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ABSTRACT: In this paper, we assess the performance of vacuum pressure swing adsorption (VPSA) for co-puriﬁcation of H2 and
CO2 through modelling and process optimization. VPSA allows for the integration of two separation tasks, which can simplify the
coupling of H2 production with carbon capture and storage (CCS). We assess the performance of ﬁve diﬀerent VPSA cycles, four
diﬀerent feeds typical for steam methane reforming (SMR) and autothermal reforming (ATR) of natural gas or biomethane, and two
diﬀerent H2 purity levels, that is, 99.9 and 99.97%. Three out of the ﬁve cycles can achieve the co-puriﬁcation reaching CCS
speciﬁcations for CO2 and even the higher H2 purity level at a recovery above 90%. For ATR, argon as a trace impurity is diﬃcult to
separate, thereby limiting the attainable purity to 99.9%, but an argon-adjusted purity of over 99.97% can still be reached. The
minimum electricity required for the separation is in the range of 300−500 kJ/kg CO2, with lower values for conﬁgurations with a
low temperature water-gas shift reactor and for the lower H2 purity level. This is well within the range of the exergy requirement of
absorption-based pre-combustion CO2 capture processes, whilst reaching up to more than twice their productivity and integrating
two separation units, that is, CO2 capture unit and H2 puriﬁcation unit, within a single one.

1. INTRODUCTION
Carbon neutral H2 is expected to play a crucial role as a
versatile energy carrier in future low-carbon energy systems for
the decarbonization of industry, transportation, and heating.2
In the long term, the production of carbon neutral H2 through
electrolysis using carbon-free renewable energy is likely to be
the preferred option. However, in the 2050 time frame
suggested by the IPCC3 to reach net-zero CO2 emissions, this
production route is unlikely to provide H2 at the required scale
and a competitive cost. An alternative with the potential to
produce large amounts of H2 with low associated CO2
emissions in a timely manner is the coupling of fossil fuelbased H2 production with carbon capture and storage (CCS).
This can act as an enabler for a H2-based energy system with
beneﬁts for the climate but also for energy security and air
pollution,2 promoting further progress in the development of
CCS technologies and paving the way for negative emissions
through coupling biogas or biomass-based H2 production with
CCS.
© 2020 American Chemical Society

At present, H2 is produced at a large scale from fossil fuels
for reﬁneries and for ammonia or methanol synthesis. Steam
methane reforming (SMR) is the most important technology
for H2 production from natural gas. A simpliﬁed process
scheme is shown in Figure 1 in black.
The core of the process is the reformer, where methane and
steam are converted to syngas. To sustain the endothermic
reaction, the reformer is externally heated by burning
additional natural gas in a furnace, which results in additional
CO2 emissions. The reformer is followed by a high
temperature water-gas shift reactor (HT-WGS) to convert
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Figure 1. Process scheme for SMR of natural gas/biomethane. The process without CO2 capture is shown in black and the process with integrated
CO2 capture and H2 puriﬁcation in a single vacuum pressure swing adsorption (VPSA) cycle is shown in blue.

Figure 2. Process scheme for ATR of natural gas/biomethane. The process without CO2 capture is shown in black and the process with integrated
CO2 capture and H2 puriﬁcation in a single VPSA cycle is shown in blue.

expected to translate into a reduction in process complexity
and system cost.
In the literature, several attempts have been made to develop
such adsorption processes: Air Products and Chemicals Inc.
developed the Gemini 8/9 process for co-puriﬁcation of H2
and CO2 from syngas.7−9 Their process, however, makes use of
two interconnected trains of columns that undergo a
completely diﬀerent cycle sequence for regeneration and
requires both a vacuum pump (VP) and a compressor, which
makes it very complex. In addition, no data is available on the
energy consumption. Riboldi and Bolland developed a onetrain and a two-train PSA process for CO2 capture and coproduction of ultrapure H2 from an integrated gasiﬁcation
combined cycle (IGCC).10 The performance of their two-train
conﬁguration, however, is clearly superior to the one-train
conﬁguration. Moreover, ultrahigh H2 purity could be reached
only for a fraction of the H2 product, whereas the rest was used
for fueling a gas turbine, therefore making the cycles unsuitable
for standalone H2 production. In the ﬁrst part of this series, we
developed several VPSA cycles for the co-puriﬁcation of CO2
and H2.1 The cycles were developed for a generic stream with a
single impurity and only intermediate H2 product purities of
95% were considered in the optimization and ﬁnal evaluation,
but the VPSA cycles did show potential for reaching higher H2
purities. Because the performance of any adsorption process is
highly dependent on the composition of the inlet stream, it
cannot be translated directly to SMR and ATR gases. Building
on our previous work,1 the aim of this paper therefore is
threefold:
1. Assess the performance of VPSA processes for feed
streams with multiple impurities typical for SMR and
ATR process streams;
2. Optimize these adsorption processes targeting the coproduction of high and ultrahigh purity H2 (≥99.9 and
≥99.97% purity respectively) at high recovery as
relevant for applications either in industry or for fuel
cells;
3. Evaluate possible process improvements to overcome
limitations like a low H2 or CO2 recovery or purity or a
complex cycle conﬁguration.
This contribution will show if cycles developed for a generic
inlet stream capturing only the main characteristics of relevant
feed streams (here: high pressure, large amount of impurity)

CO to CO2 and produce additional H2. In some production
facilities, a second low temperature (LT)-WGS reactor follows
the HT-WGS reactor, leading to higher CO conversion. For
ﬁnal H2 puriﬁcation, pressure swing adsorption (PSA) is used.
Typical H2 purity requirements, for example, for catalytic
boilers, stationary fuel cells, or reﬁneries are 99.9%. For
proton-exchange membrane (PEM) fuel cells for transportation, even higher purities exceeding 99.97% are needed.4
Autothermal reforming (ATR) of natural gas is an
alternative production pathway with the main diﬀerence that
part of the natural gas is burned directly in the reformer,
thereby providing the necessary energy for the endothermic
reforming reaction. This requires, for the case of oxygen blown
ATRs, an additional air separation unit (ASU). The process is
shown in Figure 2 in black.
There are several possibilities for coupling fossil fuel-based
H2 production with CCS, including diﬀerent capture
technologies and diﬀerent capture locations. CO2 could be
captured, for example, at medium concentration and low
pressure from the reformer ﬂue gas (for SMR only), at medium
concentration and high pressure before the PSA, or at high
concentration and low pressure from the PSA tail gas. The
most mature technology for CO2 capture is wet scrubbing
using physical or chemical solvents. The IEAGHG showed in
its 2017 report on standalone H2 production with CCS that
the most economical option is the capture before the PSA
using absorption.5 For SMR, however, the overall CO2 capture
rate with this pre-PSA capture is limited to around 60%
because of the emissions associated to the furnace ﬂue gas. For
ATR, all the CO2 is contained in the oﬀ gas from the WGS
reactor, thereby making high capture rates above 90% possible
for such a pre-PSA capture. To increase the capture rate of
SMR-based H2 production, either a post-combustion capture
(PCC) after the furnace or ﬁring the reformer with H2 only
would be alternative possibilities, leading to higher costs for
SMR with target capture rates in the order of 90% compared to
ATR.6 This makes ATR an interesting alternative to SMR
when high CO2 recoveries are necessary.
However, all options examined by the IEAGHG5 require an
additional separation unit for CO2 capture. A promising
alternative is the combination of H2 puriﬁcation and CO2
separation within a single adsorption unit. This is shown in
blue in Figures 1 and 2. The avoidance of a separation unit is
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Table 1. Feed Stream Composition for Diﬀerent SMR and ATR Syngases after the WGS Reactor(s)a
H2 (mol %)

CO2 (mol %)

CH4 (mol %)

CO (mol %)

N2 (mol %)

argon (mol %)

75.81
76.2
70.60
72.73

16.31
19.6
19.74
25.6

3.03
3.5
0.34
0.5

4.65
0.4
9.00
0.9

0.2
0.3
0.24
0.2

0
0
0.08
0.07

SMR + HT-WGS
SMR + HT-WGS + LT-WGS
ATR + HT-WGS
ATR + HT-WGS + LT-WGS
a

The composition for the SMR + HT-WGS is taken from the literature,5 the other compositions from modeling the processes in Aspen Plus.

Table 2. Parameters for the Temperature-Dependent Sips Adsorption Isotherm Shown in Eq 1, Heat of Adsorption, and LDF
Coeﬃcient from Park et al.12
q∞
i = ai + biT
Ki = Ai exp(Bi/T)
si = αi + βi/T

ai
−bi × 103
Ai × 106
Bi
αi × 102
βi
ΔHAds,i
ki

unit

CO2

CO

N2

CH4

H2

argon

mol/kg
mol/kg/K
kPa−1
K

8.984
9.867
2.266
3130
36.22
454.4
−37
0.1

9.614
19.27
13.95
1496
−14.61
407
−25
0.7

6.774
11.57
3.778
1650
76.74
78.83
−19
1.6

13.69
31.67
38.36
1083
66.51
97.8
−19
0.9

8.519
13.57
5.651
640
95.91
9.776
−8.05
1.6

10.81
24.67
40.51
620
90.87
17.03
−12
1.6

K
kJ/mol
1/s

component isotherms measured by Park et al. are used.12 For
modeling multicomponent adsorption, an extended Sips
isotherm is adopted

can be used successfully for diﬀerent feed streams, and how the
performance will vary under these conditions. In addition, the
paper provides performance indicators needed for a meaningful
comparison of the VPSA technology with the state-of-the-art
technology consisting of two stages, namely, a CO2 separation
stage and an H2 puriﬁcation stage. It therefore paves the way
for a comparative assessment of SMR and ATR plants with
diﬀerent CO2 capture technologies including VPSA.
The structure of the paper is as follows: in the ﬁrst section,
the column model including the optimization routine will be
explained and the important parameters and performance
indicators will be provided. In the second section, the base
cycle from Streb et al.1 and new cycles variants are introduced.
In the third section, the separation and process performance
for diﬀerent cycle conﬁgurations and feed stream compositions
will be presented and discussed. This is followed by a
comparison to the state-of-the-art process combination:
absorption using activated methyl diethanolamine (aMDEA,
i.e., MDEA with an addition of piperazine to enhance)
followed by H2 PSA.

qieq =

)1/ si
qi∞(K iyP
i
n

1 + ∑ j = 1 (Kjyj P)1/ sj

(n = no. of components)
(1)

where P is the pressure, yi is the molar fraction of component i,
q∞
i is its saturation capacity, Ki is its adsorption equilibrium
constant, and si is a parameter accounting empirically for the
surface inhomogeneity. The parameters for all components are
given in Table 2. Average isosteric heats of adsorption ΔHAds,i
are taken from the same paper12 for the conditions of interest
for the simulation and reported in Table 2. The Glueckauf
equation was applied for the calculation of the linear driving
force (LDF) coeﬃcients, ki, from the reciprocal of the
corresponding eﬀective diﬀusional time constant, Di/RP, as
provided by Park et al.

2. MODEL AND METHODOLOGY
2.1. Model Parameters. SMR and ATR syngases consist
mainly of H2 and CO2 with a few percentage points of
impurities, mainly CO, CH4, N2, and argon. The streams are
available at high pressure after the WGS reactor and cooled
down to close to ambient temperature before entering the PSA
for H2 puriﬁcation, or, in this case, the VPSA for combined H2
puriﬁcation and CO2 separation. The four feed stream
conditions assessed in this contribution are summarized in
Table 1. All streams are available pre-dried at a pressure Pfeed
slightly above 25 bar and a temperature Tfeed of 35 °C.
Diﬀerent commercial adsorbents have been evaluated for the
separation, and zeolite 13X has been identiﬁed as promising
because of its high selectivity for CO2 over the main impurities
(CH4, CO, and N2) and H2, as well as the suﬃciently selective
uptake of the impurities over H2. Activated carbon (AC), on
the other hand, is not suitable (if used as a single adsorbent,
i.e., not in a layered bed conﬁguration together with other
adsorbents) because of its strong methane adsorption, which
makes it diﬃcult to separate CO2 at high purity.11 Single

ki = 15

Di
R p2

(2)

For H2 and argon, Park et al. could not extract the
diﬀusional time constants from their measurements because
diﬀusion was too fast. Therefore, we have chosen a
conservative approach and set the LDF coeﬃcient to the
highest among all the others (here that of N2).
For modeling the process, the same non-isothermal, onedimensional model based on mass, energy, and linear
momentum balance equations, as described elsewhere,1 is
used. The relevant process parameters are provided in Table 3.
2.2. Key Performance Indicators. To assess the performance of diﬀerent cycles for the separation of interest, several
performance indicators are compared. Diﬀerent separation
tasks require diﬀerent product qualities, speciﬁed often as
minimum product purity Φi. It is deﬁned as the ratio between
the amount of moles of target component i in the product rich
in this component, Ni,Prod, to the total amount of moles of this
product, Ntot,Prod
10095
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bar, and to ηis = 0.3 at 0.01 bar. This allows to account for a
decrease in performance at deeper vacuum conditions below
0.1 bar, as shown by Krishnamurthy et al.17
When comparing processes that require diﬀerent energy
qualities, for example, electricity for the VPSA compared to
mainly heat for solvent regeneration in absorption processes,
the speciﬁc exergy is a better metric. The electricity translates
directly to exergy, whereas the reboiler heat duty for
absorption processes can be converted to exergy assuming a
Carnot eﬃciency between the reboiler temperature TReboiler
and the ambient temperature Tamb, here taken as 298 K,
resulting in a total exergy consumption for absorption-based
capture as follows

Table 3. Column Dimensions, Physical Properties of the
Adsorbent Material, and Process Parameters Used for All
Simulations
parameter

symbol

unit

value

particle diameter
skeletal density
particle density
bed density
heat capacity adsorbent
internal column diameter
column length
factor for pressure decay
feed volumetric ﬂow rate

dP
ρs
ρP
ρb
Cs
di
LCol
ξ
V̇ feed

m
kg/m3
kg/m3
kg/m3
J/kg/K
m
m

0.002
2359
1085
708
920
0.025a
1.2a
0.28a,b
2 × 10−5

m3/sc

T
ji
zy
e x = eReboiler jjj1 − amb zzz + eel
j
TReboiler z{
k

a

Based on lab-scale adsorption setup at ETH Zurich. bExponential
pressure decay assumed during all BD steps:13 P(ts) = Plow + (Phigh −
Plow) exp(−ξts). cDeﬁned at PAds = 25 bar and TFeed = 35 °C.

Φi =

(3)

In the case of H2 and CO2 co-production, the purities of
both CO 2 and H 2 products have to be taken into
consideration. In addition to attaining the speciﬁed product
purity, it is important to recover the majority of the target
component in the product and thereby minimize the loss of
valuable H2 product and the emission of unrecovered CO2 to
the atmosphere. Therefore, the recoveries ri of both products
have to be considered when optimizing the adsorption
processes, which are deﬁned as the ratio of Ni,Prod to the
overall amount of component i fed to the cycle, Ni,tot
ri =

Preff =

Preff =

(4)

E VP
NCO2,ProdM w,CO2

(5)

with the molecular weight of CO2, Mw,CO2. The energy required
for evacuation, EVP, is based on isentropic calculations with a
linear stepwise decrease in the VP isentropic eﬃciency, ηis, for
decreasing pressure from ηis = 0.7 at 0.8 bar, to ηis = 0.6 at 0.1
Table 4. Minimum Target for H2 and CO2 Separation
Performance. Two Diﬀerent H2 Purity Levels Are Assessed

case 1
case 2

CO2 purity

CO2 recovery

H2 purity

H2 recovery

(%)

(%)

(%)

(%)

96

90

99.9a
99.97b

90

(tcycle + t idle)ρb Vcol

(7)

NCO2,ProdM w,CO2
(tcycle + t idle)Vequip

(8)

with ρb being the bed density, Vcol being the column volume,
and Vequip being the equipment volume. The equipment
volume for adsorption is assumed to be the column volume
only, thereby neglecting storage tanks or pumps. For the
reference CO2 capture process (absorption), reboiler and
stripper volume are considered whilst also in this case,
additional equipment is neglected.
Adsorption processes are cyclic processes, meaning that a
series of columns execute the same sequence of steps shifted in
time. To accommodate a speciﬁc cycle, diﬀerent constraints
have to be fulﬁlled. Here, intermediate storage tanks were
assumed for all recycles, thereby limiting the scheduling
constraints to a synchronization of the pressure equalization
(PE) steps and a continuous feed ﬂow. To fulﬁll these, a
certain minimum number of columns Ncol,min is required and
idle times tidle between two subsequent steps might become
necessary. They have to be accounted for when calculating the
productivity, as explained in more detail elsewhere.1 The ideal
productivity Prinf = Preff(tidle = 0) as calculated by the model
does not account for any idle times and therefore exceeds the
eﬀective productivity, Preff. We use the ideal productivity for a
ﬁrst assessment of the cycle performance, whereas for the
comparison to the state-of-the-art technology, the eﬀect of
scheduling is considered.
2.3. Optimization. For optimizing the separation performance, the column model was combined with a multi-objective
multilevel coordinate search (MO-MCS) optimization routine,
as described in Capra et al.18 All analyzed cycles were found to
be able to produce CO2 at CCS speciﬁcations (≥96% purity
and ≥90% recovery). Therefore, only the H2 separation
performance was optimized while constraining both CO2
purity and recovery with the following formulation of the
optimization problem:

Here, we target the co-production of CO 2 at CCS
speciﬁcations14−16 and H2 at high recovery and at two
diﬀerent purity levels, as summarized in Table 4.
Diﬀerent separation processes that reach the speciﬁed
separation target can be compared based on their speciﬁc
energy consumption e and their productivity Pr. The CO2
speciﬁc energy consumption e for the VPSA cycles is calculated
as energy required by the VP for evacuating and purging the
column at P < Pamb, EVP, divided by the mass of CO2 separated
as the product
e=

NCO2,ProdM w,CO2

or per unit volume of equipment calculated as

Ni ,Prod
Ni ,tot

(6)

The eﬀective productivity Preff is calculated as mass of CO2
product separated per unit time and unit mass of the adsorbent
calculated as

Ni,Prod
Ntot,Prod

Article

a

For industry, PEM fuel cells for stationary purposes or catalytic
boilers.4 bFor PEM fuel cells for transportation.4
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Figure 3. Diﬀerent VPSA cycles for co-production of light and heavy products. The base cycle with three PE steps and product pressurization is
shown in black and cycle alternatives, for example, with a fourth PE step, feed-Pr, and top-to-top conﬁguration for the PE steps or without BD1 are
shown in diﬀerent colors.

adsorption followed by recycling of H2-rich outﬂow during the
initial part of the blowdown to increase H2 recovery;
intermediate blowdown (BD1) to remove impurities from
the column; purge with CO2-rich stream to increase CO2
purity (HP); vacuum for CO2 withdrawal to increase CO2
cyclic capacity; and purge with H2 under vacuum to increase
CO2 cyclic capacity and H2 purity. For the recycle of H2 rich
outﬂow, either a sequence of PE steps or a compressor can be
used, with the latter providing additional ﬂexibility at the
expense of a higher energy consumption. Here, we only
examine conﬁgurations with a sequence of PE steps in order to
minimize the energy consumption. For a more detailed
explanation of the eﬀect of those steps and of the cycle
development, we refer to the aforementioned literature.
Our base cycle (prod-Pr) with all characteristic steps is
shown in Figure 3 in black. We only made one change to the
cycle previously suggested:1 as we are targeting high purity H2,
we replaced the feed pressurization from the column bottom
with a product pressurization from the column top (H2
production side). This step allows for a further cleaning of
the top part of the column and displacement of impurities
during the pressurization step, thereby increasing the H2
purity.
In addition to the base cycle, several cycle variants have been
examined aiming either at a simpliﬁed process conﬁguration or
a better separation or process performance.
Feed Pressurization (feed-Pr). In contrast to the base
cycle, this cycle features a pressurization step with the feed
from the column bottom and corresponds to the cycle we
previously developed for a generic feed.1 The conﬁguration is
shown with a dotted purple line in Figure 3. The feed-Pr is
expected to reduce the H2 purity but results in an easier ﬂow
scheme and can be expected to increase the productivity, as
less hydrogen is recycled.
Four Pressure Equalization Steps (4PE). This cycle is
based on the base cycle but features an additional PE step (PEBD4 and PE-Pr4), as shown in blue in Figure 3. Increasing the
number of PE steps increases the H2 recovery. Especially when
targeting ultrahigh H2 purities at still high recoveries, this
addition may become necessary.
Top-to-Top Conﬁguration (top-top). This cycle is based
on the base cycle, but instead of a top-to-bottom conﬁguration
for the PE steps, which requires additional valves, thereby
increasing the capital cost of the process, a top-to-top
conﬁguration is examined to test if, in combination with a
product pressurization, this simpler conﬁguration can still

Optimization separation performance H2
minimize ( −ΦH2(x), −rH2(x))
x

subject to ΦCO2 ≥ 0.96
rCO2 ≥ 0.90

To obtain the minimum energy consumption and maximum
productivity for given separation requirements, an extensive
parametric analysis was carried out. This allows a comparison
of the process performance for diﬀerent recovery and purity
speciﬁcations.
The decision variables x considered in the optimization were
selected based on a sensitivity analysis. They are the duration
of the adsorption step tAds, the recycle ratio rr, which is the
ratio of the CO2-rich product recycled for the heavy purge
(HP) step to the total amount of CO2-rich product, and the
duration of two light purge (LP) steps under vacuum tLP1 and
tLP2. Those steps are explained in more detail in the next
section. Whereas the outﬂow of LP1 is recycled to perform the
HP, the outﬂow of LP2 is wasted. LP2 was included only for
optimizing the separation performance of SMR oﬀ gases.
These optimizations did show that a LP2 step is not favorable
for the separation performance, and therefore, the LP2 step
was excluded from all the other optimizations and from the
parametric analysis.
The column outlet pressure during adsorption was kept
constant at PAds = 25 bar. The evacuation pressure PBD‑vac,
however, has a strong inﬂuence on the separation performance,
and higher purities, recoveries, and productivities can be
reached when lowering the evacuation pressure. This comes at
the expense of an increasing energy consumption,1 an eﬀect
which is ampliﬁed by decreasing VP eﬃciencies below 0.1 bar.
Therefore, the separation performance was assessed for a
constant evacuation pressure of 0.1 bar, whereas a variable
evacuation pressure was used for optimizing (through
parametric analysis) the energy consumption and productivity.
The values of the cycle parameters as well as the ranges for all
decision variables are summarized in the Supporting
Information.

3. CYCLE DESIGN
The cycles examined in this contribution are illustrated in
Figure 3 and are based on a cycle we reported earlier in the
literature.1 The base cycle features several characteristic steps
critical for reaching the separation performance: high pressure
10097
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over 90% of it. There is, however, a big diﬀerence between the
diﬀerent cycle conﬁgurations.
The right diagram in Figure 4 with the region of high purity
H2 illustrates that the cycle with product pressurization indeed
reaches a better H2 separation performance than the
corresponding cycle with feed-Pr, in terms of both H2 purity
and recovery. A product pressurization therefore is beneﬁcial
for the separation performance. However, even the feed-Pr
conﬁguration still reaches purities above 99.97% at over 90%
recovery. For lower H2 purities, however, the separation
performance is similar for both cycles, as shown in the left
diagram.
The top-top conﬁguration performs worse than all other
cycles and cannot reach 99.97% H2 purity even for H2
recoveries below 90%. This is related to traces of impurities
that are recycled in the PE steps and contaminate the column
top in the top-top conﬁguration, thereby limiting the attainable
H2 purity. For illustration, Figure 5 shows the gas phase
concentration proﬁles within the column at the end of the last
PE-pressurization step (PE-Pr3) at the cyclic steady-state for
two cases that only diﬀer in the direction of the PE steps: toptop on the left and prod-Pr with top-to-bottom conﬁguration
for the PE steps on the right.
The step times, recycle ratios, and pressure levels of the two
cycles are identical. The ﬁgure shows that when performing the
PE steps in a top-to-top conﬁguration, there are traces of
impurities present toward the column top (corresponding to
normalized column length 1), which limits the H2 purity. On
the contrary, in the top-to-bottom conﬁguration, all impurities
enter from the column bottom (normalized column length 0)
leaving a clean column top, which results in higher H2 purities.
Note that whilst the gas phase concentration of the impurities
(i.e., CO, N2, and CH4) increases at the side of the column
where the PE-Pr streams enters, the CO2 concentration
decreases. This is because the CO2 front propagates the
slowest through the column, and therefore the PE-BD/Pr
streams are lean in CO2. Overall, one can conclude that it is
essential to recycle the H2-rich outﬂow during the PE-BD-steps
to the column bottom for reaching high H2 purities. The
subsequent ﬁnal pressurization step with the H2 product is not
suﬃcient to clean the column top after the contamination with
impurities during the PE-Pr steps in the top-to-top
conﬁguration.
When comparing the 4PE conﬁguration to others (Figure
4), this cycle clearly outperforms all other cycles in terms of H2
separation performance. The additional PE step results in
higher H2 recoveries especially in the low purity region. For
high H2 purities (≥99.97%), the recovery is similar to the
prod-Pr conﬁguration and higher than that for the feed-Pr
cycle. The purity reaches values similar to the cycle with
product pressurization only.
The conﬁguration without BD1 performs poorly: it only
reaches the higher H2 purity target of 99.97% purity for
recoveries below the target of 90%. For low purity H2, the cycle
reaches high H2 recoveries, but for the higher H2 purities of
interest here (Figure 4, right), the cycle is outperformed by
three cycles: feed-Pr, prod-Pr, and 4PE.
This is related to the higher pressure in the column during
the HP: as the pressure during the HP (here: PHP = PPE3) is
about four times higher than for the base case (approximately 4
bar compared to ambient pressure), so is the molar amount of
gas contained in the void spaces. This means that also the
molar amount of H2 (from the outlet of the LP) and of

reach the required H2 purities. This conﬁguration is shown
dash-dotted in dark green in Figure 3.
Without Intermediate Blowdown (no BD1). This cycle
is based on the base cycle but without the intermediate BD to
atmospheric pressure before the HP. Therefore, no CO2 is lost
during the intermediate BD1, which could increase the CO2
recovery, but more CO2 recycle is needed for purging at higher
pressures rather than at PHP = Pamb, as for all other cycles. This
conﬁguration is shown in black without the dashed-purple BD1
step in Figure 3.

4. RESULTS AND DISCUSSION
The diﬀerent case studies assessed in this contribution are
summarized in Table 5. They include ﬁve diﬀerent VPSA
cycles and four diﬀerent feed streams and have been analyzed
in the scope of diﬀerent optimization problems considering
separation and process performance. In this section, we ﬁrst
show the H2 separation performance (Figure 4) and the tradeoﬀ between energy consumption and productivity (Figure 7)
for diﬀerent cycle variants in the SMR + HT-WGS case. For
the feed-Pr cycle, we subsequently address the eﬀect of a
varying feed stream composition on the H2 separation
performance with a special focus on the inﬂuence of argon
as a weakly adsorbing trace component (Figure 8). The
performance is discussed considering energy consumption and
productivity, ﬁrst without scheduling (Figure 9) and then with
scheduling (Figure 13), and ﬁnally is compared to the state of
the art two-unit technology combination, aMDEA and PSA
(Figure 15).
4.1. VPSA Performance for Diﬀerent Cycle Variants.
4.1.1. H2 Separation Performance. Figure 4 shows the H2
separation performance (Pareto optimum) for ﬁve diﬀerent
cycle variants and an SMR + HT-WGS feed stream. All points
shown correspond to process conditions fulﬁlling CCS
speciﬁcations for CO2. For the sake of clarity, the region of
high purity H2 is also shown enlarged in the ﬁgure on the righthand side.
In addition to successfully separating CO2 at ≥96% purity
and 90% recovery (the CO2 separation performance is
provided in the Supporting Information), all cycles can coproduce high purity and recovery H2, that is, reaching purities
≥99.9% for all cycles with recoveries ≥90%. Three out of the
ﬁve cycles even reach H2 purities ≥99.97%, as needed in PEM
fuel cells used in mobility applications, while still recovering
Table 5. Summary of All Optimized Cases for the Four Feed
Streams and up to Five Diﬀerent Cycles: 1 (feed-Pr); 2
(prod-Pr); 3 (4PE); 4 (top-top); and 5 (no BD1)
SMR
H2 purity/recoverya
argon-adjusted H2
purity/recovery (eq
9)a
energy/productivityb
energy/productivity with
schedulingb
exergy/productivity with
schedulingb

ATR

HT-WGS

LT-WGS

1, 2, 3, 4, 5

1, 2, 3

1
1

1
1

1, 2, 3
1

1, 3
1

1
1

1
1

1

1

1

1

Article

HT-WGS LT-WGS

a

CO2 purity and recovery constrained to CCS speciﬁcations.
Constraints as in Table 4 with two diﬀerent levels for H2 purity
(SMR)/argon-adjusted H2 purity indicator (ATR).
b
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Figure 4. H2 separation performance for all cycle conﬁgurations and a HT-WGS inlet stream; constraints: CO2 recovery ≥ 90%, CO2 purity ≥
96%; for better visibility, the high purity region is shown in the right ﬁgure.

Figure 5. Cyclic steady-state internal gas phase proﬁles at the end of the PE-Pr3 step for a top-to-top conﬁguration of the PE steps (left) and a topto-bottom conﬁguration of the PE steps (right). Both cycles are identical except for the direction of the PE-Pr steps. The molar fraction of H2 is
shown on the right axis, and the molar fraction of the other components on the left axis. Separation performance: rH2 = 0.91, ΦCO2 = 0.97, rCO2 =
0.99 (top-top)/0.98 (prod-Pr).

Figure 6. Exemplary cyclic steady-state internal gas phase proﬁles at the end of the HP step for the feed-Pr cycle (left) and the conﬁguration
without BD1 (right). ΦCO2 = 0.98.

recycle ratio is needed but also because the CO2 recycle has to
be compressed up to PPE3 (approximately 4 bar). A compressor
is required for this re-compression.
In summary, three out of the ﬁve cycles, namely, the prod-Pr
cycle, the cycle with 4 PE steps, and the feed-Pr cycle, can
achieve the desired co-production even for ultrahigh H2
purities. Therefore, the process performance (based on
indicators such as the energy requirement and the
productivity) will be critical in determining the most promising
cycle for the separation of interest. The top-top conﬁguration
could potentially be interesting if lower purity H2 is suﬃcient,
whereas the cycle without BD1 is inferior to others not only in
terms of H2 separation performance but also in terms of energy
consumption and required equipment. Therefore, these last
two cycles will be excluded from further examination.

impurities contained in the column at the end of the HP is
higher for the same composition of the gas. Hence, it becomes
more diﬃcult to withdraw CO2 at high purity and to reach the
CO2 separation target. In particular, to reach a high CO2
purity, the HP has to be carried out until the CO2 front reaches
and contaminates the column top end, thus reducing the H2
purity, whereas for the other cycles, the HP step is stopped
before the CO2 breaks through and the column is saturated.
This is illustrated in Figure 6 for the feed-Pr cycle (left) in
comparison to the cycle without BD1 (right) and a case where
both reach the same CO2 purity, ΦCO2 = 0.98. Hence, the H2
separation performance is worse as a result of the more diﬃcult
CO2 separation for the conﬁguration without BD1.
In addition to the worse separation performance, the energy
consumption for this conﬁguration is higher because a higher
10099
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4.1.2. Energy Consumption and Productivity. The results
of the parametric analysis for minimizing the energy
consumption and maximizing the ideal productivity (i.e.,
considering zero idle time) for diﬀerent cycle variants and a
feed from an SMR + HT-WGS are shown in Figure 7 (top) in
the form of Pareto fronts. Figure 7 (bottom) shows the
evacuation pressure along the Pareto front. For all points, CCS
speciﬁcations are fulﬁlled for CO2, while an H2 recovery ≥90%
is achieved. The solid lines show the energy consumption for
an H2 purity of at least 99.9%, and the dashed lines for an H2
purity of at least 99.97%.
As expected, there is a trade-oﬀ between energy consumption and productivity, which results mainly from the
change in the evacuation pressure: for lower evacuation
pressures, a higher CO2 cyclic capacity and better regeneration
of the column can be reached. This translates into longer
adsorption times and shorter LP times and thus higher
productivities, but at the expense of a higher energy
consumption. In addition to this expected trade-oﬀ, we
observe that reaching a higher H2 purity (i.e., 99.97%)
comes at the expense of a higher energy consumption and
lower productivity, as expected for this more diﬃcult
separation. In contrast to these large diﬀerences, there is
only little diﬀerence in process performance between the cycle
variants. The cycle with feed-Pr has a higher maximum
productivity than the other two because of the lack of a
product pressurization step. In addition, it features the lowest
energy consumption (the diﬀerence in energy consumption,
however, is not very pronounced and the Pareto fronts in the

Article

low energy region almost overlap). Hence, the better
separation performance in terms of H2 purity and recovery
of the cycle with 4 PE steps and of the cycle with prod-Pr does
not translate into a better process performance. This can be
understood only when considering all four constraints, that is,
purities and recoveries of both H2 and CO2: indeed, for further
reducing the energy consumption, the limiting constraints are
the purity of both H2 and CO2, whereas their recoveries are
easily above the threshold of 90%. This is explained in more
detail in Section 4.2.3 with reference to the diﬀerent feed
streams. Hence, a higher H2 recovery for the same H2 purity
does not result in a better energy performance (as long as the
recovery reaches the 90% target). Instead, one has to consider
the CO2 separation performance as well, which indeed is better
for the feed-Pr cycle and 4PE cycle than for the prod-Pr cycle
(additional ﬁgures that show all feasible points in terms of CO2
purity and recovery reached during the optimization of the H2
separation performance for the case of an SMR + HT-WGS
feed are provided in the Supporting Information). Consequently, the addition of a fourth PE step or of a product
pressurization step leads to an unnecessary complication of the
cycle for the given separation target.
Inﬂuence of Evacuation Pressure on Cycle Performance.
As explained before and shown in Figure 7 (bottom), there is a
strong dependency of the process performance on the
evacuation pressure. For each cycle and H2 purity requirement,
the productivity and energy consumption decrease along the
Pareto as the evacuation pressure increases. The point with the
minimum energy consumption and productivity corresponds
to the point with the maximum evacuation pressure. For higher
evacuation pressures, the targeted separation performance
cannot be reached any longer and no further increase in
evacuation pressure, and thus decrease in energy consumption
is possible (the upper bound for the evacuation pressure was
set to 0.2 bar in all cases, higher than the maximum values
reached here). The higher this maximum pressure, the lower
the minimum energy consumption of a cycle. For example, the
cycle with product pressurization requires a vacuum of 0.14 bar
or below to reach the separation target for 99.9% H2 purity and
of 0.12 bar or below for 99.97% purity. This is lower than for
the two other cycle conﬁgurations, and therefore more energy
is required. For the other two cycles (feed-Pr and 4PE), the
energy requirement is similar, as is the evacuation pressure (see
Figure 7). For higher target H2 purities (dashed lines), the
highest evacuation pressures at which the separation is still
feasible are lower, which directly translates into a higher
minimum energy consumption.
When moving to higher productivities, the evacuation
pressure decreases until reaching its lower boundary, that is,
0.06 bar; such a value has been chosen because it is already low
for industrial applications. Whereas in principle, higher
productivities are favorable because they decrease the column
size needed for a given throughput and thereby the capital
expenditures (CAPEX), in this case it seems more promising
to operate the VPSA in the region close to the lowest energy
consumption. This because (i) the CAPEX can be expected to
increase signiﬁcantly when the columns and VP have to be
designed for a vacuum as low as 0.06 bar, thereby reducing or
possibly completely eliminating the advantage of the smaller
column volume required for the same throughput due to the
higher productivities; (ii) the lower energy consumption yields
lower operating expenses (OPEX); (iii) the increase in
productivity is much smaller (from around 25% to up to

Figure 7. Top: Optimized (parametric analysis) energy consumption
and productivity for three cycles and oﬀ gas from an SMR + HT-WGS
as feed stream. Bottom: Dependency of the process performance on
the evacuation pressure, here shown moving along the Pareto front
from low to high CO2 productivities. Constraints: rH2 ≥ 90%, ΦH2 ≥
99.9% (solid lines) or 99.97% (dashed lines), rCO2 ≥ 90%, ΦCO2 ≥
96%.
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Figure 8. Top: Separation performance for the cycle with feed-Pr and four diﬀerent feed streams typical for SMR and ATR plants with a HT-WGS
or both a HT-WGS and a LT-WGS reactor; optimization of H2 purity (left)/adjusted H2 purity indicator (right, eq 9) and recovery; constraints:
≥90% CO2 recovery, ≥96% CO2 purity. Bottom: Argon content in H2 product for the same optimization and ATR syngases.

concentration that one would expect with all the argon in the
inlet stream behaving exactly as H2 (thus resulting in an argon
content in the H2 product of 0.096% for the ATR + LT-WGS
feed and of 0.113% for the ATR + HT-WGS feed stream, a
slightly higher value due to a larger argon content in this inlet
stream). This shows that argon can indeed barely be separated
from H2. Consequently, a higher H2 purity requirement yields
a constraint on the concentration of argon in the VPSA feed,
that is, in turn a constraint on the oxygen purity from the ASU,
which might be diﬃcult to achieve at a reasonable energy
penalty.
A diﬀerent possibility to deal with argon impurities would be
the choice or development of a diﬀerent adsorbent material
that preferentially adsorb argon over H2 even at such low
concentrations. This is not trivial because argon adsorbs little
on conventional adsorbents like AC or zeolites, to the point
that its adsorption isotherm at close to ambient temperature is
not even measured, and the authors are not aware of a suitable
material. Moreover, the adsorbent already has to fulﬁll a set of
requirements arising from the separation of the other
impurities from both H2 and CO2, so that adding yet another
constraint might yield too challenging a separation task.
Another option would be to revisit the purity requirements
for the applications of interest. Because argon is an inert
component, its presence at approximately 0.1% in the H2
product is unlikely to adversely aﬀect the ﬁnal application.
Even for PEM fuel cells with purity requirements ≥99.97% and
strict limitations on several impurities, the limit for inert
components like argon is speciﬁed not because of an inﬂuence
on the functioning of the fuel cell but because argon dilutes H2
and is expected to aﬀect the accuracy of the ﬂow metering.19
Therefore, we have reassessed the separation performance of
the VPSA under the assumption that argon as a trace
component can be tolerated in the H2 product. To this aim,
the cycle was optimized by maximizing not the H2 purity but
an argon-adjusted H2 purity indicator ΦH2,adj deﬁned as a molar
amount of H2 in the product related to the total amount of an
argon-free H2-rich product

60%) than the increase in energy consumption (around 100%).
Note that in the region where the energy-productivity Pareto
fronts of all three cycles overlap, they also feature a very similar
evacuation pressure, both for high and low H2 purities (see
Figure 7).
A comparison of both separation and process performance
for the diﬀerent cycle conﬁgurations in the case of another feed
stream composition typical for an SMR with an additional LTWGS reactor is provided in the Supporting Information.
4.2. VPSA Performance for Diﬀerent SMR and ATR
Gases. 4.2.1. H2 Separation Performance. In addition to the
SMR + HT-WGS feed stream, three other feed streams
relevant for standalone H2 production from natural gas or
biomethane have been considered (see Table 5). The results of
the optimization of the H2 separation performance for the
feed-Pr cycle are shown in the top-left graph of Figure 8. All
points represent operating conditions that fulﬁll CCS
speciﬁcations for CO2 purity and recovery.
The ﬁgure shows that the addition of a LT-WGS enhances
the H2 separation performance for SMR and even more for
ATR. It is easier to reach high purities when adding a LT-WGS
reactor due to a decrease in impurity content in the feed
stream and a higher CO2 and H2 content (compare Table 1).
In addition, there is a striking diﬀerence between SMR and
ATR gases in terms of achievable H2 separation performance in
the VPSA. With both SMR conﬁgurations, the VPSA easily
reaches above 99.97% H2 purity at high recovery. For the ATR
conﬁgurations, the maximum purities are signiﬁcantly lower
barely reaching a purity of 99.9% in the case of an ATR with
LT-WGS, as required, for example, for fuel cells for stationary
applications. For the ATR + HT-WGS case, the VPSA cycle
cannot even reach this lower purity target.
The reason for this worse separation performance is the
presence of argon in the feed to the VPSAargon enters the
ATR together with oxygen from the ASU. As it adsorbs very
little, argon breaks through at a similar time as H2, thereby
contaminating the H2 product. The argon content in the H2
product is shown in the bottom-left diagram of Figure 8. Argon
makes up almost the whole impurity fraction of the H2 product
in the high purity region. Its concentration in the H2 product
increases only slightly when moving along the Pareto front
from high purities to high recoveries and corresponds to the

ΦH2,adj =
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(Figure 11, left) along the Pareto; empty symbols correspond
to ΦH 2 ≥ 99.97%, and ﬁlled symbols correspond to ΦH 2
≥99.9%. The addition of a LT-WGS step leads not only to a
decrease in energy consumption but also to an increase in
productivity because of the decrease in duration of the LP step
in comparison to the case without LT-WGS (see Figure 11,
left).
An interesting observation can be made for all four feed
streams and the point with the lowest energy consumption. In
this case, the recycle ratio approaches zero (Figure 10, left) and
the cycle therefore simpliﬁes to the scheme of the feed-Pr cycle
shown in Figure 3 without the recycle of a split-stream of the
CO2 product (note that because the optimization is not set up
as a mixed integer problem, the code does require a value
larger than zero for the recycle ratio). This means that only
recycling the outﬂow of the LP step is suﬃcient for achieving
the target CO2 purity.
When moving along the Pareto to higher productivities, the
evacuation pressure reduces for all cases (see Figure 10, right).
This leads to an increase in cyclic capacity, thus allowing
longer adsorption times (see Figure 11, right), which result in
an increase in productivity. In addition, because of the better
regeneration of the column at lower evacuation pressure, the
duration of the LP step can be reduced (see Figure 11, left).
This reduces the total cycle time and thereby also increases the
productivity.
SMR Versus ATR. Overall, the VPSA reaches higher
productivities for both ATR conﬁgurations compared to the
corresponding SMR conﬁgurations due to the larger CO2
content in the feed. The energy consumption for both LTWGS cases is similar, the energy consumption for the ATR +
HT-WGS, however, is signiﬁcantly higher than for the
corresponding SMR case because of a much larger CO
content. The VPSA performs the best (low energy
consumption and highest productivity) for the ATR + LTWGS feed as a result of the highest CO2 and lowest overall
impurity content. A ﬁnal assessment of the productivity,
however, can only be performed after accounting for the eﬀect
of scheduling (see Section 4.2.4).
SMR/ATR Versus Generic Feed. In comparison to the
energy consumption of 500 kJ/kg CO2, we previously reported
for the same VPSA cycle and a generic inlet stream (CO2/H2/
N2);1 the energy consumption reached for SMR and ATR oﬀ
gases is much lower with a minimum of about 300 kJ/kgCO2
captured, even though the H2 purity requirement is much
higher with 99.9(7) % compared to the purity of only 95% for
the generic inlet targeted previously.1 This is because of the
selection of another adsorbent, a lower total amount of
impurities in the feed and a stronger adsorption of impurities
like CO and CH4 compared to N2, the only impurity for the
generic feed. It is important to note that a cycle that was
developed for a generic stream which captures only the main
characteristics of typical inlet streams like a high impurity
content with an intermediate adsorption of the impurity (lower
than CO2 and higher than H2) and a high feed stream pressure
does perform so well when optimizing it for diﬀerent cases.
4.2.3. Critical Purity and Recovery Constraints. The
separation performance indicators, namely, purities and
recoveries of both CO2 and H2, are subject to a minimum
constraint when optimizing energy consumption and productivity. However, not all four of them are limiting the further
reduction of energy consumption/increase of productivity and

The results are shown on the right side of Figure 8 together
with the separation performance of the SMR oﬀ gases (for the
latter, the H2 purity is equivalent to the adjusted H2 purity
indicator, as no argon is present in the feed stream). The graph
shows that if argon were indeed a tolerable impurity, a
separation performance similar to those of SMR gases could be
achieved thus reaching over 99.97% argon-adjusted H2 purity
at over 90% recovery. This implies that for ATR to become a
viable alternative for standalone H2 production (which could
be desirable due to a higher overall CO2 capture rate), an
eﬃcient way of handling argon is needed, for example, either
by changing the H2 purity standards or by ﬁnding eﬃcient
ways of separating argon, either already in the ASU or
thereafter. Consequently, for the following comparison of the
process performance, we decided to constrain the argonadjusted H2 purity indicator instead of the H2 purity.
4.2.2. Energy Consumption and Productivity. The energyproductivity Pareto fronts for the feed-Pr cycle and diﬀerent
ATR and SMR feed steams are shown in Figure 9. All points
represent operating conditions that attain CCS speciﬁcations
for CO2 purity and recovery and a minimum H2 recovery of
90%. The performance is shown for two diﬀerent argonadjusted H2 purity requirements, 99.9% purity with solid lines,
and 99.97% purity with dashed lines. For the case of SMR, the
argon-adjusted purity is equivalent to the non-adjusted purity,
as there is no argon in the feed.
Low Temperature Water-Gas Shift. The addition of a LTWGS to the H2 production process (SMR or ATR)
signiﬁcantly decreases the speciﬁc energy consumption for
the VPSA due to a lower impurity content and higher H2 and
CO2 content of the feed (see Table 1). The two main reasons
for the better performance are ﬁrst, due to a lower CO content
in the feed, it easier to fulﬁll the constraint on the CO2 purity
(CO adsorbs strongly on zeolite 13X; as a consequence, it is
the last impurity to break through the column, just before CO2,
and therefore it is the impurity that has the strongest inﬂuence
on the CO2 purity). Second, the CO2 content is higher after a
LT-WGS, which enhances the CO2 separation performance.
Because of these two eﬀects, the separation target can be
achieved at higher evacuation pressures, lower recycle ratios,
and shorter LP durations than in the two cases without LTWGS, thereby reducing the energy consumption. This is
illustrated showing the recycle ratio (Figure 10, left), the
evacuation pressure (Figure 10, right), and the LP duration

Figure 9. Optimized (parametric analysis) energy consumption and
productivity for feed-Pr cycle and four diﬀerent inlet streams,
constraints: rH2 ≥ 90%, argon-adjusted ΦH2,adj ≥ 99.9% (solid lines)
or ≥99.97% (dashed lines), rCO2 ≥ 90%, ΦCO2 ≥ 96%.
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Figure 10. Dependency of the process performance on the recycle ratio (left) and the evacuation pressure (right) for diﬀerent feed streams and the
feed-Pr cycle, here shown moving along the Pareto front from low to high CO2 productivities; constraints: rH2 ≥ 90%, ΦH2 ≥ 99.9% (ﬁlled symbols)
or 99.97% (empty symbols), rCO2 ≥ 90%, ΦCO2 ≥ 96%.

Figure 11. Dependency of the process performance on the LP (left) and the adsorption time (right) for diﬀerent feed streams and the feed-Pr
cycle, here shown moving along the Pareto front from low to high CO2 productivities; constraints: rH2 ≥ 90%, ΦH2 ≥ 99.9% (ﬁlled symbols) or
99.97% (empty symbols), rCO2 ≥ 90%, ΦCO2 ≥ 96%.

Figure 12. Recoveries (a) and purities (b) for Pareto optimal energy consumption and productivity as given in Figure 9 for feed-Pr cycle and four
diﬀerent inlet streams. H2 recovery and argon-adjusted H2 purity shown with empty symbols, CO2 recovery/purity with ﬁlled symbols. Constraints:
rH2 ≥ 90%, ΦH2,adj ≥ 99.9%, rCO2 ≥ 90%, ΦCO2 ≥ 96%. (b) CO2 purity shown on left axis; H2 purity shown on right axis.

low to high productivities. Only for the ATR cases and in the
region of low energy consumption, the H2 recovery gets close
to the constraint.
Figure 12b shows the purities of CO2 (ﬁlled symbols, left
axis) and H2 (argon-adjusted, empty symbols, right axis) along
the energy-productivity Pareto front. It can be seen from the
ﬁgure that both CO2 and H2 purity are very close to the
constraints in all cases. Therefore, they can be considered
limiting constraints, as changing the operating conditions to
further increase the productivity and decrease the energy
consumption would quickly result in failure to meet both
purity requirements. This could already be expected for the
adjusted H2 purity, as a higher purity requirement was shown
to result in a higher energy consumption and lower
productivity. It should be noted that the constraints are not
exactly met in most cases because of the ﬁnite step-size

values higher than the minimum constraint are reached along
the energy-productivity Pareto front. The actual purities
(argon-adjusted for the case of H2) and recoveries are shown
in Figure 12 for the lower argon-adjusted H2 purity target of
≥99.9%.
Figure 12a shows the recoveries of CO2 (ﬁlled symbols) and
H2 (empty symbols) along the energy-productivity Pareto
front. It is evident from the ﬁgure that the CO2 recovery is
almost never a limiting constraint. For both SMR and ATR
with LT-WGS, very high CO2 recoveries exceeding 99% are
reached with almost 100% recovery for ATR. For the HTWGS cases, the recoveries are lower, especially for the region
of low energy consumption and low productivity, and get close
to the constraint of minimum 90% recovery for the ATR +
HT-WGS case. Also, the H2 recovery exceeds the minimum
constraint of 90% for almost all Pareto points with a clear
increase in recovery when moving along the Pareto front from
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Figure 13. Eﬀect of scheduling on energy-productivity Pareto front, feed-Pr cycle, and three diﬀerent inlet streams. W/o scheduling: ﬁlled symbols,
with scheduling: empty symbols. Constraints: rH2 ≥ 90%, ΦH2 ≥ 99.9% (left) or 99.97% (right), rCO2 ≥ 90%, ΦCO2 ≥ 96%.

Figure 14. Exemplary scheduling tables for feed-Pr cycle and SMR + HT-WGS inlet. Panel (A) corresponds to the point with the minimum CO2speciﬁc energy consumption and ΦH2 ≥ 99.9% (Figure 13, left); panel (B) corresponds to the point with the maximum CO2 productivity and ΦH2
≥ 99.9% (Figure 13, left); panel (C) corresponds to the point with the minimum CO2-speciﬁc energy consumption and ΦH2 ≥ 99.97% (Figure 13,
right); and panel (D) is equivalent to A, but instead of showing the schedule for the minimum number of columns, a case where exactly two
columns at a time receive feed is shown.

are assumed to be present for all streams. The top left graph
shows the eﬀect of scheduling for a minimum argon-adjusted
H2 purity of 99.9%, and the bottom left graph shows the
required minimum number of columns. The right graphs show
the same for ultra-pure H2 with a minimum argon-adjusted H2
purity of 99.97%. Filled symbols represent the case without
scheduling, and empty symbols represent the case with
scheduling.
For illustration, Figure 14A shows an exemplary scheduling
table for the SMR + HT-WGS feed, the point with the lowest
energy consumption and ΦH2 ≥ 99.9%. Because of the
constraint on a continuous feed, the feed receiving steps,
that is Press and Ads, last exactly one time unit (one time unit
is the time shift between two columns; in this scheduling
example, 9 time units are illustrated). The synchronization of
the PE steps leads to long idle times with a total duration of
almost three time units minus the duration of the three PE
steps. Figure 14 shows three more scheduling tables for the
same feed and a point with a higher energy consumption
(Figure 14B), a point with a higher hydrogen purity (Figure

between diﬀerent values of the decision variables analyzed
during the parametric analysis.
Note that for ATR + HT-WGS, the purities and recoveries
of both H2 and CO2 are close to their constraints in the region
of low energy consumption, which means that there is little
room for changing operating parameters.
The same analysis was performed also for the higher argonadjusted H2 purity target of ≥99.97% and the same trends can
be observed: purities of both CO2 and H2 are the limiting
constraints, whereas H2 recovery increases with increasing
energy consumption and productivity to up to 94%. The CO2
recoveries are above 98% for all cases.
4.2.4. Eﬀect of Scheduling. Because of scheduling
constraints, namely, having a continuous feed and synchronizing all PE steps, the eﬀective productivity reduces compared to
the ideal productivity presented above assuming zero idle
times, that is, an inﬁnite number of columns. The productivity
including the eﬀect of scheduling is shown in Figure 13 for the
minimum number of columns required when accounting for
the scheduling constraints. Product and recycle storage tanks
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durations as a result of the lower impurity content. Exemplary
scheduling tables for the other three feed streams are provided
in the Supporting Information.

14C), and a case with two instead of one column at a time
receiving the feed (Figure 14D). Those cases will be explained
below.
As shown in Figure 13, a minimum of 7−10 columns are
required for all cases with the number of columns decreasing
for increasing productivity and energy consumption. This is
related to (i) longer adsorption times for the Pareto points
with higher productivities (compare Figure 11, right), which
increases the duration of one time unit, thereby requiring less
time units for the intermediate steps (BD1, HP, BD-vac, LP)
and (ii) shorter LP steps at higher productivities (compare
Figure 11, left). This is illustrated for the SMR + HT-WGS
feed, the point with the highest productivity and ΦH2 ≥ 99.9%
in Figure 14B. In comparison to the scheduling table for the
same feed and the point with the lowest energy consumption
(Figure 14A), only four instead of ﬁve time units are required
to accommodate BD1, HP, BD-vac, and LP, which reduces the
minimum number of columns from 9 to 8. Note, however, that
also the idle times due to the PE steps increase in duration due
to the longer time unit. This leads to a larger drop in
productivity when accounting for the eﬀect of scheduling in
the Pareto region of high productivity and energy consumption, as shown in Figure 13.
The minimum number of columns also increases with higher
target H2 purity following a similar reasoning: the duration of
the LP is longer for higher H2 purities, thereby increasing the
total cycle duration. This can be seen in the scheduling table
shown in Figure 14C for the SMR + HT-WGS feed, the point
with the lowest energy consumption and ΦH2 ≥ 99.97%. In this
case, 10 instead of 9 columns as for the lower H2 purity
requirement (Figure 14A) are needed.
Overall, the productivity reduces drastically when including
the eﬀect of scheduling by 30% to almost 50%. We only show
the productivity for the minimum number of columns in
Figure 13. This corresponds to the case where exactly one
column at a time receives feed, as shown in Figure 14A−C.
When increasing the number of columns, also conﬁgurations
where two or more columns receive feed simultaneously are
possible. An exemplary case where exactly two columns at a
time receive feed is shown in Figure 14D for the SMR + HTWGS feed, the Pareto point with the lowest energy
consumption, and ΦH2 ≥ 99.9%. Except for the scheduling,
the conﬁguration is equivalent to that shown in Figure 14A.
This increases the eﬀective productivity signiﬁcantly because
the time unit decreases by 50%, thereby decreasing the idle
times that have to be added due to the synchronization of the
PE steps. For two columns receiving the feed at the same time,
the decrease in productivity is approximately half that for the
minimum number of columns but also the number of columns
increases, so that those two factors have to be weighed against
each other. Note that starting from a conﬁguration with two
columns at a time receiving feed, H2 is produced continuously,
as can be seen in Figure 14D.
The trends described for the productivities and diﬀerent
feed streams are the same as described before without
including the eﬀect of scheduling: (i) adding a LT-WGS
increases the eﬀective productivity and (ii) the VPSA reaches a
higher eﬀective productivity for an ATR feed than for the
corresponding SMR feed. The minimum number of columns
does not diﬀer signiﬁcantly between the diﬀerent cases but
tends to be lower for the cases with LT-WGS compared to
those without LT-WGS (see Figure 13) due to shorter LP

5. COMPARISON TO THE STATE OF THE ART
There are diﬀerent alternatives for capturing CO2 from H2
production facilities. However, they either have not been tested
at large scale (e.g., membranes) or no data on energy
consumption and productivity is available (e.g., VPSA for
CO2 separation at the Port Arthur reﬁnery20). Therefore, we
limit our comparison to absorption-based capture followed by
a PSA unit, which is the commercial state-of-the-art technology
with numerous data available in the literature, including data
on the Shell QUEST project, an industrial demonstration plant
capturing about 1 Mt CO2 annually.21
Absorption-based CO2 separation prior to the PSA can be
performed with physical or chemical solvents or mixtures
thereof. Physical solvents like Selexol, Rectisol, or Purisol are
favorable for higher operating pressures and high CO2 partial
pressures, typical for example, for partial oxidation. Chemical
solvents can be used at lower partial pressures. Especially,
aMDEA is promising for pre-PSA CO2 capture because of its
particularly low regeneration energy.22
Low-pressure steam is needed for regenerating the solvent
and additional electricity is required for pumps. Both the
absorption + PSA conﬁguration and the VPSA deliver CO2 at
ambient pressure and H2 at close to feed pressure; therefore
the additional energy required for compressing or liquefying
one or the other for transportation is not included in the
comparison, as it will be the same for both processes. The
comparison is carried out in terms of exergy consumption and
volumetric productivity per volume of column (VPSA) or per
volume of absorber and stripper (absorption) and is illustrated
in Figure 15. The ﬁgure shows the performance of the VPSA
for diﬀerent feed streams, recoveries ≥ 90% for both products,

Figure 15. Process performance of VPSA compared to absorption for
CO2 capture from H2 production facilities. VPSA: feed-Pr cycle and
four diﬀerent inlet streams including the eﬀect of scheduling.
Constraints: rH2 ≥ 90%, rCO2 ≥ 90%, ΦCO2 ≥ 96%, argon-adjusted
H2 purity indicator ΦH2,adj ≥ 99.9% (solid lines) or 99.97% (dashed
lines). A range of exergy consumptions typical for absorption-based
capture from natural gas SMR, partial oxidation, or coal gasiﬁcation is
shown in blue with a speciﬁc area highlighted in violet for aMDEA.
Crosses indicate data from the Shell QUEST project21 with and
without heat integration, and the asterisk indicates data from
IEAGHG reports on H2 production.5,24 The volumetric productivity
is given per column volume for VPSA and per absorber & stripper
volume for aMDEA.
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purities ≥ 96% for CO2, and two diﬀerent levels for the argonadjusted H2 purity, that is ≥99.9% (solid lines) or ≥99.97%
(dashed lines). The eﬀect of scheduling is included showing
the eﬀective productivity for the minimum number of columns
required. A range is given for the exergy requirement of the
state-of-the-art technology with higher exergy requirements for
capture from SMR plants, for example, with MDEA (300−600
kJ/kg CO25,23−25) and lower exergy requirements for capture
from partial oxidation and coal gasiﬁcation plants (200−400
kJ/kg CO226). A smaller box highlights the range of reported
performances for aMDEA. The parameter values for the
calculation of the exergy consumption and productivity for
aMDEA are provided in the Supporting Information. The
performance of the VPSA compares well to the state of the art,
exhibiting a similar exergy requirement as aMDEA and up to
twice higher productivities.
In addition to being a CO2 capture process, the VPSA also
puriﬁes H2, contrary to absorption-based CO2 capture, which
requires an additional PSA unit for H2 puriﬁcation downstream
of the CO2 capture. Typical PSA processes for ultrahigh H2
purities (99.99%) and high recoveries (80−90%) usually
operate with about 4−12 beds (with a lower number of beds
for lower recoveries, i.e., in the range of 70−80%) and include
several PE steps.27 A well-known process is the Union
Carbide’s Polybed process (now owned by UOP LLC)
operating in a train of approximately 10 columns with a
minimum of three PE steps. Typically, two or more columns
receive the feed stream at the same time. The energy
requirement can be neglected, as the feed is already available
at high pressure and the desorption is typically at ambient
pressure or slightly above it.7,27,28 Whereas the number of
columns and the H2 separation performance are similar to the
VPSA system, for the VPSA, only one column at a time
receives the feed and a higher number of columns would be
required to have several columns fed simultaneously. In
contrast to the PSA, the VPSA requires a VP and a signiﬁcant
amount of energy for evacuation as well as storage tanks for
CO2 product and CO2 recycle. This increases the process
complexity compared to a PSA for H2 puriﬁcation only but is
still a much simpler conﬁguration compared to adding another
absorption-based separation stage to the ﬂowsheet for
capturing CO2.
Another interesting adsorption-based alternative for coproduction of CO2 and H2 is the Gemini 8/9 process
developed by Air Products and Chemicals Inc.7−9 Gemini 8/9
is an adsorption process with two trains of columns, which are
interconnected during part of the cycle for combined CO2
separation and H2 puriﬁcation. The separation performance is
similar to the VPSA process analyzed in this paper, as is the
number of columns required (8/9 columns) with one set of
interconnected columns at a time receiving feed, and the
required evacuation pressure in the range of 0.13−0.2 bar. The
H2 recovery is lower than for the VPSA process presented here,
usually with only 86−87% compared to 90−95%. Also the
CO2 recoveries of the Gemini process are lower, that is, in the
range of 86% (Gemini 8) to 91% (Gemini 9) for a typical SMR
oﬀ gas, but typically higher CO2 purities are reached, which
exceed 97% (Gemini 8) or even 99% (Gemini 9). The worse
separation performance of Gemini 8 compared to Gemini 9 is
compensated by a reduced number of columns required, an
increased productivity and a lower energy consumption. In
contrast to the VPSA, two trains of columns are required,
which are interconnected during part of the process cycle and a
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compressor is required for compressing a CO2-rich recycle
stream to feed pressure for purging another column. No data
on the energy requirement or productivity is available, thus
making a quantitative comparison diﬃcult.

6. CONCLUSIONS
In this paper, we have assessed the performance of diﬀerent
VPSA cycles for co-production of CO2 and H2 based on a cycle
that was originally developed for a generic three-component
stream and intermediate H2 purities. The cycles perform very
well for diﬀerent SMR and ATR syngases, and several cycles
can co-produce CO2 at CCS speciﬁcations and H2 at purities
suﬃcient for fuel cells for automotive purposes. Interestingly,
more advanced cycles with four instead of three PE steps and a
product pressurization do not outperform the simpler feed-Pr
cycle.
There is a trade-oﬀ between energy consumption and
productivity, but it is most favorable to operate the VPSA in
the area of low energy consumption (lower OPEX, simpler
cycle without recycle of CO2 product, and higher evacuation
pressure). The energy consumption increases and the
productivity decreases for a higher target H2 purity, whereas
the addition of a LT-WGS to the process ﬂowsheet has the
opposite eﬀect and enhances the performance of the VPSA. A
techno-economic assessment of the overall process including
and excluding a LT-WGS is needed to decide if the addition of
LT-WGS is advantageous in spite of its higher cost. VPSA is
particularly promising for reaching high capture rates, as CO2
recoveries above 98% are reached for most cases without
increasing the energy penalty.
Reaching high H2 purities is more challenging for ATR than
for SMR syngases because it is diﬃcult to separate the weakly
adsorbing argon present in ATR syngases from H2. For ATR to
become a viable option for the production of H2 for
applications like mobility with very high purity requirements,
either an eﬃcient way of separating argon from the H2
production process is needed, or the limit of an inert like
argon for those applications has to be revisited. This would
allow beneﬁting from otherwise very favorable characteristics,
like a higher overall CO2 capture rate (the internal combustion
within the reformer eliminates emissions from the furnace), as
well as a very high productivity and low energy consumption
for the VPSA, which is attained in the case of an ATR + LTWGS.
For continuous operation, the VPSA cycle requires a
minimum of 7−10 columns, and the productivity decreases
by 30−50% compared to the case without idle times.
Nevertheless, it still compares well to the state-of-the-art
conﬁguration, that is, aMDEA and subsequent H2 PSA, with a
similar exergy requirement in the range of only 300−500 kJ/kg
CO2 captured and up to more than twice the productivities. In
addition to capturing CO2, however, the VPSA also puriﬁes H2,
thereby making the additional PSA unit that would be required
in the state-of-the-art conﬁguration unnecessary.
Overall, VPSA seems to be a viable alternative to the state of
the art because it allows for the integration of two complex
separation stages within a single one whilst maintaining a
similar separation performance and exergy penalty and
achieving even higher productivities.
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ASSOCIATED CONTENT

HP
HT-WGS
IGCC
LDF
LP1

heavy purge
high temperature water-gas shift
integrated gasiﬁcation combined cycle
linear driving force
purge with light product (here: H2),
outﬂow recycled to heavy purge
LP2
purge with light product (here: H2),
outﬂow wasted
LT-WGS
low temperature water-gas shift
MDEA
methyl diethanolamine
MO-MCS
multi-objective multilevel coordinate
search
no BD1
cycle based on base cycle (prod-Pr), but
without BD1
OPEX
operating expenses
PCC
post-combustion CO2 capture
PE
pressure equalization
PE-BD
pressure equalization-blowdown
PEM
proton-exchange membrane
PE-Pr
pressure equalization-pressurization
Press
pressurization
prod-Pr
VPSA base cycle with product pressurization
PSA
pressure swing adsorption
SMR
steam methane reforming
SMR + HT-WGS steam methane reforming process with
only HT-WGS reactor
SMR + LT-WGS steam methane reforming process with
both HT-WGS and LT-WGS reactor
top-top
cycle based on base cycle (prod-Pr), but
featuring a top-to-top conﬁguration for the
PE steps
VP
vacuum pump
VPSA
vacuum pressure swing adsorption
WGS
water-gas shift
4PE
cycle based on base cycle (prod-Pr), but
featuring four instead of three PE steps
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SYMBOLS
ai
temperature independent contribution to saturation
capacity of component i [mol/kg], Table 2
Ai
temperature independent contribution to adsorption
equilibrium constant [kPa−1], Table 2
bi
parameter for temperature dependency of saturation
capacity of component i [mol/kg/K)], Table 2]
Bi
parameter for temperature dependency of adsorption
equilibrium constant [K], Table 2
Cs
heat capacity of adsorbent [J/kg/K], Table 3]
dint
internal column diameter [m], Table 3
Di
diﬀusivity [m2/s], eq 2
dP
particle diameter [m], Table 3
e
CO2 speciﬁc energy consumption, for VPSA equivalent to electricity and exergy requirement, [kJ/
kgCO2], eq 5
eel
CO2 speciﬁc electricity requirement [kJ/kgCO2] eq 6
eReboiler CO2 speciﬁc reboiler heat duty [kJ/kgCO2], eq 6
EVP
energy required for evacuating the column and
purging under vacuum [kJ], eq 5
ex
[CO2] speciﬁc exergy consumption [kJ/kgCO2], eq 6
i
component, here: H2, CO2, CH4, CO, N2 or argon
ki
mass transfer coeﬃcient, linear driving force approximation [1/s], eq 2

ACRONYMS

AC
Ads
aMDEA
ASU
ATR

activated carbon
adsorption step
activated methyl diethanolamine
air separation unit
autothermal reforming, here: of natural
gas/biomethane
ATR + HT-WGS autothermal reforming process with only
HT-WGS reactor
ATR + LT-WGS autothermal reforming process with both
HT-WGS and LT-WGS reactor
BD1
blowdown to heavy purge pressure
BD-vac
blowdown to sub-atmospheric pressure
CAPEX
capital expenditure
CCS
carbon capture and storage
feed-Pr
cycle based on base cycle (prod-Pr), but
with a feed instead of a product pressurization
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Ki
Lcol
Mw,CO2
n
Ncol,min
Ni,Prod
Ni,tot
Ntot,Prod
P
PAds
Pamb
PBD‑vac
Pfeed
Phigh
PHP
Plow
PPE3
Preff

Prinf
qeq
i
q∞
i
RP
ri
rr
si
T
tAds
Tamb
tcycle
Tfeed
tidle
tLP1/2
TReboiler
ts
Vcol
Vequip
V̇ feed
x
yi
αi
βi
ΔHAds,i
ηis
Φi
ΦH2,adj
ρb
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adsorption equilibrium constant [kPa−1], Table 2]
column length [m], Table 3
molecular weight of CO2 [kg/mol]
number of components []
minimum number of columns []
molar amount of component i in the product rich in i
[mol]
total molar amount of component i fed to one cycle
[mol]
total molar amount of product rich in i [mol]
total pressure [bar]
column outlet pressure at the end of Press and during
Ads, here: 25 bar
ambient pressure [bar]
column outlet pressure at the end of BD-vac [bar]
feed stream pressure [bar]
column outlet pressure at the beginning of BD or BDvac step [bar], Table 3
column outlet pressure at the end of BD1 and during
HP [bar]
lowest column outlet pressure reached at the end of
inﬁnitely long BD or BD-vac step [bar], Table 3
column pressure at the end of the third PE step [bar]
eﬀective CO2 productivity, either per mass of
adsorbent [kgCO2/tads/hcycle], eq 7, or as volumetric

ρs
ρP
ξ

■
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skeletal density of adsorbent material [kg/m3], Table
3
density of adsorbent particles [kg/m3], Table 3
ﬁtting parameter describing the pressure decrease at
the column outlet during blowdown and evacuation
[], Table 3

ADDITIONAL NOTE
The ﬁrst part of this series was presented by Streb et al., Ind.
Eng. Chem. Res. 2019, 58, 17489−17506.
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