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Abstract

:

In this study, the responses of Dissolved Air Flotation (DAF), sedimentation, and sand filtration treatment processes on feed water with varied algal concentrations were investigated, based on a technical–economic analysis using data collected from a drinking water treatment plant (DWTP) in Guangxi, China. Cost-effective drinking water treatment processes for water sources with varied algae concentrations were proposed. The results showed that DAF was able to achieve almost 95% removal efficiency, while sedimentation was only able to reach 90% under different Polyaluminum Chloride (PACl)/dry cell weight concentrations in the DWTP. When algae concentrations increase, switching from sedimentation to DAF reduces treatment costs as DAF is more efficient for algae removal, which extends the backwashing interval of sand filtration. The threshold of sedimentation/DAF switching also depends on the quality requirement of the treated water. The lower the algae concentration in the treated water, the earlier the switch should be made from sedimentation to DAF. For instance, when the effluent thresholds are 1.2 mg·L−1, 0.8 mg·L−1, or 0.4 mg·L−1, DAF should be adopted instead of sedimentation—at feed algae concentrations of 43.9 mg·L−1, 31.5 mg·L−1, and 17.3 mg·L−1, respectively, in the raw water. The results set a baseline for a cost-effective drinking water treatment strategy based on a techno-economic model, which can precisely control the coagulation dosage and backwash interval of sand filtration coupled with sedimentation/DAF switching in algae-laden raw water.
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1. Introduction


Increasing algae blooms in surface waters are costing the world economy billions of dollars every year [1]. In recent years, there have been many different intense anthropological activities such as urbanization [2], mining [3], agriculture fertilizer or manure application [4], and aquaculture practices [5]. Eutrophication occurs in aquatic ecosystems when nutrients such as Phosphorus (P) and Nitrogen (N) exceed certain levels, e.g., 0.02–0.3 mg-P·L−1 and 2 mg-N·L−1 [6]. This phenomenon is often accompanied by the aggressive growth of algae blooms, which reduces the safety of drinking water and poses an increasing risk to Drinking Water Treatment Plants (DWTPs) worldwide [7,8,9].



Algae-laden raw water has a degraded taste, odor, oxygen content, and appearance and increased treatment costs [1,10]. Higher doses of chemicals and additional operations and maintenance costs are required to counteract the adverse effects of algae growth. Treatment costs for algae removal are closely related to the processes employed and the operating characteristics of DWTPs. Several studies have investigated the costs of harmful algal bloom removal from drinking water resources [10,11]. For instance, the city of Wichita, Kan., spent USD 8.5 million to install an ozone treatment facility to address the taste and odor problems associated with algae in its DWTPs [12]. From 2002 to 2012, treatment costs in the city of Waco, Tex., were estimated at USD 70.4 million because of abnormal algae proliferation in the city’s drinking water resources [11]. In practice, DWTPs generally adjust their chemical dosages and treatment processes according to the effluent water quality feedback. This increases the operating costs and difficulty of securing the water supply. Therefore, it is necessary to analyze the effects of algae concentrations in raw water on treatment processes and treatment costs required to efficiently operate DWTPs.



Algae blooms apply tremendous pressure on DWTPs and have become a prominent issue affecting DWTP operations and water purification performance [13]. For instance, if DWTPs respond improperly when dealing with high algae concentrations in raw water, algae cells may substantially penetrate through their filters into the water supply pipe network. The cells in the water supply pipe network may rupture and release algogenic substances such as microcystins, nodularins, geosmin (GSM), and 2-methylisoborneol (MIB); this may result in a wide range of symptoms in humans including hepatotoxicity and allergic reactions [14,15]. Furthermore, reactions between disinfectants and algae organic matter (AOM) in water sources may produce disinfection by-products (DBPs)—some of which display high mutagenicity and carcinogenicity in animals [16,17]. Coagulation–sedimentation and DAF, followed by sand filtration, are the most effective ways to remove algae without disrupting their integrity in surface waters [18,19]. Both sedimentation and DAF need coagulation pre-treatments, but their removal efficiency and costs are different—thus influencing the following sand filtration. The advantage of DAF over sedimentation is the higher loading rate, faster separating time, and higher efficiency, while the disadvantage is its higher cost. Therefore, it is essential to improve the effective response capabilities of DWTPs on algae.



Several studies have been made to test the algae removal efficiency of individual processes [20], but there is a lack of quantifiable analyses on the synergy between processes based on varied algae concentrations in DWTPs. Therefore, the operation of the sand filtration process needs to be altered to achieve synergy with the sedimentation/DAF process to achieve an optimal techno-economic strategy. A quantifiable combination of coagulation–sedimentation/DAF–filtration to remove algae efficiently can reduce operation costs and improve the quality of drinking water [21]. The current study analyzed the cost of drinking water treatment processes with different algae concentrations in water sources using the data collected from the Beijiao DWTP located in Beihai, Guangxi Zhuang Autonomous Region, China. The main objectives of this study were: (1) disclosing the effects of algae concentrations on the cost of DWTP through a techno-economic model and (2) determining how to precisely select DAF or sedimentation coupled with sand filtration in DWTPs with varied algae concentrations. The present study outcomes were used to set a baseline for a cost-effective drinking water treatment strategy and to improve the operation management of DWTPs with algae-laden raw water.




2. Data Sources and Methods


2.1. Treatment Processes in Beijiao DWTP


Beijiao DWTP is located in Beihai, Guangxi Zhuang Autonomous Region, south of China. Water samples were taken from a drinking water reservoir 7.3 km away from the plant. The operating process of the water treatment plant is coagulation (Polyaluminum Chloride, PACl)–sedimentation/DAF–sand filtration–ozone–carbon filtration, and chlorination disinfection. As shown in Figure 1, coagulation–sedimentation/DAF–sand filtration are the main processes used for removing algae. The managers of the DWTP deal with algae blooms based on their past experiences; they adjust the usage of chemicals, sedimentation, or DAF processes based on the effluent algae concentration. The backwash interval of the sand and activated carbon filtration was fixed for this DWTP.




2.2. Operational Costs of the Beijiao DWTP


Operational costs mainly consist of electricity and chemical costs and the renewal costs of activated carbon. This controls the economy of the system and can be changed by adjusting the working conditions. To calculate the economic operational costs over a 5-year period using DAF at the PACl dosage of 14 mg·L−1, the power consumption of the equipment and the unit costs of the electricity and chemicals are listed in Table 1 and Table 2.



Based on a 5-year lifetime, a discount rate of 7%, and a 96,000 m3d−1 treatment capacity, the average annual operation cost (Car) was [22]:


   c  a r   = T  C 0  ( P / F , i , T ) ( A / P , i , T )  



(1)




where Co is the operation cost and T is the system’s lifetime.



The operating cost was:


Co = Ed + Eo + Ec + Ep + Ea + Cp + Co + Cc + Ws + Wc



(2)




where Ed, Eo, Ec, Ep, and Ea are the electricity costs of the DAF, Ozonator, chemical dosing, backwash pump, and backwash air blower, respectively. Cp, Co, and Cc are the chemical costs of the PACl, liquid oxygen, and liquid chlorine, respectively. Ws and Wc are the water costs of the sand filtration backwashing and activated carbon filtration backwashing, respectively.



The discount factor (P/F,i,T) was defined as [23]:


  ( P / F , i , T ) =  1    ( 1 + i )  T     



(3)







The capital recovery factor (A/P,i,T) was defined as [24]:


  ( A / P , i , T ) =     ( 1 + i )  T  i     ( 1 + i )  T  − 1    



(4)







Therefore, the economic treatment cost per unit ($·m−3) was:


   c u  =    c  a f   +  c  a v      Q  w t      



(5)




where Qwt is the amount of water treated by the DWTP per year (m3).




2.3. Algae Removal Using DAF or Sedimentation Batch Experiment in the Beijiao DWTP


The DAF and sedimentation processes of the Beijiao DWTP for algae removal were simulated using jar tests with 1000 mL beakers (Phipps Bird, Richmond, VA 23230, USA). PACl powder (30%, 25 ± 0.2 kg) was sourced from the Gongyi Zhenyu Water-Purifying Materials Factory (Henan, China) and dispersed in an aqueous solution to obtain a PACl suspension (10 g·L−1). Water samples were collected from the feedline (28 °C). Experimental conditions were determined according to the actual operating parameters. PACl with different dosages was quickly added into the beakers under rapid stirring (200 rpm, for 2 min). Then, the pH was adjusted to 6.2 ± 0.2 by adding 1 M NaOH, followed by slow stirring (30 rpm, for 10 min). After this, the samples were allowed to settle for 120 min before taking the supernatant. For DAF experiments, air bubbles were introduced into the jars under slow mixing, and the subnatant were taken after 2 min of floatation. Finally, the algae concentrations in the supernatant and subnatant were analyzed.



For algae biomass concentrations, 20 mL of de-ionized (DI) water was passed through the 0.7 μm glass microfiber filters (Whatman, GF/F 1825-055) via a vacuum pump. Then, 500 mL samples were passed through the prepared filters. The filters were placed in porcelain dishes and heated at 105 °C to a constant weight to obtain the mass of water-free particles, m105 (mg). Then, the filters were heated at 550 °C to obtain a constant weight with the aim of volatilizing all the biomass, m550 (mg). Finally, the filters were weighed after cooling to room temperature in a desiccator. The dry cell weight (DCW, mg·L−1) was calculated using Equation (1), as follows:


  DCW =    m  105   −  m  550    v   



(6)




where m105 and m550 are the mass of filter membrane dried at 105 °C and 550 °C for 24 h, respectively, mg; v is the volume of culture filtered, L.



The algae removal efficiency was calculated using Equation (2):


   Algae   removal   efficiency  =    c i  −  c j     c i    × 100 %  



(7)




where      c i    and    c j    are the initial and final algae concentrations before and after DAF/sedimentation, respectively, mg·L−1.




2.4. Simulation Removal Efficiency and Backwash Interval of the Sand Filtration Process


Sand filtration relies on interception and adsorption to remove algae cells, whereas the filtration efficiency is a function of time, and is mainly related to the mass of aggregated particles per unit volume of the filter bed. Therefore, the filtration efficiency is:


  λ =    c 0  −  c e     c 0    × 100 %  



(8)




where    c 0    is the influent algae concentration and mg·L−1;    c e    is the effluent algae concentration, mg·L−1.



   c 0    and    c e    satisfied the following equation [25]:


   c e  =  c 0  exp  [    − 3 ( 1 − ε ) η α L   2 d    ]   



(9)




where ε is the porosity; L is the depth of the granular media, m; d is the media’s grain diameter, m; η is the migration efficiency; α is the adhesive efficiency; the ε of the DWTP is 0.415 and the particle size of the quartz sand d is 0.6 × 10−3 m; and the sand filter depth L and square of the DWTP are 1.2 m and 40 m2 (4 m × 10 m), respectively. The filtration rate v is 12.5 m·h−1. η is 0.91 × 10−3 and α is 1 in the sand filter [26].



The sand filtration feed satisfied the following equation:


   c 0      ,   m  =    c e      ,   t    1 −  λ m     



(10)




where    c  0 ,   m     is the threshold of the sand filtration feed;    c  e ,   t     is the threshold of the sand filtration effluent; and    λ m    is the maximum filtration efficiency.



The backwash interval of the sand filtration is the time taken to reach the threshold of the sand filtration effluent, which can be calculated as:


   t b  =  t l  −  t s   



(11)




where tl is the time taken to reach the ultimate head loss, h and    t s    is the time taken to reach the ultimate head loss at the maximum filtration efficiency, h.



The head loss through granular media under Forchheimer flow conditions can be determined with the following equation [27]:


   h l  =  k v      ( 1 − ε )  2  μ L v    ε 3   β w  g  d 2    +  k 1    ( 1 − ε ) L  v 2     ε 3  g d    



(12)




where    h l    is the head loss, m;    k v    is the head loss coefficient due to viscous forces, unitless; k1 is the head loss coefficient due to inertial forces, unitless;    β w    is the density of water, kg·m−3;  μ  is the dynamic viscosity of the fluid, kg·(m·s)−1; v is the filtration rate (superficial velocity), m·h−1; g is the acceleration due to gravity, 9.81 m·s−2. The kV and k1 of the sand filter are 112.25 and 2.25, respectively. βw and μ (25 °C, mean water temperature of the feed) are 999 and 1.14 × 10−3, respectively. The Beijiao DWTP has a limited head loss of no more than 2.3 m.



The influent of the sand filtration was pretreated by sedimentation or DAF. Therefore, the algae concentration in the influent was low, which would not cause rapid clogging of the filter bed. If the rate of solid media aggregation is stable during the operation cycle of the sand filter, the head loss increase rate is stable:


   h  l , t   =  h 0  + k  σ t   



(13)




where    h  l , t     is the filter head loss at time t, m; h0 is the initial head loss, m and k is the increase rate constant of head loss as 0.00191d−0.81 [28], L·m·mg−1.



According to the mass balance of the filter bed, we have:


   σ t  =   (  c    0    −  c e  )  Q t   V   



(14)




where    σ t    is the specific deposition of algae particles in the filter media at time t, cells·L−1; Qt is the flow through the filter during time t (h), m3 and V is the sand bed volume, m3.



Then, the backwash interval is:


  t =   (  h  l , t   −  h 0  ) L   v  λ a   c 0  k    



(15)




where    λ a    is the average efficiency of the sand filter. The algae concentration of the influent and effluent of the sand filter was sampled and determined 2 times a day (9:00 and 15:00) for 10 days in the Beijiao DWTP to determine the average filtration efficiency of the sand filter.





3. Results and Discussion


3.1. Economic Costs of the Beijiao DWTP


The parameters for calculating the economic operational costs over a 5-year period are listed in Table 1 and Table 2. The operating costs of the DWTP were USD 250,539.5·year−1 and USD 0.0176·m−3 using DAF at the PACl dosage of 14 mg·L−1. To improve the effluent quality and reduce the pressure of the activated carbon filtration, sand-filter effluent water was strictly set at a concentration of 0.4 mg·L−1 in the Beijiao DWTP. For the Beijiao DWTP—shown in Figure 2—the electricity cost of the DAF was USD 0.00622·m−3, accounting for the highest percentage of 31.74%. The cost of coagulation was USD 0.006$·m−3, accounting for 30.62%. The annual operating cost of the sand filtration was 5.86% of the total operating costs, reaching USD 46,030.88·year−1. Although the annual costs of the ozone and liquid chlorine in the operating process was high, their dosage was stable during the DWTP’s actual operation. Reducing the use of ozone and liquid chlorine can lead to an increase in harmful substances and threaten the safety of the drinking water supply [29,30]. The cost of activated carbon filtration only accounts for 5.37% of costs and mainly provides solutions to remove organic matter [31]; it increases with high algae concentrations from the sand filter effluent because of the high backwashing frequency and replacement costs. Therefore, cost optimization is mainly focused on the processes of coagulation, DAF, and sand filtration.




3.2. Evaluation of the Performance of Algae Removal Using DAF or Sedimentation


DAF and sedimentation have different treatment capabilities for the removal of algae cells. The performances of DAF and sedimentation to remove algae cells are shown in Figure 3a. DAF can achieve almost 95% removal efficiency, while sedimentation can only reach 90% under different PACl/dry cell weight concentrations. This is consistent with the literature [32,33]. Sedimentation depends on the aggregated algae particles sinking to the bottom to be removed. Therefore, it is difficult to separate light particles. However, DAF is achieved by introducing air bubbles. As the bubbles move upward, the formed floc-bubbles have a density lower than that of water; thus, they rise to the surface, making their removal easier [34]. Figure 3a indicates that when the PACl/dry cell weight reached 1200 mg·g−1, the efficiencies of the air floatation and sedimentation were at their highest. According to the four different algae concentration feeds, a correlation between PACl dosage and algae concentration under optimal operating conditions was obtained, which is shown in Figure 3b. Clearly, DAF can achieve higher treatment efficiency with less land use but has higher energy consumption. Therefore, the precise selection of DAF or sedimentation depends on subsequent processes such as sand filtration.




3.3. Influence of Algae Concentration on the Backwash Interval of Sand Filtration


Backwashing constitutes the cost of sand filtration, which relies on the optimization of its frequency. DWTPs generally set a fixed backwash interval to reduce the labor costs of management. However, it easily clogs the sand filter and exceeds the limit of water head loss when the algae concentration is too high. Under the condition of low algae concentrations, this results in costly waste. According to Equations (2) and (3), the maximum efficiency of sand filtration for this DWTP can reach up to 79.8%. Sampling of the sand filter inlet and outlet water of the Beijiao DWTP for 10 consecutive days, the maximum and minimum sand filtration efficiencies were 74.4% and 40.2% (Figure 4a), respectively. The average sand filtration efficiency was 56.5% and the net water head loss of the sand filter was 0.7686 m (Equation (12)). According to the 95% efficiency of DAF and 90% efficiency of sedimentation, the relationship between the backwash interval and feed concentration (c) under the effluent water concentration of 1.2 mg·L−1 is shown in Figure 4b.



The backwash interval of sand filtration is closely related to the inlet water supply to meet the standards of the water supply. When the influent algae concentration of sand filtration reaches 6 mg·L−1, its effluent algae concentration will exceed the threshold of 1.2 mg·L−1. Sedimentation can meet the demand of the water supply at an algae concentration in raw water below 60 mg·L−1, DAF must be used when the algae concentration in the raw water is between 60 mg·L−1 and 120 mg·L−1. However, the selection of sedimentation instead of DAF at 60 mg·L−1 only considers the costs of sedimentation or DAF; the selection of sedimentation or DAF also need to consider the costs of the system coupled with sand filtration.




3.4. Protocol for Cost-Effective Treatment Processes for Algae Removal


The operational costs of the entire DWTP system depend on the algae concentrations in the raw water and the tolerances after sand filtration. The increase in operating costs is mainly caused by sand filtration under different effluent standards. The higher effluent threshold of sand filtration indicates that sedimentation will also meet the effluent standard of the sand filter, even if the algae concentration in the raw water increases. In Figure 5a, when sedimentation was used, sand filtration was increased with the increase of the algae concentration in raw water. The high effluent threshold of the sand filtration resulted in high sand filtration costs; this was due to the increase in backwash frequency. However, Figure 5c shows that DAF can be used before sand filtration under the same algae concentrations in raw water. The cost of sand filtration when using DAF before sand filtration is significantly lower than that when using sedimentation, because of the lower backwash frequency. Both sedimentation and DAF require PACl pre-treatment and the cost of PACl increases with increases in algae concentrations, as shown in Figure 5b; their dosages show a positive linear correlation with algae concentrations, as described above.



The relationship between effective operational costs and algae concentrations in raw water under different effluent thresholds is shown in Figure 6. The total operating cost was increased with increases in the algae concentration in raw water and decreases in the sand filter effluent threshold; this is because higher algae concentrations resulted in higher PACl usage and faster sand filtration backwash frequencies. This difference was not significant when the concentration of raw water was less than 10 mg·L−1. The cost of sedimentation was only from the PACl; however, DAF not only consumes PACl, but also needs a lot of operating electricity. Therefore, the Beijiao DWTP can save USD 250,539.5 per year by substituting sedimentation with DAF, while guaranteeing treatment capacity and safety. If the concentration of algae in the raw water is high, the DAF process must replace sedimentation, because the cost of sand filtration backwashing is higher than the electricity cost of DAF. The use of DAF instead of sedimentation is not only related to the raw water algae concentrations, but also to the effluent thresholds, as shown in Figure 6. The higher sand filter effluent thresholds result in higher algae concentrations in raw water when sedimentation is switched to DAF. DAF replaced sedimentation at the feed algae concentrations of 43.9 mg·L−1, 31.5 mg·L−1, and 17.3 mg·L−1, when effluent thresholds were 1.2 mg·L−1, 0.8 mg·L−1, and 0.4 mg·L−1, respectively. It is cost-effective to precisely control the usage of DAF or sedimentation, coagulation dosages, and the backwash intervals of sand filters based on algae concentrations in raw water and effluent thresholds.



Varied algae concentrations in the source water bring challenges for DWTPs. To improve the resilience of DWTPs toward variations in water quality caused by harmful algae blooms, many water plants adopt conservative strategies and add traditional modules to deal with algae-laden raw water [35,36]. Although this can ensure water quality and improve the impact resistance of DWTPs, it leads to higher treatment costs and complex management. It is necessary to reduce the number of treatment modules and adjust new technologies for further treatments—such as intensive activated-carbon filtration or other advanced approaches including electrolysis [37], ultrafiltration [38], and enhanced coagulation [39]—to maintain the quality and reduce the economic costs of water supplies [40,41].



Algae biomasses have been considered a valuable feedstock for many applications including biofuel production, in combination with treated wastewater—such as industrial and aquaculture wastewater—and landfill leachate for environmental pollution reduction [42,43,44,45,46,47]. Conventional water treatment processes are highly efficient in the removal of algae. Therefore, the collected algae biomass can be reused to further reduce the costs of DWTPs. However, cyanotoxins and the odor and taste of the algae cannot be completely removed by conventional processes and should be further studied for their impact on DWTPs’ costs [48].





4. Conclusions


The operational costs of drinking water treatment plants (DWTP) were USD 0.0176·m−3 using dissolved air flotation (DAF) at the polyaluminum chloride (PACl) dosage of 14 mg·L−1; the electricity costs of the DAF accounted for the highest percentage, which was 31.74%, and the coagulation costs accounted for 30.62%. Cost optimization is mainly focused on the processes of coagulation, DAF, and sand filtration. When the PACl/dry cell weight reached 1200 mg·g−1, the maximum efficiencies of the DAF and sedimentation were 90% and 95%, respectively. The surface loading rate per unit area of DAF was greater than that of sedimentation, but it also had a higher energy consumption. The use of DAF instead of sedimentation is not only related to the raw water algae concentration, but also to the effluent thresholds. When the effluent thresholds are 1.2 mg·L−1, 0.8 mg·L−1, and 0.4 mg·L−1, DAF should be adopted instead of sedimentation at the feed algae concentrations of 43.9 mg·L−1, 31.5 mg·L−1, and 17.3 mg·L−1, respectively. Higher algae concentrations in raw water and lower sand filtration effluent thresholds result in higher total operational costs. The effluent thresholds of algae concentrations in drinking water need to be standardized to better guide the operation of water plant processes and their costs.
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Figure 1. The water treatment process in Beijiao DWTP, Beihai, China. The scale of the feed was 96,000 m3·d−1, and the dosages of the ozone and liquid chlorine were fixed at 1.6 mg·L−1 and 3 mg·L−1, respectively. The sand filtration was backwashed every 24 h with a flow of 1440 m3·s−1, with 8 min of air backwashing and 8 min of water backwashing. The activated carbon filtration was backwashed every 7 days with an 8 min water wash and every 30 days with a 5 min air wash and an 8 min water wash, both with a flow of 1310 m3·s−1. 
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Figure 2. Components of the individual unit processes in the water plant; SF is sand filtration, CF is activated carbon filtration, and activated carbon is designed to be replaced every 5 years. 
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Figure 3. (a) The performances of DAF and sedimentation in removing algae cells from different types of raw water (pH 7, temperature 28 °C, algae concentrations were 10.29 mg·L−1, 12.7 mg·L−1, 17.39 mg·L−1 and 27.28 mg·L−1, respectively), (b) relationship between PACl dosage and algae cells when coagulation reaches the best level based on 4 different raw waters. 
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Figure 4. (a) Modeled maximum sand filtration sufficiency and actual sand filtration efficiency obtained by sampling 1 backwash interval (24 h) in the Beijiao DWTP, (b) changes in the backwash interval with differing algae concentrations in raw water under a sand filter effluent water concentration of 1.2 mg·L−1. 
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Figure 5. (a) Sand filtration costs when using sedimentation under different sand filter effluent thresholds with algae concentrations in raw water, (b) PACl costs under different algae concentrations in raw water, (c) sand filtration costs when using DAF under different sand filter effluent thresholds with different algae concentrations in raw water. 
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Figure 6. Relationship between the total operating costs and algae concentrations in the raw water at different effluent thresholds of the sand filter; 17.3 mg·L−1, 31.5 mg·L−1, and 43.9 mg·L−1 are the concentrations at which DAF is selected instead of sedimentation. 
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Table 1. Power consumption of the equipment.
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	Parameters
	Value
	Unit





	Ozonator
	35
	kw



	Ozonator-supporting equipment
	8.9
	kw



	Ozone dosing
	16.08
	kw



	Air floating return pump
	37
	kw



	Air floating supporting equipment
	32
	kw



	Chemical dosing
	2.7
	kw



	Backwash pump of sand filtration
	45
	kw



	Backwash pump of activated carbon filtration
	55
	kw



	Air blower
	75
	kw
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Table 2. The unit costs of the electricity and chemicals *.
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	Parameters
	Value
	Unit





	Electricity
	0.1126
	$·kwh−1



	Water
	0.0563
	$·m−3



	PACl
	0.4927
	$·kg−1



	Liquid oxygen
	0.2393
	$·kg−1



	Liquid chlorine
	0.5631
	$·kg−1



	Activated carbon
	0.357
	$·kg−1







* Data provided by the Beijiao DWTP.
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