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Abstract: In the wake of an unprecedented growth of the market demand for natural gases, exploration and
utilization are necessary for high impurity wells worldwide. Therefore, it has become vital to conduct research
work on the development of optimized and automated processes for removal of natural gas inpurities maimly
CO,. Conventionally, CO, from natural gas streams are absorbed by amine solutions or other appropriate
chemical solutions but cryogenic separation technology is suitable for use if the CO, content of the natural gas
is high. In cryogenic separation, the process principle involves the separation based on the difference
i volatility and desublimation. The cryogemic separation process 1s classified mto conventional, non-
conventional and hybrid techniques. Conventional process mnvolves Liquid-Vapor (L-V) based separation. The
non-conventional method includes Solid-Vapor (S-V) based separation while hybrid technicque utilizes both
conventional and non-conventional methods. Cryogenic research including both L.-V and solid-vapor S-V
based separation has recently shown several advantages and to enhance the separation performance and
energy reduction, a novel concept of cryogenic hybrid (L-V and 3-V) process 1s also discussed.
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INTRODUCTION

The ever-growing energy demand has led to the
reevaluation of the development potential of economically
unviable, contaminated natural gas reserves at diverse
regions of the earth. With increasing energy demand,
development of reserves with high CO, contents up to
80% has become imperative, requiring new research
efforts (Speight, 2007). Malaysia alone constitutes more
than 13 Tscf of undeveloped natural gas because of the
high CO, concentration. In some gas fields, the
concentration of CO, exceeds 70%. Therefore, an optimum
separation of CO, is necessary as it reduces the energy
content of the gas and affects the selling price of the
natural gas. While substantial literature exists for the
removal of hydrocarbons and sulfur-contaimng gases at
atmospheric pressures, a considerable amount of research
work needs to be focused on the removal of CO,
especially at the high pipeline pressures up to 60-80 bar
(Garg et al., 2017).

Various separation methods have been used for the
CO, removal which includes chemical absorption,

adsorption and membrane separation (Garg ef al., 2017,
Partoon et al, 2016). The use of chemical based
technologies is difficult and expensive especially in
off-shore applications with a high concentration of CO, in
natural gas. Cryogenic purification of natural gas has
recently gained significant momentum in the global
scenario because of several advantages of this clean and
safe technology without the use of any chemical
additives. The cryogenic separation technology has been
known for several decades. However, this technology was
not extensively studied due to the common perception
of high expected cooling duty. Cryogeme separation
involves no chemical reactions and CO, can be captured
at high pressure as well as atmospheric pressure. The
product carbon dioxide is very pure and can be piped as
a liqud. Cryogenic separation process based 15 the
difference m volatility and desublimation of gases. This
process can be divided into three types, conventional,
non-conventional and hybrid. Conventional methods
employ liqud-vapor based distillaton while in
non-conventional methods, CO, can be desublimated
onto the surface of the packing inside packed bed. The
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hybrid cryogenic technique utilizes conventional
cryogenic distillation networks in conjunction with
de-sublimation based packed bed separators. Some of the
advantages of the hybrid process are reduced energy
requirement and equipment size (Magsood et al.,
2014a-d).

Given the lngh complexity, study and inderstanding
of thermodynamic phase behavior are a challenging and
an industrially important task especially to design a more
economical route for the production, transportation and
refining projects. Knowledge of accurate thermodynamic
behavior 1s an essential requirement for the development
of chemical processes. Failure of process design can often
be attributed to a lack of accurate data. Phase
behavior (L-V and S-V domain) 1s very much affected by
temperature, pressure and compositton of a complex
hydrocarbon system. Also, with the inclusion of Heavier
Hydrocarbons (HHCs) in natural gas, the phase behavior
of NG 1s different from the binary gas mixture as L-V
region shift towards ligher temperatures with the
increasing content of CO,. Tt was also shown that for
binary CO,-CH, gas mixture at increasing pressure values
of 20, 30, 40 and 45 bar, the phase envelope in L-V region
mcreased with a decrease in 3-V region (Al ef af., 2016).
Currently, most of the phase behavior, T-V or 3-V data
available in the literature for binary and mixed natural gas
component system are limited to high CO, at low-pressure
content whereas data for the CO, rich mixed natural gas
component system in L-V and S-V domain at high
pressure are scarce in the literature.

In the present study, the hybrid cryogenic technique
1s proposed for separation of CO, from natural gas mixture
components. This hybrid process separates the heavier
hydrocarbons m L-V domain while CO, will be captured in
S-V domain.

MATERIALS AND METHODS

Cryogenic separation process classification: The
cryogenic separation process 1s  classified mto
conventional, non-conventional and hybrid methods. The
description and details of these processes are discussed
n the following sections.

Conventional cryogenic separation process (L-V):
Conventional Cryogenic Technology (CCT) process is
carried out at a low temperature. CCT includes simple
cryogenic distillation and extractive distillation. Cryogenic
distillation is carried out at low temperatures and high
pressures to separate CO, and other components based
on their different boiling pomt. This method directly
produces liquid CO, or CO, vapour at a high pressure

which reduces extra costs of compression for storage
purposes. This technology is not economical and
energetically viable for dilute gas streams. One of the
major operating problems 1s the solid formation and
choking of the column in distillation columns in both low
and high-pressure ranges (Partoon et al., 2016). Solid
formation during separation of CO, has been reported in
the literature (Donnelly and Katz, 1954).

Magsood et al. (2014) conducted a study with
different configurations of cryogenic distillation networls
to remove CO, from NG feed with high hydrocarbons. It
was found that ligher operating pressure leads to a
reduction of energy requirements but operational
problems in distillation columns can arise due to the
thermodynamic behavior of CO,-CH, system due to CO,
solidification (Magsood et al, 2014). Valencia et al
patented a method for separating carbon dioxide from
methane using Helium as an additive which facilitated the
separation process and prevented solid CO, formation.
However, the separation of He from CH, at higher
pressure is quite problematic as the mixture becomes
azeotropic and difficult to separate. Atkinson et al. (1988)
introduced a dual pressure distillation process intended
for the removal of high concentration carbon dicxide
from methane. Tt comprised of two distillation columns
operating in different pressure to avoid carbon dioxide
solidification (Atkinson ef al., 1988). Berstad ef al. (2012)
reported a low-temperature process for CO, removal from
natural gas before liquefaction. They simulated a three
distillation column network by using pentane as an
additive m ASPEN Hysys with Peng-Robinson equation
of State for the separation of CO, from natural gas. Their
resaerch included only simulation results and experimental
work was not performed (Berstad ef al., 2012).

Non-conventional cryogenic separation process (S-V):
The non-conventional cryogenic technologies focus on
separation of CO, via. solidification of CO, in the S-V
zone. Packed bed column 1s used at low temperature
wherein CO, is desublimated onto the surface of the
packing (Magsood ez al., 2014).

Clodic et al. (2005) used a desublimating carbon
capture system consisting of three heat exchangers. The
first one condenses to water, the latter remaining water
vapour and the last one de-sublimates carbon dioxide.
They used a flat-plate heat exchanger for the
desublimating stage. The system used by them was an
inherently batch process, and the amount of CO, captured
was small compared to the mass of the heat exchangers on
which it was collected. Tt presented a significant practical
problem. Also, the process did not handle the feed at
higher pressure, so, high-pressure application is not
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available. Separation of CO, from natural gas was not
considered in the process and the process involved a
binary mixture of carbon dioxide and hydrogen
(Clodic and Younes, 2002; Clodic and El-Hitti et al., 2005).
Schah et al. worked on CO, capture from flue gas by
de-sublimation. They modelled the process using
ASPEN Plus featuring finned-plate heat exchangers
(Schach et al, 2011). Tumnier and Annaland (2012)
emploved dynamically operated cryogenic packed beds to
separate CO, from a biogas mixture consisting primarily of
methane and carbon dioxide. The process was based on
the dynamic operation of packed beds, operated n
cooling, capture and recovery steps. The method was not
employed in high-pressure applications and did not
mclude heavier hydrocarbons in the feed stream
(Tumier and Annaland, 2012). Al et af. (2014) published
a research where they have explored the minimization of
energy consumption for a counter current switched
packed bed intended to separate CO, and other
components of natural gas. The effect of essential
process parameters as feed composition, feed flow
rate on energy requirement, bed saturation and bed
pressure  and cycling times were imvestigated
(Magsood et al, 2014). Abul Hassan developed an
experimental setup for cryogenic separation of CO, from
natural gas with high CO, content. In this study, the CO,
concentration was used up to 70%. The separation
principle of CO, from natural gas was based on the
de-sublimation principle in countercurrent cryogenic
packed bed. Multiple cryogenic packed beds were used
for CO, separation. The study dealt with the binary
CO,-CH, gas mixture and separation mvolving
multi-component natural gas mixture containing up to
higher hydrocarbons can further be performed (Karen,
2013).

RESULTS AND DISCUSSION

Hybrid technology (L-V+S-V separation): In the hybrid
techmique, conventional cryogenic distillation networks
are used in conjunction with de-sublimation based packed
bed separators as shown in Fig. 1. The hybrid technique
15 suitable for separation of a natural gas mixture
containing heavier hydrocarbons with high CO, content
and at high-pressure applications as the efficiency of the
process is increased due to a combination of the
conventional distillation process and non-conventional
packed bed based process (Magsood et al., 2014).
Magsood et al. (2014) presented a techno-economic
evaluation of cryogenics network for CO, removal from
NG with different feed compositions. Equipment sizing
and cost estimation have been carried out by the
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Fig. 1: Schematic of hybnd cryogenic separation
process for NG purification mvolving heavier
hydrocarbons

cryogenic networks using the correlations provided in the
literature (Magsood et al., 2014). Ganguly et al. proposed
different efficient cryogenic distillation sequences for
purification of NG having a medium and high
concentration of CO, contained. Calculations for
conventional and hybnid distillation column sequences
were performed using the heuristic and evolutionary
strategies. Tt was found that hybrid cryogenic network
required considerably lower energy and showed a
significant reduction in capital cost of the columns
compared to the conventional cryogenic network
(Magsood et al., 2014). Recently, Maqgsood et al. (2014)
performed simulation work on NG separation components
containing Heavier Hydrocarbons (HHCs) and feed gas
containing 50 and 72% CO, content (Magsood et al.,
2014).

CONCLUSION

Natural gas needs to be purified from impurities
before 1t can be used as a fuel for commercial
purposes. The presence of CO, in natural gas affects
the calorific value of the gas and can also cause
in the pipelines. Cryogenic
technique 1s advantageous as it does not involve
chemical reactions and CO, can be captured at high
pressure as well as atmospheric pressure. The product
carbon dioxide is very pure and can be piped as a
liquid. Cryogenic separation technique 1s classified mto
conventional, non-conwventional and hybrid. The
conventional process includes liquid-vapor based
distillation or extractive distillation technologies, e.g.,
natural gas liquefaction. Non-conventional method deals
with solid-vapor desublimation, e.g., CO, separation from

corrosion separation
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biogas mixture. In the hybrid technique, conventional
cryogenic distillation networks are used in conjunction
with de-sublimation based packed bed separators. The
main advantages of the hybrid process are reduced
energy requirement, reduced equipment size and
elimmation of additive requirement.
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