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Abstract

:

Wet flue gas desulfurization (WFGD) wastewater treatment is a key problem in coal-fired plants. Traditional chemical precipitation methods cannot reach zero-liquid discharge (ZLD). In this paper, a new technology using the low-rank heat from flue gas to concentrate the wastewater for ZLD is proposed. A scrubber was built to verify the concentrating process, and the characteristics of the concentrated water were analyzed. The concentrated water was neutralized by adding Ca(OH)2 to raise the pH value. The wastewater can be concentrated 10~25 times to reduce the flow rate. The characteristics of the concentrated wastewater were studied by dosing lime. Then, liquid and solids were separated by filter pressing, the liquid was mainly composed of CaCl2, which accounts for 73.6%. The sludge is composed of CaSO4 and Mg(OH)2, depending on the lime consumption of the dosing process. Finally, the filter liquor after the filter press was mixed with ash to reach zero liquid discharge, and the sludge could be burnt after mixing with the coal or disposed by third-part vendor. This technology is demonstrated in one 600 MW unit and shows a high system reliability. The clean water is recycled by the WFGD wastewater during the evaporation. Binding on the environmental policies and large market demand of the WFGD wastewater, this technology shows a great application prospect in the future.
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1. Introduction


The limestone–gypsum wet flue gas desulfurization (WFGD) uses limestone as an absorbent to capture SO2 in the flue gas, and produces gypsum as a byproduct [1,2,3,4,5,6,7]. After long operation, the chloride ion, heavy metals and other impurities in the flue gas are enriched in the circulating slurry, which can cause the material corrosion, decrease SO2 removal rate and affect the quality of gypsum [8]. To control the concentrations of such things WFGD wastewater must be discharged externally [9,10].



The traditional method of the WFGD wastewater treatment is chemical precipitation (also called the triple-tank process) [11,12,13,14,15]. By adding the sodium carbonate, organic sulfur and flocculating agent (PAM) to the WFGD wastewater, Ca2+, Mg2+ and the heavy metals are precipitated from the wastewater. However, most salt irons including chloride ions remain in the filtered solution, which is directly discharged from the power plant [16,17]. This may cause secondary pollution to the surface water environment. In 2017 the local government in China issued a Zero-emission regulation of the wastewater in coal-fired plants. In the future, the WFGD wastewater treated by the chemical precipitation can no longer be discharged from the power plant. Therefore, cheap and reliable zero liquid discharge (ZLD) technology of WFGD wastewater is needed urgently.



Since the desulfurization wastewater contains a large amount of suspended solids, chloride ions and salts, there are relatively few available options for ZLD of WFGD waste water [9].



The first method is preprocessing + hardness softening + Reverse Osmosis (RO) membrane concentration + multi-effect evaporation. Firstly, the wastewater is treated by traditional chemical precipitation methods. Then, lime and sodium carbonate are dosed to soften the water by decreasing the hardness. Almost all the calcium and magnesium ions should be removed to fulfill the requirement of downstream RO membrane. Sodium carbonate consumed during the softening process cost lots of money. Then, the waste water is concentrated by the RO membrane to the minimum the flow rate; this can save the steam consumption and expense of the evaporation process. The concentration ratio of the RO membrane is generally 3~4 times due to the high TDS of the wastewater [11,12]. After the concentration, the clean water is reused in the power plant. The concentrated water is transferred to evaporation system in which the waste water turns into salt solids. The salt is mainly composed of sodium chloride and sodium sulfate. Multi-effect evaporation is widely used for the evaporation process to save the steam. However, as the concentration ratio of the RO membrane is very low, the method will cause large amount of steam [13,14].



Another method for the wastewater treatment is direct drying process. High-temperature flue gas about 300~400 °C is used as drying medium, and the spray drier device is used to evaporate the wastewater [15]. The outlet flue gas and salt particle are mixed with flue gas before the Electrostatic Precipitator. The salt is mixed with dust ash and finally enters the building materials market. As the direct evaporate drying process of the wastewater cost large amount of hot flue gas, the operation expense is very high [16,17].



In this paper, a new strategy by using the low-rank heat from flue gas to concentrate the WFGD wastewater is proposed. Most water in the wastewater evaporated in the concentrating scrubber enter the WFGD system. This can save the fresh water consumption of the WFGD. The concentrated wastewater containing high chloride ion is mixed with the ash collected by the ESP to reach zero-liquid discharge [18,19,20,21]. Additionally, small amount of sediments can be burnt by mixing with coal or just trucked out of the power plant to third-party disposal vendor. There is no wastewater discharged from the power plant and actual achieve the wastewater’s zero emission.




2. Concept of the New WFGD Wastewater Zero-Emission Technology


The WFGD wastewater has some specific features comparing with the others sources of wastewater in the power plant [2,9,11].




	(1)

	
Low pH value about 4.5~6.0;




	(2)

	
High Mg2+ (1000~5000 mg/L) and Ca2+ (2000~4000 mg/L) concentrations, which easily cause the material scale formation;




	(3)

	
High concentration of the chloride ions, about 6000~20,000 mg/L, which easily cause the material corrosion and difficult to remove;




	(4)

	
High concentration of the TDS (total dissolved solids) (10,000~40,000 mg/L);




	(5)

	
The large amount of wastewater. For example, in a typical 600 MW boiler unit, the wastewater flow rate is about 5~10 ton/h; the wastewater composition varies with the coal type and the limestone type, especially for the Mg2+ and chloride ions.









All these characteristics make WFGD wastewater the most complex and difficult environmental problem to handle in the power plant. How to deal with it is the key problem to reach ZLD in the power plant.



The concept design of the new WFGD wastewater treatment technology is shown in Figure 1. The wastewater is treated in three steps:




	(1)

	
The preprocessing stage: The original WFGD wastewater goes into the cyclone and the flocculation basin to separate the liquid and the solids firstly to decrease the solids content. The filtered solution with solids concentration less than 1% can be used as the raw material of next concentrating process. The higher the solids concentration in the filtered solution, the higher the risk of the nozzle plugging in the concentrating scrubber in the next stage.




	(2)

	
The concentrating process: A concentrating scrubber is designed before WFGD in the concentrating process. The 120~180 °C flue gas before WFGD is the heat source of the concentrating process. The WFGD wastewater is cyclically sprayed downstream in the concentrating scrubber, and evaporated by the heat of the flue gas. A boost fan is used to overcome the resistance of the scrubber. In this way, the wastewater can be concentrated into the condensed slurry, which has the low pH value of 1~2 and the concentration of chloride ion about 150,000~200,000 mg/L. The concentration rate has a wide range of 0~25 due to the flexibility of scrubber. This process can greatly reduce wastewater discharge flow rate to next stage.




	(3)

	
The chemical dosing process: The concentrated water is neutralized by adding the Ca(OH)2 to raise the pH value. In this process, most Ca2+, Mg2+ and SO42− in the water converted into Mg(OH)2 and CaSO4. A filter press is used to separate the liquid and the sludge. The final filtered liquor is mixed with the ash collected by the ESP to reach zero liquid discharge. The sludge can be mixed with coal or just trucked out of the power plant to third-party disposal vendor.










3. The Pilot Plant Test to Verify the Concentrating Process


In order to verify the concentrating process, a pilot plant of concentrating scrubber was built in the power plant. As shown in Figure 2, the concentrating scrubber, with the diameter of 2.5 m and the height of 24 m, has one inlet duct, two spray banks, one demister and one outlet. The flue gas coming from the inlet was used as the heat source to condense the WFGD wastewater. Two spray banks with 12 nozzles were set in the middle of the scrubber to provide the good liquid distribution in the scrubber. The demister was set at the top of the scrubber to eliminate the tiny mist in the wet flue gas. The outlet wet flue gas was induced to the WFGD absorber.



The pilot test was operated for 3 months to verify the concentrating process. All the equipment was worked well during the test. The condition of the flue gas characters at the concentrating scrubber inlet and the outlet are shown in Table 1.



As shown in Table 1, the total system resistance of the concentrating scrubber is about 1.0 kPa. The resistance can be overcome by boost fan before the scrubber for process design. The saturation temperature of the outlet flue gas is much lower than that of the inlet. This is because the waste water is vaporized in the concentrating scrubber. The gaseous water is carried away by the wet flue gas, which makes the flow rate and water content in the outlet flue gas a little higher than those in the inlet. The data also shows that the WFGD wastewater can capture HCl and the dust in the flue gas, but cannot absorb SO2. This can be explained by the low pH value of the slurry in Table 2.



In the process of water vaporization, the wastewater is concentrated in the slurry tank. By adjusting the outflow rate of the condensed slurry tank, the wastewater can be condensed at different times. The maximum condensed rate can achieve 25 times in this project and 10~15 times is more reasonable for the economic concern and the risk of the nozzle plugging of the spray bank in the scrubber. The main salt ions concentrations of the WFGD wastewater and concentrated water are shown in Table 2, with the condensed rate about 20 times.



As shown in Table 2, after 20 times concentrated, concentrated water has extremely lower pH than original wastewater, and that is why it has no ability to absorb SO2 in the flue gas. According to the theory and experience of limestone/gypsum FGD, the slurry cannot absorb SO2 when the pH is lower than 4.0.



The Cl−, Na+ and K+ concentrations in sample 2 are almost 20 times as much as that in sample 1, which means almost all these ions are left in the condensed slurry. The concentrations of Ca2+, Mg2+, SO42− and F− in sample 2 are 1.83, 11.4, 2.03 and 2.67 times as much as those in sample 1, which means the ions form sediments during the concentrating process.



For the limestone/gypsum desulfurization wastewater, calcium sulfate and calcium fluoride are saturated for high Ca2+ in the water. During the concentration process, the concentration of calcium ions, sulfate ions and fluoride ions in the wastewater continue to increase, which will produce calcium sulfate (CaSO4) and calcium fluoride (CaF), as shown in following chemical reaction formula.


Ca2+ + SO42− → CaSO4



(1)






Ca2+ + F1− → CaF



(2)







As the low solubility of these two compounds, sediment will form and increase the solid content in the slurry. Therefore, the concentration rate of Ca2+, SO42− and F− is much smaller than that of the wastewater or the chloride ions.



Some magnesium sulfate (MgSO4) will also form crystals with the increase of the concentration rate (Mg2+ + SO42− → MgSO4). As the solubility of magnesium sulfate (MgSO4) is higher than CaSO4 and CaF, the concentration rate of magnesium ions is higher than that of Ca2+, SO42− and F−. However, the value is less than that of Cl− Na+ and K+. This is consistent with the crystallization process of brine of high TDS [22,23].



The 12-Days operation history of the chloride ions in the wastewater and concentrated water is shown in Figure 3. In this figure, the change rate of chloride ions verifies the reliability and flexibility of the scrubber for the concentrate process.



For traditional methods such as multi-effect evaporation or membrane method, softening agents such as the sodium carbonate are used to maintain the TDS in water at a suitable range to prevent fouling. The operation cost of adding soluble salt is very high [24,25].



While for the concentrating method in the scrubber, there are no extra chemicals used to decrease hardness of water, the concentrating scrubber has strong ability to adapt the wastewater variation by adjusting the heating rate. As the concentrating scrubber is similar with the wet FGD absorber, the operation mode is much easier for the FGD operators to learn in the power plant.



After the concentrating process, the volume flow rate of the concentrated slurry is 1/10~1/25 of original WFGD wastewater flow rate. The concentrated rate of the process is much higher than membrane or multiple-effect evaporator method. Therefore, we can choose compact equipment for downstream process, which can save the investment. For the concentrating process, chemical reagent for softening the wastewater hardness and steam is not used. There is only low-rank waste heat in flue gas is used to condense the wastewater. Therefore, the operation fee is much lower than traditional process [12,13,14].




4. Small-Scale Experiment of the Chemical Dosing Process


After the concentrating process, the concentrated wastewater has extremely low pH value and high chlorine concentration, as shown in Table 1. Ca(OH)2 is used to neutralize the slurry and precipitate some salt ions In the chemical dosing process. In order to investigate the characteristic of the concentrated water, the small-scale experiment is conducted as shown in Figure 4.



Lime is dosed into the reactor to react with the concentrated wastewater in three stages. For each stage, filter press was used to separate the solid and liquid in the reactor.



The pH value in the 1# reactor was controlled to be 8.26. At this pH environment, most SO42− is precipitated by Ca2+ to produce CaSO4 as shown in following equation:


Ca2+ + SO42− → CaSO4



(3)







Due to the low solubility, most calcium sulfate turns into sludge. Meanwhile, Mg (OH)2 is also produced with the increase of the pH value.


Mg2+ + OH− → Mg(OH)2



(4)







In the 2# and 3# reactor, Ca(OH)2 is continuously dosed to precipitate Mg2+. According to former research, a majority of Mg2+ can be precipitated at the pH value about 10~11 [21]. As shown in Table 3, when pH reaches 8.7 in the 2# reactor, a large amount Mg(OH)2 is formed, the Mg(OH)2 accounts for the largest part of the sludge. There is only a small part of unreacted lime in the sludge.



In the 3# reactor, the pH value is raised to 10.5 by adding excess Ca(OH)2 into the slurry. In this way, most Mg2+ formed in to Mg(OH)2. For the 3# sludge, the moisture content is 42%, the mass fraction of Ca(OH)2 is about 51.52%. Using the mass flow rate, we can calculate the total Mg2+ conversion rate to Mg(OH)2 is about 88% after the pH reaches 10.5.



From Table 3, we can also see the sludge moisture content is about 40~50%. The moisture content of the three sludge samples varies. This is because Mg(OH)2 particles have a very small particle size. These particles are very difficult to separate by the filter press [23,24].



For the typical 600 MW unit, coal consumption is 200 ton/h. After the concentrating and subsequent process, the sludge is less than 50 kg/h, which occurs than 0.025% of the coal consumption of the boiler. Therefore, this sludge can be mixed with the coal and burnt in the boiler. The method has been verified in one 600 MW business unit. Another option for the sludge is third-party sludge disposal vendor. This will cause extra expense for the treatment.



The final filtered solution composition from filter press is shown in Table 4. The main ions in the filtered solution are Ca2+ and Cl−.



By drying the filtered solution into solid, the compositions are also analyzed and shown in Table 5. The most abundant substance in the dried solid is CaCl2, which accounts for 73.6%. The Ca(OH)2 in the solids is a bit high and reach 10.02%. This is because the excessive presence of Ca(OH)2. Hydrochloric acid can be used to change Ca(OH)2 into CaCl2 in engineering design.



As shown in Table 5, the final filtered solution can be a raw material of CaCl2 production. Another simple process to handle, the liquid is mixed into the ash collected by the Electrostatic Precipitator to reach zero liquid discharge [25,26,27].




5. Key Parameter of Demonstration Project of the Wastewater Treatment Process


This technology proposed by the paper is demonstrated in one 600 MW coal-fired unit. The key parameter of the demonstration project is shown in Table 6. The process of the project is same with the concept design in Figure 1.



As shown in Table 6, for a typical 600 MW boiler unit, the WFGD wastewater is about 5 ton/h (chloride irons 20,000 mg/L). After concentrating and chemical dosing process, the filter wastewater is less than 0.5 ton/h. While the total dust ash from ESP is over 40 ton/h. The increase of moisture content of the dust ash is about 1.25%. The chlorine content in the dust ash due to the salt is about 0.25%. This tiny content in the dust has no effect for the usage of dust ash for concrete [22,23,24,25,26].




6. Conclusions


In this paper, a concept of a new WFGD wastewater treatment technology was proposed and verified. It uses the low-rank heat from flue gas to concentrate the WFGD wastewater by 10~20 times. The concentrated wastewater characteristics are studied, which include high acid and corrosion. Additionally, lime is dosed to raise the pH value of the concentrated wastewater. Then, a filter press was used to separate liquid and sludge. The sludge is mainly composed of the CaSO4, Mg(OH)2 and unreacted Ca(OH)2. The liquid is mainly composed of CaCl2, which can be mixed with dust ash from ESP to reach ZLD.



Only low-rank heat and cheap lime is used to reach ZLD in the process, this can lower the wastewater treatment expense. Therefore, this is an innovative work in the field of the wastewater treatment and could achieve wastewater zero emission. The experiment data and key parameter can be used to guide future engineering design.
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Figure 1. Concept design of the new WFGD wastewater treatment technology. 
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Figure 2. The pilot plant for the concentrating process test. 
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Figure 3. Variation of chloride ions in the slurry for 12-day operation. 
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Figure 4. Scheme of small-scale test for the chemical dosing process. 
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Table 1. Characters of flue gas in the concentrating scrubber inlet and outlet.
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	Item
	Unit
	Inlet
	Outlet





	1
	Flow rate
	NM3/h
	28,804
	30,510



	2
	Temperature
	°C
	130~150
	55~60



	3
	Gauge Pressure
	KPa
	2.0
	1.0



	4
	H2O
	Vol. %
	8
	13.15



	5
	O2
	Vol. %
	5.8
	5.8



	6
	SO2 (wet basis)
	ppm
	2010
	2000



	7
	HCl (wet basis)
	ppm
	50
	5



	8
	Dust (wet basis)
	mg/Nm3
	30
	20
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Table 2. Ion analysis of the WFGD wastewater of the concentrating process.
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	Item
	Unit
	Waste Water
	Concentrated Water
	Concentration Rate





	1
	Liquid flow rate
	m3/h
	1.5
	0.075
	20



	2
	Solid content
	%
	0.8%
	27.3%
	/



	3
	Density
	Kg/m3
	1.02
	1.29
	/



	4
	pH value
	--
	5.6
	0.24
	/



	5
	Ca2+
	mg/L
	658
	1202
	1.83



	6
	Mg2+
	mg/L
	4225
	48,195
	11.41



	7
	Na+
	mg/L
	166
	3296
	19.86



	8
	K+
	mg/L
	32
	627
	19.59



	9
	Cl−
	mg/L
	7100
	154,544
	21.77



	10
	SO42−
	mg/L
	11,210
	22,798
	2.03



	11
	F−
	mg/L
	1010
	2700
	2.67
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Table 3. Compositions of the sludge after chemical dosing process.
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Item

	
pH Value

	
Sludge Moisture Content

	
Mg(OH)2

	
CaSO4

	
Ca(OH)2

	
SiO2

	
Other




	
wt.%

	
wt.%

	
wt.%

	
wt.%

	
wt.%

	
wt.%






	
1# Sludge

	
8.26

	
37%

	
3.41%

	
86.7%

	
1.84%

	
1.11%

	
6.94%




	
2# Sludge

	
8.7

	
50%

	
84.51%

	
3.8%

	
9.44%

	
0.28%

	
1.97%




	
3# Sludge

	
10.5

	
42%

	
44.52%

	
1.7%

	
51.52%

	
0.17%

	
2.09%
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Table 4. Composition of the filtered solution from 3# filter press.
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	Item
	pH
	Ca2+ mg/L
	Mg2+ mg/L
	Na+ mg/L
	K+ mg/L
	Cl− mg/L
	SO42− mg/L





	3#Liquid
	10.5
	80,089
	671
	3368
	726
	156,827
	472
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Table 5. Composition of the dried filtered solution from 3# filter press.
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	Item
	CaCl2
	Ca(OH)2
	CaSO4
	Na2O
	K2O
	MgO





	Dried solid
	73.6%
	10.02%
	4.24%
	2.51%
	0.38%
	0.32%
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Table 6. Key parameter of one 600 MW demonstration project.
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Item

	
Unit

	
Values

	
Remark






	
1

	
Origin wastewater flow from WFGD

	




	

	
Flow rate

	
m3/h

	
5

	




	

	
Chloride irons

	
mg/L

	
20,000

	




	

	
PH value

	
--

	
5.6

	




	

	
Density

	
kg/m3

	
1020

	




	
2

	
Flue gas for concentrating process scrubber

	




	

	
Flow rate

	
Nm3/h

	
125,000

	




	

	
Scrubber inlet temperature

	
°C

	
120

	




	

	
Scrubber outlet temperature

	
°C

	
58

	




	

	
Scrubber diameter

	
m

	
4.5

	




	
3

	
Slurry after concentrating process

	




	

	
Flow rate

	
m3/h

	
0.5

	




	

	
Chloride irons

	
mg/L

	
205,000

	




	

	
PH value

	
--

	
1.24

	




	

	
Density

	
kg/m3

	
1290

	




	
4

	
Lime consumption for chemical dosing process

	




	

	
Mass flow rate

	
kg/h

	
15

	




	

	
Ca(OH)2 Purity

	
%

	
85%

	




	
5

	
Sludge after chemical dosing and filter press

	




	

	
Sludge moisture content

	
%

	
40%

	




	

	
Mass flow rate

	
kg/h

	
55

	
wet basis




	

	
PH value

	
--

	
7~9

	




	
6

	
Final liquid for ash-mixing

	




	

	
Flow rate

	
m3/h

	
0.51

	




	

	
Chloride irons

	
mg/L

	
187,250

	




	

	
PH value

	
--

	
7~9

	




	

	
Density

	
kg/m3

	
1240
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