
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Optimal design of an MDEA CO2 capture plant for low-carbon
hydrogen production - A rigorous process optimization approach

Citation for published version:
Antonini, C, Pérez-Calvo, J-F, Van Der Spek, M & Mazzotti, M 2021, 'Optimal design of an MDEA CO

2capture plant for low-carbon hydrogen production - A rigorous process optimization approach', Separation
and Purification Technology, vol. 279, 119715. https://doi.org/10.1016/j.seppur.2021.119715

Digital Object Identifier (DOI):
10.1016/j.seppur.2021.119715

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Separation and Purification Technology

Publisher Rights Statement:
© 2021 The Authors.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.seppur.2021.119715
https://doi.org/10.1016/j.seppur.2021.119715
https://researchportal.hw.ac.uk/en/publications/94f9d35d-a2a4-4c30-8e75-9991d6288455


Separation and Purification Technology 279 (2021) 119715

A
1

Contents lists available at ScienceDirect

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Optimal design of an MDEACO2 capture plant for low-carbon hydrogen
production — A rigorous process optimization approach
Cristina Antonini a, José-Francisco Pérez-Calvo a, Mijndert van der Spek b, Marco Mazzotti a,∗

a Institute of Energy and Process Engineering, Department of Mechanical and Process Engineering, ETH Zurich, Zurich 8092, Switzerland
b Research Centre for Carbon Solutions, School of Engineering and Physical Sciences, Heriot-Watt University, EH12 4AS Edinburgh, UK

A R T I C L E I N F O

Keywords:
CO2 capture with MDEA
Low-carbon H2 production with CO2 capture
Energy consumption minimization
Process optimization

A B S T R A C T

This work presents an optimized design of a methyl diethanolamine CO2 capture unit for clean hydrogen
production via steam methane reforming of natural gas, where CO2 is captured from the pressurized water-gas
shifted syngas. We propose a modified version of the standard MDEA-based CO2 capture process flowsheet, and
we optimize the operating conditions by solving a multi-objective optimization problem to minimize energy
consumption while maximizing the CO2 capture rate. In this paper, we opted to model the CO2 capture plant
using an equilibrium-based approach. To validate the optimization results obtained and to verify the absorber
and desorber dimensions, we sized both columns. Packing heights remain below the threshold of 15 metres and
productivity ranges between 0.74 tCO2/m3h at a capture rate of 90% and 0.35 tCO2/m3h for a CO2 recovery
of 99.8% respectively.
1. Introduction

Optimal design of solvent-based CO2 scrubbing is key to the devel-
opment of low-energy, low-cost CO2 capture technologies. As long as a
reliable and detailed process model is available, the design of chemical
processes like CO2 capture consists of two elements [1]: (i) the imple-
mentation of an optimal process configuration for the chemical system
and application under study, and (ii) the identification of optimal
operating conditions. Often, these two elements are decoupled. For ex-
ample, Ahn et al. [2] investigated different flow sheet configurations for
post-combustion CO2 capture using aqueous MEA solutions as solvent,
while Van der Spek et al. [3] developed a model for CO2 capture with
aqueous AMP/piperazine blends and performed a parametric study on
a standard absorber-stripper flowsheet. As far as the process models are
concerned, studies on CO2 capture processes use commercial software
packages, including Aspen Plus, Hysis, or gProms [2,4,5], because these
already contain the required physicochemical submodels and property
databanks.

However, optimal design of solvent-based CO2 capture processes
can be time consuming due to [6]: (i) the highly non-linear nature
of the model equations; (ii) the high complexity of the flowscheme of
solvent-based CO2 capture processes, which may include several recycle
streams; and (iii) the long time required for rate-based simulation

Abbreviations: AMP, 2-amino-2-methyl-1-propanol; CAP, chilled ammonia process; DEA, diethanolamine; ESI, electronic supplementary information; HETP,
height equivalent to a theoretical plate; HP, high pressure; IEAGHG, International Energy Agency Greenhouse Ga; LP, low pressure; MDEA, methyl
diethanolamine; MEA, monoethanolamine; PSA, pressure swing adsorption; PC, process configuration; SMR, steam methane reforming
∗ Corresponding author.
E-mail address: marco.mazzotti@ipe.mavt.ethz.ch (M. Mazzotti).

of the full capture process, which are needed for the sizing of the
absorption and stripper columns. Furthermore, convergence manage-
ment of the process simulations is another factor limiting combined
flowsheet design and process optimization. Limited by process con-
vergence issues, Sutter et al. [7] applied a multi-variable sensitivity
analysis that allowed to identify the set of operating conditions that
minimized the energy consumption of the capture process for two
different process configurations of the Chilled Ammonia Process (CAP):
one configuration was free of solids, whereas the other exploited con-
trolled solid formation. Indeed, the CO2–NH3–H2O system is known
to present difficulties for process simulation convergence stemming
from its VLSE complexity [8]. As a result, Sutter et al. [7] found the
optimal set of operating conditions for each process configuration that
allowed to minimize the energy consumption of the capture process.
More recently, Pérez-Calvo et al. [6] have developed a methodology
for the heuristic optimization of solvent-based CO2 capture processes,
demonstrated using the CAP as case study, which includes: (i) the
multi-objective optimization of the capture process in terms of min-
imum energy consumption and maximum productivity, for a certain
range of CO2 capture efficiencies; (ii) a step-wise process simulation
and optimization strategy aiming at minimizing the computational
vailable online 22 September 2021
383-5866/© 2021 The Authors. Published by Elsevier B.V. This is an open access a
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Roman letters

𝑏1 Split fraction splitter 1 [–]
𝑏2 Split fraction splitter 2 [–]
𝑐∕𝑚 CO2 to MDEA molar ratio [–]
𝐷 Diameter [m]
𝐸 Enhancement factor [–]
𝑓ℎ𝑠𝑙 Desorber hot semi-lean feed stage [–]
𝑓𝑠𝑙 Absorber semi-lean feed stag [–]
𝐻 Height [m]
𝐻𝐻𝐹𝑐 Harrison and France HEPT correlation
𝑚𝑐𝑎𝑝𝐶𝑂2

Mass of CO2 captured [kg]
𝑚𝑖𝑛𝐶𝑂2

Mass of CO2 in the shifted syngas [kg]
𝑀𝐻 Hatta modulus
𝑁𝑎𝑏𝑠 Absorber theoretical number of stages [–]
𝑁𝑑𝑒𝑠 Desorber theoretical number of stages [–]
𝑃𝑎𝑏𝑠 Absorber pressure [bar]
𝑃𝑑𝑒𝑠 Desorber pressure [bar]
𝑃𝑟 Productivity [tCO2/m3h]
𝑄𝐻𝑃 Heat duty HP flash [MJth]
𝑄𝐿𝑃 Heat duty LP flash [MJth]
𝑞𝑅 Desorber specific reboiler duty

[MJth/kgCO2 ]
𝑄𝑅 Desorber reboiler duty [MJth]
𝑇𝑎𝑚𝑏 Ambient temperature [K]
𝑇𝑚𝑖𝑛 Minimum temperature [K]
𝑇𝑟𝑒𝑏 Reboiler temperature [K]
𝑇𝑆 Temperature absorber inlet streams [K]
𝑤𝑀 MDEA weight fraction CO2-free solution

[–]
𝑊𝑎𝑢𝑥 Auxiliaries work [MJ]
𝑊𝑐 CO2 compression work [MJ]
𝑊𝑡𝑜𝑡 Total equivalent work [MJ]

Greek letters

𝛼 discretization ratio
𝛥 difference
𝜂 efficiency
𝜔 equivalent work required per ton of CO2

captured [kWh/tCO2]
𝜓 CO2 capture rate
𝜀 number of discretization points

time required; and (iii) guidelines for the selection, development and
validation of the process model.

Nevertheless, Pérez-Calvo et al. [6] still carried out the optimization
of the full capture process by means of a multi-variable sensitivity
analysis. In contrast, the use of algorithms for automated mathematical
optimization can help reducing the number of simulations required
to obtain the solution, i.e. Pareto front in case of multi objective
optimization. Few studies combine CO2 capture flowsheet design with
mathematical optimization: such studies require coupling of program-
ming tools (e.g. in Matlab or GAMS) with flowsheeting software, which
is not trivial. To our knowledge, Lee et al. [5] are the only researchers
who undertook a multi-objective optimization study on a CO2 capture
flowsheet that was specified in Aspen Plus. They applied a genetic algo-
rithm specified in modeFRONTIER v4.4.2., which was linked with the
Aspen software through an Excel interface. They did an optimization
of MEA, DEA, and AMP for post-combustion CO2 capture, but used the
same, standard flowsheet (with the addition of absorber intercooling as
2

Table 1
Shifted syngas specifications.

Syngasa

H2 CO2 CH4 CO H2O N2
Composition [mol%] 75.61 16.27 3.04 4.63 0.24 0.20
Temperature [K] 307
Pressure [bar] 26

aBased on in-house modelling of the steam methane reforming process [11].

exception) for all three solvents, minimizing capital costs and energy
consumption. Behroozsarand and Zamaniyan [4] performed a multi-
objective optimization on a syngas sweetening process (combined CO2
and H2S removal) that aimed at minimizing the energy consumption
and the release of methane, for which they coupled a HYSYS flowsheet
with Matlab. They also used a standard absorber stripper flowsheet for
a combined DEA/MDEA solvent.

In this work, we have adapted and further developed the simulation
tools and optimization methodologies proposed by Sutter et al. [7] and
Pérez-Calvo et al. [6] by combining flowsheet design with rigorous
multi-objective optimization. Our objective is twofold: (i) to develop
an integrated routine for the multi-objective optimization of the pre-
combustion CO2 capture processes with MDEA simulated in Aspen Plus,

ersion 8.6, or similar software platform, and (ii) to show that with
combination of flowsheet design and rigorous optimization, existing

hemical processes can be further improved, leading to better energy
nd environmental performance and potentially economics. As a result,
he optimal process configuration and the optimal sets of operating
onditions that minimize the energy performance of the capture process
re found for increasing values of the CO2 capture efficiency. Then,
ate-based simulations of the stand-alone CO2 absorber are performed
t the operating conditions obtained at the thermodynamic optimum
n order to size the column and decide on the optimal CO2 capture
ate based on energy consumption and productivity. The optimization
ethodology developed in this work has been illustrated for a CO2

apture facility using an aqueous MDEA solution as absorbent applied
o hydrogen production via steam reforming of natural gas, where CO2
s captured from the syngas after the water-gas shift section.

. Hydrogen production from steam reforming with CO2 pre-
ombustion capture

Nowadays, the majority of hydrogen is produced via steam re-
orming of natural gas. As investigated by the International Energy
gency Greenhouse Gas (IEAGHG) R&D Programme, many different
MR processes with CCS options are available [9]. However, that study
howed the classical CO2 pre-combustion capture from the syngas to
e the most economical option. The benchmark pre-combustion CO2

capture technology is amine-based absorption. Methyl diethanolamine
(MDEA) is a widely used solvent for capturing CO2 from high-pressure
gaseous streams at high purity (CO2 purity > 99.4% [9,10]). Therefore,
we design and optimize an MDEA CO2 capture plant for hydrogen
production from steam methane reforming. Table 1 summarizes the
specifications of the shifted syngas entering the capture unit.

MDEA is a tertiary amine and the main reactions occurring in the
absorption column are the following [12,13]:

CO2 + 2 H2O ⇋ HCO−
3 + H3O+ (R1)

HCO−
3 + H2O ⇋ CO3

2− + H3O+ (R2)

MDEA + H3O+ ⇋ MDEAH+ + H2O (R3)

2 H2O ⇋ OH− + H3O+ (R4)

For our process simulation, we decided to use MDEA without adding
ctivators, in order to limit the complexity of the liquid phase reaction
inetics [14]; consequently the process simulations are simpler and
aster (important characteristics while applying an optimization routine
n the Aspen Plus flowsheet, as explained in Section 4).
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3. Advances in MDEA flowsheet design

Scrubbing of gas streams with amine solutions has been deployed
for many years, e.g. for the removal of CO2 and H2S [13]. Flow-
sheets have been improved over time to deliver better performance
in recovery rates, energy consumption and solvent slip, among others.
This section discusses the main improvements implemented in the
flowscheme of MDEA-based CO2 scrubbing from shifted syngas, while
describing the process configuration used in this work.

Process configuration 1 - dual flash and semi-lean recycle. Fig. 1 shows
the flowsheet of process configuration 1, containing a dual flash and a
semi-lean recycle to the absorber. This configuration has been studied
in Romano et al. [15] and similar flowschemes are commercialized by
BASF using activated MDEA [13].

The shifted syngas is fed to the bottom of the absorption column,
while an aqueous MDEA solution is introduced from the top. The gas
and liquid phases interact counter-currently, thus allowing the carbon
dioxide to be then absorbed by the solution. The CO2-depleted gas exits
from the top of the column and is typically sent for further hydrogen
purification. Conversely, the CO2-rich liquid stream leaves the absorber
from the bottom. Because the CO2-rich solution also carries some
impurities (i.e. CO, CH4, N2 and some residual H2) it is expanded
in a flash vessel. As a result, the inert impurities are released in the
gas phase and recycled back to the absorber feed. After the first flash
vessel (the high pressure, or HP, flash), the CO2-rich solution is further
expanded in the second, low-pressure (LP), flash, where it is mixed with
the CO2-steam mixture from the top of the desorber. Two mechanisms
play a role in the partial CO2 release in the LP flash, namely the
reduction of pressure and the decrease of temperature as a consequence
of the gas expansion, which lead to the release of CO2 to the vapour
phase and to the condensation of water from the CO2-rich gas stream.
This produces a semi-CO2-lean stream, which is split and partially sent
back to the absorber. In the work of Romano et al. [15], such stream
is fed to the absorption column at approximately half its height. The
remainder of the semi-lean stream is heated in the heat exchanger and
fed to the top of the desorption column. The leftover CO2 is released
from the solvent and leaves the desorber from the top together with
some steam, while the now CO2-lean solution leaves the column at the
bottom, to be then cooled in the cross-heat exchanger and returned to
the absorber. The gaseous CO2 exiting the low-pressure flash is dried
and compressed to 110 bar.

Process configuration 2 - dual flash, semi-lean recycle and split flow to
desorber. The split flow configuration developed in this work for MDEA
(Fig. 2) is a natural evolution of the process configuration 1 (PC-1),
while exploring knowledge and expertise from post-combustion CO2
capture process design. Previous work on post-combustion CO2 cap-
ture showed that a so-called split-flow configuration for the CO2-rich
solution improves the temperature control along the desorber, while
maximizing the heat exchanged in the cross heat exchanger [6,7,16].
Accordingly, in the process configuration 2 (PC-2) only part of the
desorber feed is passed through the cross-heat exchanger, whereas a
smaller part of the feed is left unheated, and is fed to the top of the
desorption column.

Process configurations comparison. In order to have a better understand-
ing of the performance of the two process configurations described
above, we have compared them in terms of energy consumption. The
work of Romano et al. [15] on the optimal design of a pre-combustion
CO2 capture plant with MDEA is used as a reference to model the pro-
cess configuration 1. Three representative CO2 capture rates, namely
90, 95 and 98%, are selected and modelled in Aspen Plus, while
assuming the same operating conditions as in Romano et al. (i.e. MDEA
concentration, absorber liquid to gas flow rate ratio and split ratio).
Contrary to PC-1, the operating conditions of process configuration
2 are optimized using the routine explained in Section 4. However,
in order to perform a fair comparison, the same MDEA concentra-
tion and absorber gas to liquid flow rate ratio are assumed for both
configurations (see Section 5.3).
3

Table 2
Process variables investigated during the sensitivity analysis.

Process variables

CO2 to MDEA molar ratio c/m [–]
MDEA weight fraction CO2-free solution wM [–]
Temperature absorber inlet streams T S [K]
Absorber pressure Pabs [bar]
Absorber theoretical number of stages Nabs [–]
Absorber semi-lean feed stage f sl [–]
Pressure HP-flash PHP [bar]
Pressure LP-flash PLP [bar]
Split fraction splitter 1 b1 [–]
Split fraction splitter 2 b2 [–]
Desorber condenser pressure Pdes [bar]
Desorber theoretical number of stages Ndes [–]
Desorber hot semi-lean feed stage f hsl [–]
Desorber specific reboiler duty qR [MJth/kgCO2

]

4. Methodology

This section discusses the step-wise methodology followed to define
the optimal operating conditions for the MDEA CO2 capture plant,
s illustrated schematically in Fig. 3. As a first step, an equilibrium-
ased MDEA flowsheet is constructed in Aspen Plus and initialized
ith input values from the open literature. Then, a series of sensitiv-

ty analyses are performed on the process variables, based on which
he most influential process variables are selected to be the decision
ariables of the optimization problem. In the third step, a multi-
bjective optimization problem is specified and solved, by coupling the
spen flowsheet with an optimization routine in Matlab. As a result,
Pareto front is obtained, from which the optimal process operating

onditions along the whole range of CO2 capture rates of interest (from
0 to almost 100%) can be retrieved. In the fourth and final step, the
bsorber and desorber are sized for a subset of the optimal solutions
long the Pareto front. The absorber dimensions are calculated using a
ate-based approach; whereas the height of the desorber is calculated
sing the height equivalent to a theoretical plate (HETP), while the
iameter is calculated using a generalized flooding and pressure drop
orrelation. Finally, the volume of the columns is used to determine
he productivity of the separation process. The different steps of the
ptimization methodology are further detailed below.

tep 1 - MDEA CO2 capture process modelling. The MDEA CO2 capture
lant is simulated in Aspen Plus (V8.6), where the absorber and desor-
er are modelled as equilibrium-based RadFrac columns. The activity
oefficients of the species present in the liquid phase are computed
y means of the Electrolyte NRTL model, while for the computation
f the fugacity coefficients in the vapour phase the Redlich–Kwong
quation of state is used. The flowsheet includes a CO2 compression
ection, which is modelled using the Peng–Robinson equation of state.
detailed list of all modelling assumptions is provided in the electronic

upplementary information (ESI). The process variables are listed in
able 2. Based on the numbered streams shown in Fig. 2, b1 is defined
s the ratio of the flow rates of streams 6 and 4, and b2 as that between
treams 7 and 6, whereas the liquid to gas flow ratio (c/m) is defined as
he ratio between the moles of CO2 present in the shifted syngas divided
y the moles of MDEA in the liquid streams entering the absorber
streams 8 and 5 in Fig. 2) [15]. In the following Sections, the reboiler
uty, which is a key design variable, will be scaled with the amount of
O2 captured and referred to as specific reboiler duty, qR, thus given

n [MJth/kgCO2
].

To ensure that the procedure yields feasible flowsheets and that the
optimization routine runs successfully, four features had to be added
to the standard Aspen Plus model: (i) the control of the internal pinch-
point of the cross-heat exchanger; (ii) the inclusion of the make-up
of water and amine; (iii) the implementation of a flowsheet solution

sequence; and (iv) the proper initialization of the process. To model
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Fig. 1. Flowscheme of the MDEA CO2 capture plant with dual flash and semi-lean recycle (Process configuration 1).
Fig. 2. Flowsheet of the MDEA CO2 capture plant with dual flash, semi-lean recycle and two semi-lean splitter (Process configuration 2). The numbered streams are used in
Section 4.
Fig. 3. Schematic representation of the methodology used to define the optimal operating conditions of process configuration 2 modelled in Aspen Plus.
the cross-heat exchanger we use a MHeatX block (a default block in

Aspen Plus), because it allows to perform the internal zone analysis

that is needed to determine possible internal pinch points. To ensure
4

a minimum temperature difference between cold and hot streams in

all zones (therefore not only at the inlet and outlet of the heat ex-

changer), a Fortran routine was created in an Aspen Plus calculator



Separation and Purification Technology 279 (2021) 119715C. Antonini et al.

c
t
a
p
a
a
e
b
f
i
t
F
a
c
t
o
i
n
i
t
s

S
t
i
a
f
o
w
v
c

S
c
o
w

w
c

i
m
a
T
a
f
h
c

S
o
a
o
d
e
r
s
i
p
d
a
s
t
W
e
S
t
a
r
b

S
r
t
t
(
a

t
w
f

w
t
i
d
t
C
t
t
t
a
(

s
f

block; the Fortran routine used in this work is a modified version of
the code used earlier [6]. By running the calculator block after the last
MHeatX iteration (see the ESI for the sequence and the Fortran code),
the minimum temperature difference is automatically set to 3 ◦C. In
ase of violation, the hot stream outlet temperature is adjusted and
he calculation is repeated. Water and MDEA make-up streams are
dded to the process simulation to compensate for the losses; in the
rocess flowsheet, the make-up streams are mixed with the lean solvent
fter the cross-heat exchanger. We have defined the solution sequence
s reported in the ESI. The implementation of a solution sequence
nsures a meaningful solution path, i.e. the implemented calculator
locks are run at the correct sequential location, while allowing for
ast convergence. When running a process optimization routine it is
mperative that the simulated process converges quickly, otherwise,
he time required to calculate the Pareto front may become excessive.
inally, without a proper process initialization the simulation will
lso face convergence issues. At the beginning of each simulation, a
alculator block to initialize the flowsheet is run; the initial guess of
he flow rate of the tear streams is adapted depending on the values
f b1, b2, c/m and wM (see the ESI for more details). Moreover, an
nitial value for the vapour fraction of the hot semi-lean stream (stream
umber 9 in Fig. 2) has to be provided, since the rate of convergence
s highly affected by the initial value assigned to it. The initial guess of
he vapour fraction is varied automatically depending on the values of
ome of the decision variables (namely b1, c/m and wM).

tep 2 - Sensitivity analysis. A sensitivity analysis is performed on
he process variables listed in Table 2. This step is crucial because
t allows understanding the interdependence between these variables
nd the separation process efficiency. Based on the results obtained
rom the sensitivity analysis, we select the decision variables of the
ptimization problem, 𝑥𝑖, and the corresponding range of values that
ill be investigated, i.e. 𝑥min

𝑖 ≤ 𝑥𝑖 ≤ 𝑥max
𝑖 . To all the other process

ariables a fixed value is assigned and kept constant in the analysis
arried out in this work.

tep 3 - Optimization procedure. The third step of the methodology
onsists in defining and solving the optimization problem. The objective
f the optimization problem is to minimize the total specific equivalent
ork (𝜔) and the reciprocal of the capture rate (1∕𝜓). The former

is defined as the total equivalent work needed per kilogram of CO2
captured [MJ/kgCO2

] (calculated for steady state operation over an
arbitrary time interval):

𝜔 =
𝑊tot

𝑚cap
CO2

(1)

The total equivalent work is calculated as:

𝑊tot = 𝜂aux
∑

𝑊aux + 𝜂c
∑

𝑊c +𝑄R

(

1 −
𝑇amb

𝑇reb + 𝛥𝑇min

)

(2)

where W aux and W c are the contributions of plant auxiliaries and CO2
compression, respectively, with 𝜂aux and 𝜂c being the corresponding
efficiencies (isoentropic and mechanical for compressors, pump and
drivers efficiencies for pumps); QR is the reboiler heat duty, and T amb,
T reb and 𝛥Tmin are the ambient temperature, the reboiler temperature
and the minimum difference in temperature, respectively (the list of
values of 𝜂i, T amb and 𝛥Tmin used in this work can be found in the
ESI). The capture rate in turn is defined as the mass of CO2 captured
divided by the mass of CO2 present in the inlet (shifted syngas):

𝜓 =
𝑚cap
CO2

𝑚in
CO2

(3)

The optimization problem can be formulated as follows:

min
𝐱

[

𝜔, 1
𝜓

]

(4)

here 𝐱 is the vector of all decision variables, which are subject to the
onstraints stemming from the model operations.
5

t

The solution of the optimization problem is obtained through an
terative process: the decision variables values are fed to the Aspen Plus
odel and the outputs (i.e. mass and energy balances) of the simulation

re processed in Matlab, where the objective functions are computed.
he algorithm will then provide a new value for the decision variables
nd the same procedure is repeated. The optimal solutions will then
orm the Pareto front. The multi-objective optimization problem is
ere solved using a genetic algorithm (MATLAB gamultiobj function,
ontrolled elitist genetic algorithm with Pareto fraction 0.5).

tep 4 - Absorber and desorber sizing. By solving the multi-objective
ptimization problem described in the previous paragraph, we obtain
Pareto front, each of which is associated to a set of non-dominated

ptimal operating conditions. In order to keep the computational bur-
en reasonable, we opted to model the CO2 capture plant using an
quilibrium-based approach (EB). However, such strategy carries the
isk of optimizing to solutions that may be infeasible in reality, e.g. re-
ulting in unrealistic or unfeasible column dimensions. As summarized
n Fig. 3, the separation columns are sized using two different ap-
roaches. The absorber is modelled rate-based while the height and
iameter of the desorber are determined using the Height of an Equiv-
lent Theoretical Plate (HETP) and the maximum hydraulic load re-
pectively. This choice is based on the following considerations. Firstly,
he separation process in the desorber occurs at higher temperatures.

e therefore assume that the temperatures within the column are high
nough to enhance reaction kinetics as well as mass transfer [17,18].
econdly, deviations on the predicted desorber size are assumed not
o be crucial. In fact, the desorber is expected to be smaller than the
bsorber, since it deals with a small fraction of the gas and liquid flow
ates treated by the absorber. The two approaches are further detailed
elow.

tep 4.1 - Absorber sizing: Rate-based modelling. In order to develop a
ate-based model of the absorber, one must define the kinetically con-
rolled chemical reactions. The set of chemical reactions considered for
he rate-based model includes the following rate-controlled reactions
R5)–(R8) together with the equilibrium reactions (R2), (R3) and (R4)
bove:

CO2 + OH− ⟶ HCO−
3 (R5)

HCO−
3 ⟶ CO2 + OH− (R6)

MDEA + CO2 + H2O ⟶ MDEAH+ + HCO−
3 (R7)

MDEAH+ + HCO−
3 ⟶ MDEA + CO2 + H2O (R8)

The reaction rate is expressed using power law expressions, where
he kinetic parameters of reactions (R5) and (R6) are derived from the
ork of Pinsent et al. [19], and the ones of reactions (R7) and (R8)

rom the work of Rinker et al. [20] (see ESI for more details).
Another crucial point is the proper definition of the CO2 profile

ithin the liquid film, which can be achieved by properly discretizing
he liquid film. A variety of discretization strategies are available
n Aspen Plus, from equidistant to different asymmetrical segments
istributions. In order to understand which option is the most suitable
o describe our case, we followed the methodology described in Pérez-
alvo et al. [6]. This methodology is based on a physical analysis of
he reactive absorption process within the liquid film, which allows
o express the discretization ratio (𝛼) as a function of the discretiza-
ion points (𝜀), and of the physicochemical properties of the reactive
bsorption process, which are represented by the enhancement factor
E):

𝛼2 + 𝐸𝛼
𝜀
2 + 𝐸 − 1 = 0 (5)

To compute the enhancement factor, we followed the guidelines
ummarized in Levenspiel’s book [21], where E is expressed as a
unction of the Hatta Modulus (MH ); MH is a dimensionless number
hat compares the rate of reaction in the liquid film with the rate of
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Table 3
Fixed process variables and modelling assumptions.

Fixed process variables Symbol Units Sensitivity Fixed value

Temperature of absorber inlet streams T S [K] 303–318 308
Absorber pressure Pabs [bar] 20–30 26
Absorber theoretical number of stages Nabs [–] 6–12 8
Absorber semi-lean feed stage f sl [–] 2–8 3
Pressure HP flash PHP [bar] 4–6 5
Pressure LP flash PLP [bar] 1.15–2 1.15
Desorber condenser pressure Pstrip [bar] 1.15–2 1.15
Desorber theoretical number of stages N strip [–] 3–7 5
Desorber hot semi-lean feed stage f hsl [–] 2–4 4

Modelling assumptions

Heat duty HP flash QHP [MJth] adiabatic 0
Heat duty HP flash QLP [MJth] adiabatic 0

Feed stage: the stream is fed above stage f.
Table 4
Decision variables.

Decision variables Symbol Units Investigated range

CO2/MDEA molar ratio c/m [–] [ 0.20, 0.50 ]
MDEA weight fraction CO2-free solution wM [–] [ 0.35, 0.55 ]
Split ratio splitter 1 b1 [–] [ 0.20, 0.70 ]
Split ratio splitter 2 b2 [–] ( 0, 0.20 ]
Specific reboiler duty qR [MJth/kgCO2

] [ 0.65, 1.5 ]

To facilitate the resolution of the optimization problem, c/m have been rounded to a multiple of 0.05.
5
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diffusion through the film. The calculated enhancement factor is used
to solve equation (5); different discretization points 𝜀 have been tested,
and the value of 𝛼 is always ≅ 1. When 𝛼 is equal 1 the discretization
egments are equally distributed across the film. Regarding the number
f discretization segments, a higher value of 𝜀 allows for a better
esolution, but it increases the computational time. For this system a
rade-off has been found for 𝜀 = 6 (six discretization points, i.e. seven
egments). By further increasing the number of segments the accuracy
f the results does not improve but the computational time increases
e.g. by increasing 𝜀 from 6 to 10 the computational time doubles).
hus, we fixed 𝛼 = 1 and 𝜀 = 6 in the Aspen Plus flowsheet.

The absorber is modelled as a packed column. A multitude of pack-
ng materials and configurations are available in Aspen Plus. Suitable
acking materials for CO2 absorption are the Mellapak from Sulzer and
he Flexipac from Koch-Glitsch. Therefore, the absorber is modelled
sing the packing of type 250Y provided by both vendors. To calculate
he column diameter, we assume a maximum fractional hydraulic load
ith respect to flooding of 70%; additional information on the methods
nd correlations used can be found in the ESI.

Once the rate-based model is developed, for each Pareto point
hat we want to test, e.g. at a given value of 𝜓 (90, 95, 97, 98 and
9.8% in this work) we solve the full equilibrium-based model using
he optimal operating conditions. Then we retrieve the absorber inlet
tream conditions that we feed to the rate-based model; by solving the
ate-based simulation we obtain the required column dimension needed
o reach the targeted CO2 recovery.

tep 4.2 - Desorber sizing. The height of the desorption column is
alculated using the HETP correlation developed by Harrison and
rance [22]. Whereas to calculate the diameter the Sherwood corre-
ation [23,24] is used, while assuming a maximum fractional hydraulic
oad with respect to flooding of 70%. A detailed description of the
orrelations used and of the calculations performed can be found in
he ESI.

After calculating the volume of both columns the productivity of the
apture plant can be expressed as the amount of CO2 captured divided
y the total packing volume. This performance indicator, together with
he overall energy consumption, allow to assess the performance of the
eparation process.
6

. Results and discussion

Here we present and discuss the results of the integrated mod-
lling and optimization study. In the first section the results of the
ensitivity analysis are discussed and summarized in Tables 3 and 4,
hile Figs. 4(a)–4(d) illustrate the results of the optimization problem.
igs. 5(a) and 5(b) compare the performance of the optimized process
onfiguration 2 to that of the process configuration 1. Finally, Table 5
ummarizes the absorber and desorber column dimensions as well as
he productivity of the capture process.

.1. Results of the sensitivity analysis

Based on the results obtained from the sensitivity analyses we divide
he process variables in two groups: (i) fixed process variables and (ii)
ecision variables.

Table 3 reports the fixed process variables and the corresponding
alues, selected based on the sensitivity analysis (see ESI for a graphical
epresentation of some of the sensitivity analysis results).

To all streams entering the absorber, we assign a temperature of 308
, which corresponds to the temperature of the shifted syngas coming

rom the SMR plant [9,15]. We also assume that all streams entering
he absorber have the same pressure of the vessel Pabs. Regarding the
ressure of the absorber, we decided to operate the column at 26 bar
which corresponds to the shifted syngas pressure coming from the
MR plant [9,15]). The rationale is the following; even though the CO2
bsorption process is favoured at higher pressure, the additional energy
equired to compress the shifted syngas and the liquid streams (semi-
ean and lean) makes higher pressures unforeseeable. Also in the case
f the desorber a similar trade-off exists between the desorption process
favoured at lower pressure) and the compression step that follows the
hermal separation. However, the best overall performance is obtained
y operating the desorber at 1.15 bar (where a pressure drop of 0.15
long the column is considered [9,15]); additionally, the pressure of
he LP-flash is assumed to be the same as the pressure at the top of
he CO2 desorber. On the other hand, the HP-flash is operated at 5
ar; this vessel defines the CO2 recovery and purity of the CO2-rich
tream. By operating the HP-flash at 5 bar one obtains a good CO2
ecovery and a low level of impurities (i.e. volatile components that are
ecycled back to the absorber). Concerning the number of equilibrium
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stages of the two columns, we fix eight stages for the absorber and five
stages for the desorber, because this configuration allows to obtain an
efficient separation in the desired range of operation (these values are
in agreement with the literature [15]).

The selected decision variables are five: c/m, wM, b1, b2 and qR.
The variable c/m represents the flowrate of solvent present in the
system, and it decreases when the flowrate of the recirculating solution
increases. The range of values for c/m found in the literature for similar
CO2 concentrations varies from 0.30 to 0.50 [15]. However, in the
framework of this analysis we extend the lower bound of this range to
c/m = 0.20. The MDEA CO2-free concentration used in gas purification
processes is between 35 and 55 wt% [13,25], and therefore this range
is used in the optimization problem. Table 3 summarizes the range of
investigation of the decisions variables considered in this contribution.

5.2. Optimal process operation

Figs. 4(a)–4(e) show the optimal value of the decision variables for
each Pareto point obtained by solving the multi-objective optimization
problem. Whereas Fig. 4(f) shows the evolution of the three energy
consumption contributions that result in the total equivalent work
(reboiler duty, plant auxiliaries and CO2 compression).

In Fig. 4(a), together with the optimal value of c/m, in the back-
ground we added the cloud of solutions (almost 40’000) from which
the Pareto front is computed. As shown in Fig. 4(c), the value of b1
decreases at increasing CO2 capture rates; meaning that to reach high
CO2 recoveries (>97%), it is energetically convenient to thermally re-
generate a smaller portion of the semi-rich solvent with higher thermal
duty, thus the CO2 loading in the lean stream decreases with a greater
gradient. The increased thermal duty leads to the increase in both water
content and temperature of the vapour stream. Therefore, the increase
in the fraction of the cold CO2-rich solution fed at the top of the column
(see Fig. 4(d)), allows to recover more heat (both latent and sensible)
from the CO2-rich stream. Because of these dynamics, the composition
of the gaseous stream exiting from the top of the stripper is similar
along the whole Pareto front.

The work required to compress the captured CO2 at supercritical
conditions corresponds to ∼60% of the total equivalent work (see
Fig. 4(f)). However, the purity of the CO2 stream does not considerably
change along the Pareto front, always exceeding 99.9%. As a conse-
quence, the energy required to compress one kilogram of CO2 captured
remains constant along the Pareto. On the other hand, the specific work
required to run the plant auxiliaries decreases slightly at increasing CO2
capture rate. Nevertheless, this effect is offset by the significant increase
of the reboiler duty at higher 𝜓 .

5.3. Comparison between process configurations 1 and 2

A key question that this study aims to address is how the process
configuration 2 (PC-2) performs in comparison with the process con-
figuration 1 (PC-1). As explained in Section 3, PC-1 is simulated using
the optimal operating conditions identified in the work of Romano
et al. [15] (wM = 40%, c/m = 0.30 and b1 = 0.195), whereas the
optimal operating conditions of PC-2 are determined by means of the
optimization routine described in (decision variables: b1, b2 and qR,
with wM = 40% and c/m = 0.30). Fig. 5 illustrates the results of the
comparison. The specific equivalent work obtained for PC-1 at the three
capture rates tested, namely 90, 95 and 98%, is ca. 10% higher than the
specific equivalent work obtained for PC-2, as shown in Fig. 5(a). Such
energetic improvement is mainly a consequence of the lower specific
reboiler duties required by PC-2 with respect to PC-1, as illustrated in
Fig. 5(b). The optimization of PC-2 carried out in this work has led to
greater b1 values than PC-1, meaning that a larger portion of the semi-
CO2-lean stream is regenerated in the desorber. However, the resulting
7

CO2 loadings in the lean stream are greater than in the work of Romano
Table 5
Absorber and desorber column dimensions, process productivity and specific equivalent
work; Packing material: Flexipac 250Y, Koch-Glitsch.
𝜓 Absorber Desorber Pr [tCO2/m3h] 𝜔 [MJ/kgCO2]

H D HHFc D
[m] [m] [m] [m]

90 6.2 3.1 3.8 1.8 0.74 0.585
95 7.8 3.1 3.8 1.9 0.63 0.596
97 8.9 3.2 3.8 2.1 0.55 0.602
98 9.4 3.1 3.8 2.3 0.53 0.613
99.8 13 3.1 3.8 3.1 0.35 0.681

H: height of the absorber; D: diameter; abs: absorber; des: desorber; HFc: Harrison and
France HETP correlation; Pr: Productivity.

et al. [15], which overall leads to lower specific reboiler duties for a
given CO2 capture rate.

The specific reboiler duty obtained by PC-2 is further decreased
with respect to PC-1 thanks to the introduction of the cold-rich by-pass
(second splitter, b2); the latter allows to feed the hot semi-lean stream
to the optimal stage of the desorber without requiring the introduction
of a condenser at the top of the column [6,26].

5.4. Columns sizing and process productivity

Finally, the rate-based model is used in order to assess if the optimal
operating conditions calculated using the equilibrium-based approach
lead to feasible columns dimensions. To this aim, the sizes of the
absorber and desorber are calculated for five representative Pareto
points, namely for 𝜓 equal to 90, 95, 97, 98 and 99.8%. Beside the
standard 90, 95 and 98% CO2 recoveries we decided to consider also
𝜓 = 97%, for better resolution, and the maximum capture rate of 99.8%
to test the process under tight separation specifications. Table 5 reports
the results obtained by using the structured packing material Flexipac
250Y from Koch-Glitsch. Similar results are obtained with Mellapak
250Y from Sulzer, where the difference in productivity does not exceed
3% (the results are reported in the ESI).

Based on these results we can conclude that both columns have a
feasible size also at high capture rates, with column heights of the same
order of magnitude of those reported for solvent-based post-combustion
CO2 capture processes in the relevant literature [26–28]; indeed, a

aximum height of 13 metres is obtained for the absorber at 𝜓 =
9.8%. Increasing absorber heights is required to reach higher CO2
apture rates, while the diameter of the column stays constant since
he volumetric flowrate of the syngas, thus the superficial gas velocity,
s not a function of the CO2 capture rate. Regarding the diameter of
he desorber, it increases at increasing capture rate. This is due to the
ncrease in gas fraction in the column resulting from the greater amount
f CO2 stripped-off in the desorber, but also on the decrease in density
f the liquid solution. The change in density inside is

Overall, the results reported in Table 5 also show that the produc-
ivity of the process associated with its minimum specific equivalent
ork decreases for increasing CO2 capture rates between 90 and 99.8%.
onsequently, although CO2 capture rates as high as 99.8% are feasible,

or the capture system considered in this work lower costs of CO2
captured are expected at a capture rate of about 90%.

6. Conclusions

The rigorous optimization approach used in this work has allowed
us to optimize an MDEA CO2 capture plant for clean hydrogen pro-
duction. An important outcome of this analysis is that although we
optimized an equilibrium-based model, the results obtained were val-
idated by the rate-based approach. Therefore, we proved that: (i) for
this specific system we can use a simple and fast simulation for the
optimization routine, (ii) select the best operating conditions at the
desired capture rate, and (iii) design the rate-based model with those
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Fig. 4. The optimal value of the five decision variables for each Pareto point is shown in Figs. 4(a)–4(d), while the evolution of the three energy consumption contributions
(reboiler duty, plant auxiliaries and CO2 compression up to 110 bar) that results into the specific equivalent work is shown in different colours in Fig. 4(f).
operating conditions, obtaining reasonable packing heights also at very
high capture rates (>95%). Nevertheless, it is worth mentioning that
we did not optimize the column design. In fact, the productivity of the
absorption column could be further improved, e.g. by optimizing the
feed stage of the semi-lean stream in the absorption column (e.g., by
implementing a multi-feeding system as suggested in Zhu et al. [29])
and/or by adding inter-cooling between stages, at the cost of carry-
ing out a rate-based optimization of the absorber, as in Pérez-Calvo
et al. [27], that leads to increasing computational times. Although the
methodology we described was developed to optimize an MDEA CO2
capture plant for clean hydrogen production, it can be applied to a mul-
titude of processes. However, there is no guarantee that by changing the
8

physical system, the optimal equilibrium solutions will lead to feasible
results when mass transfer limitations are included. In order to provide
a full feasibility assessment of the optimal solutions obtained by means
of equilibrium-based simulations, rate-based simulations of the stand-
alone CO2 absorber should be carried out for each set of operating
conditions. As a result, the dimensions of the column that allow to
meet the separation performance of the corresponding equilibrium-
based simulation could be obtained, and the optimal assemble of points
redefined by discarding those that lead to infeasible absorber designs
(see Pérez-Calvo et al. [6]).

Based on the approach and the methodology applied in this work,
the following conclusions can be drawn:
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Fig. 5. (a) The Pareto front of PC-2 (dots) at c/m = 0.30 and wM = 40% is compared with the performance of PC-1 (squares) at three capture rates: 90 (black), 95 (red) and
98% (blue). (b) Representation of the decision variables b1 and b2 (left y-axis) and qR (right y-axis) at c/m = 0.30 and wM = 40% for two MDEA plant configurations (PC-1 and
PC-2). For PC-1 the results for three 𝜓 values are shown with squares (90, 95 and 98%), while for PC-2 the variable values stem from the solution of the optimization solution;
the coloured area highlights the variables’ variability range.
• The energy consumption of a methyl diethanolamine CO2 capture
unit for clean hydrogen production via steam methane reforming
of natural gas has been decreased with respect to the standard
capture process throughout: (i) a modified process configuration;
and, (ii) the solution of a thermodynamic-based multi-objective
optimization problem that is able to find the optimal set of
operating conditions that minimizes the energy consumption of
the process while maximizing the CO2 capture rate.

• The implementation of the cold-rich by-pass (b2) together with
the determination of the optimal values of the flowrate and
of the CO2 loading of the CO2-lean stream allows to minimize
the specific reboiler duty required for solvent regeneration in
the desorber, thus improving the energetic performance of the
process with respect to the standard process, as reported in the
literature [15].

• Feasible column designs are possible even for CO2 capture effi-
ciencies as high as 99.8% at conditions corresponding to mini-
mum energy consumption of the process. According to available
literature [27] it is expected that the height of the absorber can
be decreased, thus the productivity of the process increased, at
the cost of greater energy consumption for a given CO2 capture
efficiency.

• For CO2 capture rates ranging between 90 and 99.8%, minimum
specific equivalent work and maximum productivity have been
obtained at 90%, so that minimum cost of CO2 captured is ex-
pected at about that CO2 capture rate for the capture technology
and syngas conditions considered in this work.
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