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Abstract

Hydrogen as clean energy carrier is expected to play a key role in future low-carbon energy systems. In this paper, we dem-
onstrate a new technology for coupling fossil-fuel based hydrogen production with carbon capture and storage (CCS): the
integration of CO, capture and H, purification in a single vacuum pressure swing adsorption (VPSA) cycle. An eight step
VPSA cycle is tested in a two-column lab-pilot for a ternary CO,—H,—CH, stream representative of shifted steam methane
reformer (SMR) syngas, while using commercial zeolite 13X as adsorbent. The cycle can co-purify CO, and H,, thus reach-
ing H, purities up to 99.96%, CO, purities up to 98.9%, CO, recoveries up to 94.3% and H, recoveries up to 81%. The key
decision variables for adjusting the separation performance to reach the required targets are the heavy purge (HP) dura-
tion, the feed duration, the evacuation pressure and the flow rate of the light purge (LP). In contrast to that, the separation
performance is rather insensitive towards small changes in feed composition and in HP inlet composition. Comparing the
experimental results with simulation results shows that the model for describing multi-component adsorption is critical in
determining the predictive capabilities of the column model. Here, the real adsorbed solution theory (RAST) is necessary
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to describe all experiments well, whereas neither extended isotherms nor the ideal adsorbed solution theory (IAST) can

reproduce all effects observed experimentally.
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1 Introduction

Counteracting climate change has become one of the big
challenges of the twenty-first century. For the necessary
transition towards a low carbon industry and energy sec-
tor, low carbon energy carriers are of utmost importance.
Hydrogen can be such an energy carrier with potential uses
spanning from industrial fuel or feedstock over transporta-
tion to domestic heating, and therefore has become one of
the cornerstones in the energy transition of many countries
[1, 2]. For it to play a key role in future low carbon energy
systems, however, it is vital that H, is produced without
associated CO, emissions. Possible production pathways
thus include electrolysis using renewable energy, production
from biogenic sources, or production from fossil fuels with
carbon capture and storage (CCS) throughout the production
process. In contrast to that, electrolysis using carbon inten-
sive electricity like the current grid-mix in most countries, or
producing H, from fossil fuels without CCS, will result in an
H, product with high associated greenhouse gas emissions.

Today, standalone production of H, is mainly fossil fuel
based and responsible for emissions of more than 800 Mt
CO,/y for the production of approximately 70 Mt H,/y [2].
Steam methane reforming (SMR) of natural gas is the most
prominent technology accounting for 76% of the total pro-
duction. Coupling fossil fuel based H, production with CCS
has several advantages compared to H, production from
electrolysis using renewable energy. One important factor
is the cost: even after factoring in the decreasing cost of
electrolysers and of renewable energy in the long run, the
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cost per kg H, is expected to remain at a level of around
2.5-3.5 USD in central, northern and eastern Europe, and
as high as 4 USD in Japan [2]. This is significantly more
expensive than the estimated cost of H, produced from SMR
coupled with CCS of just above 2 USD/kg CO, or just below
3 in Japan [2, 3]. Other advantages are the experience with
already existing large scale H, production facilities, thus also
making scale up easier, and the possibility to replace fossil
with biogenic fuel, and thereby, when coupled with CCS,
deliver negative lifecycle emissions [4].

When coupling an SMR process with CCS, the CO, can
be captured at different locations—from the reformer flue
gas, after the water-gas shift reactor but before entering the
pressure swing adsorption (PSA) unit for H, purification, or
from the PSA tail gas—and using different separation tech-
nologies such as cryogenic separation, membranes, absorp-
tion, and adsorption [5, 6]. Several pilot scale and large scale
projects are currently capturing CO, from H, production
facilities(Quest, Alberta, Canada, [7]; Air Products Steam
methane reformer, Texas, US, [8]; Port Jérome CO, capture
plant, France, [9]; Tomakomai CCS demonstration project,
Japan, [10]), but all of them require an additional separation
unit for CO, capture.

As an alternative to adding a dedicated capture unit, we
have recently developed several vacuum pressure swing
adsorption (VPSA) cycles, that integrate H, purification—
thus replacing the PSA—and CO, capture, within a single
separation unit. Such combined processes were exam-
ined in the past [11, 12], but they relied on two intercon-
nected trains, each undergoing a completely different cycle
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sequence for regeneration. The VPSA cycles we have devel-
oped avoid this and achieve the co-purification of CO, and
H, at high purities and recoveries in a single cycle for typical
shifted SMR syngases [13, 14]. In this series, we present the
complementary experimental work to our modeling studies.

In part one [15], we focus on equilibrium isotherm
measurements and breakthrough studies to estimate trans-
port parameters, identify a suitable heat transfer model,
and validate our column model for relevant mixtures and
a variety of temperatures, pressures and flow rates. In this
second part, we present cyclic experiments carried out in the
same two-column setup for a ternary CO,—H,—CH, stream
as feed and using zeolite 13X as adsorbent. The goals of
this paper are (i) to further validate the model used for pro-
cess development and optimization; (ii) to demonstrate the
technology at the lab-scale, thus showing the feasibility of
reaching CCS requirements (> 90% CO, recovery, > 96%
CO, purity, [16, 17]) whilst co-purifying H, up to high puri-
ties (> 99.9/99,97%, depending on the application, [6]); and
(iii) to assess the effect of important decision variables on
the separation performance. We hope that this demonstration
will encourage further development and studies into indus-
trial application of VPSA, thus facilitating the emergence of
H, production with CCS.

The paper starts with an overview of the experimental and
simulation tools used in this work. Subsequently, we present
and discuss the cycle and the experimental results based on
a reference experiment. This is followed by a detailed com-
parison between experimental measurements and simulation
results for a second reference experiment. Finally, the effect
of different decision variables and and of the cycle configu-
ration is presented and discussed.

2 Experimental and simulation tools
2.1 Experimental setup

The experimental setup used for the VPSA experiments is
based on the two column setup described in [18]. A simpli-
fied flow sheet is shown in Fig. 1 with the changes compared
to the previous setup highlighted in red and blue.

The core of the setup consists of two double-jacketed
columns that are externally heated/cooled with two ther-
mostates (Huber Kiltemaschinenbau AG, Germany) as
explained in detail in the aforementioned paper. To measure
the column conditions, 5 thermocouples (Moser TMT AG,
Switzerland) are positioned in the center (r = 0) of both col-
umns at 10, 35, 60, 85 and 110 cm from the column bottom.
The pressure is measured with pressure sensors (Keller, Ger-
many) at column top and bottom. Additional flexibility was
added with two additional inlet lines coupled with two new
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Fig. 1 Experimental setup for VPSA experiments, red and blue lines
highlight the changes compared to the setup described in [18] (Color
figure online)

mass flow controllers (MFCs), that allow for a higher and a
lower flow than previously possible (Bronkhorst High-Tech
BV, the Netherlands). In addition, the old back pressure reg-
ulators (BPRs) were replaced by BPRs suitable for the new
pressures and flow rates (Bronkhorst High-Tech B.V.). An
additional BPR for the sub-atmospheric pressures together
with a new exit line and a new vacuum pump (VP, Pfeiffer
Vacuum Schweiz AG, Switzerland) were added to control
the pressure during evacuation and sub-atmospheric purge.
As previously discussed in the literature [18, 19], meter-
ing the flow in temperature and pressure swing applications
is difficult, as flows over several orders of magnitude have
to be metered. Therefore, we replaced the rotameters used
in the past with three mass flow meters (MFM) in series
(Bronkhorst High-Tech B.V.), thus spanning a flow range
of four orders of magnitude. Downstream of the MFMs, the
outflow composition is measured using a mass spectrometer
(MS, Pfeiffer Vacuum Schweiz AG). The setup dimensions
are reported in Table 1.

In addition to those changes, the setup was extended to
include a recycle section shown in blue in Fig. 1. The recy-
cle section can be connected to the outflow of the columns
either after VP or BPR 2. The outflow can be stored in one
or both of the two storage tanks (10 L commercial gas bot-
tles) and recycled through MFC 2 as feed to one of the two
columns using a VP/compressor combination (C, KNF Neu-
berger AG, Switzerland). With this configuration, the pres-
sure in the storage tanks alternates between ambient pressure
(or below) and the lowest vacuum the pump can achieve.

@ Springer
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Table 1 Setup dimensions, transport parameters and material proper-
ties

Parameter Symbol [Unit] Value
Particle diameter dp [m] 0.0018
Sceletal density Py [kg/m?] 2359
Particle density p, [kg/m’] 1085
Bed density Py [kg/m?] 595
Thermofluid temperature Ty [°C1 25
Heat capacity sorbent C, [J/kg/K] 1100
Inner column diameter d; [m] 0.025
Outer column diameter d, [m] 0.03
Column length Ly [m] 1.2
Heat capacity wall C,, J/kg/K] 4x10°
Viscosity gas mixture v [kg/m/s] 1.38%x
107
Coeff. P-decrease BD?* Epp [1/5] 0.43
Coeff. P-decrease BD-vac® EBDovac [178] 0.05
Heat transfer convective® h, [W/m%K] 60
Heat transfer stagnant® h; [W/m¥/K] 34
Heat transfer LP¢ hy p [W/m%K] 19
External heat transfer® hy, [W/m%K] 220

#Fitted to base-case cyclic experiments

®Calculated according to [20] based on base case feed composition,
pressure and flow rate

“Calculated according to [20] based on base case feed composition,
pressure and zero flow

dCalculated according to [20] based on base case LP pressure, inlet
flow rate and CO,:H, = 90:10 mol% in approximation of the LP out-
let composition

€As reported in [18] for the same columns and thermostats

The whole setup is automated in LabVIEW (National
Instruments, USA) to ensure a reproducible operation of
the cycle sequence. Note that the outflow flow rate and
composition can be measured either after BPR 2 and the
vacuum pump, or after BPR 1, depending on the position of
the manual three-way valves.

Experimental procedure Before the first experiment, the
adsorbent was regenerated overnight at a temperature of 240
°C whilst drawing a vacuum. This ensures that all adsorbed
water is desorbed. Prior to each experiment or set of two
experiments in a row, the MS was calibrated using the feed
mixture and at least one additional mixture. Subsequently,
the column was pre-saturated to ensure an initial state that
is close to the final state, first with the feed mixture at 25 bar
until the temperature front related to CO, adsorption reached
the middle of the column, then at ambient pressure with the
heavy purge mixture until the CO, thermal front reached the
fifth thermocouple, and finally evacuated and purged with
H,. This procedure drastically reduced the number of cycles
needed to reach steady state from around 50 cycles to 15-30
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cycles. Cyclic steady state (CSS in short) was verified by
checking that the composition and temperature profiles for
five subsequent cycles do not change. Considering experi-
mental uncertainties, this implies that any variation of these
properties is below the limit of detection. Note, however,
that over the course of many cycles those non-detectable
variations could potentially sum up and lead to significant
differences in performance. We have verified that this does
not happen by extending both experiments and simulations
beyond the point when the experimental criterion for CSS
has been attained. Overall, we found composition profiles
to be the better indicator, as the temperatures fronts can-
not track little changes in the position of the CH, or the H,
front, due to their low heat of adsorption. Once CSS was
reached, first the outflow from BPR 2 (Ads step, Fig. 2) and
VP (BD-vac and LP steps, Fig. 2) were measured for a few
cycles, and subsequently the valves were switched manually
and the outflow from BPR 1 (BD and HP steps, Fig. 2) was
measured for a few cycles.

In case two experiments were carried out one after the
other, the second experiment was started directly after the
first, without any intermediate regeneration, thus resulting
in an even faster convergence to CSS. After a maximum of
two experiments, the column was regenerated completely for
a minimum of two hours at a temperature of 240 °C whilst
drawing vacuum.

2.2 Materials

For all experiments, zeolite 13X (Zeochem, Switzerland)
with a pellet size between 1.6 and 2 mm was used. The rel-
evant material properties are reported in Table 1. All pure
gases and gas mixtures were obtained from Pangas (Swit-
zerland) as indicated in Table 3.

2.3 Modeling

Process modeling In this work, the same one dimensional
model based on mass and energy balance equations as
described in part one of this series [15] was used for com-
paring experimental and simulation results. The gas phase
was described using the ideal gas law, the pressure drop was
described with the Ergun equation. Constant, average values
were used for the heats of adsorption, the viscosity of the gas
phase and the mass transfer coefficients, with mass transfer
being described using a linear driving force approximation.
Diffusion was neglected. All required input parameters are
provided in Tables 1 and 2.

During pressure equalization (PE) steps, the final pressure
was calculated iteratively based on a closed mass balance
where the outflow equals the inflow as described in the litera-
ture [21]. The internal heat transfer coefficient was calculated
for the feed conditions based on a correlation by Specchia
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et al. [20] (Table 1). In part one of this series [15], we found
that this correlation results in a good agreement between meas-
urements during breakthrough experiments and simulations.
Adsorption equilibria The single component adsorption
isotherms of CO,, CH, and H, on zeolite 13X were measured
in previous works [22, 15] and fitted to a Sips isotherm model

(Eq. 1).
(bATP;)"

=g (1) ———
%= )1+(bi(T)Pl-)S"

ey

The isotherm parameters are summarized in Table 2.

For modeling multi-component adsorption, three different
approaches were followed, namely the use of extended iso-
therms, the real adsorbed solution theory (RAST), and the
ideal adsorbed solution theory (IAST). For RAST, the Wilson
equation was used to model the activity coefficients, including
the temperature dependency suggested by Wilson [23] for the
binary interaction parameters A;;:

N v, Aj = Ai v, A
i T Rl @

l

The i, j-interaction energies /ll-j, or directly the difference Z-,
have to be fitted to experimental data. To reduce the num-
ber of fitting parameters, we first set all A; equal to unity
for all binary mixtures with hydrogen (thus reducing RAST
to IAST for binary H, mixtures). Second, we assumed that
the interaction energy between CO, and CH, is given by
the mean of the interaction energies between the individual
species, as described in the literature by [22]. This results
in Z:—Z for CO,-CH, mixtures. Thus, only one parameter
has to be fitted to the cyclic experiments (see also part one
of this series, [15]).

2.4 Data reconciliation

When evaluating the experiments and for comparing experi-
mental and simulation results, the following factors have to
be considered:

1. Measurement errors
2. Idle times (required to synchronize PE steps)
3. Piping

(a) The downstream piping results in a time delay
between the column outlet and the composition
measured at the MS, that depends on flow and
pressure

(b) Due to this time delay, the composition of last part
of a product or tail gas is not measured during the
step itself; instead, it remains in the downstream

piping and is measured only as contamination
during the first few seconds of the next measured
outflow

(c) The pressure change during pressurization/blow-
down steps depends on upstream/downstream pip-
ing

(d) Many pipes are shared for different steps, thus
leading to mixing of in-and outflows at different
pressures and compositions within these pipes

Only points 1 and 3 b were considered for evaluating the
experimental results. Because the calculation of key per-
formance indicators requires a combination of the meas-
urements of various sensors, we evaluated how the meas-
urement error propagates to those final results assuming
normally distributed, uncorrelated measurement errors. The
errors of MFMs and MFCs (2% of full scale), of the MS (due
to calibration) and the error of Feed and HP composition
(Table 3) were included. The influence of the composition
error on the calculation of the gas conversion factor for the
MFMs was not included (point 1).

The effect of point 3 b is significant because of the large
piping volume compared to small columns, and large pres-
sure differences between different steps, but specific to
our setup. For industrial applications, it could be avoided
through the use of dedicated outlet lines or purging/evacua-
tion of the lines before the next step. Thus, we correct for it
when evaluating the experiments and for comparing experi-
mental and simulation results (point 3 b)

For comparing experiments and simulations, also the
other points were considered. To provide a better represen-
tation of the experimental results, idle steps were included
in the simulation allowing for heating or cooling and adsorp-
tion or desorption, but neither in- nor outflow. During idle
times and LP, heat transfer is much lower than during the

H, product tailgas A tail gas A
Pee Pads Pads
T T Pads N
Pgp-vac Pee Pre
Feed Feed
PE. CO; product
Press  Press Ads PE-BD BD HP BD-vac LP

Fig.2 VPSA cycle for co-purification of H, and CO,. Dashed and
dotted lines indicate the targeted implementation in a real plant,
whereas for the lab-pilot tests, rather than having two recycles, H,
and CO, gas bottles were used to emulate the recycle streams for all
but Exp. 10. Exp. 10 includes the recycle of tail gas B indicated with
dashed lines

@ Springer
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Table 2 Isotherm parameters and mass transfer coefficients

Parameter Equation Symbol Unit Value
Cco, H, CH,
Maximum capacity g g=(T) = A, exp (Az,i<TLf _ 1)) Ay mol/kg 7.268 5.013 4473
” Ay, - —0.61684 0 —0.6569
Affinity coefficient b; b(T) = B, ;exp (%) By; bar™! 1.129e—4 1.034e—4 3.605e—4
By, kJ/mol 28.389 9.453 15.561
Sips exponent s; s{(T) = Cy,; + Gy exp (TL _ l) Cyi - 0.42456 1.0057 1.0727
ref
Cy; - 0.72378 0 0
Reference temperature Tt °C 25 25 25
Heat of adsorption® AH,, kJ/mol —342 - 10.7 - 175
Mass transfer coefficient® 1/s 0.06 1 0.2

#Averaged up to the loading corresponding to maximum partial pressures reached in the VPSA, hence slightly lower than for part one of this

series, where it was average over the whole loading range measured [15]

PFitted to breakthrough experiments, part one of this series [15]

other steps (due to the low mass flow), such that we used
different heat transfer coefficients calculated specifically for
these steps according to [20] (Table 1) (point 2).

During the pressure changing steps (Press, BD, BD-vac,
see Fig. 2), the boundary conditions at the column bottom
(Press, BD-vac, see Fig. 2) or column top (BD, see Fig. 2)
were described with a linear pressure increase for Press, and
with an exponential pressure decrease for BD and BD-vac:

pP= Plow + (Phigh - Plow) exp (=¢n) 3

based on the experimental results. This approach is easy to
implement and allows for a good representation of the actual
inflow into (outflow out of) the column without having to
include a mathematical description of setup specific condi-
tions like dead volumes, valves or flow resistances of piping
or BPRs. Note that the setpoint vacuum pressure was not
reached during all experiments and for simulation purposes
P,,, was set to the actual lowest pressure reached at the end
of BD-vac with a further, linear pressure decay to the final
pressure during LP (point 3 c).

When comparing experimental and simulation results, a
direct comparison is difficult for both flow and composition
due to the dead volumes in the experimental setup. The influ-
ence of the downstream piping is difficult to assess in mod-
eling, and different approaches have been used in the literature
including the modeling of the piping as plug flow [15], as
tanks in series [24], or through the insertion of a stagnant tank
as part of the piping to account for non-purged parts [19]. In
this work, we did not simulate the downstream piping, as the
exact conditions of the dead volume (pressure, composition
and temperature) would be required. These conditions change
from step to step and are particularly cumbersome to deter-
mine for this cycle, because many pipes are shared for some
steps, but not for others resulting in complex mixing patterns
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of the gas phase in the pipes (point 3 d). Thus, we base our
comparison between experiments and simulations mainly on
the temperature profiles, that are measured without time delay.

In addition, we included an lower bound estimate of the time
shift between the column outlet and the measurement at the MS
based on isothermal (at T = 25 °C) plug flow conditions in the
piping—as in part one of this series—and the current outflow.
For steps at or above ambient pressure, we assume the part of
the piping until the BPR to be at column outlet pressure, and the
part after at ambient pressure. For steps below ambient pressure
that use VP, the piping between BPR and VP was neglected
(assuming it to be fully evacuated) and only the part after VP
was included. This estimate of the time shift allows to assess
for which part of the cycle the concentration measurements are
reliable, and for which they are not (point 3 a).

3 VPSA demonstration
3.1 VPSA cycle

We have previously developed different VPSA cycles for the
co-purification of CO, and CH, based on process modeling and

Table 3 Composition of pure gases and gas mixtures

H, CO, CH, Notes
mol% mol% mol%
LP 100 0 0 5.0
HP pure 0 100 0 3.0
HP mix 8 +0.08 90 +0.12 2 +0.04
Feed mix 1 75+0.3 20+0.2 5+0.1
Feed mix 2 72.5+0.35 20+0.2 75+0.15

Relative errors as provided by manufacturer. The different gas bottles
are used for different cycle steps, see Sect. 3
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optimization [13, 14]. A simplified version of the best-perform-
ing cycle was selected for the experimental demonstration and
is shown in Fig. 2. As feed stream, a ternary mixture representa-
tive of typical shifted SMR gases was used. It consists of the
two target products and of methane as the impurity (Feed mix
1/2, Table 3). Note that typical shifted SMR gas also contains
water, which adsorbs stronger then CO, on common adsorbents
like activated carbons and zeolites. Water can be dealt with in
two ways. It is possible to remove it within VSA or PSA cycles,
typically by using layered beds with the first layer adsorbing
most or all of the water [25, 26, 12]. Alternatively, one can dry
the feed before entering the adsorption cycle. In this work, we
have adopted the second approach and have used a dry feed. All
operating parameters are summarized in Sect. 5.

In the simplified configuration implemented in our lab-pilot
(solid lines, Fig. 2), both H, for the LP and CO, for the HP were
provided from gas bottles. For implementing the cycle at large
scale, however, both streams should be recycled from within
the cycle as indicated in Fig. 2 with dashed and dotted lines and
as assumed in the previous theoretical studies [13, 14]. Note
that emulating the recycled H, product with a gas bottle (dotted
lines) is a good representation of the cycle with recycle, because
(1) little H, is needed for this step and (ii) it is produced at very
high purity. Using pure CO, for the inlet to HP, however, is
a big simplification, because the LP outflow does not provide
pure CO,; the implications of this simplification are discussed
in Sect. 5.

Col. 1
Col. 2 IBD| HP

Feed Idle
BD-vac | Lp

FAPE-Press [SIPE-BD |

Fig.3 Schedule for Exp. 1 (see Table 5), half cycle. After the end of
the first half cycle, the half cycle shown for column 1 is repeated in
column 2, and vice versa

For implementing the VPSA cycle (Fig. 2) in the two column
lab-pilot (Fig. 1), scheduling is required to synchronize the PE
step. The schedule for Exp. 1 is shown in Fig. 3. Due to the long
duration of BD-vac and LP, long idle times are needed after the
end of the Feed step. During idle times, the column was closed,
but continued to exchange heat with the surrounding.

3.2 Profiles at cyclic steady state

Figure 4 shows the pressure (a), temperature (b), flow
(Fig.) and composition (d, e) profiles measured for Exp.
1 at CSS. The corresponding step times are provided in
Tables 4 and 5.

The column is pressurized first through pressure-equali-
zation (PE-Press) followed by a feed pressurization (Press)
until the adsorption pressure of 25 bar is reached (Fig. 4a).
At this point, the BPR connected to the column top opens
and high purity H, is produced as light product and at a
roughly constant flow rate (Fig. 4c, d), whilst CO, and

Table 4 Operating conditions -

for all expgimeni Ipg Izp BD-vac hip VEeed Pyp Pags
Unit s s s s 10™ m®/s? bar bar
Value 7 15 100 100 2 1 25

2At 25 bar and 25 °C

Table 5 Operating conditions specific to different cyclic experiments; changes compared to the respective base case are highlighted in grey

. 'HP  'Feed VLP VHP Pyac Feed HP
XP.
P s s 10" m3 /s @ 10°°> m3 /s P bar mol% mol%
CH4:CO5:Ho CH4:CO2:Ho
1 Base case A 50 65 2 4 0.14 5:20:75 0:100:0
2 50 65 6 4 0.14 5:20:75 0:100:0
3 Base case B 65 65 2 4 0.14 5:20:75 0:100:0
4 65 65 6 4 0.14 5:20:75 0:100:0
5 65 80 2 4 0.14 5:20:75 0:100:0
6 65 65 2 4 0.11 5:20:75 0:100:0
Tc 65 65 2 4 0.17 5:20:75 0:100:0
8 65 65 2 4 0.14 7.5:20:72.5 0:100:0
9 65 65 2 4 0.14 5:20:75 2:100:8
10 65 65 2 - 0.14 5:20:75 -

2 at 0.1 bar and 25 °C
b at 1 atm and 25 °C
¢ two repetitions

@ Springer
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impurity are adsorbed in the column (Ads). The propagation
of the CO, adsorption front through the column during Press
and Ads results in the propagation of a corresponding tem-
perature front (TI 1 and TI 2, Fig. 4b). Before CH, breaks
through, H, production is stopped. The column remains idle
for = 200 s and cools down to the thermofluid temperature
(25 °C). This cooling results in a pressure decrease, and also
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in further adsorption due to the lower temperature, thereby
intensifying the decrease in pressure (Fig. 4a, b).

Once the first half-cycle is finished, the pressure inside
the column is reduced through pressure-equalization (PE-
BD, Fig. 4a) followed by a blowdown (BD) from the col-
umn-top to ambient pressure. The resulting desorption
leads to a temperature decrease, whilst pressure and out-
flow decrease exponentially (Fig. 4a—c). A tail gas initially
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rich in H,, with increasing amounts of impurity and little
CO,, is produced (Fig. 4e). Next, a purge with CO, (the
heavy product, heavy purge HP) is carried out to enrich the
column in CO, (gas and adsorbed phase). The temperature
increases in the top half of the column due to CO, adsorp-
tion (TI 3 and TI 4, Fig. 4b). More tail gas rich in H, and
impurity with some CO, is produced as outflow of this step
(Fig. 4 c and e). After HP, the column is evacuated from the
bottom producing a stream that quickly reaches a high CO,
purity (BD-vac, Fig. 4a, c, d). The desorption can be seen
clearly by means of the related temperature decrease inside
the column (Fig. 4b). Subsequently, the column is purged
top-down with the light product (H,, light purge LP) to des-
orb additional CO, and CH,, and thus clean the column. The
temperature only decreases slowly, showing that heat uptake
due to desorption and heat provided through external heating
almost balance each other (Fig. 4b). As outflow, a CO,-rich
stream with increasing amounts of H, breaking through is
produced (Fig. 4d).

3.3 Separation performance

Before calculating the separation performance, point 3 b,
Sect. 2.4 has to be considered (the downstream piping is
filled with product from a previous step at the beginning of
the next step). Here, high pressure H, from Ads is produced
at the beginning of BD-vac, and only replaced by the actual
CO, product after a few seconds; the same but to a lesser
extent occurs at the beginning of Ads with CO, and CH,
contaminating H,. When calculating the CO, product purity,
we account for this by subtracting the excess H, outflow dur-
ing the initial part of BD-vac (and the excess CO, and CH,
outflow during the initial part of Ads). The subtracted molar
amount is close to that expected in the known volume of
piping at the given pressure and ambient temperature, which
justifies the approach. With this, the purities and recoveries
of both products as well as the compositions of tail gas A
(BD and HP) and B (LP) can be determined.

The composition and recovery of H, product and of CO,
product are shown over several cycles in Fig. 5.

The product compositions are essentially constant, show-
ing that CSS is indeed reached, and the VPSA cycle sepa-
rates both H, and CO, at high purity (Fig. 5a, b). Interest-
ingly, the impurity of the H, product is not CH, starting
to break through, but CO,, that could not be desorbed suf-
ficiently from the column top during LP (Fig. 5a). The H,
recovery is rather low with 74% (Fig. 5¢), due to the pres-
ence of only one PE step. Increasing the number of PE steps
is known to increase H, recovery [12], but was not possible
in our two-column setup. We have simulated the VPSA cycle
with three PE steps, in which case H, recoveries over 90%
were obtained, in line with industrial PSA processes for H,

purification [13]. Also the recovery of CO, is low with 72%
(Fig. 5¢), which is due to CO, being wasted during the LP
outflow, i.e. as tail gas B.

The error bars for the purities are small and lower than
the deviation measured between the different half cycles.
This could be due to small but correlated errors, rather
than uncorrelated ones as assumed for error propagation
calculations (see Sect. 2.4). To give a better approximation
of the actual experimental uncertainty, we hereafter indi-
cate the standard deviation instead of the calculated error,
whenever the former exceeds the latter. The expected error
is much higher for the recoveries, because their measure-
ment is influenced by the relatively large errors of the
MFMs and MFCs.

Figure 6a and b show the molar amount (a) and com-
position (b) of tail gas A (BD and HP). Tail gas A was
measured from the top outlet line for the last two cycles
only. Note that after switching to monitoring the outflow
from the top outlet line in cycle 25, the outlet line is ini-
tially filled with CO,-rich LP outflow (see Sect. 2.4, point
3 b). Hence the higher CO, and smaller H, amount of tail
gas A during the first half-cycle after switching (Fig. 6a,
b). Therefore, the composition and flow computed for this
half-cycle are not included in the evaluation of the aver-
age amount and composition and indicated with empty
symbols.

From an overall mass balance, the expected tail gas
composition and molar amount can be computed, which
is indicated with asterisks and dashed lines in Fig. 6a and
b up to cycle 24. It can be seen that the computed and
directly measured compositions and molar amounts agree
well with each other, thus the overall mass balance closes
well with deviations within the experimental uncertainty.
However, the errors on the measured tail gas amount
(Fig. 6a, cycle 25 and 26) are lower than the observed dif-
ferences. This can be related to the difficulty of accurately
measuring the outflow during the BD step with a MFM
resolution of 1 s: the flow decreases quickly (Fig. 4c) and
therefore cannot be measured precisely with such a low
time resolution. We further note that the error on the cal-
culated tail gas A composition is larger than that of any
other stream, mainly because it is calculated indirectly and
thus is affected by the uncertainty of all sensors.

The composition of tail gas B, i.e. the outflow of LP, is
shown in Fig. 6¢. The tail gas was measured together with
H, and CO, product and is rich in CO,, but also contains
significant amounts of H, (breaking through) and some
CH,. The CO, purity reached is too low for the final CO,
product, but potentially high enough to be used as purge
gas in HP instead of pure CO, from a gas bottle.
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Fig.5 H, (a) and CO, (b) product compositions and recoveries (c) at
CSS. For the last two cycles (25 and 26), the outflow was measured
for BD and HP, hence the purities and recoveries could not be com-
puted. Error bars are based on error propagation calculations

4 Comparison between experiments
and simulations

4.1 Profiles at cyclic steady state

Figure 7 shows the experimentally measured (symbols) and
simulated (lines) temperature (a), composition (b), pressure
(c) and flow (d) profiles of Exp. 3 at CSS. RAST was used
for the simulations and A, has been varied to best describe
all experiments. A value of 4.0 kJ/mol worked well for all
cases and was used for all results shown in the following.
The corresponding step times are provided in Tables 4 and 5.

For the sake of clarity, only three temperature profiles
are shown in Fig. 7a (TI 1 at 10 cm, TI 3 at 60, and TI 5 at
110 cm, measured from the column bottom). Simulated and
experimental temperatures agree very well with each other,
which shows that the model can capture heating and cooling
as well as adsorption and desorption throughout the whole
cycle. Also the measured and simulated pressure profiles
shown in Fig. 7c agree well with each other. The flow pro-
files are shown in Fig. 7d, the subtracted H, outflow from
the piping at the beginning of BD-vac is indicated separately
with asterisks (see Sect. 2.4, point 3 b and Sect. 3.3). After
subtracting the H, flow, the flow profiles match well. Note
that for the first few seconds of HP, the measured outflow
exceeds the simulated one. This is due to some shared piping
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that is still filled with higher pressure gas and connected to
the column at the start of HP (refer to Sect. 2.4, point 3 d).

The composition profiles are shown in Fig. 7b. The time
delay expected between column outlet and MS (see Sect. 2.4,
point 3 a) is indicated at the top of the figure. It is short dur-
ing Ads and the initial part of BD and BD-vac but longer
for LP and very long for HP due to lower flow rates and
pressures. Hence, a comparison is meaningful mainly for
Ads and BD. During these steps, the profiles compare well.
For BD-vac, initially the H, from the piping is measured,
but after the measured and simulated concentrations agree
well with each other, whereas for LP, the time delay results
in higher measured concentrations then those simulated.

4.2 Multicomponent adsorption

In addition to RAST, two simpler models for multicompo-
nent adsorption, i.e. [AST and extended isotherms, were
tested. The comparison to simulation results with RAST is
shown in Fig. 8a for the temperature profiles and in Fig. 8b
for the composition profiles.
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Fig.6 a Tail gas A molar amount. b Tail gas A composition. Tail
gas A is measured for the last two cycles only, but the composition
and the molar amount are computed from an overall mass balance as
indicated with asterisks and dashed lines for cycles 20-24. The first
half-cycle of cycle 25 indicated with empty symbols is not included
for calculating the average composition, as it is contaminated with LP
outflow in the pipes after switching from monitoring the bottom out-
let to monitoring the top outlet. ¢ Tail gas B composition measured
for all cycles except the last two. Error bars are based on error propa-
gation calculations
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Figure 8a shows that large deviations exist between the
simulated temperature profiles obtained using RAST (solid
lines) and IAST (dotted lines) on the one hand (TI3 for
Ads and TI5 for HP), or RAST and extended isotherms
(dashed lines) on the other hand (TI3 for Ads and HP,
TIS5 for HP). This means that neither IAST nor extended
isotherm can predict the experimental results well; in par-
ticular the propagation of the CO, adsorption front, that is
reflected by the propagation of the temperature peaks, is
not captured correctly.

The composition profiles in Fig. 8b further show that
IAST predicts the production of an impure H, product
with immediate breakthrough of CH, on the one hand,
and a very pure CO, product with barely any CH, on the
other hand, in strong contrast to the results measured. This
shows that IAST does not predict CH, co-adsorption well
in this system (note that this is more difficult to detect from
the temperature profiles, because of the lower adsorption
and lower heat of adsorption of CH, compared to CO,).
Notably, extended isotherm perform much better, even
though the propagation of the CO, front is not captured
well during some of the steps. The deviation between
simulation results using RAST and those using extended
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the sake of visibility, they are shifted slightly apart. For Tail gas A,
the composition calculated from a total mass balance and the meas-
urement of BD, BD-vac and Ads are indicated with light filled sym-
bols shifted slightly to the right

isotherms for those steps that allow for a meaningful com-
parison (i.e. Ads, BD, BD-vac) is low.

This comparison shows that a more complex theory like
RAST is indeed necessary for a good agreement between
experiments and simulations. A computationally expensive
model like RAST, however, is less suitable for process opti-
mization, such that other approaches are required to combine
a good description of multicomponent adsorption with rea-
sonable simulation times. One possibility is the combination
of only few full model evaluations, that are then used to fit a
surrogate model followed by surrogate-based optimization
as described by Subraveti et al. [27].

4.3 Performance indicators

Figure 9a and b show the experimental (filled symbols) and
simulated (empty symbols) purities and recoveries for Exp.
3. The overall agreement is good, but the H, recovery pre-
dicted by the simulations is a few percentage points lower
than that measured, possibly related to the H, remaining
within the pipes after Ads (see Sect. 2.4, point 3 b).

Figure 9c shows the measured composition of tail gas A
(empty symbols for direct measurements, light filled sym-
bols for calculations from an overall mass balance) com-
pared to simulation results (filled symbols). The simulated
results are closer to the composition calculated from an
overall mass than to that measured directly. The experimen-
tally measured H, content is lower and CH, as well as CO,
content higher than the simulated one. This can be explained
with (i) the difficulty in measuring the outflow during the
very fast BD (see Sect. 3.3) and (ii) a BD outlet pipe initially
filled with HP outlet (see Sect. 2.4, point 3 b), which con-
tains less H,, but more CO, and CH, than BD.
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Figure 9d shows the measured composition of tail gas
B compared to simulation results. The simulations under-
predict the CO, content and over-predicts the CH, content.
This can partially be explained by the downstream piping,
i.e. the outflow originally measured during LP originates
from BD-vac, and thus contains more CO, and less CH,/H,
(Sect. 2.4, point 3 b). The discrepancy especially in terms
of the CH, content also suggests that the multi-component
adsorption model could be improved further.

5 Effect of operating conditions and process
configuration

In this section, the effect of important decision variables
including the duration of Feed and HP, #..4 and #p, the
flow rate of LP, V; p, the evacuation pressure, Py ., and
the Feed composition, are assessed. They were identified as
most important decision variables in previous theoretical
works [13, 28]. The operating parameters and variables for
the different experiments are summarized in Tables 4 and 5.
The former summarizes all operating parameters that were
kept constant for the different cyclic experiments, the latter
provides the values of the decision variables that were varied
for the different experiments.

We further adapt a more realistic HP in a two-step
approach. First, a gas mixture with a composition similar to
tail gas B was used as inlet to HP rather than pure CO, (Exp.
9) to assess how this influences the separation performance.
Second, an indirect recycle of LP outflow was implemented
using the recycle section (Fig. 1, blue lines; Fig. 2, dashed
lines) thus avoiding the loss of CO, in tail gas B.

This section assesses how changing the operating con-
ditions and the process configuration allows to influence
purities and recoveries of both products, thus eventually
reaching the very high H, purities required for some indus-
trial applications (>99.9%) or for fuel cells (>99.97%) and
CCS requirements for CO, (=90% CO, recovery, >96% CO,
purity).

All experimental results for CO, and H, purities and
recoveries together with the simulation results are summa-
rized in Table 6. The most important experimental effects
are color-coded in the table. The corresponding tail gas com-
positions are provided in Fig. 10. A comparison between
all experimental and simulated temperature profiles is pro-
vided in the supporting information. Reproducibility was
confirmed by repeating one of the experiments, Exp. 7, and
Table 6 shows the excellent reproducibility.

For the purities, the standard deviation of the measure-
ments evaluated over different cycles is indicated. For the
recoveries, the error indicated is based on error propagation
calculations. The two repetitions of experiment 7 show the
excellent reproducibility of the experiments; note that in all
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subsequent diagrams, we only show the first repetition for
this experiment (Color table online)
Most importantly, the experimental results show that:

— increasing the HP duration increases CO, purity, but
slightly decreases H, purity (Exp. 1 compared to Exp. 3)

— increasing the LP flow rate increases H, purity, but
decreases CO, recovery (Exp. 1 compared to Exp. 2;
Exp. 3 compared to Exp. 4)

— decreasing the evacuation pressure also increases the H,
purity, but at the expense of the CO, purity (Exp. 6 com-
pared to Exp. 3 compared to Exp. 7)

— increasing the feed duration decreases H, purity, but H,
recovery increases; for CO,, the trend is opposite (Exp.
3 compared to Exp. 5)

— small changes in feed stream composition or in HP inlet
composition do not affect the separation performance
significantly (Exp. 3 compared to Exp. 8 and Exp. 9)

— changing the process configuration to recycle LP outflow
(tail gas B) as HP inlet increases the CO, recovery sig-
nificantly (Exp. 3 compared to Exp. 10)

These effects are also illustrated in Figs. 11, 12, 13 and 14
and discussed below. The simulated trends are in line with
those measured. For a comparison between experiments and
simulations in terms of both separation performance indi-
cators (Table 6) and tail gas compositions (Fig. 10), refer
to Sect. 4.3; the same effects are seen here. Note that the
composition of tail gas B shown in Fig. 10b remains rela-
tively similar for the different experiments and is signifi-
cantly lower only for the case with a higher LP flowrates
(Exp. 2 and 4). The CO, content is high, making this stream

Table 6 Experimental and simulated separation performance for all
experiments; yellow indicates an insignificant change compared to
the respective base case, (light) green indicates a (small) improve-

potentially suitable as inlet stream to HP, as assessed indi-
rectly in Exp. 9 and using the recycle section in Exp. 10.

Effect of HP duration The dependency of the separation
performance on the HP duration is shown in Fig. 11 with
the two experimental points (Exp. 1 and Exp. 3, symbols)
and the corresponding simulation results (lines). A can be
seen, a longer HP leads to higher CO, purities. This happens
because more H, and CH, are purged out of the column dur-
ing HP (Fig. 11a). However, with a longer HP, the column
top, i.e. the H, production end, is more contaminated with
CO, and thus the H, product is more contaminated with CO,
(Fig. 11b). This trend can only be suspected based on the
experimental results, but is shown clearly by the simulations.

Effect of LP flow rate The effect of the LP flow rate on
the separation performance is illustrated in Fig. 12 for Exp.
3 and Exp. 4 (the same trends can be observed for Exp. 1
and Exp. 2).As shown in the figure, the H, purity increases
significantly with higher LP flow rates. The reason is a better
cleaning of the column top from adsorbed CO,, thus decreas-
ing the CO, contamination of the H, product (Fig. 12a). It
is important to highlight that for H, with its strict purity
requirements, an increase in purity from 99.82 to 99.92% can
be considered a drastic improvement. In contrast to that, the
CO, recovery reduces significantly (Fig. 12b) as more CO,
is wasted from LP outflow and tail gas B contains less CO,
and more H, (breaking through during LP, Fig. 6a).

Effect of evacuation pressure The effect of decreasing
(Exp. 6) and increasing (Exp. 7) the evacuation pressure
compared to base case B (Exp. 3) on the separation per-
formance is shown in Fig. 13a. Decreasing the evacuation
pressure increases the H, purity, as it also allows for a better
cleaning of the column top. At the same time, the CO, purity
decreases, because the CO, adsorption front propagates

ment, and (light) red indicates a (small) deterioration compared to the
respective base case

Purity Recovery
Exp.
p-# H, CO, H, CO»

Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
1 Base case A 99.8440.01  99.89 93.8840.09 92.84 741440 77.4 73.64€2.1  75.5
2 Vp+200% 99.96 99.97 92.38+0.44  90.94 731439 756  [JCBIOENEN 73.0
3 Base case B 99.8240.05 99.85 96.0840.21  96.85 72.7£4.0 77.8 732419 74.2
4 Vi p+200% 99.9240.01  99.95 95.5040.14  96.64 721439 76.2 70.5
5 tpeeqt+23% 98.06 98.874+0.04 99.97 81.0+3.8 84.5 64.4
6 PRD.yac2l% 99.9040.04  99.90 94.36+£0.34 = 95.19 72.3+4.0 78.0 727419 73.5

99.7140.02 96.5540.20 75.044.0 73.3+1.8

7 PBD-vact21% 99.74001 7 96.60£0.20 o4 734440 O 742419 O
8 YO, Feed+50 % 99.7940.02  99.84 94.7340.34  96.91 74.544.1 77.8 742419 75.4
9 Yoo, HP 99.85+0.02  99.86 95.74+0.16 = 95.45 73.243.9 76.0 724425 74.8
10 HP recycled 99.8140.02 99.83 96.4940.38  95.09 73.843.9 77.3 94.3+1.9 98.1
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Fig. 10 Composition of tail gas A (a) and B (b). Simulation results
are indicated as filled symbols, experimental results as empty sym-
bols shifted slightly to the left. For Tail gas A, the composition cal-
culated from a total mass balance and the measurement of BD, BD-
vac and Ads are indicated with light filled symbols shifted slightly to
the right. Error bars indicate the higher out of standard deviation and
error calculated from error propagation to give the best estimate of
the experimental uncertainty

slower for a cleaner column, and therefore the column still
contains more H, and CH, at the end of HP.

Effect of feed duration Figure 13b shows the dependency
of the process performance on the feed duration. When
increasing the feed duration (Exp. 5), the H, purity decreases
because CH, breaks through. At the same time, the H, recov-
ery increases significantly. The CO, purity also increases,
because the CO, adsorption front propagates further through
the column during Ads and HP, even breaking through at the
end of HP (see corresponding temperature and concentration
profiles provided in the supporting information), which in
turn reduces the CO, recovery.

Effect of feed composition Figure 14a shows the depend-
ency of the process performance on the feed composition,
i.e. an increasing impurity content (Exp. 8). The perfor-
mance changes only little, because also for the higher CH,
content, the impurity does not break through and a similar
H, purity as for base case B is reached. Note that the simu-
lations predict CH, breakthrough and a fast decrease in H,
purity above a threshold impurity content, that is higher than
that tested experimentally. To still reach high H, purities
in those cases, the feed duration should be decreased, as
explained in the previous point.

Effect of HP inlet composition One of the main simplifi-
cations of all experiments discussed above is the use of pure
CO, for HP. As first step toward a more realistic HP, before
implementing an indirect recycle, the composition of the
HP inlet was changed in Exp. 9: a gas-bottle with a lower
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eral cycles at CSS for the purity and the experimental uncertainty cal-
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feed. b Change in separation performance for changing impurity con-
tent in HP inlet. The ratio of H,:CH, is kept constant at 4:1

CO, content and a composition informed by the typical
composition of tail gas B was used (Fig. 10b; Table 5). The
results for this change in HP inlet composition are shown in
Fig. 14b. It can be seen that changing the HP inlet affects the
separation performance only little and no clear trend can be
confirmed experimentally. Simulations suggest, however, a
slow decrease in CO, purity with increasing impurity con-
tent in the HP inlet. The reasons is a lower purge efficiency
because the column gas phase is replaced not with pure CO,,
but with an impure gas mix, and because the molar amount
of CO, entering the column decreases with increasing impu-
rity content. It is important to highlight that tail gas B sepa-
rated in Exp. 9 has a composition similar to the composition
of the gas bottle used as HP inlet with slightly more CH, (3%
instead of 2%) and less H, (6% instead of 8%). These results
show that it is promising to use tail gas B for the HP, which
we did in a final experiment.

Effect of recycle section For Exp. 10, an indirect recycle
of tail gas B to the HP inlet was implemented (see Fig. 4,
dashed lines). Except for the HP inlet, the experiment is
equivalent to Exp. 3. All of tail gas B produced from col-
umn 1 is recycled to a storage tank and used in the next half
cycle for the HP of column 2, and vice versa. At CSS, 0.115
+ 0.002 mol are recycled to the HP each half-cycle, cor-
responding to an inflow of approximately 4.33 + 0.1 E-05
m>/s at HP conditions. This inflow is almost 10% higher
than for Exp. 3 and Exp. 9. Related to this, also the meas-
ured CO, purity is higher than for Exp. 3 and Exp. 9 (see
Table 6). The composition of tail gas B (measured at the end
of the experiment, when emptying the storage tank) is close
to that used in cycle 9 with slightly more CO, and slightly
less CH, (CO,:H,:CH, = 90.8:8.0:1.2 mol% compared to
90:8:2 mol% for Exp. 9, see Fig. 10b).

H, purity and recovery do not change notably. The CO,
recovery, however, increases dramatically now that the LP

outflow is recycled as inflow for HP rather than wasted
resulting in a measured recovery > 94%. With this, the
cycle configuration with recycle reaches the target of 96%
purity and 90% recovery often set for carbon capture and
storage applications, thereby demonstrating the feasibility
of VPSA technology for carbon capture with integrated H,
purification.

Process optimization It is important to highlight that the
parametric analysis carried out in this work does not result
in an optimized performance of the VPSA process. Because
the different process steps are interlinked, such an optimiza-
tion would require to change the different decision variables
simultaneously, i.e. the optimum of one variable cannot be
found independently of the others. For example: given the
base case B values of the decision variables, lowering the
evacuation pressure results in a decrease in CO, purity as
discussed above (Exp. 6). Hence, based on this analysis
only, decreasing the evacuation pressure seems unfavora-
ble for increasing the CO, purity. However, the decrease
in CO, purity could easily be counteracted, for example by
increasing the HP duration. When optimizing the process by
simultaneously changing several decision variables, we have
shown that a lower evacuation pressure is indeed favora-
ble for both CO, and H, separation performance [14]. This
highlights the importance of a reliable model, that can be
used to mathematically optimize the process and find an
optimal configuration, as we have done in previous works
[13, 14]. Nevertheless, the experimental analysis carried out
in this work allows appreciating the effect of key operating
variables on separation performance. Such insight can be
exploited to fine-tune specific key performance indicators by
adjusting the operating conditions in the direction indicated
by the experimental study.

6 Conclusions

In this paper, we presented an experimental and modeling
study of VPSA cycles for CO,—H, co-purification from a
ternary inlet stream representing shifted SMR syngas using
commercial zeolite 13X. The VPSA cycles achieved the
co-purification of both products. A maximum H, purity
of 99.96% (at 92.38% CO, purity) and a maximum CO,
purity of 98.87% (at 99.0% H, purity) were reached. The
CO, recovery was limited (< 75%) for cycle configurations
without recycle. It could be increased drastically when recy-
cling one of the two produced tail gas streams resulting in a
CO, recovery > 94% (at 96.5% CO, purity). The H, recovery
was low for most cases (x 75%), due to the limited number
of pressure equalization steps—one PE only can be carried
out in the two-column lab setup.

The effect of important decision variables on the per-
formance was assessed. Those are the LP flow rate, the HP
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duration, the feed duration, the evacuation pressure and the
HP inlet composition. For increasing the H, purity, either the
LP flow rate should be increased, or the evacuation pressure
decreased. Both decrease the CO, contamination of the col-
umn top, i.e. the H, production side, and thus the CO, con-
tent of the H, product. The former, however, decreases the
CO, recovery, and the latter requires more energy. The feed
duration is another key factor determining H, purity: after a
critical duration, CH, impurity starts breaking through, thus
quickly decreasing the H, product purity. Longer feed dura-
tions, however, are favorable for reaching higher H, recover-
ies. Therefore, the feed should be stopped just before CH,
breakthrough. The duration of the HP is the most important
decision variable for controlling the CO, purity, with little
influence on the H, separation performance. The HP should
be stopped just before CO, breakthrough occurs. This ensures
a high CO, purity, but reduces its loss. A high CO, purity
could be reached also with an impure HP inlet stream con-
sisting of only 90% CO,. The inlet can be provided externally
using a gas bottle, or internally using a recycled stream from
the LP outlet, which is preferable as it increases CO, recovery.

In addition to those decision variables, we assessed the
sensitivity of the VPSA cycle towards changes in impurity
content, as can occur during the operation of an SMR. We
therefore increased the CH, concentration from 5 to 7.5%.
The VPSA cycle can withstand this change in inlet compo-
sition with only little variation in the process performance.
Higher impurity concentrations, however, quickly lead to a
decrease in H, purity as CH, breaks through.

A comparison between experimental and simulation
results was carried out comparing different models for multi-
component adsorption. A comparison of the temperature
profiles within the column showed that the propagation of
the CO, front is simulated correctly neither with IAST nor
with extended isotherms. Extended isotherms nevertheless
reproduce the composition profiles well. In contrast to that,
IAST gives a better representation of the propagation of the
CO, adsorption front, but underestimates CH, co-adsorption
to such an extent, that it is predicted to break though together
with H, without prior production of high purity H, product.
RAST results in a far better prediction of both temperature
and composition profiles accurately predicting the timing
of the temperature fronts, and H, as well as CO, product
compositions.

The downstream piping of the experimental setup com-
bined with shared pipes for different outflows at both high
and low pressure made an evaluation of the separation per-
formance and a comparison with the simulated separation
performance, as well as a comparison of the measured with
the simulated composition profiles, less accurate than the
comparison of the temperature profiles. To enable a mean-
ingful comparison also in these cases, we have considered
the influence of the piping in addition to idle times and

@ Springer

measurement errors to reconcile experimental and simu-
lated data. With this, a good agreement of measured and
simulated composition profiles and performance indicators
could be confirmed. Moreover, the trends for all perfor-
mance indicators are reproduced at least qualitatively; for
both purities and the CO, recovery, even a good quantitative
agreement is achieved.

Summarizing, we validated our adsorption model for the
simulation of VPSA for H,—CO, co-purification. In addition,
we successfully demonstrated the technology at lab-pilot
scale and identified the key decision variables for controlling
the process performance. This successful small-scale test-
ing of the new technology, in combination with an accurate
model that can be used to optimize the technology, paves the
way towards a larger scale testing and application of VPSA
for enabling efficient low-carbon fossil-based H, production
combined with CCS.
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