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a  b  s  t  r  a  c  t

Pre-combustion  capture  of  carbon  dioxide  requires  the  industrial  separation  of  carbon  dioxide  from
hydrogen-rich  streams.  The  present  study  analyses  the  thermodynamic  efficiency  penalty  of  this  separa-
tion step  and the  achievable  carbon  capture  ratio,  with  particular  focus  on  high-temperature  separation
technologies:  sorption-enhanced  water–gas  shift  (SEWGS)  and  palladium  membranes.  Twelve  different
cases  have  been  simulated,  starting  from  coal-derived  syngas  or from  natural  gas  derived  reformate,  using
carbon  dioxide  capture  by conventional  absorption,  SEWGS,  and palladium  membranes,  and  producing
hydrogen-rich  fuel  for  power  production  or pure  hydrogen.  For  the  production  of  decarbonised  fuel  from
coal  syngas,  SEWGS  always  yields  the  lowest  efficiency  penalty  per  unit  of  carbon  dioxide  captured.  For
re-combustion carbon dioxide capture
hermodynamics
xergy analysis

the production  of pure hydrogen  from  coal  syngas,  SEWGS  has  a significantly  higher  carbon  capture  ratio
than  the  alternatives  while  palladium  membranes  yield  the  lowest  efficiency  penalty  per  unit  of  carbon
dioxide  captured.  For  the  production  of  decarbonised  fuel  from  natural  gas  reformate,  SEWGS  is the  most
efficient  technology  in  terms  of efficiency  penalty.  For  the  production  of pure  hydrogen  from  natural  gas
syngas,  palladium  membranes  yield  the  lowest  efficiency  penalty.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Pre-combustion capture of carbon dioxide comprises conver-
ion of fuel into syngas, a mixture of predominantly carbon
onoxide and hydrogen, and then reaction of the carbon monoxide
ith steam to carbon dioxide and more hydrogen via the water–gas

hift reaction,

O + H2O � CO2 + H2 �H
◦
298 K = −41 kJ mol−1 (1)

fter separation of the carbon dioxide, the hydrogen can be used
ithout ensuing carbon dioxide emissions. The processes for the
roduction of hydrogen and separation of carbon dioxide are by
o means new. In fact, large quantities of hydrogen are presently
roduced industrially through these processes, mainly for vari-

us uses in chemical industry (Holladay et al., 2009; Häussinger
t al., 2012, 2012). These conventional process schemes involve
ear ambient separation of carbon dioxide and hydrogen, e.g. by

∗ Corresponding author at: Sustainable Process Technology, ECN, P.O. Box 1,
755ZG Petten, the Netherlands.

E-mail address: boon@ecn.nl (J. Boon).

ttp://dx.doi.org/10.1016/j.ijggc.2016.04.033
750-5836/© 2016 Elsevier Ltd. All rights reserved.
liquid scrubbing or pressure-swing adsorption, while the hydro-
gen is initially produced at high temperatures and frequently used
at high temperatures, i.e. above 200 ◦C. In contrast, separation of
carbon dioxide and hydrogen at high temperatures is possible with
high-temperature sorbents or palladium-based membranes. These
have consequently attracted a sustained academic interest over the
last years, particularly in the framework of pre-combustion carbon
dioxide capture (Yong et al., 2002; Dijkstra et al., 2011; Boon et al.,
2012; Gallucci et al., 2013; Gazzani et al., 2013a,b, 2015; van Berkel
et al., 2013; Wang et al., 2014; Atsonios et al., 2015; Jansen et al.,
2015), aiming at the development of high-temperature technolo-
gies for the separation of carbon dioxide and hydrogen in general,
and specifically for pre-combustion capture of carbon dioxide.
Since the publication of the comparative results of the European FP6
Cachet project (Beavis, 2011), both sorption-enhanced water–gas
shift (SEWGS) and palladium-based membranes have made consid-
erable progress. A more detailed comparison on process efficiencies
of pre-combustion carbon dioxide capture by SEWGS and palla-

dium membranes is important to direct future research efforts in
this field. The aim of the current work is to develop a theoretical
framework for the efficiency-based comparison of pre-combustion
carbon dioxide capture technologies.

dx.doi.org/10.1016/j.ijggc.2016.04.033
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2016.04.033&domain=pdf
mailto:boon@ecn.nl
dx.doi.org/10.1016/j.ijggc.2016.04.033
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Nomenclature

CCR molar carbon capture ratio (–)
COxCR molar carbon oxides capture ratio (–)
CP carbon molar purity (–)
EBTF European Benchmarking Task Force
Fm mass flow rate (kg s−1)
Fmol molar flow rate (kg s−1)
HP hydrogen molar purity (–)
HRF hydrogen recovery factor (–)
HTS high-temperature water–gas shift
IGCC integrated gasification combined cycle for coal
LHV lower heating value (MJ  kg−1)
LTS low-temperature water–gas shift
MDEA N-methyl-diethanolamine CH3N(C2H4OH)2 for

chemical absorption
p  pressure (Pa)
PEQ pressure equalisation (in SEWGS)
PSA pressure swing adsorption
Q duty (MW)
Rep repressurisation (in SEWGS)
S/Cpurge molar ratio of purge steam to carbon (as CO and CO2)

in the feed
S/Crinse molar ratio of rinse steam to carbon (as CO and CO2)

in the feed
SEWGS sorption-enhanced water–gas shift
T temperature (K)
W work (MW)
WGS  water–gas shift
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Table 1
Syngas feed compositions considered in this work.

Coal gasification Natural gas
reforming

Pressure bar 40 29
Temperature ◦C 400 400
Composition mole fraction
H2 0.36 0.49
CO2 0.24 0.084
H2O 0.30 0.34
CO  0.050 0.056
CH4 0.033
N 0.044 0.002
y mole fraction (–)
� efficiency (–)

Starting with syngas from either coal gasification or natural gas
eforming, the present study quantifies the work of the separation
f carbon dioxide for conventional low temperature technology
Selexol, MDEA) on the one hand and for sorption-enhanced
ater–gas shift (SEWGS) and palladium-based membranes on the

ther. (The membranes are used in separator modules, membrane
eactors are outside the scope of this work.) Initially, a total of
welve different process schemes are discussed to produce vari-
us qualities of hydrogen while capturing carbon dioxide, including
chemes with conventional low-temperature separations as well
s schemes with high-temperature separation. Then, this paper
iscusses the thermodynamic framework for assessment of the
ork required for the separation of carbon dioxide and hydrogen.

he advantage of high-temperature separations will be assessed in
erms of the efficiencies according to the first and second law of
hermodynamics.

. Methods

.1. Description of the plants

Four basic process options are considered in this work,

low-temperature separation by Selexol,
low-temperature separation by methyl diethanolamine solution
(MDEA),
high-temperature separation by sorption-enhanced water–gas
shift (SEWGS), and

high-temperature separation by palladium-based membranes.

he three process schemes are used with syngas either from coal
asification or natural gas reforming. With respect to the feeds
2

Ar  0.004
H2S 0.001

streams, shown in Table 1, the main difference is in the carbon
oxides content. Coal syngas has a high carbon content (> 20 mol% CO
+ CO2, note that the syngas from a Shell gasifier has already under-
gone a first stage of high-temperature water–gas shift reaction)
while natural gas derived syngas has a lower carbon oxides content
(< 15 mol% CO + CO2). This is a principal difference, because the par-
tial pressure of carbon dioxide in the feed determines the driving
force for capture in Selexol, MDEA, and SEWGS, and thereby to a
large extent the performance of the capture processes. Therefore,
the obtained results for coal syngas also represent the potential
to separate carbon dioxide from industrial gases with high carbon
oxides content, such as blast furnace gas in steelworks and producer
gas from biomass gasification, possibly after compression (Gielen,
2003; Carbo et al., 2011; Gazzani et al., 2015). Similarly, the results
for natural gas derived syngas indicate the potential to separate car-
bon dioxide from industrial gases with low carbon oxides content,
such as coke oven gas in steelworks (Gazzani et al., 2015).

Note that sulphur, specifically hydrogen sulphide, is not
accounted for quantitatively, except for the Rectisol process. For
SEWGS, hydrogen sulphide will be co-captured with carbon diox-
ide and leave the column with the carbon dioxide product in the
purge step (van Dijk et al., 2011; Boon et al., 2015a).

Table 2 shows the considered process routes. The schemes have
been designed to produce two  different qualities of hydrogen,
and a carbon dioxide stream of sufficient purity for sequestra-
tion (Table 3). Pure hydrogen product (>99.9 vol.%) has strict purity
constraints and can be produced by either a conventional pres-
sure swing adsorption system (Kohl and Nielsen, 1997), or with
palladium membranes by using steam sweep that can be readily
condensed. In contrast, there is no strict purity constraint for the
hydrogen product in case it is used as fuel, e.g. in a pre-combustion
carbon dioxide capture scheme. In fact, the hydrogen product
requires dilution with inert (nitrogen when available, in case of coal
syngas, or steam) before its use as fuel in a hydrogen-rich fuelled gas
turbine for power production (Gazzani et al., 2013a,b). Gazzani et al.
(2014a) have well addressed and discussed the fuel specifications
for the use of hydrogen as gas turbine fuel in pre-combustion car-
bon dioxide capture schemes. The carbon dioxide purity constraint
for compression and sequestration is taken from the European
Benchmarking Task Force to be 90 vol.%, yet with more stringent
purity constraints for many relevant impurities (Franco et al., 2009).
The pressure for sequestration is assumed to be 110 bar(a).

2.1.1. Water–gas shift
The water–gas shift reaction (1) is used to convert car-

bon monoxide with steam into additional hydrogen product.
Three types of industrially mature water–gas shift processes are

employed in the schemes above: sour WGS, high-temperature
WGS  (HTS), and low-temperature WGS  (LTS) (Newsome, 1980;
Carbo et al., 2009). First important distinction between the pro-
cesses is in terms of the sulphur content and the corresponding
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Table  2
Process routes considered.

Case Syngas Technology Product Byproduct

I Coal Sour WGS, Selexol H2 fuel CO2

II Coal Sour WGS, Selexol, PSA H2 CO2

III Coal Sour WGS, SEWGS H2 fuel CO2

IV Coal Sour WGS, SEWGS, PSA H2 CO2

V Coal Rectisol, HTS and membrane (sequentially in 3 stages, N2 sweep), cryogenic H2 N2 CO2

VI Coal Rectisol, HTS and membrane (sequentially in 3 stages, H2O sweep), cryogenic H2 CO2

VII NG HTS, LTS, MDEA H2 fuel CO2

VIII NG HTS, LTS, MDEA, PSA H2 CO2

IX NG SEWGS H2 fuel CO2
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X NG SEWGS, PSA 

XI NG HTS and membrane (sequentially in 3 st
XII NG HTS and membrane (sequentially in 3 st

atalyst stability, the second distinction is in the operating tem-
erature regime. In sour water–gas shift, high-sulphur syngas is
onverted using sulphided catalysts (typically cobalt molybdenum
ulphide). A fairly high level of sulphur is required in the syngas
n order for the catalyst to remain in the sulphided state and the
eactor operates in the range of 244–250 ◦C inlet and up to 480 ◦C
utlet temperature. The HTS process at 350 ◦C inlet and up to
95 ◦C outlet temperature uses iron oxide based catalysts and can
olerate a fair amount of sulphur with only a mild reduction in
ctivity (Boon et al., 2009; van Dijk et al., 2014). The LTS process
equires sulphur-free syngas (<0.1 ppmv) and operates from 200 ◦C
nlet to 217 ◦C outlet temperature.

The low-temperature carbon dioxide capture cases (I, II, VII, and
III) use conventional technology (Selexol, MDEA) and represent
tate of the art. Advanced split flow configuration of the water–gas
hift section could significantly lower the steam demand, albeit
t the cost of an increased number of reactors and total catalyst
olume (Carbo et al., 2009), which is not considered here.

.1.2. Selexol, MDEA
Absorption is widely used industrially for the separation of

cid species (such as carbon dioxide and hydrogen sulphide) from
as streams (Kohl and Nielsen, 1997; Boll et al., 2000; Jansen
t al., 2015). The gas phase is contacted with a liquid which
ither dissolves (physical absorption) or chemically binds (chem-
cal absorption) the acid gases. Regeneration is done by pressure
wing or temperature swing (reboiling). At high partial pressures,
hysical solvents outperform chemical solvents, while the reverse

s true for low partial pressures (Boll et al., 2000). As state of the art,
hysical absorption by Selexol is selected for the capture of carbon
ioxide and hydrogen sulphide from coal syngas (case I and II) and
hemical absorption by MDEA is selected for the capture of carbon
ioxide from natural gas reformate (case VII and VIII).

The Selexol section for separation of carbon dioxide and hydro-
en sulphide is modelled after Spallina et al. (2014). The energy

onsumption is 189 kJ kg−1

CO2-rich for pumping and 303 kJ kg−1
CO2-rich

t 200 ◦C for the reboiler. Compression of the carbon dioxide prod-
ct consumes 252 kJ kg−1

CO2-rich of electricity. The MDEA section for

able 3
roduct stream specifications (Franco et al., 2009; Gazzani et al., 2013a,b).

Species Hydrogen Hydrogen-rich
fuel

Carbon dioxide
for sequestration

H2 mol% 99.9 <60 <4
CO  mol% <0.2
CO2 mol% >90
H2O mol%
N2 mol% <4
CH4 mol% <2
H2S ppmv <20 <200
Temperature ◦C 200–350 25
H2 CO2

H2O sweep), cryogenic H2 H2O CO2

H2O sweep), cryogenic H2 CO2

separation of carbon dioxide is modelled after Chiesa et al. (2013).
The energy consumption is 84 kJ kg−1

CO2-rich of electricity for pump-

ing and 887 kJ kg−1
CO2-rich at 200 ◦C for the reboiler. Compression

of the carbon dioxide product is modelled according to the EBTF
(Section 2.1.8).

2.1.3. Sorption-enhanced water–gas shift
Sorption-enhanced water–gas shift (SEWGS) combines the

water–gas shift reaction with in situ adsorption of carbon dioxide
on potassium-promoted hydrotalcite and thereby allows produc-
tion of hot, high pressure hydrogen from syngas in a single unit
operation (Hufton et al., 1999; Cobden et al., 2007; van Selow
et al., 2009). SEWGS is a cyclic process, that comprises high pres-
sure adsorption and rinse, pressure equalisation, and low pressure
purge. The cyclic stability of the SEWGS process for 2000 cycles has
been demonstrated (van Selow et al., 2013; Jansen et al., 2013).
Currently, a SEWGS pilot installation for the capture of 14 t d−1

of carbon dioxide is being constructed as part of the Stepwise
project in Luleå, Sweden, in the European H2020 LCE programme
(Stepwise, 2016).

In SEWGS, steam is added in the rinse (high-pressure rinse
steam, expressed on a molar basis as S/Crinse) and in the purge (low-
pressure purge steam, expressed on a molar basis as S/Cpurge). In an
earlier work (Boon et al., 2015a), extensive results have been pre-
sented of a SEWGS cycle design study, based on recently developed
expressions for the interaction of carbon dioxide and steam with
potassium-promoted hydrotalcite at high pressure (Boon et al.,
2014), yielding a SEWGS cycle that consumes significantly less
steam than cycle designs previously reported in literature. For IGCC
syngas, a SEWGS system of 9 columns was  presented which could
reach a carbon capture ratio and carbon dioxide purity of 95% and
99%, respectively, with S/Crinse of 0.03 and S/Cpurge of 0.08. For the
performance in a carbon dioxide capture process, it is important
to stress that the sorbent itself can perform substantial water–gas
shift conversions (it requires no additional catalyst), and that it is
able to capture hydrogen sulphide together with carbon dioxide
(van Dijk et al., 2011; Gazzani et al., 2013a). Also, SEWGS easily
achieves very high capture ratios.

Based on these results, new SEWGS cycle designs have been
studied in the present work using the previously presented
sorption-enhanced reactor model (Reijers et al., 2009; Boon et al.,
2014). The S/Cpurge has been fixed at 0.1 in order to achieve a carbon
dioxide capture ratio of around 98%. The main parameter varia-
tions in the current study are S/Crinse and the number of pressure
equalisations. The former mainly affects the carbon dioxide purity
while it represents the largest work lost. The latter also strongly

affects the carbon dioxide purity, while it implies a number of
columns and consequently strongly determines the required capi-
tal expenditure. The reduction in pressure equalisations from 3 to
2 and 1 reduces the number of SEWGS columns from 9 to 8 and 7,



1 Green

r
e
b
f
h

2

m
g
p
d
2
2
d
e
t
2
e
d
G
2
b
i
e
q
B
i
2
L
m
(
u
r

3
s
s
i
h
t
c
i
n
e
i
m
p
e
o
t
s

d
a
i
s
t
fl
a
m
e
t
m
f
h

24 J. Boon et al. / International Journal of 

espectively. Thus, the steam consumption and number of pressure
qualisations can be varied in order to achieve the desired car-
on dioxide purity. Simulations for coal syngas have been extended
rom the previous study (Boon et al., 2015a), while new simulations
ave been performed for natural gas reformate.

.1.4. Palladium-based membranes
Hydrogen is soluble in palladium metal and dense palladium

embranes can have an extremely high permselectivity for hydro-
en (only related to defects and capping). Therefore, metallic
alladium and palladium alloy membranes have received a great
eal of interest from researchers worldwide (Paglieri and Way,
002; Basile et al., 2008; Yun and Oyama, 2011; Gallucci et al.,
013). Palladium based membranes are currently in use for the pro-
uction of hydrogen in niche markets and their economic potential
xtends to chemical industry, pre-combustion carbon dioxide cap-
ure, and the production of ultrapure hydrogen (Paglieri and Way,
002; Ockwig and Nenoff, 2007; Gazzani et al., 2014b; Atsonios
t al., 2015; Gazzani and Manzolini, 2015). The stability of palla-
ium membranes in experiments of up to a year is discussed by
allucci et al. (2013). In previous studies under the Dutch CATO-

 programme, commercially available palladium membranes have
een benchmarked (Boon et al., 2013), the mass transfer resistance

n the membrane support because of the use of sweep gas (Boon
t al., 2012), and the impact of inhibition by syngas species was
uantified under relevant, high pressure, conditions (Li et al., 2010;
oon et al., 2015b). Although palladium-based membranes can be

ntegrated in water–gas shift reactors (Bracht et al., 1997; Li et al.,
012) or even in reformers (Tiemersma et al., 2006; Patil et al., 2007;
i et al., 2011; van Berkel et al., 2013), a staged approach is adopted
ainly because of techno-economic reasons and operability issues

Gazzani and Manzolini, 2015; Hudiono et al., 2015): three consec-
tive HTS reactors are each followed by membrane modules for the
ecovery of hydrogen.

In the current study, pure palladium membranes are used at
50 ◦C, which require sub-ppm level hydrogen sulphide and con-
equently a Rectisol desulphurisation process is installed for coal
yngas (Case V and VI) (Gazzani and Manzolini, 2015). The driv-
ng force for hydrogen permeation is related to the difference in
ydrogen partial pressure over the membrane, and consequently
he use of sweep gas improves the performance. In the current
ases, a high-pressure counter-current sweep of nitrogen or steam
s assumed, related to the final pressure at which the hydrogen
eeds to be produced. This is in line with a recent study by Atsonios
t al. (2015), who showed an increase in system efficiency with
ncreasing sweep gas pressure, at the expense of a higher required

embrane surface area. Sweep gas improves the driving force for
ermeation, but induces additional resistance to mass transfer,
specially at higher pressures (Boon et al., 2012). The net effect
f sweep on the transmembrane flux remains strongly positive and
he use of sweep gas is to be preferred over hydrogen recompres-
ion.

For the membrane modules, the hydrogen recovery factor is a
esign variable. An increase in the hydrogen recovery factor entails
n increase in the required membrane surface area as well as an
ncrease in the amount of sweep gas. The former is outside the
cope of the current study, whereas the latter is an important fac-
or determining the efficiency. On the one hand a higher sweep
ow rate improves the hydrogen recovery factor which leads to

 higher cold gas efficiency, but on the other it requires either
ore steam to be raised or nitrogen to be compressed which low-

rs the overall efficiency. A sensitivity study was performed on

he hydrogen recovery factor, varying the hydrogen recovery per

odule in the range of 70–95%. The overall hydrogen recovery
actor thereby varied between 97% and 99.95%, which is always
igher than conventional technologies and SEWGS achieve. The
house Gas Control 50 (2016) 121–134

permeance for non-hydrogen species is assumed to be negligible
– neglecting membrane defects or leaks via the membrane seals.
The only impurity in the hydrogen product thus originates from
the sweep gas used (which is steam in cases VI and XII, for pure
hydrogen product). It is assumed that steam can be condensed and
removed at 25 ◦C but if necessary cooled systems can achieve lower
dew points at relatively little additional work. The sweep flow rate
is adjusted such that the partial pressure difference over the mem-
brane (at both the feed inlet side and the sweep inlet side) is at least
10% of the feed side partial pressure of hydrogen, in order to ensure
a high driving force for permeation and a low required membrane
surface area.

2.1.5. Pressure swing adsorption
State of the art technology for the production of pure hydro-

gen is pressure swing adsorption (PSA) (Kohl and Nielsen, 1997). It
produces a high pressure stream of high purity hydrogen and a low
pressure stream of tail gas. The tail gas is accounted for in terms of
its lower heating value, see Section 2.3.2. The PSA system is mod-
elled according to industrial practice using a hydrogen recovery of
76.2% and a hydrogen purity of 99.9996 mol% (Kohl and Nielsen,
1997).

2.1.6. Rectisol desulphurisation
As discussed, palladium membranes require desulphurisation

upfront. Rectisol (cryogenic methanol physical absorption) is used
(Kohl and Nielsen, 1997). As discussed by Gazzani and Manzolini
(2015), the Rectisol process can be tailored for a high selectivity
for hydrogen sulphide over carbon dioxide which is important in
pre-combustion carbon dioxide capture schemes. A power con-
sumption of 25 MJ  kg−1

H2S and reboiler duty of 63 MJ  kg−1
H2S (at 70 ◦C)

are required (Gazzani and Manzolini, 2015).

2.1.7. Cryogenic purification of carbon dioxide
The retentate remaining after the last membrane separation

stage, with a hydrogen recovery factor of 97–99.95% (Section 2.1.4),
still contains a significant amount of hydrogen, but also carbon
monoxide, and possibly methane. This represents a significant
energy content but recovery is not feasible with membranes.
Instead, cryogenic purification of carbon dioxide is used (Atsonios
et al., 2013). This allows recovery of the energy content as well as
achieving the specified carbon dioxide purity. The power consump-
tion for cryogenic cooling is estimated at 5.4 kJ kg−1

CO2-rich (Chiesa
et al., 2011).

2.1.8. Compression and condensation
Depending on the separation technology of choice, the carbon

dioxide product is delivered either at atmospheric pressure (MDEA,
SEWGS) or at elevated pressure. The installation of any carbon diox-
ide capture technology presupposes a destination for the carbon
dioxide, other than emission to the atmosphere. The carbon dioxide
stream is therefore compressed to a pressure of 110 bar(a), creat-
ing a common basis for comparing the technologies. Compression
stages and interstage cooling are modelled according to EBTF rec-
ommendations (Franco et al., 2009), except for Selexol where a
literature value is used (Section 2.1.2).

2.2. Flowsheeting and equation of state

Flowsheets for the cases outlined above are briefly summarised

in Fig. 1. The flowsheets are modelled in Aspen Plus V8.4, using
the Peng–Robinson cubic equation of state, which is particularly
suitable for light gases and at high temperature and pressure (Peng
and Robinson, 1976).
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Fig. 1. Process flow diagrams as discussed in Section 2.3, dotted lines indicate optional unit operations and process routes, depending on the case.
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efficiencies. This way, the detailed simulation of the entire plant
ig. 2. Generic separation process, separating stream (1) into streams (2) and (3) by
eans of additional stream (4) and net work (�W),  producing side product (5).

.3. Process systems engineering

Fig. 2 shows a generic separation process. A single gas stream (1),
f given temperature, pressure, and composition, is separated into
wo different gas streams: hydrogen rich (2), and carbon dioxide
ich (3). The separation process requires and performs work (W),
nd, depending on the processes, additional process streams (4,
.g., steam, nitrogen). For several of the cases discussed below, a
ide product stream (5) of PSA tail gas is produced as well.

.3.1. Process efficiency and steam consumption
The efficiency of the process is expressed in terms of the lower

eating values (LHV) of the feed and product streams, i.e. cold gas
fficiency. It is important to note that the cases for electricity pro-
uction have also been modelled based on LHV efficiency for the
onversion of fuel to power. Thus, specific modelling of a cooled
as turbine, which has been presented in literature (Chiesa and
acchi, 2004; Gazzani et al., 2014a) and is outside the scope of the

urrent work, can be circumvented. Three efficiencies are defined
ccordingly:

0 = LHVH2 productFm,H2 product

LHVfeedFm,feed
(2)

1 = LHVH2 productFm,H2 product +  �by-productLHVby-productFm,by-product

LHVfeedFm,feed

(3)

2 = LHVH2 productFm,H2 product +  �by-productLHVby-productFm,by-product −  �W

LHVfeedFm,feed

(4)

Thus, �0 is defined as the cold gas efficiency, based on lower
eating value of the hydrogen-rich product stream divided by
he lower heating value of the syngas input. It is a measure to
hat extent the energy content in the syngas is preserved in

he hydrogen-rich product. Similarly, �1 represents the cold gas
fficiency while taking into account the energy content of the
y-product that is produced, which can be utilised as fuel (Sec-
ion 2.3.3). Finally, �2 is the theoretical net efficiency, accounting
or the net work performed by the system in the process (Fig. 2),
.g. the consumption or production of steam and electricity. (Note
hat the theoretical net efficiency does not represent the efficiency
ccording to the second law of thermodynamics.) The net efficiency
hereby provides a measure of the required work for the conversion
f carbon monoxide and the separation of carbon dioxide from the

yngas.

Apart from the efficiencies, the performance of the processes is
uantified through a number of key metrics: the hydrogen recovery
house Gas Control 50 (2016) 121–134

factor (HRF), hydrogen purity (HP), carbon capture ratio (CCR), and
carbon purity (CP),

HRF = yH2,H2 productFmol,H2 product(
yH2 + yCO

)
feed

Fmol,feed
(5)

HP = yH2,H2 product (6)

CCR =
(

yCO2 + yCO + yCH4

)
feed

Fmol,CO2 product(
yCO2 + yCO + yCH4

)
feed

Fmol,feed
(7)

COxCR =
(

yCO2 + yCO
)

feed
Fmol,CO2 product(

yCO2 + yCO
)

feed
Fmol,feed

(8)

CP = yCO2,CO2 product (9)

Since all remaining carbon monoxide and methane will be
oxidised to carbon dioxide in downstream processes, they are
accounted for in the carbon capture rate (Eq. (7)). The capture ratio
of carbon oxides (COxCR, Eq. (8)) serves to assess the capture of
carbon dioxide and carbon monoxide, without accounting for the
unconverted methane in the natural gas cases.

2.3.2. Work of separation
The work of separation is performed by equipment (electric-

ity) and streams (steam) in the process. The work is done by the
pressure of the feed, by the compression, and by the additional pro-
cess streams involved. With Selexol, MDEA, and SEWGS, pressure
swing is used to capture and release the carbon dioxide from the
process stream, which means that the carbon dioxide is produced
at low pressure. With palladium membranes, in contrast, the feed
partial pressure produces the driving force for permeation of the
hydrogen across the membrane and it is the hydrogen which is
produced at lower pressure. The additional stream (4) in Fig. 2 can
be steam (SEWGS rinse gas, SEWGS purge gas, membrane sweep
gas) or nitrogen (membrane sweep gas). Side product (5) can be
PSA tail gas or the side product obtained in cryogenic purification
of carbon dioxide, both of which have significant calorific value.

Heat to work efficiencies are calculated according to basic
Carnot and Lorentz cycles for heat engines, as shown in Fig. 3. The
Carnot cycle operates between a fixed high temperature stream and
a fixed low temperature sink, and its efficiency represents the max-
imum efficiency for converting heat into power. The Lorentz cycle
operates between a cooled high temperature stream and a constant
low temperature sink. Their respective maximum efficiencies are
(Lee and Kim, 1992),

�C = 1 − TL

TH
Carnot cycle (10)

�L = 1 − TL√
THTL

Lorentz cycle (11)

With the basic thermodynamic cycles, the efficiencies for convert-
ing heat into work are calculated for high temperature (>350 ◦C,
Figs. 4 and 5) and similarly for medium temperature heat exchang-
ers (150–350 ◦C) in the process. For all cases, the stream with the
highest temperature is cooled and consequently the resulting heat
engine corresponds to the Lorentz cycle. The lower temperature
stages typically have an efficiency in between the maximum Carnot
efficiency and the Lorentz efficiency. The efficiency for converting
heat duty to work is therefore calculated by taking the arith-
metic mean between Lorentz–Carnot and Lorentz–Lorentz cycles
(including concomitant choices and assumptions) is avoided while
a realistic performance of a derived steam cycle operated with
the heat sources of the plant is taken into account: (i) different
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Fig. 3. Temperature–entropy diagram for a Carnot cycle (1-2-3-4) heat engine (left) and a Lorentz cycle (1-2-3) heat engine (right).

Entropy

T
em

pe
ra

tu
re

T
0

T
L

T
M

T
H

 1 
 2 

 3 

 4 

 5 

 6 
 7 

Fig. 4. Temperature–entropy diagram for heat recovery by high-temperature heat
exchanger: Lorentz cycle (3-4-5) and two Carnot cycles (2-3-5-6, 1-2-6-7).
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team streams at high, intermediate, and low pressure are gen-

rated during heat recovery; (ii) the Lorentz cycle does not take
nto account that steam production occurs through evaporation
nd super-heating; and (iii) for example a stream at 650 ◦C which
s cooled down to ambient temperature would achieve a Carnot

able 4
ypical efficiency calculations for high-temperature heat exchangers (HTHEX), and mediu

Cases TH (◦C) TM (◦C) TL (◦C) T0 (◦C) �L1 �L2 �L3

HTHEX
max

480 350 150 15 0.090 0.176 0.175 min  

MTHEX
max

350 150 15 0.176 0.175 min  
Fig. 6. Temperature–duty diagram for the work corresponding to steam added to
the process.

efficiency of 69%, a Lorentz efficiency of 44% and based on our
methodology will achieve an overall efficiency of 56% which is
in line with state of the art steam cycle performance (Franco and
Russo, 2002). The cases and typical efficiencies are summarised in
Table 4.

Added steam, as opposed to steam used for heating, is accounted
for in terms of lost work (which could otherwise have been per-
formed by the steam in a steam turbine). The amount of work that
steam of TM can perform depends on its temperature and pressure
(through the dew point Td). As shown in Fig. 6, the lost work by
steam addition is quantified from the heat duty to raise the steam
(Qs) through Lorentz cycle efficiency,

�s =
(Ts − T0)(1 − (T0/

√
TsT0)) − (Td − T0)

(
1  − (T0/

√
TdT0)

)

Ts −  Td
(12)

The remaining work is electric. The used compressors and
expanders, including refrigeration, were discussed in Section 2.1.8.
2.3.3. Utilisation of by-product
In several of the cases, a by-product stream of significant

calorific value is produced. It is assumed that such a stream can

m-temperature heat exchangers (MTHEX) using Eqs. (10) and (11).

�C2 �C3 � Formulae

0.321 0.319
0.579 � = �L1 + �C2 + �C3 − �L1�C2 − �L1�C3 − �C2�C3 + �L1�C2�C3

0.381 � = �L1 + �L2 + �L3 − �L1�L2 − �L1�L3 − �L2�L3 + �L1�L2�L3

0.321 0.319
0.439 � = �L2 + �C3 − �L2�C3

0.320 � = �L2 + �L3 − �L2�L3
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Table  5
Major results summarised for the selected cases, metrics defined in Section 2.3.1.

Case Feed Technology Product �0 �1 �2 HRF HP CCR COxCR CP

I Coal Selexol Fuel 0.89 0.89 0.76 0.966 0.600 0.918 0.918 0.985
II  H2 0.66 0.76 0.67 0.736 1.000 0.918 0.918 0.985
III  SEWGS Fuel 0.87 0.87 0.75 0.964 0.600 0.978 0.978 0.961
IV  H2 0.65 0.75 0.65 0.735 1.000 0.978 0.978 0.961
V  Membranes Fuel 0.86 0.86 0.73 0.985 0.380 0.902 0.902 0.964
VI  H2 0.86 0.88 0.76 0.968 0.999 0.902 0.902 0.964

VII  Natural gas MDEA Fuel 0.98 0.98 0.94 0.989 0.600 0.759 0.939 0.969
VIII  H2 0.62 0.78 0.78 0.754 1.000 0.759 0.939 0.969
IX  SEWGS Fuel 0.98 0.98 0.95 0.987 0.600 0.765 0.946 0.963

.78 0.79 0.752 1.000 0.765 0.946 0.963

.98 0.88 0.998 0.388 0.760 0.940 0.990

.89 0.88 0.989 0.999 0.760 0.940 0.990
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X  H2 0.62 0
XI  Membranes Fuel 0.98 0
XII  H2 0.81 0

e converted into work via a steam boiler, using a state of the art
fficiency of 45% LHV (Cau et al., 2014).

.3.4. Work of separation
As stated in the introduction, this study aims to develop a

ramework for the evaluation of different technologies for pre-
ombustion carbon dioxide capture. The common denominator in
he evaluation is the work of separation. Using the efficiencies
erived above in the flowsheeting work, the heat demand or pro-
uction of unit operations (Q), the steam added to the process (Qs),
nd the utilisation of by-products (LHV) can all be converted to
ork:

 = �Q (13)

s = �sQs (14)

 = �by-productLHVby-productFm,by-product (15)

. Results

Flowsheets for the twelve cases have been modelled, all result-
ng in meeting the product specifications of hydrogen product and
arbon dioxide product (Table 3). The major results are summarised
n Table 5. First, the results for the different cases are discussed.

.1. Conventional absorption technology

In case I and II, the Selexol process achieves a CCR of 92%. In
ase VII and VIII, at lower carbon dioxide partial pressure, and with

 relatively high methane content, a CCR of 76% is reached with
DEA (see discussion below).

.2. Sorption-enhanced water–gas shift

The sorption-enhanced water–gas shift (SEWGS) process in this

tudy has been designed for a specified carbon dioxide purity. It
as been shown that SEWGS can readily achieve very high carbon
apture ratios (Boon et al., 2015a; Walspurger et al., 2015). The
resent work is based on the performance of the Alkasorb sorbent

ig. 8. SEWGS cycle for coal syngas with 2 pressure equalisations, using 8 columns (PEQ: 

o  atmospheric pressure; Rep: repressurisation with hydrogen product).
Fig. 7. SEWGS performance, carbon dioxide product dry purity versus rinse steam
consumption for 3, 2, and 1 pressure equalisation with coal syngas after pre-shift
and S/Cpurge = 0.1.

as developed by ECN; adopting the novel Alkasorb+ would further
improve the SEWGS performance (Jansen et al., 2013).

Results of the carbon dioxide purity from SEWGS cycle simu-
lations are shown in Fig. 7. Clearly, both the rinse steam amount
and the number of pressure equalisations strongly affect the car-
bon dioxide purity. The target purity of 96 mol% can be achieved
with 8 columns using S/Crinse = 0.1 and S/Cpurge = 0.1. The corre-
sponding schedule is shown in Fig. 8. An interesting alternative
would be to use a 9 column configuration, and no or negligible
rinse (Fig. 7). Clearly this would significantly improve the work of
carbon dioxide separation, at the expense however of an increased
cost of equipment. Since the SEWGS process without rinse has not
yet been experimentally demonstrated, it is not used in the system
evaluation but considered as a promising future development.

SEWGS simulations for the natural gas reformate have recently

been presented by Walspurger et al. (2015) and are briefly summ-
arised in Fig. 9. The lower partial pressure of carbon oxides in the
natural gas reformate translates into a higher steam consumption.
The required carbon dioxide purity is reached at S/Crinse = 0.5 and

pressure equalisation between two columns, Blowdn: blowdown/depressurisation
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Table 6
Hydrogen recovery variations for the membrane modules in cases V, VI,  XI, and XII.

Case Module hydrogen
recovery [%]

HRF overall [%] �0 [%] �2 [%]

V 0.95 99.43 88.5 59.8
0.90 99.18 88.0 69.3
0.80 98.52 86.3 72.8
0.70 97.68 83.4 71.9

VI  0.95 99.25 88.5 68.4
0.90 98.68 88.0 74.1
0.80 96.78 86.3 76.3
0.70 93.59 83.4 76.0

XI  0.95 99.98 98.2 88.2
0.90 99.95 98.2 88.2
0.80 99.82 98.1 88.2
0.70 99.59 98.0 88.1

XII  0.95 99.95 81.8 87.4

F
d

ig. 9. SEWGS performance, carbon dioxide product dry purity versus rinse steam
onsumption for natural gas syngas after pre-shift (Walspurger et al., 2015).

/Cpurge = 0.4, but only 6 columns are required. Note that this is not
nly a significant decrease in steam consumption but also in the
umber of columns required compared to previous cases (cf. the
tudy by Gazzani et al. (2013b) using a 9 columns SEWGS train)
Fig. 10).

For the production of hydrogen fuel (case III and IX), addi-
ional dilution was required. Note that SEWGS captures hydrogen
ulphide together with carbon dioxide and the concentration
f hydrogen sulphide in the carbon dioxide product reaches
600 ppmv (case III and IV), which exceeds the specification of
00 ppmv (Franco et al., 2009). The sulphur could be recovered
s elemental sulphur through the Claus process, but no technol-
gy is currently industrially available with sufficient selectivity
o produce concentrated hydrogen sulphide from a hydrogen
ulphide–carbon dioxide mixture: Selexol or Rectisol are not suf-
ciently selective to produce concentrated hydrogen sulphide
tream required by a Claus process (Kohl and Nielsen, 1997).
azzani et al. (2013a) have proposed the production of calcium
ulphate though stoichiometric combustion of hydrogen sulphide
ith oxygen. This was predicted to have an energy efficiency
enalty of a mere 0.2%-points. Since the current sequestration
equirements are subject to ongoing debate, the role of hydrogen
ulphide in the carbon dioxide product is not further considered in
his work.

.3. Palladium-based membranes

The membrane modules for hydrogen separation were designed
t 70–95% hydrogen recovery. The countercurrent sweep flow
ate was adjusted in order to ensure sufficient driving force (cf.
ection 2.1.4). The critical point for the driving force turned out
o be the sweep inlet of the first membrane module, where the
artial pressure of hydrogen in the retentate approached the

artial pressure of hydrogen in the sweep (i.e., the hydrogen that
ermeated in the second and third module). The results of the
ydrogen recovery variations are summarised in Table 6. For all of
he simulated cases, the optimum efficiency was achieved with a

ig. 10. SEWGS cycle for natural gas reformate with 2 pressure equalisations, using
own/depressurisation to atmospheric pressure; Rep: repressurisation with hydrogen pr
0.90 99.80 81.7 88.2
0.80 98.90 80.9 88.3
0.70 96.74 79.2 87.6

module hydrogen recovery of 80%, which was subsequently used
in the further evaluation of the technology. The corresponding
overall HRF was in the range of 96.8–99.8% (e.g., ignoring the
additional production of hydrogen through interstage WGS, three
membrane modules with a hydrogen recovery of 80% each achieve
an overall HRF of 1 − (1 − 0.8)3 = 0.992).

The amount of sweep gas required was such, that the hydro-
gen concentration in the product amounted to 38–39 mol% and
therefore no additional dilution of the hydrogen fuel product was
required in cases V and XI. For the pure hydrogen product in case
VI and XII, the hydrogen purity is lower than in the cases based on
PSA, but this is only due to the presence of water because of the
water dew point (currently assumed 25 ◦C).

3.4. System efficiencies and work of separation

The results that were summarised in Table 5 are detailed in
terms of the relative contributions to the efficiency penalty in
Figs. 11–14. The lower heating value (net heating value) multiplied
by the feed mass flow rate is scaled to 100, all other contributions
are scaled on the same basis. The resulting values of �0, �1, and �2
are also scaled to 100 and plotted in between.

The carbon capture ratio, which is the translation of the ratio-
nale behind all these process schemes, is the single most important
parameter not yet accounted for in the efficiency comparison in
Figs. 11–14. As summarised in Table 5, the carbon capture ratios for
the natural gas cases are similar. For the coal syngas cases, the car-
bon capture ratio for SEWGS (case III and IV) is significantly higher
than for the other cases. The achieved carbon capture ratio is plot-
ted in Fig. 15 versus the work of separation, as measured by the loss
in theoretical net efficiency.
4. Discussion

The results for the separation of carbon dioxide from hydrogen
in the cases defined compare best in several subsets, for coal syngas

 6 columns (PEQ: pressure equalisation between two columns, Blowdn: blow-
oduct).
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ig. 11. Efficiency of carbon dioxide capture for coal syngas to decarbonised fuel.

nd for natural gas reformate, for decarbonised fuel and for pure
ydrogen product.

The current study focuses on the work for carbon dioxide sepa-
ation, producing hydrogen-rich products from syngas. Therefore,
o assessment is made of the efficiency of producing syngas, or of
he efficiency with which power can be produced. Regarding the
ast aspect, it should be noted that the decarbonised fuel product is
efined to be used in combined cycle power plants. Alternatively,
oncentrated hydrogen product streams can be used in fuel cells
or power generation (Song, 2002), creating an alternative route
or syngas to power with a potentially high efficiency.

.1. Coal syngas to decarbonised fuel (I, III, V)

For the conversion of coal-derived syngas to hydrogen fuel, con-
entional Selexol and SEWGS end up with similar net efficiencies
2, 76% and 75%, respectively (Fig. 11a and b). The reduced cool-

ng and reheating duties that result from the high-temperature
peration of SEWGS are clear from the corresponding heating and
ooling duties, but this aspect is actually favourable for Selexol
more heat is recovered during cooling than required for reheating).
ompared to Selexol, SEWGS requires only 1.4%-points of addi-
ional efficiency loss for the addition of steam. Note that the steam

equirement of the SEWGS process is calculated using improved
nderstanding of the interaction of carbon dioxide and steam with
he sorbent, as discussed by Boon et al. (2015a). The steam con-
umption has been decreased significantly compared to previous
Fig. 12. Efficiency of carbon dioxide capture for coal syngas to hydrogen.

assessments (Gazzani et al., 2013a,b). In addition, a remarkable
reduction in capital expenditure has been made with the reduction
from 9 to 6 columns, which leads to a decrease in capital expen-
diture and will further improve the already interesting economic
prospects for SEWGS, see e.g. Manzolini et al. (2013). Consequently,
further reduction of the SEWGS steam demand (e.g. by increasing
the number of pressure equalisations as discussed in Section 2.1.3)
is expected to be of little consequence in terms of the overall
efficiency penalty. The main advantage of SEWGS, other than the
higher carbon capture ratio, appears in the reduced electric work,
resulting from the produced work by the two  expanders and from
avoiding electricity consumption for carbon dioxide capture (in
contrast to Selexol).

The membrane route (Fig. 11c) fundamentally differs from the
other routes, because hydrogen and not carbon dioxide is captured.
Because the carbon dioxide is obtained at high pressure, much less
electricity is required for compression of the carbon dioxide prod-
uct. For case V, as with all membrane cases, the sweep gas use
dominates the required work for the separation process (but is nec-
essary for achieving high transmembrane mass flux). It is mainly
the compression of nitrogen sweep gas which leads to an electric
work input as high as 8%-points in this case, which reduces the
theoretical net efficiency to 73%. Optionally, the last membrane
stage could be operated at lower pressure to produce low-pressure

hydrogen for steam generation, reducing the required membrane
surface area and sweep gas compression duty whilst maintain-
ing efficiency (Gazzani et al., 2014b). The use of palladium-alloy
instead of pure palladium membranes and the ensuing adoption
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outperform post-combustion capture by absorption from pul-
verised coal power plants, reaching an efficiency of �2 = 0.6 and a
target value of �2 = 0.71 (House et al., 2009). A recently presented
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ig. 13. Efficiency of carbon dioxide capture for natural gas reformate to decar-
onised fuel.

f Selexol desulphurisation instead of Rectisol would improve the
fficiency (Gazzani and Manzolini, 2015), but only slightly. Of the
8% efficiency penalty for electricity (Fig. 11c), only −0.8%-points
re related to the Rectisol process while −6.5%-points are due to
itrogen sweep gas compression. Depending on the plant layout
nd conditions, operating without sweep and recompression of
he hydrogen could present an economically interesting alternative
Koc et al., 2014).

While Selexol has a slightly higher net efficiency (�2 = 0.76) than
EWGS (�2 = 0.75) and membranes (�2 = 0.73), accounting for the
trongly enhanced carbon capture rate yields SEWGS as the tech-
ology with the lowest efficiency penalty per unit carbon dioxide
aptured to produce decarbonised fuel from coal syngas. Cormos
2012) predicted a lower efficiency penalty for Selexol, but with

 lower carbon capture ratio and a significantly higher efficiency
ssumption for compression of the carbon dioxide product. The
fficiency of Selexol in this work is identical to the efficiency of the
elexol case while for SEWGS the efficiency is slightly lower than
he values reported by (Gazzani et al., 2013a) (�2 = 0.803), which is
elated to the SEWGS cycle design. The current cycle design, based
n an improved understanding of the interaction of carbon dioxide
nd steam with the sorbent as discussed in Section 2.1.3, achieves a

arbon capture ratio of 98% with S/Crinse = S/Cpurge = 0.1 whereas the
ycle used by Gazzani et al. achieves the same capture ratio using
/Crinse = 0.34 and S/Cpurge = 1.4. Note that the sorbent in this work is
till the alpha-type sorbent and the potential further improvement
Fig. 14. Efficiency of carbon dioxide capture for natural gas reformate to hydrogen.

by using the higher-capacity sorbent beta (Gazzani et al., 2013a) is
not yet accounted for.

The pre-combustion capture schemes for IGCC presented here
Efficiencypenalty, 1-
2
[%]

Fig. 15. Comparison of the twelve cases in terms of carbon capture ratio (CCR) versus
required efficiency penalty (1−�2).
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esign study reports higher efficiencies, approaching the efficien-
ies in this work for Selexol and SEWGS with a newly developed
olvent, albeit at a lower carbon dioxide capture ratio (Sanchez
ernandez et al., 2014; Manzolini et al., 2015).

.2. Coal syngas to pure hydrogen (II, IV, VI)

For the conversion of coal-derived syngas to pure hydrogen, con-
entional Selexol and SEWGS (Fig. 12a and b, respectively) again
erform similar in terms of the net efficiency �2. Their perfor-
ance suffers equally from the relatively low product recovery in

he hydrogen PSA unit, from which the tail gas is used but at an
HV efficiency of 45%. Again SEWGS outperforms Selexol in terms
f the efficiency penalty per unit of carbon dioxide captured.

The membrane system (Fig. 12c) performs significantly more
fficient than its counterparts, because pure hydrogen can be pro-
uced directly (requiring only condensation for water removal).
he high work required for generating sweep steam is largely
ecovered when cooling down the hydrogen-steam mixture from
he membrane permeate product. Depending on the plant layout
nd conditions, operating without sweep and recompression of
he hydrogen could present an economically interesting alternative
Ma  et al., 2015). Although the remaining net work for producing
he sweep stream is still the largest contribution to the efficiency
enalty, membranes represent the most efficient technology for the
roduction of pure hydrogen from coal syngas.

.3. Natural gas reformate to decarbonised fuel (VII, IX, XI)

For the conversion of natural gas reformate to hydrogen fuel,
EWGS (Fig. 13b) has a higher net efficiency �2 than MDEA
Fig. 13a). The theoretical net efficiency penalty for MDEA is 6%,
hile the overall system efficiency penalty of carbon dioxide cap-

ure by MDEA in NGCC typically reaches 16% (8%-points) (Jansen
t al., 2015). As for the coal cases, the net effect of cooling down
nd reheating of the process gas is slightly favourable for MDEA,
ecause more heat is recovered in the cooling than is required
or reheating. Conversely, the SEWGS-based process requires 2.7%-
oints less electricity; in the SEWGS flowsheet, the expanders result

n a net electricity production. Compared to the prediction by
obden et al. (2007), the steam consumption has been reduced and
he efficiency penalty (1 − �2) for SEWGS has been reduced from up
o 12% to 5% which is much closer to the minimum value of 2.7%.
azzani et al. (2013b) also reported a slightly higher efficiency for
EWGS compared to MDEA. As for the cases above, the membrane
ase (Fig. 13c) has the lowest theoretical net efficiency which is a
esult of the work required for raising sweep steam. Note that the
ow capture ratio is not due to the employed separation processes
ut instead due to the methane conversion assumed, as witnessed
rom the carbon oxides capture ratio in Table 5. Post-combustion
apture would in principle allow for higher carbon capture ratios
ecause it allows to also capture part of the carbon dioxide that is
roduced by the combustion of PSA offgas, but Iyer et al. (2015a)
ound 66.5% CCR because carbon dioxide was not captured from the
apture unit boiler. Of the carbon (carbon monoxide, carbon diox-
de, and methane) in the reformate, 19 mol% is methane which can
e used to underfire the reformer (Rostrup-Nielsen, 1993; Molburg
nd Doctor, 2003; Rath, 2010) and is thus not captured. In the MDEA
nd SEWGS cases for fuel, the methane ends up in the hydrogen
uel to be combusted. In the membranes case (XI) to fuel, the cryo-
enic process for carbon dioxide purification recovers the methane
hich is mixed with the hydrogen fuel. Based on carbon oxides
nly, MDEA and palladium-based membrane achieve a COxCR of
4% while SEWGS would achieve 95%.

Outside the scope of the current study, in the case of natural
as reformate to power, post-combustion carbon dioxide capture
house Gas Control 50 (2016) 121–134

could be preferred from a thermodynamic efficiency point of view
(Gazzani et al., 2013b), although a recent study found an efficiency
penalty of 12% for carbon dioxide capture in NGCC (Iyer et al.,
2015b), which is higher than the currently predicted efficiency
penalties for MDEA (case VII) and SEWGS (case IX). Still, newly
developed amine solvents could reduce the efficiency penalty for
post-combustion carbon dioxide capture (Manzolini et al., 2015).

Because it yields the highest efficiency as well as the highest car-
bon capture ratio, SEWGS is the most efficient process to produce
decarbonised fuel from natural gas reformate.

4.4. Natural gas reformate to pure hydrogen (VIII, X, XII)

For the conversion of natural gas reformate to pure hydrogen,
conventional MDEA and SEWGS (Fig. 14a and b, respectively) have a
similar net efficiency with an advantage for SEWGS. The efficiencies
are largely determined by the performance of the PSA system for
the production of pure hydrogen, as in the corresponding coal syn-
gas cases. In the MDEA and SEWGS cases for hydrogen, the methane
is recovered in the PSA tail gas as accounted for in the models. In
the membranes case (XII) the methane is recovered in the cryo-
genic carbon dioxide purification and accounted for as fuel. Again,
the inherent advantage of palladium membranes producing pure
hydrogen is reflected in the much higher net efficiencies (Fig. 14c),
more than compensating for the work required for raising sweep
steam.

The introduction of membrane water–gas shift reactor technol-
ogy, instead of staged water–gas shift and membrane modules,
could further improve the efficiency of the system (Gallucci et al.,
2013; van Berkel et al., 2013; Fernandez et al., 2015), although it
should be noted that the carbon monoxide conversion after three
stages with 95% hydrogen recovery factor is already 99.9 mol% and
the amount of sweep gas is probably not significantly reduced by
the adoption of integrated membrane reactor technology. Outside
the scope of the current work, the integrated membrane reactor
technology might benefit from a lower capital expenditure.

With the highest theoretical net efficiency, membranes are the
most efficient technology for the production of pure hydrogen from
natural gas reformate.

5. Conclusions

Sorption-enhanced water–gas shift (SEWGS) and palladium-
based membranes have been compared to conventional technolo-
gies for hydrogen-carbon dioxide separation based on the carbon
capture ratio and energy efficiency penalty. Four major process
routes were assessed, each leading to different conclusions.

• For the production of decarbonised fuel from coal syngas, SEWGS
yields the lowest efficiency penalty per unit of carbon dioxide
captured.

• For the production of pure hydrogen from coal syngas, SEWGS  has
a significantly higher carbon capture ratio than the alternatives
while palladium membranes yield the lowest efficiency penalty
per unit of carbon dioxide captured.

• For the production of decarbonised fuel from natural gas refor-
mate, SEWGS is the most efficient technology in terms of
efficiency penalty.

• For the production of pure hydrogen from natural gas syngas,
palladium membranes yield the lowest efficiency penalty.
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