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Abstract

Solvent-based post-combustion £€xpture (PCC) provides a promising technology for the @®oval of coal-fired power plant (CFPP)
However, there are strong interactions between the CFPP and the P&@, sysich makes it challenging to attain a good control for the
integrated plant. The PCC system requires extraction of large amountsnoffgigathe intermediate/low pressure steam turbine to provide
heat for solvent regeneration, which will reduce power generatiade-range load variation of power plant will cause strong fluctuatiahe

flue gas flow and brings ia significant impacton the PCC system. To overcome these issues, this paper pr@semforced coordinated
control scheme for the integrated CFPP-PCC system based on the investif#temverall plant dynamic behavior. Two model predictive
controllers are developed for the CFPP and PCC ptespectively, in which the steam flow rate to re-boiler and the faseflpw rate are
considered as feed-forward signals to link the two systems togdtere operating modes are considered for designing the coordinated
control system, which are: 1) normal operating mode; 2) rapid powerclienge mode; and 3) strict carbon capture mode. The proposed
coordinated controller can enhance the overall performanitee dEFPP-PCC plant and achieve a flexible trade-off between poneragen

and CQ reduction. Simulation results on a small-scale subcritical CFPP-PCC plagibpged on gCCS demonstrates the effectivenes® of th
proposed controller.

Keywords: Coal-fired power plant; Solvent-based postizustion carbon capture; Coordinated control; Nlpdedictve control.

1. Introduction

1.1 Background and motivation

Rising sea level and frequent flooding are fast becoming big threidits éwonomy and society around the world [1]. At the
United Nations Framework Convention on Climate Change (UNFCCC) held imiRddiec. 2015, a common goal was agreed
by the all the 196 parties to keep global warming to less than 2°Gh@inpared to pre-industrial levels [2]. In line with this
ambitious target, countries seek to develop technologies that will reducen@i€sions from coal-fired power plants (CFAR)
China, there are over 900 gigawatts (GWe) of installed coal-fired palamets representing almost 50% of the global total and
still has nearly 200 GWe under construction [3]. Two-thirds of thés®ts were built after 2005 and most of them could run for
another three to four decades [3]. For this reason, while extengixatyoting the renewable energy and making effort to
improve the efficiency of CFPPs, G@apture from CFPPs has been recognized as the most effective ahdialyréa achieve a
large-scale C@emission reduction in the future 30 years [3].

Compared with many other G@apture methods, the solvent-based post-combustiorc&@tiure (PCC) can directly remove
the low concentration C{rom flue gas, which is mature in technology, relatively low in costeasiy retrofitted for existing
power plantsTherefore, it has been viewed as the most suited technology for ptameiQ®) capture and may be deployed
extensively in future [4].

For the integrated CFPP-PCC systémoperating characteristics are quite different from those of individual CFPP:
(1) Operation of the carbon capture plant requires extraction of large smafusteam from the intermediate pressure (IP)
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/low pressure (LP) turbine to provide heat for solvent regeneratitthough integration of PCC unit can achieve better
environmental benefits, it will increase energy consumption and redu@r generation efficiency [4

(2) The extensive use of intermittent renewable sources such as solgndirid the power grid forces the CFPP to participate
in the grid power regulation frequently and quickly in a wide rasfgead. The integration of PCC unit will enhance the CFPP's
load tracking performance because changing the extracted steam flow rratgiicily achieve a tradeoff between power
generation and C{reduction [5];

(3) During the wide range of CFPP load change, the fluctuationeffis flow rate will severely affect the operation of PCC
process [6]; and

(4) The twosystem integration will increase complexity of the entire plant. As a result, the cauplimgng multi-variables
and large inertia behavior of the system becomes stronger and thoreidlifficult to control [T.

In summary, the need for flexible operatiacreases the control requiremeafshe CFPP-PCC integrated plant on one hand
and on the other hand, the strong interactions between the CFPE@nsly§tems increase the difficulty in contralsimple
combination of CFPP control scheme with an independent PCC controbtceffectively handle the couplings among
multi-variables within the integrated systémachieve a satisfactory control performance. Thereforén-depth study of the
dynamic characteristics of the overall CFPP-PCC unit and developing sopagge coordinated control technique is of great
significance for the optimal and flexible operation of the integrated plant.

1.2 Literature review

Research on dynamic operation and control of the integrated CFPP-PCC sysstithin its infant stageFrom the
optimization point of view, almost all of the current research adopteaaysstate optimization schemeaagiiven operating
condition. Aroonwilas and Veawab [8] carried out static simulation od0&/18Ve supercritical CFPP retrofitted with PCC, the
influence of some key parameters on the power plant efficiencycgaoddustion rate and amounts of £&ptured was studied.
These parameters includ€O;, capture level, coal quality, flue gas delivery scheme, solvent selectibmedpoiler steam
pressure.

Similarly, Cifre et al. [9] developed steady-state models for both 608Mivd 1000MWe power stations integrated with, CO
capture and compression devices, and they studied the influence of B&Sspparameters such as absorber/stripper sizes,
solvent flow rate and operating temperature/pressure on the power pfantnpece.

Sanpasertparnich et all(] undertook steady-state simulation of an 800MWe supercritical CFPP retrofitted?CC. Thg
investigated the performance of the entire plant under different cadég re-boiler steam parameters and power plant loading
conditions. The results show that at lower loading conditions, the eramgyroptions of the PCC plant are relatively higher.

To investigate the techno-economic impact of integrated CFPP-PCC uné aetthower plant efficiency, Oh, Yun and Kim
[11] simulated a 550MWe supercritical CFPP together with €&pture and compression process in Aspen Plus. Steady-state
simulation based parameter optimization and process modification were carriéal minimize the heat required for GO
removal. Moreover, advanced integration options for minimizing the fieteety penalty were proposed by exploiting the
choice of steam quality for solvent regeneration.

In Lucquiaud, Chalmers and Gibbins [12], three steam turbinditetptions for steam extractioof PCC unit were studied,
which are Clutched LP turbine, Throttled LP Turbine and Floating IfbBsover pressure. The last two options are shown to
have lower cost and better flexibility. Fernandez et al. [5] pointed out that ther generation penalty of GQapture and
compression increases at partial load, compared with that at the full load. étpivesspossible to improve the efficiency of the
entire PCC-retrofitted power plant under partial-load condition by jointlgigthing the whole system using an advanced
operation mode.

Rio, Gibbins and Lucquiaud [1®resented a new integration approach for the PCC-retrofitted power phenflué gas of
gas turbine is fed into the boiler via the wind-box for sequential combustiallow CQ capture in a single dedicated PCC plant
The resulting lower flue gas flow rate and higher,Q®ncentration decreases the energy penalty of €&Pture for the
integrated plant. Wang et al. [14] proposed to upgrade the low-tempestgare of turbine to match the requirement of PCC
re-boiler using a double absorption heat transformer; thus reduce theatterergy loss, which was caused by unmatched
temperature difference between the extracted steam and the solvent.



Pan et al. [B] developed optimal methodologies in retrofitting natural gas combined oywaler plants with CO2 capture.
Suitable steam from the heat recovery steam generator is extracted to pemtidertthe capture process. In addition, the
technique of exhaust gas recirculation is employed, which can increase theptawesfficiency and reduce the heat demands
of the PCC plant. Adams and Mac Dowelb] presented a 420MWe triple-pressure combined cycle gas turbine power plant
model and integrated it with a solvent based PCC process model. Theoéffedtaust gas recirculation on the process
performance was studied and moreover, the economic performartee whole plant under full and part operating conditions
was evaluated.

During the daily operatigrthe CFPP has to change the generation frequently in a wide range to meet treemgnd 17].
Due to the high energy requirement of €@, capture the PCC unit also has to change the capture level quicldghieve a
tradeoff between the power generation and @@ reduction Flexible operation has drawn much attention and has been
recognized as a key step towards the wide-range application for the R&EPRechnology. However, the aforementioned
steady-statstudies have neither consiger nor optimized, the dynamic performance of the CFPP-PCC plant dhenlpad
varying operation.

From the systems point of view, most of the research on dynastensy have focused on the PCC system alouieits
integration with the CFPP has not been taken into acc&®imulation studies based on the first-principle models of the PCC
process were carried out ihg and [19] where the dynamic relationships among the core variables were analyzed. ¢rfistead
complex analytical model, data-driven models were developed througHigdgion to investigate the characteristics of the PCC
process in20] and 21]. Dynamic performance of PCC unit were studied in [22] @3] via open-loop step response tests on
pilot plants, whegthe slow dynamic feature of the PCC process was clearly demiaatstr

Wu et al. [24 investigated the dynamic behavior of the PCC unit caused by the vadatieny operational variables, such as
CO; capture level, flue gas flow rate and re-boiler temperature. Simutasaits showed that the variation of the PCC dynamics
is quite apparent around the optimal re-boiler temperature point.

Based on the understanding of the PCC process dynamics, decenpedizedional-integral#l) controllers were developed
in [25]-[27]. To attain a quick regulatioon the CQ capture level, a typical control structure was selected in these studiels, wh
used the lean solvent flow rate and the steam flow rate to re-boiler ttolcoespectively, the capture levaidathe re-boiler
temperature.

To enhance the flexible control performance of the PCC proceskel miedictive control (MPC) was developed in [6], [24],
[29]-[31] instead of conventional Pl controls. By using a PCC dynamietiogredict the future output of the plant, the control
input sequence that can produce the most desired output respons@ugecbat each sampling time. Owing to the outstanding
ability of the MPC in handling slow dynamics, strong couplingg aimingent constraints, better cagtlevel tracking and
re-boiler temperature regulation were reported in comparison with the parfoenof PI controls.

Although in some studiethe impact of the flue gas changes on the PCC operation was considevattatier design or tests
the dynamic influence of the PCC operation on the power plant wa®nsidered. fie variation of steam flow rate to re-boiler
will greatly change the power generation of the CFPP. Therefore, iogttbe PCC unit aloneamot comprehensively handle
the interactions between the two systems and maximize the effectiveindss entire CFPP-PCC unit in terms of power
generation and emission reduction.

Lawal et al. [7] developed a dynamic model for a 500MWe subcritical CFPP witR@ plant. Dynamic simulations were
carried, which revealed the different responses of the two @adtthe interactions between £€apture and power generation.
Independent controls, for each of the CFPP and PCC systems, welapéehin this work.

Olaleye et al. 32] linked an industrial-size PCC model with a 600MWe supercritical CFPP moHel.réboiler steam
drawn-off from thelP/LP crossover of the steam turbine was reduced or stopped temptoagilickly generate more power in
the case of urgent changes in the unit load demand for grid pegedation.

One limitation of these two studies is that, the dynamic models of coasystém and the coal-flue gas channel were not
considered. As a result, the dynamic process of the flue gas genewdtioh is strongly coupled with the downstream PCC
plant, cannot be described. Moreover, simplified decentralized controllers werie tisesk works, which had negative effect on
the operation of the integrated system. Therefore, advanced control tedigiques should be developed to improve the
performance of the complex CFPP-PCC integrated system.



1.3 Novel contributions

This paper proposes a reinforced coordinated control system for flexiblation of the CFPP-PCC plant as a whole. The
main contributions and novelties of the paper are:

1) the dynamic behavior of the integrated CFPP-PCC system is invesfiyatieel purpose of control system design;

2) a reinforced coordinated control scheme is proposed, which cdly gre@ance the overall performance of the CFPP-PCC
plant; and

3) three operating modes are considered for designing the coordauetiedl, so that the entire CFPP-PCC system works
effectivdy for both power generation and ef@duction.

The proposed coordinated control system structure is illustrated in,Ridnidh is composedf two sub-MPCs: power plant
MPC and capture plant MPC.
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Fig. 1. Schematic diagram of the proposed coordinaiattol system structure for the integrated CFPP-PC@rayst

The MPC for CFPP runs with a small sampling period since the respifnCFPP is quicker than that of the PCC unit. In
addition to the conventional CFPP boiler-turbine controller, which uses caalfioa rate and turbine governor valve position
to control the power output and main steam pressure, this MikR£esithe current and future predicted steam flow rates to
re-boiler as feedforward signals, so that the impact of PCC operatiGRFBR can be known in advance and compensated.

The MPC for PCC operates with a large sampling time since PCeladisely slow dynamics. Based on the conventional
PCC controller design, which uses lean solvent flow rate and steamaflevto re-boiler to control the G@apture level and
re-boiler temperature, this MPC utilizes the flue gas flow rate of CFPP esdéofward signal so that the PCC system can
quickly adapt to the load variation of CFPP. Unldeindividual PCC control system design, which only uses thedaseflow
rate measured at current time as feedforward signal, the future flue gaatiow also predicted via the past coal mass flow rate
and used in the MPC_PCC development. The designed MPC_PCC satlieve a better control performance.



The use of feedforward signals links the CFPP and PCC systenthdéo@ad makes the presemd pending actions of the
two systems known to each other in advance. Therefore, the intesaloibmeen the two systems can now be fully utilized to
improve the flexible operating performance of the overall plant. Thpeeating modes focusing on different control targets are
then considered for designing the coordinated controller, which are: 1) rmperating mode; 2) accelerated load change mode;
and 3) strict carbon capture mode.

1.4 Outline of the paper

Sedion 1 introduced the background, motivation and contributionthiesfwork. Section 2 briefly describes the integrated
CFPP-PCC process, and the dynamic performance of the overall dgstewestigated in Section 3. Section 4 presents the
reinforced coordinated control scheme design for the integrated CFPPRI&@Cand simulation results are shown in Section 5.
Conclusions are drawn in Section 6.

2. System Description

The PCC dynamic model in this paper is developed based on the pilopptaented if25], [33] and [34] using gCCS
toolkit [35], which is a commercial software specifically used for.€&pture, transportation and storage simulation. The PCC
plant uses 30wt% monoethanolamine (MEA) solvent as the chemical sorbestaaphble of treating 0.13kg/s flue gas with
CO; concentration of 25.2wt% under nominal condition. The specificatiomparaineters of the major devices are set according
to the model developed in [25], which has been validated through gubde experimental data to provide high-fidelity
description of tfs capture process.

In order to match the PCC uné simplified model of a small scale subcritical CFPP is developed accordimg toeasic
equations given in [7] and [32Jo better reflect the interactions between the CFPP and PCC systems, théllcegtem,
which reflects the main dynamics of the coal/air-flue gas chais@ken into account as modification based on the modeling
method given in [36]. The dynamic relationships between coal ancetieraged flue gas, as well as its influence on the PCC
system, can thus be reflected clearly through this model. AlththylCFPP model is simplified and small in scale, it can
describe the typical characteristics of the boiler-turbine unit.

To link the CFPP and PCC systems together, the following assurmatie made: 1) the flue gas is assumed to be desulfurized,
denitrified, dust removed and cooled down to°@Mefore being fed into the absorber; 2) the steam to the re-boilemis dta
the IP/LP crossover of the turbine and is assumed to be well maintingishr, 410K by additional controls; and 3) the
condensate water of re-boiler steam returns to the feed-water syatetheaeed-water temperature is assumed to be constant
through regulation of the reheating system. The process topoldipe @@FPP-PCC integrated system is presented in Fig. 2.
Some key operating parameters under nominal operating aomalig given in Tale 1.
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Fig. 2. Process topology of CFPP-PCC integrated system.

Table 1. Nominal Operating Condition of Key Variabfer the integrated CFPP-PCC Model Developed in gCCS

Variable Unit Value
Poweroutput [MWe] 0.175
Turbine governor valve position [%] 81.09
Coal mass flow rate [ka/s] 0.0234
Drum Pressure [MPa] 15.41
Main steam pressure [MPa] 14.76
Flue gas flow rate [kals] 0.1261
Flue gas C@concentration [wit%o] 252
Steam flow rate to re-boiler [ka/s] 0.0462
Reboiler steam pressure [MPa] 0.3
Re-boiler steam temperature K] 410
Flue gas absorber inlet temperature K] 313.15
Solvent flow rate [ka/s] 0.5464
MEA concentration [wit%o] 30
Re-boiler pressure [bar] 1.79
Re-boiler temperature K] 386
Condenser Pressure [bar] 1.69
Condenser temperature K] 313.15

CO; capture level* [%] 90




CQ, in the flue gas- CQ in the clean ge
* CO, Capture Levet

CQ, in the flue gas

The CFPP control schemes have undergone several decades of develmmewblution. Two primary objectives of the
CFPP are: i) following the unit power load demand at all timeg,ii) balancing the boiler’s steam flow supply with the
turbine’s energy requirement to guarantee a safe and economical operation of the plant. Therefore, the power output and the mai
steam pressure are viewed as the most important controlled variables T8¥ €pal mass flow rate and the turbine governor
valve are selected as the manipulated variables (MVs). These four variables are pethraast layer of CFPP control [37].

Regarding the PCC system conttble CO, capture level and the re-boiler temperature are considered as the most central
CVs [24]-[31]. The capture level indicates the degree of @&dnoval from the flue gag he re-boiler temperature reflects the
CO; loading of regenerated lean solvent, whilghermines the CQabsorption abilityMoreover, a solvent degradation will
occur under an excessively higiboiler temperatureThe lean solvent flow rate and the re-boiler steam flow rate drawn off
from the turbine are selected as the MVs.

Regarding the interaction of the integrated CFPP-PCC system, the kiearaté to the PC@e-boiler will also influence the
power output of the CFPP, and the CFPP flue gas flow rate, which iddnidhe coal mass flow rate, has a significant impact
on the operation of PCC plant. Therefore, special attention needs to lom gade two variables.

Based on the above analysise tiynamics and interactions among key variables within the CFPPaRC{l st investigated
and a reinforced coordinated control structure is then proposedadncenthe operating performance of the overall CFPP-PCC
system.

3. Dynamic Behavior Analysisfor the Integrated CFPP-PCC System

To develop an effective coordinated control strategy for the CFPP-P@&nsyke dynamic behavior of the two units and the
interactions among them are investigated through open-loop step retgsiagd the nominal operating point given in Tal,
step signals are applied to the turbine governor valve, flue gas flow ratemass flow rate, lean solvent flow rate and steam
flow rate to re-boiler independently under open-loop conditna their impact on the major CVs, power output, main steam
pressure, flue gas flow rate, @€apture level and re-boiler temperature, are shown in Figs. 3-
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The influence of turbine governor valve on the CFPP unit is illustiat&iy. 3. At t=5 min, the turbine governor valve has
increased by 10% in step. The increase of the turbine governor valve l¢h€esdpid increase in the main steam flow rate, thus
the power output increases rapidly in about 30s. However, sin&isheo change in coal mass flow rate and the energy supply,

this increase in power output is only temporary, which consumekethiestored in the boiler. As the stored heat is gradually

released, the main steam pressure is gradually reduced, and the ptpueigoadually returns to its original level. The transient

process lasts for around 10 min to enter the new steady staterfihe governor valve has little impact on the operation of the

PCC system.
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The influence of coal mass flow rate on the CFPP unit is illustrated .id Fighe increase of coal mass flow rate will increase
the steam generation of the boiler and increase the drum pressure arsleaampressure; the main steam flow rate will thus
increase, resulting in power output increase. Due to the complex pafcesal pulverization, combustion, flue gas flow and
heat transfer, the impact of coal mass flow rate is slow compared to tiabioE valvelt takes about 15 min for the CFPP to
enter the new steady state.

As shown in Fig. 4, the variation of coal mass flow rate will changéfltte gas flow rate from the CFPP. Similar to the
responses of power output and main steam pressure, the increasegafsfiilow rate is also slow becaw$¢he slow dynamics
of the coal mill system. The whole transition process takes more tham10 fimish. The flue gas flow rate has strong impact
on the operation of PCC unit, which is illustrated in Fig. 5. Because thedbamnt and steam flow rates of PCC unit aréheir
original values, only a part of increased £ the flue gas can be captured. Thus, according to the defioitiG®, capture
level, the capture level will drop to a lower value quickly. Then agittesolvent CQ loading is increased, the re-boiler
temperature will slightly decrease and further decrease the&ure levelwhich is quite trivial.
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Fig. 6 describes the effect of lean solvent flow rate on the PCC sy&seshown in Fig. 6, when less lean solvent is delivered
into the absorber, 1e€30; in the flue gas can be absorbed temporarily and thec@g@ture level decreases within 2-3 minutes.
However, because the heat supplied to the re-boiler is not decrease@: fbading of lean-solvent is reduced, which enhances
the CQ absorption ability of lean solvent. As a result, the capture level ratuthe previous value gradually. The dynamics of
the PCC system is very slow that more than 3 hours is requirdiefeystem to enter the new steady state.

On the other hand, as illustrated in Fig. 7, the re-boiler steam flowasteffect on both the PCC and CFPP systems. For the
PCC system, the decrease of steam flow rate to the re-boiler wiladbecthe re-boiler temperature first, which will then increase
the CO; loading of lean solvent and finally decrease the €4pture levelThe response time of re-boiler temperature is shorter
than that of capture level, but overall still very slow. For the CFPP sydtemeduced steam to re-boiler will continue to work in
the low pressure turbine, thus the power output can be rapidly inciezgsout 30s.
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The step response tests show that:

1) Both the CFPP and PCC systems exhibit typical inertial characteriatids,there are strong couplings among
multi-variables within the respective systems;

2) The dynamic response time for the CFPP system is within 1easjnwhile the response time for the PCC system is more
than 3 hours. The PCC system is much slower than the CFPP system

3) There are strong interactions between the PCC and CFPP syBhlammal mass flow rate will change the flue gas flow
rate and then influence the €@apture level of the PCC process; The steam flow rate to re-boilaxhaiige the power output
of the CFPP rapidly.

Therefore, control of the CFPP-PCC system is of great challangeit is very important to establish an appropriate control
system to utilize the interactions between the CFPP and PCC systetosnaandmize the effectiveness of the integrated system
in terms of power supply and G@&moval

4. Reinforced Coordinated Control of the Integrated CFPP-PCC unit

4.1 Reinforced coordinated control system design for the CFPP-PCC unit

The investigation on dynamic behavior has provided a useful guidantdeef€FPP-PCC system controller design. To deal
with the large inertia and strong coupling characterigtidsoth systems, two MPCs are designed, one for each systesgtaaxl
the basis for the coordinated control system



Another reason for choosing the MPC is that there are strict magnitddatanconstraintsn the MVs of the CFPP-PCC
system owning to the physical limitations of the valves. When tbesstraints are involved in the control implementation,
performance degradation will occur for most of controllers. Howaher, MPC considers the influence of constraints in the
controller design stage and provides the optimal control action in the pre§eonostoaints.

Because the response speeds of the CFPP and PCC systems are geité, diiffierent sampling times are set for each MPC.
For the MPC_CFPRsthe turbine governor valve provides a very rapid response on ter patput (shown in Fig. 3jve set
the sampling timds_CFPP=10s; and for the MPC_PCC, although the whole transient ptakes more than 3 hours to finish,
the response of the capture level corresponding to the lean solvent flowanage ¢b very quick (shown in Fig. 6), thus we set
the sampling time a3s CFPP=30sSelecting excessilie larger sampling times will make it difficult to capture these key
dynamic features of CFPP and PCC systems, while selecting extessiadker sampling times will catch too much system
noise and increase the computational burden for the controller.

To makea better use of the interactions between the CFPP and PCC systenmdnide them together, the flue gas flowrate
and steam flow rateotre-boiler are utilized as additional feedforward signals in the PCC and CHRPIEy designs,
respectively. Different from the conventional design approaches, whighsent the measured flue gas flow rate signals at
current sampling time to the PCC controllers,[2d], a method for deep reinforcement integration and coordination ofvthe t
systems is proposed in this paper. The method makes fulf tise prediction feature of MPC, that takes the current and future
estimation of flue gas and re-boiler steam flow rates as respective rigadfosignals in MPC_PCC and MPC_CFPP
developmentsThe future coal mass flow rate is predicted by the MPC_CFPP, from whecfuture flue gas flow rate is
estimated. The future steam flow rate to re-boiler can be predicted BPBiePCC at each sapling time. The working principle
of the entire coordinated control system is shown in Fig. 1.

State-space model based multi-variable design approach is used in both MG, dsich consist of three parts:

A. Model prediction

State-space model that is convenient for multi-variable controller design is seledtegesdiction model:
{xm = Ax, +Bu, +Ef,

)
Y, =Cx + Du, + Ff,

where X, Uy, Yk fk are the state, input, output and feedforward vectors for each systimedt A, B, C, D, E, F are the
corresponding system matrices.

For the CFPP system, the input veatdncludes the coal mass flow rate and the turbine governor valve, thd gagbor y
includes the power output and the main steam pressure. The steam flawthatee-boiler is selected as the feedforward vector
f.

For the PCC system, the input vectoincludes the lean solvent flow rate and the steam flow rate to the re-boileytptug
vector y includes theCO, capture level and thes-boiler temperature. The flue gas flow rate of CFPP is selected as the
feedforward vector f.

The prediction model (1) is identified through input-output data of thePC&iRd PCC systems. In order to obtain
identification data that can fully reflect the dynamics of the system, Bigoals as shown in Figs. 8 and 10 are designed to
stimulate the CFPP and PCC systems respectively. Consideringel@EBP system responds faster than the PCC system, input
signals are devised to change more frequently for the CFPP sysdiergeierated output signals are shown in Figs. 9 and 11, in
which the first half of data is used for identification and the remairdétg id used for model validation. The sampling times of
CFPP and PCC prediction models are selected as 10s and 30s, and thehagfpsaspace identification [38] is utilized to
determine the prediction model, owing to its advantages in multi-variable sptte-model identification. The identification
results are shown in Figs. 9 and 11.
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The results demonstrate that the identified models can reflect the dynanasiciobedf the CFPP and PCC systems

satisfactorily, thus they are selected as the prediction model in the coordinaBesddieisign.
The prediction model (1) is then extended to an incremental style (2) talenicitegral action into the MPC, so that an



offsetfree tracking effect can be attained in case of modeling mismatches:

BN

A (2
y, =[C IZ]{ X"} DAu, + FAf,

k-1

in whichAxy, Aux andAfi are the incremental values bfet state, input, output and feedforward vectors, respectively, at time k,
AXE XK1, AU Uk-Uk-1, Afi= Fiefica.

By stacking up the predictive model (2) foy $teps, the estimation of future output sequerjge= [ykT Yea oo y;—+Ny—1:|T

within ~ the predictbon horizon N can be expressed by the future incremental input sequence

T L .
Au, = [AL{ AY,, - ALLNFJ and the prediction of future incremental feedforward
. T . . .
signalsaf, :[AfkT AL, Afkter] , where N is the control horizon, and is set to be shorter thaWid assume that the
future control actions beyond control horizoprBmains constant, i.eAuLNu AuLNyf1 =0.

B. State estimation

Because the predictive model (1) is developed through data identification, theestaiexvin the model does not have
physical meanings and cannot be measured. For this reason, a swteenis designed to estimate its value based on the
measured input, output and feedforward signals:

{)’de = A, +Bu, + Ef + K(Y, = Vi)

N 3)
Y, =C% + Du, + Ff,

where tk symbol “*” indicates the estimation, the observer gain K can be determined through the Lyapunov function method
[39].

C. Optimization of the objective function

From the perspective of dynamic regulation, the objective of controllemdisdig track the given set-point rapidly and reduce
the control action fluctuations as much as possible to ensure the smooth opdréimisystem. Thus the following quadratic
objective function is considered in the MPC design

J=(3/f—rf)TQ(y—F)+ALJTRAU (4)

.
where r, :[rkT R, e rkT+Ny—1:| is the desired set-points for the controlled variabl@s;= I, ®Q,,R = I, ®R, are the

weighting matrices for the future CVs and MVs respectively.

At each samplethe objective function is minimized considering the constraints of imaginitude (5) and rate (&nd the
optimal future incremental control sequerag can be calculated. The future control sequencamthen be obtained, and the
first element win the control sequenceia implemented on the CFPP-PCC system.

1,7 I, 0 - 0 l,

1, I, 1, = 0 1,

. (umin_uk—l)S : . : AufS . (Qnax_"li—l) (5)
1, | L, 1, 1, I,

_|2_ |2

|

:2 Aumin SAuf < ? AL’lr'nax (6)
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Remark 4.1 The predicted future re-boiler steam flow rate sequence can be directly caldyateel MPC_PCC at each
sample, which will be sent to the MPC_CFPP and used as the feedfaigaatl Since the sampling period of MPC_PCC is
three times longer than that of the MPC_CFPP, linear interpolation methisédsto determine the estimated re-boiler steam
flow rate sequence at intervals of 10s. Similarly, the predicted futaentass flow rate sequence can be calculated by the
MPC_CFPP at each sample, through which, the future flue gas flow rateecastimated using an additional coal mass flow
flue-gas model and sent to the MPC_PCC as feedforward sighaug&ethe prediction horizon of CFPP is shorter than that of
PCC, we assume the future flue-gas flow rate beyond the predictianmof CFPP constant.

4.2 Three operation modes for controller design of the CFPP-PCC unit

The CFPP-PCC unit has a dual task of power generation and carbon redinctioter to make full use of the integrated
system in these two aspects, three operation modes are considé¢hedcforrdinated control system.

A Normal operation mode

Under the normal operation mode, the set-paifithe power generation and g€apture level are provided by the scheduling
layer and the coordinated control system is responsible for implemeapid and smooth tracking of these set-points.

The set-points can be given by the experienced operators based oretbeirap preferences or given through economical
optimizations based on a steady-state model of the CFPP-PCC unit, inthdicbal price, electricity price, carbon price,
government subsidies, etc., could be considered.

B. Rapid load change mode

In current electric power industryarious kinds of energy sources are used together. Among thernpnventionaCFPPs
haveto undetake power grid’s peak regulation task to alleviate the fluctuations caused by the intermittent renewable energy
sources and varying load demand. This demand requires the @F&tRsge its power generation as fast as possible in a wide
rarge imposing tighter requirements on the control of the CFPPs.

The dynamic behavioniFig. 7 shows that by changing the steam flow rate to theiterbthe integrated CFPP-PCC system
can quickly increase the power generation at the cost of reducing it catore performance. Therefore, adjusting the steam
flow rate to re-boiler becomes an additional means for power load regutdtiGFPP unit. When running in the rapid load
change mode, the CFPP controller receives the power generation instructionsdrscheduling layer and the PCC controller is
forced to change the re-boiler steam flow rate at the maximum rate untiwles putput of CFPP is close to its desired value.
Under this mode, the MPC_PCC does not adjust the re-boiler steam flewo rabntrol the capture level, and the terms
corresponding to these two variables are set to zero in the weighting matriaed R. The PCC controller is only responsible
for maintaining the re-boiler temperature closely around the giveposgtto ensure the safe and optimal operation of PCC
system.

C. Strict carbon capture mode

Following the current strict requirements on desulfurization and denitrificafiaghe CFPP uniit may be required for the
CFPP to tightly control th€O, capture level around/beyond a certain limit in the future in dieneet the goal of carbon
emission reduction.

For the PCC unit, the biggest disturbance is the change in theafiflog rate during the load-varying period of the CFPP. As
shown in Figs. 4 and 5, the change of coal mass flow rate wikdhe variation of flue gas flow rate, which will then change
the capture level very quik One way to compensate for this disturbance is the timely adjuisthéhe lean solvent flow rate
since it can also adjust the capture level quickly. However, the allowed chathgeléan solvent flow rate is small for the safe
operation of the PCC plant. Therefore, enforcing the rate constrdiotalomass flow rate and making the flue gas flow rate
change match the rate limit of the lean solvent flow rate is the only wayotd a drastic changes of GQ@apture level during
the load change of CFPP.

Under the strict C®@removal mode, the coordinated control system receives the power genaradicCQ capture level
setpoints from the scheduling layer. For the MPC_CFPP, the rate constraints famaeslflow rate will be enforced to avoid



the dramaticchange of flue gas flow rate and its adverse effect on the PCC sygtemation. Becauséeé MPC CFPP’s
prediction of coal mass flow rate is used to estimate the future flue gasatigwhe MPC_PCC system can perform actions in
advance to better maintain the capture level andetbeiler temperature.

5.  Simulation Results

The effectiveness of the proposed CFPP-PCC coordinated control sgstalidated in this section through three case studies
The following parameters are set for the MPCs:

MPC_CFPP: sampling time F10s, predictive horizon 420, control horizon N=20. Considering that tracking the load
demand is the primary task of the CFPP unit and the fluctuatibneal mass flow rate will have great impact on the PCC
operation, the weighting matrices are set gsd@g(150001); Ri=diag(3000 1). Input magnitude and rate constraints are given

asu_ =[0.01 50" p__=[0.029 9P;Au_ =[-0.001/3 —5/3 Au__=[0.001/3 5/3 due to the physical limitations
min [ q max min max

of the valves.

MPC_PCC: sampling time §30s, predictive horizon yN20, control horizon N20. Since tracking th€0, capture level
demand and maintaining the re-boiler temperature around optimal pothearain tasks of the PCC unit and the fluctuations of
re-boiler steam flow rate will have great impact on the CFPP operation, tlyhtingi matrices are set as<@iag(50, J;

Ro=diag(5, 25). Input magnitude and rate constraints are given a§5h=[0.2 O.OOE}T ,

U =[1 0.09" ;Au,,, =[-0.0035 —0.000b, Au,, =[0.0035 -0.000p due to the physical limitations of the actuators.

Case 1The first case is presented to test the overall performance of the proposdidated MPCs under normal operation
mode. We assume that at the beginning of the simulation, the CFPP_PC@ sysiperating at 0.2MWe power output,
15.88MPa main steam pressure, 80%;, Capture level and 386K re-boiler temperature condition. At t=300s al@@s3the
power set-point changes to 0.225MWe and 0.13MWe respectively; and theaiOre level set-point changes to 60% and 90%
respectively, according to the instructions from the scheduling layelCFR® is operating at the sliding pressure mode, thus the
main steam pressure set-point changes to 16.38 MPa and 13.60MpirgtygoT he re-boiler temperature set-point is fixed at
386K, which is the optimal temperature for this PCC unit.

Two other controllers are used for comparison, which are:

A. Independent MPCsTwo MPCs with the same parameter settings are designed for the CFRRC@ndHowever, the
interactions between the two systems are not utilized; the steam flote fthiere-boiler is not considered in the MPC_CFPP
design and the flue gas flow rate is fixed at 0.13kg/s in the MEC_d®sign.

B. Conventional PI controllerdBoiler-following mode (using turbine governor valve to adjust theiggooutput, coal mass
flow rate to adjust the main steam pressure) is taken into account fot tAEAP design to achieve a rapid track of power
demand. For the PCC system, the lean solvent flow rate is adoptedulate the capture level, and the steam flow rate to
re-boiler is adopted to regulate the re-boiler temperature. The parametees dontlentional Pls are set as follows:

Power control loop: P=30, 1=0.8;

Main steam pressure control loop: P=0.0004, 1=0.00004;

CO;, capture level control loop: P= 0.006, I= 0.0015;

Re-boiler temperature control loop: P=0.07, 1=0.0008.

The simulation results are shown in Fi§j2-15, they indicate the proposed coordinated MPCs can attain the best performance.
When the power demand increases/decreases, the MPC_CFPP increases/dleereaabmass flow rate and turbine governor
valve on time, driving the power output of CFPP quickly to follow the desired vakishown in Figsl2 and13. The changing
rate of the turbine governor valve is slower than that of coal masgdtewso that the dramatic reduction/increase of the main
steam pressure can be avoided. On the other, barghown in Figs. 14 and ,ithe MPC_PCC is well suited for adjusting the
lean solvent and re-boiler steam flow rates to achieve a rapid reductieaseaf the capture level. The re-boiler temperature is
kept closely around 386K to ensure an efficient operation of the PCEC Blgause the current flue gas flow rate and re-boiler



steam flow rate and their future predictions are used in the PCC and NIIF@®, theinteractions between CFPP and PCC
systems do not bring in a significant disturbance on the snopettation of the entire plant.

The main differencef the independent MPCs from the proposed coordinated MPCs is that thetionsrbetween CFPP and
PCC systems is not taken into account for the independent MR@sng to this reason, the tracking speed of power output,
main steam pressure and £€apture level are all slower for the independent MPCs as shown in1Bigad 14. Moreover,
these interactions bring severe disturbances into the CFPP and PCC gmtawissand greatly reduce the stability of both
systems. It can be seen clearly in Figdand 15 that strong fluctuations occur for the independent MPCs.

Regarding the conventional Pl controllers, sluggish responses ofdlal®system are observed in Fig2 and 14. Although
the trend of the adjustments is reasonable, the single-loop basedt®l cannot consider the interactions among multi-loops
and provide the best control inputs. In addition, because of the pasbased control mechanism, it is difficult for the PI
controllers to meet the prompt regulation requirement of the slow CERPpRnt.
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Case 2: The second simulation aims to present the performareepbposed coordinated MPCs under the rapid power load
change modéMNe assume that at the beginning of the simulation, the CFPP-PCC sysiparating at 0.17MWe power output,
14.70MPa main steam pressure, 70% Cépture level and 386K re-boiler temperature condition. At t=300s, theretvpoint
increases to 0.21MWe, which is the most urgent need to track at the moheentaih steam pressure set-point also increases to
16.1 MPa, but the CCrapture level and re-boiler temperature set-points remain the same.

The proposed coordinated MPCs under normal operating mode, thendeéep MPCs under rapid power load change mode
and the MPC of an individual CFPP unit are used for comparison tothleguotential of CFPP-PCC unit in terms of power load
regulation. The simulation results are shown in Figs. 16-19.
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The simulation results show that a satisfactory power load increase canideddy proper risef the coal mass flow rate
and turbine governor valve for all three strategies. Among the four stratdgigsroposed coordinated MPCs under the rapid
power load change mode has the fast power load tracking response {8heignl16), because the steam drawn-off from the
IP/LP turbine crossover has been reduced and used again for poweatgs in the LP turbine (shown in Fig. 19). Since an
excellent power load tracking is now easier to achieve, the focus & MIPPP is slightly biased towards steam pressure
regulation under the same parameters. Smooth and prompt steameptessing performance can be observed clearly under
this mode in Fig. 16. Meanwhijlsince the steam flow rate to re-boiler is forced to be reduced,@hedpture level is out of
control as shown in Fig. 18. The lean solvent flow rate is reduceéspamding to the re-boiler steam and flue gas flow rate as
shown in Fig. 19. A good re-boiler temperature control can still be edtdor the safe and optimal operation of PCC unit as
shown in Fig. 18.

For the proposed coordinated MPCs under normal operating mode, thelgadveamping is about 50s slower than that of the
rapid power load change mode as shown in FigThé increase in power requires the CFPP controller to increase the coal mass
flow rate, which will then gradually increase the flue gas flow rate an& makidden reduction in G@apture level as shown in
Fig. 18. To maintain the capture level, more steam will be drawneoff the turbine and the ramping of power load will thus be
retarded

A rapid power load tracking response can also be discovered for the indep®&fCs under power load ramping mode.
However, since the actions of PCC are not considered by the CFPP imthd design stage, the continuous reduction of
re-boiler steam flow rate brings large unknown disturbances into thé& €&Rtrol system during the load change. As a result,
fluctuations in turbine governor valve and power output can benads in Figs. 17 and 16, which are harmful for the smooth
operation of the CFPP. Regarding the PCC side, the performance cdridéaep MPCs is similar to the coordinated MPCs under



the power load ramping mode. This is mainly because thec&@ure level is not controlled under this operating mode and the
impact of flue gas flow rate on the re-boiler temperature is quite limitedh@sn in Fig. 5). Therefore, even if the flue gas
variation is unknown, a satisfactamboiler temperature control is easily achieved by adjusting the lean stituwemate.

The use of re-boiler steam in power generation also makes thEntaspeed of CFPP-PCC unit faster than that of the
individual CFPP unit controlled by the same MPC. This is clearly reflectdteirarly stage of regulation shown in Fig. 16. In
the latter stage, the load varying rate of CFPP-PCC plant is graduallyt cguby the individual CFPP. This is because the coal
mass flow rate of CFPP-PCC system has already reached the upper linfatitme individual CFPP unit, without the function
of carbon capture, the coal consumption is less for the same poweatgenas shown in Fig. 17. Therefore, the magnitude
constraint does not limit the optimization of coal mass flow rate during terdoad increase. However, large overshoots can
be viewed for the individual CFPP control in both power outputragith steam pressure responses as shown in Fig. 16.

Case 3: The last simulation is presented to investigate the performanceuafbsed coordinated MPCs under strict carbo
capture modeéWe assume that at the beginning of the simulation, the CFPP-PC@ sysiperating at 0.16MWe power output,
14.02MPa main steam pressure, 70% Cé&pture level and 386K re-boiler temperature condition. At t=300s, ther gaivpoint
is increased to 0.21MWe and the main steam pressure set-point is ddcteak6.1MPaThen at t=1300s, the desir&D,
capture level rises to 90% and theboiler temperature set-point remains the same during the simulMiintaining the
capture level closely around the set-point during the power load issiighly expected.

For the proposed coordinated MPCs under strict carbon capture modateheonstraint for the coal mass flow rate is
strengthened t00:001/9<Au_co0al<0.001/9, one third of its original value. The proposed coordinated MPCs under normal
operating mode and another conventional coordinated MPCs usintherdurrent flue gas flow rate aseedforward signal are
used for comparison to show tlx0, capture performance during power load change in the CFPP-PEC haisimulation
results are shown in Fig80-23.

Power Output (MW)

Main Steam Pressure (MPa)

13 | | | | | | |
300 800 1300 1800 2300 2800 3300
Time (Second)

Fig. 20. Performance of the integrated CFPP-PCC system: CFHPRBtawriables {olid in red proposed coordinated MPCs under strict carbon maaited in




Coal Mass Flow Rate (Kg/s)

blue proposed coordinated MPCs under normal mode; dashed in black: convectianiihated MPCsjot-dashed in greemneferencg

0.03
Ty
!_: 1_‘- J—
i’ !‘ /""‘-M--“"""q,‘f'm"“
i
] _
0.025 i
1
1
1
1
1
)
j
0.02 '
90

85— :
K - TT T T
RIS

80

~
[&)]

Turbine Governor Valve (%)

| | | |
1800 2300 2800 3300

Time (Second)

70 '
300 800 1300

Fig. 21. Performance of the integrated CFPP-PCC system: CFPPutetad variablessflid in red proposed coordinated MPCs under strict carbon nubutesd

in blue proposed coordinated MPCs under normal mode; dashed in black: ttonakcoordinated MPQs



CO2 Capture Level (%)

386.1 T | | | |

386.05

386

Re-boiler Temperature (K)

385.95 -

\ L | | | | |
300 800 1300 1800 2300 2800 3300
Time (Second)

Fig. 22. Performance of the integrated CFPP-PCC system: PQutowdriables €olid in red proposed coordinated MPCs under strict carbon moaleed in

blue proposed coordinated MPCs under normal mode; dashed in blaskentional coordinated MPCspt-dashed in greereferencg



0.65

0.6

0.55

0.5

0.45

Lean Solvent Flow Rate (kg/s)

0.4

0.35
0.06

0.05

0.04

0.03

Steam Flow Rate to Re-boiler (kg/s)

| | | | | | |
300 800 1300 1800 2300 2800 3300
Time (Second)

Fig. 23. Performance of the integrated CFPP-PCC system: PCpufated variablessflid in red proposed coordinated MPCs under strict carbon miatésd

in blue proposed coordinated MPCs under normal mode; dashed in black: tionakcoordinated MPQs

In order to track the increased power commands, the CFPP caydtein has to increase the coal mass flow rate (shown in
Fig. 21), which results in an increase of the flue gas flow rate. To avoidetrease of COcapture level as much as possible,
the three control strategies all increase the lean solventedaler steam flow rate in general (shown in 28). Among the
three strategies, the proposed coordinated MPCs under strict carboe capder has the smallest capture level control deviation
(the biggest deviation is less than 3%fore the capture level set point change) as shown in2ZgThis is achieved by
strengthening the rate constraints of coal mass flow rate and slowingtdewehanging rate of flue gas flow rate as shown in
Fig. 21. Although the power load tracking speed is reduced, the adjustERCC control system now can compensate the
influence of flue gas in timeAs comparison, for the proposed coordinated MPCs under nominal mmodé, stronger capture
level control deviation can be observed in FAg.and the biggest deviation is more than 0&ere the capture level set point
change. Regarding the conventional coordinated MPCs, because oolyrér@ measured flue gas flow rate is sent to the PCC
control, the future prediction feature of the MPC cannot be fully utilizexts®¥/capture level and re-boiler temperature control
can be viewed clearly compared with the proposed coordinated MPCs asistogu22.

The main purpose for selecting the strict carbon capture mode is torhaitegain a given COcapture level under the power
plant load change. In case of capture level change, the coordinated MPCshismderde cannot attain great advantages as
shown in Fig22. The increase of capture level is mainly achieved by the increaséoilee steam and lean solvent flow rates.
The response speed is thus subject to the behavior and constrahmesP@C system itself. Although the increase of re-boiler
steam flow rate will make the CFPP increase the coal mass flow rate to miiatgimen power output, the changing magnitude
and rate are small. For this reason, strengthening the changingcate ofass flow rate cannot make much diffesen

The three case studies show convincingly that the proposed coorditid@slin the three operating modes have significant



advantages in achievinthe flexible operation of the integrated CFPP-PCC system and exediqgpwter generation and
emission reduction capabilities.

6. Conclusion

There are strong interactions between the coal-fired power plant and tha capiure system: the PCC re-boiler steam flow
rate can change the CFPP power output rapidly and the CFPP codllowasge will change the flue gas flow rate and bring i
significant impact on the operation of PCC unit. Therefore, the costdras designed independently for each of the CFPP and
PCC systems are not capable of handling the control issues of integystech and maximize its functions in terms of power
generation and carbon emission reduction.

To overcome this issue, this paper proposes a reinforced coordinatenl strncture for the integrated CFPP-PCC system.
The foundation of the coordinated control is two sub-MPCs developeghét of the CFPP and PCC systems. The current flue
gas and re-boiler steam flow rates and their future estimations are takewdatot in the MPC design of PCC and CFPP, so
that theinteractions among the two sub-systems can be fully utilized by each $iRulation results show that the proposed
coordinated control strategy performs much better than the independerst diGonventional Pl control$hree operating
modes are then proposed in the coordinated CFPP-PCC integrated sysiteoh design: the normal mode, the rapid power
ramping mode and the strict carbon capture mode, to cover the fullghtigeentire system operatidh can be observed that
under rapid power ramping mode, the CFPP can effectively iragteVoad-changing rate by using the re-boiler steam flow as
an auxiliary regulation method; and under the strict carbon capture mposteebgthening the rate limitations of coal mass flow
rate, the given C@capture level can be better maingdin the case of significant CFPP load change.
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