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Abstract: CO2 captured from fossil-fueled power generation plants is said to be economically
transported via pipelines over long distances. The CO2 must be compressed to pipeline specifications
using compressors and pumps that are driven by gas turbine (GT) or other prime movers. This paper
presents the evaluation of actual work transfer or required prime power by modeling the governing
equations of compression using the Peng–Robinson equation of state (PR-EOS). A computer code
was developed to carry out the modeling and subsequent simulation of the compression power
requirement. The simulation of prime mover power was carried out for different technology
(head per stage) of the compressor ranging from 10-staged compression to double stage compression.
The results show that the current technology of the centrifugal compressor could require as much as
23MW of prime mover power to compress 1.5 million tonnes per year of CO2 —a projected equivalent
CO2 released from a 530MW combined cycle gas turbine (CCGT) power generation plant.
Keywords: CO2 ; pipeline; prime mover; CO2 compression; combined cycle gas turbine (CCGT)

1. Introduction
Sustainability of fossil fuel-fired power generation plants require the removal of carbon in the
form of carbon dioxide (CO2 ) from either the fuel before combustion or flue gas after combustion.
This becomes necessary because CO2 emission, which is a consequence of combustion or oxidation of
fossil fuel, has been identified as a main greenhouse gas [1,2]. Once the CO2 is removed, it is usually
compressed and transported to the point of storage away from the atmosphere. The point of CO2
storage is usually far from the source of emission; hence, transportation over long distance is highly
envisaged. As a result, the CO2 is envisaged to be transported via pipelines, which primarily have
gained wide acceptance for long-distance transportation [2–5]. Prior to transport, equipment driven by
gas turbines is used to compress the captured CO2 to a dense-phase state, which is said to be the most
efficient and economical state for CO2 pipeline transport [3,4]. The required power for compression or
compression duty using appropriately sized GT is addressed in this paper.
It is worth mentioning that the quantification of compression duty has been conducted by many
researchers, especially in areas that deal with cost prediction models of CO2 pipeline transport [6].
In such studies, the required energy for compression is either treated as an efficiency penalty on the
overall power generation plant’s efficiency or assumed to be supplied from the grid [7–10]. The power
consumption of the compression process is said to be about 40% of the auxiliary load and could
constitute 7%–12% of the power plants output [11,12]. This energy consumption is huge in economic
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terms, and the need for a separate source of energy for compression becomes desirable. Similarly,
the requirement for booster stations in remote locations along a trunk pipeline where the cost of
transporting electricity becomes prohibitive necessitates a suitable prime mover. Thus, GTs being
extensively used in pipelines to compress gas at suitable points becomes a prime mover of choice for
this duty. While considerable operational experience has been gathered in natural gas transmission,
the same is not true for CO2 transmission, especially since the properties and behavior of the gases are
quite different. The distinguishing feature of this work hinges on the close coupling of the compression
system with the GT prime mover, with a view of assessing the CO2 compression power requirement.
Analysis of this kind becomes imperative to aid the techno-economic assessment of deploying this
prime mover in a CO2 pipeline transport.
2. The Pipeline Transmission of CO2
The economics for transporting large volumes of CO2 over long distance in the gaseous phase
is quite unfavorable [13,14]. This is because such pure gas phase transportation will be restricted to
operate below 30–50 bar at which the densities and capacities will be too small. However, the pure gas
phase will fit a system where the CO2 is initially transported on gathering lines from low CO2 producers
for connection to larger trunk pipelines [13]. Low-pressure liquid phase is not desirable either except
for transportation in vessels, tanks, and barges. The liquid phase for pipeline transportation comes
with problems of frost formation in cold climates and the need for pipeline material suitable for
cryogenic application. Furthermore, unlike natural gas, the critical point of CO2 is near the potential
compressor (and pipeline) operating point such that slight changes in ambient temperature or soil
temperature for a buried pipeline can result in two-phase flow [3].
Abrupt pressure drops occasioned by two-phase flows and the detrimental effect of impurities
must be avoided during CO2 transmission in pipelines. Hence, the CO2 is transported in the
dense-phase state especially for onshore pipelines, as has been earlier highlighted [3,4]. In addition,
the dense-phase transport gives an advantage for high delivery pressure at injection to sink [2]. The
pipeline operating pressure in this state is between 10 and 15 MPa [5,7,15]. In general though, the CO2
can be transported at temperature and pressure ranges of 12–44 ˝ C and 85–150 bar, respectively [5,16].
The upper temperature limit is fixed by the compressor-station discharge temperature, while the lower
limit is fixed by winter ground temperature for buried pipelines. The lower pressure limit is dictated
by the phase behavior of CO2 , especially with impurities present and the need to maintain supercritical
conditions, while the upper pressure limit is mostly due to economic concerns [5].
Highly recommended within this pipeline operating conditions is the “API 5L X-70” line pipe
specification in the US Code of Federal Regulations—CFR (the CFR regulates the design, construction
and operation of CO2 pipeline transport in the USA) [8,17]. Similarly, the ASME/ANSI class 900#
flanges are quite suitable since they can tolerate an operating pressure of about 153 bar (15.3 MPa) at a
temperature of about 311.15 K (38 ˝ C) [3,16].
3. Methodology
This work was carried out by adapting the TERA (Techno-Economic and Environmental Risk
Analysis) framework developed in Cranfield University, UK [18,19]. The core of the TERA is the
performance module, which is a detailed and rigorous thermodynamic representation of the component
parameters and power plant achieved by simulating the design, off-design, and degraded performance
of the power plant. The economic, environmental, and risk modules are built around the performance
module and integrated with an optimizer to compare power plants optimized for a particular duty
such as fuel consumption and operating cost. Applying this to the GT-driven transmission of CO2
in pipelines, the adapted framework consists of four sets of FORTRAN-coded integrated modules,
i.e., a compression module, an engine performance module, an emission module, and an economic
module. The compression module addressed in this paper involved code development to simulate
the centrifugal compressor power requirement using the Peng–Robinson equation of state (PR-EOS),
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said to be among the most precise and proper for engineering application [4,20]. The CO2 is assumed
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ˆ
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«ˆ
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where
γ“

Cp
Cp
“
, and
Cv
Cp ´ R

(3)

γ
n
“
η .
n´1
γ´1 P

(4)

Ts is the suction temperature (K); Zave is the average compressibility factor; R is the specific
gas constant (KJ/kg-K); Ro is the universal gas constant (KJ/Kmol-K); mw is the molecular weight
(kg/Kmol); γ is ratio of specific heats; Pd and Ps are pressures at discharge and suction, respectively
(MPa); Cp and Cv are specific heats at constant pressure and volume respectively (KJ/kg-K); n is the
polytropic index; and ηP is the polytropic efficiency.
Considering the “polytropic head”, the required compression power, or gas power (Ppoly ) as it is
also called, is defined by Equation (5) as
Ppoly “

m Hpoly
pKWq .
ηp

(5)

Further, the shaft or prime mover power (Pshaft ) is given by Equation (6) as
Pshaft “

m Hpoly
1
pKWq .
ηp
ηmech

(6)

Mechanical efficiency (ηmech ) of about 87% was assumed in the simulation; m is the CO2 mass
flow rate (kg/s).
In actual applications, the compression process is rarely polytropic or adiabatic. Thus, to achieve an
estimate of the actual compression head, modifications such as the “Schultz polytropic head correction
factor”, the Mollier diagrams, or the use of equations of state have been readily explored [23–25].
In light of the above, the modeling of the centrifugal compressor power presented here was
achieved using the PR-EOS [20]. Further reading about other equations of states, the Mollier diagram
and the Schultz polytropic factor can be found in [23,25].
Equations (1) and (2) can be re-cast in terms of the enthalpy difference between the suction and
discharge states determined by two of the following given properties of the compressed gas: pressure,
temperature, and entropy. Hence, the actual compressor head, Hactual can be represented as [23,26]
Hactual “ ∆H “ Hd ´ Hs pKJ{kgq .

(7)

This is further defined as
żTd
Hactual “ ∆H “ Hd ´ Hs “ ∆H

˚

Ts

Cp dT ´ ∆H˚ Td pKJ{kgq ,

`

(8)

Ts

where ∆H is change in enthalpy (KJ/kg); Hd and Hs are enthalpies at discharge and suction respectively
(KJ/kg); and dT is change in temperature (K). The term ∆H ˚ is called the enthalpy departure function
defined by the PR-EOS as
T da ´ a
?
∆H “ RO T pZ ´ 1q ` dT
ln
2 2b
˚

ˆ

Z ` 2.414B
Z ´ 0.414B

˙
.

(9)

The terms of this equation are fully defined in [20]:
Cp “ Cp pTq .

(10)
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The mathematical expression for Equation (10) specifically for CO2 is found in [26]. T is
temperature (K).
6. Modeling the PR-EOS for Compressibility Factor (Z)
To fully solve Equation (8) for the actual head, the CO2 compressibility factor (Z) needs to be
Technologies 2016, 4, 15
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.
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(14)

The terms A and B are fully defined in [20].

Z=

Pv
.
R T

(14)

7. The Simulation of the Required Compression Power
The terms A and B are fully defined in [20].
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A constant compressor polytropic efficiency value of 80% per stage was assumed for the
simulation considering existing technology [24]. However, it should be noted that the compressor
A constant compressor polytropic efficiency value of 80% per stage was assumed for the simulation
efficiency value decreases in successive stages for multi-stage compression due to fouling, speed
considering existing technology [24]. However, it should be noted that the compressor efficiency
matching, and mechanical constraints. A polytropic efficiency value of 90% was also used in the
value decreases in successive stages for multi-stage compression due to fouling, speed matching,
simulation to evaluate the effect of change in efficiency on the compressor head. A 10% increment on
and mechanical constraints. A polytropic efficiency value of 90% was also used in the simulation to
simulated power is applied to meet the API 617 minimum power margin specification for GT driver
evaluate the effect of change in efficiency on the compressor head. A 10% increment on simulated
selection.
power is applied to meet the API 617 minimum power margin specification for GT driver selection.
8. A Validation of the Simulated Compressibility Factor (Z)
8. A Validation of the Simulated Compressibility Factor (Z)
The compressibility factor is crucial to the evaluation of required compression power.
The compressibility factor is crucial to the evaluation of required compression power. Therefore,
Therefore, the simulated CO2 compressibility values from the code developed using the PR-EOS was
the simulated CO2 compressibility values from the code developed using the PR-EOS was validated
validated against the values obtained using Aspen HYSYS—a commercial pipeline simulation
against the values obtained using Aspen HYSYS—a commercial pipeline simulation software with
software with a built-in PR-EOS library. The simulated values show a good agreement with
a built-in PR-EOS library. The simulated values show a good agreement with Aspen-HYSYS, as is
Aspen-HYSYS, as is evident from the plot obtained in Figure 3.
evident from the plot obtained in Figure 3.
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However, the PR-EOS like all other equations of state has limits of applicability. Thus, the code
However, the PR-EOS like all other equations of state has limits of applicability. Thus, the code
will give useful results from zero pressure and temperature to pressures and temperatures of about
will give useful results from zero pressure and temperature to pressures and temperatures of about
30 MPa and 589.29 K, respectively. It is worth mentioning that the maximum pressure required for
30 MPa and 589.29 K, respectively. It is worth mentioning that the maximum pressure required for the
the CO2 pipeline is 15 MPa, which is within the EOS applicability range.
CO2 pipeline is 15 MPa, which is within the EOS applicability range.
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compression, respectively, within the operating conditions earlier highlighted. The process
respectively, within the operating conditions earlier highlighted. The process requirement is to give
requirement is to give a constant discharge pressure which is accomplished by varying the speed of
a constant discharge pressure which is accomplished by varying the speed of the GT driver. In so
the GT driver. In so doing, the compressor efficiently develops a constant head by lowering its speed
doing, the compressor efficiently develops a constant head by lowering its speed at flows below the
at flows below the rated flow. As a result, it can be observed from the graphs that, as the CO2 mass
rated flow. As a result, it can be observed from the graphs that, as the CO2 mass flow rate increases,
flow rate increases, the power requirement increases.
the power requirement increases.
Further deducible from the plots is the steady increase in compression power requirement as
the intercooler pressure drop increases. This is necessary to ensure the required discharge pressure is
attained during the compression process.
At the rated flow of 1.5 MTPY, the power required considering a 5% intercooler pressure drop is
22.98 MW, 23.03 MW, and 23.41 MW for the 10, 8, and 6 compression stages, respectively. The values
indicate about a 2% increase in power requirement as the number of stages reduces from 10 to 6
(compression ratios varying from 1.58 to 2.26). The rise in compressor head or otherwise rise in stage
compression ratio with fewer stages accounts for this development.
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From the operational point of view, the increase in required power means an increase in energy
cost. However, this is a trade-off for the compactness and comparative light weight of centrifugal
compressors with fewer numbers of stages, which is advantageous during installation and scheduled
maintenance. Another merit of the increase compressor head from the GT driver performance point of
view is the ability to operate near design speed at a rated compressor operating point, thus minimizing
part load operation. This is so considering the fact that higher head per stage is achieved at a higher
compressor speed.
10. Conclusions
This paper has established the estimated power demand by the GT prime mover to compress
typical CO2 flows within the limits of assumptions considered. The results have shown that about
23 MW of power will be required for the initial compression of the CO2 to pipeline operating pressure.
This amount of power corresponds to 1.5 MTPY of CO2 —a projected equivalent CO2 released from a
530-MW combined cycle gas turbine (CCGT) power generation plant. Future work will look at the
off-design performance of a selected GT prime mover as well as cost implications.
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