wO 2016/118470 A1 [N I/ NPF V00 00000 O O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/118470 A1

28 July 2016 (28.07.2016) WIPO I PCT
(51) International Patent Classification: (74) Agents: CRAWFORD, Robert D. et al.; ALSTOM Power
F27D 17/00 (2006.01) F27D 19/00 (2006.01) Inc., 200 Great Pond Drive, P.O. Box 500, Windsor, Con-
ticut 06095 .
(21) International Application Number: flecticu 95 (US)
PCT/US2016/013837 (81) Designated States (unless otherwise indicated, for every
. . ) kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: 93 2016.(19.01.2016 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
anuary (19.01.2016) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(25) Filing Language: English DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
L. . HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(26) Publication Language: English KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
(30) Priority Data: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
14/600,804 20 January 2015 (20.01.2015) Us PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, 84, 5C,
SD, SE, 8@, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(71) Applicant: ALSTOM TECHNOLOGY LTD [CH/CH]; TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Brown Boveri Strasse 7, 5400 Baden (CH).
(84) Designated States (uniess otherwise indicated, for every
(72) Inventor; and kind of regional protection available): ARIPO (BW, GH,
(71)  Applicant (for UG only): LOU, Xinsheng [CN/US]; 25 GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
Proctor Drive, West Hartford, Connecticut 06117 (US). TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
(72) Tnventors: JOSHI, Abhinaya; 176 Hampshire Drive, Gla- TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,

stonbury, Connecticut 06033 (US). YANG, Shizhong; 275
Simsbury Road, West Hartford, Connecticut 06117 (US).
WANG, Chuan; 39 Alder Road, Simsbury, Connecticut
06070 (US). NEUSCHAEFER, Carl H.; 147 Post Office

DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Road, Enfield, Connecticut 06082 (US). TANCA, Michael Declarations under Rule 4.17:

Chris; 32 Hayes Road, Tariffville, Connecticut 06081
(US).

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

[Continued on next page]

(54) Title: MODEL-BASED CONTROLS FOR A FURNACE AND METHOD FOR CONTROLLING THE FURNACE

120

LA

1

118
L= 1
| 116
J(ZDZ
Y

Figure 1

(57) Abstract: Disclosed herein is a control system for NOx reduction in a power plant, the control system comprising a model pre -
dictive controller; a proportional integral differential controller and/or an adaptive controller; where the proportional integral differ -
ential controller and/or an adaptive controller are subordinated to and in operative communication with the model predictive control -
ler; where the proportional integral differential controller and/or an adaptive controller comprise a feedback loop; a NOx reduction
system comprising a NOx reducing agent supply tank and a water supply tank; and a furnace for combusting a fuel; where the fur -
nace lies downstream of the NOx reduction system and where the furnace is provided with a plurality of nozzles that are in fluid
communication with the NOx reduction system; where the control system is in electrical communication with the NOx reduction
system.
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MODEL-BASED CONTROLS FOR A FURNACE
AND METHOD FOR CONTROLLING THE FURNACE

TECHNICAL FIELD

This disclosure relates to model-based controls for a furnace and to methods for
controlling the furnace. In particular, this disclosure relates to the use of a model based
controller for controlling a pulverized coal (PC) fired furnace that uses Selective Non-
Catalytic Reduction (SNCR) for nitrogen oxide (NOx) containing gases. The furnace
may be part of a boiler.

BACKGROUND

Selective Non-Catalytic Reduction (SNCR) processes represent one manner of
decreasing NOx content in flue gases from a combustion process by using an appropriate
reduction agent in a non-catalytic environment. As no catalyst is needed for the SNCR
process compared with a selective catalytic reduction (SCR) process, reaction
temperatures for the SNCR process have to be maintained within desirable limits. The
SNCR process involves injecting either ammonia or urea into the firebox of the boiler at a
location where the flue gas is between 1,400 and 2,000°F (760 and 1,090°C) to react with
the nitrogen oxides formed in the combustion process.

At temperatures below 760°C, the NOx and the ammonia do not react. Ammonia
that has not reacted is called ammonia slip and is undesirable, as the ammonia can react
with other combustion species, such as sulfur trioxide (SOs), to form ammonium salts.
Unreacted ammonia can be discharged at the stack - this is undesirable. At high
temperatures (> 1090°C), the ammonia starts to decompose into NOx and H,O. In this
case, additional NOx is created from the ammonia instead of facilitating the removal of
existing NOx from the flue gas stream. A further complication is mixing. In general,
more NOx will form in the center and less near the walls, as the walls are cooler than the
center. Thus, more ammonia must find its way to the center and less near the walls,
otherwise NOx in the center meets insufficient ammonia for reduction and excess

ammonia near the walls slips through.
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The SNCR process is generally carried out in the furnace hot flue gas path, mostly
in the radiation passes of the boiler. The SNCR performance is influenced by furnace
load, coal feeding and windbox operation, which can change flue gas properties, e.g.,
temperature, excess oxygen, NOx content, and the like. It is not only desirable to control
NOx emission to below the regulated value it is also desirable to reduce ammonia slip,
because ammonia slip is also regulated out of the SNCR and at the plant stack. In
addition, ammonia slip is a waste product of the NOx reducing agent (urea in this case)
that increases operating cost. Clearly, a multivariable control optimization solution is
desirable to better control the boiler flue gas outputs which are input to the SNCR and the
-SNCR process itself to maintain NOx emission and ammonia slip below regulated or
more stringent commercial limits, while minimizing the overall boiler/SNCR system
operating costs.

Though in theory selective non-catalytic reduction can achieve the same
efficiency of about 90% as selective catalytic reduction (SCR), these practical constraints
of temperature, time, and mixing often lead to worse results in practice. However,
selective non-catalytic reduction has an economical advantage over selective catalytic
reduction, as the cost of the catalyst is absent.

In order to maximize the advantages of SNCR technology while at the same time
minimizing its disadvantages, it is desireable to use a muitivariable control optimization
solution to better control the furnace flue gas outputs which are input to the SNCR and
the SNCR process itself to maintain NOx emission and ammonia slip below regulated

limits, while minimizing the overall boiler/SNCR system operating costs.

SUMMARY

Disclosed herein is a control system for NOx reduction in a power plant, the
control system comprising a model predictive controller; a proportional integral
differential controller and/or an adaptive controller; where the proportional integral
differential controller and/or an adaptive controller are subordinated to and in operative
communication with the model predictive controller; where the proportional integral
differential controller and/or an adaptive controller comprise a feedback loop; a NOx

reduction system comprising a NOx reducing agent supply tank and a water supply tank;

and a furnace for combusting a fuel; where the furnace lies downstream of the NOx
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reduction system and where the furnace is provided with a plurality of nozzles that are in
fluid communication with the NOx reduction system; where the control system is in
electrical communication with the NOx reduction system.

Disclosed herein too is a control system for NOx reduction in a power plant, the
control system comprising a proportional integral differential controller and/or an
adaptive controller; where the proportional integral differential controller and/or an
adaptive controller comprise a feedback loop; a NOx reduction system comprising a NOx
reducing agent supply tank and a water supply tank; and a furnace for combusting a fuel;
where the furnace lies downstream of the NOx reduction system and where the furnace is
provided with a plurality of nozzles that are in fluid communication with the NOx
reduction system; where the control system is in electrical communication with the NOx
reduction system.

Disclosed herein too is a method comprising feeding information from a furnace
to a model predictive controller; where the information is at least one of outlet NOXx,
ammonia slip, reaction zone temperature distribution level(s), furnace load demand, or a
combination thereof; and providing control information from the model predictive
controller to a proportional integral differential controller and/or an adaptive controller;
where the control information is at least one of urea flow distribution bias, total carrier
water flow bias, injection height(s) of nozzles, water pulsation rate/magnitude, NOx
setpoint bias, excess oxygen setpoint bias, the main burner zone stoichiometry setpoint
bias, windbox/furnace differential pressure setpoint bias; or a combination thereof; and
where the control information is used to control the NOx reducing agent input to the

furnace.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 is a schematic depiction of an exemplary system that uses one or more
model predictive controllers (MPCs) to supervise a plurality of proportional integral
derivative controllers (PIDs) to maintain the operability of the SNCR process in a furnace
that contacts a flue gas treatment system;

Figure 2 is a detailed schematic depiction of the exemplary system of the Figure 1;

Figure 3 is a detailed schematic depiction of the exemplary system of the Figure 1

where the PIDs are replaced by adaptive controllers;
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Figure 4 depicts one mode of adaptive control;

Figure 5 depicts another mode of adaptive control;

Figure 6 is a schematic depiction of how an adaptive mechanism is used to
provide a performance evaluation of a model predictive controller based on instant
measurements;

Figure 7 depicts the basic structure of model based fault detection;

Figure 8 shows the logic behind particle swarm optimization;

Figure 9 is a depiction of how the disclosed control system is used in a furnace for
NOx abatement;

Figure 10(A) depicts conventional NOx spray profiles for furnaces fitted with
nozzles in the side walls;

Figure 10(B) depicts NOx spray profiles for furnaces with nozzles in the roof of
the furnace or alternatively along a center line of the length of the furnace;

Figure 11 depicts the furnace having nozzles in the side wall as well as along the
center line of the length of the furnace;

Figure 12(A) depicts the hybrid spray pattern in the furnace when viewed from the
furnace roof; and

Figure 12(B) depicts the NOx reducing agent supply system and the control

system that is used to reduce NOx emissions in the furnace.

DETAILED DESCRIPTION

The invention now will be described more fully hereinafter with reference to the
accompanying drawings, in which various embodiments are shown. This invention may,
however, be embodied in many different forms, and should not be construed as limited to
the embodiments set forth herein. Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully convey the scope of the
invention to those skilled in the art. Like reference numerals refer to like elements
throughout.

It will be understood that when an element is referred to as being “on” another
element, it can be directly on the other element or intervening elements may be present

therebetween. In contrast, when an element is referred to as being “directly on” another
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element, there are no intervening elements present. As used herein, the term “and/or”
includes any and all combinations of one or more of the associated listed items.

It will be understood that, although the terms first, second, third etc. may be used
herein to describe various elements, components, regions, layers and/or sections, these
elements, components, regions, layers and/or sections should not be limited by these
terms. These terms are only used to distinguish one element, component, region, layer or
section from another element, component, region, layer or section. Thus, a first element,
component, region, layer or section discussed below could be termed a second element,
component, region, layer or section without departing from the teachings of the present
invention.

The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting. As used herein, the singular forms
“a,” “an” and “the” are intended to include the plural forms as well, unless the context
clearly indicates otherwise. It will be further understood that the terms “comprises”
and/or “comprising,” or “includes” and/or “including” when used in this specification,
specify the presence of stated features, regions, integers, steps, operations, elements,
and/or components, but do not preclude the presence or addition of one or more other
features, regions, integers, steps, operations, elements, components, and/or groups
thereof.

Furthermore, relative terms, such as “lower” or “bottom” and “upper” or “top,”
may be used herein to describe one element's relationship to another element as illustrated
in the Figures. It will be understood that relative terms are intended to encompass
different orientations of the device in addition to the orientation depicted in the Figures.
For example, if the device in one of the figures is turned over, elements described as
being on the “lower” side of other elements would then be oriented on “upper” sides of
the other elements. The exemplary term “lower,” can therefore, encompasses both an
orientation of “lower” and “upper,” depending on the particular orientation of the figure.
Similarly, if the device in one of the figures is turned over, elements described as “below”
or “beneath” other elements would then be oriented “above” the other elements. The

exemplary terms “below” or “beneath” can, therefore, encompass both an orientation of

above and below.
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Unless otherwise defined, all terms (including technical and scientific terms) used
herein have the same meaning as commonly understood by one of ordinary skill in the art
to which this invention belongs. It will be further understood that terms, such as those
defined in commonly used dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art and the present disclosure,
and will not be interpreted in an idealized or overly formal sense unless expressly so
defined herein.

Exemplary embodiments are described herein with reference to cross section
illustrations that are schematic illustrations of idealized embodiments. As such, variations
from the shapes of the illustrations as a result, for example, of manufacturing techniques
and/or tolerances, are to be expected. Thus, embodiments described herein should not be
construed as limited to the particular shapes of regions as illustrated herein but are to
include deviations in shapes that result, for example, from manufacturing. For example, a
region illustrated or described as flat may, typically, have rough and/or nonlincar features.
Moreover, sharp angles that are illustrated may be rounded. Thus, the regions illustrated
in the figures are schematic in nature and their shapes are not intended to illustrate the
precise shape of a region and are not intended to limit the scope of the present claims.

Disclosed herein is a control system and a method of controlling the operations of
a furnace in a power plant that uses a selective non catalytic reduction process (SCNR)
downstream of the furnace so that flue gases produced in the furnace which are the inputs
to the SNCR process are controlled. The furnace may be part of a boiler. In one
exemplary embodiment, the furnace is part of a pulverized coal (PC) fired boiler. The
control system involves using a multivariable control optimization solution to maintain
NOx emission and ammonia slip below regulated or commercial limits, while minimizing
the overall boiler/SNCR system operating costs.

Current umbrella SNCR process control systems for a fossil fuel fired boiler unit
includes a set of regulatory PID controllers to maintain the operability of the SNCR
process. In this invention, a model based supervisory controller (e.g. a model predictive
controller (MPC)) is used to optimize the SNCR operation performance. In view of the
fact that the furnace fuel/air operation and SNCR are interrelated, it is desirable to
approach the control optimization problem from an integrated furnace SNCR point of
view so that an optimal control solution for a combined furnace-SNCR system is

obtained.
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The control system therefore includes a model-based optimizing process control
design for the furnace as well as the SNCR process and uses auto-tuning (adaptive tuning)
amongst other improved control mechanisms to continue to improve controls from data
generated during the operation of the process. Adaptive controls and fault tolerant
controls are generally treated as complementary control designs. This disclosure
integrates adaptive control with fault tolerant control and controls auto-tuning using
optimization methods such as particle swarm optimization (PSO) algorithms to enhance
the MPC designs for enhanced system control quality.

The control system detailed herein is advantageous because the use of adaptive
control mechanisms in conjunction with a fault tolerance approach facilitates and
enhances the overall control performance and reliability of integrated controls of the
furnace-SNCR portion of the power plant. Current SNCR relies almost exclusively on the
use of basic PID controllers to control NOx that is discharged from the power plant.
Currently the PID and standard MPC tuning rely on a manual tuning method. Auto-
tuning with an advanced particle swarm optimization algorithm add significant tuning
effectiveness with less effort. Integrated controls for the furnace and the SNCR are not in
use in the current state of the art.

In one embodiment, the control system includes a model predictive control (MPC)
layer to supervise other controllers such as proportional integral derivative (PID)
controllers. The MPC is referred to as the MPC supervisor, since it supervises and
controls the information provided to the power plant by the PID controllers. In another
embodiment, some or all of the PID controllers are replaced by adaptive controllers that
are capable of modifying system behavior based on dynamic process changes and the
character of these changes during plant operation. In short, the MPC supervisory layer
and the PID and/or the adaptive control layer are in a master-slave relationship with the
PID and/or the adaptive control layer being subordinated to the MPC layer.

In one embodiment, the MPC supervisory layer uses fault tolerance logic in order
to provide supervisory control over the PID and/or adaptive control layers. Fault tolerance
is the property that enables the control system (and hence the power plant) to continue
operating properly in the event of the failure of (or one or more faults within) some of its
components. In one embodiment, if the operating quality decreases at all, the decrease is
proportional to the severity of the failure, as compared to a conventionally designed

system in which even a small failure can cause total breakdown.
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In another embodiment, the control system uses optimization methods such as
particle swarm optimization (PSO) to effect automatic tuning (referred to herein as “auto
tuning”) to effect enhanced supervisory control of the PID and/or adaptive control layers
by the MPC layers. In this embodiment, which includes optimizing all control layers, a
multi-objective particle swarm optimization (MOPSO) algorithm is proposed to fine-tune
the baseline MPC parameters.

In another embodiment, the control system detailed herein is used to control the
delivery of a NOx reducing agent delivered to the furnace via an inlet port (or a system of
inlet ports) located in the upper portions of the furnace. The control system facilitates
control over the height of the nozzles, the amount or flow rate of the NOx reducing agent,
the amount or flow rate of the water and the concentration of the NOx reducing agent
delivered to the furnace. This control ensures that NOx released to the atmosphere or
ammonia slip that may occur from the power plant is within regulatory limits irrespective
of the operating conditions of the plant.

SNCR technology is attractive due to its lower capital and operating cost, design
simplicity, catalyst-free system, ease of installation in existing plants, applicability to all
types of stationary-fired equipment, and the fact that it is largely unaffected by fly ash and
usability with other NOx emission control technology. The SNCR process is operated in
the downstream sections of the furnace (e.g., in downstream sections of the boiler
combustion process). The operation of the furnace combustion system includes oxygen
controls and air staging, which will impact the distributions of flue gas flows,
temperatures and molar fractions of the relative species and radicals in the SNCR reaction
zones. Thus, it is desirable to consider not only optimization of the umbrella SNCR
process by itself, but to apply an integrated optimization of the both furnace combustion
and SNCR processes using a multivariable controls approach.

In one embodiment, the control system comprises a MPC that supervises a
plurality of proportional integral derivative controllers (PIDs) to maintain the operability
of the SNCR process.

Figures 1 and 2 are schematic depiction of an exemplary system 100 that uses one
or more MPCs (MPCs) 102 to supervise a plurality of proportional integral derivative
controllers (PIDs) 104, 106, 108, 110, 112, 114, and so on, to maintain the operability of
the SNCR process in a furnace 204 that contacts a flue gas treatment system 202. Figure
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1 is a simplified schematic of the system 100 that is depicted in detail in the Figure 2.
The overall integrated furnace-SNCR control optimization design is depicted in Figure 2.

The flue gas treatment system 202 lies downstream of the furnace 204. The
furnace 204 is in fluid communication with a turbine (not shown) that is used to drive a
generator (also not shown) to produce energy. In an embodiment, the furnace 204 may be
part of a pulverized coal fired boiler (a PC boiler). The demands of the turbine determine
the load on the furnace, which is compensated for in a variety of different ways, one of
which is to control the amount of fuel supplied to the furnace.

Disposed in the furnace 204 is an inlet port 120 (also commonly referred to as a
nozzle) that introduces the NOx reducing agent (e.g. ammonia or urea) into the furnace.
The PIDs 104, 106, 108, 110, 112, 114, are in electrical communication with the MPC
102 and also with a water supply tank 116 and a NOx reducing agent supply tank 118.
The water supply tank 116 and the NOx reducing agent supply tank 118 are in fluid
communication with the furnace 204 and lie upstream of it. The water supply tank 116
provides water while the NOx reducing agent supply tank 118 provides the NOx reducing
agent which are combined in desired ratios and introduced into the furnace 204 through
the nozzle 120 to reduce the NOx present in the flue gas stream to the desired value. In
an embodiment, no other catalyst(s) are used in the NOx reduction process. The desired
value of NOx released into the atmosphere is generally less than or equal to a regulated
value imposed by environmental agencies.

The MPC 102 comprises a model part, an estimator and an optimizer, each of
which are disclosed in U.S. Patent No. 8,755,916, the entire contents of which are
incorporated herein in their entirety. While the MPC 102 of the Figure 1 is shown to be in
communication with the furnace 204 via the PIDs 104, 106 108 110 and so on, it can also
be in direct communication with other parts of the power plant. For example, it can be in
communication with any of the other smaller parts of the plant such as, for example, the
furnace and can function to control these smaller parts of the plant.

In the embodiment depicted in the Figures 1 and 2, the MPC 102 receives inputs
(X) pertaining to the amount of NOx released in the flue gas stream at the furnace exit,
(Y) ammonia slip at the furnace exit and (Z) the furnace load. These inputs are also
termed the controller variables or disturbance variables. The information derived from

these inputs is used to supervise the functioning of the respective PIDs.
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In one embodiment, the MPC 102 can include linear or nonlinear dynamic
modeling and simulation derived from first principle equations such as mass, momentum,
and energy balances. Furthermore, empirical modeling methods such as nonlinear neural
networks are used in a hybrid dynamic model structure which combines simplified first-
principle models with data-driven models. In an exemplary embodiment, the MPC
leverages plant control system components, e.g., existing proportional-integral-derivative
(PID) controllers, to supplement and/or replace current plant control systems with model
based predictive controls having optimization capabilities. More specifically, the model
part of the MPC 102 includes a nonlinear steady state model and one or more linear or
nonlinear dynamic models. In addition, the steady state model and/or the dynamic model
may each use adaptive, fuzzy, and/or NN modeling techniques, and/or first principle
modeling techniques to model the complex, nonlinear multi-phase flows and chemical
reactions of the fossil fuel fired power plant.

As stated above, the MPC 102 is in a master-slave relationship with the plurality
of PIDs 104, 106, 108, 110, 112 and 114. The PIDs are slaved to the MPC 102, i.e., the
MPC 102 is in a supervisory capacity with regard to the PIDs. The PIDs each comprise a
control loop feedback mechanism (shown in the Figure 2) that comprises the PID
controller, a pressure gauge (or a flow measurement device) and a valve that is activated
by information received from the PID controller. A PID controller calculates an error
value as the difference between a measured process variable and a desired setpoint. The
controller attempts to minimize the error by adjusting the process through use of a
manipulated variable. The PID algorithm involves three separate constant parameters,
and is accordingly sometimes called three-term control: the proportional, the integral and
derivative values, denoted P, I, and D. Simply put, these values can be interpreted in
terms of time: P depends on the present error, I on the accumulation of past errors, and D
is a prediction of future errors, based on current rate of change. The weighted sum of
these three actions is used to adjust the process via a control element such as the position
of a control valve, a damper, or the power supplied to a heating element.

The PID 104 receives supervisory information about the NOx set point, while the
PID 106 receives supervisory information about the ammonia slip information from the
same MPC 102. Control information from the PIDs 104 and 106 is then fed to the NOx
reducing agent supply tank 118, PID 108 provides control information about furnace load

received from the MPC 102 to the water supply tank 116 as well as to the NOx reducing

10
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agent supply tank 118. PID 110 provides pulse control information to nozzles used to
introduce NOx reducing agent into the furnace, PID 112 provides oxygen set point
information to the air control system (not shown), while PID 114 provides information
about main burner zone (MBZ) stoichiometry. While the Figure 1 shows 6 PIDs, the
MPC can provide supervisory information to 7 or more PID controllers. In an
embodiment, the MPC can provide supervisory information to yet another PID that
controls the windbox/furnace differential pressure (DP).

The PIDs provide the control information to valves (not shown in the Figure 1 but
contained in the Figure 2) that control the ratio of water to the NOx reducing agent in the
nozzle 120. The lines that carry water and the NOx reducing agent are also fitted with
pressure gauges (not shown) that supply feed-back information to the PIDs.

In summary, in the Figure 1, the PIDs enable the commands of the manipulated
variables generated from the MPC such as urea flow distribution bias, the total carrier
water flow bias, injection height(s) of the nozzle(s), the water pulsation rate/magnitude,
the NOx setpoint bias, the excess oxygen setpoint bias, the main burner zone
stoichiometry setpoint bias, the windbox/furnace differential pressure (DP) setpoint bias,
and the like, or a combination thereof. The MPC controls the overall constraints on the
system 100 such as the outlet NOx, the ammonia slip, the reaction zone temperature
distribution level(s), by taking the disturbance variables (DVs) such as furnace load
demand into consideration.

As noted above, the MPC can comprise an estimator that may be used to estimate
state variables such as SNCR reaction zone temperature level and distribution, SNCR
reaction zone NO, NO, and NHj distributions, SNCR reaction zone O, level and
distribution, SNCR reaction zone flow distribution and flow patterns, residence time, and
the like. State variables can be estimated using either state estimator(s) based on state-
space dynamic models or reverse computation engines based on, for example,
computational fluid dynamics models (partial differential equations, differential algebraic
equations, and the like). Physical sensor systems to measure such process state variables
would be desired but may not be available immediately. Physical sensor systems that can
measure a portion of the listed variables to provide initial and boundary conditions would
be useful in numerical re-construction of the reaction zone distribution of the

temperatures, flow parameters and flue gas species.
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The Figure 2 depicts a more detailed version of the Figure 1. The Figure 2 shows
additional PIDs 122 and 124 which are in electrical communication with the PIDs 104
and 106. These PIDs 122 and 124 are in electrical communication with valves that
determine the amount of urea solution (the NOx reducing agent 118) that is supplied (in
conjunction with water from the water supply tank 116) to the nozzles 120 in the furnace
204. The pulse control system (see Pulsing Parameters (D) and the furnace load
information obtained from the MPC 102 is in electrical communication with valves that
control the amount of water from the water supply tank. As can be seen in the Figure 2,
the system 100 comprises a number of valves and pressure gauges that are in electrical or
fluid communication with the PIDs to provide better control over the NOx reduction.

The Figure 3 shows the system 100 of the Figure 2, with some of the PIDs
replaced by adaptive controllers. Comparing the Figures 2 and 3 it may be seen that the
PIDs 110, 122, 124 and 108 are replaced with adaptive controllers 310, 322, 324 and 308
respectively. In general, a PID controller is essentially an error based controller that only
responds when the process variable deviates from its set point. The PID controller is also
a single-input-single-output (SISO) controller, which means it merely concentrates on the
process variable in the control loop, and does not care about how other process variables
behave in other control loops. However, complicated interactions and coupling effects do
exist among certain process variables in the power plant, which cannot simply be handied
by PID controllers.

The aforementioned MPC is designed to capture the features among different
loops, and adjusts the associated set point values to seek the optimal operating point. The
PID controllers may not be able to provide as fast response as is often desired. Instead of
standard PID controllers, adaptive controllers or PID controllers with adaptive
mechanisms can be introduced to improve the performance of each single control loop.

As shown in Figure 3, the adaptive controllers take the place of some of the
typical PID controllers in Figure 2. An adaptive controller is a controller that can modify
its behavior in response to changes in the dynamics of the process and the character of the
disturbances. The adaptive controller becomes nonlinear because of the parameter
adjustment mechanism. The essence of the adaptive controller is how its parameters are
adjusted to meet the needs of a changing control environment. The adaptive controller
includes self-tuning adaptive controls, neuro-adaptive controls, a neural network (NN), a

wavelet network, or a combination thereof.
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The adaptive controllers 308, 310, 322 and 324 may be used to control the
feedback loops that they are associated with by two different means. These are depicted
in the Figures 4 and 5 below. One method involves a parameter adjustment algorithm to
update the control parameters in accordance with the operating condition as shown in the
Figure 4. The advantage of this design is that the original PID controllers still remain
while their parameters are updated by the parameter adjustment algorithm. Another
option is to replace the PID controllers with advanced adaptive controllers, such as L1
adaptive controllers as shown in the Figure 5. In this integrated type of design, the design
and implementation of adaptive algorithm and control output adjustment can be achieved
at the same time. The intention of adaptive mechanism design for the SNCR process is to
improve the responses of critical process variables, and to approach the control objective
in a fast and stable manner.

With reference now to the Figure 4, the system 400 comprises a plant 404 that
includes the furnace and a flue gas treatment system amongst other components. Output
information (e.g. NOx content, ammonia slip, furnace load, and the like) from the plant is
fed back via a feedback loop to a parameter adjustment module 406 and to the controller
402. In one embodiment, the plant 404, the controller 402 and the parameter adjustment
model 406 are in operative communication with one another. In another embodiment, the
plant 404, the controiler 402 and the parameter adjustment model 406 are in electrical
communication and/or fluid communication with one another. A second feedback loop
also exists between the controller 402 and the parameter adjustment module 406.

The plant 404 receives operating information from a controller 402. In one
embodiment, the operating information includes set point information (amongst other
control parameters) either programmed directly into the controller 402 or alternatively,
obtained from a MPC (not shown). As may be seen in the Figure 4, the set point
information received from the controller 402 is supplemented with control parameter
information received from the parameter adjustment module 406. The parameter
adjustment module 406 uses a parameter adjustment algorithm to update the control
parameters such as the set point in accordance with the operating conditions while the
controller retains the original operating set points. The use of this mode of adaptive
control is advantageous in that control information can be adjusted during plant operation
(without any stoppage) to compensate for different process scenarios (e.g., differing load

conditions, changes in the local regulatory environment, and the like).
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The Figure 5 depicts another adaptive control scenario where the PID controllers
are replaced with advanced adaptive controllers. In the Figure 5, the plant 404 is in
electrical and/or fluid communication with a control law module 408, an adaptive law
module 412 and a state predictor module 414. The control law module 408 is in a first
feedback loop with the plant 404 and in a second feedback loop with the state predictor
module 414 and with the adaptive law module 412. The adaptive law module 412 and the
state predictor module 414 are in a third feedback loop with each other. The control
instructions received from the adaptive law controller 412 may be filtered prior to being
received by the control law module 408.

The control law module 408 provides input information u(t) to the plant 404. The
input information u(t) comprises butput information x(t) received from the plant 404,
adaptive law 6'(t) information obtained from the adaptive law module 412 that that
comprises output information x(t) and state predictor information x'(t) obtained from the
state predictor module 414. The control law module 408 also receives the setpoint value
r(t) as independent process information The input information u(t) received by the plant
404 from the control law module 408 is thus the sum of information received from the
output information x(t), the adaptive law module information c'(t), the state predictor
information x'(t),and the setpoint value r(t). The adaptive law module information c'(t),
the state predictor information x'(t), and the setpoint value r(t) may be used to better
control the process during plant operation to compensate for different process
scenarios(e.g., differing load conditions, changes in the local regulatory environment, and
the like).

In this integrated type of structure, the design and implementation of adaptive
algorithm and control output adjustment can be simultaneously achieved. The intention of
adaptive mechanism design for the SNCR process is to improve the responses of critical
process variables, and to approach the control objective in a fast and stable manner.

The adaptive mechanism can be applied to the implementation of furnace-SNCR
model predictive control. The motivation for this application relies on the poor
performance of the initial model in the occurrence of changes in the system. For
example, the model predictive control is usually deployed in cascade with the PID
controllers. The tuning of the PID controllers varies the dynamics of the system and
therefore the accurateness of model prediction will be affected. Manual retuning and/or

model rebuilding can be expensive which constrains the performance of the MPC.
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The fusion between model predictive control and adaptive mechanism is to
improve the performance of a control system that comprises a MPC alone. As shown in
Figure 6, the adaptive mechanism provides the performance evaluation of the model
predictive control based on the current measurement, and it will become active once a
difference between the model prediction and the measurement exceeding the acceptable
tolerance. In the Figure 6, a model predictive control supervisor 103 is in a feedback loop
with the model predictive control 102 of the Figures 1, 2 and 3. In one embodiment, the
model predictive control supervisor 103 receives information pertaining to the
manipulated variables and measures corresponding information pertaining to the
controlled and disturbance variables. If either the information pertaining to the
manipulated variables, the controlled variables or the disturbance variables varies from
the set values by an excessive amount, then the model predictive control supervisor 103
recalibrates the appropriate parameters for model predictive control 102. Either the
manipulated variables, the controlled variables or the disturbance variables may be reset
depending upon the magnitude and direction of the variation from the set values.

The success of any model predictive control application depends on having a
process model that is well matched to the control objectives. The accurateness of the
process model needs to be compromised with continual model updating to ensure that the
model predictive control continuously works in an acceptable range with the least amount
of model updating. In terms of model maintenance, it is important to ensure that the
controller does not excite high frequency dynamics that are not well modeled. The model
should be as accurate as around the bandwidth of the system.

In summary, the model predictive control 102 maintenance by the model
predictive control supervisor 103 provides a mechanism to adjust initial models so that
they provide a better match to the process and it may also compensate for changes that
may take place in the process over time by adapting the model parameters in the range of
frequencies necessary to achieve a good trade-off between performance and robustness
for the model predictive control controller.

As noted above, the system 100 can also employ fault tolerance mechanisms. A
fault is defined as an unpermitted deviation in at least one characteristic property of a
variable from an acceptable behavior or performance. Therefore, the fault is a state that
may lead to a malfunction or failure of the system. The aim of a fault tolerance

mechanism is to indicate undesired or impermissible process states, and to take
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appropriate action(s) in order to enable the system to continue its intended operation in
the event of partial failure in components, possibly at a reduced level rather than to shut
off the system completely.

A fault-tolerant design enables a system to continue its intended operation,
possibly at a reduced level, rather than failing completely, when some part of the system
fails. The term is used to describe computer systems designed to continue more or less
fully operational with, perhaps, a reduction in throughput or an increase in response time
in the event of some partial failure. In other words, the system as a whole (i.e., the power
plant) is not stopped due to problems either in the hardware or the software.

Within the scope of an individual system, fault tolerance can be achieved by
anticipating exceptional conditions and building the system to cope with them, and, in
general, aiming for self-stabilization so that the system converges towards an error-free
state. However, if the consequences of a system failure are catastrophic, or the cost of
making it sufficiently reliable is very high, a better solution may be to use some form of
duplication. In any case, if the consequence of a system failure is so catastrophic, the
system is able to use reversion to fall back to a safe mode. This reversion may be a roll-
back recovery that includes a human action if humans are present in the loop.

In order to ensure that the process can still be operated with a certain level of
tolerance, the first step is to detect the occurrence of the fauit and to determine where in
the system it occurred. For example, a model based fault detection technology is to
detect the process fault by using a certain type of model as shown in Figure 7. Early
detection of small faults include abrupt time behavior, diagnosis of faults in the actuator,
process components or sensors and detection of faults in closed loops.

Figure 7 shows the basic structure of model based fault detection. Based on the
measured input U and output Y, the detection algorithm generates the residual difference
between the model and the process. The diagram of the Figure 7 can apply to any
actuator (such as a valve or a pump used in the power plant of the Figures 1, 2 and/or 3).
In the Figure 7 and input U to an actuator 702 generates a response Y in the actuator that
is either within the limits proposed by a controller (not shown) or outside these limits.
This response from the actuator 702 is detected by a sensor 706. If the response lies
outside proposed limits, then this response is adjudicated to be faulty and the system
attempts to diagnose the reason for the fault, notably whether the fault is due to the
actuator 702, the process 704 or the sensor 706. Fault detection models can be applied to
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any of the controllers (i.e., the MPC controller, the PID controller and/or the adaptive
controllers) of the Figures 1, 2 and 3.

The input U and the output Y are also fed to a process model that generates
desired features for controlling the system. This feature generation provides information
to the process 704 and the sensor 706 to make determinations of whether a fault has
occurred or not.

The feature generation aims to detect the model parameters and the estimated
states. If the residual remains within the pre-defined tolerance, then the process can still
be operated in a margin of safety. If the residual exceeds the tolerance, the system fault is
detected and diagnosed to provide the instructions for further controls and/or operations.

For the control and operation of SNCR and furnace-SNCR, the (model based)
fault tolerance can provide an indication of current operating status, and it is also provides
supplementary solutions to the current controls in the occurrence of system faults. The
deployment of this system promotes operation in a safe range over extended periods of
time.

In one embodiment, the aforementioned controllers may be auto-tuned by using a
particle swarm optimization (PSO) based method implemented in an optimization tuning
tool. PSO is a stochastic optimization method based on the simulation of the social
behavior of bird flocks or fish schools. The algorithm utilizes swarm intelligence to find
the best place in the search space. The proposed auto-tuning can be conducted in two
steps by design. PSO can be applied to any of the controllers (i.e., the MPC controller,
the PID controller and/or the adaptive controllers) of the Figures 1, 2 and 3. It can be
used to auto tune any controlling operations (i.e. control of actuators, sensors, and the
like) that are performed by the aforementioned controllers.

The first step can be conducted by simulation when a dynamic model(s) is

available. The
second step is to perform online tuning. In the aforementioned control system designs
involving the MPC and PID controllers (e.g., Figures 1, 2 and 3), tuning can be done by
first tuning the PID controller then tuning the MPC controllers; and finally tuning the
overall the MPC/PID control system parameters simultaneously.

The objective functions will need to set differently for each of the three cases
(where the first case involves PID controller tuning, the second case involves MPC tuning

and the third case involves tuning the overall the MPC/PID control system parameters

17



10

15

20

25

30

WO 2016/118470 PCT/US2016/013837

simultaneously). In the first case, for PID tuning, the optimization problem is defined to
simultaneously find the best set of control parameters for each PID controller to render
optimal control performance (least set point error, fastest transient time, least overshoot,
and the like) for the overall regulatory PID controllers. After PID fine-tuning, the PSO-
based auto-tuning algorithm will be applied to supervisory MPC control layer to optimize
MPC objective weighting constants and varying prediction and control horizons. The
PSO will push MPC to maximize its performance under certain system constraints. After
the separate PID and MPC tuning steps, another optimization for the integrated PC-SNCR
MPC/PID control design is performed to capitalize the interaction that is not captured in
each of the separate tunings. The optimization objective would be modified to
incorporate the overall control performance requirements and the compromise between
PID and MPC tuning performance. Auto-tuning can save significant commissioning time
and as a result is less expensive than other methods of control. Additionally, optimally
tuned controllers can provide improved and more robust control performance. The PSO
auto tuning algorithm is shown in the Figure 8.

PSO can simultaneously tune MPC and PID to achieve optimal control
performance. PSO based tuning has been tested against furnace dynamic simulator and
furnace combustion test facility. The PSO algorithm has the following advantages: 1) its
realization requires only a few lines of computer code, ii) its search technique, not being
based on the gradient information, but on the values of the objective function, makes it
easy to use, iii) it is computationally inexpensive, since its memory and CPU speed
requirements are very low, iv) it does not require strong assumptions made in
conventional deterministic methods such as linearity, differentiability, convexity,
separability, or non-existence of constraints in order to solve the problem efficiently, and
v) its solution does not depend on the initial states of particles, which could be a great
advantage in engineering design problems based on optimization approaches.

The control system disclosed herein is advantageous in that it can be retrofitted
onto existing power plants that contain other control systems. In short, it can be used in
old power plants that do not have control equipment detailed herein or alternatively, can
be retrofitted to power plants that have portions of the control equipment (e.g., only PID

controllers) detailed herein.
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The control system disclosed herein can be used to control the NOx generated in
the furnace of a boiler. Boilers comprise tubed walls defining an inner space; a fuel such
as coal, oil, waste is supplied into the inner space of a furnace and is combusted with an
oxidizer, such as air or oxygen. During the combustion flue gas is generated that is rich
in NOy, whose amount has to be reduced below regulated limits before the flue gas is
vented into the atmosphere.

The Figure 9 depicts one exemplary embodiment of a boiler having a NOx
reducing system 500 through which the NOx reducing agent is introduced into the boiler
to reduce NOx emitted to the atmosphere. Various structural and operational features of
the system 500 are detailed in U.S. Patent having Serial Nos. P14/350-0, P14/394-0 and
P14/395-0 filed concurrently herewith, the entire contents of which are hereby
incorporated by reference. The NOx reducing system is controlled by the aforementioned
control system 100 depicted in the Figures 1 - 8.

The system 500 comprises a boiler 501 comprising side tubed walls 502 enclosing
an inner space 503 and a top wall 504. The boiler is supplied with fuel such as coal and an
oxidizer such as air or oxygen via burners 505.

The boiler also has a device 507 for selective non catalytic reduction SNCR; the
device 507 comprises a lance 508 carrying a hose 509 having at least a nozzle 510; as
shown, preferably the nozzle is at the hose terminal part that is housed within the inner
space 503. The device 507 further has a hose drive mechanism 511 for driving the hose
within the lance 508. While the Figure 9 depicts an example of a 2-pass boiler and in this
case the device 507 is associated to the first pass, it is to be noted that the boiler can be
any type of boiler and the device 507 can be located anywhere, at locations where
temperatures for correct selective non catalytic reaction exist. Advantageously, the lance
508 protrudes into the inner space 503 from a side tubed wall 505 of the boiler. This way
the length of the hose housed within the inner space 503 is shorter than in the case where
the lance is hanging from the top wall 504 of the boiler, such that the reagent passing
through the hose during operation does not evaporate or at least does not undergo
evaporation to a large extent before it reaches the nozzle 510. Preferably the lance 508 is
located substantially horizontally in the inner space 503. The system 500 also contains a

NOx reduction tank 547 that contains ammonia or urea mixed with water.,
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Fuel and oxidizer are supplied into the inner space 503 and the fuel is combusted
generating flames F and flue gas G that passes through the boiler. The flue gas contains
NOy (mainly NO and lower amounts of NO,) that has to be at least partly removed. The
lance 508 is introduced into the inner space 503 through a side opening of the side tubed
wall 502; the opening can be an opening for different scopes, such as an inspection
opening or a dedicated opening. From the lance 508 the hose 509 and the nozzle 510 hang
in the inner space 503. The nozzle position can be adjusted both horizontally and
vertically. The nozzle position is adjusted vertically for the nozzle 510 to inject the NOx
reducing agent in zones where the temperature is the best for selective non catalytic
reaction. The vertical adjustment can be done by operating the motor 532 in order to
drive the wheels 531 (i.e. a pulley) for pushing/pulling the hose 509 through the lance
508. This permits the vertical position of the nozzle 510 in the space 503 to be adjusted
as desired to reduce NOx emissions into the atmosphere.

Different possibilities are available for the injection of the NOx reducing agent
through the nozzle 510. Preferably the reagent is injected across a conical surface 548 for
example via a slot, but it can also be injected via a plurality of single jets each resting on a
conical surface. Preferably the angle A between the hose 509 and the flow injected
through the nozzle 510 is in the range 0° < A < 180° and more preferably it is in the range
90° < A <180°. The cross-sectional geometry of the injection profile for the NOx
reducing agent viewed from the bottom of the furnace can be circular, elliptical, square,
rectangular, or polygonal (where the number of sides n = 4 or greater). Other cross-
sectional geometries encompassing opposing conical sections, opposing triangles, and the
like may also be used. When the cross-sectional geometry is circular, the SNCR process
is referred to as an “umbrella SNCR” process.

An injection over a conical surface 48 defining an angle A between 90° - 180° is
advantageous because it allows spraying the reagent over areas where the temperature is
uniform. In fact, the temperature within the inner space 503 is lower close to the side
tubed walls 502 and it is lower upwards (i.e. apart from the flame); therefore the
isothermal curve has a bell shape with ends directed downwards and close to the tubed
side walls 502. Therefore injection over a conical surface with apex at the top and
directed downwards allows the reagent to intersect the flue gas having a substantially

uniform or more uniform temperature than with other configurations.
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The aforementioned control system 544 is in electrical and/or fluid
communication with a valve 545 that is in fluid communication with the NOx reducing
agent tank 547. The control system 544 is also in electrical communication with a motor
532 that is in communication with a pulley 531 that adjusts the vertical position of the
nozzle 508 via the lance 508.

The aforementioned control system permits variations in the amount of the NOx
reducing agent as well the reducing agent concentration in the water carrier that is
admitted into the boiler space 503 by controlling the valve 545, In addition, the height of
the nozzle 510 may be controlled via the motor 532 and the wheel 531.

In one embodiment, as depicted in the Figures 2 and 3, the control system controls
the pulsing of the NOx reducing agent into the boiler space 503. The NOx reducing
system along with the control system disclosed herein is advantageous in that it can be
retrofitted onto existing power plant equipment.

While the Figure 9 depicts a NOx reducing spray nozzle 510 located along a
centre line of the length of the boiler 501, there are other possible nozzle locations in the
boiler that can be used for uniform and more efficient NOx removal from the flue gas
stream. In one embodiment, a plurality of different nozzles located at different points in
the boiler may be used to facilitate the efficient and uniform NOx absorption from the
flue gas stream.

Figures 10(A) and 10(B) reflect different NOx reducing agent spray patterns
(when viewed downwards from above the spray nozzle or from the top of the boiler) that
are conventionally deployed in boilers. The Figure 10(A) depicts a plurality of nozzles
located in the wall of the boiler, each of which puts out a NOx reducing spray that has a
triangular cross-sectional area 602 when viewed from above the spray nozzle. The Figure
10(B) depicts a plurality of nozzles located along a central axis that divides the boiler in
two halves along its length (1), each of which puts out a NOx reducing spray that has a
circular cross-sectional area 604 when viewed from above the spray nozzle.

Figure 11 depicts a hybrid nozzle configuration that includes both nozzle locations
—nozzles located in the walls of the furnace as well as along the centreline of the length
of the furnace. The Figure 11 shows a section of a furnace having a plurality of nozzles
disposed in the side walls of the furnace that provides a triangular cross-sectional area
602 when viewed from above the spray nozzle while at the same time having a plurality

of nozzles located along the centreline of the length of the furnace each of which puts out
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a NOx reducing spray that has a circular cross-sectional area 604 when viewed from
above the spray nozzle. In the Figure 12, the height “h” between the two different spray
configurations may be adjusted by varying the height of the spray nozzles as detailed with
respect to the Figure 9. The control system discussed above may be used to control the
intensity of the sprays from different nozzles (i.e., different nozzles may spray the NOx
reducing agent at different rates, different flow rates, at different pulsed frequencies,
and/or at different concentrations) depending upon their locations.

The combined spray pattern when viewed from above the spray nozzles has a
geometrical configuration depicted in the Figure 12(A). The combined spray pattern is a
combination of triangles (resulting from the spray nozzles in the walls) and circles
(resulting from the spray nozzles located along the centre line). This particular spray
pattern is useful because the largest concentration of the NOx reducing agent is focussed
at the centre of the boiler where the NOx concentration is greatest and the NOx reducing
concentration is lower at the boiler walls where the NOx concentration is lowest. In
short, this configuration permits a higher NOx reducing concentration at the centre of the
boiler than that at the walls of the boiler.

The Figure 12(B) is a depiction of an exemplary schematic that shows the supply
lines for control and for delivery of the NOx reducing agent to the furnace when a hybrid
spray pattern is used to reduce NOx generated in the furnace. Line 608 is a fluid line that
delivers the NOx reducing agent to nozzles in the wall and those along the centre line as
detailed in the Figure 12(A), while line 610 is an electrical communication line that
establishes contact between the valves and the control system. The control system
determines the spray content, the flow rate, the frequency of the spray and the volume of
the spray delivered from the nozzles at the walls as well as those at the centre line. The
various spray parameters determined by the control system are based upon NOx and
ammonia slip measurements made at the flue gas outlet and the subsequent supervisory
commands received from the MPC supervisory controller. The flow rate to the entire
system may be controlled by an overall valve 620 that can be turned on, off, or to an
intermediate position as desired. While the valve 620 (or an equivalent thereof) that
controls the overall flow rate of the NOx reducing agent into the furnace is not shown in

the Figures 1, 2 and 3, it is also assumed to be present in these systems as well.
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In an embodiment, the control system may be used to deliver one of the two
sprays in a pulsed format, while the other spray is delivered continuously to the furnace.
The pulse rate of the two sprays may also be varied. In an embodiment, one of the two
sprays may be pulsed at a higher frequency than the other two sprays. In another
embodiment, one of the two sprays may be turned off while the other functions to reduce
the amount of NOx released to the atmosphere. The sprays can also be controlled to
function in an alternating fashion — where the triangular sprays delivered from the nozzles
in the side wall deliver spray while the umbrella spray is turned on and vice versa.

While conventional NOx removal systems (those where NOx reducing agent is
delivered from nozzles in the side walls) remove 20 to 50 wt% of the NOx present in the
flue gas stream, furnaces with the hybrid patterns can remove 40 to 60 wt% of the NOx
present in the flue gas stream. The NOx delivery system (with nozzles in the walls and
along the centreline) and the control system that produces the hybrid pattern can be
retrofitted onto existing power plants. For example, if a furnace is fitted with nozzles in
the sidewalls, it can be retrofitted with nozzles along the centreline or vice versa. The
control system (having the MPC supervisory layer with the slaved PID/adaptive control
layer as detailed above) can then be added to the NOx reducing system to enhance the
NOx reduction capabilities of the power plant substantially while simultaneously
increasing the efficiency of the power plant.

This control system disclosed herein is advantageous because it includes a model-
based optimizing process control design for the furnace as well as for the SNCR process
and uses auto-tuning (adaptive tuning) amongst other improved control mechanisms to
continue to improve controls from data generated during the operation of the process.
Adaptive controls and fault tolerant controls which are generally used as separate control
designs are merged together to enhance the overall control performance and reliability of
integrated controls of the furnace-SNCR portion of the power plant. The integration of
adaptive controls with fault tolerant control and particle swarm optimization algorithms
enhance the MPC designs and provide enhanced system control quality while reducing
costs by employing non-catalytic NOx reduction.

It is to be noted that all ranges detailed herein include the endpoints. Numerical

values from different ranges are combinable.
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The transition term comprising encompasses the transition terms “consisting of”
and “consisting essentially of”.

The term “and/or” includes both “and” as well as “or”. For example, “A and/or
B” is interpreted to be A, B, or A and B.

While the invention has been described with reference to some embodiments, it
will be understood by those skilled in the art that various changes may be made and
equivalents may be substituted for elements thereof without departing from the scope of
the invention. In addition, many modifications may be made to adapt a particular
situation or material to the teachings of the invention without departing from essential
scope thereof. Therefore, it is intended that the invention not be limited to the particular
embodiments disclosed as the best mode contemplated for carrying out this invention, but
that the invention will include all embodiments falling within the scope of the appended

claims.
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What is claimed is:

1. A control system for NOx reduction in a power plant, the control system
comprising;:

a model predictive controller;

a proportional integral differential controller and/or an adaptive controller; where
the proportional integral differential controller and/or an adaptive controller are
subordinated to and in operative communication with the model predictive controller;
where the proportional integral differential controller and/or an adaptive controller
comprise a feedback loop;

a NOx reduction system comprising a NOx reducing agent supply tank and a
water supply tank; and

a furnace for combusting a fuel; where the furnace lies downstream of the NOx
reduction system and where the furnace is provided with a plurality of nozzles that are in
fluid communication with the NOx reduction system; where the control system is in

electrical communication with the NOx reduction system.

2. The control system of Claim 1, where the model predictive controller controls
overall system constraints; where the system constraints include outlet NOx, ammonia
slip, reaction zone temperature distribution level(s), furnace load demand, or a

combination thereof,

3. The control system of Claim 1, where the system comprises a plurality of
proportional integral differential controllers each of which comprise a feedback loop; and
where proportional integral differential controllers control manipulated variables; and
where the manipulated variables are urea flow distribution, total carrier water flow,
injection height(s) of nozzles, water pulsation rate/magnitude, amount of NOx, amount of
excess oxygen, the main burner zone stoichiometry, windbox/furnace differential

pressure, or a combination thereof.

4. The control system of Claim 1, where the model predictive controller employs

fault tolerance logic.
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5. The control system of Claim 1, where the adaptive controller modifies system

behavior based on dynamic process changes during operation of the furnace.

6. The control system of Claim 1, where the feedback loop comprises the
proportional- integral-differential controller, a flow measurement device and a valve that

is actuated by the proportional integral differential controller.

7. The control system of Claim 1, where the model predictive controller comprise an
estimator that estimates state variables; where the state variables are SNCR reaction zone
temperature level and distribution, SNCR reaction zone NO, NO, and NH3 distributions,
SNCR reaction zone O, level and distribution, SNCR reaction zone flow distribution,

residence time and flow patterns.

8. The control system of Claim 1, where the adaptive controller employs a parameter
adjustment algorithm to update the control parameters in accordance with operating

conditions.

9. The control system of Claim 1, where the adaptive controller is a I.1 adaptive
controller and where the 1.1 adaptive controller comprises a control law module, an

adaptive law module and a state predictor module.

10. The control system of Claim 1, where the adaptive controller includes self-tuning
adaptive controls, neuro-adaptive controls, a neural network (NN), a wavelet network, or

a combination thereof,

11.  The control system of Claim 1, further comprising a model predictive controller
supervisor that employs an adaptive mechanism that provides a performance evaluation
of the model predictive controller based on a current measurement; where the model
predictive controller supervisor activates the adaptive mechanism once a difference
between a model prediction and a measurement exceeding the acceptable tolerance of the

model prediction is discovered.
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12.  The control system of Claim 1, where the control system uses an optimization

module to effect automatic tuning of the model predictive controller.

13.  The control system of Claim 1, where the optimization module comprises a

particle swarm optimization algorithm.

14.  The control system of Claim 1, where the control system determines an amount of
NOx reducing agent and water introduced into the furnace from the NOx reducing agent
supply tank and the water supply tank respectively and where the NOx reducing agent

and water are delivered intermittently to the furnace.

15.  The control system of Claim 14, where the NOx reducing agent and water are
introduced into the furnace via the plurality of nozzles located in a sidewall and a roof of

the furnace.

16.  The control system of Claim 15, where a height of the nozzle is varied based on

control information received from the model predictive controller.

17.  The control system of Claim 15, where a cross sectional geometry of a NOx
reduction spray when viewed from above the nozzles is a combination of triangles and

circles.

18. A control system for NOx reduction in a power plant, the control system
comprising:

a proportional integral differential controller and/or an adaptive controller; where
the proportional integral differential controller and/or an adaptive controller comprise a
feedback loop;

a NOx reduction system comprising a NOx reducing agent supply tank and a
water supply tank; and

a furnace for combusting a fuel; where the furnace lies downstream of the NOx
reduction system and where the furnace is provided with a plurality of nozzles that are in
fluid communication with the NOx reduction system; where the control system is in

electrical communication with the NOx reduction system.
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19.  The control system of Claim 18, where the system comprises a plurality of
proportional integral differential controllers each of which comprise a feedback loop; and
where proportional integral differential controllers control manipulated variables; and
where the manipulated variables are urea flow distribution, total carrier water flow,
injection height(s) of nozzles, water pulsation rate/magnitude, amount of NOx, amount of
excess oxygen, the main burner zone stoichiometry, windbox/furnace differential

pressure, or a combination thereof.

20.  The control system of Claim 18, where the adaptive controller modifies system

behavior based on dynamic process changes during operation of the furnace.

21.  The control system of Claim 18, where the feedback loop comprises the
proportional- integral-differential controller, a flow measurement device and a valve that

is actuated by the proportional integral differential controller.

22.  The control system of Claim 18, where the adaptive controller employs a
parameter adjustment algorithm to update the control parameters in accordance with

operating conditions.

23.  The control system of Claim 18, where the adaptive controller is a L.1 adaptive
controller and where the L1 adaptive controller comprises a control law module, an

adaptive law module and a state predictor module.

24, The control system of Claim 18, where the adaptive controller includes self-
tuning adaptive controls, neuro-adaptive controls, a neural network (NN), a wavelet

network, or a combination thereof.

25.  The control system of Claim 18, where the control system determines an amount
of NOx reducing agent and water introduced into the furnace from the NOx reducing
agent supply tank and the water supply tank respectively and where the NOx reducing

agent and water are delivered intermittently to the furnace.
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26.  The control system of Claim 25, where the NOx reducing agent and water are
introduced into the furnace via the plurality of nozzles located in a sidewall and a roof of

the furnace.

27.  The control system of Claim 26, where a height of the nozzle is varied based on

control information received from the model predictive controller.

28. A method comprising:

feeding information from a furnace to a model predictive controller; where the
information is at least one of outlet NOx, ammonia slip, reaction zone temperature
distribution level(s), furnace load demand, or a combination thereof; and

providing control information from the model predictive controller to a
proportional integral differential controller and/or an adaptive controller; where the
control information is at least one of urea flow distribution bias, total carrier water flow
bias, injection height(s) of nozzles, water pulsation rate/magnitude, NOx setpoint bias,
excess oxygen setpoint bias, the main burner zone stoichiometry setpoint bias,
windbox/furnace differential pressure setpoint bias, or a combination thereof; and where

the control information is used to control the NOx reducing agent input to the furnace.
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Figure 10(A)
Figure 10(B)
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Figure 12(A)
Figure 12(B)
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