

  water-16-01097




water-16-01097







Water 2024, 16(8), 1097; doi:10.3390/w16081097




Article



Design Issue Analysis and Operation Effect Evaluation of Large-Scale Storage Tank



Junqi Li 1,2,* and Chengyuan Yang 2





1



Key Laboratory of Urban Stormwater System and Water Environment, Ministry of Education, Beijing University of Civil Engineering and Architecture, Beijing 100044, China






2



Beijing Energy Conservation & Sustainable Urban and Rural Development Provincial and Ministry Co-Construction Collaboration Innovation Center, Beijing 100044, China









*



Correspondence: lijunqi@bucea.edu.cn; Tel.: +86-1360-1287-031







Citation: Li, J.; Yang, C. Design Issue Analysis and Operation Effect Evaluation of Large-Scale Storage Tank. Water 2024, 16, 1097. https://doi.org/10.3390/w16081097



Academic Editor: Yung-Tse Hung



Received: 9 February 2024 / Revised: 5 April 2024 / Accepted: 9 April 2024 / Published: 11 April 2024



Abstract

:

In order to address the issue of combined sewer overflows (CSOs), W city has constructed a large-scale storage tank with a volume of 220,000 m3. The storage tank is planned for CSO control in the near term and stormwater runoff pollution control in the long term. However, the actual operation of the storage tank is unsatisfactory. This paper elucidates the design scheme and operation mode of the tank and analyzes the challenges encountered during its design and operation. A storm water management model (SWMM) model was constructed to simulate the effect of the storage tank working in a combined sewer system (CSS), a separate sewer system (SSS) and a decentralized storage situation. This study determined that during the 2022 rainy season, the actual reduction in pollutants by the storage tank was only about 60% of the designed value. As a result, the inadequate treatment capacity of the downstream wastewater treatment plant (WWTP) resulted in the water being retained in the tank for a long time, leading to unsatisfactory operation outcomes. If the storage tank works in SSS and the problem of water retention can be solved, it could reduce the total runoff volume by 30% and the total amount of pollutants by 40% during the same rainy season. At the same time, under the premise of constant total storage volume, if decentralized storage tanks were used to control runoff pollution, the reduction effect can be increased by up to 11.6% compared with that of the centralized storage.
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1. Introduction


Although separate sewer systems (SSS) are basically implemented in newly built urban areas in China [1,2], the transformation from combined sewer systems (CSS) to SSS in older urban areas is also ongoing. Many cities still use the CSS constructed decades ago [3,4]. When the rainfall becomes heavy, the combined sewage volume exceeds the treatment capacity of the wastewater treatment plant (WWTP), and combined sewer overflow (CSO) events occur, resulting in untreated wastewater and stormwater discharges to the receiving water body (RWB) [5]. In recent years, climate change and the rapid urbanization process have led to increased CSO volume and pollution loads [6].



As an important part of the infrastructure in CSO control, storage tanks play an important role in reducing overflow frequency, pollutant discharge [7], the thermal pollution of stormwater runoff [8], as well as in ensuring the quality of the receiving water body (RWB) [9,10,11], and have been widely used all over the world [12,13]. When rainfall causes CSO to occur, the wastewater is diluted by stormwater in the CSS and the combined sewage is subsequently discharged into the storage tank. Although the storage tank cannot directly remove the pollutants, after the end of rainfall, when the treatment capacity of the WWTP is surplus, the pollutants can be removed by conveying the storage water to the WWTP for treatment [14]. This allows the storage tank to reduce pollutants indirectly, as the CSO that would otherwise be discharged into the RWB is stored by the storage tank and conveyed to the WWTP for treatment after the rainfall, thus meeting the discharge standards. Similarly, in the SSS, the storage tank also plays the same role [15]. During the initial period of rainfall, stormwater runoff with high pollutant concentrations is collected by storage tanks and conveyed to WWTPs or other treatment facilities after rainfall. In general, whether in CSS or SSS, the role of the storage tank is to protect the RWB by collecting sewage with high pollutant concentrations [16], directly reducing the discharge volume of CSO or stormwater runoff. Then, the storage water is conveyed to the treatment facility to remove most of the pollutants [17].



The volume calculation of storage tank is usually based on the comprehensive design index of the equivalent rainfall depth, which has the advantage of simplicity and is easy to calculate. However, the equivalent rainfall depth of the storage volume is also affected by factors such as total rainfall depth, rain type, land surface type, and the sub-catchment area [18]. As a result, the storage volume calculated by an empirical formula cannot meet the actual demand in general [19]. Moreover, it is not easy to find the problems in design and operation of the storage tank, and it is difficult to provide references for subsequent projects without simulating them through models [20]. At the same time, large-scale storage tanks also need to face vital problems such as the treatment of storage sewage and the change of the function of the storage tank after the corresponding sewer system change from CSS to SSS.



The study is based on an actual system and the name is removed for confidentiality. In order to protect the water quality of the RWB, W city has built a large-scale storage tank at the CSO outfall. The storage tank is used for CSO control in the short term and for stormwater runoff pollution control in the long term. In the current CSS, the storage tank is used to collect the combined sewage that exceeds the conveying capacity of the sewer system and the treatment capacity of the WWTP during the rainfall, and the storage sewage is conveyed to the WWTP for treatment after rainfall. Similarly, when the sewer system is converted to SSS in the future, the storage tank will be used to collect stormwater runoff with a high concentration of pollutants during early periods of rainfall, and the storage runoff is also conveyed to WWTP after rainfall. However, the actual operation effect of the storage tank is not good; the control effect for water quantity and pollutants has not reached the set expectations.



This research presents the design structure and operation status of the large-scale storage tank, analyzes the problems existing in the design scheme and actual operation process, and discusses the problems that led to the unsatisfactory pollutant reduction effect of the storage tank. A storm water management model (SWMM) model was constructed to simulate the CSO control effect under the current conditions and the runoff control effect after the storage tank is used as stormwater storage in the future. In addition, the runoff pollution control effect of centralized storage and decentralized storage in the SSS was also compared. The results show that in order to fully achieve the designed capacity of the large-scale storage tank, it is necessary to formulate the storage water treatment scheme, enhance the WWTP’s treatment capacity, or construct other treatment facilities to match the storage capacity. The objective of this article is to provide a reference for the design and operation management of the large-scale storage tank, ensuring efficient operation of the storage tank and the control of more pollutants.




2. Materials and Methods


2.1. Study Area


W city is located in a border zone between inland and coastal areas. June to September is the rainy season, and frequent rainfalls cause serious CSO problems. The Y river is one of the main water systems in the city, and it plays an important role in flood prevention and landscaping. As shown in Figure 1, the study area is located in the Y river basin. Most of the area is residential land, while a small percentage of land use is industrial, green and commercial. The overall terrain is high in the south and low in the north, with an average gradient of 0.1%~0.2%. The sewer system in the study area basically comprises SSS, but there are still some combined sewers in a few districts. In addition, the stormwater sewer and sanitary sewer in the study area are all connected to the interception box culverts on both sides of the Y river. In general, the sewer system in the study area shows the characteristics of the intercepting CSS, and it has been operating in this mode for many years. Because there is no overflow outfall in the upper and middle reaches of the interception box culvert, the overflow sewage is all discharged centrally by the only outfall in the lower reaches of the box culvert during the CSOs. In order to protect the water quality of the Y river, W city has built a large-scale storage tank of 220,000 m3 at the overflow outfall in 2019.




2.2. Storage Tank Description


As W city is carrying out a CSS separation project and plans to complete it in the coming years, the designer did not calculate the storage volume according to the CSO storage tank design formula when designing the large-scale storage tank, but took into account the CSS separation project; therefore, they designed the storage volume according to the design formula of the stormwater storage tank. The storage tank was planned to be used in the near term for CSO pollution control and in the long term for stormwater runoff pollution control, after the sewer system is transformed to SSS. The designer determined the effective volume of the storage tank by the criterion of the stormwater storage tank and calculates it by the following rainfall estimation formula [21]:


  V = 10 D F Ψ β  



(1)




where   V   (m3) is the total volume of the storage tank, calculated to be 220,000 m3;   D   (mm) is the designed rain depth of storage per unit area, designed with 8 mm;   F   (hm2) is the area of the catchment, designed with 5000 hm2;   Ψ   (-) is the runoff coefficient, designed with 0.5;   β   (-) is the safety coefficient, designed with 1.1. The formula determines the volume of the storage tank based on the runoff coefficient of the catchment surface, the catchment area, and the designed rainfall depth.



As shown in Figure 2, the large-scale storage tank is an underground rectangular structure, constructed with concrete and is approximately 996 m long and 30 m wide. The whole storage tank consists of 1 water inlet well with 8 water storage units in a series. The sewage inflows into the inlet well by two holes of 3.5 m × 3 m in a box culvert upstream of the south side, and the inlet well is connected to a D1800 (diameter 1800 mm) sanitary sewer with a gate downstream of the north side. The dry weather sanitary and some combined sewage during rainfall is conveyed to the wastewater treatment plant (WWTP) at the north side via the sanitary sewer. The length of a single water storage unit is 77.4~119.4 m, including a sediment flushing tank and gate flushing system, flushing corridor, precipitation groove and emptying pumping station. Water storage unit 5 is additionally equipped a D1000 gravity emptying sewer with a gate, which is connected to a D1800 sanitary sewer. Water storage units are connected through three connecting corridors, and the inlet is located in front of the first water storage unit. The inlet well is equipped with four outfalls with gates.



The storage tank is filled by gravity, and the water inflows through the inlet well into the 1–8 storage unit in turn. The bottom elevation of the storage unit is 7.50–8.00 m, the highest storage water-level elevation is 17.20 m (based on relative elevation, the maximum water depth in the storage tank is 9.7 m), and the overflow elevation between the storage units is 11.75 m. After the rainfall ends and the water level in the D1800 sanitary sewer drops to 14.90 m, the operator starts pumps in each storage unit to empty the tank. The design water outflow rate is 80,000 m3/d. The storage tank is controlled by a programmable logic controller (PLC). When the flow meter in the inflow box culvert detects that the flow rate reaches the threshold (2.78 m3/s), the gate in front of the water storage unit will be opened and the combined sewage begins to inflow into the storage tank.




2.3. Data Collection


The rainfall depth data were recorded from two rain gauges in the study area. The accuracy of the rain gauge was 0.2 mm, and the range of effective rainfall intensity was 0~4 mm/min. Data from 23 rainfall events in 2022 were collected and 12 of those rainfall events were used in the model simulation. The parameters of 12 rainfall events are shown in Table 1.



The water-quality data used for model calibration and discussion were provided by a testing institution entrusted by the government.




2.4. Catchment Model Based on the SWMM


A SWMM model was constructed to simulate different operational scenarios of the sewer system and storage tank in the study area. The version of the SWMM model is 5.2.1. The model specifies the physical parameters of the catchment, the sewer and storage tank. The model simulation included water-quantity simulation and water-quality simulation, in which the chemical oxygen demand (COD), the suspended solids (SS) and total nitrogen (TN) were selected to simulate water-quality variation.



2.4.1. Basic Parameters of SWMM


Based on the site planning and sewer system data of W city, the ArcGIS system was used to divide the sub-catchments with the aid of the Thiessen polygon method and calculate the imperviousness rate of each sub-catchment in the study area [22,23]. Then the model was manually adjusted according to the current stormwater sewer and interception box culvert drainage orientations. The fixed physical parameters of the model were extracted from ArcGIS (version 10.4), drawings, and an onsite survey. The other parameters which could not be directly measured were assigned initially through references, and adjusted by calibration with the real monitored data. Through model generalization, the whole study area was divided into 3811 sub-catchments, 4229 nodes, and 4259 conduits. Stormwater runoff in each sub-catchment area was assumed to flow into the node. The imperviousness coefficients of the sub-catchments ranged from 0.24 to 0.89.



It is worth emphasizing that before the 2022 rainy season, W city had already completed the CSS separation project in some areas and constructed some new stormwater outfalls, which means that some stormwater sewers were no longer connected to the interception box culvert. This resulted in a reduction in the catchment area of the tank from 5000 ha as designed to 3500 ha. In order to simulate a more realistic operation of the storage tank, the simulation was performed according to the current catchment area, rather than as designed.




2.4.2. Model Pollutant Parameters Options, Calibration and Validation


A stormwater sewer outfall located in a tributary to the Y river was selected to calibrate and validate the model. Two rainfall events on 28 July and 14 September 2022 were used to model the water-quantity and water-quality calibration. The water-quantity model used the outfall water level as the analytical index and the water-quality model used pollutant concentration as the analytical index. The rainfall event on 19 August 2022 was used to validate the model and the correlation coefficient (R2) was used to assess the reliability of the model [24]. As shown in Figure 3a, although the monitored value is slightly higher than the simulated value in the early period, the R2 between the monitored value and the simulated value is 0.85 (Figure 3c), which indicates that the model can simulate the water quality. As shown in Figure 3b, the monitored values of the water level are closer to the simulated values; the R2 between the two is 0.91 (Figure 3d), which means that the model can better simulate water quantity [25]. Through the same method, the R2 between the monitored values and the simulated values of SS and TN are 0.87 and 0.93, respectively.



The values of the main pollutant parameters of the model after rate calibration are shown in Table 2.




2.4.3. Storage Tank Options


In the simulation of the CSS, the storage tank was set at the end of the interception box culvert. In this scenario, the storage tank was used to simulate the control effect of the CSO volume and pollutant load. The shape of the storage tank was set to cubical, with the depth and the bottom area set to 9.7 m and 22,680 m2, respectively, (the total storage volume was 220,000 m3). According to the actual inflow pattern (when the flow rate in the interception box culvert is greater than 2.78 m3/s, the combined sewage begins to inflow), an orifice was set up between the storage tank and the inlet well in the SWMM model. The opening and closing of the orifice were controlled by the “Control Rules” setting; the orifice setting value of 1 indicates that the orifice is open, and only then can sewage flow through it. On the contrary, if the orifice is set to 0, sewage will not flow through it. It is assumed that the orifice can only be fully opened or fully closed, so the inflow efficiency is 100% once the water starts inflowing. The specific control rules are as follows:




	
RULE R1A



	
IF CONDUIT 1 FLOW > 2.78



	
AND NODE STORAGEUNIT DEPTH < 9.7



	
THEN ORIFICE 1 SETTING = 1



	
RULE R1B



	
IF CONDUIT 1 FLOW < 2.78



	
OR NODE STORAGEUNIT DEPTH > 9.7



	
THEN ORIFICE 1 SETTING = 0








In the simulation of the SSS, the parameter of the storage tank remained unchanged, but the control rules were not set, meaning that the stormwater runoff flows into the storage tank automatically. In this scenario, the storage tank was used to simulate the control effect of stormwater runoff volume and pollutant load. At the same time, the storage tank was assumed to be emptied according to the designed discharge rate.



In the simulation of decentralized storage in SSS, 33 storage tanks were set at the end of each stormwater sewer, which was connected to the interception box culvert, with a single storage volume ranging from 1000 to 18,000 m3. The volume of the single storage tank was calculated according to Formula (1). In this scenario, storage tanks were used to simulate the control effect of the stormwater runoff pollutant load, so as to compare the control effect of centralized storage and decentralized storage.






3. Results and Discussion


3.1. Storage Tank Design Issues


Although the large-scale storage tank is a better solution to the problem of CSO pollution control in the current, there are still some design deficiencies.



First, compared with the inflow box culvert and the downstream D1800 sewage sewer, the inlet well of the storage tank is an inverted siphon section. Moreover, the slope of the upstream box culvert is large, and the inlet well is at the end of the inflow section, which is prone to becoming a silt accumulation point during dry weather sanitary flow.



Based on the monitoring data of the interception box culvert and inlet well, the concentration of COD and SS over time during the dry day are shown in Figure 4. Dry weather effluent was monitored at 2 h intervals, and it should be emphasized that the effluent samples were from the lower layers of the interception box culvert and inlet well. Figure 4a shows that COD concentrations in the inlet well are slightly higher than in the interception box culvert at most times of the day, at an average of 15 mg/L higher, and the magnitude of change over time is significant. The COD concentration in the inlet well is higher than that in the interception box culvert during the day, except for the periods from 18:00 to 20:00 and 14:00, and the difference is the largest—40 mg/L—at 22:00. At that time, the COD concentration in the inlet well was 266 mg/L, and that in the interception box culvert was 226 mg/L. The reason for the variation in COD concentrations over time is the water use habits of residents, where COD concentrations in the interception box culvert and inlet well are elevated in the morning and evening and decrease at midnight. COD concentrations in the inlet well were lower than in the interception box culvert at 18:00–20:00 and at 14:00, which may be due to sampling errors.



As shown in Figure 4b, the SS concentration in the inlet well is much higher—1.7~3.5 times higher—than that in the interception box culvert. The SS concentration in the interception box culvert changes significantly over time, and the rule of variation is close to that of the COD concentration, while the SS concentration in the inlet well is essentially unchanged over time, stabilizing in the range of 324~387 mg/L. The maximum difference in SS concentrations between the inlet well and the interception box culvert occurred at 4:00; at this time, the SS concentration in the inlet well was 356 mg/L, while the SS concentration in the interception box culvert was only 98 mg/L.



As shown in Figure 5, the reason for the high concentration of SS pollutants in the inlet well may be due to the low elevation relative to the inflow box culvert and the downstream D1800 sewage sewer, resulting in the inlet well becoming an inverted siphon structure. On dry days, the water level in the inlet well is usually not high, and after the sanitary sewage enters the inlet well through the inflow box culvert, the upper sewage flows into the D1800 sanitary sewer, while the sewage remaining in the lower part of the inlet well cannot flows into this sewer. Over time, large amounts of SS and debris will be deposited in the inlet well. However, the inlet of the storage tank is located under the inlet well, which happens to be in the most serious deposition area. When the inflow of the storage tank begins, the stored water under the inlet well will first enter the storage tank. As a result, there are some undesirable conditions that can arise from the operation of the storage tank. On the one hand, due to the elevation of the bottom of the storage tank being much lower than the inlet well, when the water inflow begins, the floating debris and the bottom sediment in this inverted siphon section will flush into the tank, resulting in the transfer of garbage and sediment to the front water storage unit, leading to increased difficulties in cleaning up. This may not only affect the efficiency of water inflow and subsequent treatment of water quality, but also affect the operation of the grid, flushing equipment, pumps, and other equipment. On the other hand, garbage and sediments in the inlet well will be rapidly discharged into the river during overflow, causing more serious environmental pollution of the RWB [26].




3.2. Storage Tank Operation Issues


The large-scale storage tank started operation in April 2020. With a total combined sewage storage volume of about 4.94 million m3, the tank plays an important role in the protection of RWB water quality, but there are still some challenges in its operation.



The storage tank was operated 55 times from 2020 to 2022, with a maximum inflow volume of 186,800 m3, a minimum inflow volume of 17,200 m3, and an average inflow volume of 89,800 m3, which is less than one-half of the designed situation. As shown in Figure 6, according to the water-level recording data from the storage unit 8, the lowest water depth in the tank before the water inflow is 0.55 m, the highest water depth is 8.06 m, and the average water depth is 4.9 m, which leads to the actual water inflow depth being less than half of the design depth of the tank. The actual operation of the storage tank does not meet the ideal conditions as designed, with high water-depth operation being the norm. The tank fails to perform its function efficiently and controls only a portion of the combined sewage. In the rainy season when rainfall is more frequent, the storage sewage cannot be emptied in time, affecting the subsequent water inflow, and greatly reducing the operational efficiency of the storage tank.



Two reasons may cause the storage tank to not be emptied properly. First, the combined sewage is allowed to be discharged to the WWTP when the water level of the downstream sanitary sewer drops to 14.9 m. However, the interception box culvert takes up most of the daily sanitary sewage conveyed to the catchment area, making the water level at the end of the box culvert and in the D1800 sanitary sewer usually high. Therefore, it is more difficult for the storage tank to meet the emptying conditions during the rainy season when rainfall intervals are shorter.



In addition, as shown in Table 3, the construction of WWTPs in W city took place at an earlier date, and the design capacities are lower, with most of them are operating at high loads or even overload; the same is true for WWTP A and C, which are responsible for the treatment of the combined sewage in the tank. In this case, the WWTP could not afford to treat tens of thousands of tons of sewage in the tank during more frequent rainfalls, which causes water to be stored for long periods of time. If the storage water reaches a maximum volume of 220,000 m3, it will take 4 days to treat all the combined sewage in the tank, even if the daily treatment capacity of WWTP A and C is at its minimum. When the daily treatment capacity of the two WWTPs is the average, the treatment period takes more than 10 days, which largely extends the emptying time of the storage tank, which is the main reason why the storage tank operates at high water levels during the rainy season. As a result of the current situation of high-capacity operation of the WWTP, some of the sewage must be retained in the tank and slowly conveyed to the WWTP after rainfall, which makes it difficult to effectively empty the storage tank, causing the large difference with the designed discharge rate of 80,000 m3/d.




3.3. Effect of CSO Pollution Control in the Current


Although the water inflow of the storage tank is unsatisfactory, its pollutant reduction effect is still unknown. There is a lack of a sufficient scientific basis with which to evaluate the operation effect of the storage tank only by the amount of inflow volume. Therefore, 12 typical rainfalls (the water inflow volume > 30,000 m3 during the rainfall process) during the rainy season (from June to September) in 2022 were selected to simulate the total pollutant reductions of the storage tank through the SWMM model.



Practical pollutant reductions were simulated based on the practical water inflow record, and the designed pollutant reduction was simulated based on the designed storage volume of the storage tank, i.e., the maximum depth of water was 9.7 m, corresponding to the storage volume of 220,000 m3, and the discharge rate is 80,000 m3/d. The practical and designed reductions in the combined sewage volume and pollutant load by the storage tank for the rainy season in 2022 are shown in Table 4.



According to the actual operation records and simulation results, the designed storage volume of the storage tank during the rainy season of 2022 should be 8.90~22.00 × 104 m3, but the practical storage volume was 3.20~18.68 × 104 m3. The total design storage volume is 22.626 × 105 m3, while the total practical storage volume is only 12.038 × 105 m3, which is nearly half of the difference. The same gap is also reflected in the reduction in pollutants, the total design reduction of COD should be 450,020 kg, but the practical reduction is 274,490 kg; therefore, the practical reduction represents 60.97% of the design reduction. The design reduction in SS is 626,100 kg, while the practical reduction is 382,100 kg; therefore, the practical reduction represents 61.03% of the design reduction. The design reduction in TN should be 15,798 kg, but the practical reduction is only 9691 kg; therefore, the practical reduction represents 61.34% of the design reduction. From the perspective of the overall CSO control effect of the storage tank during the rainy season in 2022, the overall reduction of the CSO volume accounted for 53.49% of the design volume, and the total reduction in pollutants accounted for about 60% of the design value.



As shown in Figure 7, in the 12 operating events of the storage tank during the 2022 rainy season, compared with the designed situation, the minimum CSO volume reduction rate of the storage tank is only 30.46%, and the maximum reduction rate is 85.69%. The median of the CSO volume reduction rate is 43.67%; this means that for half of the 12 inflow events of the storage tank, the CSO volume reductions are less than 50% of the design volume. The highest practical reduction rate of COD is 87.58% and the lowest is only 33.95%, while the highest practical reduction rate of SS and TN is 87.58% and the lowest is 35.65% and 39.40%, respectively. The median pollutant reduction rates for the three pollutants are relatively close to each other, at about 50%. This indicates that under half of the operational scenarios during the 2022 rainy season, the practical pollutant control volume by the storage tank was only 50% of the design condition. The simulation results proves that the actual operation effect of the storage tank is unsatisfactory.



The reason why the practical storage volume and pollutant reduction of the storage tank did not meet the designed purpose is mainly because it could not be emptied according to the design water discharge rate, and water was stored in the tank for a long time during the rainy season when there were frequent rainfalls, which resulted in a reduction in its operational efficiency of nearly 50%. The reason for this unsatisfactory operation is that the designer did not take into account the treatment capacity of the WWTP that undertakes combined sewage treatment, which led to deficiencies in the “WWTP” part of the CSO pollution control process [27]. Due to the fact that there is no design for other treatment schemes, such as discharging the upper layer sewage to the RWB after sufficient precipitation or conveying storage water to other treatment facilities. Therefore, the storage sewage can only be conveyed to the WWTP, once the operating load of the WWTP is high, the sewage can only be stored in the storage tank.



Most of the CSS in various regions of China were put into operation in the last century, and generally did not consider building storage tanks to store overflow sewage when they were first designed. Hence the designed capacity of the downstream WWTP was only based on the amount of dry weather effluent and stormwater runoff corresponding to the interception ratio. The volume of combined sewage in the storage tank, which was constructed to reduce CSO pollution, places an additional treatment burden on the WWTP.



Therefore, when constructing storage tanks in CSS, especially large-scale centralized storage tanks, there is a need to avoid a single WWTP corresponding to the storage tank, and it is important to establish a match between the WWTP’s current treatment capacity and the designed storage volume.




3.4. Runoff Control Effect of the Storage Tank


Based on the typical rainfall data in Section 3.3, the SWMM model was used to simulate the runoff volume and pollutant reduction effect of the storage tank after being used for stormwater storage. In this case, it was assumed that the original interception box culvert only served as the drainage channel of stormwater runoff and the sanitary sewage would not enter it, so that the inflow mode of the storage tank would not change. The total amount of storage volume and the discharge rate were unchanged in the simulation. It is important to emphasize that the simulation was based on the condition that the storage tank could be emptied in time (the storage tank is emptied at the rate of 80,000 m3/d, and no water is stored in the tank unless continuous rainfall occurs). The 2022 rainy season runoff and pollutant reductions from the storage tank are shown in Table 5.



According to the simulation results, if the storage tank is used as stormwater storage, it can totally reduce runoff volume by 2,054,900 m3 with a reduction rate of 30.02%; reduce COD by 288,264 kg with a reduction rate of 36.24%; reduce SS by 443,016 kg with a reduction rate of 39.01%; and reduce TN by 6332 kg with a reduction rate of 30.33% during the rainy season in 2022. During the five rainfall events, the storage tank can also ensure the complete storage of stormwater runoff. In general, if the storage tank is operated under ideal conditions, a single storage tank can exert a better stormwater control effect, so that the total runoff control rate in the study area can reach 30%.



As shown in Figure 8, the water inflow of the storage tank shows a slight first-flush effect during some specific rainfall events (the early inflow water is more contaminated than the later inflow water [28,29]). During the 22 June rainfall event, the runoff reduction rate from the storage tank was 43.37%, and COD, SS, and TN reductions rate reached 52.79%, 54.85%, and 49.87%, respectively. During the 9 August rainfall event, the runoff reduction rate from the storage tank was 9.22%, while the SS reduction rate reached 22.6%, and the COD and SS reduction rates were 22.99% and 16.34%, respectively. This demonstrates that the total amount of pollutants carried in the stormwater runoff was higher in the early period of rainfall; however, due to the large catchment area of the study area, this effect was not as significant as that of the smaller catchment area [30].



The simulation only shows the good effect of the storage tank on the reduction of runoff pollution under the design conditions and does not consider the important issue of emptying. Although the treatment of stormwater in the tank is more diverse than combined sewage, and there is a possibility to reuse storage stormwater, exploring a rational measure to treat more than 200,000 m3 of stormwater in the tank is still a pressing concern.




3.5. Effect of Decentralized Storage


The large-scale storage tank in W city was designed with the concept of stormwater control, combining two key issues of controlling the CSO pollution in the current and the change in the function of the tank after the CSS separation. However, the storage tank at the end of the sewer system is too centralized due to the wide catchment area. In order to compare the centralized storage and decentralized storage on the reduction effect of runoff pollution, 6 typical rainfall events were selected from the rainfall events in Section 3.3; the runoff pollutant reduction effect of decentralized storage and its proportion in relation to that of the centralized storage are shown in Table 6.



As shown in Table 6, during the rainfall on 26 June, the decentralized storage reduced, by 4059 kg of COD and 8554 kg of SS, more than the centralized storage, with the reduction rate in COD increased by 9.7% and SS increased by 11.2%. During the rainfall on 9 August, decentralized storage reduced, by 5429 kg of COD and 10,943 kg of SS, more than the centralized storage, with the reduction rate of COD increased by 9.4% and that of the SS increased by 11.6%. Although the antecedent dry days of these two rainfall events were not long, the intensity of rainfall in the first hour was strong, reaching 14.3 mm/h and 14.1 mm/h respectively, which may be the reason why the effect of decentralized storage was better than that of the centralized storage during these two rainfall events. In other rainfall events, although the intensity of rainfall in the first hour was different, the reduction effect of the decentralized storage was not inferior to that of the centralized storage. In general, decentralized storage was more effective in reducing runoff pollution, and this is the same conclusion that some previous studies have reached [31].



As shown in Figure 9, in the decentralized storage scenario, there is a correlation between the increase in the pollutant control effect and the intensity of rainfall in the first hour of rainfall, and the R2 between them is 0.58. This may indicate that the stronger the rainfall intensity in the early period, the better the effect of decentralized storage. Those rainfall events share a common point in that the scouring intensity of the pollutants was strong during the early period of rainfall, resulting in a large number of pollutants discharged with the runoff rapidly. Decentralized storage tanks at the source are suitable for storing this portion of the first flush of stormwater runoff. Whereas with the centralized storage end of the sewer system, such rainfall produces more runoff volume in a short period of time, and the runoff downstream of the catchment rapidly inflows to the storage tank. However, because of the wide catchment area, when the upstream initial stormwater runoff with higher pollutant concentrations is conveyed to the end of the sewer system, part of the space in the storage tank is occupied by the downstream “medium-term stormwater runoff” with gradually decreasing pollutant concentrations, resulting in the upstream initial stormwater runoff not being able to inflow to the tank. At this point, centralized storage is not as effective in reducing pollutants as the decentralized storage that better captures initial stormwater runoff with high pollutant concentrations. However, although there is a correlation between the increase in the pollutant control effect and the rainfall intensity in the first hour of rainfall, the R2 between them is less than 0.8. This shows that the correlation between the two is not very strong, and there may be other reasons for the improvement in the pollutant control effect of decentralized storage, such as the dry days before rainfall, the catchment area of the storage tank, and the type of land used.



In addition, the decentralized storage tanks are located at various locations in the city and the volume of a single tank is relatively small; therefore, the storage water treatment methods are more flexible and diversified. The storage water can be reused for green watering, road cleaning, and river replenishment according to the needs of the surrounding area after precipitation, filtration and disinfection [32]. On the contrary, to deal with the storage water in the centralized storage tank, due to the excessive storage volume, the scale of the corresponding treatment facilities needs to be greatly increased to ensure the emptying efficiency, resulting in increased treatment difficulty. If the treated stormwater is not used only for river replenishment on the spot, a large amount of equipment needs to be dispatched for water reuse, which in turn increases the cost of reuse. In general, decentralized storage has certain advantages over centralized storage.





4. Conclusions


In this research, the design scheme, actual operation conditions and model simulation results of a storage tank in W city were analyzed. The following conclusions were obtained:



(1) When the storage tank is used for CSO control, the downstream WWTP is unable to meet the storage water treatment demand due to its daily operation at high loads, resulting in a practical reduction in pollution at about only 60% of the designed reduction capability, leading to unsatisfactory operation of the storage tank;



(2) If the storage tank is used for stormwater runoff control in SSS and the emptying problem can be solved, the total runoff volume could be reduced by 30.02% in the rainy season of 2022. The reduction rate of COD, SS, and TN could be up to 36.24%, 39.01%, and 30.33%, respectively. This indicates that the storage tank has a better control effect on stormwater runoff. At the same time, due to the large catchment area of the storage tank, there is a first effect of the water inflow, but it is not significant;



(3) In the SSS, decentralized storage shows a stronger pollutant reduction effect compared to centralized storage, thus the reduction effect of COD and SS can be increased by up to 9.7% and 11.6%, respectively. In addition, the pollutant reduction effect of decentralized storage has a certain correlation with the previous rainfall intensity.



Based on the research findings, if there is a plan to build a large-scale storage tank, it is necessary to plan a treatment facility at a scale that can match the volume of the storage tank or enhance the treatment capacity of the corresponding WWTP to ensure the operational efficiency of the storage tank. Nonetheless, this study has certain limitations that should be addressed in future studies. Although the pollutant control effect of decentralized storage is better than that of centralized storage, other factors, such as cost implications and environmental impacts, were not considered. In future studies, multiple factors can be integrated to investigate whether the overall effect of decentralized storage is better.
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Figure 1. Location of the large-scale storage tank (figure is from Google Maps). 
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Figure 2. Schematic diagram of the storage tank (Except for the arrow pointing to “Inflow box culvert”, the other arrows represent the direction of water flow). 
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Figure 3. Model calibration and validation results. (a) COD change process on 19 August 2022; (b) Water level change process on 19 August 2022; (c) COD validation result; (d) Water-level validation result. 
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Figure 4. Contaminant concentration in interception box culvert and inlet well: (a) COD concentration in interception box culvert and inlet well; and (b) SS concentration in interception box culvert and inlet well. 
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Figure 5. Schematic diagram of the inlet well. 
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Figure 6. Water depth of the storage tank before water inflow. 
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Figure 7. CSO volume and pollutant reduction rate of the storage tank. 
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Figure 8. Runoff and pollutant reduction rate of the storage tank. 
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Figure 9. Correlation between the decentralized storage COD control effect and the intensity of rainfall in the first hour. 
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Table 1. Rainfall event parameters used in the simulation.
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	Rainfall Date
	Antecedent Dry Days (d)
	Total Rainfall Depth (mm)
	Rainfall Duration (min)





	13 June
	10
	24.0
	155



	22 June
	6
	23.8
	205



	26 June
	3
	54.2
	260



	5 July
	3
	5.2
	50



	11 July
	4
	4.2
	35



	12 July
	0
	27.4
	160



	19 July
	6
	8.2
	90



	20 July
	0
	4.8
	65



	28 July
	5
	7.6
	80



	9 August
	7
	82.8
	420



	19 August
	5
	28.2
	185



	14 September
	15
	12.4
	145










 





Table 2. Model water-quality parameter value.
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Land Use Type

	
Pollutant Parameters

	
Value




	
COD

	
SS

	
TN






	
Road

	
Maximum buildup (kg/ha)

	
180

	
220

	
6




	
Rate constant (/d)

	
0.5

	
0.5

	
0.4




	
Wash-off coefficient (-)

	
0.007

	
0.008

	
0.003




	
Wash-off exponent (-)

	
1.7

	
1.8

	
1.7




	
Roof

	
Maximum buildup (kg/ha)

	
80

	
130

	
4




	
Rate constant (/d)

	
0.3

	
0.3

	
0.2




	
Wash-off coefficient (-)

	
0.005

	
0.005

	
0.005




	
Wash-off exponent (-)

	
1.6

	
1.6

	
1.6




	
Green

	
Maximum buildup (kg/ha)

	
40

	
50

	
10




	
Rate constant (/d)

	
0.5

	
0.5

	
0.2




	
Wash-off coefficient (-)

	
0.003

	
0.004

	
0.002




	
Wash-off exponent (-)

	
1.2

	
1.2

	
1.2











 





Table 3. Designed and actual operation condition of WWTP in W City.
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	Name of WWTP
	Designed Capacity

(104 m3/d)
	Time of Construction
	Operation Capacity (104 m3/d)
	Average Operation Capacity (104 m3/d)





	A
	20
	November 2015
	14~22
	18



	B
	4
	January 2012
	3.5~5
	4.25



	C
	10
	April 2010
	9.6~11.4
	10



	D
	5
	December 2006
	3.7~5.5
	4.6



	E
	3
	September 2005
	2~2.9
	2.45



	F
	2
	July 2005
	1.8~2.9
	2.35










 





Table 4. Practical and designed operation condition of the storage tank during typical rainfall from June to September 2022.
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	Date
	Practical Storage Volume

(104 m3)
	Practical

Reduction

of COD (kg)
	Practical Reduction of SS (kg)
	Practical Reduction of TN (kg)
	Designed Storage Volume

(104 m3)
	Designed

Reduction

of COD (kg)
	Designed Reduction

of SS (kg)
	Designed Reduction of TN (kg)





	13 June
	18.68
	58,670
	85,060
	2065
	22.00
	67,440
	97,120
	2358



	22 June
	9.52
	23,570
	35,780
	909
	22.00
	49,530
	73,330
	1862



	26 June
	6.64
	12,090
	18,980
	474
	22.00
	35,610
	53,240
	1203



	5 July
	11.02
	21,100
	25,740
	753
	14.22
	27,180
	32,710
	957



	11 July
	4.76
	11,040
	13,720
	391
	14.53
	29,380
	35,320
	1006



	12 July
	5.56
	6795
	8840
	239
	15.27
	14,340
	19,970
	539



	19 July
	8.14
	17,440
	23,100
	641
	20.90
	35,710
	46,640
	1294



	20 July
	3.20
	6345
	7400
	212
	8.90
	12,550
	14,820
	426



	28 July
	12.76
	17,000
	23,520
	637
	20.44
	29,500
	38,110
	1031



	9 August
	16.40
	53,000
	75,440
	1779
	22.00
	66,710
	96,400
	2272



	19 August
	7.78
	19,210
	28,450
	646
	22.00
	46,950
	72,550
	1647



	14 September
	15.92
	28,230
	36,070
	945
	22.00
	35,120
	45,890
	1203



	Total
	120.38
	274,490
	382,100
	9691
	226.26
	450,020
	626,100
	15,798










 





Table 5. Control effect of stormwater runoff of storage tank during typical rainfall from June to September 2022.
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	Date
	Runoff Discharge Volume

(104 m3)
	Runoff Storage Volume (104 m3)
	COD Reduction (kg)
	SS Reduction (kg)
	TN Reduction (kg)





	13 June
	33.46
	22.00
	44,310
	72,950
	1116



	22 June
	28.46
	22.00
	33,410
	55,260
	754



	26 June
	115.18
	22.00
	41,750
	70,070
	877



	5 July
	0
	9.00
	3629
	5513
	87



	11 July
	0
	6.70
	2077
	3065
	54



	12 July
	46.41
	21.80
	28,270
	19,040
	193



	19 July
	0
	14.46
	10,250
	15,840
	255



	20 July
	0
	8.18
	1243
	1968
	24



	28 July
	0
	13.35
	8385
	12,960
	202



	9 August
	214.76
	22.00
	57,940
	94,180
	1393



	19 August
	51.43
	22.00
	38,890
	64,530
	868



	14 September
	2.38
	22.00
	18,110
	27,640
	509



	Total
	492.08
	205.49
	288,264
	443,016
	6332










 





Table 6. Pollution control effect of stormwater runoff by decentralized storage.






Table 6. Pollution control effect of stormwater runoff by decentralized storage.





	
Date

	
The Intensity of

Rainfall in the First Hour

(mm/h)

	
COD

	
SS




	
Increased

Reduction

(kg)

	
Percentage of Centralized

Storage (%)

	
Increased

Reduction

(kg)

	
Percentage of

Centralized Storage (%)






	
13 June

	
12.2

	
1876

	
104.2

	
3385

	
104.6




	
22 June

	
10.2

	
396

	
101.2

	
670

	
101.2




	
26 June

	
14.4

	
4059

	
109.7

	
8554

	
112.2




	
9 August

	
14.2

	
5429

	
109.4

	
10,943

	
111.6




	
19 August

	
9.6

	
465

	
101.2

	
1087

	
101.7




	
14 September

	
2.4

	
160

	
100.9

	
223

	
100.8
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