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Abstract—A novel concept of hybrid cryogenic distillation network has been explored which maximizes the benefits
of both desublimation or solid-vapor based separation as well as distillation or vapor-liquid equilibrium based separation
during the separation of carbon dioxide from methane or natural gas. Process network synthesis has been performed
for four case studies with high carbon dioxide (72 mole%) and medium carbon dioxide (50 mole%) natural gas feed
streams. The benefits of optimal locations for cryogenic packed beds were investigated. A conventional cryogenic net-
work consisting of multiple distillation columns with butane as additive for extractive distillation was also studied and
presented in this paper. Process modeling of cryogenic distillation network with MESH equations was attempted using
an integrated dual loop (C+3) convergence and the results were compared with Aspen Plus simulator for benchmark-
ing. The prediction of solidification region was employed using experimental data from literature to avoid solidification
regions in the column. The proposed hybrid cryogenic distillation network showed promising potential for energy and

size reduction.
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INTRODUCTION

Natural gas provides one of the most useful and widely utilized
energy sources of the world; however, it contains impurities like
water, sand, carbon dioxide, hydrogen sulfide, wax, higher hydro-
carbons, natural gas liquids and mercury [1]. While substantial litera-
ture exists for removal of hydrocarbons and sulfur containing gases
at atmospheric pressures, considerable amount of research work
needs to be focused on the removal of carbon dioxide particularty
at high pipeline pressures up to 60 to 80 bars. With increasing energy
demand, development of reserves with high CO, content up to 80%
has become imperative requiring new research efforts. In Malay-
sia, an enormous amount of natural gas is undeveloped because of
the high concentration of CO, often exceeding 70 mole% [2].

Researchers have reported work on chemical reagents and addi-
tive-based absorption, adsorption and membrane filtration techniques
for removal of carbon dioxide. Utilization of chemical-based tech-
nologies become difficult and expensive in high sea offshore plat-
forms with increasing amounts of carbondioxide in the natural gas.
The present work highlights the use of cryogenic distillation and
hybrid cryogenic separation networks for separation of CO, from
natural gas.

In the present study, Malaysian natural gas with high CO, con-
tent has been cited to benchmark the potential of cryogenic separa-
tion networks. Solidification of CO, in the pipelines and columns
in the gas processing plants may lead to blockage and may obstruct
the transportation system. It can also reduce the selling price of gas
by reducing the heating value. Therefore, the purification process

"To whom correspondence should be addressed.
E-mail: gangulysaibal2011@gmail.com
Copyright by The Korean Institute of Chemical Engineers.

1120

has become an important step in natural gas processing [3].

Cryogenic separation has the additional advantage that it enables
direct production of liquid CO, and transportation through pipelines,
and is considered as one of the most promising methods of sepa-
rating CO, from CH,. The high relative volatility of methane with
respect to carbon dioxide makes such processes theoretically attrac-
tive. The thermodynamic phase behavior of methane and carbon
dioxide mixture has been reported and analyzed in literature [4-7].
However, the disadvantage that solid CO, exists in equilibrium with
vapor liquid mixture of CH,-CO, at particular conditions of pres-
sure, temperature and composition presents the research challenges
in this method.

Although cryogenic separation has been known in principle for
quite some time in literature, proper and detailed quantitative research
on the optimized complex cryogenic networks have only started
recently in literature after the advancements of high-speed micro-
processors and simulation techniques. The simulation of cryogenic
separation networks involves sophisticated numerical computations
on large interconnected process networks. The cryogenic processes
for the separation of CO, from natural gas can be classified as con-
ventional and non-conventional.

Conventional cryogenic distillation methods originated in litera-
ture with the Ryan/Holmes [8] process, which is an extractive distil-
lation process used to overcome the problem of CO, solidification
in the distillation column. The addition of heavier hydrocarbon (typi-
cally C,-C;) to the condenser of the distillation column was employed
by Holmes et al. [9] to avoid CO, solidification. Recently, a three
distillation column network using C; as an additive was simulated
by Berstad et al. [10] using Aspen HYSYS for the separation of
carbon dioxide from natural gas. Helium can also be used as an addi-
tive to facilitate the separation of CO, from methane and avoiding
the carbon dioxide solidification [11]; however, the separation of
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He from CH, at higher pressure is quite difficult. A dual pressure
distillation process to remove high concentration of carbon dioxide
from methane was reported by Atkinson et al. [12] that consists of
two columns with different operating pressures. The overhead prod-
uct of the second column produces methane for pipeline specifica-
tion, but the pressures of these columns must be carefully selected
to avoid CO, solidification. Process information is hardly available
for further development or commercialization of this process.
Nonconventional cryogenic separation methods, contrary to the
conventional cryogenic distillation processes, encourage formation
of solid carbon dioxide. CFZ (Controlled freeze zone) technology
[13,14] developed by ExxonMobil for handling a wide range of
CO, and H,S concentration, deliberately encourages formation of
solid CO,. The CFZ tower consists of an upper rectification sec-
tion and lower stripping section, and these two are separated by a
CFZ section. The height of the tower makes it difficult to use for
offshore applications and loss of hydrocarbons needs further research
under higher pressures. Cryocell technology [15] was developed
and tested in a demonstration plant in Australia. It consists of con-
trolled freezing and subsequent remelting of CO,. Detailed simula-
tion and separation characteristics using a cryocell technology are
scarce in literature. Tuinier et al. [16] reported novel dynamically
operated packed bed on the basis of dew and sublimation tempera-
tures and an effective separation of CO, was achieved without any
plugging problem and pressure drop. Considerable research efforts
are still required to develop optimized cryogenic dynamic bed sepa-
ration for natural gas, particularly at higher pressures, which have
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still not been reported in literature. A two-stage compression, refriger-
ation and separation process has been developed for the liquefac-
tion and separation of carbondioxide [17]. Compression and refiig-
eration leads to higher exergy loss and almost 90% CO, can be sep-
arated. Some recently reported [18-20] cryogenic CO, removal tech-
nologies, comprised of mechanical methods to separate the CO,
rich phase from the natural gas. A process of C3sep (condensed
contaminant centrifugal separation), in which CO, is condensed
into droplets and then separated from the natural gas by using rota-
tional separators [18]. A process of frosting and defrosting of CO,
on mechanical fins of heat exchanger based on a 4-stage integrated
cascade was proposed by Clodic et al. [19]. Another cryogenic sys-
tem for CO, capture based on the condensation and desublimation
by the use of stirling coolers has been studied and tested [20,21]. In
the desublimation step, the frost layer on the heat exchanger sur-
face significantly reduces the heat transfer and a long time is needed
to reach the required cryogenic conditions. Fluor Enterprises Inc.
also developed a CO, liquefaction process called CO,LDSEP [22].
This technology includes a series of compression and expansion
steps to liquefy the carbon dioxide and separate it from hydrogen.
Experimental studies using single cryogenic packed bed and mul-
tiple cryogenic beds for separation of water and carbon dioxide from
natural gas at normal pressures have been recently reported by Nor
Syahera et al. [23] and Abulhassan et al. [24,25]. The authors have
shown substantial separations till the operational saturation of the
cryogenic beds, after which the cryogenic beds are switched by the
supervisory control system for regeneration and cooling. The authors
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Fig. 1. Schematic of conventional cryogenic distillation process for natural gas purification (base case).
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have also shown that the multiple cryogenic packed beds have poten- genic temperatures at high pressures. Therefore, optimized selec-
tial for reducing energy requirements [23,24]. Note that the heavier tion of bed pressure and temperature conditions based on feed gas
hydrocarbons in natural gas passes into the liquid phase under cryo- composition becomes imperative while using this method.
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Fig. 2. Schematic of hybrid cryogenic distillation process for natural gas with 50 and 72 mole% CO, (case studies 2 and 3).
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A conventional cryogenic distillation network based process flow-
sheet was studied as the base case (Fig. 1) and propose a hybrid
cryogenic network consisting of conventional cryogenic distillation
network in conjunction with desublimation based multiple packed
bed cryogenic separators. A schematic of the proposed networks is
shown in Figs. 2 and 3. Three case studies have been performed to
outline the benefits of using hybrid cryogenic networks to improve
separation performance and reduce energy and size requirements. The
effects of locating multiple cryogenic bed separators at different loca-
tions of the network have also been explored in the present work.

PROCESS SYNTHESIS FOR HYBRID CRYOGENIC
SEPARATION NETWORKS

A hybrid system can be defined as a process system that involves
different unit operations interlinked and optimized as one network
to achieve a specified task. A hybrid cryogenic network for the purifi-
cation of natural gas is presented in the current study that is a combi-
nation of a conventional cryogenic distillation network and the mul-
tiple cryogenic packed bed separators proposed by Abulhassan et
al. [24,25]. Two different feeds with 50 mole% and 72 mole% car-
bon dioxide have been used for the present study and reported in
Table 1. The hydrocarbon rich pure feed has not been considered
in the present study and has been discussed elsewhere [26].

The concept of multiple bed cryogenic separators is best explained
using the experimental data from Donnely and Katz [4], presented
in Figs. 4 and 5. For a mixture of methane and carbon dioxide, a
solidification region exists at pressure lower than 50-55 bars for dif-
ferent temperature ranges. With lowering of the pressure, the vapor-
solid region increases as represented by Figs. 4 and 5. In Fig. 4, the
solid region is represented by ABCD. The decrease in pressure also
lowers the vapor-liquid region at lower concentration of carbon diox-
ide. It is evident from Figs. 4 and 5 that operation of distillation col-
umns and the resultant separation becomes difficult at lower pres-
sures without solidification of carbon dioxide. This phenomenon
offers a research challenge to attain the required methane and carbon
dioxide purity through separation network selection and operation
at appropriate ranges of operating pressures and temperatures. The
higher concentration of carbon dioxide present in the Malaysian
natural gas and the final purity of methane required with accept-
able energy usage make it difficult to use either of these processes

Table 1. Feed composition

Feed composition

Component
Case 1 (50% CO,) [10] Case2 (72% CO,) [2]

CH, 0.397 0.20
C,H, 0.035 0.025
C,H, 0.024 0.015
n-CH,, 0.009 0.01
i-C,H,, 0.009 0.01
n-C,H,, 0.006 0.005
i-CH,, 0.006 0.005
CeHy4 0.002 0.005
CO, 0.506 0.72
N, 0.005 0.005
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individually. The proposed hybrid cryogenic network can deal with
these problems more efficiently.

Two hybrid cryogenic separation networks have been identified
and presented in Figs. 2 and 3. In the first hybrid network (Case study
2 and 3), only a single cryogenic packed bed is employed at an ap-
propriate location. In the second hybrid network (Case study 4), two
cryogenic packed beds have been employed at appropriate locations.

MODELING AND SIMULATION OF HYBRID
CRYOGENIC SEPARATION NETWORKS

The modeling of hybrid cryogenic networks essentially consists
of the unconventional semibatch cryogenic packed beds operating
under a cooling cycle, a capture cycle and a regeneration cycle along
with the more conventional continuous distillation column networks
operating in series. The models for the two types of operations have
been summarized in the following sections.

1. Modeling of Conventional Distillation Columns

A generalized integrated dual loop convergence algorithm has
been proposed to solve MESH equations for natural gas and carbon
dioxide system. The model equations for an ordinary equilibrium
stage of a simple distillation column, commonly known as mass
balance, equilibrium, summation and enthalpy balance (MESH) equa-

Korean J. Chem. Eng.(Vol. 31, No. 7)



1124 K. Magsood et al.
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Fig. 6. Schematic diagram of stagewise distillation column variables.

tions, have been reported by several authors [27-30]. These funda-
mental equations are available in literature in terms of different no-
menclatures and variable definitions to facilitate numerical stability
and ease of convergence.

Fig. 6 shows a schematic representation of a general distillation
stage along with its variables.

Total material balance for i" stage

(Li—Li)+ (V= V)+F;=0 M
Component material balance equation on i" stage for j" component

(i1 = L)+ (Vi = v ) +1,=0

i=1,2,......... N, J=1,2,......... ,C ()
Equilibrium relation for j* component on i" stage
Yij= 1K X ©)
Energy balance equation for i" stage

le 1,/ 11/+ZVH—I/ i+1,j zl:/ i

ZVU i Zfzjhui (4)
Iy Xi1
In Xi2
I3 X3
[ X
— iC _ iC
Let x;= = Q)
Vice1 XiC+1
Vics2 Xics2
Viac Xiac
| Toca ] [ Xics

In Eq. (5), x, represents the generalized Naphtali and Sandholm [30]
July, 2014

structure of plate wise variable pairing with N x (2C+1) simultaneous
convergence. The ease of convergence with (C+3) integrated dual
loop convergence for complex distillation column flowsheets has
been reported in literature [27].

From Eq. (3)

v, =S.1. ©)

7 7y

where S; is termed as the Stripping factor.

The functions for plate i [Egs. (2), (3) and (4)] involve only the
variables on plates i—1, i, and i+1. Thus the partial derivatives of
the functions on this plate with respect to the variables on all plates
other than these three are zero.

For component j, the matrix is represented by:

~14+S,, S, 0 0 0
1 —(14S8,,) Sy 0 0
0

0 1 -(1+S8;3) S;4

I =(+Syy 1)

L 0 l
0 h fi
0 L fy
0 Loj__| 6 )
Sy I iy
~+SeD || 0y || gy

This formation is a tri-diagonal matrix form and is solved using the
Thomas algorithm to generate the component liquid flow rates in the
column. This constitutes the inner loop of the dual loop structure.
For the /" stage of a multi-component distillation problem for a
simple column, the (C+3) formulation uses x,,, L, V; and T, as inde-

pendent variables to write the following equations.

Mass balance
Li-Li)+ (V- V)+F,=0, ®
Energy balance
le 1,] i— 1]+ZV1+1] i+1,j ZZI] ij
=2viHi; Zﬂ,h,,iQ D, ©)

Summation equation

lif 10
Z]-: ~-1=D, (10)

Here @, are the discrepancies in the model equations which reduce
to zero at the solution.
2. Modeling of Cryogenic Packed Beds

The governing equations for mass and energy balances for the
packed cryogenic bed have been reported in literature by Abulhas-
san et al. [24,25]. Fig. 7 provides a schematic representation of the
cryogenic packed bed and the resultant mass and energy balance
equations are given below:

The mass balance equation across the bed is given by
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Fig. 7. Schematic diagram for cryogenic packed bed.
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The energy balance equation across the bed is given by

oT oT
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0D D5
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Effective axial heat dispersion (4,4) in a transient packed bed is cal-
culated as

A=At 1-(1- &)
172

e mion (L) (B -(Z50)]}

12

where
A
K= (14)
1= g\1.055
B=1.364( —2% (15)
Eg

In the above equations, the porosity of the packed bed is time-depen-
dent. A change in porosity with time is caused due to continuous
deposition of CO, on the available surface of packing.
The porosity can be defined as:
Void volume Vioia

Total volume of bed Vi (16)

Porosity = ¢=

RESULTS AND DISCUSSION

Four different case studies have been attempted for the separa-
tion of CO, from natural gas using hybrid cryogenic separation net-
works. Case study 1 provides simulation of a conventional cryogenic
distillation network with feed containing 50 mole% and 72 mole%
carbon dioxide. Case studies 2 and 3 provide simulation of a hybrid
cryogenic network with feed containing 50 mole% and 72 mole%
carbon dioxide, respectively. Only a single cryogenic packed bed
is used in these case studies. Case study 4 uses multiple suitably
located cryogenic packed beds with feed containing 72 mole% car-
bon dioxide. The single cryogenic distillation column modeling, which
is required in all simulation studies, is validated and reported in the
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appendix.

Fig. 11 provides the basis for calculation of energy requirement
in single cryogenic packed beds as reported in literature by Abul-
hassan et al. [24]. To investigate the effects of carbon dioxide con-
centration or loading on the energy requirement, the experimental
value was converted into per kg of CO, basis. This value is 660 to
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Fig. 8. Separation limit in the presence of additive at 40 bar. The
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Fig. 9. Separation limit in the presence of additive at 45 bar. The
shaded region indicates solid formation [32].
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800 kJ/kg of CO, based on the experimental controller and switch-
ing conditions.

Table 13 provides the energy requirements for conventional, hybrid
and multibed hybrid networks. Table 14 provides a comparative cost
benefit analysis for hybrid cryogenic distillation networks with 72
mole% of carbon dioxide in the feed. The costs of columns, heat
exchangers and packed columns are calculated by the correlations
published by Loh and Jennifer Lyons [35] and subsequently updated
with Chemical Engineering Plant Cost Index (CEPCI) for 2013.
Material of construction has been assumed as stainless steel. The
accuracy of capital cost for the network using conceptual cost esti-

K. Magsood et al.

mation has an accuracy of 40% as reported in recent literature [36].
1. Case Study 1: Simulation of Conventional Cryogenic Dis-
tillation Network in Presence of Additives (Base Case)

Extractive distillation has been successfully employed to over-
come the problem of solid formation. This involves adding a heavier
hydrocarbon stream to the condenser in a fractionation column. Ex-
tractive distillation using heavier hydrocarbons or helium alters the
solubility characteristics of the system and produces low percent-
age of CO, in the overhead product.

Simulation analysis was conducted to investigate the theoretical
limits of CO, separation at different pressures and with different

Table 2. Column data for conventional distillation network with 50 mole% CO, in feed

Column 1 Column2 Column 3 Column 4 Column 5 Column 6
Theoretical stages 17 10 40 10 10 40
Feed stage (from top) 5 5 20 6 5 20
Additive feed stage no. n/a 1 n/a n/a n/a
Pressure (bar) 40 40 40 40 40 30
Conventional ~ Condenser temperature (°C) -56.6 -81.2 -87.2 23.6 —11.8 -6.2
Condenser duty (MW) 64.9 35.2 14.0 18.0 1.3 50.1
Reflux ratio 1.75 1.6 1.7 1.7 1.6 1.52
Reboiler temperature (°C) 8.3 229 21.7 146.7 79.3 119.1
Reboiler duty (MW) 22.8 20.3 11.4 32.6 33.7 81.4
Total duty 386 MW
Table 3. Column composition for conventional distillation network for feed with 50 mole% CO,
Column 1 Column2 Column 3 Column 4 Column 5 Column 6
Component
Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
CH, 0.788 0.964  0.005 0987  0.188  0.007 0.288
C,Hy 0.031 0.039 0.001 0.101 0.027 0.150 0.017 0.035 0.012 0.044
C,H8 0.001  0.048 0.003 0.001  0.003 0.002 0.002  0.007 0389
Conventional N-CiHio 0.018  0.001 0.390 0260 0.068 0948 0.001 0.750 0.172
i-C,H,, 0.018 0.172
n-CH,, 0.012 0.115
i-CH,, 0.012 0.115
n-CH,, 0.004 0.038
CO, 0.170 0.848 0.022 0.501 338ppm 0.524 0.771 0.032 0.677 0236 0.948
N, 0.010 0.012 0.013 0.000
Table 4. Column data for conventional distillation network with 72 mole% CO, in feed
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6
Theoretical stages 17 10 40 10 10 40
Feed stage (from top) 5 5 20 6 5 20
Additive feed stage no. n/a 1 n/a n/a n/a
Pressure (bar) 40 40 40 40 40 30
Conventional ~ Condenser temperature (°C) -31.2 -69.1 —84.7 2.8 -0.5 =57
Condenser duty (MW) 48.3 20.1 11.3 15.0 2.1 67.4
Reflux ratio 1.75 1.6 1.7 1.7 1.6 1.52
Reboiler temperature (°C) 7.7 12.4 36.9 139.9 146.8 133.2
Reboiler duty (MW) 27.4 11.8 10.5 29.0 7.7 109.1
Total duty 360 MW

July, 2014
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Table 5. Column composition for conventional distillation network for feed with 72 mole% CO,

Column 1 Column2 Column 3 Column 4 Column 5 Column 6
Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
CH, 0.551 0.893 0.010 0.974 0.038 0.013 0.101  0.001
C,H, 0.036 0.019 0.005 0.066 0.025 0.084 0.015 0.052 0.009 0.020
C;H8 0.002 0.023 0.012 0.007  0.004 0.035 0.003 0.009 0.005 0.246
Conventional 1-CaHio 0.016 0.001 0223 0.001 0.585 0.001 0.875 0.005 0.926 0.215
i-C,H,, 0.016 0.007 0.014 0.026 0.022 0.215
n-C,H,, 0.008 0.108
i-C;H, 0.008 0.001 0.001 0.001 0.108
n-CiH,, 0.008 0.108
CO, 0.398 0.903 0.078 0.682 0.002 0.331 0.899 0.048 0.839 0.032 0974
N, 0.014 0.023 0.025
100 S— Table 6. Physical properties of cryogenic packed bed
% _ Diameter of packing 0.0l m
= JEPT Density of packing 2,000 kg/m’
., ST - Porosity (&,) 0.64
= e Heat capacity of packing 0.84 J/g-K
g_ ;’ — Heat capacity of shell 0.466 J/g-K
= Solid region
§ i = Column | profile
K "] f """ Column 2 profile sure, it is possible to avoid the solidification region without the use
L1 ] == Column 3 profle of additives. However, the purity of CH, decreases as the working
§ ,: pressure is increased.
e . K A simulation study was performed using butane as an additive. The
-130 110 90 70 50 30 feed composition is provided in Table 1 with a flowrate of 24,800

Temperature "C

Fig. 10. Profiles of liquid CO, in conventional distillation columns
network for 50 mole% CO,. The shaded region indicates
solid formation [32].

flow rates of n-Butane. The results of this investigation are pre-
sented in Figs. 8 and 9. It is evident that addition of greater amounts
of the additives increases the safety margin by moving the theoreti-
cal separation line away from the CO, solid formation region. The
additives also raise the operating temperature of the overhead and
increase relative volatility. Also with the increase of column pres-

kmol/h [10]. The pressure and temperature before entering the distil-
lation column is considered to be 40 bar and 10 °C, respectively. In
the first column the composition of the CO, in the top product is
reduced to 17% giving 78.8% CH, by fixing the distillate flowrate,
reflux ratio, total number of plates, feed plate and pressure. The cri-
terion for fixing these variables is to minimize the CH, losses.
Column 1 operates without any additives and butane is added as
an additive in column 2 and column 3. In the present study, 0.12
kmol additive per kmol of feed (in column 2) and 0.10 kmol addi-
tive per kmol of feed (in column 3) have been added. This leads to
a purification of methane up to 96.4% in column 2 and 98.7% in
column 3, and the loss of methane during this process is approxi-

Table 7. Column data for hybrid distillation network with 50 mole% CO, in feed

Pca(c)ll::;lr];es J Column 2 Column 3 Column 4 Column 5

Theoretical stages n/a 17 40 10 40
Feed stage (from top) n/a 5 20 5 20
Additive feed stage no. n/a 1 n/a n/a

. Pressure (bar) 40 40 40 40 30

Hybrid
Condenser temperature (°C) -69.9 -84.4 -12.8 -7.7
Condenser duty (MW) 433 20.7 44 4.7
Reflux ratio 87.62 MW 1.75 1.6 1.6 1.52
Reboiler temperature (°C) 69.8 12.2 111.8 108.9
Reboiler duty (MW) 59.7 16.8 13.4 10.9
Total duty 262 MW

Korean J. Chem. Eng.(Vol. 31, No. 7)
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mately 1%. The simulated hydrocarbon loss was found to be less
than the losses (498.8 kmol/h) reported in literature [10] with n-
pentane as additive. Tables 2 and 3 present the distillation column
data on the energy requirement and composition. However, these
conditions are not optimized with respect to separation, energy re-
quirement, and additive flow rate etc. Fig. 10 shows the liquid CO,
profile in distillation columns.

K. Magsood et al.

The recovery of methane from the third column is 9,752 kmol/
h, while the quantity of the methane in the feed was 9.855 kmol/h.

The column data and composition profile and energy data for
conventional network with 72 mole% feed are provided in Tables
4 and 5.

It is evident from the solutions of simulation that the pressure,
temperature and additive flow profiles in the cryogenic distillation

Table 8. Column composition for hybrid distillation network for feed with 50 mole% CO,

Column 1 Column 2 Column 3 Column 4 Column 5
Component Packed bed
Liquid  Solid Top Bottom Top Bottom Top Bottom Top Bottom
CH, 0.709 0.896 0.986 0.104 0.289 0.001
C,H, 0.067 0.012 0.181 0.048 0.063 0.040 0.385 0.105
. C;H; 0.042 0.133 0.019 0.175
Hybrid  n.c,H,, 0.016 0.001 0.389 0.001 0.536 0.001 0.834 0.535
i-C,H,, 0.016 0.051 0.069
n-C;H,, 0.011 0.035 0.048
i-CHy, 0.011 0.035 0.048
n-C,H,, 0.004 0.013 0.017
Co, 0.115 1.0 0.079 0.165 60 ppm 0.312 0.647 0.126 0.597 0.003
N, 0.009 0.011 0.013
Table 9. Column data for hybrid distillation network with 72 mole% CO, in feed
Column 1
Packed bed Column 2 Column 3 Column 4 Column 5
Theoretical stages n/a 17 20 10 40
Feed stage (from top) n/a 5 10 5 20
Additive feed stage no. n/a n/a 1 n/a n/a
Hvbrid Pressure (bar) 40 40 40 40 30
yor Condenser temperature (°C) —64.2 -85.0 -1.2 -8.2
Condenser duty (MW) 25.0 10.3 3.5 9.8
Reflux ratio 122 MW 1.75 1.6 1.6 1.52
Reboiler temperature (°C) 20.1 19.1 146.5 115.6
Reboiler duty (MW) 42.0 7.9 9.4 19.3
Total duty 249 MW
Table 10. Column composition for hybrid distillation network for feed with 72 mole% CO,
Column 1
Packed bed Column 2 Column 3 Column 4 Column 5
Liquid  Solid Top Bottom Top Bottom Top Bottom Top Bottom
CH, 0.516 0.827 0.974 0.030 0.050
C,Hq 0.069 0.037 0.111 0.001 0.150 0.230 0.035 0.134 0.071
. C;H, 0.039 0.104 0.001 0.001 0.008 0.269
Hybrid  n.cH, 0.026 0.070 0.001 0.392 0.003 0.943 0.188
i-C,H,, 0.026 0.070 0.188
n-C;H,, 0.013 0.035 0.094
i-C;H,, 0.013 0.035 0.094
n-CH,, 0.013 0.035 0.094
CO, 0.272 1.0 0.115 0.541 0.428 0.716 0.020 0.857 0.001
N, 0.013 0.021 0.025
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network pose a multi-variable optimization problem which needs
to be solved for achieving the optimal combination in the network.
A detailed study on optimization of conventional and hybrid net-
works will be presented in future work.
2. Case Study 2: Simulation of Hybrid Cryogenic Networks
Consisting of Single Multibed Separator with Feed Contain-
ing 50 mole% Carbon Dioxide

A single cryogenic packed bed was located before the first distil-
lation column. Table 6 provides physical property data for cryogenic
packed bed. This resulted in reduction of flowrate of feed to sub-
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sequent columns, causing reduction in size and energy requirements.
The energy requirement for the cryogenic packed bed was sub-
stantially lower compared to conventional distillation columns.

The results for 50 mole% CO, feed are presented in Tables 7 and
8. The results show several potential benefits of using hybrid net-
works in cryogenic separation. Both the energy requirements as well
as size requirements for the conventional part of the network decrease
significantly by the use of an initial non-conventional separator.

The energy requirement for the hybrid network was found to be 262
MW, while the conventional distillation consumes 386 MW. Hence,

Table 11. Column data for multibed hybrid distillation network with 72 mole% CO, in feed

Column 1 Column 3
Packed bed Column 2 Packed bed Column 4 Column 5
Theoretical stages n/a 17 n/a 20 40
Feed stage (from top) n/a 5 n/a 10 20
Additive feed stage no. n/a n/a n/a n/a n/a
. . Pressure (bar) 40 40 40 40 30
Multibed hybrid Condenser temperature (°C) -56.0 -88.4 -8.2
Condenser duty (MW) 25.0 7.4 9.8
Reflux ratio 122 MW 1.75 5 MW 2.0 1.5
Reboiler temperature (°C) 44.7 -8.9 115.6
Reboiler duty (MW) 42.0 5.1 19.3
Total duty 235 MW
Table 12. Column composition for multibed hybrid distillation network for feed with 72 mole% CO,
Column 1
Packed bed Column 2 Column 3 Column 4 Column 5
Liquid  Solid Top Bottom Top Bottom Top Bottom Top Bottom
CH, 0.5165 0.827 0.925 0.975 0.120
C,H, 0.0691 0.037 0.111 0.037 0.637 0.134 0.071
' ~ GHg 0.0387 0.104 0.003 0.008 0.269
Multibed hybrid - n.c H,,  0.0258 0.070 0.188
i-C,H,,  0.0258 0.070 0.188
n-C;H,, 0.0129 0.035 0.094
i-CH,,  0.0129 0.035 0.094
n-CH,, 0.0129 0.035 0.000 0.094
CO, 0.2725 1.0 0.115 0.541 0.015 1.0 0.001 0.240 0.857 0.001
N, 0.0129 0.021 0.023 0.025
Table 13. Energy comparison for conventional, Hybrid and multibed hybrid network
Energy comparison conventional, hybrid and multibed (72% CO,)
Conventional (MW) Hybrid (MW) Multibed hybrid (MW)
Condenser Reboiler Condenser Reboiler Condenser Reboiler
Cl 48.2 27.4 Packed 122 Packed 122
C2 20.1 11.8 25.0 42.0 25.0 42.0
C3 11.3 10.5 10.3 7.9 Packed 5.0
C4 15.0 29.0 3.5 9.4 7.4 5.1
Cs 2.1 7.7 NA NA NA NA
Co 67.4 109.1 9.8 19.3 9.8 19.3
Total 360 249 235

Korean J. Chem. Eng.(Vol. 31, No. 7)
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more than 32% reduction of energy was observed by the use of a hy-
brid cryogenic network. The hybrid network required fewer columns
to produce a similar output composition of 98.6 mole% methane.
3.Case Study 3: Simulation of Hybrid Cryogenic Networks
Consisting of Single Multibed Separator Unit with Feed Con-
taining 72 mole% Carbon Dioxide

The hybrid cryogenic network performance consisting of single
multibed separator unit with feed containing 72 mole% carbon diox-
ide was investigated. The results for 72 mole% CO, feed are pre-
sented in Table 9 and 10.

The increase in carbon dioxide in the feed led to the requirement
of less energy consumption as compared to the low carbon dioxide
feed. The conventional network showed energy reduction of about
7%, while the hybrid network showed a reduction of 5%.

The energy requirement for the hybrid network was found to be
249 MW, while the conventional distillation consumes 360 MW.
Hence, more than 30% reduction of energy was observed by the
use of hybrid cryogenic network for the high carbon dioxide feed.
The hybrid network required fewer columns to produce similar out-
put composition of 97.4 mole% methane.

4. Case Study 4: Simulation of Hybrid Cryogenic Networks
Consisting of Multibed Separators at Two Locations with Feed
Containing 72 mole% Carbon Dioxide

The hybrid cryogenic network performance consisting of two
suitably located multibed separator units with feed containing 72
mole% carbon dioxide was investigated. The results for hybrid net-
work with two cryogenic packed beds and with 72 mole% CO, in
feed are presented in Tables 11 and 12.

The energy requirement for this multibed hybrid network was
found to be 235 MW, while the conventional distillation consumes
360 MW. Hence, more than 34% reduction of energy was observed
by the use of hybrid cryogenic network with two cryogenic packed
beds for the high carbon dioxide feed. The hybrid network required
fewer columns to produce similar output composition of 97.4 mole%
methane.

Table 14 shows substantial benefits for using multiple cryogenic
packed beds in hybrid cryogenic networks. The benefits are quan-
tified in terms of reduced equipment size and capital cost, reduced
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Fig. 11. Energy requirement in a single cryogenic packed bed for
desublimation of CO, from natural gas (Abulhassan et al.,
2014 [24]).

energy requirements, elimination of additive butane requirements
and reduction of methane losses. Interestingly, the required flow
rate of butane as additive was significantly reduced with the use of
hybrid cryogenic networks. For the conventional cryogenic network,
0.12 kmol per kmol of feed is required to avoid solidification in col-
umn 2 and 0.14 kmol per kmol of feed is required to avoid solid
CO, formation in column 3. The additive requirement for the single
packed bed hybrid network is required only for column 3 at a rate
of 0.10 kmol of additive per kmol of feed. This reduction can be
attributed to the reduced flow rate of CO, in the columns. For mul-
tiple bed hybrid networks, the additive requirement can be avoided
completely. The methane loss was also found to be reduced con-
siderably.

CONCLUSIONS

A hybrid cryogenic network consisting of both conventional and
nonconventional technologies has been proposed for minimized
energy consumption and size reduction. A base case study com-
prised of a conventional cryogenic distillation network using butane
as an additive was explored for two high carbon dioxide contain-
ing natural gas feeds. A conventional cryogenic distillation model
has been developed and validated with Aspen Plus. A predictor from
experimental data has been embedded in conjunction with the steady
state nonlinear (C+3) integral dual loop convergence to avoid for-
mation of CO, inside the distillation column. Subsequently, the ef-
fects of hybridization were investigated using single and multiple
cryogenic packed beds, which were located at suitable positions in
the network. It was observed that the optimal number and location
of the desublimation based cryogenic packed bed depends on the
composition of feed. However, substantial reduction in energy require-
ment, methane losses and size requirement was observed. It was
extremely interesting to note that multiple cryogenic beds eliminate
the need for using butane as an extractive distillation additive and
reduces the column sizes considerably. The hybrid network showed
promising potential for future commercial exploitation through opti-
mization of energy, reduction of hydrocarbon losses and effective
size reduction during purification of natural gas.

NOMENCLATURE

=
z

: vapor flow rate from the stage

Vi, : vapor flow rate into the stage from the stage below
: stripping factor

: liquid flow rate from the stage

: vapor flow rate into the stage from the stage above
: feed flow at rate i stage

: heat flow into or removal from the stage

: mole fraction of component j in the feed stream

: mole fraction of component j in the liquid stream

: mole fraction of component j in the vapor stream

: equilibrium constant for the i" stage, j" component
: enthalpies of liquid and vapor respectively

: number of stages in the column

: number of component

: time [s]

: superficial velocity [m/s]

w2

~

<

< T AZERY %N OHS;
E\.
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z : axial co-ordinate [m]

D, :effective diffusion coefficient [m?/s]

m"  :mass deposition rate per unit surface area [kg/m?/s]

a,  :specific solid surface area per unit bed volume [m*m’]
: heat capacity [J/kg/K]

T : temperature [K, °C]

V, :total volume [m’]

K  :effective axial heat dispersion equation constant =4,/
N, :number of packing

V., :volume of packing [m’]

V(t) :time dependent volume of desublimated CO, [m’]

V. :final volume of desublimated CO, [m’]

m  :mass deposition per unit bed volume [kg/m’]

Re :Reynolds number

Sc  : Schmidt number

Greek Letters

£ : bed void fraction

p  :density [kg/m’]

®  :mass fraction [kg/kg]

Ay :effective conductivity [W/m/K]

Ah; : enthalpy change related to the phase change of component
i[J/kg]

T :residence time [s7']

@, :discrepancies

Subscripts

i : index for stage number in distillation model

i : index for component number in packed bed model

J : index for component number

0 : initial

g : gas phase

s : solid phase
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APPENDIX

1. Simulation of Conventional Cryogenic Distillation in Con-
junction with Prediction of Solid Formation

The formulation of MESH equations presented in section 3.1 is
referred to as (C+3) formulation, since there are (C+3) equations in
the model and as many variables to be calculated. The matrix form
is called block tri-diagonal or quasi tri-diagonal structure. The sim-
ple matrix structure enables use of sparse matrix convergence algo-
rithm to reduce memory usage and computation time. The solution
is accomplished by a Gaussian elimination scheme and Newton-
Raphson convergence with golden section optimization. Fig. 12
shows the schematic flowchart for the solution of the multi-com-
ponent distillation model.

Thermodynamic correlation and prediction of solid formation
are based on interpolation of experimental data available from litera-
ture [4-7]. Table 15 provides the details of input specifications and
guess values for the simulation experiments.

Fig. 13 shows the liquid and vapor phase of CO, composition
variations along the column at the convergence for different feed
locations. Fig. 14 provides the stagewise temperature variation inside
the column and Fig. 15 provides the different convergence charac-
teristics. The use of golden section optimization along with the New-
ton-Raphson convergence generates very stable convergence profiles.

The results obtained through the proposed MESH model are sub-
sequently compared with the results obtained through simulation
using ASPEN PLUS. Table 16 shows a comparison of the values
generated using the proposed model along with the simulation data
obtained through ASPEN PLUS. An excellent overall match with
ASPEN PLUS confirmed that the present formulation is satisfactory.
2. Embedding of Solid Formation Prediction Inside the Con-
vergence Loops

CO, and methane have quite high relative volatilities at normal
pressure, but at higher pressures CO, forms a solid phase inside the
distillation column during production of high purity methane. Fig. 16
illustrates the theoretical limits of methane purity which can be ob-
tained in a binary CO, and methane system at different pressures
without any additives. It is evident from the Fig. 16 that a suitable
predictor needs to be implemented in conjunction with the cryo-
genic distillation model for efficient and meaningful simulation inter-
pretations and results.

Eggeman and Chafin [31] used thermodynamics model sets for
the prediction of carbon dioxide freezing points. The Peng-Robin-
son equation of state was investigated along with the activity coeffi-
cient model based on the NRTL. The authors compared the prediction
with the experiment data given by Kurata [32]. ZareNezhad and

Table 14. Input specifications for model

Read (Xij, y,-j] OR K,‘, T,‘
and No of stages N

Generate entries using MESH equation |

¥

Solve the MESH equation using Gaussian
Elimination to generate new set of 1; vy, Lj, V;

Calculate ¥ D?

+—~»m

Calculate Jacobian matrix J=—

¥
Calculate to calculate new AX using Gaussian Elimination

v
Calculate new set of L;, V;, T;

¥
Calculate ¥ D ,+*=

‘—»s«m

Print lg . Vijs Li, vl Tis Xij > ¥

Fig. 12. Flowchart of algorithm for solution of multi-component
distillation model.

Eggeman [33] predicted carbon dioxide freezing points by using
Peng-Robinson equation of state along with the classic mixing rules.
The predicted data was compared with the GPSA Data Book and
with Kurata [32]. Carter and Luks [34] present a method for

Input specifications

Column pressure 64 atm No. of theoretical stages (including reboiler and condenser) 10
Feed composition X00,=0.6 Feed stage (from top) 5
Xep,=0.4 Reflux 1.2
Feed temperature -10°C Top flowrate 65 mol/h
Feed flowrate 100 mol/h Bottom flowrate 35 mol/h
Condenser temperature -50°C Reboiler temperature 40 °C (initial guess)

Korean J. Chem. Eng.(Vol. 31, No. 7)
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Table 15. Comparison of proposed cryogenic distillation model with ASPEN PLUS

Distillate Feed composition ASPEN PLUS Present work
flow rate CO, Top CO, Bottom CO, Top CO, Bottom CO,
60 0.7 0.5076 0.9886 0.4967 0.9996
0.9 No convergence 0.7769 0.9998
55 0.7 0.4672 0.9844 0.4394 0.9993
0.9 No convergence 0.7514 0.9998
50 0.6 0.3522 0.8478 0.3445 0.9983
45 0.7 0.3826 0.9597 0.3716 0.9983
0.8 0.5716 0.9869 0.5812 0.9910
40 0.6 0.4278 0.9896 0.4478 0.9913
1.2 1E+11
e SE+10
Liquid === Bottom flow rate 50 kmol/hr, 60% CO;
g 08 v GEHID — Bottom flow rate 55 kmol/hr, 70% CO;
E Vapor § =+ Bottom flow rate 55 kmol'hr, 80% CO;
-§ 0.6 § 4E+10 =+ Bottom flow rate 60 kmol/hr, 60% CO;
1
£ £
S o4 P 2E+10
0.2 ——Liquid and Vapor with feed at stage 3 0
«++=++ Liguid and Vapor with feed at stage 4
— -Liguid and Vapor with feed at stage 5
] -2E+10 T T T
0 2 4 6 B 10 12 0 1 2 3 4 5 6 7

Stage number

Fig. 13. Mole fraction variation of CO, with theoretical plate for
different feed location.

10
o4 e e ===
~ =10 4
g
2
=
s 20 -
E = Bottom flow rate 40 kmol'hr, 90% CO;
E‘ = - Bottom flow rate 45 kmol/hr, 80% CO3
= 30 4 === Bottom flow rate 45 kmol/'hr, 90% CO,
40 4
-50

0 2 4 6 8 10 12
Stage number

Fig. 14. Temperature variation with theoretical plates with differ-
ent feed composition.

describing solid-fluid phase equilibriums of a binary mixture using
Soave-Redlich-Kwong equation of state.

In the present work, all the experimental data available in litera-
ture was collected into an interpolation table and the prediction of
solid formation has been cross-checked at each iteration in conver-
gence and the solid formation zones have been identified and avoided.

It was observed that in the region in which Aspen Plus simulator

July, 2014

Iteration number

Fig. 15. Variation of X(discrepancies)’ with iteration number for
different CO, feed composition.
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14 i : ------ 40 bar
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P
' = 50 bar
'
1
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1
0.1 - et . :
-130 -110 -90 =70 -50 =30
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Fig. 16. Theoretical limit of CO, separation at different pressure
without additives. The shaded region indicates solid for-
mation [32].

with PR equation of state failed to converge, the indigenous model
with experimental thermodynamic correlation and with solid for-
mation prediction provided smooth convergence. This necessarily
shows that in cryogenic regions, the prediction of solid formation
and avoiding zones of solid formation during the iterative solution,
improves the convergence characteristics of cryogenic distillation
simulation.
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Table 17. Solid phase prediction at different distillate flow rates in cryogenic distillation column

Distillate flow rate Condenser temperature Top CO, Bottom CO, Predictor output
(kmol/h) (°C) (mole fraction) (mole fraction) P
40 -68.71 0.111 0.926 Solid phase exist
45 -67.37 0.117 0.995 Solid phase exist
50 —52.46 0.200 0.9996 Solid Phase avoided

—
=]
=]

A representative simple example of avoiding solid formation inside
the cryogenic distillation column during mathematical convergence
is given in Table 17. It is evident that increase of distillate flow rate
90 1 and reduction of condenser temperature avoided formation of sol-
ids CO, and a convergence result was smoothly obtained. Fig. 17
explains how solidification of CO, in the cryogenic distillation col-
umn can be avoided by increasing the distillate flow rate. It is evident
from this section that a predictor for avoidance of solid CO, needs
to be embedded in the optimizer in conjunction with the cryogenic

o
h

80

Saolid region

-
o

------ 45kmolh

Percentage of CO; (liquid) in bettom preduct

70 - 46kmalh distillation model or during execute of optimizer.
65 4 =+ «4Tkmolh
— 50kmolh
60 T ¥
-80 =70 -60 =50 -40 -30
Temperature °C

Fig. 17. Solid CO, avoidance by changing distillate flow rate. The
shaded region indicates solid formation [32].
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