Korean J. Chem. Eng., 30(6), 1187-1194 (2013)
DOI: 10.1007/511814-013-0042-7

Modelling and analysis of pre-combustion CO, capture with membranes
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Abstract—A pre-combustion CO, capture system was modelled with three different membranes. It comprised an amine
absorber for the elimination of H,S, high- and low-temperature water gas shift reactors for the conversion of CO to
CO, and a membrane to keep over 90% of the CO, in the retentate. The absorber and equilibrium reactors were modelled
using rigorous models, while the partial least squares model was used for three different types of membranes to predict
the experimental results. The effectiveness of the modelling of the reactors and membranes was tested through com-
parison of simulated results with experimental data. The effects of operating pressure and membrane type are also dis-
cussed, and it was found that using a smaller membrane under high pressure lowered the membrane’s cost but also

lowered energy recovery.
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INTRODUCTION

Carbon capture and storage (CCS) is essential to reducing CO,
emissions, with there being several types, including post-combus-
tion, pre-combustion and oxyfuel combustion. Post combustion cap-
ture involves CO, being captured from flue gas by scrubbing with a
recoverable amine solvent. Oxy combustion uses oxygen for com-
bustion instead of air, producing flue gas mainly comprising CO,
and H,O. Pre-combustion capture is used in gas turbine combined
cycles [1], and despite its name does not capture CO, before com-
bustion.

Absorption processes are commonly used, with chemical absorp-
tion using monoethanolamine (MEA) an important CO, capture
method for treating power plants’ flue gases [2]. However, much
work has focused on pre-combustion capture, which possesses im-
portant advantages. Franz and Scherer [3] reported pre-combustion
capture in coal fired power plants and focused on the application
of polymeric membranes for gas separation. Pre-combustion CO,
capture is often via an integrated gasification combined cycle IGCC),
since current atmospheric pressure post-combustion absorbers require
higher capital costs, and the cost of replacing degraded solvent makes
pre-combustion capture favorable for producing low-carbon elec-
tricity [4]. Pre-combustion capture requires smaller equipment than
post-combustion capture since it employs high CO, concentrations
and pressures, and different solvents can be used with low energy
penalties for regeneration [5]. Its main disadvantage is the very high
total capital costs of the generating facility.

Since its introduction in the 1980s, membrane separation has been
used both in the petrochemical industry and in the cleaning of natural
gas before transport. Polymer membranes have been commercially

"To whom correspondence should be addressed.
E-mail: mjpark@ajou.ac.kr

1187

successful in comparison with absorption processes or cryogenic
fractionation [6]. Membranes have great potential applicability for
both CO, and H, separation in gasification processes for various
reasons, including that the removal of gas through selective film
ensures high energy efficiency, low-volume equipment and low capi-
tal costs compared with conventional separation processes [7-9].
Scholes et al. [9] reported technical and design issues of the inclu-
sion of membrane gas separation in pre-combustion carbon cap-
ture as part of an IGCC.

However, there are few quantitative cost analyses of pre-com-
bustion CO, capture. Therefore, we applied conceptual modelling
to evaluate the effects of operation pressure and membrane type on
energy efficiency to find the best configuration and conditions for
pre-combustion CO, capture. An empirical PLS model is presented
for different membranes, with rigorous models being used for the
absorber, and equilibrium models being used for the reactors.

MATERIALS AND METHODS

Simulated gas, comprising CO, H, and CO, in a 65/30/5 ratio,
was used to evaluate the performance of the WGS reactor. Cata-
lysts for the high-temperature (HTS) and low-temperature (LTS)
water gas shift reactors were from Stid-Chemie Catalysts Japan Inc.
The composition for HTS catalyst (product name: SHT-4) was 86-
92 wt% iron oxide, 6-10 wt% chromium oxide, 0.1-2.0 wt% chro-
mium trioxide and 1.5-2.1 wt% copper oxide. The LTS catalyst (prod-
uct name: MDC-7) consisted of 40-44 wt% copper oxide, 44-50 wt%
zinc oxide and 7.0-13 wt% aluminum oxide. After the pressure stabi-
lized, heaters in each unit operation were manipulated until the speci-
fied temperatures were reached (steam heater: 250 °C, pre-heater:
400 °C, HTS heater: 380 °C, LTS heater: 220 °C). After reaching
steady pressure and temperature, an HPLC pump was used to pro-
vide water, and the generation of steam was confirmed in a by-pass
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line. Finally, the nitrogen gas was replaced by the simulated gas and
the reactor effluents were analyzed by gas chromatography (GC).

As the reactor stabilized, the temperature of the membrane was
also stabilized by flowing hydrogen gas at 20 bar. The Pd-Cu mem-
brane developed by the Korea Institute of Energy Research (KIER)
was set at 400 °C, and the commercial membranes were operated
at 300 °C, as recommended by their manufacturer (Nalson Co. Ltd.,
Japan). The thicknesses of KIER and commercial membranes were
4 and 20 pm, respectively; their areas, 16.6 and 70 (500) cm?’, respec-
tively. Both types of membrane had 40% copper compositions. The
effluent from the membrane was analyzed by GC and a non-disper-
sive infra-red (NDIR) analyzer.
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Fig. 1. A pre-combustion CO, capture system with membrane.
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RESULTS AND DISCUSSION

1. Pre-combustion CO, Capture System under Reference Con-
ditions

Fig. 1 outlines the pre-combustion CO, capture system with the
incorporated membrane considered herein. Streams were labelled
by the unit operations from which they originated. For example,
the stream labelled “COOLER_output™ represents the exit stream
from the COOLER operation. UniSim Design Suite (Honeywell
Inc.) was used for the simulations; detailed information on the streams
is listed in Table 1. Mole fractions were calculated excluding water
from the stream because the changes of CO, CO, and H, fractions
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Table 1. The main streams of pre-combustion CO, capture with the 70 cm* membrane

Vapour  Temperature Pressure  Molar flow Mole fraction®
Stream name .

fraction [*C] [kPa]  [kgmol/h] Cco H, CO, N, H,S MDEA
GASIFIER output 1 1400 3000 4.09 0.65 0.3 0.03  0.02 0 0
COOLER output 1 200 3000 4.09 0.65 0.3 0.03  0.02 0 0
HE 1 output 1 40 3000 4.09 0.65 0.3 0.03  0.02 0 0
Absorber_output 1 55.13 3000 4.01 0.66 0.3 0.02  0.02 0 0
HE 2 output 1 380 3000 4.01 0.66 0.3 0.02  0.02 0 0
Steam 1 384 3000 10.62 0 0 0 0 0 0
MIXER _output 1 380 3000 4.01 0.66 0.3 0.02  0.02 0 0
HTS_output 1 380 3000 6.58 0.01 0.58 0.4 0.01 0 0
HE 3 output 0.99 200 3000 6.58 0.01 0.58 0.4 0.01 0 0
LTS output 1 200 3000 6.66 0 0.58 041 0.01 0 0
HE 4 output 0.46 60 3000 6.66 0 0.58 041 0.01 0 0
Sep_output_vapor 1 60 3000 6.63 0 0.58 0.4 0.01 0 0
Sep_output_liq 0 60 3000 7.96 343e-5 1.75¢e-2 098 1.05¢-3 3.47e-5 2.56e-5
HE 5 output 1 300 3000 6.63 0 0.58 0.4 0.01 0 0
Tee out 1 1 300 3000 1.01e-2 0 0.58 0.4 0.01 0 0
Tee out 2 1 300 3000 5.19 1.11e-3 0.58 040 12le2 4.13e-6 1.1le-7
Permeate 1 304.1775 100 5.73e-3 0 1 0 0 0 0
Retentate 1 300 3000 4.41e-3 0 0.04 093 0.03 0 0

“Mole fraction of the dry gas; Water is excluded in the calculation of mole fraction
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through the units are the major concern of this work. Bold type num-
bers denote specified values; other values were calculated by the
process simulator.

The feed stream (“GASIFIER output™) is comprised of syngas
(CO and H,), CO, and N,. The total flow of 100 Nm’/hr and its com-
position (Table 1) are based on the coal gasifier operating at 1 ton
per day (TPD). Ca. 1,000 ppm hydrogen sulfide (H,S) is included
in the feed stream and an amine-based absorber should be consid-
ered for its removal to prevent poisoning of the catalysts in the water-
gas-shift (WGS) reactors. In the reference case, the pressure is main-
tained at 30 bar throughout the process units. The effects of operat-
ing pressure are discussed later.

Temperature changes along the unit operations are shown in Fig.
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2. Temperature abruptly decreases at the amine absorber and in-
creases prior to the high temperature WGS reactor (HTS). In the
case of exothermic reaction, equilibrium conversion is inverse to
temperature, and thus, the LTS reactor has higher equilibrium con-
version than HTS reactor. However, the HTS reactor is introduced
prior to the LTS reactor because of the faster reaction rates at its
higher temperature. This allows the reactors to occupy less volume
than if only an LTS reactor was used.

An amine absorber was designed using a sub-template (the “Amine
Absorber” in Fig. 1). Details of the process, composed of an absorber
and a stripper, are provided in Fig. 3. The absorber was specified to
reduce the amount of H,S from 1,000 ppm to 10 ppm, using methyl
diethanolamine (MDEA) absorbent. Other specifications are listed
in Table 2.

To maximize CO conversion, excess water was fed into the WGS
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LST reactor was operated at 200 °C. Local conversions in the HTS
and LTS reactors (conversions on the basis of feed conditions of
each reactor) were calculated to be 96.64% and 91.98%, respec-
tively. The global conversion was 99.73%. 98.78% conversion was
observed experimentally, demonstrating the satisfactory performance
of the model. It is worth noting that the equilibrium of both HTS
and LTS reactors was guaranteed by loading more amount of cata-
lysts than required for the reaction to reach the equilibrium. There-
fore, an equilibrium reactor was used for the simulation, and the
model showed less than 1% of error compared to the experimental
data.

Water in the LTS reactor’s effluent can deteriorate the separation
performance of the membrane and so should be eliminated by a
flash operation (V-100 in Fig. 1). Most of the water liquefied at 60 °C
and 30 bar, decreasing its presence from 54.6 mol% to 8.30x107
mol%.

2. Partial Least Squares Membrane Modelling

Multiple linear regression (MLR) is a general method of con-
structing models Y=£{(X) [10]. It can be represented mathematically
as:

Y=XB+E, O]

where X, Y, B and E,;, represent the regressor (or input) block,
the response (or output) block, the regression (or sensitivity) matrix
and the residual matrix, respectively. When the number of indepen-
dent variables (m) is lower than the number of samples (n), there is
no exact solution but an approximate solution can be determined by
minimizing the magnitude of the residual vector (E,, ). The least
squares solution is given by:

B=(X'X) ' XY )

This equation reveals a common problem in MLR, namely, the

Table 3. PLS modelling coefficients for each membrane”

J. H. Choi et al.

inverse of X' X may be difficult to compute if the input data block is
of high dimension and its elements are highly correlated, i.e., show-
ing collinearity or singularity. The partial least squares (PLS) approach
is an alternative that can overcome this problem.

PLS methods involve approximating the X and Y spaces with
their respective score matrices and maximizing the correlation be-
tween the original data blocks [10,11]. A simplified model involves
regression between the scores for the X and Y blocks. The PLS model
can be interpreted as consisting of outer relations (of the X and Y
blocks individually) and an inner relation (linking both blocks). The
outer relations for the X and Y blocks are:

X=TP +E=St,p/
= +E_hz1thph+E ©)

a
Y=UQ" +F*=Y u,q; +F* @)
h=1

Each pair of latent variables accounts for a certain amount of the
variability in the input and output blocks. The first a latent vari-
ables account for most of the variance of the data blocks and the
other latent variables capture measurement and/or process noise in
the data. Accurate description of Y (make |[F*|)) and the simulta-
neous construction of efficient representation between X and Y are
the objects of this model. A simple criterion for model building is
to use a threshold value for F*, but cross validation can be used to
determine the number of latent variables for a robust model [12].

The simplest model for the inner relation is the linear:

8,=by1, )

where b,=0,1,/t,t, is the regression coefficient in the multiple linear
regression (MLR) and the principal component regression (PCR)
models. The model for predicting output variables is constructed

Input
Size X, scaled X2, scaled X3 seaed (X1, waed)  Kaseatea) (X seated)” X1, scaledX2, scaled X1, scaled®3, scaled X2, scaledX3, scaled
Output
16.6 cm® V1. scated 0.0038 0.3545 0.0038 0.3487 0.2897
Y2, scaled 0.0038 0.3545 0.0038 0.3487 0.2897
Y3, scaled —-0.1731 0.4151 -0.1731 0.4078 0.2809
Y4, scatea —-0.0562 0.3855 —-0.0562 0.3791 0.2953
Ys, scated 03922 -0.4272 0.3922 -0.4188 -0.2185
70 cm? Y1, scated 0.0036 0.2066 0.1235 0.0011 0.2030 0.1234 0.1849 0.1343 0.1951
Yo, scated —-0.0004 0.2024 0.1287 —0.0030 0.1993 0.1285 0.1794 0.1381 0.1962
V3. seated —-0.1087 0.3451 -0.0215 -0.1080 0.3088 —0.0200 0.2719 —-0.0800 0.1689
Vi, scated 0.0044 0.3424 —0.2227 0.0060 0.2949 —0.2193 0.3174 —-0.2463 0.0369
Y, scated 0.1807 —0.2095 -0.1371 0.1804 —0.1938 —0.1365 -0.1179 -0.0610 —0.1988
500 cm? V1. scated 0.0406 0.3081 -0.2328 —0.8761 1.4394
Y2, scated 0.0406 0.3081 -0.2328 —0.8761 1.4394
Y3, scatea —-0.1052 0.3078 0.0380 0.9499 —0.3510
Y4, scated —0.0584 0.3448 —-0.0678 0.3195 0.3366
Ys, scatea 0.3083 —0.1410 0.0942 —-1.0824 0.8717

“Subscript i of x;: 1=pressure, 2=feed, 3=H,/CO, ratio; subscript i of y;: 1=flux, 2=flowrate of H, in the permeate, 3 & 4=flowrates of H, and
CO, in the retentate, respectively, S=fraction of CO, in the retentate. Subscript ‘scaled’ denotes the variables were scaled as X; ,....—=(X—m;)/
o, where m, and o; represent mean and standard deviation of data, respectively (cf. Table 6)
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Table 4. Scaling factors of means and standard deviations for PLS modelling

Pressure Feed Flux Permeance H, H, CO, CO,
Size Symbols [bar] [scem] H,/CO, [cm®/ [cm®/ (permeate) (retentate) (retentate) fraction
(cm?-min)] (cm* min)]  [sccm] [scem] [sccm]  (retentate) [%]
16.6 cm® m; 16.67 2.20E+03 60.80 1.00E+03 166.31 1.03E+03 87.94
o 5.16 1.19E+03 29.69 492.82 152.69 564.06 4.97
70 cm? m; 890  2.55E+02 2.38 16.71 1.14E+03 600.88 803.43 61.91
o; 2.02 1.36E+03  1.30 8.81 621.64 517.07 439.96 13.64
500 cm? m; 1423 1.13E+04 6.46 3.23E+03  3.55E+03 4.52E+03 58.95
G; 4.00  7.35E+03 3.59 1.80E+03  3.14E+03 2.94E+03 6.78
150 " 2000 8
(a) Flux [cc/em?/min] /// (b) H, (permeate) [sccm] (c) Permeance [cc/cm?/min/bar]
120 4 . // 1500 6
s e s =
® 901 e m [}
p< 7 T 1000 T4 *
& oo o g 5 b
/// ¥=0.970X+1.807 500 Y¥=0.970X+29.99 2 Y¥=0.959X+0.337
30 ) /”
0 % . . . . | 0 0
0 30 60 90 120 150 0 500 1000 1500 2000 0 4 8
Exp data Exp data Exp data
600 : 2000 - 100
(d) H, (retentate) [sccm] A (e) CO, (retentate) [sccm] / (f) CO, fraction (retentate) [%]
450 1 // 1500 / 05 . //
s " s 4 = d
3 300 4 / 3 1000 / 3 90
E . 7 E * E
7] pd o / 7]
150 4 ’/’ Y¥=0.938X+10.36 500 /."/ Y=0.992X+7.758 85 Y=0.977X+6.360
. e
0 . . . } 0 -~ 80 . . .
0 150 300 450 600 0 500 1000 1500 2000 80 85 90 95 100
Exp data Exp data Exp data

Fig. 4. Parity plots of (a) Flux [cc/cm*/min], (b) H, in permeate [sccm], (¢) Permeance [cc/cm’/min/bar], (d) H, in retentate [sccm], (e)
CO, in retentate [sccm], and (f) CO, fraction in retentate for the 16.6 cm* membrane.

applying the PLS algorithm in linear regression form as follows
[13]:

§,=x'b ©)

Three different membranes are considered here, with areas of
16.6 cn?, 70 em® (reference), and 500 cm?. The reference membrane
had pressure (x,), feed flow rate (x,) and H,/CO, ratio (x;) included
in the input data block (X); they were varied between 6 and 12 bar,
750 and 6,000 sccm and 1 and 4, respectively to obtain 29 experi-
mental data. The H,/CO, ratio was fixed at 1.5 for both the other
two membranes; the numbers of experimental conditions were 6
and 13, respectively. Squared terms and cross-products were included
in the input vector to address the nonlinearity of the relationship.
The output data block (Y) included five properties: flux in cc/cm®/
min (y,), flow rate of H, in the permeate (y,), flow rates of H, (y;) and
CO, (y,) in the retentate and the fraction of CO, (ys) in the retentate.

The input and output data blocks were scaled to prevent ill-condi-
tioning problems resulting from the variables’ different orders of
magnitude; all the variables were scaled to have zero means and
unity variances. Two latent variables were required to cover more
than 98% and 95% variances of the input and output blocks, respec-

tively, when considering the smallest membrane. The other mem-
branes each required three. The resulting relationships between the
input and output blocks are listed in Table 3, the scaling factors in
Table 4. Figs. 4-6 compare the experimental and simulated results
and clearly demonstrate the satisfactory performance of the PLS-
based model.
3. Effects of Operating Pressures

Under reference condition, pressure was assumed to be main-
tained at 30 bar throughout the entire operation. However, opera-
tion at high pressure can adversely affect a reactor and create large
pressure differences between the absorber and stripper, increasing
energy consumption. To assess the effects of operating pressures
on energy efficiency, simulations were conducted at 10, 20 and 30
bar. Energy recovery was calculated by subtracting the energy re-
quired for heating from the heat produced by the units (Fig. 7). Much
heat was released from the coolers and the HTS reactor. The large
difference in the energy required by the smallest membrane and
the others (¢/ HEATER 2 (16.6) and HEATER 2 (70 & 500) in
Fig. 7(a)) was attributable to their different operating temperatures
(400 °C for 16.6 cm® vs. 300 °C for 70 and 500 cm®), while pres-
sure was shown to have little effect. As a result, energy recoveries

Korean J. Chem. Eng.(Vol. 30, No. 6)
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Fig. 5. Parity plots of (a) Flux [cc/cm*/min], (b) H, in permeate [sccml], (c) Permeance [cc/em?*/min/bar], (d) H, in retentate [sccm], (¢) CO,
in retentate [sccm], and (f) CO, fraction in retentate for the 70 cm’> membrane.
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Fig. 6. Parity plots of (a) Flux [cc/cm?*/min], (b) H, in permeate [sccm], (c) Permeance [cc/cm*/min/bar], (d) H, in retentate [scem], (¢) CO,
in retentate [sccm], and (f) CO, fraction in retentate for the 500 cm’ membrane.

using the reference and largest membranes were higher than when
using the smallest membrane due to their lower operating tempera-
ture. Operation at low and high pressures (10 and 30 bar) released
more heat than the energy requirement.

Pressure also affects the number of membranes. Using the model
in Table 3, the feed flow rate required to keep 90% of the CO, in
the retentate was calculated under the corresponding conditions.
The total number of each membrane was then calculated by divid-
ing the total flow rate by the calculated feed flow rate. The number
of membranes was then multiplied by the unit price (Table 5) to
give the total membrane cost for each membrane under each oper-

June, 2013

ating pressure (Fig. 8). For the largest membrane, no flow rate could
satisfy the condition at 10 and 20 bar. Since increased pressure could
enhance the membranes’ separation performance, higher pressures
led to fewer membranes of any type being required. The smallest
membrane showed the lowest membrane cost. It is worth noting
that the use of small membranes to satisfy the required CO, fraction
in the retentate may limit the application of membrane separation
to the process with extremely large capacity. However, given the
efficiency of the membranes, the process in the present study may
be comparable to other CO, capture process.

The above discussion shows that high pressure is preferred for
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Table 5. Numbers of each membrane under the specified pressures
for 90% of CO, in the retentate

Size  Pressure [bar] Numbers Unit price [KRW/unit]
16.6 cm? 10 1,169 585,008
20 2,053
30 20,798
70 cm® 10 655 5,824,476
20 1,025
30 3,006
500 cm’ 10¢ - 17,620,713
20¢ -
30 227

“The condition of 90% of CO, in the retentate could not be satisfied
at these pressures

better energy recovery and membrane cost and that smaller mem-
branes lowered capital costs at the expense of operating costs. Since
this work considered only energy recovery, which partially includes
whole operating expenses, further study may be required to esti-
mate operating costs more accurately under a variety of conditions.
In addition, instead of heat exchangers (HX), heaters and coolers
were considered here for simplicity, indicating that additional opti-
mization is required to maximize the energy efficiency of an HX
network (HEN). Another factor to be considered is the feed com-
position of the reactor. An H,O/CO ratio of 4 was assumed for the

20

o 16.6 cm?

= ::g . m70 cm?

:>:<:_ 14 ® 500 cm?

Z 1o

o= 1

o 10

§X 8 -

o 6

5 4 |

N
0
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Pressure [bar]

Fig. 8. Membranes’ costs under various operating pressures.

complete conversion of carbon monoxide, but too much steam may
greatly increase the expense of removing water before the mem-
branes. However, this work clearly shows that the optimal operat-
ing pressure and the size of the membranes should be considered,
since they significantly affect the capital and operating costs of pre-
combustion CO, capture.

CONCLUSIONS

The entirety of a pre-combustion CO, capture process was mod-
elled by combining rigorous modelling with an empirical partial
least squares model. Operating pressure was shown to affect the
process’s energy efficiency and the manufacturing cost of the mem-
branes. The smallest membrane considered (16.6 cm?) was the least
expensive, and high-pressure operation decreased the number of
membranes required. However, it showed worse energy recovery,
i.e., efficiency. Overall this modelling approach was shown to be
suitable for assessing the optimal configuration and operating con-
ditions of the considered system.
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