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1. INTRODUCTION

Coal is the major fossil fuel in India and contiaue play a pivotal role in the energy sector. Coal
meets about 60% of the commercial energy needslbodt 70% of the electricity produced in India came
from coal [1]. The coal combustion process produ@esous pollutants, such as oxides of carbon (COXx)
oxides of sulphur (SOx), oxides of nitrogen (NOxidgoarticulates. The acid rain and climate charrge a
mainly due to pollutants like SONOx and CQ[2]. Most of the fly-ash (particulates entering thes) can be
removed by fitting electrostatic precipitators anekr 90 per cent of SQwith the installation of a flue gas
desulphurization plant. The best way to reduce, ERissions is to improve power generation efficjenc
However, no practical methods exist for reducingxXN® such a degree, leading to increased reseatch i
this area. During the combustion process in a ficed- power plant, nitrogen from the coal and air i
converted into nitric oxide (NO) and nitrogen didei(NQ); together these oxides of nitrogen are commonly
referred to as NOx. The methods for reducing NOjssions in coal-fired power plants can be classifis
either primary (or combustion modification) basexthnologies [3], which achieve reduction of NOx
formation by limiting the flame temperature or #neilability of oxygen in the flame; or secondaoy flue
gas treatment) technologies.

NOx reduction by adding a reagent such as ammaniarea into the flue gas is classified as a
secondary technique. Installation of low-NOx busnand implementation of advanced boiler operatizh a
control systems for NOx emission reduction wouldmmally be classified as combustion modification
technologies. Although low-NOx burners are usuallfficient to achieve the required target underentr
legislation, it is often at the expense of othempdmant operational parameters such as incomplete
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combustion, steam temperature and boiler performaHhis is one of the reasons why advanced opesdtio
and control systems in coal-fired boilers is soamant [4]. Apart from the physical modification bébiler,
researchers have tried to model and optimize bpéeameters for minimal emissions [5, 6]. The nticad
simulation and three dimensional computer simutatitvodels are useful tools to predict the behaviafur
industrial pulverized coal furnaces and formatiémitric oxide in a tangentially fired boiler furoa [7 — 11].
However, these models tend to be really compretiertsi build and they are time consuming and also th
appropriate parameters could not be determined diatedy for changed operating conditions [12].

Researchers studied the non-linear problem for dec@nd many traditional and meta-heuristic
techniques including artificial intelligence metisodave been developed [13]. A machine-learning atketh
for non-statistical model building, such as ari#ficneural networks (ANN), can be improved to attdie
desired accuracy level by training it on experimémtata [14,15]. An ANN is an information procegsin
paradigm made up of a set of algebraic equatiolm&® dommonest type of artificial neural network’s
information-processing units (neurons) is organiethree groups, or layers: input, hidden and ouff].
Through the input layer, the normalized raw datiedsinto the network. Activity of each unit of thedden
layer is determined by the activities of the inpuoits and the weights on the connections betweennibut
and the hidden units. Likewise, the behaviour ef dlitput units depends on the activity of the hiddeits
and the weights between the hidden and output.uHits inputs of each neuron in the hidden and thput
layers are summed and the result is processed mpat-output function (transfer function). The hetour
of an ANN depends on both the weights and the tearignction specified for the units. Using the ANIY
its fitness function, the optimization algorithmtelenines the optimum levels of coal combustion petars
for minimum NOx emission. ANN, in combination witiptimization algorithm, has been used successfully
in various studies to solve a variety of optimiaatiproblems, including problems where the objective
function is discontinuous, non-differentiable, $tastic, or highly non-linear [16 — 20]. Here, theme
combination is applied for NOx emission optimizatio

In this work, the parametric field experiments totain the relationship between the operating
parameters and NOx emission concentration in flag aye introduced. The ability of ANN to model the
NOXx pulverized coal combustion characteristics @& MW thermal power plant under full load conatiti
is demonstrated. The relationship of the NOx coribaoscharacteristics with the coal properties and
combustion conditions are obtained using ANN.

Recently meta-heuristic approaches such as sindukt@ealing (SA), tabu search (TS), genetic
algorithms (GA), and evolutionary programming (ERye been used to develop advanced on-line and real
time combustion optimization software package indera power plants. This article emphasizes the
effectiveness of Simulating Annealing (SA) combinéth artificial neural networks (ANN) to determiriee
optimal combustion parameters for minimum NOx emissSA is employed to perform a search to optimize
the input space of the neural network model to rd@tee the low NOx emissions level to meet the
requirement. Neural network modelling and Simulaeshealing described in this study are implemerited
Matlab R2011a (MathWorks, Inc.) and run under therbsoft Windows 7 environment.

The paper is organized in the following way. In t8et 2, the experimental details are presented
with collected data. Subsequently, in Section 8, fhedictive modelling of NOx emission using ANN is
presented. Section 4 summarizes the fundamentatsnuflated annealing technique. Finally, the result
obtained from the combined approach of ANN with f8Afull load condition are presented in Sectioartl
the conclusions reached in this study is discuss&ection 6.

2. RESEARCH METHOD
2.1. Experiments

The experiments are carried out in a 210 MW tarigliytfired dry bottom boiler with a large
furnace. The tilting fuel and combustion air nozalecluding six primary air burners and seven sdaoyair
burners are located in each corner of the furnateozzles can be tilted in vertical direction oabout 30
from the horizontal axis, both upwards and downwaiiche burners on A-F levels were put into openatio
under the rated load. The coal pulverisers are @yepl to supply the coal-air mixture to the burr@rghe
corresponding levels. The tangential firing systeramployed to combust bituminous coal. The arrareye
of the burners is illustrated in Figure 1.

In total, 35 tests have been performed on thiebaihanging the boiler load, primary air, secogpdar
air distribution pattern, nozzles tilting anglespectively, to analyze the characteristics of ti@MNmission
of the tangentially fired system. Out of which, tE3t data pertaining to full load condition (210 MVére
used for this present study.
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Figure 1. The arrangement of the burners

2.1.1 The NOx emission characteristics

During all the experiments, the fineness of thel &ept constant. During all the measurements,
NOx and Q concentrations are monitored continuously in tbéeb outlet prior to the air heater. Fly ash
samples are withdrawn from the flue gas by a comstde sampling probe. The NOx concentrationsrntedo
in this work are average values over several hofistable operation, and they are obtained undgemges
conditions. The test data under full conditiopiisvided in Table 1 and 2. The measured NOx emissior
full load condition are summarized in Table 3.

Table 1. The boiler operating condition for fullb condition

Total air Total coal
Case Q% flow (ton/hr)  flow (ton/hr) Feeder speed (ton/hr)
A B C D E F
1 4.03 766.79 105.66 27.19 0.00 26.78 25.69 26.77 .000
2 2.24 628.6 99.55 24.86 0.00 25.04 25.26 25.12 0 0.0
3 3.85 687.25 99.58 25.12 0.00 24.90 24.96 24.83 00 O.
4 4.22 749.01 101.98 24.80 0.00 23.10 27.45 2713 .000
5 5.01 782.32 105.04 24.69 0.00 22.90 29.46 2831 .000
6 6.52 898.23 112.40 28.19 0.00 28.59 30.01 28.18 .000
7 4.42 784.21 100.93 0.00 0.00 25.25 24.82 25.16  .2426
8 4.31 786.13 102.45 0.00 0.00 25.54 25.24 25,50 .8026
9 4.43 792.00 102.07 0.00 0.00 25.45 25.10 2541 5626
10 5.12 733.69 101.03 0.00 0.00 25.88 26.49 23.85 5.55%2
11 4.24 749.80 95.07 0.00 0.00 24.03 23.72 23.82 1824
12 3.54 701.17 96.20 0.00 0.00 24.23 23.84 23.97 4524
Table 2. The boiler operating condition for fulbbcondition (Contd.)
Damper opening position
Case (%) Burner tilt FG Temp at LTSH O/L Load
AB BC CD DE EF FF Degree °Q) MW
1 24.98 25.09 24.83 25.37 24.97 0.15 9.08 416.75 0 21
2 0.45 0.26 0.16 0.25 0.15 0.27 28.48 433.26 210
3 11.48 11.02 11.48 11.02 11.50 0.27 -9.59 42968 10 2
4 23.28 23.38 23.19 23.34 22.94 0.00 8.09 458.98 0 21
5 26.99 27.08 26.99 27.08 27.11 0.00 28.96 456.05 10 2
6 57.44 57.65 57.40 57.79 57.43 0.00 5.10 430.66 0 21
7 0.00 31.36 31.40 31.48 31.59 31.49 28.86 433.26 10 2
8 0.00 45.72 45.29 45.44 45.30 45.64 28.81 442.14 10 2
9 0.00 89.35 89.40 89.30 89.48 89.23 28.79 44596 10 2
10 0.00 14.90 15.23 14.90 15.24 15.15 28.28 417.32 210
11 0.00 27.43 27.56 27.28 27.59 27.33 7.46 41471 10 2
12 0.00 12.50 12.21 12.52 12.21 12.52 28.59 453.77 210
Table 3 The NOx emission under various operating condétion
Load (MW) NOx (ppm)
1 2 3 4 5 6 7 8 9 10 11 12
210 326 276 356 345 416 429 515 520 537 437 385 398
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2.2. Predictive modelling of NOx emission

Artificial Neural Network (ANN) is widely accepteals a technology offering an alternative way to
simulate complex and ill defined problems. Theywsed in diverse applications in control, robotjzattern
recognition, forecasting, power systems, manufagguroptimization, signal processing, etc., andythee
particularly useful in system modelling. ANNs arelllkknown tools among artificial intelligence tedtjnes,
which are able to reproduce the relationships iexjdtetween input and output variables of highlylivear
systems [13]. Up to now, there are many researctkswithat focused on applying neural-networks to
pollutants emissions modelling.

ANN architecturemimics the learning process of human brain. Thsicbarchitecture of ANN
involves interconnected neurons, which are defiimethree distinct categories: input layer neurangput
layer neurons and hidden layer neurons as shoWwigime 2.

Hidden Layer Output Layer

w|

g

Figure 2 The Schematic diagram of a feed forward-back pgapan network

The input data are presented through input layerams, and the response of the input data is
presented at output layer neurons. Neurons areecteoh by scalar functions known as weights thad taet
in the learning process of networks. In back pragpiag algorithm, which is widely used in training o
ANNSs, a series of input and output data is presettehe system. Each hidden layer neuron and olaper
neuron process this input data by multiplying @sresponding weights, and using a transfer function

The learning of the network is carried out throagljusting the weights by continuous iterations and
minimizing the error between experimentally meadursponse and ANN model- predictegponse [21].
Mean square error (MSE), Sum of square error (S8B&(, determination coefficients (R?) are used to
evaluate ANN-GA performance. When the MSE / SSEaarde minimum, and ‘R’ value closer value to 1
represents high performance and perfect accurdt]ly The network performance during the trainingttie
final adaptation for full load condition is shown Figure 3. The Graph of predicted values versus
experimental values and Regression coefficienedivark for the full load condition is shown in Figu4.
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Figure 3. Network performance for full load Figure 4. Regression coefficient of network fol ful
condition load condition
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ANN model can be combined with the optimizing aldons. Using the ANN, the fitness function
between the input operating parameters and the &fiizsions can be obtained. Because the ANN may be
considered simply as a nonlinear input—output mappsuch a mapping is so quick and it is suitabled
used as the fitness (or objective) function fordpémization algorithms. The optimum operatinggraeters
can be found employing the searching ability ofropation algorithms.

2.3. Optimization method
In this study, SA is employed to optimize the NOmigsions. Prior to application, a brief
description of the optimization approach is presénin the following subsection.

2.3.1. Smulated annealing

The simulated annealing models the process of éngei solids. Essentially, the SA method
generates a sequence of solutions, which are sicelsmodified until a stopping criterion is sdigsl. A
temperature parameter is used to control the aaaeptof modifications. Initially, the temperatuseset to a
high value and is decreased over iterations. Ifnloelified solution has better fithess value thawn ¢hrrent
solution, it replaces the current solution. If ttiedified solution is less fit, it is still retaineak current
solution but with a probability condition. As thigarithm proceeds, the temperature becomes coaher it
is then less likely to accept deteriorated solgidn each iteration, the process of generatingtasting a
new trial solution is repeated for a specified nemtif trials, to establish the ‘thermal equilibrij8].

The last of the accepted solution becomes theaingolution for the next iteration, after the
temperature is reduced, according to the 'anneathgdule’. Thus the main features of the SA pmaes:
the transition mechanism; and the cooling scherhe.tfansition mechanism consists of three compsnent
Step (a): Generation of candidate solution byysbimg the current solution according to a prohistil

distribution function.
Step (b): Acceptance test for the solution basedetter objective values or a probability of adeepe in
case of higher values
Step (c): Iterative procedure.
In the last component, the first and the secondpmmmants are used to produce a chain of tested dzatedi
solutions. The last accepted solution becomes riltiali solution of the next iteration. The proceelury
which the control temperature parameter is redigedlled the cooling (annealing) schedule.

3. RESULTSAND ANALYSIS
The main objectives for boiler combustion optimiaatare to help the operators to perform clean
and efficient utilization of coal. Thus the NOx pization objective function was derived from theights
and biases of the trained feed forward back prapagaeural network [23].
Weights and biases of all layers of neurons wenrehined with transfer functions of ANN model to
achieve an ANN equation pattern as the followirgpst
« The 9 input layer nodes with th& hias node connected to 10 nodes of hidden layars Tthere are 90
values of weights and 10 values of biases on thersabetween input and hidden layer. On the hidden
layer, the ‘tansig’ transfer function is used tdcotate the sum of the 90 weighted inputs; jénd the
10 biases Cp The sum of weights and biases in hidden laydrslayed on Eq. (1).

Z=f (WX +b}),i=1,2,3,456,7,89j=12.3,...,10 (1)

where,Z; is the 10 outputs of hidden layer

f' is the ‘tansig’ transfer function of hidden layer

Wi;; is the weights from input layer i to hidden layer

X is the 9 inputs of input layer

b is the 10 biases of hidden layer

e The 10 nodes of hidden layer connected to one nbdeatput layer. It means the layers between hidden

layer and output layer have 10 values of weightgsrand one value of bias. On the output layer, the
‘purelin’ transfer function is used to calculate tsum of the 10 weighted inputs (Wj) and one hiifls (
The sum of weights and bias in output layer isldigpd on Eq. (2).

Y=fPW,Z +1°),j=1,23,...,10 )

where, Yis the output — NOx emission
fP is the ‘purelin’ transfer function of output layer
W, is the weights from hidden layer j to output layer

Predictive Modelling and Optimization of Power Plant Nitrogen Oxides Emission (llamathi P)
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Z is the 10 inputs of hidden layer
bP is the bias of output layer

The ANN is used to train the operating parametgredmsidering the experimental data from Table
1 and Table 2. It determines the weights betwe@tgasing elements in the input and hidden layer and
between the hidden layer and output layers whiahimize the differences between the network outmat a
the measured values. The experimental data sthtad are used to find the relation between theaijoeral
parameters and the NOx emission concentrationuim glas under full load condition. The trained nekwo
achieved highest R2 and lowest SSE (R=0.99574; 8982604) using trial-and-error procedure. The
measured and predicted NOx emission concentratidiué gas shown in Figure 5, indicates that thaad
network is performing reasonably good in prediction

The SA is employed to search the optimum solutibBEa (2) to determine the optimum operating
parameters like the flue gas oxygen, nozzle tilg fjas outlet temperature and secondary air bula@per
opening position for minimum NOx emission. The otimput parameters, such as pulverizer feeder ogeni
value, air flow rate through the pulverizer and avimox differential pressure are usually not congideas
adjustable factors for combustion optimization msg These parameters can also be optimized wath th
same method if necessary. The NOx emission corat@nircalculated by SA under various generations is

shown in Figure 6.
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Figure 5. Measured versus predicted NOx emissioeemration in flue gas
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The graph illustrates that the search processogressive and the rate of convergence is very fast,
consuming a few minutes of CPU time on a moderrktdpscomputer. The reduced NOx emission
concentration and optimum operating parameters sgcthe flue gas oxygen, nozzle tilt, flue gas edutl
temperature and secondary air burner damper opgsijon for full load condition are listed in Tlab4.

The optimized results agree well with the experitakaxperience, leading to low NOx emission in fakd
condition.

Table 4.Optimum operating parameters and NOx emission edratéon for full load condition (210 MW)
FG Temp at

Damper Opening Position (%) Burner Tilt LTSH O/L 0O, NOx
AB BC CD DE EF FF Degree °C % ppm
100 17 0 0 0 15 29 454 2 208

4. CONCLUSION

It is concluded that a combined approach of aidificeural network and SA for predicting and
optimizing NOx emission from a 210 MW tangentidihed boiler under full load condition, is develapand
verified. The results show that the back propagafiied forward neural network method is accurate, ia
can always give a general and suitable way to prétDx emission under various operating conditiand
burning different coal. Combined with SA, the opiim operating parameters can be achieved to dedfease
NOx emission. The results proved that the propeggatoach could be used for generating feasibleatipgr
conditions.
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