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Chapter 15

CO2 CONDITIONING AND TRANSPORTATION

Geir Heggum1, Torleif Weydahl2, Roald Mo1, Mona Mølnvik2 and Anders Austegaard2

1Reinertsen Engineering, Trondheim, Norway
2SINTEF Energy Research, Trondheim, Norway

ABSTRACT

The aim of the CO2 Conditioning and Pipeline Transportation project is to advance the development of cost
effective and safe methods for CO2 compression and pipeline transportation. Optimized design for the
compression process and pipeline system requires accurate and reliable predictions of fluid properties,
particularly density and water solubility.

Existing CO2 pipeline transportation systems (onshore USA and Canada; offshore Norway) are reviewed in
terms of operational parameters, particularly drying specifications. Based on calculations of water solubility
for a selected case, it is found that the most stringent drying requirements (e.g. 50 ppm proposed for
Hammerfest LNG) may be relaxed to ,600 ppm (present USA Kinder Morgan specification). Today there
is little experience with subsea pipelines for CO2 transportation, particularly in deep waters and over long
distances. The intension of this study is to build up confidence in the technology and save costs for future
projects.

Thermodynamic models and tools for calculating properties for CO2 and CO2-rich mixtures have been
verified against experimental data. For CO2 density the Lee–Kesler model is in satisfactory agreement with
National Institute of Standards and Technology (NIST) data both in gas and liquid phase. For solubility of
water in pure CO2, the Soave–Redlich–Kwong equation of state with adjusted binary coefficient to 0.193 in
van der Waals mixing rule can be applied, and gives a good approximation to the data collected from
literature. Adding impurities as CH4, N2, H2S and amines to the CO2 mixture will affect the solubility of
water, e.g. adding 5% methane lowers the water solubility in the liquid phase considerably. However, very
little experimental data on water solubility in these mixtures is available in the literature.

In order to inhibit hydrate formation and prevent excessive corrosion rates for carbon steel, no free water
should be allowed in the pipeline. Thus, water removal is usually required upstream of the pipeline inlet. For
a typical case, theoretical calculations show that the limit for free water precipitation at supercritical
conditions in the pipeline averages ,1300 ppm. This suggests that water content requirements might be
relaxed and opportunities for alternative, more cost-effective water removal solutions are provided.

INTRODUCTION

Project Background
The overall goal of this study is to support the development of cost effective and safe methods for CO2

compression and transportation. The combined effort by SINTEF, Reinertsen and IFE is aimed at qualifying
state-of-the-art process engineering, material selection and pipeline engineering methods to ensure optimal
design of CO2 compression and pipeline systems.

Unlike natural gas, CO2 will be in the liquid or supercritical state, quite close to the critical point in the
pipeline. In this state, the CO2 density may be three times higher than the corresponding density of natural
gas (molar densities) at same temperature and pressure. The density is an important property with respect to
the prediction of the static pressure gain in the pipeline flow.
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The water solubility in CO2 is dependent on the temperature and pressure, and these characteristics can be
utilized in the drying process. Free water in the pipeline will cause hydrate formation and corrosion
problems under certain conditions, and must hence be avoided. Accurate estimations of the water solubility
are consequently an important issue, which is addressed in the present work. The density and the solubility
of water in CO2 will also vary as a function of other gases in the CO2 such as hydrocarbons, nitrogen and
other impurities.

Experience with CO2 Transportation
Onshore transportation and injection of CO2 for enhanced oil recovery (EOR) has been going on for three
decades in the United States, providing much experience on issues regarding on-shore facilities.
Conversely, offshore experience is very limited.

Onshore
Kinder Morgan (KM) is a US based company with more than 30 years of experience in CO2 transportation
and injection for EOR. In 2002, 17 Mt CO2 was transported in their pipeline system [1].

The Cortez pipeline is the largest example, with a diameter of 30 in. and a capacity of 12.2 Mt CO2/yr. The
CO2 for this pipeline is produced from the McElmo field, which contains 97 mole% of pure CO2. Before the
CO2 is pumped down the pipeline, it is cleaned, dehydrated and compressed to supercritical pressure
(145 bar). To achieve the required pressure for CO2 transportation, KM makes use of pumps rather than
compressors, which reduces operational costs. No chemicals are necessary in the transportation systems.
Dehydration is necessary to obtain the requirements for using carbon steel. According to KM, the
requirement for CO2 pipelines, used for EOR in the US, is maximum 600 ppm water [2]. Due to the rather
relaxed water requirement, diethylene glycol (DEG) can be used for dehydration, instead of TEG (triethylene
glycol, since the boiling point is lower, DEG is less effective than TEG). The transportation of CO2 is in the
liquid phase, below the supercritical point for CO2 (below critical temperature, but above critical pressure).

In Western Canada, acid gas (a mixture of H2S and CO2) is removed from the natural gas. Typically, a four-
stage compression process from 0.80 to 60 barg is used with cooling below 20 8C. The acid gas is then in
liquid phase, provided the methane content is no greater than 1–2%. Selection of material for the acid gas
injection line between the plant and the injection well is generally related to whether or not the acid gas has
been dehydrated. For dehydrated gas, sour service carbon steel materials could be used, such as CSA-Z662
Grade 359 Category II [3]. If dehydration by glycol is used to ensure that no free water drops out, it should
be installed after the second or third compression stage, since the solubility of glycol is lowest in the
pressure range of 40–55 bar [4].

Offshore
At Sleipner Vest, operated by Statoil in the North Sea, CO2 removal and injection is done offshore. Amine
separation is used to remove CO2 from the gas stream. The CO2 is injected into a saline aquifer, called the
Utsira formation, 800 m below seabed. The purpose of the CO2 removal system on Sleipner Vest is to
reduce the CO2 content in the export gas from maximum 8.95 to 2.5 vol% to meet sales gas specifications
and to avoid taxed emissions to the atmosphere [5]. The gas injection system is designed for a gas rate of
1.7 MSm3/d. CO2 is separated by an amine absorber. The separated CO2 is saturated with water at operating
conditions (0.1 barg at 70 8C). Water is condensed in a CO2 water wash column operating directly counter-
current with cooled re-circulated water. No further drying is implemented before the CO2 compressor train.

The CO2 gas is compressed to 80.0 barg in four stages. An aftercooler is installed downstream the
compressor on stage 1–3, which cools the gas to 30 8C. The condensed liquid (mainly water) is removed in
a suction scrubber on each stage. The water content is 3.9 mole% for the 1st stage compressor and
0.3 mole% for the 3rd stage. The solubility of water in CO2 is lower at the third stage pressure of 32 barg
than at the wellhead pressure of 80 barg. This ensures robustness with respect to hydrate formation.

EXPERIMENTAL/STUDY METHODOLOGY

In the present work both commercial and in-house calculation tools have been used to calculate
thermodynamic properties of CO2 and CO2 mixtures. The commercial tools are the flowsheet programs
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PRO II 6.0 [6] and HYSYS 3.0.1 [7]. In addition some in-house tools to calculate solubility in binary and
ternary mixtures have been developed. These tools solve the general equations for predicting solubility
and density of CO2 mixtures. The reader is referred to Refs. [9,10] for a comprehensive description of the
equations of state (SRK, LK and BWRS) and mixing rules presented in this chapter. This study is limited to
the simple van der Waals mixing rule.

The CO2 compression and drying process is calculated in HYSYS. For CO2 pipeline transport, a program
that calculates the wellhead pressure for a mixture consisting mainly of CO2 has been developed. The
program solves the distributed mass, momentum and heat balance equations for one or two-phase stationary
flow in a one-dimensional pipeline. A more detailed description of the program is found in Ref. [8]. The
output from the calculations are the stationary temperature, pressure, density and void fraction profile in the
pipeline in addition to the temperature distribution in the pipeline material.

RESULTS AND DISCUSSION

Properties for CO2 Pipeline Transportation
In this section, the thermodynamic models and tools are discussed through comparison with available
experimental data.

Properties for pure CO2

Regarding thermodynamic properties of pure CO2, much research has been carried out and accurate
measurements are available. The National Institute of Standards and Technology (NIST) [11] provides
properties such as densities, enthalpy and viscosity for CO2, from 216 to 1100 K, and for pressures up to
8000 bar. These data are used as reference densities when comparing computations with experiments.

Figure 1 shows the comparison between NIST data and various models. The sudden increases in density
with increasing pressure are due to the phase transition from gas to liquid. As seen in the figure, all models
compare well with the NIST data in the gas phase, but not as well as in the liquid phase, especially at
temperatures close to the critical point ðTc ¼ 31 8C; Pc ¼ 73:8 barÞ: The Benedict–Webb–Rubin–Starling

Figure 1: Calculations and experiments for CO2 density as a function of pressure at selected temperatures.
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(BWRS) model is calculated with PRO II, the Soave–Redlich–Kwong (SRK) and Lee–Kesler (LK)
models are calculated with in-house codes. The LK model gives the most accurate result with a maximum
error of 4.7% for the results in figure, even when CO2 is close to the critical point. For these results the SRK
and the BWRS model have a maximum error of 26 and 12%, respectively.

Water solubility in pure CO2

The solubility of water in CO2 vapor at a given temperature decreases to a minimum as pressure is increased
(see Figure 2). When the pressure is further increased, a phase transition to liquid occurs and the solubility
increases again. These physical properties of CO2 are important to consider when dehydrating the CO2, as
the minima in water solubility is the best operating point when “knocking out” water.

The binary coefficient between water and CO2 is adapted to 0.193 for the standard van der Waals mixing
rule with SRK equation of state. With this adaptation of the model the mean absolute error between
calculations and experiments is 6.3%. The results in the liquid phase are much more sensitive to the binary
interaction parameter than the results in the gas phase as shown in Figure 2. Three different binary
coefficients are plotted in the figure, where 0.0392 and 0.23 are the default values for HYSYS and PRO II,
respectively. It is important to note that the optimum binary coefficient for solubility of water in CO2 is
different from the coefficient for solubility of CO2 in water. Because the commercial programs only operate
with a single default binary coefficient for the CO2–H2O system, the calculations will not fit the results
properly, unless the parameter is adjusted (Figure 2).

Figure 2: Comparison of model calculations using SRK with van der Waals mixing rule and various binary

coefficients ðkÞ at 26 8C with measurement data (from 24 to 28 8C) for solubility of water in CO2. Given in

molar percent (1% ¼ 10,000 ppm). The experimental data are found in Refs. [12–16].
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Solubility of water in CO2 mixtures
Figure 3 shows experiments and calculations for solubility of water in pure CO2 (solid line) and in CO2 with
5.3% intermixture of methane (dotted line and the experiments of Song and Kobayashi [17]). The solubility
of water in CO2 and CO2–CH4 mixtures is about the same in the gas phase. The difference is however much
larger in the liquid phase, where the solubility of water in a mixture of CO2 and CH4 is much lower than in
pure CO2. A practical consequence is that, to avoid free water precipitation, the gas must be dried to a lower
water level, which again increases the cost. As can be seen from Figure 3, the pressure where liquid appears
is also higher in a mixture of CO2–CH4 (71 bar) than in pure CO2 (65 bar).

A binary coefficient of 0.52 is used for the methane–water system. With this binary coefficient, the water
solubility in the ternary mixture is overestimated in the liquid phase according to the experimental data. The
coefficient can be further adjusted to fit the data better, but generally the amount of data is too sparse to draw
any conclusions regarding model performance. The SRK with Huron Vidal mixing rule (Huron et al. [18]) is
a better model for this mixture. Work in progress is to apply more advanced models to this mixture.

The effect of water solubility with intermixture of N2 in CO2 has not been properly verified due to lack of
experimental data. A paper by Seo et al. [19] describes the three phase equilibrium conditions (aqueous
liquid-hydrate-vapor) for binary mixtures of CO2 and N2, but does not measure the water solubility in this
mixture. According to Carroll [20] no data exist for water solubility in a mixture of CO2 and H2S. However,

Figure 3: Comparison of model calculations at 26 8C with measurement data (from 24 to 28 8C) for

solubility of water in CO2 (solid line and Refs. [12–16]) and in a mixture of CO2 and 5.3% CH4 (dotted line

and Ref. [17]).
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we can assume that very small amounts of H2S will not have a major effect on the water solubility in
a CO2 mixture. The phase behavior of H2S and CO2 is qualitatively similar [21]. The solubility in water
is slightly larger for H2S than for CO2. Amines, from an amine separation process, will mainly occur in a
liquid or aqueous phase (high boiling point), and will only affect the liquid/water phase in the mixture and
not the gas phase.

System Design
The transportation system proposed includes a process facility for conditioning the CO2 gas mixture,
primarily compression, and pipeline(s) for transportation to the injection/deposition point. Typically, CO2 is
separated from hydrocarbon gas by amine absorption and may contain up to 5% CH4, 5% N2, 0.5% water,
100 ppm H2S and a small amount of amines as it is fed to the compression process.

Compression process
In order to inhibit hydrate formation and prevent excessive corrosion rates for carbon steel, no free water
should be allowed in the pipeline. Thus, water removal usually is required upstream the pipeline inlet.

The base case for the compression process includes compressors with coolers and scrubbers between each
compression stage in order to reduce the gas temperature and knock out free water. In order to increase the
pressure of CO2 from 1 to 150 bar (pipeline requirement), four compression stages are considered. The
“pure compression process” is shown schematically in Figure 4.

Water removal. By using coolers with seawater at 9 8C as a cooling medium, the gas temperature can be
reduced to approximately 15 8C between each compression stage. For this case, theoretical calculations
show that the water content in the CO2 mixture can be reduced to approximately 600 ppm (mole), only by
compression, intermediate stage cooling and scrubbing for dehydration.

Additional drying. The water content in the gas depends on the available cooling media temperature. In
areas with air temperature at 20 8C as the only available cooling media, the CO2 temperature could be
reduced to approximately 30 8C after the coolers. In this case, the lowest theoretically achievable water
content in CO2 is approximately 1600 ppm [2].

If precipitation of free water in the pipeline is possible and/or likely, additional drying may be required. In
general, the following type of dryers can be utilized for water removal in CO2:

. Adsorption units using, e.g. molecular sieves (MSA).

. Absorption with TEG or DEG as an absorber medium.

Molecular sieve adsorption is the recommended drying method due to low investment costs, compact
design, low maintenance rate and generally, good operating experience. In order to reduce size, a MSA
downstream the 2nd stage scrubber is recommended.

Gas condensation. Typically, compression to a point above the bubble point pressure is required, prior to
transportation. Hence, in the compression process, the gas is condensed (to liquid phase). For pure CO2, the
bubble and dew point curves coincide and the pressure during condensation is constant (at constant
temperature). Intermixture of CH4 in CO2 leads to a higher bubble point pressure, compared to pure CO2,
and the bubble point pressure is above the dew point pressure. Between these two pressures, is the two-
phase region, with gas and liquid in equilibrium. As can be seen from Figure 5 (95% CO2 and 5% CH4), if
the temperature is kept constant at 15 8C and the gas is pressurized, droplets will start to condense out at
50 bar and complete condensation is reached at 62 bar.

Because N2 is more volatile than CH4, introduction of N2 leads to an even higher bubble point pressure. For
a mixture of 95% CO2, 2% CH4 and 3% N2, complete condensation at 15 8C requires a pressure of
approximately 70 bar [2].

If the content of volatile components (N2 and CH4) in the gas is low, typically less than 5%, the pressure
fluctuation during condensation is moderate and condensation of the CO2 mixture is feasible. In this case,
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Figure 4: Four stage compression process with interstage cooling and scrubbing.
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the last compression stage may include a pump instead of a compressor. By pumping, the power
consumption and hence, the operational costs will be reduced in the order of 10% compared to a pure
compression process.

Pipeline transportation
Water content and drying requirements. For hydrocarbon pipelines, a requirement to dry the gas to 50 ppm
water is often used in order to ensure that no free water is in the pipeline. The requirement for CO2 pipelines,
used for EOR in the United States (New Mexico), is maximum 600 ppm water (Kinder Morgan) [2].
Experiments performed at IFE, with CO2 and carbon steel, show low/insignificant corrosion rates for water
content below 600–700 ppm (mole), over a wide range of temperatures [22].

For a typical case, the minimum temperature and pressure in the pipeline is 5 8C and 85 bar, respectively.
Theoretical calculations indicate a lower critical limit for free water precipitation of approximately
1300 ppm (mole) in this case. Even if the pressure is reduced to 70 bar, the water solubility is considerably
higher than 600 ppm [2]. Thus, free water precipitation is unlikely.

Based on this consideration, it is concluded that a maximum water content of 50 ppm may be too stringent a
requirement. For typical CO2 pipeline transportation, it is considered that a maximum water requirement of
600 ppm may be suitable and sufficient to prevent free water precipitation (see Seiersten, this volume).

Onshore/offshore pipeline transportation. In general, the fluid properties, such as density and water
solubility, depend on pipeline pressure and temperature. For long pipelines the fluid will be cooled down to
ambient temperature, typically 5 8C for deep water pipelines. For an onshore pipeline, the fluid temperature
will be close to the air temperature. As the fluid is cooled down and the pressure is reduced, water tends to
precipitate out of the gas. For example, Figure 2 shows that the solubility of water in CO2 is at a minimum at
a pressure of approximately 50 bar. For a deep water pipeline, the static head contributes to increased
pressure and increased water solubility, and therefore tends to keep the pipeline dry (no free water).

The compression/pumping requirement at the inlet of the transportation pipeline depends not only on
the reservoir pressure, but also on the reservoir depth at the injection point. Deep water combined with a
deep reservoir results in a large static pressure in the pipeline/well, which again contributes to obtaining the
required injection pressure. Thus, if the water and reservoir depths are large, the boosting requirement at the
pipeline inlet is reduced, resulting in reduced capital and operational costs for compression/pumping.

Figure 5: Dew point and bubble point curve for CO2 mixed with CH4, calculations in HYSYS with SRK

equation of state.
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Distance. Knowledge about the distance from the capture plant to the injection point is needed in order to
establish the pressure and boosting requirements at the pipeline inlet. Increased pipeline length results in
higher frictional pressure loss and increased costs for compression/pumping. Alternatively, the pipe
diameter can be increased in order to reduce the flow velocity and thus, reduce the pressure drop. In this
case, the capital costs for the pipeline will increase.

In principle, high water content in the CO2 mixture can be handled either by

. sufficient drying (water removal) downstream in the capture process, or

. using corrosion resistant materials for pipeline and process equipment.

The distance from capture to injection may influence the strategy for handling high water content, i.e. drying
vs. corrosion resistant materials. If the pipeline is long, an ordinary carbon steel pipeline is considered to be
the only realistic alternative due to cost. In this case, sufficient drying (water removal) upstream of
the pipeline is required in order to prevent free water and excessive corrosion rates. On the other hand, if the
pipeline is short, the use of corrosion resistant materials should be considered. For short pipelines, the costs
for corrosion resistant materials may be less than the costs for installing and operating a separate drying unit.

Materials evaluation and corrosion protection
The corrosion rates in carbon steel pipelines strongly depend on the water content and the water solubility in
the CO2 mixture (see Seiersten [22] and this volume). If free water exists in the pipeline, it will be saturated
with CO2 and the corrosion rate will be significant for carbon steel. For a free water phase without inhibitor
the corrosion rate due to CO2 may be several mm/yr. If free water is expected to occur frequently or
normally, MEG or a commercial corrosion inhibitor like, e.g. “Dynea KI-350”, may be used to obtain
acceptably low corrosion rates (less than 0.1 mm/yr). If MEG or corrosion inhibitor is not used, and free
water is present, corrosion resistant alloys will be required.

In general, it is recommended to dry the gas sufficiently in order to inhibit precipitation of free water in the
pipeline. For long pipelines, water removal is considered to be the most cost-effective solution, since
ordinary CMn steel (e.g. API X65) can be used in this case.

The minimum operating temperature for ordinary CMn steel is 246 8C. If the pipeline leaks and the
ambient pressure is low/atmospheric, the liquid CO2 may be transformed to dry ice (solid CO2), with a
temperature of approximately 279 8C and low temperature steel may be required to avoid further failure.

In general, equipment in the compression train can be made from carbon steel. However, for the following
components, corrosion resistant alloys may be required:

. piping at the inlet of the compressors as well as critical components in the compressors,

. coolers and piping just downstream of the coolers, and upstream of the scrubbers, and

. scrubbers.

Alternatively, if acceptable from a mechanical point of view, such components can be made from carbon
steel with a certain internal corrosion allowance added to the required wall thickness.

CONCLUSIONS

Documentation about existing CO2 pipeline transportation systems is provided. Today’s onshore systems
are primarily CO2 pipelines used for EOR in the US and acid gas removal in Western Canada. The only
existing offshore injection is at Sleipner Vest in the North Sea, operated by Statoil. Drying requirements for
the CO2 pipelines for EOR, operated by Kinder Morgan, is 600 ppm. At the LNG plant at Hammerfest in
Norway, CO2 will be removed from the natural gas. The drying requirement for this plant is 50 ppm water,
which is the engineering practice for transportation of natural gas. Based on theoretical calculations as well
as experimental data from IFE, it is concluded that a maximum water content of 50 ppm may be a too
stringent requirement. A maximum of 600 ppm water may be a suitable and sufficient requirement for CO2

pipelines.
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Typically, the gas mixture out of the capture plant may contain up to 5% CH4, 5% N2, 0.5% water, 100 ppm
H2S and an unknown amount of amines. The pure compression process, as opposed to less expensive
pumping, is considered to be robust with respect to handling likely composition ranges. High water content
in the gas is handled by the scrubbers. Because there is no phase transition, pressure fluctuation due to
condensation is eliminated. The water content in the CO2 mixture can be reduced to approximately 600 ppm
(mole), by compression, intermediate stage cooling and scrubbers for dehydration. In this case, it is assumed
that seawater at approximately 10 8C is available as a cooling medium. Theoretical calculations indicate a
lower/critical limit for free water precipitation of approximately 1300 ppm (mole) in the pipeline. Thus,
precipitation of free water is not likely in this case.

In order to inhibit hydrate formation and prevent excessive corrosion rates for carbon steel, sufficient water
removal is required upstream the pipeline inlet. The CO2 pipeline can be made from CMn steel (e.g. API
X65), provided that no free water is present and that the minimum operation temperature will not drop
below 246 8C. If free water precipitation in the pipeline is possible/likely, additional drying may be
required, preferably by molecular sieve adsorption.

Accurate and reliable predictions of fluid properties, particularly density and water solubility, are critical
with respect to process and pipeline design. Thermodynamic models and tools for calculating properties for
CO2 and CO2-rich mixtures have been verified against experimental data. For CO2 density the Lee–Kesler
model is in satisfactory agreement with NIST data both in gas and liquid phase.

RECOMMENDATIONS

For solubility of water in pure CO2, the SRK model with adjusted binary coefficient to 0.193 in van der
Waals mixing rule gives the best approximation to the data collected from literature. Adding impurities as
CH4, N2, H2S and amines to the CO2 mixture will affect the solubility of water, i.e. adding 5% methane
lowers the water solubility in the liquid phase considerably. However, very little experimental data is
available in the literature for these mixtures. More experimental data is needed in order to verify the model
performance.

In the case of a sudden pressure drop to atmospheric pressure (worst case), liquid CO2 may transform to dry
ice (solid CO2), with a temperature of approximately 279 8C. Thus, low temperature steel materials should
be considered for onshore and shallow water pipelines. In future work, criteria for minimum design
temperature and material selection for CO2 pipelines should be established.

Little data exists on the behavior of wet CO2 gas in scrubbers. In the present work, the process
considerations for CO2 dehydration are based on theoretical calculations. The results of the calculations
have not been verified by operational or experimental data. In order to clarify this uncertainty, it is
recommended to collect data from existing CO2 facilities and compare the data against model simulations.

NOMENCLATURE

Tc Critical temperature
Pc Critical pressure
K Kelvin
Pa Pascal (Unit for pressure)
M Mega (one million)
SRK Soave–Redlich–Kwong (equation of state)
LK Lee–Kesler (equation of state)
BWRS Benedict–Webb–Rubin–Starling
NIST National Institute of Standards and Technology
EOR Enhanced oil recovery
TEG Triethylene glycol
MSA Molecular sieve absorption
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