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ABSTRACT

CO2 pipeline transportation is an important part of carbon capture, utilization and storage (CCUS)
technology, and it’s economical and effective when the phase state is the dense phase and supercritical phase
during the transportation. When the fluid is in single-phase flow during the process of transportation, the
energy required is minimum. As the temperature of the supercritical transportation is increased above 31.4 C,
heating problem occurs in the transportation process because of the influence of the ambient temperature. In
this paper, the dense phase transportation and supercritical phase transportation are compared, and the results
show that the dense phase transportation has much greater advantage. On this basis, in order to determine the
range of parameters for CO2 pipeline transportation in dense phase and ensure safety transportation, the
relationship between transportation pressure, temperature and pipeline transportation distance under the
influence of different inlet temperature, pipeline flow, total heat transfer coefficient, ambient temperature, etc.
are studied using HYSY'S software simulator. The results showed that the flow rate and ambient temperature
have great influence on the pressure along the pipeline. In order to ensure cost-effective pipeline
transportation, pipeline flow rate should not be too large, with phase transition not occurring in the 300 km
pipe length in dense phase transportation. This study is a basic research of CO2 pipeline transportation in
dense phase. It has a reference value for the formation of a complete CO2 pipeline transportation system in

China.
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1. INTRODUCTION

Carbon capture, utilization and storage (CCUS or CCS) is a
technology with the potential to reduce greenhouse gas
emissions [1-5]. For a large number of storage and medium
distance transportation of CO,, (less than 1000 km), the use of
pipelines are by far the safest and most economical way of
transportation [6-11]. CO- is widely used in the United States,
Canada, Turkey etc. to improve the oil recovery efficiency,
and the CO; is transported by pipelines in the supercritical
phase and the dense phase flow conditions [12-15].
Worldwide using pipeline to transport CO, and CCS
technology has attained certain experience, but the exploration
or recovery of oil using CO2 and CCS have just started in
advanced developing countries such as China [16-18]. So far,
CO; transmission pipelines in China for CCS technology, only
involves individual oilfields transporting CO- in gas or liquid
phase to the well, with the advantage of the proximity of the
CO; point sources to the well [19]. In this paper, relevant
parameters required for the safety and economic rationality of

479

CO; pipeline transportation in the dense and supercritical
phases are analyzed.

2. THE PHASE CHARACTERISTICS OF COz

Typically, CO, is transported at a critical pressure of
7.38MPa, and a critical temperature of 31.4 °C, with a three-
phase point pressure and temperature occurring at 0.52MPa
and -56°C respectively [20]. At each phase state, CO, has
some special characteristics, and with a small variation of
temperature and pressure can lead to change of phase state.

Pure CO; phase can be divided into 5 regions, as shown in
Figure 1. : (1) The supercritical fluid, with a pressure higher
than 7.38MPa and temperature higher than 31.4°C. (2) The
dense phase region, with a pressure higher than 7.38MPa, and
temperature below 31.4°C and higher than -56°C. (3) The
general liquid region, with a pressure is lower than 7.38MPa
and higher than 0.52MPa and a temperature lower than 31.4°C
and higher than -56°C. (4) The solid region with a temperature



below -56°C. (5) The gaseous region with a temperature
higher than -56°C [20].
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Figure 1. CO; phase diagram

3. CHARACTERISTICS OF CO2 TRANSPORT
3.1 Characteristics of dense phase transport

When transporting CO; in the dense phase in pipelines, the
transmission temperature is slightly lower than the critical
temperature with a pressure range maintained along the entire
length of the pipeline. To ensure that the fluid along the
pipeline remains in a dense state, the typical operational
intervals for temperature and pressure of the CO. are
maintained in the ranges of 15-30°C and 10-15 MPa
respectively [21]. However, due to the special properties of
CO; and normal pressure drops in pipeline, it is not easy to
maintain the CO, within these ranges. The selection of the
inlet pipeline temperature can be made taking into
consideration the outlet temperature of CO: liguefaction
process.

3.2 Selection of equation

Based on the experience of CO; pipeline transportation in
industry, the thermo-physical properties of CO; can be studied
by using the PR state equation. This equation was proposed by
Peng-Robinson in 1976, and it is widely used in engineering
calculation of phase equilibrium; the expressions are shown in
Eqn. (1) to (6) [22].
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where, p - system pressure, kPa.

V - molar volume, m3/mol.

R - universal gas constant, 8.3143kJ/ (kmol/ k).

p, -critical pressure, kPa.

T - system temperature, K.

T, - critical temperature, K.

T, - contrast gas temperature, T, =T /T, .

- eccentric factor (the eccentric factor of CO; is
0.225).

Beggs & Brill-Moody (BBM) formula is adopted to
calculate the hydraulic frictional resistance factor. The
expression is shown in Egn. (7) [22].
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where, p -average density of gas-liquid mixture, kg/m3.
g -acceleration of gravity, m/s2.
v -average velocity of mixture, m/s.
dE -mechanical energy loss on per unit mass of the
gas-liquid mixture, J/kg.
Z -flow direction.
6 -included angle between pipe and horizontal
direction, (9.

3.3 Comparison of dense phase and supercritical phase
transport

The CO- transportation in pipelines mainly exist in the gas
phase, liquid phase, dense phase and supercritical fluid phase.
When the pressure and temperature are higher than the critical
point, the CO; exist as a single phase in the supercritical area.
CO; at the critical point or dense phase state has a density
which is of the same order as many liquids. CO; in the
supercritical or dense phase is the most effective for pipeline
transportation [16]. In this study, HYSYS software is used to
simulate the dense phase and supercritical phase CO-
transportation. Both the dense phase and supercritical phase
pipeline pressure are set at 15MPa. The inlet temperature of
dense phase and the supercritical transport pipeline are 0 and
40°C respectively, and the ambient temperature is 15 °C. The
simulation results are shown in Figure 2 and figure 3.
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Figure 2. The pressure changes along the pipeline of dense
phase and supercritical phase transportation
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Figure 3. The temperature changes along the pipeline of
dense phase and supercritical phase transportation

Figure 2 shows that during the pipeline transportation
process, along the total pipe length, the pressure maintains a
linear relationship with transportation distance, with the
supercritical pipeline pressure drop greater than the dense
phase transportation. Figure 3 shows that during the
transportation process of dense phase, the temperature along
the pipeline will drop to nearly the ambient temperature, but it
is still in the dense phase temperature range, with no phase
change occurring. Supercritical pipeline temperature in the
range of 50 km has been reduced to below 31.4°C, and the
CO; phase transformed from supercritical to the dense phase.
In order to ensure the pipeline is always in the supercritical
condition, heating stations along the pipeline are needed.
From the above analysis, we can be said that during the
pipeline transportation process as defined by the parameters of
this study, the dense phase transportation has a much greater
advantage.

The above analysis therefore establishes that the pressure
drop along the pipeline in dense phase transportation is lower
than that of the supercritical and liquid phase transport. The
operational investment or expenditure of the dense phase
transportation will be slightly lower than that of the
supercritical transportation, and much lower than that of the
gas phase and liquid phase. The majority of CO; pipeline
projects in countries like China today are in short distance.
The technology of dense phase CO; transport will be a better
option.

4. ANALYSIS OF DENSE PHASE TRANSPORTATION
PARAMETERS

4.1 Pipe inlet temperature

The farther the transportation distance, the greater the
pressure drop and the temperature drop of the pipeline. The
study of the pressure and temperature conditions in the
pipeline can be used to guide the production practice and
prevent the pressure and temperature drop to a certain region.
Based on that, under the same situation in other conditions, by
fixing inlet pressure and changing the inlet temperature, a
study of the relationship between the pipe transportation
pressure, temperature and transmission distance in different
conditions can be analyzed. The inlet pressure of the pipeline

is set at 15MPa, and the other conditions are shown in Table 1.

Simulation results are shown in Figure 4 and Figure 5.

Table 1. External condition parameters of CO; pipeline at
different inlet temperature

Total heat transfer
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Figure 4. Effect of different inlet temperature on the pressure
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Figure 5. Effect of different inlet temperature on the
temperature along the pipeline

From Figure 4 and 5, it is seen that the inlet temperature of
the pipeline has small influence on the pressure drop along the
pipeline, but it has great influence on the temperature drop
along the pipeline. When the difference between the inlet
temperature and ambient temperature is large, temperature
will change rapidly within the 100 km pipeline range. At 250
km, the temperature of pipeline is close to ambient
temperature at different inlet temperatures.

4.2 Pipeline flow rate

The flow rate directly affects the pressure drop and the
temperature drop of the fluid in the pipeline. A study of the
relationship between the pipe transport pressure, temperature
and the transmission distance in different states with the
method of control variables is analyzed. The inlet pressure of
the pipeline is set at 15MPa, the inlet temperature 0°C, and at
different flow rates of 50t/h, 75t/h, 100t/h, 125t/h, 150t/h,
175th, and 200t/h.. The other conditions are shown in Table 2.
Simulation results are shown in Figure 6 and Figure 7.



Table 2. External condition parameters of CO; pipeline at
different pipeline flow rate
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Figure 6. Effect of different pipeline flow rate on the pressure
along the pipeline

—=— 50t/h
—e— 75t/h
—A— 100t/h
—v— 125t/h
—<— 150t/h
—— 175t/h
—— 200t/h

Temperature /°C

! ! ! ! ! !
0 50 100 150 200 250 300 350

Length of pipeline/km

Figure 7. Effect of different pipeline flow rate on the
temperature along the pipeline

Figure 6 shows that the flow rate has large influence on the
pressure drop along the pipeline. The greater the flow rate of
the pipeline, the larger the pressure drop. For large flow rate
pipeline, large pressure drop may lead to the pipe pressure
being lower than the critical pressure and phase transition
process. So in the condition that the flow rate of the pipeline is
large, recompression stations should be set according to the
specific situations along pipeline. Figure 7 shows that, the
smaller the pipeline flow rate, the faster the temperature
changes, with the temperature along the line close to the
ambient temperature at the least flow rate of 50t/h. In the case
of the ambient temperature at 15°C, the temperature along the
pipeline is kept in the dense phase temperature range.

4.3 Total heat transfer coefficient

The total heat transfer coefficient of pipeline transportation
process directly affects the total investment of pipeline
insulation measures. The study of the influence of the total
heat transfer coefficient of the pipeline on the parameters can
provide a basis for the selection of the economic pipeline
process. The inlet pressure of the pipeline is set at 15MPa and
the inlet temperature 0°C. The heat transfer coefficients used
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for the pipeline analysis are 0.84, 1.3, 1.9, 2.5, and

3.02W-m? - . The other conditions are shown in Table 3.
Simulation results are shown in Figure 8 and Figure 9.

Table 3. External condition parameters of CO; pipeline at
different total heat transfer coefficient
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Figure 8. Effect of different total heat transfer coefficient on
the pressure along the pipeline
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Figure 9. Effect of different total heat transfer coefficient on
the temperature along the pipeline

Figure 8 shows that the heat transfer coefficient has little
effect on the pressure drop along the pipeline. On the other
hand, Figure 9 shows that the heat transfer coefficient has a
great influence on the temperature along the pipeline. When
the total heat transfer coefficient is greater than 2 W-m? -,
the temperature of the fluid at the 100 km length can reach the
ambient temperature. From the above analysis, it shows that
the thermal insulation performance does not significantly
affect the dense phase in the transmission process.

4.4 Ambient temperature

The change of ambient temperature caused by the change of
seasons and the alternation of day and night can have a certain
effect on the transportation conditions. For purposes of
analysis, different ambient temperatures of -15, -10, 0, 10, 15,
20, and 30°C are selected for simulation. The other conditions
are shown in Table 4. Simulation results are shown in Figure
10 and Figure 11.



Table 4. External condition parameters of CO; pipeline at
different ambient temperature
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Figure 10. Effect of different ambient temperature on the
pressure along the pipeline
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Figure 11. Effect of different ambient temperature on the
temperature along the pipeline

Figure 10 shows that the ambient temperature has a little
influence on the pressure along the pipeline within 100 km.
With the increase of the transportation distance, the influence
of ambient temperature on the pressure along the pipeline is
significant. The higher the ambient temperature, the greater
the pressure drops along the pipeline. Figure 11 shows that the
fluid in the pipe can reach the ambient temperature at 200 km
on the condition of different ambient temperatures.

5. CONCLUSION

In this paper, the characteristics of CO;, pipeline
transportation under different temperatures and pressures
along the pipe length have been studied using the HYSYS
software simulator. CO; pipe inlet temperature, pipeline flow
rate, effect of heat transfer coefficient and ambient
temperature situations was evaluated over the pipe
transportation pressures, temperatures and transmission
distance. The following conclusions are made:
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(1) Compared with the gas phase transport, liquid phase
transport and supercritical transportation, the dense phase
transportation has a much greater advantage.

(2) The pipeline inlet temperatures have small influence on
the pressure drop along the pipeline, but it has great influence
on the temperature drop along the pipeline. When the
difference between the pipe inlet temperature and ambient
temperature is large, there will be rapid changes in
temperature within the pipe length of 100 km range.

(3)The pipeline flow rate has large influence on the
pressure drop along the pipeline. In order to ensure that the
pipeline transportation is effective, the pipeline flow rate
should not be too large.

(4)The total heat transfer coefficient has a little effect on the
pressure along the pipeline, but it has a great influence on the
temperature along the pipeline. When the total heat transfer

coefficient is greater than 2 W-m?-@™, the temperature of
the fluid can reach the ambient temperature in the 100 km
range. The thermal insulation performance does not
significantly affect the dense phase in the transmission process.
Hence, compared with the supercritical phase transportation,
the dense phase transport is more economical in investment or
operational expenditure by heat preservation.

(5)The ambient temperature has a little influence on the
pressure along the pipeline within 100 km. With the increase
of the transportation distance, the influence of ambient
temperature on the pressure along the pipeline is significant.
The higher the ambient temperature, the greater the pressure
drops along the pipeline. At about 200 km, the fluid in the
pipe reaches the ambient temperature on different conditions.
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