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This paper focuses on a computational intelligence approach used for minimizing NOx emissions in a
600 MW tangentially-fired pulverized-coal boiler. Genetic Algorithms (GA) were used to correlate oper-
ating parameters to significant output data predicted by CFD simulations of the boiler. The operating
parameters include the opening or closing of air dampers, changing the coal distribution through mill
selection and feed rate and vertical tilting of the burners. A target function was introduced to estimate
for each boiler settings defined by given operating parameters, the costs associated with corrosion on
the water-wall tubes, heterogeneous heat flux distribution along the walls, unburned carbon in fly ash
and NOx emissions. The GA was able to automatically generate innovative boiler configurations among
thousands of CFD calculations performed. The target function allowed the search space to be explored
to establish configurations offering a good compromise between NOx reduction and the cost associated
with corrosion in particular. Moreover, the predicted NOx emissions from the GA model are consistent
with the NOx levels measured during test campaigns.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Tangentially-fired pulverised-coal boilers are widely used for
industrial coal combustion because they ensure thorough mixing
inside the furnace and almost uniform heat flux to the boiler walls.
However, like other pulverised-coal technologies, these boilers
may face various issues such as significant amounts of unburned
carbon in fly ash, slagging and corrosion to the walls and an
increase in NOx emissions, especially when operated in conditions
that are substantially different from those recommended by the
manufacturer. NOx emissions in particular are an important issue
since nitrogen oxides resulting from coal combustion participate
to the formation of acid rain and photochemical smogs, which lead
to severe air pollution. The control and reduction of NOx emissions
from coal combustion has become an important concern although
their contribution to overall emissions is relatively low compared
to those from transportation. As a consequence, governments
around the world and international organizations, which support
policies to limit air pollution, have established restrictive legisla-
tion. In recent years great efforts have been made to reduce NOx

emissions from combustion processes. The approaches used to
control NOx emissions involve primary measures and secondary
measures. Primary measures concentrate on preventing the forma-
tion of NOx during the combustion stage whereas secondary mea-
sures intend to reduce NOx after its formation. Secondary
measures, such as DeNOx facilities, had to be introduced in order
to comply with environmental restrictions, but primary measures
to prevent NOx formation have been developed in the past and
are still undergoing investigation.

Several technologies including burner design modification, air/
fuel staging, overfire air (OFA) operation, flue gas recirculation,
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low-NOx burners and reburning systems have been used to reduce
and control NOx emissions. The main objective of these technolo-
gies is to minimise the reaction temperature and the contact
between nitrogen from the fuel and oxygen present in the combus-
tion air, while creating a fuel-rich area where NOx can be reduced
to N2 [1–7]. Since NOx emissions are strongly related to complex
physical and chemical processes such as turbulence, combustion
(pyrolysis, homogeneous and heterogeneous oxidation), heat
transfer, radiation, and NOx formation/destruction mechanisms,
understanding these complex processes is a prerequisite to reduc-
ing NOx emissions.

In the case of this study concerning EDF 600 MW corner-fired
utility boilers located in France, SCR (Selective Catalytic
Reduction) units have been installed to decrease NOx emissions
below a concentration set by the European environmental regula-
tion. In addition, the air/fuel staging technique which is a low cost
technique since it requires no material modification, has been suc-
cessfully tested on the different 600 MW units. With this tech-
nique, the lower NOx concentration in the flue gas reduces the
amount of NH3 that needs to be injected into the SCR unit. In this
air-staged combustion process, the oxygen concentration in the
combustion zone is reduced and additional air is introduced above
the lean combustion zone to complete the burning of the char par-
ticles. Air can be injected at different levels in the 600 MW boiler,
either through a large number of openings (oil support burners,
additional air nozzles) or by using the burner-out-of-service
(BOOS) technique. As regards fuel staging, this also offers many
possibilities, since it is possible to change the number of mills in
service and/or the amount of coal delivered by each mill.

However, it is not easy to understand how the boiler will react
to a given air or fuel staging configuration due to the large number
of input parameters associated with a particular boiler setting. The
behaviour of a coal boiler is complex, the response to the numer-
ous input parameters highly non-linear and there is no simple rela-
tion between input parameters and output data. Given the number
of possible configurations, finding settings to optimize NOx reduc-
tion without compromising the boiler’s material safety would
require a huge number of calculations. A step-by-step modification
of input parameters through trial and error is a very
time-consuming process because for each set of parameters a
CFD simulation has to be performed. An optimization method
was therefore needed that would explore the search space exten-
sively, could enumerate a scattered population of potential solu-
tions and could use CFD modelling to evaluate any boiler setting.
This and a previous work by Risio et al. [8] led us to consider
genetic algorithms [9]. The capacity of genetic algorithm to handle
heterogeneous populations, yet comply with safety rules, was an
important characteristic in identifying unusual settings that mini-
mize pollutant formation.

In the field of coal optimization studies, the use of genetic algo-
rithm is mostly restricted to experimental data. For a problem sim-
ilar to ours, Hao et al. [10] have combined genetic algorithm and
neural networks using NOx and O2 measurements on a 600 MW
boiler to search for an optimum solution to achieve low NOx emis-
sions. The input parameters include OFA distribution pattern, sec-
ondary air distribution pattern, coal quality and burner nozzle tilt
angle. Although the results of these studies are consistent with
experimental data, the method is limited by the cost of the many
measurements required. However, some recent work combining
CFD and genetic algorithm can be found in literature. Salahi [11]
has used automated multi-objective optimization including NOx

and CH4 using CFD simulation of a coal combustion reactor. Liu
and Bansal [12] have used non-dominated sorting genetic
algorithm-based multi-objective optimization to decrease slagging
inside a coal boiler furnace. However, to our knowledge, there has
never been such an intensive use of CFD combined with genetic
algorithm to simulate pulverized-coal combustion as in this study.
For any individual or boiler setting (thousands of possibilities), we
have used the Computational Fluid Dynamics software
Code_Saturne, a finite volume tool developed at EDF R&D to eval-
uate the quality of the boiler configuration in terms of combustion,
unburned carbon, NOx emissions, area of the boiler walls prone to
corrosion risk, and thermal flux distribution on the walls.
2. The 600 MW corner-fired boilers

2.1. Description of the boiler

EDF operates three 600 MW tangentially-fired pulverized-coal
units located in France. Two of them are sited in Cordemais (units
4 and 5) and one is based in Le Havre (unit 4). A schematic repre-
sentation of the furnace and burners is shown in Fig. 1. The total
height is about 80 m and the boiler has a 16.6 m � 16.6 m cross
section. Coal injection is performed at the corners of the boiler
(A1 to A4) at three different levels (Group 1, Group 2 and Group
3). At each level, four firing groups (one at each corner) fed by
two mills are used. In order to operate at full load, four mills are
usually used out of a total of six available (named A to F). Each mill
distributes pulverized coal to four burners belonging to the same
firing group, but not on the same horizontal plane. The burners
are directed tangentially towards a virtual cylinder in the centre
of the furnace to create a swirling vortex in the combustion cham-
ber to improve mixing. Fig. 2 shows the arrangement of the 12 fir-
ing groups at each corner of the boiler. Each firing group is
equipped with two coal burners and their associated secondary
air nozzles (FOA to FOF, named according to the corresponding
mill) located just above and below the primary air nozzle through
which the pulverized coal enters the boiler, a heavy fuel oil nozzle
(named FGB for the lower level, FGC for the middle level and FGE
for the upper level) and additional secondary air nozzles named
FOO. In particular, the nozzles located on top of the upper firing
groups (named FOO up) can be opened to simulate close coupled
OFA, since their location is just above the highest burners. It should
be noted that heavy fuel oil injection is performed only during the
ignition phase. However after start-up, these nozzles can be used
to inject secondary air. Injections of air and pulverized coal are per-
formed at a fixed angle of 39� from the boiler walls to obtain a
stable vortex. The firing groups can be vertically tilted to shift
the position of the flame from �30� (maximum downward tilt
angle) to +30� (maximum upward tilt angle). Air nozzles are
opened in opposite pairs, therefore if one nozzle at one corner is
opened, the same type of nozzle in the diagonally opposite corner
will also be opened. It should be noted that the secondary air inlets
associated with the burners can be opened even if the correspond-
ing burner is out of service (BOOS).
2.2. Assumptions used in this study

For a given load, the total coal mass flow is known (depending
on the coal heating value) and the total air mass flow is calculated
assuming a given excess air. The total air mass flow is adjusted so
that the O2 concentration in the flue gas near the economiser
meets a given value depending on the boiler load. The air distribu-
tion between the different nozzles depends on the position of the
dampers. The air dampers of the different air nozzles (primary
air, secondary air and air through the oil nozzles) can only operate
in on–off mode so for a given total air mass flow rate, the actual
flow rate through an open port depends on the total number of
opened air ports. As regards the coal mass flow rate for one mill,
it is assumed that it is evenly distributed among the four
associated burners.



Fig. 1. Schematic of the 600 MW boiler.
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For this study, we will assume that a given coal is used and that
the boiler is operated at full load and at a given excess air.
However, even with a specified coal load and an excess air imposed
by/for thermal efficiency considerations, many parameters have to
be adjusted: coal distribution in mills and burners, vertical tilt of
the burners, and air staging through the on–off position of the differ-
ent dampers. Due to the large number of parameters involved, the
use of a CFD tool is particularly well-suited to this kind of problem
since many numerical experiments can be conducted at low cost.

3. CFD modelling

3.1. Coal combustion model

The three-dimensional CFD software Code_Saturne [13] devel-
oped at EDF is a general-purpose code. This code provides an ade-
quate framework for the development of coal combustion and has
been successfully used in a large number of industrial applications
[14–16]. In the pulverized-coal combustion version of
Code_Saturne, conservation equations are formulated for mass,
momentum, energy and other conservative quantities related to
coal combustion. The pulverized coal particle size distribution is
represented by a discrete number of particle size classes deter-
mined by the measured fineness distribution. Conservative equa-
tions are solved for each particle size group. The turbulence of
the gas-particle mixture is predicted by means of a standard k–e
eddy viscosity model. The combustion model takes into account
the particle’s pyrolysis and the heterogeneous combustion of the
char (Fig. 3).

The raw coal is assumed to devolatilize according to two com-
peting reactions (Kobayashi model – Fig. 4) leading to two different
volatile compounds (light and heavy volatiles) [17].

Y1 and Y2 are stoichiometric coefficients relative to the two
reactions. The kinetics of the reactions is described applying a sim-
ple Arrhenius approach:

ki ¼ Ai � exp �Ei
RT

� �
i ¼ 1;2

where Ai represents a temperature independent pre-exponential
factor, Ei the activation energy and T the particle temperature.

The heterogeneous combustion of the char particle is modelled
using a global reaction rate taking into account the kinetics of CO
formation and the diffusion of oxygen at the particle surface (inter-
nal diffusion is neglected). A simple reaction equation describing
this heterogeneous combustion process is given by:
CðsÞ þ 1

2 O2 ! CO. Char combustion reaction is supposed to occur
after all volatile matter has been released. The reaction rate is lim-
ited by external oxygen diffusion. The particle burns at constant
density whereas the flame front propagates towards the centre of
the particle leaving a solid product (ash) behind. This concept is
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Fig. 2. Coal and air register arrangement at the corners of the boiler.
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known as the shrinking core approach. In this context, the evolution
equation for the mass of char inside the solid fuel particle is
expressed by:

dmchar

dt
¼ �SpKgpn

O2 ;1
Fig. 3. Concept of pulverized coal-combustion (according to Kurose et al. [21]).
where Kg is the global reaction rate given by 1
Kg
¼ 1

Kd
þ 1

Kc
Kc is the

reaction rate of the chemical reaction and Kd the diffusion rate of
oxygen in the gas flow through the boundary layer surrounding
the solid fuel particle. Sp represents the effective particle area where
the combustion reaction is taking place and is given by:

Sp ¼ pð1� aashÞd2
p;char with aash the ash content of coal and dp;char

the diameter of the char core. pn
O2 ;1 is the partial oxygen pressure

in the bulk phase, and n the apparent reaction order. A simple
Arrhenius approach is applied to describe the kinetic of this reaction
whereas a temperature independent pre-exponential factor Ac and
the activation energy Ec have to be provided:

Kc ¼ Ac � exp �Ec
RTð Þ

The modelling of combustion in the gas phase takes into
account the presence of three different fuels: light and heavy vola-
tiles and CO released during char burnout. Combustion-turbulence
interaction is modelled with the help of a Probability Density
Function, in terms of the mean mixture fractions of the different
fuels and their variance.

For radiation, the P1 model was used [18] with local absorption
coefficients depending on the gas-phase composition (in terms of
CO2 and H2O) and the volumetric concentration and size of the
particles.

In order to estimate the NOx emissions, a simplified model
based on De Soete [19] and Zeldovich et al. [20] mechanisms was
used with standard reaction rates. In the De Soete model, we
assumed HCN to be the only intermediate in the formation of
NO. The HCN release rate is assumed to be proportional to the par-
ticle’s burning rate.
3.2. Calculation domain and mesh

The mesh is structured and contains 470,000 cells (Fig. 5). The
mesh is refined near the burners where the combustion processes
actively take place. The heat exchangers have been taken into
account by prescribing for each of them a pressure drop and a heat
exchange derived from operating conditions.
3.3. Boundary conditions on the walls

In the absence of accurate data, we assume a uniform tempera-
ture on the boiler’s walls. The wall temperature is the temperature
of the water-wall metal tubes and is estimated to be constant and
equal to 400 �C at full load. The walls of the boiler are assumed to
be optically grey, with an isotropic and emitting reflection and uni-
form radiosity. The wall luminance is calculated as follows:

Lðx; SÞ ¼ e
rT4

p

 !
þ 1� eð Þ I

p

where e is the wall emissivity, I the incident flux at the wall and T
the wall temperature. For all the simulations, the emissivity of the
walls is assumed to be constant and equal to 0.7. However, above
the first heat exchangers, the walls are considered to be black
bodies.
Fig. 4. Two reactions devolatilization model (Kobayashi) [17].



Fig. 5. Mesh used for the CFD simulations.

Table 1
Proximate and ultimate analysis of coal.

Proximate analysis Dry basis (w%)

Volatile matter 36.8
Ash content 11.5
Total moisture (w%) 4.2

Ultimate analysis Dry basis (w%)
C 70.9
H 4.6
O 10.8
N 1.7
S 0.5
Lower heating value db (kcal/kg) 6785

Table 2
Particle size used in the simulations.

Particle size class Average diameter (lm)

1 1.2
2 5.4
3 11.3
4 19.0
5 29.0
6 42.1
7 60.0
8 85.8
9 128.6
10 231.9

Table 3
Devolatilization parameters.

Y1 0.42
Y2 0.58
E1 7.4�104 J/mole
E2 2.5�105 J/mole
A1 2.5�105 s�1

A2 1.3�1013 s�1

Q factor 1.4
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3.4. Coal characteristics

The fuel used for the simulations is a blend of Colombian and
Russian coal which was fired during a test campaign in
December 2007. The immediate and proximate analyses are pro-
vided in Table 1. The calculations assume that the size distribution
of the coal particles follows a Rosin–Rammler distribution. A coal
fineness including 10 particle diameters was used, with each par-
ticle size representing 10% (w%) of the distribution (Table 2). The
nitrogen content is 1.7% (db) which corresponds to a moderate
value, much lower than the nitrogen content of coals imported
from South Africa, for example, which is usually between 2% and
2.5%. Because of its moderate nitrogen content and high volatile
content, this coal can be considered rather favourable to reducing
NOx emissions.

The parameters involved in the two global competitive reaction
schemes during pyrolysis of the coal particle are given in Table 3.
When coal characterization on a drop tube furnace is available,
the kinetic parameters of the Kobayashi scheme are determined
using an optimization routine based on genetic algorithm and sim-
plex method [22]. However, since no characterization for this par-
ticular coal has been performed, default kinetics parameters
(activation energies E1 and E2 and the pre-exponential factors A1

and A2) given in Code_Saturne have been used. The stoichiometric
mass coefficients Y1 and Y2 are derived from the coal volatile mat-
ter content. Y1 is chosen to be equal to the volatile matter content
obtained from the proximate analysis (daf basis) because this anal-
ysis is carried out at low temperature and therefore corresponds to
the first reaction of the Kobayashi scheme. For the second reaction,
which takes place at high temperature, it is assumed that the
released hydrocarbons have a higher C/H ratio than the volatiles
released at low temperature. The chosen devolatilization parame-
ters are shown in Table 3. The Q factor is defined as the ratio
between the volatile matter released at high temperature and the
volatile matter obtained from the proximate analysis: Y2 = Q�Y1.
Typically the Q factor varies in the range 1.2–1.8. The value used
for the simulations is assumed to be equal to an average value of
1.4.

Low-NOx configurations may lead to high unburned carbon in
fly ash if the residence time of the particles in an oxidising atmo-
sphere is insufficient or if the oxygen partial pressure is too low.
The char reactivity also plays an important role in determining
the amount of unburned carbon in fly ash. Carbon in ash (or
unburned carbon) is defined as the mass fraction of char in the coal
particle. The unburned carbon in fly ash is averaged over the last
cells before the exit of the boiler (Fig. 5) where the measurement
probes are located. Because no characterization has been per-
formed for the particular blend used in the simulations, the default
kinetics for char reactivity in Code_Saturne was used (see Table 4).
Therefore the calculated unburned carbon can only be considered
as a qualitative value used to predict the boiler tendencies.

4. Genetic algorithm

4.1. The boiler settings (chromosomes)

The chromosomes used in the genetic algorithm represent all
the input parameters that define the boiler settings. In the previous
paragraphs we saw that even for a specified coal (full load) and a
given excess air, a lot of process parameters have to be adjusted:
load distribution pattern on the mills and burners, tilt of the burn-
ers and air staging (Table 5). Air staging is achieved by opening air
registers of out-of-service burners (BOOS), opening auxiliary air
nozzles such as the heavy fuel nozzles or the secondary air nozzles
named FOO (Fig. 2). When opening or closing the air dampers, the
total air flow remains constant since we assume a constant excess
air and coal load, but the distribution of air inside the boiler is
changed. As regards fuel staging, there is no limit on the number
or mills in service or the coal mass flow rate delivered by each mill
(from no coal to full capacity). The only constraint is that the sum
of the coal mass flow rates delivered by in-service mills must be
equal to the total mass flow rate corresponding to the full load.



Table 4
Kinetic rate parameters used for char burnout.

Ec 6.926�104 J/mole
Ac 17.88 kg/s/m2/atm
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With respect to the vertical tilt of the burners, a discrete num-
ber of positions is allowed: �30�, �15�; 0�, +15� and +30� (angles
are defined relative to the horizontal). When operating the tilting,
the entire set of firing groups located on the same corner, but also
on the diagonally opposite corner (Tilt 1 for corners A1/A3 and Tilt
2 for corners A2/A4 – see Fig. 1) will be moved upward or down-
ward. However the two angles Tilt1 and Tilt2 are operated
independently.

4.2. Principle of the algorithm

We have used the ParadisEO [23] library developed by INRIA
(Institut National de Recherche en Informatique et Automatique) to
implement the genetic algorithm. This library provides a simple
and flexible environment to experiment on the crossover/muta-
tion/selection steps. For the selection step, we use the
Evolutionary Programming Stochastic Tournament method already
implemented in ParadisEO (each individual competes against n
opponents and the best score survives). As for crossover and muta-
tion steps, these are carried out as follows. Each individual is a
direct representation of the coal boiler’s configuration parameters:
binaries for the air nozzles (open/closed), integers for the burners’
vertical tilt, and continuous values for the burners’ load. Because
we have to post-process the chromosomes, modifying some gene
values to fulfil physical constraints (e.g. constant global coal load,
mandatory opening of in-service burner air nozzles), we have
implemented a simple one-gene exchange crossover procedure.
Combined with mutations, it leads to satisfactory variability in
the successive populations. The mutation step is two-fold: first
the gene that will undergo the process is randomly selected, and
second its value is changed depending on the gene type: swap
for binary, random assignment for others. The effectiveness of a
genetic algorithm typically relates to both the population size
and the number of generations that are created. Due to the signif-
icant amount of time required to evaluate all the individuals in the
population, we chose to limit the population size to around 50,
which seemed a good trade-off between evaluation time and diver-
sity. Finally, the fitness of an individual is obtained by running
Code_Saturne and then combining six physical/chemical indicators
(combustion efficiency through O2 and CO concentration in the flue
gas, unburned carbon, NOx emissions, surface prone to corrosion
risk, and thermal flux on the walls) into a single economic value:
the cost function.

4.3. The cost function

The following indicators are obtained from the CFD simulations.
The total cost (expressed in Euros) is obtained by simply adding up
the respective estimated costs associated with each indicator.
Table 5
Parameters involved in the genetic algorithm.

Parameter Value

Air/heavy fuel nozzles On/Off
Coal mass flow rate/mill From 0% to 100% capacity (full range

operation)
Tilt angle corners A1/A3

(Tilt1)
�30�, �15�; 0�, +15�, +30�

Tilt angle corners A2/A4
(Tilt2)

�30�, �15�; 0�, +15�, +30�
4.3.1. O2 concentration in flue gas
The theoretical concentration value is 4.6 (vol.%) assuming that

combustion is complete. We assume that a maximum fluctuation
of 0.5% around this value is acceptable. However, anything above
this fluctuation level means the combustion process is very poor,
and a strong financial penalty is therefore applied to the cost
function.

4.3.2. CO concentration in flue gas
A high CO concentration in the flue gas is a sign of incomplete

combustion. Since carbon monoxide is considered a hazardous
air pollutant, a strong penalty will be applied for levels above
100 ppm@6%O2 in the flue gas.

4.3.3. NOx emissions
The Cordemais and Le Havre boilers were equipped with SCR

(Selective Catalytic Reduction) in 2008. The efficiency of this device
is close to 80% which is sufficient to comply with the 2008
European regulation for Large Combustion Plants. However, reduc-
ing NOx concentrations below 200 mg/Nm3@6%O2 using primary
measures combined with the use of the SCR for the 600 MW boilers
has several advantages. Firstly, because in that case exemptions
have been granted by Europe for smaller power plants to emit
above the national emissions ceiling, provided they run for a lim-
ited amount of hours per year1. The second reason is that reducing
NOx concentrations in the flue gas will reduce ammonia consump-
tion and extend the lifetime of catalysts. Furthermore it will help
to ensure compliance with the future 2016 Industrial Emissions
Directive that will lower NOx emissions ceilings. Therefore the cost
function takes into account a penalty in the case where NOx emis-
sions after the SCR (assuming an 80% efficiency) are above
200 mg/Nm3@6%O2. In the case where NOx concentrations are below
this value, the cost will be reduced using an estimate of the ammonia
and catalyst savings.

4.3.4. Water-wall corrosion
Coal-fired power plant boiler water-wall tubing experiences

gradual wall loss from the fireside as a result of corrosion. Under
normal conditions, typical wastage rates are quite low (less than
0.25 mm/year). However, when using low-NOx combustion sys-
tems to comply with regulations, reducing zones are created in
the lower part of the furnace. Under such reducing conditions,
wastage rates are much higher and can reach up to 1 mm/year.
The influencing factors are varied and sometimes difficult to
assess: the nature of the gaseous medium adjacent to the material,
the metal temperature, the possible presence of ash deposits form-
ing a barrier between the metal and the gas, the heat flow through
the structure and erosion by the particles.

Steam generator water-tube boilers are particularly affected by
this phenomenon because they carry water at a high temperature
range and are exposed to the flow of exhaust gases. In pulverized
coal plants, corrosion is generally attributed to sulphur or chlorine
products from the fuel. Low-NOx combustion configurations induce
reducing atmospheres coupled with lower temperature sintering
and melting of ash in some parts of the boiler. In power plants
using coals with high chlorine or sulphur contents, these configu-
rations increase the propensity to create corrosive deposits of sul-
phur and chlorine free radicals.

A work programme sponsored by the EPRI (Electric Power
Research Institute) has been carried out by PowerGen UK [24,25]
to investigate the influence of operational and fuel variables on
the fireside corrosion rates of power station boiler tubing, using a
1 Exemptions will not be granted after 2016 in accordance with the 2016 IED
(Industrial Emissions Directive).
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1 MWth combustion test facility. A series of predictive equations
were derived from the metal loss data relating furnace wall corro-
sion rate to surface metal temperature and local combustion
environment.

From these experiments the authors derived a correlation for
metal loss exposed to either oxidising or reducing conditions:

M ¼ 6 � 105
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t0 � Kpo

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tr � Kpr

q� �
e�

123500
RT

where M is the metal loss in lm, Kpr and Kpo are corrosion rates
respectively under reducing and oxydising conditions in cm2/s, t0
and tr are the corresponding times in hours during which the sam-
ple is exposed and T is the metal temperature.

The corrosion rates are expressed in terms of the metal temper-
ature T(K) and CO concentration for reducing conditions:

Kpr ¼ 5 � 610�5
ffiffiffiffiffiffiffiffiffiffiffi
%CO
p

e�
98000

RT

Kpo ¼ 3 � 6910�3 e�
123500

RT

These equations can be used to estimate metal loss alternatively
exposed to oxidising and reducing conditions.

Fig. 6 gives an example of metal loss after a period of four
months for three cases with different metal exposure: oxidising,
reducing (CO = 3%) and alternate (two months under oxidising con-
ditions and two months under reducing conditions). These results
are in line with what is generally observed for EDF pulverized-coal
boilers. The cost associated with the metal loss will depend on the
wastage rate. It will be based on the cost of a coating in the areas
where the wastage will be higher than 50 lm per year and below
1 mm per year. The cost will be increased if the metal loss is higher
than 1 mm per year because of the need to use a more efficient and
more expensive coating.

4.3.5. Heat fluxes on the walls
Heat flux homogeneity along the boiler walls is important in

order to ensure a uniform heat exchange between the hot flue
gases and the boiler’s tubes. When applying air staged configura-
tions, it is expected that the flame will be concentrated on the
lower part of the boiler, and therefore the heat fluxes due to flame
radiation may display some high peaks on the water-wall tubes.
This may cause early evaporation of the water inside the tubes, a
change in the heat transfer coefficient and a local increase in the
metal temperature. This high temperature can in turn lead to metal
creeping and possible water leaks due to tube failure. In order to
take into account the possible influence of radiation on the partial
replacement of water-wall tubes, we define a heterogeneity index
related to the heat distribution on the walls of the boiler. This
index is based on the average and standard deviation of the heat
flux compared to the baseline values. In the case of strong hetero-
geneity, a penalty corresponding to a forced outage will be applied
when the index is greater than a given value.

4.3.6. Carbon in fly ash
The cost associated with unburned carbon in fly ash relates to

ash recycling. Ash recycling is possible if the percentage of carbon
in ash is lower than 7%.

4.4. The numerical experiments

To compute chemistry and fluid dynamics, Code_Saturne is run
on an 8-core machine for approximately 14 h per individual at the
time of this study. This significant running time presented an
obstacle for a large population and given the number of genera-
tions. To overcome this difficulty, we divided the execution of
Code_Saturne over a fifty-two 8-core node cluster which was
equivalent to reducing the average evaluation time to fifteen min-
utes per individual. To avoid unnecessary re-evaluation, we built a
database of all the chromosomes that have already been assessed.
We started from an initial population of fifty-two individuals
reflecting best-practice and standard configurations. We ran the
genetic algorithm for fifty generations (several weeks of computa-
tion) on a constant population. As a result, we obtained several
interesting boiler settings minimising the global economic cost
(the genetic algorithm was stopped because no significant
improvement in cost was observed on the last generations).
5. Results

5.1. Some individuals from the last generation

Among the thousands of CFD calculations performed, it should
be noted that none of them led to flame extinction or even very
poor combustion. The O2 concentration in the flue gas has always
remained close to the theoretical value corresponding to almost
complete combustion. We will see in Section 5.3 that this result
relates to the choice of char reactivity. Table 6 displays the results
for some individuals from the last generation with large NOx abate-
ment compared to the baseline configuration. Most configurations
with high NOx reduction are obtained using four mills distributing
coal on the lower and middle group only (mills A, B, C and D) and
with no vertical tilting of the burners (horizontal injection). To
achieve substantial NOx abatement, a sufficient number of air noz-
zles must be opened to create air-staged combustion with a
reduced oxygen area near the in-service burners, so that during
devolatilization fuel-nitrogen is released in an oxygen-depleted
atmosphere. Some configurations, like individual No. 962 which
corresponds to a deep staged configuration, lead to a particularly
high NOx reduction (Table 6). However, the cost associated with
corrosion is also particularly high for this case. The configuration
corresponding to individual No. 610 allows substantial NOx reduc-
tion with a very limited cost associated with corrosion. If we check
the CO concentration (which is a marker of the corrosion risk under
reducing conditions) near the walls of the boiler (Fig. 7), we
observe high levels of CO for individual No. 962. This configuration
is very favourable to NOx abatement but at the same time it gener-
ates a high corrosion risk for the boiler walls. Individual No. 610
should be preferred over No. 962 because although the NOx reduc-
tion is lower, the balance between ammonia savings and corrosion
cost is largely in favour of this moderately staged configuration.



Table 6
Genetic algorithm: results for some individuals from the last generation.

Individual
No.

Mills
used

Coal mass rate
(kg/s)

Burner tilt
anglea

Opened air registers NOx

(mg/Nm3@6%O2)
NOx abatement
(%)

Corrosion cost
(k€/year)

Unburned
carbon (%)

1072 A 14.3 0� FOF; FOE 2/4b; FOO up; FGE 2/4b;
FOO midc 1/3d

437 �53 39.6 0.8

B 7.7
C 19.3
D 19.3

1042 A 14.9 0� FOE; FOF; FOO up 454 �51 16.7 0.7
B 8.6
C 19.3
D 17.8

610 A 7.1 0� FOE 1/3d; FOF; FOO up 1/3d 557 �40 4.8 0.4
B 14.9
C 19.3
D 19.3

962 A 14.9 0� FOE; FOF; FOO up; FGE 430 �54 60.8 0.8
B 8.7
C 19.3
D 17.7

190 A 11.1 0� FOE; FOO up; FGE 2/4b 605 �35 8.7 0.4
B 7.4
C 17.1
D 15.4
F 9.6

346 A 14.9 �15� FOE; FOO up 644 �31 4.8 0.4
C 19.3
D 19.3
F 7.1

a The same tilt angle is applied to all burners.
b The registers are opened only on two diagonally opposite corners A2/A4.
c FOO mid stands for additional secondary air nozzle from the middle group (Group 2).
d The registers are opened only on two diagonally opposite corners A1/A3.

Low corrosion risk (case 610) High corrosion risk (case 962)

Fig. 7. CO concentration along the wall for two cases.

S. Dal Secco et al. / Fuel 158 (2015) 672–683 679
Note that the pattern of the opened nozzles can be quite complex
and could hardly be considered an intuitive choice. In particular,
some individuals include different types of nozzles which may be
opened only at two corners of the boiler. The genetic algorithm
here has definitely helped to identify unusual settings.

Although the configurations involving four mills in the lower
and middle group (A, B, C, D) are most favourable to NOx reduction,
some configurations involving five mills like individual No. 190 are
also good candidates since they offer noticeable NOx reduction
with negligible corrosion risk. Individual No. 346 is a much more
standard configuration with one mill feeding the lower group,
two mills for the middle group and one mill for the upper group.
Even with a standard configuration this result shows it is possible
to achieve a good compromise between NOx reduction and corro-
sion risk.

5.2. Heat flux on the water-wall tubes

In the previous paragraph we saw that most configurations
with high NOx reduction are obtained using a pattern with four
mills distributing coal on the lower and middle group only, there-
fore concentrating the coal load towards the bottom of the boiler.
However, the air-staging technique and concentrating coal in the
lower part of the boiler leads to a significant increase in heat flux
radiated on the ash hopper walls. Indeed, the decrease in NOx emis-
sions is associated with an increase in the heat flux radiated to the
ash hopper walls as shown in Fig. 8.

Test campaigns have already demonstrated that positioning the
coal load towards the bottom of the boiler and especially if com-
bined with downward tilting of the burners increases the risk of
having high temperatures on the metal tubes. It has also been
shown that these temperature peaks were related to the
arrangement of the tubes along the boiler walls. In fact, the
water-wall tubes are vertical along the ash hopper walls, then spi-
ralled in the part of the boiler above the ash hopper, leading to dif-
ferent tube lengths and therefore different pressure drops for the
liquid–vapour mixture circulating inside the tubes. Furthermore,
any increase in the average heat flux or heat flux heterogeneity
received by the ash hopper will tend to increase the risk of high
metal temperature.

The results obtained by the simulations show on the one hand
that there is a clear correlation between the average heat flux
and the variance of the heat flux on the ash hopper walls (Fig. 9),
and the other hand, that when the burners are horizontal or tilted
downwards, there is greater dispersion of the average heat flux and
its standard deviation in the ash hopper. Conversely, when the
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Fig. 8. Average heat flux on the ash hopper versus NOx emissions.
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Fig. 9. Correlation between average heat flux and its variance in the ash hopper.
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Fig. 10. Average heat flux on the ash hopper walls versus the sum of vertical tilt
angles (Tilt 1 for corners A1/A3 and Tilt 2 for corners A2/A4).
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Fig. 11. Variance of the heat flux on the ash hopper versus the sum of vertical tilt
angles (Tilt 1 for corners A1/A3 and Tilt 2 for corners A2/A4).
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burners are tilted upward, it minimizes both the average heat flux
and its standard deviation (Figs. 10 and 11). This result corrobo-
rates the on-site observations of more frequent peak temperatures
on the water-wall tubes when the burners are horizontal or tilted
downward. When those peak temperatures occur, the operator will
usually tilt the burners in the upward position. According to the
simulations, this lowers both the average heat flux and its variance
and thus reduces the risk of metal peak temperatures. This also
explains why most operators usually run this type of boiler with
the burners tilted upward with an angle of approximately 20� from
the horizontal.

The occurrence of peak temperatures should be higher when
using low-NOx configurations. Indeed, positioning the load in the
lower part the boiler will increase the heat flux in the ash hopper.
Furthermore if we consider the heat flux heterogeneity index
which measures the degree of heterogeneity on all the walls of
the boiler (see Section 4.3.5), we observe an increase in this index
when decreasing the NOx emissions (Fig. 12). Regarding NOx emis-
sions as a function of burner tilt, we can see from Fig. 13 that when
the burners are tilted strongly upward (the sum of the two angles
greater than 45�) the NOx level hardly drops below 900 mg@6%O2.
Zero tilting (i.e. horizontal burners) seems to be the position most
favourable to reducing NOx emissions. This observation was also
made during test campaigns: at a given load, when tilting the
burners in the upward position, the NOx emissions tend to
increase.

5.3. Unburned carbon in fly ash

As far as burnout is concerned, the genetic algorithm gives a
typical result i.e. an increase of unburned carbon when NOx emis-
sions are decreased (see Fig. 14). This is due to the limited resi-
dence time of the particles in an oxygen-enriched atmosphere
when the air-staging technique is applied. Indeed in that case, a
significant part of the boiler is in an oxygen-depleted environment.
Note that because we have chosen a high char reactivity (default
values were used in Code_Saturne), the level of unburned carbon
remains low (<2%) even in deep air-staging conditions. In this
instance, the level of unburned carbon always allows fly ash recy-
cling, therefore it will not have any impact on the global cost func-
tion and thus the choice of boiler configurations. A fairly clear
correlation between unburned carbon in fly ash and the unburned
CO concentration in the flue gas is observed (Fig. 15). Incomplete
combustion of the particles is therefore accompanied by incom-
plete conversion of carbon monoxide to carbon dioxide.
However, due to relatively high excess air, the CO concentration
in the flue gas is moderate even for deep air-staging configurations.
Therefore, as with unburned carbon, there will be no penalty due
to high CO levels, since the CO concentration never reaches the
maximum permitted value of 100 ppm in the flue gas.

5.4. Corrosion on the water-wall tubes

In Section 5.1, we saw that some configurations lead to a dra-
matic NOx reduction. However the cost associated with corrosion
in that case is often also particularly high. Nevertheless, some
other configurations offer very substantial NOx abatement without
being penalised by the corrosion cost.

Fig. 16 presents the correlation between NOx emissions and cor-
rosion cost. It shows that if we want to achieve NOx emissions well
below 500 mg@6%O2 in most cases an industrial coating will be
needed to protect part of the walls from corrosion. For values
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above 500 mg@6%O2 but below 600 mg@6%O2 for instance, a large
number of individuals can be found offering a low corrosion cost,
meaning that wastage rates should remain quite low. These config-
urations show that it is possible to achieve a good compromise
between NOx reduction and corrosion risk.
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Fig. 15. Correlation between CO in flue gas and unburned carbon.
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5.5. Comparison of the simulations with results obtained during on-
site measurement campaigns

Some of the results of tests carried out during different mea-
surement campaigns are reported here. The tests performed in
January 2012 relate to Cordemais Unit 4 (Table 7) while tests car-
ried out in April 2011 concern Le Havre Unit 4 (Table 8).

These trials were designed to implement and test a number of
low-NOx configurations simulated with Code_Saturne. In order to
estimate the corrosion risk, probes were used to monitor the near
wall atmosphere (CO and O2 concentrations). The configurations
tested are not strictly identical to the simulations achieved using
the genetic algorithm. In particular, the coals used during these
tests are two different USA coals whereas for the simulations we
assumed the boiler was fed with a blend of Colombian and
Russian coals. Despite these differences a number of similar trends
between simulation and tests are observed.

First of all the results confirm that when the burners are tilted
upwards the NOx level remains high (see Section 5.2). Testing in
January 2012 (Table 7) helped highlight the role played by the
burners’ vertical tilt on NOx emissions. It was found that for a given
boiler configuration, tilting the burners upward leads to a signifi-
cant increase in NOx emissions. For example, for an ACDE mill con-
figuration, while it is possible to obtain a reduction of almost 40%
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Fig. 13. NOx emissions versus the sum of vertical tilt angles (Tilt 1 for corners A1/A3
and Tilt 2 for corners A2/A4).
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Fig. 16. NOx emissions as a function of corrosion cost.
when the burners are horizontal or tilted slightly downward, when
they are positioned at the maximum upward tilt angle (+30�) the
NOx abatement is only 5%. For an ABCD mill configuration, the dif-
ference is even more sensitive since the reduction is 60% when the
burners are almost horizontal (+6�) and only 20% when they are
geared up to the top. Therefore, the tests carried out have con-
firmed the adverse effect of the upward direction of burners on
NOx emissions, a trend already identified by the genetic algorithm
(Fig. 13).

The boiler configuration used during the April 2011 campaign
on the Le Havre 4 boiler (Table 8) with open nozzles FOO up,
FOE and FGE at corners 2 and 4 is similar to individual No. 190



Table 7
Test campaign results for Cordemais 4 boiler.

Boiler Cordemais 4

Date January 2012
Coal fired USA1
Mills used ACDE ABCD
Opened air

registers
FOO up

Burner tilt 30� 12–17� �14� to 0� 30� 17� 6�
NOx abatement �5% �30% �40% �20% �50% �60%
Carbon in ash 5% 5% 5% 5% 5% 5%
Corrosion risk Low Low Low Medium to

high

Table 8
Test campaign results for Le Havre 4 boiler.

Boiler Le Havre 4

Date April 2011
Coal fired USA2
Mills used ABCDF
Opened air registers FOO up FGE FOO up FGE FOE FOO up FGE2/4 FOE
Burner tilt +13� +13� +13�
NOx abatement �32% �39% �36%
Ammonia saving �41% �51% �47%
Carbon in ash 4–7% 4–7% 4–7%
Corrosion risk Low Low Low
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simulated during the genetic algorithm (Table 6). This test shows
that we can reduce 36% of the NOx concentration compared to a
baseline configuration (the simulation prediction was a 35% reduc-
tion) with a low corrosion risk (confirmed by the estimated corro-
sion cost given by the genetic algorithm). This trial also highlighted
a 47% ammonia saving compared to the baseline configuration.

Moreover, during most trials the atmosphere near the walls has
remained only slightly reducing, which prevented the risk of corro-
sion except in the January 2012 campaign where a deep air-staged
configuration was used (mills A, B, C and D) for which high CO con-
centrations were measured in some parts of the walls.

Finally, during these test campaigns, the level of carbon in fly
ash remained below the maximum value allowing ash recycling.

6. Conclusion

This work has been performed through close cooperation
between different R&D departments, engineering department and
the power plant engineers and operators. In this context, we suc-
cessfully used a genetic algorithm to automatically generate inno-
vative coal boiler configurations among thousands of CFD
calculations performed. The genetic algorithm here has definitely
helped identify unusual settings with quite complex opened nozzle
patterns that could hardly have been found intuitively. The origi-
nality of the coupling between CFD calculations and a genetic algo-
rithm to automatically generate at reasonable computational cost
optimal boiler configurations must be emphasized here. However
human expertise for the interpretation of the best results obtained
is still necessary. Most configurations with high NOx reduction are
obtained using four mills distributing coal on the lower and middle
group only and with a sufficient number of opened air nozzles to
create air-staged combustion with reduced oxygen near the
in-service burners. This type of configuration is very favourable
to NOx abatement, but at the same time it may generate a high cor-
rosion risk for the boiler’s walls. The cost function allowed the
search space to be explored to determine configurations offering
a good compromise between NOx reduction and the cost associated
with corrosion.
Using the database obtained from the simulations, we were able
to obtain some interesting correlations between boiler settings and
boiler output variables. The results corroborate the on-site obser-
vations made during test campaigns. Regarding the heat flux distri-
bution on the water-wall tubes, the results obtained by the genetic
algorithm confirm the more frequent peak temperatures on the
water-wall tubes when the burners are tilted downward. As
regards the NOx emissions, one interesting result is that when
the burners are tilted strongly upward, the NOx level hardly drops
below 900 mg@6%O2. This observation was also made during test
campaigns: at a given load, when tilting the burners in the upward
position, the NOx emissions tend to increase. As far as burnout is
concerned, the genetic algorithm gives a typical result, i.e. an
increase in unburned carbon when NOx emissions are decreased.

A number of improvements can be made to the process
described in this report. Firstly, we made the assumption that
the metal water-wall tube temperature was constant throughout
the boiler. Now, a thermo-hydraulic model for the tubes has been
produced; it would therefore be useful to couple this module with
the combustion calculation in the boiler to more accurately predict
the metal temperature peaks for a particular boiler setting.

This work was carried out for a boiler at full load and for a given
coal. Future work will include partial loads and the variability of
fuels, since the NOx level is highly dependent on the type of fuel
used.

Finally, the cost function used here enables a simple assessment
of the boiler configurations. However, estimating the associated
costs can be tricky, indeed, because the cost function is global, a
poor assessment on a single indicator can lead to a non-optimal
solution. It would therefore be wise to replace the overall cost
function with a multi-objective function able to identify solutions
in several sub-search spaces.
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