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Summary of Report

This Report provides a comprehensive review of the current knowledge and recommended practices for
managing internal corrosion in carbon steel pipelines transporting dense phase CO.. The focus is on
understanding the synergistic effects of impurities and providing recommendations to avoid high corrosion rates.
Additionally, areas where knowledge of corrosion rates is limited and requires further investigation are identified,
along with the need for expanding knowledge on corrosion mechanisms and the development of new corrosion
models.

The Report highlights the importance of considering the combined presence of impurities, such as Oz, HzS, SOz,
and NOx, as they can significantly accelerate the corrosion of carbon steel pipelines. Synergistic effects among
these impurities have been observed, resulting in corrosion rates higher than the sum of those associated with
individual impurities. Therefore, best current practices are recommended to address these synergistic effects and
mitigate the risk of high corrosion rates.

Furthermore, the Report identifies certain conditions where knowledge of corrosion rates is limited and further
investigation is needed. These conditions may include specific combinations of impurities, varying
concentrations, and specific operating conditions. It is crucial to expand the understanding of these conditions to
enhance corrosion management strategies and develop targeted mitigation measures.

Additionally, the Report emphasizes the need for knowledge expansion in terms of corrosion mechanisms and
the development of new corrosion models. Understanding the underlying mechanisms behind the synergistic
effects of impurities and their interaction with the pipeline materials is essential for accurate corrosion prediction
and effective corrosion management strategies. The development of new corrosion models will enable more
reliable assessments and predictions of corrosion rates in dense phase CO: pipelines.

In conclusion, this Report provides valuable insights into managing internal corrosion in carbon steel pipelines
transporting dense phase CO:. By considering the synergistic effects of impurities, implementing best current
practices, investigating conditions with limited knowledge, and expanding corrosion mechanisms and models,
operators can enhance corrosion management strategies and ensure the integrity and reliability of CO:2 pipelines.
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1. INTRODUCTION

The transportation of CO2 (Carbon Dioxide) from the capture point to storage and utilisation sites is an integral
component of CCUS (Carbon Capture, Utilisation and Storage) projects. Whilst ships, trucks and trains can be
used to transport COz, pipelines are typically considered to be the most safe, reliable, and cost-effective method
for transporting CO2 [1], [2]. An understanding of the internal corrosion mechanisms present within CO2 pipelines
is required to manage and control internal corrosion and ensure that CO2 pipelines can be safely operated.

Pipeline transportation of CO2 over longer distances is typically regarded as most efficient and economical when
the COz is in either the compressible liquid or supercritical phases. This can be attributed to the larger density
associated with these phases in comparison with gaseous phase COz resulting in smaller frictional energy losses
along the pipeline [3]. Whilst it has been acknowledged that supercritical CO: offers superior pipeline transportation
properties in comparison with CO: in the gaseous phase, there is currently a poor understanding of internal
corrosion mechanisms in supercritical COz2 pipelines. Whilst it has been acknowledged by many operators that the
formation of a free water phase in a supercritical COz pipeline can result in severe corrosion rates, there is currently
limited understanding of the effects that other impurities may have on internal corrosion rates. Given that many
Australian Oil and Gas operators are interested in operating CO2 pipelines, the information presented in this paper
can be used by Australian Oil and Gas operators to carefully manage and control corrosion in their CO2 pipelines.

The purpose of this paper is to review the available information in literature in relation to corrosion in supercritical
CO: pipelines. This review will focus on the effect of impurities on supercritical CO2 pipeline corrosion rates and
discuss any potential synergistic effects between impurities that result in a significant increase in corrosion rates.
Impurity specifications from CO2 pipelines in the United States of America (USA) along with impurity level
recommendations from literature and standards will also be presented. The effect of pressure, temperature, flow
rate and localised corrosion on the overall corrosion rate will also be briefly reviewed. Industry interviews will also
be conducted, so that an understanding of the impurities that Australian CO:2 pipeline operators are most concerned
about can be developed.

By summarising the available information in literature in relation to supercritical CO2 pipeline internal corrosion, this
paper can be used by operators as a guide for managing and controlling corrosion. The literature review will also
enable the current knowledge gaps associated with supercritical CO2 pipeline transport to be identified. By
identifying both the knowledge gaps in our current understanding of CO: pipeline corrosion and the impurities that
Australian CO2 pipeline operators are most concerned about, new research opportunities can be identified that will
close the knowledge gaps that are of concern to industry.

2. CO2 PHASE BEHAVIOUR

CO: is typically transported through pipelines as a dense phase fluid. For the purpose of this report, a dense
phase fluid will be considered to be a fluid with a pressure that is larger than its critical pressure. A fluid in its
dense phase can either be behaving as a compressible liquid, or a supercritical fluid. A supercritical fluid will be
considered to be a fluid with a pressure and temperature that exceeds the critical pressure and temperature of
the fluid. Figure 1 presents a phase diagram of pure COz2. The critical pressure and temperature of CO2 has been
indicated on this phase diagram.
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Figure 1. Phase diagram of pure CO2. The data used to construct this phase diagram was extracted from
Witkowski et al [4]. The critical properties of pure CO2 were extracted from Peletiri et al [5].

It is important to note that the properties associated with CO2 mixtures will vary as the mixture composition
changes. This means that both the critical point and the phase diagram of the mixture will be dependent on its
composition. Whilst the focus of this report is internal corrosion in supercritical CO2, unplanned pipeline
depressurisation and process upsets can result in phase changes associated with the pipeline fluid. The effect of
phase changes associated with pipeline depressurisation and process upsets on corrosion rates will also be
briefly discussed in this report.

3. IMPURITIES FROM COMMON CARBON CAPTURE SYSTEMS

The impurities that can result in corrosion in supercritical CO2 pipelines are often introduced into the CO2 stream
during the carbon capture process. It is essential that CO2 pipeline operators understand the impurities that may
be present in their CO2 pipelines so that they can carefully manage and control internal corrosion.

Post-combustion capture, pre-combustion capture and oxy-fuel are the three main process routes for capturing
COz2 from power plants [6]. The composition of a CO2 pipeline will be directly dependent on the CO2 source and
carbon capture technology that has been employed. Table 1 provides a summary of the expected concentration
of impurities in a dried CO:2 stream from post-combustion, pre-combustion and oxyfuel carbon capture processes
on both coal-fired and gas-fired plants [7]. Table 1 can be used by operators to understand the impurities that
may be present in CO2 captured from power plants.
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Table 1. Summary of the expected CO2 impurity concentrations associated with the most common carbon
capture processes on coal and gas-fired plants [7]. It has been assumed that the CO2 streams produced from
these carbon capture processes have been dehydrated.

No/Ar/ | Total Amount
Capture SO, | NO | HsS | H, | CcO | CHa 2(’) 4 roral puri‘ii‘jas
Pr vol%] | [vol%] | [vol%] | [vol%] | [vol%] | [vol% 2
ocess [vol%] | [vol%] | [vol%] | [vol%] | [vol%] | [vol%] [volo] [vol%]
Coal-Fired Plants
Post-
Combustion <0.01 <0.01 0 0 0 0 0.01 0.01
Capture
Pre-Combustion 0 0 0.01-06 | 0.8-2.0 | 0.03-04 | 001 | 0.03-06 2.1-2.7
Capture
Oxy-Fuel 0.5 0.01 0 0 0 0 3.7 4.2
Gas-Fired Plants
Post-
Combustion <0.01 <0.01 0 0 0 0 0.01 0.01
Capture
Pre-Combustion
Capture - - <0.01 1.0 0.04 2.0 1.3 4.4
Oxy-Fuel <0.01 <0.01 0 0 0 0 4.1 4.1

The level of impurities that can be expected in CO:2 streams derived from other anthropogenic sources, such as
the steam methane reforming (SMR) process, are likely to be significantly different [8]. It is essential that strict

impurity level requirements are developed for CO: pipelines regardless of the source of CO2. Table 2

summarises the CO2 stream composition expected for CO2 that has been produced from the SMR process and
subsequently captured. The DYNAMIS CO2 composition values presented in Table 2 correspond to the CO2
mixture impurity levels expected for CO2 that has been produced through the SMR process, captured using the
activated methyl diethanolamine (MDEA) process, and then dehydrated and compressed [9]. The Port Arthur
CO2 composition values correspond to the composition of CO2 produced in an industrial scale SMR and carbon
capture process that is operated by Air Products at Port Arthur [8], [10]. It should be noted that both water and
hydrogen sulphide (H2S) have not been included in the Port Arthur CO2 composition data, even though both of
these components are expected to be responsible for major integrity threats at typical CO:2 pipeline transportation

pressures, and it is expected that some H2S will leak into the CO2 mixture [8].

The impurity levels presented in Tables 1 and 2 should only be used as a guideline. The CO2 mixtures produced
from each carbon capture process can be purified further than the impurity levels presented in Tables 1 and 2,
although larger capture costs would be incurred. Table 3 presents maximum impurity levels recommended in the
literature for CO2 pipelines, whilst Table 4 presents a summary of the maximum impurity levels used for existing
CO:2 pipelines in the USA. Furthermore, Table 5 presents the planned CO:2 pipeline specifications for the ARAMIS
project, which is a project that revolves around transporting CO:2 captured from hard-to-abate industries and
storing it in depleted offshore gas fields under the Dutch North Sea.
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Table 2. Summary of CO2 mixture composition data for CO: that has been produced by the SMR process and
subsequently captured. The DYNAMIS CO2 composition values represent the expected impurity levels in a CO2
stream produced by capturing and purifying the CO2 produced in the SMR process using an activated MDEA
process and dehydration [9]. The Port Arthur CO2 composition values correspond to the composition of the CO2
stream produced by the SMR process at Port Arthur [10].

DYNAMIS. Frelee: [Byponict Port Arthur CO Stream
Component Composition of CO, Stream [10]
Produced by SMR Process [9]
H20 [ppm Unless Stated] 400 -
CO:z2 [vol% Unless Stated] 99.75 98.11 mol%
MDEA [ppm] 0 -
MEA (Monoethanolamine) [ppm] 0.1 -
CH4 [ppm Unless Stated] 130 10800
Hz [ppm Unless Stated] 1950 1600
CO [ppm Unless Stated] 4.6 2000
Nz [ppm Unless Stated] 24 4600
TEG (Triethylene glycol) [ppm] 0.2 -

Table 3. Summary of the maximum impurity levels recommended for CO:2 pipelines by a wide range of literature
studies [11].

. DYNAMIS g Literature CarbonNet @
Impurity | proiect@pep | NETL ©[12] Review [13] 9], [14]
H20 [ppmv] 500 500 20-650 100
HaS [ppmv] 200 100 20-13000 100
CO [ppmv] 2000 35 10-5000 i
O2 [ppmv] < 40000 10 100-40000 -

NOx [ppmv] 100 100 20-2500 i
SOx [ppmv] 100 100 10-50000 -
Notes

1. DYNAMIS was an integrated European project that investigated the composition requirements for CO:2 pipeline
transportation applications.

2. NETL (National Energy Technology Laboratory) issued a report that summarises the recommended impurity
limits for COz pipeline transportation streams.

3. CarbonNet is a project exploring the feasibility of a commercial scale CCS network in Victoria, and they have
developed a preliminary CO2 specification for its CCS hub-based network.
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Table 4. Summary of the maximum impurity levels associated with existing CO: pipelines in the USA [11], [12].

Impurity Cacn:g;)rrilelr?seef CerI;'Elroa(;I”Bnaesin Cortex Pipeline Weyburn
H20 [ppmv] 122 630 630 20
H2S [ppmv] <260 <26 20 9000
CO [ppmv] - - - 1000
Oz [ppmv] - <14 - <70
NOx [ppmv] - - - R

SOx [ppmv] - - - -

Table 5. Summary of the CO2 composition specification selected for the proposed ARAMIS project [15].

Component Constraint Unit Specification
CO2 Larger Than mol% 95
H20 Less Than ppm mole 70
N2 Less Than mol% 2.4
Oz Less Than ppm mole 40
H2 Less Than ppm mole 7500
Ar Less Than mol% 0.4
CHa4 Less Than mol% 1
CO Less Than ppm mole 750
O2+ N2 + H2 + Ar+ CHs + CO Sum Less Than ppm mole 40000
NOx Sum Less Than ppm mole 2.5
H2S Less Than ppm mole 5
L3 SRS U | sy ess Than | pom ol 2
Amine Less Than ppm mole 1
Aldehydes Sum Less Than ppm mole 10
Carboxylic Acids and Amides Sum Less Than ppm mole 1
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Phosphorous-Containing Sum Less Than ppm mole 1
Compounds
NHs Less Than ppm mole 3
HCN (Hydrogen Cyanide) Less Than ppm mole 2
Total Volatile Organic Compounds
(Excluding Methanol, Ethanol and Sum Less Than ppm mole 10
Aldehydes)
Methanol Less Than ppm mole 620
Ethanol Less Than ppm mole 20
C2+ (Aliphatic Hydrocarbons) Sum Less Than ppm mole 1200
Aromatic Hydrocarbons Sum Less Than ppm mole 0.1
Glycol specification will
be selected by
Glycols (TEG) Sum Less Than - following a dew point
specification @

Notes

1. The maximum tolerable mole fraction of glycols has been selected to be the mole fraction where the mixture
dew point is -10 °C at 20 bar (As measured or predicted using the Cubic Plus Association equation of state).

The impurities reported in Tables 1 to 5 will be used as a basis for the impurities considered in this paper. Other
impurities that have been established to increase corrosion rates in supercritical CO2 pipelines will also be

discussed.

4. PIPELINE CORROSION IN CO2-H20 SYSTEMS

DNV-RP-F104 (Design and operation of carbon dioxide pipelines) and ISO 27913 (Carbon dioxide capture,
transportation and geological storage) have been identified as the main two standards for the design of CO2
pipelines [3], [16]. ISO/TR 27921 is a technical report released by the International Organization for

Standardization (ISO) that discusses dense phase internal corrosion [11]. Internal corrosion in CO2-H20 systems
have been discussed in all of these standards and reports.

DNV-RP-F104 has indicated that internal corrosion represents a significant risk to the integrity of CO: pipelines if
there is insufficient dewatering of the pipeline fluid [3]. This standard indicates that a combination of the formation
of a free water phase and a high CO: partial pressure can result in severe corrosion rates due to the formation of
carbonic acid. DNV-RP-F104 recommends that the water content level of the CO: is carefully monitored and
controlled to ensure that a free water phase cannot form at any location along carbon steel pipelines during both
steady state operation and pipeline depressurisation and process upset events. Whilst this standard has
suggested that careful material selection can be used to significantly decrease internal corrosion rates in CO:2
pipelines with a free water phase, this is not a feasible design strategy for projects where existing subsea
hydrocarbon pipelines are being repurposed into subsea CO: pipelines.

ISO 27913 has recommended that the maximum water concentration associated with the CO: pipeline mixture is
determined such that corrosion rates are within the design margins [16]. This standard has suggested that the
maximum water concentration will be dependent on the pipeline operating conditions, and that water
specifications should be made on the basis of relevant operating experience, experimental data and reliable
verified corrosion models [16]. Using existing onshore COz2 pipelines in the USA as a basis, ISO 27913 has
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recommended that the maximum allowable water content of the pipeline mixture is specified to be between 20
and 630 ppmv. However, the CO:2 fluid that is typically transported through COz pipelines in the USA tends to be
relatively pure as it is captured from natural gas, which means that this recommendation is not necessarily
applicable for CO2 captured from other sources due to the presence of other impurities. The large range in the
recommended pipeline allowable water content can be attributed to the synergistic effects between impurities,
and due to a lack of data and current understanding in COz2 pipeline corrosion mechanisms [16]. This means that
the maximum allowable water content will be dependent on the concentration of the other impurities in the
mixture. Both DNV-RP-F104 and ISO 27913 have indicated that there are currently not any reliable models for
predicting corrosion rates in COz2 pipelines that are being operated at both high pressure and with a free water
phase [3], [16]. However, there is active research in this area.

ISO/TR 27921 has indicated that water dissolved in the dense phase CO:2 stream is not corrosive, and pipeline
free water formation is required to produce a corrosive mixture [11]. This technical report has suggested that
carbon steel can suffer general and pitting corrosion in wet CO2 mixtures at rates of more than 1.0 mm/year, and
that experimental studies show that corrosion rates in dense phase CO2-H20 mixtures increase with increasing
temperature [11]. Under extreme conditions, ISO/TR 27921 has suggested that extremely large corrosion rates
that exceed 30 mm/year can occur when steel is exposed to significant amounts of condensed water [11].
ISO/TR 27921 has also stated that the solubility of water in dense phase CO2 decreases with decreasing
pressure and temperature [11]. This result suggests that water drop out and significant corrosion rates could
occur during process upset events that result in significant reductions in CO2 mixture pressure and temperature.
Whilst it has been acknowledged by ISO/TR 27921 that a protective Iron Carbonate (FeCOs) corrosion product
film can form when the concentration of dissolved corrosion products in the mixture become large, the technical
report has indicated concerns about the failure in this film resulting in high localised corrosion rates [11].

A brief literature review of corrosion in dense phase CO:2 systems has also been provided in Annex A of

ISO/TR 27921. Annex A has suggested that both laboratory experiments and field experience have confirmed
that very low corrosion rates have been detected in dense phase CO: pipelines that have been operated in the
range 20 ppmv to 650 ppmv [11]. This water impurity range is consistent with the water specifications used for
current operating onshore CO: pipelines in the USA that were discussed in ISO 27913 [16]. Whilst ISO/TR 27921
has identified that thermodynamic models for predicting the formation of a free water phase in dense phase CO:
systems can be used, these models cannot be extended to more complicated mixtures that have other
components [11].

All of the standards and technical reports have indicated the importance of free water formation on corrosion in
dense phase CO2 systems. The solubility of H20 in COz refers to the maximum amount of H20 that can dissolve
into the CO2-rich phase at a particular pressure and temperature. A free water phase will form in a CO2-H20
system when the global water concentration of the system exceeds the solubility of water in the CO2-dominant
phase. Since corrosion in supercritical CO2 systems relies on the formation of a free water phase, an
understanding of the solubility of water in supercritical CO:2 pipelines is important.

Choi and Nesi¢ have completed extensive studies on the mutual solubilities of CO2 and H20 in the two co-
existing phases, and they have used the results from these studies to predict the equilibrium concentration of
corrosive species in the free water phase as a function of pressure and temperature [17]. Figure 2 presents both
experimental data and the outputs from a thermodynamic model for the solubility of water in dense phase CO:2
[17]. The solubility of water in dense phase CO2 was considered at temperatures of 20 °C, 25 °C, 50 °C and

75 °C in this Figure.

The thermodynamic model used in this paper was based on both the NeSi¢ model [17], [18] (Which models the
chemistry of the water-rich phase) and the Spycher model [17], [19] (Which enables modelling of the mutual
solubilities of CO2 and H20). The Nesi¢ model uses pressure and temperature dependent equilibrium constant
expressions for the carbonic acid formation and dissociation reactions to calculate the concentration of corrosive
species in the free water phase [17], [18]. The Spycher model uses the Redlich-Kwong (RK) equation of state
(EOS) in conjunction with chemical potential equality calculations to model the temperature and pressure
dependence of the mutual solubility of CO2 and H20 [17], [19].

Figure 2 indicates that in the supercritical region, an increase in system pressure results in an increase in the
solubility of H20 in the supercritical CO2 phase. This Figure also suggests that the solubility of water in
supercritical COz is larger in comparison with the compressible liquid and regular liquid phases. This result
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suggests that phase changes in a supercritical CO2 pipeline could result in the formation of a corrosive free water
phase. The data also indicates that the solubility of water in the supercritical CO2 phase increases as the system
temperature increases from 50 °C to 75 °C.
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Figure 2. Experimental data and thermodynamic model outputs for the solubility of water in CO2 [17]. The red
curves correspond to the outputs from the thermodynamic model, whilst the black curves are experimental data
points. The dense phase CO: region at each temperature condition lies to the right of the vertical dotted line.

Although there is strong agreement between the selected thermodynamic model and the experimental data for
the solubility of water in supercritical CO: at relatively low temperatures, Figure 2 indicates that the
thermodynamic model is diverging away from the experimental data above 75 °C.

The relationship between solubility of the solubility of water in CO2 and pressure and temperature has also been
explored using thermodynamic software. Figure 3 presents the relationship between the solubility of water in CO2
in a H20-CO2 mixture and pressure and temperature, as calculated by the OLI software. The outputs produced
by the software appear to match the solubility behaviour depicted in Figure 2.

It should be noted that the solubility of water in CO2 will be directly affected by the presence of other impurities in
the mixture. The effect of other impurities on the solubility of water in CO2 will be discussed later in this Report.
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Figure 3. Presents a plot of the relationship between the solubility of water in CO2 in a H20-CO2 mixture, and the
pressure and temperature of the mixture [20]. This plot was constructed using the thermodynamic software OLI.

Choi and Nesi¢ have argued that the solubility of COz2 in the aqueous phase is also important because this will
have a direct impact on the corrosivity of any free water phase that has formed [17]. Carbonic acid will only form
in the free water phase when both H20 and CO: are present in that phase. The solubility of CO2 in a free water
phase has been studied by multiple authors. Figure 4 presents the solubility of CO2 in water using the
experimental data and thermodynamic model used by Choi and NeSi¢ over a wide range of pressure and
temperature values [17].

Figure 4 suggests that the thermodynamic model provided a good fit to the experimental data over the entire
temperature and pressure range considered. It was noted by Choi and Nesi¢ that the solubility of CO:z in the
aqueous phase was much larger in comparison with the solubility of water in the CO2-rich phase [17]. Figure 4
also suggests that the solubility of CO2 in water increases as the pressure of the system increases, and that the
CO:2 solubility decreases as temperature increases.

Choi and Nesi¢ used the outputs from their thermodynamic calculations in conjunction with aqueous chemistry
models to generate curves for the equilibrium carbonic acid concentration and pH within the free water phase as
a function of pressure and temperature. Figures 5 and 6 presents the effect of pressure and temperature on the
equilibrium carbonic acid concentration and pH within the free water phase respectively. A larger solution pH is
indicative of a more corrosive pipeline mixture.
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Figure 4. The solubility of CO2 in the aqueous phase in a CO2-H20 system [17]. The red curve and the black
dots correspond to the curve that was produced using the thermodynamic model and the experimental data

respectively.
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Figure 5. The effect of pressure and temperature on the equilibrium concentration of carbonic acid in the free
water phase in a CO2-H20 system [17].
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Figure 6. The effect of pressure and temperature on the equilibrium pH of the free water phase in a CO2-H20
system [17].

Figure 5 suggests that the equilibrium carbonic acid concentration in the aqueous phase increases as pressure
increases, whilst this concentration value decreases as temperature increases [17]. Figure 6 shows that the
solution pH decreased with an increase in pressure and increased as the system temperature increased [17].
This means that an increase in system pressure results in a more corrosive free water phase.

Halseid et al. has suggested that both field experience from the USA and lab experiments indicate that corrosion
rates are insignificant when the water content is well below the solubility limit, which is consistent with the
information provided in the CO2 pipeline industry standards and technical reports [20]. The National Energy
Technology Laboratory (NETL) has stated that corrosion does not occur in “rigorously dry CO2” [12]. A study
completed by Dugstad et al. suggested that corrosion does not take place in a dense phase CO2-H20 system
with a water content of 500 ppmw (1221 ppm mole) [22], and this claim has been supported by other authors.
Figure 7 presents the average corrosion rate of carbon steel in water-saturated supercritical CO2 and under-
saturated supercritical CO2z at 50 °C and 80 bar for an experimental test that was run for 48 hrs [23]. Figure 8
presents the relationship between the average corrosion rate of carbon steel for supercritical CO2 at 35 °C and
80 bar and the water content of the CO2 mixture [23].
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Figure 7. Average pitting and general corrosion rates of carbon steel in a supercritical CO2-H20 mixture at 50 °C
and 80 bar [23]. The experimental tests used to collect the data in this plot were completed had a duration of

48 hrs. The water-saturated mixture experimental testing used a supercritical CO2-H20 mixture with a water
concentration of 3400 ppm mole because the Spycher mutual solubility model indicates that 3400 ppm mole is
the solubility of water in supercritical CO2 at 50 °C and 80 bar [19], [23].
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Figure 8. Average pitting and general corrosion rates of carbon steel in a supercritical CO2-H20 mixture at 35 °C
and 80 bar [23]. The water-saturated mixture experimental testing used a mixture with a water concentration of
3437 ppm mole because the Spycher mutual solubility model indicates that this is the solubility of water in
supercritical COz at 35 °C and 80 bar [19], [23].

The key findings from the results presented in Figures 7 and 8 and the work completed by Hua et al. are as
follows:

1. In water-saturated CO2 at 50 °C, 90 % of the carbon steel surface did not show any signs of corrosion, and
the dominant corrosion mechanism was pitting corrosion [23].

2. In water-saturated CO2 at 35 °C, the entire carbon steel surface had suffered from corrosion and uniform
corrosion rates were significantly larger in comparison with the 50 °C experimental testings [23].

3. Most importantly, the results suggest that a temperature reduction from 50 °C to 35 °C can result in pitting
and uniform corrosion at lower water concentrations that lie well below the water saturation condition, and
that localised corrosion rates can be over an order of magnitude larger in comparison with the average steel
corrosion rate [23].
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Many other authors have also investigated corrosion in saturated and undersaturated supercritical CO2-H20

systems. Table 6 provides a summary of the key experimental results when investigating localised corrosion in
saturated and undersaturated supercritical CO2-H20 systems. Table 7 provides a summary of the key
experimental results obtained by other authors when investigating the rate of uniform corrosion in saturated and
undersaturated supercritical CO2-H20 systems. For comparison purposes, the results from the study completed
by Hua et al. have also been added to both tables.

Table 6. Summary of the experimental results obtained by scholars who investigated the rate of localised
corrosion in saturated and undersaturated supercritical CO2-H20 systems.

Authors CO2 Water . Localised
- Pressure Temperature Content Flow Rate [rpm Exposure Corrosion Coraslan
[°C] Unless Stated] | Time [hrs] | Test Method
Reference [bar] [ppm mole] Rate [mm/yr]
=900 Average = 0.22
Maximum = 0.65
= 1800 Average = 0.30
Maximum = 0.64
. = 2600 . Average = 0.22
Sim et al. Stagnant Static . _
[25] 80 40 Conditions 168 Autoclave Maximum = 0.55
= 3500 Average = 0.22
Maximum = 0.65
Water Average = 0.19
Saturated Maximum = 0.50
CO2
300 0
700 =0.29
1770 = 0.62
Hua et al. Stagnant Static
[23] 80 35 2800 Conditions 48 Autoclave = 0.85
Water =0.92
Saturated
CO; (3437
ppm mole)
700 No Attack
1600 No Attack
Hua et al. 2650 Stagnant Static 0.20
[23] 80 50 Conditions 48 Autoclave
Water 1.99
Saturated
CO2 (3400
ppm mole)
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Table 7. Summary of the experimental results obtained by scholars who investigated uniform corrosion rates in
saturated and undersaturated supercritical CO2-H20 systems.

Authors CO2 Water . Uniform
and Pressure Temperature Content Flow Rate [rpm | Exposure Corrosion Corrosion
[°C] Unless Stated] | Time [hrs] Test Method
Reference [bar] [ppm mole] Rate [mm/yr]
Water
. Saturated CO2
l\(l::;l’:?gg] 80 50 (Approximately Csc;ﬁg;:;rr:ts 24 Static Autoclave =04
3400 ppm
mole)
244 0.08
488 0.07
732 0.06
Sim et al. Stagnant .
[25] 80 40 Conditions 168 Static Autoclave
976 0.08
1220 0.08
3660 0.08
300 0.004
700 0.005
1200 0.012
Hua et al.
[23] 80 35 1770 Stagn _ant 48 Static Autoclave 0.028
Conditions
2800 0.068
Water
Saturated CO2 =0.1
(3437 ppm
mole)
700 No corrosion
1600 No corrosion
Hua et al. Stagnant .
(23] 80 50 2650 Conditions 48 Static Autoclave 0.014
Water
Saturated CO2 =~ (0.024
(3400 ppm
mole)
244 Usin 1.2
A;/lel[lgfﬁt 75.8 40 ngﬁgirt]g?]ts 5 Electrochgmical
) 2440 Impedance 2.3

Spectroscopy in
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conjunction with
an autoclave.

995 rpm (Which is
equivalent to an
outer coupon
surface rotation

Autoclave
equipped with a

Zhang et Water magnetic stirrer
al. [27] 95-182 50-130 Saturated CO> speed of 4mis, 96 and a coupon at 0.014-0.043
resulting in the
4 the end of the
CO:2 mixture
S shaft.
experiencing
turbulent flow).
Autoclave
equipped with a
Cabrini et Water mechanical
al. [28] 123-146 25-60 Saturated CO; 180 48-400 stirrer rotating in 001-01

the free water
phase.

Most of the results in Table 7 indicate that uniform corrosion rates are relatively low (Less than 0.08 mm/yr) when
the mixture water content lies below the solubility limit of a CO2-H20 mixture [28]. It should be noted that the
results obtained by Ayello et al. are inconsistent with the results produced by other authors, as they measured a
corrosion rate of 1.2 mm/yr in an undersaturated supercritical CO2-H20 system with only 244 ppm mole of water
[26]. Given that CO:2 pipelines in the USA operate under strict water impurity specifications to prevent free water
formation (COz pipelines in the USA are typically operated with a water content of less than 600 ppm) and the
corrosion rate has been measured to be between 0.00025 and 0.0025 mm/year in these pipelines, the
experimental corrosion rate data produced by Ayello et al. is inconsistent with the corrosion rates measured in
the field [30]. The experimental results obtained by the other scholars are more consistent with CO2 pipeline
operational experience in America, and the expected corrosion behaviour for CO2 pipeline systems presented in
DNV-RP-F104 and ISO 27913.

Whilst the results produced by Hua et al. indicate that uniform corrosion rates rapidly increase as the water
content of a CO2-H20 mixture increases and the COz-rich phase becomes saturated [23], there was a minimal
increase in uniform corrosion rates as the COz-rich phase became saturated [25]. Sim et al. argued that the
minimal increase in uniform corrosion rate between 976 and 3660 ppm mole water can be attributed to a
protective corrosion scale (In the form of iron carbonate, FeCOz) being most effective over this composition
range at decreasing corrosion rates [25]. The formation of a protective FeCOs layer has significant effects on the
overall general corrosion rate of steel because it has been shown that a FeCOz3 layer can reduce the corrosion
rate of steel by over two orders of magnitude [28], [31]. The significant impact that the formation of a FeCOs layer
has on corrosion rates at the steel surface can be attributed to the FeCOs film acting as a diffusion barrier to
electrochemically active species and a surface coverage effect that results in the FeCOs crystals adhering to the
substrate [28]. Sun et al. have developed a unified model for predicting FeCOs precipitation that accounts for
both temperature and ionic strength and correlates well with experimental data [32]. Their model suggests that
the tendency for FeCQOs precipitation increases as the system temperature increases. Since this model indicates
that the FeCOs precipitation is a direct function of ionic strength [32], the tendency of FeCOs to precipitate out as
a solid will be dependent on the presence of other impurities in the pipeline mixture.

By studying the corrosion behaviour of carbon steels in a supercritical CO2-H20 mixture over an exposure time of
between 24 and 120 hrs, it has been shown that an increase in the sample exposure time results in a significant
reduction in the average general corrosion rate [31]. A visual inspection of the morphology and composition of
the corrosion products revealed that the surface of the sample was covered by a dense and crystalline layer of
FeCOs [31]. Both Choi et al. and Wei et al. have argued that these results can be attributed to the gradual
formation of the FeCOs layer resulting in a reduction in corrosion rates over time [30], [31]. This result indicates
that the formation of a protective corrosion layer can result in a reduction in supercritical CO2 pipeline corrosion
rates over time.
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Regardless of whether a supercritical CO2-H20 mixture is undersaturated or saturated with water, Tables 6 and 7
indicate that pitting corrosion rates were much higher in comparison with the general corrosion rates [30]. These

results suggest that pitting corrosion is the most dominant corrosion mechanism in undersaturated and saturated
CO2-H20 systems [30].

In supercritical CO2-H20 mixtures that contain a significant amount of water, the main phase present is the free
water phase [30]. This free water phase will contain dissolved supercritical CO2. Choi and NeSi¢ investigated the
corrosion rate of carbon steels in a supercritical CO2 mixture with a free water phase, and they showed that
corrosion rates as high as 20 mm/year can be expected in the CO2 saturated water-rich phase at 50 °C and

80 bar [24]. This corrosion rate is far faster in comparison with their measured CO2-phase corrosion rate
presented in Table 7, which highlights the acceleration of corrosion rates induced by the formation of a free water
phase.

The severe corrosion rates identified by Choi and Nesi¢ for supercritical CO2-H20 mixtures that contain a free
water phase has also been detected by many other scholars. Figure 9 presents a comparison of the corrosion
rates experienced by carbon steels in water-saturated supercritical CO2 and supercritical COz-saturated water
phase systems that do not contain any other impurities [30]. Figure 9 clearly highlights the extreme corrosion
rates than can be present in CO2-H20 mixtures that contain a free water phase that is saturated with water.
These extreme corrosion rates highlight the importance of carefully controlling the water content of CO:2 pipeline
mixtures.
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Figure 9. Comparison of the general corrosion rate in supercritical CO2-H20 systems that contain a water-
saturated supercritical CO2 phase, and systems that contain a free water phase that is saturated with
supercritical CO2 [30]. The graph was constructed by Wei et al. [30] and created using the experimental data
produced by a wide range of scholars [27], [28], [31], [34], [35], [36].

Multiple authors have studied the effect of exposure time on the general corrosion rates in supercritical CO2-H20
water mixtures [30]. Zhang et al. investigated the effect of exposure time on the general corrosion rate of X65
pipeline steel in CO2-saturated water at 80 °C and 95 bar [30], [38]. The results from their study have been
presented in Figure 10. This Figure suggests that corrosion rates were extremely large (Approximately 28 mm/yr)
after 2 hours of immersion, and Wei et al. have argued that the extreme corrosion rate at the beginning of the
experimental testing can be attributed to no protective scale formation [30]. The Figure suggests that corrosion
rates decreased rapidly over the 2 hr to 50 hr immersion time range [30], and Zhang et al. have indicated that this
can be attributed to surface passivation by corrosion scales formed at the steel surface [38]. It should be noted
that whilst a dense corrosion scale had formed after 96 hrs, corrosion rates in the CO2-saturated water phase
remained above 5 mm/yr [38].
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Figure 10. Presents the effect of immersion time on the corrosion rate of X65 pipeline steel in a supercritical
CO2-H20 mixture at 80 °C with a COz-saturated free water phase [38].

The NORSOK [39] and KSC models [40] are often used to predict the corrosion rate of steel in CO2
environments, but they do not provide accurate corrosion rate predictions in supercritical CO2 pipelines [30]. The
poor predictive capacity of the NORSOK and KSC models in water-saturated supercritical CO2 mixtures was
extensively studied by Seiersten [36]. Whilst the experimental work conducted by Seiersten indicated that the
corrosion rates of X65 steel in water saturated with supercritical CO2 at 75 to 90 bar and 40 °C ranged from
between 1 mm/yr and 6 mm/yr, the NORSOK and KSC models predicted corrosion rates of 17 and 10 mm/yr,
respectively [30], [36]. The significant discrepancy between the model outputs and the experimental results
suggest that these models are not even capable of providing an indication of the potential corrosion rate in
supercritical CO2-H20 mixtures [36].

5. PIPELINE CORROSION IN TERTIARY CO2 MIXTURES THAT CONTAIN
WATER

5.1 CO2-H20-NOx MIXTURES

It has been noted by many authors that the presence of NOx in supercritical COz2 pipelines can result in severe
pipeline steel corrosion rates. The term “NOx” is being used in this Report to refer to both nitric oxide (NO) and
nitrogen dioxide (NO2).

DNV-RP-F104 has identified NOx as an impurity that can compromise the integrity of CO2 pipelines. This
standard has indicated that NOx can participate in cross-chemical reactions that result in the formation of
corrosive nitric acid (HNO3) [3]. DNV-RP-F104 has also suggested that the presence of NOx will result in the
solubility of water in the supercritical CO2 phase changing [3]. This means that the presence of NOx will affect the
pressure and temperature conditions that the formation of a corrosive free water phase can be expected.

DNV-RP-F104 has noted that laboratory experiments have shown that corrosion can occur in the presence of
impurities such as NOx in systems with low water content, including systems with a water content that lies below
the solubility limit of water in supercritical CO2-H20 mixtures [3]. DNV-RP-F104 has suggested that the corrosion
mechanisms in CO2-H20-NOx mixtures are not fully understood, although the standard has argued that NOx is
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likely to form acids that can result in severe corrosion rates in combination with only a small fraction of free
water [3].

ISO 27913 has also noted that the presence of NOx as an impurity in a CO2 pipeline can result in the formation of
a free water phase containing strong acids that can significantly increase corrosion rates [16]. This standard has
highlighted the experimental work completed by Dugstad et al. [41] as validation of the risks of nitric acid
formation in CO2-H20-NOx mixtures. ISO 27913 has also noted that there is experimental evidence that nitric
acid formation can occur at NOx concentrations of less than 50 ppmv [16].

ISO/TR 27921 has highlighted similar concerns to DNV-RP-F104 and ISO 27913. ISO/TR 27921 has suggested
that the extent of nitric acid formation and condensation will be strongly dependent on both the composition and
the temperature of the CO2 mixture [11]. ISO/TR 27921 has argued that an aqueous nitric acid phase can form at
water contents of less than 100 ppmv, and it has flagged NOx as one of the most aggressive impurities in CO2
pipelines from a corrosion point of view [11]. ISO/TR 27921 has also noted that as of 2016, there was not any
publicly available models that can accurately predict the formation of aqueous phases in CO2-H20-NOx

mixtures [11].

Multiple studies in the literature have been dedicated to understanding the effect of NOx on corrosion rates in
CO2-H20-NOx mixtures. Table 8 provides a summary of the key experimental results presented in the literature
for the uniform corrosion rates in supercritical CO2-H20-NOx mixtures. It should be noted that most literature
studies do not focus on corrosion rates in CO2-H20-NOx mixtures; Rather they focus on corrosion rates in
mixtures that contain additional impurities in addition to CO2, H20 and NOx.

Table 8. Summary of the experimental results obtained by scholars who investigated uniform corrosion rates in
supercritical CO2-H20-NOx systems.

. CO Impurity Content [ppm i Frsie Exposure Uniform
and Mixture | Temperature | Mmole Unless Stated] [rpm Unless Time [days Corrosion Test | Corrosion
Reference Pressure [°C] pStated] Unless Method Rate
[bar] NO2 NO H20 Stated] [mm/yr]
Using
Electrochemical
Ayello et 758 40 100 0 2440 Stag_n_ant 5 hrs Impedance ' 1.6
al. [26] ppmv ppmv Conditions Spectroscopy in
conjunction with an
autoclave
Slim (Internal
50 0 1 diameter 20-30 0.127
mm) autoclaves are
100 0 7 rotatgd ona shaft 0.02
. inside a
3 rpm, which temperature
Brown et 200 0 corresponds L controlled chamber. 0205
al. [42] 100 50 500 to an average Test specimens
' 200 0 flow speed of 3 0.088
were mounted on
0.2 ms. small cylindrical
200 0 ! racks that slide 0.025
0 200 7 from one end to the 0.013
other as the
autoclave rotates.

Wei et al. have argued that the increase in corrosion rates caused by the presence of NO2 in CO2-H20-NO2
mixtures can be attributed to the sharp decline in pH caused by the formation of nitric acid in the free water
phase [30]. This assertion is consistent with the information provided by the CO: pipeline transportation

standards. The mobility and reactivity of acids in supercritical CO2 at 60 °C and 120 bar was also investigated by

Ruhl and Kranzmann, and they found that nitric acid was extremely mobile and corrosive towards carbon steel
[21], [47]. Wei et al. have also indicated that the corrosion product film formed during the nitric acid-induced
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corrosion of carbon steel is fluffy and has limited protectiveness, and that the severe corrosion rates seen in CO2
mixtures that contain NOx can be attributed to the poor protectiveness of this film [30].

Although Oxygen (Oz2), sulphur dioxide (SO2) and NO:2 all have the potential to accelerate corrosion rates in
supercritical CO2-H20 environments, it has been established that NO2 has the largest effect on the corrosion rate
of carbon steel when all of these impurities are at the same concentration [27].

Whilst it is has been established that the dissolution of NO: into the free water phase of a supercritical CO2
mixture will result in a reduction in pH, the exact mechanism is not fully understood. It is known that NO2 will
react with water to form nitric acid and NO under atmospheric conditions according to the following chemical
reaction:

3NO, + H,0 —» 2HNO5; + NO

And this is the reaction that has also been proposed for dense phase CO: [21], [29]. Given that NOx has the
ability to promote extremely fast corrosion rates in supercritical pipelines, further study of the NOx corrosion
mechanism is required to define the safe stream compositions for CO2 transportation [29].

5.2 CO2-H20-SOx MIXTURES

SOx have been identified as another impurity that result in severe pipeline steel corrosion rates in supercritical
CO:z pipelines. The term “SOx” is being used in this Report as a reference to sulphur dioxide (SO2) and sulphur
trioxide (SOs3). SOx have been noted as one of the most aggressive impurities in CO2 pipelines by ISO/TR
27921 [11].

The corrosion risks associated with the presence of SOx as a CO: pipeline impurity, as described by
DNV-RP-F104, ISO 27913 and ISO/TR 27921, appear to mirror the corrosion risks in CO: pipelines that contain
NOx. DNV-RP-F104 has suggested that SOx have the ability to participate in cross-chemical reactions that result
in the formation of a highly corrosive sulphuric acid (H2SOa4) aqueous phase [3]. The potential for SO« to
accumulate in the free water phase of a CO2 pipeline and forming sulphuric acid has also been highlighted by
ISO 27913 [16]. Laboratory experiments have indicated that, like NOx, corrosion may occur in CO2-H20-SOx
mixtures with a low water content that lies well below the water solubility limit of water in supercritical CO2 in H20-
CO2 mixtures [3]. Whilst it is understood that corrosion in CO2-H20-SOx mixtures can be aggressive even at low
water content, the corrosion mechanisms in these mixtures are still not fully understood [3]. DNV-RP-F104
suggested that small scale laboratory testing has indicated that NOx is more corrosive in comparison with SO2 at
very low water content [3]. DNV-RP-F104 has also indicated that the presence of SOz as an impurity could result
in corrosion assisted fatigue in the presence of a free water phase [3].

DNV-RP-F104 has also flagged the potential for SO« to affect the solubility of water in the CO2-dominant
supercritical phase [3]. This means that SOx could possibly affect the pressure and temperature conditions that a
corrosive free water phase could form in a CO: pipeline. ISO/TR 27921, however, has suggested that the
presence of SOz in a COz pipeline results in a negligible reduction in the solubility of water in the CO2-rich
supercritical phase [11].

ISO 27913 has also indicated that there is the potential for the deposition of solid sulphur (S) in CO: pipelines, in
addition to the formation of sulphuric acid, when SOx is present as an impurity [16]. This standard has also
suggested that there is experimental evidence that sulfuric acid can be formed in CO2 pipelines at SOx
concentrations of less than 50 ppmv [16]. ISO/TR 27921 has indicated that the extent of acid formation and
condensation and the composition of the corrosive free water phase in CO2 pipelines that contain SOx will be
strongly dependent on the pipeline operating conditions and the overall composition of the CO2 mixture [11]. This
technical report has also suggested that, as of 2020, there are no publicly available models that can be used to
predict the formation of aqueous phases when reactive impurities such as SOx are present [11].

The effect of SOx on corrosion rates in supercritical CO2 mixtures has received considerable attention in the
literature. Table 9 provides a summary of the key experimental results that have been obtained from
experimental studies on general corrosion rates in supercritical CO2-H20-SO2 systems.
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Table 9. Summary of the experimental results obtained by scholars who investigated uniform corrosion rates in
supercritical CO2-H20-SO2 systems.

Authors CO2 SO: Partial Water Flow Exposure Uniform
and Mixture | Temperature Pressure Content Rate [rpm | Time [hrs Corrosion Test Corrosion
Reference Pressure [°C] [bar Unless [ppm mole] Unless Unless Method Rate
[bar] Stated] PP Stated] | Stated] [mmiyr]
Using
Electrochemical
Ayello et Stagnant Impedance
al. [26] 8 40 100 ppmv 2440 ppmv Conditions 5 Spectroscopy in 4.6
conjunction with an
autoclave.
0
=04
. Water
Choi etal. 80 50 Saturated Stag_n_ant 24 Static Autoclave
[31] Conditions
0.8(1 CO, ~56
mole%) )
0
. <0.01
Choi and Stagnant .
Nesié [35] 80 50 0.08 (1 650 Conditions 24 Static Autoclave
3.48
mole%)
Slim (Internal
diameter 20-30mm)
autoclaves are
3 rpm, rotated on a shaft
100 500 which inside a temperature | No Attack
Brown et correspon controlled chamber.
al. [42] 100 50 200 500 ds to an 7 days Test specimens < 0.005
: average were mounted on
100 50 flow speed small cylindrical < 0.005
of 0.2 m/s. racks that slide from
one end to the other
as the autoclave
rotates.
0 0
0.08 (0.1
Farelas et 80 50 mole%) 650 Stagnant 24 Static Autoclave 0.03
al. [43] Conditions
0.04 (0.05
mole%) 0.05
Farelas et 0.8(1 Stagnant .
al. [44] 80 50 mole%%) 650 Conditions 24 Static Autoclave 3.48

5.3 CO2-H20-H2S MIXTURES

The corrosion of carbon steel in aqueous environments containing CO2 and Hydrogen Sulphide (H2S) is of
significant concern in the oil and gas industry. Sour service can be expected in systems that contain both H2S

and a free water phase and it can result in a rapid increase in pipeline corrosion and cracking rates. This means

that the impurity levels of H2S need to be carefully controlled to ensure that the integrity of supercritical CO2
pipelines are not compromised.
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DNV-RP-F104 has suggested that an assessment of sour service material selection and qualification
requirements is required for a CO2 pipeline that contain HzS as an impurity [3]. However, there are no sour
service assessment standards that are currently available and directly applicable to CO2 pipeline systems [3].
Whilst DNV-RP-F104 has indicated that the material selection recommendations and requirements for oil and
gas production systems that contain H2S provided by ISO 15156 [47] provides a good starting point for the
design of CO2 pipelines, these recommendations and requirements are not necessarily applicable to CO2
pipelines [3]. The absence of a sour service assessment standard that is directly applicable to CO:2 pipelines is
indicative of the lack of knowledge of the effect of H2S on both corrosion and cracking rates in CO: pipelines. It
should be noted that Det Norske Veritas (DNV) have recently launched a Joint Industry Project (JIP), CO2 Safe
and Sour, to investigate the levels of H2S that are acceptable in CO: pipelines, and that the DNV recommended
practice will be updated based off the findings from this project. This project is due for completion in 2024 [66].

The susceptibility of carbon steels to corrosion and cracking in the presence of H2S is directly affected by the H2S
partial pressure, chloride concentration, temperature and solution pH of the CO2 mixture. DNV-RP-F104 has
indicated that the method used to determine the H2S partial pressure and the free water phase pH in CO2
pipelines that contain H2S may need to be more elaborate than the methods discussed in Annexes C and D of
ISO 15156-2 [65]. DNV-RP-F104 has also suggested that the pH of the free water phase in a COz2 pipeline that
contains Hz2S is expected to be considerably lower in comparison with typical oil and gas pipelines [3], which
highlights the corrosive potential of H2S as an impurity in CCS pipelines.

The presence of HzS in a COz2 pipeline can result in the formation of sulphuric/sulphurous acid, and the
deposition of elemental sulphur. DNV-RP-F104 has suggested that the deposited elemental sulphur will be
corrosive to carbon steel in the presence of a free water phase [3]. Furthermore, the accumulation of both
sulphuric and sulphurous acid in the free water phase of a CO:2 pipeline can trigger severe pipeline corrosion
rates. ISO 27913 has also suggested that the presence of H2S in COz pipelines can promote corrosion at lower
water levels in comparison with pipelines that contain only CO2 and H20 [16]. Whilst DNV-RP-F104 and ISO
27913 have highlighted the corrosive potential of H2S an impurity, ISO/TR 27921 has indicated that the impact of
H2S on corrosion rates can be considered to be negligible when the water content (Or the content of other
impurities) is low [11].

It has been reported that even small amounts of H2S can alter the absorbability of H2O onto the steel surface,
causing water to be adsorbed on the entire steel surface. This phenomenon accelerates both general and
localised corrosion of carbon steel in the supercritical CO2 phase [48].

Choi et al. demonstrated that the introduction of 200 ppmv H2S in the supercritical CO2 phase significantly
increased the corrosion rate of various tested materials (carbon steel, 1Cr, and 3Cr steels) in CO2 with saturated
water [46]. However, reducing the water content to 100 ppm mole in supercritical and liquid COz, along with 200
ppmv Hz2S, decreased the corrosion rate to less than 0.01 mm/year [46]. Table 10 provides a summary of the key
experimental results that have been obtained from experimental studies on general corrosion rates in
supercritical CO2-H20-H2S systems.

Table 10. Summary of the experimental results obtained by scholars who investigated uniform corrosion rates in
supercritical CO2-H20-H2S systems.

Authors .C02 H2S Content Water Flow Rate E_xposure Corrosion Unlfor_m
Mixture Temperature Time [hrs Corrosion
and z [ppmv Unless Content [rpm Unless I Test
Reference AL [°Cl Stated] [ppm mole] Stated] i Method REUS
[bar] Stated] [mmlyr]
) Water
Alami etal. 150 80 3 vol% Saturated Stagnant 336 Unknown >0.3
[45] Conditions
CO2
Water .
_ 120 Saturated 48 Static 0.41
Choi et al. 80 200 co Stagnant Autoclave
[46] 2 Conditions
80 100 24 <0.01
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5.4 CO2-H20-H2 MIXTURES

ISO/TR 27931 highlights that the low molecular weight of Hz plays a significant role in reducing stream density
and potentially necessitating larger pipeline diameters for its transportation [11].

Although concerns have been raised regarding the chemical effects of Ho, it is important to note that Hz is neither
toxic nor corrosive. However, Hz can react with specific minerals. In terms of chemical impacts, Hz is generally
considered to be less significant compared to substances like SOz, NOx, and H2S. These other compounds are
typically regarded as having greater importance and potential effects [63].

5.5 CO2-H20-N2 MIXTURES

Foltran et al. discovered a decrease in the water solubility limit as a result of N2. At a temperature of 40 °C and
within the pressure range of 80 to 180 bar, the solubility of water (H20) in mixtures of CO2 and N2 was examined.
The primary objective of this research was to enhance our comprehension of water solubility in complex
CO:2-based mixtures, which is crucial for ensuring the safety of transporting anthropogenic CO2 through pipelines
in carbon capture and storage (CCS) technology [61].

The inclusion of N2 in the mixtures led to a reduction of up to 42% in the mole concentration of water in CO2
under the specified conditions. These findings hold significant value for the advancement of CCS pipeline
development. Additionally, this study suggests that the temperature and overall density of the fluid mixture, rather
than solely the applied pressure of the CCS mixture, are the key parameters influencing the solubility of H20 in
CO2 + N2 mixtures. This realization could have implications for understanding the essential parameters that need
to be monitored during the safe transportation of CO2 mixtures through CCS pipelines [61].

5.6 CO2-H20-0O2 MIXTURES

The presence of Oxygen (O2) in CO2 pipelines can result in the acceleration of pipeline corrosion rates. Oz has
been identified by ISO/TR 27921 as one of the most aggressive CO: pipeline impurities from a corrosion
perspective [11], which highlights the importance of carefully controlling the O2 content of CO2 pipelines to ensure
that the integrity of the pipeline can be maintained.

In DNV-RP-F104, laboratory experiments have demonstrated that corrosion can occur in systems with low water
content, even below the solubility limit of water in pure CO2, when by-products such as Oz is present. The
specific corrosion mechanisms are not fully understood, but these by-products have the potential to alter the
solubility of water [3].

According to ISO 27913, Oz content should be controlled to prevent the formation of acids, solids, and corrosion
that could adversely affect the operational integrity of the pipeline throughout its intended lifespan. It should be
noted that a much lower level of Oz might be required to avoid undesirable downstream impacts [16].

In terms of the influence of Oz on the extent of corrosion observed in dense-phase COz, there appears to be
some contrasting observations in the literature. Table 11 provides a summary of the key experimental results that
have been obtained from experimental studies on general corrosion rates in supercritical CO2-H20-O2

systems [29].

Some research indicates that the presence of Oz up to a certain concentration can increase the general corrosion
rate by delaying the formation of FeCOs film on the steel surface and providing an additional cathodic reaction.
Choi et al. conducted research on the effect of Oz content (0%, 2%, 4%, and 6%) on the corrosion of X65 steel in
a water-saturated SC CO:z environment at 80 bar and 50°C after 24 hours of exposure. They observed that the
presence of Oz increased the corrosion rate of X65 steel in an SC CO2 environment, but the corrosion rate did
not further increase with higher Oz content. The maximum corrosion rate of X65 steel reached 1 mm/year with
the addition of 4% Oz. In the absence of Oz, the steel surface was covered with a dense and protective FeCO3s
film [29].
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However, the presence of Oz inhibited the formation of a protective FeCOs film and induced the formation of
porous iron oxides, resulting in an increased corrosion rate. However, the experimental results by Hua et al.
revealed that increasing the O2 concentration from 0 to 1000 ppmv caused a progressive decrease in the general
corrosion rates of X65 steel in water-saturated supercritical CO2 but tended to increase the extent of localised
corrosion observed on both materials. The operating temperature and Oz concentration in the system seem to
play a significant role in determining the balance between the passivating effect of iron oxides and the
enhancement of the cathodic reaction due to Oz presence [29].

The corrosion rates of carbon steels in a water-saturated supercritical (SC) CO2 environment were found to
exceed 0.1 mm/year in the presence of Oz2. However, when the water content was below the solubility limit in SC
COz2, and even with the presence of Oz, corrosion in steels was minimal or absent. Nevertheless, in a water-
saturated SC CO:2 environment, the addition of O2 could lead to severe corrosion [30].

Table 11. Summary of the experimental results obtained by scholars who investigated uniform corrosion rates in

supercritical CO2-H20-02 systems.

Water Expos
Authors CO2 O2 Content Content Flow Rate ure Corrosion Uniform
and Mixture Temperatur [ppmv [ppm [rom Time OTgssto Corrosion
Reference Pressure e [°C] Unless mole Unless [hrs Method Rate
[bar] Stated] Unless Stated] Unless [mm/yr]
Stated] Stated]
Choi & 0 0.38
Nes'§5[34]’ 2mol% (1.6 06
[35] 80 50 bar) Saturated | Stagnant 24 Static '
Choi 4 mol% (3.3 (10 g) Conditions Autoclave 1
i x bar)
YNeS'C' & 6 mol% (5.1
oung [33] bar) 0.9
No
650 ppmv Corrosion
Choi & 4 mol% (3.3 Stagnant Static No
Nesic¢ [35] 80 50 bar) 2000 ppmv Conditions 24 Autoclave Corrosion
3000 ppmv <0.01
High
Collier et Saturated Stagnant pressure 0.099 (x42)
94.8 - 103 49 30000 o, 120 .
al. [52] (100 g) Conditions rotating 0.093 (X60)
cage )
Ruhl & Saturated Staanant Static
Kranzmann 100 60 =~ 1000 @ ml Congitions 120 | Lo e 0.008
[53] 55.6 mmol)
Dugstad 100 50 200 50v% Stagnant 432 Static cg'r?o(sri)gn
et al. [54] (Saturated) | Conditions Autoclave
rate 17)
Alami et al. 150 80 1000 Saturated | Stagnant 288 | Unknown | 0.2-0.9
[45] Conditions
40000 19.3
24
Hua et al. 80 50 0 ‘\llegt(ranrl Stagnant Static 19.2
[49] conditions Autoclave
40000 phase 14.1
120
0 10.6
3 rpm
correspond
Brown 100 50 500 500 ing to 168 Rotating 0.006 (3
etal. [42] average Autoclave rpm)
velocity of
0.2 m/s
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(23]

0 Water- 0.10
saturated
35 20 CO2 0.09
(10 g water
500 added to 0.07
autoclave) 003
Hua et al. Stagnant Static
80 300 Conditions 48 Autoclave 0
650 0
1000
1200 0.002
1770 0.005
2800 0.012

5.7 CO2-H20-CH4 MIXTURES

The presence of water in dense CO2 can have different effects depending on whether the water content is below
or above its solubility limit. When the water content is below the solubility limit, it dissolves in the bulk CO2
stream. Conversely, when the water content exceeds the solubility limit, a condensed and segregated aqueous
phase can form on the steel surface. These two forms of water, dissolved and condensed, have distinct impacts
on the corrosion behaviour of steel in dense CO2. Therefore, understanding the solubility of water in high-
pressure COz is crucial for assessing dense CO:z corrosion [57].

Consideration should be given to the proportion of different chemical components, including CHa, in the CO2
stream, as highlighted in DNV RP-F104. This is important because it can significantly influence the CO: stream'’s
ability to dissolve water [3]. ISO/TR 27921 states that CH4, as an impurity, is water soluble and can have specific
effects on the CO2 stream. These effects include the formation of an aqueous phase and a reduction in the
concentration of H20. One potential consequence of these effects is the increased risk of corrosion [11].

Previous research has explored this topic through experimental and modelling studies, with some researchers
investigating the influence CH4 on the water solubility limit in dense COaz.

Thermodynamic models have been developed to determine the solubility of H20 in mixtures of CO2 and 5.31%
CHa, along with the solubility of pure CH4 and pure CO:z at 50°C. These models take into account the composition
of the liquid CO2 mixture, which reduces the CO2 content as pressure increases, subsequently affecting the
solubility of H20 [58].

In more complex mixtures, researchers Song and Kobayashi [59] conducted experiments involving CO2, H20,
and CHa (5.31% CHya). Figure 11 illustrates the effect of CH4 in lowering the water solubility limit in dense COx.
The lines represent calculated results obtained using the Soave-Redlich-Kwong equation of state with the Huron-
Vidal mixing rule (SRK-HV) model, while the data points correspond to experimental data from Song and
Kobayashi [60].
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Figure 11. Water solubility in pure CO2 and in CO2-CH4 mixture [60].

5.8 CO2-H20-CO MIXTURES

In pre-combustion technology, it is inevitable to have CO present in captured CO2. CO is known for its strong
reducing properties and can be readily oxidised to CO2. Therefore, the concentration of CO should be low. While
CO can react with certain minerals, in terms of chemical effects, it is generally considered to be less significant
compared to other compounds such as SOz, NOx, and HzS [63].

CO shares a similar characteristic to NOx, as it can contribute to the occurrence of stress corrosion cracking
(SCC) in CO2-CO-H20 environments, particularly when the partial pressure of CO: is below 20 bar. However, the
investigation of this issue under high-pressure conditions in dense CO:z is still an ongoing task. Presently, there is
no evidence available to demonstrate whether CO can enhance or suppress general corrosion or induce
localized corrosion in dense CO2 environments [57].

5.9 CO2-H20 MIXTURES WITH MERCURY

Rohana et al. conducted a study that suggests the presence of both elemental and ionic Hg does not affect the
corrosion activity of CO2. The corrosion rates observed in glass cell and autoclave tests remained consistent with
the simulated COz2 corrosion rate, indicating that Hg has little to no impact [62].

This is likely because there is minimal or no reaction occurring between the ion carbonate (formed from the
reaction between H20 and dissolved CO: in the solution) and both the ionic and elemental forms of Hg. The
stability of Hg species as compounds or elements prevents them from reacting with ion carbonate. Instead, ion
carbonate is expected to release H+ ions, forming ion bicarbonate [62].

It should be noted, however, that the absence of fluid analysis for the solution limits the ability to draw
conclusions about the interaction between ion carbonate and Hg species. The influence of Hg on CO2 corrosion
is solely based on the consistent corrosion rate values, regardless of the presence or absence of Hg [62].

6. PIPELINE CORROSION IN COMPLEX CO2 MIXTURES

RP3.4-10 Literature Review of the Effects of Common Impurities Found in High Density CO2
Pipelines on the Rate of Internal Corrosion



6.1 CO2-H20-NOx-O2 MIXTURES

The available experimental data on impure dense-phase CO:z systems, particularly those containing NOx as an
impurity, is limited. It is known that NOz, being highly soluble in water, can react to form nitric acid and NO under
atmospheric conditions. This reaction can lower the pH of the agueous phase and accelerate the cathodic

hydrogen evolution reaction rate [29].

According to DNV-RP-F104, Oz will enhance the formation of elemental sulphur and sulphuric/nitric acid if
SO«/NOx are present. Small-scale laboratory tests have shown that in CO2 streams with very low water contents
(50 ppmv), NOx is more corrosive compared to SO2. However, when the water content increases to 500 ppmv,
both impurities lead to relatively high corrosion rates [3].

Recent research by Brown et al. has investigated the influence of NO and NO2 on corrosion [42]. Their
experiments involved different concentrations of Oz, NO, and NO: at a pressure of 100 bar and temperatures of
50°C. The corrosion rates were found to be highest in the presence of NO and NO2. Specifically, tests conducted
with 200 ppmv NO2 and 500 ppmv Oz showed a general corrosion rate of 0.275 mm/year, even with a water
content of only 500 ppmv [29].

During the experiments, a notable trend was observed: corrosion rates decreased significantly with increasing
test duration from 1 to 7 days. It is hypothesized that this reduction in corrosion rate is primarily due to the rapid
consumption of impurities within the system, rather than the formation of a protective corrosion product. This
hypothesis is supported by evidence indicating that the presence of NO2 leads to the formation of a
brown/orange-coloured dusty and porous film, which can be easily removed from the steel surface [29].

In the experiments conducted with a water content of 500 ppmv, all the specimens exhibited some degree of
corrosion. The highest corrosion rate, exceeding 0.2 mm/year, was observed in the experiments involving NO2
and NO. The corrosion rate was effectively reduced by reducing the water content from 500 to 50 ppmv, and
minimal corrosion occurred only in the presence of NO2 [42].

These findings support the principle of managing corrosion by controlling water content. However, it is premature
to establish a definitive safe operational limit due to several factors. Firstly, only a limited number of impurity
combinations were tested. Secondly, the experiments did not involve replenishing consumed impurities, and
finally, the test duration was relatively short. Therefore, for designs expected to have impurities present even with
water contents above 50 ppmy, it is advisable to conduct further experiments to ensure corrosion rates remain
within acceptable limits [42].

Table 12 provides a summary of the key experimental results that have been obtained from experimental studies
on general corrosion rates in supercritical CO2-H20-NOx-O2 system.

Table 12. Summary of the experimental results obtained by scholars who investigated uniform corrosion rates in
supercritical CO2-H20-NOx-O2 systems.

O NO: MO Water Exposur
CO2 Content | Content | Content Flow Rate | =P . Uniform
Authors . Content e Time |Corrosion .
Mixture [ppm [ppm [ppm Temperature [rpm Corrosion
and [ppm mole o [hrs Test
Pressure | mole mole mole [°C] Unless Rate
Reference Unless Unless | Method
[bar] Unless | Unless | Unless Stated] Stated] Stated] [mm/yr]
Stated] | Stated] | Stated]
0 50 0 0.127
24
500 50 0 3 rpm, 0.116
0 100 0 whieh 168 0.020
Brown et corresponds Rotating i
al. [42] 100 500 50 toan Autoclaves
: 500 100 0 average 0.182
flow speed 24
0 200 0 of 0.2 m/s. 0.205
0 200 0 72 0.088
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0 200 0 168
500 200 0 24
500 200 0

0 0 200
500 0 200 168
500 100 0

50
10,000 100 0

0.025

0.275

0.090

0.013

0.030

0.005

No attack

6.2 CO2-H20-S02-0O2 MIXTURES

As per DNV-RP-F104, the presence of Oz in the CO2 system can contribute to the formation of elemental sulphur
and sulfuric/nitric acid when SOx are present. Laboratory tests conducted on a small scale have indicated that at
very low water contents (50 ppmv), NOx exhibits greater corrosiveness compared to SOz in COz streams.
However, when the water content rises to 500 ppmv, both NOx and SO2 result in relatively high corrosion

rates [3].

In reference to the literature regarding the corrosion of carbon steel in supercritical CO2—H20-S02-0: systems,
Table 13 presents a consolidated summary of corrosion experiments conducted by several authors.

Multiple authors concur that exceeding a specific water content can compromise pipeline integrity due to the
presence of SOz and SO2/0O2 in dense-phase CO2 systems. Some authors have observed a significant synergy
between SOz and Oz, where the combined corrosion rate exceeds the sum of the individual corrosion rates
caused by SOz and Oz individually. This phenomenon is attributed to the ability of Oz to react with SOz and H20,
resulting in the formation of sulfuric acid (H2SOa4) [29].

Choi and NeSi¢ conducted a corrosion evaluation of X65 carbon steel in a supercritical CO2 environment with a
water content of 650 ppm mole. They varied the concentrations of SO2 and Oz in an 80 bar/50°C system. After
24 hours of exposure, the corrosion rate of X65 in the absence of O2 and SO at 650 ppm mole water was found
to be less than 0.01 mm/year. However, when the SOz content was increased to 0.8 bar without the presence of
Oz, the corrosion rate rose significantly to 3.48 mm/year. Furthermore, with the additional introduction of 3.3 bar
O alongside 0.8 bar SOz, the general corrosion rate further increased to 3.70 mm/year. These findings
demonstrate that corrosion can be significantly intensified in the presence of SO2 and SO2/O2 combinations, even
at low water contents that are typically recommended by pipeline operators. It should be noted, though, that
concentrations of SOz and O: at the levels mentioned in the study are unlikely to be encountered in typical CO2
service conditions [29].

Two studies in the literature have specifically examined the impact of SO2 on the critical water content required to
mitigate significant corrosion in CO2 service. These studies aim to understand the relationship between impurity
concentration, water content, and corrosion rates in order to develop effective corrosion control strategies.

Xiang et al. performed experiments on X70 steel at 100 bar and 50°C for 120 hours. They introduced a patrtial
pressure of 2 bar SO2 and an Oz content of 1000 ppm to supercritical COz2, considering relative humidity values
ranging from 9% to 100% (equivalent to 414 to 4600 ppm mole). The results indicated that appreciable levels of
corrosion (>0.1 mm/year) began when the humidity content exceeded 60% (2760 ppm mole).

According to the research conducted by Hua et al., it is noted that reducing the water content is a more
favourable approach compared to reducing the SO2 content in order to mitigate internal pipeline corrosion during
transportation. The study observed that even in the absence of SOz, significant levels of pitting corrosion were
still observed when the water content was high enough. Therefore, the research highlights the importance of
controlling and reducing the water content as an effective measure to minimize internal pipeline corrosion.
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Figure 12. Effects of Oz, SO2, and their mixtures on the corrosion rates of carbon steel in SC CO2 phase with
different amounts of water [30].

Table 13. Summary of the experimental results obtained by scholars who investigated uniform corrosion rates in

supercritical CO2-H20-S02-02 systems.

02 SOz Water .
Authors Mﬁ:(?uzre Content |Content| Content Temperature Flo[\;vpiate Elxrﬁgsiﬁ:: Corrosion C%T:]:)Osrirgn
o Pressure [l Lo (e elle [°C] Unless Unless Vel Rate
Reference [bar] Unless | Unless Unless States] Stated] Method [mmiyr]
Stated] | Stated] Stated] y
3.3 0.8 0 No attack
Choi 0 Water- . ~0.4
in Stagnant Static
Nesi¢, & 80 3.3 saturated 50 e 24 ~1.0
Young [33] — CO2(10 g Conditions Autoclave
0 ’ water ~5.6
(1 moi%) added to
0.8
3.3 (1 mol%) autoclave) ~7.0
0 0 <0.01
Choi & 0 0.8 Stagnant Static 3.48
Nesi¢ [35] 80 a rg%'%) 650 50 Conditions 24 Autoclave
3.3 (1 mol%) 3.70
0.2
m(gloi) ) Water- 02
0.7 saturated
0.7 CO:z (69 0.7
Xiang et al. mol%) a&'ﬁg rto 288 Rotating
[56] 100 1000 ppm 1.4 atoclave 50 120 rpm Autoclaves
(1I'; to ensure 0.85
mol%) | saturation)
2(2 0.9
mol%) )
24 2.0
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Water- 72 1.8
saturated
CO2(3¢ 120 1.4
22 water
mol%) added to
autoclave 192 0.7
to ensure
saturation)
414 ~0
2300 ~0.04
2760 ~0.08
2(2 322 ~0.3
mol(%) ° 120 2.5
4048 ~0.9
Water-
saturated 15
CO:2 (=4600 )
ppm mole)
0 0 Water- 0.10
saturated
20 ppm 20 ppm
mgﬁe mg'ﬁe CO2(3g 0.12
water
20 ppm | 50 ppm
added to . 0.37
Hua et al. 80 mole mole autoclave 35 Stagnant 48 Static
[49] Conditions Autoclaves
to ensure
20 ppm 100 ppm satura_tlon,
mole mole | approximate 0.72
ly 3437 ppm
mole)
310 0.003
1185 0.005
1770 0.009
0 0 3400 35 48 0.027
Water-
saturated
Co2(3g 0.100
water
added to
autoclave
310 0.003
1185 0.006
1770 ) 0.009
Hua et al. 80 Stagnant Static
[37] 20 ppm | 50 ppm 3400 Conditions Autoclaves 0.028
35 48
mole mole Water-
saturated
Co2(3¢g 0.368
water
added to
autoclave
310 0.003
1185 0.004
20 50 1770 0.039
m m
m&pe mﬂﬁs 3400 35 48 0.067
Water-
saturated
co2 3 g 0.716
water
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6.3 CO2-H20-S02-NO2 MIXTURES

According to ISO/TR 27921, the presence of SOz in combination with NOx can lead to the deposition of elemental
sulphur as in the corrosion of components and pipes. This deposition can potentially alter the phase equilibria

between the CO: stream and the newly formed phases. interaction between SO2, NOx, and the resulting phase

changes is important to consider due to its potential impact on corrosion and the overall integrity of the
system [11].

There is limited number of papers presenting data and discussing the effect of combined impurities on corrosion.
When both, NO2 and SO2 are present, NO2 catalyses the oxidation of SO2 to form sulphuric acid. A synergistic

corrosive effect of SO2 and NO2 dependent on relative humidity is observed in atmospheric corrosion. It is
assumed that NO2 increases the rate of SO2 oxidation to sulphate and acts as oxygen carrying agent [21].

The available literature on the combined effect of impurities on corrosion is limited. However, it is recognized that

when both NO2z and SO: are present, NO2 can act as a catalyst for the oxidation of SOz, leading to the formation

of sulfuric acid. This synergistic corrosive effect is known to be dependent on the relative humidity levels.

The effect of NO:z is indirect given that nitrogen compounds have not been detected among the corrosion
products and its influence is related with the increase in the rate of SOz oxidation to sulphate [51]. In atmospheric
corrosion, it is believed that NO: facilitates the oxidation of SOz to sulphate and serves as an oxygen carrier in

the process. Although further research is needed to fully understand the mechanisms involved, the presence of

both NO2 and SOz together has been shown to have a notable influence on corrosion behavior [21].

Corvo et al. have highlighted that the simultaneous presence of SOz and NO2 can exhibit a synergistic effect on

corrosion and material degradation, especially under atmospheric conditions. The extent of this effect depends

on the relative humidity. It is worth noting that corrosion products containing nitrogen are rarely observed under

atmospheric corrosion conditions. According to Corvo et al., the primary role of NO: is to catalyse degradation
reactions. However, it has not been definitively demonstrated that this behaviour occurs under dense-phase CO2
conditions. Further research is needed to establish the extent of these effects in CO2 environments [29].

Table 14 provides a summary of the key experimental results that have been obtained from an experimental
study on general corrosion rates in supercritical CO2-H20-SO2-NO2 system.

Table 14. Summary of the experimental results obtained by scholars who investigated uniform corrosion rates in
supercritical CO2-H20-SO2-NO2 systems.

Authors _COz NO2/NO SOz Water Flow Rate Exposure Corrosion Unlfor_m
Mixture Content Temperature [rpm . Test Corrosion
and Content Content o Time
Reference Pressure [ppmv] [ppmv] [ppm mole] [°C] Unless [hrs] Method Rate
[bar] stated] [mm/yr]
Paschke et 100 ppmv Stagnant Static
al. [50] 110 NO 100 1000 60 Conditions 168 Autoclaves 0.009

6.4 CO2-H20-S02-H2S-02 MIXTURES

According to DNV-RP-F104, when H:S reacts with Oz, it can produce elemental sulphur, which has the potential

to accumulate within the system and negatively impact the permeability of formations by clogging the pore
system. Additionally, if elemental sulphur comes into contact with free water, it can lead to the corrosion of
steel [3].
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DNV-RP-F104 also highlights that the mechanisms underlying the H2S-O2 reaction, including the minimum
required concentrations of H2S and Oz, the reaction rates, and the trigger mechanism, are still poorly understood.
Additionally, there is a lack of literature data specifically for dense phase CO:2 systems. To define safe limits for
H2S and O2 with confidence, it is crucial to gain a comprehensive understanding of the mechanisms that catalyse
sulphur formation and quantify their effects under pipeline conditions [3].

The interactions among Oz, H2S, and SOz in a water-saturated supercritical CO2 system have been found to
have significant effects on the corrosion behavior of X65 pipeline steel. The addition of multiple impurities, such
as Oz, HzS, or SO2, accelerates the corrosion rate of X65 steel compared to systems with individual impurities. In
particular, when multiple impurities are present, the corrosion impact factor is higher than the sum of the impact
factors of corresponding single impurities, indicating a synergistic effect that intensifies the corrosion

process [55].

The interaction between Oz and H2S leads to the precipitation of a water phase and the formation of elemental
sulphur, providing additional electrolytes for corrosion and elemental sulphur corrosion. The interaction between
02 and SOz promotes the formation of sulfuric acid, significantly increasing the corrosivity of water condensed on
the steel surface. The interaction between H2S and SO: leads to the formation of a water phase and elemental
sulphur, which further results in the formation of sulfuric acid through the hydrolysis of elemental sulphur [55].

Overall, the complex synergistic effects among Oz, H2S, and SOz contribute to the highest synergistic interaction
impact factor, which corresponds to the highest corrosion rate observed in the system. These findings highlight
the importance of considering the combined presence of multiple impurities when assessing the corrosion risk in
water-saturated supercritical CO2 environments [55].
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Figure 12. Corrosion rate of X65 steel exposed to water-saturated supercritical CO2 containing various impurities
for 120 h at 100 bar and 50°C.

Table 15 provides a summary of the key experimental results that have been obtained from an experimental
study on general corrosion rates in supercritical CO2-H20-S0O2-H2S-O2 system.

Table 15. Summary of the experimental results obtained by Sun et al. who investigated uniform corrosion rates in
supercritical CO2-H20-S0O2-H2S-02 systems.

CO2 Flow Rate | Uniform .
Al Mixture 0: SOz H25 RIS Temperature [rpm Corrosion CEiesler Exposure
and Content | Content | Content | Content o Test -
Reference Pressure [ppmv] | [ppmv] | [ppmv] | [ppmv] [°C] Unless Rate Method Time [hrs]
[bar] Stated] [mmlyr]
0 0 0 0.015
Sun et al. Water- Stagnant Static
[55] 100 1000 0 0 Saturated 50 Conditions 0.034 Autoclaves 120
0 1000 0 0.127
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0 0 1000 0.469
1000 1000 0 0.221
1000 0 1000 1.034

0 1000 1000 1.224
1000 1000 1000 1.439

6.5 CO2-H20-S02-NO2-H25-02 MIXTURES

As stated in ISO/TR 27921, the presence of multiple impurities such as H20, SOx, NOx, Oz, and H2S in the CO2
stream can lead to various cross-chemical reactions. These reactions have the potential to produce
sulphuric/sulphurous acid, nitric acid, and elemental sulphur, which can form separate phases and contribute to
corrosion. The formation and condensation of these acidic phases can occur even at low water contents, such as
less than 100 ppmv. Therefore, the extent of acid formation and condensation, as well as the composition of the
resulting condensates, strongly depend on the composition and temperature of the CO2 stream. Consequently,
the maximum acceptable concentration of any impurity is project-specific and influenced by the concentrations of
other impurities, considering their potential interactions and chemical cross-reactions.

Limited investigations have been conducted on the possible corrosion and bulk phase reactions when CO2
contains flue gas impurities such as SOx, NOx, Oz, in addition to H20 and H2S.

One study by Dugstad et al. examined dense phase CO2 with 300 ppmv Hz20, 350 ppmv Oz, 100 ppmv SOz, 100
ppmv NOz, and 100 ppmv H2S. The experiments revealed corrosion of carbon steel and the formation of
elemental sulphur along with a liquid phase containing sulfuric and nitric acid. The corrosion rate of the carbon
steel specimens was approximately 0.04 mm/year.

However, due to the limited number of experiments conducted by Dugstad et al., it is premature to draw definitive
conclusions regarding the reaction mechanisms. Tentative mechanisms have been proposed based on observed
changes in impurity concentrations when impurity injection was initiated or stopped in the experiments.

When H2S, Oz, and SO2 were simultaneously injected, no rapid cross chemical reactions were observed.
However, the introduction of NO2 resulted in an immediate increase in H20, SO2, and NO concentrations for a
short period, while NO2 and HzS concentrations decreased. A few hours after the start of NO2 injection, a
decrease in SOz and NO concentrations was measured. The presence of both sulfuric and nitric acid was
confirmed through ion chromatography after the exposure, suggesting that acid formation commenced shortly
after the introduction of NO2.

Table 16 provides the key experimental results that have been obtained from the experimental study con ducted
by Dugstad et al. on general corrosion rates in supercritical CO2-H20-SO2-NO2-H2S-02 system.

Table 16. Summary of the experimental uniform corrosion rate results obtained for supercritical CO2-H20-SO2-
NO2-H2S-O2 systems [41].

.Coz Oz NO2 SO2 H2S Water Flow Rate |Exposure| Corrosion Unlfor.m
Mixture Temperature . Corrosion
Content | Content | Content | Content | Content o [rpm Unless Time Test
ATl [ppmv] | [ppmv] | [ppmv] | [ppmvV] | [ppmvV] [°Cl Stated] [hrs] Method Rate
[bar] [mm/yr]
3 rpm, which
corresponds 74 Rotatin <0.1
100 350 100 100 100 300 45 to an average Autoclav?es
flow speed of 133 0.04
0.2 m/s.
7. EXISTING MODELS
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7.1 THERMODYNAMIC MODELS

Having a strong comprehension of the thermodynamics of CO: fluids with impurities and selecting the
appropriate equation of state (EoS) that aligns with the chemical properties of the impurities are crucial
aspects [68]. When impurities are present in a CO2 stream, the phase behavior of COz2 is altered compared to
pure COa.

Equations of state (EoSs) are utilized in the design and operation of CCS processes through process simulation
software or other design programs. Typically, these EoSs incorporate binary interaction parameters that are fitted
based on experimental data. Since no single EoS can adequately cover the wide range of components and
conditions necessary for CCS, various types of EoSs have been proposed. Each EoS demonstrates satisfactory
performance for certain systems but may exhibit limitations for others [67].

Modelling the phase behavior of mixtures containing CO2 and associating/polar components can be challenging.
Multiparameter equations of state, such as GERG-2008, demonstrate good predictive capabilities for calculating
thermophysical properties, particularly in single-phase conditions. However, these equations of state have
limitations and do not support polar and associating components. For such components, the Cubic-Plus-
Association (CPA) equation of state appears to be the most suitable for modelling the complex interactions of
polar and associating components [68].

The CPA equation of state is considered a reliable modelling tool in oil and gas applications when polar
components are present. In the context of CCS applications involving CO2-rich fluids, it has been demonstrated
that the CPA equation of state performs well when compared to experimental data, even for mixtures containing
water and other polar components [68].

While there is a considerable amount of experimental data available for CO2—CH4 and CO2—-Nz2 binary systems,
there is a scarcity of data for CO2—SO2, CO2—-NO, and CO2-02 systems due to their toxic and explosive
nature [67].

Austegard et al. [58] conducted research on mutual solubilities in H20-CO2-CH4 mixtures, employing three
distinct models. They gathered experimental data for binary mixtures and assessed their quality and consistency
before proceeding to evaluate binary interaction parameters through regression analysis. The study concluded
that among the three models examined, the SRK-HV model proved to be the most valuable. This model yielded
favourable outcomes and possessed a comparatively simpler structure when compared to the CPA model.

Nevertheless, ongoing efforts are being made to generate such experimental data. Recent reports have focused
on CO:2 phase equilibria in binary and ternary systems containing impurities like SO2, NO, Oz, and Ar. These
studies have combined experimental observations with thermodynamic modelling to investigate the phase
envelopes of COz-impurity mixtures, particularly in the CO2-rich phase [67].

Deviations from the EoS models are represented by average absolute deviations (AAD). Complete comparisons
of binary systems are summarized in Figure 13. Each coloured bar represents a type of deviation of calculated
values from experimental data. For instance, in the case of the CO2-Nz system, the GERG-2008 EoS shows the
most accurate results at the given range of temperatures, with AADxavg 0f 2.98% and AADyavg Of 1.67%. The
NLFHB EoS gives satisfactory results for liquid compositions, but vapor compositions near critical points are
inaccurate [67].
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Figure 13. Comparisons of experimental data with calculated values using equation of state models for liquid
(left) and vapor (right) compositions of COz-impurity binary mixture [67].

A study examines the corrosion of carbon steel in wet CO2 under high pressure conditions. The results indicate
that although corrosion rates are significant, they are considerably lower than what would be expected based on
models developed for CO2 corrosion at low pressure. Moreover, the corrosion rates decrease as the pressure
exceeds 20 bar. At moderate pressures, the formation of carbonate films on the surface partially accounts for this
phenomenon. However, at high pressure, it appears that another corrosion mechanism is at play. Further
research is required to fully understand this corrosion mechanism. This preliminary investigation discusses the
limitations of existing CO2 corrosion models, which were primarily designed for gas production systems, and
highlights their inapplicability to corrosion in supercritical CO2 pipelines [69].

7.2 CORROSION RATE MODELS

Models for CO2 corrosion have been developed in the past, taking the form of semi-empirical correlations or
mechanistic models describing the different processes involved in CO2 corrosion of carbon steel [70]. They would
provide a deeper understanding of the complex corrosion processes occurring in these challenging conditions.
Currently, the existing models in this area are limited in their scope and do not adequately capture the intricacies
of corrosion in dense CO:2 with impurities.

The work conducted by Zheng et al. [70] presents a valuable mechanistic prediction model for CO2/H2S
corrosion, serving as a useful reference for studying supercritical CO2 corrosion in the presence of H2S and other
impurities.

The researchers investigated the electrochemistry of mild steel corrosion in a mixed H2S/CO2 aqueous
environment and developed an electrochemical model to simulate the experimental findings. The experiments
were designed to examine the impact of H2S on CO2 corrosion during short-term exposures before the
occurrence of any interference from iron sulphide corrosion product layers.

An electrochemical model was formulated specifically for the mixed H2S/CO2 system, and it was calibrated using
new experimental data. The model's predictions were compared to existing data from the open literature. The
model exhibited good agreement with experimental data for short exposures lasting a few hours. However, it
overestimated the experimental results for longer-term exposures spanning days and weeks. This discrepancy
can be attributed to the formation of an iron sulphide corrosion product layer, which the current model does not
account for.

Xiang et al. developed a mechanistic model that specifically addresses the prediction of carbon steel corrosion in
dense CO:2 phase with SO2—02—H20 impurities. They integrate the traditional CO2 corrosion models and the
atmospheric corrosion model. The schematic diagram of the six-region model shows in Figure 14 [71].
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Figure 13. Schematic diagram of the SIWDES six-region model [71].

The accuracy of this model seems to be high, especially for cases with high SO2 concentration and relative
humidity (RH). However, for cases with extremely low SO2 concentration, the accuracy of this model seems to
be low. These results suggested that the effect of dissolved CO2 should be considered for conditions with low
SOz concentrations. For low-RH conditions, the results of this model were also not satisfactory [57].

Further studies and research are necessary to enhance our understanding and develop more accurate
mechanistic models that can effectively predict carbon steel corrosion in dense CO:2 environments with various
impurities. This would greatly benefit industries dealing with supercritical CO2 applications, enabling better
corrosion control strategies and ensuring the integrity and longevity of carbon steel infrastructure.

8. RESEARCH GAPS

8.1 IMPURITY H20 RESEARCH GAPS

The unique properties of supercritical CO2, including its high solvency power, introduce significant uncertainties
when extrapolating the current understanding of COz-water corrosion behavior to pipelines that transport
supercritical CO2 [64].

To address these challenges, the ultimate objective should be to determine conditions where the formation of
free water is unlikely. Achieving this goal will require a fundamental approach that involves understanding the
thermodynamics of the corrosion mechanism between CO:2 and impurities, along with meticulous
experimentation [64].

8.2 IMPURITY O2 RESEARCH GAPS

The presence of varying amounts of Oz in dense CO2 can result in different corrosion rates and corrosion
patterns. It is important to note that when multiple impurities are present, the overall corrosion rate may not
increase with an increase in Oz concentration, as the localised corrosion rate may have been overlooked or
disregarded. These contradictory findings suggest the need for further corrosion experiments that specifically
investigate the effects of different Oz concentrations in dense CO2. Such research is necessary to uncover the
complex influences of Oz on corrosion behaviours [57].

Additionally, more extensive studies are required to elucidate the impact of different Oz concentrations on the
corrosion behaviour of steel in supercritical CO2z environments containing water. It is crucial to identify the
underlying mechanisms driving these effects to enhance our understanding of corrosion phenomena in these
challenging conditions [57].
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8.3 IMPURITY NOx RESEARCH GAPS

Further research is necessary to explore the permissible concentrations of NO and NOz in CCS transportation
systems and to develop effective strategies for mitigating their corrosive effects. This could involve investigating
the concentrations of these gases in CO2 emissions from various industrial processes and examining specific
methods for monitoring and reducing their corrosion-inducing properties. By conducting such studies, it would be
possible to gain a better understanding of the extent of their impact and implement appropriate measures to
control and minimize corrosion risks.

8.4 IMPURITY SULPHUR RESEARCH GAPS

The studies available do not specifically address the behaviour of sulphur impurities under supercritical CO2
conditions. Furthermore, they lack detailed information on the experimental techniques employed to investigate
the sulphur impurities. Crucial aspects such as specimen preparation, exposure conditions, analytical methods
for corrosion rate and sulphur impurity measurement, and result interpretation are not adequately discussed in
the sources.

Therefore, further research is required to determine the most appropriate experimental techniques for studying
the impact of sulphur impurities on COz2 corrosion in the presence of flue gas impurities. This may involve
developing novel experimental setups or modifying existing ones to simulate relevant conditions, including
temperature, pressure, and gas composition, while accurately measuring the content of sulphur impurities and
their corrosion effects. Additionally, advanced analytical techniques may be necessary to detect and quantify
trace amounts of sulphur impurities in corrosion products and gain insights into their role in corrosion
mechanisms.

8.5 IMPURITY MERCURY RESEARCH GAPS

The specific mechanisms and conditions that lead to mercury-induced corrosion remain insufficiently understood.
Although it is recognized that mercury can react with steel surfaces and form amalgams, there may be variations

in the properties of these amalgams depending on factors such as the concentration and chemical composition of
the surrounding environment. Moreover, the interactions between mercury and other contaminants present in the
environment, such as oxygen or sulphur compounds, may also influence the corrosion behavior of carbon steel.

To enhance the understanding of these mechanisms and their interactions, further research is necessary. This
research could involve investigating the specific conditions under which mercury-induced corrosion occurs,
exploring the properties of different types of amalgams formed, and examining the effects of environmental
factors like the presence of oxygen or sulphur compounds. By gaining a better understanding of these complex
interactions, more accurate models can be developed for predicting and mitigating mercury-induced corrosion in
CO:2 and H2S environments.

8.6 FLOW RATE RESEARCH GAPS

A limited number of existing studies have conducted supercritical CO2 corrosion tests in flow loops, with these
tests generally considered to provide more reliable results compared to tests performed in sealed autoclaves. It is
widely acknowledged that further research is necessary to investigate corrosion under different flow conditions in
flow loops, particularly for multiphase flow situations in CO:z pipelines that encompass various flow regimes.
These studies are crucial to understanding the corrosion behavior in CO2 pipelines, especially in worst-case
scenarios involving gas-liquid flows [57]. By conducting experiments in flow loops that accurately simulate real-
world conditions, we can gain valuable insights into corrosion mechanisms and develop effective corrosion
mitigation strategies.
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8.7 CO2 CORROSION PREDICTION MODELS GAPS

The majority of COz2 corrosion prediction models are typically applicable within a CO2 partial pressure range of
0 — 20 bar. However, when these models are applied to higher CO2 partial pressure conditions, the predicted
corrosion rates often exceed the experimental values by nearly an order of magnitude. This discrepancy can be
attributed to the distinct corrosion characteristics observed under high-pressure conditions [57].

The behavior of CO2 corrosion under elevated pressures is more complex and can deviate from the assumptions
and mechanisms accounted for in the existing models. Factors such as changes in the corrosion kinetics,
alterations in the transport properties of the COz, and variations in the composition and morphology of the
corrosion products may contribute to the disparity between predicted and observed corrosion rates.
Consequently, additional research is needed to enhance our understanding of the corrosion mechanisms specific
to high-pressure CO2 environments and to develop more accurate prediction models that encompass these
conditions.

8.8 IMPURITY H2S CORROSION PREDICTION MODELS KNOWLEDGE GAPS

There are knowledge gaps regarding the specific conditions under which the electrochemical model of mild steel
corrosion in a mixed H2S/CO:2 aqueous environment is applicable. It is unclear whether this model can be applied
to all concentrations or ratios of H2S and CO2, and whether other factors such as temperature, pressure, or the
presence of additional contaminants can influence the corrosion process. Further research is necessary to clarify
these conditions and refine the electrochemical model accordingly.

In addition to addressing the applicability of the electrochemical model, further studies could focus on evaluating
the effectiveness of different corrosion mitigation strategies in this specific environment. Understanding how
various mitigation techniques perform in the presence of mixed H2S and COz2, and identifying any potential
synergistic or antagonistic effects, would be valuable for developing effective corrosion management strategies.

By conducting comprehensive research that considers various parameters and conditions, we can advance our
understanding of the corrosion behavior in mixed H2S/CO2 aqueous environments and enhance the accuracy of
prediction models, as well as develop targeted mitigation strategies for corrosion prevention and control.

9. CONCLUSIONS AND RECOMMENDATIONS

9.1 CONCLUSION

The handling of anthropogenic CO2 presents challenges due to limited industry experience and the absence of a
consensus on COz2 stream composition. The presence of impurities, even at low concentrations, has been found
to induce corrosion in carbon steel pipelines. The lack of corrosion data from laboratory experiments and field
studies further impedes accurate corrosion rate predictions. To overcome these challenges, comprehensive
research is necessary to study the reaction processes, formation of corrosive phases, and their impact on
material degradation. Defining a safe operating window for CO2 transport and developing effective corrosion
management strategies are crucial for ensuring the integrity and reliability of carbon steel pipelines.

This Report has thoroughly reviewed the current knowledge and recommended practices for managing internal
corrosion in carbon steel pipelines transporting dense phase CO2. The findings highlight the importance of
understanding the synergistic effects of impurities and their role in accelerating corrosion rates. By considering
these synergistic effects and implementing best current practices, operators can mitigate the risk of high
corrosion rates and safeguard the integrity of the pipelines.

However, there is a clear need for further research to enhance our understanding of corrosion in CO2 pipelines.
Additional laboratory experiments and field studies are essential to generate more data on corrosion rates and
validate corrosion models. Standardisation of CO2 stream composition and ongoing collaboration among
researchers, pipeline operators, and stakeholders are vital for advancing our understanding of corrosion
mechanisms and developing targeted corrosion management strategies.
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Continuous improvement in corrosion management practices is also critical. Operators should regularly assess
and update their corrosion management strategies based on evolving knowledge and advancements in materials
science and corrosion engineering. By implementing best practices, continuously monitoring pipelines, and
incorporating innovative technologies, operators can proactively address corrosion issues and ensure the safe
and reliable transportation of CO..

In conclusion, by investing in research, collaboration, and ongoing improvement of corrosion management
strategies, the industry can overcome the challenges associated with managing internal corrosion in carbon steel
pipelines transporting dense phase COz. This will enable the industry to develop robust and effective corrosion
mitigation measures, enhance the safety and reliability of CO2 transportation, and contribute to the successful
implementation of carbon capture, utilization, and storage initiatives.

9.2 RECOMMENDATIONS

Based on the findings of this report, the following recommendations are provided:

4. Implement Best Current Practices: Operators should adopt and adhere to the best current practices for
managing internal corrosion in carbon steel pipelines transporting dense phase CO:. These practices should
take into account the combined presence of impurities, such as Oz, Hz2S, SO, and NOx, and their potential
synergistic effects. By following these practices, operators can minimize the risk of corrosion and ensure the
long-term integrity of the pipelines.

5. Investigate Conditions with Limited Knowledge: There are certain conditions, such as specific combinations
of impurities, varying concentrations, and specific operating conditions, where knowledge of corrosion rates
is limited. It is recommended to conduct further investigation and research in these areas to enhance the
understanding of corrosion mechanisms under such conditions. This knowledge will enable the development
of targeted mitigation measures and more accurate corrosion predictions.

6. Expand Corrosion Mechanisms and Models: To effectively manage internal corrosion in carbon steel
pipelines transporting dense phase COg, it is crucial to expand the understanding of corrosion mechanisms.
Further research should focus on investigating the underlying mechanisms behind the synergistic effects of
impurities and their interaction with the pipeline materials. Additionally, the development of new corrosion
models will enable more reliable assessments and predictions of corrosion rates, leading to improved
corrosion management strategies.

By implementing these recommendations, operators can enhance their corrosion management strategies, reduce
the risk of corrosion-related incidents, and ensure the safe and reliable operation of carbon steel pipelines
transporting dense phase CO2. Continuous monitoring, regular inspection, and periodic maintenance should also
be integrated into the overall corrosion management program to ensure the long-term integrity of the pipelines.
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APPENDIX I: LITERATURE SEARCH DOCUMENT SUMMARY

Document

Document Type

Summary

A review of the basic safety
requirements of emerging
infrastructures for Green Transition [1]

Academic Paper

A general discussion about the effects of impurities on corrosion rates (E.g. Corrosion control through
dehydration, carbonic acid formation) was provided.

Carbon Dioxide Capture and Storage

(2]

Industry Report

Corrosion rates are negligible for dry CO2 pipelines but can be rapid when free water is present. Methane
reduces the solubility of water in CO2, and H2S, Oz and N2 may have a similar effect.

Identification and Selection of Major
Carbon Dioxide Stream Compositions

(3]

Industry Report

Impurity composition tables for Flue Gas, Combustion Stack from Coke Production, Cement Kilns,
Natural Gas Combustion and Lime Production were provided.

Potential Dynamics of CO2 Stream
Composition and Mass Flow Rates in
CCS Clusters [4]

Academic Paper

The presence of impurities such as Oz, SOx and NOx will produce more stringent restrictions on the
allowable water content within the pipeline due to synergistic effects.

Corrosion and Bulk Phase Reactions in

Review of Recent Published Studies [5]

CO2 Transport Pipelines with Impurities:

Academic Paper

CO2 — H20 — H2S System:

Chevron did some experimental work in the 1970’s: No evidence of pitting or general corrosion attack
with water content of 1000 ppmv, Hz2S content of 800 ppmv and temperature between 3°C and 23°C.

CO2 — H20 — NO2 System:

NO: increases the corrosiveness of a CO2/H20 mixture. NOz is highly soluble in water and will react with
water to produce HNOs. HNOs is approximately twice as corrosive in comparison with HCl and H2SOa4.

CO2 — H20 — SO2 System:

Sulphurous acid (H2S03) and sulphuric acid (H2SO4) may form when H20, SOz and O: are present. It
appears that corrosion is occurring below the water solubility limit of pure CO2-water systems.

CO2 — H20 — SO2 - NO2 and COz — H20 — SOz - NO2 — H2S System:




Synergistic corrosion effects have been observed for the CO2 — H20 — SOz - NO2 system in dense phase
CO:.. It has been proposed that the synergistic effects can be explained by the catalytic behaviour of
nitrogen oxides increasing the rate of sulphuric acid production.

A thermodynamic model for predicting
mineral reactivity in supercritical carbon
dioxide: I. Phase behavior of carbon
dioxide—water—chloride salt systems
across the H20-rich to the COz-rich
regions [6]

Academic Paper

CO2—H20-NaCl System:

Increasing NaCl concentration in a supercritical CO2 — H20 — NaCl system results in a small reduction in
the solubility of water in CO2. The water solubility of supercritical CO: increases as temperature
increases.

CO2-H20-CacClz System:

Increasing the concentration of CaClz in supercritical CO2—H20—-CaClz results in a significant reduction in
water solubility. Water solubility in supercritical COz increases as temperature increases in this system.

Corrosion in dense phase CO: — the
impact of depressurisation and
accumulation of impurities [7]

Academic Paper

SOz and NO: are a significant concern if pipeline depressurisation occurs because these species will
accumulate in the water phase, reduce the pH of the solution and increase the reactivity of this phase.
There are concerns about other impurities accumulating during pipeline depressurisation events.

Corrosion of transport pipelines for CO2
— effect of water ingress [8]

Academic Paper

Corrosion does not occur in dense phase CO2 — H20 and COz — H20 — Oz systems when the water
content is at 500 ppm. Corrosion however occurred at water concentration of 200 ppm when the system
also contained SO2. Oz can also attack steel directly through an additional cathodic reaction that
accelerates the overall corrosion rate.

Effect of SO2 and NO: on corrosion and
solid formation in dense phase CO2
pipelines [9]

Academic Paper

Experiments showed that corrosion takes place at a water concentration far below the water solubility in
the pure water-CO2 system when NOx and SOx were present. Corrosion rates were very fast in the
presence of NOz.

Effect of Water Content on the
Corrosion Behavior of Carbon Steel in
Supercritical CO2 Phase with Impurities

[10]

Academic Paper

No significant corrosion attack was detected in the supercritical CO2/O2 phase with 650, 2000 and 3000
ppm of water. Trace amounts of SOz can result in an increase in corrosion rates. Significant corrosion
was observed with 1% SOz under the current guideline for water in COz pipelines (650 ppm).

Nitric and Sulfuric Acid Solubility in
Dense Phase COz2 [11]

Academic Paper

Sulphuric acid and nitric acid are both highly hydroscopic, which means that they can absorb water from
the bulk CO2 phase and create a highly acidic, concentrated aqueous phase that is corrosive to carbon
steel. If the nitric and sulphuric acid remains dissolved in the bulk CO2 phase, they can remain in the CO2
stream without compromising the integrity of the transportation system.
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Water Solubility in CO2 Mixtures:
Experimental and Modelling
Investigation [12]

Academic Paper

For CO2 — H20 mixtures with either NOz or SOz, the solubility of water in dense phase CO2 drops down to
close to 500ppm.

Evaluation of Thermodynamic Models
for Predicting Phase Equilibria of CO2 +
Impurity Binary Mixture [13]

Academic Paper

The typical concentrations of impurities in dried CO2 were provided for different CCS sources.

Impact of CO2 impurity on CO2
compression, liquefaction and
transportation [14]

Academic Paper

Maximum water content specifications for currently operating pipelines range between 20 ppmv and 640
ppmv. CH4 and N2 decrease the solubility of water in supercritical CO2, whilst H2S increases water
solubility.

A systematic review of key challenges
of COz transport via pipelines [15]

Academic Paper

Amines were highlighted as an impurity that could affect the solubility of water in supercritical COz2. Oz
corrosion of carbon steel, stress corrosion and hydrogen embrittlement and blistering were identified as
other corrosion risks that need to be mitigated in supercritical CO: pipeline systems.

CO2 — H20 — SOz - NO2 — O2 System:

Corrosion rates increased as temperature decreased. Pipeline depressurisation events were identified as
a significant concern, as the rapid cooling of the mixture could result in enhanced corrosion rates.

Carbon dioxide transport via pipelines:
A systematic review [16]

Academic Paper

Paper has highlighted that there are conflicting opinions in literature regarding the effect of H2S on
corrosion rates. CO2 quality regulations for CO2 pipelines and a list of primary standards and
specifications in relation to CO2 pipeline design were also provided.

CASE STUDY ON CO2 TRANSPORT
PIPELINE NETWORK DESIGN FOR
HUMBER REGION IN THE UK [17]

Academic Paper/Case
Study

Corrosion rates of 10mm/year are usually quoted for CO2 pipelines with free water. This paper indicates
that corrosion rates increase as flow velocity and temperature increases.

CO2 PIPELINES MATERIAL AND
SAFETY CONSIDERATIONS [18]

Academic Paper

Expected CO2 composition for different CCS technologies was provided. Post-combustion capture has
the largest potential concentration for water in the CO2 stream.
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Corrosion Behavior of Carbon Steels in
CCTS Environment [19]

Academic Paper

The reduction of carbonic acid to form H2 and HCOs may become important at pH > 5. Corrosion rates
may not be as high as expected in supercritical CO2 systems due to the formation of a protective FeCO3
scale during carbonic acid corrosion. This protective scale may cover the metal surface and make the
surface unavailable for further corrosion.

Determining the corrosive potential of
CO:z transport pipeline in high pCO2-
water environments [20]

Academic Paper

Corrosion rates are very slow in water-saturated CO2 under high pressure conditions (Approximately
0.2mm/year) due to the formation of FeCOs on the steel surface. The solubility of water in supercritical
CO:z increases as temperature and pressure increases.

Development of a Guideline for Safe,
Reliable and Cost Efficient
Transmission of COz in Pipelines [21]

Academic Paper

CO:2 pipeline operators in North America have had a significant focus on controlling the water content of
their pipelines, which means that internal corrosion has not been a common failure mode.

IMPACTS: Framework for risk
assessment of CO2 transport and
storage infrastructure [22]

Academic Paper

Hydrosulphuric acid (H2S.H20), nitrous acid (HONO), hydrogen fluoride (HF), ammonium nitrate
(NH4NO3) and chlorine were identified as other chemical species that could contribute to internal pipeline
corrosion if there is sufficient water in the pipeline.

Recommended Practice DNV-RP-J202
— Design and Operation of CO2
Pipelines [23]

Standard

This Recommended Practice (RP) provides guidelines in relation to the design of CO:z transportation
systems. General information in relation to CO:z pipeline corrosion and the prevention strategies that are
available have been provided.

Towards a COz2 Pipeline Specification:
Defining Tolerance Limits for Impurities
[24]

Academic Paper

The presence of HzS appears to increase the solubility of H20 in dense phase COz. Corrosion rates as
high as 20 mm/year could be observed at high pressure and temperature when free water is present. It
appears that a threshold water level does not exist for the onset of corrosion. Examples of COz pipeline
quality specifications and compositions have been provided.

Update of DNV recommended practice
RP-J202 with focus on CO2 Corrosion
with Impurities [25]

Academic Paper

Experiments showed that dense phase CO2 with 500 ppmv water resulted in corrosion under most
circumstances when NOz2, SOz, H2S and Oz were present in moderate amounts.
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DYNAMIS CO: quality
recommendations [26]

Industry Report

Provided recommendations on the impurity limits for CO2 transportation pipeline systems. Even if no water
is present in a CO2 mixture, hydrogen sulphide will still corrode carbon steel pipelines and form iron
sulphide. More stringent water control is required during COz transport at lower pressure and temperature
conditions.

Effect of Impurities on the Corrosion
Behavior of CO2 Transmission Pipeline
Steel in Supercritical CO2- Water
Environments [27]

Academic Paper

One key reason why Oz increases corrosion rates in a CO2 — H20 — Oz system is because it inhibits the
formation of a protective FeCOs layer.

Quality Guidelines for Energy System
Studies — CO2z Impurity Design
Parameters [28]

Industry Report

CO2 impurity guidelines were provided. Oz can provide cathodic reaction paths that lead to the corrosion
of carbon steel pipes, and it inhibits the formation of a protective FeCOs layer. This report indicates that in
the absence of H20, SO2 will not corrode carbon steel pipes.

State-of-the-Art Overview of COz2
Pipeline Transport with Relevance to
Offshore Pipelines [29]

Industry Report

At high partial pressures, existing models tend to overestimate corrosion rates. The paper indicates that
corrosion attacks in CO: pipeline systems will often be localised at initial initiation sites, leading to high
localised corrosion rates. MEG (mono-ethylene glycol) was identified as a potential corrosion inhibitor.

The upper limit of moisture content for
supercritical COz pipeline transport [30]

Academic Paper

The upper limit of moisture content in CO2 pipelines is directly dependent on the temperature of the
ambient surroundings, as well as the presence of thermal insulation.

Understanding dense phase CO:2
corrosion problems [31]

Academic Paper

Experimental Conditions: CO2/SO2/H20, SO2 Concentration = 500ppm, H20 = 3300ppm, supercritical
conditions:

Significant corrosion was detected under these conditions after 1100hr of exposure time. No pits or signs
of localised corrosion was detected.

Recommended Practice DNV-RP-F104

This is the latest DNV standard in relation to the design of CO: pipelines. The standard provides a

— Design and operation of carbon Standard summary of the known corrosion mechanisms in COz pipelines, and the strategies that can be used to
dioxide pipelines [32] mitigate against corrosion.
Carbon dioxide capture, transportation, Provides a general and succinct summary about CO2 pipeline internal corrosion. The standard has also
and geological storage — Cross Cutting Standard reported the impurity levels that have been used in existing pipelines, as well as published CO2

Issues — COz stream composition [33]

recommended impurity levels.
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CORROSION AND MATERIALS
SELECTION IN CCS SYSTEMS [34]

Industry Report

Iron carbonates can form protective layers at above 60 °C (The formation of this film is dependent on
CO2 concentration). Iron sulphide can form protective layers when pCO2/pHzs ratios are less than 200:1.
Chlorides in small quantities can promote breakdown of the passive film protecting stainless steel and
nickel alloys. Both HCI and NaOH can promote the formation of a free water phase. Discussion of
corrosion mechanisms, rates and material selection to mitigate against corrosion in this report is

extensive.
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