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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

degcribed in the ISO/IEC Directives, Part 1. In particular, the different approval criterianeed
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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
future global temperature increases. A special report by the International Panel on Climate Change

(IPCC, 2005) extensively described the fundamental technical, scientific, environmental, economic a
societal dimensions of CCS and its potential role in the portfolio of climate change mitigation measur

nd
es.

Depend]n among other fhlngc on the feedstock and the {“ﬂé generating and capture processes, ("02

streams daptured from industrial sources or power generation contain various impurities (that

is,

stream cqmponents other than CO,). The impurities differ in their concentrations but alsocin\their

physical and chemical properties. Therefore, the composition of the originally captured CO, strean
a key starfing point in ensuring the safety and reliability of the transport and geological storage of C
Compositjonal information may assist operators in evaluating the need for treating a CQ;-Stream, bas
on the intpnded transportation options (including mixing with other CO, streams), usage options (E
or other), or dedicated storage in geologic formations.

Understanding CO, stream composition is also important for the commefciality of CCS activit
because additional purification of the CO, stream increases CO, capture costs. In addition, CO, stre
compositipn is an important input factor in quantifying the amount of €0, stored, for the purp
of greenhouse gas emissions reporting and crediting. Because capture and purification proces

is
0,
ed
DR

ies

se
beS

are contiuously evolving, it is relevant to expose the range of imipurities in CO, streams and thieir

concentraftions, including recent publications.

This document provides up-to-date consideration of CO, stream quality issues for operators, regulat
and stakeholders based on research results and the experience of various pilot and industrial sc
CCS projects. The first part of this report summarises, existing information related to CO, stre
compositi
possible impacts and effects of the various impurities that may occur in the CO, stream on varig

DI'S
hle
hm

n that generally results from particularCoapture processes. Then this report describes

us

downstrepm elements of a CCS chain, including*operational aspects, potential implications for health,

safety and environmental issues, and quantification of greenhouse gas emissions.
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eam downstream of the capture unit, taking into account common purification options:'Ag
s document will characterize the different types of impurities and present examples of concg
fermined in recent capture pilot projects as well as through literature review. It identifieg
1centrations, giving priority to in situ measurements when available.

second aim of this document is to identify potential impacts of impurities on all comy
CCS chain, from surface installations (including transport) to the stofage complex. Fo
urities can have a significant effect on the phase behaviour of COj streams in relati
hcentration. Chemical effects also include the corrosion of metals.) The composition
eam can also influence the injectivity and the storage capacity,-due to physical effect
nsity or viscosity changes) and geochemical reactions in the reservoir. In case of a leakage

ecptoxic effects of impurities contained in the leaking CO, stream could also impact the eny

su

In
su
tui
an
in

'rounding the storage complex.

order to ensure energy efficiency, proper operation*of the whole CCS chain and not to
'rounding environment, operators usually limit the,concentrations of some impurities, whi
n, influence the design of the capture equipmentand purification steps. Such limits are ca
[l cannot be described in this report; however,some examples of CO, stream specifications
the literature are presented in Annex A.

Thie required purity of the CO, stream delivered from the capture plant will to a large degr
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the impurity levels that can be aecepted and managed by the transport, injection an
prations. The capture plant operators will therefore most probably need to purify the CO,
mply with the required transport;injection, storage specifications or with legal requireme

nitoring of the CO, stream gomposition plays an important role in the management of the
pcess. Methods of meastring the composition of the CO, stream and in particular the concg
impurities are described and other parameters relevant for monitoring at the various st
S chain are described.

e interplay between the set CO, stream specifications and the efficiency of the entire CCS
o explained,Finally, the mixing of CO, streams coming from different sources before tra
rage is addressed, and the main benefits, risks and operational constraints are presented.
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Normative references

Th

3

ere are no normative references in this document.

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]
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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

impuritigs
non-CO, qubstances present in the COZ stream (3.1) as captured or derived from source materials|or
the capture process, or present as a result of mixing for transportation, or added, released,.0r formed in
conjuncti¢n with sub-surface storage and/or leakage of CO,

Note 1 to pntry: As a subset of impurities, contaminants are non-CO, substances whose, présence in the (O,
stream is generally unwanted.

Note 2 to pntry: As a subset of impurities, additives are substances added to the-stream for the purposeq of
managing |ts physical or chemical behaviour (e.g., hydrate and corrosion inhibitors);for or from interaction wjith
equipment|(e.g., lubricants), or to track its distribution in the subsurface after igjection (geochemical tracers)

[SOURCE:|ISO 27917:2017, 3.2.18]

3.5
non-condensable substances
chemical §ubstances that are partially in the vapour stateatpipeline operating conditions.

Note 1 to eptry: O,, N,, Ar, H, and CH, belong to this categogy

[SOURCE:|ISO 27913:2016, 3.18]

4 Symbols and abbreviated terms

In this report volume fractions are expressed as % (10~2) or ppm (1076), in order to be in line with the
original ppblications and the usual technical exchanges within the CCS community.

Ar Argon

As Arsenic

BOS Basie Oxygen Steelmaking
°C Degree Celsius

CCS Carbon Dioxide Capture and Storage
Cd Cadmium

CH, Methane

co Carbon monoxide

co, Carbon dioxide

CoS Carbonyl sulfide

EOR Enhanced Oil Recovery

2 © 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

GHG Greenhouse Gas(es)

H, Hydrogen

Hg Mercury

H,P Water

H,p Hydrogen sulfide

H,50, Sulfuric acid

ie Id est (Latin: that is)

[EA International Energy Agency

[EAGHG International Energy Agency Greenhouse-Gases R&D programme
IGEC Integrated gasification combined cycle
[PCC Intergovernmental Panel on Climate Change
K Potassium

MIDEA Methyldiethanolamine

MEA Monoethanolamine

My Manganese

mg Milligram

MRa MegaPascal

N, Nitrogen

NHTL National Energy Technology Laboratory
NH; Ammonia

Ni Nickel

Nm3 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 Lead
PM Particulate Matter

ppm (= ppmv) Parts per million (= Parts per million by volume) = 10-¢

Psia Pounds per square inch absolute
Se Selenium

S0, Sulfur dioxide

SO, Sulfur oxides

SOP Standard operating procedures
SRB Sulphate Reducing Bacteria
TMEs Trace Metal Elements

TOEs Trace Organic Elements

5 Ovenview of chemical composition of CO, streams

5.1 Overview

In this cljuse available data on impurities present in COgp-Streams and the concentration ranges are
describedfor different CO, sources and capture technologies. In situ measurements are emphasized

5.1.1 Types of impurities

A number| of gases could be present as impurities in the flue gas or process gas (before capture), and
therefore |are potentially present at the exit\of the capture process. Their concentrations vary greatly
from one fapture technology (or process)'to another, due to the various reaction pathways and to the
various d¢sign options for capture and\purification.

Some gasg¢s (also called “non-condensable substances”) such as Ar, 0,, and N, can reach several perc¢nt
of the CO, stream at the immediate exit from the capture process, before purification and compressjon
(IEAGHG, [2011)[49]. The content of H,0 (condensable) can also reach several percent there. Other gages
(NOX’ SO} H,S, CO, and_ dthers), although present at lower concentrations, could still influence (O,
stream bghaviour.

Impuritie$ other thian gases have been reported in low concentration, (IEA-GHG, 2011)[49], and in the
case of a post-combustion capture process, solvents used in the process (e.g. amines or NH;) and their
degradatipn greducts could be present in the captured CO, stream. Further impurities could inclyde
particulae‘matter, trace metal elements (TMEs) and trace organic elements (TOEs), depending on the
fuel or feedstock used. Intrinsic toxicity levels of TMEs and TOEs is often high, but concentration levels
are usually 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.
Therefore, 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 1SO 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 © IS0 2020 - All rights reserved
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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 appointed by
ISO/TC 265 from “WG5-Cross-cutting issues”, based on existing review reports (e.g., from international
organisations or research consortia) and on results from pilot, demonstration, or commergeigl projects
in Europe, North America, Australia, and Japan.

Note Examples of regulatory requirements, in relation with these projects, are given in Anhex B

Thie bulk of this document's data compilation was drawn from several review publications anld reports:

a) | Anheden, et al. (2004)[Zl: summarises impurities by capture process.(before condensation or

purification steps),

b) | IEAGHG (2004, 2011)[321[40] review reports,
c) | Farret, etal., 2012[32: review report of the French ClubCO,
d)| Porter, et al., 2015[81l; complete review of concentratighs-of impurities in power plants and in the

industry.

Thie present document draws heavily upon the abovg, publications because they contain a gignificant

an
pu
sta
lag
en

Ca
reg
ap

ount of data and because they generally identify the origins of these data. Of cou
blications are also considered, as well as other ISO works, such as Table A.1 from IS
ndard 27913:2016[48] on pipeline transportation systems (see Annex B). References to pu
king data source are avoided. For pre-ggmbustion IGCC processes and for trace metals, 1
Countered are unsourced.

bture and purification processeS are evolving and generally purity levels have increase
pulatory regimes require the CO, stream to consist “overwhelmingly” of CO,. Thig
broximated as a purity of atdeast 95 % (cf. ISO 27913:2016 on pipeline transportation systs

Data on CO, stream composition are notreadily at hand. The literature is notrich and is especig

on
da

results from recent plants or pilot plants. Therefore, Technical Committee ISO/TC 265 ad
fa call to its member countries and to operators. Some technology suppliers could not a

'se, other
D/TC 265
blications
nany data

d. Several
is often
PmS).

lly sparse
dressed a
hswer the

bstionnaire for-proprietary reasons. Original data from five capture pilots and demonsf{rators on
wer plants afid-one on a hydrogen production plant were collected, most of them are compajred below
pxisting literature.

qu
po
to

5.2

Ranges of impurity concentrations for coal fired power plants

5.2.1 Gaseous components

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 purity 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 concentrations 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 ISO/TR 27912 (2015) Carbon dioxide capture systems, technologies, equipment and processes for power and
industry(22],

Tabie 1 — Ranges from common CO, capture technologies for coal fired power plants
(data from Porter, et al. 2015[21])
Impurities Oxy-combustion with purification Precombustion Postcembustion
(ppm, l.,l'IGSS Double flashing Distillation
specified
differently) Min max min max min max Min max
Ar % wol 0,4 0,61 Trace 0,1 0,000 1 0,15 0,001 1 0,021
As 0,006 65 0,006 65 0,08 0,08
Benzefie 0,014 0,014 0,019 0,019
CH;0H 20 200
CH, 0 112
Cl 17,5 17,5 0,56 0,56
co 10 50 0 2000 1,2 10
H, 20 30 000
H,0 0 0 0 100 0,1 600 100 640
H,S/CPS 0,2 34000
Hg 0,000584 | 0,000584 0,024 9 0,024 9
N, % vol 1,6 2,03 0,01 0,2 0,0195 1 0,045 0,29
Naphthalene 0,0008 0,0008 0,001 2 0,001 2
NH, 38 38
Ni 0,009 0,009 0,002 0,002
NO 400 400
NOx 0 150 5 100 400 400 20 38,8
(1,5N0,)
0, % wl 1,05 1,2 0,001 0,4 0 0 0,003 5 0,015
Pb 0,004 5 0,004 5 0,001 0,001
Se 0,013 5 0,0135 0,31 0,31
So, 0 4500 0,1 50 25 25 1 67,1
NOTE “0” values,angréported as such in Porter, et al. (2015); empty box indicates no available data as stated in Porter, et al. (2015).
For oxy-combustion, Porter, et al. (2015)(81] integrated many references from previous industiial

and research projects, including measurements from the industrial capture pilot at Schwarze Pumpe
(Anheden, et al., 2011[Z]; White, et al., 2013[111]), For oxy-combustion, Porter, et al.[81] also considered
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.

Note Also considering Spero, C. Callide Oxyfuel Project — Final Results. Global CCS Institute, April 2018.
http://decarboni.se/sites/default/files/publications/202090/cop-finalresults-publicreport-march2018.pdf

10°
10°
10*
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Y 102 ]
o

10! Q ©
10°
101 o1

10-2 ) ) ) ) ) ] )
CO H,0 N, 0, NHg NOx SO,

(e]

Keys

<

impurity content, ppm

E] range (Porter 2015)
New data ISO/TC 265, 2017

Callide (Spero, 2018)

o

Figure 1 — Streams from oxy-combustion technology from Porter, et al., 2015[81] (bars) and
recent values collected within ISO/TC 265 (symbols)

NOTE As concerns the Callide demonstrator plant, data for CO, NO, and SO, represent maximum values
since measurements are below the detettion limits for that specific project(13],

For post-combustion capture, Eigure 2 below compares the concentration ranges according fo Table 6
in Porter, et al. (2015)[81] to yalies recently collected within ISO/TC 265.
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orter, et al., 2015[81] (bars) and récent values collected within ISO/TC 265 (symbols)

Arrows on the Figure 2 represent measurements that are below the detection limits for that spec

a show high variability of impurity concentrations, depending on the capture technology
e-specific process €eiifigurations. This variability is further discussed in 5.4.1.

race elements

lementsdn)the CO, stream originate in the feedstock or fuel (e.g., coal). Their concentrat
w, henée they also called trace metallic elements or TMEs. IEAGHG (2011)[49] states tl
Hg).can be expected to be present with pre- and post-combustion processes. Apps (20(

fic

as

on

nat
7)

[9] states {

hab only Hg and Se are expected in high concentrations in gas phase, according to modell

ng

results. M

ain values for metal concentrations are presented in Table 2 below.

For mercury, only estimated values were found in the literature (IEAGHG, 2004[39; EC, 2011[2Z];
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
uncertainties remain as it might be present both in the gas phase (because it is highly volatile) and in

the partic

ulate phase, adsorbed on aerosols (EC, 2011[27]),
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Figure 3 — Hg concentrations (ppm) in the CO, streams captured froni coal power plants by
different capture technologies estimated values, from Farretyet al. (2012)[33]

In [contrast to metals, organics generally present no direct relationship between the |elemental
composition of the starting material and the subsequent concentration of organics in the C(), stream.
Thie concentration of organics is usually very low and depends strongly on reaction conditigns during
industrial processes (CO, generation and capture) including gaseous species, temperature,| pressure,
anfl residence time. Examples for benzene and naphthalene‘concentrations are given in Table|2 below.

Table 2 — CO, impurities (trace elements) from pulverized coal with post-combustion
(from Porterjetal., 2015[81])

MEA postcombustionédplant Average values of relevant sources, including
Source EC 203112 A Costerkamp & Ramsen, S00610]
(estimated data) Farret, et al. 2012[33]

CQ, % v/v 99,7 —

Hg ppm 0,000 69 0,002 8

Adppm 0,0055 0,002 2

Selppm 0,017 0,012 2

Mn ppm 0,03

Ni|ppm 0,002

PH ppm 0,0011

Bdnzene ppm 0,019

Ngphthalene ppm 0,001 2

5.2.30 Particulate matter

Particulate matter in solid or liquid form is a matter of concern in common industrial applications not
specific to CCS, e.g. turbo machinery or jet engines. Particles in gas streams could considerably increase
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:

1y

2)

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
application to power plants and the final CO, stream composition depends on the fuel, the capture
and cleaning processes.

Industry with process-related emissions, i.e. facilities processing raw materials, that emit~(O,
streams of variable compositions, e.g., H, production, cement and lime kilns, integrated irol gnd
steel works, and bio-gas works.

For both |cases, various options for CO, capture exist that can be retrofitted or integrated into
production processes. Some raw materials contain carbon and other elements that are released during
the procegsing leading to a further diversification of the resulting CO, streams. The application of (CS
in industiy sectors could represent half of the emissions reductions achieved thirough CCS by 2050|as

mentionegl in IEA (2013)[28] and GCCSI (2016)34l,

As compajred to power plants described in 4.2, fewer data are available‘on'CO, stream compositigns
from indujstrial facilities. One reason is that only very recently have the first pilot plants been set up for
capturing|CO, from industrial facilities that do not remove CO, from(the product stream as part of thieir

overall prpduction process.

5.3.1 Cement industry

The cement industry is globally one of the major CO,.eniitting industries. Cement production takes

place on alll inhabited continents in large scale plants.@ement production consists of two major steps:

1)

2)

calcirlation, traditionally in shaft furnacesynowadays mostly in multi-stage cyclone preheaters
followed by pre-calciners (e.g., CEMCAP, 2017118]);

clinkgr burning, mostly in long rotarykilns (ZEP, 2015[114]),

The calcipation process yields aboufi60 % of the plant’s total CO, emissions, and energy productjon
accounts for the remainder. The clinker burning process is typically fuelled by coal and/or refuge-

derived pfoducts (animal meal-sewage sludge, etc.).

CO, captyre strategies opn-a-Cement plant include capturing the nearly pure CO, stream from the
calcinatiop process, usinig, 'oxy-combustion in the rotary kiln, and applying post-combustion capture
processes| to the mixed-gas streams from the calcination process and rotary kiln. Another envisaged
option is dalcium lpeping, in which the plant’s first semi-product, the burntlime, is used as an absorbent.

on

The cement industry is presently testing CO, capture in pilot plants in several countries including
Norway, Belgium, the U.S., and China (e.g. LEILAC, 2016[¢%, Jordal, et al., 2017[36l). 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.

10
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(EC, 2011[27], quoted by Porter, et al., 2015[21])

Substance N, H,0 0, Ar Cco 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

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

irdn and steel industry. There are a couple of methods as pre-combustion processing of.-b
chémical absorption process or physical adsorption process without extra compression.4
pre-combustion processing of the BFG involving filtration, compression, saturation, shiftin
anfl CO, separation. The resultant CO, stream will be similar in composition to_that obta
pre-combustion capture in coal-fired power plants (Integrated coal Gasification Gembined Cy
e.g the Nuon Power Station at Buggenum (Netherlands; e.g. EPRI, 2007[39]).

In |post-combustion capture from BFG the fuel is burned in a steam-raising boiler and t
captured by amine or ammonia scrubbing or a similar process. For post-combustion capture

experience at power plants equipped with similar post-combustion -Capture facilities ca
information on resultant CO, stream composition.

Wi
pr
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5.3

nile blast furnaces produce iron, steelmaking requires decreasing the carbon content of pig
bcess most often used is called Basic Oxygen Steelmaking\¢(BOS) and it liberates a CO an
b called BOS gas. Flue gas of BOS gas combustion is alse a candidate for CO, capture. A ne
funded by H2020, started in May 2019 in Dunkirk in‘\France to demonstrate the capture t
peloped by IFPEn and called DMX. The main purpo§e is to capture CO, from Blast furnace f|

.3 H, production
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Thie CO, stream captured at H, productionplants based on steam methane reforming is usually of high
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Fity (typically >99 vol % CO,). The process of steam methane reforming is similar to the
pre-combustion plants; however-usdally the feedstock for H, production is natural gas
l. The natural gas is typically pre-processed to remove the majority of H,S, N,, and CO,
th gas transportation standards and contracts. Some traces of H,, CO, and CH, can ren
rogenic physical separatiomprocess for H, production (as in the Cryocap project in Le Havr
- absorption-based process, traces of methanol and amines can be also present in the cap

eam composition ¢fthe CCS demonstration project in Tomakomai, Japan. The CO, source i

pture is performed by amine scrubbing.

Table 4 — Production plant, estimated value (Tomakomai, Japan)

processes
nstead of
to comply
hain after
e, France).
fured CO,

eam depending on the solvents used. As an example, Table 4 shows estimated values fqr the CO,

pressure

ing adsorption.{PSA) off-gas from an H, production unit of a petroleum refining plant, and CO,

Substance H, CH, Cco N, 0,

co,

ntent (0,-\ vl/v) n,')') n’nF\ n’n7 Nil Nil

99,7

5.4 Discussion and interpretation

5.4.1 Variability among processes and industries

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

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 operator and the concomitant design of the capture process and operational mode. The operator’s
intent is project-specific and related to the designated downstream part of the CCS chain, with i)
technical EYUITETIeTIItS for CGZ tramsportation arTdStoT age to bemmetamd ii) lcgal cornstraimts; thatare
often aim|ng at ensuring safety and avoiding environmental impacts.

To reducq capture cost, ideas have been developed in the first decade of this millennium to injgct
and store|SO, and NO, together with CO,. Later, in pilot projects, it has been consideredmnecessary| to
remove SQ,, NO,, and other impurities for technical reasons. Also, the efficiency of captiire procesges
and purification strategies has generally improved with time. For these reasons, neéwer processes [or
capture pjlot plants) usually produce CO, streams with higher purity. This is illustrated in Farret, etjal.
(2012)[32] where results published before and after 2007 are distinguished —‘especially as concelns
SO,, NO,, [NH3, H,S. The present document reflects this tendency as many goneentrations obtained in
2017 witHin ISO/TC 265 are lower than the ranges published earlier.

5.4.2 Ce¢mpositional stability and potential chemical reactions-within CO, streams
The initia|] composition of the CO, stream after CO, capture might change further downstream due tp:

i) compression and conditioning — i.e. by changing pressure and temperature conditions and thergby
modifying solubility limits of the impurities in the COsstreams;

ii) further purification — i.e. by an intended removalof one or more impurities;
iii) reactjons of impurities with each other;
iv) reactjons of impurities with the surroundihgs, e.g. pipeline walls or underground water.

These prqcesses might also result inthe formation of new phases, e.g. by condensation of acids|or
formation| of elemental sulfur, depending on the impurities initially present. Phase equilibria betwgen
the CO, stfeam and the newly formted’phases could be shifted if these newly formed phases further repct
with theiy “containment and/or-surroundings” as in the corrosion of components and pipes (see 5.2{1).
For example, SO, has the poteiitial to deposit elemental sulfur in the presence of NO, (Dugstad, et pl.,
2014[11). Ip the presence of 4,0, SO,, NO, and O, sulfuric and/or nitric acid could form and condenise.
The extent of acid formiation and condensation as well as the exact composition of the condensates
strongly depends ontlie CO, stream composition and temperature (Soheil, et al., 2014[25]).

If CO, strgams of-different composition are mixed, e.g. in a pipeline network, additional reactions coyld
occur if tHe CO,Streams contain impurities of more diverse chemical reactivities (see 8.1).

Predictivésredeling—-would-be-desirableto-—predict{geo-Jtechnicallyrelevantreactions—seo—that-d0
stream composition could be adapted if necessary. However, corresponding predictive modelling
is currently hampered by a lack of data on reaction kinetics valid for the pressure and temperature
conditions encountered during transport, injection, and storage. Laboratory experiments and in-situ
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 thermodynamic and transport properties (collectively denoted thermophysical
properties) of the CO, stream. By reducing the overall efficiency of the CCS technology, or by increasing
the_cost of the project the phvcir;ﬂ effects of impurities can have major consequences alo g the CCS
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hin, so it is useful to assess and forecast these effects. Some of the most affected properties
e, together with examples relevant for practical application (Munkejord, et al., 2016[Z])z

Phase behaviour. The gas-liquid equilibrium determines e.g. the highest pressure-at wh
phase state can be found, and liquid-liquid equilibrium is relevant for the system CO,-w
the appearance of a water-rich phase severely affects corrosion;

Density is an important parameter in the dimensioning of pipelines,‘vessels, compre;
pumps. It is also needed for fiscal metering, if the meters provide,volume flows. In t}
reservoir an increase in the density of the injectate allows a givien formation to contain
mass of the injectate than would otherwise be the case;

Speed of sound determines the flow rate in choked flews It is an important parame
dimensioning of pipelines against running ductile fracture;

Viscosity is needed in calculating pressure drop in pipes, in designing processing equipmé
subsurface reservoir flow modelling;

Thermal conductivity and heat capacity are needed for heat-transfer calculations
exchanger design.

e above properties depend to a greaterror lesser extent on CO, stream composition. Implig
nsportation and storage are described in 6.1.2 and 6.1.3, respectively.

otential impact relates to partictlate matter if present as outlined in 5.2.3 such as compress
it might occur with particuldte sizes <1 pm. Greater particle size is only tolerable in a com
bse particles are hard and relatively dry, so that they will not agglomerate on the compre
faces.

Fious filters are used to remove particles. Particle sizes and the target particle conc{

her the pressuve drop, filter size, energy demand, and cost of particle filters. In challeng
pgressivelyfine filters are usually combined in series. Porous filter materials become parti
th time,‘requiring replacement or reactivation. Porous rocks in the subsurface also fy
ers. Eluid velocities decrease radially around injection wells as particles settle out of the C
en“they slow down. Some particles such as alkaline earth oxides stick on wet grain s
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1ifers. They can coagulate/agglomerate as a result of reactions with brine and water to h

droxides

or bicarbonates. These deposits can reduce the reservoir’s permeability and injectivity. Therefore,
particles are usually removed from CO, streams at surface installation. Filter maintenance is easier
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]
the density of the |flow, the quantity of
Impurities in CO, stream CO, transported will be
general Tower, ience decreasing
the efficiency of the
transportation chain
Higher maximum |Larger propensity to Munkejord, et al., 2016[8071]
two-phase ductile fracture IEAGHG, 2011[49])
pressure Maior leak with a Cosham, et at}, 2014[21]
a) Nordhagen, et al. 2017[Z6]
0, N, Ar, widely open fracture
H,.. Non-condensable |Reduce density, Increase in highest IEAGHG; 2011[4640],
increase volume, |pressure of two-phase |Mohitpour, et al., 2012[62],
change shape of  |gas-liquid state Batter, et al.,, 2015[81],
phase envelope Munkejord, et al., 2016[71],
IEAGHG, 2016[42]
. . . [Z]
H,S and Npx Deposition of Interruption to flow Dugstad, et al.2014
elemental sulfur
H.0 Hydration Hydrates Interrupticmto flow IEAGHG, 201642
2 formation
6.1.2.1 [Density and viscosity
The presgnce of impurities can influence the density and viscosity of the CO, stream. For pipelfne
transport} a high density is advantageous, since'in this case mass flow rates can be higher, and plpe
diameterq smaller. In turn, the presence of-ion-condensable impurities such as Ar, N,, or O, in high

concentrations (e.g. from oxy-combustion) could lead to an increase in pipeline diameters for derse
phase COj} transport, which would raise-the capital cost (IEAGHG, 2016[42]). For H,, the effect oflits
low moleg¢ular weight is also significant in reducing stream density and/or requiring larger pipeljne
diameterq (IEAGHG, 2011[40]). A lower viscosity, as e.g. induced by Ar and/or N,, will facilitate pipeljne
transport|{ (IEAGHG, 2011[40], Porter, et al., 2015[81]), because the pressure drop along the pipellne
decreased and less compressioi energy is needed. However, for fully turbulent flow, the sensitivity of
pressure ¢lrop to viscosityis tow.

6.1.2.2 [Phase behaviour and phase equilibria

Impuritief alsoaffect CO, phase behaviour (Span, et al., 2013129, Lgvseth, et al., 2016120]). As discusged
in the revyiew\by Munkejord, et al., (2016)[Z1] data are currently lacking for several relevant binary
systems.

The coexistence of two fluid phases (liquid and gas) in pumps and compressors can cause hydrodynamic
effects resulting in malfunction or damage of such equipment. The operation of pipes in 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-liquid 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[76l),

Thie presence of water as a separate phase can lead to hydrate formation depending en| pressure
anfl temperature, which can cause blockages leading to dramatic flow interruptions./The| inclusion
of [chemical inhibitors such as glycol can decrease or prevent formation of a separate’water phase.
(IHAGHG, 2016!421). However, the presence of glycol sometimes increases corrosion, "Fhe presgnt report
dops not address the possible influence of impurities on hydrate formation.

H,F and SO, cause negligible reduction of the solubility of water in the CO, stream.

Ship transport of CO, is considered to be economically viable for relatively'long transport dijtances or
small volumes (e.g. Barrio, et al., 2005[16]; Munkejord, et al., 2016[71)An-addition, the flexibility of ships
cotild have an advantage in early CCS deployment. Ship transport is currently considered at lgw (6 bar-
8 bar), medium (15 bar) and high pressure (45 bar-60 bar) (Noerwegian Ministry of Petrqleum and
Energy, 2016[771). From a pure ship transport point of view,46w pressure (with a correspopding low
temperature) is considered optimal due to the high liquid density and low gas density (Aspelfind, et al.,
20p6M9]), Very few studies have included the impact of2CO, stream composition on ship fransport.
Engel and Kather (2018)[22] considered the liquefaction-of a pipeline CO, stream. They found that an
indreased impurity concentration lead to an increaséd energy demand of the liquefaction prpcess, and
to p shift from electrical to thermal energy demand-for the injection. Further open technical|questions
related to ship transport include(a) optimal, integration of the liquefaction process with the capture
process, (b) the possible formation of solid CO, at low pressures, and (c) the implications on loading/
unjoading and other operational procedures.

6.1.3 Effect on geological storage

6.1.3.1 Density and buoyaney

IEAGHG (2011)[4%] have cenducted a study on the effect of impurities on CO, stream dgnsity and
stdrage capacity. One important finding is the existence of a minimum or a maximum storagg capacity
depending on the £0;”stream composition. As already explained, the presence of non-copdensable
impurities resultSiin’a density lower than that of pure CO,, leading to decreased CO, storagg capacity
anfl increased bueyancy in saline aquifers (Wang, 2015[109]), The non-condensable impuritieq generally
xample is

pure CO,.
bre region

(i.e. corrosion of cement and/or casing, see also 6. 6.2).
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NOTE1 [The molar fractions of CO,, O,, Ar, and N, in (1) are, 0,972 3; 0,015 9; 0,007 4 and 0,000 8, respectively.

Figure t — Calculated density of an assumed-.CO, stream from oxy-combustion as a function
of depth for typical hydrostatic pressure and temperature gradients in the subsurface (1)
compared to pure CO, (2)[Modified from May, et al. (2009)[67]]

The non-dondensable impurities such ‘as ‘Ar, N, O, and H, generally reduce the density of CO, undgler
storage cqnditions (Yan, et al., 2009{5431), in special cases up to 50 % (between 800 m and 900 m depth),
for low pyrification levels. This results in a reduction of the storage capacity, that can be greater than
the molar| volume fraction of thé impurities. Effects of impurities in the CO, plume can be visualiged
by using ‘normalised storage_¢apacities”, i.e. expressing storage capacities as a ratio between storgge
capacitieq of a pure and a-mixed CO, stream.

Lighter elements contained in the CO, stream will increase its buoyancy (i.e. the density difference
between the CO, plume and the formation water) in comparison to a pure CO, plume. Inferences abgut
impacts of impurities on buoyancy and storage capacity in aquifers result from numerical simulatians
that calculate‘the effects of the CO, phase density on the horizontal and vertical migration of a CO, plurpe.

In depleted natural gas reservoirs, mixing of the injected CU, stream with residual gas will produce a
CO,-natural gas mixture with lower density and CO, concentration than pure CO,, reducing CO, storage
capacity (Schoneich, et al., 2007[2¢1). The degree of mixing depends on the migration and expansion of
the injected CO, stream in heterogeneous reservoirs (Rebscher and Oldenburg, 2004)[84],

Overall, 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
formation 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
migration 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 | Effecton Potential effect/ Rercr?:;::l?:/led Reference
PUTLtY | of the 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]
saline aquifers
PPN Condensable, Increase | Increase CO, storage Usual .rLan'geLof t,hls g 101
S 2, OU3’ IVUX heav * denSIt ca aClt uupl,u 1L_y IS5 LUU TUW IdIidl 2015[ ]
y y pacity to affect
Significantly change
Remdual §as CH, H,S, N, Decrease Change storage CQletream compo- Schonejich, et al.,
ih depleted : X sition due to high %6
. e density capacity . 2007120
gds reservoir partial pressusieof
residual gas
* | Light, heavy: Molecular weight lower or higher than that of CO,.

6.1.3.2 Interfacial tens

Non-condensable impurities such as N,, O0,, Ar, and CH, will increase the plume/brine
sion (IFT). Higher IFT increases the capillary pressure andimproves the trapping of CO, &

ter
impibing formation water.

In
(S3

ion and viscosity

acid gas, i.e. H,S, are reported (Shah, et al., 2008[22}):

the presence of SO, the interfacial tension decredse$ linearly with increasing SO, con
raji, et al., 2014[25]). Similar effects on the interfacial tension of CO,/brine in the presence

nterfacial
ubbles by

rentration
bf another

Literature is very scarce on the impacts of ithpurities on viscosity. IEAGHG (2011)[49] notp that the

viqcosity of dense-phase CO, can be lowered at pore scale by some impurities such as N,, (

, and Ar,

affecting the migration of the CO, stream™in the reservoir. Depending on the reservoir strucfure (spill

pojnt, layering, heterogeneities, etc.), changes of viscosity can lead to an increase or decrease fof storage
capacity.
Table 7 — Summary of physical impacts on underground storage (part 2, interfacial tension
and viscosity)
Impurities Effect on Potential Reference
p CO, stream effect/impact
; : Saraji, et al., 2014[23]
SO5H,S Decrease 1r_1terfac1al Affect storage capacity J
: tension Shah, et al., 2008[2]
Increase the plume Increase capillary
N,, 0,, Ar, CH, interfacial tension | pressure and improve
(IFT) residual trapping
; ; Affectmigration [20]
N,, 0,, Ar Decrease viscosity of CO, plume IEAGHG 2011

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,. (IEAGHG, 2011[49]).
Thus, a detailed knowledge which impurity is present in which concentration at a given location in the

storage re
and relatg
of impurit

6.2 Che

Dependin
propertie

servolr after a certain injection period allows for a better prediction of geochemical reactlins

d geotechnical consequences (see also 6.2.2). It is currently unknown whether the préese
ies affects solubility trapping of the CO, plume phase, due to a lack of experimental data.

mical impacts

b on the chemical properties of each of the impurities, their presence modifies the chemi
5 and in particular the reactivity of the CO, stream. Further, cross-chemfeal reactions betwg

different

(such as acids) and the reduction of concentrations of other impuritiessI the following, chemi

impacts
equipme
including

6.2.1 Corrosion of metallic materials

6.2.1.1

Pipelines
CO, strea

H,0 disso
acid (H,C
general o
20121620,

temperatiire as the solubility deereases with decreasing temperature and pressure (De Visser, et

2008[22]),
rate incre
form whe
high local

mpurities could also occur within the CO, stream leading to the forfnation of new impurit

impurities on the corrosion of metallic materials are described (both in surface transp

ce

cal
en
ies
cal
Drt

and in injection wells). Further subclauses deal with chemical impacts on geological storajge,

interactions with the storage system, the overburden andiwell cements.

Surface transport equipment

carrying dense phase pure, dry CO, are not\affected by corrosion. However, impurities in {
m might affect the corrosivity.

Jved in the CO, stream is not corrosive, but free water can result in the formation of carbo
0,), which is highly corrosive (Andersson, 2008[3]; see Figure 5). Carbon steel can suf
" pitting corrosion, at a rate, of. more than 1.0mm/year in wet pure CO, (Mohitpour, et
The solubility of water jisa pure dense phase CO, stream is a function of pressure 4

Experimental studies.with dense-phase mixtures of CO, and water show that the corros
ases with increasing-temperature. Although a protective FeCO; corrosion product film ¢

sed corrosion{rates (Dugstad, 2010[2]),

he

hic
fer
al.,
nd
al.,
on
an

h the concentrationof dissolved corrosion products becomes high, the film can fail and permnit
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Keys
1 | mass transport
2 | aqueous phase
3 | gas
4 | hydration
5 | dissociation
. . QA
6 | electrochemical reactions 5\0.
7 | iron carbonate precipitation (%)
)
Figure 5 — Carbon steel pipelinz@osion mechanisms (Andersson, 2008)[3]
Other components such as SO, and \can also dlssolve in free water to form corrosive and acid
bytproducts. Also, when 1mpur1t1e H,0, SO,, NO,, O0,, CO, and H,S are present together in the
CQL, stream, there are a number of p 551b1e Cross- chemlcal reactions that have the potential to form
sulfuric/sulfurous acid, nitric acid, and/or elemental sulfur, which form separate phases and thereby
provoke corrosion. These a@us (acidic) phases can form at water contents of less than| 100 ppm
(sde Annex A). The prese amines, MeOH, EtOH, glycols, and other water-soluble compoents will
promote the formation n aqueous phase and reduce the concentration of water in the CO, pt which a

D

md
impurities
co

sejarate aqueous pl‘@ s formed.

i ctlons between various impurities and potential chemical cross-read
é‘rable concentration of any impurity depends on the concentration of
Q will be project specific (see Annex A). Table 8 summarizes the effects of imp

ase of transportation by pipeline.

e to these
Ximum a

I'OSlO

tions, the
the other
urities on

&

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

. Characteristics Effects on Potential Recommended
Impurities . . . measure/ Reference
of the impurity | CO, stream effects/impact
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 . o
mental sulfur impurities) is low
Corrosion and .
formation of pro- | Corrosion negli- | Dugstad, 2010(2]
H,0 Solubilization Form H,CO; | tective corrosion | gible when water | pe Visser, et al.,
product films content is low 200822
(FeCO5)
© IS0 2020 - All rights reserved 19


https://standardsiso.com/api/?name=0979d0dca27f27a0594647d1f7a31ab0

ISO/TR 27921:2020(E)

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.

6-2.1-2 'llll)dl't uIll illiULtiUll WC}}D

In the resprvoir, water will dissolve in the CO, phase while CO, (and impurities) will partially dissojve
into the formation water. Likewise, the impurities present in the CO, stream will also disselve in the
formation water.

In particuflar, corrosion of well equipment (casing, tubing, etc.) could occur if formation water backflpw
occurs when injection stops. For example, ship transport to the injection site cowld.yield intermittent
injection. [Also, CO, injection wells connected to a large transport network will{probably need to cqpe
with a rapge of CO, arrival rates within the limits of the capture plant(s)land surface equipment,
therefore |causing changes in flow rate or even temporary shut off.

When injgction stops, temperature increases at the bottom of the CO, column. When the water dissolyes
in the CO,|phase and the water-enriched CO, phase moves upwards (by convection and diffusion), wafer
can condgnse further up in the CO, column where the temperatur€ is lower, so that an aqueous phase
is likely t¢ appear. Where the tubing material is exposed to such'environments, pitting corrosion and
cracking gre likely to occur. The corrosivity of the brine and,of the condensed aqueous phase depends
on the anfount and type of impurities and reaction products that partition to the water phases. Some
impuritie$ (SO,, NO,) and reaction products (H,SO,, HNO3) strongly prefer the water phase while
impuritieg like O, and H,S are expected to be presentih significant amounts in both phases.

6.2.2 Impacts on geological storage system

6.2.2.1 [Impacts on reservoir and caprocks

ical reactions of CO, streams*with formation fluids and rocks can result in the alteration| of
the rock matrix by changing the abundance, type, shape, and texture of the rock-forming minerdls.
New mingrals can form in the pore space or replace primary minerals. These reactions might be| of
geomechdnical relevance, provided the amounts of reactants and products are sufficient. Injectivity,
storage cdpacity, mechanical strength, and storage safety could be affected by geochemical reactiqns
in a positive or negative'way. Whether a reaction is beneficial, insignificant, or problematic for storgge
depends ¢n its reaction rate and position within a storage complex: Reactions resulting in a gain| of
porosity qould enlance permeability and injectivity of the reservoir if they occur close to wells, wlhlile
such reactions could be problematic for the integrity of a caprock. On the contrary, reactions increasing
the volumle fraction of solid phases in the rock can reduce permeability which could be beneficial for
storage spfety if caprocks are affected. Moreover, such reactions might be considered positive for
reservoir rocks if they are slow enough not to markedly reduce injectivity during the operation phase of
a storage 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. Impurities

ad
SO
w3
an

Hcomptexity tothe range of possibte Teactionrs—Forexampte;,the presenceof acidic gass
. (and NO,) will further acidify the formation water particularly in the two-phase zone.{|
ter/CO, plume) due to their preferential dissolution in the formation water (e.g., Talthar (2
1 the formation of (strong) acids reactions (e.g. SO, —» H,S03, H,S0,).

Thi
(0):¢
by
dis

e extent of acid formation depends on factors such as pressure, temperature;‘and the ava
dants, such as O, to oxidize SO, into H,50,. NO, are known to catalyse the|reaction. Con
lowering the pH value of the formation water, SO, and other acidi¢~impurities wil
solution of minerals there. Following any movement of the formation water, dissolved sy
migrate. When the dissolved species reach the saturation limit, minerals could begin to p
However, precipitation of minerals can be very slow and kinetically-hindered. Thus, not al
expected from thermodynamics will be formed in alteration reactions. Further, dissociation
acids generates anions that may combine with cations dissolved in the formation water to g
miperals such as baryte or anhydrite. Thus, SO, and other agid~forming impurities (NO,, SO, ) ¢
effects on the rock porosity, integrity, and injectivity asshas been shown by laboratory ex
(e.g., Pearce, et al., 2015a, blZ2]; Mandalaparty, et al., 2040152]; Dawson, et al., 2015[22]) and by
wdrk (e.g., Azaroual, et al., 2008[12]) for different types of reservoir rocks. Results from exp
anfl modelling studies have to be considered with‘care when employing impurity concentra
ar¢ much higher than those currently considerediin CO, streams (see Clause 6).

rt from the acidification of formation-waters by CO,, SO, and NO,, redox reactions cd
when CO, streams contain redox-active ¥mpurities. Fe is a ubiquitous element, dissolved
species in reduced formation waters giypresent in Fe(Il)-containing minerals such as siderit
Infroduction of oxidants such as O; leads to the formation of Fe(IlI)-phases, that can replac
irgn phases, or precipitate in the pore space. Reactions of iron minerals have been investigat
stileams containing SO, or Oe¥g. by Garcia, et al.,, 2012[23] (for FeOOH + SO,), Pearce, et al

s such as
formation
015)[101])

lability of
sequently,
enhance
ecies will
recipitate.
minerals
of strong
recipitate
ould have
beriments
modelling
erimental
tions that

uld occur
as Fe(ID)-
e (FeCO3).
e primary
pd for CO,
, 201579

(for FeCO5 + SO,) and Waldmann, et al., 2014[128] (for FeCO5 + 0,). In addition, in depleted hydlrocarbon

regervoirs, the oxidation, of light organic components may result in the formation of heavy
that may accumulate@nd reduce permeability (“tar mats”). The presence of inert or non-co
impurities in the igjeeted CO, stream, such as Ar, N, and CH,, will have no or negligible ge
effects in the subsurface.

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

6.2.2,2  Impacts on well cements

/ residues
ndensable
bchemical

1 11 1 1 1 11 . 1 1 1 1 . . .
TIl WCID CCIICIILS SUTTOUIIUIIy LT DUICHIUIC, HIIIICUIdLCLy dUjdCCIIU LU UIC HIJCCLIUIT HILCT Vd

1, may be

altered by the impurities contained in the CO, stream. The project Puits CO, (2006-2010) focused
on studying the impact of acid gases on wellbore cements by laboratory experiments: The kinetics
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,-N0,-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[321).

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
aquifer formations containing dissolved natural gases or depleted gas reservoirs, natural gases will
also mix with the CO, stream. In this case, natural gas components become part of the CO, stream that

could furt

Some TOHK
their cond
and TME
[9] Farret

The react
known in
is a solve
acidificati
release pr
formation|
will folloy
is present

Ta

trer igrate and feak:

jons involved in the mobilization of TME and TOE and their partitionjug-processes are 1

on and modification of redox conditions due to CO, injection could-influence the scavengil

y the water flow. A comparison of TME concentration in GOy /streams and in formation wat
ed in Table 9.

and TME could also be present as impurities in the initial CO, stream (Table 9). Howey
entration in the initial CO, stream is likely to be by far lower than the concentration of T|
aken up from the subsurface as secondary elements as pointed out e.g. by Apps;jet-al. (20(
etal. (2012)[32], Lions, et al., (2015)[61],

detail, and both are therefore difficult to quantify. Regarding the TOE, supercritical (
nt and will dissolve organic matter. Regarding TME, formation. ‘water and groundwa

ocess of TME by iron oxides (Zuddas, 2009[116]), In consequence, TME could be present in {
water or groundwater, where they can be stabilized by formation chemical processes a

ble 9 — Comparison of TME concentrations in.G0, streams and formation water
[Ceroni & Farret, 2016[331]
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Formation water Formation water

€O, stream before CO, injéction after CO, injection

18 mg/I1

1,2x 1072 mg/1 3 mg/1 (Kharaka, et al., 2009[58])
(Kharaka, et al., 2009[>8])

Pb

2 x 10~>mg/1 (Zuddas, 2009[116]) 2 x 102 mg/1 (Zuddas, 2009[116])

2 x 1072 mg/1
<2105 mg/1 (Apps, 2007[2]) 104 mg/1 (Apps, 2007121

As concer

ns organic elementsin.the Frio in situ injection experiment (Kharaka, et al., 2009[58]) {

more tha
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volatile cd

values oiﬂirganic carbon dissolved in the formation waters increased 20 days after the CO, injection

2 orders of magnitude. The organic anion and BTEX concentrations of the water remair
g/1, nevertheléss the authors concluded that the increase in organic matter (volatile and sen

concentr

200901071}, In addition, laboratory leaching experiments show that the mobilization of organic mat
(including BFEX) and other species by supercritical CO, is possible not only in oil reservoirs but alsg
aquifers cpfitaining no oil.

mpounds)is@Tesult of the CO, injection. At the Ketzin experimental site in Germany, acet
ion in theywellbore fluids had increased nearly 20-fold 1 month after injection (Vieth, et
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Table 10 — Summary of chemical impacts (storage)

Species/ Characteristics Potential Recommended
. . measure/ Reference
substances of the species effect/impact
comment

SO,, NOx formation water;

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

provide anions
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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(II) 2014[108]
minerals
Oxidation of residual
oil. Formation of heavy
1 residues (tar mat) in b
0, Oxidasing gas depleted reservoir. Pearcé 2015072,
Decrease porosity and
permeability
T - Apps 200712],
Mpbilized TMEs Potentially toxic Pollution of shallow Ground water Farret, et al., 2012[32],
ind TOMs by X d water and subsurface . 61]
co impurity water in case of leakage treatment Lions, et al., 2p15[61])
2 Kharaka, et all, 2009(58]
6.3 Impacts on microbial communities in the storage.complex
Ovgrall, relatively few works deal with the impact of impuré CO, on the deep subsurface |microbial
communities and biogeochemical processes.
Different studies show that the injection of high amounts of pure CO, in deep reservoirs impact firstly
mifrobial communities by decreasing its activity‘(Morozova, et al., 2010[7%; Wragg, et al.,[2013[112],
Saptillan, et al., 2013[24]). Then after this period-of activity decrease microbes seem to acclinjate to the
conhditions and activity increases.
Trias, et al. (2017)[194] showed in the framework of CARBFIX project that deep ecosystems cah respond
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ckly to injections of CO,-charged.gfoundwater in a basaltic storage site. The CO, "feed" (
2 % H,S-0,8 % H,) was obtained from the purification of the geothermal gas harnessed by
pthermal power plant. Injection of CO,-charged groundwater resulted in a marked decr¢
tor of ~ 2,5-4) in microbialrichness. lons released by basalt dissolution sustained the
fotrophic and heterotrophie species whose activities may have implications on mineral sto

b can also play the role’of an energy source that can be utilized by a range of different met
panisms in strongly reducing environments. This process involves redox reactions {
impacted by thepresence of impurities (such as H,S, SO, and NO,). However, the incres
pssure more‘¢han doubled the rate of methanogenesis in comparison to low CO, pressure ¢

T

microbialuse (particularly ~pH 3). In contrast, neither H,S nor NO, half reactions produce
enprgy for microbial use when coupled to CO, reduction.

st, etal. f2011)119] examined the redox reactions involving both CO,/CH, and SO,/S0, redd
authers*show that SO, oxidation can be coupled to CO, reduction to provide sufficient §

/5 % CO,-
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Most operators in the US who inject CO, for EOR applications specify an O, limit of 10 ppm. The reason
for this low level of O, is that the presence of even small levels of oxygen can lead to the growth of
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)

b)

©lI

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.

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)[112], 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 mesophilic SRB. They concluded that the black solid produced during the nitrogen lift was mainly
composed of iron sulphide and that it was caused by bacterial activity (seven species of SRB have been
detected ere
likely to bj hic
matter th Jis
this obser

11 ﬂuul bdllll.)]lcb). Gl gdlliL LUlllpUullL‘lb VVi‘L}lill ‘L}lt‘ L‘ll l‘lllllg llluL‘l dllL‘l U‘L}ll;'l L‘ll l}‘llllg Huulb \'A%
e the energy source for strong proliferation of bacteria. Although in this example the oxga
ht functioned as an energy sources for the microbes originated not from the CO, stredm its
vation illustrates the potential role of organic impurities in CCS operations.

Table 11 summarizes the microbiological effects.

Table 11 — Summary of Microbiological effects

. s Effect CCS sys- Recommended
Species{ |Characteristics . . N
. on CO, tem/ Potential effect/impact measure/ Referenge
substances | of the species -
stream |operation comment
0, may stimulate growth
of fermentersand/in
Storage/ turn of SRB Degrade well Check microbial
0, — Iniect] performance by pore s
njection . : capabilities
plugging bacteria colony,
close.tq'the well bore.
Inekease corrosivity

6.4 Toxic and ecotoxic effects of impurities,in case of leakage

6.4.1 General statement

The cumullative effects of substances (€05, various impurities) are not considered in this clause.

6.4.2 Acgute toxic effects

In case o

an uncontrolled.felease (e.g., leak on a pipe), a CO, cloud is formed that can potentidlly

endanger
(poisonin
toxic thar
changes i
It is very
"CO, strez
while for

human and anifital health. Possible impacts on human and animal health are toxic effe
b) and the lethal effects (death). Depending on concentrations, the impurities could be m
the CO, itself in this cloud. When a CO, stream escapes to the atmosphere, there will
\ pressure) volume, temperature, and phase of each of its components and dilution with
unlikely that the composition of the "CO, cloud" will be the same as the composition of {
m“Nf'an impurity with a toxicity threshold T for lethal effects (in ambient air) is consider

cts
re
be
hir.
he
ed,

CO, the threshold for lethal effects is 10 % (see Table 12), the toxic effects of the CO, its

elf

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
NOTE 1 Lower exposure durations would give higher thresholds.
NOTE 2 Different values exist in other countries, although generally similar.
Thle main impurities of concern in this context are H,S and NO,, because these two impulfities have
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Within the CO,QUEST project, a study of the possible risks from~all impurities in the CCS
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v toxicity thresholds. H,S is commonly present after pre-combustion capture processes. The toxicity

eshold for NO, is about 5 times lower than that of H,S (in ppm). Therefore, if NO,constitu
Ft of the NO, species, its concentration can be close to 10 * T and a site-spg¢ific study
nsidered.

hough the intrinsic toxicity of SO, is lower than NO, (toxicity threshold“ef SO, is about
magnitude higher in comparison to that of NO,), SO, might also deserve a site-specific st
ncentration in the CO, stream is higher than NO, concentrations.

fes a large
should be

one order
hdy, if SO,

rhain was

'ried out. It used a multicriteria methodology that accounted for the very different natujres of the

pcts assessed. Results confirm that NO, and H,S are the most influential impurities for acu
ahgerefteh, et al., 2016[64]),

post-combustion CO, capture, one of the main problems associated with the proc
bradation of the amine solvents involving thé“formation of degradation products ¢
‘rimental for human and the environment. These degradation products are formed in
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A. A recent published review proposes a critical analysis of the literature concerning the
ategies developed in the field of post-combustion capture to identify and quantify
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sses of degradation products formed, mainly amines, amides, aldehydes, nitrosamines ar
ds (Cuccia, et al., 2018[3])) Regarding the liquid phase, the principal analytical method
liquid chromatography“(LC) and gas chromatography (GC) for the analysis of amines
omatography (IC)Aor/the analysis of organic and inorganic acids. Concerning aldehydes
scribed method is derivation of the compounds with 2,4-dinitrophenylhydrazine prior to L
prder to monitoythe gaseous effluents, four methods have been described: FTIR, impleme
pingers, online-MS analysis and sampling on solid sorbents.
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ntation of

r gaseous
also leak.

However, formatlon water with dlssolved COZ and 1mpur1tles in it may move upward toward lower-
pressured formations and the surface or may move downward or laterally due to its higher density
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 COZQUEST prOJect concluded that generally chronlc tox1c1ty appeared not to be a ma]or issue for

However, thls is a generlc result that cannot be applled spec1f1cally to all CCS prolects as such Sitte-
specific rigk studies are carried out by operators based on detailed in situ data and detailed madellit

7 Parameters to monitor and measurement methods

7.1 Monhitoring and thresholds

Monitorirg of the composition and mass flow rate of the CO, stream is a component of risk management
that will gssist in limiting impacts and minimizing risks identified in the previous clauses. Monitoring
is conducfed for the capture process and an overall monitoring strategy of the CO, stream and is
implemenjted along the CCS chain downstream of the capture plant, The effectiveness of monitoring is
improved|fthrough the definition of alert thresholds. Alert thresholdsymight be based either on regulatary
limits, or pn site-specific thresholds (operational or contractual).determined by a comprehensive rfsk
assessment process.

A number|of CO, specifications and recommendations for Rtaximum acceptable impurity concentratiqns
in the transport and storage systems have been published (see Table 1 in Annex A). These specificatigns
depend stfongly on the context of each specific CCS project: country, operator, type of project, transpprt
mode, etd. The ISO 27913:2016[48] for CO, pipeline transportation systems states that “Since the
maximun] concentration of a single impurity will-depend on the concentration of the other impurities,
it is not pgssible due to lack of data and currefit'understanding to state a fixed maximum concentratjon
of a singlelimpurity when other impuritiesare, or may be, present”. The present report does not provjde
recommehdations for impurity contents:

The most|referenced CO, quality.re¢commendation has been suggested in the DYNAMIS project ([De
Visser, etlal., 2008[22]) considering CO, streams captured by pre-combustion capture. The National
Energy T¢chnology Laboratery(NETL) issued in 2012[Z3] quality guidelines for impurity limits|to
be used fpr CCUS conceptual-studies using carbon steel pipelines with the caveat that the numbers
“should nfot be used farvyactual projects, which are likely to have requirements that differ”. The
recommendations wefé-based on a review of 55 CO, specifications found in the literature. The mpst
recent redjommendation from “The CarbonNet project” (2016)[103] is also included in Annex A.

Some int¢rnatiehal agreements, areas, and countries establish regulatory limits for CO, stream
compositipon. For example, the London Protocol demands that CO, stream must consist’ overwhelmm oy
of CO," fo : : : : Ces
derived from the source materlal and the capture and sequestratlon processes. Addltlonally, the
Protocol prohibits mixing any waste or matters into CO, stream for the purpose of disposal. In Japan,
rules from the Ministry 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 pipeline is
operated in dense-phase conditions, rapid depressurization would produce gaseous and solid CO,. In
this transition a partition of the impurities between the gas and the solid phases could appear and if only
the gas phase is analysed this could lead to false composition results. Standard operating procedures
(SOPs) will serve to ensure reliable and comparable results as SOPs provide the necessary information
on| measurement methods in terms of characteristics, level of validation, uncertainty, an existing
alternatives. Effective application of SOPs requires that the operator performingthe measurgments be
sufficiently knowledgeable.

7.2.1 Sampling of the CO, stream

Or]::l of the main challenges lies in ensuring that pressure and temperature conditions thaft apply to
samples from the CO, stream are representative of the entire stream.

Phlsical samples of the CO, stream are usually taken dn‘“polytetrafluoroethylene (PTFE)-lined
stdinless-steel pressure vessels (generally referred to as sulfinert vessels). It is important fo address
th¢ standardization of CO, stream sampling and analysisiprocedures.

7.2.2 Determining the physical properties andphase

Compared to other substances that are transported by pipeline (e.g. oil, natural gas and water) the
critical point of pure CO, lies close to ambient temperature. This means that even small dhanges in
pr¢ssure and temperature could lead te'rapid and substantial changes in the CO, stream physical
properties (e.g. density, compressibility)-Further, when operating on or close to a phase boundary line,
phpse change and multiphase flow,€onditions can arise. Phase changes and multiphase flow [occurring
at measurement points will have a détrimental effect on measurement accuracy, e.g., where flowmeters
ar¢ designed to operate in one.specific phase only.

Operators usually choose yalidated equations of state describing thermodynamic properties including
phpse equilibria to apply)to the many different CO, mixtures that are likely to arise in CC$ schemes
(sde 6.1.2). Physical.property modelling software packages are used to predict properties pf various
mixtures. However, such models require site-specific testing and calibration as even snjall errors
copild lead to serious problems during processing and transport of CO,. Currently, the best property
mqdels are empirical in nature, and hence cannot be more accurate than the experimentpl data to
which they‘aye fitted. In order to model mixtures, complete binary mixture data sets are dedired, with
rapges in temperature, pressure, and composition beyond what are expected for the given application.
Thie data situation was reviewed by Munkejord, et al. (2016)[Z721,

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
flow rate of the CO, stream, ISO 10780, ISO 5167-1, ISO 9951, ASME PTC 19.5 (Flow Measurement),
ASME MFC-6-2013, are mentioned in ISO 27919-1:2018(E)[5%], Table C.2.

7.2.4 Impurity concentration measurements
Accounting of impurity concentrations in the CO, stream has two main applications:
i) To mgnage the purity levels in the CCS chain and their possible impacts;

ii) To defermine the amount of CO, that is transported and stored. CO, is not th€.only component of
the CQ, stream (although it is the major one), which is important for fiscal monitoring. This issug¢ is
addrgssed in Clause 8.

No standqrd measurement method exists for the determination of imputity concentrations in CO,|as
a matrix ¢xcept for food grade standards: The International Society of Beverage Technologists (ISBT)
Carbon Djoxide Guidelines provide a basis to identify the best available measurement methods to|be
applied in|this context.

Moreover| the ISO 12039 method defines the performance-characteristics and the calibration| of
automate¢l measuring systems for the determination of\€0, CO, and O, from stationary-soufce
emissiong. Standard methods for the analyses of natural\gas exist, including several methods using gas
chromatopraphy, the ISO 6974 method previously mentioned, but also the ASTM D1945 method, 4nd
the ISO 19739:2004 which describes the analysis of\sulfur compounds. The ISO 10715:1997 standdrd
provides & guideline for sampling natural gas and-the ISO 10723:2012 standard specifies a method of
determining whether an analytical system fortnatural gas analysis is fit for purpose. Those metho(ds,
although they are well described and recognizéed, might not be directly applicable to matrices where ({0,
is the majpr component. According to ISO 27919-1:2018(E), Annex C, Table C2, two methods can be uged
to evaluatle the purity of the CO, stream, i.e. the ISO 6974 method which describes the measurement of
impuritie$ in natural gas using gas(chromatography and the US EPA method 3A which deals with (0,
and O, mgasurements from stationdry sources. Standard operating procedures for the characterizatjon
of impurifies present in flue.gas ‘emitted by amine based solvent capture pilot processes have bgen
published|during the FP7-Q€TAVIUS project (Fraboulet, et al., 2014)[34],

Note Method 3a = “Determination of oxygen and carbon dioxide concentrations in emissions frpm
stationaryl|sources (insttumental analyzer procedure).

8 Relationship of CO, stream emissions and quantification

In case of*emissiomsfrom dITy wirere T thre €ESchaimimtothe a'uuuaphu T, .8 fromr= lcakagc orvent,
GHGs present as impurities in the CO, stream could increase the greenhouse effect as compared to pure
CO,. The two main possible impurities that are relevant GHGs are CH, and N,0, although other GHGs
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.

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

an

d 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,0 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)[88l. If
10 ppm of N,0 were present in the CO, stream, the stream’s global warming potential would increase
by only 0,3 % as compared to pure CO, (because 10 ppm x 298 = 3 x 10-3). Therefore, in non-EOR cases
the impact of impurities as additional GHG emissions is probably minor as compared to the potential
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pecially if a Life Cycle Analysis is performed for the whole life cycle of a CCS project.

Integration issues

Constraints on CO, stream composition

5 technologically possible to treat CO, to near 100 % purity in the gas-conditioning process
most cases it is preferable to have less rigid specifications to reduce both operational a
ts. The question is which part of the CCS chain that actually dictates the CO, composition.

illustrated in Figure 6, the required purity of the CO, streamdelivered from the capture pl
irge degree be dictated by the transport, injection and storage operators, or legal requiren
pture plant operators will therefore most probably not:he the ones to set the specification
ed to purify the CO, stream to comply with the requived transport, injection, storage or {
ecifications. Impurity restrictions (bottlenecks) will be project specific and an optimizatid
bbviously needed where the cost of purificationis balanced against the cost of for instg
re corrosion resistant materials, the cost and*consequences of reduced injectivity due t
wanted reactions in the reservoir, purification closer to the storage or utilization sites, an
Hown-time and repair.

What is driving the CO, composition?
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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
impacts. 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. This
optimisatjon could be realized by way of various options for the technical design of the CCS ¢hdin,
e.g. implementation of an additional purification step or selection of a more corrosion resistant pipe
material.

To assess|various transport network design options, techno-economic assessments have proven|to
be a valugble tool. Few studies exist that assess impacts of impurities along whole CCS-chains in full
complexitly aiming to optimize CO, stream composition with the whole-chain perspective. All sych
studies pgint to the fact that such an optimisation can only be project-specificAe:g., Brunsvold, et pl.,
2016[14] xorter, et al., 2015811, Riitters, et al., 2016[221). Thus, no general recommendation on optiral
CO, stream composition can be given — as stated in Clause 7. Rather, it is gefferally recommended) to
analyse cpst efficiency of upstream impurity removal versus dealing with*impurity impacts further
downstrepm. Techno-economic assessments of several model CCS chains have revealed the superjor
cost efficipncy of upstream impurity removal (Brunsvold, et al., 201654,

In additign to techno-economic considerations, ISO/TR 27918\ “Life-cycle risk assessmentl23] will
outline st¢ps for taking into account the various risks as impaéted by the CO, stream composition arjd/
or the prefsence of specific impurities for a specific CCS projéect.

9.3 Mixing CO, streams before injection: Challenges in larger CCS infrastructures

Implemenftation of larger CCS infrastructures eguld be one option to reduce costs of transport gnd
storage. lfarger CCS infrastructures could include the feed-in of CO, streams from different sourges
in a common transport network (collectiennetwork with trunk line or ship transport in or withgut
combinatjon with pipeline transport) andyor injection of CO, at several storage sites (via an injectjon
and storage hub or along the route). Large-scale infrastructure scenarios have been developed, e.g| in
Europe fo the North Sea area. Pipéline networks that are now in operation combine high-purity (0,
streams ffom few emitters or natural CO, sources and involve trunk lines for CO, transport of shprt
to moderdte length (some examples can be found in NETL, 2012[73]). Additional transport and storage
networks|are in various planning and development stages (e.g., Alberta Carbon Trunk Line Projgct,
Canada; Norwegian Deme.Rroject, Norway; CarbonNet Project, Australia; Porthos project, Netherlands).

Combining CO, streamis from different sources for or during transport could bring specific benefits
(e.g., dilutjion of a.contaminant), but could also result in additional challenges in comparison to simple
CCS chainp. Further options for optimizing CO, stream composition could include arranging CO, stream
contributjons\from different emitters in such a way that a highly impure CO, stream is combined
with high|purity CO, streams (i.e. diluted). However, such a feed-in scheme could generate an “ouf of
specification” CO, slug if the flow of the purer CO, stream is interrupted. Of course, the high impurity
CO, stream 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.

Furthermore, when different CO, streams are combined, from various emitters that differ in their
composition, the spectrum of different impurities will potentially be larger than in single source-single
sin . i i i i it ined CO,
stileam 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 can help to check
that there are no incompatibilities among the different impurities. For instance, SO, andH,S cpuld react
to form solid sulfur, or unsaturated hydrocarbons could react with NO, to form unstable profducts (see
Clquse 6). Specific assessments help to identify these risks in the context of modifications of mass flow
rafle and/or CO, stream composition, such as could occur during the intended br unintended| (re-)start
or shut-down of CO, emitters and CO, stream flows.

In [comparison to simple CCS chains, larger CCS infrastructures offer.a greater flexibility for coping
with disturbances in the CCS chain (e.g. in CO, feed-in, in technicalNrstallations or in the sforage) as
alternative supply or transport options, and interim storage and“injection sites might be|available.
However, setting up a large-scale infrastructure carries specific risks some of which are pdrticularly
impacted by the CO, stream composition. A CO, transportand storage infrastructure will bg designed
to pccommodate CO, streams with an expected mass flow and compositions within a speciffied range.
Thie future availability of CO, streams, both in terms 6fmass flow and composition, will be influenced
by|technological and economic developments.

10 Conclusions

Actoss CO, streams captured from poweét-plants and industrial processes there is large vgriation of
impurities and concentrations becausethe impurities depend on the fuel type or raw materialp, the CO,-
generating process, the CO, captur€ process, and the final purification and compression steps. Ranges
for] concentrations of major impurities can be cited, even though data for usually minor impurfties (such
as|SO,, NO,, CO, H,S) and forsmetallic and organic trace elements are scarce and are often| based on
mqdel estimates, instead of in/situ measurements.

Anl extensive list of physical and chemical effects of these impurities has been established. These
imﬁurities can affect.both surface equipment and surface and underground operations. Furfthermore,
solne impurities gan-have (eco)toxic effects.

Acfurate mornijtoring of CO, stream composition is important and helps to: i) ensure proper oferation of
CCP activities; ii) reduce risks of negative impacts; iii) ensure correct quantification of the GHG stored
(o1 emitted); and iv) contribute to knowledge sharing among CCS stakeholders and the publiq

Thee‘capture process, final purification and compression steps help to manage CO, stream composition.
The 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.

© IS0 2020 - All rights reserved 31


https://standardsiso.com/api/?name=0979d0dca27f27a0594647d1f7a31ab0

ISO/TR 27921:2020(E)

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 a single impurity in a CO, stream.

Therefore, concentration thresholds are case-specific and subject to optimization for the entire CCS
process wlith respect to safety and environmental protection, costs, and energy demand.

32 © IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=0979d0dca27f27a0594647d1f7a31ab0

ISO/TR 27921:2020(E)

Annex A
(informative)

Dense phase CO, corrosion

A.—Previous experience

CO, is predominately transported as dense phase and sufficiently dehydrated te'\avoi¢l hydrate
formation. Some features of CO, make it more challenging to transport in pipelines than ngtural gas,
i.ef a greater susceptibility to long-running ductile fracture propagation (Coshdm, et al., 2014[21], a
greater likelihood for lower temperatures and reduced toughness due to theJoule-Thomsg¢n cooling
effect (=20 °C for line venting and down to -80 °C for leakage), and a high potential corrosion] rate if an
aqpeous phase is present.

COL, has been transported and used in food industry and enhancegd oil recovery (EOR) for decades,
m4inly in USAI43], No serious corrosion problems have been reported.in the part of the system that has
begn exposed to reasonably dry and pure CO,. According to OPS{Office of Pipeline Safety)|statistics,
th¢re were only 12 leak cases from CO, pipelines reported from?1986 through 2006 — none r¢sulting in
injlries to peoplel82],

Thie good experience with CO, transport in USA is.often referenced to argue that CO} pipeline
trgnsport will not be a big challenge for Carbon Capture and Storage (CCS). The justificatign for this
vigw can be questioned as CO, captured from fossil-fuelled power plants and other industrial sources
might give dense phase CO, containing impurities that have not been transported before| It is also
regarded more challenging to operate CO, network with many point sources and to transpprt CO, to
offishore storage sites.

A.p CO, recommendations@and specifications — A literature overview

Anumber of CO, specifications.and recommendations for maximum acceptable impurity concg¢ntrations
in the transport and storage(syStems have been published. The most cited CO, quality recomipendation
hap 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
belused for conceptual-design s of studies of CCUS systems using carbon steel pipeline with the caveat:
“This guideline is~intended only for conceptual studies under a generic scenario and should not be
used for actual_projects, which are likely to have requirements that differ from the generi¢ scenario
asgumed herein."[Z3][Z5] The recommendations were based on a review of 55 CO, specificatipns found
in [the literaturelZ31[31], The CarbonNet Project published in 2016 a preliminary CO, specification for
its|hub-based carbon capture and storage network[123]. Other frequently cited CO, specifications have
bepn-presented by IPCCI44] and Kinder Morgan[27],

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 impurities
(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 7301231/ 20-650 100 122
500023
H,S, ppmv <260 <26 20 9000 200 100 20-13 000 100 130
CO, ppmv — — — 1000 2000 35 10-5 000 900
02, DPMV — <14 — <70 <40 000 40000[Z4/ | 100-40 000 20000 275
' 100251
NOx, ppmvy — — — 100 100 20-2 500 250 96
SOx, ppmv — — — 100 100 10-50 000 200 69
A.3 Corrosion in pure CO, and water
When thq acceptable water content in CO, streams is discussed it is usually argued that no wafer
containing phase will precipitate and cause corrosion/hydrate as long as the concentration is well belpw
the solubi

confirm

range 20 ppmv to 650 ppmv.

ity in pure CO,. The water solubility in the pure system iS%1 000 ppmv in the temperat:tre
range relgvant for pipeline transport (4 °C-50 °C) and both laboratery experiments and field experie

ry low corrosion rates for the pipelines where the water content have been specified in 1

ce
he

Water prgcipitates when the water solubility limit is exceeded and experimental studies with dense

phase CO{ and a free water phase show that the corrosion rate increases with increasing temperatu
that protg¢ctive FeCO3 corrosion product films form*when the concentration of dissolved corros
products pecomes high and that the corrosion.film can fail and give high localised corrosion rat
The obsenvations seem to follow very much the trends seen at lower CO, partial pressure in oil 3

gas prod
pH, a mug
steel. The
amounts

supersatyrated with dissolved cérrosion products and a much lower corrosion rate can be expect

This mec]
corrosion

A4 Im

When imp
chemical

ction. The main difference is the.murich higher CO, pressure giving typically a one-unit lov
h higher solubility of corrosion‘products and more H* ions and H,CO5 that can corrode {

pf condensed waterl2l. If gnly minor amounts of water precipitate, the water will be quic

nanism is similar to(Tep of the Line Corrosion (TLC) in gas condensate pipelines and f{
rate will be limitedDy the availability of fresh water.

purities and formation of corrosive phases

result can be extreme corro8ion rates exceeding 30 mm/y when the steel is exposed to lay

re,
on
es.
nd
er
he
ge
Kly
bd.
he

uritiesiKe water, SOx, NOx, O,, CO and H,S are present there are a number of possible cro|
Feactions that have the potential to form sulfuric/sulfurous acid, nitric acid and eleme

sulfur. T
system at

nstitute for Energy Technology)tr. eexperlmen -

elemental sulfur formed (see Figure A.1) at impurity concentrations below the 1mpur1ty limits given in
the recommendations in Table A.1.
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Figure A.1 — H,S0,, HNO; and elemental sulfur formed in corrosion ex {fiment per
at 45 °C, 100 bar and CO, composition as given in last column'in Table A.1

3

A.

If the carbon steel surface is wetted by a water containing ph fHe question is not whether
takes place, but at what rate. Avoiding the formation of cor@ ve phases and solids in the |
esgjential for the safe operation of a CO, pipeline network.Rrecipitation of water in systems
redgctive impurities can be predicted, but due to lack o%e there are presently no publically
mqdels that can predict precipitation of aqueous p@ s when reactive impurities (combi
NQx, SOx, H,S, 0,, H,0, CO) are present.

b Defining safe operation window for CO, transport\%

Thie lack of data was recognized in the first IS
In the standard it is stated that “Since the m

andard for CO, transport that was issued i}
um concentration of a single impurity will dep
coficentration of the other impurities, it is\@t possible due to lack of data and current unders
stdte a fixed maximum concentration.@b.single impurity when other impurities are, or may b4
Thie standard therefore recommen@ nsulting the most up to date research during pipeline

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

5 technologically possi %)to treat CO, to near 100 % purity in the gas conditioning process
most cases itis pre\ le to have less rigid specifications to reduce both operational and caj
point at issue fdf; e operators is which part of the CCUS chain that dictates the CO, com]

required ity of the CO, stream delivered from the capture plant will to alarge degree
th¢ impuri vels that can be accepted and managed by the transport, injection and storage
captk@s lant operators will therefore most probably not be the ones to set the specificatia
need ?’urify the CO, stream to comply with the required transport, injection, storage or {

2020(E)

formed

corrosion
bipeline is
with non-
available
hations of

1 201648,
end on the
tanding to
present”.
design

However,
ital costs.
bosition.

lepend on
bperators.
n but may
htilization
n process

ications. Impurity restrictions (bottlenecks) will be project specific and an optimizatid

nce using

more corrosion resistant materials, the cost and consequences of reduced injectivity due to possible

unwanted reactions in the reservoir, purification closer to the storage or utilization sites, an
of down-time and repair.
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