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Abstract: To reduce operating costs on the basis of ensuring the desulfurization efficiency in a wet
flue gas desulfurization system, a theoretical model was put forward, and a calculation method was
set up. Correlations between reaction zone height, flue gas inlet temperature, slurry inlet temperature,
gas–liquid ratio and desulfurization efficiency were found. Based on the heat and mass transfer model
of the spray tower, the integrated system of desulfurization tower and open slurry pool and the flue
gas desulfurization-waste heat recovery system were established. Additionally, the effect of outdoor
wind speed, heat dissipation area and ambient temperature on the slurry equilibrium temperature in
the integrated system were analyzed. The results show the slurry equilibrium temperature of the
desulfurization system is negatively correlated with outdoor wind speed and heat dissipation area,
and positively related to ambient temperature. The slurry temperature is the main factor that affects
the performance of the wet flue gas desulfurization system. Finally, based on the Harbin heating
group Hua Hui hotspot energy-saving reconstruction project, a case analysis was conducted, which
proves the flue gas desulfurization-waste heat recovery system is profitable, energy saving and a
suitable investment project.

Keywords: slurry temperature; heat and mass transfer; wet flue gas desulfurization; desulfurization
efficiency; recovery of waste heat

1. Introduction

High-temperature exhaust not only pollutes the environment but also causes huge
energy waste. Therefore, to the creation of methods to effectively deal with pollutants in
high-temperature exhaust gas and recycle waste heat energy, is one of the urgent energy
problems to be solved in China. The higher the flue gas emission temperature, the greater
the energy saving space [1]. Generally speaking, the exhaust temperature of coal-fired
boilers is between 160 ◦C and 250 ◦C. The flue gas temperature of coal-fired boilers in most
parts of China is much higher than the design value, which is generally 20–50 ◦C higher.
According to the empirical value, every time the exhaust gas temperature rises by 10 ◦C,
the coal consumption will increase from 1.2% to 2.4%, and the heat loss of flue gas exhaust
at high temperatures will increase from 0.6% to 1.0% [2].

At the same time, in view of the existing phenomenon of coal-fired flue gas desul-
furization in China, there is an unreasonable desulfurization slurry temperature. When
the temperature of the desulfurization slurry is too high, the equilibrium pressure of the
sulfur dioxide in the tower will increase, resulting in low desulfurization efficiency. The
excessively high flue gas temperature may also cause the service life of the brittle material
in the tower to decrease. Other effects include the increase of water evaporation of the
desulfurization slurry, the increase of the desulfurization water replenishment rate and the
increase of net flue gas humidity, which may cause corrosion to equipment [3,4].
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Wet magnesium desulfurization has been developed in China for more than ten years,
and its reliability, structural and economic operation feasibility, in addition to the feasibility
of the desulfurization of by-product utilization have also been widely recognized [5]. As
early as the 1990s, Matsui [6] and other studies proved that alkaline solutions such as
magnesium hydroxide slurry have excellent absorption of sulfur dioxide and other various
acid gases in flue gas and exhaust gas, which makes magnesium desulfurization technology
widely used. At the same time, various scholars have used different methods to conduct
various studies to improve the efficiency of desulfurization. Berman [7] et al. studied the
absorption of sulfur dioxide from flue gas by magnesium hydroxide slurry in a convection
jet tower, and the desulfurization rate was more than 94%. Hayakawa [8] tried to oxidize
magnesium sulfite in the slurry of wet magnesium desulfurization to magnesium sulfate
by air and then added lime to promote the regeneration of magnesium hydroxide. The
results of this research prove that the method can reduce the amount of absorbent and
greatly reduce the cost of desulfurization. However, research on using waste heat recovery
technology to extract heat from the desulfurization slurry is not reported.

At present, domestic and foreign scholars have proposed a variety of design models
to solve the heat and mass transfer of wet desulfurization. Studies have shown that the
commonly used models for solving gas absorption in the liquid phase are rate-based and
equilibrium-based models [9]. However, for the equilibrium-based model, after introducing
the reaction kinetics, the equilibrium-based model is greatly expanded. However, since the
heat transfer and mass transfer are not taken into account in the model, the accuracy of the
model is reduced. On the contrary, it also reduces the research on multi-component gas–
liquid mass transfer [10,11]. Hikita et al. [12] conducted a detailed study on the absorption
process of sulfur dioxide by a sodium-alkali solution and constructed an SO2 absorption
rate model based on the double membrane theory. However, as the research continues, it
was found that it was difficult to solve the system of nonlinear differential equations in
the model. After extensive research, they finally chose the approximate analytical solution,
which is a better method to solve the system of nonlinear differential equations and the
results are not very different from the origional ones. Baokui Chen et al. [13] put forward a
theoretical model to predict the slurry temperature in a wet flue gas desulfurization system.
They used a one-dimension coupled model using droplet motion, heat and mass transfer
and the pressure loss of liquid–gas phases. Zongliang Qiao et al. [14] used a data mining
method to find the best operation conditions for a wet flue gas desulfurization system.
Their conclusions can provide operation guidance for a 600 MW generation unit. Mingchen
Qin et al. [15] developed a numerical model and applied it to predict dual-loop spray tower
200 MW coal-fired unit efficiency, and the desulfurization system resistance loss agreed
well with the test data. It can be seen that the current design model of the heat and mass
transfer of wet desulfurization is complex, so it is of high research value to simplify the
model and design a set of simple calculation programs.

Considering the operating cost of the desulfurization process, a novel system was
proposed in the present work to increase the desulfurization efficiency and utilize the waste
heat of the slurry. Taking the operating characteristics of the system into account, a new
mathematical model was developed and the influence of the heat and mass transfer process,
unsteady operation characteristics and thermal and economics characteristics of the system
were analyzed. Consequently, the results can serve as a guide for alternative applications
in power plants.

2. Calculation Models for the Wet Flue Gas Desulfurization System
2.1. Assumptions and Simplifications for Models

In the process of setting up the model, it is necessary to neglect some subordinate
factors. Some reasonable assumptions and simplifications are made as follows:

1. The slurry droplet is a regular sphere with uniform particle size and the same physical
parameters at the same position. The mutual friction and collision between the
droplets are not considered in the process of motion.
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2. The countercurrent process of flue gas and droplets is sufficient, uniform and stable.
3. The droplets and flue gas move at a constant speed in the process of movement.
4. Ignore the interference of the existing chemical reactions on heat and mass transfer.

2.2. Model for Heat and Mass Transfer

The slurry is introduced through injection nozzles and converted into large amounts
of droplets in the atomization process. Flue gas flows in from the side of the tower to the
top of the tower in a counter-current mode with the limestone slurry droplets. The slurry
droplets evaporate into a counter-current flue gas stream. Heat and mass transfer occur on
the surface of the droplets. In the mass exchange process, when other factors are neglected,
the mass of the slurry reduction should be equal to the change in the moisture content
between the slurry droplets and the flue gas. In the process of mass exchange, when other
factors are neglected, as the water in the slurry enters the flue gas, the reduced mass of
the slurry should be equal to the change of moisture content between the slurry droplets
and the flue gas. Considering the diffusion of flue gas and slurry, the mass change can be
expressed as:

dmd = kgd·Agd·
(
xg − xd

)
·dX

ud
(1)

Therefore, the liquid mass conservation equation can be written as:

4π

3
·ρd·dRd

3 = kgd·Agd·
(
xg − xd

)
·dX

ud
(2)

The heat of solution Qr is mainly determined in two parts of heat: one is convective
heat transfer Qd, and the other is vaporization latent heat Qq.

Differential form is written as:

dQd = hgd
(
tgi − tdi

)
AidX (3)

dQq = rwtg·dmd (4)

Reconfiguring Equations (1)–(4), the liquid energy conservation equation can be
written as:

cp,d·ρd·
4π

3

(
Dd
2

)3 dtd
dX

= hgd·π·D2
d
(
tg − td

)
+

kgd·π·D2
d
(
xg − xp

)
rwtg

ud
(5)

When high-temperature flue gas encounters low-temperature desulfurization slurry,
a mass transfer occurs on the surface of the contact between slurry and flue gas. The
saturated moisture content of flue gas at slurry temperature is compared with that of flue
gas itself to get the direction of mass transfer. The mass flow Mx of moisture entering the
micro-element from the slurry should be equal to the mass flow Mx+∆x of moisture flowing
out of the micro-element. The gas-phase humidity change equation can be written as:

ug·ρg·A0·
dxg

dX
=

N·kgd·Agd·
(
xg − xd

)
ud

(6)

The derivation of the flue gas energy conservation equation is similar to that of the
slurry energy conservation equation [16]. The heat release of flue gas is equal to the heat
gain of slurry, so the gas energy conservation equation can be expressed as:

ug·A0·ρg·diwa = ud·cp,d·ρd·
4π

3

(
Dd
2

)3
dtd (7)

iwa = cp,gtg + (rwtg + cp,wtg)xg (8)
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According to mass conservation, it is known that the derivation of the mass conser-
vation equation of S entering the micro-element is similar to the derivation of the flue gas
humidity differential equation [17]. The corresponding expression can be written as:

d(ugcso2)

dX
= kso2 Agd(cso2 − c∗so2) (9)

η =
cso2 − c∗so2

cso2

(10)

The pressure of the flue gas in the desulfurization tower concerns one atmosphere,
and the solubility of sulfur dioxide in the slurry is very small, which meets the condition
of the dilute solution. Therefore, the equilibrium concentration of gas–liquid absorption
obeys Henry’s law.

c∗so2 =
mso2

HxRtg
(11)

dmso2 i =
mgi cso2 i − mgi−1 cso2 i−1

ρgmdi

(12)

Henry’s constant [18] can be written as:

Hx =
A
ρ

exp(−E
T
) (13)

2.3. Calculation of Heat and Mass Transfer Model

A numerical solution is used to analyze the heat and mass transfer model. Before the
numerical calculation, the effective reaction zone of the desulfurization tower is treated by
grid micronization. It is regarded as a whole, and the inlet section to the outlet section of the
reaction zone is divided into n equal parts. The height of each part is set to a small unit ∆x,
the corresponding tower cross-sectional area of each small unit is ∆A0 and the segmented
node diagram is shown in Figure 1. In height, ∆xi and ∆xi+1 are two adjacent compute
nodes, and the initial parameters of the next position are calculated by the previous node.
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Figure 1. Numerical calculation schematic diagram of desulfurization tower.

Assuming that the temperature and moisture content of the flue gas out of the desul-
furization tower are known, the temperature and moisture content of the flue gas needed
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in the second section can be obtained by taking it into the first section of the reaction zone.
Then, the temperature and moisture content of the flue gas needed in the third section
can be obtained by taking the last solution into the second section of the reaction zone
to solve the problem. The temperature and moisture content of the flue gas from the
desulfurization tower leaving the reaction zone can be obtained by repeating the above
steps. These parameters are known before the calculation, and the calculated parameters
are compared with those given. If they are not equal, then adjust them until they are equal.
Finally, when the two values are equal, the assumed temperature and moisture content of
the flue gas out of the desulfurization tower are correct. The flowchart is shown in Figure 2.
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Figure 2. Numerical calculation flow chart of desulfurization tower.

The working media and structural parameters of the desulfurization tower involved
in solving the model are shown in Table 1.
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Table 1. The working media and structural parameters of the desulfurization tower.

Item Value

Boiler parameters (t/h) 50
Coal burning quantity (t/h) 8
Flue gas volume (Nm3/h) 110,000

Desulfurizer concentration (%) 0.15
Desulfurizer density (kg/m3) 1100

Sulfur dioxide mass concentration (mg/m3) 827
Flue gas moisture content (kg/kg) 0.05

Mg–S ratio 3.3
Liquid–gas ratio 1.67
Air excess factor 1.6

Flue gas velocity (m/s) 4
Flue gas temperature (◦C) 165

Droplet velocity (m/s) 5
Droplet temperature (◦C) 45
Reaction zone length (m) 4.5

2.4. Integrated System of Desulfurization Tower and Open Slurry Pool

Figure 3 show the treatment of desulfurization slurry by the desulfurization tower.
The heat exchange of the desulfurization slurry consists of five parts: heating an amount of
slurry in the desulfurization scrubber Q1, heat dissipation Q2 caused by water evaporation
in the aeration tank, sedimentation tanks and circulation tanks, heat dissipation Q3 from
convective heat transfer, heat loss Q4 from the aeration tank, sedimentation tank and the
surface, pool bottom, pool wall, pipeline and equipment of the circulation pool and heat
loss Q5 caused by sewage discharge and water replenishment.
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Figure 3. Flue gas desulfurization system diagram of a coal-fired boiler.

When the heating capacity is greater than the heat dissipation capacity, the slurry
temperature will continue to rise during the cycle. After the slurry temperature increases,
the heating temperature difference of the slurry in the desulfurization tower is reduced,
and the heating amount is decreased. At the same time, the heat dissipation of the aeration
tank, sedimentation tank and the circulation tank and the convective heat transfer increase,
so the slurry temperature rises slowly in the later stage. During the cycle, the amount of
heat and heat dissipation will gradually approach a steady-state equilibrium. The model of
the integrated system is based on this principle.

According to the energy conservation, the following formula can be obtained:

Q1 − Qs = Mdcp,d
dtd
dτ

(14)
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The heating capacity of the desulfurization tower is mainly caused by the contact heat
transfer between the slurry and the flue gas in the tower. The heat obtained from the slurry
belongs to the total heat transfer, which can be obtained by convection according to the
relationship between the convection heat transfer and the total heat transfer. The formula
is as follows:

Q1 = ω·hgd·Agd·
(
tg − td

)
(15)

Figure 4a show the relationship between convective heat transfer and the total heat
varies with the reaction zone height of the desulfurization tower. The equation obtained
from the data can be written as:

ω1 = 0.0222X + 1 (16)
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Figure 4. Ratio of convective heat transfer to total heat of flue gas and slurry. (a) Effect of reaction
zone height on the ratio of convective heat transfer to total heat. (b) Effect of slurry inlet temperature
on the ratio of convective heat transfer to total heat.

From Figure 4b, when flue gas temperature is constant, and the slurry inlet temperature
is changed, the relationship between convective heat transfer and total heat transfer can be
expressed as:

ω2 = 1.714 − 0.023·td − 2.64 × 10−5·t2
d (17)

Reconfiguring Equations (16) and (17), the ratio of convective heat transfer to total
heat transfer is shown in Table 2. Take the average of ω1, and we get ω1 = 1.0444; take
the average of ω2, and we get ω2 = 0.8; take the average of ω1 and ω2, and we finally get
ω = 0.9222.

Table 2. The ratio of convective heat transfer to total heat transfer.

Item Value

Reaction zone height (m) 0 1 2 3 4
ω1 1 1.0222 1.0444 1.0666 1.0888

td (◦C) 30 35 40 45 50
ω2 1.0024 0.87666 0.75176 0.62554 0.498

Heat dissipation Q2 of aeration tank, sedimentation tank and circulation tank surface
can be expressed as:

Q2 = Pwtd·As(0.0174V + 0.0229)(Ptd − Pta)
760
B

(18)

The surfaces of the aeration tank, sedimentation tank and circulation tank also carry
out convective heat transfer Q3 with the air.

Q3 = had As
(
td − ta

)
(19)
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The heat lost Q4 from the bottom of the tank, the wall of the tank, the pipeline and
the equipment, etc., should be 20% of the evaporation loss on the surface of the pool water
according to experience:

Q4 = 0.2Q2 (20)

The heat loss Q5 from sewage discharge can be written as:

Q5 = 0.1Q2 (21)

By summing up all the types of heat dissipation mentioned above, the aggregate heat
dissipation coefficient ψ can be calculated using the following relation:

Qs = ψ
(
td − ta

)
(22)

ψ = 2·2260·As(0.0174V + 0.0229) + 1.3had As (23)

The heat release of flue gas is equal to the total heat gain of flue gas and slurry:

Mgcp,g

(
tg(in) − tg(out)

)
= ωhad Agd

( tg(in) + tg(out)

2
− td

)
(24)

ty(out) =

(
ρgcp,gVg − 1

2 ωhad Agd

)
(

ρgVgcg +
1
2 ωhad Agd

) ty(in) +
ωhad Agd(

ρgVgcp,g +
1
2 ωhad Agd

) td (25)

By reconfiguring these relations and setting initial conditions (τ = 0, ta = td0 = 20 ◦C,
As = 100 m2), the equilibrium slurry temperature can be written as:

td = td0 +

(
ωhad Agd·ty + ψta

ωhad Agd + ψ
+ td0

)[
1 − exp

(
−

ωhad Agd + ψ

Mpcp,d
τ

)]
(26)

2.5. Model for Flue Gas Desulfurization-Waste Heat Recovery System

The flue gas desulfurization-waste heat recovery system is composed of a waste heat
recovery heat exchanger on the basis of the original flue gas desulfurization system in order
to ensure that the slurry temperature does not continue to rise during the cycle. The system
flow chart is shown in Figure 5. Qx indicates the heat taken away by the heat exchanger to
ensure the slurry temperature.
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According to the balance of heat, the following formula can be obtained:

Q1 − Qs − Qx = Mdcp,d
dtd
dτ

(27)

Modeling in a similar way to Section 2.4, the slurry temperature can be expressed as:

td = td0 +

(
ωhad Agd·tg + ψta + ked Aedtx

ωhad Agd + ψ + ked Aed
+ tw0

)[
1 − exp

(
−

ωhad Agd + ψ + ked Aed

Mpcp
τ

)]
(28)

Based on the above modeling, the heat transfer characteristic parameters and structural
parameters of the required heat exchanger are calculated and analyzed. The area of the
heat exchanger is adjusted according to the change of various influencing factors to reach
the appropriate temperature of the desulfurization slurry. The main parameters of the
designed immersion heat exchanger are shown in Table 3.

Table 3. The main parameters of the designed immersion heat exchanger.

Item Flue Gas Secondary Water

Inlet temperature (◦C) 165 45
Outlet temperature (◦C) 121 50

Flow (m3/h) 110,925 200
Velocity of flow (m/s) - 1.81

Pipe diameter - DN200

3. Results and Discussion

The slurry flows from top to bottom, and the direction of flue gas is opposite. With
the inlet of the slurry as x = 0 and the direction of the slurry flow as the positive axis,
the coordinate system was established. The reaction of the slurry with different droplet
diameters (0.5 mm, 0.7 mm, 0.9 mm) was studied.

3.1. Effect of the Key Parameters in the System on Desulfurization Efficiency
3.1.1. Effect of the Reaction Zone Height on Desulfurization Efficiency

The goal of the desulfurization tower is high-efficiency desulfurization. By analyzing
the change of SO2 concentration in the flue gas with the height of the reaction zone, the
desulfurization situation in the tower can be grasped.

The changes in the content of SO2 in the flue gas and the desulfurization efficiency
with the height of the reaction section are shown in Figure 6a. It can be found that no matter
what the droplet diameter is, the desulfurization efficiency of slurry to SO2 decreases with
the increase of the reaction zone height, but the decreasing rate increases. This is because,
with the progress of the reaction, the slurry continuously absorbs the SO2 in the flue gas
resulting in a continuous decline in the treatment capacity of the slurry to SO2. Comparing
the change in the desulfurization efficiency of the slurry to SO2 in the case of different
diameter droplets with the reaction zone height, it can be seen that the desulfurization
efficiency of slurry to SO2 is largely affected by the initial diameter of droplets. The smaller
the diameter is, the higher the desulfurization efficiency of slurry to SO2 is, but the faster
the decreasing rate is. In the case of a smaller diameter, the content of sulfur dioxide in
the flue gas with the same content of sulfur dioxide can be reduced, which is beneficial
to environmental protection. In other words, the particle size, to a large extent, directly
determines how much sulfur dioxide is reacted in the flue gas.
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3.1.2. Effect of the Flue Gas Inlet Temperature on Desulfurization Efficiency

The outlet temperature of flue gas and the moisture content in the flue gas can in-
directly reflect the effect of heat and mass transfer in the desulfurization tower. In fact,
because there is no suitable way to recover the energy carried by flue gas, the lower the
outlet temperature and moisture content, the better.

Figure 6b show that in the case of different droplet diameters, the desulfurization
efficiency changes with the flue gas inlet temperature. Under the same droplet diameter,
the desulfurization efficiency fluctuates little with the flue gas inlet temperature. The initial
equivalent diameter of droplets has a slight influence on the desulfurization efficiency, and
the desulfurization efficiency is the highest when the droplet diameter is 0.5 mm. According
to the above results, it can be found that when the flue gas inlet temperature varies from
145 ◦C to 175 ◦C, the effect it has on the parameters in the desulfurization towers is not
particularly obvious.

3.1.3. Effect of the Slurry Inlet Temperature on Desulfurization Efficiency

The desulfurization of slurry is a continuous cyclic reaction. Under the actual opera-
tion, the slurry temperature of the desulfurization tower continues to increase. At a certain
temperature, the energy of the slurry can continue to be used. Therefore, to a certain extent,
the higher the outlet temperature of the slurry, the better.

Figure 6c describe the correlation between the desulfurization efficiency and the
change of slurry inlet temperature in the case of different droplet diameters. The desul-
furization efficiency of the tower does not change much before 40 ◦C, and all of them
remain relatively high. With the increase of the slurry inlet temperature, the desulfurization
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efficiency began to decrease rapidly after 45 ◦C. When the diameter changes, by comparing
the three straight lines, it can be found that the desulfurization efficiency is greatly affected
by the initial diameter of the droplet. At the same initial slurry inlet temperature, the
smaller the diameter is, the higher the desulfurization efficiency is. It can be found that the
desulfurization efficiency is insensitive to the change of slurry temperature before 50 ◦C,
and then it will be greatly affected by the change of slurry temperature.

3.1.4. Effect of the Gas-Liquid Ratio on Desulfurization Efficiency

In the actual project of wet magnesium desulfurization, the liquid–gas ratio is gen-
erally between 1 and 3, according to experience. In order to improve the efficiency of
desulfurization and ensure that sulfur dioxide is absorbed as much as possible, it is natural
that the larger the liquid–gas ratio, the better. However, a large liquid–gas ratio will lead to
a serious waste problem, so it is necessary to find a suitable value.

Figure 6d show the relationship between the desulfurization efficiency and the liquid–
gas ratio in the case of different droplet diameters. The desulfurization efficiency decelerates
slowly with the increase of the liquid–gas ratio. When the diameter is constant, by a single
curve taken as an example to analyze, the desulfurization efficiency increases rapidly with
the increase of the liquid-gas ratio and then becomes flat. Comparing the three straight
lines, it can be found that under the same liquid–gas ratio, the smaller the equivalent
diameter, the greater the desulfurization efficiency. However, when the liquid–gas ratio
is greater than three, the effect of the liquid–gas ratio on the desulfurization efficiency is
small.

To sum up, the equivalent diameter of the slurry droplet directly affects the heat and
mass transfer capacity of the slurry to a great extent. In the case of the smaller diameter,
the heat and mass transfer are relatively more active. As a result, under the condition of
ensuring the stability of the system, the selection of smaller diameters has a better effect on
the desulfurization process.

3.2. Effect of Working Conditions on the Integrated System

From the analysis of the modeling formula of the system, it is known that the per-
formance of the system is mainly determined by heating and heat dissipation; however,
heating and heat dissipation have different influence parameters. Therefore, a control
variable method is used to discuss the different influence parameters. According to the
simplification, the equation of the slurry temperature with time is obtained. The influence
of heat dissipation on the slurry temperature is determined by the control variable method.
The main influencing factors of heat dissipation are wind speed, heat dissipation area and
ambient temperature by the definition of ψ.

3.2.1. Effect of Wind Speed on the Integrated System

Figure 7 show the relationship between slurry equilibrium temperature and wind
speed. From the analysis of a single curve, the slurry temperature increases rapidly at first
and then tends to a smooth curve after approximately 10 h. Subsequently, the rising trend
of the temperature slowed down, and the temperature remained stable after twenty hours.
According to the longitudinal comparison, in the case of different wind speeds, the rising
speed of the final desulfurization slurry temperature is different, and the stable slurry
temperature is also unequal. Generally speaking, the smaller the wind speed, the faster
the temperature rises. It can be seen from Figure 7 that the slurry equilibrium temperature
decreases with the increase of wind speed. The reason is that the increase of wind speed
leads to the increase of evaporation heat dissipation.
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3.2.2. Effect of Heat Dissipation Area on the Integrated System

Figure 8 show the relationship between slurry equilibrium temperature and heat
dissipation area. According to Figure 8, the slurry equilibrium temperature decreases
gradually with the increase of the heat dissipation area of the sedimentation tank and
circulation tank in the outdoor aeration tank. The temperature first increased rapidly and
then began to flatten at approximately 10 h. After 10 h, the temperature reached a stable
level and did not change. Longitudinal comparison analysis shows that the smaller the
heat dissipation area of the outdoor aeration tank, the smaller the sedimentation tank and
the circulation tank, the faster the temperature rises. In the case of the different surface
areas of the heat sink, the time required to increase to the most suitable temperature for
desulfurization is different.
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3.2.3. Effect of Ambient Temperature on the Integrated System

Figure 9 show the relationship between slurry equilibrium temperature and ambient
temperature. It can be found that the slurry equilibrium temperature increases gradually
with the increase of ambient temperature. The influence of ambient temperature on slurry
temperature with time is similar to that of the above heat dissipation area. The vertical
comparison shows that the final desulfurization slurry temperature rises at different speeds
under different ambient temperatures. The higher the ambient temperature of the flue gas is,
the faster the temperature rises. The time required to increase the equilibrium temperature
of the desulfurization slurry is different under the temperature of different environments.
The higher the ambient temperature of the flue gas, the faster the temperature rises. The
time required to increase the equilibrium temperature of the desulfurization slurry is
unequal under the different ambient temperatures. The higher the ambient temperature,
the higher the equilibrium temperature of the desulfurization slurry.
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3.3. Effect of Working Conditions on the Heat Transfer Area

As is shown in Figure 6c, when the temperature of desulfurization slurry increases
by 1 ◦C–2 ◦C, the efficiency of desulfurization will decrease by 4% and 5%. The change
of temperature has an obvious effect on the desulfurization efficiency. When the slurry
temperature is higher than 55 ◦C, the desulfurization efficiency can only reach 60–65% of
that under normal conditions, which greatly reduces the working efficiency of the desulfur-
ization tower and causes the waste of the desulfurizer. In order to ensure desulfurization
efficiency, it is necessary to keep the final temperature of the slurry at less than 55 ◦C.
Therefore, the desulfurization system needs to add a waste heat exchanger to absorb excess
heat.

The influence of multiple factors on the heat transfer area of the waste heat exchanger is
analyzed in order to achieve maximum heat transfer efficiency. The heat transfer efficiency
can be obtained from the comparison of the heat transfer area when reaching a certain
slurry equilibrium temperature. By analyzing the mathematical modeling formula, we can
see that its influence factors are the same as those of the integrated system.

3.3.1. Effect of Wind Speed on the Heat Transfer Area

Figure 10 show the relationship between heat transfer area and wind speed. When
the slurry equilibrium temperature is constant, the area of the replacement waste heat
exchanger is negatively correlated with the wind speed. In a practical sense, the greater the
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wind speed, the less heat is replaced. When the wind speed is constant, the equilibrium
temperature of the desulfurization slurry is positively correlated with the area of the
replacement waste heat exchanger. The higher the corresponding slurry equilibrium
temperature is, the less the area is needed, and the less the waste heat can be utilized.
When the wind speed is higher, the area difference of replacement waste heat exchanger
is more obvious. Therefore, under all certain conditions, the smaller the wind speed, the
more appropriate. When the wind speed is 0 m/s, it is in the best working condition. The
specific operation method is to add a cover to the heat dissipation surface of the aeration
tank, sedimentation tank and circulation tank, which can effectively reduce unnecessary
heat dissipation waste.
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3.3.2. Effect of Heat Dissipation Area on the Heat Transfer Area

The relationship between the heat transfer area and the heat dissipation area of the
aeration tank, sedimentation tank and circulating tank can be seen in Figure 11. When
the slurry equilibrium temperature is constant, the area of the replacement waste heat
exchanger is negatively correlated with the heat dissipation area. The larger the heat
dissipation area, the smaller the required heat exchanger area. When the area of the
aeration tank is constant, the larger the area of the replacement heater, the lower the
slurry equilibrium temperature. Under all conditions, the smaller the surface area of the
slurry pool, the higher the equilibrium temperature. However, with the reduction of the
heat dissipation area of the aeration tank, the function of the sedimentation tank and the
circulation tank cannot be fully reflected, resulting in a great decline in the reaction effect.
Therefore, there is an optimal working point, which can not only ensure that the role of
the aeration tank sedimentation tank and circulation tank can be fully reflected but also
effectively reduce the unnecessary waste of heat dissipation.

3.3.3. Effect of the Lumped Average Temperature of the Flue Gas on the Heat Transfer Area

When the heat dissipation capacity of the aeration tank of the desulfurization tower is
certain, the heating capacity of the desulfurization tower determines the amount of energy
that the final heat exchanger can exchange. Figure 12 show the relationship between the
heat transfer area and the lumped average temperature of the flue gas. The area of the heat
exchanger is positively correlated with the lumped average temperature of flue gas. When
the lumped average temperature of flue gas is constant, the area of the heat exchanger for
replacement waste heat is larger in order to achieve a lower equilibrium temperature of
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the desulfurization slurry. The smaller the lumped average temperature of flue gas, the
more obvious the difference of the heat exchanger area of replacement waste heat. With
the increase of the lumped average temperature of the flue gas, it means that the flue gas
temperature in and out of the desulfurization tower will increase, which will increase the
heat that can be raised at the heat exchanger, but the cooling effect of the desulfurization
tower on the flue gas is not so obvious. If the temperature of the desulfurization flue gas is
too high, it will damage the equipment to a certain extent. Therefore, there is a point of
optimal working conditions.

Membranes 2022, 12, x FOR PEER REVIEW 16 of 21 
 

 

 

Figure 11. Effect of heat dissipation area on the heat transfer area. 

3.3.3. Effect of the Lumped Average Temperature of the Flue Gas on the Heat Transfer 

Area 

When the heat dissipation capacity of the aeration tank of the desulfurization tower 

is certain, the heating capacity of the desulfurization tower determines the amount of en-

ergy that the final heat exchanger can exchange. Figure 12 show the relationship between 

the heat transfer area and the lumped average temperature of the flue gas. The area of the 

heat exchanger is positively correlated with the lumped average temperature of flue gas. 

When the lumped average temperature of flue gas is constant, the area of the heat ex-

changer for replacement waste heat is larger in order to achieve a lower equilibrium tem-

perature of the desulfurization slurry. The smaller the lumped average temperature of 

flue gas, the more obvious the difference of the heat exchanger area of replacement waste 

heat. With the increase of the lumped average temperature of the flue gas, it means that 

the flue gas temperature in and out of the desulfurization tower will increase, which will 

increase the heat that can be raised at the heat exchanger, but the cooling effect of the 

desulfurization tower on the flue gas is not so obvious. If the temperature of the desulfu-

rization flue gas is too high, it will damage the equipment to a certain extent. Therefore, 

there is a point of optimal working conditions. 

Figure 11. Effect of heat dissipation area on the heat transfer area.

Membranes 2022, 12, x FOR PEER REVIEW 17 of 21 
 

 

 

Figure 12. Effect of the lumped average temperature of the flue gas on the heat transfer area. 

3.3.4. Effect of Ambient Temperature on the Heat Transfer Area 

Figure 13 show the relationship between the area of the waste heat exchanger and 

outdoor ambient temperature. When the slurry equilibrium temperature is constant, the 

heat exchanger area of replacement waste heat is positively correlated with the tempera-

ture of the environment. The higher the ambient temperature, the more heat needs to be 

replaced in the same case. When the ambient temperature is constant, the lower the equi-

librium temperature of the final desulfurization slurry required and more heat transfer 

area is needed. Generally speaking, the ambient temperature is uncontrollable, but we can 

do some thermal insulation measures, such as setting up the wall of the thermal insulation 

pool, adding a lid to the surface of the open slurry pool and so on. 

 

Figure 13. Effect of ambient temperature on the heat transfer area. 

3.4. Economic Feasibility Analysis 

Figure 12. Effect of the lumped average temperature of the flue gas on the heat transfer area.

3.3.4. Effect of Ambient Temperature on the Heat Transfer Area

Figure 13 show the relationship between the area of the waste heat exchanger and
outdoor ambient temperature. When the slurry equilibrium temperature is constant, the
heat exchanger area of replacement waste heat is positively correlated with the temperature
of the environment. The higher the ambient temperature, the more heat needs to be replaced
in the same case. When the ambient temperature is constant, the lower the equilibrium
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temperature of the final desulfurization slurry required and more heat transfer area is
needed. Generally speaking, the ambient temperature is uncontrollable, but we can do
some thermal insulation measures, such as setting up the wall of the thermal insulation
pool, adding a lid to the surface of the open slurry pool and so on.
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3.4. Economic Feasibility Analysis

According to the economic benefit, the whole desulfurization tower and the heat
recovery system are studied and analyzed. Under the conditions of the construction costs
of the desulfurization tower and waste heat recovery device, the operating raw material
cost of the system, the expenses of operation and maintenance, the thermal process pa-
rameters, the environmental parameters and the recoverable heat energy are known, the
effects of uncontrollable conditions such as flue gas inlet temperature and slurry inlet
temperature of the system and controllable conditions such as the liquid–gas ratio and
wind speed on the surface of open aeration tank on the economic index of the integrated
system are studied. At the same time, the maximum value of the economic benefit is
taken as the objective function to find the optimal solution. Taking the annual compre-
hensive benefit index of the integrated system as the objective function, in the process of
analysis, the annual comprehensive benefit is converted into the difference between the
annual comprehensive income and the comprehensive cost. Taking the working condition
(A = 100 m2, v = 0 m/s, tg= 165 ◦C, ta= 20 ◦C) as an example, we can get the results
shown in Tables 4 and 5.

Table 4. The cost parameters of flue gas desulfurization-waste heat recovery system.

Item Value

Heat exchanger (Ten thousand yuan/m2) 0.15
Heat exchanger area (m2) 550

Instrument pump pipeline (Ten thousand yuan) 21
Civil engineering installation (Ten thousand yuan) 25

Cover plate (Ten thousand yuan) 4
Tax revenue (Ten thousand yuan) 15.63

Total (Ten thousand yuan) 148.13
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Table 5. The benefit parameters of flue gas desulfurization-waste heat recovery system.

Item Value

Operating time (h/year) 4380
Conversion price of calorific value (yuan/GJ) 40

Heat recovery efficiency (%) 80
Saving energy (kW) 1461

Total (Ten thousand yuan) 73.7

Tables 4 and 5 show that even if there is an initial investment, the recovery of waste
heat is a single increase. Using the calculation of costs and benefits, it can be determined
that the cost can be recovered in two years. From an economic point of view, it is a suitable
investment project.

4. Conclusions

One new type of flue gas desulfurization-waste heat recovery system was put forward.
A model for heat and mass transfer in the spray desulfurization tower and a desulfurization
tower and open slurry pool integrated system were set up. The effects of the reaction
zone height, flue gas inlet temperature, slurry inlet temperature and gas–liquid ratio on
desulfurization efficiency were discussed. The influence of working conditions on the
working characteristics of the system were studied. The main results and conclusions are
summarized as follows:

(1) The mathematical and physical models were established from the liquid phase and
gas phase, respectively. Through these models, five related models about Q, xg, td, tg
and cso2 were determined. The numerical method was developed here to ensure the
correctness and convergence of the results.

(2) The desulfurization efficiency was analyzed thoroughly. The desulfurization efficiency
decreases gradually along the height of the reaction zone. The smaller the initial
equivalent diameter of the droplet, the greater the desulfurization efficiency. The
desulfurization efficiency tends to be flat when the inlet temperature of flue gas is
between 155 ◦C and 175 ◦C. When the slurry inlet temperature is lower than 40 ◦C,
the desulfurization efficiency does not change much with the slurry temperature.
When the slurry inlet temperature is higher than 55 ◦C, the desulfurization efficiency
is highly affected by the slurry temperature change.

(3) The influence of the working conditions on the desulfurization system was also
discussed in detail. It can be found that the order of influence degree to the desul-
furization system is as follows: the outdoor wind speed is the strongest, the surface
area of the open slurry pool is the second, the average flue gas temperature is slightly
weaker and the outdoor ambient temperature is the weakest.

(4) The economic analysis of the desulfurization system was carried out using the annual
cost method, and the comprehensive net benefit of the known year is positive, which
proves the economic feasibility of the desulfurization system.
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Nomenclature
A0 cross-sectional area of desulfurization tower, m2

Aed heat transfer area between heat exchanger and slurry, m2

Agd contact area between flue gas and slurry, m2

Ai convective heat transfer area of flue gas and slurry droplets in the i-th micro-element, m2

As area of the slurry pool, m2

B atmospheric pressure, mmHg
Cp,d specific heat capacity of slurry droplet, J/(kg·k)
Cp,g specific heat capacity of flue gas, J/(kg·k)
Cp,w specific heat capacity of water vapor, J/(kg·k)
CSO2 concentration of sulfur dioxide in droplets, mol/m3

Dd slurry droplet diameter, m
Hx Henry’s constant, mol/(kg·Pa)
had convective heat transfer coefficient between slurry and air, kW/(m2·K)
hgd convective heat transfer coefficient between slurry and flue gas, kW/(m2·K)
iwa enthalpy of wet air, kJ
ked heat transfer coefficient between heat exchanger and slurry, W/(m2·K)
kgd mass transfer coefficient of water vapor, kg/(m2·s)
kSO2 mass transfer coefficient of sulfur dioxide, m/s
md quality of slurry droplets, kg
N rate of droplet production
Ptd partial pressure of water vapor at slurry temperature, mmHg
Pta partial pressure of water vapor at air temperature, mmHg
R Gas constant, 8314 J/(mol·k)
Rd slurry droplet radius, m
rwtg latent heat of vaporization of water in a slurry at a temperature of tg, kJ/kg
ta ambient temperature, ◦C
td slurry temperature ◦C
tg flue gas temperature ◦C
td average temperature of slurry droplet, ◦C
tg average temperature of flue gas, ◦C
tdi

temperature of the slurry in the i-th micro-element, ◦C
tgi temperature of the flue gas in the i-th micro-element, ◦C
ud velocity of slurry droplet, m/s
ug velocity of flue gas, m/s
V wind speed on the surface of the slurry pool, m/s
X reaction zone height, m
xd moisture content of slurry, kg/kg
xg moisture content of flue gas, kg/kg
Greek symbols
η desulfurization efficiency of sulfur dioxide, %
τ time, h
ω connection between convective heat transfer and total heat of slurry
ψ aggregate heat dissipation coefficient, kW/(m2·K)
Subscripts
a air
d slurry droplet
g flue gas
w water vapor
SO2 sulfur dioxide
ag air and slurry droplet
ed heat exchanger and slurry
gd flue gas and slurry droplet
wa wet air



Membranes 2022, 12, 47 19 of 19

References
1. Song, Y. Research and development of low-temperature flue gas waste heat recovery system for district heating industrial boiler.

Harbin Inst. Technol. 2013, 3, 90–91.
2. Nengxiao, X. Analysis of energy efficiency in China. Coal Econ. Res. 2004, 9, 4–7.
3. Zhu, K.; Xia, J.; Xie, X.; Jiang, Y. Total heat recovery of gas boiler by absorption heat pump and direct-contact heat exchanger.

Appl. Therm. Eng. 2014, 71, 213–218. [CrossRef]
4. Che, D.; Liu, Y.; Gao, C. Evaluation of retrofitting a conventional natural gas fired boiler into a condensing boiler. Energy Convers.

Manag. 2004, 45, 3251–3266. [CrossRef]
5. Lee, C.-E.; Yu, B.; Lee, S. An analysis of the thermodynamic efficiency for exhaust gas recirculation-condensed water recirculation-

waste heat recovery condensing boilers (EGR-CWR-WHR CB). Energy 2015, 86, 267–275. [CrossRef]
6. Matsui, H.; Linura, H. Treatment of incinerator flue gases with magnesium hydroxide. 1994, A2, P06–P130.
7. Berman, Y.; Nklevsky, A.; Orenetal, Y. Modeling and experimental studies of SO2 absorption in coaxial cylinders with impinging

streams: Part II. Chem. Eng. Sci. 2000, 55, 1023–1028. [CrossRef]
8. Akiyoshi, T. Waste Gas Desulfurization Using Magnesium Hydroxide with Improved Utilization Factor of Treatment Agent.

Japan Patent No. 2001179048A2, 2 July 2001.
9. Koyama, H. Apparatus for Desulfurization of Flue Gases with Recycling Magnesium Oxide and Recovering Sulfur Acid. Japan

Patent No. 10109013, 28 April 1998.
10. Seader, J.D. The rate-based approach for modeling staged separation. Chem. Eng. Prog. 1989, 85, 41–49.
11. Wang, W. Research on Gas-Liquid Mass Transfer and Reaction Characteristics in Absorption Process of Sodium-Alkali Flue Gas

Desulfurization. Ph.D. Thesis, Tianjin University, Tianjin, China, 2007.
12. Wang, S.; Zhao, L.; Wang, C.; Liu, Y.; Gao, J.; Liu, Y.; Cheng, Q. Numerical simulation of gas–solid flow with two fluid model in a

spouted-fluid bed. Particuology 2014, 14, 109–116. [CrossRef]
13. Chen, B.; Sun, F.; Gao, M.; Shi, Y. A 1-D model of spraying performance for wet flue gas desulfurization scrubber based on

predicted slurry temperature. Appl. Therm. Eng. 2019, 155, 259–266. [CrossRef]
14. Qiao, Z.; Wang, X.; Gu, H.; Tang, Y.; Si, F.; Romero, C.E.; Yao, X. An investigation on data mining and operating optimization for

wet flue gas desulfurization systems. Fuel 2019, 258, 116178. [CrossRef]
15. Qin, M.; Dong, Y.; Cui, L.; Yao, J.; Ma, C. Pilot-scale experiment and simulation optimization of dual-loop wet flue gas

desulfurization spray scrubbers. Chem. Eng. Res. Des. 2019, 148, 280–290. [CrossRef]
16. Zou, J. Design and Configuration of Flue Gas Desulfurization Engineering System for a 2 × 660 MW Unit; Guangdong Electric Design

Institute: Guangzhou, China, 2011; Volume 22.
17. Silverman, I.; Sirignano, W. Multi-droplet interaction effects in dense sprays. Int. J. Multiph. Flow 1994, 20, 99–116. [CrossRef]
18. Jiangping, L. Discussion on the different forms of variables in the expression of Henry’s law. Liaoning Chem. Ind. 2014, 43,

1515–1516.

http://doi.org/10.1016/j.applthermaleng.2014.06.047
http://doi.org/10.1016/j.enconman.2004.01.004
http://doi.org/10.1016/j.energy.2015.04.042
http://doi.org/10.1016/S0009-2509(99)00381-4
http://doi.org/10.1016/j.partic.2013.04.011
http://doi.org/10.1016/j.applthermaleng.2019.03.064
http://doi.org/10.1016/j.fuel.2019.116178
http://doi.org/10.1016/j.cherd.2019.06.011
http://doi.org/10.1016/0301-9322(94)90008-6

	Introduction 
	Calculation Models for the Wet Flue Gas Desulfurization System 
	Assumptions and Simplifications for Models 
	Model for Heat and Mass Transfer 
	Calculation of Heat and Mass Transfer Model 
	Integrated System of Desulfurization Tower and Open Slurry Pool 
	Model for Flue Gas Desulfurization-Waste Heat Recovery System 

	Results and Discussion 
	Effect of the Key Parameters in the System on Desulfurization Efficiency 
	Effect of the Reaction Zone Height on Desulfurization Efficiency 
	Effect of the Flue Gas Inlet Temperature on Desulfurization Efficiency 
	Effect of the Slurry Inlet Temperature on Desulfurization Efficiency 
	Effect of the Gas-Liquid Ratio on Desulfurization Efficiency 

	Effect of Working Conditions on the Integrated System 
	Effect of Wind Speed on the Integrated System 
	Effect of Heat Dissipation Area on the Integrated System 
	Effect of Ambient Temperature on the Integrated System 

	Effect of Working Conditions on the Heat Transfer Area 
	Effect of Wind Speed on the Heat Transfer Area 
	Effect of Heat Dissipation Area on the Heat Transfer Area 
	Effect of the Lumped Average Temperature of the Flue Gas on the Heat Transfer Area 
	Effect of Ambient Temperature on the Heat Transfer Area 

	Economic Feasibility Analysis 

	Conclusions 
	References

