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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 factors
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 content
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 different sulfur
contents were studied with the goal of minimizing the total desulfurization cost. The results 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 sustainable development.

Keywords: slime fluidized bed; mechanism model; boiler thermal efficiency; simulation;
cooperative 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
substance 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
technology, 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 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
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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 systems
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
affecting desulfurization process, providing a promising strategy for desulfurization con-
trol. Neathery [10] established a mathematical model on the basis of a large number of
desulfurization experiments and used the model to simulate the influence of operating
parameters on the desulfurization efficiency. Due to the low high temperature desulfuriza-
tion 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]
initially proposed the “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 desulfurization
should be further optimized. Cai Yi [12] studied the operation strategy and parameter
optimization of calcium spray in the furnace and limestone wet desulfurization system
in the furnace, proposing a comprehensive optimization method based on environmental
protection standards and technical and economic indicators. Through combination 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 mathematical models
by analyzing various factors that affect desulfurization under different working conditions,
and on the basis of these models, developed a set of simulation software for fluidized
bed boiler desulfurization, which provided a basis for the later collaborative desulfur-
ization. In summary, while the desulfurization technology has been extensively 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 economic 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,
desulphurization 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 desulfur-
ization 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 factors [14].
In this case, the SO2 emission concentration can reach the standard operation, and thus
the overall material consumption and energy consumption costs can be realized at their
corresponding lowest levels. The collaborative optimization approach was initially pro-
posed by Kroo et al. [15] and Balling and Sobieski [16] in 1994. Its idea is to coordinate the
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coupling relationship between the various systems and obtain the optimal solution, and it
has been successfully employed in a variety of applications. In the field of denitrification
in power plants, Yu Han et al. [17] believed that a reasonable increase in the temperature
of 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
optimization control strategy. In the field of power grid, Tian et al. [21] proposed the
collaborative optimization allocation of voltage-detection active power filters (VDAPFs)
and static var generators (SVGs) for simultaneous mitigation of voltage harmonic and
deviation in distribution networks by using the improved particle swarm optimization
algorithm, wherein the total cost (including investment and operating cost) was minimized
and optimized. Therefore, collaborative optimization method is a powerful technic to
obtain the optimum operation of a complicated process. However, no studies 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 presenting
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
sulfur 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 according
to the SO2 value after desulfurization in the furnace. The desulfurization synergistic
process diagram of the slime fluidized bed boiler is shown in Figure 1 below.

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, economizer,
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 absorption
tower after being atomized by the atomizing fan from the lower part of the absorption
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.
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Figure 1. Two-stage desulfurization process diagram of a slime fluidized bed boiler. 
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Figure 1. Two-stage desulfurization process diagram of a slime fluidized bed boiler.

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
composition 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:

n(O2) = 0.8333γ(Car) + 2.5γ(Har) + 0.3125γ(Sar)− 0.3125γ(Oar) (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

V′air = 4.78× n(O2)× 22.4/1000
= 0.089γ(Car) + 0.265γ(Har) + 0.0333γ(Sar)− 0.0333γ(Oar)

(2)

The theoretical amount of flue gas generated after coal slime combustion is ex-
pressed as

V′sm = ((n(O2) + 3.78× (n(O2)) + γ(Mar))× 22.4/1000
= 0.089γ(Car) + 0.324γ(Har) + 0.0333γ(Sar)− 0.026γ(Oar)
+0.0224γ(Mar)

(3)

The boiler combustion is carried out under the excess air coefficient α, and thus the
actual flue gas volume is calculated as

Vsm = V′sm + V′air × (α− 1)
= 0.089γ(Car) + (0.056 + 0.2675α)γ(Har) + 0.0333γ(Sar)α
+(0.0074− 0.0333α)γ(Oar) + 0.0224γ(Mar)

(4)
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In summary, the theoretical SO2 concentration can be calculated as

NSO2 = γ(Sar)/100× 1000× 2/Vsm × 1000 (5)

where n(O2) is the amount of oxygen required, and the unit is mol. γ(Car), γ(Har), γ(Sar),
γ(Oar), and γ(Mar) are the contents of carbon, hydrogen, sulfur, oxygen, and moisture in
the slime fuel, respectively. V′air is the theoretical air volume required for the slime fuel,
V′sm is the theoretical amount of smoke, and Vsm is the actual amount of smoke, and their
units are all m3. NSO2 is the theoretical SO2 concentration, and the unit is mg/m3. 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 coefficient,
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 temperature
and worsen the combustion, but also increase the amount of flue gas, which will increase
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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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
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boiler, its various losses include the following: mechanical incomplete combustion loss
q4, exhaust heat loss q2, heat dissipation loss q5, ash heat loss q6, and chemical incomplete
combustion loss q3, with qi being the effective utilization of heat or the percentage of heat
loss to the input heat.

Mechanical incomplete combustion loss is caused by unburned or incompletely
burned carbon in the fuel:

q4 =
32, 866γ(Aar)

Qr
(

α f h ϕ f h

100− ϕ f h
+

αhz ϕhz
100− ϕhz

) (6)

where γ(Aar) is the total ash mass fraction in percent after desulfurization reaction of unit
slime combustion. α f h and αhz 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. ϕ f h and ϕhz are the
percentage of the combustible content of fly ash and ash slag in the amount of fly ash and
ash slag, respectively. Qr 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
between 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

q2 =
Hy0 + (α− 1)Hk0 + H f h − αHkl

Qr
(100− q4) (7)

In the formula, Hy0, Hk0, H f h, and Hkl 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

Hy0 = (VRO2 CRO2 + VN2 CN2 + VH2OCH2O)ty (8)

In the formula, VRO2 , VN2 , and VH2O are the volume of triatomic gas, nitrogen, and
water vapor in theoretical flue gas, respectively, in m3; CRO2 , CN2 , and CH2O 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
kJ/(m3 ·K); and ty is the exhaust gas temperature in K.

The air enthalpy value in the exhaust smoke is

Hk0 = Ck0(V0
gk)

c
ty (9)

In the formula, Ck0 is the volumetric heat capacity of air in the flue gas under standard
conditions in kJ/(m3 · K), and (V0

gk)
c is the theoretical air volume in m3. The fly ash

enthalpy is calculated as

H f h =
γ(Aar)ϕ f h

100× 100
C f hty (10)

Among them, C f h is the volumetric heat capacity of fly ash under standard conditions
in kJ/(m3 ·K), and the enthalpy of cold air is

Hkl = Ckl(V0
gk)

c
tkl (11)

In the formula, Ckl is the volumetric heat capacity of cold air under standard conditions
in kJ/(m3 ·K), and tkl is the temperature of the cold air in K.

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

q5 = kq5

De

Dre
(12)
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In the formula, kq5 is the coefficient of heat dissipation loss, and De and Dre are
the rated evaporation capacity of boiler and actual evaporation capacity of the boiler,
respectively, in t/h.

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

q6 =
γ(Aar)αhzChz

Qr
thz (13)

In the formula, Chz is the volumetric heat capacity of the slag in the standard conditions
in kJ/(m3 ·K). thz is the ash temperature, and the unit is K.

Because q3 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

ηgl = 100− q2 − q3 − q4 − q5 − q6 (14)

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 calcium
injection is widely used in industrial processes due to its low investment and operating
costs. Due to the general in-furnace calcium injection desulfurization’s efficiency being
between 50% and 60%, as the calcium/sulfur ratio increases, its efficiency is significantly
reduced, and it is affected by the cost of the desulfurizer and the amount of NOx gen-
erated [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
dioxide 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:
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    (17) 

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:

CaCO3 → CaO + CO2 − 177, 900 kJ · kmol−1 (15)

CaO + SO2 + 1/2O2 → CaSO4 + 500, 600 kJ · kmol−1 (16)
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Since many parameters are non-linear in the production process, mechanism modeling
and data analysis modeling can be carried out on the desulfurization scheme. Considering
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 M(t/h), the mass fraction of sulfur in coal slime fuel is γ(Sar)(%), the purity
of calcium carbonate contained in the desulfurizer is λ(%), and the transport volume of
limestone powder of the desulfurizer is Ts(t/h), then, the expression of calcium/sulfur
ratio can be derived as

R =
nCa

nS
=

λTs
100

Mγ(Sar)
32

=
8λTs

25Mγ(Sar)
(17)

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

Ts = M× γ(Sar)

100
× 100

32
× R× 100

λ
=

25
8λ

MRγ(Sar) (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.
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The relationship between calcium/sulfur ratio and limestone desulfurization efficiency
can be approximately expressed as [30]

η′SO2
= 1− exp(−mR) (19)

In the above formula, m is an influencing parameter, and m > 0. 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 ap-
propriate amount of slaked lime to achieve the effect of the second stage of desulfurization.
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:

SO2 + Ca(OH)2 → CaSO3 + H2O (20)
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CaSO3 + 1/2H2O→ CaSO3 · 1/2H2O (21)

CaSO3 + 2H2O + 1/2O2 → CaSO4 · 2H2O (22)

The main products produced by the reaction in the desulfurization tower are calcium
sulfite hemihydrate, calcium sulfate dihydrate, and unreacted slaked lime.

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 desulfur-
ization system as follows:

N′SO2
− N′′SO2

= −2400T2
x + 2200Tx + 240 (23)

where N′SO2
and N′′SO2

are the SO2 concentration at the outlet of the slime fluidized bed
boiler and the semi-dry flue outlet, respectively, in mg/m3, and Tx is the consumption of
slaked lime in t/h. Finally, the SO2 concentration at the exit of the semi-dry flue can be
obtained as

N′′SO2
= NSO2 e−0.6R + 2400T2

x − 2200Tx − 240 (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
ratio 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
absorbed 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)

nCaCO3 =
Rγ(Sar)

100× 32
(25)

The heat Qx(kJ) required by calcium carbonate in the calcination process can be
calculated by the following formula:

Qx =
nCaCO3

drQ1

100
=

RdrQ1γ(Sar)

3.2× 105 (26)

In the formula, Q1 is the heat absorbed by calcium carbonate during calcination, the
unit is kJ, and dr(%) is the decomposition rate of limestone. The amount of sulfur dioxide
that reacts with the desulfurizer (kmol) is

n(SO2) =
γ(Sar)

100× 32
× η′SO2 (27)

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

Q f = n(SO2)×Q2 =
Q2η′SO2 γ(Sar)

3.2× 103 (28)
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In the formula, Q f is the heat released by the reaction between calcium oxide and
sulfur dioxide, in kJ, and Q2 is the heat released by the reaction between calcium oxide and
sulfur dioxide, in kJ, and thus the total heat absorption is

Qh = Qx −Q f

= RdrQ1γ(Sar)
3.2×105 − Q2η′SO2 γ(Sar)

3.2×103

(29)

It can be seen from the above formula that in the desulfurization process, only when
Qx = Q f 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

qh =
Qx −Q f

Qy
=

RdrQ1γ(Sar)

3.2× 105 ×Qy
−

Q2η′SO2 γ(Sar)

3.2× 103 ×Qy
(30)

where Qy 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 various
impurities in limestone during the desulfurization process are removed from the furnace
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 mh(t/h), β% of the ash leaves the furnace in the form of slagging,
and (100− β)% of the ash leaves the furnace in the form of fly ash. The specific heat of the
ash is ch(J/(kg ·K)), the exhaust gas temperature is ty(K), the slag discharge temperature
is tz(K), and the ambient temperature is t0(K). Therefore, the heat loss caused by adding
desulfurizer limestone is

qw =
mhch
Qy

[
100− β

100
(ty − t0) +

β

100
(tz − t0)

]
(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.
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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,
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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

VCO2 =
Rγ(Sar)

32× 100
× dr

100
× 22.4 = 7× 10−5Rdrγ(Sar) (32)

Among them, the volume of sulfur dioxide absorbed and oxygen consumed by calcium
oxide in the absorption process are, respectively,

VSO2 =
η′SO2 γ(Sar)

32× 100
× 22.4 = 7× 10−3η′SO2 γ(Sar) (33)

VO2 =
η′SO2 γ(Sar)

32× 100
× 0.5× 22.4 = 3.5× 10−3η′SO2 γ(Sar) (34)

The moisture produced during the calcination of limestone is

VH2O = Rγ(Sar)
32×100 × 100× 100

δCa
× γH2O

100 ×
22.4
18

= 0.0389Rγ(Sar)
γH2O
δCa

(35)

where γH2O(%) is the amount of water contained in limestone, and δCa(%) is the purity of
calcium carbonate contained in the desulfurizer.

The latent heat loss of evaporation QH2O taken away by moisture is

QH2O = Rγ(Sar)
32×100 × 100× 100

δCa
× γH2O

100 × 2257

= 70.53Rγ(Sar)
γH2O
δCa

(36)

Assuming that the respective volumetric heat capacities of the flue gas in the standard
state are CCO2 , CSO2 , CO2 , and CH2O, and their units are kJ/(m3 ·K), the heat loss from flue
gas thus is

qy =
(ty − t0)(VCO2 CCO2 + VH2OCH2O −VSO2 CSO2 −VO2 CO2)−QH2O

Qy
(37)

As the calcium/sulfur ratio increases, adding limestone to the boiler will reduce the
thermal efficiency of the boiler. When the sulfur-based γ(Sar) 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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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.
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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∑ F(x) + Ps Ms + Px Mx (38)

Total desulfurization efficiency (%) : ηSO2 ≥ 95 (39)

SO2 concentration
(

mg/Nm3
)

: NSO2 ≤ 35 (40)

Calcium/sulfur ratio : 1 ≤ R ≤ 5 (41)

Bed temperature (◦C) : 850 ≤ tB ≤ 1050 (42)

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

Ps and Px are the price of limestone and slaked lime in CNY/t, respectively. Ms and Mx
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 functional 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 efficiency 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. Considering 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 proposition of the desulfurization
system composition was optimized to solve [37]. Considering 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 Figures 7 and 8 below:
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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
article, and regarding strong nonlinear optimization, sequence quadratic program (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 consideration,
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 optimization
the value comparison being shown in Figure 9 below.
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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/sulfur
molar ratio was obtained, and the calculation results are shown in Table 2.
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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/sulfur
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 desulfurization
could significantly reduce the desulfurization cost. When the sulfur-based content 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 objective
function and optimized to solve it. The mathematical model of the optimization proposition
is as follows:

Min ∑ F(x) + G(x) + Ps Ms + Px Mx (44)

Total desulfurization efficiency (%) : ηSO2 ≥ 95 (45)

SO2 concentration
(

mg/Nm3
)

: NSO2 ≤ 35 (46)

Calcium/sulfur ratio : 1 ≤ R ≤ 5 (47)

Bed temperature (◦C) : 850 ≤ tB ≤ 1050 (48)

Slaked lime consumption (t/h) : 0 < Tx < 1 (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:
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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.

Table 3. The effect of adding limestone on the heat loss of the boiler of the desulfurization system.

γ (Sar)/%
Objective

Value/CNY
Limestone

Consumption/t

Hydrated
Lime

Consumption/t

Heat Loss by
Adding

Limestone/%

Bed
Temperature/◦C

Optimal
Ca/S

Excess Air
Coefficient

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 analyzed
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 derived
the desulfurization system model. By coordinating the relationship between the two stages
of desulfurization, the best desulfurization situation was obtained. Finally, the influence
of limestone addition on the thermal efficiency of desulfurization was considered, and
the optimal objective function of the entire desulfurization system and its corresponding
constraints were determined. By solving the optimization proposition, the best operating
condition was obtained. This study aimed to reach the emission standard of SO2 con-
centration in China through cooperative operations of dry and semi-dry desulfurization
processes, and at the same time reducing the total operational cost as much as possible.
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.
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