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Foreword

0(E)

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

through ISO technical committees. Each member body interested in a subject for which a tech
committee has been established has the right to be represented on that committee. Internat

nical
ional

organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
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electrotechnical standardization. -

Y Y4
The procedures used to develop this document and those intended for its further maintenanc

rs of

P are

described in the ISO/IEC Directives, Part 1. In particular, the different approval criteri{ Aceded for the

different types of ISO documents should be noted. This document was drafted in atcardance wit
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

-
[
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»

Attention is drawn to the possibility that some of the elements of this docunteht'may be the subje
patent rights. ISO shall not be held responsible for identifying any or allsiiéh*patent rights. Deta
any patent rights identified during the development of the document wilkbe in the Introduction ay
on the ISO list of patent declarations received (see www.iso.org[pate{ts}. :

Any trade name used in this document is information given for tb’e,convenience of users and doe
constitute an endorsement. >

A »

.

For an explanation of the voluntary nature of standardsi/the meaning of ISO specific terms
expressions related to conformity assessment, as wellgs information about ISO's adherence t
World Trade Organization (WTO) principles in the Teehnical Barriers to Trade (TBT) see www.iso
iso/foreword.html. . <‘

o

This document was prepared by Techni€ali’Committee ISO/TC 265, Carbon dioxide cap

transportation, and geological storage. N
N

Any feedback or questions on this docume"}lt should be directed to the user’s national standards bo
complete listing of these bodies can bgfound at www.iso.org/members.html.
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Introduction

ISO Technical Committee (TC) 265 is developing standards and technical reports related to carbon
dioxide (CO,) capture, transportation and geological storage (CCS). This technology is a technically
viable solution to reduce CO, emissions of large stationary point sources and therefore to limit

futur

e global temperature increases. A special report by the International Panel on Climate Change

(IPCC, 2005) extensively described the fundamental technical, scientific, environmental, economic and

3 el : £00Q e 4 PR | h PR IS | L1 £ 21 4 1 ides 4ot
soclgtararmeinsions or cco arraits PULCIILIAT TUIT T LT PUTUIUTTU U CTIHIIALT ClHAdITg T IS dLIUIT T AS UL TS,

I"
Depgnding among other things on the feedstock and the CO, generating and capture processesy€Qy

streg
streg

ms captured from industrial sources or power generation contain various impurities (that’is,
m components other than CO,). The impurities differ in their concentrations but also}i‘n\their

physjcal and chemical properties. Therefore, the composition of the originally captured CQ,\s Feam is

a key|

starting point in ensuring the safety and reliability of the transport and geological stgrage of CO,

Compositional information may assist operators in evaluating the need for treating a €0,'stream, based

on th

e intended transportation options (including mixing with other CO, streams), Lrsa't\ge options (EOR
N

or other), or dedicated storage in geologic formations. A

Undsd

"N

rstanding CO, stream composition is also important for the commerciélity of CCS activities

becapise additional purification of the CO, stream increases CO, capture go§tsf In addition, CO, stream
comjposition is an important input factor in quantifying the amount of €0, stored, for the purpose

of gi
are (¢

eenhouse gas emissions reporting and crediting. Because captl}?e and purification processes
ontinuously evolving, it is relevant to expose the range of {mpurities in CO, streams and their

concgntrations, including recent publications. CK

N 4

This|document provides up-to-date consideration of CO, stream quality issues for operators, regulators
and ptakeholders based on research results and the expeérience of various pilot and industrial scale
CCS projects. The first part of this report summarisgs' existing information related to CO, stream
composition that generally results from particula{\'(sapture processes. Then this report describes

poss

ble impacts and effects of the various impurities that may occur in the CO, stream on various

downstream elements of a CCS chain, includin éi)erational aspects, potential implications for health,
safetly and environmental issues, and quantifi€ation of greenhouse gas emissions.
.
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Carbon dioxide capture, transportation, and geological
storage — Cross Cutting Issues — COz stream composition

4 C
I —Scope

0 . " - " " . 0 . '\
The primary aim of this document is to describe the main compositional characteristic$\0f,thg CO,
stream downstream of the capture unit, taking into account common purification options Aecord ngly,
this document will characterize the different types of impurities and present examples a(cpncentratlons
determined in recent capture pilot projects as well as through literature review. It 1»dent1f1es ranges of

-

concentrations, glvmg pI‘lOI’lty to in situ measurements when available. =

1

The second aim of this document is to identify potential impacts of 1mpurm'é\s on all componerjts of
the CCS chain, from surface installations (including transport) to the storagé complex. For example,
impurities can have a significant effect on the phase behaviour of €O5/streams in relation to [their
concentration. Chemical effects also include the corrosion of metal$<"The composition of the CO,
stream can also influence the injectivity and the storage capagity,due to physical effects (su¢h as
density or viscosity changes) and geochemical reactions in the ne&efvou‘ In case of a leakage, toxi¢ and
ecotoxic effects of impurities contained in the leaking CO, stream could also impact the environment
surrounding the storage complex. 3

-

In order to ensure energy efficiency, proper operatioﬁ'(;sf the whole CCS chain and not to affe¢t its
surrounding environment, operators usually limit th.g\soncentrations of some impurities, which cap, in-
turn, influence the design of the capture equipmeafand purification steps. Such limits are case specific
and cannot be described in this report; however—,some examples of CO, stream specifications discyssed

\

in the literature are presented in Annex A. . N\

The required purity of the CO, stream (\ie‘{lvered from the capture plant will to a large degree depend
on the impurity levels that can be{aceepted and managed by the transport, injection and stqrage
operations. The capture plant operator‘s will therefore most probably need to purify the CO, streqm to
comply with the required transp@;t injection, storage specifications or with legal requirements.

Monitoring of the CO, stream( composmon plays an important role in the management of the entir¢ CCS
process. Methods of meas@iting the composition of the CO, stream and in particular the concentrafions
of impurities are descmkyd and other parameters relevant for monitoring at the various steps df the
CCS chain are descr1bgd‘

The 1nterplay etween the set COZ stream specifications and the efficiency of the entire CCS procgss is
also explam inally, the mixing of CO, streams coming from different sources before transpdrt or
storage 1s ad essed and the main benefits, risks and operational constraints are presented.

. \
2 ~Normative references

*THere are no normative references in this document.

3 Terms and definitions

31
CO, stream
stream consisting overwhelmingly of carbon dioxide

Note 1 to entry: The CO, stream typically includes impurities and may include substances added to the stream to
improve performance of CCS and/or to enable CO, detection.

[SOURCE: ISO 27917:2017, 3.2.10]

© IS0 2020 - All rights reserved 1
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3.2

CO, stream composition
concentration (generally expressed in fraction by volume) of each component of the COZ2 stream (3.1)

Note 1 to entry: The CO, stream composition is usually subject to regulatory discretion and approval. The CO,
stream composition can also be reported as a mass concentration (e.g. mg/m3).

3.3

CO, purity

percentage by volume of CO, as a component of the CO2 stream (3.1) ,‘
3.4 L)) o
impuyrities p\
non-L0, substances present in the CO2 stream (3.1) as captured or derived from source maberials or
the dapture process, or present as a result of mixing for transportation, or added, released, oxformed in

conjynction with sub-surface storage and/or leakage of CO, \

Note

> 4

N
1 to entry: As a subset of impurities, contaminants are non-CO, substances whose\presence in the CO,

streajm is generally unwanted.

Note
mandg

equip
[SOU

3.5
non-

2 to entry: As a subset of impurities, additives are substances added to this’tream for the purposes of
ging its physical or chemical behaviour (e.g., hydrate and corrosion inhibit@rs),for or from interaction with
ment (e.g., lubricants), or to track its distribution in the subsurface after.ué;e?:twn (geochemical tracers).

-
.

RCE: ISO 27917:2017, 3.2.18]

5
J

—~N

A=
condensable substances

chenjical substances that are partially in the vapour state &ﬁ)ipeline operating conditions.
o

Note

1 to entry: O,, N,, Ar, H, and CH, belong to this Categgr}’t

[SOURCE: ISO 27913:2016, 3.18] SO

x
v

\

4 $ymbols and abbreviated terl.ns:

In th
origi

Ar
As
BOS
°C
CCS
Cd
CH,
Co
co,
CoS
EOR

S)
Ls report volume fractions areéxpressed as % (1072) or ppm (10-°), in order to be in line with the
al publications and the usual technical exchanges within the CCS community.

Argon ,-'\/

Arsemc

- »

Basx Oxygen Steelmaking

\Degree Celsius

» Carbon Dioxide Capture and Storage

Yoy Cadmium

Methane

Carbon monoxide
Carbon dioxide
Carbonyl sulfide

Enhanced Oil Recovery

© IS0 2020 - All rights reserved
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EPA Environmental Protection Agency
etc. Et Cetera (Latin: And So Forth)
EU European Union
GD Guidance Document
aHG Greenhotse-Gastes)
H, Hydrogen . \\:,‘ ’
Hg Mercury \‘;\ v
H,0 Water QO )
H,S Hydrogen sulfide N
H,S0, Sulfuric acid b ‘\ ‘
i.e. Id est (Latin: that is) \‘." |
[EA International Energy Agency ‘f,\q‘
[EAGHG International Energy Agency Greenhouse (}fasé‘s R&D programme
IGCC Integrated gasification combined c&c‘ig:‘
[PCC Intergovernmental Panel on Cli.l;ré&e Change
K Potassium \\' ?
MDEA Methyldiethanolamin\e ',j'\
MEA Monoethanolam‘inel ’
Mn Manganese (. “5:‘
mg Milligram ‘
MPa Me.g:;\l%’aiscal
N, ‘:"’I\Iit?ogen
NETL X # National Energy Technology Laboratory
NHj3 \“\h~ Ammonia
Ni ‘\:‘" Nickel
'Nr\n3 Normal cubic meter-being a cubic meter at 101,325 kPa absolute and 273 K
NO Nitrogen monoxide
NO, Nitrogen dioxide
NO, Nitrogen oxides
0, Oxygen
OPS Office of Pipeline Safety

© IS0 2020 - All rights reserved 3
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Pb
PM

ppm

Psia

Lead

Particulate Matter

Se
SO,
SO

X

SOP
SRB
TME

TOE{

5

5.1

In th
desc

5.1.1

A nu
thers¢
from|
variq

Somg
of th
(IEA
(NO,
stregd

Impu
case
degr
part
fuel
are 4

(= ppmv) Parts per million (= Parts per million by volume) = 10-¢
Pounds per square inch absolute
SClClliulll
. . '\
Sulfur dioxide oly
)/
Sulfur oxides p\
7/
Standard operating procedures 4\
"\ 4
Sulphate Reducing Bacteria N
a2
5 Trace Metal Elements N N
. V
Trace Organic Elements N\ -
O
Dverview of chemical composition of CO, streams,_
®)
Overview <&
is clause available data on impurities present in COg$treams and the concentration ranges are
ribed for different CO, sources and capture technologies. In situ measurements are emphasized.
T . .. g
ypes of impurities \

RN
A

mber of gases could be present as impurities in the flue gas or process gas (before capture), and
fore are potentially present at the exit'of the capture process. Their concentrations vary greatly
one capture technology (or process)“ to another, due to the various reaction pathways and to the
us design options for capture ar‘ld‘p rification.

p gases (also called “non-condensable substances”) such as Ar, O,, and N, can reach several percent
e CO, stream at the immedi}?\\te exit from the capture process, before purification and compression
GHG, 2011)[%0], The cont(:fn‘t of H,0 (condensable) can also reach several percent there. Other gases

SO,, H,S, CO, and ethiers), although present at lower concentrations, could still influence CO,
m behaviour. \~:‘, '

rities other ;th':g\/gases have been reported in low concentration, (IEA-GHG, 2011)[40], and in the
of a postzéemPBustion capture process, solvents used in the process (e.g. amines or NH;) and their
hdation preducts could be present in the captured CO, stream. Further impurities could include
culatévynatter, trace metal elements (TMEs) and trace organic elements (TOEs), depending on the
/feedStock used. Intrinsic toxicity levels of TMEs and TOEs is often high, but concentration levels

sually very low.

When comparing data from different sites, an important difference between an industrial site and a
capture pilot plant is that the latter might not include a drying-compression phase before transport.

Ther

efore, differences in impurity concentrations could occur. When CO, is compressed, gases tend to

dissolve in condensed water at each compression stage and are therefore removed from the CO, stream
before transport. See also standard ISO 27913:2016[48] on pipeline transportation systems.

5.1.2 Measurements and estimates

It is necessary to distinguish i) data that are estimates resulting from modelling from ii) measurements
on the captured CO, stream. Published data, both measured and modelled, typically emphasize

4
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concentrations of main impurities. Here, we focus on measurements and quote modelling estimates
only where measurements are not available. However, modelling studies are also of value, because
process models enable, among other things, the representation of various combinations of impurity
concentrations. Other models allow predicting possible effects in other parts of the CCS chain, as will be
illustrated in Clause 6, e.g. for fluid density or chemical reactions.

5.1.3 Data sources

CO, stream composition data was compiled from existing literature by the expert group appoint¢d by
ISO/TC 265 from “WG5-Cross-cutting issues”, based on existing review reports (e.g., from intefhatjonal
organisations or research consortia) and on results from pilot, demonstration, or commercral’prOJects

in Europe, North America, Australia, and Japan. ‘\
\4
Note Examples of regulatory requirements, in relation with these projects, are given4imAnnex B.

N\ 4
The bulk of this document's data compilation was drawn from several review publications and reports:
N\
a) Anheden, et al. (2004)[Z]: summarises impurities by capture progessifbefore condensatiqn or
purification steps), N\

% |
e

b) IEAGHG (2004, 2011)[321[40] review reports, NV
qi

c) Farret, etal., 2012[32]: review report of the French ClubCOZJ oA
d) Porter, et al., 2015[81l: complete review of concentratlons of impurities in power plants and in the

industry. -~
N 4

The present document draws heavily upon the abQ\(e\publications because they contain a signifficant
amount of data and because they generally idedtify the origins of these data. Of course, ¢ther
publications are also considered, as well as_ agher ISO works, such as Table A.1 from ISO/T(Q 265
standard 27913:2016[48] on pipeline transpolﬂta’tlon systems (see Annex B). References to publications
lacking data source are avoided. For pret _ga}nbustlon IGCC processes and for trace metals, many|data
encountered are unsourced. N

Capture and purification processqs dre evolving and generally purity levels have increased. Seyeral
regulatory regimes require the® ‘CO2 stream to consist “overwhelmingly” of CO,. This is pften
approximated as a purity ofatledst 95 % (cf. ISO 27913:2016 on pipeline transportation systems).

Data on CO, stream compg$ition are notreadily at hand. The literature is notrich and is especially sparse
on results from recentplants or pilot plants. Therefore, Technical Committee ISO/TC 265 addres$ed a
data call to its member countries and to operators. Some technology suppliers could not answef the
questionnaire for {proprietary reasons. Original data from five capture pilots and demonstratofs on
power plants an@ one on a hydrogen production plant were collected, most of them are compared below
to existinglitepdture.

.
‘,’

5.2 ‘I‘{ﬁnges of impurity concentrations for coal fired power plants
\.\
(5271 Gaseous components

-3

‘The composition of the CO, stream and thus the concentrations of the impurities varies from one
capture technology to another. The flue gas from oxy-combustion is enriched in CO,, SO, and other
minor components as a result of elimination of nitrogen from the air, and such products are then
removed or captured downstream in the CO, purification unit. Oxy-combustion contributes to
significant amounts of nitrogen, argon, and oxygen as well as oxidizing forms of sulfur and nitrogen
(i.e. NO,, SO,) in the CO, stream. Post-combustion capture technologies usually produce CO, streams of
high purlty also containing oxidizing impurities such as 0,, SO, and NO,. In contrast, pre-combustion
capture results in impurities with reducing properties such as H,, H, S or CO. However, even within
a single capture technology the variability of impurity concentratlons is high (up to two or three
orders of magnitude; Figure 1), depending on the process itself and on the final purification steps (e.g.,
desulfurization equipment). Porter, et al. (2015)[81] present a summary of ranges for impurities from

© IS0 2020 - All rights reserved 5
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commonly considered CO, capture technologies for coal fired power plants. This publication references
most of the previous publications, including individual results from specific plants. In Table 1 below,
only data referring to the final CO, stream (after pre-compression and purification in the case of oxy-
combustion) are reported, for common capture technologies.

Note Here, post-combustion capture technologies refer essentially to chemical absorption technologies
based on amine solvent. Other post-combustion technologies exist such as membrane-based CO, separation

process. The description of capture technologies is out of scope of this document. For more detailed information
see ICD/TR 27912 (201 "ﬂ Carbon dioxide capture systems, fpr‘hnn]nmpc equipment and processes for power and

1ndu<try[52]
" ’
Table 1 — Ranges from common CO, capture technologies for coal fired power plants\' V '
(data from Porter, et al. 2015[21])
Impurities Oxy-combustion with purification Precombustion Postcembustion
(ppm, l.”.dess Double flashing Distillation \
pecified —
differently) Min max min max min max = Min max
\r % vol 0,4 0,61 Trace 0,1 0,000 1 015 S/ 0,001 1 0,021
As 0,006 65 0,006 65, 0,08 0,08
Benzene 0,014 .01y 0,019 0,019
CH;0H 20 ~\200
CH, 0 ~47 112
Cl 17,5“ y 17,5 0,56 0,56
co 10 50 0 2000 1,2 10
H, %0 30 000
H,0 0 0 0 100\ 01 600 100 640
1,5/COS W, 0,2 34000
Hg AY - 0,000 584 0,000 584 0,024 9 0,024 9
N,, % vol 1,6 2,03 0,01 ARW0,2 0,0195 1 0,045 0,29
Naphthalene - 0,000 8 0,0008 0,001 2 0,001 2
NH, o 38 38
Ni Y 0,009 0,009 0,002 0,002
NO 400 400
NOx 0 150\“ 5 100 400 400 20 38,8
QY (1,5NO,)
D, % vol 1,05 ANH1,2 0,001 0,4 0 0 0,003 5 0,015
Pb \.:‘, g 0,004 5 0,004 5 0,001 0,001
Se '\:/\ 0,013 5 0,013 5 0,31 0,31
SO, R0 4500 0,1 50 25 25 1 67,1
NOTH “0” values,a‘é réported as such in Porter, et al. (2015); empty box indicates no available data as stated in Porter, et al. (2015).
N
For pxy- cohl‘bustlon Porter, et al. (2015)[81] integrated many references from previous industrial
and ‘esearch projects, 1nclud1ng measurements from the 1ndustr1al capture pilot at Schwarze Pumpe

(An VAR [111] - [81]
raw/dehumidified CO, (those data are not reported in Figure 1). For oxy-combustion a pre-compression
stage (15 bar to 30 bar) is usually performed before or during purification.

Further, Porter, et al.[81] compiled detailed data on CO, stream composition at different steps of the
capture process for the oxy-combustion pilot plant at Schwarze Pumpe: Before purification, CO, purity
is 87 % and O, content is 4 %, whereas after purification by rectification CO, purity is 99,9 % and O,
content is <0,001 %;. SO, concentrations decreased from <30 ppm before purification to <1 ppm after.
Similarly, NO, concentration is <350 ppm before purification and <10 ppm after purification.

6 © IS0 2020 - All rights reserved
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Figure 1 shows the ranges of impurity concentrations for oxy-combustion that are given in Table 3 of
Porter, et al. (2015)[81] after purification by double-flashing or distillation phase separation. They are

compared to recent values collected by ISO/TC 265 in 2017 on the Callide demonstrator plant.

2018.

Note Also considering Spero, C. Callide Oxyfuel Project — Final Results. Global CCS Institute, April
http://decarboni.se/sites/default/files/publications/202090/cop-finalresults-publicreport-march2018.pdf
6
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Figure 1 — Streams from oxy-combustieh technology from Porter, et al., 2015[81] (bars) a
recent values collected’ within ISO/TC 265 (symbols)

.\

»

NOTE As concerns the Callide demgns\trétor plant, data for CO, NO, and SO, represent maximum V

since measurements are below the detection limits for that specific project(13],
v

For post-combustion capture, (Ei wre 2 below compares the concentration ranges according to Taple 6

in Porter, et al. (2015)[81] to'valies recently collected within ISO/TC 265.
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Figure 2 — Impurity concentrations’for‘C0O, streams from post-combustion capture
friom Porter, et al., 2015811 (bars) and recent values collected within ISO/TC 265 (symbols)
v
NOTTI Arrows on the Figure 2 represg& ‘measurements that are below the detection limits for that specific
projet. !
Thesle data show high variabilit 2! of impurity concentrations, depending on the capture technology as
well ps site-specific process cbn igurations. This variability is further discussed in 5.4.1.
5.2.2 Trace elements®
Metdllic elements: 1n\he CO, stream originate in the feedstock or fuel (e.g., coal). Their concentration
is very low, hénce” they also called trace metallic elements or TMEs. IEAGHG (2011)[49] states that
merdury (Hg}\ban be expected to be present with pre- and post-combustion processes. Apps (2007)

(9] st
resu

htes(that'only Hg and Se are expected in high concentrations in gas phase, according to modelling
ts./Mdin values for metal concentrations are presented in Table 2 below.

-3

For

mercury, only estimated values were found 1n the literature (IEAGHG, 2002439 EC, 201127,

Apps, 200712]; Shah, et al., 2010[29]). The values are very low (sometimes below the detection limits) and
show high variability (see examples in Figure 3 below). Given the toxicity of mercury, it is suggested
that operators consider these reported concentrations with care and confirm by insitu measurements.
Mercury removal from the CO, stream is likely during the downstream compression/drying stages, but

unce

rtainties remain as it might be present both in the gas phase (because it is highly volatile) and in

the particulate phase, adsorbed on aerosols (EC, 2011[27]).
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oxycombustion Oxycombustion postcombustion Postcombustion 1GCC .‘
« »

Figure 3 — Hg concentrations (ppm) in the CO, streams captured frqm‘::\()al power plants by
different capture technologies estimated values, from Farret, etal. (2012)[33]

L)

-~
In contrast to metals, organics generally present no direct példtiénship between the elempntal
composition of the starting material and the subsequent concegt\fa\tion of organics in the CO, stream.
The concentration of organics is usually very low and dependssfrongly on reaction conditions diyrring
industrial processes (CO, generation and capture) including“géseous species, temperature, pressure,
and residence time. Examples for benzene and naphthalgng concentrations are given in Table 2 below.
N, 4

Table 2 — CO, impurities (trace elements) fr&n pulverized coal with post-combustion
(from Portéryet al., 2015[81])

MEA postcombusti&g plant Ave;‘a%le \glalues:[ofl rezlg\(;z%t] sZurcesz,Oig;l[I;]ding
Source E& 2{)1}[12] ! Oi)sirel,rliar?ni; & Rams’enI?gS(J’OB[ﬂ], ’
(estifiatéd data) Farret, et al. 2012331

€0, % v/v 99,7 —

Hg ppm (L3070,000 69 0,002 8

As ppm £J" 00055 0,002 2

Se ppm \\ 0,017 0,012 2

Mn ppm A\ 4 0,03

Ni ppm NN 0,002

Pb ppm N4 0,0011

Benzene ppni~ 0,019
Naphthal&geppm 0,001 2

)

e 4

5.2.3.\‘ Particulate matter

-

SPdrticulate matter in solid or liquid form is a matter of concern in common industrial applications not
speciiic to CCS, e.g. turbo machinery or jet engines. Particles 1n gas streams could considerably 1ncrease
wear, e.g. in pipes or turbo machinery used for compression of gas streams for or during transport
(booster stations), especially if high pressures and high fluid velocities are achieved. Particulate matter
in the form of dust/particles or droplets can be present in captured CO, streams. For example, particulate
matter might result from combustion processes or capture processes that are based on chemical looping.
Post combustion capture applying amine solutions could introduce droplets into gas streams. Further
downstream, corrosion products could potentially be transported within the CO, stream.

Note Chemical looping consists of using a metal oxide as a bed material providing the oxygen for
combustion.
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5.3 Ranges of impurity concentrations from industrial emitters

Various industrial facilities emit considerable amounts of CO,. In principle two different cases can be
distinguished:

1) Energy-intensive industries, i.e. facilities requiring heat and/or other forms of energy for processing
of their materials, such as pulp and paper mills, or recycling glass fabrication. For these facilities,
application of post combustion or oxy-combustion capture technologies is comparable to their

2) Industry with process-related emissions, i.e. facilities processing raw materials, that emit Cdz
{treams of variable compositions, e.g., H, production, cement and lime Kkilns, integrated\ir‘e and
¢teel works, and bio-gas works. ¢\

For poth cases, various options for CO, capture exist that can be retrofitted oy Integrated into

production processes. Some raw materials contain carbon and other elements that axé\wéleased during
the grocessing leading to a further diversification of the resulting CO, streams. T}Ieapplication of CCS
in influstry sectors could represent half of the emissions reductions achieved-litaugh CCS by 2050 as
mentioned in IEA (2013)[28] and GCCSI (2016)I34l, oV

As compared to power plants described in 4.2, fewer data are availablg®on’ CO, stream compositions
from|industrial facilities. One reason is that only very recently have thg#i¥st pilot plants been set up for
captyring CO, from industrial facilities that do not remove CO, from t‘hé product stream as part of their

overgll production process. -
~N

N 4

5.3.1 Cement industry ) X

LR

o)
The fement industry is globally one of the major COZ.'e'nXitting industries. Cement production takes
placg on all inhabited continents in large scale plants&'Cement production consists of two major steps:

N\
1) ¢alcination, traditionally in shaft furnacesidwadays mostly in multi-stage cyclone preheaters
followed by pre-calciners (e.g., CEMCAR20%7118]);

2) (¢linker burning, mostly in long rotafy: kilns (ZEP, 2015[114]),
\ Y

The falcination process yields abafif 60 % of the plant’s total CO, emissions, and energy production
accopints for the remainder. The clinker burning process is typically fuelled by coal and/or refuse-
derived products (animal meal,-§ewage sludge, etc.).

Q‘ ~

CO, fapture strategies gnia-Cement plant include capturing the nearly pure CO, stream from the
calcipation process, usigsoxy-combustion in the rotary kiln, and applying post-combustion capture
procgsses to the mixpd‘(gés streams from the calcination process and rotary kiln. Another envisaged
optign is calciumJoepifig, in which the plant’s first semi-product, the burnt lime, is used as an absorbent.

o A

co, oncentrat'{b}in cement plant flue gas is about 15 %-30 % (e.g., CEMCAP, 20171181), which is higher
than(in flu¢gases from fossil fuel power plants. The CO, stream composition after capture depends on
whete and-ow the CO, is captured as well as on the type of fuel burnt and its composition.

e N

The enient industry is presently testing CO, capture in pilot plants in several countries including
Norway, Belgium, the U.S., and China (e.g. LEILAC, 2016[%0], Jordal, et al., 2017[36]). So far, measured
composition data on CO, streams captured from these pilot plants have not been published. For
reference, estimated/modelled values for CO, stream composition from post-combustion capture
(amine scrubbing) at a cement plant are given in Table 3.
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Table 3 — Modelled stream composition — Cement plant
(EC, 2011[27], quoted by Porter, et al., 2015[21])

Substance N, H,0 0, Ar Co NO, SO, Se As Hg
Content 893 640 35 11 1,2 0,86 <0,1 | 0,0088 | 0,0029 | 0,0007
(ppm)

5.3.2 Iron and Steel industry

*

2+ b . H .

Pre- and post-combustion options exist for capturing CO, from the Blast Furnace Gas (BFG)frpmh

the

iron and steel industry. There are a couple of methods as pre-combustion processing of\BEG. One is
chemical absorption process or physical adsorption process without extra compression, AnotHer is

pre-combustion processing of the BFG involving filtration, compression, saturation, shifting, cool

ing,

and CO, separation. The resultant CO, stream will be similar in composition te_that obtained from
pre-combustion capture in coal-fired power plants (Integrated coal Gasification Gombined Cycle-1G:CC),

e.g. the Nuon Power Station at Buggenum (Netherlands; e.g. EPRI, 20071301). 4%,

a2

In post-combustion capture from BFG the fuel is burned in a steam-'r\alsing boiler and the CpP, is
captured by amine or ammonia scrubbing or a similar process. For post-cambustion capture processes,
experience at power plants equipped with similar post—combustK{n‘ capture facilities can provide

information on resultant CO, stream composition.

@
\

While blast furnaces produce iron, steelmaking requires decrgés*ing the carbon content of pig iron| The
process most often used is called Basic Oxygen Steelmaking)BOS) and it liberates a CO and CO4-rich
gas called BOS gas. Flue gas of BOS gas combustion is dlsg/a candidate for CO, capture. A new prgject,
3D, funded by H2020, started in May 2019 in Dunkirk\iff France to demonstrate the capture technglogy

developed by IFPEn and called DMX. The main purpdse'is to capture CO, from Blast furnace flue gas.
R

-~
5.3.3 H, production F

The CO, stream captured at H, productior}'p}ants based on steam methane reforming is usually of|high
purity (typically >99 vol % CO,). The pfocess of steam methane reforming is similar to the procg¢sses
in pre-combustion plants; however,sually the feedstock for H, production is natural gas instepd of
coal. The natural gas is typicallyypre-processed to remove the majority of H,S, N,, and CO, to comply
with gas transportation standands and contracts. Some traces of H,, CO, and CH, can remain pfter
cryogenic physical separatidgprocess for H, production (as in the Cryocap project in Le Havre, France).

For absorption-based process, traces of methanol and amines can be also present in the captured
stream depending on ‘thersolvents used. As an example, Table 4 shows estimated values for the

co,
co,

stream composition OI the CCS demonstration project in Tomakomai, Japan. The CO, source is pregsure

swing adsorption{(PSA) off-gas from an H, production unit of a petroleum refining plant, and
capture is peer{med by amine scrubbing.

co,

* \/
Q‘: Table 4 — Production plant, estimated value (Tomakomai, Japan)
Substince H, CH, o N, 0, co,
Cantent (% v/v) 0,22 0,06 0,02 Nil Nil 99,7
) !

-3

5.4.1 Variability among processes and industries

The reported impurity concentrations are highly variable because the impurities in the CO, stream
affected by many factors including the fuel and raw materials, the mode of operation of the emitter,
capture technology applied, and the purification steps.

are
the

The types of processes for CO, generation and CO, capture influence the impurity concentrations in the
captured CO, stream, as shown above for power plants. In addition, final purification is used to manage
stream composition, through desulfurization, ash/particle removal, reduction of NO, applied to the flue
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gas, stripping and/or dehydration. During compression the stream composition is sometimes further
modified. However, post-capture purification steps have additional cost and demand energy; therefore,
an operator might be able to optimise operations of the CO, stream purification in order to produce a
stream of acceptable quality at reasonable cost. Operators also could consider site-specific studies for
the design and economics of the CCS chain, together with risk and impact studies, in order to adapt and
optimise the CO, stream composition (see also 8.1).

Overall, the concentrations of impurities in the captured CO, stream depend strongly on the intent of
the gperatorand-theconcomitantdesigmof thecaptureprocessandoperatiomatmode—theoperator’s
intent is project-specific and related to the designated downstream part of the CCS chain, with+j
technpical requirements for CO, transportation and storage to be met and ii) legal constraints, that@pe’
ofter] aiming at ensuring safety and avoiding environmental impacts. N

To r¢duce capture cost, ideas have been developed in the first decade of this millennium}oJ inject
and tore SO, and NO, together with CO,. Later, in pilot projects, it has been consideredyecessary to
remgve SO,, NO,, and other impurities for technical reasons. Also, the efficiency of eaptire processes
and )urlflcatlon strategies has generally improved with time. For these reasons, nevEEr processes (or
captyire pilot plants) usually produce CO, streams with higher purity. This is illugtrated in Farret, et al.
(201p)[32] where results published before and after 2007 are distinguished &~*¢specially as concerns
SO,, NO,, NH3, H,S. The present document reflects this tendency as many Q)ncentratlons obtained in
2017 w1th1n ISO/TC 265 are lower than the ranges published earlier. '

-

5.4.1 Compositional stability and potential chemical reactionswithin CO, streams
)

The Initial composition of the CO, stream after CO, capture mighgchange further downstream due to:
UG 4

i) ¢ompression and conditioning — i.e. by changing pressu(eand temperature conditions and thereby
odifying solubility limits of the impurities in the G@sStreams;

’l
if) further purification — i.e. by an intended remgvalief one or more impurities;

AN
ies . . a . N
iii) reactions of impurities with each other; X
A

iv) rteactions of impurities with the surroundings, e.g. pipeline walls or underground water.
v

These processes might also result ig the formation of new phases, e.g. by condensation of acids or
formfation of elemental sulfur, dependmg on the impurities initially present. Phase equilibria between
the O, stream and the newly formed phases could be shifted if these newly formed phases further react
with|their “containment and/erSturroundings” as in the corrosion of components and pipes (see 5.2.1).
For gxample, SO, has the poﬂent’ial to deposit elemental sulfur in the presence of NO, (Dugstad, et al,,
2014{1]). In the presence’ef\H;0, SO,, NO, and O, sulfuric and/or nitric acid could form and condense.
The pxtent of acid fosmation and condensation as well as the exact composition of the condensates
strongly depends on the CO, stream composition and temperature (Soheil, et al., 2014[23]).

If COp, streams of*@l‘t'ferent composition are mixed, e.g. in a pipeline network, additional reactions could
occuf if the CO)streams contain impurities of more diverse chemical reactivities (see 8.1).

Predjictiyé }nodelhng would be desirable to predict (geo-)technically relevant reactions, so that CO,
stregm. cbmp051t10n could be adapted if necessary However correspondlng predlctlve modelhng

conditions encountered durlng transport, 1n]ect10n and storage Laboratory experlments and in- s1tu
injection experiments can help to characterize the effects of various impurities in CO, streams on the
operation and long-term safety of CCS projects.

6 Impacts of impurities
The individual impurities can have (very) different physical and chemical properties. Accordingly, the

presence of impurities in the CO, stream can have a range of physical, chemical, microbiological, and
toxic effects, as reviewed in the following section. These effects depend on the range of impurities
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present and on the impurity concentrations. As different impurities might interact, properties and
impacts of individual impurities are considered not only individually but also collectively.

6.1 Physical impacts

6.1.1 Overview

Impurities can affect the thermodynamicand transport properties (collectively denoted thermaphysical
properties) of the CO, stream. By reducing the overall efficiency of the CCS technology, or by in¢feasing
the cost of the project, the physical effects of impurities can have major consequences aleng thg CCS
chain, so it is useful to assess and forecast these effects. Some of the most affected propertiesiare ljsted
here, together with examples relevant for practical application (Munkejord, et al., 2016[\7{]3‘.

—  Phase behaviour. The gas-liquid equilibrium determines e.g. the highest pressiire at which a [two-
phase state can be found, and liquid-liquid equilibrium is relevant for the sysgeim CO,-water, pince
the appearance of a water-rich phase severely affects corrosion; N
a2
— Density is an important parameter in the dimensioning of pipelinas‘, vessels, compressors| and
pumps. It is also needed for fiscal metering, if the meters provide ¥olume flows. In the stqrage
reservoir an increase in the density of the injectate allows a givielr formation to contain a greater
mass of the injectate than would otherwise be the case; _ \',
A

— Speed of sound determines the flow rate in choked leV\’/;o‘It is an important parameter in the
dimensioning of pipelines against running ductile fractue;

~N
— Viscosity is needed in calculating pressure drop irkl‘)\ip‘es, in designing processing equipment, apd in
subsurface reservoir flow modelling; <\
b O
— Thermal conductivity and heat capacity are needed for heat-transfer calculations and heat-
exchanger design. N\g

N
The above properties depend to a greater®or lesser extent on CO, stream composition. Implications for
transportation and storage are desctibed in 6.1.2 and 6.1.3, respectively.
e

A potential impactrelates to partic‘hlate matter if present as outlined in 5.2.3 such as compressor fouling
that might occur with particul»a:cé sizes <1 um. Greater particle size is only tolerable in a compresgor if
these particles are hard and¢elatively dry, so that they will not agglomerate on the compressor fotor
surfaces. ¥

Various filters are US’e‘d/to remove particles. Particle sizes and the target particle concentrations
determine filter effic‘lency: the smaller the particles and the lower the target concentrations, the
higher the pressuve drop, filter size, energy demand, and cost of particle filters. In challenging dases,
progressivelelne filters are usually combined in series. Porous filter materials become particle-loaded
with timggrequiring replacement or reactivation. Porous rocks in the subsurface also functign as
filterstutd velocities decrease radially around injection wells as particles settle out of the CO, stfeam
whendthiey slow down. Some particles such as alkaline earth oxides stick on wet grain surfaces of
aquifers. They can coagulate/agglomerate as a result of reactions with brine and water to hydrokides
(o bicarbonates. These deposits can reduce the reservoir’s permeability and injectivity. Thergfore,
particles are usually removed from CO, streams at surface installation. Filter maintenance is egasier
than subsurface reservoir remediation. The effect of particulate matter is not described further in this
report, but 6.2.1.2 and 6.2.2.1 discuss the impact of corrosion upon injection wells, which can result in
the injection of particulates into the reservoir

6.1.2 Effect on transportation (pipeline and ship transportation)

The impurities present in CO, streams are important for the design of CO, pipeline and ship
transportation, as they affect, e.g. operating pressure, temperature, fluid density, safety considerations,
fracture control, and cloud dispersion in the event of a release (IEAGHG, 2016[42]), ISO 27913[48]
addresses, amongst other matters, the effect of impurities on transportation by pipeline of CO, streams.
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In the following text and in Table 5, we summarize issues concerning density, viscosity, phase behaviour,
and phase equilibria."

Table 5 — Summary of physical impacts on transportation

Species/ | Characteristics of Effect on Potential Reference
substances the species CO, stream effect/impact
Globally decrease |For an equal volume Munkejord, et al., 2016[71]
‘l the density of the |flow, the quantity of
Impurities in CO, stream CO, transported will be =\
generral lower, hence decreasing N
the efficiency of the N\
transportation chain \
Higher maximum |Larger propensity to Munkejord, et alf, Z016[8071],
two-phase ductile fracture IEAGHG, 2011@1»
pressure Maior leak with a Cosham, etal, 2014[21]
a) 1 Nordhagen,etal. 20171Z¢]

0, N, Ar, widely open fracture QR

H,.. Non-condensable |Reduce density, Increase in highest IEAGH.G, 2011[4640]
increase volume, |pressure of two-phase |Mahitpour, et al., 2012[62],
change shape of  |gas-liquid state Povter, et al., 2015(81],
phase envelope _ “Munkejord, et al., 2016[71],

/' |IEAGHG, 2016[42]
P . Y o [Z]

H,S hnd NOX Deposition of Interruption to floy Dugstad, et al.2014

elemental sulfur of
Hydration Hydrates Interruptiontd flow IEAGHG, 201642
H,0 i \ ¥,
ormation A
WO

6.1.1.1 Density and viscosity N g

The presence of impurities can influence the de«néity and viscosity of the CO, stream. For pipeline

trangport, a high density is advantageous, singe"in this case mass flow rates can be higher, and pipe

diameters smaller. In turn, the presence offnon-condensable impurities such as Ar, N,, or O, in high

conc
phas|
low

diam
tran
decr
pres

6.1.2

Impy

entrations (e.g. from oxy-combustion).could lead to an increase in pipeline diameters for dense
e CO, transport, which would réise’the capital cost (IEAGHG, 2016[42]). For H,, the effect of its
molecular weight is also significant in reducing stream density and/or requiring larger pipeline
eters (IEAGHG, 2011[49]). A lgwer viscosity, as e.g. induced by Ar and/or N,, will facilitate pipeline
port (IEAGHG, 201149 yPorter, et al., 2015[81]), because the pressure drop along the pipeline
bases and less compression energy is needed. However, for fully turbulent flow, the sensitivity of
sure drop to viscosity. isTow.

.2 Phase behaviour and phase equilibria

rities als@affect CO, phase behaviour (Span, et al., 2013[2%], Lgvseth, et al., 2016[1001). As discussed

in the reviewaDy Munkejord, et al., (2016)[Z1] data are currently lacking for several relevant binary

systg

ms.( 5"

.

The ¢

dexistence of two fluid phases (liquid and gas) in pumps and compressors can cause hydrodynamic

effec

ts resulting 1n maltunction or damage of such equipment. The operation of pipes 1n a two-phase

state requires special care. For pure CO,, two phases can coexist in thermodynamic equilibrium along
the phase boundary line in the pressure-temperature space, between the triple and the critical point.
Additional components (such as impurities in the CO, stream) add an additional degree of freedom to
the thermodynamic system and the phase boundary line widens up into a two-phase space. Thus, most
impurities will increase the highest temperature and the highest pressure below which a two-phase

gas-1

14

iquid state can exist. Therefore, a higher operating pressure is necessary to maintain the flow in
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a single dense phase, as compared to pure CO,, and more compression energy is also needed (Ceroni,
2014019],

Note For short transport distances, two-phase conditions can also be avoided by keeping the temperature
of the CO, stream sufficiently high, and pipes thermally insulated.

A higher maximum two-phase pressure, caused by H, for instance (IEAGHG, 2016[42]), increases
the risk of a ductile fracture of a pipeline. This kind of fracture can open widely causing a major
leak. Use of higher-strength (e.g. thicker) pipeline can reduce this risk (Cosham, et al, 2014[21]

Nordhagen, et al, 2017[76])

r‘

The presence of water as a separate phase can lead to hydrate formation depending_ oI ~f)re<sure
and temperature, which can cause blockages leading to dramatic flow interruptions®Te inclyision
of chemical inhibitors such as glycol can decrease or prevent formation of a separate’water phase.
(IEAGHG, 2016[421). However, the presence of glycol sometimes increases corrosion, Fhe present r¢port
does not address the possible influence of impurities on hydrate formation. \\"4

N
H,S and SO, cause negligible reduction of the solubility of water in the CO, ‘st:re\eam.

Ship transport of CO, is considered to be economically viable for relativéﬂy long transport distances or
small volumes (e.g. Barrio, et al., 2005[16]; Munkejord, et al., 2016[71]) M addition, the flexibility of $hips
could have an advantage in early CCS deployment. Ship transportjs currently considered at low (6[bar-
8 bar), medium (15 bar) and high pressure (45 bar-60 bar) (N rweglan Ministry of Petroleun] and
Energy, 2016[ZZ]). From a pure ship transport point of view,JJoWw pressure (with a corresponding low
temperature) is considered optimal due to the high liquid debsity and low gas density (Aspelund, ¢t al.,
2006[1091). Very few studies have included the impact ef"CO2 stream composition on ship transport.
Engel and Kather (2018)[22] considered the 11quefact on°of a pipeline CO, stream. They found that an
increased impurity concentration lead to an 1ncrea{‘r energy demand of the liquefaction process, and
to a shift from electrical to thermal energy demand' or the injection. Further open technical questions
related to ship transport include(a) optimal mpegratlon of the liquefaction process with the capture
process, (b) the possible formation of solid Q » at low pressures, and (c) the implications on loading/
unloading and other operational procedurek

6.1.3 Effect on geological storage* y

S)
6.1.3.1 Density and buoyaiicy

IEAGHG (2011)[44] have conducted a study on the effect of impurities on CO, stream density] and
storage capacity. Onesifngortant finding is the existence of a minimum or a maximum storage capfcity
depending on the COz stream composition. As already explained, the presence of non-condengable
impurities result-s In a density lower than that of pure CO,, leading to decreased CO, storage cappcity
and increased b\loyancy in saline aquifers (Wang, 2015[109]). The non-condensable impurities gendrally
reduce the dBr/s1ty of the CO, phase under storage conditions (Yan, et al., 20091113]). An example is

hown in ure 4.
sho 1¢~E\xg

X\ . . . . .
In conteast, inclusion of the condensable SO, in CO, streams results in a higher density than pure| CO,.
However, the high solubility of SO, in water may generate integrity concerns in the near wellbore r¢gion
+{1’e. corrosion of cement and/or casing, see also 6.2).
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F;lﬁ_ure 4 — Calculated density of an assumed«0, stream from oxy-combustion as a function

depth for typical hydrostatic pressure.and temperature gradients in the subsurface (1)
compared to pure CO, (2)[Modified from May, et al. (2009)[67]]

X

hon-condensable impurities such: g§ Ar, N,, 0, and H, generally reduce the density of CO, under
ge conditions (Yan, et al., 2009#13]), in special cases up to 50 % (between 800 m and 900 m depth),
w purification levels. This results in a reduction of the storage capacity, that can be greater than
holar volume fraction of the*impurities. Effects of impurities in the CO, plume can be visualised
ing “normalised storage capacities”, i.e. expressing storage capacities as a ratio between storage

cities of a pure and;a‘miked CO, stream.

er elements cpgt;hned in the CO, stream will increase its buoyancy (i.e. the density difference
een the COyfplurme and the formation water) in comparison to a pure CO, plume. Inferences about
cts of impuzﬁties on buoyancy and storage capacity in aquifers result from numerical simulations

Falculatetiie effects of the CO, phase density on the horizontal and vertical migration of a CO, plume.
\\
pletgd'natural gas reservoirs, mixing of the injected CO, stream with residual gas will produce a

COZ'

hatural gas mixture with lower density and CO, concentration than pure CO,, reducing CO, storage

capacity (Schoneich, et al., 2007281, The degree of mixing depends on the migration and expansion of
the injected CO, stream in heterogeneous reservoirs (Rebscher and Oldenburg, 2004)[84],

Over

all, the discussion above about the behaviour of a CO, plume is mainly valid for a homogeneous

porous medium (see Table 6 for the summary of physical impacts). The subsurface is not homogeneous
and discontinuities strongly affect the migration of fluids (as was shown with CO, injection in the Utsira

form

ation at Sleipner by Chadwick, et al., 2008)[20], While the density and buoyancy could be affected

in a range of up to 50 % (IEAGHG, 2011)[40], permeability in reservoir rocks usually varies over orders
of magnitudes and thus, heterogeneities are likely of much greater importance in controlling the fluid

migr

16

ation and trapping than the effects of impurities on fluid properties.
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Table 6 — Summary of physical impacts on geological storage (part 1, density and buoyancy)

Impurit Characteristics | Effect on Potential effect/ Rercr?:;::l?:/led Reference
p Y |ofthe impurities| CO, stream impact
comment
Decrease CO, 109

0. N. Ar H Non-condensable Lower storage capacity, Wang, 2015[109]

222 light* density |increase buoyancy in IEAGHG, 2016[42]

cahno Qq|||FﬂY‘C
Usual range of this ~
50, SO; NO, Cor;:izr\llsa*ble, Iggrrg?tse Increacs;: (;(ziztstorage impurity is too low Talmgng,OiS[m]
y y pacity to affect Nl
Significantly change | \o2
Re51dual gas CH,, H,S,N,, Decrease Change storage CQletream COl’I:lpO‘-‘ JSchoneich, et al.,
4 H29, Ny g g
in depleted : : sition due to highdy,
. CO,...- density capacity 200712¢]
gas reservoir partial pressureof
re51dual‘g
*  Light, heavy: Molecular weight lower or higher than that of CO,. )
-
L
6.1.3.2 Interfacial tension and viscosity V'

Non-condensable impurities such as N,, O,, Ar, and CH, WIIl“i}lcrease the plume/brine interfacial
tension (IFT). Higher IFT increases the capillary pressure and 1mproves the trapping of CO, bubblgs by

imbibing formation water.
\

In the presence of SO, the interfacial tension decreis\es' linearly with increasing SO, concentrption
(Saraji, et al., 2014[23]). Similar effects on the interfaéial tension of CO,/brine in the presence of angther
acid gas, i.e. H,S, are reported (Shah, et al., 2008[22R

Literature is very scarce on the impacts ofxfnf)urltles on viscosity. IEAGHG (2011)[49] note thaft the
viscosity of dense-phase CO, can be lowéredl at pore scale by some impurities such as N,, 0, and Ar,
affecting the migration of the CO, stréant®in the reservoir. Depending on the reservoir structure [spill
point, layering, heterogeneities, etc.);€hanges of viscosity can lead to an increase or decrease of stqrage

capacity. A
Q
Table 7 — Summary of pliysical impacts on underground storage (part 2, interfacial tension
% and viscosity)

Impurities()” ’ Effect on Potential Reference
p N\ CO, stream effect/impact
Sy~ ; ; Saraji, et al., 2014[23]
SQZ\HZS Decrease 1r_1terfac1al Affect storage capacity J
<\~ tension Shah, et al., 200829
7 Increase the plume Increase capillar
A4 p pillary
[N, 05, Ar, CH, interfacial tension | pressure and improve
\“‘ y (IFT) residual trapping
(Y N,, 0,, Ar Decrease viscosity Affect migration IEAGHG 2011[49]
Sy of CO, plume

6.1.3.3 Phase equilibria, impurity dissolution and migration

The impact of impurities in CO, streams on phase equilibria has been described in 6.1.2.2 and the
resulting effects will impact storage also, e.g. impurities raise the possibility of hydrate formation in
the case of storage in depleted natural gas reservoirs. Formation of two CO,-rich phases of different
density could occur at storage conditions close to the critical point of CO,. The relative permeability
of these two phases will be lower compared to a homogenous fluid CO, phase and it could reduce their
mobility. Higher injection pressures may be needed for avoiding two-phase flow within a CO, plume in
the storage reservoir than anticipated for pure CO,.
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Following CO, injection, impurities are initially present in the reservoir as part of the CO, stream and
will migrate with the CO, stream. While migrating, impurities partially dissolve in the formation water.
The extent of impurity dissolution at a given location in the reservoir will depend on each impurity’s
overall solubility, dissolution kinetics, its diffusion behaviour in the CO, plume and the formation water
and its reactivity after dissolution (e.g. Amshoff, et al. 2018[4] & 2019[3]). These parameters are different
for each impurity. Further, each impurity’s solubility and dissolution kinetics depend, e.g., on prevailing
pressure and temperature conditions and on formation water composition. In general, the solubility
of SO, in saline water is much higher than that of NO, and O,. In consequence, in the reservoir NO,

(and[0,) maybe transported to greater distance from the injection well than SO,. (TEAGHG, 201121},
Thug, a detailed knowledge which impurity is present in which concentration at a given location in the;
stordge reservoir after a certain injection period allows for a better prediction of geochemical reactmns
and related geotechnical consequences (see also 6.2.2). It is currently unknown whether the pl:esence
of impurities affects solubility trapping of the CO, plume phase, due to a lack of experlmental data.

6.2 | Chemical impacts

-

"\ 4

'\\

Depgnding on the chemical properties of each of the impurities, their presence mggifies the chemical
propgrties and in particular the reactivity of the CO, stream. Further, cross-chemiCal reactions between
diffepent impurities could also occur within the CO, stream leading to the formation of new impurities
(such as acids) and the reduction of concentrations of other impurities,/}g*the following, chemical
impdcts of impurities on the corrosion of metallic materials are describgd/(both in surface transport
equipment and in injection wells). Further subclauses deal with chemigalimpacts on geological storage,
including interactions with the storage system, the overburden and Wel] cements.

6.2.1 Corrosion of metallic materials

6.2.1.1 Surface transport equipment

Pipelines carrying dense phase pure, dry CO, are notaffected by corrosion. However, impurities in the

CO, gtream might affect the corrosivity. \J

H,0 fissolved in the CO2 stream is not corrosiye, but free water can result in the formation of carbonic
acid |(H,CO3), which is highly corrosive (Andersson 2008I[3]; see Figure 5). Carbon steel can suffer
genefal or pitting corrosion, at a raté Qf‘more than 1.0mm/year in wet pure CO, (Mohitpour, et al,,

20120©91). The solubility of water 41 a*pure dense phase CO, stream is a function of pressure and
temperature as the solubility decreases with decreasing temperature and pressure (De Visser, et al.,

2009[22]). Experimental studies w1th dense-phase mixtures of CO, and water show that the corrosion
rate [increases with 1ncreas»ng€emperature Although a protective FeCO; corrosion product film can
form{when the concentratien‘of dissolved corrosion products becomes high, the film can fail and permit

high[localised Corrosiog:r’ates (Dugstad, 2010[2]),

% \‘/
o".
“\
« .\\
\\
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aqueous phase

dissociation
electrochemical reactions
iron carbonate precipitation

by-products. Also, when impuritie
CO, stream, there are a numbe
sulfuric/sulfurous acid, nitric
provoke corrosion. These
(see Annex A). The prese
promote the formatio
separate aqueous p

Figure 5 — Carbon steel pipelin

osion mechanisms (Andersson, 2008)[3]

Other components such as SO, and NOy¢an also dissolve in free water to form corrosive and
e H,0, SO,, NO,, O,, CO, and H,S are present together in the
ssible cross-chemical reactions that have the potential to
, and/or elemental sulfur, which form separate phases and thdreby
us (acidic) phases can form at water contents of less than 100
f amines, MeOH, EtOH, glycols, and other water-soluble components

aqueous phase and reduce the concentration of water in the CO, at whHich a
s formed.

acid

form

ppm
will

the

will be project specific (see Annex A). Table 8 summarizes the effects of impuritig¢s on

Table 8 — Summary of chemical impacts — Corrosion of transport pipeline

g;). L. Characteristics Effects on Potential RecommenQed Pt
THPEEEES 1 of the impurity | CO, stream effects/impact EaSTRES RETETERE
comment
_ Form sulfurl_c/ Acid condensa- Negligible when
SO,, NO,, 0,, Possibly react sulfurous acid, tion triceerin water content (or IEAGHG. 2011140]
CO and H,S | cross-chemically |nitric acid or ele- SECTING | content of other ’
corrosion . e N
mental sulfur impurities) is low
Corrosion and .
formation of pro- | Corrosion negli- | Dugstad, 201012,
H,0 Solubilization Form H,CO; | tective corrosion | gible when water | pe Visser, et al.,
product films content is low 200822
(FeCO5)
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Table 8 (continued)
s Characteristics Effects on Potential Recommended
Impurities . . . measure/ Reference
of the impurity | CO, stream effects/impact comment

Form an aque-
ous phase and . Depend on impuri-
Corrosion .
reduce the H,0 ty concentrations
concentration

Amines, CHy,
Ethane, gly- Water soluble
cols, etc.

I-‘
6.2.1.2 Impact on injection wells OV

b
reservoir, water will dissolve in the CO, phase while CO, (and impurities) will partiall dj}solve

with{a range of CO, arrival rates within the limits of the capture plant(s)Jand surface equipment,
ther¢fore causing changes in flow rate or even temporary shut off. g

) 4

injection stops, temperature increases at the bottom of the COZ‘coT}T\mn. When the water dissolves
in the CO, phase and the water-enriched CO, phase moves upwards (hy-Convection and diffusion), water
can ¢ondense further up in the CO, column where the temperature”s lower, so that an aqueous phase
is likely to appear. Where the tubing material is exposed to,s¥ch'environments, pitting corrosion and
cracking are likely to occur. The corrosivity of the brine and‘ef the condensed aqueous phase depends
on the amount and type of impurities and reaction produéts that partition to the water phases. Some
impyrities (SO,, NO,) and reaction products (H,SOg; .'Hﬁ'Os,) strongly prefer the water phase while
impyrities like O, and H,S are expected to be present\‘in'significant amounts in both phases.

AN

RN
A

6.2. Impacts on geological storage systemy.*

!

6.2.2.1 Impacts onreservoir and caprocks
\ Yy

emical reactions of CO, stredsiywith formation fluids and rocks can result in the alteration of
the fock matrix by changing theiabundance, type, shape, and texture of the rock-forming minerals.
New|minerals can form in the-pore space or replace primary minerals. These reactions might be of
geomechanical relevance, prbvﬁied the amounts of reactants and products are sufficient. Injectivity,
stordge capacity, mechanical strength, and storage safety could be affected by geochemical reactions
in a positive or negativesway. Whether a reaction is beneficial, insignificant, or problematic for storage
depends on its reactk} rate and position within a storage complex: Reactions resulting in a gain of
porokity could en.h?a,t\lce permeability and injectivity of the reservoir if they occur close to wells, while
such|reactions’eotild be problematic for the integrity of a caprock. On the contrary, reactions increasing
the yolumefradtion of solid phases in the rock can reduce permeability which could be beneficial for
stordge safety if caprocks are affected. Moreover, such reactions might be considered positive for
rese Vpir\r‘o'cks if they are slow enough not to markedly reduce injectivity during the operation phase of
a stopage site but reduce plume mobility in the long term. Particulate matter in the injected CO, stream

can also create deposits and cause pore plugging and injectivity reduction. For example, particles can
coagulate by reactions with brine and water to hydroxides or bicarbonates.

Which geochemical reactions occur in a storage complex depends, among other things, on the site-
specific compositions of rocks and formation water. Porous, low saline sandstone aquifers composed
overwhelmingly of stable minerals, mainly quartz, are less prone to geomechanically relevant alteration
than aquifers containing brines of high salinity or aquifers composed of sandstones where quartz grains
are held together e.g. by clay minerals or carbonates. Arkoses or greywackes that contain feldspar or
rock fragments (besides quartz grains) may be suitable reservoir rocks, however these grains are also
susceptible to geochemical alteration. Reservoirs made up of carbonates or basic volcanic rocks, such as
basalt, are sensitive to fast dissolution or alteration reactions, which places greater importance on the
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presence of high-quality caprock. On the other hand, these rocks facilitate the conversion of free CO, to
dissolved inorganic carbon species and solid carbonates, which will reduce the risk of leakage and the
volume of the CO, plume. Apart from common shale and clay rich caprocks, or less abundant ignimbrites,
that contain complex framework and sheet silicates of rather slow reactivity, anhydrite, rock salt, and
gypsum are important caprocks that are composed of chloride, sulfate, and carbonate minerals that
dissolve (and precipitate) relatively fast. These minerals are also common cement minerals within
clastic sedimentary rocks. Especially, rock salt, though an excellent low permeable rock, may become a
safety hazard if it is exposed to large volumes of undersaturated formation water.

CO, injection will provoke acidification of the formation water after its dissolution in water. hmapurities
add complexity to the range of possible reactions. For example, the presence of acidic gases'Su¢h as
SO, (and NO,) will further acidify the formation water particularly in the two-phase zoRg fformation
water/CO, plume) due to their preferential dissolution in the formation water (e.g., Talixah'(2015)[1011)
and the formation of (strong) acids reactions (e.g. SO, = H,505, H,S0,). .

-

The extent of acid formation depends on factors such as pressure, temperaturgy ‘ané the availabilfty of
oxidants, such as O, to oxidize SO, into H,SO,. NO, are known to catalyse tlm'}‘eaction. Consequé¢ntly,
by lowering the pH value of the formation water, SO, and other acidi'c'vl‘mpurities will enhance
dissolution of minerals there. Following any movement of the formati‘oﬁ\,water, dissolved specieg will
migrate. When the dissolved species reach the saturation limit, mi{;el‘l-als could begin to precipjtate.
However, precipitation of minerals can be very slow and kineticaly*hindered. Thus, not all mingrals
expected from thermodynamics will be formed in alteration reaétibns. Further, dissociation of sfrong
acids generates anions that may combine with cations dissolyé\d‘ in the formation water to precipitate
minerals such as baryte or anhydrite. Thus, SO, and other aeidforming impurities (NO,, SO,) couldhave
effects on the rock porosity, integrity, and injectivity asshas been shown by laboratory experinpents
(e.g., Pearce, et al., 2015a, b[Z9]; Mandalaparty, et al., 2090#5]; Dawson, et al., 2015[25]) and by modg¢lling
work (e.g., Azaroual, et al., 2008[12]) for different €ypeS$ of reservoir rocks. Results from experimpntal
and modelling studies have to be considered with*¢are when employing impurity concentrationg that
are much higher than those currently considetedin CO, streams (see Clause 6).

Apart from the acidification of formatjonswvaters by CO,, SO, and NO,, redox reactions could ¢ccur
when CO, streams contain redox-active ¥mpurities. Fe is a ubiquitous element, dissolved as Fe(II)-
species in reduced formation waters@r present in Fe(II)-containing minerals such as siderite (Fe{03).
Introduction of oxidants such as{O,.teads to the formation of Fe(IIl)-phases, that can replace prijnary
iron phases, or precipitate in thé{pore space. Reactions of iron minerals have been investigated for CO,
streams containing SO, or Q4 &g. by Garcia, et al., 2012351 (for FeOOH + S0,), Pearce, et al., 201579
(for FeCO5 + SO,) and Waldmann, et al., 20141128] (for FeCO5 + 0,). In addition, in depleted hydrocarbon
reservoirs, the oxidatigiiof light organic components may result in the formation of heavy resldues
that may accumulatérand reduce permeability (“tar mats”). The presence of inert or non-condengable
impurities in the/dnjected CO, stream, such as Ar, N, and CH,, will have no or negligible geochemical
effects in the su\by,lrface.

Table 10 sumiwArizes the chemical effects of impurities on a geological storage system.

“\"~
6.2.2,2.' Impacts on well cements

The?well cements surrounding the borehole, immediately adjacent to the injection interval, may be

%altered by the impurities contained in the CO, stream. The project Puits CO, (2006-2010) fodused
oI studying threfmpact of acidgases o weltbore cements by taboratory experimrents—Thekinetics
of degradation was highly dependent on the medium — 6 mm/6 months in a mixture with reducing
impurities (CO,-H,S 97 %-3 %), and 6 mm/7 weeks for a CO, mixture with oxidizing impurities
(CO,-N0O,-S0,-0, 92,1 %-0,9 %-5 %-2 %). These conclusions differ from those obtained for pure CO,
(Kutchko, et al., 2011[22], Farret, et al., 2012[32]).

More details can be found in Carroll, et al. (2016)[1Z], who published a review of the various geochemical
and geomechanical effects affecting wellbore integrity for CCS projects including the consequences of
impurities in the CO, stream.
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6.2.2.3 Mobilization of secondary elements

Secondary elements are not impurities of the initial CO, stream. They are substances that are originally
present in the subsurface (reservoir, formation fluids, overburden, groundwater, soil) and can be
mobilized by geochemical reactions — and then become part of the CO,-rich phase or the aqueous
phase. Among them are trace elements, such as Trace Organic Elements (TOE) and Trace Metal Elements
(TME). Mobilisation of secondary elements does not create a specific risk as such. However, in case of a
leakage of CO, or brine, overlying aquifers might be contaminated. If the storage occurs in deep saline

could

O O O o U OIvVEd dlUl'dl 24d5€5 OI' depletled g cSCEI'VO dlUl'dl 2d5€5 W

ix with the CO, stream. In this case, natural gas components become part of the CO, stream that.

further migrate and leak. N\
e

Som¢ TOE and TME could also be present as impurities in the initial CO, stream (Table 9). g'\\/vever

thei
and

(9], Farret, et al. (2012)[32], Lions, et al., (2015)[61],

The

1] concentration in the initial CO, stream is likely to be by far lower than the concentration of TOE
TME taken up from the subsurface as secondary elements as pointed out e.g. by Apps;etal. (2007)

'\\

Feactions involved in the mobilization of TME and TOE and their partitionifgprocesses are not

known in detail, and both are therefore difficult to quantify. Regarding the "I:OE, supercritical CO,

is a
acid

solvent and will dissolve organic matter. Regarding TME, formatian{water and groundwater
ification and modification of redox conditions due to CO, injection califdNfifluence the scavenging-

relegse process of TME by iron oxides (Zuddas, 2009[116]), In consequenLg,‘FME could be present in the
formpation water or groundwater, where they can be stabilized by fofmation chemical processes and

will follow the water flow. A comparison of TME concentration in CO} streams and in formation waters
is presented in Table 9. CX
N 4

Table 9 — Comparison of TME concentrations ig‘ﬁ » Streams and formation water

[Ceroni & Farret, 20161331]
Formation vVa:tér Formation water
CO, stream before COL'm)ection after CO, injection
e 18 mg/1
Min 1,2 x 102 mg/1 3 mg/1 (Kharaka, et al., 2009[58])
e/ (Kharaka, et al., 2009[>81)
2 x 10‘i:rng/l (Zuddas, 2009[11¢]) 2 x 102 mg/1 (Zuddas, 2009[116])
Pp 2 x 1072 mg/1 D
£2J10-5 mg/1 (Apps, 2007(9]) 104 mg/1 (Apps, 2007121

As cpncerns organic elements, fithe Frio in situ injection experiment (Kharaka, et al., 2009[28]) the
valug¢s of organic carbon dis§olved in the formation waters increased 20 days after the CO, injection by

mor

¢ than 2 orders of magnitude. The organic anion and BTEX concentrations of the water remained

beloy 1 mg/], neverthel&ssthe authors concluded that the increase in organic matter (volatile and semi-
volatjile compounds) is} result of the CO, injection. At the Ketzin experimental site in Germany, acetate
concpntration in th'q\/vellbore fluids had increased nearly 20-fold 1 month after injection (Vieth, et al,,
2009M197]), In addifion, laboratory leaching experiments show that the mobilization of organic matter
(inclpding BREX) and other species by supercritical CO, is possible not only in oil reservoirs but also in
aquifers ¢ontaining no oil.

.

)
) Table 10 — Summary of chemical impacts (storage)
Species/ Characteristics Potential Recommended
. . measure/ Reference
substances of the species effect/impact comment

Pearce 2015[Z9]

Generally low concen- | Talman 20151011,
tration of these impu- o
rities in CO, streams |Azaroual 2008112,

IEAGHG 2011[40]

Mineral dissolution and/

or precipitation affecting

porosity and mechanical
strength

Increase acidity of
SO,, NOx formation water;
provide anions

22

© IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=35e8df3a48e3e504c3b71f169eb8f4ec

Single user license - Pro Tem Committtee on CCUS (Subgroup A/B) - No reproduction or circulation

ISO/TR 27921:2020(E)

Table 10 (continued)
Species/ Characteristics Potential Recommended
. . measure/ Reference
substances of the species effect/impact
comment

Promotes formation of

strong acids from SOx Pearce 201579,
0, Oxidising gas and NOx; Waldmann, et al.

Oxidation of e.g. Fe(I1) ZUTZ {108}

minerals ™\
Oxidation of residual ¥ L\_J
oil. Formation of heavy N\
o residues (tar mat) in 2 1791

0, Oxidasing gas depleted reservoir. Peax;ce\20'15 2],

Decrease porosity and N Ny

permeability
'\
. . )| Apps 2007121
| App ,
Mobilized TMEs Potentially toxic Pollution of shallow Ground wafer ~ |Farret, etal., 2012[32],
and TOMs by X d water and subsurface N . 61
co impurity water in case of leakage treatment Lions, et al., 2015641,
2 & Kharaka, et al., 200p[38]

) 4
6.3 Impacts on microbial communities in the storagge,(?g)\tnplex

Overall, relatively few works deal with the impact of impvre CO, on the deep subsurface micr

communities and biogeochemical processes. Y,

Different studies show that the injection of high ambu\l’lts of pure CO, in deep reservoirs impact fj
microbial communities by decreasing its activit?:‘@\/lorozova, et al.,, 2010[7%]; Wragg, et al., 2013
Santillan, et al., 2013[24]). Then after this perigd’df activity decrease microbes seem to acclimate t
conditions and activity increases. \\
N

Trias, et al. (2017)[194] showed in the ffamrework of CARBFIX project that deep ecosystems can res
quickly to injections of CO,-charged'gfoundwater in a basaltic storage site. The CO, "feed" (75 %
24,2 % H,S-0,8 % H,) was obtaiged.from the purification of the geothermal gas harnessed by a ng
geothermal power plant. Inje¢tion of CO,-charged groundwater resulted in a marked decrease
factor of ~2,5-4) in microbialfichness. lons released by basalt dissolution sustained the grow
autotrophic and heterotropliic species whose activities may have implications on mineral storage.

CO, can also play thegrole of an energy source that can be utilized by a range of different methano
organisms in strongly reducing environments. This process involves redox reactions which
be impacted by #he’presence of impurities (such as H,S, SO, and NO,). However, the increase ir
pressure maore than doubled the rate of methanogenesis in comparison to low CO, pressure condit
West, et al¢(2841)[110] examined the redox reactions involving both C0,/CH, and SO,/SO, redox co\
The aughops’show that SO, oxidation can be coupled to CO, reduction to provide sufficient energ

obial

rstly
(112]

p the

pond
CO,-
arby
by a
th of
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can
_ CO,
ions.
ples.
y for

microbi@l use (particularly ~pH 3). In contrast, neither H,S nor NO, half reactions produce sufficient

enesgy‘for microbial use when coupled to CO, reduction.

oMb‘st operators in the US who inject CO, for EOR applications specify an O, limit of 10 ppm. The re
1 OXA a a a . ] a 0 2 en a a 0 a a Cl

a a ne_pnresence an e gon a he growsd

facultative aerobic species in an oil well, where the biomass they generate can be used as both a habitat

and a nutrient source by sulfate-reducing bacteria (SRB). SRB obtain energy by oxidising H, or low
molecular weight organic compounds, while reducing sulfate to H,S. The promotion and growth of SRB

can lead to the following main issues:

a) Well performance can be degraded through pore plugging in the formation close to the well bore
as e.g. H,S can react with dissolved iron in formation waters to form iron sulphide, which can lead
to a significant reduction in injectivity or productivity.

b) When producing fluids from storage formations these can contain higher levels of H,S, increasing

their corrosivity and toxicity.
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Different types of SRB grow at different temperature ranges with an upper limit of about 65 °C. Holding
the reservoir temperature above this limit for deep CO, storage sites (e.g. cap rock at 2 500 m) could
prevent this effect. However, the injection of CO, could provide some cooling to allow SRB growth at
depth with potential implications on injectivity or corrosion.

An example of the impact of SRBs is the decrease of injectivity of the well Ktzi 201 on Ketzin site in
Germany during the injection tests, studied by Zettlitzer, et al. (2010)[113], Here, the reservoir is located
at 600 m-700 m below the surface and at a temperature of 37 °C-45 °C, therefore in the growth window
of m ey . . . : :

osed of iron sulphide and that it was caused by bacterial activity (seven species of SRB have been
detegted in fluid samples). Organic compounds within the drilling mud and other drilling fluids-jpebe”
likely to be the energy source for strong proliferation of bacteria. Although in this example the.otganic
matter that functioned as an energy sources for the microbes originated not from the CO, stregmyitself,

this pbservation illustrates the potential role of organic impurities in CCS operations. .
N\
Tabl¢ 11 summarizes the microbiological effects. .
N\
N
Table 11 — Summary of Microbiological effects <A™
Species/ |Characteristics Effect CCS sys- é?O mmended
[ . on CO, tem/ Potential effect/impact,/ Vmeasure/ Reference
substances | of the species -
stream |operation -\ comment

0, may stimulate gréwth
of fermenters'and'in

Storage/ turn of SRB Pegrade well Check microbial
0, — S performatiee’by pore eas
Injection . : capabilities
pluggingbaeteria colony,

close,{(s,the well bore.
Increase corrosivity

>
"M

6.4 | Toxic and ecotoxic effects of impurities:in case of leakage
W3

6.4.1 General statement &
‘

X

The ¢umulative effects of substances [CQ'Z‘, various impurities) are not considered in this clause.
s

6.4.2 Acute toxic effects o

In cdse of an uncontrolled ﬁel‘e/ase (e.g., leak on a pipe), a CO, cloud is formed that can potentially
endanger human and ap'rmaT health. Possible impacts on human and animal health are toxic effects
(poidoning) and the Jethal effects (death). Depending on concentrations, the impurities could be more
toxiqd than the CO,itself in this cloud. When a CO, stream escapes to the atmosphere, there will be
changes in pressuyrg,/volume, temperature, and phase of each of its components and dilution with air.
It is pery unlikely*that the composition of the "CO, cloud" will be the same as the composition of the
"CO, stream“dPan impurity with a toxicity threshold T for lethal effects (in ambient air) is considered,
whilg for{ €85 the threshold for lethal effects is 10 % (see Table 12), the toxic effects of the CO, itself
is likely to'be predominant in the cloud, as compared to this impurity, as long as the concentration of
the impurity within the CO, cloud is lower than 10 * T (= T/10 %) Therefore, if the concentration of the
impurity within the CO, stream is greater than 10 * T it can be useful to conduct a specific study on the
acute toxicity of impurities in case of accidental release of CO,. This limit of 10 * T is only indicative, as
it relies on the simple assumption that the substance behaves in the cloud like CO, (despite changes in

temperature, pressure, or phase).
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Table 12 — One-hour exposure concentration thresholds according to French regulation

Substance co, co HNO, H,S NH; NO, SO,
mg/m3 196 000 3680 2186 521 2380 132 1885
ppm 100 000 2951 779 344 3143 64 661

na 1 1 b 1d ) ) o1
L1 LUWCT TAPUSUTIT UUT AUIUILS WUUTU gIVT T HTT THI TS ITUIUS.

NOTE 2 Different values exist in other countries, although generally similar. ™\

Y
The main impurities of concern in this context are H,S and NO,, because these two imgurities have
low toxicity thresholds. H,S is commonly present after pre-combustion capture procesges. The toyicity
threshold for NO, is about 5 times lower than that of H,S (in ppm). Therefore, if NOy«constitutes a |arge
part of the NO, species, its concentration can be close to 10 * T and a site-spe¢ific study should be
considered. '\.\

Although the intrinsic toxicity of SO, is lower than NO, (toxicity thresh6)dof SO, is about one ¢rder
of magnitude higher in comparison to that of NO,), SO, might also deserye a site-specific study, if SO,
concentration in the CO, stream is higher than NO, concentrations, N :‘
Within the CO,QUEST project, a study of the possible risks fro,n\ all impurities in the CCS chainf was
carried out. It used a multicriteria methodology that accounted‘for the very different natures df the
effects assessed. Results confirm that NO, and H,S are the most influential impurities for acute toyicity
(Mahgerefteh, et al., 2016[64]), X
N
For post-combustion CO2 capture, one of the mam\.problems associated with the process i§ the
degradation of the amine solvents involving th& formation of degradation products potentially
detrimental for human and the environment: CI"hese degradation products are formed in the ljquid
phase of the solvent but can also be emittéd with the gaseous effluents increasing the neg¢d of
monitoring strategies. One of the objectives of project ANR DALMATIENIZ4] and Vial ‘s team wps to
develop new analytical methods to 1den§1f§7 these degradation products of MEA or other amine solyents
(Rey, et al., 2013[82]). A tox1c/ecotox1€ study was also conducted on the degradation products from
MEA. A recent published review proposes a critical analysis of the literature concerning the analytical
strategies developed in the fle{ﬂ of post-combustion capture to identify and quantify the main
classes of degradation proddgtssformed, mainly amines, amides, aldehydes, nitrosamines and organic
acids (Cuccia, et al., 2018[@3]) Regarding the liquid phase, the principal analytical methods inv¢lved
are liquid Chromatography (LC) and gas chromatography (GC) for the analysis of amines and fionic
chromatography (IC],-er/the analysis of organic and inorganic acids. Concerning aldehydes, the most
described methodds\derivation of the compounds with 2,4-dinitrophenylhydrazine prior to LC analysis.
In order to monthrfche gaseous effluents, four methods have been described: FTIR, implementatipn of
impingers, onhBe MS analysis and sampling on solid sorbents.
)
6.4.3 Chronic effects
N\
A le{kage event from the storage unit can be a leakage of the CO, stream itself, as a dense or gadeous
buoy'ant phase, able to move upwards (e.g. along a fault or a well). Formation water may also [leak.
SHéwever, formation water with dissolved CO, and 1mpur1tles in it may move upward toward lqwer-
Ppressurl E(.l lUI TITatIONS dllu LIlE bu[ld(,e oI MTidy IHove UUWIleIU OI ldLEI dll_y uue toits Illgllt‘[ UE lSity
after CO, dissolution.

Chronic effects of impurities could arise from long-term leakage of a CO, stream and/or formation
waters beyond the boundaries of the storage system leading e.g. to an aquifer pollution. The leakage
impact could extend to surface waters, in case of connections with the initially polluted aquifer.

Two main subjects of protection can be considered:

— Human health — through the pollution of drinking water. Drinking water concentration thresholds
exist, e.g. given by EU Directive 98/83/CE.
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— Environment — through the pollution of underground and surface waters. Relevant concentration
thresholds exist, e.g. in Annex I of EU Directive 2008/105/EC.

The concentration of a given impurity in the aquifer is not the same as the concentration in the CO,
plume, as it depends on numerous factors including the size of the leakage and the movement and
geometry of the aquifer. Several phenomena can affect its final concentration such as advection, dilution,
geochemical reactions, and sorption onto rocks. These phenomena may be considered by modelling of
transport and chemistry.

The LO,QUEST project concluded that generally chronic toxicity appeared not to be a major issue fQ(
risk management of the CCS chain as compared to chemical effects, (Mahgerefteh, et al, 2016[5L]) ,
Howgver, this is a generic result that cannot be applied specifically to all CCS projects as suchzSife-
spec|fic risk studies are carried out by operators based on detailed in situ data and detailed nQ(le ling.

.

-
> 4

7 Parameters to monitor and measurement methods \
N
N\

a2

7.1 | Monitoring and thresholds A

,\

Monjtoring of the composition and mass flow rate of the CO, stream is a comgvnent of risk management
that will assist in limiting impacts and minimizing risks identified in the prévious clauses. Monitoring
is conducted for the capture process and an overall monitoring strat&gy of the CO, stream and is
implemented along the CCS chain downstream of the capture plant. T‘h.e effectiveness of monitoring is
imprjoved through the definition of alert thresholds. Alert thresholds mlght be based either onregulatory
limits, or on site-specific thresholds (operational or contractual}gdetermmed by a comprehensive risk
assegsment process. )

W\
A number of CO, specifications and recommendations forqalaximum acceptable impurity concentrations
in the transport and storage systems have been published (see Table 1 in Annex A). These specifications
depend strongly on the context of each specific CCSpxdject: country, operator, type of project, transport
modg, etc. The ISO 27913:201648] for CO, pigeline transportation systems states that “Since the
maximum concentration of a single impurity“willdepend on the concentration of the other impurities,
it is ot possible due to lack of data and current understanding to state a fixed maximum concentration
of a §ingle impurity when other impuriti€s, are or may be, present”. The present report does not provide
recojmmendations for impurity contentss .
The most referenced CO, quality re‘commendation has been suggested in the DYNAMIS project (De
Vissgr, et al., 2008([22]) Con51der1r1g CO, streams captured by pre-combustion capture. The National
Energy Technology Laboratefy/{NETL) issued in 2012[Z3] quality guidelines for impurity limits to
be uped for CCUS conceptiralstudies using carbon steel pipelines with the caveat that the numbers
“shofild not be used for actual projects, which are likely to have requirements that differ”. The
recommendations weﬁ& Based on a review of 55 CO, specifications found in the literature. The most
recet recommenda’meﬁ from “The CarbonNet project” (2016)[193] js also included in Annex A.

Som¢ internd 't‘)\al agreements, areas, and countries establish regulatory limits for CO, stream
compositiofis For example, the London Protocol demands that CO, stream must consist “overwhelmingly
of CQ,” for s\ub seabed geological formation storage, which may contain incidental associated substances
deriyed f~rom the source material and the capture and sequestratlon processes. Addltlonally, the

rules from the Mlnlstry of Environment defined requirements for sub-seabed CO, storage projects,
including an ordinance governing the purity of the injected CO,. When CO, is captured with amine-
based technology, CO, purity is required to be no less than 99 % in volume percentage. When the CO, is
produced out of H, production process for an oil refinery, the CO, purity is required to be no less than
98 % in volume percentage (Japan Ministry of Environment, 2011[53]).

7.2 Relevant parameters to monitor and measurement methods

The composition of the CO, stream varies in time at the capture plant outlet depending on the capture
technology employed. Online continuous or semi-continuous CO, stream quality monitoring at the plant
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outlet will identify variation. However, some demonstration projects have over several years yielded
remarkably stable CO, product streams. Beside the impurity content, supplementary parameters
useful for identifying/measuring the CO, stream composition include fluid state, temperature and
pressure, mass flow rates, and localization of sampling points. Some measurement challenges in CCS
operations arise from the physical properties of the CO, itself. The involvement of different processes in
CCS operations and the presence of impurities in the CO, stream. Knowing what could be present will
assist in identifying standard operating procedures for flow measurement, for sampling techniques
and for analytic processes, given the different impurities that are likely to be present in the CO, stream.
Selecting sampling points is important for monitoring CO, stream composition. If the pipelije is
operated in dense-phase conditions, rapid depressurization would produce gaseous and solith€(,. In
this transition a partition of the impurities between the gas and the solid phases could appeatiand if only
the gas phase is analysed this could lead to false composition results. Standard operatmg ﬁrocec ures
(SOPs) will serve to ensure reliable and comparable results as SOPs provide the necesmrzy information
on measurement methods in terms of characteristics, level of validation, uncettainty, and exigting
alternatives. Effective application of SOPs requires that the operator performingithe measuremenits be
sufficiently knowledgeable. N\
'j 3 4
7.2.1 Sampling of the CO, stream W ‘

()

o
One of the main challenges lies in ensuring that pressure and tetaperature conditions that apply to
samples from the CO, stream are representative of the entire stre@'m.

Physical samples of the CO, stream are usually taken in. ‘polytetrafluoroethylene (PTFE)-|ined

stainless-steel pressure vessels (generally referred to as sulfinert vessels). It is important to addlress

the standardization of CO, stream sampling and analysisProcedures.
)

7.2.2 Determining the physical properties andiﬂlase

Compared to other substances that are tra parted by pipeline (e.g. oil, natural gas and water]) the
critical point of pure CO, lies close to amb\Q}lt temperature. This means that even small changes in
pressure and temperature could lead to"rapld and substantial changes in the CO, stream physical
properties (e.g. density, compre551b1hty) Further, when operating on or close to a phase boundary}line,
phase change and multiphase flow conditions can arise. Phase changes and multiphase flow occufring
at measurement points will haye & detrlmental effect on measurement accuracy, e.g., where flowmgters
are designed to operate in onc‘e-spemflc phase only.

Operators usually choose validated equations of state describing thermodynamic properties inclyding
phase equilibria to applypto the many different CO, mixtures that are likely to arise in CCS schgmes
(see 6.1.2). Physical property modelling software packages are used to predict properties of various
CO, mixtures. Howeyver, such models require site-specific testing and calibration as even small efrors
could lead to,Serfous problems during processing and transport of CO,. Currently, the best proll)terty
models are_} 1r1cal in nature, and hence cannot be more accurate than the experimental data to
which ttheare fitted. In order to model mixtures, complete binary mixture data sets are desired,|with
rangesiivtemperature, pressure, and composition beyond what are expected for the given applicgtion.
The\data situation was reviewed by Munkejord, et al. (2016)[Z2],

"7‘.2‘.3 Flow measurement

Without knowing the phase envelope and thermophysical properties of the CO, stream accurately, it
is difficult to perform accurate flow measurement. It is necessary to design the flow metering system
for the actual physical phase it will be operating in. Accurate density measurements are necessary to
allow reporting in mass CO, units, if the meter used measures volumetric flowrate. Flow measurement,
in conjunction with the CO, concentration derived from sampling of the CO, stream, is necessary to
calculate the transfer of CO, on a mass basis, across the CCS chain. For example, in Europe, the draft CCS
Monitoring and Reporting guidelines under the EU ETS require that flow measurement be carried out
within measurement uncertainty levels of 1,5 %. In order to achieve such levels, it is essential to install
the correct type of flow meter at locations along the network where the flow conditions are stable and
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in the single phase under which the flow meter is designed to operate. For example, gas meters are
appropriate at certain locations and liquid meters at other locations along the network.

Flow measurement systems are normally calibrated, maintained, and checked at regular intervals. Flow
meters are calibrated using traceable flow facilities in CO, under the conditions and ranges under which
they will be operated. Any secondary instruments used to convert volume flow into mass flow, such
as pressure, temperature, and density instruments, could also be calibrated and traceable to national
standards and located as close as possible to the flow meter. Standard methods to determine the mass

407QN0 ICN -4 7 A faFaNiaVa¥=t| A

fl b £l £20 . 1CO 4 fal WanlEalsaValll Wa¥ll Ve nl | W )
owj[rate or tiIe LUZ SLICAIL, 10U 1U/70U, 10U 010771, 10U 7701, AONML I'1'L 17.0 (I'IUW NMCE4dSUI'CIIICIIL),

ASME MFC-6-2013, are mentioned in ISO 27919-1:2018(E)[52], Table C.2. 2\
S
7.2.4 Impurity concentration measurements _\ v
7/
Accounting of impurity concentrations in the CO, stream has two main applications: N

i) To manage the purity levels in the CCS chain and their possible impacts;

N

ii) To determine the amount of CO, that is transported and stored. CO, is not the¥rnly component of
the CO, stream (although it is the major one), which is important for fiscal mionitoring. This issue is
dddressed in Clause 8. \‘:.

No sfandard measurement method exists for the determination of impyFity concentrations in CO, as
a maftrix except for food grade standards: The International Society/af Beverage Technologists (ISBT)
Carbpn Dioxide Guidelines provide a basis to identify the best avai}@ble measurement methods to be

applied in this context. /
~N

4

Morgover, the ISO 12039 method defines the performanGQ\characteristics and the calibration of
autonated measuring systems for the determination_ of‘CO, CO, and O, from stationary-source
emispions. Standard methods for the analyses of naturalgs exist, including several methods using gas
chromatography, the ISO 6974 method previously mentioned, but also the ASTM D1945 method, and
the IS0 19739:2004 which describes the analysis of Sulfur compounds. The ISO 10715:1997 standard
provjdes a guideline for sampling natural gas an‘gl\the ISO 10723:2012 standard specifies a method of
detefmining whether an analytical system f/or‘natural gas analysis is fit for purpose. Those methods,
althqugh they are well described and recoegnizéd, might not be directly applicable to matrices where CO,
is the¢ major component. According to IS “%7919-1:2018(E), Annex C, Table C2, two methods can be used
to evjaluate the purity of the CO, streani;i.e. the ISO 6974 method which describes the measurement of
impyrities in natural gas using gas'‘¢hromatography and the US EPA method 3A which deals with CO,
and (), measurements from statiofiary sources. Standard operating procedures for the characterization
of inmppurities present in flug gas"emitted by amine based solvent capture pilot processes have been
publfshed during the FP7:OCTAVIUS project (Fraboulet, et al., 2014)[341,

Note Method 3a ‘Petermination of oxygen and carbon dioxide concentrations in emissions from
statignary sources (ip.{tplmental analyzer procedure).
o".
N\

8 Relatiqr\lﬁhip of CO, stream emissions and quantification

In case-efiemissions from anywhere in the CCS chain into the atmosphere, e.g. from a leakage or vent,
GHG$ preSent as impurities in the CO, stream could increase the greenhouse effect as compared to pure

CO,. Thetwonmaim possibte impurities thatare refevant GHGsare €Hand N5 6, atthoughother 6HGs
could be present in some cases. The Global Warming Potential (integrated over 100 years) for CH, is 28,
for N,O it is 298, while that of CO, is 1.

2 2

NOTE The influence of impurities, including GHGs in the CCS chain, on quantification and reporting is not
addressed in the standard, ISO 279201, dedicated to quantification and verification of CO, only.

If CH, is present in CO, streams, its concentration is typically below 100 ppm (see Clause 5).

1) Under preparation. Stage at the time of publication: ISO/DIS 27920.
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However, in the particular case of EOR, CH, is normally present in the recycle gas stream. Measurement
and quantification of CHy in this context might be required by regulators.

In a CO, stream from post-combustion capture, NO, concentration is approximately 10 ppm-30 ppm
(see Clause 5), also N,O can be present at concentrations of about 0,1 ppm to 1 ppm. With a pre-
combustion capture process (especially with a fluidized bed), nitrogen oxides are present at higher
concentrations (about 300 ppm) and N,O can form an appreciable part of these (De Soete, 2017)[88. If
10 ppm of N,0 were present in the CO, stream, the stream’s global warming potential would increase
by onty6;3-%ascompared-topure €65 thecause 18ppmrx-298—=-3=10-3)-TFherefore; immomr-EORgases
the impact of impurities as additional GHG emissions is probably minor as compared to the-potgntial
emissions of CO, itself. Additionally, this issue is also addressed in 1SO 14064 (all par{sjA¥14pl47],
especially if a Life Cycle Analysis is performed for the whole life cycle of a CCS project. KV

7

9 Integration issues P

9.1 Constraints on CO, stream composition ),

Itis technologically possible to treat CO, to near 100 % purity in the ga§ éanditioning process. Howjever,
in most cases it is preferable to have less rigid specifications to re@é’e both operational and cdpital
costs. The question is which part of the CCS chain that actually diit-%tes the CO, composition.

As illustrated in Figure 6, the required purity of the CO, streagn‘\d-;livered from the capture plant will to
alarge degree be dictated by the transport, injection and storage operators, or legal requirements; The
capture plant operators will therefore most probably ngtige the ones to set the specifications, but may
need to purify the CO, stream to comply with the reguitréd transport, injection, storage or utilization
specifications. Impurity restrictions (bottlenecks)will*be project specific and an optimization process
is obviously needed where the cost of purificatitxn\is balanced against the cost of for instance :I:sing
more corrosion resistant materials, the cost@n@ consequences of reduced injectivity due to pogsible
unwanted reactions in the reservoir, purification closer to the storage or utilization sites, and thd cost
of down-time and repair. R

What is driving the CO, composition?

A T N
Capture Ship Pipeline Injection  Reservoir
Compression -steel C-steel C-steel
Purification™| cga + 13% Cr Caprock
O ‘ 250 Cr
& low temp: Impurity
'w Hydrates 0,
g Low [H,0] Pitting
‘.\S [\ Cracking
\,‘ E\EI Ingress of: f
A O .
5o ] Dy Aqueous Brge;}
phases

3 ¥ 4 l

CO, - composition (H,0, O,, NOx, SOx, H,S, CO...)

Figure 6 — Constraints on CO, Stream Composition
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The impurity levels that can be accepted and managed by the transport, injection and storage operators
will determine the composition to be delivered from the capture operator

9.2 Optimisation of CO, stream composition based on techno-economic assessments

Physical and chemical impacts of various impurities and combinations of impurities on the individual
steps of the CCS chain have been outlined in the previous sections. If impacts of impurities in individual
components of the CCS chain are known, CO, stream composition could be adjusted to avoid undesirable

impdcts. Optimisation of CO, stream composition along the CCS chain could ensure safety of transport;
injection and storage while reducing energy consumption and costs of the CCS chain operation. Thi$,
itnisation could be realized by way of various options for the technical design of the CCS qh‘gih,
plementation of an additional purification step or selection of a more corrosion resistanspipe
matgrial. N\

.

To apsess various transport network design options, techno-economic assessments, li&ve proven to
be a|valuable tool. Few studies exist that assess impacts of impurities along whole'\GC‘S chains in full
complexity aiming to optimize CO, stream composition with the whole-chain _petspective. All such
studles point to the fact that such an optimisation can only be project-specific’(é.g;, Brunsvold, et al.,
2016141, Porter, et al., 2015[81], Riitters, et al., 2016[22]). Thus, no general recgminiendation on optimal
CO, $tream composition can be given — as stated in Clause 7. Rather, it js)geénerally recommended to
analyse cost efficiency of upstream impurity removal versus dealing impurity impacts further
dowpstream. Techno-economic assessments of several model CCS ghains have revealed the superior
cost pfficiency of upstream impurity removal (Brunsvold, et al., 20162141).

In agdldition to techno-economic considerations, ISO/TR 27938 “Life-cycle risk assessmentl23] will
outlipe steps for taking into account the various risks as impic‘ied by the CO, stream composition and/
or the presence of specific impurities for a specific CCS proj\éct.

SN

9.3 | Mixing CO, streams before injection: Cha\llénges in larger CCS infrastructures

Implementation of larger CCS infrastructures co’u‘l\d be one option to reduce costs of transport and
stordge. Larger CCS infrastructures could inclitde the feed-in of CO, streams from different sources
in a fommon transport network (collectionsietwork with trunk line or ship transport in or without
combination with pipeline transport) an.c‘f/or injection of CO, at several storage sites (via an injection
and $torage hub or along the route). Lqu}ge-scale infrastructure scenarios have been developed, e.g. in
Europe for the North Sea area. Pip&line networks that are now in operation combine high-purity CO,
stregms from few emitters or natural CO, sources and involve trunk lines for CO, transport of short
to mpderate length (some exafples can be found in NETL, 2012[731), Additional transport and storage
networks are in various,plafning and development stages (e.g., Alberta Carbon Trunk Line Project,
Candda; Norwegian Demg’ Project, Norway; CarbonNet Project, Australia; Porthos project, Netherlands).

Combpining CO, strégms from different sources for or during transport could bring specific benefits
(e.g.|dilution of @gortaminant), but could also result in additional challenges in comparison to simple
CCS ¢hains. Fufther options for optimizing CO, stream composition could include arranging CO, stream
contfibutionsyffom different emitters in such a way that a highly impure CO, stream is combined
with|highipuTity CO, streams (i.e. diluted). However, such a feed-in scheme could generate an “out of
spec|fication” CO, slug if the flow of the purer CO, stream is interrupted. Of course, the high impurity
CO, gtream could be shut off, but this would potentially represent both technical and financial risks.

In general, if there are fluctuations in the flow rates of individual CO, streams, there will be a temporal
variability of mass flow rates and composition in larger pipeline networks (e.g. Riitters, et al., 2017[921),
For example, power plant operation will be adjusted to meet the part of the fluctuating electricity
demand not covered by renewable energy sources. Other emitters might be shut down for maintenance
or in case of failure. The variability both in mass flow rates and CO, stream composition is usually
accounted for when designing and operating larger CCS infrastructures. This will involve aspects
related to the mass flow rates such as pipeline capacity, and acceptable variability of flow rates for
transport and injection. Further, there might be a need for temporary storage as well as injection and
storage management potentially involving several injection wells and multiple storage sites.
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A changing CO, stream composition e.g. in the trunk line with time will lead to temporal variations of
thermophysical properties of the CO, stream with implications along the entire CCS chain (see Clause 6).
In addition, the changing chemical properties of the CO, stream will impact reactive processes along
the CCS chain (such as steel corrosion, geochemical reactions, etc.). In particular, the redox properties
of CO, streams differ significantly depending on the capture technology. Therefore, if CO, streams
with contrasting redox properties are fed-in in a variable manner, redox conditions in the resulting
combined CO, stream will vary accordingly.

Fourthermore,whemrdifferent COZ streanTs—arecombimed, fromrvarious—emitters—that—differ i their
composition, the spectrum of different impurities will potentially be larger than in single souneg-sjingle
sink CCS systems. Additional or different chemical reactions could occur within the cofibitted CO,
stream depending on the composition and flow rates of the combined CO, streams. Accordingly, some
national/international regulations might impose some constraints, and a risk analysis ea’help to gheck
that there are no incompatibilities among the different impurities. For instance, SOgandH,S could feact
to form solid sulfur, or unsaturated hydrocarbons could react with NO, to form wnstable productq (see
Clause 6). Specific assessments help to identify these risks in the context of quifications of mass|flow
rate and/or CO, stream composition, such as could occur during the intendg\dtor unintended (re-)start
or shut-down of CO, emitters and CO, stream flows. NG

"N

In comparison to simple CCS chains, larger CCS infrastructures of el::a 'greater flexibility for cgping
with disturbances in the CCS chain (e.g. in CO, feed-in, in techni€al jhstallations or in the storage) as
alternative supply or transport options, and interim storage aﬂd"injection sites might be available.
However, setting up a large-scale infrastructure carries spegiﬁc risks some of which are particylarly
impacted by the CO, stream composition. A CO, transport'anel storage infrastructure will be designed
to accommodate CO, streams with an expected mass flow and compositions within a specified range.
The future availability of CO, streams, both in terms{ofjiflass flow and composition, will be influgnced

by technological and economic developments. <\\
SN
10 Conclusions N3¢
\

N
Across CO, streams captured from povye'% plants and industrial processes there is large variatipn of
impurities and concentrations becausethe impurities depend on the fuel type or raw materials, the|CO,-
generating process, the CO, captune process, and the final purification and compression steps. R4 nges
for concentrations of major impuﬁties can be cited, even though data for usually minor impurities (such
as SO,, NO,, CO, H,S) and foy meétallic and organic trace elements are scarce and are often basqd on
model estimates, instead ofin situ measurements.

An extensive list ofphysical and chemical effects of these impurities has been established. These
impurities can affect'both surface equipment and surface and underground operations. Furthertnore,
some impuritiesican/have (eco)toxic effects.

Accurate moujtoring of CO, stream composition is important and helps to: i) ensure proper operation of
CCS activities; ii) reduce risks of negative impacts; iii) ensure correct quantification of the GHG stored
(or emjt\t‘e ); and iv) contribute to knowledge sharing among CCS stakeholders and the public.

N

THeapture process, final purification and compression steps help to manage CO, stream composition.
(e Impurity concentrations of streams depend on the aims and priorities of the operator for [each
Specific CCS project and are influenced by legal regulations and technical requirements.

The present state of the art of identifying impurity concentrations and potential impacts confirms that
management of CO, stream composition is a cross-cutting issue for integrated CCS projects. Mixing
CO, streams from different origins can result in additional challenges from the technical, economic, or
regulatory points of view, especially for large-scale projects.
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CO, stream composition in CCS activities will influence the design and operation of the capture process
and the final purification steps. However, it is difficult to identify thresholds for individual impurities,
for two main reasons:

— First, site-specific risk studies are usually carried out by operators, taking into account data on the
project and its specific environment;

— Second, interactions of impurities with each other and their surroundings might result in impacts

different from those of o cing]p impnrify ina (‘ﬂé stream

Therefore, concentration thresholds are case-specific and subject to optimization for the entire cCS

. . . @
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Annex A
(informative)

Dense phase CO, corrosion

o\
A.1 Previous experience QY

CO, is predominately transported as dense phase and sufficiently dehydrated tﬁ\aboid hydrate
formation. Some features of CO, make it more challenging to transport in pipelinés than natural gas,
i.e. a greater susceptibility to long-running ductile fracture propagation (Cosha, et al., 2014[p1], a
greater likelihood for lower temperatures and reduced toughness due to thedoule-Thomson copling
effect (=20 °C for line venting and down to -80 °C for leakage), and a high po.féntial corrosion rate|if an
aqueous phase is present. XS

"N

. %
CO, has been transported and used in food industry and enhanced‘dil recovery (EOR) for decpdes,
mainly in USA[43], No serious corrosion problems have been reporfedin the part of the system thajt has
been exposed to reasonably dry and pure CO,. According to Oll$(0ffice of Pipeline Safety) statiftics,
there were only 12 leak cases from CO, pipelines reported fro;n’\1986 through 2006 — none resulting in
injuries to peoplel82], )

-

The good experience with CO, transport in USA 45 \'(;f}en referenced to argue that CO, pipgline
transport will not be a big challenge for Carbon Capfure and Storage (CCS). The justification foy this
view can be questioned as CO, captured from fossilsfuelled power plants and other industrial soyrces
might give dense phase CO, containing impdrities that have not been transported before. It is| also
regarded more challenging to operate COxnetwork with many point sources and to transport CP, to
offshore storage sites. v
W

A.2 CO, recommendations gnid specifications — A literature overview

A number of CO, specification‘SAartd‘ recommendations for maximum acceptable impurity concentrafions
in the transport and storage'Systems have been published. The most cited CO, quality recommendftion
has been suggested in the‘DYNAMIS project(22] The National Energy Technology Laboratory (NETL)
issued in 2012[73] and 2013[75] Quality Guidelines giving recommendations for the impurity limits to
be used for conceptualdesign s of studies of CCUS systems using carbon steel pipeline with the caveat:
“This guideline i.s:'int'ended only for conceptual studies under a generic scenario and should n¢t be
used for actwalNprojects, which are likely to have requirements that differ from the generic scepario
assumed hexep."[731175] The recommendations were based on a review of 55 CO, specifications fpund
in the litefatarelZ31[31]. The CarbonNet Project published in 2016 a preliminary CO, specificatiop for
its hubﬁ‘ased carbon capture and storage network[103]. Other frequently cited CO, specifications|have
beegp‘resented by IPCC[44] and Kinder Morganl[27Z],

(An ‘excerpt of the DYNAMIS, NETL and CarbonNet specifications and CO, specifications reported for
eXisting pipelines are shown in Table 1. The table includes potentially the most aggressive impufities
(H,0, H,S, 0,, NOx, SOx, CO) from a corrosion point of view. It is clear that the recommendations vary a
lot and they are quite different from the composition reported for actually transported CO,.

The justification for many of the proposed recommendations can be questioned as the reported(©8]
[8] CO, compositions presently transported in pipelines does not include flue gas impurities like for
instance SO, and NO,, and as concluded in a recent review[81] hardly any lab data can be found in the
literature supporting the CO, specifications.
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Table A.1 — Impurity concentrations reported in existing pipelinesl®81l8], CO, specifications
recommended by Dynamis[22], NETLIZ3I[Z5], the Australian CarbonNet projectl123] and the CO,
specification tested in the IFE experimentlll described in section A.4

Impurity levels in existing Published CO, recommendations[221[Z3][Z5][31][103] Testing
pipelines[Z31[Z5]
Canyon | Central | Cortez |Weyburn| DYNAMISI[22] | NETLIZ3Z3] Literature | CarbonNetl31l | IFE exp.[tl
Reef Basin Pipeline reviewl&] (103]
Carriers | Pipeline
H,0, ppmv 122 630 630 20 500 7300231/ 20-650 100 122
500175 8|
H,S, gpmv <260 <26 20 9000 200 100 20-13 000 100 130:\_,'
€O, ppmv - — - 1000 2000 35 10-5 000 900 AN\
o2 PPV — <14 — <70 <40 000 400001241/ | 100-40 000 20 000 N"275
' 1010251
NOx, ppmv — — — 100 100 20-2 500 250 W 96
SOx, fpmv — — — 100 100 10-50 000 200 69
N ‘
o\
A.3| Corrosion in pure CO, and water o Y
L3
Whe

cont

h the acceptable water content in CO, streams is discussed it is S;spally argued that no water
hining phase will precipitate and cause corrosion/hydrate as long’aS$the concentration is well below

the solubility in pure CO,. The water solubility in the pure systenri§®1 000 ppmv in the temperature

rang
conf
rang

e relevant for pipeline transport (4 °C-50 °C) and both laboratorj) experiments and field experience
rm very low corrosion rates for the pipelines where the-wafer content have been specified in the
e 20 ppmv to 650 ppmv. A\

LR

Watgr precipitates when the water solubility limit is ei‘c‘e\eded and experimental studies with dense

phas
that

e CO, and a free water phase show that the coriesion rate increases with increasing temperature,
protective FeCO5 corrosion product films _fo mtwhen the concentration of dissolved corrosion

products becomes high and that the corrosion fifm can fail and give high localised corrosion rates.

The

bbservations seem to follow very muchr the trends seen at lower CO, partial pressure in oil and

gas groduction. The main difference is the much higher CO, pressure giving typically a one-unit lower

pH, 4
steel

much higher solubility of corrosionproducts and more H* ions and H,CO5 that can corrode the
The result can be extreme cormsi‘bﬁ rates exceeding 30 mm/y when the steel is exposed to large

amoyints of condensed waterl2l. If bfily minor amounts of water precipitate, the water will be quickly

supe
This
corr

A4
Whe

rsaturated with dissolved cdrrosion products and a much lower corrosion rate can be expected.
mechanism is similar to<Tep of the Line Corrosion (TLC) in gas condensate pipelines and the
sion rate will be limite@by the availability of fresh water.

Impurities Qxﬁi formation of corrosive phases

D,
h impuritigs\iKe water, SOx, NOx, 0,, CO and H,S are present there are a number of possible cross-

chenpical reagtions that have the potential to form sulfuric/sulfurous acid, nitric acid and elemental

sulfyr. ThesGO, composition given in the last column in Table A.1 was tested in a rocking autoclave

systém aﬁ WE (Institute for Energy Technology)lll. The experiment demonstrated that H,SO,, HNO; and
o

elempﬁt sulfur formed (see Figure A.1) at impurity concentrations below the impurity limits given in
the recommendations in Table A.T.

34
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Figure A.1 — H,S0,4, HNO; and elemental sulfur formed in corrosion e ent performed
at 45 °C, 100 bar and CO, composition as given in last colu able A.1

S

isethe question is not whether corrgsion
'*»: e phases and solids in the pipeline is

If the carbon steel surface is wetted by a water containing p
takes place, but at what rate. Avoiding the formation of cg
essentlal for the safe operation of a CO, pipeline network

y V
models that can predict precipitation of aqueous " ses when reactive impurities (combinatiops of

The lack of data was recognized in the first \“%‘ andard for CO, transport that was issued in 2016481,
ximum concentration of a single impurity will depend on the
concentration of the other impurities, i possible due to lack of data and current understandipg to
state a fixed maximum concentratzor% mgle impurity when other impurities are, or may be, present”.
The standard therefore recomme nsulting the most up to date research during pipeline design

p

A.6 Which part of the chain constrains the CO, stream composition?

It is technologically p to treat CO, to near 100 % purity in the gas conditioning process. Howjever,
in most cases itis pre le to have less rigid specifications to reduce both operational and capital dosts.
The point at issu e operators is which part of the CCUS chain that dictates the CO, compositlon.

The require y of the CO, stream delivered from the capture plant will to a large degree depend on
the impuri els that can be accepted and managed by the transport, injection and storage operdtors.
lant operators will therefore most probably not be the ones to set the specification buf may
urify the CO, stream to comply with the required transport, injection, storage or utilization
tions. Impurity restrictions (bottlenecks) will be project specific and an optimization pr¢cess
iously needed where the cost of purification is balanced against the cost of for instance :Esing

re corrosion resistant materials, the cost and consequences of reduced injectivity due to pogsible
unwarnted Teactions i the reservoir, purification closerto the storage or utitizatiom sites, amdthe cost
of down-time and repair.
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