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This paper deals with the simultaneously optimization of operating conditions (pressures, temperatures
and flow-rates) and dimensions (diameter and height) of the amine regeneration unit in the post-
combustion CO2 capture process. The proposed model takes into account the effect of kinetic reac-
tions on the mass transfer, the hydraulics of the random packing and the pressure drop along the column.
In addition, profiles of temperature, composition and flow-rate along the height of the regenerator are
also predicted.

The resulting mathematical model is implemented into the optimization environment General Alge-
braic Modeling System (GAMS) which is a high-level modeling system for mathematical programming
and optimization. The benefits of the mathematical programming techniques (equation-oriented
modeling tools) are exploited for the simultaneous optimization not only of the operating conditions but
also the dimensions of the all piece of equipments (heat exchangers, regeneration unit, condenser and
reboiler).

The mathematical model was successfully verified by comparison of the obtained results with pub-
lished experimental data and simulated solutions obtained by a process simulator (HYSYS). Once vali-
dated, the model was used for optimization purpose.

Finally, in order to study the effect of the main process parameters on the optimized results a sensi-
tivity analysis is also investigated and discussed in detail.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The world’s rapidly expanding population and growing indus-
trialization in emerging economies lead to dramatically increase
the energy consumption. Specialists predict that the world energy
demandwill increase at faster rate in the coming decades. Although
there will be a shift towards alternative sources of energy, the
dependence on fossil fuels will still remain dominant for the next
decades.

Despite that renewable energy sources (nuclear, geothermal,
solar, hydro and wind-driven generators) are environmental
friendliness, they currently have very limited capacities, because
the energy that they generate is still relatively expensive and at the
same time, the generation process cannot be controlled. For
example, the nuclear energy is a very clean source of energy, but the
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potential emergency hazard progressively reduces the number of
newly-built nuclear plants.

From energy generation capacity point of view, it is clear that
the exploitation of fossil fuels (mainly coal and natural gas) will still
play an important role in the next decades. However, the CO2 levels
emitted into the atmosphere are too high and affect the environ-
ment adversely. In fact, the CO2 emission is considered to be the
main cause of the global warming and has been dramatically
increased during the last years. Moreover, it is expected that it will
still grow by almost 3% per year.

For this reason, many initiatives, actions and efforts are
underway to reduce the greenhouses gas emissions coming from
the burning of fossil fuels. Specifically in the electricity production
sector, the attention is focused on the carbon capture and storage
(CCS) technologies which are expected to play a key role to reduce
carbon emissions.

At the moment, the following are three CO2 capture processes
which are being intensively studied: oxy-fuel combustion, pre-
combustion and post-combustion. Each one of them has its own
advantages, disadvantages and limitations. Full-scale CO2 capture
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Nomenclature

a Effective interfacial area for mass transfer, m2/m3

D Diffusivity, m2/s
DT Tower diameter, m
E Enhancement factor
ECO Economizer
f Flooding factor
G Gas flow-rate, mol/s
G0 Gas mass velocity, kg/sm2

H Enthalpy, kJ/kmol
h Stage height, m
HCO2

Solubility of CO2 in MEAeH2O solution
HCO2 ;i Solubility of CO2 in MEA or H2O
DHH2O Vaporization heat of water, kJ/kmol
DHR Reaction heat, kJ/kmol
HTU Height of transfer units, m
Km Equilibrium constant of m reaction
kr Kinetic constant, mol/m3

kL Liquid side mass transfer coefficient, m/s
kG Gas side mass transfer coefficient, kmol/Pa sm2

L Liquid flow-rate, mol/s
L0 Liquid mass velocity, kg/sm2

LAC Lean amine cooler
NTU Number of transfer units
P Pressure, kPa
p Partial pressure, kPa
Q Energy, kJ/s
T Temperature, K
usg,z Superficial velocity, m/s
ufz Flooding velocity, m/s
x Mole fraction in liquid phase

y Mole fraction in gas phase
DP Pressure drop, kPa
h Murphree efficiency
r Molar gas density, kmol/m3

r0 Mass density, kg/m3

s Surface tension, N/m
sC Packing surface tension, N/m
m Viscosity, kg/m s
g Activity coefficient
4 Fugacity coefficient
a CO2 loading
l Stripping factor

Subscript
C Condenser
R Reboiler
LC Lean cold amine
RC Cold rich amine
RH Hot rich amine
j Gas component
i Liquid component
H2O Water
CO2 Carbon dioxide
MEA Monoethanolamine
z Stage “z”
m Reaction

Superscripts
G Gas phase
L Liquid phase
* Equilibrium condition
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from power plants is not yet commercially mature, and research is
needed in several research areas. The most promising technology is
the post-combustion process where, after burning the fossil fuel in
conventional combustors, the CO2 is removed from a gas mixture,
composed mainly by N2 and H2O, using amines. Certainly, it is
expected that theCO2absorption/desorptionprocessusing chemical
solventswill be the first capture process that will be ready for large-
scale operation. It is, however, anenergy intensiveprocess because it
requires high reboiler heat duty to regenerate the amine solution
which is the main drawback of this technology. The reboiler energy
requirement strongly depends on the CO2 recovery, operating
conditions of the regenerator (temperature, pressure) and the
dimensions (diameter, height) as well as on the type of the column
used: packed or tray column. Also, the characteristic of the amine
solution (primary, secondary or tertiary amines) has a significant
influence on the energy required for its regeneration. Therefore, the
optimization of the stripping section in order to improve the energy
efficiency is one of themajor challenges of the post-combustion CO2
capture. The optimization task should consider all trade-offs and
interactions between the process variables.

Currently, there are several research issues which are being
addressing to improve the performance of the regenerator unit.
One of them is concerned with the selection and development of
amine solvents with high absorption efficiency and low environ-
mental impact and heat of absorption (and therefore the recovery
heat requirements). Certainly, several laboratory and bench scale
tests are being conducted to determine the effectiveness and
competitiveness of several amines [1e12].

The study of the performance of CO2 capture processes in pilot
and demonstration scale plants is also an important research area.
It is crucial to provide valuable insights into operating strategies
(start-up, operational reliability, control and flexibility) of future
full-scale plants, to obtain reliable data and to identify technical
bottlenecks.

Another research area, which will be specifically addressed in
this paper, is the modeling and optimization of CO2 capture
processes using advanced mathematical programming tools. They
can be effectively used to gain insights and identify trade-offs
between the process variables which help to determine feasible
and optimal process designs. Certainly, process alternatives and
modifications can be easily evaluated by reliable mathematical
models in short times. Moreover, a list of experimental tests to be
carried out in pilot or demonstration plants can be identified from
simulation and/or optimization results obtained by solving math-
ematical models. Thus, mathematical models developed in
a predictive way can be used as a complement to experimental
research works.

Specifically in the area of amine based post-combustion,
several simulation models with different levels of detail have
been implemented in several process simulators (Aspen Plus,
Aspen HYSYS, CHEMASIM, ProMax, ProTreat). Certainly a wide
variety of models ranging from simplified equilibrium models to
detailed rate based models have been developed in order to
analyze the performance of the amine based capture [13e33]. By
using these models and assuming the dimensions of columns as
given and known, the authors carried out simulations in order to
study the performance of the process including both thermody-
namic and economic criteria. In addition, the implemented
models were also used to optimize same operating variables via
parametric simulation, that is, the models are solved several
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times using different values of one or more operating variables
(solvent recirculation, absorber and stripper temperature and
pressure, among others) and the optimal values are obtained by
inspection.

While process simulators allows users to easily predict the
process performance in a short time without the need to define
complex mathematical equations modeling the system, their use
for simultaneous optimization is not a straightforward task as it
demands for considerable manual and trial-and-error efforts by
the user to adjust the variables to attain the objective function and
thus the trade-offs that there exist between the all the process
variables are not considered simultaneously. In addition, because
of the architecture of the process simulators, the rationality,
accuracy and precision of the results are strongly influenced by the
number of variables and recycles presented in the process; the
higher number of variables the lower accuracy and precision of
the results. In contrast to this, the application of mathematical
programming models for the optimal synthesis (process configu-
ration) and design is more convenient than the use of process
simulators. Certainly, significant advances have taken place with
this methodology, which offers the possibility of developing
automated tools to support the exploration of alternatives and
optimization of chemical processes by design engineers. Thus,
mathematical programming tools such as General Algebraic
Modeling System (GAMS), A Mathematical Programming Language
(AMPL), general PROcess Modeling System (gPROMS), among
others, have shown to be powerful and the optimality capacities of
such tools are greater than simulator’s capacities, especially when
the optimization problem is large, combinatorial and highly non-
linear.

This paper deals with the modeling and simultaneous optimi-
zation of the amine regeneration process which is considered to be
the most energy-demanding part of the post-combustion process
using amines. In contrast to a great number of articles addressing
the simulation and optimization of CO2 capture process using
process simulators, this paper exploits the benefits of the use of the
mathematical programming techniques to develop an equation-
oriented mathematical model in order to simultaneously opti-
mize not only of the operating conditions but also the dimensions
of all piece of equipments. To the authors’ knowledge, this issue has
not been previously reported in the literature.

Precisely, a phenomenological and predictive steady statemodel
is developed Certainly the proposed rate based model of the
regenerator unit is developed via mathematical programming and
is based on mass, energy and momentum balances taking into
account the reaction kinetics and mass transport of each one the
reacting species. Detailed correlations are also used to compute the
pressure drop and dimensions of the column (diameter and
height).

The resulting mathematical model can be used not only for
optimization purposes but also for simulation purposes when the
number of degrees of freedom for the system of equations is
zero. In fact, the proposed model was first used as simulator
for validation purpose. The output results were successfully
compared with the available experimental data and results
obtained from HYSYS simulator. Once the model was successfully
validated, it was used as optimizer in order to maximize an
objective function defines as the ratio between the amount of
CO2 captured and the reboiler heat duty. In addition, the effect of
the main process parameters on the process efficiency is also
investigated.

The mathematical model to be presented in this paper is the first
basic step of a more ambitious project aimed at determining the
optimal synthesis and design of electricity power plant including
the capture of the CO2 due to the fuel combustion. The final goal is
to develop a mathematical model which will be combinatorial in
nature and which will be based in a superstructure where all the
alternatives of interest will be embedded and optimized simulta-
neously. Thus, the model should be robust and flexible enough for
optimization purpose. Until now, the resolution of such complex
problem using advanced mathematical programming tools (GAMS,
AMPL gPROMS) has not been addressed in the scientific
community.

The paper is outlined as follows. Section 2 briefly describes the
CO2 desorption process. Section 3 introduces the problem formu-
lation. Section 4 summarizes the assumptions and the mathemat-
ical model. Section 5 presents applications of the developed NLP
model and results analysis. Finally, Section 6 summarizes the
conclusions of the paper.
2. Process description

A schematic flow-sheet of the regeneration process to be
addressed in this paper is shown in Fig. 1. It basically consists of the
following equipment.

1. Amine reboiler [REB]
2. Rich/Lean amine economizer [ECO]
3. Condenser and accumulator [COND]
4. Regeneration tower [REG]
5. Lean amine cooler [LAC]

As shown, the rich amine stream [RAS] coming from the
absorption unit is preheated in a lean/rich cross heat exchanger
[ECO] and then is pumped to the regenerator unit [REG] for the
regeneration of the absorbent amine solution. For this, the CO2-
rich amine is heated in a reboiler [REB] using low-pressure
steam in order to maintain the regeneration condition which
leads to a high thermal energy penalty. In fact, the total heating
energy supplied in the reboiler [QR] is used for: 1) sensible heat to
increase the rich solution temperature leaving the absorber, 2)
desorption heat required for removing the CO2 absorbed in the
amine solution and 3) vaporization heat for steam which acts as
stripping gas. Then, the steam is recovered in the condenser
[COND] and fed back to the stripper while the CO2 stream leaving
the condenser, which is a relatively pure product (approx. 99%), is
then dried and compressed. On the other hand, the lean amine
solution leaving the regenerator is cooled and sent back to the
absorber.

The regeneration performance is strongly influenced by the
conditions of the aqueous amine solution (temperature, composi-
tion and flow-rate), pressure and temperature in the reboiler,
condenser and regenerator units. The CO2 recovery target and the
regenerator dimension strongly influence the efficiency of the
regeneration process. Then, it is interesting to identify and quantify
trade-offs that may exist between the process variables.
3. Problem statement

The proposed optimization problem can be stated as follows.
Given the flow-sheet shown in Fig. 1 and rich solvent conditions
(composition, temperature and flow-rate), the goal is to determine
the optimal operating conditions and dimensions of the regener-
ator unit in order to maximize the regeneration efficiency. More
precisely, the following two objective functions are proposed: a)
energy requirement in the reboiler (minimization) and b) ratio
between energy requirement in the reboiler and the CO2 removed
from the aqueous amine solution (minimization).



Fig. 1. Schematic flow-sheet of the CO2 desorption process.
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Formally, the optimization problem can be expressed as follows.

To minimize subject to :

FðxÞ
�Þ hsðxÞ ¼ 0cs
�Þ gtðxÞ � 0 ct
�Þ Design specifications

where x is the vector of the model variables. F(x) and hs(x) refer,
respectively, to the objective function and equality constraints
(mass and energy balances, correlations used to compute physical/
chemical properties, pressure drops, among others); gt(x) refers to
inequality constraints which are used, for example, to avoid
temperature crosses and to impose lower and upper bounds in
some of the operating variables.

As will be described later, three different optimization problems
are proposed and the obtained results are discussed in three case
studies. The optimization problems differ depending on the
objective function used and also on the varied model parameters in
each case study.

The following are themainmodel variables which are optimized
simultaneously and are obtained as output results: a) CO2 recovery
target, b) packing volume which depends on the height and
diameter of the stripper, c) reboiler temperature, d) condenser
pressure and temperature, e) heat loads in reboiler, condenser,
lean-rich economizer and lean amine cooler, f) profiles of temper-
ature, composition and flow-rate in liquid and vapor phases along
the height of the regenerator. On the other hand, the main model
parameters are: a) aqueous amine solution conditions (flow-rate,
composition and temperature), CO2 loading factor. In some opti-
mization problems the reboiler pressure and the CO2 recovery are
considered as parameters (fixed and known values) but in others
they are considered as decision variables.

Exploiting the robustness and flexibility of the proposed model,
the influence of the main process parameters on the regeneration
performance is also investigated for each one of the optimization
problems.

4. Assumptions and mathematical model

The rate based model of the amine regeneration unit in the CO2
absorption/desorption process developed in this work is described
in detail in Appendix 1. Fig. 1 includes the nomenclature used to
derive the mathematical model.

The main modeling assumptions are briefly exposed in this
section.

As shown in Fig. 1, the height of the regeneration unit is divided
into a given number of segments (Z) assuming that liquid and gas
phases in each one of the segments are well mixed. Basically, each
stage can be described by a set of equality and inequality
constraints, which include mass and energy balances and specific
correlations to compute thermodynamic properties, liquid and gas
side mass transfer coefficients, effective area for mass transfer,
column pressure drop, column diameter and height, stage effec-
tiveness (Murphree’s equation), kinetically controlled reaction
rates, VaporeLiquid Equilibrium (VLE) and chemical equilibrium
relationships, fugacity coefficients, among others.

The model also considers the mass and energy balances corre-
sponding to the condenser, heaters and reboiler. Condenser and
reboiler units are modeled as equilibrium stages.

The following chemical reactions are considered:

2H2O4H3O
þ þ OH� (R1)

2H2Oþ CO24H3O
þ þHCO�

3 (R2)

H2Oþ HCO�
34H3O

þ þ CO2�
3 (R3)

H2OþMEAHþ4H3O
þ þMEA (R4)

MEAHþHCO�
34H2OþMEACOO� (R5)

MEAþ CO2 þ H2O4MEACOO� þ H3O
þ (R6)

CO2 þ OH�4HCO�
3 (R7)

Kinetically controlled reactions (R6) and (R7) are assumed to
occur in the liquid film while the bulk fluid remains in chemical
equilibrium (R1)e(R5). According to the literature, a pseudo first-
order reaction is assumed for reactions (R6) and (R7). The influ-
ence of the chemical reaction on the mass transfer rate is consid-
ered by an enhancement factor.



Table 2
Packing specifications and regenerator’s dimensions used for
validation.

Column Type Packed

Diameter (m) 0.427
Total packing height (m) 6.1
Stages number 10

Packing specifications
Type of packed IMTP#40
Specific area (m2/m3) 145
Nominal packing size (m) 0.04
Void fraction 0.97
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In addition, the effects of ionic strength solution are considered
into determining CO2 solubility (Henry’s constant) in MEA solution.
On the other hand, ideal behavior in liquid phase is considered, and
consequently, activity coefficients are set to one.

Correlations to determine pressure drop and diameter of the
column are also considered which depend on the gas flooding
velocity as well as fluid properties and packing characteristics. The
pressure drops along the heat exchangers are neglected.

Lower and upper bounds to allowable pressure drop, stage
efficiency and percentage of flooding are defined. The height of the
column is determined by the transfer model method (height and
number of transfer units).

The proposed mathematical model, associated with continuous
variables and highly non-linear and non-convex restrictions
(bilinear terms, logarithms etc.), is formulated as an NLP model. It
should be noticed that global optimal solutions cannot be guaran-
teed due to the non linear nature of the model.

The optimization model involves approximately 1500 variables
and constraints. The model is implemented in GAMS [34]. The
generalized reduced gradient algorithm CONOPT 2.041 is here used
as NLP solver [35].
5. Results and discussion

5.1. Model validation

Only for validation purpose, the model was used as a simulator
in a predictive manner, that is, no parameters were fitted to the
experimental data.

As mentioned, the model validation was performed by
comparing the simulated results with experimental data taken
from the literature [12]. In fact, twenty-four runs reported in [12]
have been used. The input data used in each one of the runs are
listed in Table 1.

In order to emulate the pilot plant used in [12], the flow-sheet
showed in Fig. 1 was slightly modified. For example, the reflux
Table 1
Experimental operating conditions reported in Ref. [12].

Run Stripper feed (rich amine solution) Regenerator unit

Molar flow
[LRC, mol/s]

CO2 loading
[arich_RC]

Temperature
[TRC, K]

Condenser
temperature
[TC, K]

1 14.08 0.42 368.11 284.05
2 14.03 0.405 368.16 284.00
3 9.66 0.457 368.96 283.15
4 9.73 0.433 366.96 283.15
5 21.62 0.525 364.05 284.96
6 21.69 0.523 365.56 285.00
7 27.41 0.496 346.68 286.85
8 27.48 0.493 347.27 287.56
9 21.05 0.532 353.91 293.57
10 21.02 0.533 354.37 291.33
11 18.02 0.537 358.00 294.85
12 17.79 0.491 359.61 288.00
13 41.76 0.496 345.63 286.37
14 41.77 0.506 345.22 286.45
15 59.48 0.546 344.95 287.02
16 59.67 0.507 346.11 287.71
17 59.21 0.508 345.13 287.67
18 21.03 0.493 362.83 285.76
19 21.19 0.413 362.37 285.30
20 17.75 0.386 370.08 284.26
21 16.54 0.54 370.06 284.20
22 14.75 0.495 368.99 283.47
23 14.74 0.538 369.26 283.61
24 27.40 0.506 351.00 284.98
stream coming from the condenser [COND] had to be heated before
returning to the stripper.

Table 2 lists the packing specifications and regenerator’s
dimensions used for validation.

Figs. 2e6 show the comparison of the numerical values of the
most important process variables corresponding to the experi-
mental data listed in Table 1 (twenty-four runs) and the values
predicted by the developed model. The comparison is made in
terms of: a) total amount of CO2 captured from the rich amine, b)
reboiler heat duty, c) CO2 loading in the lean amine solution (alean),
d) CO2 loading in the middle of the stripper (amiddle) and e) reboiler
temperature. In addition, output results obtained by using two
different correlations to compute the specific area for mass transfer
[36,37] are also compared in order to study their effects on the
performance of the model.

From the results shown in Fig. 2 it can be clearly seen that the
experimental values of the CO2 mass flow-rate for all runs are quite
accurately predicted by the proposedmodel using both correlations
and HYSYS simulator as well. For runs 1e11 the values of CO2 mass
flow-rate are overestimated when the Onda’s correlation is used.

The following figures compare the predicted values and the
experimental data for the CO2 loading of each one of the runs at
the bottom and middle of the regenerator unit. As is clearly shown
in Fig. 3 the proposed model using the Bravo’s correlation predict
accurately the experimental data of CO2 loading corresponding to
all runs, excluding runs 19 and 20. Also, it can be observed that
the accuracy of the values predicted by the Onda’s correlation is
different for each one of the experimental runs; for example, the
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experimental values of CO2 loading for runs 14e24, excluding runs
19 and 20, are more accurately predicted than those corre-
sponding to runs 1e13. The average relative difference between
the predicted and experimental values for runs 1e13 and runs
14e24 are, respectively, 1.50e2.00% and 2.50e3.00%. For runs
1e11, the CO2 loading values predicted by the Bravos’s correla-
tion are in better agreement with experimental data than those
predicted by Onda’s correlation, as in the case of the CO2 mass
flow-rate (Fig. 2). It is interesting to mention that for the experi-
mental runs for which the CO2 loading values are not well pre-
dicted (runs 12, 19 and 20), the numerical values predicted by the
proposed model and HYSYS simulator are similar. Finally, it can be
seen in Fig. 3 that, for all runs except for runs 12, 19 and 20, the
experimental CO2 loading values are correctly predicted by the
HYSYS simulator.

Similar qualitative conclusions for CO2 loading can be also
observed at the middle of the regenerator for the majority of the
runs (Fig. 4).
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Fig. 4. Comparison between predicted and experimental values of CO2 loading at the
middle of the regenerator (validation).
Figs. 5 and 6 compare the experimental and predicted values for
the temperature and the heat duty in the reboiler. As shown in
Fig. 5, 21 of 24 experimental temperature values are accurately
predicted by the proposed model using both correlations. Certainly,
the difference between the experimental and predicted values for
runs 2e14, runs 19e20 and runs 22 is lower than 2 K while for runs
1, 18, 23 and 24 is around 6 K. On the other hand, only three
experimental values (runs 15, 16 and 17) are not correctly predicted
by both correlations; the difference between the experimental and
predicted values is about 9 K.

On the other hand, experimental data of reboiler heat loads for
some runs are better predicted than others. In fact, the experi-
mental values for runs 12e24 are well predicted by the proposed
model using both correlations. But the experimental values corre-
sponding to runs 1e11, except runs 3 and 4, are not correctly pre-
dicted showing different behaviors depending on the correlation
used. For example, as shown in Fig. 6, the experimental values
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Fig. 6. Comparison between predicted and experimental values of reboiler heat duty
(validation).
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corresponding to runs 1e2 are overestimated and underestimated
by the Onda’s and Bravo’s correlation respectively and the
numerical differences between the experimental and predicted
values are similar in both cases. On the other hand, the reboiler heat
load of run 3 is more accurately predicted by the Bravo’s correlation
(slightly underestimated) while Onda’s correlation predicted
a better value for run 4 (slightly overestimated). Then, both
correlations predicted similar values from runs 5 to 11which are far
from the experimental values. At this point it should be mentioned
that the measurements of the heat duties of the reboiler corre-
sponding to some runs may be subject to uncertainty due to the
inherent limitations in the instruments used, as explained in detail
in [12]. Table 3 lists the percentage errors (difference between the
experimental and predicted values) of the most representative
process variables: specific reboiler heat load, liquid flow-rate
leaving the regenerator and reboiler and condenser temperatures.
The reported data are useful to select the more suitable correlation
to describe the steady state of the amine regeneration. As is shown,
both correlations lead to similar and acceptable errors on the liquid
flow rate to absorber [LLC] and reboiler and condenser temperatures
[TR, TC]. However, in contrast to this, the errors on the predictions of
the specific reboiler duty obtained from both correlations are
different.

Despite that 18 of 24 experimental data are slightly better pre-
dicted by the Bravo’s correlation, the remaining six experimental
data are not correctly predicted by this correlation; these six
experimental values are much more adequately predicted by
Onda’s correlation (Table 3). The comparison clearly shows that,
for runs 5e11; 13e19; 21e24, the numerical differences between
the values predicted by both correlations are insignificant
(0.40e3.40%). However, considerable differences can be observed
for runs 1e4, 12 and 20. Certainly, the average value of the differ-
ence for runs 1e4 is 15.00% and for runs 12 and 20 is 40.00%.

Therefore, based on the error associated to each one of the
correlations on the measurements of the process parameters at the
Table 3
Deviations between predicted values and experimental data.

Run Average deviation (%)

Specific reboiler duty [QR/kg CO2 captured] Liquid flow-rate to absorber [L

This work
(Onda’s
correlation)

This work
(Bravo’s
correlation)

Hysys This work
(Onda’s
correlation)

This work
(Bravo’s
correlation)

H

1 4.7% 28.0% 14.7% 2.88% 2.18% 0
2 8.8% 25.7% 10.8% 2.13% 1.50% 0
3 6.3% 15.6% 7.1% 3.16% 2.55% 0
4 13.1% 25.2% 16.0% 1.56% 1.00% 0
5 32.1% 29.3% 20.1% 4.35% 2.96% 0
6 32.7% 30.2% 23.8% 2.96% 1.21% 1
7 28.1% 26.7% 21.8% 5.72% 3.89% 1
8 27.2% 25.8% 20.3% 5.40% 3.55% 1
9 31.5% 29.8% 22.2% 4.97% 3.66% 1
10 32.1% 29.6% 19.2% 4.05% 3.04% 1
11 31.2% 27.8% 18.4% 3.56% 3.25% 1
12 3.5% 43.5% 19.5% 4.37% 4.37% 3
13 2.1% 0.3% 23.7% 4.59% 4.59% 0
14 1.3% 0.5% 24.7% 4.60% 4.60% 0
15 12.2% 10.0% 37.3% 5.85% 5.85% 0
16 1.1% 1.5% 26.1% 0.14% 0.14% 0
17 6.9% 4.3% 30.9% 0.57% 0.57% 0
18 10.0% 8.1% 31.7% 0.01% 0.01% 0
19 10.4% 8.3% 6.8% 0.60% 0.60% 0
20 14.2% 56.2% 37.3% 1.83% 1.83% 2
21 18.9% 16.6% 40.3% 2.90% 2.90% 3
22 16.4% 15.6% 22.7% 2.01% 2.01% 1
23 16.8% 15.0% 38.2% 0.77% 0.77% 0
24 8.3% 6.2% 35.8% 0.33% 0.33% 0
inlet and outlet of the regenerator unit, it is possible to conclude
that Onda’s correlation seems to be more suitable to predict the
experimental values reported in Ref. [12].

For a more complete validation, the comparison of the profiles
of liquid temperature inside the column predicted by the proposed
model with experimental data was also investigated. Figs. 7 and 8
show the liquid temperature distribution along the height of the
regenerator for runs 6 and 22. In both cases, seven experimental
temperature values along the height of the regenerator are used for
comparison.

As shown in Fig. 7, there is a good agreement between the
simulated and experimental data for run 6. In fact, the results
indicate that the output results obtained using Onda and Bravo’s
LC] Reboiler temperature [TR] Condenser temperature [TC]

ysys This work
(Onda’s
correlation)

This work
(Bravo’s
correlation)

Hysys This work
(Onda’s
correlation)

This work
(Bravo’s
correlation)

Hysys

.48% 1.08% 1.32% 1.21% 5.14% 3.94% 5.04%

.19% 0.24% 0.46% 0.36% 5.08% 4.23% 5.19%

.87% 0.26% 0.44% 0.36% 5.77% 5.09% 5.67%

.68% 0.28% 0.45% 0.37% 4.86% 4.36% 4.95%

.77% 0.40% 0.48% 0.41% 2.79% 3.01% 5.05%

.13% 0.43% 0.49% 0.44% 2.81% 3.00% 4.85%

.31% 0.39% 0.41% 0.39% 3.08% 3.20% 4.64%

.03% 0.38% 0.40% 0.39% 2.93% 3.06% 4.52%

.82% 0.38% 0.42% 0.38% 2.29% 2.44% 3.68%

.09% 0.39% 0.45% 0.40% 1.95% 2.14% 3.67%

.34% 0.33% 0.41% 0.37% 2.52% 2.71% 3.64%

.91% 0.34% 0.34% 0.26% 3.63% 4.74% 5.31%

.82% 0.67% 0.67% 0.38% 4.75% 4.75% 3.99%

.62% 0.61% 0.61% 0.54% 5.07% 5.07% 4.11%

.98% 2.06% 2.06% 2.01% 4.37% 4.37% 4.75%

.25% 2.11% 2.11% 0.88% 4.95% 4.95% 4.04%

.44% 2.44% 2.44% 1.13% 5.01% 5.01% 4.37%

.08% 1.05% 1.05% 0.49% 3.56% 3.57% 4.09%

.63% 0.23% 0.23% 0.02% 5.70% 6.74% 9.51%

.01% 0.05% 0.05% 0.12% 8.02% 9.31% 10.12%

.22% 1.23% 1.23% 0.39% 3.72% 3.74% 6.06%

.86% 0.55% 0.55% 0.21% 5.09% 5.85% 7.88%

.63% 1.08% 1.08% 0.49% 4.19% 4.25% 6.39%

.87% 1.29% 1.29% 0.36% 4.58% 4.58% 4.46%
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correlations are quite similar. Similar conclusions have been
obtained for runs 1e13. In contrast to the previous finding, Fig. 8
shows that for run 22 the values predicted by both correlations
are only similar at the inlet and outlet of the regenerator but quite
different inside the column. As shown, the experimental values
from z/ZT¼ 0 to z/ZT¼ 0.3 are accurately predicted by the Bravo’s
correlation than Onda’s correlation but from z/ZT¼ 0.4 to z/ZT¼ 1
the experimental values are better predicted by Onda’s correlation
than Bravo’s correlation. Similar behaviors observed in Fig. 8 have
been also observed for runs 17e24.

According to the simulated results, an interesting finding is the
possibility of combining two correlations in order to compute the
specific area formass transfer in different sections of the regenerator
unit for more accuracy and precision predictions of the profiles of
temperature and compositions for all experimental runs: Bravo’s
correlation at the bottom of the regenerator and Onda’s correlation
fromthemiddle to the topof theunit. This aspect is essential to study
the unsteady-state and control strategies of the regeneration unit.

Then, based on the results listed in Table 3 and illustrated in
Figs. 7 and 8, Onda’s correlationwill be used to compute the specific
area for mass transfer for the optimizations that will be presented
in the next sections.
Table 4
Different optimization problems: OP1, OP2 and OP3.

OP1 (Case study 1) OP2 (Case study 2)

Min. f(x)¼Qreb subject to: Min. f(x)¼Qreb/kg of captured
1) hj(x)¼ 0 cj (j¼ Eqs. (A.1)e(A.38) 1) hj(x)¼ 0 cj (j¼ Eqs. (A.1)e
2) gi(x)� 0 ci (i¼ Eqs. (A.39)e(A.42) 2) gi(x)� 0 ci (i¼ Eqs. (A.39)e
3) Design specifications (LRC,, xMEA_RC,

arich_RC, TLC, PR, CO2 capture level)
3) Design specifications (LRC,
arich_RC, TLC, PR)

Table 5
Parameter values used in each one of the optimization problems.

Operating conditions Case study 1

Inlet amine flow rate [LRC, mol/s] 10,000
Inlet amine composition [xMEA_RC, mole fraction] 0.1127
Rich loading [arich_RC, mole CO2/ mole MEA] 0.30e0.55
Temperature of the solution to absorber [TLC, K] 313.15
Water molar fraction [yH2O�C] yH2O�C � 0:1
Rich amine temperature [TRH, K] Variable TRH� TRe10
Reboiler pressure [PR, kPa] 130.00
CO2 captured [%] 40; 45; 50
5.2. Optimized results

The proposed mathematical model was used to solve the opti-
mization problem stated in Section 3.

Precisely, the following three optimization problems listed in
Table 4 have been solved.

As illustrated, the objective functions and the parameters
assumed with their numerical values are the main difference
between the optimization problems. The values assumed for each
one of the parameters in each optimization problems are listed in
Table 5. For instance, OP1 consists of minimizing the reboiler heat
load [QR] by fixing LRC (inlet liquid flow-rate), xi_RC (inlet compo-
sition), TRC (amine inlet temperature), PR (reboiler pressure), three
CO2 recovery targets and arich. In contrast to OP1, OP2 and OP3
consider the CO2 recovery as an optimization variable (continuous
decision) and the objective function proposed in both cases is the
specific heat load in the reboiler (minimization). In addition, in OP2
TRH is considered as variable but is considered as parameter in OP3.
In all optimization problems, arich_RC is varied from 0.30 to 0.55.
Packing specifications of the regenerator unit are shown in Table 6.

As mentioned, the model is solved by varying several parame-
ters. Then, the optimal values of the main process variables (energy
requirements, regenerator dimensions, pressure drop, flow-rates
and temperatures in condenser and reboiler as well as CO2
stripper recovery, among others) for each one of the case studies
are shown in terms of the assumed parameters in separate figures.

5.2.1. Optimized results obtained for case study 1. Influence of the
CO2 captured and arich on the energy requirements, total packing
volume, condenser and reboiler temperatures and flow-rates

The optimal values obtained for each value of arich_RC and CO2
recovery corresponding to the study case 1 are shown from
Figs. 9e15. It is important to keep in mind that the results are
obtained by varying arich_RC (CO2 mole fraction/MEA mole fraction)
and keeping constant the MEA mole fraction; therefore the CO2
concentration increases and H2O decreases as arich_RC increases. As
shown in Fig. 9, the specific heat duties [MJ/kg of CO2 captured] in
the reboiler and condenser for all CO2 recovery targets decrease as
arich_RC increases. From arich_RC¼ 0.30 to 0.39e0.40, both energy
requirements decrease more rapidly than from arich_RC¼ 0.39e0.40
to 0.55. It can be also seen that a same specific heat load in the
reboiler are obtained at arich_RC¼ 0.39e0.40 for the three CO2
recovery targets. In contrast to the trends observed from
OP3 (Case study 3)

CO2 subject to: Min. f(x)¼Qreb/kg of captured CO2 subject to:
(A.38) 1) hj(x)¼ 0 cj (j¼ Eqs. (A.1)e(A.38)
(A.42) 2) gi(x)� 0 ci (i¼ Eqs. (A.39)e(A.41)

xMEA_RC, 3) Design specifications (LRC, xMEA_RC,
arich_RC, TLC, PR, TRH)

Case study 2 Case study 3

10,000 10,000
0.1127 0.1127
0.30e0.55 0.30e0.55
313.15 313.15
yH2O�C � 0:1 yH2O�C � 0:1
Variable TRH� TRe10 353.15; 363.15; 373.15
130.00; 150.95; 202.60 130.00
Variable Variable



Table 6
Packing specifications used for optimization.

Packing specifications

Type of packed Ceramic Intalox Saddles
Specific area (m2/m3) 118
Nominal packing size (m) 0.05
Packing factor (m2/m3) 121.4
Void fraction 0.78
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arich_RC¼ 0.30 to 0.39e0.40, the results obtained for values of
arich_RC higher than 0.39e0.40 indicate the specific heat load for
CO2 recovery¼ 50% are smaller than those required by CO2 recov-
ery¼ 45 and 40%. The main reason of this behavior is because of
that the energy required for the CO2 recovery desired becomes
more significant than that required for the H2O evaporation. Fig. 10
clearly shows how the amount of captured CO2 and the heat
supplied in the reboiler vary with arich_RC. It is possible to observe in
this figure that the amount of captured CO2 increases faster than
the reboiler heat load with the increasing of arich_RC. Moreover, it is
interesting to mention that there exists an optimal value of arich_RC
for which the reboiler heat load is minimum. The optimal values of
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Fig. 12. Amount of removed CO2 in reboiler and tower vs. arich_RC (case study 1).
arich_RC depend on the CO2 recovery levels. For example, for CO2
recovery¼ 40 and 50% the minimum reboiler heat loads (42,500.00
and 47,500.00 kJ/s) are obtained at arich_RC¼ 0.40 and 0.46
respectively.
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In contrast to what is expected, Fig. 11 shows that the packing
volume decreases as the amount of captured CO2 increases. The
packing volume decreases more rapidly from arich_RC¼ 0.30 to
0.39e0.40 than from 0.40 to 0.55. This can be explained based on
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Fig. 16. Optimal values of specific heat loads in reboiler and condenser vs. arich_RC (case
study 2).
the fact that the CO2 desorption is carried out in the regenerator
unit and the reboiler as well. Fig. 12 shows the amount of CO2
captured in the tower and in the reboiler for different CO2 capture
targets and arich_RC. It can be seen the importance of the reboiler in
order to capture the desired amount of CO2. In fact, for higher values
of arich_RC than 0.42 the amount of CO2 captured in reboiler
increases significantly while the amount of CO2 captured in the
tower decrease slightly.

The corresponding optimal values of H/D ratios and total pres-
sure drop for each value of arich_RC and CO2 recovery are illustrated
in Fig. 13. It can be clearly observed that the CO2 recovery and
arich_RC do not influence the trends of such variables. The total
presssure drops decrease with the increasing of arich_RC while the
H/D ratios increase as arich_RC increases. Finally, Figs. 14 and 15
illustrate the variation of the temperatures and reflux flow-rates
in the reboiler and condenser [LC and GR]. As shown in these
figures, for CO2 recovery¼ 40.00 and 50.00%, the reboiler temper-
ature decreases, respectively in about 2.00 K and 4.00 K as arich_RC
increases from 0.30 to 0.55. The condenser temperature is not
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Fig. 19. Optimal pressure drop and H/D ratio vs. arich_RC (case study 2).
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influenced by arich_RC and by the amount of CO2 desired to be
captured. The reason of this is that the condenser is assumed as an
equilibrium stage and in all cases the water mole fraction (yH2O;C)
reaches its upper bound (0.10). According to Fig. 15, the reflux flow-
rates in the reboiler and condenser are more affected by the
amount of CO2 to be capured at low arich_RC values. Specifically, for
arich_RC¼ 0.30 the smallest amount of CO2 captured and the highest
value of the specific reboiler heat duty are computed. Certainly, the
greatest effect of the CO2 recovery on both reflux flow-rates
(reboiler and condenser) are observed at arich_RC¼ 0.30; the flow-
rates in the reboiler and condenser required by CO2 recov-
ery¼ 50% are, respectively, 50 and 100% higher than those required
for CO2 recovery¼ 40%. Clearly, the higher the reflux flow-rates, the
larger regenerator sizes (Figs. 11 and 15). Then, for values of arich
higher than 0.35 the effect is reduced.

5.2.2. Optimized results obtained for case study 2. Influence of the
stripper pressure and arich_RC on the energy requirements, total
packing volume, condenser and reboiler temperatures and reflux
flow-rates

The optimal solutions corresponding to the minimization of the
specific reboiler duty varying the stripper pressure and arich_RC are
presented from Figs. 16e21. In contrast to the previous study case,
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Fig. 20. Optimal reflux flow-rates in reboiler and condenser vs. arich_RC (case study 2).
the amount of CO2 captured is considered here as an optimization
variable.

As expected, Fig. 16 shows that the specific heat loads in the
reboiler and condenser decrease with the increasing of arich_RC. For
low values of arich_RC, the stripper pressure has a significant influ-
ence on the specific heat loads in both pieces of equipments. For
example, increasing the stripper pressure from 130.00 kPa to
202.60 kPa at arich_RC¼ 0.30, the specific heat load in reboiler and
condenser could be reduced by 2.00 MJ/kg CO2. In addition, the
results presented in Figs. 18 and 19 clearly show the effect of the
stripper pressure on the amount of the CO2 captured and dimen-
sions. In fact, the amount of CO2 captured increases and the size of
the stripper unit decreases with the increasing of the stripper
pressure. Certainly, if the stripper pressure is 202.60 kPa, the
amounts of CO2 captured and the packing volume are, respectively,
24% higher and 48% smaller than those obtained if the stripper
pressure is 130.00 kPa (Fig. 18). The differences of the amounts of
CO2 captured and the packing volume for both reboiler pressures
kept almost constant when arich_RC is varied. However, higher
temperature in the reboiler and condenser and higher reflux flow-
rate in the reboiler are required when the stripper unit is operated
at high pressure (Figs. 20 and 21).
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Figs. 20 and 21 show the influence of arich_RC and reboiler
pressure on the reflux flow-rates in the reboiler and condenser as
well as on their corresponding temperatures. As shown the reflux
flow-rate in the condenser decreases as arich_RC increases and is not
significantly affected by the reboiler pressure. In contrast to this,
the reflux flow-rate in the reboiler increases with the increasing of
arich_RC and is more affected by the pressure reboiler; higher
reboiler pressures higher reflux flow-rates.

On the other hand, the temperature in reboiler and condenser
increase 13 and 10 K respectively when the reboiler pressure is
increased from 130.0 to 202.60 kPa (Fig. 21).

5.2.3. Optimized results obtained for case study 3. Influence of the
rich amine temperature and arich_RC on the energy requirements,
total packing volume, condenser and reboiler temperatures and
reflux flow-rates

As in the previous study cases, Fig. 22 indicates that the specific
heat loads in the reboiler and condenser decreases with the
increasing of arich_RC. For a given value of arich_RC the minimum
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Fig. 24. Optimal packing volume and amount of captured CO2 vs. arich_RC (case study 3).
specific reboiler duty is obtained at higher rich amine temperature
because the energy required to heat the amine solution up to TR
decreases as the rich amine temperature increases, independently
of arich_RC. In addition, the amount of CO2 captured at lower rich
amine temperature is greater than that observed at higher rich
amine temperature (Fig. 24). However, Fig. 23 clearly shows that
the reboiler heat loads required are significantly greater. For
example, for arich_RC¼ 0.30 and TRH¼ 373.15 K, the heat load in the
reboiler and the corresponding amount of CO2 captured are,
respectively, 46,000.00 (MJ/s) and 112.5 (mol/s) which lead to
a minimum specific reboiler duty of 9.20 (MJ/kg CO2 captured). On
the other hand, for arich_RC¼ 0.30 and TRH¼ 353.15 K, the heat load
in the reboiler and the amount of CO2 captured are, respectively,
68,000.00 (MJ) and 137.5 (mol/s) which lead to a minimum specific
reboiler duty of 10.5 (MJ/kg CO2 captured). According to this, the
heat load in reboiler is increased in 47.00% and the amount of CO2
captured is decreased in 9.00% when the rich amine temperature is
varied from 373.15 to 353.15 K.

The specific heat load in the condenser is affected by the rich
amine temperature in opposite way; the specific heat duty
increases as the rich amine temperature increases. Certainly, for
arich_RC¼ 0.30, it increases about 2 when the rich amine temper-
ature increases from 353.15 to 373.15 K. It should be also
mentioned that the difference on the specific heat loads in the
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condenser corresponding to 353.15 and 373.15 K decreases as
arich_RC increases. For example, for arich_RC¼ 0.30 and 0.55 it
decreases from 2.50 to 0.50. However, arich_RC does not affect the
difference on the specific reboiler duty for two different rich amine
temperatures.

Finally, Fig. 26 shows that TRH does not affect the condenser and
reboiler temperatures. The reflux flow-rate in the reboiler increases
in about 33.33% when TRH decreases from 373.15 to 353.15 K
(Fig. 27). In contrast to this, the reflux flow-rate in the condenser
decreases increases in about 47.15% when TRH decreases from
373.15 to 353.15 K.

6. Conclusions and future works

A deterministic and phenomenological NLP mathematical
model to study the CO2 desorption fromMEA aqueous solutions has
been presented. Temperature, composition and flow-rate of liquid
and gas streams along the height of the regenerator unit as well as
dimensions including total pressure drop are considered as opti-
mization variables. Depending on the degrees of freedom of the
equation system fixed by users, the developed model is a valuable
and useful tool not only to optimize but also for simulate the
desorption process.

The output results have been successfully validated by
comparing the predicted values with experimental data. From the
verification results, the following key point to be addressed in
future works, is closely connected with the development of more
accurate models. It would be interesting to investigate the effi-
cacy of developing a mathematical model using different corre-
lations to compute the specific area for mass transfer in different
section of the stripper; Bravo’s correlation at the bottom of the
regenerator and Onda’s correlation from the middle to the top of
the unit. The combination of both correlations may lead to predict
better profiles of temperature and compositions for all experi-
mental runs which are very important if the model is used to
study the unsteady-state and control strategies of the regenera-
tion unit.

After the model validation, three optimization problems
considering different objective functions and design specifications
have been solved. Certainly, for each one of the optimization
problems, a set of optimal solutions for a wide range of the model
parameters was presented and discussed. It should be here stressed
that each one of the points plotted in Figs. 7e27 were simulta-
neously obtained.
In the case study 1 the operating conditions and dimensions
have been obtained in order to minimize the energy requirement in
the reboiler. In the other two study cases the ratio between the
energy requirement in the reboiler and the amount of the CO2
captured (specific heat load) has been minimized.

The effects of the main process parameters (reboiler pressure,
arich_RC, rich amine temperature and CO2 recovery levels) on the
optimal solutions have been also investigated. Different concen-
trations of rich amine solution have been considered by varying the
CO2 loading factor (arich_RC). Trade-offs existing between the
process variables for each one of the optimization problems have
been also identified.

From the obtained results, the following are the main conclu-
sions that can be observed for the three optimization problems
(OP1, OP2 and OP3):

-) Values of arich_RC for which the total energy requirements (MJ/s)
in the reboiler and condenser reach the minimum values. For
instance, in OP1 the optimal values of arich_RC are 0.40 for CO2
recovery¼ 40%, 0.42 for CO2 recovery¼ 45% and 0.46 for CO2
recovery¼ 50%.

-) As expected, the specific heat loads (MJ/kg of CO2 captured) in
the reboiler and condenser decrease as arich_RC increases.

-) Rich amine temperature, CO2 recovery targets, reboiler pressure
and arich_RC do not significantly affect the reboiler and condenser
temperatures.

The following conclusions can also be drawn, depending on the
optimization problem analyzed:

-) In OP1, the reflux flow-rates in the reboiler and condenser
decreasewith the increasing of arich_RC. In contrast to this, in OP2
and OP3 the reflux flow-rates in the reboiler increase as arich_RC
increases.

-) In OP1, the reboiler temperature [TR] decreases as arich_RC
increases.

-) In OP2 and OP3, TR kept almost constant when arich_RC, rich
amine temperature and reboiler pressure are varied.

-) In OP2 and OP3, higher CO2 recoveries, higher packing volumes.

An interesting conclusion can be observed from the optimized
results which may be effectively applied for robust solution strat-
egies. The optimal solution families presented for three optimiza-
tion problems clearly show that the functionalities of the most
important process variables (operating conditions and dimensions)
with arich_RC are smooth (linear, polynomial, exponential decay,
exponential growth) and therefore can be approximated correctly
in a simple manner, without requiring detailedmodels. This finding
is valuable because simple and empiric models (non-phenomeno-
logical models) involving the most important process variables can
be derived to describe the tradeoffs existing between them. Then,
the inclusion of such models in a systematic optimization proce-
dure in order to solve complex and rigorous models is another
advantage that can be exploited. In fact, it can be included in order
to provide initial values and bounds for variables which may
improve the convergence of large and phenomenological models.

Despite the good agreement between the model output results
to those obtained by experimental works, the proposed model will
be extended to improve the mass and energy transfer between
phases and activity coefficients in order to remove the assumption
about the ideality behavior in liquid phase. The rigorous optimi-
zation of the flow-sheet and design of electricity power plant
including the capture of the CO2 due to the fuel combustion will be
also addressed. The resulting model will involve large number of
discrete and continuous decisions.
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Appendix A

Mathematical model

The total height of regenerator is divided into Z stages. For
model implementation, an index “z” is assigned for each one of the
stages. Then, the mass, energy and momentum balances are
derived using these indexes. Thus, by considering the assumptions
presented in Section 4 and the defined notation, the following rate
based model was derived for the complete regeneration amine
aqueous process.
Regenerator unit [REG]

Mass and energy balances in stage “z”

Lzþ1xi;zþ1 � Lzxi;z þ GRyj;R � Gzyj;z ¼ 0 z ¼ 1 (A.1)
Gz�1H
G
z�1�GzHG

z þLzþ1H
L
zþ1�LzHL

zþðDHRÞz�
�
DHH2O

�
z¼0 z¼1

(A.2)

Lzþ1xi;zþ1�Lzxi;zþGz�1yj;z�1�Gzyj;z ¼ 0 z ¼ 2; ::z:;Z�1 (A.3)

Lzþ1H
L
zþ1 � LzHL

z þ Gz�1H
G
z�1 � GzHG

z þ ðDHRÞz
� �DHH2O

�
z ¼ 0 z ¼ 2; ::z:; Z � 1

(A.4)

Gz�1yj;z�1 �Gzyj;z þ LRCxi;RC þ LCxi;C � Lzxi;z ¼ 0 z ¼ Z (A.5)

Gz�1H
G
z�1�GzHG

z þLRCH
L
RHþLCH

L
C�LzHL

z þðDHRÞz
��DHH2O

�
z ¼ 0 z¼ Z

(A.6)

where G and L are the gas and liquid flow-rate (mol/s), x and y are
mole fraction of specie i (liquid phase) and j (gas phase), HL and HG

are enthalpies for liquid and gas streams. DHR and DHH2O are the
heat released by the reaction and vaporization heat of water and
the corresponding correlations are taken from Refs. [38,39], which
are computed as follows:

�DHR ¼mol of CO2 desorbed

� R
�
1:428� 104 þ 1:093� 106

a2z
Tz

þ 6:801� 106
az
Tz

� 3:267� 104az

�

DHH2O ¼ mol of H2O vaporized

� 40:628
� �

TcH2O � Tz
��

TcH2O � 373:15
��0:38

where TcH2O is the water critical temperature [K] and a is the CO2
loading, defined as the ratio between total CO2 and total amine.
h
MEAHþ

i
z
þ
h
H3O

þ
i
z
¼
h
MEACOO�

i
z
þ
h
HCO�

3

i
z

þ 2
h
CO2�

3

i
z
þ
h
OH�

i
z

(A.7)

where [i]z is the molar concentration of specie “i” in stage “z”.

Chemical reactions and phase equilibrium relationship

The relationships of the equilibrium constants Km of reactions
(R1)e(R5) and Henry’s coefficient (HCO2 ;i) with the temperature
and composition are as below:

ðKmÞz ¼
Y
i

ðaizÞni ¼
Y
i

ðxizgizÞni cm; m¼ R1;R2;R3;R4;R5 (A.8)

ðKmÞz¼exp
�
Aþ
�
B
Tz

�
þClnðTzÞ

�
cm;m¼R1;R2;R3;R4;R5 (A.9)

HCO2 ;i;z¼exp
�
Aþ
�
B
Tz

�
þClnðTzÞþDTz

�
ci; i¼MEA;H2O (A.10)

T is absolute temperature (K) and aiz, giz, ni are activity, coeffi-
cient activity and stoichiometric coefficient to component “i” in
reaction “m” respectively. The coefficients used in Eqs. (A.9) and
(A.10) are taken from Refs. [40,41].

Phase equilibrium relationship

yCO2;z4CO2;zPz ¼ HCO2;z½CO2�z (A.11)
yH2O;z4H2O;zPz ¼ pH2O;zxH2O;z (A.12)

where 4z, Pz and pH2O;z refer to fugacity coefficient, total pressure
and partial pressure of water, respectively. Fugacity coefficients are
computed by using Peng-Robinson equations of state for multi-
components [42]. Solubility of CO2 in MEA solution (HCO2), which
is corrected for solution ionic strength, is taken from Ref. [43] and is
computed as follows:

HCO2 z ¼
�
100:152Iz

	�xH2O zHCO2MEA zþxCO2 zHCO2 H2O z

rLz

�
(A.12a)

Iz ¼1=2
X
i

ji½i�zci;

i ¼ MEAHþ;MEACOO�;H3O;OH
�;CO2�

3 ;HCO�
3 (A.12b)

where ji is the ion charge.

Stage efficiency

Non-equilibrium stage is considered by incorporating an effec-
tiveness term for the stage (h) through Murphree equation.

hz ¼ Gzyiz � Gz�1yi z�1

Gzy*iz � Gz�1yi z�1
(A.13)

where y*i z is the equilibrium composition of molecular specie
considered leaving the stage z.

Stripper diameter

The diameter (DTz) of each stage is computed as follows:

DTz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4Gz

usg;z prGz

s
(A.14)
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where rG, G and usg,z refer to the gas density, flow-rate and
superficial velocity respectively. Then, usg,z is related to the flooding
velocity (ufz) by Eq. (12):

usg;z ¼ fzufz (A.15)

where fz ranges from 0.65 to 0.70 (lower and upper bounds).
Flooding velocity is estimated in terms of the packing factor, which
depends on the type and size of packing, viscosities, densities and
flow rates [44].

Stripper height

The height (hz) of each stage is computed by the well-known
unit transfer concept where:

hz ¼ HTUz � NTUz (A.16)

NTUz and HTUz refer to the transfer units and transfer unit
height. Particularly,

HTUz ¼
"

G0
z

R Tz az kGz r0Gz

#
þ lz

"
L0z

kLzazr0Lz Ez

#
(A.17)

whereG
0
, L

0
are gas and liquidmass velocities, r

0G and r
0L are gas and

liquid mass densities, l is the stripping factor (l¼m/(L/G)), kG and
kL are the gas-side and liquid-sidemass transfer coefficients, a is the
effective interfacial area for mass transfer and E refers to the
enhancement factor. A number of correlations exist for calculating
the effective interfacial area for mass transfer. In this work, the
proposed model was solved for two correlations in order to study
the effect of such correlations on the validating case. Precisely, the
following correlations proposed by authors in Refs. [36] and [37]
are considered.

Correlation proposed by authors in Ref. [36]:

az ¼ at

 
1� exp

 
� 1:45

�
sc
sz

�0:75� L0z
atmLz

�0:1

�
 �

L0z
�2at�

r0Lz
�2
g

!�0:05 �
L0z
�2

r0Lz szat

!0:2!!
(A.18)

Correlation proposed by authors in Ref. [37]:

az ¼ at0:310
s0:5z

h0:4z

��
mLzL

0
z

r0Lz sLz

��
6G0

z

atmGz

��0:392

(A.19)

where A, s, sc, uG, ML and h are cross-sectional area of column,
liquid surface tension, surface tension of packing material, super-
ficial gas velocity, liquid molecular weight and stage height,
respectively.

The following constraint can be formulated by assuming that
the liquid and vapor phases are well-mixed and point efficiency is
equivalent to Murphree efficiency,

hz ¼ 1� expðNTUzÞ (A.20)

Total packing volume

Packing Volume ¼
XZ
z¼1

p

�
DTz
2

�2

hz (A.21)
Amount of total CO2 captured

Amount of total captured CO2 ¼ GCyCO2;C (A.22)
where yCO2 ;C and GC are the CO2 mole fraction and gas flow rate
(mol/s) of the condenser’s gas stream.

CO2 captured [%]

Captured CO2½%� ¼
GCyCO2 C

LRCxMEA;R Carich RC
(A.23)
where arich_RC is defined as:

arich RC ¼ xCO2 RC

xMEA RC
(A.24)

Enhancement factor

The influence of the reactions on the CO2 transfer is considered
by an enhancement factor (E) which is defined as follow:

Ez ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
DL
CO2

	
z

h�
kr;CO2�MEA

�
z½MEA�z þ

�
kr;CO2�OH

�
z½CO2�z

ir
kLz

(A.25)

The forward constants (kr;CO2�MEA and kr;CO2�OH) of the parallel
and kinetically controlled reactions (R6) and (R7) are taken from
Refs. [40,45], respectively.

Pressure drop

The total pressure drop (DP) along the regeneration unit is given
by:

DP ¼
X
z

DPzhz (A.26)

Pressure drop in each stage (kPa/m) is estimated by the corre-
lation proposed by authors in Ref. [46]. It takes into account the
pressure drop due to the dry packing and due to the liquid pres-
ence. It depends on liquid and gas flow rates, liquid and gas
densities, liquid viscosity, gas velocity, dry packing factor (Fpd), as
is shown from Eqs. (A.26a)e(A.26d).

DPz ¼ 0:8169
h�

7:4� 10�8Gf2z10
2:710�5Lf z

	
þ
�
0:4 ðLfz=20000Þ0:1

�
7:4� 10�8Gf2z ð10Þ2:7�10�5 Lf z

	4	i
(A.26a)

where Gfz (lb/h ft2)and Lfz (lb/h ft2) are the gas and liquid loading
packing factors and are computed as follows:

Gfz ¼ 986�
 

G0
z�

rGz
�0:53600

!
�
�
Fpd
20

�0:5

�ð10Þ0:3�rGz Pop>1atm

(A.26b)

Lfz ¼ L0z

�
62:4
r0Lz

��
20
Fpd

�0:5� mLz
1000

�0:1

Pop>1 atm and Fpd < 200

(A.26c)

Lfz ¼ L0z

�
62:4
rLz

��
Fpd
20

�0:5� mLz
1000

�0:2

Pop>1 atm and Fpd>200

(A.26d)

G
0
and L

0
are gas and liquid mass velocities (lb/h$ft2), r

0G and r
0L

are gas and liquid mass densities (lb/ft3) and mL is the liquid
viscosity (kg/m s).
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Finally, the model includes correlations to compute fluid prop-
erties (vapor pressure, density, viscosity, enthalpies and diffusivity)
which are taken from different specialized literature and are valid
for a wide range of operating conditions.

Condenser [COND]

Mass and energy balances

Gzyi;z � LCxi;C � GCyj;C ¼ 0 ci; j z ¼ Z (A.27)
Gz

�
HG
z þ ðDHRÞz þ

�
DHH2O

�
z

	
�LCH

L
C � GC

�
HG
C þ DHH2O;C

	
� QC ¼ 0 z ¼ Z ðA:28Þ
Phase equilibrium relationship

yj;C4j;CPC ¼ pixi;C (A.29)
yjC ¼ y*jC (A.30)

Reboiler [REB]

Mass and energy balances

Lzxi;z � LRxi;R þ GRyj;R ¼ 0 z ¼ 1 (A.31)
LzHL
z þQR � LRH

L
R �GR

�
HG
R þ ðDHRÞR þ

�
DHH2O

�
R

	
¼ 0 z ¼ 1

(A.32)

Phase equilibrium relationship

yCO2;R 4CO2;RPR ¼ HCO2;R½CO2�R (A.33)
yH2O;R 4H2O;RPR ¼ pH2O;RxH2O;R (A.34)

yj;R ¼ y*j;R (A.35)

Reboiler and condenser units are modeled as equilibrium stages
(h¼ 1), therefore similar equations to column stages are
considered.

Heat exchangers (LAC and ECO)

Mass and energy balances

xi;RCLRC ¼ xi;RHLRH (A.36)
xi;RLR ¼ xi;LLL ¼ xi;LCLLC (A.37)

Qla ¼ QECO þ QLAC ¼ LRH
L
R � LLCH

L
LC (A.38)

where Qla (kJ/s) is the total cooling duty necessary to reach the
desired inlet temperature to the top of absorber unit. A part of this
energy (QECO) is transferred by the hot amine coming from the
bottom of the absorber and the rest (QLAC) is transferred by using
cooling water. The intermediate temperature TL is dependent of the
both exchanger’s sizes.

Inequality constraints
The following inequality constraint takes into account the trade-

off existing between the reduction of the water flow rate exit with
CO2 towards the liquefaction unit and the temperature of the fluid
returning to the column, which should be high enough for good
regeneration efficiency [15].

yH2O;C � 0:10 (A.39)

All optimizations considered an upper bound to the water
content into the gas stream leaving the condenser of 10 %. As
expected, it reached its upper bound in all cases. Finally, the model
also includes the following inequality constraints:

0:10 � hz � 0:35 (A.40)

0:65 � fz � 0:70 (A.41)

TR � TRH þ 10 (A.42)
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