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Carbon dioxide transport plays a crucial role in carbon capture and storage systems. As an economical
and convenient carrier, pipelines have huge advantages in the transport of carbon dioxide. In this paper,
the development of carbon dioxide transport via pipeline is systematically reviewed from four aspects:
pipeline design, process, risk and safety, standard and specification. The results reveal that there are
many similarities between the carbon dioxide pipeline and the natural gas pipeline, but due to different
gas compositions and transportation destinations, the transport process, design, and construction con-
siderations are quite different. Especially in terms of management, the specifications and standards for
carbon dioxide pipelines are still minimal, the techno-economic framework and integrity management
system are still immature. In addition, this paper summaries the challenges and future directions of
carbon dioxide transport via pipeline. It is concluded that the studies on the influence of impurities on
phase equilibrium and corrosion mechanisms in carbon dioxide pipeline are challenges, and the new
construction and detection technologies are also crucial. With the rapid development of computer sci-
ence, some interdisciplinary applications such as artificial intelligence and digital twin will promote the
development of carbon dioxide pipeline.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Background

Carbon dioxide (CO,) is one of the leading greenhouse gases
(GHGs) that cause global warming (Jacobson et al., 2019; Zhang
et al., 2015; Lu et al., 2020c,d). It is mainly derived from industrial
production and power generation (Lu et al., 2020; Akbostanci et al.,
2018). In recent years, a growing number of countries begin to pay
attention to the increasingly severe problem of global warming
(Carey, 2012; King et al., 2017), and many research institutions and
enterprises such as BP and Shell (Lu et al., 2019a) are also
committed to the research of carbon capture and storage (CCS)
technologies (Tapia et al., 2018; Wang et al., 2017). CCS is one of the
critical technologies to control global warming (Metz et al., 2005).
In this technical system, CO, transport is a momentous link be-
tween carbon capture and storage (Leung et al., 2014). As shown in
Fig. 1, the captured CO; is transported to the storage point or buffer
storage through the pipeline, and part of the CO, continues to be
transported to the ocean and stored in the geological storage. The
transportation system can be divided into onshore transport and
offshore transport. Among them, highway, railway, and pipeline
can be used for onshore transport, while offshore transport carrier
includes pipeline and ship. The advantages and disadvantages of
these transport methods are shown in Fig. 2. Technically speaking,
it is feasible to transport liquefied gas by road and railway tanker,
but this method is not the choice of a large CCS project. Despite all
this, China’s onshore CO, transport is mainly based on highway
cryogenic storage tanks because related research has just started in
China. The significance of the CO; pipeline to CCS lies in: (1) it is the
key to the effective operation of the CCS system; (2) it guarantees

CO; capture plant Onshore transport
0= capiae blag) : L

s -

To geological storage :

Fig. 1. CO, transport system (Source: Global CCS Institute, 2019).

the safety of CO, transport; and (3) it guarantees the economical
operation of the CCS system.

Based on the above description, the pipeline is the primary way
to transport CO,. In addition to the driving force of CCS project,
enhanced oil recovery, enhanced gas recovery, global emission
reduction action, and enhanced coal bed metal recovery are the
main driving factors of CO; pipeline construction (Noothout et al.,
2014). According to statistics, the length of the global CO; pipe-
line has exceeded 8000 km in 2015, of which the United States has
the largest share (over 7200 km in 2015) (Peletiri et al., 2018; [EA
Environmental Projects Ltd, 2014; Chandel et al., 2010; Morbee
et al,, 2010). Fig. 3 reveals that the CO, pipelines in the United
States are mostly distributed in the central and southern regions
with the developed natural gas industry. Table 1 lists some pa-
rameters of typical CO, pipeline projects. It indicates that the CO,
pipeline is not a new development, it has existed as early as the
1970s.

After many countries signed the Paris Agreement in 2016
(Bataille et al., 2018), research on CCS and energy transformation
have entered a new phase. The agreement sets a common goal to
control the global average temperature rise in this century within
2 °C. In this context, the demand for CO, pipeline construction will
also increase greatly. Experts estimate that by 2050, it will take 200
thousand kilometers of pipelines to transport 10 billion tons of CO,
(Edwards and Celia, 2018; Spinelli et al., 2014; Newcome and Apt,
2008).

1.2. Brief description of CO, and CO> pipeline

The fundamental reason for the particularity of the CO, pipeline
is the medium. It is necessary to describe the main physical and
chemical properties of CO,. Some of the main properties and some
implications are shown in Table 2.

CO; pipeline is similar to the natural gas pipeline, which can
reach thousands of kilometers and can cross mountains, cities, and
oceans. However, the differences between CO, pipeline and gas
pipeline are as follows: (1) transmission medium; (2) operation; (3)
pipe material strength.

1.2.1. Transmission medium

CO; is similar to natural gas in color, odor, and transportation
form, but CO, is non-toxic and non-flammable. When a pipeline
leaks, it diffuses much slower than natural gas since it is heavier
than air, and it accumulates in low-lying areas. Although the fre-
quency of leakage failure of the CO, pipeline is low, its leakage and
diffusion law are still worthy of further study.

1.2.2. Operation

As the physical properties of CO, are quite different from those
of natural gas (Liu et al., 2019), its transportation form is greatly
affected by temperature, pressure, and impurities, so it is elemen-
tary to have phase transformation in the transportation process. In
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Advantage Disadvantage

The transportation volume is large and the
transportation cost is low.

The one-time investment of pipeline facilities
is large.

The requirements for gas source and
destination are high, and they need to be
close to the railway.

Not affected by weather and traffic.

No special railway facilities need to be built. |

T rtati t high.
Not limited by source and destination. EPRTRIEIA DO SOND RS Y

T m—— Vulnerable to weather and traffic conditions.

of transportation facilities. Fuel and labor costs are high.

The temperature and pressure control
requirements of the transport equipment are
high.

Good economy. Transportation technology is
mature.

Source Types
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Fig. 3. Existing CO, pipeline in the United States (Source: Edwards and Celia, 2018).

Table 1
General situation of some typical CO, pipeline projects (Peletiri et al., 2018; IEA Environmental Projects Ltd, 2014).
Project name Length (km) Year Onshore/offshore Country
Canyon Reef Carriers 225 1971 Onshore USA
Quest 84 2012 Onshore Canada
Qinshui 116 2006 Onshore China
Weyburn 330 2008 Onshore Canada
ROAD 25 2010 Onshore and offshore The Netherlands

Gorgon 9 2011 Onshore Australia
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Table 2
Properties of CO, (Wang et al., 2016).

Property

Revelation

It is denser than air.

The critical temperature is 31.4 °C, the critical pressure is 7.38 MPa, and the triple
point is (0.52 MPa, 56.6 °C).

It has strong corrosiveness when encountering water.

The delivered CO, usually contains impurities.

The diffusion speed and law of CO; in the air are different from other gases.
Temperature and pressure are very important for the mode of transportation.

The anti-corrosion measures of the transport vessel are essential.
The pressure and temperature requirements of the transport may be changed due to
changes in the property of the gas.

the process of natural gas transportation, special attention should
be paid to the temperature and pressure to control the formation of
the hydrate. For CO,, the impurity limit should also be considered.

1.2.3. Pipe material strength

CO, pipes are more prone to ductile fracture. Because of low-
temperature transportation and decompression waves, the mate-
rial properties of CO, pipes have higher requirements.

1.3. Motivations, contributions, and article organization

The purpose of this paper is to provide a basis for decision-
makers, designers, and managers by collecting information about
CO; pipelines. It can not only provide support for the operation and
management of the completed CO, pipelines, but also give a
reference for the future CO, pipeline design.

Through a systematic review of the reports and articles on CO;
pipeline, the contributions of this paper mainly include: (1) The
relevant technologies and research of the CO; pipeline are intro-
duced and reviewed; (2) relevant standards and specifications are
collected; (2) the future challenges and research directions are
summarized.

The rest of the paper is organized as follows: Section 2 in-
troduces the methodology of literature review. Section 3 introduces
the related technologies and research of the CO; pipeline from four
aspects. Section 4 summarizes the challenges and future directions
of the CO, transport technologies via pipeline. Section 5 lists the
primary conclusions of this paper.

2. Review methodology
The following steps are followed during the literature review:

o Step 1: Keyword-based search
Although the quality of articles in the Web of Science data-
base can be guaranteed, due to the delay of indexing, we have
combined the search results of multiple databases. The key
information of the search is as follows:
Objective: carbon dioxide pipe
Database: Google Scholar, Web of Science, Scopus, Ei Com-
pendex, ScienceDirect, CNKI
Keywords: carbon dioxide pipe transport OR CO; pipe
transport;
Language: English and Chinese
Considering that some organizations or companies may have
some key information in their reports, Google and Bing are
used as regular search tools.

o Step 2: Extraction of related references
The references of some documents may contain some useful
information, the references of the documents in Step 1 are
further extracted.

e Step 3: Screening
The contents of some documents may not be consistent with
the review objectives. In this step, the collected literature is

screened by reading the title and abstract. The screening
principle is as follows: the research content needs to be
related to the design, operation, maintenance, standard, and
other aspects of the CO; pipeline. In this step, four topics for
review are clarified: (1) pipeline design; (2) process; (3)
safety and risk; (4) code or standard.
o Step 4: Reviewing

Read each document and extract valuable information from
it.

3. Carbon dioxide pipeline transport

This section reviews the research of CO, transport via pipeline
from the following four aspects: process, pipeline design, risk and
safety, standard and specification.

3.1. Process

According to the literature review, the research of the CO;
transport process can be divided into three aspects: state equation,
transport process, and thermodynamic analysis.

3.1.1. State equation

The phase behavior of CO; is the basis of transport research. At
different temperatures and pressures, CO, will have different phase
states (Mazzoccoli et al., 2014; Laboureur et al., 2015). In the study
of phase states, the determination of state equation is the most
important. At present, scholars from various countries have not
formed a unified opinion on the selection of CO, state equation (Li
and Yan, 2009; Stang et al., 2013). King (1982a) proposed to
consider the impact of impurities and to verify the reliability of the
state equation for specific impurity components in the design of
CO, pipelines. Farris (1983) proposed Benedict-Webb-Rubin-
Starling (BWRS) equation as the state equation for CO,. Through
the CO, pipeline project in Rocky Mountain, the economy of su-
percritical transport is proved. Hein used Peng-Robinson (PR)
equation (Peng and Robinson, 1976) and Soave Redlich Kwong
(SRK) equation to calculate the thermodynamics of CO,. Zhang et al.
(2006) adopted the Boston-Mathias modified PR equation (PRBM)
as the basis of CO; thermodynamic calculation. Li and Yan (2006)
proposed that the reliability of the state equation needs to be
verified experimentally because the choice of the state equation
has a significant influence on the pipeline design. Huh et al. (2009)
investigated the reliability of SRK, PR, BWRS, and other state
equations through experiments, and concluded that PR and PRBM
equations are more suitable for CO; pipeline transport. Seevam
et al. (2008) used PR equation to analyze the influence of impu-
rities on CO; pipeline transport, and determined that impurities
may affect pipeline design, compressor or pump power. Through
the comparison of the experimental and theoretical results, Chen
(2016) concluded that PR equation is more practical to calculate
the physical parameters of CO,. It can be implied from the review
that in different case studies, many scholars have obtained
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inconsistent results and recommended different state equations,
which shows that the gas quality analysis is necessary before
conducting phase analysis. It can be also concluded that the PR-
based state equation (PR equation or its improved form) is more
suitable for CO, pipeline.

3.1.2. Transport process

The forms of CO, transport include gaseous transport, liquid
transport, dense-phase transport, supercritical transport, and solid
transport. In terms of feasibility, the first four methods are more
suitable for long-distance and large-scale transportation. Fig. 4
shows the process flow chart of these four transport methods.
Table 3 lists the transport features and applications of different
methods. Through the summary of practice, gaseous transport and
liquid transport can be used for short-distance pipelines, and
dense-phase transport and supercritical transport can be utilized
for long-distance pipelines. Among them, supercritical transport
and dense-phase transport are more economical.

Some scholars or institutions have conducted some basic
research regarding CO, transport. Zhang et al. (2006) studied the
pressure drop of pipelines during CO, transportation. They
concluded that the pressure along the pipeline continued to drop
until the CO, evaporated, and the pipeline may eventually be
blocked, thus inferring that the CO, transportation has the largest
safe transportation distance. Yu et al. (2009) studied CO, trans-
portation technology and concluded that the pressure drop of su-
percritical transport is greater than that of liquid transport and
dense-phase transport, while that of liquid transport is greater
than that of dense-phase transport. Wang et al. (2016) simulated
the processes of different transport methods and performed a
sensitivity analysis. Under gaseous transport conditions, the lower
the temperature of the CO, pipeline inlet, the higher the pressure
drop (Wang, 2017). Ambient temperature has a more significant
impact on the pressure drop of the pipeline. The higher the ambient
temperature, the greater the pressure drop. Moreover, compared
with the natural gas pipeline, if the operating conditions are the
same, the CO, pipeline will have a smaller pressure drop than the
natural gas pipeline, but the temperature drop is greater, and CO; is
more likely to generate hydrates than natural gas. Therefore, the
gaseous transport of CO, has high requirements for the control of
temperature and pressure. When dense-phase transportation is
adopted, the effect of the pipeline inlet temperature on the pres-
sure drop is small and the effect on the temperature drop is sub-
stantial. With the increase of the transport distance, the influence

A ]
o | 3| T Tz |

‘ CO, storage

b | g

= =

Compressor (for pipeline Compressor (for CO,
pressurization) injection)

Gaseous transport

of the ambient temperature on the pressure of the pipeline in-
creases. The higher the ambient temperature, the greater the
pressure drop of the pipeline. If supercritical transport is used, the
influence of pipeline inlet temperature on pressure is small. How-
ever, during the transportation process, the temperature decreases
rapidly, so that the phase transition will occur under a shorter
transportation distance. Ambient temperature has less effect on the
pressure drop of the pipeline, but has a greater effect on the tem-
perature drop. In addition, the author compared dense-phase
transport with supercritical transport. Under the same conditions,
the pressure drop of supercritical transportation is more consid-
erable. In dense-phase transport, the temperature of the pipeline
will drop to ambient temperature, but no phase change will occur.
However, supercritical transport may require additional heating
stations to maintain temperature. Sinopec also did some basic
research on the physical properties of CO; to provide a basis for the
transport process. They obtained the relationship curves between
different parameters, including temperature-density, pressure-
density, temperature-viscosity, pressure-viscosity (Chen, 2016).
Moreover, some design companies are also carrying out relevant
research, such as Project Consulting Services, ® Inc in the United
States, which has obtained the influence of impurities on pressure
loss at different positions of pipelines (Istre, 2019).

From the above review, it reveals that temperature and pressure
control is the key technologies in CO, pipeline transport, and the
presence of impurities will have a high impact on transportation.
Therefore, some scholars have studied the optimization of CO,
pipeline transport. Zhang and Feng (2005) performed numerical
simulations on the processes of supercritical transport and liquid
transport for CO,. It was concluded that under appropriate climate
conditions, the use of liquid transport could reduce operating en-
ergy consumption, and the use of pumps as pressurizing equipment
can also lower the cost. Zhang et al. (2006) compared the super-
critical transport with the subcooled fluid transport of CO,.
Through numerical simulation, they concluded that the subcooled
fluid transport method could effectively improve the energy effi-
ciency, reduce the cost under the conditions of isothermal and
adiabatic transports, and concluded that the scheme is more suit-
able for cold areas. Di (2013) conducted simulation and optimiza-
tion studies on CO; pipelines, and concluded that the presence of
nitrogen and methane has little effect on the temperature and
pressure drop of supercritical transport, but has a greater impact on
liquid transport, and the impact of nitrogen is greater than
methane. By optimizing the actual project, it is concluded that low-
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Fig. 4. Four process flow diagrams suitable for large-scale CO, pipeline transport (Zheng et al., 2018).
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Table 3

Characteristics of the four CO, transport methods (Zheng et al., 2018; Gao and Liu, 2017; Li, 2013).
Transport Description Requirement Advantage Disadvantage Applications
method
Gaseous CO, is always  CO, needs to be throttled and depressurized The requirements of pipeline In the same situation, the Small capacity, short

transport gaseous during before entering the pipeline. The pressurization materials for gaseous transport are transport volume is small, and distance pipeline,

transportation. during the transport process must not exceed relatively low.

the critical pressure to avoid the phase change

of CO,. No insulation required for the pipeline.

Liquid CO; is always

transport liquid during
transport.

Temperature control needs to be very strict to The friction during the transport is High vapor pressure may
prevent CO, from becoming gaseous or solid. small, the viscosity is small, and

the economy is poor. Poor densely populated
adaptability to high-pressure area.

transport.

Small capacity, short

affect regular transport. distance pipeline,

the density is small, which is densely populated
convenient for transportation. area. Suitable for use
in oil fields.

Dense-phase CO, is always in The transport temperature should be slightly The investment cost of dense-
lower than that of supercritical transport, and phase transport is much lower
than gaseous transport and liquid
transport, but closer to

transport dense-phase
during the whole pressure range should not be
transportation. changed

Only applicable to areas with Pipeline with large

relatively small populations. capacity and long-
distance. Less densely
populated areas.

supercritical transport.

Supercritical CO, is always in The transport temperature and pressure are
state a supercritical  both above the critical value.
transport state during
transportation.

Good economy.

Due to changes in Pipeline with large
temperature and pressure, capacity and long-
many impurities may distance. Less densely
precipitate from the CO, and populated areas.

form a gas phase.

pressure supercritical pressure boosting at the gas gathering sta-
tion and the use of low-pressure supercritical transport can
improve the economics of operation. Mohammadi et al. (2019)
proposed an optimization framework to minimize the cost of CO,
transport via pipeline, and they used genetic algorithms to find the
solution with the lowest total cost. The results show that the pipe
elevation and pipe diameter are the most critical parameters
affecting cost. From the literature review, it indicates that dense-
phase transport and supercritical transport have more advantages
in long-distance, large-scale CO; pipeline engineering, and tem-
perature and pressure control are still the key content in the
transportation process. In recent years, some scholars have started
research on transportation optimization, mainly considering the
economics of pipeline operation.

3.1.3. Thermodynamic analysis

For CO, pipelines, temperature control is particularly important.
The temperature of the pipeline is not only related to the inlet
temperature, but also the ambient temperature. Therefore, many
researchers have analyzed the thermodynamics of pipelines. Brown
et al. (1996) proposed a computational model for tube bundle heat
transfer. Zabaras and Zhang (1998) analyzed the transient cooling
performance of six different tube bundle structures. Jackson et al.
(2005) analyzed the effect of seawater around submarine pipe-
lines on the adiabatic layer. Xie et al. (2014) analyzed the leakage of
the CO, pipeline using supercritical transport method. The results
show that the thermal boundary layer in the pipeline is constantly
changing when CO, leaks, and the convection intensity near the
leakage point is the largest. Witkowski et al. (2014a) proposed that
the design of the CO, pipeline needs to consider the extreme
conditions of the ambient temperature, and through the analysis of
the example, the maximum transmission distance at 35 °C is
310 km. Li et al. (2014) studied the flow and heat transfer charac-
teristics of CO; pipelines in case of leakage. They concluded that the
mass flow rate and Nusselt number can be used for the leakage
detection of CO pipelines using supercritical transport method. Yu
et al. (2017) experimentally studied the thermodynamic charac-
teristics of the supercritical transport of CO, during decompression.
The results show that the release of CO, will lead to the decrease of
pressure, temperature and pipe wall temperature, and then tend to
be stable, and the temperature drop in the initial stage is the
largest. Wang (2017) performed a sensitivity analysis on the total

heat transfer coefficient of CO; pipelines with different transport
processes, and concluded that when CO; is transported in a gaseous
state, if the total heat transfer coefficient is in the range of
0.84—3.02 (W-m 2-°C 1), the total heat transfer coefficient has a
small effect on the pressure drop. When transported in the liquid
phase, if the total heat transfer coefficient is in the range of 0.84—1.9
(W-m 2.°C 1), the total heat transfer coefficient has a small effect
on the pressure drop. When dense-phase transport is adopted, the
thermal insulation performance of the pipeline is not high. When
supercritical transport is used, the total heat transfer coefficient has
a small effect on the pressure drop. The review of thermodynamic
analysis indicates that the analysis of thermal insulation and
pressure drop during the CO, transport process is critical to the
regular pipeline operation. At the same time, this is also the focus of
flow assurance research.

3.2. Pipeline design

As with other pipelines, the design of CO; pipelines also needs to
consider length, pipe diameter, wall thickness, pressure, and con-
struction (Gao et al., 2011; Roussanaly et al., 2013, 2014).

3.2.1. Length, capacity, and initial booster power

The CO, pipeline can be divided into large-scale and small-scale
according to the length. According to statistics of a total of 65 CO;
pipelines in two important reports (IEA Environmental Projects Ltd,
2014; Wallace et al., 2015), the pipeline length ranges from 1.9 to
808 km, which is relatively broad. The shortest and longest pipe-
lines are in the United States, the Decatur pipeline project (1.9 km)
in Illinois and the Cortez pipeline project (808 km) in Texas. The
longer the pipeline, the higher the designed transport capacity (see
Fig. 5). Although there is no direct relationship between transport
capacity and length, operating companies usually do so to maxi-
mize utilization. Since the longer the pipeline, the greater the
pressure to be provided, the power of the initial booster is usually
positively related to the length of the pipeline. If CO; is in the gas
phase, compressors are used for pressurization. If CO; is in liquid or
dense phase, pumps are used. For a long-distance pipeline, it is
usually necessary to adopt a stepwise pressurization method, and
multiple booster stations will be established along the way. The
calculation method of design power of compressor station and
pump station is given in the literature (Ikeh et al., 2011). Based on
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the collected data of CO, pipeline projects, the Global CCS Institute
divides it into three categories according to the transport scale (IEA
Environmental Projects Ltd, 2014), and their length, capacity, and
initial booster power range are shown in Table 4.

3.2.2. Diameter and wall thickness

In the design of CO, pipeline, the calculation of pipe diameter is
the most important because it not only directly determines the
transportation capacity, but also determines the investment.
Generally, the larger the pipe diameter, the greater the investment.
Therefore, the most reasonable pipe diameter is to minimize the
pipe diameter on the basis of meeting the transmission re-
quirements (Chen and Zhang, 2011). In the design of pipe diameter,
in addition to the above factors, pressure, flow rate, and fluid flow
should also be considered. After many years, many scholars have
proposed various pipe diameter design or optimization formulas
based on different considerations, as shown in Table 5. These for-
mulas do not apply only to CO, pipelines, but to natural gas pipe-
lines. Most of these formulas are based on the principle of hydraulic
calculation, and some are based on economic considerations. In
addition, different formulas have different advantages and disad-
vantages. For example, number 3 is convenient for calculation, but
the average flow rate needs to be assumed and the pressure drop is
not considered. Vandeginste and Piessens (2008) summarized the
applicability of some pipe diameter calculation formulas. Peletiri
et al. (2018) obtained the results from different pipe diameter
calculation formulas through an example. They assumed that the
length of the pipe is 200 km and the total pressure drop is 5 MPa.
The calculation was completed in the gPROMS software. The results
show that the calculation result of formula 7 is the most conser-
vative, while the calculation result of formula 1 is the smallest.

The pipe wall is used to bear the internal and external pressure
on the pipe. The larger the wall thickness, the higher the pressure
bearing capacity of the pipeline, but at the same time, the invest-
ment will increase. Table 6 lists several mainstream formulas for
the design of pipe wall thickness. Among them, the ideas of for-
mulas A and B are the same, but the expressions are different.
Equation C considers the corrosion allowance in the wall thickness
design. Equation D considers the effects of temperature. Because
CO, may be transported in different ways, the phase state should be
considered in the design of wall thickness. Teh et al. (2015) pro-
posed that if other conditions are the same, the wall thickness
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Fig. 5. Pipe length and transport capacity.

Table 4
Length, capacity, and initial booster power range of different categories of CO,
pipeline.

Design parameter High Medium Low
Length (km) 657—808 116—380 1.9-97
Transport capacity (Mt/y) 10-37 2.8-7.2 0.06—2
Initial booster power (MW) 43—-68 15-17 0.2-8

required for liquid transport is smaller than that for supercritical
transport. Similarly, the Global CCS Institute divides the existing
CO; pipeline projects into three grades according to pipe diameter
and wall thickness (IEA Environmental Projects Ltd, 2014), as
shown in Table 7. It can be obtained that the design of pipe diameter
and wall thickness of CO; pipeline is based on the results of hy-
draulic analysis and stress analysis, just like that of natural gas
pipeline. This means that the wall thickness needs to be deter-
mined according to the material of the pipeline under the premise
of satisfying the transportation conditions. Under the same condi-
tions, the higher the steel grade, the smaller the wall thickness
required for the material, and it also means that the cost will be
higher. Table 8 lists the characteristics of some common materials.
As the transport pressure level of CO, may be higher than that of
natural gas, a more conservative scheme is recommended for the
design of wall thickness.

Note: t represents pipe wall thickness; pmax represents
maximum pressure; S represents yield strength; D, represents
outer diameter of the pipeline; D; represents inner diameter of the
pipeline; F represents design factor; E represents longitudinal joint
factor; T represents temperature factor; Ly represents location fac-
tor; CA represents corrosion allowance.

3.2.3. Pressure and temperature

Temperature and pressure directly determine the CO, transport
state in the pipeline. A report states that for CO, to be transported
under supercritical conditions, the temperature and pressure
ranges should be 12—44 °C and 8.5—15 MPa, respectively (Serpa
et al., 2011). The temperature and pressure during CO, transport
are not constant, and both fluctuate within a certain range. Among
them, the lower pressure limit is based on the consideration of CO,
supercritical transport, and the upper-pressure limit is based on
economy and risk. For example, an offshore CO, pipeline can have a
maximum pressure of 30 MPa because it is far away from populated
areas. The lower temperature limit is based on the ambient tem-
perature in winter, and the upper-temperature limit is determined
based on the outlet temperature of the booster station and the
temperature limit of the outer casing material. Another report
pointed out that if CO; is transported in a low-pressure gas phase,
the maximum pressure is 4.8 MPa. If the pressure is greater than
9.6 MPa, it can ensure that CO; can be transported in the dense
phase at any temperature. The Global CCS Institute divides the
pressure levels of CO, pipelines into three categories according to
the minimum and maximum pressures (IEA Environmental
Projects Ltd, 2014), as shown in Table 9.

3.2.4. Pipeline route and construction considerations

The pipeline route is determined by the source and destination
of CO,. It will not only determine the length of the pipeline, but also
affect the design of the pressure, temperature, and material of the
pipeline. The long-distance CO, pipeline may pass through
different areas, the pipeline design and construction in different
areas will also have different considerations, such as economy
(McCoy and Rubin, 2008; Luo et al., 2014) and special areas, as
shown in Table 10. One of the preconditions of construction is to
obtain the right of way (ROW) (see Fig. 6). Therefore, before
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Table 5
Pipe diameter design formulas for the gas pipeline.
Number Equation Reference(s)
1 L[22521f502 IEA GHG (2002)
-\
2 s 32fFQmL Hamelinck et al. (2002); Heddle et al., 2003
“pm2dp
3 Tian et al. (2017); GHG, 2005; Chandel et al. (2010)
D= 4Q'"
0.45
4 D — 0.363,013,0025 (Qm) Zhang et al. (2006)
p
5 8fQ,%L 02 Vandeginste and Piessens (2008)
pm2[pgdh + (b1 py)]
0.2 oi i . i . i
6 6422 R2T2 ./ Q2L Vandeginste and Piessens (2008); McCoy and Rubin (2008); Mohitpour et al. (2003)
w2 [MZaveRTave (p2 p]) + ZngueMzAh]
7 B 41053221 3/16 Vandeginste and Piessens (2008)
m2p2[4h+ (p1  p2)/pg]
8 _ pfvPL Chandel et al. (2010)
~ 24p
9 _ 8102 02 Energy (2010)
pm2Ap
10 B ﬂ«Mf Tian et al. (2017)
24pp
11 05 Johnson and Ogden (2010)
Cy | GAh -
D— 1 c fﬁO'SE Prop 2 < ZmreTaue>
Q! GTaveZavel

Note: D represents pipe diameter; f represents friction factor; L represents pipe length; p; represents inlet pressure of the pipeline; p, represents output pressure of the
pipeline; Qn, represents mass flow rate; Q, represents volume flow rate; T,y represents average temperature; Pqy, represents average pressure; Zg,, represents compressibility
factor at Py, and Tgye; M represents molecular weight; R represents gas constant; p represents fluid density; v represents viscosity; Ap represent pressure drop; Ah represent
evaluation change; My represents mass flux; G represents specific gravity; C; and C; represent two constants; E represents pipeline efficiency; fr represents fanning friction
factor; n represents manning factor.

Table 6
Pipe wall thickness design formulas for the gas pipeline.
Number Equation Reference(s)
A £ = PmaxDo McCoy and Rubin (2008); Witkowski et al. (2014b)
~ 2SEF
B ¢ — _PmaxDi Lazic et al. (2014); Chandel et al. (2010)
" 2(SFE p)
C _ Do + pmax Knoope et al. (2014)
S A
D _ PmaxDo Kang et al. (2015)
~ 2SFLET

Table 7 Table 9

Diameter and wall thickness range of different categories of CO, pipeline. Maximum and minimum pressure range of different categories of CO, pipeline.
Design parameter High Medium Low Design parameter High Medium Low
Diameter (mm) 600—921 305-508 152—-270 Maximum pressure (MPa) 15.1-20.0 9.8—14.5 2.1-4.0
Wall thickness (mm) 19-27 10-13 5.2-9.5 Minimum pressure (MPa) 7.2—15.1 3.1-35 0.3—-1.0

Table 8
Properties of

some common pipeline steels.

Steel grade

(API 5L X grade)

Minimum yield strength (MPa)

Minimum tensile strength (MPa)

X52
X56
X60
X65
X70
X80

359
386
414
448
483
552

455
490
517
531
565
621
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determining the route, it is usually necessary to give multiple
schemes because the optimal scheme (less investment, short dis-
tance) is not necessarily feasible in law. According to the research,
the acquisition of ROW may account for 4%—25% of the total con-
struction cost (Peletiri et al., 2018), and ROW in suburban areas is
easier to obtain than that in cities because there are fewer
infrastructures.

The construction of a CO, pipeline is similar to that of the oil and
gas pipeline. For an onshore pipeline, three steps are required:
installation and cleaning, connection with the compressor station
(or pump station), air tightness test (or pressure test). For offshore
pipelines, a pipelay vessel is usually required (Serpa et al., 2011). In
addition, trenchless technology has great potential in pipeline
installation, not only has excellent advantages in urban and
crossing projects, but also has faster speed and lower cost than
traditional methods in offshore pipe laying. Note that the carbon
footprint of trenchless technology is also much lower than that of
traditional methods, and the more common trenchless installation
technology is shown in Fig. 7. In May 2018, the Hong Kong Inter-
national Airport completed the laying of two submarine pipelines
using horizontal directional drilling (HDD) technology. Due to the
long distance (5.2 km), the constructor used the method of laying
from opposite ends and then splicing, as shown in Fig. 8. It can be
seen that the construction consideration of CO; pipeline is similar
to that of natural gas pipeline, and new construction technology can
be considered more in the future construction (Lu et al., 2020f,g).

3.2.5. Techno-economic analysis

The purpose of techno-economic analysis is to evaluate the
economy of CO, transport and play an important role in decision-
making. Knoope et al. (2013) systematically reviewed some
important techno-economic models for CO, transport. In this re-
view, they divided all models into five categories: models based on
flow rates, Carnegie Mellon University (CMU) models, quadratic
equations, linear cost models, and models based on the weight of
the pipeline. They introduced the parameters and applicable con-
ditions of each model in detail, and made a detailed comparison. In
these models, some major costs include materials, construction,
ROW, labor, etc. Among them, pipe diameter and length are two
important variables. Table 11 lists some major techno-economic
models. Note that different methods have different reference pe-
riods of economic data, and different factors are considered.

3.3. Safety and risk

Like oil (Liu et al., 2019), natural gas (Peng et al., 2020; Su et al.,
2019), and water pipelines, risk and safety studies are indispensable
in the operation of CO; pipelines (Kaufmann, 2011). As it stands
now, although the accident rate of CO, pipeline is relatively low,
because its accident consequences may be severe, the United States

has implemented strict CO, pipeline management regulations.
Especially in densely populated areas, if the CO, pipeline leaks,
since the density of CO, is higher than that of air, it will pose a
massive threat to people and animals. Fig. 9 shows the harm degree
of different concentrations of CO, to human health. Therefore, the
safety of the pipeline is an essential consideration during the route
section. The risk and safety research of CO;, pipeline mainly in-
cludes two aspects, one is the transport safety caused by impurities
in COy, the other is the safety related to pipeline materials.

Porter et al. (2015) proposed the composition of CO; produced in
different industries and the concentration range of impurities. They
summarized that oxygen, water, nitrogen, hydrogen sulfide (H,S)
and other impurities might be mixed in the captured CO,. As early
as 2009, Bilio et al. (2009) proposed that these impurities in CO,
would threaten the integrity of the pipeline and cause problems
such as hydrogen embrittlement, corrosion, rapid brittleness or
tough fracture. Hydrogen molecules in the gas will reduce the
tensile strength and ductility of the material, but this problem can
be overcome by adding the sulfur element to the material, mean-
while, the cost of the material will increase. In addition, it is difficult
to ensure that there is no water in the gas. When CO, meets water,
it will produce carbonation to corrode the steel pipe. If there are
impurities such as H,S and oxygen, the corrosion of the pipeline
will be accelerated. Research shows that even if there is a small
amount of HS, it will also affect the corrosion rate of CO,. Most
scholars know that H,S will lead to sulfide stress cracking, but they
know little about the corrosion mechanism of the H,S and CO,
coexisting environment. In a review of CO, pipeline materials, the
authors comprehensively reviewed the existing H,S/CO, corrosion
mechanism and found that the relevant research always presents
the opposite results. Some researchers think that HpS will slow
down the corrosion rate of CO,, while some researches show that
H,S will increase the corrosion rate of CO,. Some other relevant
studies are listed in Table 12. Some studies have shown that su-
percritical transport is an effective solution to the corrosion prob-
lem. Due to the existence of water, hydrate may also appear in the
CO, pipeline during operation, which may block the pipeline in
serious cases. Research on hydrates has been abundant in natural
gas pipelines, and for CO, pipelines, the principle is similar (Barrie
et al., 2005). Therefore, in addition to strict control of temperature
and pressure, there are also relevant regulations for the quality of
CO, before transportation. Intergovernmental Panel on Climate
Change (IPCC) regulated the gas quality of CO; pipelines, including
the minimum content of CO, and water content, as shown in
Table 13.

The safety issue of CO, pipeline materials mainly focuses on
crack propagation. In fact, the problem of crack propagation is a
common problem in all high-pressure pipelines, and it has been
studied most in natural gas pipelines. As early as the 1970s, full-
scale blasting tests have been carried out in the natural gas

Table 10
Route selection considerations for different areas (Serpa et al., 2011).
Area Considerations
Urban area The urban area should be avoided as much as possible because it will increase the construction cost, increase the construction period and increase the

risk of the operation. However, the consideration of trenchless technology in pipeline installation can reduce the damage to urban pavement to a

certain extent without affecting the traffic.

Land covered area Some areas with steep slopes and unstable soil layers need to be avoided, such as landslides and seismic zones.

Pipeline colligate
alure
Sensitive area
Linear features
Deepwater

Use existing facilities whenever possible.

Sensitive areas such as nature reserves need to be avoided in principle.
Linear features such as rivers, highways, and railways, trenchless technology can be considered for crossing.
Generally, it is necessary to select the areas with the flat seabed and deep seabed, so that the impact of wave load on the pipeline will be relatively

small. However, this will also increase the construction cost. According to the existing engineering data, the depth of the CO, pipeline can exceed 2000

m (Metz et al., 2005).
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Fig. 6. ROW in CO, pipeline construction (Source: IEA Environmental Projects Ltd, 2014).

Fig. 7. Common trenchless installation technologies and their carbon footprint reduction ratio (Lu et al., 2020f).
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Fig. 8. Schematic diagram of the Hong Kong International Airport HDD pipeline project (Lu et al., 2020a).
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Table 11

Major techno-economic models for CO, transport.
Reference Description
[EA GHG (2002) A model for CO, transport cost and performance estimation
McCoy and Rubin (2008) A model for estimating transportation cost per ton of carbon dioxide
Heddle et al. (2003) An estimation method based on the cost of natural gas pipeline project.
Skaugen et al. (2016) A model for pipeline transportation cost over 500 km
McCollum and Ogden (2006) A model to calculate transportation cost based on flow and length.

 Slight anesthesia, may affect hearing 2.0%

Fig. 9. The harm of different CO, concentrations to human health (Witkowski et al., 2013).

Table 12
Typical studies on corrosion of CO, pipeline in different environments.
Reference  Environment Material Conclusion
Xiang et al. CO,/SO2/0,2/H20 X70 steel The critical relative humidity of the upper limit of X70 steel corrosion is 50%—60%
(2012)
Choi et al.  C0,/S0,/0,/H,0 X65 steel SO, can promote the formation of iron sulfite hydrate on the steel surface. In the CO, saturated water
(2010) environment containing O,, the corrosion rate of 13Cr steel is lower than that of carbon steel.
Dugstad CO,/SO,/0,/H,0/H,S  X65 steel The existence of SO, O, and H,S will accelerate the corrosion of carbon steel.
et al.
(2011)
Russick CO»/Methanol Stainless steel, aluminum, The corrosion effect of the medium on different materials is obtained.
et al. tetrahydrofurfuryl carbon steel, copper

(1996)  alcohol

Table 13
Gas quality regulations for CO, pipeline (Metz et al., 2005).
Component Content requirements
CO, Mole percentage higher than 95%.
Water No free water, no more than 30 lb/mmcf in the gas phase.
Total sulfur No more than 35 ppm.
Nitrogen The mole percentage does not exceed 4%.
Hydrogen sulfide No more than 20 ppm.
Hydrocarbons The mole percentage shall not exceed 5%, and the dew point temperature shall not exceed - 28.9 °C.
Oxygen No more than 10 ppm.

Glycol No more than 4 x 10 ° L/m>.
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domain (Makino et al., 2001; Demofonti et al., 2004; Inoue et al.,
2003). After the 21st century, more and more researchers began
to carry out relevant research, they carried out full-scale blasting
tests, pipeline ductile fracture propagation tests, decompression
wave velocity tests (Botros et al., 2004; Chen and Shuai, 2006; Chen
et al., 2009). Not only some theoretical models have been estab-
lished, but more and more scholars have adopted the finite element
method to obtain the dynamic fracture process of the pipeline
(Nouri and Ziaeirad, 2010). Maxey (1986) did a fracture propagation
test of an underwater nitrogen pipeline and found that water can
reduce hoop stress and help suppress ductile fracture. Yang et al.
(2006) used a finite element method to simulate the dynamic
fracture process of natural gas pipelines and combined the full-
scale experiments to obtain the relationship between the crack
propagation speed and the material’s dynamic fracture parameters.
Shim et al. (2008) used ABAQUS software to analyze the dynamic
fracture propagation process of the pipeline and combined with
experiments to obtain the fracture velocity equation. Bilio et al.
(2009) reviewed the research on pipeline crack, and concluded
that the failure of CO, pipeline has two forms: fracture and ductile
fracture, their failure modes are shown in Fig. 10. Some studies on
fracture control are also carried out, King (1982b), Cosham and
Eiber (2008) et al. explored the fracture control method of natu-
ral gas pipelines or CO; pipelines. It is concluded that crack arres-
tors can be added (Wilkowski et al., 2006), or the toughness of
pipeline material can be increased to prevent ductile fracture.
Aursand et al. (2016) used computational fluid dynamics to simu-
late the ductile fracture of CO, pipeline. They compared the nu-
merical simulation results with the experimental results and found
that they have a high consistency. In addition, they concluded that
the pressure level at the opening fracture flap of the CO, pipeline is
higher than that of the natural gas pipeline. Gruben et al. (2018)
conducted a full-scale numerical simulation and experiment of
CO, pipeline, and after comparison, it is found that the two agree
well. Moreover, there are few studies on fracture control of the
subsea CO; pipeline, but there are still some studies on the subsea
natural gas pipeline. From the review of related research, it turns
out that the research on CO, pipeline crack arrest is still in the pilot
stage, and many scholars are comparing the difference between
CO, pipeline and natural gas pipeline through full-scale
experiments.

In recent years, some scholars have studied the leakage and
diffusion of CO, pipeline. Witkowski et al. (2013) analyzed the

hazards and risks of CO, pipeline leakage, provided the schematic
diagram of gas leakage, and analyzed the impact scope of CO,
leakage with PHAST software. The results show that when the CO,
pipeline leaks, the influence range of concentration up to 20%
reaches nearly 100 m, as shown in Fig. 11. Lankadasu et al. (2015)
used a computational fluid dynamics method to calculate the
leakage rate of CO, using the supercritical transport method. Li
et al. (2019) numerically simulated the leakage law of high-
pressure CO, pipeline with small leaks and verified the reliability
of the numerical simulation through experiments. Summarizing
the research on risk and safety, it can be obtained that the fracture
and fracture control technology of materials is the hot research
topics in recent years, and progress is slow. In addition, the leakage
consequence analysis of CO, pipeline is helpful to improve the
emergency repair technology and risk assessment system.

On the other hand, pipeline leakage inspection is also one of the
important ways to monitor pipeline safety. However, according to
the literature review, there are few related studies (Cui et al., 2016).
The leakage detection technology for CO, pipeline has certain
connectivity with the natural gas pipeline. According to the liter-
ature (Lu et al,, 2020b), the leakage detection technology of the
natural gas pipeline can be divided into hardware-based methods
and software-based methods. Among them, hardware-based
methods include optical method, acoustic method, tracer method,
cable method, dynamic pressure transmitter method, ultrasonic
flowmeter method, chemical composition analysis-based method
and so on. Software-based methods include signal processing-
based method, real time model-based method, neural network
method, statistical method, harmonic analysis and so on. Among
these technologies, some of them are currently widely used in
water pipelines, the applicability of oil and gas pipelines is still in
the practical stage, and some technologies have great potential in
the inspection and monitoring of CO, pipelines.

With the rapid development of digital and intelligent technol-
ogy, some technologies can be used for pipeline safety monitoring,
such as digital pipeline and digital twin technology. The intelligent
pipeline combines technologies such as the Internet of Things,
cloud computing, big data, and automation, and can perform
comprehensive maintenance on the pipeline based on the pipe-
line’s life cycle data and the surrounding environment. Digital twin
technology can use physical models and sensors to acquire pipeline
data and complete mapping in virtual space to reflect the life cycle
process of the pipeline. Technical details can be found in literature

CO; pipeline failure

[ Brittle

Flat fracture surface
Little deformation

High crack velocity

Ductile

Rough fracture surface
Large deformation

Slow crack velocity

Fig. 10. Two failure modes of CO, pipeline.
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Fig. 11. Schematic diagram of gas pipeline leakage and the influence scope of CO, leakage (Witkowski et al., 2013). (a) Schematic diagram of gas pipeline leakage; (b) influence scope

of CO, leakage in PHAST software.

(Lu et al., 2019b). However, these two technologies, especially
digital twin technology, have not been widely used. The digital
pipeline began to practice in the field of oil and gas.

3.4. Standard and specification

The formulation of standards and specifications in engineering
is usually the most challenging part because it requires a lot of
practice and research. Because CO, pipelines have relatively few
practices compared to oil and gas pipelines, there are not many
standards and specifications specifically for CO, pipelines, and
many of them exist in some common standards, such as liquid
pipelines and submarine pipeline. As of December 2019, through
literature review and search, a total of 15 standards and specifica-
tions related to CO; pipelines have been collected worldwide (see
Table 14). It reveals that the standards for CO, pipelines developed
by different agencies focus on design, operation, and management,
and most of the codes contain oil and gas pipelines. It can be
implied from Fig. 12 that DNV and ISO are the primary formulator of
CO; pipeline standards. Only MIIT in China and DNV in Norway
have formulated standards specifically for CO, pipelines. The
standards specific to CO, pipelines are still minimal, and the

knowledge system needs to be further improved in the future.

Note: “Multiple aspects” refers to the design, operation, main-
tenance, and other aspects. DNV represents Det Norske Veritas; I[SO
represents International Organization for Standardization; ASME
represents American Society of Mechanical Engineers; CFR repre-
sents Code of Federal Regulations (USA); MIIT represents Ministry
of Industry and Information Technology (China); API represents
American Petroleum Institute.

4. Challenges and future works

Through the review of CO, pipeline transport technology, the
current challenges and technical gaps are clarified. In terms of
transport technology, it reveals that impurities in CO, have a great
impact on the regular transportation of pipelines. However, there is
still no systematic methodology for the impact of different impu-
rities on the phase equilibrium and corrosion of CO; pipelines. In
the field of pipeline safety, although there are many related re-
searches in the oil and gas pipeline, the risk assessment and safety
control of CO, pipeline still have not formed a system. Especially,
the ductile fracture index and fracture control technology of the
CO;, pipeline are still developing slowly. In the field of CO, pipeline

Table 14
Primary standards and specifications related to the CO, pipeline.

Standard (specification) Latest Formulator Content of CO, Remarks
number version pipeline
DNVGL-RP-J202 (DNV, 2017 DNV Design and

2017a) operation
APIRP 1160 (API, 2019) 2019 API Management
DNV-RP-C203 (DNV, 2014) 2014 DNV Design
DNVGL-RP-F107 (DNV, 2019 DNV Management

2019)
DNV-RP-F116 (DNV, 2015) 2015 DNV Management
1S013623 (ISO, 2017b) 2017 ISO Design and Mainly for oil and gas pipelines, the content of CO, pipelines is added in

operation this version.

DNVGL-ST-F101 (DNV, 2017 DNV Multiple aspects

2017b)
ASME B31.4 (ASME, 2019) 2019 ASME Design
1SO 27913 (IS0, 2016) 2016 ISO Multiple aspects
CSA 7662 (CSA, 2019) 2019 CSA Group Management
49 CFR 195 (CFR, 2019) 2019 CFR Multiple aspects Oil and gas pipelines are covered in this regulation.
SH/T 3202 (MIIT, 2018) 2018 MIIT Design
ISO/TR 27915 (ISO, 2017a) 2017 ISO CO, leakage
/ 2010 Energy Institute (Energy Institute, Design and

2010) operation

ASME B31.8 (ASME, 2018) 2018 ASME Design
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Fig. 12. Statistics of CO, pipeline related standards (or specifications) from different aspects. (a) Formulator; (b) Content.

material research, the study of failure mechanisms and the devel-
opment of corrosion-resistant and high-grade materials are also a
major challenge. In terms of management, it is necessary to
establish a techno-economic framework for the CO, pipeline,
which will affect not only regulatory issues, but also guide related
policies. In addition, from the literature review, the establishment
of a pipeline maintenance system (such as detection, monitoring,
emergency repair, etc.) is also quite weak, and standards for CO;
pipelines are quite limited.

While facing challenges, it also brings more opportunities. In
this paper, some future research hotspots are summarized. These
hotspots focus not only on the CO, pipeline itself, but also on some
interdisciplinary subjects, as shown in Table 15.

5. Conclusions

The purpose of this review is to provide systematic information
and reference about CO; pipeline for the designers and researchers.
The literature review collected more than 100 critical academic
papers and industry reports. The scope includes four aspects:
process, pipeline design, safety and risk, standard and specification.
The primary findings are as follows:

a) Regarding the CO; pipeline process, the control of tempera-
ture and pressure has always been the focus of pipeline
operation since the phase equilibrium of CO, containing
impurities is complex. Further research is needed due to the
relevant knowledge system is not perfect.

Table 15
Future research directions of CO, pipelines.

b) For the design of the pipeline, based on the existing projects,
this paper summarizes the scope and design points of
various parameters. Although the CO, pipeline and natural
gas pipeline are similar, their design considerations are still
different. The control of temperature and pressure is more
strict than that of natural gas pipeline. In addition to the
formation of hydrate, the phase state also needs to be
considered. Construction considerations are similar to those
of natural gas pipelines, however, some new construction
technologies are recommended.

¢) In the field of safety and risk, the failure form of the CO,
pipeline is the leading research direction. Although there
have been many related researches in the field of natural gas
pipeline, such as full-scale blasting test and conductive
fracture propagation test, however, people still have insuffi-
cient understanding of the ductile fracture and fracture
control methods for CO, pipeline. The consequence analysis
and inspection of CO; pipeline leakage is also a research
hotspot in recent years because it can help improve the risk
assessment system.

d) In terms of CO; pipeline management, most of the relevant
standards are related to oil and gas pipelines or hazardous
liquids. There are not many standards or specifications for
CO, pipelines, and the related integrity management system
is also not perfect.

Based on the literature review, this article puts forward the
challenges and future development directions of CO, pipeline

Research area Future directions

Pipeline design

Effect of impurities on phase equilibrium

Pipeline material

Pipeline construction

Safety and maintenance

Management

Techno-economic framework for different CO, pipelines (Onyebuchi et al., 2018)

Optimization of transport scheme, especially from the perspective of energy consumption and safety
Ductile fracture index

Corrosion mechanism of CO, pipeline in different environments

Development of high-strength, corrosion-resistant steel

New construction technology, such as trenchless installation method

Submarine pipeline construction

Risk assessment system and method for CO, pipeline

CO,, leakage and diffusion mechanism

Detection, monitoring, and emergency repair technologies for CO, pipeline

Formulation of specifications and standards specifically for CO, pipelines

Application of intelligent pipeline in transport deployment and monitoring

Application of digital twin technology in safety management and early warning of CO, pipeline
Establishment of CO, pipeline integrity system
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transportation technology. In addition to continuing in-depth
research on weak links, it is also necessary to learn from the rele-
vant experience of natural gas pipelines to establish a relatively
independent knowledge system for CO, pipelines. Moreover, the
research directions are proposed in this paper, these also include
some interdisciplinary areas, such as the application of artificial
intelligence and digital twin in the CO; pipeline.
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