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SUMMARY
The overall project covers the “Effects of Impurities for Capture Technologies on CO2 Compression and
Transport” which is sponsored by BCURA (B93).
The initial stage of a report covers a comprehensive literature survey with the aim to obtain the most upto-date information on impurities likely to be present in CO2 streams from different capture technologies,
their interactions and impact on CO2 compression and transport. Results of the literature review indicated
that systematic efforts are being made towards clarifying the influence of impurities on the compression,
transport, injection and storage of CO2.
Later the report studies a detailed literature review on the separation methods, compression technologies,
and thermodynamic processes. The capture of CO2 from power plants is an alternative to reducing the
release of CO2 to the atmosphere. However, this approach requires significant compression power to
increase the pressure to typical pipeline requirements. The overall penalty with capture and compression
can be as high as 8-12 % on a typical power plant. The aim is to find available data/information related to
novel compression concepts and integration with existing power plant processes to reduce this penalty.
The primary objective of these CO2 compression concepts is to increase the pressure of CO2 to pipeline
pressures with the minimal amount of energy required. Fundamental thermodynamics are considered to
explore pressure rise in both liquid and gaseous states. For gaseous compression, the study investigated
the novel methods to compress CO2 while removing the heat of compression inside the compressor. The
high-pressure ratio in CO2 compression for long distance transport in enhanced oil recovery results in
significant heat of compression. Since less energy is required to increase the pressure of a cooler gas
stream, both upstream and inter-stage cooling is desirable. The results helped to determine the optimum
compressor configuration and develop technology concepts for internal heat removal. Other compression
options using liquefied CO2 and cryogenic pumping are explored as well. The result suggests focusing the
remainder of the study on using centrifugal compressors for CO2.
Centrifugal compressors which are extensively used in industry, especially in the oil and gas field since they
are the most versatile and compact compression equipment in the flow range of 1700-170000 m3/h and are
preferred for their large reliability and tolerance in input conditions. However the centrifugal compressors
for high CO2 environment have not been studied much in open literature, but the centrifugal compressors
were reviewed in this report to check their applicability for high CO2 environment with impurities.
The operation/performance of a centrifugal compressor is subject to large variations in inlet conditions and
molecular weight of the gas into the system. Due to these variations, the compressor performance showed
a significant difference - results indicated drop in performance can be overcome via varying the rotational
speed. The centrifugal compressor performance was carried out using realistic stream composition
provided by E.ON. Due to significant variation in performance curves, the result recommends
understanding the compressor performance at each stage and the performance at each stage has not been
studied in literature
The performance of a centrifugal compressor is also affected when a cooling system is integrated with a
compressor which is required to keep the thermodynamic path near to isothermal. Results indicated that a
cooling system is necessary when the required compression ratio leads to a discharge temperature bigger
than tolerable by the system.
For CO2 transport systems, the materials challenges lie in establishing the requirements for a system where
CO2 is the major component and not an impurity, as in the oil and gas industry. Whilst a lot of effort has
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addressed the problem of carbon dioxide corrosion (‘sweet’ corrosion) in pipelines used for oil and gas
transport, little work has focussed on corrosion associated with CO2 as major component. Finally the report
covers the pipeline material issues for CO2 transport.
The CO2 pipelines in USA have reported no significant pipeline failures due to internal corrosion. But this
mainly depends on water content in the CO2 in the pipeline. In terms of pipeline design and operations, a
dewatering processes and water monitoring system is recommended. Dry CO2 does not cause corrosion in
the carbon steel generally used in pipelines under ordinary circumstances. If the CO2 cannot be dried it can
still be transported through corrosion resistant steel that would safely take other contaminants, but this
will significantly increase the cost of the pipeline. Results indicated that carbon steel is the most attractive
alternative for long distance pipelines and that 13% Cr steels can be considered for shorter distance
pipelines for CO2 transport. However, in locations where contact with wet CO2 is more likely or unavoidable
e.g. inlet piping to compressors, coolers and scrubbers, then it becomes economical to select a corrosion
resistant alloy (CRA). The CO2 stream ought preferably to be dry and free of hydrogen sulphide because
only very low levels of toxic contaminants such as H2S would be acceptable, in case of leakage.
CO2 can cause deterioration and explosive expansion on non-metallic materials (elastomers) which were
majorly studied in open literature and specified in the oil and gas industry. However, the effect of
impurities in the rich carbon dioxide on seal materials was aimed to study in this report and has been
studied little in the literature where CO2 is the major component, not as an impurity. Based on this report
literature review results recommended that the currently specified CO2 (based on oil and gas industry) seal
materials needs to be tested to ensure the suitability for the CO2 rich compositions expected from the
capture plant. In that context, recently UK academics have been awarded a joint EPSRC-E.ON partnership
project which covers materials for next generation CO2 transportation (MATTRAN). In that MATTRAN
project they are testing the several non-metallic seal materials under CO2 rich compositions with and
without impurities.
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1. Introduction
It is widely recognized that conventional fossil fuel power generation systems will continue to play an
important part the mix of technologies used during the transition to a lower carbon economy. The UK
Energy White paper [1] states; ‘We will continue to need fossil fuels as part of a diverse energy mix for some
time to come. But in order to meet our carbon reduction goals, sources such as coal and gas must become
cleaner. And it is in our own vital interests that the technologies necessary to mitigate the emissions from
burning fossil fuels are developed and deployed as rapidly as POSSIBLE’.
It has been currently estimated that over 20GW of fossil fuel power plants will need to be built in the UK by
2020 to replace the old plants and to meet the future UK energy demands [2]. Therefore, a major challenge
for the future development of power generation capacity in the UK is to enable the use of fossil fuels whilst
eliminating CO2 emissions through cost-effective capture. The capture and storage of CO2 from new and
existing fossil-fired power plants, offers a near term opportunity for substantial reductions in CO2 emissions
in the UK, and in developing countries such as China and India where coal will remain the dominant energy
resource for coming decades. Several technologies are available today for the separation of CO 2 from the
flue gases coming from combustion and gasification-based systems but the major challenge is posed by the
efficiency penalties and the high costs. Much attention is being given in recent years to the design of
capture technologies to integrate with power-plant, however, the preparation of the captured CO2
(compression issues and compositional constraints) for subsequent injection underground has not yet
received much consideration.
The contaminants in the CO2 stream represent an unfamiliar and aggressive environment for pipeline
materials and if these issues are not appropriately addressed it could lead to increased risk of premature
failure of CO2 transport systems. Current legislation does not prescribe impurity levels within CO2, so
acceptable impurity concentrations will be a function of technology constraints and cost. A limited
experience with transport of CO2 exists in the oil industry, where CO2 is used for enhanced oil recovery
(EOR). However, the experience with CO2 pipeline transport for EOR applications is almost entirely limited
to CO2 streams from natural sources, which have different composition than the CO2 streams from power
plants. Therefore there are many uncertainties related to the effect of impurities on water solubility,
corrosion, hydrate formation, reactions between impurities, etc. As impurities can change the properties of
the CO2 stream, they can have an impact on compression distance, pipeline design and operation.
Within that context, the project addresses an area of research of key importance to the development of
CCS in the UK by examining the effects of high pressure CO2 and associated impurities from different
capture technologies on compressor and pipeline components. Relevant thermodynamic and transport
data for the new expected compositions are scarce and justify further investigation, especially for the case
for mixtures containing more than one impurity. The overall aim of the project is to examine a key concern
in the CCS chain, such as the effects of CO2 and associated impurities on the compressor and associated
technology and on the pipeline. The project sets out to improve understanding of the technology
requirements for CO2 transport by estimating the effects of different levels of CO2 contaminants from
various capture technologies on compressor and pipeline components.. This information feeds back into
the design of the compression technology so other beneficiaries are compressor manufacturers.
The project has the following objectives:
 To identify the impurity levels in CO2 capture stream for selected technologies
 To estimate the effect of contaminants properties and trace elements present within the CO2 stream
associated with each technology using thermodynamic modelling (section 3)
 To identify gas clean-up requirements for selected technologies, to assess the impact of contaminants on
downstream equipments; to explore the risks of unexpected failure/leaks, e.g. due to corrosion, if
adequate inhibitors / additional clean-up steps are not included (section 4)
 To review the current experience with CO2 transport.
 To review the current compressor technology and field experience with large scale CO2 compression
applications together with the key operating conditions for the compressor (section 2)
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 To investigate challenges/difficulties associated with the compression of impure CO2 (section 3)
 To assess the appropriate material solutions and predict their service lifetimes; to investigate the
corrosion rate data for current and future pipeline materials (section 4).
2 Identify impurity levels in capture and transport stream
It is likely that CO2 captured from an energy conversion process may include a number of impurities that
result from either the energy conversion process or the CO2 capture process. The type and amount of
impurities in the CO2 stream depends on the fuels and conversion technology (combustion, gasification)
used and the type of capture process (solvents, dry sorbents, etc.). Combustion flue gases contain CO2, N2,
O2, SOx, NOx, particulates, HCl, HF, Hg and other trace contaminants. In addition, small amounts of solvents
(from post-combustion capture) might be found in the CO2 stream. Higher concentration of impurities is
expected in the captured CO2 stream from oxyfuel combustion. On the other hand, CO2 captured from IGCC
by means of pre-combustion has more varied composition and may contain N2, H2, CH4, CO, organic
impurities and sulphur compounds such as H2S.
There are two major technical factors regarding the influence of impurities on the CO2 compression and
transport. One is the impact of impurities on physical properties of the CO2 stream and second is the
presence of water and related corrosion issues.
2.1 Impact of impurities on physical properties of CO2
The presence of majority of impurities in CO2 streams shifts the boundary of two phase region towards
higher pressures, so that higher operating pressures are required to keep CO2 in dense phase. In particular,
the presence of inert gases as well as H2, O2 and CH4 makes the phase change a more complex process
compared to the normal co-existence of pure gaseous and liquid CO2 at constant pressure and temperature
[3]. Compression work calculations show that the increase in compression work depends linearly on the
concentration of gaseous impurities and it is approximately 2.5%, 3.5% and 4.5% for a concentration of 1%
of O2, N2 and H2 respectively [3]. The changes in the phase envelope and the subsequent increase in
required operating pressure are illustrated in Figure 2.1.
In addition to the changes in phase behaviour of CO2 streams, impurities also affect the viscosity and most
importantly, the density of the mixture. Most impurities (N2, O2, Ar, CH4 and H2) lower the density and thus
reduce the capacity of the pipeline. Addition of H2S to the CO2 stream shows only little effect on density,
while addition of SO2 increases it. Viscosity of the CO2 stream is also affected by the presence of impurities
(N2, O2, Ar, CH4 and H2 lower the viscosity).
2.1.1 Effects of water
The previous section introduced the effects of impurities on the physical properties of the captured CO2
stream that occur irrespective of the presence or absence of water. This section will introduce further
complications resulting from the presence of water in the CO2 stream. Presence of water in the stream has
two main consequences for the pipeline design and operation: corrosion and hydrate formation.
Experience from existing pipelines shows that corrosion rates are very low if the CO2 is sufficiently dry.
Corrosion effects come from CO2 in combination with H2S and/or O2 that form corrosive substances in the
presence of water. If free water is present, CO2 can dissolve in water and form carbonic acid, which is
corrosive.
The corrosion rates can be in the order of mm/year when free water is present and only µm/year when dry
CO2 is transported [3]. In addition, corrosion effects could also come from hydrogen sulphide, which forms
a weak acid when dissolved in water. The combination of CO2 and H2S is more corrosive than H2S alone. The
risk of free water formation increases with decreasing temperature and pressure, due to decreasing
solubility of water in the CO2 stream. Figure 2.2 presents the limits of water solubility in pure CO2 at varying
pressures and temperatures [4]. It shows that the water solubility limit is significantly lower when CO2 is in
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the gaseous phase rather than in the liquid phase. It also shows that water solubility decreases with
temperature. Therefore it can be concluded that the water content should be controlled more strictly when
CO2 is transported at lower temperatures and relatively low pressures. Pressure release procedures will
also bring the CO2 stream into the low solubility area.
There is no general consensus among experts regarding to what extent the CO2 should be dried to avoid
free water formation. The CO2 specifications for the first pipelines in the USA required a maximum water
content of 50 ppm (see section 4), which corresponds to dehydration. Other specifications are more
relaxed and limit the water concentration to 60% of the dew point in the worst conditions. According to
Figure 2.2, this limit tolerates 750 ppm water in CO2 of 25°C. This limit will vary with temperature of the
environment in which the pipeline is located (e.g., 5-10°C for buried pipelines in Europe). It has been
reported that water levels of 300-500 ppm are accepted by industries for CO2 transmission in carbon steel
pipelines [4]. The presence of other components in the CO2 stream may affect the water solubility limit
(e.g., CH4 lowers the solubility), however little information is available.
In addition to the risk of corrosion, presence of water in the CO2 stream can promote hydrate formation.
Under suitable conditions, CO2, CH4 and H2S will form hydrates and their accumulation in pipelines can
cause problems such as plugging and equipment damage [5, 6]. The equilibrium diagram for CO2/H2O
mixtures shows that CO2 forms hydrates up to the temperature of 10 °C. This can however be altered by
presence of other components in the system. For example H2S increases the temperature and lowers the
pressure at which hydrates can form. H2S hydrates can form at temperatures up to 32 °C. However, it is
expected that hydrate formation would be negligible in absence of free water in the pipeline [7].
2.2 Current experience with CO2 pipeline transport
At present, the only experience with large scale long distance CO2 transport, exists in the oil industry,
namely in enhanced oil recovery (EOR), where the CO2 is used to displace oil in the underground reservoirs
and thus enhance the oil yields. In the EOR industry, CO2 pipelines have been used since the early 1970s
and at present the CO2 pipeline network in North America stretches for over 2500 km and its total transport
capacity is nearly 50 Mt CO2 yr-1. The longest pipeline in this network is the 808 km long Cortez pipeline
from Cortez in Colorado to Denver City in Texas. Selected existing long-distance pipelines are listed in Table
2.1
All the existing large-scale CO2 pipelines are designed for dense phase/supercritical conditions, i.e. a CO2
pressure above 7.38 MPa. The typical operational intervals for temperature and pressure of the CO 2 are 1530 °C and 10-15 MPa respectively [2].However, due to the special properties of CO2 and normal pressure
drops in pipeline, it is not easy to maintain the CO2 within these ranges. CO2 has to be regularly
recompressed along the route. Further, the compressibility and density of CO2 show strong, nonlinear
dependence on the pressure and temperature, which makes it difficult to fully predict the CO2 flow. At the
critical point of CO2 (7.38 MPa and 31 °C) even a small change in temperature or pressure yields a large
change in density (e.g., the density doubles with a change in temperature from 47 to 37 °C at a constant
pressure of 9 MPa). In addition to the pipeline operating parameters (i.e., temperature and pressure), the
amounts of impurities present in the CO2 stream also affect its physical properties and can have
considerable impact on pipeline design and operation. The majority of the CO2 pipelines currently in use for
transport CO2 are derived from naturally occurring sources. As a result, the composition of the gas stream
can be considerably different than in CO2 streams resulting from CO2 capture technologies linked with
power plants (see section 1.4). Table 2.2 shows examples of gas composition in several existing pipelines
transporting CO2 from both natural and industrial sources.
2.3 CO2 capture technologies and related impurities
Sections 2.1 and 2.2 presented the likely impacts of different impurities on the CO2 transport process and
the relevant experience from existing pipelines. It has been concluded that considerable control over the
composition of the CO2 stream is required, especially concerning the concentration of water, as it could
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lead to significant operational problems and increased risks of failure due to either corrosion or blockage
caused by hydrate formation. It has been also shown that a wide range of conditions are being used in
existing pipelines and no clear common guidelines for their design and operation have been identified. As
the future CO2 transport networks will have to deal with CO2 from a number of different sources, it is
important to identify the likely impurities present in the CO2 streams from different energy conversion and
CO2 capture technologies. This section attempts to briefly summarise existing knowledge of impurities
resulting from these different technologies. The technologies discussed in the following section are: Oxyfuel
combustion, Post-combustion capture and Pre-combustion capture
2.3.1 Oxyfuel combustion
The main principle of oxyfuel technology lies in the use of high purity oxygen instead of air as the oxidiser
for fuel combustion. This substitution of air for oxygen results in very high concentrations of CO2 in the flue
gas, as it is not diluted by large amounts of inert gases in air. This flue gas stream is then ready for
processing and transport to storage site with little gas cleanup before separating CO2 from flue gases. The
main drawback of this system is the need for high purity oxygen and therefore for an air separation unit
(ASU), which is very energy intensive and introduces a significant energy penalty. The energy penalty for
oxyfuel combustion is generally around 10%.
2.3.2 Post-combustion capture
Post combustion CO2 capture systems focus on separation of CO2 from the flue gas generated by classical
air-fired combustion processes. The concentration of CO2 in these streams can vary between 5-15 vol.%
depending on the fuel. Flue gas with such low concentration of CO2 is not suitable for capture and storage.
Therefore different processes have been developed for capturing CO2 from the diluted stream and
releasing it in a concentrated form suitable for sequestration. The most mature systems use different
amine-based sorbents.
Besides the amine based absorption processes, a new system for CO2 capture from flue gases has been
developed by Alstom, the so called Chilled Ammonia system. The main advantage of this technology lies in
the fact that it does not require flue gas SO2 removal to extremely low levels, as is the case with aminebased systems.
2.3.3 Pre-combustion capture
An alternative approach to the removal of CO2 from diluted combustion flue gas, is to remove it before
combustion. An example of the CO2 separation technology for pre-combustion capture is the Selexol
system. This system uses a physical solvent that absorbs acid gases (CO2, H2S) from the feed gas at relatively
high pressures (2.07-13.8 MPa). The Selexol process can operate selectively to recover CO2 and H2S in
separate streams, so that the CO2 can be sequestered while at the same time the H2S can be converted to
elemental sulphur in a Claus unit.
3. CO2 and impurity interactions at pressure
Effectively, capturing and delivering this CO2 for geological sequestration requires the compression of large
volumes of gas with significant parasitic power consumption. For example, in a coal fuelled Integrated
Gasification Combined Cycle (IGCC) power plant, the CO2 compression penalty can represent about 4% of
the gross power. Section 3 below discusses the existing state-of-art techniques for the compression and
delivery of large volumes of CO2, advanced concepts for CO2 compression and delivery, and the system
design, compressor selection, operating experience and considerations for reducing the power
consumption.
3.1 Review of compressor technology
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Flue gases captured from different capture technologies (see section 2.4 for more details) must be
compressed, transported by pipelines, and injected into geological underground formations, such as deep
saline formations, or depleted oil and gas reservoirs. This compression process can consume a significant
amount of energy depending on the type of power plant process, the CO2 take-off point, the distance
between power plant and injection point, the formation’s internal pressure and depth, and the
compression technology chosen. It is critical to minimize the energy consumption required for the CO 2
compression process. As the process for capture and storage of the CO2 requires significant compression
power to increase the pressure to typical pipeline levels. The overall penalty with capture and compression
can be as high as 8-12 percent on a typical power plant. The main aim of section 3 is to review novel
compression concepts and integration with other power plant processes to reduce this penalty.
This section consisted of the following objectives;
 Consider thermodynamic and economic analysis to determine the preferred thermodynamic path
for CO2 compression
 Integrate CO2 compression with air separation plant streams
 Suggest prototype compression or pumping concepts
 Select the best compression concept
3.2. CO2 compression background
The capture of the CO2 from the combustion of fossil fuels like natural gas and coal prevents the CO2 from
reaching the atmosphere and has received much attention in recent years. Once captured, CO2 may be
moved via transmission pipelines and stored in depleted oil and gas fields, deep salt reservoirs and by
dispersion in ocean environments [8]. CO2 may also be used for enhanced oil recovery (EOR) and even
enhanced natural gas recovery, though gas recovery has not been proven viable yet. Studies are underway
on pilot fields to determine if CO2 injection for EOR is a permanent form of gas storage [9].
Emissions of CO2 from a power plant may be reduced if the CO2 stream can be efficiently captured from the
process gas and compressed for transport and storage. The cost of separating and compressing the CO2 for
delivery at storage sites accounts for an 8-12 percent decrease in the overall power plant efficiency. More
efficient separation and compression methods would reduce the cost of compression and the efficiency
penalty associated with capturing and storing the captured CO2.
A literature review was conducted to understand the physical processes involved in extracting and
compressing the CO2. The selection and design of the most efficient compression technology are
dependent on the separation method used. The separation technology determines the thermodynamic
state of the CO2 entering the process. Various separation technologies are available that deliver the CO2 at
different pressures and in different streams (see section 2.4). The literature review summarized below will
be used to study the options available for compression technologies.
3.2.1 Description of power plant application
The capture plant delivers the captured CO2 stream at different pressures depending on where the CO2 is
separated from the fuel gas stream. In a pre-combustion process using physical adsorption with Selexol, the
separation pressures vary from 1 bar (~1 atm) to as high as 20 bar. The higher-pressure separation methods
inherently reduce the volume of the CO2 that must be separated. The gas must be compressed to a
pressure between 100-135 bar (1500-2000 PSIA) in order to be transported and delivered for use in CO2
Storage / EOR applications. The compressor capacity for CO2 capture applications is significant. The mass
flow rate of the CO2 from a 400 MWe power plant is 272,000 to 317,500 kg/hr. At atmospheric pressure 1
bar (14.7 PSIA), the equivalent volumetric flow rate is 26,060–30,480 ACMM [26,060–30,480 ACMM (37-44
MMSCMD)].
At its initial suction condition (1 to 8 bar, 21 0C to 32 0C), the CO2 is in vapour form. At the final delivery
point conditions (>74 bar, >32 0C) the CO2 is a supercritical fluid. Depending on the compression process,
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the CO2 may remain in vapour form until it reaches the supercritical state or the CO2 may be converted to
liquid at cryogenic conditions until it reaches the final state as a supercritical fluid. Figure 3.1 shows the
pressure-enthalpy diagram for the CO2 with the indicated final suction and discharge points. In reality, the
compression cycle must take place on either the vapour side (right-hand side of Figure 3.1) or liquid side
(left-hand side of Figure 3.1) of the dome. Various compression options are available with differing levels of
efficiency, depending on the number of thermodynamic points, cooling steps and pumping/compression
losses.
3.2.2 Compressor technology
To compress CO2 with traditional technology from an initial pressure ranging from 1-7 bars to a final
pressure of 150 bar, multiple stages of compression will be required. The optimum ratio for CO2
compression is 1.8 to 2.0 according to compressor manufacturers [11]. After capture from power plant, CO2
would need to be transported under pressure to a geological storage site, for preparation of urea and
ammonia, enhanced oil recovery and for many other processes. Section 3 evaluates CO2 compression
technologies and the main operating issues. It is important to determine optimal CO2 pressure for transport
and to understand the factors which influence costs for CO2 compression.
3.2.2.1 CO2 compression
Gas compression is well developed and used in the oil and gas industry around the globe and it uses mature
technologies. CO2 compression uses the similar equipment as gas compression, with some modifications in
order to adjust according to the properties of CO2. Compressors are classified based on principle of
operation (e.g. centrifugal, reciprocating and others), stages (single or multi) and lubricated or nonlubricated are illustrated in Figure 3.2. Centrifugal compressors are usually the preferred type for large
volume applications because of their ability to handle large flow rate (to hundred thousands of cubic feet
per minute) at both low and high pressures. In centrifugal compressors, gas molecular weight limits the
operation [10].
3.2.2.2 Compressing CO2 for transport
CO2 is compressed to make it more efficient to transport. The amount of compression needed for transport
can be calculated by using the phase diagram. Figure 3.3 shows the phase diagram of CO2. A phase diagram
is a graphical representation of pressure against temperature, which shows the boundary limits of the
three phases – solid, liquid and gas phases. There are two important points to note on the phase diagram –
the triple point and the critical point.
3.2.2.3 Multi-stage CO2 compressors
A number of stages of compression will be required before 100 bar of discharge pressure is achieved for
transport of the CO2. This is because, from engineering principles, it is impossible to raise the pressure of a
gas such as CO2 ten to twenty fold in one step, as this would result in too high a temperature rise in the gas.
Therefore, compression generally occurs in a number of stages.
To determine the number of stages of compression, it is first necessary to select the acceptable
compression ratio per stage. This ratio is generally of the order of 3 or 4 for lighter gases. But heavier gases
like CO2 limit the ratio per stage to 1.8 to 2.0. For example, at these stage pressure ratios, eight stages
(1.88=110.2) of compression are typically required to reach an overall pressure ratio of ~100:1. Figure 3.4
shows the 10 stage CO2 compressor with a ratio of 200:1. This compressor requires an intercooler between
each stage and involves a huge initial investment and energy penalty. A new technology currently being
developed by MAN is based on a shock wave compressor concept that would achieve the required 100:1
pressure ratio in two stages of compression at 10:1 ratio (10 x 10 = 100). This configuration would require
an intercooler between the first and second stages. The advantage with shock wave compressors is a
drastic reduction in compressor size and therefore fixed cost of the compressor compared to a
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conventional centrifugal compressor. Shock compression is accomplished by dramatically slowing down a
high velocity inlet line of process gas by diverting the gas around a fixed body and into a small channel. By
forcing the flow into small channels, the process gas stream is slowed from a supersonic speed to subsonic
speed, which creates a shockwave and corresponding rise in pressure. Additional analysis is required to
determine if the shock compression process reduces power, once cooling considerations are taken into
account [11].
3.2.3 Conceptual design analysis
For a typical 400 MWe power plant, the CO2 mass flow rate is 272,000-317,500 kg/hr. Figure 3.5 shows the
required inlet volume flow for a given inlet pressure. The figure shows the strong sensitivity to inlet
pressure on the inlet volume flow rate. For a 40 bar CO2 stream pressure, a volume flow of only 750 ACMM
is required. If, for example, this CO2 stream comes from combustion flue gas at atmospheric pressure, then
a volume flow rate of over 100,000 ACFM is required. This is over 40 times the greater flow rate. Since the
volume flow increases with the square of the scale factor, a compressor over six times larger is required.
The requirement of large frame compressors increases both the capital and operating expenses of the plant.
Table 3.1 shows an actual compressor configuration for the higher inlet pressure using the Dresser-Rand
compressor selection tool [12]. As indicated above, a frame 4 was selected requiring only three impellers
and consuming 10.7 MWe. To demonstrate a point, the same application is used, but assuming perfect
isothermal compression where each impeller sees the same 80 0F inlet temperature. The power required
reduces to 7.7 MWe which is 37% less power. Reducing the inlet temperature to the saturation
temperature of -17.7 0C reduces the power required to 7.9 MWe. For comparison, a low-speed
reciprocating selection was also made and shows a power requirement of 10.2 MWe. While this is less than
the standard centrifugal, it is significantly higher than an isothermal offering.
The low inlet pressure selection is shown in Table 3.2. This selection calls for a two-casing solution using a
frame 26 compressor with the first containing two stages and the second containing four stages in a backto-back arrangement, indicating a power requirement of 21.7 MWe. The power requirement reduces to
17.6 MWe, if the inlet temperature is reduced to -73.3 0C.
Table 3.3 summarizes the required power for the various options. The reciprocating compressor option
does not reduce the power significantly over a conventional centrifugal. Isothermal compression and
reduced inlet temperature approaches both significantly reduce the required power of compression.
Combining these two approaches would result in further savings. The liquid turbo-pump option possesses
the greatest potential savings, reducing required power by over an order of magnitude. Obviously, the
approach is dependent on the ability to liquefy the CO2 with acceptable level of increase in power
requirements.
3.2.4 The development of inter stage cooling concept
Various options for the compression of CO2 as a waste stream from a power plant have been examined. The
compression technology options were compared in terms of efficiency and required power in order to
determine the least costly compression technology for the power plant application.
Based on a solvent absorption process for the removal of CO2, the CO2 waste stream was assumed to be
divided into a low pressure (1.5 bar / 22 PSIA), medium pressure (11.5 bar / 170 PSIA), and high pressure
(17 bar / 250 PSIA) waste stream. The expected delivery pressure for the CO2 was assumed to be (150 bar)
2,215 PSIA at (21 0C) 70 0F. A typical CO2 flow rate of approximately 15 MMSCMD is also assumed. The CO2
at the final delivery pressure is in a supercritical state. Table 3.4 shows the assumed pressures and
temperatures for the waste CO2 streams resulting from the separation process.
3.2.4.1 Option A – conventional approach
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The initial analysis of power was considered for a conventional approach to compressing the CO2, using
multiple stages of centrifugal compression and air intercooling. The conventional technology is presented
as Option A. The low-pressure stream is compressed and blended with the medium pressure stream which
enters the compressor as a side stream. The final high-pressure stream is blended with the two lower
pressure streams to compress the CO2 to its final delivery pressure of (150 bar) 2,215 PSIA. In this
conventional approach, the polytropic efficiency is maintained between 80-85% on average. The Option A
conventional compression technology requires a total power of (17 MWe) 23,251 BHP with the use of 100%
CO2 [12]. Option A provides a baseline to compare to alternative compression technologies. This
conventional approach was compared to alternative methods of compression to evaluate the merits of
additional inter-cooling between stages (other than air cooling), increased power ratio, and refrigeration of
the CO2 in order to pump it as a liquid stream. The alternative compression technologies are summarized in
Table 3.5. Figure 3.6 provides a summary of the various thermodynamic paths taken by each of the
compression technology option. The compression paths are shown on the pressure versus enthalpy
diagram for the CO2. As the results show, the amount of power required by each compression option varies
significantly according to the thermodynamic path.
3.2.4.2 Option B – conventional option with inter-cooled stages
In Option B, the conventional technology is considered to reach the same discharge pressures for each train
as in Option A. The difference in the two conventional approaches is that in Option B, the inlet suction
temperature for each train is reduced below that achievable by air intercooling. This technology option
assumes that a heat exchanger could be used to reduce the inlet gas temperature. The comparison of the
two thermodynamic paths taken by Option A and Option B is shown in Figure 3.7.
If an Air Separtaion Unit (ASU) in the power plant has available nitrogen gas at a reduced temperature, the
ASU could provide cool gas for the heat exchanger. A typical ASU releases a cold waste nitrogen stream at
the rate of 68,000 kg/hr for a 700 MWe power plant [12]. This flow rate was used to calculate the amount
of the reduction in inlet CO2 gas temperature between trains. The CO2 is reduced to (15.5 0C) 60 0F at (6.5
bar) 97 PSIA and (17.5 bar) 258 PSIA prior to entering the next compression stage. At (74.6 bar) 1,097 PSIA,
the suction temperature is reduced slightly from (37.7 0C) 100 0F (Option A) to (32.2 0C) 90 0F (Option B). It
is expected that the cost of using the cooler nitrogen from the ASU will have an associated power cost, but
the amount of power has not been determined at this time. Without including the cost of using the
nitrogen stream from the ASU at the power plant, the resulting total power required for Option B is (15.8
MWe) 21,522 BHP. The reduction in power is about (1.2 MWe) 1,730 BHP, equivalent to 7.4%. Though
Option B does not offer a significant savings in energy, the trend towards reducing power by providing
additional intermediate cooling of the gas stream is notable [12].
3.2.4.3 Option C – isothermal and semi-isothermal compression
In Option C, the inlet-cooling concept is applied to each stage, using the same discharge temperatures and
pressures per train as in Option A and Option B. An ideal isothermal compression process was analyzed in
Option C.1 for an isothermal compression temperature of (21 0C) 70 0F. To gauge the effect of the choice of
isothermal temperature (and the required cooling power), Option C.2 was analyzed as an isothermal
compression with a constant temperature (37.7 0C) 100 0F. Assuming an 80% nominal efficiency for both
isothermal processes, Option C.2 requires a total power of (13.4 MW) 18,266 BHP compared to (10.9 MWe)
14,840 BHP for Option C.1. Thus, using a higher isothermal temperature ((37.7 0C) 100 0F) will require
about 15% more power, but this approach permits air-cooling of the gas stream.
In reality, an isothermal compression process is difficult to achieve. A typical compression process can be
implemented using an increasing number of finer compression steps with inter-stage cooling in between
each compression stage to approach the ideal isothermal compression. This actualization of an isothermal
process is termed semi-isothermal compression. To analyze the semi-isothermal process, Option C.3 uses
many small compression steps with inter-stage cooling between each stage. An illustration of the
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thermodynamic path taken by Option C.1 and C.3 is shown in Figure 3.8 to show the semi-isothermal
process [12].
The semi-isothermal calculations were expanded to examine three semi-isothermal processes with an
increasing number of inter-cooled stages (8, 11 and 17 compression steps with pressure ratios of 1.9, 1.55
and 1.3, respectively). For this analysis, the polytropic efficiency was set equal to 80%, and the discharge
temperature of each stage was adjusted to maintain the same approximate polytropic efficiency. This
modification in the calculation assures that the comparison between Option A and Option C.3 through
Option C.5 shows the reduction in power achievable through inter-stage cooling for a comparison process
at relatively the same polytropic efficiency as the conventional process. For all three semi-isothermal
processes, the CO2 was compressed from (1.5 to 150 bar) 22 to 2,215 PSIA maintaining an inter-stage
cooling temperature of (21 0C) 70 0F.
The resulting power required for these options is shown as Option C.3 through C.5 in Table 3.5. At the
highest compression ratio (the least number of inter-cooling stages/compression steps), the reduction in
power is 21% compared to option A. At the lowest compression ratio (the highest number of inter-cooled
stages), the power reduction approaches that of the isothermal process given in Option C.1. The reduction
in power is 33.3% compared to option A for semi-isothermal process, Option C.3 with a pressure ratio of
approximately 1.3 per stage.
As the number of stages in the semi-isothermal process increases, the total process power begins to
asymptotically approach the power required for an isothermal compression process. The results of the
semi-isothermal process indicates that as more inter-stage cooling is applied throughout a greater number
of compression steps, the process results in a lower total power. Figure 3.9 shows the trend towards lower
power with the increased number of stages in the semi-isothermal process, compared to the other
analyzed processes.
3.2.4.4 Option D – high ratio compression
The high ratio compression process calculations are considered in the analysis as Options D.1 and D.2. For
the analysis, it is assumed that the CO2 from the low and medium pressure streams would be blended
together and compressed from (1.5 to 15 bar) 22 to 220 PSIA. In the second stage, all streams are blended
to compress the gas from (15 to 150 bar) 220 to 2,215 PSIA. Two designs of a high ratio compression
process are considered. The first design (Option D.1) assumed cooling was not possible throughout the
entire compression process. The cooling of the gas at the final delivery pressure was accounted for in the
analysis of the first option. The second option (Option D.2) utilized ambient air cooling of the gas stream at
a pressure of (15 bar) 220 PSIA to reduce the gas stream temperature from (237.7 0C to 37.7 0C) 460 0F to
100 0F, as well as final cooling at the delivery pressure of (150 bar) 2,215 PSIA [12].
Without the added cooling between the stages of compression, Option D.1 requires significantly more
power than Option A. The increase in power for high ratio compression Option D.1 is approximately 80.3%,
assuming an efficiency of approximately 80%. The total power required is (30.8 MWe) 41,920 BHP.
Alternatively, Option D.2 requires less power than the first design option for high ratio compression
because of the added cooling. The total power for Option D.2 is (21.1 MWe) 28,699 BHP that is an increase
over the conventional approach of 23.4%.
Figure 3.10 provides a summary of the various thermodynamic paths taken by the two high ratio
compression options. Figure 3.10 shows the process differences between high ratio compression and
conventional approach based on the distinctly different compression paths taken by the two processes.
Inter-stage cooling is beneficial to the compression process because of the divergence of the constant
entropy lines at higher temperatures that results in a higher enthalpy difference between the suction and
discharge pressure. Losses or inefficiencies in the compression process at higher temperatures results in a
greater increase in the associated enthalpy change than inefficiencies at lower temperatures. This effect
can clearly be seen in a typical CO2 pressure-enthalpy diagram as shown in Figure 3.11 from [13].
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It's probably worth noting that the shock wave compression technology (high ratio compression) is very
much under development at the moment. This technology permits high stage pressure ratios, which means
total compression work is higher, but the waste heat is released at a higher temperature and could
potentially be reused in the process.
3.2.4.5 Option E – liquefaction and cryogenic pump
The final option (Option E) to consider in compressing the CO2 is to pump the CO2 at cryogenic
temperatures to save the power consumed in compressing it as a gas. In order to achieve cryogenic
temperatures without forming solid CO2, it is necessary to compress the low and medium pressure streams
to (17 bar) 250 PSIA. The two streams can be joined with the high-pressure stream to undergo a
refrigeration process at this pressure. Normal air cooling can be used to reduce the temperature of the CO 2
from (123.8 0C to 37.7 0C) 255 0F to 100 0F or lower. Refrigeration units (typically an ammonia absorption
cycle) must be used to reduce the temperature to (-31.6 0C) -25 0F because of the significant heat transfer
required to overcome the latent heat required for liquefaction. At (-31.6 0C) -25 0F and (17 bar) 250 PSIA,
the CO2 should be 100% liquid and can be pumped at a relatively low power cost to (150 bar) 2,215 PSIA.
Option E.1 utilizes a cryogenic pump to increase the liquefied CO2 pressure to the final pipeline pressure of
(150 bar) 2,215 PSIA. For the option E calculation, the pump efficiency was assumed to be 80%. Figure 3.12
shows Option E and the reduction in temperature required to clear the gas-liquid dome [12].
Option E.1 requires significantly less power at (6.2 MWe) 8,384 BHP compared to (17.1 MWe) 23,251 BHP
for Option A. However, the cost of refrigeration must be included. Approximately 3,428 ton of refrigerant
would be required to cool the total mass flow of the CO2 to (-31.6 0C) -25 0F. Typically, for cold delivery
temperatures (-34.4 0C to -17.7 0C) (-30 0F to 0 0F), industrial refrigeration units using ammonia absorption
require 1.7 kW per ton [14]. Based on preliminary calculations, this standard cooling rate equates to (5.7
MWe) 7,814 BHP for cooling the CO2. Combined with the compression power, the total estimated power
required for Option E is (11.9 MWe) 16,198 BHP. The savings compared to conventional centrifugal
compression is approximately 30%. Option E.2 utilizes inter-stage cooling for the immediate compression
stages required to bring the low and medium pressure waste CO2 streams up to the cryo-pump operating
pressure of (17 bar) 250 PSIA.
The additional cooling in the initial compression stages is beneficial because a significant amount of power
is expended on the relatively high flow rate of the CO2 in the initial low pressure stream. Four inter-stage
cooling steps are used. The reduction in power adds an additional 4.8% reduction to the original cryo-pump
option (Option E.1). Total power for Option E.2 is estimated at (11.1 MWe) 15,149 BHP.
Section 3 provided a theoretical optimum compressor configuration and reviewed the novel concepts for
internal heat removal. Although novel compression concepts were reviewed the remainder of the study
was focused on using centrifugal compressors for CO2. Because centrifugal compressors are extensively
used in industry, especially in the oil and gas field since they are the most versatile and compact
compression equipment. The following section 3 deals with compressor performance for CO2 stream with
contaminants (see section 2).
4 Impurity effects on compressor performance
Gas compression is well developed in the natural gas industry. CO2 compression uses the same equipment
as natural gas compression, with some modifications to suit the properties of CO2. Avoiding corrosion and
hydrate formation are the main additional operating issues when dealing with CO2. Compressors are
classified in many different types (e.g. centrifugal, reciprocating and others) and sizes which are explained
in section 3 and Figure 3.2. Centrifugal compressors are usually the preferred type for large volume
applications because of the ability to handle large flow rates.

Page 14 of 49

Centre for Energy and Resource technology @ Cranfield University

In order to study the performance of centrifugal compressors it is necessary to consider the standard
specification because compressor performance limits are correlated to:
1. Maximum and minimum allowable temperatures
2. Maximum and minimum allowable working pressures
3. Maximum continuous speed and minimum allowable speed
Section 3 covers impurity effects on CO2 centrifugal compressor performance. However it is necessary to
verify the limits of the compressor work range in response to a given change of P, T and molecular weight of
gas for a CO2 gas stream which contains some trace amounts of impurities compared to a pure CO2 stream.
4.1 Compressor performances
There are two different ways to specify the compressor flow used in the industry and correlated to
performance curves. The compressor volume flow varies based on the impeller size. By specifying mass
flow and not converting it in to volume flow, an appreciation cannot be gained for the physical size of the
compressor. For instance, an impeller sized to pass 440,000 Kg/h of carbon dioxide (molecular weight=44)
will pass only 20,200 Kg/h of hydrogen (molecular weight=2.02) at the same pressure, temperature, speed
and polytropic head [16]. For this reason in the majority of the studies reviewed, inlet volume flow was
used, as while the polytropic head performance curve does not change for a change of mass flow, it is
relevant to the study of the change in performance of discharge pressure, pressure ratio or power (derived
from this fixed polytropic head), which are sensitive to the same change in inlet temperature, pressure, and
molecular weight.
4.1.1 Cooling system
When compressor temperature gets too high to complete compression in one stage, an intercooler
compressor can be installed. Inter-cooled compressors consist of two or three compressors in one body or
frame. Gas is removed from the compressor part way through the compression process, is directed thought
an external heat exchanger, and is re-injected into the compressor for the final compression. Optimum
design for intercooled compressors occurs when all sectional discharge temperatures are approximately
the same. A good rule of thumb would be to select a compressor such that the discharge temperatures are
within 5 oC of each other. Most intercooled compressors have the same inlet temperatures at each section.
With many processes employing intercooled compressors, the process gas is cooled against water in a heat
exchanger upstream of the compressor inlet and also against water in the intercool heat exchanger. Since
the water source for both heat exchangers is the same, and since it is not a bad assumption that both heat
exchangers will have the same approach temperature, it can be deduced that the process gas will have the
same temperature at both compressor inlets. Since reasonably equal discharge temperatures are sought
from each section, and since the sectional inlet temperatures are reasonably equal, it follows that an
optimum compressor design will evolve when the temperature ratio are the same for each section. This
principle will establish the starting point for estimating the intersection discharge pressure for intercooled
compressors.

A more general equation (for more than two sections) for determining the sectional pressure ratio for a
compression duty requiring b sections is:

where
overall pressure ratio,
=sectional pressure ratio and b=number of compression sections.
The maximum operating temperature may be set by the compressor (metallurgy, expansion of component
etc.) or by the process (gas decomposition, fouling). Another important aspect that is needed to be taken
into account during compressor cooling is that any time a gas is cooled there is a potential for liquid
knockout in the cooler. In the case of a CO2 stream the liquid knockout is composed primarily of water. The
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results of liquid knockout in CO2 stream mixture during compression will be that the mixture in the second
section will have a lower molecular weight than the mixture entering the first section of the compressor.
This is represented in Figure 4.1:
4.2 Performance analysis
The performance characteristic curves were generated based on centrifugal compressors data available in
open literature. The values of discharge pressure, power etc. are correlated to the head. As shown in the
Figure 4.2 the head curve was plotted by choosing four points for each variation in rotational speed
(provided performance curves for a variation speed compressor at four RPM: 80%, 90%, 100% and
105%).The equation for pressure ratio is as follows:

From the above equation it is easy to understand that since the polytropic head, Hp is constant, the
pressure ratio depends directly on the inlet conditions which are molecular weight, MW, gas constant, R
and temperature.
4.2.1 Variation in molecular weight
A variation in molecular weight is common for a CO2 stream from a different capture processes. CO2 stream
compositions for different carbon capture technologies have been provided by E.ON and are shown in
Table 4.1. The oxyfuel stream composition (prior to gas cleanup) was used to understand the performance
of compressors as it is the stream with the highest level of impurities. The mixture used to understand the
performance is given in Table 4.2. Table 4.2 shows that the average molecular weight of the oxyfuel stream
is lower than the pure CO2 stream. The influence of molecular weight decrease on different properties is
discussed below. As the molecular weight decreases there is a decrease in density due to an increase in the
R value. It is the same effect of an increase in inlet temperature. The work output is maintained as
constant while R increases. The value of Z average increases due to the increase of critical temperature and
critical pressure for the mixture under study (also due to the drop of T exit because of compressor ratio
drop). As the molecular weight decreases there is an increase in K value. More detailed equations are given
in BCURA B93 report No.3.
The calculations were performed for the stream with the highest level of non CO2 components (the
untreated oxyfuel stream) as seen in Table 4.2. Figure 4.3 and 4.4 shows the change of pressure ratio and
power due to change in composition of the CO2 stream passing through the compressor. The same graphs
show the characteristics curves for pure CO2 stream as well.
Similar calculations were performed for purer CO2 streams like post combustion. These indicate small
reductions in molecular weight. The characteristics of the compressor with small reduction in molecular
weight are shown in Figure 4.5. Results of the graph indicated a slight change in pressure ratio due to
change in molecular weight of the stream, in this case the stream of post combustion data.
4.2.2 Variation in inlet pressure
The initial and possible changes in conditions of the compressor are tabulated in Table 4.3. The molecular
weight of the CO2 stream was calculated using post combustion capture plant data. The molecular weight is
considered constant together with all the other parameters for a change in inlet pressure. An important
aspect of the change in pressure is related to multistage compressors; because while usually the pressure
ratio of each stage for the compressor is the same the inlet pressure is different for each stage.
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To have a look on how this variation affects the compressor performance a lower pressure inlet value was
selected. The pressure reduction was decided to be 20% less than the base case and is considered to be a
reasonable variation. The new values correlated to the lower pressure inlet condition are given in Table 4.3.
The density changes are due to variation in inlet pressure of centrifugal compressor.
The variation of discharge pressure per decrease in inlet pressure is shown in Figure 4.6. At the same 100 %
RPM by decrease of inlet pressure shows the discharge pressure from point A drops to point B. In order to
achieve the same discharge pressure of point A the compressor now needs to be accelerated to 105% RPM
of the initial speed (point C). By reduction of 20% inlet pressure needs the compressor to accelerate by 5%
to achieve the same discharge pressure. The power drop is also clear since power depends on mass flow, so
for a reduction in density there is a reduction in mass flow. The compressor achieves the same pressure
ratio for the same volume flow, but working with a gas at smaller density the power required to compress
the amount of gas is smaller. The variation of power per decrease in inlet pressure is shown in Figure 4.7.
4.3 Operational issues associated with CO2 compression
4.3.1 Preventing corrosion.
Since CO2 dissolves in water and forms carbonic acid, which is corrosive, strict control of the water content
in the CO2 stream is essential for safe and efficient operation of the compressor. A glycol dehydrator is
often installed ahead of the CO2 compression stream to control water content to an acceptable level. Glycol
dehydration is a standard method in the oil and gas industry. For smaller scale operations, the dehydration
unit may be eliminated if the temperatures of the gas stream at the intercooler stages can be controlled to
drop off the water. This technique is widely practiced in acid gas compression. More details are given in
section 4.
4.3.2 Optimizing metallurgy.
When dehydration is included, the metallurgy of the compressor piping can be relaxed. However, the
choice whether to switch back and forth between carbon steel and stainless steel or whether to make all
piping around the compressor out of stainless steel depends on the cost difference. If the cost difference is
small, it may be more practical to use stainless steel in all the piping, coolers and suction scrubbers. Even
though there may not be any water present in certain lengths of the piping, H2S (when present) reacts with
carbon steel to form a thin film of iron sulphide on the surface of carbon steel. The iron sulphide may be
dislodged at times and coat the inside surface of the stainless steel aerial coolers, thus decreasing the heat
transfer efficiency. To avoid the potential heat exchanger problem, it may be advisable to use stainless
steel throughout the compressor piping if H2S is present in the CO2 stream (see section 4.4 & 4.6 for more
details).
4.3.3 Sealing materials and gaskets.
CO2 cools dramatically during decompression so pressure and temperature must be controlled during
routine maintenance [17]. Some issues are being studied with respect to elastomer materials for seals and
hose connections in CO2 systems. In addition, some petroleum based and synthetic lubricants can harden
and become ineffective in the presence of CO2, so specific sealing materials and gaskets are typically
specified for CO2 compressors and pipelines. Permeation rates are quite high, thus giving potential
problems regarding desired leakage rates in automobile air conditioning systems. Explosive decompression
may occur when CO2 systems or components are rapidly depressurized, leading to fractured and ruptured
sealing elements [18]. A fluorite elastomer, was regarded as promising in [18] due to its wide temperature
range of application and the negligible impact of explosive decompression.
A variety of lubricants can be used for CO2 applications. In certain systems synthetic hydrocarbons such as
poly alpha olefins (PAO) and alkyl benzenes (AB) can be still used even though they have poor solubility.
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The poor solubility of the synthetic hydrocarbons is compensated for by their excellent low temperature
flow properties and can be improved still further by blending with more miscible lubricants (e.g.
polyalkylene glycols (PAG), esters, etc.). A range of individual and blends of synthetic lubricants are
therefore being evaluated to find the more cost effective solution for a particular application [19]. Quite
often lubricant selection will be based on logistic factors, i.e. a lubricant that can work with a variety of
refrigerants [19].
Kawaguchi et al. [20] reported that PAG was the primary lubricant candidate since it was partially miscible
with CO2. It had excellent lubricity in boundary condition and supercritical condition, and showed good
stability under supercritical condition. Other lubricants tested were poly-olester (POE), polycarbonate (PC)
and polyvinyl ether (PVE).
Li and Rajewski [21] conducted a screening study on various lubricant candidates for CO2 systems, including
mineral oil, PAO, POE, PAG and alkyl naphthalene (AN). The experimental results raised concern about the
compatibility between POE and CO2 after significant degradation was found for this lubricant. The authors
speculated that carbonic acids formed by dissolution of CO2 into the moisture in the POE lubricant
accelerated the degradation. Dissolved aluminium was found in the PAG lubricant, and this was probably
caused by a phosphate anti-wear additive which had been converted into aluminium-aggressive alkyl
phosphates.
The effect of impurities in the supercritical CO2 on seal materials has not been studied in the literature.
Hence it is recommended that the currently specified CO2 seal materials needs to be tested to ensure that
they are still appropriate for the CO2 rich compositions expected from the capture plant. Recently UK
academics were awarded a joint EPSRC-E.ON partnership project which covers materials for next
generation CO2 transportation (MATTRAN). The aim of project is providing the tools and information
necessary for pipeline engineers to select appropriate materials and operating conditions to control
corrosion, stress corrosion cracking and fracture propagation in pipelines and associated equipment
carrying supercritical CO2 from the capture processes likely to be realized in the near and long term future.
In that project they are testing the several seal materials under CO2 rich compositions with and without
impurities.
4.3.4 Impurities.
Depending on the source of the flue gas, the CO2 stream may contain trace concentrations such as H2S, SOx,
NOx, O2, N2 and Ar (see section 1). These impurities might have an impact on the physical state of the rich
CO2 stream and hence the operation of the compressors, pipelines and storage tanks. The impact of
impurities on CO2 transport is thermodynamically modelled in the following section using MTDATA.
4.4 Thermodynamic modelling
MTDATA is a general tool for calculating phase, chemical equilibrium and thermodynamic properties with
high reliability [22]. It is used in the analysis of diverse problems in research science from extraction of
materials to environmental control aspects. MTDATA calculates chemical equilibrium using a robust true
Gibbs free energy minimisation, which can identify the dominant species of each element in chemical
system. MTDATA consists of number of modules which retrieve thermodynamic data from its database and
perform specified calculations on the data. For example, THERMOTAB module is used for thermodynamic
calculations for individual substances.
Figure 4.8 shows how the density of CO2 varies with temperature. The liquid and vapour density of CO2
results in quite different characteristics at the critical point. The high vapour density may have significant
effects on two-phase flow patterns where differences in phase density determine phase separation
characteristics, and vapour density influences the flow momentum of the vapour phase and shear force
between vapour and liquid phase. The density of CO2 changes rapidly with temperature near the critical
point, and the density ratio of CO2 are much smaller. At 0 °C, for instance, the ratio of liquid (927 kg/m3) to
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vapour density (98 kg/m3) of CO2 is around 10. The low-density ratio of CO2 may give more homogenous
two-phase flow. The liquid to vapour density ratio plays an important role in a pipeline since it determines
the flow pattern and thus the heat transfer coefficient.
One of the most important characteristics of supercritical CO2 near the critical point is that the properties
change rapidly with temperature in an isobaric process, especially near the pseudo critical points (the
temperature at which the specific heat becomes a maximum for a given pressure). This may be clearly seen
from Figure 4.9 & Figure 4.10, where the isobaric specific heat and pseudo critical temperature are
depicted. The pseudo critical temperature of CO2 was calculated using the following algebraic equation [23]

Impurities may exist in CO2 stream that depends on the capture process. In the oxyfuel capture process the
raw stream from oxyfuel boiler unit has a CO2 mol fraction between 75 to 98% and water content between
3 to 15 %. The critical pressure and temperature for pure CO2 is 74 bar and 31 0C, respectively. Figure 3.11
shows the density of CO2 with different contaminant levels. With hydrogen as a contaminant the density
rapidly changes compared to pure CO2. Impurities like SO2 and NO2 shows similar behaviour with density
change. The inert gas like nitrogen shows some change in density with CO2. The changes in density have an
impact on the operation of compressors and pipelines. As mentioned previously in section 2.1, the viscosity
of CO2 stream has affected by impurities. Unfortunately thermodynamic modelling can’t predict using
minimum Gibb’s free energy with MTDATA.
5 Pipeline material issues
CO2 is transported in three phases either gas, liquid or solid. Commercial scale transport uses tanks,
pipelines and ships for gaseous and liquid CO2. Gas occupies less volume if it is compressed and the
compressed gas can be easily transported by pipeline. One of the leading issues between power plant
owners and pipeline operators is to establish the minimum specification for CO2 composition. The example
specifications of gas for enhanced oil recovery may be applied to CO2 transport as well. Several pipeline
operators’ specification for CO2 composition is given in Table 2.2. For example, the CO2 quality specification
based on Canyon Reef Carriers Inc is as follows:






Carbon dioxide: shall contain in between 85- 95 mole %
Water: shall contain no free water, and shall not contain more than 0.48 m3 in vapour phase
Hydrogen sulphide: shall not contain more than 200 ppm by weight
Oxygen: shall not contain more than 10 ppm by weight.
Total sulphur: shall not contain more than 150 ppm by weight

5.1 CO2 corrosion mechanisms
Occurrence of free water will lead to dissolution of CO2. This will form carbonic acid; H2CO3. The fact that
weak carbonic acid reacts with pipe material and leads to corrosion has been recognized for years as a
major source of damage in oil and gas pipelines, and is commonly referred to as sweet gas corrosion.
Material selection in these environments is governed by the corrosion rate, which can be established by a
number of predictive models. For example, the DeWaard-Milliams nomograph [24] is used to estimate
corrosion rates of carbon steel under various operating conditions (temperatures and CO2 partial pressures)
in oil and gas industry. The nomograph for predicting CO2 corrosion of carbon steel is shown in Figure 5.1.
Figure 5.1 shows an example where the fluid temperature is about 7 oC with CO2 partial pressure of 0.1 bar,
the corrosion rate is 0.1 mm/year. The nomograph often predicts good results which can be comparable
with literature test data. The influence of pH and liquid velocity on CO2 corrosion rate is interrelated in a
rather complex manner. Many other follow-up studies on the CO2 corrosion were based on initial studies by
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DeWaard- Milliams. The other models developed based on follow-up studies of DeWaard-Milliams model
for oil and gas industry are:







DeWaard – Milliams model
LIPUCOR model by Total
HYDROCORR model by SHELL
CASSANDRA model by BP
NORSOK M-506 model by NTSI
And many other.

All the above models are complicated and applicable for low partial pressure CO2 streams in certain flow
conditions. Based on DeWaard-Milliams studies, the CO2 corrosion of carbon steel is an electrochemical
process which involves the anodic dissolution of iron and cathodes evolution of hydrogen. The overall
reaction is an electrochemical reaction and it can be described as follows:

When the reactants reach the metal surface, various electrochemical reactions take place between the
metal surface and the species. The model assumes that only the following reactions take place at the
surface. The overall reaction can be separated into anodic and cathodic half reactions. Both the reactions
happen simultaneously on the pipeline material surface. Anodic reaction, the iron dissolution is as follows:

When CO2 corrosion occurred under anaerobic conditions, the oxidation reaction of the formation of ferric
(Fe 3+) ion is not included. In that case, the corrosion product is just only Fe 2+ under the applied conditions.
The cathodic reduction involves two parts depending on the pH. At a pH lower than 4, the proton reduction
is the dominant cathodic reaction, while at a pH higher than 4, the dominant reaction is the reduction of
carbonic acid.
Proton reduction:
Carbonic acid reduction:

5.2 Key factors for CO2 corrosion
Based on the equilibrium equations provided above, water chemistry can be calculated as a function of
temperature, the partial pressure of CO2 and pH. Literature has already identified them as key influencing
factors for CO2 corrosion. The following Figure 5.2 summaries the factors which influence CO2 corrosion.
Some of these parameters are reviewed in BCURA B93 report No.4.
5.3 CO2 corrosion rate
For piping applications with high concentrations of carbonic acid, particularly in turbulent flow areas (such
as downstream of control valves, or near pumps), corrosion-resistant stainless steels with erosion
protection [25] may have to be used. Technology for removing water from CO2 is conventional, and is
discussed extensively in the literature.
CO2 corrosion has been studied extensively and forms a serious problem for pipeline operations where the
chosen material is carbon steel. For longer pipelines, carbon steel is about the only economically feasible
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material choice for dense phase transport of CO2, balancing material cost with the mechanical strength
needed to withstand the internal high pressures and the external loads. Dry CO2 (all water is dissolved in
the CO2) has given very low corrosion rates for carbon steel in lab based experiments and from pipeline
operating experience. For example, in a study conducted in connection with the design and engineering of
the SACROC pipeline [26], the experimental corrosion testing program reported corrosion rates of less than
0.0005 mm/year on X-60 ERW steel when there is no liquid water presents [27]. Open literature indicates
very few issues with transportation of high pressure dry CO2 in carbon steel pipes. When liquid free water is
present, corrosion of carbon steel will definitely occur. The water solubility limit in high pressure CO2 (50
bar) is 2000 ppm at 30 oC. Methane lowers the solubility limit, and H2S, O2 and N2 may have the same
effect. Corrosion is much faster if free water is present. Seiersten [28] measured a 0.7 mm/year corrosion
rate in 150-300 hours exposure at 40 oC, 95 bars in wet CO2, and measured higher corrosion rates at lower
pressures, and found little difference between carbon steel (API grade X65) and 0.5 chromium corrosion
resistant alloys.
Corrosion reactions are electrochemical in nature. For the CO2 - Fe corrosion system there are several
anodic and cathodic reactions, because in presence of liquid water as an electrolyte, CO2 will partially
dissolve and form carbonic acid. These components participate in the reaction chemistry as well. The basics
of this are well described in [29] and section 4.1. When free liquid water is present, corrosion will occur and
at very high rates. Rates up to and beyond 10 mm/year are reported when free liquid water is present in
the pipeline system [30]. Furthermore, the corrosion mechanism is an on/off process somewhat
complicating prediction of corrosion rates. Corrosion attacks will be typically localized at initial initiation
sites, this is attributed to the galvanic effect, leading to high local corrosion rates that may lead to
weaknesses or leaks in the pipe wall within short periods of time.
CO2 corrosion has been researched extensively and is relatively well understood. Major studies have been
conducted regarding CO2 corrosion in oil and gas pipelines for hydrocarbons containing several mole% of
CO2. A large number of corrosion models have been developed for hydrocarbons containing CO2, described
previously in section 4.1 [29, 31]. These models depend on a variety of parameters, including the corrosion
effect of CO2, CO2 dependent chemical, electrochemical and mass transport processes, CO2 partial pressure
and temperature. All the above mentioned variables have to be accounted for in the models. At high partial
pressures the existing models tend to overestimate the corrosion rates. Results indicated that a new model
development needs for high partial pressure CO2 environment.
In addition, the concentrations and types of other impurities present in the CO2 mixture will influence the
corrosion rates. The presence of O2, H2S, SO2 and NOx all has an influence towards higher corrosion rates
[31].
There are several ways to mitigate the failures/risks for oil and gas pipelines which can be incorporate for
CO2 pipelines:
 Reduce the contents of acidic gasses (depends on capture process).
 Avoid liquid water to wet the pipeline surface, for example with a coating or build up of an oil or
wax layer.
 Glycol addition, this reduces the solubility of acid gasses and reduces water concentration: this has
proven to reduce corrosion rates on steel surfaces
 Inhibitors e.g. nitrogen based
 Operational philosophies
 pH stabilization: can be done by adding a base to glycol, raising the pH and thus reducing the
solubility of FeCO3.
 Avoid presence of free liquid water.
 Material choice
Wet CO2 is highly corrosive, so a CO2 pipeline in this case would have to be made from a corrosion-resistant
alloy, or be internally clad with an alloy or a continuous polymer coating. Some pipelines are made from
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corrosion-resistant alloys, although the cost of materials is several times higher than carbon- manganese
steels.
5.4 CO2 corrosion in presence of H2S
The simultaneous presence of CO2 and H2S in pipeline makes a very aggressive environment that leads to
severe corrosion of pipeline material. There are a limited number of studies that cover CO2 corrosion in
presence of H2S. As described in the previous section, carbon dioxide can undergo a hydration reaction to
form carbonic acid before dissociation while hydrogen sulphide can directly dissociate into solution. This
means hydrogen sulphide can reduce the pH more effectively than carbon dioxide. The general mechanism
of H2S corrosion is as follows:

The corrosion of pipeline material in aqueous H2S solution can be described as

A wide range of iron sulphide reaction products can form depending on factors such as pressure,
temperature and time of exposure. Previous research by Ikeda et. al [32] has shown that a low
concentration of H2S (~30 ppm) in a wet CO2 solution accelerated the corrosion rate significantly compared
to pure wet CO2 environment. In their studies the corrosion rates were determined by coupon weight loss
and the corrosion rate accelerate if the temperature region less than 100 oC.
Another study [33] described the formation of sulphide film on CO2 corrosion product. In their study
hydrogen sulphide was used in low concentrations in a CO2 dominated system, the iron sulphide film
protects with the formation of iron carbonate. Under turbulent flow conditions, the protective film can be
more easily removed than the iron carbonate scale which leads to an increased corrosion rate. In general
the reasons behind the H2S effect on CO2 corrosion are not entirely understood. It has been speculated that
adsorbed sulphide films affect the corrosion rate on pipeline materials through a catalytic or a galvanic
effect [33]. The majority of the studies strongly suggest that the presence of even small amounts of H 2S will
lead to rapid and significant reduction in the CO2 corrosion rate. At higher concentrations the trend is
reversed.
The corrosion rate of carbon steel [34] in dry CO2 without any impurities is low (see section 4.3). For AISI
1080 material the corrosion rate of around 0.01 mm/year has been measured at 90-120 bars during
200days. In another test at 140 bar at 22 oC CO2 with 800-1000 ppm H2S, the corrosion rate for X-60 carbon
steel was measured to less than 0.0005 mm/year.
5.5 CO2 corrosion protection
As described in the previous section, free water and H2S are the main components for CO2 corrosion
initiation and propagation and several researchers have proposed mechanisms of CO2 corrosion. Due to the
sediment of corrosion products such as FeCO3, surface film is formed on the surface of pipeline materials.
The studies of Videm and others [35-38] reveal that the surface film on carbon steels greatly influences the
CO2 corrosion behaviour. In general the formation of surface film can significantly reduce the CO2 corrosion
rate of carbon steels. The literature indicates that the additions of film forming corrosion inhibitors can also
decrease the CO2 corrosion rate on pipeline materials focused with lower CO2 pressures (between 1-20 bar)
[39-42]. Little work addresses the film formation at high temperature and high pressure conditions.
5.5.1 Corrosion inhibitors
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As a consequence of corrosion processes, a layer of corrosion products is formed in the surface of the
material which was described in previous sections. And its protection property depends on the
environmental condition and characteristics of the materials. When the environment is highly aggressive or
the scales formed on the material are non-protective, the use of corrosion inhibitor is preferred. Inhibitors
are chemicals compounds added in small quantities in order to reduce the corrosion rate. Organic
compounds containing nitrogen such as amines, amides, quaternary ammonium salts and specially
imidazolines and their derivatives are widely used in oil and gas industry as inhibitors. These compounds
are either polar or ionized salts with the charge centred on the nitrogen or oxygen groups and as such they
are surface active. They usually adsorb on the metallic surface generating a protective film. However, once
adsorbed, charge transfer between the inhibitor and the pipe surface occurs resulting in a form of chemical
bonding which is much more stable. The process leads to the formation of a stable inhibitor film on the
pipeline materials surface. The presence of inhibitor film depresses both the anodic and cathodic reactions.
Despite their extensive use, their mechanism of action is mostly unknown.
According to Rosenfeld et al. [43], inhibitors incorporate to the corrosion product layer and form a
protective barrier between the base pipeline material and the corrosive media. French et al. [44] presented
scanning electron microscopy results showing that the structure of the corrosion product layer is modified
by the inhibitors. They suggested that the structure of the inhibitor must be appropriate to interact with
the corrosion products and that they can be effective on carbonates or sulphide, but not effective on oxides.
Little work addresses in literature for the applicability of oil and gas inhibitors in supercritical CO2
environment.
5.6. Recommended materials for CO2 corrosion
Corrosion can be controlled through material choice and/or through avoidance of free water. Candidate
material types and compatibility with CO2 are carbon steel, 304, 316, 13Cr and high alloy steels. These are
candidate materials recommended practice for design and operation of CO2 pipelines (DNV-RP-J202). And
these candidate materials need to be qualified for the low temperature conditions that may occur during a
pipeline depressurization as well.
Still some uncertainties remain with the use of carbon steel regarding:
1. Prediction of corrosion rates in the presence of free water: Corrosion models developed for predicting
corrosion rates of water saturated high CO2 content natural gas are deemed not to be suitable for high
purity CO2.
2. The effect of impurities on the corrosion rate in the presence of free water; the mechanisms of CO2
corrosion in the presence of impurities is not understood entirely.
3. The incidental of free water in pipeline; what can be allowed and which measures can and should be
taken to mitigate adverse effects when there is an incidence of ingress of free water into the pipeline.
Corrosion resistance at a given concentration level improves as the chromium level of the steel increases.
Stainless steels exhibit little or no dependence on whether the temperature or the CO2 concentration.
However, with the addition of chloride higher alloyed steel corrosion rates begin to increase with the
increase in CO2 concentration. The corrosion rate of high alloy steels increases as the chloride
concentration and temperature increases. The presence of hydrogen sulphide in the CO2 environment
increases the corrosion rate of low alloy steels.
Table 5.1 lists candidate steels for CO2 pipeline transport and very little is known about the performance of
steels in these environments. The transportation costs can be considerable when CO2 storage sites are
located at some distance. Although many corrosion resistant materials have been developed, carbon steel
is still the most extensively used construction material for pipelines due to its economical advantages. The
cost of stainless steel is usually 5 to 7 times more than traditional carbon steel, since the nickel used in
stainless steel is of limited availability. These factors restrict the wide use of stainless steel to combat CO 2
corrosion. Due to these reasons and the Table 5.1 clearly shows that carbon steel is the most attractive
alternative for long pipelines.
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Open literature have indicated that the corrosion rate of pipeline steel in wet CO2 is less than anticipated,
and that some water wetting on the pipeline may be allowed for a limited period of time [45]. More data
for the corrosion of pipeline steels will be needed to be able to specify CO2 quality and set limits for trace
impurities and free water. Furthermore little is known on the corrosion of 13% Cr steel in supercritical CO2
with free water. It is a candidate material if water wetting is anticipated, especially for shorter pipelines.
5.7 Examples of wet CO2 corrosion
When CO2 is present in the environment, the most common forms of corrosion include uniform corrosion,
pitting corrosion, wormhole attack, galvanic ringworm corrosion, heat affected corrosion, mesa attack,
raindrop corrosion, erosion corrosion and corrosion fatigue. CO2 corrosion products include iron carbonate,
iron oxide and magnetite. Corrosion product colours can be green or brown to black. Several examples of
the above mentioned corrosion forms are given with microphotographs. Figure 5.3 shows the CO2
corrosion that occurs in flowing environment where protective coating is worn away. Flow enhanced
corrosion (Figure 5.4) is another form of corrosion usually occurs in areas where the diameter of the pipe or
direction of flow is changing. Corrosion due to fatigue in a drill pipe is shown in Figure 5.5. Corrosion found
on the metal surface in Figure 5.6 (including more even and uneven) is called uniform corrosion.
5.7.1 Examples of wet H2S corrosion
Hydrogen sulphide co-exists in CO2 pipelines which have typical corrosion mechanisms and are described in
section 1 and section 4.1. When H2S dissolved in water produces hydrogen ions. The hydrogen ions are
relatively small and are able to diffuse through the gain boundaries or through any defect in the pipeline
materials. In general the hydrogen ions combined together forms hydrogen gas. The produced hydrogen
gas accumulated at a localized area and trapped which causes highly localized pressure build-up and thus
initiates a crack. The blistering and hydrogen induced cracking (HIC) is much observed in the oil industry in
wet H2S environments. Types of other damage can occur which includes sulphide stress cracking (SSC) [46]
on the microstructures and stress oriented hydrogen induced cracking (SOHIC) [47]. Carbonate cracking is
also a related mechanism, which is of concern in high pH environments containing significant levels of
sulphide and carbonate ions.
The key characteristic of wet H2S cracking mechanisms involves charging the steel with hydrogen at
relatively low temperatures, most often as the result of corrosion process, which evolves hydrogen. The
role of the H2S is to poison the hydrogen recombination reaction that would ordinarily occur and force the
hydrogen atom to enter the metal structure rather than bubble off from the corroding surface.
Hydrogen blisters are subsurface planar cavities that form in a pipeline as a result of excessive internal
hydrogen pressure resulting from corrosion in wet H2S environments. The blisters are usually located within
the one third of the wall thickness which is nearest to the process exposed surface. Blisters located near the
surface in low strength materials usually produce visible surface bulges. Cracks can occur from one blister
to the next. HIC is defined as stepwise internal cracking that connects adjacent hydrogen blisters on
different planes in the material, or to the metal surface. No externally applied stress is needed for the
formation of HIC. The hydrogen blisters and hydrogen induced cracking on pipeline materials are shown in
Figure 5.7 and Figure 5.8 respectively.
The driving force for the cracking is high stresses at the circumference of the hydrogen blisters caused by
build up of internal pressure in the blisters. Interactions between these high stress fields tend to cause
cracks to develop that link blisters on different planes in the steel. The build-up of pressure in the blisters is
related to the hydrogen permeation flux in the steel.
Sulphide stress cracking is a form of cracking that involves hydrogen embrittlement of the material by
atomic hydrogen that is produced by the corrosion reaction of wet H2S with the material. SSC is typically
inter-granular with little branching, and sometimes may contain some trans-granular portions. SSC is more
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likely to occur in high strength (high hardness) materials or in hard weld deposits or hard heat affected
zones (HAZs) of welds in lower strength material. Figure 5.9 shows the example of sulphide stress corrosion
cracking. NACE International has several standards on H2S corrosion where they have tested different
metals to check the resistance for SSC [48] in H2S environment.
Carbonate cracking (also known as carbonate stress corrosion cracking or carbonate SSC) refers to cracking
of steel under the combined action of tensile stress and corrosion in the presence of an alkaline water
containing moderate to high concentrations of carbonate ion [49]. Carbonate cracking is predominantly
inter-granular in nature, and typically occurs in as welded carbon steel fabrications as a network of a very
fine (spider web like) cracks. Carbonate cracking typically propagates parallel to welds in adjacent base
metal.
6 Conclusions and recommendations
The main aim of the project was to review the current knowledge of the issues related to the release of
impurities from different energy conversion and CO2 capture technologies, their concentrations in the
captured CO2 stream and influence on pipeline transport systems. If these concerns are not addressed this
will increase the risk of premature failure.
The main issues/recommendations, related to impurities in CO2 capture and transport, identified in this
work are as follows:
• The ranges of impurity levels from different sources, were reviewed.
• Avoiding free water at compressor inlets, coolers, etc. is difficult – so impurity effects will have an
impact here, corrosion resistant materials and measures to monitor and mitigate risks would be
needed
• Carbon steel is the only economical and feasible choice for long pipeline transport of dry CO2, while
steels with 13% Cr could be considered for moderate distance. In the case of compression, if the
environment and location is wet, it could be economical to select corrosion resistant alloys.
• Improvement in power generation efficiency reduces the cost of generating electricity.
Thermodynamic calculations indicate that additional internal cooling (e.g. using nitrogen)
throughout the compression process (and using semi-isothermal compression with 17 compression
stages 17 and a pressure ratio 1.3) or cryogenic pumping shows the maximum power reduction.
Results indicated that up to 34 percent reduction in power is possible in the case of semiisothermal compression. However, the energy penalty associated with the additional cooling
requirements has not been considered.
• A study of effects of a range of impurities effect from different sources on performance of
centrifugal compressor, observed that drops in performance can be overcome via varying of the
rotational speed of the compressor.
• For non-metallic materials, explosive decompression of CO2 has been observed in the oil and gas
industry. However, the effect of impurities in rich CO2 environment on seal materials has not been
studied. Therefore this study recommends testing of non metallic materials in rich CO2
environment.
• In this context, a currently running project - MATTRANs (EPSRC-E.ON Project) is looking to select
appropriate materials and operating conditions to control corrosion, stress corrosion cracking
fracture propagation and non-metallic degradation in pipelines and associated equipment carrying
supercritical CO2 from the capture processes.
The work also provided an overview of CO2 specifications being used in existing pipelines, pipeline
materials and their corrosion behaviour, and the design parameters of these pipelines, which can serve
as a basis for deriving recommendations for the design and operation of future CO2 pipeline networks.
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Figure 2.1 – Phase envelopes for CO2 with impurities [3]

Figure 2.2 – Solubility of water in pure CO2 as a function of pressure and temperature [4]

Table 2.1 – Existing long-distance CO2 pipelines.
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Pipeline

Locatio
n

Operator

Capacity

Length

[MtCO2 yr-1]

[km]

Year
finished

Origin of CO2

Mc Elmo Dome
Sheep
Mountain
Bravo Dome
Gasification
plants

Cortez
Sheep
Mountain
Bravo
Canyon
Reef
Carriers
Val Verde

USA
USA

Kinder Morgan
BP Amoco

19.3
9.5

808
660

1984
-

USA
USA

BP Amoco
Kinder Morgan

7.3
5.2

350
225

1984
1972

USA

Petrosource

2.5

130

1998

Bati Raman

Turkey

1.1

90

1983

Weyburn

USA &
Canada

Turkish
Petroleum
North Dakota
Gasification
Co.

5

328

2000

Total
49.9
Table 2.2 – CO2 stream composition in existing pipelines [11]

Val Verde Gas
Plants
Dodan Field
Gasification
plant

2591

Sheep
Mountain

Brav
o
Dom
e

Cortez
Pipeline

Weyburn

98.5

96.8-97.4

99.7

95

96

-

0.2
1.3
<20 ppm wt
-

1.7
0.6-0.9
0.3-0.6
-

0.3
-

1-5
4
0.002
Trace
-

O2

-

<10 ppm wt

-

-

-

NOx
SOx
H2
Ar

-

-

-

H2O

50 ppm wt

257 ppm wt

129 ppm
wt

257
ppm wt

0.7
<300 ppm
0.9
2.3
0.1
<50 ppm
wt
Trace
-

Canyon
Reef
Carriers

Central
Basin
Pipeline

CO2

85-98

CH4
N2
H2S
C2+
CO

2-15
<0.5
<200 ppm
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Figure 3.1: Pressure-Enthalpy diagram for CO2 [15]

Figure 3.2: The main types of gas compressors are illustrated
[http://en.wikipedia.org/wiki/Gas_compressor]

Page 30 of 49

Centre for Energy and Resource technology @ Cranfield University

Figure 3.3: Phase diagram of CO2 (Courtesy of Google images)

Figure 3.4: MAN Turbo 10-stage 200:1 CO2 Compressor (Courtesy of MAN).

Figure 3.5: Inlet volumetric flow rate at various pressures [12]
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Table 3.1: Sample centrifugal compressor selection from (20 to 100 bar) 300 to 1,500 PSIA [12]
Section Inlet P
Section Inlet T
Section Inlet Q
Section Discharge P
Section Discharge T
Ratio
Efficiency
Comp designation
Stages
Shaft Speed
Power
Isothermal Compression Power

PSIA
0
F
ACFM
PSIA
0
F

bars
0
C
ACMM
bars
0
C

300
80
4,564
1,500
362
5
81
D4R
3
17,710
14,510
10,530

%

RPM
BHP
BHP

20.68
62.78
1,391.11
103.42
344.77
5
81
D4R
3
17,710
10.66
7.74

%

RPM
MWe
MWe

Table 3.2: Sample centrifugal compressor selection from 15 to 300 PSIA [12]
Casing Number
Section Inlet P
Section Inlet T
Section Inlet Q
Section Discharge P
Section Discharge T
Ratio
Efficiency
Comp Designation
Stages
Shaft Speed
Power
Total Power (if train)

PSIA
0
F
ACFM
PSIA
0
F
%

RPM
BHP
BHP

1
15
80
101,717
41
232
2.71
85
D26R
2
3,350
8,820
29,570

2
40
105
39,333
111
277
2.74
81
D26R
2
3,350
9,910

3
109
105
14,188
300
297
2.74
73
D26R
2
3,350
10,840
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bar
0
C
ACMM
bar
0
C
%

RPM
MWe
MWe

1
1.03
62.78
31,003.34
2.83
214.78
2.71
85
D26R
2
3,350
6.48
21.73

2
2.76
87.78
11,988.70
7.65
259.78
2.74
81
D26R
2
3,350
7.28

3
7.51
87.78
4,324.50
20.68
279.78
2.74
73
D26R
2
3,350
7.97
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Table 3.3: Summary of power required for the boosting pressure from (1 to 20 bar) 15 to 1,500 PSIA [12]
Configuration
Conventional Centrifugal LP/Recip HP
Conventional Centrifugal LP/HP
Isothermal Compression – Centrifugal LP/HP
Reduced Inlet Temperature – Centrifugal LP/HP
Liquid Turbopump Option

Power Required (BHP)
43,499
44,080
27,770
34,830
*
1,283

Power Required (MWe)
31.97
32.40
20.41
25.60
0.94

*

does not include the power required to liquefy the CO2

Table 3.4: Typical waste power plant CO2 streams [12]
Mole Fraction
Ar
CH4
CO
CO2
COS
H2
H2O
H2S
N2
Total
Flow rate (kg/hr)
Flow rate (kg/min)
Flow rate (ACMM)
0
Temperature ( C)
Pressure (bars)
3
Density (kg/m )
Molecular Weight

LP CO2

MP CO2

HP CO2 1

HP CO2 2

0.0000
0.0004
0.0000
0.9952
1.9 ppmv
0.0005
0.0039
45.5 ppmv
0.0000
1.0000
160,253
2,670
10,136
33.78
1.51
2.83
43,878

0.0005
0.0047
0.0005
0.9763
0.8 ppmv
0.0168
0.0012
13.0 ppmv
0.0000
1.0000
76,405
1,273
657
50.78
11.03
20.84
43,131

0.0008
0.0053
0.0007
0.8742
0.6 ppmv
0.0405
0.0010
7.5 ppmv
0.0775
1.0000
171,809
2,863
1,028
72.78
17.24
29.97
40,882

0.0029
0.0174
0.0025
0.8187
0.6 ppmv
0.1573
0.0009
8.7 ppmv
0.0001
1.0000
60976
1,016
327
60.78
20.61
33.44
36,836
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Table 3.5: Summary of compression technology Options – power and cooling requirements [12]
Option

A
B
C.1
C.2
C.3
C.4
C.5
D.1
D.2
E.1

E.2

Compression Technology
Conventional Dresser-Rand
Centrifugal 10-stage Compression
Conventional Dresser-Rand
Centrifugal 10-stage Compression
with additional cooling
0
Isothermal compression at 52.78 C
and 80% efficiency
0
Isothermal compression at 82.78 C
and 80% efficiency
Semi-Isothermal compression at
0
52.78 C, pressure ratio ~ 1.3
Semi-Isothermal compression at
0
52.78 C, pressure ratio ~ 1.55
Semi-Isothermal compression at
0
52.78 C, pressure ratio ~ 1.9
‘High Ratio’ compression – two
stages, no inter-stage cooling
‘High Ratio’ compression – two
stages with inter-cooling between
Centrifugal compression to 17.23
bars, liquid cryo-pump from 17.23152.72 bars

Centrifugal compression to 17.23
bars with semi-isothermal cooling at
82.78 0C, liquid cryo-pump from
17.23-152.72 bars

Power
Requirements

% difference
from Option A

Cooling Technology

17.08 MWe

0.00 %

15.82 MWe

-7.44 %

10.91 MWe

-36.17 %

13.42 MWe

-21.44 %

11.30 MWe

-33.88 %

Air-cool streams between
separate stages
Air-cool streams between
separate stages using
ASU cool N2 stream
0
Tc=52.78 C Inlet
temperature throughout
0
Tc=82.78 C Inlet
temperature throughout
0
Tc=52.78 C in between
each stage

(required cooling
power TBD)

To be determined

Air cool at 152.72 bars
only
Air cool at 15.16 and
152.72 bars
Air cool at up to 17.23
bars, refrigeration to
reduce CO2 to -42.22 0C
to liquefy

Air mass flow =
1,782,617 kg/hr
Air mass flow =
1,442,423 kg/hr
Refrigeration
requires 5.74 bars
for 3428 tons, Air
mass flow = 285,763
kg/hr
Refrigeration
requires 5.74 bars
for 3428 tons, Air
mass flow = 231,331
kg/hr

80.29 %

21.09 MWe

23.43 %

11.90 MWe

-30.33 %

11.13 MWe

-34.86 %

(includes 5.74 MWe
for refrigeration)

To be determined

0

30.81 MWe

(includes 5.74 MWe
for refrigeration)

To be determined

Tc=52.78 C in between
each stage

-21.61 %

13.39 MWe

To be determined

To be determined

Tc=52.78 C in between
each stage

(required cooling
power TBD)

Air mass flow =
920,971 kg/hr
Air mass flow =
771,106 kg/hr

0

-26.78 %

12.51 MWe
(required cooling
power TBD)

Cooling
Requirements

Air cool at up to 17.23
bars between centrifugal
stages, refrigeration to
reduce CO2 to -42.22 0C
to liquefy

air separation unit is used in Options B, D, and E. additional power may be required to extract N2 cooling
capability

Figure 3.6: Compression technology options on pressure versus enthalpy diagram for CO2 [12]
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Figure 3.7: Compression of thermodynamic paths for Option A and B [12]

Figure 3.8: Comparison of isothermal and semi-isothermal compression paths [12]
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Figure 3.9: Comparison of isothermal and semi-isothermal total horsepower versus number of compression
steps [12]

Figure 3.10: Thermodynamic paths for Option A compared to high ratio compression Options [12]
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Figure 3.11: Pressure-Enthalpy (P-h) diagram for CO2 [13]

Figure 3.12: Comparison of Option E for liquid cryo-pump to Option A [12]
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Figure 4.1: Single intercooled compressor [16].

Figure 4.2 Head versus inlet volume flow.
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Table 4.1 Flue gas composition of different capture process.
IGCC, 400 MWe Post combustion, 400 MWe Oxyfuel, 500 MWe (pre gas
including capture

excluding capture

LP CO2

Douglas coal Bailey

MP CO2

(compressor)

clean up)
coal Douglas

(compressor)

coal

Bailey coal
(gas (gas

condenser)

condenser)

CO2

99.6

97.5

94.9

94.9

72.6

71.9

Water

0.4

0.15

5.1

5.1

4.2

4.2

Nitrogen

0.012

0.79

0.02

0.018

16.6

17.4

Oxygen

0.0

0.0

0.002

0.0017

4.2

4.2

Argon

0.0

0.0008

0.0004

0.0005

2.2

2.2

Sulphur dioxide

0.0

0.0

0.0001

0.0001

0.07

0.02

Nitrogen oxide

0.0

0.0

0.07

0.08

Hydrogen sulphide

0.0023

0.0009

Monoethanolamine

1.2543E-11

1.2357E-11

Table 4.2 Gas composition data of oxyfuel stream (pre gas clean up).
Volume %

Density, Kg/m3

Molecular weight

CO2

72.6

1.87

44

Water

4.2

0.73

18

Nitrogen

16.6

1.25

28

Oxygen

4.2

1.5

32

Argon

2.2

1.78

40

Sulphur dioxide

0.07

2.77

64

Nitrogen oxide

0.07

1.3

30
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Figure 4.3 Variation in pressure ratio per decrease in molecular weight of oxyfuel stream (black colour)
compared to pure CO2 stream.

Figure 4.4 Variation in power per decrease in molecular weight of oxyfuel (black colour) stream compared
to pure CO2 stream.
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Table 4.3 Initial condition and lower pressure inlet condition data.
Initial condition

Lower pressure inlet condition

Pressure, KPa

171.24

136.9

Temperature, K

310.95

310.95

Molecular weight

42.64

42.64

k

1.173

1.173

z

0.96

0.96

φp

0.78

0.78

R

196.89

196.89

Density

2.88

2.306

Figure 4.5 Variation in pressure ratio per decrease in molecular weight of post combustion stream
compared to pure CO2 stream.
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Figure 4.6 Variation in discharge pressure per decrease in inlet pressure to the compressor

Figure 4.7 Variation in power per decrease in inlet pressure to the compressor.
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Figure 4.8 Density of CO2 at different pressure and temperature.

Figure 4.9 Specific heat of CO2.
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Figure 4.10 Pseudo critical temperature and maximum isobaric specific heat of CO2

Figure 4.11 Density of CO2 with impurities.
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Figure 5.1 DeWaard-Milliams nomograph which uses to have quick estimate for CO2 corrosion rate [24].

Figure 5.2 Important parameters in CO2 corrosion.
Table 5.1 overview of corrosion rates and experiences reported in the literature for candidate steels for CO2
pipelines [12].
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Environment
Dry pure CO2
Wet pure CO2
Dry CO2 + impurities
Wet CO2 + impurities

Quantitative measurement-Corrosion
Carbon steel
13% Cr steel
Good
>10mm/yr
Not available
Based on impurities
Not available
Expect high rates
Not available

High alloy steels
Good
~1 micron/yr
Based on impurities
Based on impurities

Figure 5.3 Example of CO2 corrosion where protective coating is worn away (Source: New Mexico water and
infrastructure data system).

Figure 5.4 Flow enhanced corrosion in a pipeline diameter (Source: New Mexico water and infrastructure
data system).
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Figure 5.5 Corrosion due to fatigue (Source: New Mexico water and infrastructure data system).

Figure 5.6 Uniform corrosion when CO2 present in the system (source: Pipeliner Indonesia).
.
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Figure 5.7 Localized blisters on
http://webwormcpt.blogspot.com)

the

steel

surface

due

to

hydrogen

blistering.

(Source:

Figure 5.8 Hydrogen induced cracking propagates as stepwise crack (Source:Wikipedia).

Figure 5.9 Sulphide stress corrosion cracking due to sulphide corrosion and cracking due to hydrogen
diffusion (Source: http://octane.nmt.edu/waterquality/corrosion/H2S.htm).

APPENDIX
ACFM
ACMM

Actual Cubic Feet per Minute
Actual Cubic Meter per Minute
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ASU
Atm
BHP
Btu/lbm
IPCC
lb/hr
lbm/hr
MMSCFD
PPM
PSIA

Air Separation Unit
Atmosphere
Brake Horsepower
British Thermal Unit per Pound Mass
Intergovernmental Panel on Climate Control
Pound per Hour
Pound Mass per Hour
Millions of Standard Cubic Feet per Day
Parts per Million
Pounds per Square Inch Absolute

UNIT CONVERSION
pounds [lbs] = 0.45
kilograms[kg]
horsepower = 0.000735 megawatts[MWe]
inches [in] = 0.0254
meters [m]
PSIA
= 0.068
atmospheres [atm]
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