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a b s t r a c t
After the promulgation of the “water pollution control action plan” in China, zero liquid discharge 
(ZLD) of flue gas desulfurization (FGD) wastewater has become a hot spot for electric power con-
servation. In this paper, key factors affecting spray evaporation and optimum conditions were stud-
ied through laboratory experiments and industrial applications. The research results show that 
small atomized particle size, high flue gas flow rate, and high flue gas temperature were conducive 
to the complete evaporation, The optimum parameters through our lab test are listed as, flue gas 
temperature 300°C, the liquid flow rate 150 ml/min, the compressed air flow rate 15 L/min and the 
flue gas flow rate 300 m3/h; What’s more, industrial test was conducted in one specific power plant, 
the system can be safely run and the complete evaporation can be realized. The bypass flue has no 
adverse effects on subsequent equipment. This paper provides an optimized scheme for the FGD 
wastewater ZLD process and data to support achieving the FGD wastewater complete evaporation.
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1. Introduction

Since the promulgation of the “Water Pollution Control
Action Plan” in China [1], the flue gas desulfurization (FGD) 
wastewater with the problems of complex compositions and 
poor water quality has been widely concerned. As for desul-
furization wastewater treatment, previous studies mainly 
focused on single pollutant removal and membrane purifi-
cation to meet the discharge standard or reuse. Huang et al. 

[2,3] explored the removal performance of heavy metals in 
desulfurization wastewater using hybrid zero-valent iron, 
and the results showed that the removal efficiency of Se and 
Hg was more than 99%. Cui et al. [4] studied the electroly-
sis–electrodialysis process for removing chloride ion in wet 
FGD wastewater and the removal efficiency reached 83.3%. 
Na et al. [5] investigated the process feasibility of ultrafiltra-
tion-nanofiltration-reverse osmosis (UF-NF-RO) for treating 
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desulfurization wastewater and producing the sulfuric acid 
and ammonium salt at the same time, the results showed in 
the process desulfurization wastewater could achieve the 
discharge standard and the by-production purity was high.

On June 9, 2017, the Ministry of Environmental Protection 
issued “Thermal Power Plant Pollution Prevention and 
Control Technology Policy” [6] and “Thermal Power Plant 
Pollution Prevention and Control of Feasible Technical 
Guidelines” [7] to regulate the emissions of wastewater, 
noise, solid waste and other pollutants from the power plants, 
which pointed out that water pollution should be controlled 
through rain and sewage diversion, reclaimed water reuse, 
and the combination of centralized and decentralized treat-
ments; the FGD wastewater should be treated through neu-
tralization, precipitation, flocculation, clarification, and other 
traditional processes, and FGD wastewater evaporation by 
waste heat, as well as crystallization using heat method and 
other treatment processes, was encouraged. Therefore, the 
zero liquid discharge (ZLD) of FGD wastewater is imminent.

The FGD wastewater is dried with hot steam in the 
commonly used technologies of evaporation and crystalliza-
tion [8–10], but the system is complex with high investment 
and operation cost in present applications. The evaporation 
pond technology based on natural evaporation in some 
regions is simple and practical [11], but the efficiency is eas-
ily affected by season, temperature and other factors. The 
mechanical atomization evaporation technology has a large 
treatment capacity with low cost [12,13], but the salt pollu-
tion to the surrounding environment caused by wind loss 
is a serious problem that cannot be ignored. The wastewa-
ter is evaporated by flue gas waste heat in the traditional 
low-temperature flue evaporation technology [14,15], which 
works at 120°C–140°C after air preheater, with low invest-
ment and operating cost, but the evaporation efficiency is 
greatly influenced due to the low flue gas temperature by 
the fluctuation of boiler load. When the boiler load is low, 
the temperature of flue gas after air preheater may drop to 
110°C or even lower, leading to incomplete evaporation. 
In addition, the wide application of ultra-low temperature 
electrostatic precipitators shortens the effective length of the 
flue duct, limiting the evaporation amount and reducing its 
efficiency. New ZLD technology for FGD wastewater, the 
bypass flue duct evaporation technology, was put forward 
in this paper, as shown in Fig. 1.

FGD wastewater was pumped to the airflow atomizer 
at the top of bypass flue and then atomized into droplets. 
The hot gas was extracted before air-preheater for drying. 
The atomized droplets are mixed with hot gas in the bypass 
flue; after mass transfer and heat transfer, the dry process 
was completed in a short time. The salt generated in the dry-
ing process was sent back to the main flue before electrostatic 
precipitator (ESP) with flue gas and then captured by ESP. 
The disadvantages of traditional flue evaporation technol-
ogy mentioned above were overcome in the new technology 
effectively.

This paper analyzes the evaporation characteristics of 
bypass flue from laboratory experiments and field tests. The 
influences of the main parameters are explored. This study 
provides key data for the application of flue gas evaporation 
technology under high temperatures. The research results 

have important theoretical and practical values for the 
engineering practice of this technology.

2. Laboratory experiments

2.1. Experimental system

The experimental device of FGD wastewater evaporation 
is shown in Fig. 2. It consisted of two parts: flue gas heating 
and wastewater evaporation. First, the flue gas was intro-
duced into the evaporator through the bypass fan, the flue 
gas was heated by heating tube, and the flue gas temperature 
was controlled by the temperature measuring device. When 
reaching the desired flue gas temperature, the FGD waste-
water was atomized into small droplets through a two-fluid 
nozzle, and then fully contact with the high-temperature 
flue gas. Six temperature measurement points were set in 
the upper, middle and lower parts in the flue gas inlet, out-
let and flue respectively. The maximum simulated flue gas 
flow rate was 350 m3/h; the simulated flue gas temperature 
range was 100°C–400°C; the flow rate of FGD wastewater 
was up to 10 kg/L.

2.2. Determination of monitoring variables

2.2.1. Air characteristics [16,17]

The inlet air humidity in the experiment was obtained in 
the air enthalpy diagram at 20°C and 70% relative humidity. 
Each point in the figure indicates a certain nature and state 
of the humid air. As long as any two independent parameters 
are determined, another point can be determined.

Absolute humidity x =
−

0 622.
φ
φ
p

p p
s

s

 (1)

where φ represents relative humidity with the unit of %; ps 
represents saturated vapor pressure with the unit of kPa; p 
represents standard atmospheric pressure with the value of 
101.325 kPa.
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Fig. 1. Process of high-temperature bypass evaporation system.
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It is known that the saturated vapor pressure of air at 
20°C is 2.3346 kPa, and the absolute humidity of the inlet air 
at this time is calculated as x1 = 0.01 (kgH2O/kg dry air). The 
temperature of the outlet air can be directly read to determine 
the key characteristics of the inlet and outlet air. The essential 
is to determine the slope of the line between the inlet and 
outlet air points represented in the h–x diagram.

K c t qw m= − ∑1  (2)

∑ = +q q qm L �  (3)

When the solid content of FGD wastewater is small, the 
yield of the obtained product can be negligible, that is, qm = 0.

Take the total heat transfer coefficient between the 
surface of the spray drying tower and the atmosphere 
K = 25kJ/(m2 h°C). The heat dissipation surface area of the 
evaporator is:

A = ≈ × × =π πDH 0 2 3 1 884 2. . m  (4)

Heat loss of when evaporating 1 kg wastewater is:

q
KA t t

W
t t
WL =

−( )
=

−( )2 0 2 047 1.
 (5)

Specific heat capacity of FGD wastewater is cw = 4.186kJ/
(kg°C), tm1 = 20°C, the slope can be calculated:

K c t q
t t
Ww m= − ∑ = −
−( )

1
2 083 72

47 1
.

.  (6)

where t2 represents outlet temperature, °C; t0 represents 
atmosphere temperature, °C.

Because the magnitude of the inlet and outlet air abso-
lute humidity were 10–2, the numerical fluctuations reflected 
in the enthalpy value were not obvious, that is, the process 
can be approximated as an equal enthalpy process. Thereby 
the actual outlet air absolute humidity x2 can be obtained. 
If the water is completely evaporated under the condition of 

a certain amount of liquid M and the amount of inlet air Q, 
the water vapor generated by the partial evaporation of the 
water is completely transferred into the air before satura-
tion, which is significant compared with the inlet air humid-
ity. The increase of this part is converted into the absolute 
humidity to obtain the theoretical absolute humidity of the 
outlet air:

x x M
Q2 1= +  (7)

where x1 represents initial humidity of the air, 0.01 kg/kg; x2 
represents actual absolute humidity at the evaporator outlet, 
kg/kg.

2.2.2. Determination of complete evaporation

In order to facilitate data processing and judge the degree 
of evaporation, the concept of absolute humidity saturation 
is introduced.

∆ = ×
x
xs
2 100%  (8)

where xs is absolute saturation humidity of outlet air that 
can be obtained from h–x, before the outlet air humidity 
reached saturation, the larger Δ was the higher degree of 
evaporation of wastewater. When the outlet air reaches sat-
uration, Δ = 100%. The experiment is to find the point where 
Δ is exactly equal to 100%. It should be noted that the entire 
process must ensure that the outlet temperature is higher 
than the saturation temperature under the absolute humidity 
condition and that x2 is less than the saturation humidity of 
the entire process. The calculation parameters are shown in 
Table 1.

There are two criteria to judge complete evaporation:

• If evaporated completely, the actual outlet air absolute 
humidity should be equal to the theoretical outlet abso-
lute humidity. The simple criterion is that the evaporator 
outlet temperature is equal or slightly higher than the 
theoretical air absolute humidity when completely evap-
orated. The value of Δ can be used to judge the merits of 
the evaporation effect, the larger the Δ value is, the more 
beneficial to complete evaporation.

• If not completely evaporated, the simple criterion is 
that the outlet air temperature is much smaller than the 
theoretical air absolute humidity when it is completely 
evaporated. At this time, Δ = 100% is specified.

2.2.3. Temperature field

Twelve temperature probes were set up in the main 
evaporation area of the evaporator to measure the tempera-
ture field change in the evaporation area. The temperature 
change of the tower body can show the evaporation charac-
teristics of FGD wastewater in different areas. The more the 
temperature drops, the more intense evaporation happens 
in this area. What’s more, the other function of the probes 
was to observe the temperature drop in the main evaporation 
zone during the evaporation process. If the temperature drop 
was not obvious or even inversion of temperature occurs, it 
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Fig. 2. Experimental system.
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indicated that the droplets have been completely evaporated 
in the main evaporation zone.

2.3. Analysis of influencing factors

2.3.1. Liquid flow rate and gas–liquid ratio

When the flue gas temperature was 250°C, the flue gas 
flow rate was 250 m3/h, the air compressor inlet was 15 LPM, 
and the liquid inlet range was 50–180 ml/min, the tempera-
ture field with the change of the liquid flow rate is shown as 
follows:

It can be seen from Fig. 3 that as the amount of liquid 
entering increases, the main evaporation zone moves down. 
According to the evaporator outlet temperature, Figs. 3a–e 
can be completely evaporated, while Fig. 3f cannot. The 
absolute humidity saturation changes with the amount of 
liquid entering are as shown in Fig. 4, it can be seen that as 
the amount of liquid increases, the humidity of the outlet 
air gradually increases until saturation. Under this working 
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Fig. 3. Temperature field changing with the liquid flow rate. (a) 0, (b) 50, (c) 100, (d) 120, (e) 150, and (f) 180 ml/min.
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condition, the maximum processing capacity of the evapora-
tor will not exceed 180 ml/min.

2.3.2. Flue gas temperature

When the flue gas temperature range was 150°C–350°C, 
the flue gas flow rate was 300 m3/h, the air compressor inlet 
was 15 LPM, the liquid inlet was 150 ml/min, the temperature 
field with the change of flue gas temperature was shown as 
follows:

It can be seen from Fig. 5 that as the temperature of the 
inlet flue gas increases, the main evaporation zone shows 
a significant upward trend, (a and b) cannot be completely 
evaporated according to the evaporator outlet tempera-
ture, while (c–f) can be completely evaporated; the absolute 
humidity saturation varies with the amount of liquid is 
shown in Fig. 6. It can be seen that as the temperature of the 
inlet flue gas increases, the humidity of the outlet air grad-
ually increases until saturation, and the absolute humidity 
is saturated. The degree is gradually reduced, and it can be 
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Fig. 5. Temperature field changing with flue gas temperature. (a) 150°C, (b) 200°C, (c) 250°C, (d) 280°C, (e) 300°C, and (f) 350°C.
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explained that under this working condition, the inlet flue 
gas temperature should be higher than 200°C. At the same 
time, when the flue temperature reaches 250°C, the absolute 
humidity saturation decline trend is relatively slow, consider 
the energy-saving and operational safety of the system, the 
flue gas temperature should not exceed 300°C.

2.3.3. Flue gas flow rate

When the flue gas temperature was 250°C, the flue gas 
flow rate range was 150–350 m3/h, the air compressor inlet 
was 15 LPM, the liquid inlet was 150 ml/min. The tempera-
ture field with the change of flue gas flow rate is shown as 
follows:

From Fig. 7, as the amount of imported flue gas increases, 
the main evaporation zone moves up, according to the 
evaporator outlet temperature, (a and b) cannot be evapo-
rated, (c–e) can be completely evaporated; absolute humid-
ity saturation with the change of the amount of liquid shown 

in Fig. 8, it can be seen that with the increase of the amount 
of imported flue gas, the absolute humidity saturation grad-
ually decreases, the smaller the flue gas flow rate is, the 
lower the gas velocity is in the evaporator. The hot air with 
diminished ability carries droplets, which is not conducive 
to evaporation. Therefore, the flue gas flow should not be 
lower than 250 m3/h. In addition, considering the excessive 
amount of flue gas extracted during the industrial applica-
tion, the thermal efficiency of the boiler will decrease and 
the coal consumption will increase, the amount of extracted 
flue gas should not be too large.

2.4. Orthogonal experiment

To observe the interaction between the variables, com-
pare the influence of each variable on the evaporation effect, 
and judge the optimal operating parameters under multi- 
factors conditions, “Four-factors and Four-levels” orthog-
onal experiment was designed. To make the data more 
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Fig. 7. Temperature field changing with flue gas flow rate. (a) 150, (b) 200, (c) 250, (d) 300, and (e) 350 m3/h.
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intuitive, Δ = 0 was specified in the incomplete evaporation 
state. The optimal conditions under multi-factor conditions 
were selected based on the value of Δ. The experimental 
parameters and results are shown in Table 2.

It can be concluded that the settings of the 13th and 15th 
are suitable parameters because the processing capacity of 
the 13th is small, the 15th group is the most suitable one. The 
optimum parameters were that flue gas temperature was 
300°C, the liquid flow rate was 150 ml/min, the compressed 
air flow rate was 15 L/min and the flue gas flow rate was 
300 m3/h. The order of range is R1 > R4 > R2 > R3, which indi-
cates that flue gas temperature is the greatest impact on the 
system, followed by liquid flow rate, the flue gas flow rate 
and compressed air flow rate.

3. Industrial test

3.1. Evaporator experiment

The industrial test was carried out in one 300 MW coal-
fired power plant in Henan province, China, programmable 

Table 1
Calculated parameters

Temperature 150°C 200°C 250°C 280°C 300°C 350°C

Saturated humidity 0.65 0.83 0.102 0.11 0.12 0.14
Flue gas density 0.83 0.74 0.67 0.635 0.61 0.565
Saturation temperature 30°C 35°C 40°C 45°C 50°C 55°C
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Fig. 8. Absolute humidity saturation changing with flue gas flow 
rate.

Table 2
Conditions and results of the orthogonal experiment

Flue gas  
temperature, °C

Flue gas flow  
rate, m3/h

Compressed air  
flow rate, L/min

Liquid flow  
rate, ml/min

Δ

1 150 200 10 50 0
2 150 250 15 100 0
3 150 300 18 120 0
4 150 350 20 150 0
5 200 200 15 120 0
6 200 250 10 150 0
7 200 300 20 50 32.1
8 200 350 18 100 46.5
9 250 200 18 150 0
10 250 250 20 120 0
11 250 300 10 100 42.5
12 250 350 15 50 23.8
13 300 200 20 100 50
14 300 250 18 50 25
15 300 300 15 150 50
16 300 350 10 120 36.9
Kij 0.000 12.500 19.850 20.225
Kij 19.650 6.250 18.450 34.750
Kij 16.575 31.150 17.875 9.225
Kij 40.475 26.800 20.525 12.500
Ri 40.475 24.900 2.650 25.525
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logic controller was adopted by the bypass flue evaporation 
system to realize online remote monitoring of operating 
parameters and equipment conditions. Fig. 11 summarized 
the changes in various parameters during the bypass flue 
evaporation process. Temperature sensors were installed at 
the inlet, middle and outlet of the bypass flue respectively to 
monitor the temperature change, the evaporation effect can 
be initially determined. It can be seen from Fig. 9 that the 
evaporation of 0.9 t/h FGD wastewater requires a high-tem-
perature gas flow rate of 9,000 Nm3/h.

3.2. Impact of bypass flue evaporation system on power plant 
equipment

3.2.1. Effect of bypass flue evaporation on-air preheater

The bypass flue evaporation system uses the high- 
temperature flue gas before the air preheater and after the 
selective catalytic reduction to realize the evaporation of the 
reverse osmosis (RO) concentrated water. Under the premise 
that the heat exchange efficiency of the air preheater is con-
stant, the heat amounts the primary air and the secondary air 
pass through the air preheater will decline. To this end, the 
impact of the process on the air preheater was analyzed and 
calculated. The results are as follows.

It can be seen from Table 3 that under the condition of 
boiler boiler maximum continuous rating, according to the 
design, 1 t/h FGD wastewater was evaporated, the propor-
tion of flue gas extracted to the corresponding output of the 
boiler was 0.6189%, the air preheater outlet was compared 
with the primary and secondary air temperature decreased 
0.4173°C. When 3.5 t/h FGD wastewater was evaporated, 
the proportion of flue gas extracted from the corresponding 
output of the boiler to produce total flue gas was 2.1654%, 
the air preheater outlet was compared with the primary and 
secondary air temperature decreased 1.5188°C. Under two 
operating conditions, the bypass flue evaporation process 
had less effect on the air preheater.

When the bypass flue evaporates concentrated water 
through RO, the temperature change of the air preheater 
before and after evaporation can be seen from Fig. 10. After 
bypass flue spray, there was almost no influence on the inlet 
and outlet flue temperature of the air preheater. The air pre-
heater had a slight decrease in the secondary air temperature, 
but the fluctuation range was basically in the range before 
the spray. So the impact on the air preheater was small.

3.2.2. Effect of bypass flue evaporation on the FGD system

Fig. 11 shows the changes in the concentration of chloride 
and magnesium ions in the desulfurization tower before and 
after spraying (the concentrated water evaporation started 
on the 10th day). Due to the different displacement of FGD 
wastewater per day, at days 1–10 before the concentrated 
water spraying, the concentration of chloride ions in the 
desulfurization island was between 15,000 and 20,000 mg/L, 
and the concentration of magnesium ions was between 12,000 
and 16,000 mg/L. After 10 d, the fluctuation range of the two 
ions was not much different from that before the spraying, so 
the bypass flue evaporation did not affect the ion balance of 
the desulfurization system.

Fig. 9. Variation of flue gas flow rate and atomized water.

Fig. 10. Temperature variation of air preheater (the bypass flue 
evaporation beginning on the 10th day).

Fig. 11. The concentration of Cl– and Mg2+ in FGD (the bypass 
flue evaporation beginning on the 10th day).
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3.2.3. Effect of bypass flue evaporation on fly ash

After evaporation through bypass flue, the salt in RO 
concentrated water is captured by dust collector along with 
the dust in flue gas and finally enters into the fly ash. If the 
2 × 350 MW unit’s FGD wastewater flow rate was 150 ton/d 
and the chloride ion concentration is about 17,000 mg/L, 
the daily chloride ion production was 2.55 tons. Each 
boiler produced about 1,431,000 m3/h flue gas; fly ash was 
about 30.23 ton/h, 2 sets of boilers produced 1,451.04 ton 
fly ash per day. Fly ash was mixed with cement as the raw 
material, the proportion of chloride ions in cement was 
2.6/1,451.04 × 20% = 0.036%, which was lower than the 
national standard requirement 0.06% in silicate cement. 
Table 4 shows the composition of fly ash before and after 
spraying concentrated wastewater. It can be seen from the 
table that the chloride ion content in the fly ash increases 
to 0.103% after spraying wastewater. When the cement 
was blended at a ratio of 20%, the chloride ion propor-
tion of cement was 0.103% × 20% = 0.0206%, which was 
lower than the theoretical calculation value of 0.036%. 
So, bypass flue evaporation did not affect the reutilization 
of fly ash.

4. Conclusions

The paper analyzed the evaporation characteristics of 
bypass flue from laboratory experiments and field tests. The 
influence of main parameters such as liquid flow rate, flue 
gas temperature and flue gas flow rate on the evaporation of 
FGD wastewater was explored. The most appropriate evapo-
ration conditions were obtained and the operational stability 

and safety of the processing system at the field test stage 
were verified. The conclusions are shown as below:
• Liquid flow rate, flue gas temperature, and flue gas flow 

rate have a significant influence on the evaporation of 
FGD wastewater.

• Optimum parameters are listed as follows, flue gas tem-
perature 300°C, the liquid flow rate 150 ml/min, the com-
pressed air flow rate 15 L/min and the flue gas flow rate 
300 m3/h.

• Spray system can realize the safe running and complete 
evaporation. The bypass flue evaporation system has little 
effects on-air preheater and recycling utilization of fly ash.
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Symbols

x — Absolute humidity
φ — Relative humidity, %
p — Atmospheric pressure, Kpa
K — Slope
c — Specific heat capacity
A — Area, m2

D — Diameter, m
H — Height, m
t — Temperature, °C
M — Mount of liquid
Q — Mount of inlet air
q — Heat

Table 3
Effect of bypass flue evaporation on-air preheater

Projects Units 350 MW

100% BMCR 100% BMCR

Wastewater flow rate t/h 1 3.5
Air preheater inlet/outlet flue gas temperature °C 399/120 399/120
Extracted flue gas flow rate m3 6,522.0282 22,827.0987
Total flue gas flow rate m3 1,053,720.09 1,053,656.03
Proportion % 0.6189 2.1665
Primary and second air temperature °C 0.4173 1.5188

Table 4
Composition in the fly ash

No. Projects Standards Before spraying After spraying

1 Fineness ≤45% 41.4% 38.9%
2 Loss of burning ≤15% 6.39% 4.64%
3 Water content ≤1.0% 0.2% 0.1%
4 SO3 ≤3.0% 0.1% 0.08%
5 CaO ≤4% 0.08% 0.06%
6 Diazepam, mm ≤5 1.0 1.5
7 Chloride ion content – 0.047% 0.103%
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Greek letters

s — Saturated
1 — Inlet
2 — Outlet
0 — Atmosphere
w — Water
m — Product
l — Liquid
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