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Abstract

The growing demand for CQrapture from coal-fired power plant (CFPP) has increased thetmémgrove the dynamic operability of the
integrated power generatid®©;, capture plant. Nevertheless, high-level operation of the entire systerficigltdidb achieve due to the strong
interactions between the CFPP and post combu§&ioncapture (PCC) unit. In addition, the control tasks of povesregation and CO
removal are in conflict, since the operation of both praxsssjuires consuming large amount of steam. For these reasons, thidegasageps

a model for the integrated CFPP-PCC process and analyzes #rmidyalationships for the key variables within the integrated system. Based
on the investigation, a centralized model predictive controller is deseldo unify the power generation and PCC processes together
involving the key variables of the two systems and the interactione@etthiemThree operating modes are then studied for the predictive
control system with different focuses on the overall system opergtawer generation demand tracking and satisfying the €pture
requirement. The predictive controller can achieve a flexible operatithe dntegrated CFPP- PCC system and fully exert its functions in
power generation and G@eduction.

Keywords: Coal-fired power planBolvent-based post-combustion carbon capture; Maddigive control; Dynamic behavior analydiexible operation.

1. Introduction

The global warming and climate change are becoming huge threatsdgiolthé econornc and social development [1TO,
emission reduction has thus gained increasing attention and beenvbetged as a feasible solution to these isshiesording
to the 2017 Electricity Information Statistics published by International Ensgency [2], in 2015the world gross electricity
production was 24,345TWh and 39.3% of which was generated frahfimd power plants (CFPPs). Several billion tons of
CO; are released into the atmosphere form these CFPPs every dayishaaon, while vigorously developing renewable
energy techniques to advance the adjustment of power infrastraatliienproving the operating efficiency of CFPPs to reduce
their carbon emission intensity, @@apture of CFPPs has been established as a key alternative in redeaiagoon emission
and achieving the°Z global warming control objective in the future 30 years [3]

Post-combustion Ccapture (PCC) using chemical solvent such as monoethanolamine @dk#ipn is currently the most
mature and promising carbon capture technology for CFPPs. Fralhpiliot-scale plant with a daily capture capacity of several
tons [4] to large industrial and commercial-scale plant with daily cagipacity up to several thousand tons g PCC
technology has gained much attention and applications in the power industry.

An important factor that restricts the widespread use of PCC technology isgbehbat consumption that is required for
solvent regeneration. To this end, developing a simulation model arndngaout simulation studies to find more efficient
chemical solvents, process design and operating parameters are thef fagusnt research.

Cifre et al. [ presented static models for 600MWe and 1000MWe CFPPs integrated witbaPptdre and compression
devices. The energy impact of PCC process on the power generatithewéasvestigated. The absorber/stripper heights, solvent
circulation rate, absorber/stripper temperature/pressure and other design/openaingtgrs were optimized to attain better
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operating efficiency

To understand the overall performance of the CFPP-PCC integrated ,spstemwilas and Veawab [7] developed a static
500MWe CFPP-PCC plant model and analyzed the influen@Ogpfcapture rate, coal quality, flue-gas delivery mode, solvent
selection and re-boiler pressure on the power generation andc&i@ure processes. In a way similar to the work in [7]
Sanpasertparnich et al.][Bonducted simulationsn an 800MWe supercritical CFPP-PCC system model. They investigated the
performance of the entire plant under different coal grader@hdiler steam parameters. The work highlighted on the energy
consumptions of the PCC plaat different loading conditions: at lower loading condiipthe energy consumptions are
relatively higher.

In addition to parameter optimization and process modification, advamegplation options between power plant and,CO
capture plant were proposed in Oh, Yun and Kim [9], Pan el@l.ahd Wang et al.11] to improve the net efficiency of the
integrated plant_ucquiaud, Chalmers, and Gibbirk2] analyzed three retrofit options for steam extracGdRCC unit through
simulations. The options of Throttled LP Turbine and Floating IP/k&s$dver Pressure were shown to have lower energy
consumption. Moreover, flexible adjustment of the extracted steanrdlewas easily attained by these two options. Fernandez
et al. [13 also found that the power generation penalty from carbon cafgese when the CFPP is operating at partial load
condition Flexible adjustment of the key parametersCFPP-PCC system using advanced operation mode was suggested
reduce the cost.

However, these studies were all steady-state analyses undertaken at fixed doaditigns, which completely ignored the
dynamics and transient performance of the plant when the operating aoctitioges. Nevertheless, the CFPP-PCC system has
to change frequently the power output a@@. capture rate to meet the varying power generation and carbon temova
requiremerd. To understand the dynamic characteristics of the PCC processpidysimulations were carried out recently on
the first principle models [14]15] and data-driven identified models [1617], where they investigated the dynamic responses
of PCC process corresponding to solvent circulation rate, re-boiledtiyaflue-gas flow rate and composition changes. Faber
et al.[18] and Bui et al[19] conducted experimental studies on pilot PCC plants through opersteppesponse tests. Their
results revealed the dynamic relationships among the key variables ofGhgré@ss and showed that significant transient time
is required for the whole process to erge@ew stedy state.

To provide guidance for control design over a wide operating rangest\&lu PO analyzed the dynamics of PCC process
under various working conditions. Their research indicated that ungleerhtapture rate and flue-gas flow rate conditions, the
response speed of the PCC process is faster. More@agrthe optimal re-boiler temperature point, the dynamic variation of the
PCC process is significant. Based on the in-depth understanding sfstem dynamics, a series of control strategieg wer
proposed for the PCC process. Four key variables were involvedsinofiiese studies, which &E€0, capture rate, re-boiler
temperature, lean solvent flow rate and re-boiler heat duty, because they are highly coupled anbereffmration
performance of the whole PCC process [20]H[27

The conventional PI/PID based single-loop feedback control designs are sheamonon approacheg]]-[24]. To attaina
quick regulation for the Cfcapture ratea typical control loop design is employed, whitdes the lean solvent flow rate to
control the capture rate and selects the re-boiler heat duty to maintairbthieereaemperature. Lin et alk] proposed to fix the
lean solvent flow rate, and instead, control the; C&pture rate through adjusting the steam flow rate to re-boilelatggetthe
lean solvent loading. The advantage of this design is li@dter hydraulic stability of the absorber and stripper codusn
achieved.

To implement more flexible operating condition changes for the PCC prdbessiodel predictive control (MPC) approach
has been greatly promoted recent®g][ [25]-[28]. By using an explicit process model to predict the future systetputs
corresponding to different inputs, the control sequence that yields the dewistdoutput can be obtained by the MPC
optimization Since the MPC can effectively handle the unique characteristics of skppnses, strong couplings and strict
constraints of the PCC process, faster capture rate tracking and smedi@iter temperature fluctuation performance was
achieved in these studies.

Lawal et al. [29] and Posch and Haid860][proposed to maintain the liquid/gas (L/G) ratio of PCC procebetier respond
to the flue-gas flow rate change by directly adjusting the lean soll@mtrate. Accurate lean solvent loading or re-boiler
temperature control is the prerequisite for the effective use of this appitnd20], [25], [26], the dynamic influence of flue-gas



flow rate wagaken into account in the prediction model development, thus propesd@mt and re-boiler steam flow rates can
be calculated by the MPC in the presence of flue-gas flow rate change.

Although the influence of flue-gas changes was considerednie smntrol designs or performance tests, the conversion
process from raw coal to flue gas at the CFPP side was not ceasidathese studies. Moreover, the dynamic impact of the
steam flowto re-boiler on the power generation of the CFPP was not taken into accoengfdrl, these dynamic studies were
only limited to the independent PCC systems, and the control aftégrated CFPP-PCC system was hardly studied.

For the overall PCC-CFPP system, its control objectives and operating charactmésticse complicated than the individual
systems:

1) Both power generation and carbon capture require the stesratgsl by boilers, which are two desirable but competing
tasks. The operation of the integrated CFPP-PCC system must be abteliatdithe steam appropriately and timely to meet
the changing power generation and carbon capture needs;

2) There are strong interactions between the CFPP and PCC syBhen@3F-PP has to change its power generation rapidly to
meet the varying load requirements of power grid. During the loaidticer, the flue-gas flow rate change will bring in
significant influence on the PCC system operation. On the othmgt, ltlae variation ofe-boiler steam in the PCC, which is
drawn-off from the turbine, will change the power generation afhgkeimce the operation of CFPP system; and

3) The integration of CFPP and PCC systems increases the compfettity averall plant, and control challenges such as
coupling, inertia and time delay become more significant.

In Manaf, Qadir and Abbas3]], a hierarchical control structure was proposed for optimal operatidre dEFPP-PCC plant
At the upper level, economic optimization was performed to maximize teaue\of the integrated plant, in which the changing
electricity price and carbon price were considered and the optimat&ure rate value was calculated. In the lower level, an
MPC was developed for the PCC plant to track the desired capturéMiatedowell and Shah32] evaluated the economic
performance of CFPP-PCC plant in case of load demand and electricéychanges. Four distinct operation scenarios were
considered, whickvere load following, solvent storage, exhaust gas by-pass and timeg/aplvent regeneration. It was found
that the time-varying solvent regeneration scenario have the best improvempesfit. However, these twvstudies still focued
on the operation of the individual carbon capture system. Thendga of the CFPP and the integrated operation of the overall
CFPP-PCC system were not considered.

In Lawaletal. [33], a 500MWe CFPP-PCC dynamic model was developed uBROMS, and steady-state optimization was
performed for equipment design and solvent selection. In addititvistosimplified decentralized controllers were designed for
the CFPP and PCC systems, and two dynamic simulations for redattarget power output and increase of target €apture
rate were carried out. The results revealed the different responsestebtptants and showed that poor control scheme can
have negative effect on the operation of the integrated system.

Olaleye et al. [3}itested the steam reduction/stop strategy in improving the power outpstnagiit speed on a 600MWe
supercritical CFPP-PCC model. The steanredoiler drawn-off from the turbine was decreased or stopped tamiyoto
quickly generate more power to meet the urgent power demand of wee gdd. The simulation results shedithat about
4.67% the maximum power of the CFPP can be quickly producecttsgrtpper stop mechanism, which has potential benefit for
the wide-range load varying operation of the power plant.

However, the coal pulverizing system, which reflects the key dynamitseahodern CFPP, was not included in the model
development of these studies. The models therefore could not &dbribe the dynamic process from raw coal to flue gas.
Moreover, simplified decentralized Pl controllers were used for the compieR-®CC plant, which could not comprehensively
handle the interactions between the two systems and were difficult to meetjtirements of the integrated operation.

Given these reasons, this paper develops a CFPP-PCC model to atgabtigdynamic relationships among the key variables
within the integrated CFPP-PCC system. A centralized MPC is thegneéésto link the two systems together, estimate and
utilize the interactions between them, and achieve a coordinated control iotepmted CFPP-PCC plant. Three operating
modes are studied for the MPC, focusing on different targets: ovegstghs operatiorrapid power generation demand tracking
and strictly satisfying the GQrapture requirement. The MPC can greatly benefit the flexible operdtibe overall CFPP-PCC
system and maximize its functions in power generation andr€idction.

The following of ths paper is organized as follows: Section 2 introduces the integrated CFPP-gtfeCamd analyzes the



dynamic performance of the overall systeBection 3 presents the centralized MPC design for the integrated CFPP-PCC plant
under three operation modes and the simulation results are shown in 8eEtiwily, the conclusions are drawn in Section 5.

2. System Description

2.1 Brief introduction of the PCC model

In [21], a dynamic PCC process was developed based on the design aritherfal data of a pilot-scale plant preserited
[35]. The model used 30wt% monoethanolamine (MEA) as the absorptimmsand is designed to treat the CFPP flue gas with
0.13kg/s flow rate, 25.2wt%& O, concentration under nominal condition. To provide high-fidelity descripgfothe carbon
capture process, the model is configuiredCCS environment as shown in Fig. 1 and used as the PCC modelpagéis
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Fig.1. Schematic diagram of solvent-based PCC procesogedebn the gCCS platform.

2.2 CFPP model development

To study the dynamics of the integrated CFPP-PCC system, a smalGCsé#emodel matched with the PCC model has to be
developed. The CFPB a complex multi-variable system, where the most concerned variables iesiga famework are the
power output and main steam pressure. Generating power is tharyptask for the operation of CFPP; and the main-steam
pressure indicates the balance between the steam supply of boiler andasteamption of turbineRegarding to this, these two
variables as well as the corresponding manipulated variables, the coal flow rate comchamthiae governor valve, represent
the so called boiler-turbine system and is viewed as the top layex &RRAP control systef6]. For the integration of CFPP
and PCC, the coal flow rate command will affect the amount of pulvecizaldentering into the boiler and finally determine the
flue-gas flow rate on one hanand on the other hand, the steammadoiler of PCC is drawn-off from the crossover of IP/LP
turbine, which will influence the power generation of the CFPP. Thexefiescription of the dynamics of boiler-turbine unit is
the key to the CFPP system modeling. For subsystems with wedkigsyguch as the superheater/reheater steam temperature,
drum water levelfurnace pressure, feedwater temperature etc., we assume that they arainwlined at fixed value by
independent local controllers.

In the paper by Lawal et a3], a CFPP model was developed without considering the coal pulverizitegnsyta most of the
modern CFPR%oilers are equipped with direct-firing pulverizing system, in whighdoal flow rate command is received as
the control signal, and the crushed coal lumps of several cm in disanetground to very fine powder (58100 um in diameter)
and sent into the furnac&his process is much slower compatedhe dynamics of combustion, mass flow and heat transfer in
the boiler. Therefore, the coal pulverizing system reflects the main dymamtbe fuel-air-flue gas passage and have to be
considered in the CFPP modelify], [38].

A. Coal pulverizing system dynamics



Consider the coal flow rate commang gs the input of the coal pulverizing system, the flow rate of raw coal enteeimgill
Orc can be expressed by the pure delay of the coal feeder:

qrc = ch e_TS (1)

wherer is the delay time.
The mass balance of coal inside the mill is given as:

am _, (2)
dt - qrc qu

where ngis the mass of coal stored in the mill apglig the flow rate of pulverized coal sent into the furnace.
According to the characteristics of the mill and the pulverized coal separator,

qpc = Klmc (3)

where pulverizing coefficient Kdepends on the properties of mill and coal, and varies slightly with the power load.
Since the dynamics of combustion, mass flow and heat transfer boiler is much quicker than the coal pulverizing process,
we omit these parts of dynamics and consider them together in equatioaad(1(R)
Suppose the component of coal and the excessive air ratio of the ayr sygipm are fixed, the effective heat absorbed in the
boiler Q and flue gas flow rater @re proportional tog

Qe = qu pc (4)
qf = qupc (5)

where k is the fuel coefficient determined by net calorific value of ddals the flue gas coefficient determined by the coal
composition and excessive air ratio.
B. Boiler heat storage dynamics

For the boiler, the overall heat balance is gikgn

d(rn)wh)w+ n%sh;s+ mncm-l)/ dt= Q_'_ q;hfw_ q[ (6)

where my and hy are the mass and average enthalpy of water in the bolegnoh s are the mass and average enthalpy of
steam in the boiler; mcn and T are the mass, specific heat capacity and average temperature of methloitethQ is the
effective heat absorbed in the boile;, Bnd R are the enthalpy of feedwater and generated steam, respectivédythe
generated steam mass flow rate fed to the turbine. Because thevditeimntevel is assumed to be well maintained, the mass flow
rate of feedwater equals the steam flow rate g

For the drum boiler, the heat stored in the boiler is mainly reflected in #mgyelof the drum pressurg fhus equation (6)
can berewritten as:

B _q+ah,-ah @)
_ . oh, he ar 8
C,=m,, . +%ﬁapd+mcmapd (8)

where G is the boiler heat storage coefficient, which is determined by the boiler tgtpr@amn pressure.
C. Pressure drop of superheater

Considering the flow resistance of the superheater pipes, the main stessur@rpcan be calculated according to the
Bernoulli's equation:

p=p—a/p, 9)
wherep, is the average steam density in the superheater and can be approkiynated: sp.° according to the property of

the superheater steam. Approximate the relationship betweamd@ in (7) as linegrand suppose that the steam flow ratesq
proportional to the effective heat absorbed in the boilen® have:



p=p - KGQ® 0

in which Ky is theflow resistance coefficient of the superheater.
D. Turbine dynamics
Since the superheatsteam temperature is assumed to be fixed, the steam entering inidihe g can be calculated by:

q. = Kslut Py (A

wherey is the turbine governor valve opening angdskthe valve coefficient.
Then the turbinis power output N can be expressed by:

N+ KG (:j_,:I = qs(hs_ hw) - qdrawn( hdrawn_ h\) 0'2)

where @raunand hraun are the flow rate and enthalpy of the steam to re-boiler drawneoff tihe crossover of the IP/LP turbines
Ks is the time constant of turbine. If all the aforementioned assunspdi@ satisfied, the enthalpy reduction in the whole turbine,
hs-hy and in the LP turbine,shwrhw are approximately constant. Suppose the power generated by steam i tindihe
accounts for 40% of the total power generated in the turbine,dwHw =0.4(h-hy), (12) can be further simplified as:
N+K, ‘2—':' = (9, — 0.40,,2sn) (N~ D) 3

2.3 Integrated CFPP-PCC model

To connect the CFPP and PCC models together, we assume that: 1) thefflsteam from the crossover of IP/LP turbines
is first used to heat the feedwater to get depressurized and cooled dawitaliée condition before heating the Peboiler; 2)
the flue gas is desulfuez, denitrified dust removed and cooled down to Mbefore being fed into the PCC absorber; and 3)
the condensate water of re-boiler steam returns to the CFPP feedwsttear.sy

The process topology of the CFPP-PCC integrated system is presehkigd2. Coal specification for the CFPP is shown in
Takbe 1. Some key operating parameters of the CFPP-PCC system undealnmperating condition are given in Tal2.
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Tablel. Coal specification for the CFPP model

Composition wt% (asreceived basis)

C 51.93

H 2.36

(0] 5.88

N 1.42

S 2.07
Moisture 8.92
Ash 27.42

Table 2. Nominal operating condition aékvariables for the integrated CFPP-PCC model developg@CS

Variable Unit Value
Poweroutput [MWe] 0.176
Turbine governor valve position [%] 81.09
Coal flow rate command [kals] 0.0234
Drum Pressure [MPa] 15.41
Main steam pressure [MPa] 14.76
Excessive air coefficient / 1.35
Flue gas flow rate [kals] 0.1261
Flue gas C@concentration [wit%) 25.2
Reboiler steam flow rate [kals] 0.045
Reboiler steam pressure [MPa] 0.3
Reboiler steam temperature K] 410
Flue gas absorber inlet temperature K] 313.15
Lean solvent flow rate [kals] 0.5465
MEA concentration [wit%) 30
Re-boiler pressure [bar] 1.79
Re-boiler temperature K] 386
Condenser Pressure [bar] 1.69
Condenser temperature K] 313.15
CO; capture rate* [%] 90

CO, in the flue gas- CQ in the clean g¢

* CO, Capture Rate
CQ, in the flue gas

2.4 Dynamic behavior investigation of the integrated CFPP-PCC system

To study the integrated operation of the CFPP-PCC plant, it is higlgrtant to select related variables and understand the
dynamics and interactions amongeith As mentioned before, the coal flow rate command, turbine governor vaditop
power output and main steam pressure are selected as key variables fBPEhaide. For the PCC process, the lean solvent
flow rate, steam flow rate to re-boiler, €€apure rate and re-boiler temperature are selected as the concerned variables, becaus
they indicate the main operatj status of the PCC unit and influence the CFPP oper&@{37].

The dynamic behavior among these variables are investigated througloopestep-response tests. We suppose that the
CFPP-PCC system is operatiagthe nominal condition: 0.176 MWe power output, 14.7Mpa main steam pee$ CQ
capture rate and 386K re-boiler temperature point under open-loop condittsfhmin, step signals in magnitude of -5% of the
initial values are added to the manipulated variables (coal flow rate commands wokarnor valve position, lean solvent flow
rate and re-boiler steam flow rate) independently. The test results areisheigs 3 and 4.



-5% of coal flow rate command step -5% of turbine governor valve position step
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Fig. 3. Responses of the CFPP-PCC integrated systeesponding to -5% coal flow rate command step input¢tdfimn) and turbine governor valve step
input (right column).

Fig. 3 shows the impact of coal flow rate command and turbine igmvealve position on the operation of the CFPP-PCC
system. As illustrated in the left column, the reduction of the coal flomm@nd decreases the steam generation in the boiler,
which in turn reduces the drum pressure and the main steam preBarmain pressure reduction then leads to a reduation
the steam flowing into turbine and ultimately reduces the power geneoétibe CFPP system. The influence of coal flow rate
command on the main steam pressure and power output has typitial aierracteristics, the transient process lasts for over 15
min to end the dynamics of coal feeding, pulverizing and deliverit@ythe furnaceand combustion and heat transfer in the
boiler. Owing to the same reason, the reduction of coal flow commawmy slcops the flue gas flow rate, which then cause a
speedy rise of COcapture rate. The capture rate is only increased by 3.22% at steadyestasponding to 5% reduction of
coal flow command, indicating that the amount of captured i€@iso decreased and it is difficult to capture the @Case of
lower flue gas flow rate. The re-boiler temperature also slightly rises leta@sCQ loading in rich solvent is decreased.
Nevertheless, this impact is very trivial and can be ignored.

As shown in the right column of Fig. 3, the reduction of turbineegmor valve position has a speedy influence on the power
output because the flow rate of steam flows into the turbine is guitddreased. However, since the coal flow command
remains the same, the heat gerestat the boiler remains the same as before. Consequently, thetdrealt in water, steam and
metal pipes of boiler gradually increases, reflected in the slow rise ofalmesteam pressure. The power output then returns to
the original level. Since the drum boiler has strong heat storage cagiaeityhole transient process takes about 10 minutes to
enter new steady-state. The turbine governor valve has little impact on the opefr#tie PCC process.



-5% step of lean solvent flow rate -5% step of re-boiler steam flow rate

o
o
b
>
!

. 0.56 —_
0 EL
Q)
— (=]
52 g3
= @ 0541 2]
83 5 G 0.044r
c ‘©
§ 8 osf 58
- : : : : e oo
0.18[-
g T o178l
s =
=3 =3
gs 0.175 ag)s 0176
17
°g 22
as as
(o] ]
017 : : : : 0,174 : : : :
155 gL
= @
o o
E2 1) £ st
Lo Lo
22 23 s
c ? 145} c 5
T 3 30
S5 =q
. . . 1 : : : :

CO2 Capture
Rate (%)
o
0 o
@ ©
T
CO2 Capture
Rate (%)
o
o o
@ ©
/ ’

3864

Re-boiler
Temperature (K
&
& >

(2] N
\
Re-boiler
Temperature (K)
&

w
= 8
/

r r r ; 385.6
0 30 60 90 120 0
Time (Minute)

r :
30 60 90 120
Time (Minute)

Fig. 4. Responses of the CFPP-PCC integrated systeasponding to -5% lean solvent flow rate step input ¢efumn) and re-boiler steam flow rate step

input (right column).

Fig. 4 shows the impact of lean solvent flow rate and re-boiler Ssleanrate on the operation of the CFPP-PCC system. As
illustrated in the left column, the reduction of lean solvent flow rate haffewt on the CFPP operation. However, for the PCC
system, reducing the chemical solvent in direct contact withw@lDdecrease the C{rapture rate quickly in 2-3 min. However,
as the rich solvent decreases to flow into the stripper and re-boilemdhangede-boiler heat will slowly raise the re-boiler
temperature. Consequently, the lean solvent ©@ding will be decreased, strengthening the, €C&pture ability of the lean
solvent; and the capture rate slowly rises back to its original level. Tihalez temperature takes more than 2 hours to stabilize
and the response of the capture rate is even more sluggish.

As shown in the right column of Fig. 4, the reduction of re-botksra flow rate has no impact on the main steam pressure of
CFPP, but will speedily increase the power output, because more stedtowvilito the LP turbine for power generation. As
less steam is now used for heating the re-boiler, the re-boiler tempegeddually drops, which increases the.@fadingof the
lean solvent and finally leads to the reductionGs, capture rate. The responses of the,@@pture rate and re-boiler
temperature are also very slow corresponding to the re-boiler steam flow nage.cha

The step response tests in Figs. 3 and 4 clearly demonstrate the inertiaterfsdics of the integrated CFPP-PCC system.
Moreover, there are strong interactions between the two systettmsséfinteractions are not considered and effectively handled,
significant unknown disturbances will be brought into the contredlsulting in poor performance. Moreover, since the power
generation and C{rapture are two conflicting tasks, these interactions will severely tibiptegratedperation of the entire
system. Ta&the load rampingip operation of the CFPP as an example, in order to increase the load, tfhe@m®ller must
increase the coal mass flow command, which will cause an increase fitwettgas flow rate and rapyddrop theCO, capture

rate of the PCC system. Without effective coordination with the CFR&nsythe PCC control will increase the steam flow rate

to re-boiler to compensate for the capture rate reduction, which in turnlevilldown the load ramping speed of the CFPP.
Therefore, it is important to integrate the CFPP and PCC systemsetiogathdevelop advanced control scheme to coordinate

their operation, so that the power generation @ emission reduction capabilities of the integrated system can be fully

exercised.



3. Coordinated Control Design of the Integrated CFPP-PCC Unit Using Centralized MPC

4.1 Centralized model predictieertrol design for the CFPP-PCC unit

Developing a centralized multi-variable controller provides the most direct aectiedf way to consider the interactions
among involved variables. Thus, a centralized MPC is devised to link tlaenitybehaviors of CFPP and PCC systems together.
Owning to the feature of MPC that uses a system model to predict the dutiputs of the plant under different input sequences,
appropriate input sequence that can generate the most desired future cuipeitfeand through optimization. Therefore, the
MPC is naturally suited to handle the slow response and strict constraints GF®PP-PCC system. The structure of the
proposed controller is shown in Fig. 5.
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Fig. 5. Schematic diagram of the proposed central#e@ system structure for the integrated CFPP-PCC system.

To facilitate the design of multivariable contejlithe following discrete state-space moidedelected as the predimtimodel:
{Xkﬂ = Ax, +Bu,

Yi =Cx + Dy,

a4

in which u is input vector at time instant k, including coal flow rate commantiine governor valve position, lean solvent flow
rate and re-boiler steam flow rate;ig the output vector at time instant k, including power output, maimspeassure, C®
capture rate ande-boiler temperature;is the state vector at time instant k; ad, C, D are the model matrices, which are
determined throughn identification technique using the input-output data. The state wedtarbitrarily selected during
the identification, thus may not have physical meanings and cannot IsairegaTherefore, a state observer is required to
estimate its value:

%, =AX +Bu, +F(y -
{Xk+1 « FBU +F (5% - W) 05

Y =CX + Dy,
wherethe symbol “*” represents the estimation. Following the method given in [39], the @bsgainF can be computed i

there exist matrices H and G, and a symmetric positive definite matrixciXtisat the following Linear Matrix Inequality (LMI)
problem is feasible:

{HT+H—X (HA+GC)T}>0 06

HA+GC X

and the observer gain becomes F€H



Stacking up mode(15) for N, steps, future output sequences form a veojzpr:[f/;+1 Y, 9[+Ny]T within the

predictive horizon )N which can be expressed by future input sequetm,ce[LﬂﬁL u,, - LLNu] defined over a control
horizon N:
N
Ve =w, X+, | U l":—Nu L!LNU ¥, X @7
—_—

(Ny =N, )items

in which
[ C C
CA CA
vo=| . |(A+FC), w,=- . |F,
_CANy—l CANy—l
C(B+FD) D 0 0 il
CA(B+FD) CB D 0 0
. =| CA**(B+FD)  CA“’B - CB D
CAY%(B+FD) CAVIB ... CAB CB+D
cAv¥*(B+kKD) CcAY B ... cAY™“B Zj“j;”“‘chJBm

Here, ve have assumed that the control horizqrid\shorter than the predictive horizop Bind the future control actions beyond
Ny remains the same.

Considering the dynamic behavior of the integrated CFPP-PCC unit ws $hhd-igs. 3 and 4, the fastest dynamics of the
process come from the responses of power output correspondimg ¢hanges of turbine governor valve position and steam
flow rate to re-boiler (around 30s to reach the peak galdde lean solvent flow rate also has a speedy influence ddQhe
capture rate at early stage (around 150s to reach the peak vatueg)et to capture these key dynamic properties of the
CFPP-PCC process, the sampling time of the predictive model is set. &eRiging excessively smaller sampling times will
catch too much system noise and increase the computational complekiycohtroller.

The predictive horizon Ns set as 40 steps, so that the CPRR-system’s response in future 1200scan be made by the MPC.
Although the entire transient process of the PCC system takes mor2 tiwurs to finish, this prediction time can cover the
main features and trends of the system response. In addition, thistwgliuse too much computational burden for the controller.
The control horizon Nis then set as 5 steps to further reduce the computational complekitjmamve the robustness of the
MPC.

To include the integral action into the MRG compensate for the control offset caused by system dynamic changes
modeling mismatches, an incremental type of model prediction is used in heldésiyn 40]:

T

Ay, =y, A% +y, | AU, O, -+ O, +y, Ay, @a8)
—_—

(Ny-N, )items
.
whereAy, is thefuture incremental output sequendsy, :[Ai/kT+l AYp., - A)”/LNJ ; Aur is the future incremental input

sequenceAu; =[Au:+l AY,, - AU, ]T ; A%, Aux andAyk are the incremental values dfet estimated state, input

andoutput vectors at time Kxi=XeXi1, AU Uk-Use1, AYk= YY1
Then, we can hee



R Y, | | ... 0 R
yf = :k + :4 :4 .. :4 Ayf (]'9)
Yie |4 I 4 I 4

Equation (9), together with (18), expresses the future output of the CFPP-P&€rsgs a function of future input. Based on
this, appropriate input sequence that can generate the desired future ouhmusekatted.
The following dynamic objective function is used to evaluate the pesgioce of the input sequence:

J=(3’f—rf)TQ(¥—F)+ALJTRAP (4Y)

.
where r, :[rkil ., - rkﬂNJ is the future set-points for the controlled variables. The first iteobjiective function 20)

represents the set-point tracking performance of the MPC. Sluggismgasfkihe set-point is not desirable, thus corresponds to

a larger objective function valueQ; =1, ®Q, is the weighting matrix, in which {Js a 4x4 diagonal matrix reflecting the

different importance for power output, main steam pressure,c&@ure rate and re-boiler temperature adjustment. The second
item in 20) represents the smooth regulation performance of MPC. Frequent angl gtdation of the input signas not
desirable, sincé will influence the stable and safe operation of the plant and maysinveten the service life of the actuators.

R, =1, ®R, isthe weighting matrix, in whichfs a 4x4 diagonal matrix reflecting the different importance for coal flow rate
command, turbine governor valve position, lean solvent flow rate abndiler steam flow rate variations.

Since the optimal input sequence is computed through minimizing teetiobj function, the amplitude and rate constraints
due to physical limitations of the actuators can be impogele input sequence before optimization as following:

[, l, 0, - 0O, I,
l, b, I, - 0, I,
. (umin_uk)S . <. . AufS . (Qnax_l‘l{) Ql)
I4 I4 I4 |4 I4
[, I,
l, I,
HAu,, <Au <) A, €2
[, I,

Therefore, at each sampling tinmubstitute the model predictiodd) into the objective function2Q), and minimize Z0)
subject to the input amplitude and rate constrai@y and @2), the optimal future incremental control sequedcecan be
found. The first elemenfuw, is then extracted to get the control action at the next siepsuirAuw1, which will be
implemented on the CFPP-PCC system. This calculation process wipeated at the next sampling time to achieve a
stepby-step receding horizon optimization.

4.2 Three operation modes design for the centralized control of integt&feg-PCC plant

To coordinate the integrated operation of the CFPP-PCC plant and better exemvetsgeneration an€O, emission
reduction functions, three operation modes are presented for the centralizeg$Ha s

A. Normal operating mode

When operating under the normal mode, the CFPP-PCC system teeptsnttr generation and G@apturdasks equally. The
MPC receives the power generation &1, capture rate commands issued by the scheduling layer and optingzealsjéctive
function @0) subject to the constraint?1) and @2), driving the plant to trackhese commands quickly and smoothly.

Generally, the commands are directly given based on the grid andrengintal requirements. In a few cases, if the plant has
the right to operate autonomously, the commands can be given bxpleeienced operators according to their personal
preferences or computed through steady-state economic optimizations a@mimgximizing the operating profit of the



CFPRPCC plant:
minJ :_(F::)ower Y+ cha Uy- I?oal @
st y=1f4) 29)
ymin < yS ymax
Upin SUS U,

in which the Bower Pcoz, Pcoaiare the price of electricityzO, and raw coaly is the output of the CFPP_PCC system, including
yi: power output, ¥ main steam pressure; O, capture rate,sy re-boiler temperature; u is the input of the CFPP_PCC system,
including u: coal flow rate commanduturbine governor valve positiong:uean solvent flow rate,sure-boiler steam flow rate;

a is the conversion coefficient between the coal and flue gas masd ifothie steady-state model between the input and qutput
Ymin, Ymax @nd Lhin, Umax are the operating requirements and limitations of the CFPP-PCC unit

B. Rapid power ramping mode

With the great promotion of renewable power sources such as wirgbkmdthe CFPPs are required to undertakezttiis
peak regulation task and change the power load as fast as possible in aesédimgiange, so that the fluctuations caused by
the intermittent renewable sources and varying load demand can be sateden time. Nevertheless, as shown in Fig. 2, the
conversion process from raw coal to power germmas slow, and the power adjustment capability of turbine goveralve
depends on the heat stored in boiler, which is temporary and limitestefdle, rapid power change increases the control
difficulties of CFPPs.

As illustrated in Fig. 4 for the integrated CFPP-PCC system, adjustare-boiler steam flow rate provides a more efficient
way to increase the power ramping speed. The change of steanatfotw re-boiler can quickly change the inlet steam flow rate
of theLP turbine and change the pawead of the entire unit in around 3®uch a power load regulation speed is much faster
than that of the coal flow rate command.

Therefoe, a rapid power ramping mode is proposed in the case of urgenvdogdg demand and relaxed carbon capture
requirement. Under this mode, the MPC receives the power generatioetioagifrom the scheduling layer and makes every
effort to improve the power load ramping speed of the CFPPR@CThe steam flow rate tee-boiler is forced to rise/droat
the maximum rate within the constraints until the power output is close teired value. Because the re-boiler steam is now
used for auxiliary power regulation, the €€apture rate cannot be controlled in this mode. Weights correspondiapttoe
rate and re-boiler steam flow rate in the weighting matricean@ R are set as zeros. The MPC tries to adjust the lean solvent
flow rate to maintain the re-boiler temperature at the desired level, ensuerapdaeconomal operation of the PCC system.

C. Strict carbon capture mode

With the growing maturity of PCC technology, in the future, tf€EBs may be required to strictly control tHe®, capture
rate beyond a certain level, following the current requirements on desulfuriaatiodenitrification.

The stict carbon capture mode is proposed for this situation, the MP&vescthe power generation set-points from the
scheduling layer and drives the plant to track the set-pong@anwhile, maintaining theO; capture rate beyond a given level is
of higher importance to meet the goal of carbon emission reductioh.a&Scentrol requirement is challengjrigecause during
the power load variation of CFPP, the change of coal mass flow rate will caushahge of flue gas flow rate and bring in
significant disturbances on the operation of PCC process.

To ensure a satisfactory G@apture rate control performance and alleviate the influehearying flue-gas flow rate, weights
corresponding to the capture rate and coal flow rate comimahé weighting matdes Qo and R are enhanced in this mode. In
addition, the following soft constraint fa0O, capture rate control is included in the optimization to ensure the capture rate
higher than the requested level during the operation:

1

capture_ rates, 1

yf capture rate & Q4)

ymin
1



capture_ rate

wherey$ is the future C@capture rate within the prediction horizoys"* s the lower bound of the capture rate. To

guarantee the feasibility of the optimization, a slack vectdithe positive numbers is added &) to soften the constraint. The
objective function Z0) is then changed to include the penalty for violation of the contrain

I=(%-1)"Q(¥ -¥)+AJ RAu+&' B¢ @)

where $is the corresponding weighting matrix.
4. Simulation Results

To demonstrate the advantages of the proposed centralized MPC,idgmamations ofthe integrated CFPP-PCC unit are
carried out using different control strategidhe parameters of the MPC under normal operating mode are set as follows:
Sampling time F30s, predictive horizon 840, control horizon N-5; the output weighting matrix @ set as @-diag(15000,

2, 5000, 100) for the control of power output, main steam pres€ capture rate and re-boiler temperature, respectively, with
emphasis on the power output and capture rate adjustment; thevigighting matrix Ris set as R=diag(400, 1, 5, 25) for the
variation restrictions of coal flow rate command, turbine governor vahiigodean solvent flow rate and steam flow rate to
re-boiler, respectively, focusing on avoiding the dramatic changes ofrasa flow rate. Considering the physical limitations of
the actuators, input magnitude and rate constraints are givenmag0.01, 50, 0.2, 0.05] uma=[0.029, 90, 1, 0.08];
Aumin=[-0.001, -5, -0.0035, -0.0005] Auma=[0.001, 5, 0.0035, 0.0005]

Case 1The first simulation is designed to test the overall performance of tpogrd MPC under normal opergtimode.

The power output and GQ@apture rate set-points are changed simultaneously in this caseckidgtiof them is the task of the
controllers. We assume thiat the beginning of the simulation, the CFPP-PCC system is operath@MWe power output,
15.88MPa main steam pressLuré% CQ, capture rate and 386K re-boiler temperature condition. At t=10minseepoints are
issued by the scheduling layer that, the power output ana&fure rate set-points change t©33We and 90%, respectively
then at t=60min, the power output and £&@pture rate set-points change t82BMWe and 50%, respectively. The CFPP is
operating at the sliding pressure mode, thus the main steam presquoisehanges to 13.60 MPa and 16.38MPa accordingly.
The re-boiler temperature set-point remains the same at 386K, whicheisotih@mical temperature for the operation of the PCC
unit.

Besides the proposed centralized MPC, two other controllers are used forisompahich are:

A. Independent MPCs: Two independent MPCs are designed for each of thea@&#HARCC. The MPC for the CFPP
(MPC_CFPP) uses coal flow rate and turbine governor-valve position as cdstaregulate the power output and main steam
pressureThe steam drawn-off to the re-boiler is not considered in the MPC desidrthe MPC for the PCC (MPC_PCC) uses
the lean solvent flow rate and re-boiler steam flow rate to control thec@@ure rate and re-boiler temperature. The flue-gas
flow rate variation is not considered and is fixed at 0.13kg/s in the 8#3@n. The parameters of the two independent MPCs
are set the same as those in the centralized.MPC

B. Decentralized PI controllers: Four proportional-integRd) €ontrollers are designed for the combined CFPP-PCC process,
where boiler following mode (using turbine governor valve to sidjue power output, coal mass flow rate to adjust the main
steam pressure) is used to design Pl controllers for the CFPP (PI) toFRieve a rapid tracking of power demarml design
PI controllers for the PCC (PI_PCC), the lean solvent flow rate isteddp regulate the capture rate, and the steam flow rate to
re-boiler is adopted to regulate the re-boiler temperature. The controllerofdiesfour Pls are set as follows:

Power control loop: K=30, K=0.8;

Main steam pressure control loop: #0.0004, K=0.00004;

CO;, capture rate control loop:pke 0.006, K= 0.0015;

Re-boiler temperature control looprk0.07, K=0.0008;

The simulation results are shown in Fig They indicate that speedy and smooth control of the integrated CFemaa
can be achieved by the proposed centralized MPC. It only takes a@bunthutes to track the new power load demands and 9
minutes to track the new capture rate demands, and the ousrsiidbese two key variables during the adjustment are trivial.
Meanwhile, the main steam pressgan follow the set-point variation in time and re-boiler temperature is tighdiptained



around 386K.

When the power load demand drops in a wide range, the load gaekia is mainly attained by decrease the coal flow rate
command and turbine governor valve position. In the early stage whtieg, the re-boiler steam flow rate is increased to
accelerate the power load change speed and enhance the rising ratecaptDé@ rateHowever, continuing the speedy decrease
of coal flow rate will cause strong growth of the capture rate, whighl@aala serious overshoot.Hils after a short time of the
increase, the lean solvent flow rate and re-boiler steam flow rate are éedreadvance to compensate for the reduction in coal
flow rate and attain a satisfactory €€apture rate. During the adjustment process, the changes of lean #olwverste and
re-boiler steam flow rate are kept consistent with each other to maintaie-tuoéler temperature. The control actions for power
load rising and capture rate reduction are almost the same. The differtvate fisr the large COcapture rate change from 90%
to 50%, the decline in lean solvent and re-boiler steam flow rates contorugdonger period to achieve faster capture rate
adjustment. Because the CFPP and PCC systems are regarded as ratednigmgjt in the centralized MPC design, the
interactions among variables in the two systems can be fully considaniad the operation. Coordinated control of the entire
CFPP-PCC unit has been successfully achieved in normal operatieg mod

Regarding the independent MPCs, the variations of coal flow rate dyullee steam flow rate reduce the accuracy of model
predictions and degrade their control performance. The tracking spgeaver output andCO, capture rate is significantly
slower than the proposed centralized MPC, with large overshodatgdtiie regulation process. Moreover, because the
interactions between CFPP and PCC systems are not taken into aiccoantroller design, the coal flow rate and re-boiler
steam flow rate variations bring in severe unknown disturbances sn®GK and CFPP controllers and deteriorate the smooth
operation of thevto systems. Strong fluctuations in all the four MVs can be viewed clesaHRig. 6 for the independent MPCs.
The frequent variation of the MVs will shorten the service life of actuatareadanger the safety of the plant.

For the decentralized PI controllers, sluggish responses of the poipet,auain steam pressure and fpture rate are
observed in Fig. 6. Although the trend of adjustment is reasontdeshallenging for the past error-based PI control to meet the
prompt regulation requirement of slow CFPP-PCC plant. Moreokersihgle-loop based PI controller cannot consider the
interactions among multi-loops and calculate the best control input in the ggegaonstraints.
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Fig. 6. Performance of the integrated CFPP-PCC systabase 1: left column: controlled variables; rightuom: manipulated variablesdid in red proposel
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Case 2: The second case is designed to verify the performaneecefthalized MPC in situation that fast regulation of power
generation is required. We suppose thahe beginning of the simulation, the CFPP-PCC unit is operating48NdWe power
output, 13.8MPa main steam pressure, 90% ,Gfapture rate and 386K re-boiler temperature condition. At t=10min and
t=60min the power load demand changes to 0.2MWe and 0.16MWe, respectively, atadtdeeequirement of poweirid’s
peak regulation, tracking the power load demand is the most urgéntTias main steam pressure set-point changes to
15.88MPa and 14.02MPa according to the power demand chardgrsth sliding pressure mode; and the, C&pture rate and
re-boiler temperature set-point remains the same in this case.

The proposed centralized MPC under rapid power ramping modset to test the regulation task. To demonstrate its
advantages in power load variatiohis compared with the same centralized MPC designed under normal operatiagand
another MPC designed only for the CFPP unit. The simulation resuib@na in Fig. 7.
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The results show that the proposed centralized MPC under rapid powgingamode has the fastest power load tracking
speed. Take the power load increase process as an example, whewaheg@uomand rises, the coal flow rate and turbine
governor valve are increased to provide more steam for the tunbdmepver, the re-boiler steam flow rate is speedily decreased,
so that the steam originally used for solvent regeneration can contiex@dnd in the LP turbine and generate more power.
With the re-boiler steam assisted power load regulation, the power increlase tcampleted within 8 minutes and the biggest
overshoot is only 0.0021We. Since the power load becomes simpler to control, the actions of thestgdiernor valve and
coal flow rate command can pay more attentiorthe main steam pressure control and better steam pressure contrel can b
observed under this mode.

Note that with the help of re-boiler steam auxiliary adjustment, the powegurassiure control performance of the integrated
CFPP-PCC plant is even better than that of the independent CFPRn8iertt process is about 1 minute shorter and the control
overshoot is much smaller. The advantages of CFPP-PCC systemvén lo@d regulation is clearly demonstrated in this



simulation.
The expense of rapid power load change is the loss et@&@lure rate adjustment. Because the re-boiler steam flow is used as

an additional means to regulate the power, the €&@ture rate can no longer be maintained at the given level. To guarantee a
safe and optimal operation of the PCC process under this modeanhsolvent flow rate is regulated in respotuséne variation

of re-boiler steam flow rate and coal flow rate command in order totamaithe re-boiler temperature. As shown in Fig. 7, the
re-boiler temperature can be controlled closely around 386K.

For the proposed centralized MPC under normal operating mode, the adtimved flow rate command and re-boiler steam
flow rate are similar to the rapid power ramping mode at the early staggutation to ensure a fast increase of the power load.
However, considering the requirement for C@pture rate control, the increased speed of coal flow rate commaioavesd
down and the steam flow rate re-boiler begins to rise soon. The rate of change in turbine goveahes is also reduced to
avoid strong deviation in the main steam pressure control. As a result,vtke lpad increase/decrease pracesspectively
takes28/21 minutes to complete, which is much slower than that of the rapidrpramping mode.
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Case3: Finally, a simulation was designed to demonstrate the control perforroice proposed centralized MPC under
strict CQ capture requirements. We suppose thathe beginning of the simulation, the CFPP-PCC system is operating at
0.13MWe power output, 13.60MPa main steam pressure, 70%c&flure rate and 386K re-boiler temperature condition. At
t=10min and t=60min, the power set-point changes to 0.21MWeOdamtbMWe, respectively, according to the scheduling
instructions. While changing the power load, the,€@pture rate is expected to be controlled closely around 70% and no less
than 69.5%, due to the strict environmental policies and regulations. Thest@ain pressure set-point changes taA81Pa
and 13.80MPa corresponding to the power set-point changes uedsliding pressure mode, and tleeboiler temperature
set-point remains at 386K.

The proposed centralized MPC under strict carbon capture mode isousext the operation requirement. The weighting
matrix @ and R are changed to &diag(15000, 2, 10000, 100).HRliag(4000, 1, 5, 25), in which the weighting values
corresponding to the G@apture rate and coal flow rate command are doubled compared with thdese¢hennormal operating

mode. In additiony<2™"e- " js set as 69.5% and the weighting matrixsSset as Sdiag(500000) to give additional penalty

min

when the capture rate is lower than 69.5%. The same centralized MPC umdar eperating modis used for comparison. The
simulation results are shown in Fig. 8.

At t=10min, when the power load set-point is raised, the CFPP-PCC piaktygncrease the coal flow rate command and
turbine governor valve to increase the power load, the re-boiler skeamate is even declined to speed up the load changing
rate. The increase of coal flow rate will cause the increase of flue-gasafi® and sharply drops the C{rapture rate. Therefore,
the lean solvent flow rate is increased at this stage to compensate theasigdécrease of capture rate. However, the effect of
lean solvent flow rate on capture rate regulation is only temporary as shdign 4, and the combéa influence of lean solvent,
re-boiler steam and flue-gas flow rates will cause the re-boiler temperatureptaaghidly. For this reason, the rising speed of
coal flow rate command is slowed down soon to alleviate the influenceesfjfis flow rate on the G@apture rate, and the
re-boiler steam flow rate increases to limit the further reduction of theirearate. It can be observed that the,C&pture rate is
controlled tightly around 70% point and the lowest value is 69.5%gltihhe power load variation. The re-boiler temperature
continues to drop to 385.73K and then gradually returns to the set Valegpower and pressure tracking speed is apparently
slowed down to meet the capture rate control requirement. About 30 meiisfta them to approach the desired set-points.

For the process of power load decrease, since the decrease of codbwmaate will rise the C@capture rate, the constraint
and penalty for the capture rate control are not active during the regulBlios, the deviation of the capture rate is slightly
larger, which is up to 1.7% and still not far away from the 70% set.point

Regarding the proposed centralized MPC under normal operating modetites of lean solvent flow rate and re-boiler
steam flow rate are almost the same to those under the strict capbore caode. However, in order to balance the power load
tracking and C®@capture rate control performance, the rising rates of coal flow rate cairemanturbine governor valve are
faster. The increasing speed of powesidas thus significantly improvedt the early stage of regulationevertheless, the
fluctuation of capture ratis also increased, which may not meet the operating specification.

The three simulation studies demonstrate the superiority of the propestédlized MPC approach in achieving a flexible
operation of the integrated CFPP-PCC unit. By selecting different modesliagctur the operating requirements, the centralized
MPC can make full use of the integrated CFPP-PCC systa#raracteristicin power generation and G@mission reduction.

5. Conclusion

This paper develops dynamic models for the integrated CFPP-PCCSimtiesponse tests are carried out on the model to
investigate the dynamic behavior of the two systems and the itd@sa@mong variables in them. It is shown that, the steam
flow rate to PCC re-boiler can change the CFPP power output rapidtheu@PP coal mass flow rate will change the flue-gas
flow rate and bring in significant impact on the operation of the P@C Therefore, the independent control of CFPP and PCC
systems is not capablef coordinating the two systems and achieving a satisfactory perfoenfan the operation of the
integrated CFPP-PCC plant.

For this reason, a centralized MPC is designed for key variables ofFfPB-ECC plant based on the investigation of how



stronglythe two systems are linked together. The interactions between tharkayles can thus be fully estimated and utilized.
To better coordinate the operation of the CFPP and PCC systemsyfiarating modes are considered for the centralized MPC
according to different operating requirements, which are the normaltmygemode, the rapid power ramping mode and the strict
carbon capture mode. The centralized MR2@greatly benefit the flexible operation of the integrated system eier lexerts its
powerful functions in power generation and &g@duction.
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