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Abstract

A flexible operation of the solvent-based post-combustion €Pture (PCC) process is of great importance to make the technabbgly

used in the power industry. However, in casawfde range of operatn, the presence of process nonlinearity may degrade the parfoennf

the pre-designed linear controller. This paper gives a comprehemslesisof the dynamic behavior and nonlinearity distribution of the PCC
process. Three cases are taken into account during the investiggtioapture rate change; 2) flue gas flowrate change; and jlee-b
temperature change. The investigations show that thed8fture process de have strong nonlineity; however, by selecting a suitable
control target and operating range, a single linear controller is pos$sibontrol the capture system within this range. Based on the analysis
results, a linear model predictive controller is designed for thecg@ure process. Simulations of the designed controller on an MEA based
PCC plant demonstrate tiedfectiveness of the proposed control approach

Keywords: Solvent-based post-combustion carbon cafgbyreamic behavior variations; Nonlinearity investigatiGap-metric; Model predictve control

1. Introduction

Solvent-based post-combustion £€apture (PCC) provides the most mature and feasible technology doeré®® from
fossil fuel fired power plant (FFPP) flue gas [1]. Many PCCtpilants have been built and put into use in recent years;
nevertheless, the huge heat consumption for lean-solvent regeneratiantdaroperation is still the main obstacle that limits
the PCC application. For this reason, extensive studies, such as equipthentvant selection [2]-[5], system configuration
changes [6]-[8], parameter settings [4], [5], and etc. have beegrtaken to improve the efficiency of the process through
steady-state optimizations.

Recently, the idea of flexible operation has been promoted and identifiddegdexchnique for the PCC to be widely applied
in the power industry. The so called flexible operation is mainly reflentéteifollowing two aspects:

1) as the energy consumption for the Q@pture is high, the PCC plants have to change the capture rateyflaxibivide
range, so that the tradeoff between power generation apded@ction can be made rapidly;

2) asthe FFPPs participate in the grid power regulation frequently [9], thgdisi¢o be treated by the PCC process will have
a large variation in mass flow rate, therefore, the PCC plants shaxilayfladapt to ts flue gas flow rate variation.

In order to achieve a flexible operation of the PCC prqocesgh attentionhas been paid on the dynamic behavior
investigations and control system developmelmd.awal et al. 10], dynamic modeling and simulations on a single absorber
modelwas performed and the results showed that the behavior of the absarlosely related to the ratio between lean solvent
flow rate and flue gas flow rate. Ziaii et all] developed a model for the amine regenerative system, and investigataghthro
simulations the influences of re-boiler heat duty and solvent #devan the lean solvent loading.

To provide a thorough understanding of the integrated PCC grogesamics, first principle models were established using
different simulation softwares, such as gPROMY,[[13], Aspen Dynamics14],[15], Modelica [L6], Matlab [17] and gCCS
[18], [19]. Bootstrap aggregated neural network mo@8] pnd nonlinear autoregressive exogenous (NLARX) maigldf the
PCC processes were also developed through the identifications fipurtrautput operating data. Based on these models,
numerous simulations were then performed and the transient influefnibes gas flow rate/composition, rich/lean solvent flow
rate, re-boiler heat duty, etc., on the &@pture rate and thermal energy consumption were fully analyhed results provide
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useful information for the control system design.

However, although nonlinear differential equations or nonlinear ideattdn approaches are used in all of these studies to
approximate the dynamics of the PCC procé€§-[21], there is no quantification of the nonlinearity level of BH@C process
over a wide range of operation. Important issues for controller designasuobw the nonlinearity is distributed and how the
process dynamics are changed along the considered operating range aresstilessed

On the basis of the dynamic studies, many control designs have beeredrapasprove the flexibility of the PCC system
operation. Since the PCC process is highly nonlinear, it is aah&taa to use the nonlinear controllers to achieve a satisfactory
control performance. In [22] and [23], nonlinear analytical model® developed for the integrated PCC process for the NMPC
design purpose, and the models were further simplified to make theutadiop faster. Althougla superior wide range load
variation can be achieved by the NMPC, the nonlinear optimization sodviagge number of differential equations lacks
computational robustness and is time consuming. Moreover, an accurkteaocontrol model is difficult to be developed. For
these reasons, linear control approaches attracted much attention ranekteasively studied for the PCC process in recent
years.

Lawal et al. 12], [13] and Lin et al. [14] both proposed a Pl based control structure fét@eprocesses. The lean solvent
flow rate and extracted steam flow rate were selected as the primary manipulatel@s/éoigontrol the COcapture rate and
re-boiler temperature, respectively. Simulation verifications demonstrated thatisiesign can attain a quick control of the
capture rate even in the presence of flue gas flow rate change armb@@ntration change. In Lin et al. [15], another control
structure was proposed, which used the lean solvent loading to dbet©D2 capture rate while keeping the lean solvent flow
rate constant. Such a design was shown to have better hydraulic stabitiey abdorber and stripper, but was not practical,
because lean solvent loading cannot be used as a manipulated variable.e¥ligghyj@4] investigated the interactions among
multi-variables within the PCC system through Relative Gain Array (R&Wlysis. The input-output variables which have the
strongest relationship were paired in one control loop. A 6-input G+b&bcontrol system was then developed to control the
key variables within the PCC process. In [25] to [27], energysamption is optimized through steady-state calculation, and
according to the results, the variables which are closely related to the econoonimaeck of the PCC process were selected as
controlled variables, and proper Pl control loops were then designed to coeseoltriables.

Besides the aforementioned linear PI control loops, linear MPCs havieegis@pplied in the PCC process to achieve a better
flexible control performance. In Bedelbayev, Greer and Lie [28], a IMERE was designed for the standalone absorber column.
The model was established through linearizing the nonlinear analytical mbd given operating point. Simulation results
show that the MPC can attain a smooth capture rate tracking and quickseespohe flue gas flow rate variation. 2], two
linear MPCs were devised in a double-layer optimal solvent regenecatitrol system to achieve a fast track of the optimal
re-boiler pressure, the level of solvent in tieeboiler and CQ@ molar flow rate set-points. I180]-[33] multivariable linear MPCs
were developed to control the key variables of the integrated PCC prOueisg to the outstanding advantages of MPC in
handling strong coupling, slow response and constraint issues, théi edisshowed that superior performance can be attained
by theselinear MPCs comparet the PI/PID based control configurations.

However, because the PCC process has a strong nonlinearitytizdowhole operating range, the system dynamics between
the operating point and the design point may have huge difference. ba#isisthe presence of nonlinearity will degrade the
performance of designed linear controller severely or even cause $bd-tdmp system unstable. Although the robustness of the
controllers is tested in some regards, without understanding the ewntinlevel and its distribution along the considered
operating range, the applicable range for the linear controllers is stitlewt Therefore, these linear controllers can only be
used in a small range around the design point and cannot meet the requaewide range load variation.

In Wu et al. [34], a multi-model predictive controller was designed for @@ §ystem. Three linear MPCs developed at 50%,
80% and 95% capture rates were combined together to overcome the noylissaétand achieve a wide range capture rate
change control. The flue gas flow rate was considered as an additional mehsturd@dnce in the local model identification, so
that a fast response can be made by the predictive control system in the poéskregas flow rate change. Although the
nonlinearity level of the PCC process along the,@@pture rate side and flue gas flow rate side was investigated, the
nonlinearity caused by the re-boiler temperature change was not studetition, how the PCC system dynamic changes
under the variation of main parameters and how to effectively avoitytteanic changes during the operation are not analyzed
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Given these reasons, this pagéres a thorough investigatiaf the dynamic behavior and nonlinearity distributions of the
PCC process. Step response tests are performed at different operatisgt@diustrate the dynamic variations of the PCC
process qualitatively. The method of gap-metric [38] which is a measurement for the distance between two local linear
models is then used to present the nonlinearity level of the PCGnsysintitatively. The variations of three main variables
along the desired operating range are taken into account: theapfre rate, the flue gas flow rate and the re-boiler temperature.
These three variables are the most important ones closely related to the flexilffeceemd eperation of the PCC systemwill
be shown that, according to the investigation results, the PCC grdaeshave very strong nonlinearity; however, by selecting
a suitable control target and operating rarggingle linear controller is possible to control the capture system withiratige

Based on the dynamic behavior and nonlinearity analysis result®aa timodel predictive controller (MPC) is designed to
achieve a flexible operation of the €@apture process. The linear MPC can track the desiredc&@ure rate quickly and
smoothly in a wide range while maintaining the re-boiler temperatureytigiglind the given point. Moreover, by considering
the power plant flue gas flow rate as a measured disturbance in the modepuheve]ahe proposed MPC can alleviate the
impact of flue gas flow rate variation effectively. Simulations on an rthiamolamineNIEA) based post combustion ¢@lart
developed on gCCS demonstrate the conclusions of this paper.

2. System Description
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Fig. 1. Schematic diagram of solvent-based PCC proessdaped on the gCCS platform [18].

The PCC process under consideration is matched with a 1IMWe coagbdivest plant, which can produce 0.13%kfue gas
(CO: concentration: 25.2t%) at full load condition. After going through some pre-treatment uhiésflue gas is fed into the
bottom of the packed-bed absorber column and contact with the chemicait smhwater currently. In this process, £
absorbed chemically by the solvent and the exited gas is released intmtisplare from the top side of absorber. Next, the
COs-enriched solvent is pumped into the stripper across a lean/rich lobaineer, where it is heated by steam extracted from
the medium/low-pressure turbine of power plant to release theAC€@ndenser is then used to recollect the fugitive steam and
MEA, the remaining high purity C£s compressed and transported to storage.

The30wt% MEA solvent is used as the €8brbent in this work. The specifications of the main equipments,asiabsorber,
stripper, re-boiler, condenser and cross heat exchanger are selectelihgdcothe model developed i3], which has been
validated through operating dataapilot capture plant. To provide a high-fidelity description of the PG&£g®s, the model of
these devices are developed from the first-principles and then conbhaststion the working process of £&pture using the
gCCS toolkit [18], [19. The process topology of the PCC model developed in gCCS is preserigdli.

Within the PCC system, two variables are of the highest importanc€Qheapture rate and the reboiler temperatiitee
CO; capture rate is defined as
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The capture rate indicates whether the capture system can fulfill the czaptume task according to the environmental
protection requirements. The re-boiler temperature is closely related to the lleam $mading, which determines the €0
absorption ability of the solvent, and an excessively high temperailircause a solvent degradation. For these reasons, these
two variables need to be tightly controlled [12]-[14], [38#. The lean solvent flowrate and turbine extracted steam flow rate
are usually chosen to control them.

For the flexible operation of the PCC plant, a wide range change @Qheapture rate and a satisfactory adaptation to the
power plant flue gas flow rate variation are two basic requirem&ftganwhile, during the dynamic regulation, significant
variation of the re-boiler temperature may also have occubrétying great influence on the system operation. Therefore, t
provide a guidance for the flexible operation of the PCC process, tbwif@ operating range is taken into account and
nonlinearity level and dynamic behavior variation within this rangenalyzed 1) the CQ capture rate is changed between
50%-95%; 2) the flue gas flow rate is changed between 0.07kg/s-0.15kg/8) dhe re-boiler temperature is changed between
383K-388K.

For all other variables within the system, such as sump tank levatiler/condenser pressure, and so on, the conventional Pl
controllers are designed to maintain them closely aroundghen set-points.

3. Nonlinear Dynamic Analysisfor the PCC process

To give a comprehensive analysis for the nonlinear dynamics sbthient-based post-combustion £€apture process, two
approaches are used in this section. Firsipen-loop step response tests are performed at different operating@simbsv the
variation of dynamic behavior and giv¢ a qualitative ane{lysis for the noritinestribution; secondly, the approach of gap

metric is used to measure the difference in dynamics between twatinggvoints and thus,| a quantitative descridtion for the

nonlinearity distribution of the PCC process can be obtained
3.1.Investigation for the dynamic behavior variation of the PCC process

Open-loop step response tests are carried out at different operating poirgsmderange of operaiti to show the variatio
in dynamic behavior of the PCC process qualitatively. During eachresponse test, the control loops of capture rate-lean
solvent flow rate and re-boiler temperature-steam flow rate are keptDipeother control loops within the gCCS simulator are
remained closed to make sure that the PCC plant is operating normally.

To put all the step response curves in the same benchmark foca@heparison, at different operating points, step signals in
magnitude of +5% of the respective steady-state values are added to the ledrflealvate, steam flow rate and flue gas flow
rate channels. To prevent the system from deviating too far away fromvéstigated point, the magnitude of the step change
cannot be too largy The relative changes of capture rate and re-boiler temperature based on theitdadigistate values are
then calculated and plotted. The experiments can be divided into tbhrgesgi) investigate the dynamics of PCC system under
different capture rategt given flue gas flow rate and re-boiler temperature operating po)ritsjestigate the dynamics of PCC
dynamics of PCC system under different re-boiler tempera#tigigen capture rate and flue gas flow rate operating points.

Some results are shown in Figs. 2-4.
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Fig. 4. Responses of the PCC process at different rerbaifgerature corresponding to lean solvent flow step input.

Fig. 2 shows the responses of the PCC process at diffe@ntapture rates corresponding to steam flow rate step input (For
all tests the flue gas flow ratés fixed at 0.13kg/s and the re-boiler temperature is s88@ks initially). The change of extracted
steam flow rate from turbine will change the re-boiler temperature first,tteemd change the lean solvent loading which
determines the C{absorption ability of the lean solvent. As a result, the €&pture rate will be changed eventpalWe can
find from the figure that, the influences of the steam flow catéhe re-boiler temperature and capture rate are very slow, which
brings difficulties for the flexible operation of the PCC system.

The step response tests also show the variation of dynamic behaviolP@®hsystem at different G@apture rates. Within
50% 90% capture rate, we find that the dynamic variation of the systeuites small, the time constants of the system are
similar and the steady-state gains only have slight increases as the cafguncreasedlevertheless, the system dynamics at
95% capture rate is much different from other capture rates. Thenrisatitat: as most of the G@n the flue gas has been
gradually captured, it becomes much more difficult for the solvent turlaltise remaining C& compared with the conditions of
other capture rate$he change of rich solvent loading is therefore limited, resulting in a imenease of re-boiler temperature.

The lean solvent flow rate step responses of the PCC process unelemtlifue gas flow rates are then shown in Fig. 3 (For
all tests, the C@capture rate and the re-boiler temperature are set as 80%, 386K initially). d8pwmessolvent is sent into the
absorber, the increase of lean solvent flow rate can quickly increa€®theapture rate. However, since the steam supplied to
the re-boiler does not change, the re-boiler temperature will then drapeaslt, less COwill be stripped off from the solvent
and the loading of the lean solvent to the absorber will rise. FinallyC@ecapture rate will drop after a while. Although
temporary, the quick influence of lean solvent flow rate makes iulusefimprove the flexible operation of PCC process.
Meanwhile, the non-minimum phase behavior of the lean solvent flowC@&eapture rate loop may also bring in challenges
for the conventional PI control design.

From Fig. 3, we can find that under different flue gas flow ratedytmamic behavior of the PCC process is also different.
This is mainly shown on the steady state gains of the step respamsich is slightly increased as the flue rate flow rate
increasesThe time constants of the system under different flue gas flow rategreimilar.

Then we show Fig. 4 to illustrate the variation of dynamic behavior of@i@ $ystem at different re-boiler temperatures (For
all tests, the C@capture rate is set as 80% initially and the flue gas flow rate is fixed at BL3kgr the responses of €0
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capture rate, the test results show thighin 383K-385K operating range, the dynamic variation of the Bgfem is limited in
terms of steady-state gain and time constant. However, when the temgeisds above 386K, the dynamics of the system
become quite different. For a step increase of the lean solvent flow mteggture rate no longer drops to a lower level, but
returns to the previous level ultimately at 386K operating point, thentdse$igter level at 387K and 388K operating points.
For the re-boiler temperature responses, the variation of steady-state gaimetadisely bigger.

At other operating points, the influence of these three variablesedRGQR system dynamics is similar to the above results,
and thus is not shown here. We can have the following conclusiotige system nonlinearity through fegests:

1) For an individual change of G@apture rate, the system nonlinearity is weak within 50-90% cayatigrebut around 95%
capture rate, the system nonlinearity is very strong;

2) The system nonlineariig weak foranindividual change of flue gas flow rate; and

3) For an individual change of re-boiler temperature, the systetmearity is weak within 383K-385K and 387K-388K
operating ranges, however, within 385K-387K operating range the sysialimearity is strong. (It should be noted that,
385K-387K is a suitable range for the efficient operation of the PCC systentsnrtw the steady-state calculation results, and
386K is the optimal re-boiler temperature.)

3.2.Nonlinearity analysis of the PCC process g&pmetric

The step response tests show the variations in the dynamic behavierRE€thsystem and giv+ a qualitative analysistéor

nonlinearity distribution. In order to investigate the level of nonlibeaf the system more concretely and systematically

quantitative approach, the gap-metric, is propdsednalyzé nonlinearity distribution of the PCC process over the opgratin

range.

The gap metric was first introduced to analyze the robust stabilitfosed-loop uncertain systems [35], [36] and was then
extended by Anderson et aB7] to determine an appropriate model set on which a set of controllers eggaet for a multiple
model adaptive control. The gap metric method has been successfully apptiattiimodel modeling/control of power plant
boiler-turbine unit [38], [39] and spacecraft attitude control [40hviding directions for operating region division and local
model selection, so that a least number of linear models can be usedaxirapte the nonlinear behavior of the plant. Most
recently, the gap metric was used to quantify the nonlinearity of §6€m along C@capture rate side and flue gas flow rate
side using [34]. As an extension to this work, in this pagernonlinearity distribution along the re-boiler temperature side is
also studied, since the re-boiler temperature is a key variable andisoayeachanged during the flexible operation of PCC
process. Moreover, the nonlinearity caused by the combined variatioesef variables is investigated.

The gap metric is essentially a measafréhe "distance" between two linear systems, which can be defined assfollow

Suppose Pand B are two linear systems, the gap metric betweesmE Ris calculated as:

(M1 M, ] M1 M ] l @

PRRTNE RS TR TNA B

where (N, Mi), (N, My) are the elements of the normalized right coprime factorization ofaRd B as:

6(P,P)= max{ inf

QeH,

,inf
QeH

o

P=NM ',P=NM.,

1 171 2 2 2 "

The gap metric value is bounded between 0 and 1, and a large value tepmesaqjor difference between the dynamics of
two linear models, thus reflects a strong nonlinearity between tilvesgystems.

To give a comprehensive understanding for the nonlinearity distribafidine PCC process over an operating range>(CO
capture rate: 50%-95%; flue gas flow rate: 0.07kg/s-0.15kg/s; re-heieperature: 383K-388K), local linear models at
specified operating points are developed first for gap metric calculation.

At each operating point, random identification signal withi2% variation of the steady-state value is applied on the lean
solvent flow rate and steam flow rate paths, generating the correspandmg signalsBecause the identification signal is
closely bounded around their steady-state values, the output variati@€, @apture rate and re-boiler temperature can be
limited within +5% and+0.5K, respectively, around the operating point. Thus the linear modal diven operating point can
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232 be identified from the input-output data. System identification tool boxMATLAB is then used for the local model
233 identification.

234 We first show Figs5-7 to illustrate the nonlinear distribution of the PCC system almaintlependent variation range@®,

235  capture rate, flue gas flow rate aredboiler temperature. Gap metric values between adjacent linear models are calculated to
236 indicate the nonlinearity level along the corresponding region.

237 To analyze the nonlinearity distribution of the PCC process unde€@hecapture rate variation. During the local model
238 identification experiment, we fix the flue gas flow rate at 0.13kg/skae@ the re-boiler temperature around 386K to avoid their
239 influences. Linear models around 50%, 60%, 70%, 80%, 90% and 95%eceqits are then identified. The gap metric values
240 calculated between the adjacent linear models are shown in Fig. 5. The sb®w that within 50%-90% CQapture rate

241 variation range, the system nonlinearity is weak, however, wieertdpture rate rises to 95%, the nonlinearity of the PCC
242 process becomes extremely strong.

243 The nonlinearity distribution of the PCC process under thedgaseflow rate variation is then investigated. During the local
244 model identification experiment, tH&O, capture rate ange-boiler temperature are kept around 80% 386K, respectively, to

245 avoid their influences. Linear models at 0.07kg/s, 0.10kg/sk@/4&nd 0.15kg/s flue gas flow rate are then identified. The gap
246 metric values calculated between the adjacent linear models are shown inTHig.r@sults show that along 0.07kg/s-0.15kg/s
247  flue gas flowrate variation, the system nonlinearity is weak.

248 For there-boiler temperature variation, we keep the @@pture rate around 80% and fix the flue gas flow rate at 0.13kg/s
249  during the local model identification experiment to avoid their influeridesar models at 383K, 384K, 385K, 386K, 387K, and
250 388K points are then identified. The gap metric values calculated betweadjdlcent linear models are shown in Fig. 7. The
251 results show that between 383K-385K, 387K-388K re-boiler temperatariation ranges, the system nonlinearity is weak;
252 however, between 385K-387K operating range, the nonlinearitye??@C process becomes very strong.

253 The nonlinearity analysis results anestrongageement with the step-response tests results as shown in Section 3.1.
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254
255 Fig. 5. Nonlinearity distribution of the PCC processler the C@capture rate variation.



256
257

258
259
260
261
262
263
264
265
266
267
268
269
270

021 b

0.15 '

Gap-Value

0.1r

0.05

0.07 vs 0.10 0.10 vs 0.13 0.13 s 0.15
Flue Gas Flow Rate (kg/s)

Fig. 6. Nonlinearity distribution of the PCC processler the flue gas flowrate variation.

0.5 T T T T T

Gap-Value

0
383w 384 384385 385w 386 386 \s 387 387 vs 388
Reboiler Temperature (K)

Fig. 7. Nonlinearity distribution of the PCC processler the re-boiler temperature variation.

During the operation of the PCC plant, the @@pture rate, re-boiler temperature and upstream power plant flue gas flowrate
may change together. Therefore, it is necessary to investigate the nonlioEthvé PCC system under the combined change of
these variables. However, doing this will result in 1446%4) local models to be identified, which will take a lot of time in
excitation signal design and data generation. Moreover, since there are threededepanables and one dependent variable,
the nonlinearity strength under the influences of the three varialiestdze displayed intuitively by figures. For this reason, the
following two cases are considered to analyze the nonlinearity leve 6f@C process:

1) The flue gas flowrate is fixed at 0.13kg/s, the,@@pture rate varies between 50%-95%, the re-boiler temperature varies
between 383K-388 K;

2) The re-boiler temperature is fixed at 3868Ke CQ capture rate varies between 50%-95%, the flue gas flow rate varies
between 0.07kg/s-0.15kg/s.
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In both two cases, the linear models identified at (80% captureOrafikg/s flue gas flow rate, 386i€-boiler temperatune
operating point is set as a benchmark. Gap metric values between other loetd ematl the benchmark model are then
calculated as shown in Figs. 8 and 9 to display the nonlinearity letls 6fCC process.

The results show that the PCC processsdmave very strong nonlinearity; when the operating point deviatesafay from
the benchmark point, the gap metric value keeps increasing. As shoklig.i8, within50%95% capture rate, 385-387K
re-boiler temperature range (efficient operating range of the plant), theeggie- value of the PCC system changes drastically
as the re-boiler temperature changeslicating that the system nonlinearity is strong within this rangeafoindependent
variation of re-boiler temperature. The change of; @@pture rate will further increase the nonlinearity to a higher level
however, when the capture rate is varied within 50%-90% range,ptctron the system nonlinearity is limited. On the other
hand, Fig. 9 shows that withB0% 90% capture rate, 0.07kg/s-0.15kg/s flue gas flow rate operating,rémg gap-metric value
of the PCC system changes quite smoothly. This means a comiraiion of CQ capture rate and flue gas flow rate will not
bring too much nonlinearity to the PCC system within this ealfe nonlinearity analysis results provide a useful information
that, if the re-boiler temperature can be tightly controlled around the gpenating point, a linear controller may be possible to
achieve a satisfactory performance for the flexible operation of PCC proces

4. Linear Control Design for the Flexible Operation of the PCC process

For the nonlinear PCC process, it is a redtittea to design a nonlinear controller to attain a whole operating rangel @dntro
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the PCC systemHowever, solving the nonlinear control algorithm is complex. Thepotational process is time-consuming
and the calculation results are poor in robustness. For this reason,ctim#aniler is still the first choice in process control
design. As depicted in Section 3, the PCC process do have veny stiolinearity; nevertheless, if the re-boiler temperature is
well controlled around a given set-point, the nonlinearity of the pragdissecome much weaker, thus a linear controller may
become possible to regulate the PCC process within 50%-90% CO2 captuignge.

To overcome the difficulties of the PCC process operation, such as itegial behavior and strong couplings among
multi-variables, a linear model predictive controller is developed for the flesigeation of the PCC plant. A linear state-space
model around 70% CCcapture rate, 386K re-boiler temperature operating point is identified gsefieton model, thus by
solving a simple quadratic programming (QP), the constrained contimh @an be quickly calculated. To further intensify the
adaptation ability of the PCC system to the variation of flue gas flowttseflue gas flowrate is considered as a measured
disturbance in the predioth model. Thus its influence on the PCC process can be quickliyaddld. The prediotin model used
in the MPC design is shovas

X, = Ax, + Bu,_+ Ed,

®3)

%f
[ Yy =Cx +Du + Fd,

where u, = [u, u,] is the input vector composed by the lean solvent flowratand turbine extracted steam flowratg u

1k

Y = [ Yae ka]T is the output vector composed by the @@pture rate and re-boiler temperatugasdhe flue gas flowrateyis
the state vector; 8, C, D, E, F are the model matrices identified from operation data, which are listedAppeadix.

Because the control objective is to track the,C&pture rate to the desired poimiaintain the re-boiler temperatureaagiven
set-point and meanwhile keep the control actions as smooth as possibldloWiadalynamic objective function is considered:

I=(1 -1 QY — )+ Ay RAY )
where y, = [y:ﬂ Voo T Vi, }T is the prediction of future output within the predictive horizgnwhich can be expressed

T T

r }T is the desired output

rk+2 k+Ny

T
rk +1

by the future input sequence by stacking up the predictive moai;elrf(&[

T T

set-points;Au is the increment of future control input sequence= [ULI u,, %NJT on the control horizon I

Q, =1, ®Q, R, = I, ®R,,® presents the Kronecker product, are the weighting matrices of output amd-agpectively,.

At each sampling time, minimizing the control objective function (4)esulip some input magnitude and rate constraints, the
optimal future control sequence aan be calculated. The first element jnud1, can then be implemented on the PCC system
[35]. The schematic diagram of the proposed MPC is shown inlBig.

Flue GasFlow Rate
(measured distur bance)

\ i

Set-Point £ \ L ean Solvent CO, capture Rate
I Linear MPC Flow Rate >
> Linear State
SpaceModel
o \ y Extracted Seam g
Flow Rate ’ Reboiler Temperature

Fig.10. Schematic diagram of the proposed MPC for the solvaséd post-combustion GCapture system.
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5.  Simulation Results

This sectiormpresents simulation results which will be able to demonstrate the effectivdribedinear MPC for the flexible
operation of the PCC process. The following parameters are se¢ iR@: sampling time¥F30s, predictive horizon N600s,
control horizon N=150s; the weighting matrices are set asd@ag(5 1); R=1000xdiag(3 2). Input magnitude and rate

constraints are considereq; -[0.2 0.00§ u, -[1 0.08 ;Au, =[-0.007 -0.00} . Au,, =[0.007 0.00} due to

max

the physical limitations of the valves and pumps.

The linear MPC are devised and run in the MATLAB environment, it is aamizated with the gCCS plant model through the
gOMATLAB interface at each sampling time. Another decentralized PI demtrehich uses the lean solvent flow rate to control
the CQ capture rate and uses the steam flow rate to control the re-boiler temperdesigied for comparison purpose. The
parameters are tuned at 70% capture rate, 386K re-boiler temperature operatingimpihieuMATLAB PID Tuner toolbox.

Case 1: the first simulation is used to show the effectiveness of the MR in the flexible regulation of GQrapture rate.
Suppose that the PCC system is operating at 70% capture rate point irtitsilgat t=600s and 8800s, the set-point of capture
rate changes to 90% and 50% at the ramping rat®.286/30s according to the instruction of scheduling. The re-boiler
temperature set point is fixed at 386K. The simulation results are showgsiiFand 12.

CO2 capture rate (%)
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@©
o
©
T
-
1

Reboiler Temperature (K)
w
3

1 1 1 1 1 1
100 200 300 400 500 600 700
Samples (Ts=30 Seconds)

o

Fig. 11. Performance of the PCC system for a 78%6-50% CQ capture rate change: output variablesii{ in red MPC; dashed in black: decentralized PI;

dot-dashed in blue: referer)ce
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For the slow dynamics of PCC system as shown in Figs. 24g#ults in Figs. 11 and 12 indicate that, the use of proposed
MPC can greatly improve the response speed of the entire closedykiemsand achieve an excellent control performance.
When the CQ capture rate set-point changes in a wide range, the controller canyquigklate the lean solvent flow rate,
making the capture rate follow the desired set-point tightly and smodthijpe same time, the extracted steam flow rate is
optimized accordingly with the lean solvent flow rate to provide a suitable eegem thermal energy. The re-boiler
temperature is thus controlled closely around the designed point, guararaaegfficient operatin of the PCC plant and
avoiding the influence of strong nonlinearity on the model predictim& @osystem.

For the decentralizeidl controller, it can also attain a satisfactory performance. It once agaiondtrates that: if the re-boiler
temperature can be maintained well, linear controller is capable to achieve a wieeoatrol within 50%-90% CfQcapture
rate range. However, since the decentralized PI control cannot handle theeR&@or of slow dynamics and coupling, its
control performance is worse than the MPC. The €&pture rate tracking speed is slower and the re-boiler temperature also has
larger fluctuations.

Case 2: The second simulation is designed to demonstrate the effestivétieslinear MPC in flexible adaptation to the flue
gas flow rate variation. We assume that the PCC plant is operating at 70% captupenaiagpoint, at t=600s and t=7500s
the flue gas flow rate changes from 0.13kg/s @p/s and td.15kg/s, respectively, as shown in the upper figure of Fig. 13.
The set-points for CQOcapture rate and re-boiler temperature are fixed at 70% and 386K derisigitiiation.



=}

N

N
T

o

N

N
T

I
=
T

o

o

©
T

9N0r

80

-

70

60

CO2 capture rate (%) Flue Gas Flow Rate (kg/s)

50

< .
o 387 -
2

2 3865 .
Q

§

@ 386 >

.

2

8 385.5 =
(] 1

Y

0 100 200 300 400 500
359 Samples (Ts=30 Seconds)

360 Fig. 13. Performance of the PCC system in the presengevedr plant flue gas variation: output variablesli§ in red MPC; dashed in black: decentralized PI;

361 dot-dashed in blue: reference

Lean Solven Flow Rate (kg/s)

0.08

0.06

0.04

0.02

Steam Flow Rate (kg/s)

O = -
1 1
0 100 200 300 400 500
Samples (Ts=30 Seconds)

362

363 Fig. 14. Performance of the PCC system in the presenpewsr plant flue gas variation: manipulated varislgielid in red MPC; dashed in black: decentralized
364 PI).

365 The simulation results in Figs. 13 and 14 demonstrate that the ptbpRC can effectively handle the impact of flue gas
366  flow rate variation. As defined in equation (1), when the flue gas faies changes drastically, a large deviation immediately
367 occurred for the C@capture rate control. However, since the flue gas flow rate is consideredrmotiel development, a good
368 prediction can be made in the presence of flue gas #dsvwariation. The MPC quickly adjusts the lean solvent flow rate and
369 extracted steam flow rate, force the £&pture rate back to the set-point while alleviating the re-boiler temperattieafian
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asmuch as possible. It is also inteegbto note that when the flue gdecreases from 0.13 kg/s to 0.07kg/s, the control effect is
worse than that the flue gas increases from 0.07 kg/s Skd@sl This is mainly due to the restriction of magnitude and rate
constraints during the reduction of extracted steam flow rate.

On the other hand, the performance of decentralecontroller is much worse. The main reason is that, the completely
decentralized design cannot take into account the coupling effects amongltineariables, adjust the lean solvent flow rate
and re-boiler steam flow rate coordinately. When the flue gas flow rateeshahg capture rate quickly shows a large control
offset. As a result, the lean solvent flow rate changes greatly, tryingniwol the capture rate quickly back to theoint.
However, the excessive variation of lean solvent flow rate causes lactigaflans in re-boiler temperature, which will then
make system dynamics change and thus further degrade the contranpade. It can be seen in Fig. 14 that both the lean
solvent flow rate and re-boiler steam flow rate exhibit certain degfegbrations, which is extremely unfavorable to the safe
operation of the PCC system.

The simulations fully illustrate the effectiveness of the MPC in the flexaperation of the solvent-based post- combustion
CO, capture process. They also show that, by maintaining the re-boileeregtome closely around the given set-point, a linear
controller is possible to achieve a 50%-90% capture rate change for thel®€@mu adapt flexibly to the flue gas flowrate
variation.

6. Conclusion

To provide guidance for the controller design and achieve a flexibletapenf the solvent-based post-combustion, CO
capture process, this paper gives a thorough investigation for thenitybehavior variation and nonlinearity distribution of the
PCC process. Three cases are taken into account during the investihatiom® capture rate variation, the power plant flue gas
flow rate variation and the re-boiler temperature variation. Step responsatteéfferent operating points are performed to
display the dynamic variation of the PCC system qualitatively. Thengdie values between local models at different operating
points are then calculated to show the nonlinearity distribution cfytsiem quantitatively.

The analysis results show that: 1) Within 50%-90% Cé&pture rate range, the nonlinearity level of the PCC process is weak,
however, when the capture rate rises to 95%, the nonlinearity becomes 2jrtire system nonlinearity caused by the variation
of flue gas flow rate is very limited; and 3) the system nonlineadty be extremely strong with the variation of re-boiler
temperature within 385K87K, which is the efficient operating range of the PCC system. The stamnearity within this
range does not mean that we must abandon the optimal operating terepefa886K. Instead, we must avoid the severe
fluctuation of the re-boiler temperature during the operation,adhb issue of nonlinearity can be overcome.

Therefore, according to teeresults, the requirement for re-boiler temperature control should bgteeaad in the controller
design. If the re-boiler temperature can be well maintained around a sgptqgoint, linear controllers are possible to well
regulate the C®capture rate within 50% and 90% operating range, avoiding the solsumegisf nonlinear controller. A linear
model predictive controller is thus designed to achieve a quick regulation f6Otheapture rate and good maintenance for the
re-boiler temperature. To improve the MPC's adaptation to the flue gas flowaratgon, the flue gas flow rate is considered as
a measured disturbance in the predittnodel developmentn this way, an accurate model prediction can be made even in the
presence of flow gas flow rate change and its influence can be quicklyved by the MPC. Simulation results on an MEA
based post combustion CO2 capture plant demonstrate the effectivenesknaiathcontrol approach.
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Appendix

System matrices of the predictive model (identified around 70% capture rakere386iler temperature point, sampling time:
Ts=309:



[1.0000 0.0026 0.0034- 0.0001 [ 0.0317 - 0.38J7¢
}o.oooo 0.9972 0.0048 0.046% I 0.8037 o.44§9
- B = ,
}o.oooo 0.0009 0.9878 0.0771h I 1.5411 - 1.83Pk¢
0.0000 -0.0076 0.0165 0.426] |- 11.2252 10.644(
[-0.0035 0.0618 - 0.048 -0.2000] [ 0.8885 0.163p
413 C = ,D = :
[71.7123 0.0200 0.0266 - 0.0047 [7 0.0634 o.sstz
[-0.0134]
i—0.8191I [-4.0243
E - F = :
|—1.2170I L 0.0827J
| 9.6344 |
414 The model is stable since no eigenvalog# matrix are located out of the unit circle. The D matrix is not nedlalnse the

415 sampling time of data collectias selected a3s=30s. Within the period of 30 seconds, the changes of MVsdieady caused
416  the variations of CVs (especially lean-solvent flow rate to €fpture rate), which can be shown in Figd. 2-
417
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