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ARTICLE INFO ABSTRACT

Carbon Capture Utilization or Storage (CCUS) has gained widespread attention as an option for reducing CO,
emissions from power plants but specific developments are still needed for the application to cement plants.
More precisely, the post-combustion CO, capture process by absorption-regeneration is the more mature tech-
nology but its cost reduction is still necessary. The present study is focusing on Aspen Hysys™ simulations of
different CO, capture process configurations (namely “Rich Solvent Recycle” (RSR), “Solvent Split Flow” (SSF),
“Lean/Rich Vapor Compression” (L/RVC)) applied to the flue gas coming from the Norcem Brevik cement plant
(taken as case study) and using three different solvents, namely: monoethanolamine (MEA), piperazine (PZ) and
piperazine-methyldiethanolamine (MDEA) blend. For each configuration and solvent, different parametric stu-
dies were carried out in order to identify the operating conditions ((L/G)ye1, split fraction, flash pressure var-
iation, etc.) minimizing the solvent regeneration energy. Total equivalent thermodynamic works and utilities
costs were also analyzed. It was shown that the configurations studied allow regeneration energy savings in the
range 4-18%, LVC and RVC leading to the higher ones. As perspectives, other configurations and combination of
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configurations will be considered in order to further reduce the energy consumption of the process.

1. Introduction

Based on the report published by the International Energy Agency
(IEA, 2013), Carbon Capture Utilization or Storage (CCUS) process
chain is absolutely needed for an efficient reduction of the greenhouse
gases from industrial plants and especially of carbon dioxide. Regarding
more specifically the carbon capture technologies, several studies have
already been carried out for their application to power plants and full
scale installations are now under operation, such as for example at
Boundary Dam (Saskatchewan, Canada) where the post-combustion
absorption-regeneration process using amines based solvents is used as
carbon capture technology. A lot of pilot units and demonstration
plants are presented in (Idem et al., 2015). Nevertheless, another large
CO,, emitting sector which contributes to around 5% of the global CO,
emissions and to 30% of the industrial emissions, namely the cement
industry, still needs a lot of research studies and technical develop-
ments before implementing CCUS. In this context, the European Cement
Research Academy (ECRA) and the University of Mons (UMONS) es-
tablished in 2013 a new Academic Chair with the purpose of studying
the applicability of Carbon Capture and its Reuse for its specific

* Corresponding author.
E-mail address: diane.thomas@umons.ac.be (D. Thomas).

https://doi.org/10.1016/j.ijggc.2017.12.004

application in the cement industry where the CO, content of the gas to
treat (namely between 17% and 35% depending on the plant) is higher
than for power plant flue gases (typically between 5% and 15%). This
Academic Chair is also supported by HeidelbergCement. Indeed,
Norcem AS (HeidelbergCement Group) has joined forces with ECRA to
establish a small-scale test centre for studying and comparing various
post-combustion CO, capture technologies (namely amine scrubbing,
membrane technology, solid adsorbent technology and carbonate
looping process), and determining their suitability for implementation
in modern cement kiln systems (Bjerge and Brevik, 2014). The project
does not encompass CO, transport and storage. The small-scale test
centre has been established at Norcem’s cement plant in Brevik
(Norway). This project launched in May 2013 has received funding
from Gassnova through the CLIMIT program and it is scheduled to
conclude in spring 2017.

Regarding more specifically the post-combustion CO, capture
technology applying amines based absorption-regeneration process, the
key point for allowing a large deployment of this technology is clearly
its cost. In order to improve this process and to reduce its cost, three
ways are possible. Firstly, the development of new solvents (new
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Nomenclature

Qcozrich/lean  CO2 loading of the rich/lean solution (mol CO5/mol
amine)

A Internal heat exchanger area (m?)

CAPEX Capital expenditure

Cutitiies ~ Utilities costs (€/tcoz)

D Column diameter (m)

Adcoo CO;, cyclic capacity (mol CO,/mol amine)

Nerbine ~ Power plant turbine efficiency (%)

Econdenser Condenser cooling energy (GJ/tcoz)

Ecooler Lean solvent cooling energy (GJ/tco2)

ELvc/RvG,compressor  COmpressor energy consumption for the LVC/

RVC configuration (GJ/tco2)

Liquid pumps energy consumption (GJ/tco2)

Eregen Specific solvent regeneration energy (GJ/tcoz)

G Gas flow rate (m3/h)

Geoz,produced Rate of CO, generated at the stripper’s top (tco2/h)

H Column height (m)

ICA Inter-Cooled absorber configuration

L Liquid flow rate (m>/h)

Epurnps

Licanopt Optimum liquid flow rate of the lean solution (m3/h)

LvC Lean vapor compression configuration

MDEA  Methyldiethanolamine

MEA Monoethanolamine

OPEX Operational expenditure

Ppottom  Pressure at the bottom of the column (kPa)

Dpoiler Heat duty at the stripper’s bottom (GJ/h)

RSR Rich Solvent Recycle configuration

RVC Rich vapor compression configuration

SSF Solvent split flow configuration

Tc Steam condensation temperature in the power plant tur-
bine (°C)

Ty Steam temperature in the reboiler

Tiiquid,in  Liquid temperature at the inlet of the column (°C)

Tregen Regeneration temperature at the stripper’s bottom (°C)

Trich,prenear  Rich solution temperature at the internal heat ex-
changer’s outlet (°C)

U Heat transfer coefficient (kJ/h m?°C)
Wequ Total equivalent thermodynamic work (GJ/tco2)
Ycoz CO,, content of the gas phase (vol.%)

solutions or new blends) with high absorption capacity while keeping
good absorption kinetics allows to reduce significantly the solvent re-
generation energy. An example is given in the works of (Singh et al.,
2013) showing that new solvents have the potential to reduce the re-
boiler energy requirements by 20-50% in comparison with a 31 wt%
MEA solution as reference solvent. Secondly, implementing more effi-
cient equipment such as new gas-liquid contactors or new packings
leads to an improvement of the absorption performances, which allows
the solvents to reach a CO, loading which is close to its maximum
absorption capacity while reducing the OPEX and CAPEX of the pro-
cess. The works of (Zhao et al., 2011) show that the use of new packing
elements leads to higher mass transfer coefficients (increase of around
25%) when compared to conventional Mellapak 700Y and 13 mm Pall
Ring, allowing a lower packed column height. Finally, the third way to
improve the global performances of the absorption-regeneration

Table 1

technology is implementing new process configurations in order to take
advantage of a better energy integration and to reduce its energy con-
sumption. (Le Moullec et al., 2014) give more details regarding the
technical description and the interest of other process configurations.

The present paper focuses on this third possibility and especially on
the regeneration cost savings linked to the implementation of advanced
process configurations for a flue gas issued from a cement plant. The
flue gas coming from Norcem Brevik Cement plant was considered and
the CO, capture pilot simulated in Aspen Hysys™ software was based on
the installation used during the CASTOR/CESAR European Projects
(Knudsen et al., 2009), all the design and operating parameters being
available in order to validate the simulation. The configurations con-
sidered are described in Section 2.3 and the solvents selected in our
study are: monoethanolamine (MEA), piperazine (PZ) and piperazine-
methlydiethanolamine (MDEA) blend.

Reactions included in the Acid Gas Package for MEA, PZ and MDEA solvents reacting with CO,,

Category N° Reaction Type
Water related
(€)) 2H,0 < H3;0t+0H~ Equilibrium
(2) H0+HCO3~ < H;0*+CO 2~ Equilibrium
3) CO,+0H~ — HCO3~ Kinetic
4 HCO3~- —» CO,+0H~ Kinetic
MEA related
(HO(CH2)2NHy) %) HO(CH,),H*NH,+H,0-HO(CH,) ,NH+H;0* Equilibrium
(6) HO(CHy),NH,;+H,0+CO, — HO(CH;),NHCOO~ +H;0* Kinetic
(7) HO(CH,),NHCOO™ + H;0 + -»HO(CH,),NH; + H,0 + CO; Kinetic
PZ related
(C4H8(NH)2) (8) C4Hg(NH),+ H;0F < C4Hg(NH),H*+ H,0 Equilibrium
9) C4Hg(NH),HCOO + H, O« C4Hg(NH),COO~+ H30* Equilibrium
(10) C4Hg(NH),+ Hy0 + CO, — C4Hg(NH)NCOO~+ H;0* Kinetic
an C4Hg(NH)NCOO™+ H;0% — C4Hg(NH),+ H0 + CO, Kinetic
(12) C4Hg(NH)NCOO™+ H,0 + CO, — C4Hg(NCOO"),+ H;0* Kinetic
13) C4Hg(NCOO™),+ H;01 — C4Hg(NH)NCOO™+ H,0 + CO, Kinetic
MDEA related
(CH3N(CH2CH20H)>) a4 CH3N(CH,CH,0H),+ H;0* < CH;N(CH,CH,OH),H*+ H,0 Equilibrium
15) CH;N(CH,CH,0H),+ H,0 + CO, — CH;N(CH,CH,OH),H++ HCO3™~ Kinetic
16) CH3N(CH,CH,O0H),H*+ HCO3~ — CH3N(CH,CH,0H),+ H,0 + CO; Kinetic
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2. Simulation of different process configurations
2.1. Aspen Hysys™ modeling parameters

The modeling was developed in Aspen Hysys™ v.8.6 software using
the Acid Gas Package and the “Efficiency calculation mode”. The Acid
Gas Package developed by Aspen allows to simulate the removal of acid
gases as CO, and H,S. It includes the physicochemical properties of
these acid gases, water, amines alone (such as MEA and PZ) and also
several mixtures (such as MDEA + PZ), a rate-based calculation model
and a makeup unit operation to compensate losses in water and amine
in the system. The Acid Gas Property Package is based on extensive
research and development in rate-based, chemical absorption process
simulation and molecular thermodynamic models for aqueous amine
solutions (Zhang et al., 2009). More specifically, the thermodynamic
models used in the Acid Gas property package are the Electrolyte Non-
Random Two-Liquid (eNRTL) activity coefficient model for electrolyte
thermodynamics in liquid phase (Song and Chen, 2009) and the Peng-
Robinson equation of state for the vapor phase. The property package
contains the eNRTL model parameters and other transport property
model parameters identified from regression of extensive thermo-
dynamic and physical property data for aqueous amine solutions
(Zhang and Chen, 2011; Zhang et al., 2011).

The reactions included in the Acid Gas Package are listed in Table 1.
In addition to the dissociation reactions (reactions (1)-(4)) considered
for all the solvents, specific reactions are added depending on the sol-
vent selected for the simulation. In the case of PZ-MDEA blend, reac-
tions related to both solvents are taken into account in the calculations.

Regarding the calculation mode, two rate-based models are avail-
able in Aspen Hysys for the simulation of the absorber and regenerator
units, namely “Efficiency” and “Advanced Modeling”. The Advanced
model uses Maxwell-Stefan theory to rigorously calculate the heat and
mass-transfer rates without assuming thermal or chemical equilibrium
between the vapor and liquid for each stage. The Efficiency model uses
in a first step a conventional equilibrium-stage model to solve the
column, but the non-equilibrium behavior inherent in acid gas systems
is modeled in a second step by calculating a rate-based efficiency for
CO, at each stage. The results from the Efficiency and Advanced models
are comparable for most systems and the Advanced model is re-
commended when significant quantities of other specific gaseous con-
taminants are present in the gas to treat and must be rigorously simu-
lated. Therefore, the Efficiency calculation mode was selected in the
present work as it has been checked that the results obtained with the
two models were similar while Efficiency modeling converges much
faster than the Advanced one.

2.2. Operating and design conditions — description of the conventional
process configuration

The flowsheet developed in Aspen Hysys™ is illustrated on Fig. 1 for
the conventional process configuration.

Qcooler MAKEUP

MEA
Water

treat
Heat
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solution
Qpump,1
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Table 2
Dimensions and operating conditions of the columns.

Absorber Stripper
D (m) 1.1 1.1
H (m) 17 (17 X 1m) 10 (10 X 1 m)
Packing Random packing IMTP 50 Random packing IMTP 50
Tiiquid,in (°C) 40 110
Ppottom (KPa) 120 200

The CASTOR/CESAR pilot unit was selected as case study because
all the design and operating parameters are available in literature,
which is not the case with most of the other installations. The pilot is
sized to handle a flow of 5000 Nm3/h (at the inlet of the treatment
line). This results in a flow of around 4000 m3/h at the inlet of the
absorption column after excess water removal, cooling and compres-
sion.

Two important simulation parameters are imposed: the absorption
ratio, equal to 90% (90% of the molar flow rate of CO, entering the
absorption column is recovered at the outlet of the regeneration
column); and the produced CO, purity, fixed at 98 mol% (conventional
specification).

The dimensions of the absorber and the stripper, and the operating
conditions for each column are also set (see Table 2).

Thanks to the internal heat exchanger the temperature of the liquid
at the inlet of the stripper is fixed at 110 °C as base case (corresponding
to a pinch of around 10 °C at the hot side of the exchanger). In addition,
the linear pressure drop per unit height in the absorber and the stripper
are fixed to 0.5 kPa/m.

The flue gas coming from the Norcem Brevik Cement plant in
Norway (average values of gaseous composition) was taken as a re-
presentative example. The flue gas leaves the cement plant at 165 °C
and 100 kPa. It is compressed to an absolute pressure of 120 kPa and
cooled down to 40 °C before entering the flow sheet on Fig. 1. The
conditioned gas (“gas to treat”, ~4000m>/h, see composition in
Table 3) is sent in the absorber where the CO, is captured by an amine-
based solvent.

The CO, content of the gas to treat (yco») was therefore equal to
around 20% for all the simulations but the specific impact of yco, on
the absorption-regeneration performances will be illustrated in Section
4.5 but is also discussed in another paper (Dubois et al., 2017).

The amount of CO, absorbed into the column is calculated using the
“rate-based model”. At the outlet of the column, the solution is pumped
and preheated to 110 °C thanks to the internal heat exchanger. Then, in
the regeneration column, the gas is stripped thanks to the heating
power and the CO, is recovered at the top of the regeneration column.
The regeneration occurs at 200 kPa and at the solvent boiling point (for
example around 120 °C for an aqueous MEA 30 wt.% solution at such
pressure level). The condenser cooling energy is automatically adjusted
in order to satisfy the CO, purity specification. The regenerated solvent
which still contains some CO; is pumped through the heat exchanger in

Produced
* co2
[
Qcondenser

__._,’

REGEN

Qreboiler

I—
Lean
solution
Qpump,2

Fig. 1. Aspen Hysys™ flow sheet for the conventional process configuration (illustration for MEA).
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Table 3
Composition of the gas to treat (G = 3997 m®/h, 40 °C,
120 kPa) after conditioning.

Component mol frac.
N, 64.7%
CO, 20.4%
H,0 6.2%

0, 8.6%

Cco 1330 ppm
SO, 111 ppm
NO 474 ppm
NO, 2ppm

order to be cooled down. To compensate possible losses in amine and
water at the outlet of the absorber and the regenerator, a makeup unit is
added in order to automatically adjust the total flow of liquid while
reaching the desired concentration of amine. Note that as this makeup
unit ensures the water and solvent balance, the washing section situated
at the top of the absorber in the real installation was not simulated in
the present work as it does not influence the absorption-regeneration
global performances. After this make up unit, the lean solution is cooled
down to 40 °C before entering the absorption column and beginning a
new absorption-regeneration cycle.

2.3. Types of process configuration improvements considered

As indicated previously, many process configurations and the
technical details associated are given in (Le Moullec et al., 2014). Three
categories of process improvements are envisaged. First of all the ab-
sorption enhancement modification whose purpose is to increase the
CO, loading at the absorber bottom. In the present case, the “Rich
Solvent Recycle” (RSR) configuration (see Fig. 2) was considered.

The principle of this configuration is to recycle into the absorber a
part of the rich solution coming from the bottom of this column. The
rich solution going back to the column can also be cooled down in order
to promote the CO, absorption. In addition to the liquid flow rate

Qcooler MAKEUP
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(liquid to gas ratio, L/G) that must be optimized for all the configura-
tions, the other parameters that must be specifically adjusted for RSR
configuration in order to minimize the energy consumption of the
system (especially the solvent regeneration energy) are: the fraction of
the rich solution recycled, the temperature of the solution before re-
injection into the column and the level of reinjection into this column.

The second modification envisaged is the exergetic (or heat) in-
tegration. The general idea of these process modifications is to perform
heat integration between the different process streams in order to re-
duce the heat losses and the solvent regeneration energy. The process
modification corresponding to this category and considered in the
present case is the “Solvent Split Flow” (SSF) configuration (see Fig. 3),
also called “Rich Solvent Splitting”. With this configuration, a part of
the rich solution coming from the absorber is directly sent at the top of
the regeneration column without being preheated by the internal heat
exchanger. This arrangement leads to a modification of the temperature
profile into the stripper (it is more smoothed than with conventional
configuration) and the heat integration inside the process is improved.
Indeed, the hot stream coming from the stripper will transmit his en-
ergy to a smaller rich solvent flow rate, leading to a slightly higher
solvent temperature at the top of the stripper and reducing the tem-
perature difference between the solvent inlet temperature and the
boiler regeneration temperature which is favourable for the regenera-
tion process (decrease of the sensible heat part in the regeneration
energy). Furthermore, thanks to the cold solution injected at the top of
the stripper, the condenser cooling energy is reduced.

The parameters that must specifically optimized for SSF configura-
tion are: the fraction of the cold rich solution by-passing the internal
heat exchanger and the injection levels of the solutions (cold rich so-
lution and preheated rich solution) into the stripper.

Moreover, for a defined heat exchanger, splitting the rich solution
with SSF will change the liquid flow rate inside this exchanger leading
to a modification of the temperature of the rich solution at its outlet
(Trich,preheat) (equal to 110°C in the base case with MEA 30 wt.%). As
used for example in (Sanchez Fernandez et al., 2012), the internal heat
exchanger was simulated using the product “UA [kJ/°C h]” of the heat
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Fig. 2. Aspen Hysys™ flow sheet for the Rich Solvent Recycle (RSR) process configuration (illustration for MEA).
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Fig. 3. Aspen Hysys™ flow sheet for the Solvent Split Flow (SSF) process configuration (illustration for MEA).
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Fig. 4. Aspen Hysys™ flow sheet for the Lean Vapor Compression (LVC) process configuration (illustration for MEA).

transfer coefficient (U [kJ/h m? °C]) and area (A [m?]) corresponding to
the base case. Based on the same principle, using the UA parameter
coming from the base case configuration (without SSF), simulations
were performed for different liquid flow rate values at the inlet of the
internal heat exchanger in order to establish the relation between this
flow rate and the temperature at the outlet of the internal heat ex-
changer (Trich,preheat)-

The third category of process modifications is based on a heat pump
effect. The idea of this process modification category is to increase the
heat quality provided to the system. As described by (Le Moullec et al.,
2014), this effect enables the valorization of heat available at a too low
quality level or, more generally, when increasing the quality level is
profitable. Two configurations corresponding to this category are con-
sidered in the present study, namely the “Lean Vapor Compression”
(LVQ) (see Fig. 4) and the “Rich Vapor Compression” (RVC) (see Fig. 5).

The principle of the LVC configuration is as follows: the lean solvent
at the bottom of the stripper is flashed in order to produce a gaseous
stream (mainly composed of water and carbon dioxide) which is com-
pressed and fed back to the stripper. Such process modification reduces
the reboiler steam demand and cools down the lean solvent going to the
internal heat exchanger. Furthermore, the lean solvent exits the flash
tank at lower temperature and heats the rich solvent in the heat ex-
changer also to a lower temperature, making the top of the stripper a bit
colder which reduces the cooling requirement in the condenser. Based
on operational experiences such as in the CASTOR/CESAR project
(Knudsen et al., 2009), this modification is generally accompanied with

Qcooler MAKEUP

Gas
g — g%
treat Rich Internal
solution Heat
Qpump,1 Exchang

an expansion or a modification of the internal heat exchanger in order
to reduce the hot pinch of this exchanger to 5 °C.

Indeed, even if injecting the rich solvent into the stripper at a lower
temperature is beneficial in terms of condenser cooling energy, it is
counterbalanced by an unfavorable larger temperature difference be-
tween the inlet liquid temperature and the boiling temperature.
Moreover, as the vapor coming from the compressor installed after the
flash unit is very hot (which could lead to a hot spot inducing de-
gradation problems into the bottom of the stripper), a supplementary
internal heat exchanger can be installed in order to cool down this
vapor (to 120 °C) while giving a preheating complement to the rich
solution before entering the regeneration column.

Regarding the “Rich Vapor Compression” (RVC) configuration, the
principle is quite similar as the LVC one even if it is the hot rich solvent
which is flashed instead of the lean solution in order to produce a
gaseous stream sent into the bottom of the stripper. As for LVC con-
figuration, an expansion of the internal heat exchanger or a supple-
mentary heat exchanger can be installed in order to cool down the
vapor stream to 120 °C (for MEA) and to give a supplementary pre-
heating to the rich solution before its regeneration.

In addition to the liquid flow rate, the important operating para-
meter in relation with LVC and RVC configurations is the flash pressure
variation (Ap). This pressure variation depends on the stripper pressure
but it has to be noted that a too low pressure (under atmospheric one) is
not advised for economic reasons.

As a conclusion of this section, it must be noted that four different
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Fig. 5. Aspen Hysys™ flow sheet for the Rich Vapor Compression (RVC) process configuration (illustration for MEA).
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Table 4
Specific operating conditions adopted for each solvent.

Amine(s) Amine(s) concentrations Absorber pressure Stripper pressure
(wt.%) (kPa) (kPa)

MEA 30 120 200

PZ 40 120 200-600

PZ + MDEA 40 (varying proportions) 120 600

configurations are considered in the present work, namely RSR, SSF,
LVC and RVC, corresponding to the three categories of process mod-
ifications. The focus is put to these configurations because it does not
imply too many modifications of the conventional process and some of
them (such as LVC) have already shown interesting results for the ap-
plication to power plants which have to be confirmed for the applica-
tion to cement plants.

2.4. Specific operating parameters adopted for each solvent

As already stated, the selected solvents in this study are: mono-
ethanolamine (MEA), piperazine (PZ) and piperazine-methlydiethano-
lamine (MDEA) blend. The specific operating conditions (amine(s)
concentration(s), absorber pressure and stripper pressure) adopted for
each solvent in the simulations are summarized in Table 4.

Regarding the primary amine MEA, the conventional solvent con-
centration is 30 wt.% and as this solvent was used in the industrial pilot
installation simulated, no adaptations of the operating conditions were
necessary.

Concerning the cyclic diamine PZ, it can be used both alone or
blended with another solvent. Based on (van der Ham et al., 2014) and
(Freeman et al., 2010), PZ is conventionally used with a concentration
of 40 wt.% (8 M). Therefore, this concentration was considered in the
simulations. Moreover, even if in a first step, the simulations were
carried out with the same design and operating parameters as for MEA
30wt.%, in a second step, as PZ-based solvents are generally re-
generated at high temperature, the influence of the reboiler pressure
was studied. Indeed, the PZ 40 wt.% (8 M) regeneration process is
generally carried out under pressure and with a boiler temperature of
150 °C (the absorption temperature being equal to 40 °C indicating that
the absorption occurs to a pressure close to the atmospheric one). Thus,
simulation results were compared considering different pressure levels
from 200 kPa (as for MEA 30 wt.%) to 600 kPa (final pressure value
kept for the performances comparisons with other solvents).

Finally, for the PZ-MDEA blend, such as considered e.g. in
(Mudhasakul et al., 2013) and (Roh et al., 2016), the total amine
concentration of the solvent used in the CO, capture process is around
50 wt.% (different proportions between PZ and MDEA are possible) and
with pressure of 25-40bar and 2-5bar for the absorption and re-
generation respectively. Nevertheless, in the present case, in order to
make “realistic comparisons” between the three solvents considered
(MEA, PZ and PZ-MDEA), the simulations were carried out with the
same design and operating parameters as for PZ 40 wt.% (such as the
pressure in the columns, fixed at 120 kPa and 600 kPa for the absorp-
tion and regeneration respectively). The total amine concentration was
also limited to 40 wt.% but the “optimum” PZ/MDEA proportion was
defined during preliminary simulations.

3. Simulation results obtained with the conventional process
configuration

Before analyzing the results, it must be noted that the simulation
method was previously validated with the use of CASTOR/CESAR
projects results (application to power plant) and also with the use of
another study (other pilot design but same modeling method) con-
cerning the application to a cement plant (see (Gervasi et al., 2014) for
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more details).

Concerning the methodology used in this work, as described in the
exergetic and exergoeconomic analysis of (Ferrara et al., 2017), the
main part (around 65%) of the irreversibilities being associated to the
stripping column and especially to the reboiler duty, the objective of
the present study was to minimize the specific solvent regeneration
energy (Eregen [GJ/tco2]) defined as:

(Dboilcr

Eregen =

GCOz,praduced (1 7)

where @y [GJ/h] is the heat duty provided at the bottom of the
stripper and Gcoz produced [tcoz/h] the rate of CO, generated at the top
of this column (outlet of the condenser). Note that no compression of
the produced CO, is considered in the present case because in ac-
cordance with ECRA (European Cement Research Academy) the focus is
put on CO, valorization options for which the level of CO, compression
can be different depending on the CO, conversion process considered.

As some configurations imply the optimization of several operating
parameters, systematic parametric studies were carried out in order to
identify the realistic conditions leading to the minimum of Eegen.
Firstly, each operating parameter was varied separately and secondly,
cross variations were carried out in order to identify the operating
parameters minimizing Eregen.

Even if the focus was put on minimizing E,cgen, two other indicators
were also analyzed, namely the total equivalent thermodynamic work
(Wequ [GJ/tco2]) and the total utilities costs (Cygtities [€/tco2])-

Wequ Wwas calculated based on the method described in (Karimi
et al., 2011):

Te + 273.15

Wequ = E’“g”"(l T Ty + 27315

)nmrbing + Epumps + ELVC/RVC,compressur

18)

where T¢ [°C] is the steam condensation temperature in the turbine of
the power plant providing the electrical energy to the cement plant
(assumed to be equal to 40 °C), Ty [°C] is the steam temperature in the
reboiler (assumed to be 10°C higher than the reboiler temperature
Tregen)s Nturbine is the turbine efficiency (assumed to be equal to 75%),
Epumps and Epyc/rvc,compressor [GJ/tco2] the electrical energies used to
run the pumps and the compressor with LVC or RVC configuration.
Indeed, such approach allows to unify the thermal and electrical energy
consumptions, the thermal regeneration energy being converted to
electrical energy by calculating how much electricity can be produced
with the same amount of steam for the reboiler.

Concerning Cygities [€/tcoz], it is provided by Aspen Economics
module available in Aspen Hysys and considering the software default
parameters for the economic calculations (e.g. plant location in North
America, 2013 as construction year, engineering procurement con-
struction (EPC) duration of 20 weeks, etc.). These utilities costs include
the electricity, the cooling water and the steam costs. The advantage of
such indicator is to combine the different types of energy consumptions
(such as Weq,) but also to consider the cooling water costs. Weq, and
Cutilities Values are provided in Section 4.5.

3.1. Conventional configuration with MEA

3.1.1. Optimization of the liquid to gas flow rate ratio

For the absorption-regeneration CO, capture process, it is conven-
tional to optimize the (L/G),o. in order to minimize the regeneration
energy. The simulated results for different (L/G)yo;. (which means dif-
ferent liquid flow rates due to the fact that the gaseous flow rate was
kept constant) are presented on Fig. 6.

First of all, it must be observed that the trend of this graph is quite
typical for such process. The minimum regeneration energy was iden-
tified for a liquid flow rate of 22 m®/h ((L/G)yo1. = 5.56 10~ 3) leading
to Eregen = 3.36 GJ/tcoz. This value is in the range of conventional



L. Dubois, D. Thomas

5.0 4

» »
<) n
| |

Eregen (GJ/tCOZ)

w
wn
L

3.0 T
3.E-03  4.E-03

5.E-03  6.E-03
(L/G)vol.

Fig. 6. Regeneration energy as a function of the (L/G)y,. ratio.

7.E-03  8.E-03 9.E-03

values measured for power plants (between 3 and 4 GJ/tcoa, see for
example (Knudsen et al., 2009)). Nevertheless, it must be pointed out
that 3.36 GJ/tcoz is close to the minimum values conventionally
measured for MEA 30 wt.% which could be justified by the fact that a
higher CO, content in the gas to treat (20 vol.% for the cement plant
considered in the present case in comparison with the range 5-15 vol.%
for power plants) is favourable to the absorption process.

3.1.2. Global results analysis for the conventional process configuration

The detailed results corresponding to the optimal operating condi-
tions for the conventional process configuration are presented in Fig. 7.,
Tables 5 and 6 .

Regarding the temperature profiles into the absorber and stripper
presented on Fig. 7., first of all it must be specified that the temperature
mentioned for stage 17 of the absorber corresponds to the temperature
of the inlet liquid (40 °C) and that the temperature for stage O of the
stripper corresponds to the reboiler temperature (121.8 °C). The profiles
are quite conventional for such operation units even if the maximum
temperature reached into the absorber (around 85 °C) is a little bit
higher than other values (75-80 °C) generally measured. This is linked
to the higher CO, content of the gas to treat (20 mol% for the cement

Absorber

Stripper
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Table 5
Simulation results for the base
G)yol, = 5.56 10™3).

case with MEA 30wt.% ((L/

Parameter Value

Eregen 3.36 GJ/tcoz

Econdenser —1.90 GJ/tcoz

Epumps 1.57 1072 GJ/tco2
Qco2,rich 0.506 mol CO,/mol MEA
Qco2,lean 0.211 mol CO,/mol MEA

Table 6
Gaseous compositions in mol.
Gyol, = 5.56 1073).

fraction for the base case with MEA 30wt.% ((L/

Component Gas treated Produced CO,
Ny 62.9% 154 ppm

CO, 2.1% 98.0%

H,0 26.4% 1.9%

0O, 8.3% 37 ppm

Cco 1300 ppm 0.4 ppm

SO, 54 ppm 298 ppm

NO 461 ppm 4 ppm

NO, 0.4 ppm 7 ppm

MEA 377 ppm 80 ppm

plant considered) in comparison with power plants (5-15 mol%) which
induces a higher heat of reaction.

Concerning the other parameters indicated in Table 5, in addition to
the regeneration energy commented in the previous section, it can be
seen that even if it is not an issue for the absorption-regeneration
process, the condenser cooling energy (Econdenser) iS significant (—1.90
GJ/tco2) and reducing it thanks to the use of alternative configurations
would be also benefic in practice (reduction of the water flow rate
circulating into the condenser). Regarding the consumption of the li-
quid pumps (Epumps) equal to 1.57 1072 GJ/tcos, it corresponds to
only =0.5% of the regeneration energy and it is thus not significant for
the evaluation of the overall energy consumption of the process.

Fig. 7. Temperature profiles into the absorber (a) and the
stripper (b).
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Moreover, the CO, loading values for the rich (0coz rich, at the outlet
of the absorber) and the lean (acoziean, at the outlet of the stripper)
solutions are equal respectively to 0.506 and 0.211 mol CO5/mol MEA,
quite typical values for MEA 30 wt.% even if it must be noted that the
value slightly higher than 0.5 is possible thanks to the CO, content of
the gas to treat (=20 mol%). Table 6 presents the gaseous compositions
of the gas treated and the produced CO,.

As no specific reactions were added concerning the other gaseous
species (SO3, NO, NO,, etc.), the decrease of their concentrations into
the absorber can only be associated to their solubilization into the li-
quid phase, and therefore the solvent degradation due to the presence
of these gaseous contaminants are not part of the present work.
Regarding the MEA, small quantities are present into the treated gas
and the produced CO,.

Note that in the real installation, the MEA quantity into the treated
gas will be lower thanks to a water wash section (not simulated in the
present case).

Finally, it has to be noticed that the presented results were obtained
for a rich solution injected at stage N°9 into the stripper. Indeed, as
presented on Fig. 8, injecting at stage N°9 or N°10 (top of the column)
gives similar results in terms of regeneration energy while the con-
denser cooling energy is a little bit lower when the rich solution is not
injected too close to the condenser, namely at stage N°9.
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3.2. Conventional configuration with PZ

3.2.1. Influence of the regeneration pressure on the simulation results

As indicated in the previous section, PZ 40 wt.% (8 M) regeneration
process is generally carried out under pressure and with a boiler tem-
perature of 150 °C while the regeneration pressure considered for MEA
30 wt.% was 200 kPa. Therefore, simulations were carried out con-
sidering different pressure levels in the regeneration column, from
200 kPa (as for MEA 30 wt.%) to 600 kPa. It was inferred from our si-
mulations that the boiler temperature of 150 °C was reached for a boiler
pressure higher than 450 kPa.

Regarding the simulation results in terms of E,cgen, Fig. 9 (a) shows
the evolution of Eegen as a function of the (L/G)yq. for different boiler
pressure values. It can be seen that increasing the boiler pressure allows
to reduce the specific solvent regeneration energy. For example, the
increase of the boiler pressure from 200 kPa to 600 kPa leads to a de-
crease of 25% of the regeneration energy (value for the (L/G)yor
minimizing Eegen, Which is also reduced when the boiler pressure is
increased). For each boiler pressure, Fig. 9(b) presents the optimal
values of the specific solvent regeneration energy (Eregen minimized as a
function of (L/G)yo1)-

Considering the boiler pressure leading to Tregen = 150 °C (namely
450 kPa), Eregen is equal to 3.36 GJ/tcoz (same value as for MEA 30 wt.
%) which means a decrease of almost 20% in comparison with the value
obtained for the conventional configuration at 200 kPa (namely 4.19
GJ/tcoz).

Finally, Fig. 10 shows the evolution of the CO, loadings (a) and of
the optimum liquid flow rate (b) as a function of the boiler pressure.

It can be seen (Fig. 10(a)) that the increase of the boiler pressure
leads to an increase of the rich solution loading and to a decrease of the
lean solution loading. Therefore, as the CO, cyclic capacity
(Adcoz = Ocozrich — Qco2,lean) 1S increasing, the optimum liquid flow
rate value (Fig. 10(b)) is decreasing at higher pressure because the
amount of CO, absorbed (L Aacp,) is fixed as simulation parameter
(90% of the absorber inlet CO, is recovered at the top of the stripper
with 98 mol% purity). More precisely, increasing the boiler pressure
leads to a higher regeneration temperature and to a better solvent re-
generation. Due to this, the 0oz jean Value is lower and leads to a better
absorption in the absorption column (with the consequence of a higher
Qlcoz,rich)- To reach the same amount of CO; absorbed, as Aacoz will be

Fig. 9. Eregen as a function of the (L/G)yo, ratio for
different boiler pressures (a) and Eyegen value for the
optimum (L/G)y), ratio (b) — Conventional config-
uration with PZ 40 wt.%.
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Fig. 10. CO, loadings of the rich and lean solutions
(a) and optimum values of the liquid flow rate as a
function of the boiler pressure (b) — Conventional
configuration with PZ 40 wt.%.
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higher, the liquid flow rate will be decreased to reach the same capture
rate.

3.2.2. Detailed simulation results considering a regeneration pressure of
600 kPa

As for MEA 30 wt.%, Fig. 11 presents the evolution of Eregen as a
function of (L/G),,, focusing on the results obtained for a regeneration
pressure of 600 kPa. It can be seen that E,cgen is minimized at (L/G)yol.
equal to 3.16 103, corresponding to a liquid flow rate of 12.5 m®/h.
Note that at such stripper pressure, Tpoier is equal to 161 °C. The de-
tailed results are given in Table 7. Considering the optimum value of L,
Eregen is equal to 3.14 GJ/tgo, which means 6.5% energy savings in
comparison with the base case of MEA 30 wt.% (3.36 GJ/tcoz). Con-
cerning the other parameters indicated in Table 7 in addition to the
regeneration energy, it can be seen that the condenser cooling energy
(Econdenser) is lower (—0.93 GJ/tcos) than with MEA 30 wt.% as solvent.
The consumption of the liquid pumps (Epumps) is similar as for MEA
30 wt.%.

Moreover, the CO, loading values for the rich (acozricn) and the
lean (acoz,lean) SOlutions are equal respectively to 0.730 and 0.176 mol
CO»/mol PZ, which leads to a higher cyclic capacity than with MEA
30 wt.%.

Regarding the temperature profiles inside the columns they are
quite similar to the ones obtained with MEA 30 wt.% even if for the

Table 7
Simulation results for the base case with PZ 40wt.%
Glyol. = 3.16 1073, Pygjier = 600 kPa).

@

Parameter Value

Eregen 3.14 GJ/tcon

Econdenser —0.93 GJ/tcoz

Epumps 1.56 10~2 GJ/tcoz
Qco2,rich 0.730 mol CO,/mol PZ
Oco2,lean 0.176 mol CO,/mol PZ

Table 8
Gaseous compositions in mol. fraction for the base case with PZ 40 wt.% ((L/G)yo1. = 3.16
1073).

Component Gas treated Produced CO,
Ny 59.1% 74 ppm

CO, 2.0% 98.0%

H,0 30.8% 2.0%

0O, 7.8% 18 ppm

Cco 0.1% 0.2 ppm

SO, 78 ppm 145 ppm

NO 433 ppm 3 ppm

NO, 0.7 ppm 5ppm

PZ 790 ppm trace
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Fig. 12. Regeneration energy as a function of the (L/G)y. for different MDEA/PZ pro-
portions in PZ + MDEA solvent.

stripper, due to the pressure level, the temperature reaches 161 °C at the
bottom.

Table 8 presents the gaseous compositions of the gas treated and the
produced CO,.

Note that as indicated for MEA 30 wt.%, thanks to a water wash
section (not simulated in the present case), the PZ quantity into the
treated gas will be lower in the real installation.

In order to consider a stripper pressure ensuring the optimal re-
generation temperature of 150 °C, the simulation results with PZ con-
sidering a regeneration pressure of 600 kPa will be taken for the com-
parison of configurations and solvents.

3.3. Conventional configuration with PZ-MDEA blend

3.3.1. Simulation results for different PZ-MDEA concentrations

As indicated previously, in order to make realistic comparisons with
the other solvents and especially with PZ, the simulations were carried
out with the same design and operating parameters as for PZ 40 wt.%
(regeneration pressure fixed at 600 kPa and the total amine con-
centration limited to 40 wt.%). The first simulations concerned the
variation of the PZ and MDEA proportions in water.

The simulation results presented on Fig. 12 were obtained for dif-
ferent PZ/MDEA proportions in terms of Eregen as a function of the (L/
G)yol. The results for two PZ solutions (PZ 30 and 40 wt.%) are also
indicated.

Globally, it can be noticed that E,egen for the optimum (L/G)yor.
value is lower with the different MDEA + PZ blends in comparison with
PZ alone (30 and 40 wt.%). More precisely, the blends minimizing
Eregen Were composed of 5-10 wt.% MDEA and 35-30 wt.% PZ (higher
concentrations of MDEA are not favourable, certainly due to the posi-
tive effect of PZ on the absorption kinetics).

The minimum of Eegen, namely 2.75 GJ/tco2, Was obtained with the
blend composed of MDEA 10 wt.% and PZ 30 wt.% for a (L/G)y,. of
3.04 10~ % (L = 12m>/h). Therefore, this blend was selected for the
results comparison. Note that even if validating the Aspen Hysys model
with experimental values for such proportions is not yet possible, it
must be reminded that the blend itself (MDEA +PZ) corresponds to a
commercial solvent named aMDEA™ (©BASF) which has been already
used at industrial scale and successfully simulated with Aspen software.

3.3.2. Detailed simulation results for MDEA 10wt.% — PZ 30 wt.% blend

For the optimum value of (L/G)c;. (namely 3.04 10~ >), the detailed
results are given in Tables 9 and 10.

The temperature profiles inside the columns are quite similar as the
ones obtained for MEA and PZ, the temperature at the bottom of the
stripper being equal to 154 °C due to the pressure level. The CO, loadings
and the cyclic capacity of the MDEA 10 wt.% + PZ 30 wt.% blend are also
similar to the ones obtained with PZ 40 wt.%, the condenser cooling en-
ergy being also reduced in comparison with PZ 40 wt.%. No major dif-
ferences can be pointed out in terms of gaseous compositions.
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Table 9
Simulation results for the base case with MDEA 10 wt.% + PZ 30 wt.%
((L/G)yol = 3.04 1073).

Parameter Value

Eregen 2.75 GJ/tcoz

Econdenser —0.59 GJ/tcoz

Epumps 1.58 1072 GJ/tcoz
Qco2,rich 0.783 mol CO,/mol amine
Qco2,lean 0.171 mol CO,/mol amine

Table 10
Gaseous compositions in mol. fraction for the base case with MDEA 10 wt.% + PZ 30 wt.
% ((L/G)yor, = 3.04 107).

Component Gas treated Produced CO,
Ny 58.6% 70 ppm
CO, 1.9% 98.0%
H,0 31.5% 2.0%

0O, 7.7% 17 ppm
Cco 0.1% 0.2 ppm
SO, 83 ppm 103 ppm
NO 429 ppm 2.5ppm
NO, 1 ppm 3.5ppm
PZ 314 ppm trace
MDEA 2.5ppm trace

4. Simulation results obtained with the alternative process
configurations

In addition to the operating parameters optimized for the base case
(conventional process configuration), Table 11 presents the parameters
that had to be optimized specifically for each process configuration.

It can be observed that Rich Solvent Recycle (RSR) and Solvent Split
Flow (SSF) configurations have the highest number of parameters to be
optimized (4 parameters), while the conventional configuration and
Lean/Rich Vapor Compression (L/RVC) have only two parameters to be
optimized. For each process configuration, the parameters were varied
separately in a first step, and cross variations were carried out in a
second step in order to really identify the operating conditions mini-
mizing the solvent regeneration duty, which is challenging.

4.1. Rich Solvent Recycle (RSR) configuration

First of all, the influence of the re-injected solution temperature on
the process performances was investigated and is illustrated on Fig. 13
for MEA 30 wt.%, considering a liquid flow rate of 24 m®/h and 35% of
solution re-injection into the stripper at stage 4. The effect of cooling
the re-injected solution is presented in terms of regeneration energy and
rich CO, loading.

As expected by an absorption enhancement process modification as
RSR, the recirculation into the absorber of a cooled solution allows to
increase the CO, loading of the rich solution (from 0.50 to 0.51 mol
CO-,/mol MEA in the presented case when the solution is cooled from
50 °C to 5 °C) which leads to a decrease of the regeneration energy from

Table 11
Parameters optimized for each process configuration.
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3.30 to 3.12 GJ/tcoo. Nevertheless, cooling the solution to a too low
level would be unfavorable in terms of cooling energy. In practice,
considering a cooling of the solution from =60 °C (temperature of the
solution at the outlet of the absorber) to 40 °C (same temperature of the
solution at the top of the absorber) seems more feasible on a practical
point of view and will be considered as reference for the results com-
parison between the different solvents and configurations. It must be
noted that in practice, if more cooling energy is available for decreasing
the recirculated solvent temperature, that will allow a reduction of the
maximum solvent temperature inside the column (see temperature
profile on Fig. 7(a)) which will still be favourable in terms of absorption
kinetics.

For each solvent, the simulation results considering RSR config-
uration are presented on Figs. 14-16 illustrating the optimization of the
different operating parameters, namely (L/G)yo., the fraction of the
cold solution re-injected into the absorber (“split fraction”) and the re-
injection stage of the rich solution after cooling. Note that for each
graph, the optimum values of the other parameters were considered.

Globally, it can be observed that the lowest values of E,ege, Were
obtained with the blend composed of MDEA and PZ, while MEA and PZ
give quite similar results. The influence of (L/G)y,1. 0N Eregey is identical
for all the solvents even if due to the difference in terms of solvent
physico-chemical properties and absorption capacities, the (L/G)yol.
ranges are different from a solvent to another one, the optimum value
of (L/G)yo1. being higher with MEA 30 wt.% (6.06 10~%) than with PZ
40 wt.% (3.54 10~ >) and MDEA 10wt.% + PZ 30 wt.% (3.04 1073).
Regarding the influence of the two other parameters (split fraction and
re-injection stage of the cold rich solution), it is more pronounced with
MEA 30 wt.% than with the other solvents but in each case, it was
possible to identify the value parameter minimizing Eregen.

The simulation results obtained with each solvent considering RSR
configuration are globally compared and discussed in Section 4.5.

4.2. Solvent Split Flow (SSF) configuration

Three operating parameters must be optimized with the “Solvent
Split Flow” (SSF) configuration, namely the (L/G),. (as for all the
configurations), the fraction of the rich solution (“cold fraction”) which

Type of variable Conventional RSR SSF LVC RVC

Flow rate ratio  (L/G)yol. (L/G)vol. (L/G)yol. (L/Gvor. (L/Gvol.

Level Injection level into the Re-injection level into the Injections level of the cold solution into the stripper Injections - -
stripper absorber level of the preheated solution into the stripper

Temperature - Re-injection temperature into - -

the absorber
Flow fraction - Re-injected fraction
Pressure - - -

Split fraction - -

Flash pressure  Flash pressure

29
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is injected without being preheated and the re-injection level of the

preheated sol

ution into the regeneration column. Regarding the cold

solution, it is conventionally injected at the top of the stripper (stage 10
in a first step) in order to reduce the condenser cooling energy.
For each solvent, the simulation results considering SSF configura-

tion are prese
Regarding

nted on Figs. 17-19.
the results presented on Fig. 17, as for the previous

configurations, it can be seen that the optimum liquid flow rate ((L/
G)vor. minimizing Eregen) is lower with MDEA + PZ solution than with PZ
and MEA. Concerning the influence of the cold fraction, as illustrated
on Fig. 18, it is more pronounced with PZ-based solvents than with
MEA, the fraction of the cold solution minimizing Eregen being in the

range 15% to

30% depending of the solvent. Finally, considering for

each solvent the optimum liquid flow rate and split fraction, Fig. 19
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3.3 - 339 el Fig. 21. Ecgen as function of the Ap LVC for MEA 30 wt.% (a),
PZ 40 wt.% and MDEA 10wt.% + PZ 30wt.% (b) for the
3.1 3.1 4 optimum (L/G)y,;. ratio — LVC configuration.
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46 MEA 30 wt.% Regarding the results presented on Fig. 20, the main observation is
L PZ 40 wt.% imil ith th h fi . lv th 1 £ (L/G
i3 — — MDEA 10 Wt.% + PZ 30 Wt.% similar as with t e other configurations, namely the value of (L/G)yo1.
\ minimizing Eregen is lower for the MDEA 10 wt.% + PZ 30 wt.% solvent
= B8 “ than with other solvents. Nevertheless, in the present case the optimum
£° \ (L/G)yo1. value with PZ 40 wt.% (namely 6.07 10~ 3) is a little bit higher
3347\ than with MEA 30 wt.% (namely 5.30 10™3).
H \ Concerning the influence of the LVC flash pressure variation (Ap),
W30 1 \\ Fig. 21(a) for MEA 30wt.% and Fig. 21(b) for PZ-based solvents
26 e - highlight that despite the decrease of the temperature of the rich so-
L lution at the outlet of the internal heat exchanger (for example, a de-
2.2 ; . ; . . ‘ ) crease of almost 20 °C was observed with MEA 30 wt.% in comparison
2.E-03 3.E-03 4.E-03 S5.E-03 6.E-03 7.E-03 8.E-03 9.E-03 with the conventional configuration), a higher LVC flash pressure var-

(L/G)var.

Fig. 22. E;cgen as function of the (L/G)yo. ratio for the optimum value of Ap for each
solvent — RVC configuration.

shows the influence of the injection stage of the hot and cold rich so-
lutions into the stripper. As illustrated for MEA 30 wt.% (the same
observation was made for the other solvents), the best results were
obtained when the cold solution is injected at the top of the stripper
(stage 10). Regarding the optimum hot solution injection stage, it was
identified at stage 6 and 7 for PZ 40 wt.% and MEA 30 wt.% respec-
tively, while the minimum of E,eg.n, Was obtained when this solution
was injected at stage 3 for the blend MDEA 10 wt.% + PZ 30 wt.%.

The details and the discussions in relation with the simulation re-
sults obtained with each solvent considering SSF configuration are
available in Section 4.5.

4.3. Lean Vapor Compression (LVC) configuration

In addition to the (L/G)yo. (as for all the other configurations,
especially the liquid flow rate, the gaseous flow rate being fixed), the
important operating parameter regarding the LVC configuration is the
flash pressure variation (Ap from O to 100 kPa for MEA and from O to
500 kPa for PZ-based solvents). It must be also reminded that this
process modification is generally accompanied with an expansion (or a
modification) of the internal heat exchanger in order to reduce the hot
pinch of this exchanger to 5°C and that another heat exchanger cools
down the LVC flash vapor to 120 °C in order to avoid any hot spot
leading to solvent and material degradations. The simulation results for
each solvent considering LVC configuration are presented on Figs. 20
and 21.

3.8 4

iation leads to a quasi linear decrease of the regeneration energy.

This effect was observed for both solvents even if it is more pro-
nounced with PZ-based solvents than with MEA 30 wt.% due to the fact
that these solvents were regenerated at a higher pressure (600 kPa)
than MEA 30 wt.% (200 kPa) allowing a larger Ap. Note that even if due
to the flash operation the temperature of the rich solution at the outlet
of the internal heat exchanger is decreased, another heat exchanger
gives a complementary preheating to the rich solution (from 2 to 5 °C)
thanks to its heat exchange with the hot vapor coming from the LVC
unit.

Other simulation results (such as CO, loadings) and energy con-
sumptions (pumps and LVC-compressor), are presented and discussed
in Section 4.5.

4.4. Rich Vapor Compression (RVC) configuration

As for the LVC configuration, in addition to the (L/G),c, the im-
portant operating parameter regarding the RVC configuration is the
flash pressure variation (Ap from O to 100 kPa for MEA and from 0 to
500 kPa for PZ-based solvents). A supplementary heat exchanger also
cools down the RVC flash vapor to 120 °C in order to avoid any hot spot
in the stripper.

The simulation results for each solvent considering RVC configura-
tion are presented on Figs. 22 and 23.

As presented on Fig. 22, the influence of (L/G)yo1. 0N Eregen leads to
the same observations as with the other configurations, namely the
value of this ratio minimizing the regeneration energy is lower with
MDEA 10 wt.% + PZ 30 wt.% than with the other solvents, especially
MEA 30 wt.%. The effect of the RVC flash pressure variation (Ap) il-
lustrated on Fig. 23(a) for MEA 30 wt.% and Fig. 23(b) for PZ-based

Fig. 23. E,cgen as function of the Ap RVC for MEA 30 wt.%
(a), PZ 40 wt.% and MDEA 10 wt.% + PZ 30 wt.% (b) for the
optimum (L/G)y,. ratio — RVC configuration.
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N . . solvents is similar as for the LVC configuration, a higher Ap being
: o o R preferred in order to minimize the regeneration energy.
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E < = = = if it is more significant (from 8 1072 to 65 10~ GJ/tcoz) than Epump,
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Fig. 26. Optimum value of Eegen as a function of the configuration for the three solvents
considered.

4.5.2. Comparison of the solvents and configurations based on the
regeneration energy and effect of ycoz

Fig. 26 compares the values of the regeneration energy obtained
with the different solvents and process configurations for the inlet CO,
content of 20%.

It is confirmed that for all the solvents, the LVC and RVC

4.2
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Fig. 24. CO, loading values of the rich (a) and lean
(b) solutions for the different solvents and process
configurations.

72772207222

e

Fig. 25. Econdenser (@) and Ecqoler (D) corresponding to
the optimal operating conditions as a function of the
configuration for the three solvents considered.

SSF Lc

configurations (heat pumps modifications) lead to the higher energy
savings in comparison with the conventional configuration, the specific
regeneration energy of all the solvents using LVC or RVC configurations
becoming lower than 3 GJ/tco, which is clearly a relevant result.
Indeed, obtaining such a low regeneration energy with MEA 30 wt.% is
not conventional and it can be partially linked to the fact that the flue
gas considered in the present study (coming from a cement plant)
contains more CO, (Yco2 equal to 20 vol.%) than for a power plant
(¥coz from 5 vol.% to 15 vol.%) considered in most of other studies. The
interest of higher yco» values is specifically discussed in another paper
(Dubois et al., 2017) considering the conventional configuration with
MEA 30 wt.% (experimental and simulation results) and also with other
solvents (experimental absorption-regeneration results with conven-
tional process configuration). The simulation results presented in
(Dubois et al., 2017) were completed on Fig. 27 with simulation results
obtained for the different process configurations with MEA 30 wt.% and
for an identical amount of CO, captured (namely 1.5 tcop/h, which
corresponds to an absorption ratio of 90% at yco» equal to 20 mol%).
For each case and ycoz,in Value, the liquid flow rate was adjusted in
order to minimize Eegen.

It can be pointed out from Fig. 27 that for a higher CO, content in
the gas to treat (from 20 mol% to 60 mol%), E cgen is reduced for all the

Fig. 27. Eregen as a function of the inlet CO, content for the different
configurations with MEA 30 wt.%.
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Fig. 28. W,q, as a function of the configuration for the three solvents
considered.
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Fig. 29. Cyiries relatively to conventional configuration with MEA 30 wt.% as a function
of the configuration for the three solvents considered.

configurations considered. This effect is also present with other solvents
and it will be more deeply investigated in a forthcoming paper.

Regarding the comparison of the solvents on Fig. 26, it appears that
PZ 40wt.% and MDEA 10wt.% + PZ 30wt.% lead to a lower re-
generation energy in comparison with the benchmark MEA 30 wt.%.
More precisely, it was shown that there is an interest of replacing 10 wt.
% of PZ by 10 wt.% of MDEA. The lowest regeneration energy was
obtained with MDEA 10 wt.% + PZ 30 wt.% applying RVC configura-
tion, namely 2.39 GJ/tcoo.

4.5.3. Comparison of the solvents and configurations based on the
equivalent work

Fig. 28 compares the values of the total thermodynamic equivalent
work obtained with the different solvents and process configurations. It
can be seen that due to the higher regeneration temperature with PZ-based
solvents (150 or 160 °C) in comparison with MEA 30 wt.% (120 °C), and
due to electrical consumption of LVC or RVC compressors, the solvent and
configuration combinations that minimize Weq, (e.g. MEA 30 wt.% ap-
plying RSR configuration or MDEA 10 wt.% + PZ 30 wt.% applying SSF
configuration) do not correspond to the ones minimizing E egen (€.g. MDEA
10wt.% + PZ 30 wt.% applying RVC configuration). This difference can
be explained by the fact that the operating parameters were specifically
adjusted in order to minimize Eegen and not Weq,, which means that other
operating parameters could lead to lower Weq, values. Nevertheless, the
approach of minimizing Eegen instead of Weqy in the case of a cement plant
can be justified by the fact that, on the contrary to a power plant (where it
is common to quantify the efficiency loss on the plant, and thus directly
taking into account the needed electrical consumption), the electrical
consumption linked to devices (e.g. pumps or compressors) will come from
an external source, which could be a renewable one or corresponds to
excess power production.
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Moreover, it must be pointed out that even if it is not taken into
account in the present work, some thermal energy could be recovered
into a cement plant (from 5% to 15% of Eegen, depending on the plant).
Thus, the need of external energy (electricity) could be partially
counterbalanced by less steam needed for the solvent regeneration.

4.5.4. Comparison of the solvents and configurations based on the utilities
cost

Finally, Fig. 29 compares the values of the utilities costs obtained
with the different solvents and process configurations.

The Cyilities Values on Fig. 29 are reported to MEA 30 wt.% with the
conventional configuration in order to perform a relative comparison.
Indeed, the utilities calculations made by Aspen Economics module in
Aspen Hysys consider some hypotheses in order to perform the cost
calculations and the Cyities Values themselves (indicated in Table 12)
should be considered carefully. Nevertheless, as the calculation method
and hypotheses were similar for all the cases, a relative comparison can
be considered as an interesting indication to perform an analysis be-
tween the different solvents and configurations.

As for the comparison based on E,cgen Or Wegqy, it can be seen from
Fig. 29 that several combinations of solvent and configuration (e.g.
MEA 30 wt.% or MDEA 10 wt.% + PZ 30 wt.% with SSF configuration)
lead to better results (lower costs in the present case) than MEA 30 wt.
% ones using the conventional configuration. On the contrary to Weqy,
two observations can be drawn, namely: the utilities costs with all the
solvents implementing RVC configuration are lower than MEA 30 wt.%
ones using the conventional configuration, and all the utilities costs
with MDEA 10 wt.% + PZ 30 wt.% solvent are lower than MEA 30 wt.%
ones.

5. Conclusions and perspectives

In the context of reducing the CO, emissions from cement plants, and
in order to reduce the CO, capture costs specifically for the application in
the cement industry, the present study focused on the Aspen Hysys™ si-
mulation of different configurations of the absorption-regeneration CO,
capture process using amine based solvents (MEA 30 wt.%, PZ 40 wt.%
and MDEA 10 wt.% + PZ 30 wt.%) and applied to the flue gas coming
from the Norcem Brevik Cement plant in Norway (considered as case
study). The design of the CO, capture plant considered for the simulation
was based on the CASTOR/CESAR European Projects pilot. Four process
modifications were investigated, namely RSR, SSF, LVC and RVC, in order
to be representative of the three categories of process modifications: ab-
sorption enhancement, exergetic or heat integration and heat pump effect
respectively. For each configuration, a systematic parametric study on
operating parameters ((L/G)yo1, split ratios, flash pressure variations, etc.)
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was carried out aiming at identifying the conditions minimizing the re-
generation energy (taken as main comparison factor for each configura-
tion). The total equivalent thermodynamic work and the utilities costs
were also analyzed in order to compare different configuration and solvent
combinations.

Based on the simulations carried out, it was pointed out that the
heat pump modifications LVC and RVC lead to the higher regeneration
energy savings (from 11% to 18% depending on the solvent) while also
reducing significantly the condenser cooling energy. The energy savings
linked to RSR and SSF modifications were lower (between 2% and
10%). Regarding the comparisons of the solvents, the best results in
terms of regeneration energy were obtained with the blend MDEA
10 wt.% + PZ 30 wt.% applying RVC configuration and leading to a
regeneration energy equal to 2.39 GJ/tco. The lower regeneration
energies obtained in the present study were partially related to the
interest of treating a rich-CO, flue gas, which is the case with cement
plant flue gases. Regarding the comparisons based on total equivalent
work and utilities costs, it was shown that the cases (solvent + con-
figuration) minimizing Eegen does not correspond to the cases mini-
mizing Wequ and/or Cygiisiess Nevertheless, regardless the approach
considered, it was confirmed that implementing alternative process
configurations and other solvents than MEA 30 wt.% leads to lower
energy consumptions or costs. Moreover, in the case of a cement plant,
thermal energy could be recovered directly in the plant and all the
electrical consumptions will come from an external source without in-
fluencing the cement plant performances itself, which justifies the ap-
proach considered in the present work, namely minimizing the solvent
regeneration energy.

As perspectives, other configurations will be also investigated such
as the combination of two configurations (for example RSR and RVC, or
the combination of RVC/LVC with an Intercooled Absorber (ICA)).
Exergy analyzes and life cycle assessment (LCA) will be also envisaged
as criterion for the optimization of the operating parameters con-
sidering different solvents and process configurations. Finally, in ad-
dition to the interest in terms of regeneration energy and OPEX, the
consequence in terms of CAPEX will be estimated for a more precise
evaluation of the global economic interest of using alternative process
configurations for the application of the post-combustion CO, capture
in the cement industry.
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