work in the area
of oxyfuel combustion. Specifically, information need to understand the energy performance, plant
flexibility, product CO; composition, vent and emissions, health and safety are considered in the various
parts of this subclause.

9.2 | Technology, processes and equipment N

9.2.1 Boiler island and auxiliary equipment \‘.\
The boiler island and its auxiliary equipment consist of the furnace, banks of economizex,@vaporator,
rehefter and superheater tubes to generate the steam (HP and RH steam), gas-gas heater§, fans (FD, ID,
RFG]), flue gas/oxygen mixing nozzles, ash handling, and with an option to include @dditional flue gas
heaters if necessary (i.e. when cold flue gas is recycled). For oxy-PC, this includes,the coal preparation
and mills; while for oxy-CFB, this includes the limestone and lump coal injection facilities, and steam
coil gas heaters. Except for the in-furnace SOy and dust removal which are intfin$ic to the design of the
CFB,|all equipment relevant to handling of criteria pollutants, such as PM,NQ% and SOy, are presented
in the flue gas processing units. _ \'»

A »

.

9.2.1.1 Oxy-PC )

Currpnt state of the art PC boilers have maximum capacity; of\'f:? 000 MWe to 1 100 MWe generating
ultra-supercritical steam. For the first generation oxy-PC dg{honstration power plants, it is expected to
be in/the range of ~100 MWe to 400 MWe8). For oxy-PC ag,cdmpared to conventional air-fired boiler, it is
expefcted that there will be no significant changes to the design of the boiler.

The nain parameters to control the combustion are:a'ependent on how the 0z and the recycled flue gas
(RFQ) are introduced into the boiler. It could b\e illustrated from Figure 24 that a number of different
confijgurations are possible depending on Wwhere the flue gas is recycled (Figure 24, keys 1 to 5) and
whertte oxygen is injected (Figure 24, keys AO'E).

Norrhally, the oxy-PC is designed and-operated to match the heat transfer profile of an air-fired boiler.
For this case, around 65 % to 75 % sf-the flue gas is recycled. Depending on the fuel, the overall oxygen
content in the furnace is maintaisied at around 28 % to 32 % (but typically not higher than 40 %). It
should be noted that the Volumgof RFG and its Oy content that goes through the burner throat is very
spec|fic to the boiler and burner design.

The fecycled flue gas (REG) is typically split between the primary RFG (about 30 % to 35 % of the total
RFG) and the secon@ RFG (about 65 % to 70 % of the total RFG). Some boiler/burner design could
also ncorporatefertiary RFG or overfire “air” system. Oxygen from the ASU could be introduced into
the hoiler by mlx}hg with the RFG or directly injecting into the burner/boiler or both. Oxygen could also
be pre- heated\ not pre-heated.

Factgrs sucl'l as the sulfur and water contents in the fuel and the water content in the flue gas are the
mair| €omsiderations in determining the configuration on how the Oz and RFG are introduced into the

boiler- Additionally, the amount of SU; that is recycled back into boiler will be conservatively limited to
a tolerable level to minimize the problems to the boiler tubes (i.e. corrosion issues).

Other factors such as NOx reduction considerations (i.e. use of stage burners), or improving energy
efficiency by using hot/warm RFG or optimising the usage of oxygen without affecting the combustion
stability and burner/boiler performance (i.e. without increasing the CO and un-burn carbon in the
ash) will also be considered and could influence the manner how 0z and RFG are introduced into the

8) FutureGen2.0 has a capacity of 168 MWe (gross) and ~100 MWe (net); White Rose Project has 426 MWe
(gross) and ~340 MWe (net).
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burner/boiler. For the latter consideration, by understanding the burner’s operating envelope could
consequently minimize the level of excess O in the flue gas.

For the primary RFG, this is generally cooled and washed in the FGC to reduce its water content
(typically reduced down to ~25 °C to 40 °C dew point, DP) and to remove most of the halides (i.e. HCI,
HF, HBr) and SO3. In some cases, where alkali (i.e. NaOH, NaCO3, NaHCO3, etc.) is also used in the water
wash of the FGC, SO will also be removed. The removal of most of the water and acid components in the
flue should prevent any problems in the operation of the mill. Also, due to the higher degree of dryness
amd-operating temperature of the primmary RFGthe performmance of thecoat mittcoutdreduce the gas
flow rate as compared to when operating with air.[101][102] However, any possible improvementtp the
mill performance is dependent on the type of coal mill selected. N\

1

Conservatively, RFG with low dust loading is preferred. But, the option to use flue ga \Lv}h high|dust

loading (i.e. flue gas taken before the particulate control, Figure 24, key 4 or 5) is possitﬁe depending on

the selection of the type of RFG fan (i.e. radial flow fans could withstand up to ~Z5: g/m3 to 80 g/in3 at

STP dust and temperature range of ~250 °C to 300 °C, but radial fan’s efficien¢y-are generally lower as

compared to axial fan). This will be limited by reliability issue due to corrosion, €rosion, etc.
'

"N

9.2.1.2 Oxy-CFB . %

Current state of the art CFB boilers have a maximum capacity in.(th} I‘ange of 500 MWe to 600 MWe

(with supercritical steam). For the first generation oxy-CFB dén‘(')nstration, it is expected thaf the

capacity should be in the range of 100 MWe to 300 MWe®). .30
)

For oxy-CFB, it is possible to reduce boiler and furnace singjl' reducing the amount of recycled flug gas.
[103][104][105] This is doable due to the additional heagtestraction from the recycled solids. Thus, [for a
boiler with the same size, the oxy-CFB could have ~1Q\% to 20 % higher gross output as compared fo its
air-fired counterpart.[103][{106] o)

The limestone injection is a key feature employed by CFB but not used in PC. This is an in-furnac¢ SO
removal technique. Thus, external FGD mai not be necessary (however, in some worst case scepario
when it is needed, i.e. burning of veryshigh-sulfur coal or petcoke, the external FGD is added and it
is expected to deal with lower levellefySOx as significant part of it has been removed in the furrace).
Furthermore, cyclone is also part ofthe boiler to collect the solids and recycled back to the bpiler,
therefore this should also reduce (.'he dustloading of the flue gas. As compared to the PC boiler, operating
temperature is lower (i.e. 850*%€ to 950 °C); therefore the NOy level could be lower. However, leyel of
N0 is not negligible and t}lus, should be factored into the design of the CPU.

How RFG and oxygenarfejntroduced into the boiler are the main parameters that control the combugtion.
These are very specific to the OEM’s boiler design. In general, only a small fraction of the RFG are taken
from the point aftexthe FGC for use as transport gas of the coal and limestone, and the rest of thg RFG
are taken from‘t‘ﬁB point after the particulate control to provide the fluidisation and overfire “air’} The
oxygen wilkbesmixed with the RFG. This could be split between the RFG for fluidisation and RF[G for
overfire “@it? Also, direct injection of oxygen into the boiler is an option. Figure 25 illustrates one qf the
basic (;Q(‘Ifigurations of an oxy-CFB power plant.

\\
9:2;2" Steam turbine island and generators
»

-3

Ac 2 rula tha ctaqam tnrhinac aradicnlatad frram tha combhuictinn nracace aveant vwhan o nraccirye feed
Tro o T oI, tHe- o teat tur o e oo C o Ot e T O o - Coo o tro T proceoss; EXCe Py rE 1oV ~presosur®
water or condensate is used to recover heat from the flue gas or used as cooling medium for various

compressors of the ASUs and CPUs. Therefore, there will be no special modifications to the steam
turbine needed if oxyfuel combustion is used to capture CO; from coal-fired power plant.

The steam turbines used for oxyfuel combustion power plant, are generally the same steam turbines
used in conventional air-fired power plant. It could be designed to operate with subcritical, supercritical
(SC), ultra-supercritical (USC) or advance ultra-supercritical (A-USC) steam. The use of A-USC steam
would generally result to significant efficiency improvements due to higher pressure and higher
temperature steam conditions.

9)  Compostila Oxy-CFB300 Project has a capacity of 345 MWe (gross) and 238 MWe (net).
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However, in some cases where the compressors of the ASU are driven by high pressure steam, the
modification to the steam turbine or to the boiler is necessary. The manner on how the steam is
extracted and delivered to the ASU is vendor specific. This is coordinated between the suppliers of the
steam turbine/boiler and the main air compressors of the ASU. This option is not normally considered
in retrofit cases. It should be expected that the impact to the net efficiency of the oxyfuel combustion
power plant should be improved due to reduction of the conversion loss between mechanical and

elect

rical energy.

1

—

— q

Gene
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9.2.3

The {
(PSA),
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Jupply water heaters, de-aerators.

= - 1 L. | 1 : —t £l £-11 : : +
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igh-pressure (HP), medium-/intermediate-pressure (MP or IP), or low-pressure (LP) turbmes an?i”
heir controls; v

N
vater condenser; ¢ o
ooling water pumps, cooling tower (if needed); N\~
ondensate and boiler feed water (BFW) pumps; AW

rally, the gross output of the power plant with oxyfuel combustion wiqll})e‘comparable to the gross
it of the conventional coal-fired power plant. Most of the loss in thb power output of the plant is
o the power consumption of the ASUs and CPUs. Thus, it follow$ that cost estimates for the steam
nes and its uncertainty should be comparable to both types ofpower plant.

~N

Air separation unit (ASU) Q ’

LR

echnologies available for oxygen production are crigegenic separation, pressure swing adsorption
and membrane separation. When a very large(valume of oxygen in the range of 100 000 Nm3/h
0 000 Nm3/h is needed for thermal power plan\t’he cryogenic separation is the only method that

could produce this large volume of oxygen at the Lexk'est possible cost.

For
tonn
load

The |

q

\
xyfuel combustion coal-fired power plant w1th CO3 capture, the oxygen required is of very large
nge with low purity (~95 % to 97 %) afd low pressure (~1,5 Bara to 2 Bara). Typically, for base
pperation, only gaseous oxygen (GO,X) is needed and there is no requirement for other co-products.

\SU consists of the following equlpment packages:

W™

ir filter; : g

—

— rain air compressorifMAC) and booster air compressor (BAC);
i

irect-contact af;tg‘\'cboler (DCAC);
)

ront-end pgﬁiﬁtation (including dehydration and removal of CO2, HC, other air impurities);

ain hgéitxéxchangers (BAHX);

T'Va,]\‘/e's and turbo expander;

-3

— distillation columns;

— reboiler/condenser;

— 1

iquid subcooler.

If the ASU requires operation flexibility to meet the power plant demand, additional equipment package

such
inclu

80

as LOX boiler, cold compressor, GOX liquefier, liquid (LOX, LIN or liquid air) storage, etc., could be
ded depending on the ASU cycle selected.
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ASUs are based on a mature technology developed and refined over 100 years. The differences between
ASUs used for oxyfuel combustion in coal-fired power plants and those used for the production of
industrial oxygen are as follows.

— The quantity of oxygen required could be larger for oxyfuel combustion power plant as compared to
other large users (i.e. steel, IGCC, CTL, GTL, etc.). For reference, a 500 MWe (net) oxyfuel coal-fired
power plant will require ~10 000 TPD (~295 000 Nm3/h) O2. This can only be met by multiple trains
of ASUs for every train of oxyfuel combustion boiler.

Currently, the largest operating single train ASU has a capacity of 3 900 TPD (~115 000 NIKO/ ) O3.
However, five trains of ASU are now under construction for very large petcoke gasificatign,complex
in India; and each train having a capacity of 5 250 TPD (~155 000 Nm3/h) O. This Wlktbe expected
to be commissioned between 2015 and 2016. Although it is for gasification ap ion, seperal
key learnings of building these very large trains of ASU could be adapted to the I\TJS for oxjyfuel
combustion application.

\

— The purity of industrial oxygen is generally very high at 99,5 %, as thisiS/required by the uisers
(mostly driven by the steel industry today). For oxyfuel combustionyapplication, a lower pprity
between 95 % and 97 % is used to reduce the energy consumpt10n~At this range, consumptipn of
large amount of energy to separate Oz and Ar is avoided. S

»

Additionally, due to the excess O needed and the air 1n&r€§s into the boiler and downstfream
equipment during combustion, it is a necessity to separate’the residual Oz, N2 and Ar from the
product CO3. Thus, there is no perceived benefit of emploxmg higher purity O5.

— Other large industrial users of oxygen today requireés oxygen supplied at a high pressure (i.¢. for
steel industry — BF and BOF require Oz at ~5 Bardand ~25 Bara respectively; for GTLs, CTLs, IGCCs
require Oz at >10 Bara and could be as high as gﬁ Bara). For oxyfuel combustion application, fince
combustion is at atmospheric conditions, oxygeh required is at relatively low pressure (i.e. <2 Hara).

requires large volume of gaseous Anfer their AOD operation, a liquid steel purification process;

IGCC requires large volume of médiam to high pressure gaseous Nz, PGAN for their gas turlyine).

For oxyfuel combustion, only gaseous oxygen (GOX) is required and in some cases, only the ljquid

oxygen (LOX) as co-productimaybe required if plant flexibility is needed.
\ Y

— Other large industrial users of oxygen t({&ay also requires other co-products (i.e. the steel 1nd%: try

— The ASUs for power planté siould have the capability in order to satisfy the demand of the generftion
unit and need to have gsufficient output margin for operation, and the fluctuation to the Oz dethand
by oxyfuel combustion could be unpredictable. Such requirements are normally not imposgd by
other large usersoﬁcfxygen

Because of thesgy dlfferences industrial gas companies have developed different ASU cycles to meet
the demand for\&xyfuel combustion. They have identified key areas where improvement could be fnade
to the perfo’rTnﬁnce of the plant and reduce cost. Additionally, integration opportunities between the
power pla{gt'and the ASU have also been identified.

It c%’d\be noted that development of the new ASU cycles is totally different to the conventional two
columns ASU cycle (as shown in Figure 26). There are several variations reported, but in general, ¢ould
~be grouped either as dual reboiler cycle (as shown in Figure 27) or triple column cycle (as shoyn in
HFicure 28 A mare detailaed discussiaon on the different ASI cucles develaned for ovufuel comhu tion
=) J r J

is presented in various conference proceedings.[107](108][109][110][111]{112][113] Fundamentally, the
development of these cycles aimed to minimize the total power input by reducing the feed air pressure,
producing oxygen at no more than its specified pressure, and with all of the nitrogen produced vented.
This could be illustrated in Figure 26, Figure 27 and Figure 28.

In the classic two-column cycle producing 95 % purity oxygen (as shown in Figure 26), the pressure of
the feed is set at ~5,6 Bar. On the other hand, for the single pressure dual reboiler cycle (as shown in
Figure 28), the pressure of the feed air could be reduced to ~4,9 Bar. This is due to the improvement
gained by reducing the thermodynamic loss of the LP column through the introduction of the second
reboiler/condenser. About 4 % improvement in energy performance could be achieved as compared
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to the two-column cycle. Further improvements could be gained to this cycle by employing MAC and
BAC dual pressure arrangements and side condenser for LOX evaporation, which should result to an
improvement of about ~10 % to 14 % in the ASU energy performance. By employing a triple columns
or dual high pressure columns cycle (as shown in Figure 27), the pressure of the feed air is reduced to
3,1 Bar; and only a part of the feed air is pressurized to 4,8 Bar to provide the necessary refrigeration of
the cold box. With this arrangement, it was reported that around 20 % to 25 % improvement could be
gained. If integration of the ASU with the boiler is included, additional 5 % to 10 % improvement could

be further achieved.[107][108][113][114][115]
7 N
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Figure 26 — Sche@FD of the classic single-pressure, two-column ASU cycle
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Figure 27 — Schematic PFD of ngle-pressure, dual-reboiler ASU cycle
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Figure 28 — Schematic PFD of the dual-pressure, triple-column ASU cycle
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Another challenge to the development of the ASU for oxyfuel combustion is the need to meet the
demand of the power plant in various operating mode including high level of flexibility. Industrial gas
companies have offered several options to meet such demand. These are discussed and reviewed in
various literature and proceedings.[107][110][111][113][114]

In this area of development, the following could be summarized.

— The normal operating range of a single train ASU (with single train MAC) without LOX storage is

about 80 9% t0 105 %

he ASU could meet changes to the demand of the power plant (i.e. turn down) with a ramp rate ofu

0 1%/min to 3 %/min without any need of liquid oxygen, however, at 3 %/min ramp rate, thisskguld

e incorporated in the design of the ASU. This is primarily a trade-off between the arrangement of
the number of MAC/BAC per train of ASU and the number of trains of ASUs. The energy perfofmance
f the single train vs multiple trains ASUs during turn down could be illustrated in Figg)re 29.

100% —_ NV
ne nt Py N
turndewn / 1 S
80%
5 ~
2 60%
o
40% . &
= Single Train — Three Trains
20% . - .
0% 20% 40.‘&\ 60% 80% 100%
Qxygen Capacity
Basis: Each train of ASWHincludes two parallel main air compressors
\ Y
NOTH See Reference [111]. 'S ad

84

4

Figure 29 — Turn d'gvxy\performance of the ASU for single train vs multiple trains
For ramp rate greates than 4 %/min, the use of liquid oxygen or other liquid gas could be necessary.
As stored LOX ismsed to smooth out the peak and trough of the oxygen demand of the power plant.
$trategies useddnid experience gained during the number of years operating a variable Oz demand
in the steel lﬁdﬁstry could be adapted. The capabilities of the ASU to meet the fluctuation in demand
ould be illustrated in Figure 30.
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— In scenarios where there is a price Qifferential between day and night operation, the ASU coufd be

o

facility. This also involved with the use of liquid oxygen and/or

4

other liquid gas products (i.e)LH¥ or liquid air). Several industrial gas companies have develpped

)

T

Figure 30 — GOX production megting the fluctuating demand of the customer

managed as an “Energy Storagé’

different schemes.[110][113

.

To illustrate what options ate“available to meet such type of demand profile from the power plant,
Goloubev et al.[113] have presented four different options which include simple evaporation off LOX

¢

(option 1), evaporatien®f1.0X with integration to the cold box (option 2), use of cold compressor (option
3) and swapping of liquids (option 4). Results of their evaluation are summarized in Figure 31.

®
»
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Figure 31 — Concepts of energy management between AS?J and power plant
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-

Therf are still several areas where improvements could be ga'}ﬁ'eh to the ASUs for oxyfuel combustion.
Howegver, further development could not be pursued until,:c‘he first large-scale demonstration power
plant is built, operated and its performance validated. &

-

The {lifferent FEED studies[114][115][117][118][119] underfaken in various large-scale demo projects have
identified key equipment where improvements could be gained and where possible integration between
boilgr, ASU and CPU could be developed. Furthe\r gfe‘velopment is necessary in the following areas:

— Ievelopment of the main air compressornto provide wider range of turn down;
]

evelopment of process control sys'qém to allow smooth operation of the ASU meeting the variable
D, demand of the power plant;< & 7"

— dlevelopment of process in:cegi:ation options of the ASU with the power plant and the CPU;

— utilization of waste Ny fr'SrE the ASU. (i.e. use of additional Brayton Cycle using N7 as working fluid).

the dost estimates QQ s. They include scaling-up of equipment to larger sizes than ever experienced
(e.g. larger diameter/valves, turbo machineries, evaporators with larger diameters and various types
of hdat exchan%is) as well as guaranteeing required purities or motive power to meet the required
dyndmic perfermance. Generally speaking, such contingency costs are necessary to the few early mover
projdcts, antl will be less needed as the experience in deployment of nth plant have been achieved.

It is expected that flue gas from an oxyfuel combustion boiler has higher concentration of COz and H20
as compared to flue gas from conventional air-fired boiler. Additionally, the concentration (reported
as ppm or mg/Nm3) of different criteria pollutants such as NOy and SOy are generally 2 to 5 times higher
as compared to the emissions from air-fired boilers.

To maintain the integrity of the boiler and its auxiliary equipment against the impact of high
concentration of acidic gases, various controls to reduce SOy and particulates are used. Mostly, these
equipment are also employed in conventional air-fired boilers. Generally, this could be grouped together
as Flue Gas Processing Units or also commonly known as the environmental island.
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The flue gas processing units mainly consists of the following equipment package:

Particulate control — dry ESP, wet ESP or bag/fabric filter (FF);
— SOy control — wet FGD or dry/semi-dry FGD (including CDS, SDA, DS]I, etc.);

NOy control — SCR, SNCR;

9241 Particulate control

For air-fired boiler, particulate control is strictly required to reduce particulate emissions®

d
regulatory requirements. For oxyfuel combustion, in addition to environmental consideratj@hj'rerx

of particulate is essential to maintain the integrity of the fans (i.e. RFG fans), ducting@id™other h
equipment from erosion; and additionally, it is also important to completely remo%‘bulk of {
particulate matters to reduce the dust loading going into the flue gas filter and ‘protect other
components (such as compressors and heat exchangers) downstream. \4

“V
For particulate or dust control, both oxy-PC and oxy-CFB has the option tcye,rfnploy either electrog
precipitator (dry and/or wet ESP) or fabric filter (FF). X\ 7

9 %

e to
oval
oiler
hese
CPU

tatic

Large industrial-scale operation experience from Vattenfall’s Schwa\rz.'e Pumpe Pilot Project
[122] reported that the ESP has performed very well during o
experience from Callide Oxyfuel Project[102] and CIUDEN Techh&legical Development Project[123
fabric filter have also indicated good performance with the PMuieasured after the FF reduced by ~
as compared to air firing mode. )

-

—~N

Figure 32 shows the size distribution profile of the p@‘?‘ti'culate matter measured from the flue g

[12
fuel combustion testing. SimA%Early,
]

[121]

sing
650 %

as of

Schwarze Pumpe Pilot Plant operating in both dip*and oxyfuel combustion.[120] The results clgarly
indicated that particulate emissions are similad#~h both air and oxyfuel combustion mode, fhus,
indicating that it is independent from the typsy,of:firing mode.
1.0E+06 7~L\ 60
W\
O 22
1.0E+05 - ‘ i '!‘.}.
Q F 3
Q \
fa ] ¥l
- ]*“..- i
J.E 10E+04 N .Ilr..;I';‘ i n.-!l '; -.‘- g
= A i ® £
§ 1,0E#03 - X z Ilgi s )
& ¢ % » |i !|_" B
% ":b’ o g
_w \ -~ Ouyfiring. number size distribution i)
A\ ~a— Airfiting, number size distribution
,«\ - ~or— Quy-firing. mass size distribution
< ‘\3 1.0E+01 - ~a— Air-fiting, myss size distribution
AN wn&,,.., N
Vo '_a..: dad ;""
S 1.0E+400 saoapEs? W ol .
LU | oA | T
D [um)
NOTE See Reference [120].
Figure 32 — Particle number size distribution and mass size distribution measured
downstream of the ESP for oxyfuel and air firing conditions
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9.2.4.2 SOy control

For air-fired boiler, SOy is limited by environmental regulations. For oxyfuel combustion, SOx should be
reduced to an acceptable level in the recycled flue gas to maintain the integrity of the boiler, flue gas
reheating equipment and associated RFG piping/ducting, etc. Similarly, SOy emission regulation should
be met during plant start up and shut down operation; and if the power plant is designed to operate in
dual mode (air-fired or oxyfuel-fired). The control method and process arrangements (i.e. position of
the FGD) are dependent on the sulfur content of the coal, the CAPEX and OPEX.

Duripg oxyfuel combustion, the sulfur species (mostly SOz and SO3) in the flue gas could be reduced
externally by the flue gas desulfurization (FGD) unit or by in-furnace sorbent injection techniqug.
Addifionally, SOx could also be removed downstream at the FGC and/or at the warm part of the C&U,

For dxy-PC, the FGD could be installed inside the flue gas recycle loop, outside the flue gas r,ec?cfe loop,
or bgth. There are several options available for flue gas desulfurization, and these include_t-h’e following:

et flue gas desulfurization (FGD) using limestone; X’
irculating dry scrubber (CDS) using hydrated lime; N D

§pray drying absorption (SDA); \:" |

dry sorbent injection (DSI). \«‘\Q"

Typig¢ally, for high-sulfur coal (i.e. greater than 1,5 % to 2 % S), insialfing the FGD inside the flue gas
recy¢le loop could be necessary to meet the tolerable level of SOX pecified by the boiler manufacturers.

in the environmental island or at most using only DSI to redhce SO3. The remaining SOy in the flue gas

coul

On t}e other hand, for low-sulfur coal (i.e. <0,3 % to 0,5 % S);4t4s possible to eliminate the use of FGD

be removed downstream in the FGC or in the warm.Qart of the CPU.[124][125]

Vattg¢nfall Schwarze Pumpe Pilot Plant has demons ated that wet FGD could remove >99 % SOy. This
is shpwn in Figure 33. To reduce the air ingress, the\stilphite oxidation tank is separated from the main
FGD |column (which is not typical for conventloﬁa] FGD used in air-fired boilers). Performance of the
FGD has been described in various llterature 121] 127][128][129][130]

NOTE See References [1
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Figure 33 — Performance of the limestone forced oxidation wet FGD during oxyfuel combustion
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For oxy-CFB, the limestone injection is the primary measures to control SOx. This is an in-furnace
desulfurization technique as described earlier. Typically, by using Ca/S of about 2,7 to 3,2 and with
operating bed temperature of between 850 °C and 950 °C, the sulfur removal efficiency of greater than
95 % could be achieved even for very high sulfur fuel (i.e. up to 5 % S). The experiences gained at the
CIUDEN's facility have reported that the performance of the limestone injection in removing SOy at high
bed temperature is more efficient during oxyfuel combustion than in air firing mode; but performance
may decline at temperature below calcination.[131][132][133]

X
downstream either at the FGC or at the warm part of the CPU. In some scenario as described\eqrlier
where an external FGD may be incorporated (i.e. due to burning very high S fuel) to the oxy2CEB ppwer
plant, itis necessary to optimize the SOx removal between the limestone injection in the funace and the
external FGD. This is determined by the level of SOy in the recycled flue gas and OPEX cgn8iderations.

-

9.2.4.3 NOy control ooy

During combustion, NOy is formed from the conversion of the fuel nitrogensto NO, thermal and prompt
NO mechanism. For coal combustion, NOy from fuel nitrogen is more dm‘mnant NO is the dom]nant
species produced during combustion (~90 % to 95 % of the NOy). The» other NOy species, NO, are
formed from the conversion of the NO at lower temperature. N

In oxyfuel combustion, the flue gas is recycled back into the burﬁér area of the boiler. Thus, most gf the
NOy in the recycled flue gas is decomposed in the reducingefwironment near the burner region (i.e.
reduction through NOy reburn mechanism), thereby limiting®he concentration of NOy to approximptely
1,5 to 2 times the concentration (reported as ppm or mg/Nm3) of NOy as compared to the NOx emissions
during air combustion mode. \

LR

Due to the effectiveness in reducing NOy in thépoiler during oxyfuel combustion, the externall NOy
control equipment such as SCR or SNCR may fog be necessary. Remaining NOy in the flue gas could be
removed downstream, mostly at the warmepart of the CPU.

However, if the power plant is to be oper’éted in dual combustion mode (i.e. air and oxy firing mjode),

SCR or SNCR may be necessary to comply with environmental regulations when the power plant{is in

air firing mode, thus, could i increase the capital and operating cost of the power plant.
\ Y

9.2.5 Flue gas condense¥ flwe gas cooler)

The flue gas condenser or {FGC is a general classification for direct or indirect cooling of the flu¢ gas
from the oxyfuel combiétion boiler. The use of large-scale flue gas condenser is well-established in
various biomass-firéd*power plant or waste incineration plant producing hot water for district hedting.

Direct cooling i}:ﬁ‘ng water or alkali wash is favourable as compared to indirect cooling due to thie co-
benefit of remeVing the water soluble acidic components. On the other hand, problems encountered
such as fotlif'g and corrosion issues experienced by the latter option make it less fashionable. Thus} FGC
could bg“synonymous to direct contact cooler, flue gas cooler, flue gas quencher, low pressure quercher,
or, lfkv‘ﬂ)'ressure scrubber.

FGC is the hnk between the boiler and the CPU. It plays an lmportant role in the prellmlnary drym and
d FGC

as part of the flue gas processing unit. But some other Vendors spec1fy thlS as part of the CPU

In this Technical Report, for the purpose of clarity, FGC is classified and described separately from the
environmental island and the CPU.

The FGC could consist of the following equipment package:
— FGC using direct cooling:

— spray tower or any other similar mass transfer equipment (i.e. packed tower scrubber, venture
scrubber, etc.);
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— demister (i.e. to reduce the carryover of H2S04);

— recirculating pumps, waste water pumps, etc.;

— reagents storage facilities;

— FGCusing indirect cooling:

— shell and tube heat exchanger (could have condensing or non-condensing option);

Typi
cont

The
HBr,
bulk

1+ recirculating pumps, waste water pumps, etc.; a\
'

LN

1+ condensate traps. s

A\

Fally, the flue gas that is fed into the FGC contains about 20 % to 40 % water (depending th'nﬁisture
ent of the fuel). This could also be saturated if wet FGD is used upstream. P\
1se of water wash generally removes most of the water soluble acidic componer\ts’&uch as HCI, HF,
S03, NO3. However, any H2SO4 mist may not be captured effectively in this umt The significant

of fine particulates remaining in the flue gas could also be effectively removed
|

For axy-PC, part of the cleaned flue gas (i.e. ~40 % to 50 % of the feed gas\into the FGC) is returned

only
lime

If alk
isde
Schw
remd
Figuf
This
show

Opti
seco

to thle boiler as primary RFG and the remaining flue gas is delivered t&'tbe CPU. While, for oxy-CFB,

a small part (i.e. 10 % to 15 % of the feed into the FGC) is returnét

btone. &V’
J

ali wash is used, the remaining SO in the flue gas is also l:emoved The extent of the SO removal
bendent on the inlet SO, concentration and operating pH¢Based on the experience from Vattenfall’s
arze Pumpe Pilot Plant (i.e. where FGD is used upstr:{ém the SO7 concentration is small and the
val efficiency was observed to be between 94 % aiW#’98 % at pH between 6 and 7 (as shown in
‘e 34).[124] The downside of using alkali wash is the co-absorption of CO7 to form HCO3- at pH >5,5.
is due to very high concentration of CO; and l\éw level of SO, remaining in the flue gas. This is
n in Figure 35.[127] '~\

W
ns of using acid wash are also considefgd and this is presented by Air Liquide relating to their
nd-generation technology for the “waknrpart of the CPU”". [134]
\ Y
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See Reference [127].

Figure 34 — SO remov&iency of the FGC
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See Reference [127].

Figure 35 — Co-absorption of CO3 as HCO3 in the FGC at pH >5,5

9.2.6 (CO3 processing unit (CPU)

The CO processing unit (CPU) is also known as COy purification unit, compression and purification

unit, or gas processing unit.
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In general, the CPU may consist of the following components:

warm part of the CPU, which could include:

flue gas filter;
flue gas compressors (with intercooler or adiabatic);

front-end purification units, mainly the NOy, SO removal process;

The
impy
refri

cooling water pumps;
water chillers;
dehydration unit;
mercury removal unit;
— CO removal unit;

old part of the CPU:

flash and/or distillation/rectifier columns;
main heat exchangers (BAHX);

JT valves, turbo expanders;

product compressor or pumps;

cooling water; ':5

vent gas heater.

reneral consensus among OEMs is to recon\n’fjénd the use of auto-refrigeration cycle, i.e. the use of
re liquefied CO; as refrigerant. However;in cases where refrigeration is provided externally, the
peration package should be included-int the list.

Furthermore, the additional recovery.qﬂ'the CO3 from the CPU vent could also be added; thus, allowing
greater than 98 % CO> capture/recovery rate. If this is in place, any of the following equipment packages
coulI:also be included in the list;

— embrane; ': o/

— PSA; So '

— YPsA <y’

It shpuld be dgfed that the list of equipment could be technology specific to the OEMs and should be

cons

Amo

dered\a\&indicative only.

hg thé different stakeholders of oxyfuel combustion, it could be roughly said that the CPU was

cons

dered to have the highest potential risk among the different components of oxyfuel combustion

with

respect to the power plant cost and future regulations of CCS. This is due to the fact that the design

and engineering of the CPU is very dependent to the specification of the product COy (i.e. once this
parameter is fixed and the power plant built, it will be costly to modify the CPU if there will be major

chan

ges to the required specification of the product CO; during the operating life of the power plant).

In one possible scenario, where the transport of the product CO3 is of short distance and the geological
storage allows the co-capture of other non-CO; components, the best available technology and the most
cost effective way to design the CPU will only require the cooling, dehydration and compression of the
flue gas from oxyfuel combustion boiler. Thus, the resulting product CO; will have low purity CO in

92
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the range of 80 % to 90 %!9). The water content level of the CO2 will be limited by the design of the
compression and dehydration unit, this could range from minimum allowable water content for safe
operation of the pipeline (i.e. ~500 ppm to 600 ppm, with no free water) to a very dry CO2 product
(i.e. <10 ppm) if needed. Normally, there is no crucial need to employ deep dehydration of the flue gas
given that this will not be subjected to low temperature processes. The level of NOy and SOy in the
product CO, will depend on the upstream flue gas processing units and the final concentration of acidic
gas species will be determined by the process arrangements of the compression and dehydration unit,
taking into account the physics and chemistry of the NOx and SOy reaction in the presence of O and
water during compression.

A practical example to the scenario described above is the experience gained by Total in\tbéir Lacq
Project. The capture of COz is based on oxyfuel combustion retrofitted to a ~30MW¢j steaqitgenerption
plant firing NG. Around 110 TPD of CO3 is transported in “gaseous” phase at ~40 Bar t0z depleted NG
reservoir at Rousse, France. The design of the flue gas processing and the CPU is simple-and could dasily
meet the minimum requirements for a converted pipeline (i.e. originally used for&NGsind re-conditipned
for CO3 transport). The processing of the flue gas from the boiler only includesithiedirect contact cpoler
that cools down the flue gas down to 30 °C. The CPU consists of a three stagg\f‘ec/procatlng compressor
and molecular sieve for gas dehydration. A part of the dry CO is recycledi back to the compressionfunit.
The product CO3 has a purity level in the range of 91 vol% to 93 vol% C,Oz (dry basis). The gas delivered
to the pipeline is nearly bone dry (i.e. <10 ppm). Other non-CO; cdwiponents included in the prdduct
CO3 are 02 (5 vol% to 7 vol%), N2 (1 vol% to 3 vol%), Ar (0,5 vol"(otgo 1 vol%), CO (<10 ppmv) and NOy
(mostly NO at ppmv level).[135]

’ »

.

In another scenario, where the purity requirements is not stljngent (i.e. “relaxed COz purity scengrio”,
where this could be applicable to CO; storage in saline aquifer), the engineering and design of thg CPU
will then be dependent on the economics of the COy4ranSport and storage. Typically, the product CO;
could have purity in the range of 90 % to 98 %. Fhéuroisture content will be very dry (i.e. <10 ppm),
as this is required because the flue gas is procés@ed at low temperature conditions (~i.e. could be
subjected to as low as 53 °C). The level of NOx and SOx in the product CO2 will be mainly dependept on
the selection of the technology used in the I{fistream flue gas processing unit and the technology jused
in the warm part of the CPU.

W
For a scenario where the product C@grequires stringent purity (i.e. “high CO2 purity scenario’| that
could be possibly applied to EOR®@Qperation producing sweet crude as an example), the engineering and
design of the CPU will be depéndent on the limits imposed on the oxygen content of the product|CO5.
Typically, the product will ha¥eégreater than 99 % to 99,5 % CO;. In this case, deeper separation df the
non-CO2 components will,be*required and this could be accomplished by adding distillation column
and/or the recycling of,some part of the product CO3 into the feed gas of the cold box.

~

In summary, it shouldnbe underlined that the final design of the CPU is governed by the specificatipn of
the CO2 producta as requlred by the downstream processes (i.e. transport and storage). But there afe no
existing gu1de1ﬁ1es to provide such specification. Nonetheless, it should be emphasized that develgping
such guldelm\{are still pre-mature until several large-scale demo plant are operational and to learn
from theu\experlences Currently, it is expected that for the first generation oxyfuel combustion ppwer
plant tl\e specification of the product CO3 is determined by project and site specific requirements

To ‘ﬁltlgate any uncertainty and risk to the investment of the oxyfuel combustion power plant| it is

«hécessary to develop research programmes that will aid in the understanding the impact of the|non-
€03 componentsto the whaole CCS chain Pnrfiml]nr]y, work in the fn]]nmn'ng areas should be pnrcnnd.

— To develop research programme aiming to improve and validate the accuracy of the thermodynamic
data on vapour-liquid equilibrium (VLE) of binary and multi-components mixture consisting of

10) This is applied to coal-fired power plant and dependent on the condition of the boiler and fuel’s ultimate
analysis. 80 % to 90 % is typical for burning of hard coal in a new build boiler with minimal air ingress.

11) To achieve 500 ppm to 600 ppm moisture level, only minimal dehydration is needed and this could be achieved
by a simple glycol unit. Additionally, at this level, it is assumed that there is no free water in the product CO». It is also
possible to achieve this level of water content in the CO, compression unit where water is removed between stages
in the knockout drum. However this will be limited by the temperature of the cooling water available. Chilling the
cooling water could help achieve this level.
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€Oy, Oz, N2, Ar, and other minor components such as CO, NOy, SOy, N30, etc. In the perspective of the
CPU development, this is essential in order to improve the dynamic modelling of the CPU processes
especially near the freezing temperature of the mixture.

To evaluate the energy performance of different concepts of COy purification involving partial
condensation. This should also include the demonstration of auto-refrigeration cycle at appropriate
industrial scale pilot plant that uses the “impure liquid CO2” as refrigerant. This should provide the
necessary engineering data to help develop process controls of the CPU — thus, also addressing the

o evaluate the fate of the NOy and SOy in the compression and dehydration of the flue gas; T\‘h}
ffectiveness of NOx and SOy removal during compression should be demonstrated at apprQ%ria'te
industrial scale pilot plant. Additionally, the cost-benefit and risk assessment of adding or fémoving
the different NOx and SOy control measures upstream of the CPU vs. NOy and SO refhoval at the

yarm part of the CPU should also be evaluated. P

9.2.4.1 Flue gas filter AW

Any
the dompressors and BAHX downstream. This should prevent any fouling toﬁlrlfe compressor. Also, once
fine

remaining particulate matters should be removed in order to maintain the desired performance of

Hust enter the BAHX, it is impossible to remove; and if these dust decumulate, then the pressure

drop|across the BAHX increases thereby increasing the energy consumpﬁoh of the CPU.

For ¢xyfuel combustion, it is expected that the FGC using direct cohta{ct cooling and scrubbing using
eithdr water or alkali wash could remove most of the particulatg$in the flue gas.[102][134][136] The filter
(eithpr a dynamic or static filter) if installed could serve as a Qc‘)\lis‘hing step to ensure the removal of the

remdining fine particulates down to tolerable level.

9.2.4.2 Flue gas compressor ¥

N

-
':\\

For the first-generation demo plant, an isothefmial or adiabatic compressor could be selected. For
isotHermal compressor, intercooler is requir€dyFor adiabatic compressor, there is no intercooler; thus,
highe¢r temperature is expected at the dischafge where heat could be recovered at the aftercooler unit.
This|heat can be used to preheat the condensate or boiler feed water as part of the integration between

CPU
The

and the boiler island or the vent gagof the CPU cold box if required.[124][137][138][139]

celection of the flue gas compressor should take into consideration that the machinery will be

subj¢cted to a very acidic copdi\t‘ion. Thus, materials selection is crucial to the reliability and safe
operption of the flue gas compressor.
N

®

9.2.4.3 Options for @x and SOy removal

Recognizing the ge’aﬁdon between NOy and SOy in the presence of H0 and Oz under pressure is an
impdrtant finding'that has been crucial in the advancement of the different approach made by various
OEME to deyélop the warm part of the CPU.[137]

White and}\llam[m][m] noted that in the presence of water and oxygen, SO will be converted to
H>S(Q4%and NO will be converted to HNO3 at higher pressure due to the following reactions:

NO+1/20; o NO; (1) Slow
2 NOy o N204 (2) Fast
2 NOz + H20 © HNO; + HNO3 (3) Slow
3 HNO> o HNO3 + 2 NO + H20 (4) Fast
NO> + SOy o NO + SO3 (5) Fast
SO3 + Hy0 o H>S04 (6) Fast
94 © IS0 2016 - All rights reserved
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This overall reaction will be limited by the first reaction which is favourable at higher pressure

(i.e. greater than 10 Bar). The presence of NO; will initiate the catalytic conversion of SO to SO3

with

NO; serving as the catalyst. In the presence of water, SO3 will be absorbed and converted to H2S04. It

was hypothesized that NO will not be converted to HNO3 until all the SO are converted.

A more detailed kinetic evaluation of this reaction led to better understanding of the fate of NO and SO

during compression. It could be noted that it is predominantly a liquid phase reaction. This cou
illustrated in the network of reactions shown in Figure 36.

Id be

Stoichiometry Phase N ,\
2NO + 0, > 2NO, v ol
2NO, = N,0, v ¢ \?
N?':'d + HJD = HND} + HND? L Green — propagates Nﬁ"l::ﬂuf. cyche
2HNO, = NO + NO, + H,0 L Red - terminates NSefeiltx cycle
4 HNO, = 2NO + N,0, + 2H,0 L S
S0, + H,0 = H,50, L NG + 0. &P NO, / N,0,
2HNO, + 250, + H,0 = 2H,50, + N,0 L ( R
2HNO, + 2H,50, & 2H,50, + N,O + H,0| L ) /FH?U
2 HNO, + SO, & H,50, + 2NO L '\
2HNO, + H,50, > H,0 + H,S0, + 2NO | L & HNO, + HNO,
2NO, + H,0 > HNO, + HNO, %) W‘H;ﬂj
WO +50,/H,50,
.' H,S0, + N,C
» H,S0, + NO

NQ#NO, / N,0,
QL

NOTE See References [142], [Mﬁ]‘anﬂ’[M].
QP
Figure 36~ Updated SOy and NOy reaction during compression

4

Taking into account thése\ reactions, Air Products proposed the Sour Compression Scheme to remove

both NOx and SOxduring the flue gas compression as shown in Figure 37. For this option, the desi
the HP scrubbers iscrucial in the removal efficiency of both SO and NOy. The SOz loading in thsg
gas coming froﬁxthe FGC, operating pressure and residence time are some of the important param
considered=if\fas been reported that ~99 % of SOx and at least 95 % of NOy are removed as mixty
acids of[1956%, HNO3 and HNO3 at ~15 Bar.[140][141][144][145][146]

gn of
flue
bters
re of
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Figure 37 — Updated SOx and NOx reaction during compression
)

Linde Groupl138][139][147][148][149] proposes théuse of LICONOX!2) process to remove the NOx.
prigin of the LICONOX reaction is based on uéfhg ozone to oxidize NO to NO,. However, during
ompression of the flue gas, the ozone ismnatneeded; the conversion of NO to NO3 is favourable
oceed at higher pressure (as described-ea¥tlier). It is expected to remove >99 % of the SOy at the
and/or FGC upstream. Thus, the SOz leading in the flue gas entering the LICONOX process will be
mal (i.e typically in the range of <5 ppm to 10 ppm depending on SOy removal efficiency upstream).
Cleaned gas is compressed to 12, B}ifa to 15 Bara; thus, converting all NO to NOy; and then NO;
moved by using alkali wash ‘{dsing NH3 water or NaOH). This process has been evaluated at
nfall’'s Schwarze Pumpe pilotfacility.

hoval efficiency of at least 95\% of NOx input was reported. I[f ammonia water is used, the by-product

produced from the reactignednsists of spent salt of ammonium nitrite and nitrate. With this option, the

saltl
of ni
pres

pading could be further reduced by preheating the salt solution to 60 °C therefore reducing the salt

rite to N2 and§2Q" This is illustrated in Figure 38. A more detailed description of their process is
bnted in Varioyﬂ)ublications.[m] [148][149]
t‘\ 4
\.\

.

= )
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LICONOX is given for the convenience of users of this document and does not constitute an endorsement by
f this process.
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Figure 39 — NOx and SO removal

Air Liquide [134][136][153][154][155] proposes the use of NaCO3 or NaOH in the FGC as salt of sulfates and
sulphites. This should reduce the SOy down to <10 ppm and expecting that most of the remaining SOy
entering the flue gas compressor to be as H2SO4. Similarly, the majority of the NOy is expected to be
removed during the compression due to the conversion of NO to NO3, and then collected in the knockout
drums of the compressor and/or at the HP scrubbers as HNO3 or HNO3. It was reported that <0,1 ppm
of SOz and <10 ppm of NO3 is achievable after compression. However, for their second-generation CPU,
the remaining SOy in the flue gas is removed as sulfuric acid by recycling the NOz, HNO; and HNO3 as
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reagent in the LP scrubber as shown in Figure 40. To reduce further the NOyx down to <1 ppm, it was
proposed that a distillation column can be added to separate NO; at low temperature conditions.

4
3,
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' Flue verall chemical reaction : s '
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NOTH See Reference [134]. ‘\\
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Figure 40 — Simplified schematic flow diagran¥of Air Liquide (second-generation) CPU

Alstqm is also developing their own CPU desi\g’fj\and called it as gas processing unit or “GPU”[156].
Howegver, information about their warm part-of their GPU process is not yet available in the open
literature, thus, should be revisited in the ‘futu're.

9.2.4.4 Dehydration unit (water’sémoval)

The fold part of the CPU is operdted at low temperature conditions (i.e. down to ~-55 °C), thus, it is
tial to remove water to,s'lO ppm to 20 ppm to prevent any ice formation in the cold box.

For

employed and wéter content of <1 ppm is achlevable but typically <10 ppm to 20 ppm is guaranteed.
[102][}116][136] 371 [138][157]

AddifienaMy, any remaining SO in the flue gas could be permanently adsorbed by the TSA/molecular
sievd. Bhs, this should contribute to the long term performance degradation of the molecular sieve and

should be Tactored into the design and maintenance regime of the dehydration unit.[1%%]

Any remaining NOy in the flue gas that are adsorbed in the TSA/molecular sieve are regenerated, and
should have no impact to the long term operation of the dehydration unit.[102][137][144][159]

Mercury in the gas could also be captured in the TSA.[116] However, the possible re-emission of the
mercury captured in the molecular sieve during operation is not yet well understood and should be
evaluated.
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9.2.6.5 Mercury removal unit

Mercury is known to corrode any aluminium-based equipment downstream such as the BAHX, turbo
expanders, etc.[160] In the natural gas industry, it was established that mercury at <1 pg/Nm3 could
significantly reduce the risk to any aluminium equipment. For oxyfuel combustion power plant,
this limit could be achievable. However, regulations should be reviewed in the context of clarifying
uncertainty about measuring Hg during oxyfuel combustion.

Thadamacga canicad hy

Fhe-damage-caused-byimercus -to-an yaluminivm-based-e guipmentis-commeont -ere-to-acenus

thus, any mercury contamination in the BAHX or any other aluminium-based equipment coultkbe very

sudden and unpredictable. O
e

For oxyfuel combustion, the fate of mercury species in the flue gas have been evaluated ex?bnsively and

enough understanding has been gained.[160][161][162][163][164][165] [t has been establi§he\d1hat oxidation

of Hg could be similar or higher during oxyfuel combustion.[161][162][163][164] a0

Most of the oxidized mercury will be captured in the different flue gas processifig'units such as FFfESP,
FGD, FGC and/or flue gas filters. W
For the elemental mercury, the presence of HNO3 acid during the comprésbsion of the flue gas could also
promote and effectively remove the mercury (as any form of merg¢ury is highly reactive to the|[NOg,
N204 and/or HNO3).[165] C‘

Additionally, as mentioned earlier, mercury could also be trgfiped in the TSA/molecular sieve dryer.
However, understanding its re-emissions during operation i§mportant.[116]

-
Given the ample opportunities where mercury Could\bg removed, OEMs will remain conservptive
to their approach due to some uncertainties that;yét to be clarified. The addition of the mercury
removal unit using activated carbon bed imprégrated with sulfur will be installed. This is a well-
established technique in reducing potential cantamination. This could be positioned before or after the

TSA/molecular sieve dryer. \\

N
Furthermore, the use of mercury resist;(n'f design BAHX could also be an additional precaution. Option
to capture the mercury in the “cold cognpartment" is also possible (i.e. at temperature between -30 °C
and -40 °C, mercury is solid, thus,‘§h6uld drop out easily from the gas).[166]
S)
9.2.6.6 CO removal unit {£ 5"
CO has very similar low tefmperature properties to the Ny. Thus, bulk of the CO remaining in thg flue
gas will remain in tHeygaseous phase and will go through the cold box. Most of it will end at thel CPU
vent. Given that thewolume of the CPU vent is small, the concentration of the CO (reported as ppm or

mg/Nm3) may.exceed the regulatory limit. Additionally, a small fraction of the CO could be co-captured
in the CO; prqd/hct.
3)

There arg{w’o possible options to deal with CO.
— \B\fh}te the vent gas using waste nitrogen of the ASU and do nothing.

'—\‘Use catalytic combustion to oxidize the CO to COy. It is expected that the effectiveness of|such
=7 process could reduce CO in the vent gas down to <10 ppm.[150][151][152][166]

9.2.6.7 Cold part of the CPU

The main considerations in the design and engineering of the cold part of the CPU include the following:
— specification of the CO, products;

— minimum COy recovery rate (also known as capture rate);

— energy consumption;
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— CAPEX and OPEX.

Operating parameters, such as pressure, temperature and CO composition in the feed gas, define the
product CO2 composition and recovery rate, while the vent gas of the CPU is dependent on the VLE of
gas mixture at a given operating temperature and pressure.

In the open literature and various conference proceedings,[1371[167] around 40 different concepts have
been reported. Primary considerations include the basic arrangements of the flash and/or distillation

column:andthis could have several ontions for examnle:
T ) 3¢ 7 r

— ¢gingle flash, single column; '\

— dlual flash, flash-column, dual columns; ‘_\‘ v
7

— Ariple flash, 2 flash + 1 column, 1 flash + 2 columns, triple columns. N

Yy
Othefr variations to the design of the cold box and associated equipment include the following:

NV

— gelection of the refrigeration package (this could have a choice between exteynal refrigeration vs.
juto-refrigeration cycle or combination of both); D

L)

o
— jprocessing of the vent gas (i.e. manner on how energy are recovered frghthe vent);
-

) 4
— ¢ption to include additional process to recover the CO2 and/or Oz ffén the vent (to be discussed in

9.2.6.9). S 4
To iljustrate how product composition is affected by the pressute, temperature and feed composition;
the gerformance of the single stage flash separation (as shonl‘\Figure 41) is presented.
e Vent Gas
R (V, ycol
» ™
(=
N\
o
.’: Vapour-Liguid
FEED S “E > Separation
(F, 2co) enn
o"\/\
4 N
\;‘I g \'__")
- . /
Q .\ » Product
t‘\ “., m:]
NOTE _ (iSde Reference [141].
=

Figure4t—Singlestage flashrseparatiom

The operating pressure of the vapour-liquid separation column (flash column) could impact the product
CO composition and recovery rate. At higher pressure, the CO; purity decreases but the CO; recovery
rate increases. For example, when the flash column is operating at 15 Bar and -45 °C, the product CO;
is ~98,6 % pure, but the recovery rate is only ~51 %. By doubling the operating pressure of the flash
column to 30 Bar and keeping the temperature the same at =45 °C, the product CO7 purity reduces to
~95,8 % and the recovery rate increases significantly to ~84 %. These basic principles are illustrated
in Figure 42 and Figure 43.
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The feed composition could influence the recovery rate. Higher recovery rate could be achieved when
%CO3 in the feed gas is higher. For example, at 30 Bar and -52,5 °C, ~95 % of the CO3 is recoverable, if
the feed composition is ~90 % COgy; on the other hand, this reduces to ~82 % CO; recovery if the feed
composition is at ~65 % CO». This is shown in Figure 44.
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Figure 42 — Pressure vs C duct purity (with %COz in the Feed at ~75 %)
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Figure 43 — Pressure vs CO2 recovery rate (with %CO; in the Feed at ~75 %)
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NOTH See Reference [134].
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Figure 44 — Feed composition vs. CO; s
nermore, due to the VLE of the gas mixture, i.e. at n feed composition, there will be zero
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xample, for feed composition with 75 %CO», i
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No reproduction or circulation
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ot possible to have any CO2 condensation.
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ilarly (with 75 %CO; in the feed), there is no
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41 Bar and -46 °C, the vent composition should have ~23 %
r and -46 °C, the vent gas should have ~40 %COx>.
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Figure 45 — Vapour-liquid equilibrium (VLE) of CO2, N2 and O3 at -46 °C
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Figure 46 — Composition of t

It is not possible to discuss all CPU concepts
However, broadly the most common conce
flash and flash-distillation arrangeme

the cold box relative to recovery rate.dne

re 47 (Linde ]S) present the simplified schematic PFD off two

Figure 47 (Thomas Bensen) an
ash-flash arrangement respectively.[167]

different CPU concepts emplo

The flue gas entering both C rocess schemes are generally compressed to the set operating pregsure
of the flash columns ( s\\' ly in the range of 30 Bar to 40 Bar, HP). The CO; products delivered tp the
product compressionubit are at two levels of pressure typically in the range of 15 Bar to 20 Bar (fdr the
MP product CO2),and%6 Bar to 10 Bar (for the LP product CO>). In general, the operating temperature
could be in the ra u" of -15°Cto -25 °C for the first stage flash and could not be colder than the fre¢zing
temperature/0) “the gas mixture entering the second-stage flash (about -53 °C to =55 °C).

For the ';‘n) s Bensen process, the expansion of the vent is done outside the cold box. Additionally, the
liquid,€@ztaken from the second flash is preheated before being throttled in the JT valve. The CPU|vent
ish -;\\‘4 (to ~300 °C) and then expanded in the turbo expanders to generate electricity. The heating of

hewent is required to prevent any frosting to the turbo expander. On the other hand, for the Linde JS
(1.9 ess, the vent is expanded w1th0ut preheating and recycled back 1nto the cold box. Thus, in addition

n."l'. l"‘ Ne expnan .Il ne cni a QO DIFQ (e (] - ". Il 0 e
O
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Figure 47 — Simplified PFD of two CPUs based on flas arrangements

procgsses deliver the product COz at 95 % purity. Between nd 97 % recovery rate, the Thomas

Figufe 48 presents the product CO; purity and recovery rat@a processes. At 95 % recovery, both
Bengen produces slightly higher purity due to the low@ ting pressure and/or colder operating

templerature as compared to the Linde JS process.
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Figure 48 — Product purity vs recovery rate of the CPU based on Thomas Bensen and Linde JS
concepts

To increase the purity of the CO; product, a distillation column could be employed. Additionally, part
of the liquid COy is recycled back and mixed with the flue gas. Thus, increasing the %CO3 in the feed
results to an increase in both purity and recovery rate.
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Figure 49 (White and Co) and Figure 49 (Shah and Co) present two different CPU schemes with flash-
distillation column combination. The scheme proposed by White and Co has a flash-distillation column
arrangement; while the scheme proposed by Shah and Co has distillation column-flash arrangement.
Both concepts employ the recycling of the CO; products collected from the second-stage separation
unit to the pressurized feed gas. This should consequently increase the %CO> in the feed gas entering
the first stage separation unit and should also improve the recovery rate of the flash (White and Co) or
the distillation column (Shah and Co), i.e. first stage separation. One of the differences between the two
concepts presented is the operating temperatures. The concept of Shah and Co presented a scheme with

Figure 50 presents the product purity and recovery rate of both schemes.

g i)
i

- «\‘

White et al (Air Pro Shah et al (Praxair)
N
@

NOTE See Reference [167].

Figure 49 — PF

.

& g

0 CPU schemes based on flash-column arrangements

three levels of temperature and a "warmer" distillation column; thus, leading to lower produ
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%CO, in the Prqduct

%CO, Recovery
)
NOTH Source: Reference [167].

Figure 50 — Product purity vs recovery rate CPU based on flash-column arrangement

By increasing the requirements to the prod \ity, it could be observed that complexity of the process
incrdases. To require the product purit er than 99,5 %, several strategies maybe employed and
thes¢ could include but not limited to

— Installing additional flash or dis tion column,

— increasing operating pr of the distillation process; thus, may require additional external
efrigeration, and

— ¢mploying additi covery of the CO; from the vent and recycling back the recovered CO3 rich
as mixture to cold box.

02 compressors and pumps

2 coming from the cold box of the CPU is generally available in two pressure levels at
to 20 Bar) and LP (6 Bar to 10 Bar) or single pressure level at MP. The temperature is
on the design point at the exit of the BAHX. The product is nearly bone dry (moisture content
of <19 ppmvto 20 ppmvy:

The selection of compressor or pumps is dependent on final pressure required. This is a design point of
the power plant.

It should be noted that using liquid CO2 pumps has better energy efficiency than compressors.

9.2.6.9 Additional CO3 recovery from the CPU vent

The vent from the CPU cold box typically consists of the inert and the residual CO;. Normally, at
operating pressure of 30 Bar and with the coldest point of the CPU at =50 °C to =55 °C, the vent gas
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consists of ~25 % CO; and available at pressure. At lower operating pressure, the vent gas is expected

to have higher CO7 content.

The quality of the CPU vent gas, i.e. available at high CO2 concentration and moderately high pressure,
provided an opportunity to recover additional CO; and achieve greater than 98 % recovery rate at
reasonable additional energy requirement. Additionally, it could also minimize the impact of the air

ingress in the boiler system.

In gpnnra]l the r‘nvn]npmanf ofthis far‘hnn]ngy ishased on two pnccih]n nhjnr‘h'vnc- a} torecoverthe COZ

from the vent; thus, providing high CO; recovery rate; and also b) to recover the oxygen, redu{in
oxygen required from the ASU.

N
)/
Some of the processes presented by the different OEM vendors are described below. \‘.\

-

— Air Products[141](145][146] proposed the use of membrane [Prism!3)] where thé\pérmeate m

o the

ainly

consists of COz and Oy, is recycled back to the boiler. It is claimed that with €hi$ process installed,

the 02 requirement from the ASU could be reduced by 3 % to 5 %. The/umplified process

flow

diagram is presented in Figure 51. (It should be noted that the CPU cycle¢witthe cold box presentied in
Figure 51 is the Thomas Bensen scheme as described earlier. The gnly'modification to that scheme

is the addition of Prism membrane to the vent of the CPU process),s /'

— The Linde Groupl138][139][169] proposed the use of PSA to fl\rtlkr recover CO; from the ven
of the CPU. The CO rich gas recovered is recycled back tg’ theé-dehydration unit and to the flu
compression unit of the CPU; while the remaining gas,eatild be fed into the front end purific

[t gas
P gas
htion

unit of the ASU. It is claimed that energy consumption - ofithe CPU will increase by 6 % as compgared
to the CPU without PSA installed. However, Linde havénot reported the possible savings that ¢ould

be gained in the ASU. The overall process flow dzagram is presented in Figure 52.

— Praxair Inc. proposed the use of VPSA to reém%r CO7 from the vent of the CPU. The CO3 rich gas
recovered is recycled back to the flue gds.édmpressor just after the FGC. Praxair Inc. has nqt yet

reported the energy performance of thi{’prbcess.[ﬂl [151][152] The overall process flow diagr
presented in Figure 53. S

x

v

hm is

\
— Air Liquide[134]1[166] proposed thgjuse of membranes to recover COz from the vent of the CPU and
the permeate is recycled baekito‘the flue gas compressor situated at the warm part of the CPY. An

overview of the membrangé pg'ocess is shown in Figure 54.

.
Details of these processesare described in several literature and conference proceedings{[137]

Advantages of recycling th‘e captured Oz from the CPU vent and its impact to the ASU have also
examined.[170][171] = g/

Although the mefhbranes and PSA/VPSA are well established technology that are commer

been

rially

available and usé'a'in other industries, the application of these processes in oxyfuel combustion hgs yet

to be demoenstrated in a large-scale power plant. Issues of scaling up may need to be addressed.
the deplo;(m.ent of large-scale demo project will allow these options to be validated.
e
\.\

)

-3

Only

13) Prism is given for the convenience of users of this document and does not constitute an endorsement by ISO

of this process.
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Figure 51 — Simplified PFD of the CPU wit.l\‘a\'}iditional recovery of CO2 by using a prism
membrane
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Figure 52 — Additional recovery of CO2 and O3 using PSA
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Figure 53 sﬁitional recovery from the vent using VPSA
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NOTE1  See Reference [166]. &
NOTE 2 A more detailed PFD is also shown in Figure 40. S o Reference [134].
Figure 54 — Recovery of CO; he CPU vent using membrane
A\
9.2.7 Balance of plant \%
The balance of plant (BOP) could in e following components:

— ftransformer, switchgear; R

in-plant utility switchxr
¢oal yard/coal han acility;

ment/ash disposal area;

In some scenario especially in the area where water supply is limited, waste water collected from the
combustion of the fuel that is condensed in the FGC could be processed and can be sold as commodity.
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9.3 Product CO2, other major gas streams, emissions and waste products

9.3.1 Product CO2

The composition of the product CO, varies from plant to plant. This is dependent on the design,
engineering and operation of the boiler (including impact of the air ingress and purity of Oz used), flue
gas processing unit, FGC and CPU.

As described 1n Y.4, the product LU coming irom the CFU could range Irom

— low-purity CO3 (i.e. ~80 % to 90 %),'% . \\,,\
— intermediate-purity CO2 (~94 % to 98 %),15) \;-\ "

— high-purity CO2 (~98 % to 99,5 %),16) b )

— very high-purity CO2 (99,5 % to 99,9 %), \ "V‘

— ultra high-purity CO2 (>99,9+ %). A

The purity of the product CO; is delivered based on the design of & e"'EPU and to meet the minimum
requirements of the downstream processes (i.e. transport and sto\nag .
) 4

Other non-CO3 components expected could include: (X
— oxygen (02);

— nitrogen (Np); \*
— argon (Ar); -
— nitrogen oxide (NOy); :\g
— sulfur dioxide (SO2);

— carbon monoxide (CO); &

— other trace elements. { ‘5 )

The list of other trace elements that could possibly be included in the product CO is described ip the
Compressed Gas Assoejation Handbook.[172] It should be noted that these are specific to the operation
of the whole power p}ant’and the fuel used.

Table 11 presents the CO3 product purity of the different pilot plants and the indicative dgsign
specification/f fo}\dlfferent large-scale demonstration project.

<y’
O‘ |
=
t‘\
N\
N
\\

14) This range is achieved by minimal processing of the flue gas, i.e. only cooling, dehydration and compression.
Product CO3 purity will be dependent on fuel specification (i.e. carbon content), operation of the boiler (i.e. level of
air ingress) and oxygen purity used.

15) This is a typical range of product CO; purity achievable by the CPU with dual flash scheme. A CPU with triple
flash scheme could reach 98 % to 99 %.

16) This is a typical range of product CO; purity achievable by the CPU with flash-distillation scheme.
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Table 11 — Reported composition of the product CO; from various pilot plant project and FEED
studies for large demonstration projects (both active and inactive)

Actual Operating Results Engineering Design Specification / Predicted Values
Mini- Large Scale Demo
Large Scale Demo Project
Large Scale Pilot Facility Demonstration Project
(Inactive)
Project (Active)
Product
Vattenfall Vattenfall OxyCFB300 KEPRI
Composition CIUDEN Oxy-CFB TOTAL Lacq COSPL Callide
Schwarze Pumpe anschwalde (Compostilla Yeong Dong FutureGen 2.0
Pilot Plant Project Oxyfuel Project
Pilot Plant Project Project) Project
Lignite Anthracite / NG Coal Lignite Anthracite / Coal Coal \
Petcoke Petcoke > V)
~30MWt ~30MWt ~30MWt ~90MWt ~250MWe ~300MWe ~125MWe 168MWe N 1
Cop >99,9%v >99,9%v 91-93%v >99,95%v > 95%v 98%v 95%v >69/8%
P
02 < 0,001%v <10ppm 1-3%v <30 ppm < 0,8%v ~110)ppmw
Ny 5-7%v <2%v <4%y QY
<0,01%v < 0.01%v trace < 4,2%v < 0,04%w
Ar 0,5-1%v yo
o
NOK (as NO3) < 5ppm <15 ppm NRy W
<10 ppm <0,01%v <50 ppm <10 ppm S <1600 ppmw
NQOx (as NO) < 5ppm < 2,5 ppm PR
SOk (as SO3) <lppm < 0,01 ppm N.A. < 0,01 ppm <25 ppm ) , "N.R.
<10 ppm T <1ppmw
SOk (as SO3) < 0,3 ppm - N.A. <0,01 ppm <10 ppm -~ N.R.
CO| <2ppm N.R. <10 ppm <10 ppm N.R. NR. \ p N.R. N.R.
H, <5ppm <1ppm <10 ppm <20 ppm <25 ppm il\pp)n N.R. <1ppmw
P~
¥ o
RS
Pr¢ssure - - - - 125 Bar 4 150 Bar N.R. ~146 Bar
Tefaperature - - - - <sooel, [T 3soc NR. 220¢
o »
\ Ny 4
NOTI Data are from various sources. y

CRN

The pulk of the non-CO2 components in the product con'§1§fs of N2, Ar and O3. These gases are mainly
deriyed from <3

.\

a) ¢ontained N3 and Ar in the O3 delivered by, thg\ASU (dependent on O3 purity used by the boiler),

A
b) ¢xcess Oz (residual O after combustionjrand
c) airingress (also known as air infiltr@‘t‘ion or air in-leakage) into the system.

Itemp a) and b) are part of the operat”lof{ of the oxyfuel combustion power plant.

»

But, pir ingress into the systemris.an issue that needs to be addressed during the lifetime of the oxyfuel
combustion power plant. Thzs‘ ontributes to the energy penalty of the power plant as it affects the
performance of the CPUZ/ ™

-
-,

9.3.1.1 Air ingress and its management

In a onventigfaliCoal-fired boiler, the system downstream of the furnace is typically operated at a
negafive pres'shre, air may leak into the system through cracks in the equipment or areas that are
opened duriilg operation. This air ingress could be as high as 10 % to 15 % over the lifetime of the
boilgr.(HaWwever, the impact of the air ingress in a conventional air-fired coal power plant is generally
negligible.

The primary objective of oxyfuel combustion is to maximize the concentration of CO; by burning the
fuel with O;. This should benefit the whole power plant, as higher %CO> in the feed gas of the CPU could
help achieve better CO; recovery.

Thus, for oxyfuel combustion, air ingress into the boiler is not desirable, but cannot be completely
avoided. This increases the flue gas flow to the downstream processes. Thus, could increase cost and
power consumption.

Figure 55 illustrates an indication on how CO; composition (% dry basis) of the flue gas from the oxy-
PC boiler could be affected by the purity of the oxygen, level of excess O and level of air ingress.
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Figure 55 — CO2 composition of dry flue gas (impact of O ptrity, excess 02 and air ingregs)
-\
The graph is calculated based on combustion of hard coal At ¢hould be emphasized that the numbers
presented in the graph are specific to the coal propertiés (i.e. ultimate analysis), and operpting
parameters such as composition of the recycled flue~gas and measures taken to reduce criteria
pollutants (i.e. NOyx and SOy). 9,

LR

For a new build boiler, the air ingress is about 3 %ab most. As the boiler ages, air ingress is expected to
increase. Thus, considerations to avoid air 1ngré»ss should be made in the design and the mainterjance
regime of the boiler and downstream equlpn\f&nt

To minimize the air-ingress into the hoﬂer the point of the zero pressure or balance pressufre is
expected to be lowered from the top-gfithe furnace (typical for balanced drought furnace) down tp the
lower level (i.e. inlet of the secondary RFG or exit of the FG from the boiler). This should create glight
positive pressure relative to atimosphere. Due to this adjustment, safety considerations are impoftant
with regard to the ventilatigh¢ofthe boiler house.

Additionally, the use of COgfer gas sealing could also be deployed; thus, reducing air ingress into the bjoiler.

If the air ingress has'inEfeased above the design point considered as it ages, it could be noticed in the
performance of the\ID fans, various flue gas processing units and CPU. An increase in air ingress ¢ould
generally lead t‘tﬁn increase in energy consumption of the CPU due to an increase in the flow of thg CPU
vent and reddCéd recovery rate. Additionally, this could also be manifested in the reduced demapd of
oxygen er;mthe ASU (since oxygen in the air ingress could increase oxygen content of the RFG).

N\
9.3.{.2' Oxygen content in the product CO3

.Qx§gen content in the product CO; strongly influences process performance. To illustrate [such
influence Figure 56 presents the impact of rnnfrnl]ing and not rnnfrn”ing the level of oxygen in the
product CO7 on the recovery rate. Required residual oxygen in the product CO3 is significant in the
consideration to the design of the cold box of the CPU.
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NOTE1  See References [118] and [119].

9.3.2
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—

NOTKE 2  Data are from Vattenfall Janschwalde Project — FEED&

Figure 56 — Recovery rate and ene onsumption of the CPU
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Figure 57 — Relative flue gas volume of oxyfuel combusti ower plant firing lignite

To match the heat transfer profile of an air-fired boiler, the f sin the boiler of an oxyfuel combu
is only about 65 % to 75 % relative to the volume of th e'gas of an air-fired boiler. As the voluine of
pollutants such as NOy, SOy, PM, and

metals become higher by a factor of 2 to 5. Also, t er content increases. As a consequence to {
changes, the SO2/S03 species in particular cou e some negative impact on the operation o
boiler, auxiliary equipment, associated flue ing and different flue gas processing units.
Figure 58 shows the relationship betw e moisture content in the flue gas and the dew

temperature. The dew point temperab& oxyfuel combustion is higher by 20 °C to 30 °C than i

©

Stion

‘race
hese
f the

boint
n air

(8] 10 2U SU 40
Moisture content in flue gas, volume %
— 0.5 ppm SO; — 1.0 ppm — 2.0 ppm
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NOTE See Reference [100].

Figure 58 — Relationship between the moisture content in the flue gas and the dew point

(comparison between air combustion and oxyfuel combustion)
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Therefore, it is essential to assess where areas of the plant have a risk of any low temperature corrosion
to occur and it is necessary to consider mitigation measures against the risks in the engineering and
design of the plant. Figure 59 illustrates an example of such assessment.

¢ sulfuric acid dew point
water saturation temperature
NOTH See Reference [126]. -
A
Figure 59 — Plant wide assessmen ditions of the flue gases of the oxyfuel combustion

power plant

varyjng burner throat iometry.[174]

&

9.3.2.2 Fate of SOy in the flu S
Figure 60 presents the S§S centration measured at the exit of the boiler at varying load[173] and at

&
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(A.) Data from Callide Oxyfuel Power Plant - {B.) Data from Schwarze Pumpe Pilot Plant -
burning hard coal with 2x2 burners arrangement burning pre-dried lignite with Alstom burner
1.300 12000 a0
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NOTE1 Data taken after the ID fan of the boiler, i.e. after the PM control, a)lat varying load[173] and|b) at
varying burner stoichiometry.[174]

) %
o

NOTE 2 Data taken from Callide Oxyfuel Power Plant using 2x2 burneré\ﬁrmg hard coal [xx] and Vattgnfall
Schwarze Pumpe Pilot using a single-cell downfire Alstom burner flglqgvpre dried lignite [xx] for (A) ang (B),
respectively. (X
)
Figure 60 — SO concentration in the flue ga%ﬁ‘v air-fired and oxyfuel combustion

) X
The level of SO, from the boiler is dependent on, txe\l S content and the manner how the flue gaf are
cleaned and recycled (i.e. desulfurized or not)s Bqlk of the SOy in the form of SO are removed upstream
of the CPU (i.e. primarily in the FGD and/or, F&Eras discussed in 9.2).

D
It is generally aimed to reduce SOy to ensure that level of SO2 and SO3 are tolerable and would not dause
any damage to the boiler and flue gas; ductlng The SO removal efficiency of the different FGD and FGC
installed are technology dependent and also dependent on the process arrangements.

As a rule, the SOy in the recycled flue gas used in mills and transporting of coal should have very low

SO3 (i.e. <10 ppm). On the ofhér hand, SOy in the recycled flue gas used as secondary/tertlary RFG

is recommended to be ~2%000 ppm to 3 000 ppm. In the furnace, SO is recommended not to exceed

~5000 ppm to 7 000 ppny:
X ~

Nearly all of the pémaining SOy that enters the CPU is expected to be removed as H2SO4 in the HP water
wash or as saltefsulfate/sulphite if alkali wash is used. Any residual SOy that is not removed and enters
the cold box%fthe CPU is most likely to remain in the product CO3. Nonetheless, it should be noted that
residual SQX f)lterlng the cold box is typically <1 ppm.

RS

9.3.’2\}33 Fate of NOy in the flue gas

'NQ‘ié the predominant NOx species in the flue gas coming from the boiler. Figure 61 presents the NO
Toncentration measured at the exit of the boiler at varying load.[173]
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NOTE 1  See Reference [173]. ( c’.‘
NOTKE 2  Taken after the ID fan of the boiler at varying loads. J
S,
N 4
Figure 61 — NO concentration in the flue gas forq\h"-fired and oxyfuel combustion
oD
o
It is pxpected that NO will not be removed in the Vrronmental island or FGC unless an SCR/SNCR
has been installed. Nonetheless, when the flue gas, 1 compressed, >90 % to 95 % of the NO will be
converted to NO3 at pressure >10 Bar to 15 Bax Mbst of the NO7 will be absorbed in the knockout drums
and dlifferent water wash installed after compresswn (i.e. in the warm part of the CPU); thus, ending up
as HINO, or HNO3. If Alkali wash is used, the NOy is converted to salt of nitrite or nitrate. The remaining

NOt
that
N->O,

9.3.3.

The
prim

nat goes into the cold box is expecte to most likely end up in the vent gas; while the remaining NO2
bnters the cold box is most llkely‘twremam with the product CO3. Other NOy species such as NO4,
etc., will normally be adsorbed‘iir'the molecular sieve dryer.

4

4 CPUvent g

CPU vent is the mam release point of all the other gases not captured in the product COz. This
arily consists of CQ'Z Nz, Oz and Ar. Some other gas species such as CO could also be included. The

compposition of thexvent gas is dependent on the equilibrium composition of the feed gas entering the

cold

box (at glve}\e{deratlng temperature and pressure) as described earlier.

In so
emis|

me caseé}oart of this CPU vent is also used to regenerate the TSA/molecular sieve. Thus, any re-
the NOy captured in the molecular sieve durmg its regeneration should therefore end up in

ion O

In case where additional recovery of the CO7 in the vent gas has been employed, the vent gas composition
will change and this will be dependent on the technology and process scheme selected.

9.3.3 Emissions and waste products from oxyfuel combustion power plant

For an air-fired coal combustion power plant, the criteria pollutants such as NOy, SOy, CO, trace metals
(such as Hg) and PM are released in the flue gas through the stack. These pollutants are also generated
during oxyfuel combustion. The reaction mechanism involving the formation and destruction of these
substances should be no different than air combustion.
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However, due to extensive flue gas cleaning in oxyfuel combustion, it is expected that near zero
emissions could be achieved.

Most of the criteria pollutants such as NOy, SOx, PM and trace metals will be removed in various points
of the power plant (i.e. FF/ESP, FGD, SCR), flue gas condenser, and/or CO; processing unit. Majority
of these substances is expected to end up in the condensates or waste water collected from the FGC
and from the knock out drums of the flue gas compressors. Some of these will also be adsorbed in
adsorbents (i.e. molecular sieve and/or activated carbon bed). Thus, these substances are managed in

+1 . . 4 + PR | 4
LIIC WdAsSLEe WdlCl LI CALUIIICIIL PIdIIt.

The by-products of the oxyfuel combustion should have the same by-products of the Er-fired
combustion. These include fly ash, bottom ash and gypsum (if limestone FGD is installed)-Additiopally,
other by-products such as salt of nitrate/nitrite and sulfate/sulphite will also be geQe;B}ted if glkali
wash is used. 4

\ < » /
9.4 Evaluation procedure for CO; capture performance N/
The capture of CO; using oxyfuel combustion is a case of revamping the\pc'J?Ner plant, and as such the
energy performance should be best evaluated like any other power plafit')

In oxyfuel combustion, the capture of CO; is an integrated syst@m.\?erformance of individual pinits
(i.e. evaluating and reporting the performance of the boiler, ASLLQr CPU separately) will not refleqt the
overall performance of the whole power plant (and could be syb\iected to misinterpretation).

)
Typically, the ASU and CPU together is responsible for;.rkeai"ly 95% of the energy penalty of oxjfuel
combustion power plant as compared to a conventionalipewer plant.

To evaluate the performance of an oxyfuel comb‘@stion power plant, the use of levelized cost of
electricity (LCOE) is a suitable indicator of the performance.

To standardize the evaluation performance o\f\an oxyfuel combustion power plant, standard paramgters
(such as cooling water, elevation, envirogrmental conditions, load shift, etc.), properties of captured
CO3 (e.g. CO7 purity, concentrations of al'the non-CO; components, temperature, pressure), target CO>
recovery rate, and operation condition$ of air combustion should be well defined.

Y

9.5 Safety issues o s

.

It should be emphasized.that discussion of risk and safety issues relevant to the design, engineg¢ring
and operation of oxxﬁugycombustion coal-fired power plant will require a comprehensive revigw of
the whole plant. Thisthas been done in various activities (i.e. operation of large-scale pilot plants, FEED
projects, etc.) andisbme the results are reported in the open literature and in various proceedings.
Figure 62 preseﬁ‘t‘s an example of this assessment.

Y . . : : .
Thus, thediseussion of this subclause will only present some of the important aspects that will need
considérations during the design, engineering and operation of the power plant. Therefore, discusion
willbédiited and should be treated as indicative only and can’t be considered comprehensive.

-

e )

-3
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NOTI

No critical risks or risks with significant magnitude (red &

ce

6 risks identified with a moderate magnitude
v 4 [highest severity x lowest probability (extremely unlikely)] \

—2[mod ility] N
\
ASU: A Separation Unit "./\i'
k. X CPU: CO; Compression and Purification Uni N\
Red boxes and lines ane added for Ony-fuel \
-0 axe _ ;
Coal E’ e inw:r
Soc Tee =]
[

N, 4

The safety assessment exercise was conducted by qu\t\)m Corp., Air Liquide and Mitsubishi Hitachi

Power Systems Ltd. (formerly Babcock-Hitachi K.K.). See Refexreni¢e [175].

Fi

-

’

pure 62 — Results of the risk and safety as essment of the Meri-Pori Oxyfuel Combustion
Retrofit Demo/Project (inactive)
NS

In consideration for the safe operation of an*o’xyfuel combustion power plant, the following areas may

requ

jre important considerations. O
L

\
‘D

9.5.1 Safe operation of the ASU and handling of oxygen on site

The

bafe operation of the ASH%ahd the handling of oxygen on site should follow existing international,

regiqnal and national regulations and standards. This should not be different to any operating ASU

worl

Stan

Hwide. .

-
-,

Hards for matefals compatibility with oxygen, covering flammability and materials properties

are df 1mportance\~ebn51derat10ns For example, the use of stainless steel in oxygen piping and oxygen
deliviery equl.pment are necessary as a general rule to prevent any rapid oxidation incidents with
nornpally,agh-¢ombustible materials (important when handling of pure or gas mixtures with greater

than

Like

80.96.05).
= )

-.‘ . . . . - . . - . . .
isé_when hnndlmg hlgh purity Qq it is important that plpp]mp is clean_ ie withont any external

objects or contaminants that may become the source of ignition or fire.

Important considerations should also be given to the design of the reboiler/condenser of the ASU. This
should follow the international guidelines provided in the harmonized document of EIGA, AIGA, CGA,
ASTM, ANSI, ASME, and other industrial gas associations. For example, prevention of HC ingress and its
accumulation in the reboiler/condenser, which may cause explosion in the cold box.

Specific to oxyfuel combustion, a review to identify possible source of explosions due to localized
enriched oxygen is essential. This includes safety net during flame blowout, mill fires, etc. For example,
burner’s oxygen mixing and/or injection should have additional trips to ensure that oxygen supply is
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automatically shut down during flame blow out. This should prevent any accumulation of oxygen in the
furnace.

9.5.2 Prevention procedure of known risks to fire and/or explosion in the boiler or mills
should be revisited for oxyfuel combustion operation

Boiler and mill explosion or fires could occur in both conventional and oxyfuel combustion power plant.
The same principles of preventing any such incidents will also be practiced. However, in addition to
standard practice, the prevention should strongly involve the coordination with the operation df the
ASU and handling of oxygen on site. N
S

Some examples of safety considerations include: N

— Flame blowout is generally the main source of explosion in the boiler. Inmediate smﬁt down qf the
oxygen supply is important to prevent any explosion. Q"

1

— Rapid temperature rise in coal mills is an indication of mill fires. Tempar'e{bure sensors should be
installed at strategic points to ensure detection of any rapid temperatuyeincrease. Response sjould
include redundancy in the control of fuel, recycled flue gas and oxygei,

‘..

9.5.3 Accidental release of CO2, flue gases, or other inert gas\es i}néluding liquid gas products

Accidental CO3 release is a known risk inherent to CCS and not spec1flc to oxyfuel combustion ppwer
plant. This may lead to hypoxia incident. Important precautlon includes the installation of sensor$ and
alarms at the lowest point of the site. It is expected thatng has a tendency to accumulate at the lqwest
point of the site due to CO; being heavier than air. \

Accidental release of flue gases or other inert gas@ (i.e. from CPU or ASU vent) including accidental
release of any liquid gases (i.e. from ASU) areipherent risks to oxyfuel combustion power plant| It is
essential that procedures and controls are_inplace to redirect any gases to the stack in cases where
there are accidental release incidents. TheJldcation of the ASU and CPU vents and areas where pogsible
accidental discharge of liquid gases th@t?may cause O deficient environment should be identjfied.
Sensors and alarms should be in place to'prevent any incidents of hypoxia.

Additionally, in case where therej :an accidental release of flue gas from the recycle loop, it is impoftant
that interlock mechanisms ghg be in place between oxygen, fuel and recycled flue gas to prevenf any
oxygen enrichment and explésion in the boiler or flue gas ducting.

9.5.4 Prevention ofiuty low temperature corrosion that could compromise the structural
integrity of equipment

As discussed eé«‘ﬂler the main concern of oxyfuel combustion flue gas is their inherent high SO3/SO3
and high mefstlire content. This increases the dew point temperature; and it is essential to review
where posglble condensation can occur.

Prevent}on of sulfuric acid condensation is necessary not only during steady-state operation buf also
durl\g shut down of the power plant.

During shut down (planned or unplanned) of the power plant, procedure should be in place to erjsure
no condensation can occur. This could be done by purging the line with nitrogen.

It is also expected that there will be a trade-off between materials selection and good practices to
ensure condensation of the sulfuric acid (that will lead to low temperature corrosion) will have no
impact to the equipment and ducting.

10 Capture from cement production processes(1761(177]

The cement manufacturing industry is a large CO; emissions source, reaching approximately
1,8 gigatonnes worldwide in 2005. Due to improved energy efficiency and fuel conversions, the unit
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emissions of CO2 per 1 tonne of cement output have been decreasing. The industry, on the other hand, is
a growth industry in developing countries, and total global CO; emissions are on the rise.

The difference between a cement plant and a thermal power plant from the perspective of CO;
capture is that the former produces CO2 not only in the combustion process (of fossil fuel) but also by
decarboxylation reactions in the calcination process (of raw cement materials).

The industry has been advancing fuel conversion as a strategy for reducing fossil energy consumption

and £O> emissions—and as a result it uses waste nrndnr-fc hv nrnr‘lnr‘fc biomass, and others as

addif 1ona1 fuels. In addltlon other approaches for alternatlve COz capture and dlsposal systems ha\R
been|proposed (and some are building their first, large-scale units or large pilot plants).[182][183] [184]

~\
10.1] System boundary N\
Figufe 63 shows a typical production flow of modern cement manufacturing (see Refégence [178],
Figure 2.6). A
1N\ 4

A solution for CO3 capture in the cement manufacturing is to remove CO; malnly firoin flue gases of the
Kiln gnd the preheater. ),

5, Coal , Packi i
F 16, mill \ i
5. “dbd'u 1; Camaont ?g Electrostabe precipdator
B, Alr-io-ar codler 18, Feter 28, palotaaton
9, Clinker cocter 19, Homageniaing and storags sio o
10, Clinker storage 20, Water

Figure 63 — Production of cement by the dry process

Although Figure 63 is not an ideal representation, it presents a conceptual image of a real cement plant.
Figure 64 is a more complete flow diagram (see Reference [181], Figure 1), because of the applicability
of CO7 emission boundary.
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Figure 64 — Cement plant without CO; capture

10.2 Technologies, equipment and processes

As shown in Figure 65, cement production (see Reference [178], Figure 2.2) involves

a) raw material preparation and pulverization,
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b) clinker calcination, and
c) finishing of the pulverization processes.

The total solid input including additives per 1,0 tonne of clinker is 1,5 tonnes to 1,6 tonnes.

Raw
materials

P v
Crusher

1 v )
Grinder \/

v QS
Raw mix Q!

/

‘ o\v\

2 Kiln o3 4
v N -

Clinker Gypsmvﬂdditives'-\*,

3 Grinder J
<

- ~ 4
v A\

comeg:

-

’

Figure 65 — Simplified ceme{i't;nHaking process schematic
N

AT

b

A

Ther are four stages in the raw material heating process (Table 12). The calcination process, where

CO3 is released from the raw material, is pgrﬁ)i‘med at 850 °Cto 950 °C (see Reference [178], Figure 2-3).
S)

Tablés12 — Kiln Chemical Reaction

Kiln temperature(°C) Chemical reaction

20-900 oY Drying and Preheating: the release of free and chemically bound

(~\" water
850—9%:‘, ' Calcination: the release of CO2 from calcium carbonate (limestone)
) and initial reactions with formation of clinker minerals and inter-
’ '~\ mediate phases
{‘2\5‘0—1 450 Sintering or clinkerization: the formation of calcium
\‘\" silicates and partial melting
¥ 1350-1200 Kiln internal cooling: crystallization of calcium aluminate and cal-
5o/ cium ferrite from the partial melt

Some of the possible reduction measures of CO; emissions from cement plants are listed below. Among
these, the introduction of fuels from waste products and the reduction of clinker content are considered
unique to the cement industry.

— Improved system energy efficiency.

— Switching to clinker production processes of higher energy efficiency (e.g. wet process to dry
process).

— Fuel change (to a fuel with a lower carbon content).
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— Introduction of fuels extracted from waste products or biomass fuel.
— Reduction of clinker content in the product cement.
— Removal of CO; from flue gases (CO2 capture).

All of these measures can reduce CO; emissions more or less and has partly been taken into use. CCS
is, however, the only method to significantly reduce CO; emissions industry wide by 85 % or more
(European goal set for year 2050).

CO3 capturing methods employed by cement plants are described below. N
g

10.2.1 Post-combustion method (PCC) .\

In the PCC method (see Figure 66), CO; is separated from the flue gas aftersalfuel such as |coal,
combustible gas, or biomass is burnt in the air (see Reference [178], Figure 3-4)sBigthass (wood wgstes,
waste paper), waste tires, and waste plastics is used as supplemental fulelyMuynicipal waste gasifier
syngas (including hydrogen, carbon monoxide) and other hydrocarbons have:also been considerefd. By
placing CO2 capture at the end of the process flow, no fundamental changés are required in the cement
manufacturing process. See Clause 7 for details. o W)

\¢
N
2l
[+ >y

Coal ) co: coe
Combustion & OOz -
POST COMBUSTION Gas Compression
Blomass N\ 4 & Detrydration

Figure 66 — PCGprocess for cement manufacture

N\
There is an ongoing project lead *byY NORCEM and ECRA evaluating at least different four post-
combustion capture technologies\.t‘ésted in Breivik, Norway.

10.2.2 Oxy-combustion meihod

4

In the oxy-combustionmethod (see Figure 67), a fuel such as coal, combustible gas, or biomass is hurnt
in the mixture of highspurity oxygen and captured CO; (see Reference [178], Figure 3-3).

The flue gas fromthe kiln and pre-calciner is expected to contain some amount of non-CO2 components
due to the exeess air needed during the combustion, air ingress, the purity of the O3 used, and amoynt of
criteria potlutants such as NOy and SOx. The COz from this flue gas is captured through low temperature
or cryggken c process in the CO2 processing unit (CPU). This unit could be designed based on the reqiiired
COz\si)e ifications. Typical purity should have 95 % and more.

-

= )
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Figure 67 — Oxyfuel-combustion CO2 capture process for cement manufacture

"\ 4

P

. . . . N ¥V
Carbon dioxide streams, gas streams and emissions, process and \(va}ste products

e are two sources of CO» emissions in a cement plant as shown in Tahe’ 13: the combustion of
sources and the thermal breakdown of raw materials (see Reference @], Figure 2-5). Ignoring
ve-power related COp, the ratio of these streams is almost between :-l‘and 2:3. That is why the CO;
entration in the flue gas is relatively high at around 20 %. The bastedmit of CO; per product varies

signifficantly based on the type of fuel for heating and the clinker ratio.of the product cement.
)

-

Table 13 — Dry and wet-process-G0)'emissions

Pr

hcess emissions Process and fuel-related emi%'i(;'ns (in kg/kg of cement produced)2
b O

Dry process Wet Process

-

Natural_S\\Wasteb

Clinker/ Clinker Coal Fuel Coal Fuel Natural Waste
cepent oil gastsad oil gas
rqtio AL
5% % 0,28 0,55 0,50 p,47 0,36 0,67 0,59 0,53 0,36
7% % 0,38 0,72 0,66_<x=10,61 0,47 0,88 0,77 0,69 0,47
9% % 0,49 0,89 0,8% “5 ’ 0,75 0,57 1,09 0,95 0,90 0,57
a  Hmissions from electricity consumption are included.
b Assumed to be zero emission fugl \‘

The
Cem

In ad

(SOx

cemq

S\

polume of CO; generated-at a cement plant can be calculated using the protocol described by the
ent Sustainability Ihitiative (CSI).[180]

dition to COzxmajor emissions of cement plants include nitric oxides (NOx) and sulfuric oxides
. Table 14 s the emission components that were identified in a 1997 survey conducted at
nt kilns in\‘Europe (see Reference [178], Figure 2-6).

\\\/

= )

-3
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Table 14 — Data of emissions from European cement kilns

Reported emissions from European cement kilnsa

Emissions mg/Nm3 kg/tonne clinker tonnes/year
NOy (as NO3) 145 -2 040 0,33 - 4,67 334-4670
SO; Up to 4 837 Upto 11,12 Upto 11 125
Dust 0,27 - 227 0,000 62 -0,5221 0,62 - 522
Co 200-2000 0,46 -4,6 460 - 11500
COy — Approx. 672 g/t cement 1,545 million. ™
TOC/VOC 1-60 0,0023-0,138 2,17 - 6'7;,\"'
HF 0,009-1,0 0,021-2,3 g/t 0,21§ﬁ,0
HCI 0,02 -20,0 0,046 -46g/t 0046 - 46
PCDD/F 0,000 012-0,27 0,027 6 - 627 ng/t 0 000927 6 - 0,627 g/year
ngl-TEQ/Nm3 X’
Metals S
Hg 0-0,03 0-69 mg/t - 0-1311kg/year
X(Cd,T1) 0-0,68 0-1564mg/t \ 2 0-1564kg/year
%(As,Sb,Pb,Cr, 0-4,0 0-9200kg/year

Co,Cu,Mn,Ni,V)

0-9200 mg/t (Y
A

A\

a

Mass figures are based on 2 300 m3/tonne clinker and one million%onges of clinker per year.Emission ranges are yearly
averages and are indicative values based on various measurement teghnl'ques. The reference O3 content is normally 1P %.

< N 4
Cement kilns have an exhaust emission control systehginstalled in its flue gas line. Table 15 shows, as

an example, the result of a study on the perform.anges and costs of dust removal, denitrification} and
desulfurization systems (see Reference [178], Flgure 2-7).

SV
N
% N
-
N>
'\’/
O‘ |
=
t‘\
N\
N
\\
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Table 15 — Common flue gas clean-up methods

Technique Kiln system Reduction Reported emissions Reported costs
applicability efficiency (106€/tonne of clinker)c
(%) mg/m32a kg/tonneb Investment Operating
Dust
Electrostatic All — 5-50 0,01-0,1 2,1-4,6 0,1-0,2
precipitators
Fabrijc filters All — 5-50 0,01-0,1 2,1-4,6 0,15-0,35 N
NOX Y Y4
)/
Preheater A\
and precal- N\
SNCR ciner 10-85 200-800 0,4-1,6 0,5-1,5 0,3-0,5
Possibly all \4
.2,5d . WY 0,2-0,4d
_ocf _ _ ca. 2,54 ,2-0,
SCR 65-95 100-500 0,2-0.4 3,5-4,59 uncertaine
X
SOy L)
Absqgrbent »
T All 60-80 400 0,8 0,220,3 0,1-0,4
addifion \.‘
Dry $crubber Dry Up to 90 <400 <0,8 (XD 11 1,4-1,6
Wet gcrubber All >90 <200 <0,4 x» 6-10 0,5-0,1
Actiyated Dry Up to 95 <50 0T 158 uncertain
carbpn
a  Hg/tonne clinker: based on 2 000 m3/tonne clinker. <‘ y
b
b Jnvestment costs 106 Euros and operating cost in Euros/tonx}e of clinker. Dust: to reduce emissions to 10 mg/m3 to
50 mg/m3 from initial emissions. g
¢ fup to 500 g dust/m3, NOx: to reduce emissions fronrinitial levels of up to 2 000 mg NOy/m3.
d osts estimated by Okopol for a full scale installation (‘kiln capacities from 1 000 tonne to 5 000 tonne clinker/day and
initigl emissions from 1 300 mg NOy/m3 to 2 000 mg pr/m3), operating costs ca. 25 % lower than for SNCR..
e osts estimated by CEMBUREAU. X
f There has been a limited study of the app‘li%a‘tion of SCR to the cement manufacturing process and the literature that
existp provides conflicting data on SCR pexformance. The wide efficiency range shown reflects this uncertainty.
g  This costalso includes an SNCR progess, referring to a kiln capacity of 2 000 tonnes of clinker/day and initial emissions
of 50[mg SO2/m3 to 600 mg SO2/m31
Tabl¢ 16, Table 17, and Fable'18 shows examples of regulatory requirements for dust, SO, and NOy for
cemgnt plants (see Refwces [178] and [179], Figures 2-8 and 2-9).
% \'/
T{hle 16 — UK emission limits for dust for the production of cement
% \ . .
Plant\‘\" Unit Kiln Stack Clinker Cement Other point
) cooling grinding sources
Neyv/modified mg/Nm3 40a 50a 40a 50a
A :.-:..'.Mr e/ N3
Exd5ting e/
NOTE IPC Guidance Note S2.3.01.
a  Benchmark releases.
b Benchmark releases are, in particular, not applicable to existing plant but are a factor in considering appropriate limits.
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Table 17 — UK emission limits for SOz and NOy for the production of cement

Plant Unit SO2 SO2 NOx
Normal situation S-rich raw
materials
New/modified mg/Nm3 200a 900a
Existingb mg/Nm3 Noteb 600-2 500d 500-1 200b.d
a  Benchmark releases. N

b Benchmark releases are, in particular, not applicable to existing plant but are factors in considering apprp]}lﬁéte limits.

¢ Limit values reflect the actual levels of releases. Daily averages and reference condition of dry\geis\o\nd actupl 02

content. .
d  Actual releases, daily averages, not all plants currently have limits. e
Table 18 — BAT emission levels AW
1
Emission Best Available Techniques (BAT) ( 'ﬁmission Level
NOx flame cooling, low-NOx burners, mid-kiln <200 mg/NxQ3:: 450 mg/Nm3 for preheater kilns
firing, staged combustion, selective non-cata- N3 3
lytic reduction(SNCR) and selective catalytic fOt(;mgléll\Ir:n 800 mg/Nm? for Lepol and lpng
reduction(SCR) 0 ;r.y’ S
NH3 slip : <30 mg/Nm3 - 50 mg/Nm3 (in cafe of
(Nising SNCR)
SOx (as SO3) absorbent addition and wet scrubber 9, <50 mg/Nm3 - 400 mg/Nm3 (daily average
b value)
Dust fabric filters or new or upgraded ele_c't:rB’static <10 mg/Nm3 - 20 mg/Nm3 by Kkiln firing, cqol-
precipitators \. v ing and milling processes
”.\\ <10 mg/Nm3 by dusty operations (other than
L the above)

Discussed below are the properties 6PNOX, SOy, dust, and HC], typical emissions from cement plants,
and the impacts of the applicatioQ-’f)f chemical absorption using amine.

-
o

.

10.3.1 NOy

4

NOy emissions includ'e'ghvérmal NOy and fuel NOy, but rotary kilns mostly generate thermal NOy] NOx
includes NO and NOgz-and NO2 reacts with amine absorbent to produce thermally stable salts] The
content of NO; in.fhe flue gas from cement plants is reportedly at 10 % or less.[181]

-4
10.3.2 SO\)
o".
SOy isygenerated by sulfuric compounds from two sources: raw materials and fuel. Such compounds are
desylfurized by strong alkali in the kiln and the preheater and are incorporated in the clinker, resylting
imazow SOy concentration in the flue gas. When absorbent is applied, SOx reacts as an acid comppund
swith amine to produce salts. In other words, SOx reduces the level of amine in the absorbent| The
Yoo thao lagal A CN o+ bt Dafoaa [1707 »nn mapaandc th ot + A CN 1ol bhaloat o 10 o
ITUVVLCI tIHIUICVUTI UL JUY 15, LIICU UTTLCT, INCICTTIICT I_LI UJ TCUCUIIIIIICITIUS UITAdl LtIIC U IC VeI UT l\bt}L dl 11U l.lpmv

[at 6 % O3] or less.

10.3.3 Dust

The flue gas emitted by cement plants contains around 3,000 mg/m3 of dust, most of which is collected
by electrostatic precipitators (ESPs) or bag filters to be recycled back as a raw material. In the case of
amine absorption, dust is trapped and slowly accumulated in the absorbent, causing efficiency loss.
Dust concentration should therefore be kept at a minimum.
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10.3.4 HCI (Hydrogen chloride)

When cement plants use waste materials as fuel, hydrogen chloride (HCI) may be emitted since waste
products contain chlorine. HCl, however, can be reduced in quantity by selective catalytic reduction
(SCR) or flue gas desulfurization (FGD). In amine absorption, HCl is taken into the absorbent to produce
hydrochloride salts by reacting with amine. As a result, efficiency will decrease. That is why a low
concentration of HCl is desirable.

10.4 Evaluation procedure for capture performance
\

Refer to Clause 7. . \L\_,»

Energy consumption varies; for instance, waste heat may be utilized by installing a waste he@t;'power
genefator. Cement plants have waste heat available for relatively easy utilization, which is advantageous
for CP2 capture equipment. ey
N

10.5 Safety issues N

o\
In ggneral, facilities and equipment dedicated for the corresponding captureite¢hnology are designed
and fonstructed in compliance with the existing and applicable internatisgal, regional and national
stanglards such as ISO and ASME. In addition, compliances with the lawsjtrégulations and requirements
in the region or country where the plant is located provide additiopa[’securities for safety. Those are
not sjubject to establish a new standard for the CO; capture processeé‘ 1 CCS.

The following can be considered as remarkable subjects when the:sorresponding international standard
will be discussed in the future. \\

Given that post-combustion capture appears to be the{eapture technology that applies to almost all
extaft cement plants, issues dealing with safety, reliability, and management systems are described in
7.5, 1.6 and 7.7. It is important to conduct a risk asseSstent early in the design stage. In addition, there
are plossible safety concerns connected with trau@ort and storage of the captured COz which need to
be cqnsidered when considering safe operations:of a capture system upstream of these other processes.
Tabl¢ 19 shows the preliminary design riskfassessment for a cement plant with post-combustion CO;
captyire (see Reference [178], Figure 4-6).4

\ Y
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Table 19 — Preliminary design risk assessment for post-combustion COz capture cement plant

Hazard Hazard Stage of Risk control Owner Comment
Ref work measures

1 Risk of operator Operation 1) Standards, codes Contractor Hazards associated
suffocation, as CO3 is of practice, etc., to be with handling CO; are
an asphyxiant adopted during design. well understood by

2) Appropriate material other industries.
selection during design.

3) HAZOP study to be \
undertaken. Y

2 Risk of dust explo- Operation 1) Standards, codes Contractor Haza ds;a\ssociated
sion in fuel milling of practice, etc., to be with\explosive dugts
and drying stages. adopted during design. 3.““% well understogd

2) HAZOP study to be . ;ﬁiﬂl};?rthe cement
undertaken. S ANW y

3) ATEX assessment to ,\‘ ~

be performed. 4

3 Risk of corrosion Operation 1) Standards, codes Bohtractor Hazards associatefd
damage due to of practice, etc., to be _ N with acidic compof
presence of acidic adopted during designé nents in gas steams
components (e.g. SOy, 2) Appropriate e ri;l are well understogd
SOz and HCI) in gas ppropria ) by other industrief.

selection durifgdesign.
streams. &S

4 Risk of injury to Operation 1) Standards,/codes Contractor Hazards associat-
operator due to of prac'gi.cﬁe‘etc., to be ed with handling qf
handling of ammonia adoptgd’ﬁUring design. ammonia are well
solution. 2) \o@p'propriate material pnderst_ood by other

. . ) industries.
s@lection during design.
\ "3) HAZOP study to be
() undertaken.

5 Risk of operator Opération 1) Standards, codes Contractor Hazards associatefd
suffocation, as Ny is, («:)7 of practice, etc., to be with handling N3 gre
an asphyxiant. kR adopted during design. well understood by

» other industries.

6 Risk of operatory Operation 1) Standards, codes Contractor Hazards associatefd
injury, as ME\?&TS a of practice, etc., to be with handling MEA
corrosjvelmaterial. adopted during design. are well understogd

\"" 2) Appropriate material by other industrie.
N4 selection during design.
A 3) HAZOP study to be
X undertaken.
" Riskof damage Operation 1) Standards, codes Contractor Hazards associatefd
7 caused by release of practice, etc., to be with handling hig
) . : :

. of high pressure, as adopted during design. pressures are wel
hlsh pressuresatre trderstood b_y otner
present in COz com- 2) HAZOP study to be industries.

undertaken.

pression units.

10.6 Reliability issues

Given that post-combustion capture appears to be the capture technology that applies to almost all
extant cement plants, issues dealing with safety, reliability, and management systems are described in
7.5,7.6 and 7.7.
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10.7 Management system

Given that post-combustion capture appears to be the capture technology that applies to almost all
extant cement plants, issues dealing with safety, reliability, and management systems are described in
7.5,7.6 and 7.7.

11 COz Capture in the iron and steel industry

11.1| Overview — Global steel production N
Y Y4
Steellis the most globally traded metal. In 2013, around 1,65 billion tonnes of crude steel were produced
worlfiwide; of which ~51 % was from China. Other leading steel producing regions or countriésinclude
the EU28 (10 %), NAFTA7) (7 %), CIS'® (5 %), Japan (7 %), and India (4 %).[185] The iron;and steel
induptry is one of the largest industrial sources of CO. Globally, it accounts for approximately 7 % of
anthfopogenic CO, emissions (approx. 2,5 to 2,6 Gt CO2/year).[186] N7
In principle, steel is produced either from virgin ore or from steel scrap. Curr\eﬁ?ly, there are three
leading groups of technologies that produce steel from virgin ore. These include®y>

a) Blast Furnace — Basic Oxygen Furnace (BF-BOF) route; WV

b) $melting Reduction — Basic Oxygen Furnace (SR-BOF) route; ;-]
c) Direct Reduction — Electric Arc Furnace (DRI-EAF) route. J

~N

The ¢lectric arc furnace (EAF) is the leading technology tha sroduces crude steel from scrap; and the
use df the induction furnace to produce crude steel is uniqae'te the Indian steel industry. In 2013, around

72 9% of crude steel was produced from BOF route and 2_7: Y% was produced from EAF route?).[185]

Figure 68 illustrates the different routes on how crude’steel is produced.

S
N
% N
-
N>
'\‘/
O‘ |
=
t‘\
N\
N
\\

17) NAFTA is the North American Free Trade Agreement which comprises: USA, Canada and Mexico.

18) CISisthe Commonwealth of Independent States, which is a regional organization whose participating countries
are former Soviet Republics, formed during the breakup of the Soviet Union. This includes Russia, Ukraine and other
CIS.

19) A small fraction of crude steel produced is based on open hearth furnace which is an obsolete technology.
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Figure 68 — Simplified schematic of the‘cﬁfferent crude steel production routes
O
o

11.2 Point sources of CO2 emissions w{tﬁih the iron and steel production

RN

e

11.2.1 Calculation of COz emissions fi‘o'in the steel mill
.

The ISO 14404 series[189][190] <wias” established to support steel producers in standardizing the

calculation and reporting of th_e (}Oz emissions attributable to a site.

This includes boundary d(;flnltlon material and energy flow definition and emission factor of|CO5.
Besides the direct COpefissions reported within the boundary, a CO; audit using the upstreanf and
credit concept is alswap;ﬂled to exhibit the plant CO; intensity.

®

11.2.2 Direct QOZ emissions in an integrated mill producing steel through the BF-BOF route
Generally,,tﬁg\productlon of steel through the BF-BOF route includes the following processes:

— raw\materlals preparation (ore agglomeration, coke and lime production);
N
— ‘}ot metal production (blast furnace and hot metal desulfurization);
).

-3

steelmaking process (primary, i.e. BOF, secondary steelmaking);

— casting;
— finishing mills.

Figure 69 illustrates a more detailed block flow diagram presenting the different processes involved in
the production of steel (i.e. hot rolled coil) through the BF-BOF route.
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NOTH e Reference [187].

Figure 69 — Schematic process flow diagram of production of steel through the BF-BOF route

It should be noted that CO; emissions in an integrated mill comes from multiple point sources.

For the steel production through the BF-BOF route, the hot metal production (i.e. ironmaking
process/blast furnaces) is the most carbon intensive process.[187][188] This is responsible for up to
80 % to 90 % of the CO, emitted by the whole steel mill. However, the direct COz emissions allocated to
this process is only ~20 % to 25 % of the total emissions (i.e. predominantly the CO; emitted from the
flue gases of the hot stoves). Others are emitted in other processes when burning of the blast furnace
gas (BFG) as fuel.
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Within the whole site of the integrated mill, the direct CO; emissions comes from the different flue
gases as a consequence of using the different process gases (also known as off-gases) coming from the
coke ovens, blast furnaces and basic oxygen furnaces; and in some cases, to include the use of other
fuels imported into the steel mill.

The allocation of the direct CO; emissions among the different facilities within the integrated mill is
very site specific and is dependent on the manner how the process gases are used. An example is shown
in Figure 70. This example is based on the calculation using the composition of the different process

~ PowerPlant
46.99%

Reheating & HRM

276%  gjab

Casting
0.04%

Steelmaking
2.44%

See Reference [187].

NOTE

Table 20 — Example of t
emissions of an integr
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Table 21 presents the typical composition of the different flue gases of the integrat ~&el
presented in Figure 69 and Figure 70.

Figure 70 — Example of the distributi
mill producing 4 million ton

mill

Annual
UNT Source of CO, Emissions issions Emission
g/t HRC) (ty)

1]

191.37

N
LN
NS
@ 3.30
289.46
41519
urisation) diffue emissions 7.76

, SMdiffuse Emissions

100 Coke oven flue gas 765,495

100 Coke oven gas flare 13,196

200 [Sinter piant flue gas (CO2 + CO) 1,157,825

300 |Hot Stove flue gas 1,660,769

PCl Coal drying, torpedo car and ladle heating (HM 31,042
300 Blast Furnace Gas flare 78,931
Basic Oxygen Furnace gas flared ant 204,089
700 Continuous Casting - diffuse enisions ( i 0.80 3,188
800 Reheating Furnace flue gas 230,833
0.04 179
286,493
3,928,513

16,000

8,376,554

the CO2 emissions within the site of an integrated

2 steel (HRC) annually through the BF-BOF route

%

position of the process gases used in estimating the CO
ill producing 4 MTPY of steel as presented in Figure 69 and

\ Figure 70
Wet basis Coke Oven Gas Blast Furnace Gas ii?;;’;yg:g
0,
(%vol) (COG) (BFG) (BOFG)
CHg4 P 23,2 NA NA
H, \é:@‘ 60,1 3,6 2,6
(A 39 22,1 56,9
co 1,0 22,3 14,4
58 48,3 13,8
0,2 NA NA
176 32 32 —
Other HC 2,7 NA NA
NOTE See References [187].
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Table 20 (continued)
Wet basis Coke Oven Gas Blast Furnace Gas 2.1?;;?’5::
(%vol) (COG) (BFG) (BOFG)
LHV
(MJ/Nm3) — 17,5 3,2 7,5
wet basis
Usels of the Hot Stoves, Coke Ovens, N
Progess Gases Lime Kilns, Reheating Hot Stoves, Power Plant Power Plant
(An Example) Furnaces and others A\
NOTE See References [187]. A

producing 4 MTPY of steel as presented in Figure 69 and Figure 0/

Table 21 — An example of the composition of the different flue gases2 of an int.e‘g'ra’ted mill

Unit l?i\l; (t'
. . ~Reheating
Flue gas (wet Coke oven |Sinter plant| Lime plant | Hot stoves\ durnaces Power plant
basis) ¢
CO> % (v/v) 14,8 4,8 19,7 273\ 4,6 26,4
co % (v/v) — 0,7 — o — —
02 % (v/v) 5,0 14,9 76 ¥ 708 7,2 0,7
N2 % (v/v) 69,5 72,7 60,03 65,5 71,9 659
H20 % (v/v) 10,8 6,9 12(7\ Ay 6,4 16,3 7,0
NOx mg/Nm3 ~280 ~200 . £29 ~60 ~500 ~60
SOy mg/Nm3 ~10 ~300 A" ¥ ~10 ~10 ~10 ~10
Dust mg/Nm3 <5 <5 38 <5 <5 <5 <5
N\
Fuellused COG and R@reeze COG COG and COG BFG, BOFG
(an ¢xample) BFG d COG BFG and NG
a  These flue gases represent ~95 % of ;he‘f‘)verall direct CO2 emissions of the integrated steel mill as illustrated in
Figute 69 and Figure 70.
NOTE See References [187]. . \y
X Y
11.2|3 Overview of CO%ernissions from alternative steel making processes

Other alternative ir.oB\n’aking processes involve the direct reduction or the smelting reduction

proc
and

For

proc

bsses. In 2013,'§he direct reduction and the smelting reduction processes are responsible for ~6 %
~0,5 % ofthectotal iron production worldwide respectively.
N\

i‘irect (é.dliction processes, the main products produced are cold/hot DRI or HBI. The dominant
cominercial processes are the Midrex2%) and Energiron (HYL)Z?D plants. These are gas-based DRI
psses: On the other hand, coal-based DRI processes are dominant in some part of the world (i.e. India).

The

P 131 3 D | 3 £ 4 1s ] H £, 1.1 J NI __T1 1 1o 3
lULaly NI 1S5 11ITUST UUIITITIAaIrit LCLIIIIUIUSICD IUI CUArodscu UINl. 11ICICT dIT diSU ULILITT CIIIT1 51115

technologies. An example of which is the use of Rotary Hearth Furnace which produces iron nugget.

20) Midrex is given for the convenience of users of this document and does not constitute an endorsement by ISO

of this process.

21) Energiron (HYL) is given for the convenience of users of this document and does not constitute an endorsement
by ISO of this process.
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For smelting reduction processes, the main products produced are liquid hot metal. There are several
variants to these technologies. Currently, only the COREX?2) and the FINEX?23) plants are operated
commercially. Other technologies are in various stages of development.

A more detailed description of these processes are described in several literature.l

Some of these technologies involve the separation of CO; from their process gases (i.e. ENERGIRON and
FINEX). Others would require modifications to their processes to allow the separation of CO from their
process gases. These are briefly described in 11.9

Table 22 and Figure 71 present an overview and a summary of the COz emission intensity of the fo
alternative ironmaking processes that are commercially in operation today.

Table 22 — Range of COz emissions from alternative ironmaking procais:ésa

N

vl

2

erent

Max1mum_1ron Specific CO2, Iy Annual CO
production R ) A X
Steel production Type of capacity per €MISSION\K emissions per
routes iron products module estlma‘t.e’ﬁ module
(MTPY)b (ngO%/tcs) (MTPY of O2))c
Blast Furnace -
through BOF Hot metal 5,30 & 650 ~ 100 8,8 ~ 10,1
COREX through BOF Hot metal 1,50 .f*‘z 200 ~3000 3,3~4,5
FINEX through BOF Hot metal 2,00 " 2200~3000 4,4 ~6,0
Rotary kiln/Hearth (X - -
through EAF DRI/HBI 0,50 2200~ 3000 1,1~1,5
Midrex through EAF DRI/HBI 200" 1000 ~ 1350 2,0~2,7
. >
Energiron (HYL) " N -
through EAF DRI/HBI S g 2,50 1000~ 1350 1,6 ~3,4

construction.

NOTE See Reference [188].

!

\S}
N\
o

¢ Calculation is based on the largesticapacity module.

N
2 Estimated specific CO2 per tonne of crude steelgEmissions account for Scope 1 and 2.

b These data are based on the largest opérating module worldwide in 2015. These also include plants that are

nder

SV
N
% N
-
N>
'\‘/
O‘ |
=
t‘\
N\
N
\\
»
.
=
-3

22) COREX s given for the convenience of users of this document and does not constitute an endorsement by ISO

of this process.

23) FINEX is given for the convenience of users of this document and does not constitute an endorsement by ISO

of this process.

© ISO 2016 - All rights reserved

137


https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user |

icense - Pro Tem Committtee on CCUS (Subgroup A/B) - No reproduction or circulation

ISO/TR 27912:2016(E)

i
Corex
= o
Fuel coal Coking coal
Fine ore | € / > [Lump ore

Natural gas HYL - N
8 D - Graph Legend CO2 concentration(%) N\
RN
0% 25%  50% 100% *:\
v N
Natural gas B
N

N\
CO2exhaust(KT/Y/1plant) I<—
M\ V

N
P£OGUTON Capacity(Mt/Y/module)

T«

Based on the technology map of Prof. Ariyama Bulletin of the iron and steel institute of Japan,18(2013),645 % V4

L
NOTH Source: Technology Roadmap presented by Prof. T. Ariyama to the ]qpa}w‘se Iron and Steel Institute.
See Reference [195]. Y
(Y

.

>
Figure 71 — Schematic illustration of relative CO2 emission intensity per module from different

ironmaking processes—%
) X

LR

11.3 CO2 reduction and CCS deployment strategy'ih\the steel industry

To rgduce the CO; emissions (i.e. maintaining 450 p mCO> in the atmosphere by 2050) as recommended
by IHA in their recent ETP report,[186] deployment®t'CCS technologies in the energy intensive industries
are required. The steel industry recognizes-théimportance of reducing their CO; intensity from their

prod
path
new
steel

Curr
aims
this

inpu

brieflly in 11.4.

The
(i.e.
that
pote

Therefore, this Technical Report mainly covers the review of the different CO

juction processes. All possible pathwaysito reduce CO; emissions are explored. Several of these
vays involve measures to improve‘etrergy efficiency (i.e. reduce energy intensity). Some involves
nnovative processes. However, er‘Véry deep reduction of COz emissions, deployment of CCS in the
industry is essential. RJ

bntly, the primary focussofvarious CCS R&D Programmes[1951[196][197][198][199][200][201][202][203]
to develop technologies’tefcapture of COz from the blast furnace (i.e. ironmaking process) — as
brocess is the most/garbon intensive and it is responsible for nearly 80 % to 90 % of the carbon
[ to the steel prodl\m«t,iOn from iron ore. The major research programmes worldwide are described

4

capture of‘ﬁz?z’from the different flue gases derived from the combustion of the process gases
post-combustion COy capture) are technically possible. However, several studies have concluded
captusﬁ;ﬁ'coz from these flue gases are considered relatively more expensive and with limited
1tial\to'deeply reduce the energy consumption of the CO, capture process.

-3

applicable to the ironmaking process.

Figure 72 illustrates the different CO2 emission reduction and CCS activities considered by the industry.
The interaction between energy efficiency improvement and CCS are clearly manifested in various CO3
breakthrough programmes (as described in 11.4).
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Reducing CO; emissions intensity Prevention of CO; Emissions
1.) Process Innovation 1.) CO; Caplure Technologies
a. Selection of altemale a. Chemical absorption
reduction method b. Physical absorption
b. Recycle of reducing gas c. Physical adsorplion
sysiem. d. Membrane separation
¢. Removal of N; influence in the e. Cryogenic separation

2.) CO; or CO/H; Utilisation

2.) Alternate reducing agents
a. Utilisation of M, rich gas
I. Natural gas injection
ii. By-product gas injection
b. Direct use of electricity
I. Hydro-metaliurgy
il Pyro-metallurgy

3.) Use of carbon neutral or low carbon
agents
a. Biomass utilisation
b. Others (L.e. waste plastics,
elc...)

Figure 72 — Some of the possible radical CO2 en(ﬁ&s reduction activities considered by|the

steel in
The extent of the deployments of CO; capture logies in the steel industry could be complex. These
are generally dependent on various factors; ome of these are
— price of coke, /&
N\
— price of electricity, \%
— price of COy,

— price and availability of Sserap and other alternative iron burden inputs, and

— price of other p steel mill by-products (i.e. chemicals, etc.).

AN
11.4 Review@jor CO; breakthrough programmes worldwide

11.4.1 programme
The S programme[195][196][197] is a consortium of European steel and allied industry with an
0 e to evaluate options for at least 50 % reduction of GHG emissions from steel produdtion.

e 73 presents the different options pursued for further development under ULCOS. These in¢lude
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the ULCOS BF24 (TGR BF), HISARNAZ5), ULCORED?26) and ULCOWINZ27)/ULCOLYSIS28), The first three of
the processes would require CCS and the later process would require carbon free electricity.

le biomass NEWTENEL Electricity
Revamped BF Greenfield Revamped DR Greenfield
ULCOS-BF | Hisarna ULCORED ULCOWIN
ULCOLYSIS {Q)
Ay &,
[
| = A
—®
NOTH See References [195] to [197]. @

Figure 73 — ULCOS CO3 breakthrough program

11.4{2 COURSESO0 programme

The COURSES0 programme[198][199][200] is a consortium of Ja steel and allied industry funded
by NEDO with an objective to evaluate options to reduce CO ions from steel production.
[1] Teehmologs 1o sedioa CO, emnivnss ream blaat Puimadca {2} Tachnalagint far OO, ¢ apiurm
[ !-1-1-1-;‘_“\'ll!l-l-+l-+++++i-1l-1l-il-l-+.. Rapd i gy " I
E L -.J = Pirgvh sl e gllegey
| U W ol peoiontion sechsiopy " | T ]
=,-.E---—--- My il .-I'.-[.-' Ve B8 Pepdrogen s duction T F..J-.- -i’ﬂ
i H . 1 i
o : 1 ARLE
i e henas 3 ‘5[ & 1 =|u
i <& cotretormar [re—
: iE 1 |
g, [T Y o T ) } P betes :
H s I_‘:D ! :
wechociogs ) ]
i 1] corempnas .
il {| teehoioor i
& r A &
=Tk

NOTI See R es [198] to [200].

Figure 74 — Overview of the COURSE50 programme

>4

24) ULCOS BF is given for the convenience of users of this document and does not constitute an endorsement by
ISO of this process.

25) HISARNA is given for the convenience of users of this document and does not constitute an endorsement by
ISO of this process.

26) ULCORED is given for the convenience of users of this document and does not constitute an endorsement by
ISO of this process.

27) ULCOWIN is given for the convenience of users of this document and does not constitute an endorsement by
ISO of this process.

28) ULCOLYSIS is given for the convenience of users of this document and does not constitute an endorsement by
ISO of this process.
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Figure 74 presents the different technology options evaluated under COURSE50 which include the
following:

— technologies that reduces CO; emissions from the blast furnace (i.e. technologies that reduces coke
consumption of the BF);

— technologies for CO capture and storage (i.e. CO; capture technologies from the BFG);

— technologies that support COURSE50 technologies.

absorption and physical adsorption principles. These are described in 11.6.1 and 11.6.3.
by the consortium
ogies specific tp the

ology is funded by the
tor. Figure 75 presentfs the

Relevant to this Technical Report is the development of CO; capture technologies based OEMical

11.4.3 POSCO/RIST programme

Development of CCS technology for non-power sector in South Korea is curren
of POSCO and RIST.[201][202][203] This involves the evaluation of CO2 capture t
steel industry applications. The pilot scale demonstration of CO2 captur
Korean Ministry of Knowledge with some contribution from the priva
main research areas and ideas undertaken by the consortium.

Hilm ol Alillag
M
Sl -ﬁh‘_ Trem-malkdeg:
I milting redecriea ¥l %

CO e ms

NOTE See Refere\%ﬁﬂ] to [203].

é Figure 75 — Overview of the Posco/RIST programme

The mai pe of work includes:

— ure of COy from the BFG;

@ recovery and utilization of waste heat within the steelworks;

— utilization of CO2 and CO for other industrial users.

Relevant to this Technical Report is the development of CO; capture technologies using warm ammonia
process. These are described in 11.6.2.

11.5 System boundary

Given that the coverage of this Technical Report is limited to the operation of the CO; capture facilities
developed by the steel industry; therefore, it has been agreed that the system boundary will be limited
to the process gas conditioning unit and the CO; capture and compression facility as illustrated in

Figure 76.
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! 1
e e i
\
N
e
Figure 76 — Simplified schematic diagram of the system boundary \‘.\
-

ive to the steel mill or to the ironmaking process, the system boundary described aré-enclosed in a
ox as shown in the various process flow diagrams. Brief description of the technolo/gy, process and
bment are presented in this review. N

Capture of CO;z from blast furnace gas o Dl

»

fally, the blast furnace gas consists of COp, CO, Hp and Nj. The captufe of CO; from BFG would

produce a process gas from the capture plant that could serve as addltio'nal reductant/fuel to the blast

furn

The
Or pa3
the 1
from

11.6

One
remd
Furn
chen

hce or as gaseous fuel that could be used in other part of the stee; mill.

fapture of CO2 from the BFG could result to full decarbonization (i.e. removal of both CO2 and CO)
rtial decarbonization (i.e. only the removal of the CO2). erendmg on the level of decarbonization,
esulting process gas could be “CO rich” or “Hz rich*{gas. Additionally, the resulting process gas
the capture plant could be a suitable feedstock for prbductlon of other chemicals.

.
"M

1 Development of chemical absorption tec\h\r}ology under the COURSE50 programme

pf the technologies developed under the COURSESO Programme evaluates the use of amines to
ve the CO, from the BFG. The system boundary of the CO; capture facility relative to the Blast
ace is enclosed in the red box shovtm in Figure 74. The simplified schematic flow diagram of the
ical absorption plant is presented in Figure 77.

SV
N
% N
-
N>
'\’/
O‘ |
=
t‘\
N\
N
\\
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) Captured CO2

Gas scrubber

-

N )
N~
Absorber
BFG i
pretreatment
unit
Reboiler

Inlet gas

NOTE  See References [199], [200] and [20Tf
«\

x

A
Figure 77 — Simplified PFD of the f:!lemical absorption technology developed under COURS

2 programme
O
»

-

The CO3 capture facility consists of the following major equipment:

BFG (inlet gas) FD fay/‘blower;

o~
BFG pre-treatinéitt unit (typically consists of wet scrubber and dust removal system);
absorber .céil'l‘r'nn;

wash{xg'water pumps (situated at the top of the absorber column; not shown in Figure 77);

giéh)and lean solvent heat exchangers;

\\
=5 ¥rich and lean solvent pumps;

stripper{regeneratorcotumms;

reboiler;

NOTE This will use steam generated from waste heat recovery from slag.
condenser (not shown in Figure 77);

amine make-up pump;

CO32 compression and dehydration unit (not shown in Figure 77).

© ISO 2016 - All rights reserved
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The resulting process gas that comes out of the absorber column is a CO rich gas with <2 % CO;. The
process gas could be recycled back to the blast furnace or used as fuel within the steel works. The
product CO; from the regenerator (stripper) has a composition of greater than 98 % to 99 % (v/v wet

basis) CO; and saturated with water.

11.6.2 Development of chemical absorption technology under the POSCO/RIST programme

POSCO/RIST Programme has evaluated the use of aqueous ammonia process to remove the CO; from

the HFG. The system boundary of the CO; capture facility relative to the Blast Furnace is enclosed in th:
red Qox shown in Figure 75. The schematic flow diagram of the chemical absorption plant is presen
in Figure 78.
BFG out
washing
water
e clrum
&
COlean
solution cooler
-————————
e
r
aqueous MNH; ‘—‘m-_
make up [ o
BFGin absorber concentrator
feed gas
Blower b
st
steam out :&tﬂf
NOTH See References [192], [202
Figure 78 — Simplifi D of the chemical absorption technology developed under
%\ POSCO/RIST programme
Co
The €07 capture fa u‘;‘, consists of the following major equipment:
\
— BFG (inletgas)*¥ D fan/blower;
— BFG tment unit (not shown in Figure 78);
— 4 l{ﬁ‘

— stripper column;

— concentrator column;

— washing water pumps;

— rich and lean solvent heat exchangers;

— other heat exchangers (lean solvent coolers, side column coolers);

— rich and lean solvent pumps;
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— reboilers (situated in both stripper and concentrator columns);
— waste water pump;
— solvent drum;

— €Oz compression and dehydration unit (not shown in Figure 78).

6(E)

The resulting process gas coming from the absorber column is also a CO rich gas that could be recycled

back into the blast furnace and/or used as fuel in other part of the steel mill. Additionally, thls(;tould

also be considered as feedstock to other chemical production. The concentration of the CO pro
from the stripper is generally around 97 % to 98 % (v/v — wet basis). ¥ ‘L\_J
N

11.6.3 Development of physical adsorption technology under COURSE50 progrgm\n’e

Another CO; capture technology developed under the COURSE50 Programme is th€'ise of adsorbg
remove the CO2 from the BFG. The ASCOA-3 Project [199][204] has developed a\Z stage multi-steps |
process using Zeolite-type adsorbent. ‘ N
The raw BFG is compressed to ~3 Bar (abs), dehydrated and desulfur.ized. The CO; is separated
the blast furnace gas in the first stage adsorption process then followgd‘by the separation of CO ar
from the N3 in the second stage. CO; are recovered during desorI(upn process under vacuum pres
of ~0,07 Bar (abs).

‘ A

Figure 79 presents the simplified schematic flow diagram of the pilot plant producing ~3 tonnes
from raw BFG. Relative to the blast furnace, the system beundary is enclosed in the red box as shoy

Figure 74. \

LR

. -Q_Q .QIZ ‘ BFG
e Gos <l )
Compressor <
QY Dehumidifier Sulfer
KT Adsorber

Mixing Tank Blower

Blower

Tank CO' PSA

uced

ntto
/PSA

from
d H»
sure

0,/d
vn in

Vaccum CO tank

Pump

NOTE See References [199] and [205].

Figure 79 — Simplified PFD of the physical adsorption technology developed under the
COURSESO0 programme

The CO3 capture facility consists of the following major equipment:

— BFG (inlet gas) FD fan/blower;
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11.6{4 ULCOS BF — Oxygen-blown BF with top gas recycle

The

Furnface” (NFBF). The ULCOS programme has evaluated three different versio ':,‘o

also

versijons of TGR-BF evaluated by ULCOS Programme.

The

NOTI See ﬁﬁ [188], [197] and [207].

BFG compressor with intercooler;

BFG dehydration unit;

BFG desulfurization unit;

CO7 adsorbent towers (horizontal configuration);

CO and Hj adsorbent towers (horizontal configuration);

yacuum pumps; ~&b

gas holder; @

(07 compression and dehydration unit (not shown in Figure 79). ,&
rogen Free Blast

f this BF. They have
evaluated different CO removal process from the raw top gas. Figure<@/presents the different

ULCOS BF is also known as the “Top Gas Recycle Blast Furnace” (TGR-BF) or

e, Fign ¥ [T —!
o _1 oy

Wt et
(. s | ‘—l—- [ P— \ ey _I_ . LT
e .,

e,

VERSION 03

g B Cmic i
o Bt Dny. _l_.. o

T .
Gt wiaast g PRESE

VERSION 04

Figure 80 — Different versions of TGR-BF evaluated by ULCOS

i 1 1 £ +1 on ~ 1 _— 1 q - 41 11 Id 1 : . QNN
SYSULCHD DUUITUATLy TUT LT WU CAdpPLUIrtc pldIit IS CICIOSTU T UIT TTU DUX (dS5 SIIOWIT TIT I'ISUI € OUJ.

ULCOS Programme has evaluated the following CO; separation processes:

PSA;

VPSA;

chemical absorption;

VPSA combined with cryogenic flash separation;

PSA combined with cryogenic distillation.
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The TGR-BF involves the recycling of the “CO; lean” top gas to the blast furnace and the use of n

6(E)

early

pure oxygen (instead of the hot blast or air). This should results to a blast furnace gas with a very low
N3 content and higher CO2, CO and Hy content as compared to conventional blast furnace gas (as shown

in Table 26).

Depending on the CO2 removal process used, the product COz could have a purity ranging between

80 %

to >99 %. The processed process gas (i.e. recycled top gas) should be <3 % CO;. Table 23 and Figure 81

present some of the results reported by ULCOS illustrating the typical range of the composition of the

“COTich*process gasandproduct €Oy obtaimedfronrthedifferent €Oy capture processesevatuated
It should be noted that CO; removal from a process gas using PSA, VPSA and chemlcal ab\or btion
processes are commercially demonstrated in other alternative ironmaking processeﬂb(te FINEX,
COREX, Energiron/HYL). These are briefly described in 11.9. On the other hand appl cable to th¢ CO;
removal from top gas of an ULCOS BF, the demonstration using PSA in comblnatlon With cryogenic
separation process to separate COz from syngas of an SMR is now under constrystion at Port Jerome
SMR facility of Air Liquide. Likewise, PSA in combination with VPSA to separateithe CO; from syngas
of an SMR is operational at Port Arthur facility of Air Products producing. ~212’MTPY of CO2 forf EOR
application (having achieved CO3 purity of ~97 % purity).[206] A
o\
) X%
Table 23 — Comparison of CO2 capture technologies for an integ{'a"fed steel mill (BF-BOF route)
VBSA and . PSA and (ryo
PSA VPSA | CiygFlash+ | Amines + Distil. [+
ompression .
Cqmpressmn Compression
Recycled Top Gas (Process Gas) {
CO yield % | 880 | 9040 97,3 99,9 100,0
Process Gas Composition (wet basis) VS
CO; %v/v 2,7 ") 3.0 3,0 2,9 2,7
o %v/v 714 TN 69,2 68,9 67,8 69,5
Hp %v/v 124%° 13,0 12,6 12,1 12,4
N2 %v/v 13,5 15,7 15,6 15,1 15,4
H,0 %v/v 20,0 0,0 0,0 2,1 0,0
Captured Product COz (dry basi X
CO3 %v \ 79,7 87,2 96,3 >99,9 >99,9
Cco Yo \) 12,1 10,7 3,3 0,0 0,0
Hy ¥ 2,5 0,6 0,1 0,0 0,0
N2 O %v 5,6 1,6 0,3 0,0 0,0
oy
0\/
o".
t‘\
N\
s %
\.\

>
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See Reference [206]. D

ure 81 — Rearranged comparison of\CO; capture technologies for an integrated steel mill
(BF-BOF route) from the ULCOS project evaluation results

-
“

e 81 shows data relatlonshlp of Hp, CO and CO; concentration between process gas composition
basis) and captured product COZ (dry basis) on each capture technology. The horizontal axis means
0 and CO7 concentratlonm process gas, the vertical axis means Hp, CO and CO; concentration in
ired product CO; respéctively. For instance, plot “CO VPSA” means CO concentration in process gas
aptured product %&2 on VPSA.

% . /
5 Other comn}ercial development

potentjak bf using shift reactor to achieve full decarbonization of the BFG have been reported in
us lltxature [192] This involves two catalytic reactors to react the CO with steam to produce Hp
[07¢ Typical conversion of CO to COz and Hy is ~90 % depending on the performance of the catalyst
h’es\ceam to CO ratio. Figure 82 illustrates a simplified schematic diagram of the water gas shift

reac
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Blast Furnace Gas BFG.
(Top Gas) Humidifier
e Comgrie

MP Steam —j

—

w

Shifted Blast Furnace Gas to
CO; Capture Plant

Figure 82 — Simplified PFD of the water- ift reactor

An example of this development is the BF Plus29) technol proposed by Air Products and D3anieli
eir patent, the CO; capture plant involves the
use of physical solvent (i.e. Selexol). To achieve a ful arbonization if required, shift reactors will be
used. It should also be noted that the overall efficieicjto the steel work is also improved by high(level
of oxygen enrichment of the hot blast (which shauldhincrease the calorific value of the BFG or top|gas);
and the deployment of combine cycle power pla produce electricity for the steelwork or for export.

For the purpose of this Technical Report, the'sy Stem boundary of the CO; capture plant is indicat¢d by

%

29) BF Plus is given for the convenience of users of this document and does not constitute an endorsement by ISO
of this process.
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NOTH See Reference [208].

11.7 Specific energy consumption of CO2 ca

Specijfic Energy Consumptions of the CO capt
Tabl¢ 24 summarizes the reported energy consi

Figure 83 — Simplified PFD of air product’s BF plus sc& with full decarbonization of BFG

re estimated in various projects[201][204][206] and
tion of different COz removal processes.
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Table 24 — Reported values of energy consumptions from various R&D activities

Specific energy CO3 capture
consumption Reagents capacity Remarks Data
source
(GJ/tCO2) (TPD)
Experimental
hemical 2,70 Results
[Chemica rimarvonapa | RN13 1 Ol [201]
ADSOTption Pt JeRErEy {Oaly
base regeneration
energy) .\
Experimen‘tai g
Chemical 2,50 Resu]{s;
emica
Absorption primary energy RN1 30 (Ouly [241]
base régeneration
w( ghergy)
Chemical 240 S
emica \
! ; RN1 3 000¢y Extrapolated [201]
rimary ener )
COURSES0 Absorption p ba}llse gy L)
Programme N -
Results X Experimental
Chemical 2,50 «‘\ Results
emica ] b XS
Absorption primary energy RN3® ~Y 1 (Only [241]
base J regeneration
3 energy)
y G Experimental
Chemical 2,35 . i‘ Results
emica A
Absorption primary energyy RN3 30 (Only [241]
base \' . regeneration
S0 energy)
Chemical X
emica p
Absorption primaty energy RN3 3000 Extrapolated [201]
= base
a  RN1isgiven for the convenience, gf}lléers of this Technical Report and does not constitute an endorsement by ISO df this
product. A
b RN3 is given for the convefience of users of this Technical Report and does not constitute an endorsement by ISO of
this product. S\
ey
- \/
o".
t‘\
N\
s %
\.\
%
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Table 24 (continued)
Specific energy CO3 capture
consumption Reagents capacity Remarks s?ﬂrt'ze
(GJ/t CO) (TPD)
Chemical 3,81 Reported value
. . includes
ﬁxbsorptlo.n + | primary energy |Amine (MEA) NR compression [206]
omnression 1
T Dase energy
0,36 ™
. O 4
PSA Secondary NR r2dg)
energy base '
JLCOS 0,38 4
Prggramme VPSA Secondary NR L\ [206]
Results energy base N\
VPSA and 1,05 Rep.‘?ﬁl\ei"alue
wincludes
Gyt | Secondary M Gompression | 1200
p energy base > energy
PSA and Cryo 112 “\\ ) Rep.ortled value
Distillation + Second NR~ includes [206]
. econdary % compression
Compression energy base ¢ J energy
4 Reported value
PO$CO-RIST Chemical 3,10 Warm q~\ are simulated
Prqgramme Absorption primary energy Ammb&; 10 value of [204]
Results base . regeneration
N4 energy only
a  RN1is given for the convenience of users of this Technic&l\R‘;port and does not constitute an endorsement by ISO of this
prodfct. X
N
b RN3 is given for the convenience of users of thigZflechnical Report and does not constitute an endorsement by ISO of
this groduct. ) X3 y

Gens
This
ener
and

Tech
cons

rally, with utilization of energy,-e_n%%gy quality should be considered as well as energy quantity.
means that in the case of defifiing the “Specific Energy Consumption of the CO; Captured”, the
by could be classified according to primary energy or secondary energy, given that the quality
juantity of both energiesiare quite different in the physical point of view. Unfortunately, in this
hical Report, the masméfion how the energy consumptions are calculated could not be presented
stently as discussedbglow.

-
-,

Fron Table 24, it coild be noted that the reported values are wide ranging. It should be emphasized

that
and
assu

The

comparing $he/reported values from the COURSE50 programme,[201] ULCOS programmel[206]
POSCO-RIST\Programme[M] are not possible and could be misleading because of the different
mptions: tsed in defining and calculating the specific energy consumption.

\\

:alcql-afion of the specific energy consumption is based on very site specific assumptions. Some

resu

ts-are directly obtained from pilot plants (i.e. COURSESO0 results); while others are obtained from

process simulation and validated against pilot plant results (1.e. ULCOS and POSCO-RIST Programme).

Additionally, it is not clear whether how the reported results considered both the primary and
secondary energy sources in the calculation. For example, the COURSES50 results only considered the

prim

ary energy consumption based on the COz capture plant as the boundary limit, where it only

accounts for the regeneration energy (i.e. steam consumption) plus the auxiliary energy needed (i.e.

inclu

ding electricity for the circulation pumps, etc.). On the other hand, ULCOS calculated the results

based on the whole steel mill as the boundary limit. The calculation is based on additional total energy
required by the capture plant which also accounts for the savings obtained from the coke reduction due
to TGR operation and the electricity import from the grid.

152

© ISO 2016 - All rights reserved



https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user license - Pro Tem Committtee on CCUS (Subgroup A/B) - No reproduction or circulation

ISO/TR 27912:2016(E)

Furthermore, the composition of the feed gas going into the CO; capture plant reported by ULCOS and
COURSESO0 are different which could lead to differences to energy performance reported for the CO2
capture plant. It should be noted that ULCOS’ BFG are delivered at pressure with CO and CO; content of
~32 % to 35 % (enriched by the Top Gas Recycle) vs. COURSE50s BFG being delivered at atmospheric
pressure and with CO and CO composition ranging from 20 % to 24 %.

In summary, the calculation of the specific energy consumptions of the CO; capture plant applied to
the iron and steel industry should be interpreted with care and should clearly account for the different

o 1 - h I T 11 h R Pl B P R
OpCldtiulidl d5pPCCLs WILILITHICTUUCE, DUt IIOU HIITIICEU Lo

— boundary limit,
— classification of the primary and secondary energy sources, P\

— feed gas composition,

— feed gas pressure and temperature, X,
\
— delivery pressure of the CO; product, and A
o\
— composition of the CO product. 3/
- \ ’
11.8 Gas streams f,\ )
&
®)

11.8.1 Conventional blast furnace gas (BFG)

Blast furnace gas is the by-product gas of the blast firnace during the reduction of iron ore yising
reductant such as coke. Typical range of composifi Ty of the BFG (composition of the gas just after the
two stages of de-dusting and scrubbing) is present in Table 25.

Table 25 — Range of co.q\;\osmon of dedusted and cleaned BFG

Treated BFG_-\ Units Composition
(Components)y (%)
6O %(v/v) — dry 20 - 25
(6O %(v/v) — dry 20-26
w © H2 %(v/v) —dry 4-9a
; Yy Ng/Ar %(v/v) —dry 44 - 52 (balance)
2 High Hy content of more than 5 % is due to the use of NG injection.

Typically, BFG vat could be fed into the CO7 capture facilities is delivered from a gas holder apd is
available at.pressure between 2,0 Bara to 3,0 Bara.

The corgentration of CO and Hy in the BFG is typically affected by several factors and these include the
propefities of the injected fuel (i.e. pulverized coal, natural gas, tar, fuel oil, etc.) into the tuyeres anf the
levehof oxygen enrichment.

SifAwet scrubbers are used for the final dedusting and gas treatment, the BFG is expected to be ngarly

saturated with water. Iemperature oI the gas arter this stage 1s about 3U "L to 4U "L.

11.8.2 BFG from an oxygen-blown BF with top gas recycle (ULCOS BF)

The ULCOS programme has evaluated three different versions of capturing CO; from an oxygen blown
blast furnace with top gas recycle. These are described in 11.6.4.

Typical composition of the raw top gas that goes into the CO; capture plant is presented in Table 26.
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Table 26 — Typical range of composition of cleaned raw top gas from ULCOS BF

The
BF w
top ¢
convy
and {

11.9

11.9

In 2(
is the
base
Kiln
betw

This
for G
deve
optid

11.9

Figu
cons

Raw top gas Units Composition
(components)
COy %(v/v) —dry 34-38
co %(v/v) —dry 45-50
H»> %(v/v) —dry 8-10
NL_/A 0L Loz /o) | C 10 (ol al
l“/ﬂl ULV/ VJ u1_y J pavy LUalalleJ
NOTE See References [178], [206], [207]. N
Y Y4
pariability in the composition (i.e. concentration of CO and Hjy) of the raw top gas from the UE€0S

ill also be dependent on various factors including the level and the manner on how the p((itessed
pas are recycled back into the blast furnace. It is expected that similar gas treatment/used in

entional BF will be deployed. If wet scrubber is used, the raw top gas is expected t@-be saturated
emperature is reduced down to 30 °C to 40 °C after this stage. o
CO3 capture from alternative ironmaking process K>
5V
1 Direct reduction ironmaking process N

) 4
13, around 78 million tonnes of DRI and HBI are produced wor}dszT\de. Gas-based DRI production
e most dominant route. This is led by Midrex (60 %) then follaivad by HYL/Energiron (15 %). Coal-
d DRI are predominant in India. The majority of the coal-baséd DRI production is using Rotary
with Rotary Cooler technologies. Typically, these kilns-hd@ve'a production capacity ranging from
een 0,10 to 0,15 MTPY. ) X

LR

Technical Report only describes the two leading g:}s\})ased DRI technologies that have potential
02 capture. Also included in this subclause is the;dLCORED technology, a revamped DRI process
oped by the ULCOS programme. It should be noted that this Technical Report does not include the
ns available for coal-based MIDREX, ENER\Gi{R\ON or ULCORED plants.

1.1 ENERGIRON (HYL I, HYL III, HYL ZR)

'e 84 presents the simplified sc‘herhétic process flow diagrams of Energiron/HYL process which

sts of a version with an externakSMR [HYL-13% and HYL-I113)] or a reformerless version [HYL-ZR32)].
o"\/\
3
- \/
t‘\"~
EN ‘\\
\\

30)

HYL-I is given for the convenience of users of this document and does not constitute an endorsement by ISO

of this process.

31)

HYL-III is given for the convenience of users of this document and does not constitute an endorsement by ISO

of this process.

32)

HYL-ZR is given for the convenience of users of this document and does not constitute an endorsement by ISO

of this process.
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gty Relorming
CH, # H,0—= CO +3JH,
CH, + CO,~—+ 2CO + IH,
Redugtion
FeyO, =3C0—+ JFe" + JICO;
Fe,0, *3H, —= IFa" + JH O
Swrpurization
IFe” + CH;—* Fo,C + 2N,

NG o

NOTE See References [188], [210] and [212].

Figure 84 — Simplified P

YL/Energiron DRI production process

N\
One of the important features of ti@ocess is the inherent removal of the by-products of th
reduction process (i.e. removal GfH30 a

removal and capture of CO3 fo e (i.e. as food grade CO7 or EOR operation).

The process of gas leaving t
the region of 400 °C. Thi
of the process gas is

s is cooled and water is removed by using a wet scrubber system. Maj

P ore

nd CO3). This, therefore, provides opportunity for selective

haft reactor consists mainly CO2, CO, Hy and H20 with temperature in

ority

ressed to around 7 Bar (abs) to 8 Bar (abs); while part of the process gas is

pugh
htion
COs.

ed in

and

Table 27 — Example of composition of the reducing gas feeding into the shaft reactor

© ISO 2016 - All rights reserved

- ENERGIRON ENERGIRON
Gas composition with SMR Zero Reformer Process gas
0, -
(%ov/v - wet) (before humidifier) | (before humidifier) | (2fter H20 removal)
CO2 2,2 1,5 35-40
co 13,7 9,6 10-15
Hz 76,0 45,0 30-35
NOTE See Reference [218].
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Table 27 (continued)
Gas composition ENERGIRON ENERGIRON Process gas
(%v/v - wet) with SMR Zero Reformer (after H20 removal)
(before humidifier) | (before humidifier) 2
CHy 6,0 35,0 10-15
H20 1,5 8,3 1-5
Np/Ar 0,6 0,6 1-2

NOTE See Reference [218].

Currently, there are five modules of Energiron/HYL operating plants producing food gra
using amine base CO; removal units. These include plants located in Mexico (four modules)
(one|module). Two modules situated in Middle East are being upgraded to include CO; r
with|the CO3 to be used for EOR operation.[213]

11.9{1.2 MIDREX

Figure 85 presents the simplified schematic process flow diagrams of a conv
withput CO2 removal.

al MIDREX process

Fe,0,43H, » 2Fes3H,0
Fe,0,+300 » 2Fe+3(0,

Corburization:
3Fe+(O+H, » Fo,(+HO
feslH, » Fe,(+H,

O _
: . 2 R :
& ¥ e T (He00, > 20042H,
o | (O » COs3H,
Srurege

Discharge Options

NOTH @See References [214] and [215].

Figure 85 — Simplified PFD of MIDREX DRI production process

Midrex has suggested a process scheme that would allow the capture of CO; from their DRI production
plant. This includes the removal of CO; from the slips stream of the top gas using PSA or amine-based
separation technology. This involves changes to the heat recovery equipment to include the pre-heating
of the COz-lean top gas (as shown in Figure 86). For the purpose of this Technical Report, the system

boundary for the CO; capture plant is enclosed in the red box.
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fron
Onida
e Process Gas System
Top Ga
m\ Rt

Heat Recovery

NOTE See Reference [215].

Figure 86 — Simplified PFD REX DRI production with low CO; configuration

@

EX plant that removes the CO2 from the top gas. However, there
are two MIDREX modules i tion today situated at Essar’s Hazira Steel Mill that employs YPSA
unit to remove part of the C om their MIDREX top gas to compliment the natural gas feedstock]. The
steelwork schematic flow diagram is shown in Figure 87.

&

&

Currently, there is no standalon
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Other consumers

I

NOTI

oo —{lvesaT]- O-
export gas *WPSA = VACULM pressure
swing adsotbsion Direct-reduction
plant

W
]

Top gas &
3 LA Recuperator - g> Y

Utilized as burner fual

£,
9

Matural gas
Process gas comp

See Reference [216].

Figure 87 — Simplified PFD of the MIDREX DRI pr&on with partial CO2 removal

11.9{1.3 ULCORED (ULCOS Programme)
Figure 88 presents the schematic flow diagram e gas-based ULCORED process. This is a revamped
version of gas-based DRI production to maximiZe the CO; removal as compared to ENERGIRON and
MIDREX plants. %

X3
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NOTE See References [217] and [218].
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Figure 88 — Simplified PFD of CORED gas-based DRI production with CO2 remova

Y
Primarily, the production of D ased on the use of partial oxidation reactor (POX) to produc
syngas as the primary re gas. Additionally, the process involves the use of a shift react

convert at least 90 % of the in the cleaned process gas from the shaft reactor to produce Hj

CO3. The CO3 is then separa ed using VPSA or PSA (as shown in Figure 88). Most of the top gas frox
PSA/VPSA is used asxcooling medium of the DRI. This is generally mixed with natural gas to malk
the fuel demand o POX reactor. Some part of the top gas will be preheated in the shift reacto

nposition the reducing gas entering the shaft reactor and the process gas entering the v
gas shiftire actor of the ULCORED process is summarized in Table 28.

. Naturd gas

ULCORED

Process gas from

]

e the
br to
and
n the
e up
" and
b the

vater

-

Gas composition

(%v/v — wet) reducing gas ULCORED

0 (before the shaft reactor) (after dedusting)
CO2 0,6 3,3
co 12,6 8,3
Hy 79,5 51,3

NOTE See Reference [218].
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demg¢nstrate the ULCORED process.

11.9

Curr

operpted. HISMELT33) technology was demonstrated but discontinued due BOTE conomic reason.
Nongtheless, the smelting part of HISMELT has been adapted into the develop *‘q
@,

For the purpose of this Technical Report, options for CO; capture fron

desc

11.9

NOTH

Currently, there are plans by the ULCOS consortium to build a pilot plant producing 1 tonne D@o

Figute 89 presents the process flow diagram of a COREX pla&

Table 28 (continued)
Gas composition ULCORED Process gas from
(% V/vlz wet) reducing gas ULCORED
0 (before the shaft reactor) (after dedusting)
CHy 0 0
H,0 5,7 35,5
Np/Ar 1,6 1,6
NOTE See Reference [218]. ~kQ)

&

2 Smelting reduction ironmaking process

£\

g Vonturi scrubber

Excoss gas

Cooling pas < ﬁ_*

g Venturi scrubber

Maollor gasifior

@ e References [188] and [192].

Figure 89 — Schematic PFD of a COREX plant

The COREX export gas is a medium calorific value gas that is generally used as fuel for the power plant or
as fuel for other part of the steel mill. In some cases, this gas is also used as reducing gas for the DRI plant.

Typical composition of the export gas is presented in Table 29. The gas is normally available at pressure
between 1,2 Bar (abs) to 2,0 Bar (abs). The quality of the COREX export gas depends on how the COREX

33)

HISMELT is given for the convenience of users of this document and does not constitute an endorsement by

ISO of this process.
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plant are operated. This could have a range with a high energy value (~1,4 MWe/thm) to low energy

value (~0,9 MWe/thm).

Table 29 — Range of composition of dedusted and cleaned COREX export gas

Treated BFG . .
(components) Units Composition
CO; %(v/v) —dry 29 -32
co %(v/v) —dry 42 - 47
Hy %(v/v) —dry 19 - 22 , \\',\
CHy %(v/v) — dry 1,5-2,5 N\
Ny /Ar %(v/v) —dry 1 - 2 (Balance) 7
H»S mg/Nm3 Not available e :
Particulate Matter mg/Nm3 1-10 (ot
NOTE See References [219], [220]. .\‘ y
For the purpose of this Technical Report, the system boundary for the bOz capture facility cou
schematically shown in Figure 90 (as enclosed in the red box). O
Compressed CO, >
to pipeline or ship x‘ .
oo i

“CO Rich” or “H; Rich"
COREX Export Gas

to Power Plant or Steel
Mill Gas Network

i

I —
‘ Raw : W
) |COREX y | CO,Capfyig'and | | |
B Export Gas | Cnmpre@aon Unit

L——;‘-————n————n—_

X

\ Y
Figure 90 — Systenrboundary of the CO3 capture plant for the COREX plant

The removal of the CE2 from COREX export gas is pretty much an “end of pipe” treatment,
decarbonization of th@ LJOREX export gas could be achieved partially by removing the CO2 only;

producing a mixtuxg of CO/H rich process gas; or could be fully decarbonized by means of CO shif
CO3 capture, producing Hy rich process gas. It should be noted that the resulting process gas fron
capture planf\‘aye also suitable as feedstock for other chemical production.

There dge¥several options for the COz capture plant that could produce a product CO; suitabl
transgort and storage. All the technology options developed for capturing CO; from blast furnac

(a8 described in the previous clause) are also applicable to the capture of CO; from the COREX ex

(gast These options could include but not limited to technologies such as

d be

The
thus,
t and
h the

e for
P gas
(port

— Chermicat absorptiorn,
— physical absorption,
— physical adsorption,
— membrane, and

— combination of physical adsorption and cryogenic separation.

It should be noted that in the early development of the COREX plant, it has been established that by

recycling or re-utilizing the COREX gas to the melter/gasifier could result to lower coal and ox

© ISO 2016 - All rights reserved
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demand of the COREX plant. This will involve CO; removal to produce a process gas with less than
~3 %CO07. An example of this scheme is illustrated in Figure 91. For the purpose of CO; capture and
storage, the CO, removal system may need additional COy purification steps to meet the required
specification of the CO».

NOTH

Pollots , Top gas
(604vh) § |
L i
Dolomite Rod Serubbor N
{EJ EE] shalt-lumaco {Recycle M;,
M gas gui\;\
(61vh)  Sponge Reducing :
iron gas 1 B\
NS/
Coal (18.6 th) —— 1\%
e "N
CO, [ [ |]VSteam
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Figyre 91 — Example of a COREX plant with the ¥émoval of CO2 by chemical absorption and re-
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ently, there are no standalone COREX plant that removes the CO2 from their export gas. However,
 are three COREX modules in operation today that remove the CO; from their export gas by using
\ (i.e. one module at AM Saldanhq‘S'Eeelworks, South Africa, commissioned in 2000 and another
modules at JSW Vijayanagar Stéelworks, India, commissioned in 2013). The simplified schematic
ram of the COREX-MIDREX configuration is shown in Figure 92.
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Figure 92 — Simplified schematics for COREX-MIDREX configuration
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The raw COREX export gas is generally mixed with the top gas of the Midrex Plant prior to CO2 removal.
The CO7 lean process gas from the VPSA (i.e. with CO, composition ranging between 2 % to 6 %) is then
pre-heated and partially oxidized in a process gas heater. This is used as reducing gas to the MIDREX
DRI plant. The CO3 rich gas (i.e. typically consists of 60 % to 80 % COz and 5 % to 15 % CO) obtained
from the tail gas of the VPSA unit are currently used as low grade fuel for heating within the steel
mill or flared and vented to the atmosphere. To make the CO; rich gas suitable for CO; transport and

storage, CO3 purification steps could be necessary to achieve at least 95 % CO; purity.

11.9.2.2 FINEX

Figure 93 presents the schematic flow diagram of the FINEX plant. For the purpose of thi
Report, the system boundary considered for the CO; capture plant is enclosed in the r

¥©

echjnical

NOTE See Referm@] and [192].

é@ Figure 93 — Schematics PFD of the FINEX plant
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Typical % of the FINEX process gas is recycled back to the pre-reduction reactor (R1). This g
proc o remove the CO;. Figure 94 presents a more detailed schematic flow diagram of thg

system of the current FINEX plant. Typical gas composition of the FINEX process gas, PS!
d the Product Gas are also shown.

as is
COy
\ tail
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Figure 94 — Schematics PFD of the CO> remo&stem of the FINEX plant
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Figure 95 — Schematics PFD of the FINEX plant with CCUS
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There are several options available for the CO; purification step of the tail gas from PSA. These options
could include, but not limited to the use of

oxy-fired tail gas incinerator in combination with dehydration and cryogenic separation,
second-stage VPSA (similar to the scheme developed by Air Products at Port Arthur SMR, USA),

cryogenic separation (similar to the scheme developed by Air Liquide at Port Jerome SMR, France),

11.9.2.3 HISARNA (ULCOS Programme)

ore and HISMELT for the melter/gasifier.

The capture of COz in HISARNA process involves a series of
dust catcher to remove particulates, an incinerator to burn th
carbon particulates, a waste heat recovery steam boiler, a
and gas dehydration unit. The resulting dry clean ga
(dry basis). The COz rich gas is processed in the CO

chemical absorption, and @

physical absorption (i.e. Selexol, Rectisol, etc.). @

HISARNA process[223][224] is a smelting reduction technology developed under COS programme.
This is a combination of the Cyclone Converter Furnace (CCF) technology f re-reduction df the

Figure 96 and Figure 97 present the schematic flow diagram of the NA without and with CO;
capture.

aning steps which include th¢ dry
aining CO and carried over unburned
er for de-dusting, desulfurization|unit,
d consist at least 90 % to 95 % v/y CO;
essing unit where CO3 is separated thrpugh

boundary to be considered is enclosed in th¢ red

Required:

¢ Dust removal (staged)
+Heatrecovery
» De-sulphurisation

TATA STEEL

NOTE See Reference [223].

Figure 96 — Simplified schematic of the gas cleaning of HISARNA without CO; capture
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NOTH See Reference [224].

Figure 97 — Simplified schematic of the gas clea f HISARNA without CO2 capture

11.1{0 Evaluation procedures for capture p

In seferal reports specific energy consumpti?’ aptured CO; are expressed without clear definition.

Not ¢nly specific consumption but also an er terms related to evaluation of capture are not yet

defirjed in the steel making industry. X

11.7]1 Reliability issues

The following issues will be c red in the future standardization:

— gtability or durabili se of absorbents for chemical absorption technology or adsorbents for

physical adsorpti

— ¢quipment (itd essary to comply with related national or regional regulations if they exist.).

11.

Currp
and

ation of the COy capture facilities applied to the steel industry. However, there are well

plants and other allied chemical plnts. Some of these law, regulations or standards are relevant and
adaptable to the building of CO; capture facilities.

An example of which is shown in the Figure 98. This illustrates regulation on how to specify the internal
maximum pressure of the vessels under the Japanese Industrial Safety and Health Law. For a chemical

absorption plant that could be used in the iron and steel industry, the building of the chemical absorption
vessels are classified under class-1 and if to be built should be made compliant under this laws.
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Figure 98 — Categori{atfion of pressure vessel in Japan
\
N

Itis expected that other existing natiofal @nd regional laws could be adapted in regulating the diffgrent
operating aspect of the COy capturé fac111ty For example, the chemicals used and the waste prodgucts
produced in a Chemical Absorption plant should be regulated under the chemical substances coptrol
law and industrial safety and hea\l‘l;h laws of individual contries or region.

12 Capture from industrial gas production processes

This Clause will dis'cZuEé large stationary COz sources other than those described in Clause|7 to
Clause 11. Among the CO; sources, natural-gas sweetening, refineries, and petrochemical industrly are
subject to this'€ause. Most CO, emissions from refineries and the petrochemical plants are, however,
associated.witl’ the combustion of fossil fuel and these emission sources fall within the scopes df the
technologr\es~descr1bed in Clause 7. As such, this Clause covers natural-gas sweetening, the amnjonia
product\rbn process, and the hydrogen production process.

The3¢" 1ndustrlal processes are used to produce such products as pipeline gas, LNG, ammonia| and
’h}{drogen and include purification processes as part of the production. The purpose of the purificption
Pprocesses is to remove impurities undesirable for the products or the production processes) and
COy is removed as part of such purification processes. Commonly used technologies for CO2 removal
or capture include absorption, adsorption, and membrane separation processes. The CO; capture
processes described in this Clause are well-established technologies with a record of numerous
commercial applications worldwide, due to the fact that CO; capture is an essential part of the process
in the production of final products.

In these industrial processes, the cost of CO, separation is generally included in the prices of the
respective products, making their COy very competitive against recovered CO; in other sectors. In
addition, the industrial processes feature capture of COz conducted at a high partial pressure, resulting
in a lower initial cost for the capture facility than those employed in other sectors and a higher purity of
CO2 when recovered.
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In order to utilize CO, recovered from industrial gas production processes for CCS, a COz compression or

lique

faction unit is required. Compared with the power industry where CO; capture facilities dedicated

to CCS are needed, both technical and economic difficulties for the deployment of CCS are low in the gas
production industry. That is why these industrial processes are called “Early Opportunity” and “Low
Hanging Fruit” and are expected to be applied to CCS to reduce CO3 in the amount of approximately 1,10
gigatonnes per year by 2030 and 3,83 gigatonnes per year by 2050 as part of the 2DS scenario of IEA
Energy Technology Perspectives 2012.[227]
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rtaccording tothe GEEStreportof 2643228 Hm Norway anmdAlgeria;, maturat gas treatment plants
large commercial CCS facilities are operating at around 1 MTPY. In Australia, a CCS plant withya
city of 3 MTPY is currently under construction. In North America, CO; recovered from a cheinical
in the US is used in Canada for enhanced oil recovery (EOR). N\

entioned above, a CO2 capture process is an essential component of industrial gas.pl"\oauction
rdless of whether or not CCS is implemented, and CCS itself is not the objectiveXTHe process
mpressing and liquefying captured CO2 for underground storage is, however,“considered a
ionality targeting CCS. In other words, the performance and specifications pertaining to CO
ire processes from industrial gas production processes are not covered /by the international
lardization efforts of TC 265; only the definitions of parameters and/or t}}e'rflethods for evaluation
for evaluating and comparing their performance as CO2 capture progcesses from industrial gas

production processes are the subject of TC 265. The scope also includes the‘compression or liquefaction
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esent, natural gas produced from wells in gas fields :c\(}ntains COz ranging from little to more than
in its composition in most cases. In some gas{iefds in Southeast Asia and Central America, the
goes up to as high as a few dozen per cent; CO Should be removed for the production of pipeline
nd LNG. Generally, CO3 is released into thé \at{nosphere after it is captured through the CO; capture
PSS,

e

e 99 is a block flow diagram of matural gas treating processes with the boundaries indicating
scope of this international stanq.gt\r‘cl. Raw gas from wells undergoes gas-liquid separation if
mpanied by crude oil and thex €0, is removed in the acid gas removal process. The resultant

product gas is shipped as pipeline gas or as LNG after dehydration and liquefaction. In case chemical

abso
cont
othe
proc

Fption processes are appliegras acid gas removal processes, the separated CO2 stream, which may
hin some amount of Hg§/1s dehydrated and compressed to raise its pressure for storage. On the
" hand, the separated, CO; stream from physical absorption processes or membrane separation
bsses usually contx’(rfys hydrocarbons and other impurities at low concentrations.

Py [

Separated CO, stream
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Figure 99 — Block flow diagram of natural gas treating processes and the scope for
international standardization
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12.1.2 Ammonia production process

Eighty-five per cent of ammonia is produced from natural gas. The scope of this standardization work is
defined below for the ammonia production process using natural gas.

Figure 100 shows a block flow diagram of the ammonia production processes and the scope of this
international standardization.
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Figure 100 — Block flow diagram of ammonia producti-qtf process with the boundary fo
international standardjZation

-

S,
Feed natural gas is converted to raw syngas compoiéd‘of Hz, N2, CO, CH4 and CO; by the reaftion
processes of steam reforming, secondary reformirig@and CO shift conversion. CO and CO; are poisgnous
to ammonia synthesis catalysts because they cgfﬂ?aln oxygen atoms, and they are therefore removed
by a CO; removal process and a methanation\ptocess before the ammonia synthesis process. Thg raw
syngas is supplied to the COz removal progess at a pressure of approximately 3 MPa with a coptent
of roughly 20 % of COy; the partial pregdure of CO; is therefore high, at around 0,6 MPa. Thq CO>
concentration in the process gas is reduéed to 0,1 % or less by this CO, removal step.

.

It is noteworthy that 50 % or mofgief the CO2 generated by ammonia plants is utilized as a raw material
for urea production. Small qudntity of CO, from ammonia production processes is also used for EQR in
the United States. According.to._fhe statistical data published by IFA,[229] 163 million tonnes of amnjonia
and 155 million tonnes of wrea were produced in 2011.

CO; extracted from &€0% removal process is high in purity; it can be routed directly to a compre¢ssor
for eventual storage.\\*

The scope qf\‘ins international standardization work is defined as CO; removal and| COy

compressjonifuefaction processes as shown in Figure 100. As is the case for natural gas treatment

processep\,'\'tﬁe performance and specifications for CO; removal processes are not covered by the

standardization efforts of TC 265. Only the definitions of parameters and/or the methods for evaluption

usedfor evaluating and comparing the performance of these technologies as a CO, capture procesfs are

thesubject of this international standardization.
).

*
-3

1Z2.1.5 Hydrogen production process

The second largest usage of hydrogen after ammonia production is for reaction processes at oil
refineries and petrochemical plants. As mentioned before, approximately 125 million Nm3 per year is
consumed for this purpose [226] with estimated CO; emissions of approximately 60 MTPY.

Hydrogen generation plants typically employ an absorption process or PSA process for CO; capture.
The absorption processes have been used for a long time and discharge high purity CO3. But PSA, which
is capable of producing high purity hydrogen of 99,9 % purity or higher, has become the mainstream
method in recent years.
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In the PSA method, the off-gas contains CO; with a concentration level of approximately 50 % after

Hy is

recovered. It also contains many combustible gases such as Hz, CHgs, and CO. At present off-gas is

recycled as part of the fuel gas for steam reformers. All the CO; in PSA off gas ends up in the flue gas
after combustion.

Thus, only those hydrogen generation facilities that separate CO, by an absorption process are covered
by the scope of this subclause, and the system boundary is defined as such.

ed in the Tomakomal Project in ]apan and Quest Project in Canada. Cycogeic separation process 15

ed in the Port Jerome Project in France. \

e 101 shows a block diagram and the scope for the international standardization of Hydrogen
ration processes. Feed hydrocarbons such as natural gas are converted into raw gas ¢onsisting

, CO, CH4 and CO3 by the reaction processes of steam reforming and CO shift cohversmn From
aw gas CO> is then removed by an absorption process to produce pure Hy of afipfiekimately 98 %
entration. The CO2 removed is typically high in concentration at around 98 %6%nd is ready to be
Lo a compressor for compression and storage. N

L )
ogen generation plants need to increase the CHs conversion at the’steam reformer in order to
n higher purity of Hz because unconverted CH4 becomes an impg\fty in the Hy product. That is
@ higher temperature and a lower pressure are chosen in hydrogen generation than in ammonia

production. Thus, the pressure of the raw gas supplied to the CO» rémoval process is around 1,5 MPa to

2 MP
the (

a, and the gas contains approximately 20 % of CO3 at 0,3 MPa to 0,4 MPa in partial pressure. After
02 removal, the concentration of CO3 in the process gas fallSto 0,1 % or less.
W\
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Figure 101 — Block flow d\iagram and the scope for international standardization of hydrogen
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\"‘» production with absorption process
N4
hg the abové:prbcesses the scope of CO3 capture for this international standardization includes the
‘emoval L processes and CO; compression/liquefaction processes. As is the case with the preceding
processes, the performance and specifications for CO2 removal processes are not covered by the
1ardlza'tlon efforts of TC 265. Only the definitions of parameters and/or the methods for evaluation
féf‘comparmg and evaluatlng performance of these with other technologles from the perspective

of CCZ Capture processes are the SUD]eCI of thisimtermational standardization.

In th

e case of methanol production, the third largest usage of hydrogen, CO; is a part of the feedstock;

in principle, no CO, emissions are made from methanol production plants other than those contained in
the flue gas air. Therefore it is out of the scope of this subclause.
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12.2 Technologies, equipment and processes

The COz capture technologies employed in commercial plants are roughly categorized into the
following:

— chemical absorption;

— physical absorption;
— membrane separation;

\
— pressure swing adsorption (PSA). N\

)/
As each CO; capture technology is described in the beginning of Clause 6, it is omitt&gﬁre andfonly
subjects relating to this subclause are described. .

-

Amine processes, typical technology of the chemical absorption process, have §ﬁch’a long history and
have been used so extensively that they can be considered virtually a mature¢etzhnology in the nafural
gas treating fields. In Salah and Snohvit, natural gas plants which areZpperated with CCS, us¢ the
chemical absorption process for CO3 capture. Well-known licensed proces$es are: OASE34), UCARSQL33),
and ADIP3¢) and so on. "

A COy capture technology called HiPACT37) recovers CO; at a Llig'her pressure than the conventjonal
chemical absorption method. The new technology reduces botlr ‘the energy and cost pertaining tp the
compression in the last stage, thereby contributing to an 1mp1",oved economic performance of CCS.

Natural gas treatment plants need to be large and the1r(dé§1gn tends to be simple in order to minimize
the capital cost. N

LR

In ammonia production plants, chemical absorp_tib\}is mainly employed using the amine process| and

thermal potassium carbonate process. Becausesthere is a push for reduced natural gas consumption

required for ammonia production, there ha “been many energy-saving process schemes proposed and

commercialized by different licensors(Ref¢rences [232] and [233], for instance).
NS

Physical absorption has failed to gaifpprevalence in the natural gas treating fields because it abgorbs
and removes an alarming level of hiydrocarbons, which are part of the natural gas products.
\ Y
Physical absorption is alse/a ‘mfature technology with a long history. However, in the natural gas
industry, physical absorptjon*is not commonly used as it involves larger equipment than that used for
the chemical absorptigntand is considered to be more costly. However, when the target gas confains
20 % or more CO3, phy@fcal absorption is considered to be more cost competitive. In particulaf, the
technology has atfacktecord in North America where it has been used for a CO2-EOR project to sepgrate
and captures C({i.f,rom gas wells with a high CO; content.

The membraﬁe’separation process suffers from the disadvantage of losing a large amount of prqduct
gas, to the\'COz side because of low CO; selectivity. It is, however, used for natural gas treatmernt for
plpelme\gases where a few per cent of COz concentration is permitted in the final product. In addjtion,
whepithe allowable CO; value in the gas product is low (for example, in an LNG plant, the alloyable
value'is kept at approximately 50 ppm to 100 ppm to prevent CO; from solidifying), a larger memHrane
sis’heeded. This not only raises equipment costs but also increases the volume of CHz loss in propoftion

o+l o H +la 1. H 1 e L. a | £ L 43 h
U T TIMCT TA ST TIT UITC TIICTITUT AITC STZT TIT UIITS UA ST, da LUTITUTITCTU PT UL TS S UT TITCTITUT ATTC ST P AT AUTUTT, W ere

34) OASE is given for the convenience of users of this document and does not constitute an endorsement by ISO of
this process.

35) UCARSOL is given for the convenience of users of this document and does not constitute an endorsement by
ISO of this process.

36) ADIP is given for the convenience of users of this document and does not constitute an endorsement by ISO of
this process.

37) HiPACT is given for the convenience of users of this document and does not constitute an endorsement by ISO
of this process.

© IS0 2016 - All rights reserved 171


https://standardsiso.com/api/?name=9d909feb5e797c56e631e0ea3660b96d

Single user license - Pro Tem Committtee on CCUS (Subgroup A/B) - No reproduction or circulation

ISO/TR 27912:2016(E)

the bulk of the CO3 is removed, and chemical absorption, located downstream to remove CO3 until a low
concentration level is achieved, can be typically applied.

The membrane separation process has been used widely in natural gas treatment where the feed gas
contains a high concentration (20 %) of CO».

Pressure swing adsorption (PSA) is a technology in which CO3 is physically adsorbed into the pores of
a solid adsorbent at high pressure, and the pressure is lowered to desorb and capture CO;. Because an

increase-in the amount of target CO> demands-a rnrrncpnnr‘]ing increase in the size of the eguipment

requjred, the technology is not used for large-scale plants such as those for natural gas treatment, bykt
is m¢re commonly used in syngas-based hydrogen production processes. However, as stated in 12,023,
becapise COy-rich off-gas emitted from PSA systems is used as a fuel in the production facilities; €05 is
reledsed as flue gas. For CO; capture, it is necessary to apply the post-combustion capture p{o;c}ss or

perform a secondary treatment of CO2-rich off-gas. 4

Thug, in natural gas treatment, generally speaking, the chemical absorption process! :geherates low
CH4 |osses and is suitable for a large plant, while membrane separation, which reqiiires lower energy
conspimption or a combination of the membrane separation process and the chemjegtabsorption process
is commonly used when the feed gas contains a high concentration of CO;. Ip~syngas purification, the
chenjical absorption process, which is capable of reducing the level of impurities' to the order of 0,1 %,
or’iqi PSA process is used. However, as mentioned above, it is not possiblé tovdbtain storage-ready CO;

from| PSA facilities. As indicated above, PSA will not be described furthem’nthis subclause because PSA

facilities are not used specifically in industrial gas production fields< f..‘
RS

)
12.3 Carbon dioxide streams, gas streams and emissions; process and waste products
N 4

This|subclause will define the following for each of the four.te\Chnologies (chemical absorption, physical
absofption, membrane separation, and PSA) introducediinthe preceding subclause, and describe their

-

main gas composition. ¥
— (Captured CO2 D
— Treated gas

— By-products and waste products \;

.

12.3|1 Chemical absorption

4

12.3|1.1 Captured CO; _ oo

A

To b¢ recovered from th\gtoﬁ of the regenerator.

In nqtural gas treating/processes, the recovered CO; has a concentration greater than 98 % (dry) when
the gnly acid gasScontained in the feed gas is CO2, and is saturated with water. When the feed gas
contgins acid,gé‘ses such as hydrogen sulfide, the acid gases are also captured.

In ammohidproduction processes, the captured CO3 has a purity level of a minimum of 95 %, normally
98 % £0°99 % (dry), and contains the impurities Hp and Nj. In the case of the hydrogen production
procgss/the captured CO2 has a purity level of 98 % to 99 % (dry) and contains the contaminant H».

In both cases, sulfur compounds such as H3S are removed upstream of the absorber since they are
poisonous for steam reforming catalysts and CO shift catalysts, and are not contained in captured CO5.

12.3.1.2 Treated gas
To be obtained at the top of the absorber.

In natural gas treating processes, the concentration of CO; is determined by product specifications. In
the case of utility gas, the concentration is 2 % to 3 %, while that of LNG is about 50 ppm. The remainder
consists of light hydrocarbons, with methane being the primary component. In ammonia and hydrogen
production processes, the CO concentration is normally reduced to the 0,1 % level.
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12.3.1.3 By-products and waste products

When a high-pressure flash drum is placed between the absorber and the regenerator, flash gas is
recycled into the absorber inlet in order to increase the product gas yield. Thus, flash gas does not
end up being a by-product. In addition, when a reclaimer is installed for intermittent removal of HSS,
indecomposable salts and solids are produced as waste products. These waste products generated in
capture facilities are processed on the industrial gas production facility side in an appropriate manner.

futura wnxnauy ic naadad forwwasta nraducte darivad fram CCS facilitiac ac 2 vracult of Nrascion and
Trrocoar e o e et o vvaote-pr oadctSs-aerhveatrom oo eHesSaSaFestHto+€6 PTreSSToY
liquefaction.

a N

NI
12.3.2 Physical absorption process N
\J

12.3.2.1 Captured CO2 4\

"\ 4 /
As with the chemical absorption process, CO3 is obtained from the top end of tl‘ge regenerator. Beqause
the solvent absorbs light hydrocarbons, the main component of feed gas, t})u,\recovered CO3 contalins a

small amount of hydrocarbon material. N
. V

12.3.2.2 Treated gas WV
As with the chemical absorption process, the treated gas is obtar}led from the top of the absorben} The
gas composition is determined by product specifications. $ g
12.3.2.3 By-products and waste products &
When flash gasis notrecycled from the flash drum, &02 with arelatively high concentration is generated
as a by-product. .

Ny
12.3.3 Membrane separation _..\\

W

12.3.3.1 Captured CO> o

CO7 streams are obtained on the\permeate gas side of the membrane. The concentration of CO; varies
according to the operating Cénditions and membrane properties. Taking a natural gas refinery &s an
example, in the case of single-stage processes, CO2 may contain a few to over 10 % of hydrocarbon

X

12.3.3.2 Treated,gas’)”

Product gas isgebtained on the non-permeate side of the membrane. While a membrane separgtion
facility is désigntied according to the specifications of the product gas. For example, in natural gas
treatment;, 1t,ﬁ; difficult to fulfill the requirements solely with membrane separation. Thus, a facility for
COy sepa«r\atlon using the chemical absorption process is often set up downstream.

‘\/

12:33.3 By-products and waste products

= )
Nothing specific.

12.3.4 Evaluation procedure for capture performance

Three parameters, capture rate, energy consumption, and emission, are defined for the purpose
of evaluating capture performance. The definitions and evaluation methods are provided below.
The parameters are used as indicators for evaluating the performance of a COz capture process. As
mentioned at the beginning of Clause 12, the recommended ranges for these performance parameters
are not recommended as the subject of this Technical Report.
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12.3.4.1 Capture rate

Formula (11) shows the ratio of the amount of CO, separated and compressed for CCS to the amount of
CO7 contained in the target gases (such as feed natural gas and raw syngas) within the system boundary
defined in 12.1:

Capture rate = CO3 in Captured CO; stream/CO; in Feed Gas 11

In thle natural gas treating process, the CO2 concentration is determined by the composition of the gas
extrgcted from underground sources. In addition, the CO; concentration in treated natural gas depends,
largdly on the uses of the treated gas (e.g. pipeline gas, LNG). Thus, the capture rate achieved in the nqtti/rr-ral
gas treating process varies from one plant to another depending on the feed gas composition;process
configuration, and purposes. It follows then that only evaluation methods, and not the recormmended
rangps for CCS, are recommended as the subject of this international standardization works {

Yy
In anmonia and hydrogen production processes, the CO2 concentration in the feed~ as supplied to
the O3 capture process is normally around 20 %, although it varies to some extet accordlng to the
composition of feed natural gas. The CO3 concentration in the treated gas is normally about 0,1 %, while
it is determined by the overall efficiency of the ammonia production process.\Given the above, only the
evalyation methods of the capture rate are recommended as the subject of 1nl~eérnat10nal standardization
for the ammonia and hydrogen production processes, and not the recom ed ranges.

A »

.

12.3{4.2 Energy consumption

)
In the system boundary defined in 12.1, it is desirable to.define energy consumption as energy
(e.g. pteam, electricity) consumed within the system boundafyper unit of captured COx.

In infustrial gas production processes, CO; capture igs ar'l“e\ssential part of the production process, and
is nof nesessarily performed for the purpose of storqge;:

In addition to the CO2 concentration of treated,ga\; and capture rate, the parameters governing the
level|of energy consumption in CO, removal/capture includes the trade-offs between energy cost and
equipment cost, which vary from project toproject. In general, these parameters are optimized based
on the plant cost and treatment cost. _ <4

\ Y

Energy consumption varies according+o plant design and operating conditions and also the pressure
of the treated gas and feed gas qf CO2 capture and the CO2 concentration should be identified when
presenting the value of energy consumptlon Comparing such values in cases where these conditions
are different is not valid. Thatisyit is not possible to evaluate it based on a uniform standard established
from| the perspective of,CES’only. Thus, only evaluation methods are recommended as the subject of
international standard{ga’t'ron for energy consumption as well, and not the recommended ranges.

. . * \/
12.3|4.3 Emlsswgs

o

In influstrial gas' production processes, treated gases are shipped as products or used as intermediates
and dlo ngthecome emissions. In addition, the acid gas is removed as part of the gas production process,
and thus \performmg CCS does not produce new gas streams that can be an emission source.

are released 1nto the atmosphere followmg approprlate treatment. In such cases, plants are de51gr1ed
and operated in such a manner that their emissions comply with the local environmental regulations.

As such, emissions are out of the scope of international standardization for the CO; capture technologies
in industrial gas production processes.

12.4 Safety issues

In general, facilities and equipment dedicated to the corresponding capture technology are designed
and constructed in compliance with the existing and applicable international, regional and national
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standards such as ISO and ASME. In addition, compliance with the laws, regulations and requirements
in the region or country where the plant is located provides additional securities for safety. Safety
issues are not a subject to be considered in the establishment of a new standard for the CO; capture
processes in CCS.

The emission of toxic substance to the air is not the discussion item because these substances are not
released to the air but are contained in the product in the industrial process.

The chemical :\hcnrpfinn process, the ln:\r‘ing COx capture fnr‘hnn]ngy in-industrial gas prnr“n"tion

processes, has been successfully used in commercial applications since the 1950s and has a gQQd frack
record in terms of safety. O
12.5 Reliability issues \J

As described in the previous subclause, the chemical absorption method, which isth¢-main CO; capture
technology used in industrial gas production processes, has a track record of many:years of commgrcial
application. While some issues have been reported during this time, 4nthiling the corrosign of
equipment and materials, as well as degradation and losses of absorbentsand their foaming, therg has
been a significant progress in the reliability of the process thanks to 1mprovements in the quality of
absorbents and processes, as well as the advancement of operation te\h'nologles

q)
s
>

12.6 Management system
)
12.6.1 Management system between capture plant agq emission source
N

For each capture from industrial gas production probesses there is a need to perform an EHS agpect
identification and evaluation. EHS document manqgement is pursuant to ISO 9000 and many of §hose
system components comply with internationalynanagement system requirements such as ISO 14001
and OSHAS 18001 or regional emission regulations (air pollution prevention, water pollution preverjtion,
waste treatment and so on). Key elements.of the EHS management system (EHSMS) are the “cheqk” of
performance. Furthermore, at the sante tfine it is preferred to meet ISO 14000, OHSAS 18000 angl the
corresponding sustainability spec1f1cat10ns/standards For all the EHS aspects the legal requirements,
risks and operational mitigation mgaéures have to be considered. For all EHS aspects, monitoring plans
need to be developed. Records alga need to be kept.

The followings are examples for key elements of the EHS management system, especially for cheifnical

and physical absorption €0% capture technologies.
— EHSaspects >

®

— Environme@al aspects:

— Acdde‘ﬁts/incidents with environmental impacts

"

» \ Possible accidents to be identified for all systems

» — Special focus on compressor system (gas leak)

.

e N
*» — Consumption of energy — primary/secondary energy

— Inventory of energy consumption to be established (if possible energy management to be
applied)

— Insulation to be optimized
— Consumption of resources
— Optimization of fuel input (plant efficiency)

— Use of absorbents to be minimized
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Optimizing consumables
— Optimized layout
Usage of water (fresh/waste water)

Optimizing cooling water demand

Use of land

]

{ealth and Safety hazards aspects:

Optimization of plant footprint
Disposal/Waste Management

— Optimization of absorbent usage
Hazardous waste disposal

— Discharged absorbent
Noise emissions

— Noise concept
Soil contamination

Delivery and storage of chemicals

Leaks scenario

LR

— Spills from accidents (water from firefightitigeetc.)

¢ -

W
\

— Air quality, e.g. dust, air conditioningy ipaja\equate ventilation

!

— Absorber/stripper venting

)
-~ »
‘D

— Detection of gas leaks (Ire. CO2)

Gas leak hazard

— election of matexials’and equipment

N
Hazardous substances, e.g. carcinogens

-
-,

— Amine,s\eﬁosure in work areas

) N
— InSulation materials during construction
)
—\?Tant and equipment hazards

.ﬂ—\—‘ Spills and accidents — Pressure equipment directive

— Working with or in proximity to hazardous materials (Haz Com)

Feed of amines

Laboratory
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