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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 technical
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.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

depcribed in the ISO/IEC Directives, Part 1. In particular the different approval criterianeeded for the
diffferent types of ISO documents should be noted. This document was drafted in accordance with the
ed|torial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Ti:t procedures used to develop this document and those intended for its further maintepance are

Attention is drawn to the possibility that some of the elements of this document may be the|subject of
pagent rights. ISO shall not be held responsible for identifying any or all such patent rights.|Details of
any patent rights identified during the development of the document will’be'in the Introduction and/or
onfthe ISO list of patent declarations received (see www.iso.org/patents))

Anly trade name used in this document is information given for the convenience of users and does not
copstitute an endorsement.

Foran explanation on the meaning of SO specific terms and eXpressions related to conformity agsessment,
as [well as information about ISO’s adherence to the World\Trade Organization (WTO) principles in the
Te¢hnical Barriers to Trade (TBT) see the following URExwww.iso.org/iso/foreword.html.

Thle committee responsible for this document is ISO/TC 265, Carbon dioxide capture, transportation, and
gedlogical storage.
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Introduction

Carbon 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.

CO; capture in power industry could be classified through pre, post and oxy combustion. Technologies
such as chemical and physical absorption, adsorption, and membrane separation are currently
under development and are in various stages of maturity from commercial (110 MW)[1] large-scale
demonstratic e i elive e

consumptfion.

on-—and should be @ ed 2 QA ost and low nergy

tives of this Technical Report are to specify and review existing capture technologies,
and processes and comprehend CO; capture systems so that this Technical‘ Report dan
provide stakeholders with the guidance and knowledge necessary to develop a series ofistandards for
CO3 captulre and build consensus on this standardization work in advance.

This Techhical Report describes CO; capture systems based on published papers‘and other documents
and then summarizes the different issues deemed most important by ISO/TCy265. This includes the
following

— bour:I)ary for CO2 capture systems;

— technplogies, equipment and processes;

— €Oy sfreams, gas streams and emissions, processes and waste products;
— evaluption procedures for capture performance;

— safety issues on each capture system;

— relialjility issues on each capture system;

— management system.

viii © ISO 2016 - All rights reserved
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Carbon dioxide capture — Carbon dioxide capture systems,
technologies and processes

A B B A atHe Ay AHy—He 2 capture
system and provide stakeholders with the guidance and knowledge necessary for the dev€lppment of
a deries of standards for CO; capture. This Technical Report also covers technologies,@quigment and
processes specific to COy capture from the viewpoints of the international standardization for the
irr;[lementation of CCS.

purpose of this Technical Report is to provide guidance for the development of an ISO document
related to COy capture as part of a CCS chain. This Technical Report covers CO; capturg systems
applicable to CO; emission sources and their respective boundaries, as‘well as capture technologies,
eqpipment and processes. In addition, it can be used for the development of International ftandards
under TC 265.

Thee following issues are to be excluded from this Technical Repgort:
—| industrial use of COg;
—| compression of CO7 (not described in detail);

—| terminologies not used in this Technical Repott:

2 | Normative references

Thlere are no normative references in this document.

3 | Terms and definitions
For the purposes of this dgcument, the following terms and definitions apply.

3.1
abgorbent
substance able to.absorb liquid or gas

3.2
affinity
tenndency of substances to react with each other

Noted—+teo-entry-Alse-defined-as-the-decreasein-Gibbs-energyon-goingfrom-thereactantsto-theproducts of a

chemical 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

34

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
group, a hydrogen atom and an organic side group

3.7
antioxidgnt
substancq that inhibits oxidation or reactions promoted by oxygen, peroxides, or free radicals

3.8
Brayton ¢ycle
thermodynamic cycle that describes the workings of a constant pressure heat engine such as gas
turbine engine

3.9
capital cqgst
sum of difect equipment costs to capture CO2 which is also known as investment cost or first cost

[SOURCE:|IPCC Special Report on Carbon Dioxide Capture and Storage]

3.10
capital r¢quirement
sum of diffect equipment costs and indirect costs to capture €0z

3.11
catalyst
substancq that increases the rate of reaction witheut itself being consumed in the reaction

3.12
CCS energy consumption
total energy used for the development and operation of a CCS project

3.13
chemicalfabsorption
process iy which CO3 is absorbed by chemical reaction

3.14
circulating dry scrubber
type of semi-dry FGD-using hydrated lime as chemical reagent which is based on a circulating Hed
reactor st up to desulfurize the flue gas

3.15
clinker
mass of incombustible matter fused together

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

2 © IS0 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
critical temperature
temnperature above which liquid cannot be formed simply by increasing the pressure

3.21
decarboxylation reaction
chémical breakdown of compounds containing carbonates

3.22

degradation
act or process of chemical which makes its functional effectivenessorchemical purity decrease towards
th¢ failure to meet the performance of the plant through physicalland chemical breakdown o reaction
with other substances

3.23
dehydration
process of removing water from a stream or material

3.24

demineralized water

demin water

wdter of which the mineral matter or salts-have been removed

Note 1 to entry: Sometimes designated-as‘demin water.

3.25

demister
deyice, often fitted with vapour-liquid separator vessels, to enhance the removal of liquid djroplets or
migt entrained in a vapOur'stream

3.26
defsorption
release of COxffom absorbent or adsorbent

3.27
direct quench
process where hot gas is cooled by injection of water, cool gas or water immersion

3.28
effluent
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
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3.31
flue gas

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

3.32
flue gas c

ondenser

process of removing water from the flue gas by cooling

3.33

flue gas desulfurization

equipme

t normallvusedinthe removal 0f SO inthe flue gas hv using chemical reagents
o4 X =) o4 =] =]

3.34

flue gas g
unit of prd
or fired he

Note 1 to
system (G(

3.35
forced ox
type of wg

3.36

gas turbi
machine i
the expan|

3.37

rocessing unit
cesses used to remove different criteria pollutants (SOx, NOy, PM, etc.) from flue gas of boil
paters

entry: Also known as environmental island, air quality control system (AQCS), gas quality cont
)CS).

idation wet flue gas desulfurization
t FGD using limestone as chemical reagent

he
h which a fuel is burned with compressed air or oxygen and mechanical work is recovered
sion of the hot products

gasification

reaction t
of carbon

3.38
gasifier
reactor in
mainly of

3.39

hat coal, biomass, petroleum coke, or natural gas is converted into a syngas composed mai
monoxide (CO) and hydrogen (Hy)

which coal, biomass, petreléeum coke, or natural gas is converted into a syngas compos
carbon monoxide (CO) and hydrogen (Hy)

membrane

permeabl

3.40
mist
stream of

e solid material-that selectively separates the components of a fluid mixture

liquid_in the form of very small drops

3.41

PI'S

rol

by

ed

nitrosam
any of var

3.42

me
ious organic compounds which are characterized by the grouping NNO

nitramine

any of var

3.43
off-gas

ious organic compounds which are characterized by the grouping NNO>

gas that is produced as a by-product of a process
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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
oxv=PC bgiler

P(C|boiler using technology based on oxyfuel combustion with recycled flue gas

stack of a

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

3.60

reaction rate

speed of

chemical reaction

3.61
reclaime
process o

3.62
recycled
flue gas rq

3.63
regenera
see stripp

3.64

reliabilit
ability of §
and for a {

[SOURCE:

3.65
retrofit
modificat

[SOURCE:
Note1toe

3.66

saturation
solution condition'at which a solution of a substance can dissolve no more of that substance

point of a
and addit

3.67
scrubber
gas liquid

" unit that regenerates deteriorated absorbent

flue gas
cycled to moderate the combustion temperature

for
br (3.79)

y
n item to perform a required function, under given e€nivironmental and operational conditig
tated period of time

ISO 8402]

on of the existing equipment to upgrade and incorporate changes after installation
IPCC Special Report on Carbon Dioxide Capture and Storage]

ntry: See IEA Technology Rgadmap: Carbon Capture and Storage.

onal amounts‘of)iit will appear as a separate phase at the stable condition

contactor device, normally used to remove gaseous and solid emissions from flue gas strea

ns

ms

3.68

selectivity
degree that one substance is absorbed in comparison to others

[SOURCE: 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

6

which the water-gas shift reaction, CO + H0 = CO; + Hp, takes place

© ISO 2016 - All rights reserved
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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

sl rry

thick, flowable mixture of solids and a liquid, usually water

3.74
sojute
digsolved substance in a solution

3.75
solvent
liguid substance capable of dissolving CO2

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

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

3.78
st¢am reforming
cafalytic process in which a hydrocarbon issreacted with steam to produce a mixture of Hz, CD and CO3

3.79
stripper
gag-liquid contacting device, in which a component is transferred from liquid phase to the gas phase

Nofe 1 to entry: Can also be referred to as “regenerator” or “desorber”.

3.80
sweet shift (reaction)
shift reaction after‘removing HS or COS

3.81
syhgas
syhtheticigas produced through gasification process

3.82
treatedgas
gas finally discharged from the CO; capture process in the emission side after being processed to have
a lower CO3 concentration than the feed gas

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)

© IS0 2016 - All rights reserved 7
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4 Symbols and abbreviated terms

%RH
AAS
ACI
AEP
AGR
AIGA
AOD
AQCS
ASME
ASU
A-USC
BAC
BAHX
BAT
BF
BFG
BFW
BOF
BOFG
BOP
BOS
BREF
BSF
BTG
BTX
CalEPA
CAP
CAPEX
CAS
CCF
CcCs
CCUs
CDA
CDQ
CDS
CEMS
CERC
CFB
CFR
CG
CGA
cIS
CISWI
COG

% relative humidity
Amino acid salt

Activated carbon injection
American Electric Power
Acid gas removal

Asian Industrial Gas Association

ATgomoxygemrdecarbonization

Air quality control systems

American Society of Mechanical Engineers

Air separation unit

Advanced ultra-supercritical

Booster air compressor

Brazed aluminium heat exchanger

Best available technology

Blast furnace

Blast furnace gas

Boiler feed water

Basic oxygen furnace (also known as LD or converter)
Basic oxygen furnace gas (also known as LDG or CGJ
Balance of plant

Basic oxygen steelmaking

Best available technology reference docuntent
Boiler simulator furnace

Steam and power generation unit

Benzene, toluene and xylene((also known as Benzole)
California Environmental.Protection Agency
Chilled ammonia pro¢ess

Capital expenditure

Chemical abstfact’'service

Cyclone converter furnace

Carbon/¢apture and storage

Carbon capture, utilization and storage

Cireulating dry absorber

Coke dry quenching

Circulating drv scrubber
[=] 4

Continuous emission monitoring system
Cambridge Environmental Research Center
Circulating fluidized bed

US Code of Federal Regulations

Converter gas (also known as BOFG or LDG)
Compressed Gas Association

Commonwealth of Independent States

Commercial and industrial solid waste incinerators

Coke oven gas
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COSHHHSE Control of substances hazardous to health under health and safety executive

CPU CO3 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

D(T Direct contact cooler

D(CPS Direct contact cooler polishing scrubber

DJ Dew point

DRI Direct reduction ironmaking

DYl Direct sorbent injection

EAF Electric arc furnace

EHS Environmental, health and safety

EHSM Environmental, health and safety management system

EIA Environmental impact assessment

EIGA European Industrial Gas Association

EQP Electricity output penalty

EQR Enhanced oil recovery

EHA (USEPA)  US Environmental Protection Agency

ESP Electrostatic precipitator

ETP Energy technology perspectives

E( European Union

FHC Fluidized bed combustion

Fqv Flow control valve

FI) fan Forced draft fan

FHED Front end engineering design

FHGT Furnace exit gas temperature

FH Fabric filter,or bag filter

FdcC Flue gascondenser

FQ4D Flue“gas desulfurization

FMECA Eailure mode and effects critical analysis

FQH Forced outage hours

FQR Forced outage rate

FTA Fault tree analysis

GBFS Granttated-blastfurnacestas

GCCSI 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 High pressure

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

IARC International Agency for Research on Cancer
ID fan Induced draft fan

[EA International Energy Agency

IFA International Fertilizer Industry Association
[FC International Finance Corporation

IGCC Integrated coal gasification combined cycle
[P Intermediate pressure

[PCC Intergovernmental panel on climate change
ISO International Organization for Standardization
JCR Jumbo coke reactor (also known as SCS)

JT Joule-Thomson

LCOE Levelized cost of electricity

LDG Linz-Donawitz gas (also knownBOFG or CG)
LFO Light fuel oil

LHV Lower heating value

LIN Liquid nitrogen

LM Ladle metallurgy

LNG Liquefied natural gas

LOI Loss on ignition

LOX Liquid.oxygen

LP Lew pressure

LTEL Long-term exposure limit

MAC Main air compressor

MCR 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
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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

OHF Open hearth furnace

OHSAS Occupational health and safety assessment series
OREX Operating expenditure

ORERA Operational problem analysis

OREDA Offshore reliability data

OJHA US Occupational Safety and Health Administration
Oxy-CFB Oxyfuel combustion — circulating fluidized bed
Oxy-PC Oxyfuel combustion — pulverized coal

PQ Pulverized coal (also known as powdered coal)
PdC Post combustion capture

P(I Pulverized coal injection

PH Pulverized fuel

PHD Process flow diagram

PGAN Pressurized gaseous nitrogen

PHA Process hazard analysis

PM Particulate matter

PQH Period of hours

PSA Pressure swing adsorption

P§M Process safety management

R&D Research and development

R(GRA Resource conservation’and recovery act

REACH Registration, Evaliiation, Authorization and Restriction of Chemicals
REG Recycled flue gas

RIST Research Institute of industrial science and technology
S@ Supercritical

SAGH Steam coil gas heater

SQR Selective catalytic reduction

NN Single chamber system (also known as JCR)

SOA Spray dry absorber

SOI Sorbent direct injection

SDS 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

© ISO 2016 - All rights reserved
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SWIFT
TC 265
TCM
tcs
TDL
TGR
thm
tls

Structured what-if checklist
Technical committee 265
Technology Center Mongstad
Tonne of crude steel

Target detection limit

Top gas recycle

Tonne of hot metal

Tonne of liquid steel

TPD
TR
TRT
TSA
TWA
ULCOS
USC
VLE
vVoC
VPSA
WESP
WGS
WHO
WID
WSA
ZR

5 Carb

5.1 Ger

Tonnes per day

Technical Report

Top gas recycle turbine
Temperature swing adsorber
Time-weighted average
Ultra-low CO steelmaking
Ultra-supercritical
Vapour-liquid equilibrium

Volatile organic compounds

Vacuum pressure swing adsorber

Wet ESP

Water gas shift (reaction)
World Health Organization
Waste Incineration Directive
World Steel Association

Zero reformer

on dioxide (CO2) capture system

jeral

In2011,t

responsi

e global CO7 emission (asreported in References [12] and [228]) was around 33,8 gigatonnies.
The power generation sector-was responsible for nearly 40 %; while the other industrial sector was

e for 26 % of the-C0O2 emissions.

Table 1 brjiefly summafizes the breakdown of the emissions from each sector in 2011. [EA has reported

that to adhieve the greenhouse gas mitigation goal for the 2DS (two-degree scenario) or 450 pj

scenario,

12

e

CS is needed to capture both energy- and process-based emissions, that is, it is important
to be deployed:mridely not only in the power generation sector but also in various energy intensjve
industrial sectors.[11]
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Table 1 — Global CO2 emissions in 2011

na
lig
At
na

arg
ur

On
ste
en]

Tal
co
pr
ind

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 COy stationary sources
Buildings 8%
Agriculture and others 7%
NOTE See Reference [12].

> capture is the first part of the CCS chain. The CO3; capture system consists oftechnologies,
] equipment that enable the separation, capture and processing of CO; from gas streams (e
b, syngas, process off-gas, flue gas) and make it suitable for transport and<torage.

> can be captured from different stationary point sources such as:fossil fuelled power pl
rks, cement and lime production, chemicals and petrochemicals.processes, pulp and pg
fural gas processing plants, oil refineries and fuel conversionplants (i.e. gas to liquids
ids).

present, the capture of CO; is an established commercial process of different industrig
fural gas processing, ammonia and urea production. Generally, the CO, captured from these
e either released to atmosphere or used as raw materials in the production of other cher

el and cement, are now being developed-and/or demonstrated with the purpose of mitig
issions through CCS.

ble 2 lists large-scale integrated:projects for CCS and/or EOR that are operational

pjects that capture and store, CO; amount greater than 0,4 Mtpa, for gas-fired power {
Justrial processes, or greaterrthan 0,8 Mtpa for coal-fired power plants.

Table 2 — Large-scale integrated projects for CCS and/or EOR

ba, precipitated calcium carbonates) or sold as coimmodities to the EOR and food industries.

processes
g. natural

hnts, steel
per mills,
or coal to

s such as
processes
hicals (i.e.

the other hand, the capture of CO; from power plants and other energy intensive industries such as

ating COy

or under

1struction and/or commissioning(i.e. execute). The list, provided by The Global CCS Instit{fite, shows

lants and

Project Co;
Pijoject Name Life Cycle Country ((:::]I));::lilgr Opgr;telon Industry
Stage (Mtpa)

Vall Verde'Natural Gas Plants Operate USA 1,3 1972 l:igérez;gf;
Eertiliser

Enid Fertilizer CO2-EOR Project Operate USA 0,7 1962 production

Shute Creek Gas Processing Facility | Operate USA 7,0 1986 Eig‘;gil?ﬁ;

Sleipner CO; Storage Project Operate Norway 0,9 1996 Eig‘;gii?ﬁ;

Great Plains Synfuel Plant and Synthetic NG

Weyburn-Midale Project Operate Canada 3,0 2000 production

In Salah CO; Storage Operate Algeria — 2004 Eict)lérez}sﬁfgs

NOTE See Reference [13].
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Table 2 (continued)

. CO2
Project Capture | Operation
Project Name Life Cycle Country C . D Industry
Stage apacity ate
(Mtpa)
Snghvit CO, Storage Project Operate Norway 0,7 2008 Natural gas
processing
Century Plant Operate UsA 8,4 2010 Natural gas
processing
. I Hydrogen
ﬁ:}::;i? ,Et(s)lgts?:'qel:[tethane Operate USA 1,0 2013 production
) through)SMR
Coffeyvill¢ Gasification Plant Operate USA 1,0 2013 Fytiliser
production
Lost Cabirf Gas Plant Operate USA 09 2013 Natural gas
processing
Petrobras|Lula Oil Field CCS Project | Operate Brazil 0,7 2013 Natural gas
processing
Eou_ndary Dam Integrated CCS Operate Canada 1,0 2014 Power
roject generation
Agrium Fdrtiliser Plant using N Fertiliser
Alberta C4rbon Trunk Line (ACTL) Execute Canada QRO0.6 2015 production
llinois Industrial CCS Project Execute USA 1,0 2015 Chemical
production
Hydrogen
Quest Project Execute Canada 1,08 2015 production
through SMR
Uthmanlyah €02 EQR Execute Saudi Arabia 0,8 2015 Natural §as
Demonstrption Project processing
gorgon Cdarbon Dioxide Injection Execute Australia 3,4-4,0 2016 Natural gas
roject processing
Kemper Cpunty Energy Facility Power
(formerly Kemper County IGCC EXecute USA 3,0 2016 .
Proi generation
roject)
Abu Dhab{ CCS Project (former- Iron and stedl
ly Emiratgs Steel Industries CGS Execute UAE 0,8 2016 .
Proi production
roject)
Petra Novh Carbon CaptureProject Power
(formerly NRG Energy:Parish CCS Execute USA 1,4 2016 .
Pro generation
roject)
Hydrogen
North Wej§t Sturgeon Bitumen Re- production
finery usipgAlberta Carbon Trunk | Execute Canada 1,2-1,4 2017 through Lurgi
Line (ACTL) 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.
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b) Pre-Combustion CO; Capture: COz removal from syngas obtained from gasification prior to its

combustionb.

c) 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
co2
Fuel(coal) ——| Combustion |——| co2capture | ——x
Air (02)
Pre-combustion
H2,CO2 cO2
Fuel(coal) --—-[ Gasification }—~l Shift reactionl —_— I CO2 capture ]-—-—-——- I CO2 compyession
w02 o [ comaion ]
Oxyfuel combustion
co2
Fuel[coal]-———-l Combustion ]
02 -—]
Figure 1 — Different CO; capture routes for coal-fired power plant

Deftailed description and types of technologies, processes and equipment used in these captyire routes

applied to power generation industry are presented in Clauses 7, 8 and 9, respectively.

On[the other hand, CO; capture system could also be classified according to the types of CO; §eparation

anfl capture technologies used. This is presented in Figure 2 and explained briefly in Clause 4.

CO, Capture
Technologies
v L
C .
Absorption Adsorption Membrane Fyogenic
Separption
4 v
Chemical Physical Przzs;:;;tsi\(/)vrllng g‘:vrirxllpgegztsl(l)r: Gas Separation Transport
Absorption Absorption (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.

©lI
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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 COy capture system, up to the point where CO; enters the pipeline (i.e. entry point to the CO;

transport|
system; h

For post-¢
system ba
the flue g3
point whe

pwever, this is not discussed in detail in this Technical Report.

re COz exits from the CO; compression flange and enters the CO; pipeline.\A more detai

discussion of the boundary system for post-combustion capture is presented in Z1:

For pre-ca
There are
the captui
capture is

'e rate. The boundary between the host plant and the CO; captipe system for pre-combust

shift reac

. It should be noted that CO2 compression is included in the boundary of the CO; captire

ombustion COy capture, the CO, capture system is not integrated into the hostrplant; thus,
undary of the capture system could be clearly defined. This could start from the‘point whéere
s is taken and enters the flue gas quencher or other flue gas pre-treatment uhit:’It ends at the

ed

mbustion COz capture, the CO3 capture system could be partially integrated into the host plant.
several variations depending on the technology selected, the defivied CO; specifications gnd

on

not well defined but could be distinguished. Generally, the.€O; capture system includes the
or, the acid gas removal unit and the COz compression unif. However, it should be clearly noted

that incorporating CO, capture in IGCC power plant could also impact other parts of the host plant. A
more detdiled discussion of the boundary system for pre-combtistion capture is presented in 8.2.

For oxyf

The syste
Thus, the
unit, boilg
compress
system fo

In conclu{

m boundary for the CO, capture system couldinot be defined and could not be distinguish
Wwhole power plant should be considered as'the system boundary, including the air separat

- oxyfuel combustion with capture.ds/presented in 9.1.

CO3 capt
possible
the projed

6 Revi

6.1 Ger
The follow

t scope as specified in-the FEED study.

ew and documentation

jeral

a) syste

b Woundariac:

1 combustion CO; capture, the COz capture system is fully integrated with the host plant.

ed.
on

1, flue gas processing and CO; processing unit. Furthermore, it should also be noted that O3
on is integrated into the CO; processing unit. A more detailed discussion of the boundgry

ion, the boundary of the CO3 capture system and the host plant could vary depending on the
e technology selected; andithe variation to the boundary system could also be site specifig. A
proach in defining the/boundary system for a particular project is by using the definitior] of

ringtopics will be discussed with regard to the capture technologies applicable to each soure:

b) techn

ToooTroaoTIey;

ologies, equipment and processes;

c¢) COystream, gas streams and emissions, process and waste products;

d) evaluation procedure for capture performance including energy penalties (parasitic losses) and

other

issues;

e) safetyissuesand environment impact assessment;

f) reliab

16

ility issues;

© ISO 2016 - All rights reser

ved


https://standardsiso.com/api/?name=27b48ce40a451497e2d25ff8e5573813

ISO/TR 27912:2016(E)

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, required
equipment and processes are described. Equipment and processes refer to a series of equipment and

processes required to implement the aforementioned technologies. Each technology requif
eqbipment and processes, which will be discussed in each clause.

“Carbon dioxide stream, gas streams and emissions, process and waste products” wi
information regarding main gas streams containing COz, remaining gas streanis after
captured, especially in pre-combustion capture or industrial gas production,”and emis
wdste products from gas streams that occur during those processes. This subelause will als
information related to chemical compounds occurring in capture processes.or chemical com

W4

Thie treatment of emissions and chemical compounds or waste\products that occur i

pr
ch
to
en

HE‘
an
pe
sh
HSZ

sp
Hel

op
ar¢

It 9
layj

In
co\

SWIFT, and OBERA. Since each of these methods has both advantages and disadvantages,|Z]

ne

ste materials arising out of such processes.

bcesses should, at a minimum, comply with the regulations on the treatment, release, and d
bmical substances in respective countries and regions. They.should be made innocuous or
the prescribed value or below by incineration or other processes before they are release
Vironment.

baluation procedure for capture performance”gwill provide unique performance p
 indicators for the capture technologies, to *be’ used as common indicators for compg
Fformances of different capture technologies: Information necessary for the relative ¢
uld be provided.

1fety and reliability issues” will describe’ manifested and potential issues related to safet]

es unique

1 provide
CO2 was
sions and
o provide

[pounds in

h capture
isposal of
Hecreased
d into the

hrameters
aring the
rvaluation

y that are

ecific to each capture technology and relevant to the goal of disseminating and promg¢ting CCS.

alth, safety and environment (HSE) issues will be discussed from the perspectives of]
brations, occupational safety and hygiene, and environment. For example, potential emis
bas of occurrence will be described.

hould be noted that any.equipment and facilities related to capture plant must comply wit
s and regulations inleach country or region.

pddition to compliance with laws and regulations relating to chemical processes and oths
intry and region, it may be necessary to apply risk scenario analyses such as FMECA, HA

Cessary{o recommend the most appropriate method(s) for capture processes.

0

probable routes of human exposure to COz are inhalation or skin contact. The need for a 1

e of the common issues in capture technologies related to HSE is exposure to CO>.

facilities,
sions and

h existing

rs in each
ZOP, FTA,
it may be

The most

isk-based

approach is clear from the following two descriptions. CO2 and its products of degradation are not
classified as a toxic substance; are non-hazardous on inhalation, are non-irritant and do not sensitize
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

sampling;

— ISO/TC 207, Environmental management, 1SO/TC 146, Air quality and 1ISO/TC 147, Water quality —

for

envirpnmental management.

Life cycle pssessment (LCA) and end-of-life management need to be considered as a managementtoo
CO3 captufre system.

6.2 Separation processes

of

There are| three general separation processes of CO2 capture that are integratethinto the CO; capture

route (sed Reference [3], Figure 3.2). These details are described in subsequent subclauses.

6.2.1 Separation with sorbents/solvents

The separption is achieved by passing the CO2-containing gas in intjthate contact with a liquid absorb

or solid sIrbent that is capable of capturing the CO. In the general scheme of diagram a) in Figurg 3,
t loaded with the captured CO3 is transported to a different vessel, where it releases the (02

the sorbe

ent

(regeneration) after being heated, after a pressure decrease or after any other change in the conditigns

around the sorbent. The sorbent resulting after the regéneration step is sent back to capture m
CO3 in a dyclic process. In some variants of this scheme the sorbent is a solid and does not circul

re
hte

between Yessels because the sorption and regeneration are achieved by cyclic changes (in pressure or
temperature) in the vessel where the sorbent is centained or by a replacement of sorbent inventory. A

make-up flow of fresh sorbent is always requiredto compensate for the natural decay of activity and
sorbent Idsses.

The general scheme of Figure 3 governs many important CO; capture systems, including lead
commercifal options like chemical abserption and physical absorption and adsorption.

or

ng
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Treated gas

Treated gas
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Capture l
<
afiy

CO, containing gas

CO,

{3

Sorbent+CO,

v

Capture
/Regeneration

5

CO, containing gas

Sorbent

o,

2016(E)

[) Cenergy >

a-1) Separation with sorbent/solvent
(Continuous flow type)

a-2) Separation with sorbent
(Semi-batch type)

L) 64

Distilla

L) 6

GasAand B )| membrane
i

~

Gas B Compressor

b) Membrane separation ¢) Cryogenic distillation

Figure 3 — General scheme of main separation processes of CO2 capture

erging processes based on new liquid sorbents, or new solid regenerable sorbents are being
with the aim of overcoming the short comings of the existing systems such as high energy req
degradation, high investment, and’so on. One common problem of these CO; capture systems

flow of sorbent between thevessels in Figure 3 a) is large because it has to match the huge flo

belng processed in the power plant. Therefore, equipment sizes and the energy required f
regeneration are large and tend to translate into an efficiency penalty and added cost. Also, i
using expensive sorbent materials there is always a danger of escalating cost related to the py
the sorbent and theZdisposal of sorbent residues. Good sorbent performance under high CO2
mgny repetitivecycles is obviously a necessary condition in these CO, capture systems.

Chemical absorption and physical absorption are well-known as CO; separation process W
abjorbents.

ehemical absorption uses solvents (absorbents) that react chemically to gas to selective

sA

kion

hs B

Heveloped
uirement,
is that the
w of CO7
r sorbent
n systems
hrchase of
loading in

rith liquid

y capture

target substances. Materials such as amines and potassium carbonate are used In Iiquid a

sorbents.

Generally speaking, the chemical absorption method is suited for reducing the concentration of CO;

from tens of percentage points to around 0,1 %, 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 C

Many of chemical absorption methods utilize heat to regenerate the solvent.

© ISO 2016 - All rights reserved
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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.

AnnexAs

Treated gas Condenser
>
co,
Absorber Stripper
Solve;&
—P heat exchanger

o,

containing gasT/

Reboiler

Figure 4 — Schematic flow of chemical absorption

hows several examples of the chemical absorption processes.

The physical absorption takes advantage of differences in-solubility (without chemical reactions) into

the absor
products

mainly us
and is rec

A schema
absorptio
target gas
or use he
the physi
proportio

bent to physically capture the target gas components, including CO». A variety of absorb
hre used, including methanol, propylene glycol and propylene carbonate. This technology
ed for the production of syngas-based chemical products as a syngas purification technold
ently applied to the capture process-of IGCC.

ic flow chart of the physical absopption process is shown in Figure 5.[8] As with the chemi
h method, the system consists of a couple of primary components: an absorber, which absot

it to strip the absorbed gas compounds from the absorbent to regenerate the absorbent.
al absorption method, the solubility of gas components in the absorbent is almost dired
hal to the partial pfessure of the vapour phase (Henry’s law). In addition, solubility increa

ent
is
gy

cal
'bs

components such as COpand a flash drum and a regenerator, which reduce the pressyre

In

tly
£

as the temperature decreases. Thus, it follows that the higher the operating pressure of the absorhper

and the lo|

The phys
history.

wer the operating temperature, the more effective the capture of target gas components.

cal absorption method of industrial application is also a mature technology with a Id

ng
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Treated gas Condenser
S
Cco,
Absorber Stripper
Solvent 2
heat exchanger i
v |
co, . }‘\
containing gas Compressor
Reboiler

Pump
Flash drum

Figure 5 — Flow chart of the physical absorptionmethod

Pr
CO
ted

essure swing physical adsorption and temperature swing chemical adsorption are known
> separation process with sorbents. Pressure swing adsafption (or sorption) (PSA or
hnology in which CO3 is physically adsorbed into the pores of solid sorbent. Once the p

as typical
PSS) is a
Fessure is

loyered, the adsorbed CO; is released and captured.

Te
ad

nperature swing adsorption (or sorption) (TSA or TSS) is a technology in which CO3 is dhemically

orbed to solid sorbent.

Pr ination of

PS

bmising results have also been reported with*CO2 removal from flue gas utilizing a comH
A and TSA (PTSA).

6.2.2 Separation with membranes

Thle membrane separation process is‘a gas separation technology that takes advantage of the
in [the membrane permeabilitjrrates among gas components. Because this process sepa
by|using as a driving forcethe pressure difference between the CO; inclusive feed gas side and the
permeate gas side of a mémbrane, very little energy is required to separate CO; from a high-pressure
ga$. It is therefore especially effective when the feed gas is at high pressure and contaips a high-
copcentration CO».

dﬁfferences
ates CO2

Mdmbranes in Eigure 3 b) are specially manufactured materials that allow the selective pgrmeation
of p gas through them. The selectivity of the membrane to different gases is intimately related to the
nafure of the material, but the flow of gas through the membrane is usually driven by thq pressure

di}{erence across the membrane. Therefore, high-pressure streams are usually preferred for nembrane

separation. There are many different types of membrane materials (polymeric, metallic| ceramic)
that-may find application in CO; capture systems to preferentially separate Hp from a fuel ggs stream,
CO7 from a range of process streams or Oy from air, with the separated O; subsequently aiding the
production of a highly concentrated CO; stream. Although membrane separation finds many current
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 CO;. Research and development on the membrane separation in
the IGCC process is also underway.

Inlet gas —» —

;—b Co2

two-stage process

Inlet gas > —

I—' Co2

NOTE Top: Single-stage process; Bottom: Two-stage process.

Figure 6 — Schematic flow of membrane separation process

6.2.3 Separation by cryogenics or flash evaporation

A gas can|be made into a liquid by a series of compression, cooling and expansion steps. Once in liqhid
form, the |components of the gas can be separated in4 flash or distillation column. In the case of air,
this operdtion is currently carried out commercially on a large scale. Oxygen can be separated from pir
following|the scheme in Figure 3 c) and be used ina range of CO; capture systems (oxyfuel combustjon
and pre-dombustion capture). Refrigerated.separation can also be used to separate COz from other
gases. It cpn be used to separate impuritié€s from relatively high purity CO; streams, for example, from
oxyfuel cqmbustion, and also for CO; removal from natural gas or synthesis gas that has undergong a
shift conversion of CO to CO».

7 Posticombustion capture in the power industry

capture apd storage (CCS). PCC is the process which separates COz from a stream of flue gas affer
combustign, e.g. in-a\gas turbine or a coal-fired boiler, as well as raw gas, suitable for PCC, from other
industrialf sources,e'g. refineries, chemical plants.

Post-com}ustion capture~(PCC) is an important and fundamental technology in the context of carjon

Coal is ar] important low-cost fuel source for generating electricity in various regions of the world,
especiallyl developing nations. PCC could prove to be a critical technology for minimizing the (0O,
emissions 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 CO3, 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
dehydrating, and if required, deoxygination and compressing it.

As

shown in Ficure ’7’ this subclause cavers the flue gas pafk from the outlet of the
e

flue gas

de
thd
ass
tre

To
wd
as
if @

b CO2 path up to the outlet of the CO2 compressor, regardless of the CO; capture process

atment is required and this should be included within the boundary of the PCC plant.

support the PCC process, there are interconnections with the power or utility plants stea
ter system and other utilities installed (e.g. demin water, plant drainage/pressurized air a
shown in 7.4.2. The waste issue related to absorbent purification and /orrecovery or total
leaning is not possible, including solid waste, is noted in the following subclauses. Red arrg

Figure 7 show the possible integrated heat transferred from a captuteé and compressor part

sulfurization (FGD) to the outlet of the absorber unit of the CO; capture plant, the solvenfsystem and

used. The

ociated utilities, waste water and waste products are shown in Figure 8. In some cases, flye gas pre-

m, cooling
nd others)
exchange,
w lines in
to power

pldnt using the steam condensate of a power plant steam-water cycle, for example, to improve the
popver plant efficiency utilizing the waste heat in PCC plant.

=i integrated heat transfer

= i of: e o \: e T
€O, - Compression ; -a@&:m-ﬂam |
Flue gas
: Wasle »| Solvent ‘
= s\ Reclaiming
€O, - 3
lo storage :
i
©. water Desorber Absorber |
-0-"\% - --'.‘..'-" > I
el ut ‘—| Steam turbine |* Power Plant Process
", i > Boiler e 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
depending on the process demand, and extracted from the power plant process to release the captured
CO3. The COz-free (lean) solvent is returned to the absorber to absorb CO; again. At the stripper gas
outlet a myxturecomststing of saturated- €07 s extausted-Thecomdensate tscottectedamdsent toboth
the lean splvent inlet at the absorber and the top part of the stripper. ,\CO

Troated flue gas oullot Z.]_P
o almosphang

Raw
PCC
sagn and
g podensaty
<F Fluo Gas Blower -~
Waste waler { o\ MP steam and
(Hiuo gas condensala) Absorbent chomical Su E | Roclsimer sleam condonsalo
N Wasla (solid and/or bquid)
. —
Condensate S‘W Drums
Comprossed CO;
(®) n il
= —+
" ¥ CO,; Pump
C: COmpressor
condensato C'Hﬁ
Intercoclers
CO; Com

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. The
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;

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

—| COy outlet of the separate vent stack or top of the CO; absorber to the atmospherenin’fase of an
unplanned disruption in the transport and/or storage chain of COp;

—| flue gas condensate;

—| CO2 compressor condensate;

—| demin water, potable water, firefighting water;

—| plant drainage;

— | pressurized air, inert gas (e.g. nitrogen);

—| steam and steam condensate;

—| cooling water supply and return;

—| power supply;

—| by-product and waste generation (solid andj/er liquid);

—| absorbent chemical supply.

7.1.3 Boundary with transport and’storage of CO2

The boundary between the PCE plant and the CO; transport and storage systems is the downstream
flajpge of the CO2 compressor:

Tolavoid backflow effects.and to clearly separate battery limits, an open-close valve should be positioned
uppktream of the dowmstréam flange.

7.2 Technologies, equipment and processes
Thi followitag process technologies[18] are currently available or under development for PCC:

—| absorption processes based on chemical solvents;

Sdcorntion o cnccac o d o aa b o o caccac o daceril
oSO PO pPTrotessStootaTHC o anCprotesstoarcaestro

tth L‘nn:““:“g Cf f‘l nnnnn ;[M]

With respect to absorption processes based on chemical solvents, significant progress has been made
in the application 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)

7.2.2 Chilled ammonia process (CAP) (B)

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]

As a result of improvements achieved in processes and absorbents, significant progress has been
madeAdn rnr]nr‘ing the amount of heat needed per unit of r‘nphlrnﬂ (‘n2 However it should be noted
that presented values by the technology suppliers are dependent on the specific plant desigfirgnd
operating conditions.[23] In some processes, a base unit of 2,5 GJ per tonne of captured COg;[23][24]
or 1,q tonne of LP steam per tonne of captured CO3,[25] has already been achieved or projectpd.
Currently, efforts are aimed toward 2,0 GJ per tonne of captured CO;.[28]

Effor{s have been made to reduce the performance penalty suffered by a power\generation plant
when|the LP steam used in a PCC is supplied by the turbines of the power géneration plant af a
sourcg of flue gas. Ways to reuse waste heat from both plants and find an optimal arrangement of
the LP steam supply system were pursued so as to improve the efficiency. of the power generatjon
plantjas a whole, including the PCC process.[21]

The dttention of the EIA has been drawn to the amines contained”in the gas streams that are
emittpd to the atmosphere after being treated by PCC faciliti€s) Initially many research groups,
primdrily in Norway, have been conducting studies on this sdbject, resulting in evaluations and
imprgvements of PCC processes such as zero amine emissionsystem(28] to minimize emissions.[[21]

During the CO; capture process the chemical absorbents’may react with other contents of the flue
gas, e|g. oxygen, NOx and SOy, to form heat stable salts which degrade the solvent performance. This
may, pver time, reduce CO; absorption efficiency/To maintain the solvents CO; capture capabillity
during operation, reclaiming systems are used=The technology used for solvent reclaiming differs
with the process and solvent used. Ammonia-based solvents are reported not to degrade in this
manner and do not require reclaiming.

The Chilldd Ammonia Process (CAR) treats flue gas from coal-fired power plants, natural gas combirled
cycle plants, and refinery cat crackers to capture COz. CAP consists of seven integrated unit operations.

a)

f)

g)

Direc|-contact cooler/héater to condition the primary flue gas stream by removing moisture and
absorping SOz (in DCCT) and to prepare the residual flue gas for atmospheric discharge by heatjng
the g3s and absorbingresidual ammonia in the flue gas leaving the wash system (in DCH1).

Absotber systém'to capture CO by reaction with a circulated ionic ammoniated solution.

Ammpnia water wash system to capture residual ammonia saturating the flue gas discharged frpm
the alpsorber system.

Regenerator system to release the CO2 from the rich ammoniated solution and return the lean
ammoniated solution to the absorber system for reuse.

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 process’flow diagram

Defails on the unit operations, including Flue Gas Conditioning, Regeneration, Appendix Stripper, CO2
Dehydration and Compression and Refrigeration Systems should be referred to published information.[16]

7.2.3 Amino acid salts (AAS) process (C)

Thie AAS process uses the aqueous solution of amino acid salts as a solvent. Figure 10 shows the flow
chart for PostCap?) of Siemens as an-éxample. The equipment configuration is similar to| that of a
stgndard amine process.

As|the chosen solvent has a very.low vapour pressure, it is anticipated that it will cause less emissions
frqm the absorber as the dmine system does. In addition, amino acid salts are less susdeptible to
degradation by oxygen and_heat and therefore will have less losses of solvent than the standard amine
(MEA) process.[48]

Within the process‘deposits and solids could theoretically form through precipitation. This is pddressed
bylrespective design features and margins. No precipitation was reported during pilot plant opdration.[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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7.3 Carpon dioxide streams, flue gas streams a\@j emissions, process and waste
products A’\Q)
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7.3.1 Flue Gas streams N~
.\0

7.3.1.1

Heat Recgvery Steam Generators (I@SG)

The comppsition of flue gas that i@Qe introduced into a PCC plant to capture CO; is largely a funct
of the fue| being combusted t erate electricity. In the coal-fired application shown in Figure 11
Selective {atalytic Reaction\ ) removes NOy, Electrostatic Precipitator (ESP) removes particulates,
and a flue|gas desulfurization (FGD) removes SO3.

O
See Reference [48].
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O

Figure 10 — Siemens PostCap Q\@j)rocess
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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.

Fuel |
Air . Sas

Gas
Compressor Turbine Steam Turbine

HRSG

PCC Plant

COcatalyst  SCR catalyst >

Condenser

Figure 12 — Gas phase configuration of PCC plant for)GTCC with HRSG

As|the combustion type steam generation plant, the once-thrgugh steam generators (OTSG)|for in situ
oil[sands production is an important and growing emissions'seurce in the oil and gas industry and the
fadtest growing source of emissions in Canada. OTSG is very'similar to HRSG fed by the hot cqmbustion
ga$ from the furnace or the gas turbine except for the\steam generation section where typically the
primary stage evaporates the fed water to an intefinediate steam quality and the secondary stage
completes the evaporation to a required level for injection into the ground without recyicle of the
geherated steam as the feed water after utilization of its energy. Regarding COz capture fropn the flue
ga$, the same concept mentioned above can bé-applied to OTSG.

7.3.1.2 Input capture plant

“Flue gas streams” in this context\réfers to the flue gases that occur as a result of the compustion of
fodsil fuels and that are emitted\from such sources as boilers and gas turbines at thermal poyver plants
anfl HRSGs at GTCC plants.

Cufrently specific to plants, FGD, CO/NOy removal equipment and dust collecting equipment ar¢ installed
to [remove impuritiesZ(pollutant) pursuant to the relevant emissions regulations and the flue gases
downstream of these,purification systems are to be the subject gas streams within this Technidal Report.

Thie propertieS{eomposition, temperature and impurities) of flue gas supplied to PCC plant varies
significantly~depending on the type of fuel used, the power plant type and the its system conﬂ}guration.
Geperally-further abatement of the pollutants, rather than the emission requirement at the copventional
stdck outlet, is favourable to ensure conditions which allow an efficient and cost-effective C(); capture
thrangh simplification of the flue gas pre-treatment part or the countermeasures inside the PCC plant,

d L =l 1. e 1 1
E}quuulg UII'tiic dpplcu tcLiaiivivgy.

Particularly in the case of coal, the composition of impurities varies greatly according to its grade 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.

© IS0 2016 - All rights reserved 29


https://standardsiso.com/api/?name=27b48ce40a451497e2d25ff8e5573813

ISO/TR 27912:2016(E)

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 Bar, Temperature: 20 °C to 45 °C (after flue gas quencher), Composition
(N2 76 mol%, 02 13,8 mol%, CO2 3,4 mol%, H20 6,8 mol%, NOx 3 ppmv, NH3 2 ppmv)

Example 4 Coat-fired (BZ)

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, SOk to 200 ppmv, HCI ppmv)

The impofttant parameters summarized below, which will impact the plant design as,explained in the
above, shpuld be clarified and will be surveyed in the next step for indication ofjthe typical ranges
(minimunh to maximum) respective to applied fuel type (coal, gas and LFQJ}\so as to clarify the
characterjstics depending on the fuel type, including the effect of both cambustion condition gnd
existing ehvironmental equipment.

— Flue gas flow rate
— Flue gas temperature
— Flue gas pressure
— Flue gas composition:

%
D2
20
Ox
Dx
H3

|
Oz © z T o O

D
— njist

— dpst

7.3.1.3 Putput capture plant (treated gas)

There are treated flue gases which are discharged to the atmosphere from the PCC plant after impurities
have been removed by purification equipment and the amount of CO3 has been captured.

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,
including 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
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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
respective to applied fuel type (coal, gas and LFO) so as to clarify the influence of the fuel type including
the influence of both combustion condition and existing environmental equipment.

Qutlet gas flow rate

Tr

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

— 0y
— CO2
— H0
— NOx
— SOk
— NH3
— CO

— mist
— dust

— VOC

Outlet gas temperature
Outlet gas pressure

Outlet gas composition:

— absorbent
— absorbent degradation product
— organic compound

ice componenfs,contained in the gases are discussed in 7.5.

ExdampleT’ — 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%,
02 13,8 mol%, CO2 0,6 mol%, H20 3 mol%, NOx 2 ppmv to 20 ppmv, NH3 <50 ppmyv,
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. N2, 02, CO2, H20, NOy, SOy, hydrocarbons, solvent
components).

The specifications for the captured (purified) CO; are different depending on whether high-pressure
pipelines or shipping, which requires cooling and liquefaction, is used as the mode of transportation.
Therefore, the pressure and temperature follow the specifications set by individual plants. Variation in
compressjon-discharge-{i-e-batteryimits}pressure-should-meetpipelinerequirements—hiscouldbe a

changing rondition depending upon the pipeline system requirements over time. Design consideration
for pressyre variation is needed.

To prevent equipment damage due to the corrosion of pipes and the solidification of mojsture during
cooling, the concentrations of water, oxygen, SOx and NOy are strictly controlled. To alsd.énsure proper
transportption and storage of the COp, it is necessary to consider the requirements in that respdct.
Currentlyf no universally agreed figures of the maximum value of water and oxygeén-exist and then the
requirem¢nts also set by individual plants have to be followed utilizing the COj purification procg¢ss
described|below in the outline, if necessary. CO; specifications are provided by the pipeline operator

Oxygen r¢moval is accomplished by catalytic oxidation and is based on the reaction of hydrogen wiith
oxygen wjth excess hydrogen to the downstream. The process and the Tespective equipment can|be
scaled up.

A numbej of suitable technologies for CO; dehydration already.exist. Glycol-based systems utilizing
triethylene glycol (TEG) and solid adsorption systems using“the molecular sieve are the most likely
technologjies for implementation. The process and respective-equipment can be scaled up.

There arel several liquid agents available for use as aehydration medium from a variety of differg¢nt
vendors, TEG is well known in the continuous process. In this process, lean TEG fed to the contacfor
absorbs the moisture in the raw CO; gas at the sarface of the packing inside. Rich TEG with absorhed
water is removed from the chimney tray of the.contactor to be routed to the regeneration package for
purificatipn by the addition of heat and the\stripping agent, if required, to produce lean TEG, whjch
achieves the required purity for the dehydration performance and recycles to the contactor affer
cooling. Cpnsiderations in the process as minimum are

a) heatiptegration between thesrich and the lean TEG for heat economy,

b) prevention of TEG entrainment as mist with dried CO; stream CO; gas velocity control wijith
demigter device in the-contactor, and

c) prevention of TEGJoss by controlling the operation temperature in the regeneration package.

Relatively| small CAPEX/OPEX generally and the robustness to impurities in dehydrate gases are |its
merits copared:with the solid sorbents. However trace TEG enters into the CO; stream.

Substancgs*that are well suited as solid adsorption agents are inorganic silica gel, activated alumina
and the molecular 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

—| CO; temperature

—| COy pressure

—| CO2 composition:

— COy

— 0y

— H20

— NOy

— SOy

— NH3

— VoOC

— absorbent

— absorbent degradation product

— organic compound

Thiis list only applies to PCC from‘combustion sources.
It ils very important to highlight the item other-than-normal operation and the related consequences.

Thee following are examples of CO2 compositions.

Example 1 — Coal-fired (B.2)
GSIRO, process modelling for post combustion capture plant, P91
Temperature: 23,2 °C, Composition (N2 0 vol%, Oz 0 vol%, CO3 98,2 vol%, H20 1,8 vol%o,
NOy approx. 7,4 ppmv, SOx <5 ppmv, HCI <5 ppmv, MEA <5 ppmv)
Example'2 — Coal-fired (B.3)

ST 144 D H . O 1 S LDl £ 00T OO i | i A
UITUTIT L L, T TUJTCLT OUdiUS dlIIU INCoTAILIT T IdIISo U JUU T T D ULU // Ldaptul T diiu otyutotlativu N

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 COy 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)

CO; captyre technologies can be differentiated by the types of effluents they generate. For amifpe-
based technologies, effluents are generated during the treatment of heat stable salts. For ammonlia-
based technologies, residual ammonia in the treated flue gas is neutralized with sulfuric acid’to fom
ammoniufn sulfate, which can be utilized as a fertilizer, depending on the impurities coneentration.

The functjon and necessity of a reclaimer in chemical absorption processes is described in 7.2.1.

Absorbents degrade with the elapse of operating time and need to be regenerated on a periodic bagis.
During thfs process, a portion of the absorbent, with impurities and degraded.substances, is separated
and dispoped of as reclaimer waste according to federal, state and local regulatory requirements.

One of theg following waste treatment methods is selected based on thé cifcumstances at the plant:

a) off-sife disposal contracted out to a waste disposal contractor

b) on-site incineration using an incinerator;

c) on-sife crystallization to obtain solid ammonium ‘sulfate which can be sold as fertilizer (for
amm@nia-based process);

d) off-sife shipment of ammonium sulfate liquid.as feed for a fertilizer process (for ammonia-baged
process).

In general, a chemical analysis is performedion waste product (process effluents) to ensure that theeir
range of fharacterization is consistent-with the specification. While the characterization of wapte
product (process effluents) depends.on regulation and recipient requirements, the following balsic
informatipn is required:

— The physical properties arld chemical composition of the waste.

— Wast¢category (produetqualityspecification) orcompleteanalysisdataneededforlegalclassificatjon
of wagte, hazardousernon-hazardous. For example, ifit has any of the four characteristics (ignitalle,
corrofive, reactiye;toxic) in 40 CFR Part 261, it is classified as a hazardous waste and if a US RCRA
listed|solventis used in the process, the waste solvent would be a listed hazardous waste in US. If it
displdys one'or more of the characteristics of hazardous properties (explosive, oxidizes, ignitalle,
irritapt,/harmful, toxic, carcinogenic, corrosive, infectious and mutagenic) listed in the Directjve
2008{98/EC, Annex III, 12 December 2008, it is classified as hazardous waste in EU.[30]

— Total 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
ion exchange solvent reclaiming or the elecrodialysis solvent reclaiming can be applicable depending
on PCC technology. In the thermal reclaiming,[30] chemicals like alkalines such as NaOH may be used
to pupport thre TegeNeTration of the—sotverntwihichstroutd-betramdted-withrcare,amdsomesgdium will
be|found in the waste product in this case. Residues from the reclaiming process are mostlyl harmless
sulfates produced by neutralization (e.g. NazS04); however, in some cases, toxic degradatior] products
su¢h as nitrosamines and nitramines described in 7.5.3.2 may occur, which should*bé hanldled with
cafition.[47]

While amine and ammonia processes generally evaporate the solvent by usg, of steam utilizing the
geherated vapour for stripping of CO; in the stripper (desorber or regenérator) and dispoding of the
refnaining components, the AAS process uses crystallization to separate the NOx and SOy from the
solvent.

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

—

Other waste products, such as the filter elements of the\cartridge filter or the activated carpons beds
in the absorbent line, which need man-hours for replacement, will need to be considered. In|the event
where the dust content in the flue gas going intoxthe CO; absorber is relatively high, like |coal-fired
flue gas, an automatic filter systems may be necessary. The treatment method should be s¢lected by
idgntifying the composition and amount of waste.

7.3.3.2 Solvent streams

Thie solvent is pumped around in a1pop between the absorber and the desorber. In principlg, this is a
clgsed loop, but it is not contained in a complete closed system. Solvent droplets and/or aerojsols could
legve the system at the absorbento the atmosphere or at the desorber to the CO; compressor, depending
onfthe process and the demistér performance, and have to be considered to minimize emissions and the
negd for the solvent refill.

Wi3ste generated (proecess effluent) varies from one CO, capture technology to another.

Thie following are/examples of the composition of liquid waste generated when amine absorbent is
trgated for regeneration.

Example.lh— (B.5)

CSIRO, process modelling for amine-based post combustion capture plant, P94

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;

— reclaiming;
DepemmemMWWWWﬂhe
absorjption/desorption process may contain traces of Volatile Organic Compounds (VOC) and-has
to be freated accordingly. Treatment of this amount of water may be necessary.

— otherp.

Condensation of water occurs also in other parts of the process but the resulting stream is mixed into
the solvernt stream and therefore not seen as a separate stream to discharge out of«the process.

7.3.4.2 [Properties of waste (process) water

Waste (pitocess) water treatment should comply with the local waste water effluent regulations gnd
standardy of the considered country and region. Characterization of@ach process water source is the
necessary first step in the permitting process.

7.3.5 Emission determination and calculation
7.3.5.1 [Emissions into the atmosphere

7.3.5.1.1 | Emission release
The following ways of emission release are possible:

— Directly releasing the emissions into~the atmosphere from PCC plant (top of the COz absorber).
Rehegting to avoid immediate condensation is an option.

— Releaking the emissions using an existing stack, when the CO; absorber height is not high enoygh
to clear the environmentalyquality standards in the flue gas temperature and the ground lepel
concentration. In this case; the stack material and the mixing effect with the untreated gas should
be che¢cked due to thelehange in the treated gas properties.

These em|ssions could4dnclude a reuniting of captured CO; with the flue gas stream or there could bg a
separate 4tack for£9Q3 product discharge.

7.3.5.1.2 | Concentrations of emission components

Additional equipment for flue gas treatment to ensure compliance with the emission regulations, e.g.
reduction 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 flue gas that is 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;

—| reduction of CO7 flow rate according to the absorption rate as defined in 7.4.2;

—| concentrations to be measured as CCS in and CCS out in g/GJ and as CCS outlet, the mass flgw leaving
the absorber should be evaluated.

Additional emission such as amine/amine degradation products (aldehyde; ammonia,|etc.) are
digcussed in 7.5.

jam

7.3.5.1.3 Emission regulations

In [cases where there are no clearly defined emission regulationsyfor PM, SOy and NOy leaying a CO2
capture plant, it is suggested to express pollutants in g/GJ] (fdel input), due to additional flrlllel fired. A
requirement may be set as the mass of pollutants in total is ,aothigher than that of the enterinig flue gas.

In jaddition, other substances related to COy capture progcess is regulated by the existing regulations,
su¢h as VOC and ammonia, depending on the region and'the technology.

In [order to obtain an operating license for a PCC plant (as is generally required for such bjg plants),
an|EIA permit is required. General requirements following IFC General EHS guidelines as a[minimum
requirement should be considered and checked with local EIA regulations.[Z3]

7.3.5.1.4 Methods of calculating the;concentrations of impurities

Thiere have been methods developed for the conventional plants applicable to the measureménts of the
anjounts and compositions ofithe flue gas, SOy, NOx and PM. These need to be adapted for thg changed
flule gas streams (Op-ref. corntent, etc.).

Isques may be encountéred when measuring trace or impurity components that are unique o the PCC
system. Research issclrrently underway to develop simple and accurate measurement me¢thods for
sug¢h substances thabare present as both gas and mist phase.[33][36]

7.3.6 Process by-products

Other than pressurized CO2, which may improve the economy depending on the process, therle can also
belthé following by-products produced in the specific process.

Examples of economically interesting by-products of some capture processes are (NH4)2S04 and K2S04.

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 studies into presence or absence of appropriate storage site, technical
feasibility and cost of transport equipment, technical feasibility and value of additional CO; capture
facility (retrofit). Moreover, this philosophy also supports compliance with the above requirement in
order to uitdt=amewtarge=scatecoatfired—power ptamt,since, forsupercriticat putverized—fuet(RF)
plant, the| most developed capture retrofit options are post-combustion amine capture and oxyfliel
combusti¢n.[33]

Reflecting this background, developing a standard for the performance evaluation method of (O
capture t¢chnologies could help to achieve the following goals of CO; capture technologies:

— facilifating an objective evaluation of the current state of progress for betterunderstanding gnd
sharing of public knowledge;

— contrjbuting to fair competition without hampering technological advancement;

— prompting the development of widespread application.

7.4.1 Clarification of the evaluation basis

In order tp carry out a proper comparative evaluation, the evalitation basis and the definition of major
performafce values and the economic indexes should be clarified, as the reported figures could be s?ﬂe-
or technology-specific and should therefore be normalized. In addition, the estimating methodolqgy
should belidentified and applied uniformly across eaclrplant design.

It is impoftant to establish a common set of start@nd end points. To start, the flue gas properties such
as flow ralte, temperature, pressure and the composition (such as H20, CO2, Oz, SOy, NOy, HCI and dulst)
should be| established. Quality of the treated-flue gas stream and the CO; product stream should|be
defined. Hinally, a common list of utilities’such as steam, steam condensate, cooling water, power,
pressurized air, chemicals and industrial gases should be established. Modifying the basis set of utilitjies
would nedd to be accommodated within the scope of the CO, capture system.

In additiofn, the following perfoxmance parameters affect the economic index and should be clarifjed
before evaluation.

7.4.2 Basic performance

7.4.2.1 [CO2 capture efficiency and total mass of CO; captured

COy captulre efficiency (nCOy) is defined as follows:

NCOz = (fCO2in — 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 fCO24yt = 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];
CO2in is the CO2 concentration in the flue gas at CO3 capture plant inlet [vol%-dry];
CO2gut isthe CO3 concentration in the flue gas at CO3 capture plant outlet (treated flue gas
emission side) [vol%-dry].
Total mass of CO, captured is defined as follows:
—| The total mass of CO2 captured is measured by the flow meter installed in-the produdt COz line
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Thie captured CO; confains moisture, oxygen and nitrogen as a by-product of the absorption/d
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(before CO2 compression), corrected by the operating condition: (Wa).

Lhe operational data evaluation case, it is also recommended to check thedollowing calculations:

Total mass of CO3 captured calculated from the absorbent side by the'measurement of the
CO3 concentration (g/L) and the flow rate of absorption solvent (both'the lean and rich solutij

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

he difference among the value calculated from (Wy),"(Wpg) and (W¢) is within the accept]
b CO2 balance is maintained correctly. Online analyzers have also been developed for the 3
sorption solvent and it is possible to quickly perfarm the operation management.[34]

1.2.2  Properties of the captured CO3 at.CO2 compression system outlet

1.2.2.1 CO2 purity

the chemical absorption proces$es, a COz concentration (on a dry volumetric basis) of 99 §
1 be achieved.[35]

1.2.2.2 Concentrations of CO2 impurities

bcess. Quality offl€0; and content of other elements (H20, N2, O2) has to be defined with 1
nsport and sterage/usage requirements. Conditions required for the further processing
Ve to be giveh by the organization responsible for transport and storage. This includes C
lusive of allowable pressure content of other elements, e.g. H20, N2 and Oy. If the req
1cernifig'the moisture and the oxygen concentrations from the transportation side and b
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tOJ’ stringent for the specifications to the CO, capture and compression systems, it may be ne
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D> quality
lirements
eyond are
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talda dehydrator (moisture removal system) and/or an oxygen removal system.

7.4.2.2.3 COz 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 CO; 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

The required steam for the desorption process is delivered by the power or industrial plant. The way
the steam is extracted from water steam cycle depends on the local power plant operating conditions.
Majority is LP and MP is required for some cases

The LP (-MP) steam required by the PCC plant can be extracted from the water-steam-cycle'itrthe
power plant. This requires modifications in the power plant steam cycle and results in a redyetion of
the power plant efficiency. In terms of power plant performance alone, it is favourable to lower the
condition$ of the extracted steam as much as possible.[32] In the case that the power plant is matyre
and the mjodification is restricted, or there is a necessity to avoid any impact of power plant operatipn,
an additignal gas- or oil-fired boiler can be installed with the existing open cycle gas turbine belng
modified with an HRSG to supply LP steam.[31] The water condensate of the PEC is discharged in the
condensate system of the power plant.

7.4.3.2 [Power consumption

For rotatihg machinery like pumps, blowers, compressors, electric motors and/or steam turbines using
MP to HP[steam can be used as the driver. When the steam turbine drive is selected, the outlet stegm
is used agpin as LP steam for PCC plant and its supply source needs to be considered. When an electric
motor is Ysed, a power generation penalty as an equivalent te the LP steam consumption in 7.4.3.1 njay
be incurr¢d, depending on its electrical consumption. In any case, the shaft power consumption varjies
according| to the model and efficiency of the compressor applied and the CO; product gas interface
pressure at CO, capture unit outlet before CO; compréssion unit-inlet.

Ammonialsystems typically have higher regeneration pressures than generic amine systems as the vapgur
pressure ¢f the solvent with higher pressure heating steam for the reboilers, provides higher interface
pressure gf the captured CO at CO; capturg-uhit outlet. As a result, the design and number of stages of the
compresspr can vary significantly. In addition, a higher suction pressure reduces power demand.

Thereforeg, a separate assessment of the impact to the drive energy consumption needs to be perfornied
ture plant part and COp compression part, respectively.

In the PC( plant, CW isuised at several steps and its required amount depends on the capacity and the
efficiency|of the process applied. Feed and the return outlet temperatures of CW should be made clgar,
since it mpy affect\process performance. When once-through water cooling is not viable, evaporatjve
cooling towersierair coolers could be employed. If it is difficult to secure water, an air-cooling fan dan
be appliedl. For ‘the chilled ammonia process, a chilled water system is needed to supplement CW|to
achieve t . . o ) . ; .

using anhydrous 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, including absorbents, caustic soda or other alkaline used for
desulfurization, sulfuric acid for ammonia neutralization, nitrogen, activated carbon and hydrogen
usfd When necessary to de-oxXidiZe, depending on the requirements of the process aeptoygd have to
be|considered. Absorbents in particular have a major economic impact due to the large‘amounts in
which they are consumed in the case of a large-scale PCC plant. Therefore, it is necessary to ¢larify the
copsumption amount, refill method, transporting method and to develop technologie’s.to mipimize the
anjount of consumption.

7.4.4 Operability (operational requirements)

Sirfce PCC plant requires consequential amounts of LP steam and electricity, it is necessary to pperate in
collaboration with the hosted power stations and/or utility supply systéms in order to achieve efficient
oppration. The following are the general operational requirementst

7.4.4.1 Load following (ramping speed)

While various scenarios of economical operations are possible, a PCC plant should be able to jandle the
capacity of the flue gas source (e.g. provided by the thermal power plant) and ideally not irhpose any
regtrictions on it. Furthermore the PCC plant should-be able to adjust its operating load in afcordance
with a maximum load ramp up rate required, such as 5 %/min.

7.4.4.2 Partial load operation

Thie requirements of the flue gas sourcecould make it necessary for PCC plant to operate at partial load
anfl the stable operation at the specified partial load should be satisfied, solving the issues pf a lower
opprating threshold such as a liquid distribution balance within the system. It has to be cpnsidered
that flue gas composition may.differ significantly in partial load operation, it is noted that the CO;
concentration of the flue gas.can change as the unit ramps up and down. In addition the NOy fontent in
th¢ gas turbines is also known to vary.

7.4.4.3 Availability

Thee following is“a’definition of availability in PCC plant, although there are different ways o express
it. Since it goncentrates on the operational reliability, the periodic maintenance period related to the
mdintainability could be discussed separately.

Availability = (1-FOR) x 100 % 4)

Forced Outage Rate (FOR)= —— FO_H (5
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;

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 GJ t GJ
Bl J(supplied steam flow IV——‘ x steam enthalpy ’V——D - (recovered steam condensate flow |7——‘ x condensate enthalpy IV——HL

5E{——J=L\ Lhl Lel/ A Lh] T )

tC 5 tCO2
captured CO2 amount

h

7.4.5.2 Specific power consumption (SPC) for CO2 capture and compression

Specific ppwer consumption (SPC) for CO; capture and compression is defined as:

SPC [KWh/tCO32] = (power consumption of PCC plant [kW])/captured CO, aniount [tCO2/h] [7)

NOTE Power consumption of PCC plant includes CO; compression and related utility facilities.

7.4.5.3 [Electricity output penalty (EOP)

Electricity output penalty (EOP), as defined below, is the unitioutput penalty by PCC technologjes
independ¢nt of fuel composition.[39]

EOP =|Efficiency penalty/fuel specific emissions (8)
where
EOP is the total net Joss'in plant output due to PCC plant, as indicated in
Formula (9), in kWh/tCOy;
Efficiency penalty is calculated based on the extracted steam information, the heat balance

of the-steam turbine and the auxiliary power consumption required for
PCC plant, in KWh/kWhyy;

Fuel dgpecific emissions.“are calculated based only on the fuel information, as shown in
Reference [40], Annex B, in tCO2/kWhy.

1000 x- |oss of gross power output (MW) + PCC plant power consumption (MW)]
CO, captured amount (tCO, /h)

EOP 3

(9)

Therefordg, loss of steam turbine generator output by the steam extracted from a steam turbine and the
unit cost of Steam shoutd be assessed using the heat batance data of the Steam turbine. In determining
the unit cost of the steam for the purpose of conducting economic evaluation, the efficiency and
operating restrictions of the power plant need to be considered.[41][42]

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]

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
these three parameters, it is reported that there are significant differences in the methods employed by
various organizations to estimate the cost of CCS systems for fossil fuel power plants. Such differences
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5 Safety issues

oeneral, facilities and equipment dedicated for the corresponding capture technology are
 constructed in compliance with the existing and applicable internatienal; regional an
ndards such as ISO, OSHA, and ASME, and other specific company standards. In addition, co
Lh the laws, regulations and requirements in the region or country where the plant is locatg
litional securities for safety.

Thie safety issues relating to PCC technologies vary according to‘the capture processes and
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blied, which are listed in the IPCC Special Report on Carbon Dioxide Capture and Stor
ure 3.2[14] and 7.2 and 7.3, in addition to general safety4ssues common to those technolog
the leading examples are listed below.

.1 Safety categories

e safety categories for chemical substanges include toxicity (e.g. acute toxicity, acc
pperty, genetic toxicity and carcinogenicity), explosibility and inflammability.[43]

1.1 Toxicity

Ammonia and amine solutions can cause injury through unprotected skin contact and inhalat
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e well known protocols for.the safe handling of these substances. In addition, it has been
it some of nitrosamines, which are produced when amines react with NO3, cause genetic {
bbably carcinogenic to humans.[49][50]

Table 3 shows, CQ%1s not toxic at low concentrations, but its toxicity increases as its con
es. According to-Control of Substances Hazardous to Health under Health and Safety
DSHH HSE) of the UK, its occupational Long-Term Exposure Limit (LTEL) is 0,50 % at
ighted Average (TWA) of 8 h, while the occupational Short-Term Exposure Limit (STEL)
15 min.Therefore, it is important to have safety measures in place to ensure that these
served when operating a CO; capture system and handling captured CO>.[44]
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Table3 — vancnrp reactions to carbon dioxide

©lI

Concentration in air

(% v/v) Effect

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

(% v/v) Effect
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, visual impairment and ringing in the ears. Judgement

may be impaired, followed within minutes by loss of consciousness.

Within a few minutes” exposure, dizziness, drowsiness, severe

10% -159 o .
0% -15% muscle twitching, unconsciousness.

Within one minute, loss of controlled and purposeful

17 % -30% . . )
activity, unconsciousness, convulsions, coma, death.

NOTE See Reference [44].

7.5.1.2 [Explosibility and inflammability

While aqyeous solutions of ammonia and amines are not explosive or pyrophoric in nature, their pyre
form has low boiling points and high auto-ignition temperatures.

The typical operating conditions found in a PCC are several hundred dégrees less than the auto-ignitjon
temperatyre. In handling these compounds, these factors should.®é ‘taken into consideration wHen
designing{a COy capture system and setting up its operating conditions. Such risks are reduced|or
solved wHen aqueous solutions are used, since they are not inflammable as long as the concentratjon
level is kept below a certain level.

7.5.2 Relevant equipment and manifestations

The folloying equipment and their behaviours are“believed to pose safety risks in the COz captyre
system, ir] case of troubles.

7.5.2.1 [Pre-scrubbers

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

7.5.2.2 [Absorber

Dependinf on thediature of the absorbent used, a very small portion of absorbents or its components
are emitt¢d with-the flue gas in the form of gas and/or mist from the absorber. Large portions of the
mist can e rémoved using a demister installed inside the absorber or the water scrubber. Recently the
presence pf-503-induced aerosols with sub-micron dimensions has been shown to result in increaged
emissions of amines from the absorber.lz>2] There has been developed a countermeasure to reduce or
avoid amine emission caused by SO3 mist.[4€]

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.[47]

7.3.2.4 Regenerator

The high temperature inside the regenerator causes thermal decomposition produgts to [form and
ac¢umulate in the absorbent. When the absorbent is routed back to the absorber and¢omes infto contact
with the flue gas, portions of the thermal decomposition products may be released.into the atimosphere
through the absorber outlet together with the flue gas. They may also mix inwith the captfured CO»>.
Solvent degradation has not been experienced in ammonia processes.

7.5.2.5 Reclaimer

p

—

dase refer to 7.3.3.1.

7.3.2.6 Waste water treatment systems

Wiste water produced by CO; capture systems is subject to the waste water effluent regulgtions and
trgatment requirements applicable to the chemical;production/power plants in each coyntry and
region. Normally there is no waste water from COg‘absorber, if the acid wash is not applied.|Ammonia
systems are generally water neutral with residual water injected in the by-product system.

7.3.2.7 By-product systems

Anpmonia systems produce an ammenium sulfate solution by contacting residual ammonia in flue gas
with sulfuric acid.

7.3.2.8 CO2 compressor systems

Usng the CO; compresser, the COz gas captured from the flue gas is compressed in several|stages up
to [the prescribed pressiire. The compressor is equipped with knock out vessels, heat exchargers such
asfan intercooler afnda mist separator. The number and size of this equipment mainly depends on the
suftion pressuret

e complete\compressor unit is often installed in an enclosure as a noise-control measufre, and in
e casessd’liquefier is also installed. Large amounts of highly concentrated CO; are releas¢d outside

be released into the atmosphere from a safe location in such cases. In addition, personnel safety

i fsst i i i functions
or other incidents. In particular, countermeasures need to be established in case high-pressure CO3 is
released, as this may cause freezing and blockage.

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.

© IS0 2016 - All rights reserved 45


https://standardsiso.com/api/?name=27b48ce40a451497e2d25ff8e5573813

ISO/TR 27912:2016(E)

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 Compounds2 CAS Numbers
PCC solvents Monoethanolamine (MEA) 141-43-5
Diethanolamine (DEA) 111-42-2
2-Amino-2-methyl-1-propanol (AMP) 124-68-5
Piperazine 110-85-0
N-Methyldiethanolamine (MDEA) 105-59-9
Amines Ammonia 7664-41-7
Ethylamine 75-04-7
Methylamine 74-89¢5
Dimethylamine 124-40-3
Diethylamine +09-89-7
N-Methylethylamine 624-78-2
1-Propanamine 107-10-8
1,2-Ethanediamine 107-15-3
Amides Formamide 75-12-7
Acetamide 60-35-5
N-(2-Hydroxyethyl) formamide 693-06-1
N-(2-Hydroxyethyl) acetamide 142-26-7
N-Methylformamide 123-39-7
Aldehydes Formaldehyde 50-00-0
Acetaldehyde 75-07-0
2-Aminoacetaldehyde 6542-88-7
Hydroxyacetaldehyde 141-46-8
Alcohols Ethanol 64-17-5
1,2-Ethanediol 107-21-1
Acids Formic acid 64-18-6
Acetic acid 64-19-7
Propanoic acid 79-09-4
Butanoic acid 107-92-6
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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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

As discussed in 7.5.2.2 and 7.5.2.5, most of the substances low in volatility are emitted from the
reclaimer as residues. However, highly volatile substances may be emitted into the atmosphere with

flup gasas gas or mist, and may mix with capture¢ <02 -]
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.3.3 Heat stable salts

at stable salts generally have a low vapour pressure and are less prone to vapeurizatio
bm are emitted from the reclaimer as residues.

.3.4 Nitrosamines

me nitrosamines cause acute toxicity, genetic toxicity, and/or. pnobable carcinogenicit
se nitrosamines that may be produced in CO3 capture systems«N-nitrosodimethylamine
egorized as “probably carcinogenic to humans” according te,the International Agency for
Cancer (IARC). NDMA is categorized high class probable €arcinogenicity and there is aby
fa available on cases involving acute toxicity, genetic toxicity and/or probable carcinogenig
e many types of nitrosamines that may be produced in* CO; capture systems. Not all of t
 potential of causing acute toxicity, genetic toxicity, and/or probable carcinogenicity. If da
hilable on a certain species regarding its toxicitypitshould be handled with the assumption
 toxicity equivalent to NDMA.[49]
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panizations, assuming that there is an iricrease of the cancer rate of one person (patient) p¢g
1 million after lifetime exposure (i.exdaily dose is taken or inhaled for approximately 70 ye
ible 5 — Concentrations of NDMA in air, recalculated from the dose descriptors TDLy
by NIPH (in italics)[49]
,.)lgiak level wHo* Canada’ us EPA’ CalEPA™®  NIPH®
TDLx (rat) Gj TDLos TDLes TDL1o Tas
pg/kg bwiday & 18 18 32 150
Intake® trat}Qy
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& Public Health goal. This is not an official guideline value, For US, the official guideline values are
given by the EPA.

* Caleulated from TDL values,

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 lavel WHO? Canada US EPA? CalEPA™*
Drinking water (pgfl) 107 0.1 0.04 0.007
10°® 0.004 0.0007 0.003

* Based on References [243] and [244].
5 The document is only a draft.
* Public Health goal. This is not an official value. For US, the cfficial risk estimates arve given by the EPA

7.5.3.5 Nitramines

Very littleldata are available regarding the risks of acute toxicity, genetic toxicity, and/or carcifiogenidity
and the extent of the risks remain unclear. Data collection will be one of the major goals-going forward
in the futpre. Presently, the toxic assessment identical to that of nitrosamines may|be conducted|in
some casds, to be considered a conservative risk estimate.[49]

7.5.3.6 [Acid gases (SOx, NOy, CO2) included in flue gases, heavy metals(mercury, etc.)

The flue gases and particulates emitted from thermal power stations ate treated in compliance wijith
the regulgtions of each country and region.[48] Specifically, acid gases and particles are reduced|to
the regulations or below by NOx removal equipment, flue gas desulfurization equipment, and dyist
collecting| equipment. Preferably, this treatment should take place on the emitted side (power plant
or industiffial process). When these devices are not installed, high concentrations of NOy and SOy enfer
into the (O, capture system. While a large portion of SOxa1ay be removed by the pre-scrubber, mpst
of NOy remains and is at risk of entering into the systemfrom ducts or other components. For amine
systems, 4s mentioned in 7.5.3.4 and 7.5.3.5 above, generally NO; can react with the solvent and lead to
formation of nitramines and nitrosamines.

Highly volatile heavy metals, such as mercury, are not completely removed before reaching the flue
gas desulfurization equipment,[43] and somie\.of them are collected and accumulated by the PCC pfe-
scrubber. [If they are not collected by the pre-scrubber, they enter into the COy capture system and
accumulate within the absorbents.[43} Depending on their concentration levels, these highly volatile
heavy metals, if they enter into the,€03 capture system, may negatively impact its operation and thiir
behaviout should be closely monitored in the future.

7.5.3.7 High-concentration’CO;

The conc¢ntrations of-CO, captured from the regenerator may be 99 % or above once moisturg is
removed gnd there arerisks of leakage from pipes while it is being routed to the compressor. When large
amounts of high-concentration CO; are to be released outside the system during normal operational
shutdownfs or emergency shutdowns, diffusion simulations may be necessary in some cases for safety
reasons.

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

the emitted solvent and its degradation products through photochemical reactions.

erefore, early establishment of EIA methods for amine emissions-is desirable. In regg
ission regulations, it should be stated that the emission levels leaving the PCC plant ar
rest, as the overall environmental impact of the PCC plant will form a key point in fu

ar¢ leading to higher emission levels per output (kg/hjkg/kWh), which need to be identifiec
As|a consequence, the relevant emission regulations.ficed to be updated in that respect.

Fol an appropriate consideration of process/plant efficiency, it is recommended to changg
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PCC plant
in detail.

emission

it definitions from concentration-related figures to efficiency-related figures (from mig/Nm3 to

g/Ktuel or g/kWhel).

Emission/Effluent limits for liquid and gaseous substances resulting from the solvent uged in the

abgorption/desorption process have‘to be evaluated and defined, e.g. amines, NH3, nitrathines and

niffrosamines. Based on the actual lack of commercial PCC plants with long-term and cpntinuous

oppration license, an establishied'set of requirements for such plants is not yet available.

Thee following topics should/be also considered in the design, with regards to environmentdl impacts,

baped on similar plant.handling similar chemicals.

—1| Solvent leakages/spillages during the transport chain to/from the PCC plant and in the plant during
operation with regards to soil and water

—| Possible leakage/emission of other substances used in the process, e.g. chemical substange used in
the flue gas scrubbers

—| @mbient 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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NOTE See Reference [48].

Higure 13 — Flow scheme showing two stages of washing on the top of absorber

50 © IS0 2016 - All rights reserved


https://standardsiso.com/api/?name=27b48ce40a451497e2d25ff8e5573813

ISO/TR 27912:2016(E)

Key

6 | decarbonized gas exit A’\Q) 35 liquid collector line to acid wash tank

19| external cooler \O 36 acid wash tank

20| absorber contact zone ) C\){‘ 37 pump

21| liquid distributor C)\\ 38 optional heat exchanger (heater or cooler|)
22| collector plate . 39 acid makeup line

23| washing zone O® 40 acid wash bleed line

24| washing water line C) 41 amine reclaimer

25| water distributor %O : 42 non-volatile and solid waste discharge

26| water line N 43 condensing steam

27| water wash @c') 44  reclaimed steam and amine exit

28| pump 5‘ 45 alkaline solution feed line

29| water line 46 line to run reclaimer in batch mode

30| w ake-up line 47 demister

31 @lector plate 53 fractionation column

32 acid washing zone 54 ammonia disposal line

33 acid wash line 55 amine and water exit to the main solvent loop

34 distributor

NOTE1 Acidis added at the last washing stage to realize acid wash.

NOTE 2  See Reference [48].

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.

///////// AN
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See Reference [48].

Figure 15 — Vane type demister

Adsorption

taining amines and decomposition products are passed through a solid adsorbent layer

ent of adsorbents is needed.[48] For@mmonia systems, residual ammonia is neutralized w
id.

Ventilation

D, capture system (op-part of it) is installed indoors, various safety measures are implement
ial leakage of absotbents and CO; from pipes and tanks. For example, such measures incly
n of a ventilator

jability issues

ped for-reliability assessment
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brial to adsorb amines and prevent them from leaking outside the system. However, further

ith

ed
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Consideri
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ed

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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d)

ISO/TR 27912:2016(E)

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]

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
addition of CO7 capture technology.[53]

Efforts to imprnvn and r]nvn]np the CCS pﬂrfnrmanr‘n and decrease economic impar‘f are Currently

Ty
Su

Wi

under way and have the possibility of modifying the process.

pically, rapid development can come with sustained technical problems, causing,” for| example,
bstantial reliability and maintenance issues, which would take some time to reselve.[53]

pile impact in small plants may be limited, large-scale CCS plants (3 000 TED %5 000 TPD]) based on

an]

ine technology have been discussed and may encounter major problems;such as absorbent leakage

calised by corrosion resulting in escalating cost to purchase replacement absorbent and th¢ disposal
of fabsorbent residues.[56] In case of ammonia as a commodity chemical, it is less costly to replace.

H

ever, such issues can be solved through R&D, long time commereial experiences of the mjiddle size

unjts and long-term demonstration test result of the middle size*unit. As a result, the impfct on the
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7.6

Re
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Hget cannot be ignored.

iability plays a key role in the cost-effectiveness ofisyStems. Therefore, achieving high plant
hilability is vital to keep costs competitive.[58] Full-size plants are so large and expensiye that an
ner acting in a commercial environment cannot tolefate any technical failure.[51]

ce operational reliability is largely the out