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Abstract

Nonlinear model predictive control applications have been deployed on two large pilot plants for
post combustion C&xapture.The control objective is formulated such a way thathe CQ capture
ratio is cortrolled at a desird value while the reboiler duty is formulated as an unreachable
maximum constraintWith a correct tuning tiis demonstrated thathie controllers automatically
compensate fodisturbancesn flue gas rates and compositions to obtain the desired geptatio
while thereboiler dutyis minimizedThe applications are able to minimize the transient periods
between two different capture rates with the use of minimum reboiler duty.

Keywords

Postcombustion CO2 captur@pnlinear model predictive controlpad changespilot plants;

1. Introduction
One of the main challenges for large scale €&pture deployment, in addition to large capital
investment, is the energy cost. For a coal fired power plastdstimated thatarbon captureat the
end of the pif will pernalize energy output bgpproximately20% (Florin and Fennell, 2010)hile
House et al(2009)claim thatthe penaltycannot be lower than 11%The energy penaltynayeven
be higher ithe operation of the capture plant is not at an optinogderatingpoint. In the present
work, optimality refers to minimum specific reboiler dutfor a given capture rat, there is a lean
loading that minimizes the specific reboiler dutinder-stripping of the solvent meaning the lean
loading is higher than the optimalill cost more energyer kg C@capturedbecausamore liquid
needsto be circulated andhus more coldliquid need to be leated by the reboilerHowever, the
energypenaltyof overstripping where the lean loading is lower than the optimaleven more
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severe Figure 1Zhowsthe loss of energy by oveand understripping. The optimal point of
operation will change with the amount and composition of thee gasin addition to the capture

ratio. As the power plant load is changing, the optimal operating point of the capture plant will
change. Manual operation dlfie capture plant will hardly keep the optimal lean loading at any time,
eventhough an experiencedorocessoperator may be able to come close to optimal operation.

For post combustion carbon capture plagrthe basiccontrol loopsmostly suggested in the
literature isone thatcontrolsthe capture rate by adjusting theolventfed to the absorberand
another thatcontrols a desorber temperature by adjusting the reboiler ditjejdell et al., 2017).
There are other basic control loomsich as level controlled tanks and sumps in addition to
pressureand temperature control loops thadlso need to bgresent inthe plant(Karimi et al.

2012). Tuned properly,tese control loops will worlell, but afterand duringoad changes or large
disturbancessome setpoints need tbe adjustedin order to achieve minimurapecific reboiler duty
(SRD)

Thereare several stdies that have proposellodel Predictive ControMPQ solutionsfor post
combustion C@capture processed.uuet al. (2015propose to use aMPC solution with a
linearization of a nonlinear model approximated by a first order dynamics and a deadAkesson
et al. (2012andProIR(2011)did a simulatio studyto test nonlinearMPC with one degree and two
degree of freedom He and coworker§017)have implemented both linear and nonlinear MPC
while Heet al. (2016)use a linearized model in their®RC solution.Mehleri et al. (2015) designed an
advanced MPC schene evaluate the controllability of a postombustion plant in the presence of
disturbances associated with the dynamic operation of the power plant.

In the present workan optimal controkolution based on nonlinear model predictive conifidMPC)
is developednd implemented on two large pilot plantsr CQ capture TheNMPC solutiorisa 2x2
controlscheme wherethe objectiveis to control the reboiler duty ta minimum while keeping he
capture rato at a giversetpoint The specifications for these twamntrolled variable$CVshare
obtained by manipulating the two manipulated variables (MYehoiler duty(or reboiler steam
pressure)andsolventflowrate. The solution ismplemented on two pilot plants; the Tiller pilot and
the TechnologyCenter MongstadTCM)test facility. The TTM plant has a capacity of 47000%m
flue gaswhile theSintefsTiller pilothas a capacity of Z6Sn#/h. It is demonstratedhat the NMPC
appliations are able to keep the capture iaat the desiredevelandat the same timeat an
optimal lean loadingThe main contributions here are 1) formulation and tuning of objective
function so that the capture ra is at the desired value with the usé minimum reboiler duty and
2) the deployment and demonstration ahe NMPCsolutionon two large pilot plantsin addition
the original dynamic modeleveloped byEnaasen Flg (2015) is reduced as described here in section
2.1.

2. The Nonlinear Model Predictive Control Application
Model predictive controlNIPQ refers to the class of algorithms that compute a sequence of future
control inputs in order to optimize the predicted behavior of the process to be controlled. As
disturbances eter the process, the optimization is repeated for each sampling time, and therefore



only the first part of the input sequence is implemented on the process. Most MPC applications are
based on linear stepesponse modelgeneratedby stepping theactualplant. On the other hand,
nonlinear model predictive control is based on a nonlinear process mioalehallydeveloped from
conservation laws and phenomenological relatiolisese modelalsoneed to be validated from

plant data but the plant does not need to be perturbed as muchvéh linearstepresponse

models. The model, represented by a vector of state varialB)ess(expressed as a system of

ordinary differential equations.

i—x=f(x,u); X(t,) o (1)

The vectow represents thananipulaied variables MVs) or the handles that wapply to optimize
the predicted behavior of the planthe predicted behavior is represented by tontrol variables
(CVsthat are in general nonlinedunctions of the statevariablesand the M\§, z = h(x, u).

Thevectory = g(x, u) is a vector otalculatedor estimated measuremesthat are compared with
the acual measurements from the planth& deviation is applied in an online estimation altion
to adjust the state variables and model parameterensure that the modedloes not deviate too

much from theactualplant. Figure 1 gives argphical picture of the functionality of the different
blocks
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Controlled
variables (CV)

Manipulated variables (MV)

States and parameters corrections

NMPC algorithm

Figurel: TheNMPC system, consisting of a nonlinear plant model, an online estimator and the NMPC algorithm.

The obijective of the optimizatigrembedded in the NMPC algorithm, iscalculate the future input
sequence thaminimizesthe future deviations of the contlled variablesand theirreference

trajectory. In addition, themanipulated andtontrol variablesnay be subject to constraint$his is
illustrated in Figure 2.
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Figure2: lllustration of the past (history) anddture (prediction horizon)oehaviorof an NMPC system. The futuieput
(MV) sequences calculated in order to optimize the behavior of the predicted CVs, which in this illustration is to follow
a future referencetrajectory. After a complete input (MV) squence is calculated, onlihe first valueisimplementedon

the plant. The entire optimization is repeatedt every controller sample

The NMPC isnplemented inthe tool Cybernetica CENIWhich includes the properties of the red
blocks in Figure Lykernetica CENIE awidely usedool for NMPC applicationgarticularlywithin

the polymer metallurgical industrieand batch processin@ingstad, 2017; Kolas and Wasbg, 2010;
Foss and Sel, 2007; Elgseeter et al., 2012; Schei, 3007

2.1 The dynamic process model
Thedynamicmodelof the capture plants developed byNTNUand SINTE&da complete
description of the model is given by Enaasen Flg (20H&) model islsodescribed in twgournal
articles(Enaasen Flg et al., 20naasen Flg et al., 2018he model was originally formulated as a
system of differentiahlgebraic equationg;ontainirg 1022 dynamic and algedic statesln order to
speed up the computational timé¢he number of states has been neckbd to 448. The bllowing

All algebraic states are removed by elimination of superfluous boundary conditions of the different
process units. The different units are now connected through intermediget variablesnstead of
algebraic states. In addition, algebraictstaariables are eliminated by describing the pressure
profiles of the absorber and desorber as an explicit linear interpolation between inlet and outlet
pressure. Furthermore, some chemical components are lumped or omitted as they have minor
influenceon the model predictions; e.g. oxygen and nitrogen are lumped to an inert component in
the absorber gas phase, while in the desorber gas phase these components are removed all
together. The number of collocation points to describe the axial gradientseatdtumns and the

heat exchanger are reduced. Some detailed thermodynamic relations are substituted by simpler
equations, and finallg first order dynamics was introduce in theass transfer between gas and
liquid in order to reduce to stiffness of thardinary differential equations.



The model reduction has not altered the prediction capacities of the model significdihity.

resulting modetontains dynamic states only. The modelddn beintegrated as an ordinary
differential system, anthe codeCMVODHrom SundialgHindmarsh et al., 20059 appliedto solve

the system Having a sampling time of 60 seconds, meaning that the numerical integrator should
give a new state vector every 60 seconds, possibly with new inputs, the model is able to simulate
faster than 1000@imes real timeThis is fast enough in order to fultile NMPC optimization within

a sample time of 60 seconds.

A simplifiedprocesdlow diagramof the TCM plant is shawin Figure3. Themodelof the plant
includes the followingprocessunits: Asorber, absorber sump, lean/rich cross heat exchanger,
desorter, reboiler/desorber sump and overhead condendére flue gas fardirect contact cooler
(DCCB¥ystem and absorber and desorber water washes arenuateled.
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Figure3: Simplifiedprocessflow diagramof the TCM plant.

Condensate

2.2 Model validation against Tiller and TCM data
Boththe TCM and Tiller plantae wellinstrumented. Temperature, pressuredensitiesand
compositionmeasurementsare used tovalidate and fit a few model parameteo$f-line. A
parameter called the wettinfactorin the correlationdescribing the gas liquid contact area is
adjusted offline to fit he measurements. An SQP typeptimization algorithm is usetb estimate
someof the most criticamodel paraméers by minimizing the squared sum of deviations between
the plant-modeland measurements.



Below, two examples of model validation plose presentedFigure4 shows a steadgtate
temperature profile in the Tillepilot absorber columnFigure5 shows the dynamic responsestbé
absorber outlet concentration a€Q after a step change in the reboiler steam pressure (didy)
the TCM plant

a1 Absorber temperature profile (at steady state)
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Figure4: Example ofsteady-state temperature profile in the Tillepilot absorber column.
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Figure5: Example ofa dyramic step response from the TChbsorber columnresulting fromsteps in the reboiler steam
pressure All other inputs are kept constant. The black curve is the measu@d2concentrationin the depleted flue gas
(absorber top) while the blue curve is théallistic model predictionof the same variable



Similar plotshave been constructed for step changes of a nunddénput variables in order to verify
the prediction properties of the dynamic model. The collection of these plots certainly indicates that
the model issuitable for use in@NMPCapplicaton.

2.3 Online m odel estimation
Based on the offine fitted model, some critical measurementsed for online estimatioare
selected That means, which elements of tlyevector should be considered the Egimator block in
Figure 1.The most important function of th&stimatoris to ensure that offsetree controlis
obtained which means zero deviation on the average between the selected controlled varigbles (
and their corresponding setpoints.

The main controlled variable is tl@&Q capture rate in the absorber, which is closely related to the
CQ concentration in the absorber to\s carbe seen from Figure 5, the model predictions of ik
variableseemadequate Howeverpne shouldalways expect drift between the model and thkant
measuremenbver time, due taun-modelled phenomenaunmeasured disturbances etc.

Different types of online estimators have beenwestigatedincluding the Extended Kalman Filter
(EKF) for combined statand parameter estimation, which is a btiiit component of the
CyberneticaCENIBystem. Initial tests performed with the EKF algorithm revealedpbasible
model deviations wer@ot entirely eliminatedby updating the physical model parameters.
Therefore, a simple updating scheniased orupdaing an artificial bias flow d€Q in the CQ
mass balancewvas chosen.

It is assumed that the average measurement of @©duct flowfrom the desorberis more reliable
than the average GC analysis o @Qhe absorber outlet. The measured and estimated CO
product flowis thereforecompared for close to steady state conditions, dinelbias flow is further
used toadjustthe absorber outlet C&flow. Thus the absorber C&rapturerate is corrected
acording to the measured desorber €froduct flow to get a online updatedralueof the
absorber captureate. It shouldbe emphasizé that the correction from sample to sample is very
slow, in order to prevent any dynamic influence on the absof®@rcona@ntration.

The concept is illustrated iAgure 6 for the TCM plantTheupper plot shows the desorber flow
variables The black curve is the measured product flonC6s. The blue curve represesthe

ballistic fon-updated calculated product flow fronthe mode| while the green curve shows the
online corrected valueBefore the change in operating conditioiitsis observed thathe corrected
model value has converged to the measured levebgite thisfact, there is a small deviation
between the two orresponding curves representing the absorber top concentrations in the right
part of the figure.The reason is thahe input and output measurements for th€éQ balanceare

not completely consistent-rom the left plofit is also observethat the modelbias &verage
difference between the black and blue curve) is slightly larger after thditton changesand that
GKS 2ytAYyS O2NNBOG2 NI i foRagdbtlte blackneadurdraentdiésS INB Sy
Finally,tisobservel i KI i (1 KS dndejt RABCEI6N2i2niténfluencing the corrected
model value, due to the slow correction.

w
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As the main controlled variable is i capture rate in the absorbeCENITRctually contraa

capture ratio being equivalent to theQ concentration asndicatedby the green curve in the right
part of the plot.
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Figure6: Online estimation of capture rate at TCM. The model mismatch is almost eliminated for the desorber product
flow (upper plot), while minor mismatch may still be seen for tlbsorber concentrations (lower plot). The black curves

represent measured variables, the blue curves represent the wwamrected model values, and the green curves
represent the corrected model values.



2.4 The NMPC control structure
TheNMPC objective maydaefined by minimizing thguadratic object functior§2) below The first
sum represents the penalty @Vsetpoint deviatiors, the second sum is penalty of MV moves and
the last sum is sof€Vconstraints.

M-1

adm uyb g9, @
=

j®

P
Mo, o 9 = A @y Zerses) QA B )

The objective function is minimizesdibject toa set of constraints.lle modelis solved at discrete
time steps by the numericahtegratorand thecontrol variables are calculated at the same discrete
time steps.

Xitj 1 =f(x, Ui j+Vk)

3a,b
Zk+j - h(Xk ﬂ'vuk ﬁ') ( a )

In addition to the penalty of MV moves, given$ythere are harcconstrainson the manipulated
variableshoth on the actual values and the change from one sample to the next.

Upmin ¢ uk+j qumaX’ j=0,.M -1

Du,, ¢ W, &D j=0.m -1 (4a,b)

Gonstraints onthe controlled variablegreimplemented as hard constrains with slack variabldse
slack variables will prevent the optimization to run into infeasible soluti@fith hard constraints
both on input and output, it igasy to specify constraints that are infeasibl€he contrd variables
may therefore violate their mimum and maxmum bounds, but there is a penalty for doing that
given by the weights.

Ziyin ~ Qﬁj ¢ IZﬂ' ¢ma; k+}+L°J j=1..P
0¢ LOJHJ. ¢, i=1.p

For the applications implemented at the two pilot plantse elements of theu-vectorare

(5a,b)

1. uior MVi: The reboikr duty (Tiller application) dhe reboiler steam pressurgetpoint(TCM
application)
2. uor MV Theliquid absorbent flowate. Specified on lean side (Tiller) or rich side (TCM)

The two elements of the-vector are

1. z or CM: The absorber capture rate; calculated by the model and updatdihe as
described in sectio.3
2. zor C\: The reboiler duty

As seen from the MAand CV lists abeyC\ is identical to MY (the reboiler duty) in the Tiller case.
The mapping function between the MV and the CV (se@jds thus trivial,

2=ho (X,U) =W



The operator specifies the setpoitmgjectory for CV, denoted byzesx+j1for all future samples
defined byj=1,..P, wherePis the prediction horizo. Typically, the setpoint is fixed during the entire
horizon. Internally in the NMPC, this vais@lsoregardedas a minimum valueit the same time,

an artificial, norobtainable maximum value for €\ specifiedwhich is typically set to zeraa2 =
0.0).

Thus, the controller haapparentlybeen given aminreachablecontrol problem;i.e. toobtain a

specific captureate g A (i K a1 S NP £ Tha\NB/P@ Hahd@s\thishbgizud parameterization

of the last term in the objective function, whestack variables  are added to tle objective

which allowsor zuj1< zZmin,1 and Z+j 2> Zmax2. By assigning linear penaltig®n the constraint
intersections, the optimizein factprioritizes between the two constrats: The congtint for CM
hassufficientlyhigher priority than the constraint fa€\4, and the optimal solution will fulfill
completelythe constraint (and setpoint) fahe absorbercapture rat at steadystate, while at the
same timea minimum violation of theluty constrain. In this way, the specified capture rate will
always be obtained by thgarticularcombination ofMV: and MV, with the lowest use of energy.

This is equivalertb obtaining the specified capture rate with minimum specific reboiler duty (SRD).

Willersrudet al. (2013)discuss solutions for handling unreachable tasgetorder to obtain

production optimization. The case study deals with maximization of oil flow through an offshore oil
and gas production plant, while at the same time respecting targetsritical plant variables like
flowline and separator pressures.

The disturbance vectormainly contains the flue gas flow rate and the flue gas composition, in
addition to variables likboundarypressure and temperatures.

The controller sampling timis set equal tdhe model sampling time of 60 secondBhe objective

function hasa prediction horizon of 300 minutes (P=300). #didated in igure 2, the future MV

moves are not changed every controller sample during optimization, in order to dedrease
computationalload of the NMPC. In the given configuration, the optimized MVs are fixed (blocked)
during four intervals (M=4) through the prediction horizon, starting at future time samples 1, 15, 45
and 90 minutes ahead. As the optimization is repdaggery sample, the simplification introduced

by the MV blocking is insignificant as long as the block lengths are selected according to the required
closed loop responses.

3. Results
Five different controller tests were planned at both the Tiller and the TCM plhettests at the
smaller Tiller pilot were scheduled ahead of the tests in the larger test facilities at TCM. Except for
someoperatioral differences between the two campaigns, the table below describesrthia
intentions of thecommon controller tests.



Tablel: Controller tests at the Tiller and TCM plants.

Variable to be

Controller . . Se-point | Objective function
test # Activity description Purpose changed range for NMPC
manually
Initial setpoint Observe manipulated
changeof CQ .
variables (solvent flow o. | Keep C@capture
capture rate . CQ capture 80-90% e
1 . rate and reboiler duty). . rate at specified set
without . rate set pont :
L Verify changes and point.
minimization of response time
reboiler duty P '
Determine minimum Keep C@capture
Determination of SRD for constant base rate at specific set
2 SRD at base case | case conditions (gas None None point while
conditions flow rate and minimizingreboiler
concentration). duty
Keep C@capture
Setpoint changes in Check that minimum CQcapture | 80-90% rate at specific set
3 SRD is achieved for eag . point while
CQ capture rate - rate set point L .
specific C@capture rate minimizingreboiler
duty
Check that specified GQ Keep C@capture
Changes in flue gas C"’Tp.t“re rate anq Flue gas flow | 60¢ 80% ratg at specmc set
4 minimum SRD is point while
flow rate : rate load L .
achieved for each flue minimizingreboiler
gas flow rate duty
Check that specified GQ Keep C@capture
Changes in flue gas ca}p.ture rate anpl Flue gas CO 35-13 ratg at specmc set
5 : minimum SRD is inlet point while
CQ concentration . . vol% L .
achieved for each GO | concentration minimizingreboiler

gas concentration

duty

Controller test 1 is different from tests2in the sense that reboiler duty or SRhot minimized in
this caseThe main intention of this initidest wasto verify that the NMPC was able to reach the
given setpoints of capte ratio. With reference to the configuration gection 2 this means that
zero penaltys put a the constraint intersectioffior z, or C\. Thusthere isonly one active CV,
which is the capture ratio, but still two manipulated variables. Obviously, this configuidies not
define auniquesteadystate solution for the controller, independent of tuning. In fact, the steady
state combination of the two mnipulaied variables will be a result of the tuning parameters of the
dynamic optimization problem iaquation (2.

In the below sections, some selected results from btler and TCM pilgilantsare presentedAll
figures are screenshots from t&ENINMPC software, showing the most important variables
related to the control objective. The vertical line in each subplot repressenetsent time, with the
historytrend onthe left hand side and the predicted future to the right. $egure Zor
comparisms. The screenshots are taken when the plant has settled to nearly sttaidy
conditions, and this gives rather constant predictions for all variables.




3.1 Closed loop control on the Tiller plant
Fgure 7 showssome setpoint changes froncontroller test lat the Tillerplant. As observedrom
Figure 7a and Figure 7both reboiler duty MV:) andthe liquid absorbent flowate (MV,) changeo
obtain new setpoints of the capture riat(C\{). The application is able to control the &€pture
ratio to setpoint as shown in the left figure on second roMinimum SRD or minimum reboiler duty

is not considered in this test.
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Figure7: Controller test 1, Tiller Changes in capture ratio setpoinCurvesto the left of the vertical line marking
time O arehistorical values while the predictions from CENIT are shown to the right.

FHgure 8 shawvs some results from controller testeh Tiller. The flue gas concentration @Q is in
this casechangel rapidlyfrom 4.5% to 7.0%approximately within two minuteAs observedrom
Figure 8a and Figure 8both reboiler duty (MY) and te liquid absorbent flowrate (MV-) changes
significantly in order to keep the capture ratio on the dedisetpoint, whichs set to 84%(left
figure on second row)n this case, a more aggressive controller tuning could kea/&o less
transient setpoint deviations for the capture ratio.

Both CMf and CVYare active in this test (see tabl®, so the final values of M\&nd M\; is meant to
be the combination of manipated variable that gives the lowegalue ofSRD.
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Figure8: Controller test 5, Tiller Changes in flue gas composition from 4.5% to 7.0Ctirvesto the left of the vertical
line marking time 0 are historical valuesvhile the predictions from CENIT ashown to the right.

3.2 Closed loop control on the TCM plant
Fgure 9 shows some setpoint changes from controller test 1 at the TCM plangxplained in
section2.4, MV4 is now the setpoint of the reboiler steam pressuwehich indirectly controls the
reboiler duty Asfor the controller test 1 in the Tiller case, only:@/considered in the NMPC
criterion.
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Figure9: Controller test 1, TCM setpoint changes in capture raticCurvesto the left of the vertical line marking time O

are historical valueswhile the predictions from CENIT are shown to the right. The reboiler steam pressure input is given
in barg (upper left graph). The mass flow of lean amine is given in kg/hours (upper right gréphletpoint changes
(dashed line) and the resulting sponse (solid line) in capture rate is given in % (lower left gragnd the SRD is given

in MJ/kg CO2 captured (lower right graph).

The operators at TCM were told to make similar changes in capture ratio as the NMAGQualall0
showsthe very first istance of manual control, in order to change the capture ratio from about 80%
to 90%. This manual control is less precise than the automatic control shdviguire9. Howeverjt
shouldbe emphasizethat the operators learnt from test to &, and they were able to improvehe
manual operatiorin some of the subsequent testSotice also that the second M¥\.) was never
manipulated, and this was due to the consideration that multivariable manual control was too
challenging.
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Figurel0: Example ofimanualcontrol at TCM to changgcapture ratio. Note that onlyMV;was manipulated Curvesto
the left of the verticalline marking time O are historical valuesvhile the predictions from CENIT are shown to the right.

Fgure 11 showsthe start of controler test 2.Beforethe manipulated variablestartto changea
base case conditiofor the TCM plantwvith capture ratioof 85%was appliedIn thatparticularbase
case still a part of controller test,lonly CVis active in the NMPC optimizatiofhe time where CY
is activated approximately at time7.3 h when MY starts reducingdefines the start of controller
test 2.Largereductionsin liquid absorbent flowate are observedwhenthe NMPC searchder
minimum SRD.
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Figurell: Controller test 2, TCM changes in the direction of minimum SROurveso the left of the verticalline
marking time 0 are historical valuesvhile the predictions from CENIT are shown to the right.




The exact minimunis not localizeddue tosomemodelmismatchwhich is not completely
accounted for through the model updating algorithm describeddntion2.3. Because of theery
steep lefthand side of thedU-curve = | & Egkird1@, vi resuliing solvenfiow just slightly
below the real optimum may increase the SRD significalmtfiact, for this specific TCM test, the
optimal decrease in solvent flow should be from the nominal valwsppfoximately68000 kg/h to
approximately 48000 kg/h, giving an SRD of about 3.65 MJkgThe controller reduced thibow
to approximately 44000 k&, which gavea final SRD close to 4.0 MJR®.

During further plant tests at TCM, an improvement of the minimum &Rirol will be tested by
using additional measurements in the online estimator algori(filgure 1 and sectio?.3). Utilizing
the measured lean and ridbQ loadng (densities), we can directyjustthe effect ofchangesn
the solvent circulatiorrate to the CQ capture ratio.
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gasCQ concentration of 4.28%.

FHgure 13 shows results of controller test Zhe flue gas rate is changed in two steps; from 47000
Sn¥/h to 41000 Sr#h and later from 41000 S#h to 35000 Srih. Due to operational
considerations, a setpoint change in capturéaafrom 85% to 90%, was implemented
simultaneously with the second flue gas flow disturbam® carbe seen from Figure 13a and Figure
13b, both MVs are reduced, btV reaches its minimum operator specified value after the second
change



Figurel3: Controller test 4, TCM changes irflue gas rate Curvesto the left of the vertical line marking time 0 are
historical values while the predictions from CENIT are shown to the right.

4. Discussion
The NMPC applicationiis generalable toprovide a tightcontrol of the CQ capture rateat specified
setpoint both at Tiller and TCMt is also able to adapt the process to-petint changes in CO
capture as was the goal for controller test 3 (Jable 1) in an efficient manner, and the stabilization
time is typically less than 1 hour at both Tiller and TEMcontrollertests4 and 5Swith changesn
flue gas flow inputflow rate andCQ concentration respectivelysomedeviation in C@capture
setpointistypicallyobserved in the transient phagest after the change is implemente@specially
for large and/or rapid change$his is observed in Figure 8 and Figure b8veier, the specified
CQ capture rate isalways obtainedowards the end of the transient perioghen the process is
about tostabilze at new steady stateonditions The stabilization time is this case up to hour.
Tuning is possible tobtain moreaggressiveontrollers,reduceset-point off-set in transient periods
and decrease stabilization timhowever aconservative approdtwas used here in the initial stage.
High requirements to closed loop controller response time is highly dependent on the model quality
in order to avoid possible overshoots and even controller instability.

The mainchallenge in the optimization problem is localizing minimum reboiler duty. Hittieg-
curveminimumwith optimal solvent flow rate is cruciédr localizing minimum SRD. Uneer
estimated solvent flow rate is especially critical with the consequence@tstripping the solvent.
This has a large effect on SRD for even very smaletdfin solvent flowrefer to Figure 12left side
of SRD minimun It is evident from the tests conducted at TCM that the application typically
resulted in solvenbver-stripping which led tsuboptimalSRD.Future work will involve
software/model improvement to bettefit optimal solvent flow rate to experimental results,
especially focused on this range of thewrve A simple solution where a correction factor to the
solvent flow rate wagpreliminarytestedat TCM. The resulghowed that the SRD could be
successfullyeduced fromabout4 MJ/kg CO20 about 365 MJ/kg Cewhich isclose tothe



