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a b s t r a c t

Wet flue gas desulfurization systems (WFGD) are the most popular method to remove the

SO2 from the flue gas in China’s power plants. Most WFGD systems contain an oxidation

subsystem, which is one of the most important subsystems. In this paper, a hybrid

modeling and operating optimization method of oxidation process of WFGD system is

proposed, verified and applied on the WFGD system of a typical 1000 MW unit. The in-

fluence of important parameters such as the diameter of droplets or bubbles, the liquid-

gas ratio or the gas-gas ratio (the ratio of between oxidized air flow rate and flue gas flow

rate) and the height of the natural oxidation zone or the slurry level on natural oxidation

rate and forced oxidation rate are further explored. The application results show that the

above method can significantly reduce the operating energy consumption of the oxidation

fan by more than 25 %. Furthermore, field tests are also carried out on the WFGD systems

of 130 t/h and 220 t/h circulating fluidized bed (CFB) units. The energy consumption can be

reduced by 30.6 % and 37.5 %, respectively. The results will be helpful to reduce the

auxiliary power consumption and additional CO2 emission of WFGD.

© 2022 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Sulfur dioxide (SO2) plays an important role in the air pollu-
tion (Shen et al., 2019; H. Wang et al., 2019; Zheng et al., 2019),
which is mainly formed during the industrial processes
(Smith et al., 2011; Chang et al., 2019). The major sources of
SO2 emissions are the power generation industry (Flagiello
et al., 2018; Zheng et al., 2014) and iron and steel smelting
industry (X. Wang et al., 2019). In 2020, China’s steel and iron
smelting industry and power generation industry emitted

415 kt and 374 kt of SO2 (China, 2021), account for 13.5% and
11.8% of total SO2 emissions in China, respectively (China,
2022). In order to reduce the emission of SO2, China’s gov-
ernment has issued the strictest specifications worldwide
(Flagiello et al., 2018; Abel et al., 2019) that the SO2 con-
centration of the flue gas emitted from coal-fired power
plants and ironworks should be less than 35mg/m3 (National
Development and Reform Commission of PRC and National
Energy Administration of PRC, 2014; Gu et al., 2020).

For the effective removal of SO2, most of coal-fired power
plants have adopted flue gas desulfurization (FGD) devices in
China (Córdoba, 2015; Srivastava et al., 2001; Chen et al., 2020;
Liu et al., 2022). And, wet flue gas desulfurization (WFGD)
system is one of the most favorite technologies due to its
unique characteristics such as high efficiency, and reliability
(Zheng et al., 2019; Gong and Yang, 2018; Zou et al., 2020;
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Kallinikos et al., 2010). The most commonly used absorbent
of WFGD system is limestone because its wide range of
sources and low cost. The SO2 in the flue gas is absorbed by
the slurry of limestone in the absorber of WFGD system. And,
the oxidation of sulfite is one of the important intermediate
reactions in the WFGD.

In recent decades, many researchers have conducted in-
depth research on the oxidation mechanism of sulfite. Jia
et al. (2010) used bubbling apparatus to investigate the ki-
netics of oxidation of total sulfite in ammonia-based WFGD
process and built a kinetic model according to the experi-
mental results. Guo et al. (2017) investigated the kinetics of
jet aeration oxidation of magnesium sulfite. The results
showed the oxidation reaction rate was 0.62 order in sulfite
ion and zero-order in oxygen. Shen et al. (2012) carried out an
experiment in a stirred bubbling reactor to investigate the
kinetics of sulfite oxidation in the magnesium-based WFGD
process. The oxidation reaction was found to be 0.88 order
with the concentration of magnesium sulfite and mainly
controlled by the O2 diffusion. Similarly, Chen et al. (2017)
made a conclusion that the oxidation rate of sulfite is mainly
controlled by the mass transfer of O2 due to the rapid che-
mical reaction, after carried out the experiment using bub-
bling apparatus. Liu et al. (2017) presented a method to
predict the oxidation efficiency of MgSO3 oxidation reaction
in aeration tank with computational fluid dynamics (CFD)
software. The multi-phase flow field model was set up using
the multi-fluid model and dispersive k-ε model. The model is
reliable compared with the results of the actual ship test.
Zhang et al. (2016) put forward a micro-pore aeration system
to study the effects of key factors such as pH and tempera-
ture, and built a model to predict the oxidation performance
at different condition with artificial neutral network (ANN).

The oxidation of sulfite in the absorber is very important
for the safe operation of the WFGD system (Yi et al., 2011).
Experience shows that if the oxidation rate is maintained
within a certain range (generally between 0.15 and 0.3)

Nomenclature

a interfacial area, m2.
a gas-liquid specific surface area, m2/m3.
c c,1 2 learning factors.
cO2 concentration of O2, mol/m3.
cS IV( ) calculated concentration of sulfite, mol/m3.
ĉS IV( ) measured concentration of sulfite, mol/m3.
cSO2 concentration of SO2, mg/m3.
CD drag coefficient.
Dd diameter of droplet, m.
Db,t diameter of bubble at time t, m.
Dt diameter of absorber, m.
Dg O, 2

molecular diffusivity of O2 in gas phase, m2/s.
Dl O, 2 molecular diffusivity of O2 in liquid phase,

m2/s.
E enhancement factor.
En enhancement factor of natural oxidation

process.
Ef enhancement factor of forced oxidation

process.
g gravitational acceleration, N/kg.
h height between the bubble and the slurry

plane, m.
HO2 Henry’s constant of O2, Pamol−1 m3.
Hf height of forced oxidation zone, m.
Hn height of natural oxidation zone tank, m.
Hs slurry level of in the slurry tank, m.
kg gas phase mass transfer coefficient, mol/

(m2 s Pa).
kl liquid phase mass transfer coefficient, m/s.
Kg gas phase mass transfer coefficient, mol/

(m2 s Pa).
K K,1 2 correlation factors.
le Kolmogorov length, m.
L flow rate of liquid, m3/s.
Mair molecular weight of air, g/mol.
MO2 molecular weight of O2, g/mol.
MSO2 molecular weight of SO2, g/mol.
ni t, mole of the ith gas component at time t, mol.
NO2 mass transfer flux of O2, mol/(m2 s).
P pressure, Pa.
Patm atmospheric pressure, Pa.
Pb t, pressure inside the bubble at time t, Pa.
Pgbest best position of the whole particle swarm.
Pi t, position of particle i in iteration t.
pO2

partial pressure of O2, Pa.
Ppbest i, best position of particle i.
Qa oxidize air flow rate, m3/s.
Qf flue gas flow rate, m3/s.
r r,1 2 random numbers ranging from 0 to 1.
R universal gas constant, 8.3141 J/(mol K).
Reg Reynold number of gas phase.
Rel Reynold number of liquid phase.
rox oxidation rate of sulfite.
S cross-sectional area of the slurry tank, m2.
Sab absorbed sulfur during a period of time, mol.
Sox oxidated sulfur during a period of time, mol.
Sc Schmidt number.
Sh Sherwood number.
t time, s.
T temperature, K.
ub t, velocity of gas at time t, m/s.

ud velocity of droplet, m/s.
ue Kolmogorov velocity, m/s.
ur relative velocity between gas and liquid, m/s.
vl kinematic viscosity of liquid, m2/s.
vm mole volume of gas, m3/mol.
Vair molecule diffusion volume of air, cm3/mol.
Vi t, velocity of particle.
VO2 molecule diffusion volume of O2, cm

3/mol.
x number of measured values.
X number of gas components.

Greek letters
inertia weight.
turbulent energy dissipation, m2/s3.

m modified turbulent energy dissipation, m2/s3.

g density of gas, kg/m3.

l density of liquid, kg/m3.
µg viscosity of gas, Pa/s.
µl viscosity of liquid, Pa/s.
σ Surface tension, N.
κ µ µ/g l, viscosity ratio.

1 natural oxidation rate.

2 utilization rate of oxidize air.

SO2
desulfurization efficiency.

O2 mole fraction of O2 in the air.
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(Srivastava and Jozewicz, 2001), the problem of scale forma-
tion is most likely to happen. Thus, after developed and
utilized over a century, the WFGD technology gradually di-
vided into two different types (Pyshyev et al., 2017). One is
the "inhibited-oxidation" type, to keep the system oxidation
fraction below 0.15. The by-product is mainly calcium sulfate
or calcium sulfate hemihydrate. The other is the "forced-
oxidation" type, to keep the oxidation fraction above 0.95.
The by-product is mainly gypsum. Actually, the choice be-
tween the two process options depends primarily on the
methods feasible for byproduct solids disposal (Pandey et al.,
2005). At present, most of all the coal-fired power plants in
China have adopted forced-oxidation type WFGD systems.

The oxidation subsystem is one of the most important
subsystems in the forced-oxidation type WFGD systems,
which is also an important part of the energy consumption of
WFGD system (Li et al., 2022). Considering the wide range of
inlet SO2 concentration and flue gas flow rate caused by the
fluctuation of load and coal properties, the oxidation sub-
systems are commonly designed with a large operation
margin to guarantee the oxidation rate, resulting in high
auxiliary power consumption and additional CO2 emission.
In order to enhance the economic performance of WFGD,
several researches in recent years have been devoted to the
optimal operation of the oxidation subsystem in WFGD. Ma
et al. (2019) put forward a optimization method of the oxi-
dation process by an oxidation reduction potential (ORP)
control strategy. The OPR is timely measured by an online
ORP meter, which can accurately reflect the slurry condition
in the absorber. The absorber can be operated in optimum
conditions and realize the goal of oxidation control accu-
rately in the slurry oxidation by stages based on the system.
The results provide theoretical guidance for precise oxida-
tion control of the WFGD slurry system.

As mentioned above, there are numbers of works devoted
to study the oxidation mechanism of sulfite. These existing
researches have made many detailed studies on the me-
chanism of oxidation. However, such researches are mainly
at the laboratory level and focus on the oxidation reaction in
the slurry tank. There are few studies focus on modeling the

oxidation process including both nature oxidation and forced
oxidation in an actual absorber. In fact, due to the different
design and operating conditions, it is difficult to build a
general and accurate mechanism model. At the same time,
the online ORP meter is needed in the above-mentioned re-
search on the operating optimization of the oxidation
system, which will bring the additional cost. It is important
to develop an optimization method based on the existing
equipment in the plant.

Therefore, in this paper, a hybrid modeling and operating
optimization method of oxidation process of WFGD system is
proposed, verified and applied on the WFGD system of a ty-
pical 1000MW unit. The influence of important parameters
such as the diameter of droplets or bubbles, the liquid-gas
ratio or the gas-gas ratio (the ratio of between oxidized air
flow rate and flue gas flow rate) and the height of the natural
oxidation zone or the slurry level on natural oxidation rate
and forced oxidation rate are further explored. The applica-
tion results show that the above method can significantly
reduce the operating energy consumption of the oxidation
fan by more than 25%. Furthermore, field tests are also car-
ried out on the WFGD systems of 130 t/h and 220 t/h circu-
lating fluidized bed (CFB) units. The energy consumption can
be reduced by 30.6 % and 37.5%, respectively. The results will
be helpful to reduce the auxiliary power consumption and
additional CO2 emission of WFGD.

2. Methodology

2.1. Process description

The oxidation process in a typical WFGD absorber is shown
in Fig. 1. The oxidation process of sulfite in the absorber in-
volves natural oxidation process and forced oxidation pro-
cess. The sulfite in the droplets will be oxidized by the
oxygen in the flue gas during the falling process of droplets,
which is called natural oxidation process. Besides, the sulfite
in the slurry tank will be oxidized by the oxidize air from the
oxidation fan, which is called forced oxidation process.
Whatever where the oxidation process occurs, the main

Fig. 1 – Diagrammatic sketch of oxidation process in a typical WFGD absorber.
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reactions are the same and can be divided into four parts by
the characteristics of each reaction:

(1) The absorption of O2:

O (g) O (aq)2 2

(2) The dissolution of CaSO3:

++Ca SO CaSO2
3
2

3

(3) The ionization equilibrium:

+ + +SO (aq) H O HSO H2 2 3

+ +HSO SO H3 3
2

++H O H OH2

(4) The oxidation of S(IV):

+ ++HSO 1/2O H SO3 2 4
2

+SO 1/2O SO3
2

2 4
2

2.2. Model development

As mentioned above, the aim of our work in this paper is to
develop an optimization method of the oxidation process
based on the existing equipment. And the most important
part is to model the oxidation process of the WFGD system.
Because of the high requirement of safety by large coal-fired
power plants, a reliable model is needed for operating opti-
mization of the oxidation process. The model is supposed to
be accurate, interpretable and robust. Although the data-
driven model has known a great success in recent years
which can make accurate predictions or classifications, its
interpretability and the robustness are difficult to meet the
application requirements (Guo et al., 2019). Thus, an inter-
pretable and robust mechanism-based model is appropriate
to describe the oxidation process. Our previous work has
already built a mechanism-based model of the oxidation
process (Liu et al., 2021). The mechanism-based model has
obtained good verification results in the laboratory. However,
because of the complex condition in the full-scale WFGD
system, some parameters are difficult to be measured and
therefore require a large number of assumptions (Guo et al.,
2018), which limit the accuracy of the mechanism-based
model. As a result, a hybrid modeling method is purposed.
The model is mainly based on the mechanism of the oxida-
tion process in the WFGD, and the key factors are identified
by the particle swarm optimization (PSO) algorithm, which
lead to the better accuracy, interpretability and robustness of
the hybrid model.

2.2.1. Assumptions
The main purpose of the mechanism model is to ensure that
the calculation results are always in line with common
sense. In order to ensure the rapidity of calculation, some
assumptions can be used to simplify the calculation process.
The oxidation process in the absorber is a complex process,
and is difficult to be fully and accurately described only by
mathematical methods (Zhou et al., 2017). As a result, it is
necessary to simplify the model with several appropriate
assumptions. These assumptions ignore the effect of some
phenomena on the oxidation process in the absorber, but will
not affect the overall trend of the effect of key parameters on

the natural or forced oxidation rate, which will not only re-
duce the complexity of the mathematical model, but also
greatly increase the computational speed. Therefore, the
following assumptions are made for the model:

1. The droplets and bubbles are considered to be a standard
sphere. All droplets and bubbles are evenly distributed on
the horizontal plane. There is no collision between dro-
plets and between and bubbles.

2. The flue gas and oxidize air are regarded as the ideal gas.
The slurry in the slurry tank is fully mixed.

3. The flow rate of flue gas is not affected by mass transfer.
The natural oxidation process is believed to be controlled
by the mass transfer of O2.

It is worth noting that during the natural oxidation pro-
cess, the droplets and the flue gas are in countercurrent
contact. The common method to solve the countercurrent
absorption problem is bisection method (Zhao et al., 2022,
2021). However, the bisection method will significantly in-
crease the amount of computation, which can be avoided by
Assumption 3. In fact, there are already some studies that
justify Assumption 3, such as the work of Shen et al. (2012),
Chen et al. (2017) and our previous work (Liu et al., 2021).

2.2.2. Mass transfer and reaction in the oxidation process
The mass transfer and reaction during the oxidation process
is shown in Fig. 2. In the nature oxidation zone, the O2 in the
flue gas is absorbed by the droplet while in the forced oxi-
dation zone, the O2 in the oxidize air is absorbed by the slurry
in the slurry tank. The mass transfer process can be de-
scribed by the following equation, and the Henry’s constant
of can be obtained according to the works of Sander (2015):

=N K p H c( )O g O O O2 2 2 2 (1)

The total mass transfer coefficient can be obtained by:

= +
K k

H

k E
1 1

·g g

O

l

2
(2)

According to the FrÖssling correlation (Gerbec et al., 1995),
the gas phase mass transfer coefficient can be obtained by:

= = +Sh
k dRT

D
Re Sc2 0.55

g

O
g
0.5 1

3

2
(3)

The gas diffusion coefficient, representing the diffusion
capacity of gas (Lee, 2000), can be obtained by FSG method,
expressed by Fuller et al. (1966), and the mole volume and the

Fig. 2 – Mass transfer and reaction in the oxidation process.
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molecular weight can be find in the same paper as men-
tioned above:

=
× +

+
D

T

p v v

9.86 10 · ·

0.000001· ·( )
O

M M

air O

9 1.75 1 1
1
2

1
3

1
3 2

air O

2
2

2

(4)

The liquid mass transfer coefficient can be obtained ac-
cording to the works of Banerjee et al. (1968):

=k
D u

l
l

l SO e

e

, 2
(5)

Based on the first similarity hypothesis of Kolmogorov
(Lawson et al., 2019), the le and ue can be determined by the
viscous dissipation of energy per unit mass ( m) and the ki-
nematic viscosity (v):

=l
v

e
m

3
1
4

(6)

=u v( )e m
1
4 (7)

Dl can be obtained according to the work of Othmer and
Thakar (1953), as shown in Eq. (8):

µ
= ×

D
V

1.4 10
l O

O l
,

8

0.6 1.12
2

(8)

High velocity convection occurs between the droplet (or
bubble) and the surrounding fluid, which causes surface
fluctuations. At a low velocity, liquid surface is impacted by
the eddies, resulting in deformations controlled by surface
tension. For sufficiently small eddies, the energy of the ed-
dies balances the surface tension acting on the surface de-
formation. Therefore, the modified turbulent energy
dissipation can be expressed as:

= +a a
mdt

d d
m (9)

where, ε can be determined by Eq. (10) (Lamont and
Scott, 1970):

= × Re v d1.6 10 /l l
13 2.75 3 4 (10)

2.2.3. Motion of droplets in nature oxidation process
The motion of droplets in the nature oxidation zone is ob-
tained can be described by the balance of forces acting
(Michalski, 2000) which can be shown as followed:

=D
du
dt

D g C D
u

6 6
( )

4 2d l
d

d l g D g d
r3 3 2
2

(11)

where the drag coefficient CDcan be obtained by Eq. (12):

= +C
Re

Re
24

(1 0.125 )D
g

g
0.72

(12)

and the specific surface area per volume of flue gas can be
described by:

=a
L

D D u
6

d t d4
2 (13)

2.2.4. Motion of bubbles forced oxidation process
In the slurry tank, oxidize air injected in the form of bubbles.
With the rising of the bubble, the diameter of the bubble

changes as well. As a result, the bubble diameter at time t can
be expressed by assuming the ideal gas law:

=
=

D
n RT

P
6

b t
i

X
i t

b t
,

1

,

,

1
3

(14)

where, the total pressure inside the bubbles can be obtained
by Eq. (15).

= + +P P gh
D
4

b t atm l
b t

,
,

(15)

When t = 0, the Db,0 can be written as:

=
=

D
n RT

P
6

b
i

X
i

b
,0

1

,0

,0

1
3

(16)

The rising velocity of bubbles can be obtained according to
the work of Stokes (1851):

µ
= +

+
u

gD1
6

( ) 1
2 3

b t
b t l g

l
,

,
2

(17)

Due to the small viscosity of air ( µ= µ / 0lg ) comparing
to the slurry, the Eq. (18) can be derived as:

µ
u

gD1
12

( )
b t

b t l g

l
,

,
2

(18)

2.2.5. Calculation process and hybrid modeling method
In order to calculate the natural oxidation rate 1 and the uti-
lization rate of oxidize air 2 according to the model above, the
natural oxidation zone and forced oxidation zone are divided
into n and m horizontal cells, respectively, as shown in Fig. 1.
As a result, the natural oxidation rate 1 and the utilization rate
of oxidize air 2 can be calculated by the numerical calculation
process, and can be described by the following equation:

= ……f E D Q L H( , , , , , )n d f n1 1 (19)

= ……f E D H( , , , )f b f2 2 ,0 (20)

According to the mass balance of in the absorber, the
absorbed sulfur and the oxidated sulfur in a certain period of
time can be calculated by the following equations:

=S
t

M

c Q
ab

SO

SO f SO2 2

2
(21)

= +S t
M

Q

v

c Q 2
ox

SO

a

m

SO f 1 SO O 22 2

2

2
(22)

where, the SO2
can be assumed to be 1, due to the high SO2

removal efficiency of the WFGD system. And, the accumu-
lation (or depletion) of sulfite in a certain period of time can
be expressed by the following equation:

=c
t

SH
S IV

c Q

M

Q

v

s
( )

(1 ) 2SO f SO

SO

a O

m

2 1 2

2

2 2

(23)

In order to avoid the fixed error of the online monitors and
improve the accuracy and generality of the model, two cor-
rection factors are purposed in order to modify the model.
The first correction factor K1 is the correction for flue gas flow
rate and SO2 concentration. The second factor K2 is the cor-
rection for oxidizing air flow rate. As a result, the rate of
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accumulation (or depletion) of sulfite in a certain period of
time can be expressed by the following equation:

=

… …

… …

c

K t K

SH
S IV

c Q f E D Q L H

M

Q f E D H

v

f
( )

1
(1 ( , , , , , ))

2

2 ( , , , , )

SO f n d f n SO

SO

a O f b f l

m

2 1 2

2

2 2 ,0 (24)

where, the pO2
, cSO2,Qf , L,Qa, l and Hf can bemeasured by the

monitors of the DCS of the WFGD system. As a result, these
parameters are regard as the input of the model. Also, there
are two types of unknown factors in the Eq. (24), namely
characteristic factors such as En, Ef, Dd, Db,0 and correction
factors such as K1, K2, as shown in Table 1.

According to the model mentioned above, there are 6
factors needed to be identified. The root mean squared error
(RMSE) is used as the fitness function, and the identification
process can be described by the following optimal problem:

=
=

RMSE E E D D K K
x

c cmin ( , , , , , )
1

( ˆ )n f d b
i

x

S IV S IV1 2
0

( ) ( )
2

(25)

Consequently, the identification process is a multi-vari-
able nonlinear programming (NLP) task. And, the PSO algo-
rithm, as a common optimization method for solving
nonlinear programming problems, is adopted as the problem
solver in this paper. The PSO algorithm will randomly gen-
erate numbers of particles in the solution space which is
called population. Each particle has a position attribute,
which refers to the value of influencing parameters, and a
velocity attribute, which refers to the change rate of influ-
encing parameters during iteration. During each iteration,
these two attributes of the particles are updated according to
their fitness calculated by the objective function using the
following equations to make the particle closer to the current
optimal position.

= + ++V V c P P c r P Pr ( ) ( )i t i t pbest i t gbest i t, 1 , 1 1 , 2 2 , (26)

= ++ +P P Vi t i t i t, 1 , , 1 (27)

The iteration ends when the accuracy meets the re-
quirement or the iteration number reaches the maximum.
The value stored in Pgbest at the end of iteration is regarded as
the optimal result. The population size and maximum
number of iterations are set to be 2000 and 8, respectively. In
order to reduce the time consumption on calculation, the
parallel computing method is used in this work. The dia-
grammatic sketch of the construction method of hybrid-
model is shown in Fig. 3:

2.3. Operating optimization strategy

After obtained the hybrid model of the oxidation system, it is
necessary to build the optimization strategy based on the
model and calculate the demand for oxidizing air, as shown
in Eq. (28):

=Q
k c Q v

k M

(1 )

2
a

SO f SO m

O SO

1 1

2 2

2 2

2 2
(28)

In fact, not all oxidation fans are equipped with the
variable-frequency drive (VFD), which can realize the con-
tinuous adjustment of oxidizing air. Therefore, it is necessary
to design the optimization strategy based on the existing
equipment. For oxidation fans equipped with VFD, Eq. (28)
can be used to calculate the demand of oxidize air and con-
vert it into the frequency of the oxidation fan. For units not
equipped with VFD, Eq. (24) can be used to calculate the cu-
mulative amount of sulfite, which can be used as the cri-
terion for switching the oxidation fan on or off，as shown
in Fig. 4.

Table 1 – Factors need to be identified in the model.

Category Symbol Detail

Characteristic factors En Enhance factor in the nature oxidation process
Ef Enhance factor in the forced oxidation process
Dd Diameter of droplets
Db,0 Diameter of bubbles at the bottom of the forced oxidation zone

Correction factors K1 Correction for flue gas flow rate and SO2 concentration
K2 Correction of oxidizing air flow rate

Fig. 3 – Diagrammatic sketch of the construction method of hybrid-model.
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3. Results and discussion

3.1. Model validation

In order to modify and verify the hybrid model of oxidation
process as mentioned above, the slurry in the WFGD system
of the 1000MW unit, as shown in Fig. 5 (a), is sampled and
analyzed. The height and diameter of the absorber is 49.55m
and 20.5m, respectively. The height of the absorption zone is
13.6m. The distance between layers is 2.7m. The sulfite
concentration in the slurry is measured by iodometric
method with a Metrohm 905 Titrando which is shown in
Fig. 5 (b). 5ml of the shaken slurry sample is first added to a
beaker. And then add 10ml of 0.05mol/L iodine standard ti-
tration solution to the beaker. After stirring and reacting in a
dark place for 10min, the leftover iodine is titrated by
0.1mol/L sodium thiosulfate standard solution. The end
point is depended on the ORP. The measured results are used
to calculate the parameters of the model. Except for the rate
of accumulation (or depletion) of sulfite, all other data are
from the supervisory information system (SIS) of the power
plant with 10 s interval. The comparison between the pre-
dicted value and the measured value is shown in Fig. 5 (c):

As shown in the Fig. 5 (c), after 20 group of tests, the de-
tailed parameters can be obtained, which are shown in the
Table 2. The RMSE of the model is 0.149mol/m3, indicating

that the model can accurately describe the oxidation process
in the WFGD system.

3.2. Effect of key factors on the oxidation process

There are many factors that affect the natural oxidation rate
and forced oxidation rate in the WFGD system. Among them,
the effect of SO2 concentration in flue gas is intuitive. With
the increase of SO2 concentration, the amount of absorbed
SO2 increase, and both the natural oxidation rate and the
forced oxidation rate decrease. In addition, the natural oxi-
dation rate is affected by the diameter of the droplet, the li-
quid-gas ratio and the height of the natural oxidation zone.
While, the forced oxidation rate is affected by the diameter of
the bubble, the gas-gas ratio (the ratio of between oxidized
air flow rate and flue gas flow rate) and the slurry level in the
tank, as shown in Fig. 6:

As shown in Fig. 6 (a), the natural oxidation rate increases
with the increase of the liquid-gas ratio and the height of the
natural oxidation zone. As the height of the natural oxidation
zone increases, the contact time of the droplets with the O2

in the flue gas is prolonged, thus increasing the natural oxi-
dation rate. As the liquid-to-gas ratio increases, the contact
area between the droplets and the flue gas becomes larger,
resulting in more O2 being absorbed, thus increasing the
natural oxidation rate. Similarly, as the diameter of droplets

Fig. 4 – Operating optimization strategy of oxidation subsystem.

Fig. 5 – (a) Photograph of the target WFGD system (b) Metrohm 905 Titrando (c) Comparison between predicted value and
measured value.
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decreases, the specific surface area of the droplet increases
significantly so that increasing the natural oxidation rate.

As shown in Fig. 6 (b), the forced oxidation rate increases
with the increase of the gas-gas ratio and slurry level. As the
slurry level increases, the contact time of the bubbles with
the slurry is prolonged, thus increasing the forced oxidation
rate. As the gas-gas ratio increases, the contact area between
the bubbles and the slurry becomes larger, resulting in more
O2 being absorbed, thus increasing the forced oxidation rate.
Similarly, as the diameter of bubbles decreases, the specific
surface area of the bubbles increases significantly so that
increasing the forced oxidation rate.

3.3. Operating optimization performance

Based on the constructed oxidation process prediction
model, a real-time optimization system is built on the WFGD
system of the 1000MW unit mentioned above. The oxidation
fans can be adjusted by the VFD. Monitors such as the con-
tinues emission monitoring system (CEMS) and the flow-
meter transmit the measured data to the distributed control
system (DCS) system. The object linking and embedding for
process control (OPC) server obtain data from DCS and then
transmit it to the optimization server and database in real
time. The optimization server gives the optimized value
every 10 s according to the data from OPC server, and sends it
to the database and OPC server. The OPC server writes the
optimized value back to the DCS. The structure of the real-
time prediction system is shown in Fig. 7 (a).

A field test for long-term operation of the optimization
system has been conducted. Taking the operating data of 16 h
with large fluctuations in unit load as an example. Actually,
before the application of the optimization system, the opera-
tion of the oxidation fan is simply divided into two modes. At
high load (> 850MW), the frequency of oxidation fan A and B
is 85Hz and 76Hz, respectively. And, at medium and low load
(< 850MW), the frequency of oxidation fan A and B is slightly
reduced to 75Hz and 65Hz. Fig. 7 (b) shows the optimized flow
rate of oxidizing air under different loads and the comparison
of energy consumption before and after optimization.

As shown in Fig. 7 (b), the optimized flow rate of oxidizing
air is highly dependent on the unit load. With the increase of
load, the flue gas flow rate and the SO2 concentration both
increases, while the O2 concentration decreases, as shown in
Fig. 7 (c), resulting in the decrease of the natural oxidation
rate. The average frequency of the oxidation fans at low or
middle load decrease for 50% lower after optimization. The
energy consumption of the oxidation fan A and B can be
reduced by 23.7% and 29.6%, respectively.

3.4. Application on other WFGD system without VFD

In order to further verify the optimization method, the ap-
plication study is also carried out on the WFGD system of
220 t/h and 130 t/h circulating fluidized bed (CFB) units. Since
the oxidation fans of these two WFGD systems are not
equipped with VFD. Therefore, the oxidation subsystem is
optimized by on/off adjustment. The cumulative amount of
sulfite is calculated by the Eq. (24). When the calculated
concentration of the sulfite reaches a certain value (5.8mol/
m3 in the practice), the oxidation fan will be turned on. In
order to ensure the safety of the WFGD system, an upper
limit of 3 h is set for the shutdown time of the oxidation fans.
At the same time, due to the irregular discharge of slurry
during the daytime, in order to ensure the dewatering per-
formance of the discharged gypsum, the optimization
system will not be applied during the daytime. Since the
shutdown of the oxidation fan may affect the contents of the
slurry, thereby affecting the safe operation of the WFGD, the

Table 2 – Important parameters of the model.

Parameters Value

En 2.389209479
Ef 1.46619443535267
Dd 0.0020817886060659
Db 0.00140433974954928
K1 4.286007159
K2 6.1389579827694

Fig. 6 – The effects of important factors on (a) nature oxidation rate and (b) forced oxidation rate.
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sulfite content, pH value, and dissolved oxygen content are
monitored by slurry sampling during the commissioning
period. The interval of sampling is 20min. Fig. 8 shows the
changes of key parameters in the slurry within 1 cycle (the
time between the current shutdown of the oxidation fan and
the next shutdown).

As shown in Fig. 8, for the 130 t/h unit, when the oxidation
fan is turned off, the dissolved oxygen in the slurry is rapidly
consumed, from 5mg/L to 0.5mg/L, and the pH value of the
slurry will drop slightly, due to the accumulation of sulfite.
The sulfite concentration reached the highest 6.1mol/m3

before the fan is switched on. For the 220 t/h unit, after turning

off the oxidation fan for 3h, the concentration of sulfite gra-
dually increased from 2.6mol/m3 to the highest 5.4mol/m3.
The results show that there will be a small amount of sulfite
accumulating in the slurry during the shutdown period of the
oxidation fan, and will not affect the desulfurization process.
After one cycle, the sulfite concentration can eventually drop to
the sulfite concentration before the cycle start, which will not
affect the quality of gypsum.

Fig. 9 compares the energy consumption for one week
before and after the optimization system is put into opera-
tion. For the 130 t/h unit, the average operating power of the
oxidation fan is reduced from 36 kW to 25 kW, and the energy

Fig. 7 – (a) The structure of the real-time optimization system. (b) Results of the optimization system. (c) Key parameters
under different load.

Fig. 8 – Photographs of WFGD system of (a) 220 t/h and (b)130 t/h CFB units and (c) results of the optimization system.
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consumption is reduced by 30.6 %. For the 220 t/h unit, the
average power of the oxidation fan is reduced from 48 kW to
30 kW, and the energy consumption is reduced by 37.5 %.

4. Conclusion

In this paper, a hybrid modeling and operating optimization
method of oxidation process of WFGD system is proposed,
verified and applied on the WFGD system of a typical
1000MW unit. The model is verified based on the experi-
ment. The RMSE of the model is 0.149mol/m3, indicating that
the model can accurately describe the oxidation process in
the WFGD system. The influence of important parameters
such as the diameter of droplets or bubbles, the liquid-gas
ratio or the gas-gas ratio and the height of the natural oxi-
dation zone or the slurry level on natural oxidation rate and
forced oxidation rate are further explored. Based on the
constructed oxidation process prediction model, a real-time
optimization system is built on the WFGD system of the
1000MW unit mentioned above. Taking the operating data of
16 h with large fluctuations in unit load as an example. The
average frequency of the oxidation fans at low or middle load
are reduced by 50% after optimization. The energy con-
sumption of the oxidation fan A and B can be reduced by
23.7 % and 29.6 %, respectively. Furthermore, field tests are
also carried out on the WFGD systems of 130 t/h and 220 t/h
circulating fluidized bed (CFB) units. The energy consump-
tion can be reduced by 30.6 % and 37.5 %, respectively. The
accumulation of sulfite will not affect the desulfurization
process and the quality of gypsum. The results will be helpful
to reduce the auxiliary power consumption and additional
CO2 emission of WFGD.
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