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Abstract: The semi-dry desulfurization of slime fluidized bed boilers (FBB) has been widely used 

due to its advantages of low cost and high desulfurization efficiency. In this paper, the cooperative 

optimization of a two-stage desulfurization processes in the slime fluidized bed boiler was studied, 

and a model-based optimization strategy was proposed to minimize the operational cost of the 

desulfurization system. Firstly, a mathematical model for the FBB with a two-stage desulfurization 

process was established. The influences of coal slime elements on combustion flue gas and the fac-

tors that may affect the thermal efficiency of the boiler were then analyzed. Then, on the basis of the 

developed model, a number of parameters affecting the SO2 concentration at the outlet of the slime 

fluidized bed boiler were simulated and deeply analyzed. In addition, the effects of the sulfur con-

tent of coal slime, excess air coefficient, and calcium to sulfur ratio were also discussed. Finally, 

according to the current SO2 emission standard, the optimization operation problems under differ-

ent sulfur contents were studied with the goal of minimizing the total desulfurization cost. The re-

sults showed that under the same sulfur content, the optimized operation was able to significantly 

reduce the total desulfurization cost by 9%, consequently improving the thermal efficiency of the 

boiler, ensuring the stable and up-to-standard emission of flue gas SO2, and thus achieving sustain-

able development. 

Keywords: slime fluidized bed; mechanism model; boiler thermal efficiency; simulation; coopera-

tive optimization 

 

1. Introduction 

China is one of the countries with the most serious air pollution. It is reported that 

more than 80% of the total coal consumption is used for direct combustion, and the total 

SO2 emissions of thermal power plants account for 51% of the total SO2 emissions of the 

country [1]. Coal slime is a by-product in the coal washing process. It is a viscous sub-

stance composed of fine coal, weathered stone, and water, which may eventually cause 

environmental pollution in the case of accumulation. It is the most effective way to burn 

it for electricity generation. However, its combustion operation produces a large amount 

of SO2, resulting in environment pollution, and finally causing immeasurable losses to the 

country’s social and economic development. 

The flue gas desulfurization technology mainly uses absorbents to remove SO2 in the 

flue gas and converts it into stable sulfur compounds or sulfur [2]. Generally, flue gas 

desulfurization methods can be divided into three categories: dry, semi-dry, and wet. Wet 

desulphurization technology is widely used in newly built large power plant boilers; this 

method has many advantages, such as low operating cost, abundant raw materials, and 

high stability. However, there are many disadvantages of wet desulphurization technol-

ogy, such as serious blockage and wear, the byproduct occupying land problem, large 

water consumption, and air pollution [3]. For small and medium power plants, dry or 
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semi-dry desulfurization is generally adopted. Compared with wet desulfurization, dry 

desulfurization is more advantageous in terms of its cost, as it does not require water and 

reheat energy [4,5]. However, it has not been widely used for its high cost of desulfurizer 

and low sulfur dioxide removal rate [6]. Semi-dry flue gas desulfurization avoids the 

shortcomings of wet and dry desulfurization and is widely used in desulfurization sys-

tems for its low operating cost and high desulfurization efficiency [7,8]. Therefore, it is of 

great significance to study the way in which to reduce the operating cost of the semi-dry 

desulfurization system with the slime fluidized bed boiler and to study the influence of 

various parameters on the performance of the semi-dry desulfurization. 

In order to investigate the factors that affecting the desulfurization efficiency, a de-

tailed mathematical model is required. Over the years, a number of researchers have been 

dedicated to developing a desulfurization model. For example, Zheng et al. [9] proposed 

a simplified desulfurization model in the fluidized bed boiler. Through the model, it was 

found that the activity of limestone and calcium/sulfur ratio were two main factors affect-

ing desulfurization process, providing a promising strategy for desulfurization control. 

Neathery [10] established a mathematical model on the basis of a large number of desul-

furization experiments and used the model to simulate the influence of operating param-

eters on the desulfurization efficiency. Due to the low high temperature desulfurization 

efficiency in the slime fluidized bed boiler furnace, and in order to further improve the 

desulfurization efficiency of the boiler, a combined desulfurization technology with low 

cost and high desulfurization efficiency is required. Tampella Power of Finland [11] ini-

tially proposed the LIFAC technology “limestone injection into the furnace and activation 

of unreacted calcium” (LIFAC) technology. In the LIFAC, a humidification activation 

chamber was installed in the flue at the end, and the unreacted CaO in the furnace was 

activated by humidification water. This method could effectively improve the calcium 

utilization rate of the desulfurizer and save the cost of desulfurization. However, the 

desulfurization rate in the furnace and the utilization rate of calcium base are still not high 

enough, and thus its economic performance is limited. Therefore, the operation of desul-

furization should be further optimized. Cai Yi [12] studied the operation strategy and pa-

rameter optimization of calcium spray in the furnace and limestone wet desulfurization 

system in the furnace, proposing a comprehensive optimization method based on envi-

ronmental protection standards and technical and economic indicators. Through combi-

nation with field trials, the accuracy of the optimization method was verified. However, 

the proposed operation strategy was based on wet desulfurization process and thus was 

only suitable for large power plants. Du Zhao [13] established a series of simulation math-

ematical models by analyzing various factors that affect desulfurization under different 

working conditions, and on the basis of these models, developed a set of simulation soft-

ware for fluidized bed boiler desulfurization, which provided a basis for the later collab-

orative desulfurization. In summary, while the desulfurization technology has been ex-

tensively studied, all these reported studies focus on the wet desulfurization applied in 

large power plants. Therefore, the small- and medium-sized power plants urgently need 

a combined semi-dry desulfurization model with high desulfurization efficiency and eco-

nomic performance. 

On the other hand, the two-stage desulfurization technology is a promising method 

to improve the desulfurization efficiency. The most widely adopted method is optimized 

each stage separately in order to obtain the best operational conditions. For example, de-

sulphurization is achieved in the furnace to a certain extent, and the concentration of SO2 

at the furnace outlet is reduced to a reasonable range. Then, the flue gas semi-dry desul-

furization system is used to remove more sulfur dioxide. However, due to the coupling 

and a certain timing relationship between the two processes, it is necessary to consider 

the two processes together to realize cooperative optimization to reduce cost. Therefore, 

the way in which to coordinate the relationship between the two processes and rationally 

allocate the share of the two-stage desulfurization requires consideration of various fac-

tors [14]. In this case, the SO2 emission concentration can reach the standard operation, 
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and thus the overall material consumption and energy consumption costs can be realized 

at their corresponding lowest levels. The collaborative optimization approach was ini-

tially proposed by Kroo et al. [15] and Balling and Sobieski [16] in 1994. Its idea is to coor-

dinate the coupling relationship between the various systems and obtain the optimal so-

lution, and it has been successfully employed in a variety of applications. In the field of 

denitrification in power plants, Yu Han [17] et al. believed that a reasonable increase in 

the temperature of SCR de-NOx Selective catalytic reduction (SCR) denitrification flue gas 

would bring about better de-NOx performance in the cold end of the coal-fired boiler, and 

proposed a collaborative optimization strategy for energy conversion and NOx removal 

in the cold end of the boiler. Results showed that  

great energy-saving, NOx removal, and economic performances could be achieved using 

the proposed collaborative optimization strategy. Temple et al. [18] used the collaborative 

optimization method to optimize the operation and maintenance cost of naval warships 

by comparing different aspects of the total cost of ownership of a ship. Chen et al. [19] 

considered the problem of electric vehicle capacity allocation and economic dispatch, and 

proposed the use of a collaborative optimization method to reduce the total cost of pure 

electric vehicle owners. In order to increase the high efficiency range of electric vehicles 

and improve the cruising range, Zhao et al. [20] first proposed a collaborative optimiza-

tion control strategy. In the field of power grid, Tian et al. [21] proposed the collaborative 

optimization allocation of VDAPFs and SVGs voltage-detection active power filters 

(VDAPFs) and static var generators (SVGs) for simultaneous mitigation of voltage har-

monic and deviation in distribution networks by using the improved particle swarm op-

timization algorithm, wherein the total cost (including investment and operating cost) 

was minimized and optimized. Therefore, collaborative optimization method is a power-

ful technic to obtain the optimum operation of a complicated process. However, no stud-

ies on the collaborative optimization of the coal slime fluidized bed boiler desulfurization 

system can be identified. 

Therefore, in this paper, cooperation optimization of the desulfurization system com-

bined with dry and semi-dry desulfurization processes was studied for operational cost 

saving. In this study, the boiler’s thermal efficiency loss and the influence of different coal 

slime components on the flue gas volume and the added limestone on the boiler efficiency 

were considered. On the basis of the calcium injection in the furnace, we coordinated the 

semi-dry desulfurization to obtain the best operating conditions and realize the economic 

operation of the entire desulfurization system. The organization of the paper is as follows. 

Firstly, the descriptions of the two-stage desulfurization process are presented. Then, the 

developed model for the desulfurization process is detailed. This is followed by present-

ing the optimization method and results. Finally, conclusions are given. 

2. Cooperative Mechanism of Desulfurization 

Almost all of the SO2 generated in the slime fluidized bed boiler comes from the sul-

fur content in the coal. Therefore, changes in the amount of coal or the sulfur content in 

the coal directly affect the amount of SO2 generated. When the amount of SO2 produced 

changes, firstly, the transportation amount of limestone should be adjusted accordingly, 

and secondly, the amount of slaked lime in the semi-dry method should be adjusted ac-

cording to the SO2 value after desulfurization in the furnace. The desulfurization syner-

gistic process diagram of the slime fluidized bed boiler is shown in Figure 1 below. 



Processes 2021, 9, 75 4 of 19 
 

 

Slime 
Control 

Ca/S

Limestone 
Amount

M

    

CFB

Dust 
Collector

Slaked Lime Silo

Absorption 
Tower

Chimney

Superheater

Economizer

Air 
Preheater

 Limestone
 Silo

Cyclone 
Separator

 

Figure 1. Two-stage desulfurization process diagram of a slime fluidized bed boiler. 

As shown in Figure 1, the slime fluidized bed boiler firstly adjusts its calcium/sulfur 

ratio according to the slime control signal, and then adjusts the limestone input to achieve 

the purpose of controlling the first stage of desulfurization. The incompletely absorbed 

SO2 in the boiler reaches the absorption tower directly through the superheater, econo-

mizer, and air preheater, which reduces the flue gas temperature, recovers the heat in the 

flue gas, and improves the thermal efficiency of the boiler. The slaked lime enters the ab-

sorption tower after being atomized by the atomizing fan from the lower part of the ab-

sorption tower. In the absorption tower, the slaked lime atomized into fine droplets is 

mixed and contacted with the flue gas, and chemically reacts with the SO2 in the flue gas 

to form CaSO3, and the SO2 in the flue gas is removed. The final SO2 concentration at the 

exit of the chimney is controlled by adjusting the amount of slaked lime to make it reach 

the standard. 

3. Mathematical Model of Desulfurization 

On the basis of the above process of coal slime fluidized bed boiler synergistic desul-

furization operation, this paper mainly studied the calculation that is included in the com-

position of coal slime combustion flue gas, consumption of the material and the energy of 

two-stage desulfurization, and the thermal efficiency of the boiler by adding limestone. 

3.1. The Flue Gas from Coal Slime Combustion 

During the combustion of coal slime, some of the oxygen will be consumed [22], and 

thus it will additionally increase the requirement for air volume and also cause changes 

in flue gas volume. Through the analysis of the coal composition, the smoke composition 

model is established [23]; the amount of oxygen required is as follows: 

2 ar ar ar(O ) 0.833 3 (C ) 2.5 (H ) 0.312 5 (S ) 0.312 5 (O )arn         (1)

The volume fraction of oxygen in the air is 21%, and thus the theoretical air volume 

required for the desulfurization reaction is expressed as 

'
air 2

ar ar ar ar

= 4.78 (O ) 22.4 / 1000

= 0.089 (C ) + 0.265 (H ) + 0.033 3 (S ) 0.033 3 (O )

V n

   

 


 (2)

The theoretical amount of flue gas generated after coal slime combustion is expressed 

as 
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'
sm 2 2 ar

ar ar ar ar

ar

= (( (O ) + 3.78 ( (O )) + (M )) 22.4 / 1000

= 0.089 (C ) + 0.324 (H ) + 0.033 3 (S ) 0.026 (O )

0.022 4 (M )

V n n 

   



 





 
(3)

The boiler combustion is carried out under the excess air coefficient α, and thus the 

actual flue gas volume is calculated as 

' '
sm sm air

ar ar ar

ar ar

= + ( 1)

0.089 (C ) (0.056 0.267 5 ) (H ) 0.0333 (S )

(0.007 4 0.033 3 ) (O ) 0.022 4 (M )

V V V 

    

  

 

   

  

 (4)

In summary, the theoretical SO2 concentration can be calculated as 

2SO ar sm= (S ) /100 1000 2 / 1000N V     (5)

where 
2(O )n  is the amount of oxygen required, and the unit is mol . ar(C ) , a r( H ) , 

ar(S ) , a r( O ) , and a r( M )  are the contents of carbon, hydrogen, sulfur, oxygen, and 

moisture in the slime fuel, respectively. 
'

airV  is the theoretical air volume required for the 

slime fuel, 
'

smV  is the theoretical amount of smoke, and smV  is the actual amount of smoke, 

and their units are all 
3m . 

2SON  is the theoretical SO2 concentration, and the unit is 
3m g /m . The theoretical SO2 concentration corresponding to different coal slime element 

content, is shown in Table 1. 

Table 1. Theoretical SO2 concentration corresponding to different coal slime element content. 

γ (Car)/% γ (Har)/% γ (Oar)/% γ (Nar)/% γ (Sar)/% γ (Aar)/% γ (Mar)/% Theory SO2 (mg/m3) 

34.51 2.31 7.29 0.61 0.5 29.49 25.29 1870.66 

33.51 3.31 6.29 0.66 0.6 30.34 25.29 2107.98 

33.68 2.38 6.68 0.72 0.7 31.34 24.50 2643.61 

33.76 2.56 5.85 0.75 0.8 31.39 24.89 2949.14 

33.82 2.67 6.35 0.76 0.9 31.12 24.38 3297.77 

From Table 1, we can see that the amount of oxygen required for slime combustion 

is directly affected by the composition of the slime. In the case of a certain excess air coef-

ficient, the theoretical SO2 concentration generation also changes, and the SO2 generation 

basically comes from the sulfur content in the slime. 

In order to fully burn coal slime fuel, more air must be supplied. Under different 

excess air coefficients, the theoretically generated SO2 concentration will also change. The 

change chart is shown below: 

It can be seen from Figure 2 that as the excess air coefficient increases, the theoretical 

SO2 concentration gradually decreases. However, the excess air coefficient is too large, 

and the boiler's air supply is too much, which will not only reduce the furnace tempera-

ture and worsen the combustion, but also increase the amount of flue gas, which will in-

crease the heat loss of the boiler exhaust gas and reduce the thermal efficiency of the boiler. 

Therefore, in the case of ensuring complete combustion, the excess air coefficient should 

be minimized [24,25]. 
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Figure 2. The influence of the theoretical SO2 concentration of excess air coefficient. 

3.2. The Heat Loss of Boiler  

In order to understand the various losses of the boiler, researchers generally use the 

reverse balance method in the boiler performance calculations. In the slime fluidized bed 

boiler, its various losses include the following: mechanical incomplete combustion loss 

4q , exhaust heat loss 
2q , heat dissipation loss 

5q , ash heat loss 
6q , and chemical in-

complete combustion loss 
3q , with 

iq  being the effective utilization of heat or the per-

centage of heat loss to the input heat. 

Mechanical incomplete combustion loss is caused by unburned or incompletely 

burned carbon in the fuel: 

ar
4

32866 (A )
( )
100 100

fh fh hz hz

r fh hz

q
Q

   

 
 

 
 (6)

where 
a r( A )  is the total ash mass fraction in percent after desulfurization reaction of 

unit slime combustion. fh  and 
hz  are, respectively, the proportion of the amount of ash 

in fly ash and the proportion of the amount of ash in ash in the furnace. fh  and 
hz  are 

the percentage of the combustible content of fly ash and ash slag in the amount of fly ash 

and ash slag, respectively. 
rQ  is the heat brought into the furnace per kilogram of fuel, 

and its unit is kJ . 

The heat loss due to exhaust gas is caused by the fact that the exhaust gas temperature 

of the boiler is higher than the ambient temperature, which is equal to the difference be-

tween the exhaust gas enthalpy and the furnace air enthalpy. The exhaust gas enthalpy 

includes the theoretical flue gas enthalpy, excess air enthalpy, and fly ash enthalpy. The 

heat loss due to exhaust gas is 

0 0

2 4

( 1)
(100 )

y k fh kl

r

H H H H
q q

Q

    
   (7)

In the formula, 0yH , 
0kH , fhH , and 

k lH  are the flue gas enthalpy, exhaust air 

enthalpy, fly ash enthalpy, and cold air enthalpy, respectively, and their units are kJ . 

Among them, the flue gas enthalpy value is 

2 2 2 2 2 20 RO RO N N H O H O( )y yH V C V C V C t    (8)
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In the formula, 
2ROV , 

2NV , and 
2H OV  are the volume of triatomic gas, nitrogen, and 

water vapor in theoretical flue gas, respectively, in 3m ; 
2ROC , 

2NC , and 
2H OC  are the 

volumetric heat capacity of triatomic gas, the volumetric heat capacity of nitrogen, and 

the volumetric heat capacity of water vapor under standard conditions, respectively, in 

3k J / ( m K ) ; and yt  is the exhaust gas temperature in K . 

The air enthalpy value in the exhaust smoke is 

0
0 0( )ck k gk yH C V t  (9)

In the formula, 
0kC  is the volumetric heat capacity of air in the flue gas under 

standard conditions in 3k J / ( m K ) , and 
0( )cgkV  is the theoretical air volume in 3m . The 

fly ash enthalpy is calculated as 

ar(A )

100 100

fh

fh fh yH C t
 




 (10)

Among them, fhC  is the volumetric heat capacity of fly ash under standard condi-

tions in 3k J / ( m K ) , and the enthalpy of cold air is 

0( )ckl kl gk klH C V t  (11)

In the formula, 
klC  is the volumetric heat capacity of cold air under standard condi-

tions in 3k J / ( m K ) , and 
k lt  is the temperature of the cold air in K . 

The heat loss of the boiler is proportional to the load of the boiler:  

55
e

q

re

D
q k

D
  (12)

In the formula, 
5q
k  is the coefficient of heat dissipation loss, and 

eD  and 
reD are the 

rated evaporation capacity of boiler and actual evaporation capacity of the boiler, respec-

tively, in t / h . 

The heat loss of ash and slag is the loss caused by the discharge of high-temperature 

ash from the furnace: 

ar
6

(A ) hz hz
hz

r

C
q t

Q

 
  (13)

In the formula, 
hzC  is the volumetric heat capacity of the slag in the standard condi-

tions in 3k J / ( m K ) . 
h zt  is the ash temperature, and the unit is K .  

Because 
3q  is difficult to measure and calculate, it is generally necessary to consider 

the concentration of incomplete combustion such as CO. For slime fluidized bed boilers, 

the loss is very small. According to experience, its value generally does not exceed 0.5%. 

In summary, the thermal efficiency of the boiler can be seen as 

2 3 4 5 6100gl q q q q q        (14)
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3.3. Model of Cooperative Desulfurization 

In-furnace calcium injection and semi-dry method for synergistic desulfurization is 

used in the entire coal slime fluidized bed boiler desulfurization system. In-furnace cal-

cium injection is widely used in industrial processes due to its low investment and oper-

ating costs. Due to the general in-furnace calcium injection desulfurization’s efficiency be-

ing between 50% and 60%, as the calcium/sulfur ratio increases, its efficiency is signifi-

cantly reduced, and it is affected by the cost of the desulfurizer and the amount of NOx 

generated [26], and thus it is necessary to add the semi-dry flue gas method for synergistic 

desulfurization on the original basis so that it meets the national emission standards. 

3.3.1. Model of Desulfurization in Furnace 

After limestone is added to the coal slime fluidized bed boiler, it will be decomposed 

into calcium oxide and carbon dioxide. Furthermore, calcium oxide reacts with sulfur di-

oxide released by combustion in the furnace to form calcium sulfate, which is discharged 

together with the slag [27]. The chemical reaction heat is shown in Figure 3 below: 

 

Figure 3. Chemical reaction heat of calcium injection desulfurization in the furnace. 

The chemical equation of the reaction of limestone in the furnace is as follows [28], 

which can be divided into the following two processes: 

1
3 2CaCO CaO CO 177900kJ kmol     (15)

1
2 2 4CaO SO 1/ 2O CaSO 500600 kJ kmol      (16)

Since many parameters are non-linear in the production process, mechanism model-

ing and data analysis modeling can be carried out on the desulfurization scheme. Consid-

ering that the slime fluidized bed boiler desulfurization system is a nonlinear fast time-

varying system, some parameters are set as follows. 

Suppose that in the desulphurization system of a slime fluidized bed boiler, the 

amount of slime fed is ( t / h )M , the mass fraction of sulfur in coal slime fuel is 

a r(S )(% ) , the purity of calcium carbonate contained in the desulfurizer is (% ) , and 

the transport volume of limestone powder of the desulfurizer is ( t / h )sT , then, the ex-

pression of calcium/sulfur ratio can be derived as 

Ca

arS ar

8100
(S ) 25 (S )

32

s

s

T
n T

R
Mn M




 
    (17)
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For the desulfurization process in the slime fluidized bed furnace, natural limestone 

is used as the desulfurizer, and its main chemical composition is CaCO3. Its consumption 

is mainly related to the content of SO2 gas generated during combustion, and thus it can 

be derived as 

ar
ar

(S ) 100 100 25
(S )

100 32 8
sT M R MR




 
       (18)

It can be seen from Figure 4 that with the increase of calcium/sulfur ratio, the desul-

furization efficiency of flue gas shows an upward trend. When R reaches a certain value 

(about 3), it has little effect on the desulfurization efficiency [29], and then we need to be 

considered the influence of other factors on the desulfurization efficiency. The calcium-

sulfur ratio reflects the utilization rate of the desulfurizer, and to a certain extent, it can 

also reflect the working efficiency and operating cost of the device. 

 

Figure 4. The effect of calcium to sulfur ratio on desulfurization efficiency. 

The relationship between calcium/sulfur ratio and limestone desulfurization effi-

ciency can be approximately expressed as [30] 

2

'
SO 1 exp( )mR     (19)

In the above formula, m  is an influencing parameter, and 0m  . In this study, m  

was taken as 0.6 based on actual data. 

3.3.2. Model of Semi-Dry Desulfurization 

As SO2 cannot be eliminated ideally in the actual flue gas, it is necessary to add an 

appropriate amount of slaked lime to achieve the effect of the second stage of desulfuri-

zation. The unreacted SO2 in the boiler flows into the absorption tower along with the flue 

gas. The semi-dry desulfurization reaction is completed in the absorption tower. The 

chemical equation is as follows: 

2 2 3 2S O C a ( O H ) C a S O H O    (20)

3 2 3 2C a S O 1 / 2 H O C a S O 1 / 2 H O    (21)

3 2 2 4 2C a S O 2 H O 1 / 2 O C a S O 2 H O     (22)

The main products produced by the reaction in the desulfurization tower are calcium 

sulfite hemihydrate, calcium sulfate dihydrate, and unreacted slaked lime. 

D
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fu
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By fitting the relevant experimental data, we can obtain the relationship between the 

SO2 concentration and the consumption of slaked lime in the semi-dry flue gas desulfuri-

zation system as follows: 

2 2

' '' 2
SO SO 2400 2200 240x xN N T T      (23)

where 
2

'
SON  and 

2

''
SON  are the SO2 concentration at the outlet of the slime fluidized bed 

boiler and the semi-dry flue outlet, respectively, in 
3mg / m , and 

xT  is the consump-

tion of slaked lime in t / h . Finally, the SO2 concentration at the exit of the semi-dry flue 

can be obtained as 

2 2

" 0.6 2
SO SO 2400 2200 240R

x xN N e T T     (24)

From Equation (24) above, it can be seen that in order to make the SO2 concentration 

at the final semi-dry flue outlet reach the standard and minimum the material and energy 

consumption, it is necessary to coordinate the relationship between the calcium/sulfur ra-

tio and the consumption of slaked lime.  

3.4. Loss of Boiler Heat Efficiency by Adding Limestone 

Although adding limestone to the slime fluidized bed boiler effectively reduces SO2 

emissions, it will affect the calculation of system combustion products, ash balance, and 

boiler thermal efficiency [31,32]. In the coal slurry fluidized bed boiler, the combustion 

temperature is generally about 850–950 °C. When limestone is thermally decomposed at 

high temperature, a part of the heat needs to be absorbed from the furnace. The heat ab-

sorbed during thermal decomposition of limestone is not equal to that released during the 

absorption of sulfur dioxide. In other words, it will also affect the heat balance calculation 

of the boiler. 

3.4.1. The Heat Loss of Chemical Reaction  

According to the chemical reaction process of desulfurization, the amount of calcium 

carbonate in the desulfurizer required for every kilogram of coal slime (kmol)  

3

ar
CaCO

(S )

100 32

R
n





 (25)

The heat x
Q (kJ)  required by calcium carbonate in the calcination process can be 

calculated by the following formula:  

CaCO3
1 1 ar

5

(S )
=

100 3.2 10

r r
x

n d Q Rd Q
Q





 (26)

In the formula, 
1Q  is the heat absorbed by calcium carbonate during calcination, the 

unit is kJ , and (%)rd  is the decomposition rate of limestone. The amount of sulfur 

dioxide that reacts with the desulfurizer (kmol) is 

2

'ar
2

(S )
(SO )

100 32
SOn


 


 (27)

In the process of calcium oxide reacting with sulfur dioxide, the heat released is  

2

'
2 SO ar

2 2 3

(S )
= (SO ) =

3.2 10
f

Q
Q n Q

 



 (28)
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In the formula, fQ  is the heat released by the reaction between calcium oxide and 

sulfur dioxide, in kJ , and 
2Q  is the heat released by the reaction between calcium oxide 

and sulfur dioxide, in kJ , and thus the total heat absorption is 

2

h

'
2 SO ar1 ar

5 3

=

(S )(S )
     =

3.2 10 3.2 10

x f

r

Q Q Q

QRd Q  




 

 (29)

It can be seen from the above formula that in the desulfurization process, only when 

=x fQ Q  will the heat balance calculation of the boiler not be affected by the heat absorbed 

by limestone decomposition and the heat released by sulfur dioxide. 

Therefore, the influence of the heat loss of the boiler chemical reaction on the boiler 

thermal efficiency is 

2

'
2 SO ar1 ar

5 3
y

(S )(S )

3.2 10 3.2 10

x f r
h

y y

QQ Q Rd Q
q

Q Q Q

 
  

   
 (30)

where yQ  is the heat per kilogram of coal slime fuel substituted into the furnace, and the 

unit is kJ . 

3.4.2. The Heat Loss of Physical 

For the unreacted calcium oxide, calcium sulfate produced by the reaction and vari-

ous impurities in limestone during the desulfurization process are removed from the fur-

nace with ash, or it escapes with the flue gas in the form of fly ash. If the mass of ash 

produced when adding limestone is ( t / h )hm , %  of the ash leaves the furnace in the 

form of slagging, and (100 )%  of the ash leaves the furnace in the form of fly ash. 

The specific heat of the ash is 
hc ( J / (k g )K ) , the exhaust gas temperature is yt (K ) , 

the slag discharge temperature is zt (K ) , and the ambient temperature is 0t (K ) . 

Therefore, the heat loss caused by adding desulfurizer limestone is 

0 0

100
( ) ( )

100 100
h h

w y z

y

m c
q t t t t

Q

  
     

 (31)

The relationship between the total ash ratio of slag discharge and the physical heat 

loss is shown in Figure 5 below. It can be seen that as the total ratio of slag discharge 

increases, the physical heat loss also increases, and thus the amount of solid slag discharge 

must be minimized. 

 

Figure 5. The relationship between proportion of slag discharge and the physical heat loss. 
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3.4.3. The Heat Loss of Exhaust 

During the calcination process of limestone, the moisture will increase, and the desul-

furization reaction needs to increase the air and at the same time cause more flue gas to 

be generated in the device, as well as have a certain amount of influence on the flue gas, 

which will increase the heat loss of the flue gas [33,34]. The volume of a certain amount of 

carbon dioxide produced during the calcination of limestone is 

2

5ar
CO ar

(S )
22.4 7 10 (S )

32 100 100
r

r

R d
V Rd


    


 (32)

Among them, the volume of sulfur dioxide absorbed and oxygen consumed by cal-

cium oxide in the absorption process are, respectively, 

2

2 2

'
SO ar 3 '

SO SO ar

(S )
22.4 7 10 (S )

32 100
V

 
    


 (33)

2

2 2

'
SO ar 3 '

O SO ar

(S )
0.5 22.4 3.5 10 (S )

32 100
V

 
     


 (34)

The moisture produced during the calcination of limestone is 

2

2

2

H Oar
H O

Ca

H O

ar

Ca

(S ) 100 22.4
100

32 100 100 18

0.0389 (S )

R
V

R










    




 (35)

where 
2H O (%)  is the amount of water contained in limestone, and Ca (%)  is the pu-

rity of calcium carbonate contained in the desulfurizer.  

The latent heat loss of evaporation 
2H OQ  taken away by moisture is 

2

2

2

H Oar
H O

Ca

H O

ar

Ca

(S ) 100
100 2257

32 100 100

70.53 (S )

R
Q

R










    




 (36)

Assuming that the respective volumetric heat capacities of the flue gas in the stand-

ard state are 
2COC , 

2SOC , 
2OC , and 

2H OC , and their units are 3k J / ( m K ) , the heat loss 

from flue gas thus is  

2 2 2 2 2 2 2 2 20 CO CO H O H O SO SO O O H O( )( )
=

y

y

y

t t V C V C V C V C Q
q

Q

    
 (37)

As the calcium/sulfur ratio increases, adding limestone to the boiler will reduce the 

thermal efficiency of the boiler. When the sulfur-based 
ar(S )  content of coal slime is 0.9, 

the heat loss of each part is as shown in the following Figure 6. 
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Figure 6. The relationship between the heat loss of each part and Ca/S. 

It can be seen from Figure 6 that among the losses of each part, the thermal efficiency 

loss caused by the chemical reaction is more obvious. Effectively reducing the loss caused 

by the chemical reaction is beneficial to improving the boiler efficiency. 

4. Cooperative Optimization of the Two-Stage Desulfurization System 

4.1. Research on Optimization Based on The Lowest Total Cost 

The optimization proposition of the total desulfurization cost of the slime fluidized 

bed boiler [35] is 

Min ( ) s s x xF x PM PM   (38)

Total desulfurization efficiency (%): 
2SO 95   (39)

SO2 concentration (mg/Nm3): 
2SO 35N   (40)

Calcium/sulfur ratio: 1 5R   (41)

Bed temperature (℃): 8 5 0 1 0 5 0Bt   (42)

Slaked lime consumption (t/h): 0 1xT   (43)

sP  and xP  are the price of limestone and slaked lime in CNY/t, respectively. 
sM  

and 
xM  are the mass of limestone and slaked lime consumption, respectively, with the 

unit t . ( )F x  includes the power consumption of raw material machines, the power 

consumption of the air compressor, and the power loss of each part [36]. According to 

power plant operation guidance data and related materials, it is approximated as a func-

tional relationship, and the unit is CNY. Checking the relevant experimental data of the 

power plant, this part of the cost accounts for about 10% of the total desulfurization cost. 

Taking into account the national emission requirements, the total desulfurization effi-

ciency is greater than 95%, and the SO2 concentration should be less than 35 mg/Nm3. In 

the actual operation process, the calcium/sulfur ratio is generally between 1 and 5. Con-

sidering economic issues, the consumption of slaked lime will be controlled between 0 

and 1, and the unit is t/h. For slime fluidized bed boilers, the bed temperature is generally 

between 850 and 1050, and the unit is °C. According to the above model, the optimization 
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proposition of the desulfurization system composition was optimized to solve [37]. Con-

sidering that the prices of limestone and slaked lime will change with the market, further 

analysis of them shows that the relationship between their prices and total costs is shown 

in Figure 7 and Figure 8 below: 

 

Figure 7. The relationship between limestone price and total cost. 

 

Figure 8. The relationship between slaked lime price and total cost. 

According to the industrial market, the purity of limestone in the furnace is 90%, and 

the price is 300 CNY/t; the purity of slaked lime in the desulfurization tower is 95%, and 

its price is 400 CNY/t. Considering that there are not many variables involved in this arti-

cle, and regarding strong nonlinear optimization, sequence quadratic program (SQP) SQP 

algorithm has better advantages than other optimization algorithms in solving nonlinear 

optimization problems, and is mainly used to optimize the hybrid optimization model 

under the MATLAB platform. We analyzed its best operating conditions under various 

constraints. Under certain conditions, when the influence of boiler thermal efficiency on 

the desulfurization efficiency of the desulfurization system was not taken into considera-

tion, the entire desulfurization system was optimized for different sulfur content of coal 

slime to obtain the best calcium/sulfur molar ratio, with the goals before and after optimi-

zation the value comparison being shown in Figure 9 below. 
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Figure 9. Comparison of objective value before and after optimization. 

It can be seen from Figure 9 that the object value after optimization was reduced by 

9% compared with before optimization. For different sulfur content, the best calcium/sul-

fur molar ratio was obtained, and the calculation results are shown in Table 2. 

Table 2. The best operation for different sulfur bases. 

γ (Sar) 

/% 

Objective Value after 

Optimization 

/CNY 

Objective  

Value before 

Optimization 

/CNY 

Limestone  

Consumption 

/t 

Hydrated Lime  

Consumption 

/t 

Optimal 

Ca/S 

Excess Air Coefficient  

α 

0.5 250.08 272.56 0.566 0.119 2.17 1.45 

0.6 311.18 339.28 0.728 0.150 2.32 1.43 

0.7 374.61 409.52 0.902 0.176 2.47 1.46 

0.8 440.23 488.84 1.089 0.199 2.61 1.52 

0.9 507.96 564.12 1.287 0.218 2.74 1.46 

1.0 577.66 647 1.495 0.236 2.87 1.53 

It can be seen from Table 2, considering that the excess air coefficient α was too large, 

the heat loss of the boiler increased, and thus the edge processing was performed on it. 

With the continuous increase of the sulfur-based content in the coal slime, the calcium/sul-

fur ratio and the total cost of desulfurization were also continuously increasing, and the 

optimal calcium/sulfur ratio was obtained through optimization calculation. Comparing 

the values before and after optimization, we found that the coordinated two-stage desul-

furization could significantly reduce the desulfurization cost. When the sulfur-based con-

tent in the slime reached 1%, the calcium/sulfur ratio reached 2.87, and the cost could be 

reduced by 69.34 CNY. Considering that the addition of limestone had a certain impact 

on the thermal efficiency loss of the boiler, the calcium/sulfur ratio was thus not as high 

as possible.  

4.2. Research on Optimization of Boiler Thermal Efficiency Loss by Adding Limestone 

If only limestone is added for desulfurization, although the desulfurization effect can 

be achieved, it greatly reduces the thermal efficiency of the boiler and increases the total 

cost. Considering that the addition of limestone has an impact on the thermal efficiency 

loss of the boiler, then the effect of limestone thermal efficiency loss is added to the objec-

tive function and optimized to solve it. The mathematical model of the optimization prop-

osition is as follows:  

Min  ( ) ( ) s s x xF x G x PM PM    (44)
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Total desulfurization efficiency (%): 
2SO 95   (45)

SO2 concentration (mg/Nm3): 
2SO 35N   (46)

Calcium/sulfur ratio: 1 5R   (47)

Bed temperature (℃): 8 5 0 1 0 5 0Bt    (48)

Slaked lime consumption (t/h): 0 1xT   (49)

Among them, ( )G x  is the cost of heat loss caused by adding limestone, and the 

unit is CNY. The Ca/S comparison before and after optimization is shown in Figure 10 

below: 

 

Figure 10. Ca/S comparison before and after optimization. 

It can be seen from Table 3 that with the increase of the sulfur content in coal slime, 

the loss of boiler thermal efficiency also increased, which indirectly affected the total cost 

of the entire desulfurization system. The total cost in Table 3 includes the cost of limestone 

and slaked lime for desulfurization and the additional cost of slime caused by boiler heat 

loss. In comparison with Table 2, it can be seen that with the same sulfur content of slime, 

when adding the influence of boiler thermal efficiency loss on the total desulfurization 

cost, the calcium/sulfur ratio was also reduced accordingly. When the sulfur content was 

0.8%, the calcium/sulfur ratio dropped from 2.61 to 2.55. Obviously, it was not a case of 

the higher the calcium/sulfur ratio, the better, which is consistent with the actual situation. 

It should be pointed out that the feed conditions including the composition, temperature, 

and pressure would impact the performance of desulfurization. In the current study, for 

simplifying this optimization problem, only the bed boiler conditions that would directly 

influence the desulfurization process were considered. The feed conditions will be further 

studied in future work. 
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Table 3. The effect of adding limestone on the heat loss of the boiler of the desulfurization system. 

γ (Sar)/% 

Objective 

Value 

/CNY 

Limestone Con-

sumption/t 

Hydrated Lime 

Consumption 

/t 

Heat Loss by 

Adding Lime-

stone /% 

Bed Temperature 

/℃ 

Optimal 

Ca/S 

Excess Air Co-

efficient 

α 

0.5 265.89 0.542 0.138 0.342 874.5 2.082 1.43 

0.6 331.91 0.703 0.168 0.451 876.2 2.248 1.51 

0.7 400.74 0.877 0.195 0.571 878.5 2.406 1.43 

0.8 472.21 1.064 0.217 0.701 882.6 2.554 1.52 

0.9 546.16 1.262 0.237 0.839 889.3 2.693 1.51 

1.0 622.44 1.471 0.253 0.986 894.2 2.824 1.46 

5. Conclusions 

As the country's requirements for flue gas pollutant emission increase, the optimized 

operation of coal slurry fluidized bed boiler desulfurization is urgent. It is of great signif-

icance to achieve the best thermal efficiency and desulfurization conditions of fluidized 

bed boilers by improving the operating conditions of the boiler. This paper firstly ana-

lyzed the elements of coal slime to obtain the theoretical amount of flue gas produced, 

and then calculated the theoretical sulfur dioxide concentration. By studying the process 

of calcium injection desulfurization and semi-dry desulfurization in the furnace, we de-

rived the desulfurization system model. By coordinating the relationship between the two 

stages of desulfurization, the best desulfurization situation was obtained. Finally, the in-

fluence of limestone addition on the thermal efficiency of desulfurization was considered, 

and the optimal objective function of the entire desulfurization system and its correspond-

ing constraints were determined. By solving the optimization proposition, the best oper-

ating condition was obtained. This study aimed to reach the emission standard of SO2 

concentration in China through cooperative operations of dry and semi-dry desulfuriza-

tion processes, and at the same time reducing the total operational cost as much as possi-

ble. The results show that the optimized operation can significantly reduce the total cost 

of desulfurization by 9%, improve the thermal efficiency of the boiler, reduce the calcium-

sulfur ratio, and ensure that the SO2 concentration reaches the national emission standard. 

This research provides an important basis for improving the desulfurization efficiency, 

reducing the desulfurization cost of the entire slime fluidized bed boiler, and guiding the 

desulfurization process. 

Author Contributions: Y.X. (Yangjian Xiao) and Y.X. (Yudong Xia) performed the simulations and 

analyzed the data, A.J. designed the process scheme and optimization of the paper, Y.L. and H.Z. 

wrote the paper and reviewed it, X.L. checked the results of the whole manuscript. All authors have 

read and agreed to the published version of the manuscript. 

Funding: The work was supported by the Natural Science Foundation of Zhejiang (no. 

LY20F030010), the National Natural Science Foundation of China (no. 61973102), and the National 

Science and Technology Major Project (2018AAA0101601). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 

Data Availability Statement: Data available on request due to restrictions eg privacy or ethical. The 

data presented in this study are available on request from the corresponding author. The data are 

not publicly available due to our research group is still in the process of further research in this area. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. National Bureau of Statistics of the People’s Republic of China. China Statistical Yearbook; China Statistics Press: Beijing, China, 

2019. 

2. Long, N.V.D.; Lee, D.Y.; Jin, K.M.; Choongyong, K.; Mok, L.Y.; Won, L.S.; Lee, M. Advanced and intensified seawater flue gas 

desulfurization processes: recent developments and improvements. Energies 2020, 13, 5917. 



Processes 2021, 9, 75 18 of 19 
 

 

3. Yan, M.-P.; Shi, Y.-T. Thermal and economic analysis of multi-effect concentration system by utilizing waste heat of flue gas for 

magnesium desulfurization wastewater. Energies 2020, 13, 5384. 

4. Liu, Y.; Bisson, T.M.; Yang, H.; Xu, Z. Recent developments in novel sorbents for flue gas clean up. Fuel Process. Technol. 2010, 

91, 11751197. 

5. Slack, A. Removing sulfur dioxide from stack gases. Environ. Sci. Technol. 1973, 7, 110119. 

6. Xu, H.; Yang, D.; Hu, G.-G.; Chen, H.-P. Analysis of the Heat Loss due to Exhaust Gas of CFB Boiler with the Limestone Desul-

furization. In Proceedings of the International Conference on Energy and Environment Technology, Guilin, China, 1618 Octo-

ber, 2009; Volume 1, p. 4145. 

7. Xie, D.; Wang, H.-M.; Chang, D.-W.; You, C.-E. Semidry desulfurization process with in situ supported sorbent preparation. 

Energy Fuels 2017, 31, 42114218. 

8. Zhang, X.-P.; Wang, N.-H. Effect of humidification water on semi-dry flue gas desulfurization. Energy Procedia 2012, 14, 

16591664. 

9. Zheng, J.; Yates, J.G.; Rowe, P.N. A model for desulphurization with limestone in a fluidized coal combustor. Chem. Eng. Sci. 

1982, 37, 167174. 

10. Neathery, J.K. Model for flue-gas desulfurization in a circulating dry scrubber. AICHE J. 1996, 42, 259268. 

11. Anthony, E.J.; Berry, E.E.; Blondin, J.; Bulewicz, E.M.; Burwell, S. LIFAC ash-Strategies for management. Waste Manag. 2005, 25, 

265279. 

12. Cai, Y. Desulfurization Atmosphere Effect in Circulating Bed Furnace and Optimization of Combined Desulfurization Opera-

tion. Ph.D. Thesis, Zhejiang University, Zhejiang, China, 2016. 

13. Du, Z. Simulation Study of Circulating Fluidized Bed Boiler Desulfurization. Master’s Thesis, North China Electric Power Uni-

versity, Beijing, China, 2004. 

14. Yu, F.-X. Research on Limestone Desulfurization Technology of Large Circulating Fluidized Bed. Master’s Thesis, Kunming 

University of Science and Technology, Kunming, China, 2014. 

15. Balling, R.J.; Sobieszczanski-Sobieski, J. Optimization of coupled system: A critical overview of approaches. AIAA J. 1996, 34, 

617. 

16. Balling, R.J.; Sobieszczanski-Sobieski, J. An algorithm for solving the system-level problem in multilevel optimization. In Pro-

ceedings of the 5th Symposium on Multidisciplinary Analysis and Optimization, Panama City Beach, FL, USA, 79 September, 

1994; pp. 794809. 

17. Han, Y.; Sun, Y.-Y. Collaborative optimization of energy conversion and NOx removal in boiler cold-end of coal-fired power 

plants based on waste heat recovery of flue gas and sensible heat utilization of extraction steam. Energy 2020, 207, 118172. 

18. Temple, D.; Colette, M. A goal-programming enhanced collaborative optimization approach to reducing lifecyle costs for naval 

vessels. Struct. Multidiscip. Optim. 2016, 53, 115. 

19. Chen, C.-S.; Chen, J.; Xiao, L.-L.; Duan, S.-X.; Chen, J. Cooperative optimization of electric vehicles in microgrids considering 

across-time-and-space energy transmission. IEEE Trans. Ind. Electron. 2019, 66, 15321542. 

20. Zhao, J.-F.; Hua, M.-Q.; Liu, T.-Z. Research on a sliding mode vector control system based on collaborative optimization of an 

axial flux permanent magnet synchronous motor for an electric vehicle. Energies 2018, 11, 3116. 

21. Tian, S.-Y.; Jia, Q.-Q.; Xue, S.-W.; Yu, H.; Qu, Z.-W.; Gu, T.-Y. Collaborative optimization allocation of VDAPFs and SVGs for 

simultaneous mitigation of voltage harmonic and deviation in distribution networks. Int. J. Electr. Power Energy Syst. 2020, 120, 

106034. 

22. Wei, X.; Jiang, X.-H.; Jin, S.-W.; Gao, H.-P. Test of the ultra-low emission of CFB boiler of 300 MW unit by two stages combined 

desulfurization matching. Therm. Power 2017, 46, 107118. 

23. Chen, L. Research on modeling of circulating fluidized bed boiler and its intelligent control system. Ph.D. Thesis, Zhejiang 

University, Hangzhou, China, 2005. 

24. Gao, L.-X.; Yuan, L.-J.; Zhou, Z.-N.; Li, C. A new method for determining the optimal excess air coefficient. Coal Mine Mach. 

2009, 30, 31–33. 

25. Zhao, G.-L.; Li, R.-H.; Huang, Q.-Y. Study on the influence of gas boiler excess air coefficient on boiler thermal efficiency. Chem. 

Eng. Des. Commun. 2017, 43, 123124. 

26. Ke, X.-W.; Cai, R.-X.; Yang, H.-R.; Zhang, M.; Zhang, H.; Wu, Y.-X.; Lu, J.-F.; Liu, Q.; Li, J.-F. NOx generation and ultra-low 

emission in circulating fluidized bed combustion. Proc. Chin. Soc. Electr. Eng. 2018, 38, 390669. 

27. Tan, Q.-Y.; Peng, F.; Peng, H.-W.; Tang, X.-S. Optimization design of two-stage desulfurization system for CFB boiler. Electr. 

Power Constr. 2014, 35, 8994. 

28. Zhu, Y.-F. Economic Analysis and Optimization Study of Two-Stage Desulfurization of 300MW Circulating Fluidized Bed 

Boiler. Master’s Thesis, North China Electric Power University, Beijing, China, 2016. 

29. Zhu, Y.-Q.; Wei, X.; Zhang, X.-Y.; Fu. Y. Experimental study on desulfurization performance of semi-dry flue gas circulating 

fluidized bed. Chem. Eng. Pet. Nat. Gas 2020, 49, 811. 

30. Wang, Q.; Bai, J.-Y.; Wang, X.-F.; Wang. L. Multi-objective optimization of CFB boiler desulfurization and denitrification system. 

China Electr. Power 2017, 50, 109121. 

31. Wang, C.; Cheng, L.-M.; Qiu, K.-Z.; Zhou, X.-L.; Xu, M.-L.; Cheng, H. The influence of adding desulfurizer to circulating fluid-

ized bed boiler on heat balance. Therm. Power Gener. 2011, 40, 7277. 



Processes 2021, 9, 75 19 of 19 
 

 

32. Heydar, M.; Milad, S.; Mohammad, H.A.; Ravinder, K.; Shahaboddin, S. Modeling and efficiency optimization of steam boilers 

by employing neural networks and response-surface method (RSM). Mathematics 2019, 7, 629. 

33. Wang, H.-C.; Liu, K.; Cui. H. The influence of adding limestone to the CFB boiler’s thermal calculations. Shandong Electr. Power 

Technol. 2016, 43, 3437. 

34. Yang, D.; Xu, H.; Hu, G.-G.; Chen. H.-P. Study on the heat loss of 300MW circulating fluidized bed boiler exhaust flue gas by 

adding limestone for desulfurization. Boil. Technol. 2011, 42, 3236. 

35. Jiang, A.-P.; Lin, W.-W.; Ding, Q.; Wang, J.; Jiang, Z.-S.; Huang, G.-H. Optimization of dry desulfurization operation of slime 

fluidized bed boiler based on hybrid modeling. CIESC J. 2012, 63, 27832788. 

36. Cai, J.; Zhang, M.; Wang, Z.-W.; Rong, Y.-J.; Yao, X.; Wu., Y.-X. Economic analysis of the desulfurization process of circulating 

fluidized bed boiler. Clean Coal Technol. 2020, 26, 9098. 

37. Zhang, Z.-H. Research on Energy Saving Optimization and Control of CFB Unit Combined Desulfurization Based on Environ-

mental Constraints. Master’s Thesis, Shanxi University, Taiyuan, China, 2016. 


