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Abstract amine solution is that at higher temperatures the
chemical reaction can be reversed and the MEA

Due to the adverse effect of g@rom fossil fuel recycled.

combustion on the earth's ecosystems, the most cg{e majority of previous work on amine g@apture

effective method for Cocapture is an important areajs rejated to absorption models or on small scale

of research. The predominant process fop, Capture — eyperimental de-absorption. Hansen [7] developed a

currently employed by industry is chemical absamti gynamic model for the absorption of €@ MEA

in amine solutions. A dynamic model for the deyhijle Hoff [8] developed an absorption model with

absorption  process was  developed  WithyeA and MDEA in a membrane contactor. Jamal et

Monoethanolamine solution. Henry’s law was useg| [9] published work on absorption and desorpfimn

for modeling the vapour phase equilibrium of the;CO gmga]| scale laboratory experiments, and &ital. [10]

and fugacity ratios calculated by the Peng Robinsqfbyeloped a full scale absorption and desorption

EOS were used for 4@, MEA, N; and Q. Chemical mode| utilizing Aspen HYSYS. Bedelbayev [2]

reactions betw_een G@nd MEA were included in th_e developed an absorption model implemented in

model along with the enhancement factor for chemicyatiab for studying controllability issues, whilerer

absorption.  Liquid and vapor energy balances wefg] developed a full scale model which was

developed to calculate the liquid and vapoumplemented in Matlab.

temperature, respectively. The model results coenparpig paper presents the development of a dynamic

favourably with other published results. model for the simulation of the de-absorption pesce
Keywords: The first part of the paper describes the full scal
CO, de-absorption, dynamic model, amine process and the associated componeents. The

dynamic model is developed in section 3 from the
principles of diffusion from vapour to liquid talkgn
into account the chemical reactions between the MEA
The effect of carbon dioxide on the enhancednd CQ. The model validation and full scale
greenhouse effect is an important worldwide issusjmulation are included in section 4 and discussion
with increasing research and emphasis to find tbstm and conclusions are in section 5.

cost effective method to capture £emissions from

fossil fuel combustion. Approximately 60% of €0 2 Process description

produced is from point sources, with &fbactions up . ) o

to 14% for coal fired power stations and 8% foAmMine compounds react with G@ form stable ionic

natural gas fired power stations [13]. compounds with the reaction reversing at higher

] temperatures.
The separation of the GGnto a pure stream (>95%)

can be achieved by a variety of techniques, inaigdi A typical schematic of the de-absorption process is
membrane separation, low temperature distillatiorshown in fig. 1 where the main item of equipmend is
adsorption and absorption [13]. The absorption®f C Stripping tower filled with packing material with a
into  Monoethanolamine (MEA) by chemical high surface to volume ratio (typically 206/m®).

absorption is presently the mostly favored methard f £, the de-absorption process a rich stream (S1) of

the capture of carbon dioxide from fossil fuel\Ea and CQ from an absorption tower is pumped to
combustion. A benefit of chemical absorption intgne top of the stripping tower where it flows down

1 Introduction



The general form of the transfer flux equation is

S 11 shown in equation 1
S1 S3 < g
Condenser . B
ng = kiaaW(Ci -G ) (1)

S2

S10

Here, n, is the molar diffusion ratek, is the transfer

coefficient, 8, is theinterphase surface areg, is the
interphase molar concentration of spetién vapour
liquid equilibrium, while C® is the bulk concentration
of speciei .

It is assumed for the S and MEA that the
concentration at the liquid side of the vapourikgu
interface is the same as the bulk liquid conceiotnat
For the N and the Q@ it is assumed that the
Re boiler concentration at the vapour side of the vapourdiqu
interface is the same as the bulk vapour phase
concentration. The fugacities of the species at th
Fig. 1 Process flow diagram of de-absorption tower. vapour liquid boundary were calculated and used to
evaluate the concentration at the interface. At th
over the packing within the de-absorption towerinterface it is assumed that there is phase equilih
Stripping steam from the reboiler (S9) enters tveet therefore the fugacities of the I|gU|d and vapofir o
at the bottom and flows up the tower in a countefach species are equal. Equation 2 relates the mol
current flow arrangement. As the rich liquid flowsfraction in the vapour phase to that in the ligpfthse
down the tower, the chemical reactions act in thBY the ratio of the specie fugacity
reverse reaction and release the bound f@@n ionic
form into the aqueous solution which then diffuses — (@
into the gas phase. The lean MEA solution exithat
bottom of the de-absorption tower and is returreed t o
the absorption process (S8). A percentage ofehe | Being states, we know the liquid bulk phase
mixture is directed to the reboiler to provide theoncentration for the MEA and.B and the vapour
stripping steam for the process (S5). The condeng@ylk phase concentration for the Bind Q. Then the
cools the outgoing gas, and thus reduces th® H mol fractions at thg interface can be fou.nd byatien
content and up-concentrates the amount ofz'coand then the interface concentrations can be

processing such as dehydration and compressicn; tfifference as the driving force and an equivalent
post processing is not discussed further here. transfer area which is related to the surface afd¢he

packing. The mass transfer coefficient is takemfr

an empirical formula derived by Billet [3] which &

function of the packing properties. The surfaceaar

The mass transfer flux of each specie is a funatibn available for transfer is a function of the spexcifi

the driving force between the concentration inkihlk  surface area of the packing used and the wettedcdre

vapour and liquid phases as shown in fig. 2. the packing. The formula for the wetted surfaceaar
is taken from Billet [4].

3 Model development

Vapour Phase Liquid Phase

Henry's law is applied to relate the concentratadn
or ‘ ";"Eg e CG; in the bulk liquid phase to the bulk vapour phase
co, R concentration. By applying Henry's law, the ingaxé

| concentration can be eliminated and a relationship
c® N0 . i between the bulk vapour and liquids applied. The

CV‘ C . . . .
y — resistance to mass transfer in the liquid and vapou
apour phase . . .
botndary layer ﬁfé; c® phases is provided by the same formulas from Billet

|
|
! > . . .
} ¢ ; [3] as used for the other species and it is assumed
Liquid phase H H . . .
oo MEA 3 L/bolu:cliary layer there is resistance to mass transfer in the liguid
2 T vapour phases. Henry’s law is shown in equation 3

} 1~Vapour liquid
! | interface

«— Definition of mass and "
heat transfer direction - | $0/(Q’§%

Fig. 2 Interphase concentration profile. I —




The enhancement factor accounts for the continualhich is equal but opposite of the sensible heah te
removal of the C@ from the liquid film boundary from the liquid phase.
layer by the chemical reaction of g@ith MEA.

i i i COz, MEA, CO2, MEA, H,0,N
The main reaction for the system is H0.N, 02 OAMEAR MEACOD'
-—
"& %( %)*+% , %)*+"&& - %%( %)*+! . (Rl) Gas out of De- Liquid into
Absorber De-Absorber

The forward reaction has a rate as in equationd an
the reverse reaction has a rate as in equation 5.
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The equilibrium constants are taken from ldu al. —

[10] and the enhancement factor is shown in egnatio  co, O MEACOO

6 and is the ratio of the mass transfer for a legct  H:OMEA | L .

and an un-reacting system i.e. what the mass #ansf ©ainto De- Liquid out of
De-Absorber

would be if the C@did not react with the MEA in the
film boundary layer. The enhancement factor is th

Fat]ta number for this system and is taken from;Perr.I_he de-absorption column is modelled as a plug
12].

flow reactor with PDE’s describing the species
. concentrati_ons and the_temperature i_n each ph_ase.
. (6) A schematic of the stripping tower is shown in
S figure 3 and a summary of the equations is shown

The energy balance is developed to provide th%elow and in Tab. 1.

Iéig. 3 PDE development of column.

temperature model for the liquid and vapour phases. ﬂ_‘%l:uﬂ_cil_ n +n
In the liquid phase the de-absorption reaction is 1t Tz ¢ 0
endothermic and thus requires heat to proceed. The

heat of reaction is the heat required for one nfol o e’ Tc’

CO, to react with two moles of MEA and is 65000 Hz'u 7 +ny

J/mol CQ (W!yxyP[5]. There are also terms in the

temperature equation for the spatial movement ef th__, | S Ly
fluid, the sensible heat transfer and the diffudhemt ﬂz_ uﬂ_ Ny DH . Naco, DM e . UT(T -T )
transfer. It is assumed that the diffusion heatdfer It Tz (C' )T 6:) (C' )T 6:) (C' )T élp
is for MEA and HO only and that the liquid changes

into a vapour within a control volume at the VLE v v ( | V)
interface. The sensible heat transfer is moddied T =-u T +UT U '~T
Newton’s law of cooling as shown in equation 7 It 1z ( V)Tc;

where the heat transfer coefficient is found udimg
Chilton-Colburn analogy relating the mass transf

coefficient to the heat transfer coefficient. “fab.1 Species modelled by PDE.

Species Gas | Liquid Gene- Dif-
phase | phase ration fusion
ZL [ GO\# \ P(7) term term
CO, Yes Yes Yes Yes
For the diffusion mass transfer, it is assumed that | MEA Yes Yes Yes Yes
vapourization of the liquid takes place in the liju | H,0 Yes Yes No Yes
phase, hence it is already a vapour when it etters | N, Yes Yes No Yes
vapour phase. Therefore the only terms in theO, Yes Yes No Yes
temperature balance for the vapour phase are thMEAH" No Yes Yes No
spatial movement term and the sensible heat transfeMEACO™ [ No Yes Yes No



At the bottom of the de-absorption tower, somehef t range, as shown in figure 4, it is justifired tarthe
liquid is transferred to a reboiler where the ldjis simulation with only one dominant reaction.

vaporised into stripping steam. The reboiler is

modelled as a flash calculation with the inputsngei 0.05
the flash pressure, temperature and the percenfage g5
the liquid flow fed into the reboiler. The rebaile
consumes the largest amount of energy as heat
required to vapourize the liquid and provides the 0035;
energy to reverse the chemical reactions. Typicall

—CO02

\ -=-=-MEA

0.04+

5 0.03f
the reboiler is heated by steam and has a maximu%
temperature of approximately 120 °C as this is th .t 9925}
temperature at which the MEA will start to degrade. 2 ¢.02!

The reactions in the de-absorption tower are rexers 0015
with increasing temperature so the higher the 4|
temperature the larger the amount of,G€eased. A

typical operating regime has a MEA concentration o %%/
up to 30% by weight. The greater the percentage « 0 = . o = .
MEA, the less energy is consumed because if th Loading (el CO2imol MEAY

MEA is 30% and the water is 70% then energy igiy 4 chemical species as a function of,d@ading
required to heat up the 70% water for no benefit, 15k

Therefore it is advantageous to increase the MEA
concentration and minimise the water concentratiod,2 Full simulation
. o e
but this has a trade off as above 30% MEA is highl he simulation is performed in Matlab from The

corro_si\_/e and_ requires corrosion inhibitors an athWorks using the method of lines and ODE
specialised equipment [10]. solver odel5s to solve the PDE. In total 14 PDE
At the top of the de-absorption tower is a condens€quations where solved simultaneously (liquid aasl g
which cools the vapour phase exiting the dephase for CQ MEA, H;O, N; and @, liquid phase for
absorption column. The vapour is cooled to EAH" and MEACOO and the temperature in the
designated temperature and a proportion of thewapaogas and liquid phase).

condenses into.the liquid phase and is returnel toac The inlet values are for a typical 400 MW naturabg
the de-absorption column. The temperature of t)—g

— .~ power station producing 1 million tonnes of Cfer
cooled liquid aUd the percentage refluxed back int nnum. The input values used in the model are
the column are input variables in the model.

displayed in Tab. 2.

4 Simulation Tab.2 Input values for model simulation.

4.1 Model validation Input _ Value | Unit
. . ) Stripper Height 15 m

Model validation is performed by carrying out a ["Siripper Diameter 6 m

simulation of the partial pressure of £€@ersus CQ Liquid flow rate 05 s

loading. CQ loading is the ratio of the GQOn free Liquid inlet temperature 383 K
and ionic form (C@aq and MEACOQ and the total Reboiler temperature 400 K

MEA of the mixture. A plot of the simulation at a Reboiler flow (Stream S5) 35 %

temperature of 400K is shown in figure 4. Various Packing surface area 2000 ZIm°
references include other reactions than that afti@a

R1 in the process, most notably the formation of Tower Prgssu_re 2 barrﬁ
bicarbonate (HC@) and the reversion of the MEACOO (Liq) 2300 | mol/
MEACOO- [10],[8]. A plot of the chemical species |-MEAH (L) 2300 | mol/mi
with the extra reactions is shown in figure 4. The | MEA (Lig) 400 mollnz
operating range of the de-absorption process is an O, (Lig) 108 mol/m
input loading of 0.45 of solution into the top diet N, (Liq) 102 | mol/m®

tower where the CQis subsequently stripped, and an CO, (Lig)
output loading of 0.20. The dominant reactiontfor i
typical loading is R1 where one mol of g@eacts H20 (Liq) 38000| mol/m
with 2 mols of MEA. At this loading the reversiofi

MEACOO into MEA and HCQ is not as signifigant Plots of the C@ concentration in the gas phase, the
as at higher CQloadings, as indicated in figure 4.MEA concentration in the liquid phase, and liquid
CO, reacts with HO to form bicarbonate but this temperature are shown in figures 5, 6 and 7,
reaction is typically slow and can typically bedgad ~respectively.

for the de-absorption process [11]. Since the MEAH

and MEACOO lines are so close in the operating

10t | mol/m?




The mass transfer of G@s strongly dependant on the
equilibrium constant for the chemical reaction. eTh
equilibrium value dictates the ratio of the fre@iegus
CO, to the bound COin MEACOQO. As the
temperature increases, the ratio of free, G@reases
in the liquid phase. The solubility of G the liquid
is also a function of temperature and decreasds wit
elevated temperature, therefore the ,Cdiffuses
faster into the gas phase. The ratio of the, @Qhe
liquid to vapour phase is given by Henry's constant
00 o ol 5 Henry’s constant is a function of the temperaturd a
00 the ionic strength of the mixture. A larger valu f

Time (s) Tower Height (m)
. . Henry’s constant equates to a larger concentraifon
Fig. 5 Concentration of CQOn the gas phase. CO, in the vapour phase,

Concentration CO2 Gas (mol/m3)

For the simulation, an inlet loading of 0.46 wagdis
where the majority of the MEA was in the form of
MEAH" and MEACOOQO. An outlet loading of 0.27

e
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3000 oS
e was achieved with a reboiler reflux of 30% and
S =N reboiler temperature of 400K. This required anrgye
s TTTss P - q on

b
i
4
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consumption of 4.25 MJ per kg of G@emoved,

which is in line with other literature sources [104].

Figure 6 displays how the MEA concentration
1000 increases down the column as the reaction is reslers

releasing the bound MEA and GOThe temperature

of the reboiler of 400 K enters the stripper at the

Tower Height (m) bottom and decreases to 377K over the length of the
Fig. 6 Concentration of MEA in the liquid phase. de-absorption tower as the heat from the steam is
transferred to heating up the liquid solution and
reversing the chemical reaction. This is displayed
figure 7.

The species W, MEA, N, and Q were modelled
using the fugacity ratio between the liquid andouap
phase. The Peng Robinson EOS was used but the
results where dependant of the interaction parasete
and mixing rule used in solving the EOS. The
accuracy of the liquid phase fugacity from the Peng
Robinson EOS is unknown, but the overall resulés ar
similar to other estimates. The presence o N

in the stripping process is low as the solubilifytioee
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T Heigrt () Time (s) N, and Q in the solution is low, therefore the inlet
Fig. 7 Liquid temperature (K). concent_rqtion in the liquid is minimal gnd the
composition of the captured GQs predominantly

5 Discussion and conclusions CO; and HO.

The modelling of the de-absorption process is é’he overall control philosophy for the de-absonptio

complex process as the svstem is a stiff svstem: th °CESS is linked to the absorption process [ITfje
reac[t)ions%aveatime scalgof miIIi—secondsytﬁuem’ emoval of CQ at minimal cost is the primary

A ' objective of the process and this is achieved by
slower process of diffusion and temperature chang

and the even slower spatial movement of the flui aximising the loading into the stripper and
o r sp ) . i |§1inimising the loading out. The loading out is
within the tower which has a retention time in th

; Geduced by adding stripping energy in the form of
order_of h_ours. Furthe_rmore, the_reacnon ratesels steam from the reboiler. The control of the stirigp
as diffusion and fluid properties are all Strongsteam is achieved by manipulating the reboiler

funcpons of the_ temperature: eﬁof‘ has been nade temperature and the amount of liquid refluxed te th
provide all variables as a function of temperature, ) oo

including density, diffusivity, viscosity, heat cagty,

thermal conductivity, Henry's constants, chemicallhe simulation input does not represent the optimal
reaction rates, and equilibrium constants.  Theolution, but provides a workable solution. Forreno
dominant reaction is the reaction of one mol of,COrobust optimisation, the absorption process andtadap
with two moles of MEA forming MEACOOand expenditure costs should be considered.

MEAH" which is reversed at elevated temperature.
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