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HIGHLIGHTS

e Sorption-enhanced water-gas shift
(SEWGS): H2 from syngas in single
unit operation.

e SEWGS cycle design based on recently
published CO, and H,O interaction
with K-HTC.

e Adsorption of steam during rinse
enhances CO, product purity.

e Cycle consumes significantly less
steam than previously reported cycle
designs.
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Sorption-enhanced water-gas shift (SEWGS) combines the water-gas shift reaction with in situ
adsorption of CO, on potassium-promoted hydrotalcite (K-HTC) and thereby allows production of hot,
high pressure H, from syngas in a single unit operation. SEWGS is a cyclic process, that comprises high
pressure adsorption and rinse, pressure equalisation, and low pressure purge. Here, results are presented
of a SEWGS cycle design study, based on recently developed expressions for the interaction of CO, and
H,0 with K-HTC. It is shown that during the cycle, steam adsorbs in the rinse step and desorbs during
the subsequent reduction in pressure, thereby improving the CO, purity in the column and thus
enhancing the efficiency of the rinse. A parameter study based on numerical simulations shows that the
carbon capture ratio depends mainly on the purge steam to carbon feed ratio, whereas the CO, product
purity depends mainly on the rinse steam to carbon feed ratio. An optimisation yields a SEWGS cycle
that consumes significantly less steam than cycle designs previously reported in the literature.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

renewable energy is increasing rapidly, energy efficiency is being
improved, and in parts of the world gas is replacing coal in power

Against a backdrop of rising atmospheric CO, concentration, an
intensified greenhouse gas effect, and accelerating climate change,
political bodies on many levels have expressed commitment to
curb CO, emissions. In line with these ambitions, deployment of
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generation. Nevertheless, in a striking contrast energy related CO,
emissions continue to increase, reaching a record high of 31.6 Gt in
2012 due to the steady increase in fossil fuel consumption (Birol,
2013). Clearly, additional measures are required for a timely,
technically and economically feasible transition to a low carbon
energy system. One such measure would be capture and geological
storage of CO, (CCS). CCS could be effectively applied to coal and
gas fuelled power plants, as well as to fossil fuel consuming
industries. Whereas it has been proposed since the late 1980s,
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the implementation of CCS has been hampered mainly by political
and economical challenges (Metz et al., 2005; Birol, 2013). Clearly,
the economical prospects of CCS would benefit greatly from a
reduction in the cost of capture, being the most expensive part of
the CCS chain, and/or an increase in the price of CO, emission
allowances.

One process scheme with a high potential of bringing down the
cost of CO, capture is integrated precombustion CO, capture and
hydrogen production by sorption-enhanced water-gas shift
(SEWGS). SEWGS combines the water-gas shift (WGS) reaction
(1) with in situ adsorption of CO, (2), at about 300-500 °C and
10-40 bar.

CO+H,0=C0,+H, AH%5q5 = —41 k] mol ™! 1)
CO; +e=CO;—e (2)
H,0+e=H;0—e 3)

A potassium promoted hydrotalcite (K-HTC) catalyses the WGS
reaction (1) and is capable of reversibly adsorbing CO, (Hufton
et al.,, 1999; Yong et al., 2002; Lee et al., 2008; Boon et al., 2014).
Relatively pure CO, is released during regeneration of the K-HTC.
Because of the periodic loading and regeneration of the sorbent, a
state of the art SEWGS process comprises multiple columns which
are operated in pressure cycles, resembling the cycles of a pressure
swing adsorption (PSA) process and allowing the production of
continuous product streams (see Fig. 1). After the adsorption step,
a CO, or H,O rinse is performed to improve the CO, product purity,
by preventing the loss of efficiency due to the slip of H, into the
CO, product. Depressurisation is followed by a steam purge to
allow a high recovery of CO, and to enhance sorbent regeneration.
The detailed discussion of all steps in the SEWGS cycle continues
below. Thus, the overall process directly converts syngas into
separate streams of H, at 10-40 bar and CO, at lower pressure,
both at 400 °C. The SEWGS process is therefore exceptionally
suited for precombustion CO, capture, and hence mitigation of
greenhouse gas emissions. In fact, Manzolini et al. (2013a) have
recently shown that for a coal fuelled IGCC power plant, the cost of
CO, avoided can be brought down with SEWGS by 15% or more,
compared to state of the art precombustion CO, capture by
Selexol, to 31-33€tg, (K-HTC sorbent alpha: —15%) or even
23—25€th12 (K-HTC next generation sorbent beta, —35%). Excluding
CO, compression, the costs of CO, capture with SEWGS were
shown to come mainly from investment costs (55% of the
increased cost of electricity) and additional fuel costs for produc-
tion of high-pressure rinse steam and low-pressure purge steam
(23% of the increased cost of electricity)—the economy of the
SEWGS process is dominated by investment cost and steam
consumption.

Although the concept of SEWGS is not new (Chemische Fabrik
Griesheim-Elektron, 1915; Giilker, 1927; Gluud et al., 1931), a major
breakthrough in efficiency since the early twentieth century came
with the development of K-HTC sorbent, a sorbent (Hufton et al.,
1999) that can be efficiently regenerated by pressure swing. Since
then, considerable progress has been made in the materials
science behind the sorbent, in understanding the sorbent-sorbate
interaction, and in the development of SEWGS cycles—all in all
SEWGS is now classified on NASA's technology readiness level 5-6
(Jansen et al., 2013). Firstly, in sorbent preparation, it has been
shown that the Mg:Al ratio of the sorbent plays a crucial part
(Oliveira et al., 2008). Depending on this ratio and operating
conditions, bulk MgCOs can be formed during adsorption, which
leads to very high capacities (Walspurger et al., 2010; Marono
et al., 2013), yet at the same time gives rise to CO, slip and loss of
mechanical integrity in a SEWGS cycle (van Selow et al., 2009b).
Secondly, sorbent-sorbate interaction has been the subject of
many studies, indicating that different sites and mechanisms on
the sorbent may play a role in the adsorption of CO, (2) and H,0
(3) at the relevant temperature and partial pressure levels (Lee
et al., 2007; Ebner et al.,, 2007; Oliveira et al., 2008; Walspurger
et al,, 2010, 2011; Wang et al., 2012; vanSelow et al., 2013; Wu
et al., 2013; Marono et al., 2013; Marono et al., 2014; Boon et al.,
2014). Thirdly, SEWGS cycles have received less attention so far.
Allam et al. (2005) have developed a SEWGS cycle in which the
adsorption step is followed by a high pressure rinse with repres-
surised CO, product, in order to remove syngas species present in
the column voids and enhance the CO, product purity. In model-
ling studies by Wright et al. (2009) and van Selow et al. (2009a),
the use of rinse steam instead of CO, was shown to significantly
improve the efficiency of the cycle. Reijers et al. (2011) have
simulated a steam rinse cycle and shown the importance of rinse
for the CO, product purity and the CO, recovery to increase with
increasing purge. For 90% carbon capture ratio and 98% CO, purity,
they found an optimum S/Cinse Of 0.55 and S/Cpyge Of 1.3. For
sorbent alpha, Gazzani et al. (2013) used a S/Cinse Of 0.44 and a
S/Cpurge Of 1.06 in order to obtain 95% carbon capture ratio and 99%
CO, purity. Wright et al. (2011) have shown that a significant
improvement can be made to decrease steam consumption by
increasing the number of pressure equalisation steps from one to
three, although this must be balanced with higher investment
costs because of the larger number of columns. They arrived at a
total S/C of 1.9 for precombustion CO, capture in an IGCC. Jansen
et al. (2013) have shown the impact of purge steam on the carbon
capture ratio, and of both S/Cyinse and S/Cpyurge 0N the CO, purity.

The state of the art SEWGS cycle follows a number of steps that
govern the performance of the process. The steps are schemati-
cally shown in Fig. 1 for the SEWGS cycle proposed in the current
work, aiming at a high carbon capture ratio and CO, purity for a
power plant configuration. First, during the adsorption step,
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Fig. 1. 11-step SEWGS cycle with co-current steam rinse.
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syngas is converted at high pressure through WGS (1), while CO, is
adsorbed (2). Then, a high pressure rinse is performed, in which
part of the unconverted syngas in the column is replaced by H,0.
The use of rinse originates from PSA cycle design (Yang, 1987) and
is known to improve the CO, purity. During the rinse, additional
H, product is produced. After the rinse step, a number of pressure
equalisation steps are carried out, in which a high pressure column
is connected to a lower pressure column, in order to exchange gas
from columns at higher pressure to columns in a lower pressure
part of the cycle. This serves to reduce the amount of gas fed to
the column for repressurisation. Additionally, the rinse gas is
expanded causing syngas, that would otherwise become impu-
rities in the CO, product, to be transported to another column that
can use it in the upcoming adsorption step. During the depressur-
isation step, relatively pure CO, product is collected. In order to
further desorb CO,, a low pressure purge step follows. Once
sufficient CO, has been recovered, the column is repressurised,
first by pressure equalisation and finally by repressurisation with
H, product, or alternatively with syngas. For the overall SEWGS
cycle, the design criteria are generally formulated in terms of the
carbon capture ratio, the amount of CO, product recovered divided
by the amount of CO and CO, fed, and the CO, purity. The former
quantifies the amount of carbon that can be captured from the
feed. The latter is important mainly because any H, and CO that
end up in the CO, product will reduce the efficiency of the process.
The performance of the cycle within these design criteria can be
expressed in three dependent variables: (1) productivity, the
amount of CO, produced per unit time per amount of sorbent,
(2) rinse steam consumption (S/Cinse), the amount of steam used
in the rinse relative to the amount of CO and CO, fed, and (3) purge
steam consumption (S/Cpyrge), the amount of steam used in the
purge relative to the amount of CO and CO, fed. The optimal
SEWGS cycle would consequently minimise cost (CAPEX) and
energy penalty (OPEX), by optimisation of the total steam con-
sumption and productivity.

The development of a SEWGS cycle requires a prolonged endea-
vour, based on the three fields designated above. In terms of sorbent,
the cause and conditions of detrimental MgCOs; formation (van
Selow et al., 2009b; Walspurger et al., 2010, 2011) has been studied,
and a stable successor was developed (sorbent alpha, Gazzani et al.,
2013). It has been shown that the K-HTC sorbent is sufficiently
catalytically active for the WGS reaction, so an additional catalyst can
be omitted (van Dijk et al., 2011; vanSelow et al., 2013), and that the
CO,-sorbent interaction is not affected by H,S and other impurities
(van Dijk et al., 2011; Jansen et al., 2013). In terms of understanding
the sorption equilibrium, the role of potassium sites has been
elucidated (Walspurger et al., 2008). Recently, a new adsorption
isotherm has been presented that encompasses the SEWGS partial
pressure range for CO, and H,O on K-HTC, based on preferential
surface adsorption and competitive nanopore adsorption (Boon et al.,
2014). In terms of cycle design, the improved performance of the H,0
rinse, when compared to the CO, rinse has been addressed (van
Selow et al, 2009a), and the importance of several operating
parameters has been assessed (Reijers et al., 2011). A logical next
step in SEWGS development is an evaluation of the cycle perfor-
mance with the improved adsorption isotherm.

The current work aims to evaluate the performance of the
SEWGS cycle with the newly developed isotherm, i.e. including
both surface adsorption and competitive nanopore adsorption for
CO, and H,0. A state of the art SEWGS cycle is used, with
9 columns, co-current rinse, and three pressure equalisations.
Simulation results will be discussed in terms of the effect of
operating conditions (cycle time, rinse steam flow rate, and purge
steam flow rate) on the cycle performance (carbon capture ratio
and CO, purity). Based on these data, improved operating condi-
tions in terms of productivity and steam consumption are

identified. Finally, the impact of competitive adsorption of CO,
and H,0 on the performance of the SEWGS cycle is discussed.

2. Methods

A reactor model for a single SEWGS column, based on a binary
adsorption isotherm and linear driving force mass transfer kinetics
has recently been published by Boon et al. (2014). Additional
relevant aspects, as well as implementation of the SEWGS cycle
model are discussed below.

2.1. SEWGS isotherm and column model

Boon et al. (2014) derived a new isotherm for the adsorption of
CO, and H,O on K-HTC. The isotherm is based on additive
contributions of surface and nanopores for the adsorption of CO,
and H,O0. Surface sites are specific in the sense that they adsorb
either CO, or H,0, as described by Langmuir and Freundlich
isotherms, respectively. Competitive adsorption occurs in the
nanopores, which is described using a Dubinin-Astakhov equation
based on volume filling theory. The isotherm (Eqgs. (4)-(6)) is
plotted in Fig. 2. Throughout the partial pressure range, the
adsorption of CO, is only slightly affected by the steam partial
pressure. Steam adsorption, on the other hand, does significantly
depend upon the CO, partial pressure, particularly for steam
partial pressures over 10 bar.

eq _ 9co,Kco,Pco, | Aco,(Vo—VoAn,o0)

- 4

€% 1+Kco,Pco,  Vm.co,(1—Aco,An,0) “
A Vo—VoA

G0 = KioPii,o+ 1,000~ Yoleo,) (5)

Vm,1,0(1—Aco,AH,0)

e[l

Column model equations are summarised in Tables 1 and 2. The
intraparticle mass transfer resistance is described by a linear
driving force, as discussed by Boon et al. (2014) and constitutive
equations have been taken from the literature (Bird et al., 1960;
Ruthven, 1984; Westerterp et al., 1987; Yang, 1987; Poling et al,,
2001). Model parameters specific for the SEWGS process are
summarised in Table 3. The geometry of the SEWGS columns
was not varied; the column dimensions used by Gazzani et al.
(2013) were taken as representative of industrial size SEWGS
columns. Model validation and numerical solution strategy were
discussed before (Boon et al., 2014).

1.6 T P~n =0
400°C <
141 Peo =5 bar
12}
v
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X =20 bar
5 08f - Peo
£
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04}
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Fig. 2. Adsorption isotherm for CO, (red) and H,O (blue) (Boon et al., 2014). (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this article.)
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Table 1
Column model equations.

Continuity dp _ opv 1—¢ N A
FrAR I ap XiMiN;
Momentum 0= _op 7fp|u\u B
0z dp
Heat balance oT C
(eprp +(1— sb)ppcp,pjﬁ
B oT o (oT\ 4U(Ty—T)
= pCpuE +& (15)4—7%
dg:
—(1—eppp ((*AHI‘)TWGS +2i (*AHa.x‘ qutl>)>
Mass balance dpwi)  dpvwi 0 dw; 1—ep D
o0 oz &( ZPE>+ o PMiNi
Table 2
Intraparticle equations.
Intraparticle iy E
mass balance de kuori (Cincs = (€1))
LDF mass transfer ki — 15Dy, F
coefficient LDE = r(ep+rp o)
Multicomponent @) =flcr. N G

isotherm

Table 3
SEWGS process parameters.

L 122 m

de 3.66 m

Tovall 400 °C

Pp 1329 kg m 3

. 0.38

. 0.65

dp 4.75 mm

o, 0.45 mol kg~ !
Kco, (673 K) 28 MPa~!

Eco, 23 kJ mol !
Mco, 5.2

Ku,0(673 K) 0.37 mol kg ' Mpa~ /1
n 19

Enyo 12 kJ mol !
Mi,0 3.6

Vo 74 cm® kg ™!
Cop 1048 J kg ' K~
AH, co, —65 k] mol~!
AH, 1,0 —50 k] mol~!

2.2. Pressure swing SEWGS cycle

The single column model was extended to simulate consecu-
tively all steps of a complete SEWGS cycle for CO, capture in an
IGCC power plant. The SEWGS cycle consisted of 11 steps:

. adsorption,

. co-current steam rinse,

. pressure equalisation 1 (providing step),
. pressure equalisation 2 (providing step),
. pressure equalisation 3 (providing step),
. depressurisation,

purge,

. pressure equalisation 3 (receiving step),
. pressure equalisation 2 (receiving step),
. pressure equalisation 1 (receiving step),
. repressurisation.

SOOIV AWN~

—_
—

Cycle timing for 9 columns in parallel is depicted in Fig. 3, showing
two columns concurrently in adsorption mode and timing of the
pressure equalisation steps. Similar cycles with co-current CO,

rinse and counter-current H,O rinse were proposed by van Selow
et al. (2009a). Boundary conditions are shown in Table 4. Power
plant model data presented by Gazzani et al. (2013) were used for
the feed conditions.

H,S and other impurities that can be present in the feed as well
as in the rinse and purge steam are not accounted for explicitly.
H,S adsorbs on basic metal oxides such as K-HTC. Toops and
Crocker (2008) have elucidated different mechanisms to contri-
bute to the capacity of HTC for H,S adsorption at room tempera-
ture, including dissociative surface adsorption and incorporation
of >~ in the metal oxide matrix. A similar mechanism to the latter
was observed for the adsorption of COS, among the formation of
other, more complex sulphur species. Van Dijk et al. (2011) have
shown in lab scale tests at 400 °C that K-HTC captures CO, and H,S
simultaneously, proposing two types of sites. On one type, either
CO, or H,S can adsorb, on the other only H,S can adsorb,
potentially involving the formation of metal sulphides. The net
effect for a SEWGS cycle is that H,S will end up in the CO, product.
Indeed, van Selow et al. (2013) have demonstrated the combined
capture of H,S and CO, from syngas in bench scale tests. Finally,
experiments with various impurities under SEWGS conditions
have shown that COS is hydrolysed and adsorbed as H,S, CHy is
neither converted nor adsorbed and will therefore end up in the
H, product stream, and NH; and HCN are partially captured
(Jansen et al., 2013). In conclusion, neither of these impurities will
upset the SEWGS cycle, which will produce a H, product stream
with low contents of CO,, COS and H,S and a CO, product stream

Numerically, a single column is simulated in time while connect-
ing steps are temporarily stored in a spreadsheet file. Timing is
controlled by setting the total cycle time and division over the steps
as indicated by the relative duration in Table 4. The simulation
continues for a number of cycles until cyclic steady state is reached.
Depending on the initial state of the column, 20-30 cycles are
typically required for the amount of CO, in the column and the
pressure levels of the equalisation steps to converge and for the
SEWGS process to reach cyclic steady state. In order to save time, the
column is divided relatively coarsely into 200 finite differences, but it
was verified that a more refined grid of 400 points yielded the same
results.

After the adsorption step, a co-current H,O rinse displaces part
of the unconverted syngas near the column inlet and produces
additional H, product (Fig. 1). Then, three subsequent top to top
pressure equalisation steps are performed, in which the high
pressure columns are connected to the low pressure columns.
After the pressure equalisation steps, the CO, product is recovered
in the depressurisation and purge steps. During the purge, steam is
fed to the column to lower the CO, partial pressure and enhance
sorbent regeneration. Then, the pressure in the column is
increased in steps. First, in three pressure equalisations, the
column is fed from the providing high pressure columns. The final
pressures of the columns in these steps are the result of the
simulation and depend on the initial pressure, feed conditions, and
mass exchange with the sorbent. Finally, the repressurisation step
is done by taking part of the H, product.

The simulation is run with the standard parameters detailed
above (Tables 3 and 4). As explained in the introduction, the
performance indicators of the SEWGS process are formulated in
terms of carbon capture ratio and CO, purity. After identifying a
case near the optimum, additional simulations were performed to
test the behaviour of the SEWGS process as a function of the
adsorption isotherm. Firstly, a simulation was performed without
adsorption of steam (qy,o = 0). Then, a series of simulations was
performed in order to study the effect of the linear driving force
intraparticle mass transfer coefficient on the performance of the
SEWGS cycle.
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Column 1 adsorption | rinse peql | peq2 | peq3 | dep purge | peqg3 | peq2 | peql | rep
Column2 | peql| rep adsorption rinse peql | peq2 | peq3 | dep purge peqg3 | peq2
Column 3 | peq3 | peq2 | peql | rep adsorption rinse peql | peq2 | peq3 | dep purge

Column 4 purge peq3 | peq2 | peql | rep adsorption rinse peql | peq2 | peq3 | dep purge
Column 5 purge peq3 | peq2 | peql | rep adsorption rinse peql | peq2 | peq3 | dep
Column 6 | peq3 | dep purge peq3 | peq2 | peql | rep adsorption rinse peql | peq2
Column7 | peql | peq2 | peq3 | dep purge peq3 | peq2 | peql | rep adsorption rinse
Column 8 rinse peql | peq2 | peq3 | dep purge peq3 | peq2 | peql | rep adsorption
Column 9 adsorption rinse peql | peq2 | peq3 I dep | purge peqg3 | peq2 | peql | rep | adsorption
zﬁ:;;ii\fn 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18 1/18

Fig. 3. 9 columns for 11-step SEWGS cycle with co-current H,O rinse and counter-current H,O purge.

Table 4
SEWGS cycle boundary conditions for a single train
of 9 columns.

Feed
Relative duration 4/18
Fm 15.05kgs~!
Dout 24 bar
WAr 0.008
®h,0 0.276
oy, 0.036
wco 0.071
wco, 0.544
N, 0.065

Rinse
Relative duration 2/18
Fmn Varied
Pout 24 bar
®H,0 1

Pressure equalisation 1-3
Relative duration

Pout

Depressurisation

1/18
Interpolated

Relative duration 1/18

Dout Interpolated
Purge

Relative duration 4/18

Fm Varied

Dout 1.1 bar

®H,0 1

Pressure equalisation 3-1

Relative duration 1/18

Fm From providing steps
Repressurisation

Relative duration 1/18

Fm interpolated

2.3. Parameter study

A parameter study was done in order to evaluate the perfor-
mance of the SEWGS cycle under different operating conditions.
Aiming at 95% carbon capture ratio and 99% CO, purity, the
performance data from EU FP7 Caesar project reported by
Gazzani et al. (2013) is used as a starting point: S/Cinse=0.44,
and S/Cpurge=1.06 (‘Case 0’). Around the starting point, simula-
tions are run for cycle times in the range of 200-750 s, S/Ciinse
0.001-0.5, and S/Cpyrge 0.001-2. When changing the total cycle
time, the relative duration of each step and the feed flow rate are
not changed. Each of the conditions yields a cyclic steady state
with carbon capture ratio and CO, purity values. The performance
data are then interpolated in order to find solutions that match the
criteria of 95% carbon capture ratio and 99% CO, purity. Rather
than a rigorous optimisation in a mathematical sense, this is a
heuristic parametric analysis of the SEWGS cycle.

100.2 1

100 =

99.6

Cyclic steady state [%]

99.4

99.2 -

99

50 100 200
Number of grid points

Fig. 4. Cyclic steady state simulation result as a function of grid size, relative to
result with 400 grid points (Case 1; 400 grid points yields carbon capture ratio
0.9666, CO, purity 0.9960).

3. Results and discussion
3.1. Pressure swing SEWGS cycle

Out of the simulation conditions, the simulation with cycle
time 700 s, S/Crinse 0.06, and S/Cpurge 0.1 (‘Case 1') using 200 grid
points was repeated with 50, 100, and 400 grid points. As shown in
Fig. 4, the obtained CO, purity in cyclic steady state was sensitive
to the used number of grid points, which appears to be related to
the role of relatively sharp concentration profiles in the rinse and
subsequent depressurisation steps (see the discussion on rinse
below). Between 200 and 400 grid points, no significant difference
(< 0.01%) exists and the former was chosen to perform the cycle
simulations presented here.

3.1.1. SEWGS cycle steps

The evolution of the CO, mole fraction and CO, and H,0 solid
loading during the Case 1 SEWGS cycle in cyclic steady state is
detailed in Fig. 5, the pressure profile is shown in Fig. 6. During
adsorption, as syngas is fed, the CO, profile advances through the
column while CO, adsorbs. Before large amounts of the CO, can
reach the column outlet, in order to prevent a deterioration in
carbon capture ratio, the adsorption is stopped and a co-current
H,O rinse is performed. The H,O strongly adsorbs, yet some of the
CO in the column is already displaced. The well known roll-up
(roll-over) effect, in which a weaker adsorbate is displaced by a
stronger adsorbate (Yang, 1987), is witnessed by the increase in
CO, concentration just before the H,O front. The roll-up effect is
rather subtle, which is due to the relatively modest impact of
steam upon the amount of CO, adsorbed (see Fig. 2) when
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Fig. 5. Concentration profiles during SEWGS cycle, Case 1. (a) Adsorption, yco,. (b) Adsorption, qco,. (¢) Adsorption, qy,q. (d) Rinse, yco,. (€) Rinse, qco,. (f) Rinse, qy,o.
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increasing the steam partial pressure from 7.3 bar in the feed to
24 bar in the rinse. A significant amount of steam is adsorbed,
severely limiting the progress of the H,O front in the column.
During the subsequent pressure equalisations, however, the col-
umn pressure decreases and significant amounts of the adsorbed
CO, and H,O are released as can be seen from the adsorbed
concentrations at the start of the depressurisation. Remarkably,
little of the CO, released has been transferred to another column

during the pressure equalisation steps. Rather, it has been read-
sorbed further downstream in the column. This, of course, is an
important precondition in order to achieve a high carbon capture
ratio during the next cycle. Finally, the bulk of the CO, desorbs and
the product CO; is collected during the depressurisation and purge
steps that follow. The majority of the CO, is recovered during
depressurisation. During the steam purge still more CO, desorbs,
and is largely recovered as CO, product, although significant
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Fig. 6. Column pressure development over the 11-step SEWGS cycle, Case 1.

amounts of CO, remain both in the gas phase and adsorbed.
However, the top of the column is well cleaned, with gcq, —0.
In the following steps, pressure equalisations (without CO,, as
explained above) and repressurisation with H, product leave the
top of the column free from CO, while building up the pressure in
the column. CO, that was still adsorbed at the end of the purge
step remains adsorbed. The gas phase concentration and solid
loading at the start of the adsorption step show that the increasing
pressure causes readsorption of the CO, from the gas phase. The
top of the column remains CO, lean, and H, can be produced again
in the adsorption step at a high carbon capture ratio. So, the purge
steam effectively functions to free the top part of the column from
CO,, allowing to maintain a high carbon capture ratio. Except for
the depressurisation and the start of the purge step, there is no
significant pressure drop over the column (Fig. 6).

3.1.2. Cycle performance

The single column performance, discussed in the previous
section, forms the basis for the performance of the 9 column
SEWGS train. In terms of feed and product streams, a single
column operates in transient mode. Nine columns in parallel,
however, always have 2 columns in adsorption and in purge
(Fig. 3). Continuous streams of H, and CO, are being produced.
Nevertheless, transients remain because of the depressurisation
and repressurisation steps. These transients need to be resolved
for downstream processes (specifically the gas turbine section),
which can be done by buffering (using gas storage tanks or ‘surge
tanks’ Tondeur and Wankat, 1985; Yang, 1987; Sircar, 1988). Note
that volumes in externals, piping, etc. (that would cause back-
mixing and buffering to some extent) are not accounted for in the
simulations. The performance of the SEWGS cycle is expressed in
terms of the time average CO, capture rate, CO, purity, and
productivity required for achieving 95% carbon capture ratio and
99% CO,, purity. The cycle performance data are further discussed
in Section 3.2.

3.1.3. Implications of an adsorptive rinse

In the simulation of the SEWGS process, the underlying
isotherm model is of critical importance. The current work uses
a newly developed binary adsorption isotherm for the competitive
adsorption of CO, and H,O on K-HTC, measured up to 24 bar
partial pressure. Two aspects are new, therefore, the high pressure
part of the isotherm and the effect of competitive adsorption (cf.
Boon et al., 2014). Indeed, as shown in Fig. 5, both CO, and H,0
adsorb and desorb throughout the SEWGS cycle. Especially during

the rinse, a very high solid loading of H,O prevails near the column
entrance. At the same time, CO, is partially desorbed and displaced,
exhibiting a small roll-up effect as discussed in Section 3.1.1.

In order to assess the effect of the rinse, an additional simula-
tion was performed replicating the Case 1 simulation discussed
above but without the adsorption of H,0 (qy,0 = 0, An,0 = 0). Fig. 7
shows the evolution of the concentration of impurities (N3, CO, Ho,
Ar) at the end of the rinse step and at the end of the subsequent
pressure equalisation steps, with and without steam adsorption.
When no steam is adsorbed, the CO, concentration profile is
already displaced in the rinse step. However, during the subse-
quent pressure equalisation steps, the gas phase is not displaced as
efficiently as in the base case: the CO, profile in the column at the
start of the depressurisation is more disperse in the case without
H,O0 adsorption. In other words, when the steam does not adsorb,
the rinse steam mixes with the gas phase in the column, thereby
diminishing its own effectiveness. Indeed, the advantage of using
an adsorptive rinse to produce two high purity products by PSA
has been discussed already in the 1970s. Cen and Yang (1986) have
studied the separation of H,/CH, by adsorption on activated
carbon and were able to obtain both products at over 99% purity,
using recompressed CH4 product as an adsorptive rinse.

The concentration profiles in Fig. 7 confirm the advantage of
steam sorption in the efficiency of the rinse. The effect on the
overall performance of the cycle is shown in Table 5. The simula-
tion without steam adsorption has a somewhat higher carbon
capture ratio, but a much lower CO, purity. The somewhat higher
capture ratio is due to a slightly more efficient regeneration of the
sorbent, shown in Fig. 8, leading to the cases with and without
H,O adsorption to start the adsorption step with an average
amount of CO, adsorbed of 0.25molkg~' and 0.23 mol kg™,
respectively. These results clearly confirm the benefits of an
adsorptive rinse.

For SEWGS, analogously, recompressed CO, product could be
employed as rinse gas as an alternative for a H,O rinse, given the
fact that CO, also adsorbs. Such a CO, rinse was proposed by Allam
et al. (2005). High pressure CO, is available from the compression
section in a CCS plant. A more thorough evaluation of the potential
of the CO, rinse cycle is currently being performed.

3.1.4. Implications of the linear driving force mass transfer coefficient

The present study uses the linear driving force model for
simulating the intraparticle mass transfer resistances. The model
has been derived and validated previously (Boon et al., 2014), both
for adsorption as well as desorption, based on breakthrough and
regeneration measurements, respectively. Nevertheless, the results
of the current cycle simulations present such a marked decrease in
the steam requirement compared to literature studies, partly due
to the new linear driving force coefficient, that a further discussion
is justified.

The linear driving force model and mass transfer coefficient
(Table 2) have values in the range of 0.02-0.3 s~ !, varying mainly
with the slope of the adsorption isotherm (aq;/dc;). The value of
kipr at the end of adsorption, rinse, depressurisation, and purge
steps in Case 1 is shown in Fig. 9, indicating the most important
variations. In earlier studies, a lower, and constant value was used.
van Selow et al. (2009a) derived a constant linear driving force
mass transfer coefficient of 0.03 s~! for similar operating condi-
tions and particle size. Its value was calculated by matching model
predictions to experimental SEWGS cycle performance data with
CO, or H3O rinse. Although this approach provided an important
first assessment of the intraparticle mass transfer, a recently
derived linear driving force relation provides a more realistic
description (Boon et al., 2014). Fig. 9 shows that the current
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validated model predicts a significantly larger linear driving force
intraparticle mass transfer coefficient for nearly the entire cycle.

The sensitivity of the system for the value of kpr was
investigated by running the Case 1 simulation also with increased
and reduced values through a pre-factor in the range of 0.1-2.
To some extent, this represents the uncertainty in physical para-
meters that constitute kipg, i.e. the intraparticle porosity and
tortuosity, pore diameter, and isotherm. However, the linear
driving force model has been validated against experimental data,
both for breakthrough and regeneration (Boon et al., 2014) and the
uncertainty in ki pr is therefore not very high. Rather, the range of
variation of the pre-factor has been significantly extended in order
have a more pronounced response. The values for CO, and H,0
were both modified simultaneously. Results are shown in Fig. 10.
Interestingly, the CO, product purity is only slightly affected by the
value of kipg. The separation between CO, and impurities during
the rinse and subsequent pressure equalisations becomes slightly
more disperse and consequently less effective. But the profiles
were fairly sharp and the separation remains good. The capture
ratio, in contrast, is very sensitive towards the value of k;pr. Fig. 11
shows the effect of the pre-factor on the CO, loading profiles in the
column at the end of the adsorption and purge steps. Firstly,
during the purge, the regeneration of the column becomes less
effective, especially near the top of the column (12.2 m). More CO,
remains at the top of the column that will increase the CO; slip to
the H, product stream. Secondly, during the feed step, the lower
value of ki pg causes the CO, profile in the column to become more
disperse as well. Again, the consequence is a higher CO, slip to the
H, product. An improved intraparticle mass transfer coefficient
will thus lead to a lower purge steam consumption.

3.2. Parameter study

Starting from the cases outlined above, a series of 62 simulations
was done for 200-750 s cycle time, S/Cyinse 0.001-0.5, and S/Cpyrge
0.001-2. Each of the conditions yields a cyclic steady state with
carbon capture ratio and CO, purity values. The cycles had a carbon

Table 5
Cycle performance for Case 1 (700 s, S/Cyinse=0.06, S/Cpyrge=0.1).

SEWGS cycle Productivity Carbon capture CO, purity
ratio
(molkg="h~1!) (mol mol~') (mol mol~1)
Case 1 1.65 0.967 0.996
Case 1, no steam 1.66 0.986 0.933
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from the simulation results. The trends described by the equations
are depicted in Fig. 12.

The trends in Fig. 12 clearly show that the carbon capture ratio
is mainly determined by the S/Cpyge: an increase in S/Cpyrge leads
to an increase in carbon capture ratio. This is caused by the fact
that the purge flow rate determines the extent to which the
column is cleaned during the purge step and consequently the
amount of CO, captured in the subsequent adsorption step.
Indeed, the same trend has been reported earlier by Reijers et al.
(2011) and Jansen et al. (2013). There is a slight opposite trend
with S/Cinse, an increase of which causes the carbon capture ratio
to decrease slightly. This also corresponds to the trends reported
by Reijers et al. (2011). By feeding more rinse gas to the column,
the chance increases of CO, being carried over during pressure
equalisation to the top of the receiving column (see Fig. 1). It will
then end up in the H, product, effectively lowering the carbon
capture ratio. Fig. 12b shows that the CO, purity is determined by
S/Ciinse, in line with Reijers et al. (2011) and Jansen et al. (2013).
An increase in S/Cyinse Causes more syngas to be removed from the
column during the rinse and the pressure equalisation steps and
consequently increases the CO, purity. Conversely, decreasing or
even omitting rinse will decrease the CO, purity. An increase in
S/Cpurge, 0N the other hand, leads to a slight decrease in CO, purity,
similar to the trend reported by Reijers et al. (2011). In contrast,
Jansen et al. (2013) have observed an increase in CO, purity with
S/Cpurge. The difference might be caused by the kinetics of
desorption. All else being equal, and provided desorption kinetics
is sufficiently fast, an increase in S/Cpyge Will lead to a CO, leaner
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Fig. 11. CO; loading profiles for ki pr pre-factor 1 and 0.1 for SEWGS cycle Case 1.
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sorbent at the start of the adsorption step. With a leaner sorbent,
and given the amount of syngas fed in the adsorption step, the CO,
front will progress much less far into the column. Consequently,
the column will contain more H, product gas at the end of the
adsorption step and the start of the rinse, resulting in a lower CO,
purity. In contrast, if desorption kinetics is slower, the qcq, profile
in the column will be more homogeneous (flat) throughout the
column at the start of the adsorption step (compared to the
current process, see Fig. 5k and b). The adsorption step will then
have a less steep front and syngas will be present in a larger part of
the column at the start of the rinse, already decreasing the CO,
purity. In such a case, using more purge gas will improve the
extent to which the column is regenerated near the H, product
side of the column. This then causes a better separation during the
adsorption, rinse, and pressure equalisation steps. The CO, purity
is then improved by increasing S/Cpyrge. Fig. 12 shows that purge as
well as rinse are required to achieve the targets for carbon capture
ratio and CO, purity. In conclusion, the amount of rinse steam
effectively determines the CO, purity and the amount of purge
steam effectively determines the carbon capture ratio, they are
determined independently by the targets of 99% CO, purity and
95% carbon capture ratio.

Fig. 13 shows the response of the SEWGS cycle to variations in
the total cycle time, leaving the relative duration of each step and
the feed flow rate unchanged (according to Table 4). The more
syngas is fed due to the longer cycle time, the more CO and CO, slip
through into the H, product during the adsorption step. The longer
time for purge will provide a leaner sorbent but not to such an
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Table 6

Precombustion CO, capture by SEWGS compared for an IGCC power plant, net electric efficiency on LHV basis.

Carbon capture ratio CO, purity S/Crinse S/Courge Overall efficiency Source
% % mol mol ! mol mol~! %
No capture 0 471 Gazzani et al. (2013)
Selexol 95 99 36.0 Gazzani et al. (2013)
SEWGS, sorbent alpha 95 99 0.44 1.06 385 Gazzani et al. (2013); Jansen et al. (2013)
SEWGS, sorbent beta 95 99 0.36 0.08 39.8 Gazzani et al. (2013)
SEWGS, K-HTC 95 99 0.03 0.08 n/a This work
SEWGS, K-HTC 95 95 0.4-0.65 1.5-1.25 n/a Wright et al. (2011)
SEWGS, K-HTC 90 98 0.55 1.3 n/a Reijers et al. (2011)

extent that the slip of additional CO and CO, during the adsorption
step can be prevented. Consequently, the carbon capture ratio
decreases with increasing cycle time. Since less CO, is produced
with the same amount of sorbent, the productivity decreases
analogously. The CO, purity, in contrast, increases with increasing
cycle time due to the higher CO, content and consequently lower
concentration of impurities (H,, N5) in the column at the end of the
adsorption step.

Given the currently employed isotherm and linear driving force
kinetics (Boon et al.,, 2014), the model predicts the SEWGS cycle to
perform at specified carbon capture ratio and CO, purity of 95% and
99%, respectively, with S/Cyinse Of 0.03 and S/Cpyrge Of 0.08 indicated
by the x mark in Fig. 12 and a productivity of 1.6 molkg='h~"
As discussed below (see Table 6), this is a marked reduction in the
predicted steam consumption compared to available literature data,
both for the rinse and the purge. Improvements to the predicted
cycle performance are due to the new isotherm and better descrip-
tion of intraparticle mass transfer (Boon et al., 2014), that were
discussed above. The isotherm is now extended with high-pressure
nanopore adsorption contributing to the capacity of the sorbent as
well as the adsorption of steam. Accurate description of the adsorp-
tion of steam makes that the rinse now has become an adsorptive
rinse, which is known to greatly improve the purity of the bottom
product. Indeed, the cycle performance data in Table 6 indicate the
large reduction in the amount of rinse gas required when using an
adsorptive H,0 rinse for enhancing the CO, product purity. At the
same time, intraparticle mass transfer is now described using the
newly developed and experimentally validated linear driving force
relation which leads to a reduction in purge steam consumption. The
cycle proposed in the current work needs to be validated experi-
mentally. The fate of H,S in the SEWGS cycle, which is presently
assumed to be co-captured with CO,, also needs to be verified.

The present study aimed at finding the optimum operating
conditions, as well as important sensitivities, for the proposed 11
step cycle for 9 columns. Other designs are possible, and have been
presented in the literature. The H,O rinse could be replaced by a
CO, rinse, and repressurisation could be done with syngas instead
of H, product. Given the fact that the steam consumption for the
current design is very low, it might be feasible to reduce the
number of pressure equalisation steps in the cycle, in order to
reduce the required number of columns and CAPEX for the system.
An evaluation of these alternatives is currently being performed.

3.3. System aspects

The parameter study presented above yields interesting
insights in the performance of the SEWGS cycle as a function of
steam consumption. It may serve as a valuable starting point for an
economic optimisation study, carefully weighing CAPEX and OPEX
for SEWGS as precombustion CO, capture technology. This, how-
ever, is beyond the scope of the current study. Nevertheless, it is
important to highlight the performance of the currently proposed
SEWGS cycle, compared against cycles that were modelled

previously. Table 6 shows the performance of several cycles and
Selexol as reference technology for precombustion capture of CO,
from an IGCC power plant.

The attainable reduction in steam consumption will significantly
improve the economic feasibility. Table 6 shows that sorbent beta
lowers the purge steam amount by about the same ratio as found in
the current work and the rinse steam amount by about 20%, due only
to an increased capacity relative to sorbent alpha (Gazzani et al., 2013),
leading to an efficiency improvement of 1.3%-point. The current work
indicates a further reduction in rinse steam is possible by properly
taking into account the adsorption of steam on the sorbent. A
reduction in rinse steam will directly reduce the amount of high
pressure steam taken from the power island (Gazzani et al., 2013) and
consequently yield a significant improvement in the overall efficiency.

With the gain in efficiency that is currently predicted for SEWGS,
the process may become interesting for industrial H, production as
well. This is something that needs to be assessed through economic
studies. In addition, the newly predicted cycle performance figures
might put the feasibility of SEWGS for precombustion CO, capture in
NGCC in a new perspective, provided that the enhanced efficiency
outweighs the additional investment (cf. Manzolini et al., 2013b).

4. Conclusion

In this paper, a pressure swing cycle is proposed for the sorption-
enhanced water-gas shift (SEWGS) process. The proposed cycle has
been developed based on a recently developed isotherm for compe-
titive adsorption of CO, and H,O on potassium-promoted hydro-
talcite. It has been shown that co-adsorption of steam during the
SEWGS cycle is beneficial for the efficiency of the rinse step.
A parameter study based on numerical simulations has yielded a
SEWGS cycle that consumes significantly less steam than previously
reported cycle designs in the literature.

Nomenclature
A nanopore-sorbate interaction parameter,
dimensionless
ap particle interfacial area per unit volume, m~!

CCR carbon capture ratio, CO, in CO, product divided by CO
and CO, in feed, mol mol~!

CP CO,, product purity, mol mol !

Cpp particle heat capacity, J kg~ ! K~!

Gy gas heat capacity, Jkg =1 K~!

dp particle diameter, m

dc column internal diameter, m

D, axial mass dispersion coefficient, m? s~ !

Dp effective intraparticle molar diffusion coefficient,
m?s~!

E nanopore-sorbate interaction energy, ] mol~!

f friction factor, dimensionless

F molar flow rate, mol s !
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Fm mass flow rate, mol s~

AH, adsorption enthalpy, ] mol~!

AH; reaction enthalpy water—gas shift, ] mol !

i species index, dimensionless

K surface-sorbate interaction parameter, Pa~!
kipr linear driving force intraparticle mass transfer

coefficient, s~ !

M molar mass, kg mol~!

m pore-size distribution parameter, dimensionless
n Freundlich isotherm parameter, dimensionless
N molar flux, mol m~2 s~!

N total number of species, dimensionless

p pressure, Pa

De critical pressure, Pa

Do saturation pressure, extrapolated to T > T¢, Pa

q excess amount adsorbed, mol kg !

qed equilibrium amount adsorbed, mol kg !

q° maximum(monolayer) amount adsorbed, mol kg~

R gas constant, J mol~! K~!

rwes water—-gas shift reaction rate, mol kg=!s~!

T temperature, K

t time, s

te time of complete breakthrough, s

T critical temperature, K

Tw wall temperature, K

U overall heat transfer coefficient, Wm~2 K~!

u superficial gas velocity, ms~!

v interstitial gas velocity, ms~'

Vi molar volume, cm® mol '

Vo limiting nanopore volume per mass of sorbent,
cm® kg !

Vi mole fraction of species i, dimensionless

z axial coordinate, m

Greek

€p bed porosity, dimensionless

A axial thermal conductivity, Wm™!K~!

0] mass fraction, dimensionless

p gas density, kg m 3

Pp particle density, kg m—3

Abbreviations

CAPEX capital expenditure

HTC hydrotalcite

IGCC integrated gasification combined cycle
K-HTC potassium-promoted hydrotalcite
OPEX  operational expenditure

PSA pressure swing adsorption

S/Crinse Tinse steam to carbon feed ratio, mol mol !
S/Cpurge PUrge steam to carbon feed ratio, mol mol '
SEWGS sorption-enhanced water-gas shift

WGS water-gas shift
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