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Abstract

Post combustion COcapturing holds an important position in the aodacarbon capture and
sequestration (CCS). Research is operating inaiféia ranging from experimental work to modelling
work. Dynamic models are interesting since thesrilge the plant operation during variations, up-
stream or down-stream. A model for the strippinlyicm of a capture plant is developed following the
rate based approach to represent the heat and traasser. Sensitivity of the model for different
physiochemical property correlations is analyzetie Tpredictions of the dynamic model for the
stripping column of the capture plant under varyapgrating conditions in the re-boiler are presgénte
Predictions of the transient behaviour of the depet! stripper model appear realistic.
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1. Introduction

Achieving a sound solution for the G@mission reduction is of interest and a challefagethe
researchers who are actively involved in dealintp\the climate issue.

Power generation via fossil fuel-fired power plarssknown to be the largest single source of,CO
emission1]. The development of capture technologies tamgetuch sources therefore is important for
achieving the goals in GCemission reduction. Post-combustion capture, prebuistion capture and
oxy-fuel combustion are the three main technologieslable at presefi], and much research is done
with the prospect of developing those techniquethén. Post combustion capture is still the best
known technique, possibly due to the large numldeexasting power plants, and the promising
developments that are available. Gfapture by amine absorption and stripping is eculyeconsidered

to be the most feasible option for the removalabon dioxide from the power plants’ exhaust gases

[3].

Modelling work related to C&capture technologies plays an important role wepect to the design,
control and optimization of the capture processiefd steady state models are already in use for
design and optimization purposes, but dynamic satiart models are scarce. Development of dynamic
models is important since there is a demand farmétion related to the dynamics of a plant, sieh a
the transient conditions during the start-up and-slown and the operation of the plant under vayyin
loads.
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A CO, capture plant with solvent absorption (absorbip@er process) consists of several units which
will interact and eventually influence the contesld optimization of the process. The operation of a
power plant always depends on the power demandaaithbility of other utilities which can lead to
variations in its load. The load variations in tigstream power plant cause varying exhaust des ra
which may cause operating challenges for the €4pture plant. A dynamic simulation model should
predict the influence of the components of the wagpplant on each other. Further, the model should
predict the influence from the up-stream power ptam the operation of the capture plant, when the
power plant is running under varying load condision

In recent years, the popularity of the non-equilibr rate based approach (NEQ) for column modelling

has surpassed that of the equilibrium stage appr@@®), where the liquid and vapour phases are

assumed to be in equilibrium. The EQ stage andieffcy based approaches are not very accurate
because columns rarely, if ever, operate at equfib in actual operation. Further, heat and mass

transfer are actually rate based processes thatrien by the gradients of temperature and chdmica

potentials. In the NEQ approach, the finite maasdfer rates across the liquid-vapour interface are
considered. The NEQ approach has been introducsttady state simulators like Aspen HHisand

is even more appropriate for dynamic models.

The dynamic models developed for representing im@listripping processes have to be accurate and
rigorous in order to give insight in the complearsient conditions, and simple to ensure the faigib
of the process simulatiorf§]. Simplicity will ensure higher execution speeadhich is an important
factor since simulation of transient conditionsmsich more complex than steady state simulations.
Therefore, it is important to make the model asps#mas possible yet good enough to be used in a
dynamic simulator. Use of simple thermodynamics loarconsidered as a wise strategy for developing
a dynamic model to ensure simplicity. Inclusion sanple equilibrium models such as the Kent-
Eisenberg moddb] instead of much more complex models like e-NRTLin a dynamic model is a
good example where the proposed simple equilibmumael will introduce simplicity to the model as
well.

Condenser

Validation of the predictions of the dynamic model
still remains a challenge due to the absence of v
appropriate experimental data. Comparing the CO,
predicted steady states from such a dynamic model to the
with the experimental data available in the ) 1/ compressor

literature is a possible first step in validatirge t
model.

Reflux
Stream

Rich

Little work exists on the development of dynamic Amine

models of the stripping tower of a post combustion
CO, capture plan{8]-[11]. The majority of the Stripping'
existing models have wused a complex Column
thermodynamic model which increases the

complexity of the models. Re-boiler

&
<

In the present work a dynamic model is developed .
for a stripping tower of a MEA (Mono-Ethanol- Lean Amine

Amine) based C@capture plant from the flue gas,

following the NEQ approach, and implemented

MATLAB. The structure of the stripping towe Figure 1. Diagram of a Stripping column
considered for modelling is given in Figure 1.
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Some steady state results and dynamic predictim$oand and recorded. The results are compared
with experimental data found in the literatuf®2]. The sensitivity of the model for different
physiochemical correlations is analyzed. Effecttlom predictions of the model from the inclusion of
minor reactions is also analyzed.

2. Dynamic model

A dynamic model for the stripping column of a £€pturing system is developed and implemented in
MATLAB. The stripping column is modelled as a comdttion of the main tower, the re-boiler and the
condenser. The main column is discretized alonch#ight and a set of time dependant equations are
developed. Each control volume consists of a sépaliguid and vapour phase. Physics and
thermodynamics of each phase and interfacial hehin@ass transfer are considered with assumptions
for developing the set of equations.

The important model assumptions are summarizediwbelo

Each phase in a control volume behaves as a cootnstirred tank (CST)
Ideal gas phase and ideal liquid phase

Interfacial mass transfer of only,@, CQ, and MEA are considered

Only the reactions in the liquid phase are of ingoce

Linear pressure drop along the column

The packing height of the column is considered

Constant volumetric flows of vapour and liquid aomsidered

Heat loss to the surroundings is neglected

ONoO~WNE

1.1.Main model equations

The main model equations consist of the molar (comept) and energy balances for the liquid and
vapour phases. The component balances for the rghdicquid phases are given by eqgs. 1 and 2,
respectively,

| | |
dc u dc +1 e (1)

= n

dt /1 dZ /1 i trans
d¢’ _  u’ dg 1 i
dt a-1) dz (@-A) "

()

where ¢, is the concentration of component is the timeu is the velocityA is the liquid hold up of
the columngdzis the height of a control volume antlis the volumetric molar flow or generation. The

superscriptsI” and ‘v’ and the subscriptstrans’ and “gert stand for the liquid and vapour phases,
and the interfacial transfer and the rate of gdrerarespectively.

Only the main reaction between €@nd MEA, which is given by reaction R1, is consgie for
computing the rate of generation of species.

CO, + 2MEA .0 - MEAH * + MEACOO" (R1)

Here MEAH is the protonated MEA and MEACO® the carbamate ion formed by the reaction.



The energy balances for the liquid and vapour ghasegiven by the egs. 3 and 4, respectively.

~m

dTI ul dTl h v n trans i 1 s m T
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HereT is the temperaturédy, is the overall heat transfer coefficient betwdsm tivo phased, is the
effective contact area between the phasesGand the specific heat capacity. Decoration “~" dkso
molar basis, whil€-4H,,) and(-4Hiyap) represent heat of absorption of £4hd heat of condensation
of specid.

The reflux flow, which enters the column in thesficontrol volume from the top of the stripping
tower, introduces the following changes (given bg.& and 6) into egs. 1 and 3.

U_'d_dzi(ci',l‘ci' J+£(c:,2 —ci'J -
Adz A Az A Az

udT U (T -T') U (T -T

A dz _7( Az j+7( Az ] ©

Here u! andu, are the velocities of the amine flow from the apsion tower and the reflux flow from
the reflux drum. Concentrations, andc/, represent the concentrations of the rich amineingathe

absorption tower and the reflux stream, respegtivBémperatureg, andT, are correspondent to the
rich amine flow and the reflux flow at the inletttee stripping tower.

The MEA solvent system is considered for analysing] the thermodynamic and physical parameters
are given accordingly. The interfacial mass transfeaction kinetics, and phase equilibrium
formulations used are the same as presented byaflaya et alf13].

The model is implemented in MATLAB and solver ODE1S used to solve the set of differential and
algebraic equations.

1.2.Condenser and re-boiler models

The condenser of the stripping column is modelleth & reflux drum to hold the liquid until it is
refluxed. A flash calculation is performed (the destream to the condenser is flashed at constant
pressure and temperature) in the condenser to thedliquid and vapour fractions leaving the
condenser and their compositions. The liquid fleaving the condenser enters the reflux drum, and
the gas flow leaves for the GOompressor.
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The reflux drum is assumed to have constant crestogal area. The temperature inside the drum and
the liquid phase density (which is dominated byeratre also assumed to be constants. An overall
mass balance and specie balances are performétkefbquid phase inside the tank in order to find t
rate of change of the liquid height and the ligqoithse composition (given by egs. 7 and 8).

dH,, 1 /. ;
T = ARDpI (mIRD,in _IOIVRID) (7)
| |
dClRD = 1 | r.]il RD,in - Ci.F\:D m:?D in (8)
dt ARDH RD o 10 ’
Here m, is the mass flow rate of liquid into the reflux druwhich is found from the molar flow into

the reflux drum:mj,, =Y (1., -Mi) whereM; is the molar mass of spedieLiquid height, specie
concentration, liquid density and cross sectionea af the reflux drum are given by, , ¢ .., 0 and
A, . Liquid height of the reflux drum is controlled b&ten an upper and a lower boundary by
manipulating the flow rate of the liquid from theflux drum ., ). When the liquid phase composition
and the mass flow rate from the reflux drum arevkmahe conditions of the reflux stream are known.

The re-boiler is modelled using a fixed vapourded fraction. Ideal temperature and pressure dontro
in the re-boiler is assumed. The re-boiler heay (Qt,) is calculated using:

» the energy required to heat up the feex] (¢, AT,,),
* energy required to vaporize the pre-defined fractibthe feedX (niV_RBAI-TVam) ), and
» heat of desorption of GaH , ), which leads to eq. 9,

QRB = ri-]RB,inélpA-I-RB + z (hiYRBAl:I‘Vap,i )+ AH ab (9)

whereATre= Tre - Trein The feed flow into the re-boiler, specific heat asipy of the liquid and the
molar rate of vapour leaving the re-boiler are givg i, ¢, and n'

RB,in 7 i.RB "

1.3.Physical properties and other parameters

Physical properties and other parameters are intextito the model either as correlations or cohstan
values found in the literature, or else using vik@lbwn calculation methods. Some of the important
physical properties and other parameters are giv&able 1 with their literature sources.

1.4.Numerical method

The model is implemented in MATLAB and the solvdDEL5s is used to solve the set of differential
and algebraic equations. Each tower model is digexkinto 50 control volumes using the method of
lines. The 50 control volumes are of uniform size.



Table 1. Physical properties and other parametad in the MATLAB stripper model.

Property Source Comments
Enhancement factor Hoff et &14]
Forward reaction rate coefficient Jamal e{Hh]

Heat of absorption of CO

Kohl et al.[16]

Heat of vaporization ()0 and MEA)

Gaspar et a[10]

Liguid density

Weiland et aJ26]

Liguid diffusivity of CO,

Versteeg et gl 8]

N,O analogy is used.

Liquid hold-up

Billet et al[19]

Liguid viscosity

Cheng et dl17]

Mass transfer coefficients Hanley et[20] Has developed for FlexipaclY
packing.

Overall heat transfer coefficient Cussler et g21] Chilton-Colburn analogy is used.

between phases

Phase and reaction equilibrium Kent ef@]. Simple and easy to apply.

Saturation pressure of water Hoff et[a¥ Clausius Clapeyron model is used

Thermal conductivity of M Incropera et gR2] | Value of N is used for the gas

mixture.

Vapour diffusivity

Poling et al23]

Fuller equation is used together with
Blanc’s law.

|

Vapour viscosity Perry et dR4] Mixture viscosity is found by
combining the individual component
values.

Wetted area of packing R.E.Dugfi?] Constant value, specific for

FlexipaclY packing.

1.5.Model predictions

The MEA solvent system is considered for the amslyand the thermodynamic and physical
parameters are given accordingly. Several pilontptases from the Separations Research Program at
the University of Texas at Austin are used for thkdation of the dynamic modgl2]. The stripping
column in the pilot plant is a packed column witexXpac 1Y type of structured packing. This column
consists of two 3.05m packing sections with a otdle plate and redistributors in between. Applied
flow rates and packing properties are taken from literature[12], [25]. The model prediction is
satisfactory, and details are given in Table 2 Bigdre 2.

Table 2. Inputs and predictions for the Texas ca5¢&8, 30 and 32.

%%?e Inlet P Re- Inlet rich rean CQloading Re-bailer duty [kW]
iquid | et | b | O, Pilot | Simulated| Pilot | Simulated
temp: [K] K] : loading plant plant
data data
25 342 104.1 390 0.386 | 0.277 0.280 469 433
28 345 82.1 393 0.412 0.282 0.284 366 387
30 349 54.9 394 0.453 0.280 0.276 255 259
32 359 40.7 400 0.428 0.272 0.268 152 164
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Figure 2. Temperature profiles inside the stripptofumn at the steady state. — is the liquid phase
temperature, -.-. is the vapour phase temperatuisehe experimental data.

3. Sengitivity analysis

Sensitivity of the model for different physiochealicorrelations and inclusion or exclusion of the
minor reactions is analyzed. Eleven different casessimulated and the predictions of the steaatg st
are compared with the steady state results of #se lzase. Pilot plant case 32 is selected for the
analysis. The combination of the physical propsréiad other parameters given in Table 1 are used fo
the base case simulation. Each case analyze et eff the re-boiler heat duty, lean £@ading and
prediction of the temperature profiles inside ttigping tower.

Details of the cases with the alterations madepthdicted re-boiler heat duties and lean, @adings
are given in Table 3.



Table 3. Details of the simulations performed fog sensitivity analysis.

Re-boiler hear | Lean CQ
Case number; Amendment duty [KW] loading
Pilot plant 32| 152.2 0.272
Base case ) 164 0.268
1 Density model from Cheng et §l.7] is used 164 0.268
2 Viscosity model from Poling et R3] is used 164 0.268
3 Viscosity model from Weiland et §P6] is used 164 0.268
4 Spe(_:le genera_tlon is presented with additional|set 166 0.959
of minor equations
5 Model for wetted specific area is taken from 178 0.343
Billet et al.[19]
6 Model for wetted specific area is taken from 169 0.293
Onda et al[27]
7 Model for wetted specific area is taken from 169 0.294
Hanley et al[20]
3 Correlation for local mass transfer coefficients jis 151 0.281
taken from Onda et gl27]
9 Correlation for Henry’s law is taken from Jiru et 159 0.313
al. [28]
10 Satu_ration pressure o8 is calculated from 145 0.316
Antoine equation
11 Saturation pressure of,8 is calculated from the 147 0.319
Clausius Clapeyron relation

Cases 1 — 3 analyse the effect on the predictidheo§tripper model by the correlations for compuiti
the liquid phase density presented by Cheng ¢t 8. liquid phase viscosity presented by Polinglet
[23] and liquid phase viscosity presented by Wella al.[26], respectively. Case 4 considers the
effect by including the minor reactions into thedab The term minor reactions refer to the set of
reaction presented by Liu et §9] for the system of COMEA-H,0. Cases 5 to 7 analyse the effect
from different correlations available for calcufagithe wetted specific area of the packing that are
presented by Billet et g119], Onda et al[27] and Hanley et a[20], respectively. Case 8 considers the
effect on the model predictions by the inclusiontlué correlation presented by Onda et[aF] to
predict the local mass transfer coefficients of $pecies. Changes of the model predictions when the
phase equilibrium of CQis calculated using Henry’'s law constant presettediru et al.[28] is
examined by case 9. Cases 10 and 11 show the effiettte model predictions by inclusion of the
different methods, such as the Antoine equationthedClausius Clapeyron relation, to calculate the
saturation vapour pressure of(H

The predictions of the temperature profiles indide stripping tower, re-boiler heat duties and lean
CO, loadings for the cases 1 to 4 are very similatht® predictions by the base case simulation,
showing that there is no significant effect frone thiterations made in the cases 1 to 4 on the model
predictions.



Comparison between the experimental data (fromt Bint case 32), temperature profiles from the
base case simulation and the temperature profibes the simulations of the cases 5to 7 and 8 to 11
are given in Figure 3 and Figure 4, respectively.
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Figure 3. Temperature profiles predicted by theusations of the base case and the cases 5 to 7, and
the experimental data.
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Figure 4. Temperature profiles predicted by theutaions of the base case and the cases 8 to d1, an
the experimental data.

In Figure 3, the temperature curves predicted leysiimulations of the base case, case 5, case 6 and
case 7 for the liquid and the vapour phases, amexperimental data points are presented. Predicted
curves from the cases 6 and 7 are very much the $aneach phase along the tower height. Liquid
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phase temperature profiles predicted by the casasd67 lie close to the liquid phase temperature
profile from the base case. Vapour phase tempergiafiles predicted by the cases 6 and 7 show an
increasing deviation which starts from the bottohthe tower, from the vapour phase temperature
profile of the base case, with a maximum deviat@dnabout 7 K at the top of the tower. The
temperature profile predicted for the liquid phagecase 5 has a considerable deviation from that of
the base case up to about 4 m along the colummthédige vapour phase temperature profiles from the
base case simulation and the case 5 simulation dravwecreasing deviation with a maximum of about
12 K at the top of the tower.

Wetted specific area predictions from the correfaiused in the cases 5 to 7 are lower than thheof
base case, resulting increased re-boiler dutiedemmdloadings. As a result of the reduced traresfea
followed by the reduced heat and mass transferiaien between the liquid and vapour phase
temperature profiles in each case has also inalease

In Figure 4, the temperature curves predicted lysimulations of the base case, case 8, case®, cas
10 and case 11 for the liquid and the vapour phases the experimental data points are presented.
Liquid and vapour temperature profiles predictecchge 8 lie very close to each other and consiat of
steep curve (almost constant temperatures) fromitaben to the top of the tower, while being very
much different from the results of the base casktha experimental data. Curves predicted by case 9
have shifted towards higher temperatures thanenbtise case, but lie closer to the curves from the
base case. The predictions of case 10 are veryasitoi those of case 11. The liquid phase profiles
from cases 10 and 11 have predicted lower tempesathan the base case simulation all the way to
the top of the tower from about 0.5 m and the mtedi temperature is higher than the base case up to
about 0.5 m from the bottom of the tower.

The correlation by Onda et g27] used in the case 8, has predicted higher galoethe local mass
transfer coefficients compared to the base case efiiect on the overall mass transfer coefficieoinf

the over-prediction of the local mass transfer toehts is dampening by the effect on the
enhancement factor from the same alteration. Teamtyer profiles inside the tower have been
predicted very similar to each other as a resulhefover-prediction of the gas side local massstiex
coefficient. The gas side local mass transfer oaefft has a direct effect on the overall heatdfan
coefficient according to the Chilton-Colbuamalogy[21]. The re-boiler heat duty has reduced as a
result of the increased temperature of the liqeaving the stripping columns. Lower temperature
values inside the tower compared to the base cagehave increased lean €®ading value due to
the reduced reversed reaction rate.

The correlation by Jiru et d28] have predicted higher solubility of G amines compared to the
base case, which in return have predicted higlaer @0 loading value. As a result of the reduced,CO
transfer the KO transfer may also have reduced causing highepdagature values inside the tower
compared to the base case. The increased tempeddtthre liquid entering the re-boiler has reduced
the re-boiler heat duty.

The correlations used in the cases 10 and 11 fedigding the saturation pressure of water have
predicted higher values compared to the correldipioff et al.[14], which is used in the base case.
Higher saturation pressure values have resultedhéneased vaporisation of water (or reduced
condensation), which can be considered as themdasoeduced temperature values inside the tower.
The reduced temperature values have resulted reased lean CQOoading. The re-boiler duty has
reduced as a result of the increased temperatuhediquid leaving the stripping tower.
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4. Dynamic analysis

The predictions of the transient conditions frora ttynamic model are analysed via a simulation with
varying re-boiler temperature.

The steady state results from the base case sionlate used as the initial conditions for this
simulation. Firstly, the re-boiler temperature danincreased gradually as an attempt to introduce a
varying heating load condition. Secondly, the rddsdemperature can be reduced gradually in order
to achieve the temperature set-point of the reeboilvhich represents the action of a temperature
controller to reassure the stability of the process

The simulation procedure is given below.
* The base case is simulated for 10 minutes
* The re-boiler temperature is increased from 400t6 &05.5 K in 5 minutes (until t = 15 min)
* Then, the re-boiler temperature is reduced from3l85to 400.5 K in 5 minutes
(until t = 20 min)
* The simulation keeps on for another 10 minutesti{ tm 30 min)

The temperatures are changed linearly for the sitian rather than introducing a step change, which
represents a more sudden change and more chaltiemggnation.

Figure 5-(a) and 5-(b) demonstrate the change @ftémperature profiles of the liquid and vapour
leaving the stripping column with respect to theei Figure 5-(c) and 5-(d) show the change of ¢he r
boiler heat duty and the GQoading in the liquid leaving the stripping colurdaring the transient
situation.
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Figure 5. Predictions from the dynamic simulati@). Temperature of the vapour leaving the strigpin
column to the condenser, (b). Temperature of tpgdi phase leaving the stripper to the re-boile), (
Re-boiler heat duty and (d). G@ading in the amine leaving the stripping column.
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The heat duty shows an increase as the re-boilgramture increases (Figure 5-(c)), obviously due t
the increased heat demand to raise the temperaiueevapour temperature appears to be increasing as
the re-boiler temperature increases (Figure 5-(a))ich is a direct effect from the increasing
temperature of the inlet vapour to the strippingum. The liquid phase temperature decreases as the
re-boiler temperature increases (Figure 5-(b))netvmugh one may expect an increase as the inlet
temperature of the vapour increases. A possibkoreor this observation is the increased vapaer ra
as a result of the increased temperature in thoiter, which may then limit the heat transfer frtime
vapour to the liquid. Increased vapour rate haseased the mass transfer between phases and mcreas
the rate of the reversed reactions in the liquidsgh(this can be seen from the figure 5-(d)), which
leads to a reduction in the liquid phase tempeeadsrwell.

During the attempt to bring the temperature of tdoiler back to the temperature set-point, the
curves show a reversed effect as expected.

5. Conclusions

A good dynamic model provides the possibility tadst the effect of various disturbances on the
operating conditions of a plant and to apply imgmoents. Further, a dynamic model is useful for
implementing a control system for the plant andbésform optimization. Development of dynamic
models is vital for the understanding and improvenod the CQ capture process.

A dynamic simulation model for the stripper of a C&pture plant has been developed in order to
predict the transient conditions during variousrapieg scenarios. The simplicity of the model has
been maintained by use of simple models such asegheEisenberg model.

The steady state results from the simulation ofstnpping column have shown acceptable accordance
with the pilot plant data from the Separations Rese Program at the University of Texas at Austin,
which is taken as a primary validation of the model

Simulations are performed to analyze sensitivityhef model predictions to different physical praper
correlations and inclusion of the minor reactiom®e model predictions are not effected by the
inclusion of the minor reactions, different densityrelation for the liquid phase or different \asay
model for the liquid phase. Significant effect abllle seen by the selected correlation for calagati
the wetted specific area of the packing, Henryws ¢@efficient or saturation vapour pressure of wate
A simulation is performed to analyse the model mtezhs under varying operating conditions. The
model predictions of the transient conditions seeasonable.

Further validation of the model will be performeg dbomparing it with the behaviour of a real plant.
This is not included in the current work due to timitation in available data. The model will be
expanded to cover the whole g€€apture plant, which can be used for developingrdrol system for
the capture process.
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