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Abstract

:

Swine wastewater effluent is a key source of water contamination since it contains high levels of nutrients, including nitrogen and phosphorus, as well as nitrates and refractory organic matter (ROM). ROM refers to organic compounds that are usually resistant to microbial degradation. When swine wastewater effluent containing high levels of ROM is subsequently discharged into rivers and streams without being adequately treated, purification costs for drinking water increase and there remains a possibility for harmful substances to enter the human body. In this study, we introduce new methods for setting total organic carbon (TOC) water quality standards for discharging swine wastewater effluent containing high levels of ROM after treatment. To set the TOC water quality standards, various analysis methods based on statistics, technology, and experience based on operational data of livestock-manure treatment facilities were applied. In addition, the achievability of the proposed TOC standards in livestock-manure treatment facilities and the financial burden of their implementation on livestock farms were also reviewed. Here, we set tentative values that include all of our results derived from each methodology and set the TOC standards to levels that can be achieved through the normal operation of swine-wastewater treatment facilities (60 mg/L for public treatment facilities and 140 mg/L for treatment facilities operated by individual farms). When setting TOC standards, both single and combined methodologies should be considered and employed after comprehensively assessing livestock management policies, regional conditions, and the burden on stakeholders.
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1. Introduction


As of April 2022, China has the largest swine population, approximately 450 million heads, in the world. The European Union (EU) and United States were second and third, with over 140 and 74 million heads, respectively [1]. Unsurprisingly, increases in the number of swine have resulted in proportional increases in the amount of wastewater effluent. Livestock manure management and relevant systems and policies in many developed countries differ only slightly. Swine wastewater is managed under the Nutrient Management Guidelines in the USA [2], the Nitrates Directive of the European Union (EU) in the Netherlands [3], and the Water Pollution Prevention Act in Japan [3]. While each country has its own regulations for managing swine wastewater, manure is usually converted to resources, such as organic fertilizers, as compost and liquid fertilizers, to be returned to farmlands or they are used as soil conditioners [2]. Returning this resource back to farmlands may be desirable from the standpoint of resource recycling. However, swine manure can act as a nonpoint source pollutant or cause groundwater contamination, especially from nitrate, which is why the EU has implemented the Nitrates Directive [3]. Additionally, to prevent groundwater contamination, the amounts of fertilizers and nutrients [2] introduced to the soil when swine manure is reapplied to farmlands is also being limited.



The EU has established an integrated environmental management system that can minimize pollutant emissions through the best available techniques (BATs) and has applied this system to livestock manure [4]. Specifically, the BAT-based reduction of nutrients excreted by livestock (N and P) has received considerable attention [5,6]. Nitrogen content in livestock manure has been reduced by 3% in the EU by reducing the protein content in feed, and using different feeds at different growth stages, as well as approved additives (enzymes, growth accelerators, and microorganisms) [6]. Meanwhile, the N content in manure from finishing swine has decreased to 7.0–13.0 kg/head/year and that of sows has reduced to 17.0–30.0 kg/head/year in the EU [5]. However, the N content in manure from finishing swine was 22.2 kg/head/year in Korea [5]. The P content in the manure of finishing swine has been reduced to 3.2–5.4 kg P2O5/head/year and that of sows has reduced to 9.0–15.0 kg P2O5/head/year in the EU [5]. While, the P content in manure from finishing swine was 7.3 kg/head/year in Korea [5]. Thus, about 30% N and about 50% P could be reduced. These reductions in P content have been achieved using different feeds at different growth stages, phytase enzymes, and highly digestible inorganic phosphate [5]. Education and training programs for farm workers, emergency action plans for responding to unexpected emissions and water pollution accidents, continuous inspections, repairs, and maintenance of equipment and facilities, water use minimization protocols, and the use of various BATs (e.g., the spraying wastewater on soils) have also been established and expanded [5].



In the USA, animal feeding operations are considered nonpoint sources of pollution, while concentrated animal feeding operations (CAFOs) are defined as point sources [7,8]. A National Pollutant Discharge Elimination System (NPDES) permit is required for the latter if pollutants are expected to be discharged, but the scope of the NPDES permit is not applicable to all CAFOs. Under the NPDES, the impact of pollutants discharged into water bodies is considered with respect to limiting livestock manure effluent. Nevertheless, managing all of the pollutants discharged from CAFOs is limited by effluent management technologies and standards [7]. Such limitations and standards govern the discharge of point sources of pollution based on the level of control applicable according to industry-specific technologies [7]. If these technologies cannot satisfy the applicable water quality standards, stricter standards and water quality-based limitations on effluent may be applied [7].



In Japan, most swine manure is applied to farmlands, but some swine excreta in slurry or sewage form is treated separately as feces, urine, or a mixture, as in Korea [9]. As of 2010, purification accounted for 76.3% of all swine manure treatment, with public sewage treatment accounting for 0.4% of the separate treatment of swine urine [9]. Further, purification accounted for 18.5% and public sewage treatment accounted for 0.7% of the treatment of swine manure and urine mixture [9]. In other developed countries, swine wastewater is mostly recycled and applied to farmlands and soils [10]; consequently, the nutrients and nitrates infiltrating the groundwater and the impacts of swine wastewater are of the most interest. Here, the term “purification” refers to directly treating livestock manure at a treatment facility for reducing the emission of pollutants and not recycling livestock manure on farmland.



In Korea, approximately 72.7% of swine wastewater effluent is used to produce liquid fertilizers and compost [11] that is applied to farmlands. However, they are less preferred by farmers in comparison to chemical fertilizers due to the difficulty in storing them and the malodor when they are sprayed. Unlike in other developed countries, 27.3% of all swine wastewater is discharged into public water bodies after physical/chemical/biological treatment in public or private treatment facilities [11]. As in other developed countries, there are concerns over excessive nutrient (N and P) discharge and groundwater contamination due to swine wastewater. Moreover, because dam and river waters are primarily used as domestic water (33.1 billion m3/year, 89%) in Korea, interest in the management of swine-wastewater treatment facilities and the water quality of rivers where swine wastewater is discharged is higher than that in other countries [12]. Since the managing of organic matter (OM) is critical to water quality, there is an urgent need to set management standards for the OM in swine wastewater, as well as the water quality of nearby rivers and other water bodies.



Despite the effectiveness of established biochemical oxygen demand (BOD) and chemical oxygen demand (COD)-permanganate index (CODMn) in the effluent water quality standards of the livestock manure treatment facilities in terms of the management of biologically degradable organic substances, the management of refractory organic matter (ROM) is limited. Biochemical oxygen demand (BOD) can be leveraged to maintain the stable discharge of OM via the expansion and advancement of treatment facilities. However, even under these circumstances, the amount of refractory organic matter (ROM) can still increase [13,14], making the targeted management of ROM necessary. Total organic carbon (TOC) standards have been established for public waters, sewage treatment plants, and industrial wastewater treatment to manage ROM content [13,14,15,16]. Livestock manure flows into public waters (rivers, lakes, and reservoirs), causing nutrient and heavy metal contamination [17], as well as increasing ROM inflow. Although ROM is reportedly introduced into public waters through industrial wastewater or sewage [18,19], it is also found in large amounts in livestock manure.



The management of TOC from the livestock sector, which produces large amounts of ROM, requires more attention. In particular, it is necessary to strengthen the management of swine wastewater; the high rate of increase in the number of breeding heads consequently generates a large amount of wastewater [11]. In this study, we explored the management and operation of swine-wastewater treatment facilities in Korea and the influence of swine breeding on nearby rivers as part of an effort to manage ROM pollution. Here, we introduce new reference TOC standards that may be applied in the field, as well as domestic case studies on the methods used to set such standards.




2. Materials and Methods


2.1. Study Facilities and Sampling


To investigate the water quality of swine-wastewater treatment facilities, targets were selected by identifying the operational status of public livestock manure treatment and individual, on-site treatment facilities (Figure 1). A total of 104 public treatment facilities were operating across Korea as of 2016 [20]. Of these, 32 on-site facilities were selected, and facilities connected to sewage treatment plants, recycling facilities for liquid fertilizers and compost, and bio-gasification were excluded. As of 2016, a total of 381 private, on-site treatment facilities were in operation, including 94 declared and 287 approved facilities [20]. Among them, 20 (~5%), were selected as target facilities.



Each target facility was surveyed four times—once per season. The sample size needed from the 381 private, on-site facilities to achieve a statistically significant 90% confidence interval (CI) was calculated to be 70. Therefore, 20 facilities were surveyed four times, each to ensure that more than 70 samples were obtained. Additionally, 13 facilities in Chungcheongnam-do and Chungcheongbuk-do, 4 in Gyeonggi-do and Gangwon-do, and 3 in Gyeongsangnam-do and Gyeongsangbuk-do were selected for analysis, as these regions contained the greatest number of approved facilities. Surveys were conducted by dividing the facilities into pre-treatment, bioreactor, and post-treatment facilities based on the treatment technique used.




2.2. Flow Rate and Load by Source


We analyzed the amount of livestock manure generated, flow rate of livestock effluent, load per major pollutant source, treatment status by livestock manure type, and installation status of individual on-site treatment facilities based on verified data from the National Pollution Source Survey System [21].




2.3. Trends in OM in Densely Populated Swine Farming Areas and TOC in Nearby Rivers


Sites for investigating trends in OM and TOC concentrations were selected in densely populated swine farming areas and nearby rivers following a survey of candidate sites that included rivers near livestock farms [22]. Site A, which was deemed hazardous based on our survey results, was selected as the target area and was divided into three sub-areas based on the density of livestock farms (0.99, 0.78, and 0.00 facilities/km2). Subsequently, trends in the water quality (BOD and COD) of nearby rivers over the past three years (2019–2021) were analyzed.




2.4. Analytical Method by Water Quality Parameter


Among the various methods for testing water pollution, we used high-temperature combustion–oxidation to analyze TOC concentrations, including dissolved organic carbon (DOC) [23]. This method is more suitable for analyzing TOC when there is a high concentration of suspended matter, such as livestock manure [20]. Analyses were performed using a TOC-L Total Organic Carbon Analyzer (Shimazdu Corp., Tokyo, Japan). Biochemical oxygen demand, as well as the COD based on potassium dichromate (CODCr) and potassium permanganate (CODMn) oxidation were analyzed in accordance with the water pollution test standards [23].




2.5. TOC Standard-Setting


To set the TOC effluent standards for swine-wastewater treatment facilities, we employed a statistical method based on the analytical results of survey data, as well as a technology-based effluent limit method widely used worldwide [24]. The process applied to livestock-manure treatment facilities in Korea aims to bring BOD and CODMn levels below the respective standards [20]. Therefore, at the current technical level, all processes applied in livestock-manure treatment facilities may be considered as BATs [20]. On application of these processes, the 5th percentile value may be considered as the optimal emission concentration, adjusting for error statistical data and empirical judgment errors [20]. However, since the emission concentration of 5th percentile is very strict, 50th percentile, which was applied when setting TOC regulation standards for industrial wastewater, was considered as an appropriate technology level value [20]. Stepwise analyses and comparisons between the results of each approach were also considered. In the first step, the statistical TOC standards were determined using a high-quality dataset prepared based on our survey results. Second, the technology-based optimal ranges for meeting the current standards (i.e., the properties and rate and scale of treatment rate) were determined. Third, the applicable levels of each standard were determined. Finally, we comprehensively analyzed the results of each step to determine the final standards.



Figure 2 shows a schematic of the methodology used for standard-setting [20]. The proposed method included the identification of current data levels and a statistical review of the links between existing systems (e.g., BOD and CODMn) in the first step. The second step included a technology-based review of the ranges of TOC effluent concentrations that may be applicable during optimal operation. A water quality-based review by region and dilution/mixing with public waters is also available; while this technique requires the impacts of discharged effluent on public water quality to be assessed, it is impossible to quantify the TOC concentration of each pollution source that flows into public waters [20]. Additionally, because the fate of each pollution source cannot be clearly identified, calculating the contribution or impact of swine wastewater effluent is difficult. Thus, we substituted the water quality-based technique for the empirical method used in the United Kingdom and USA, which is based on percentiles of measured values [20].




2.6. Data Analysis


Measurement and monitoring data were analyzed using Microsoft Excel 2010 v. 2014 (Microsoft Corp., Redmond, WA, USA) and SPSS Grad Pack 22.0 statistical software (IBM Corp., Armonk, NY, USA). Basic statistical analysis, descriptive statistical analysis, regression analysis, and correlation analysis were also conducted. Except for the basic analysis set used to analyze the standards, only measured results that satisfied the current BOD and CODMn standards were used.





3. Results and Discussion


3.1. Swine Manure Generation and Management in Korea


As of 2017, the total amount of livestock manure in Korea was 132,109.1 m3/day, with swine responsible for the highest manure generation with 56,228.8 m3/day (42.6%) [11,25], followed by Korean cattle 39,393.3 m3/day (29.8%), dairy cattle 15,562.0 m3/day (11.8%), chicken 17,824.0 m3/day (13.5%), and others 3100.9 m3/day (2.3%) [11,25]. Together, swine and Korean and dairy cattle generated 84.2% of all livestock manure. Livestock manure is treated both on-site at individual farms (80.5%) and off-site by subcontractors (19.5%) (Table 1) [11]. Livestock manure treated on-site is primarily converted into compost and liquid fertilizer, whereas manure treated off-site at public or private treatment facilities is often purified or converted into liquid fertilizer or public resources (biogas, energy conversion, etc.) via recycling [11]. To summarize, 87.8% (sum of compost, liquid fertilizer, recycling companies) of livestock manure is recycled into liquid fertilizer, compost, and biogas; 72.7% of swine wastewater is recycled, while the remaining 27.3% (sum of purification, public treatment, livestock-manure treatment companies) is purified.



The total amount of livestock manure converted into resources (i.e., recycled) has remained nearly constant since 2007 [20] due to limits on the amount returned to farmlands, limited distribution, and preference for chemical fertilizers among farmers. Conversely, the percentage of subcontracted, off-site treatment has continually increased since 2007 (9300 m3/day (2007) → 22,400 m3/day (2010) → 31,100 m3/day (2013) → 36,500 m3/day (2016)) [11]. As in other developed nations, Korea is facing concerns regarding nonpoint source pollutants and groundwater contamination caused by the spraying of livestock manure on farmlands. However, the main focus has been on preventing riverine pollution caused by the discharge of swine wastewater, as the domestic water supply is largely dependent upon river and lake water. Thus, in contrast to other developed countries, Korea is using physicochemical and biological treatment facilities to purify livestock manure and has imposed strict management practices according to national water quality standards for livestock manure effluent. Approximately 27.3% of swine wastewater is purified by treatment facilities; most of it is treated in public facilities (65.8%), while ~31.8% is treated on-site at individual farms. Swine-wastewater treatment facilities have effluent water quality standards that are set in accordance with the Enforcement Regulations of the Act on the Management and Use of Livestock Excreta [26], as shown in Table 2.



In public livestock-manure treatment facilities operated by the state or local governments, six pollutant items (BOD, COD, suspended solid (SS), Total N, Total P) are set in effluent standards, and relatively strict water quality standards are applied. In addition, livestock manure generated by livestock farms is entrusted to a livestock-manure treatment company that operates a treatment facility. Consigned treatment companies, similar to public treatment facilities manage six pollutant items and apply the same standards for effluent treatment. On the other hand, livestock breeding farms that install and directly operate livestock manure treatment facilities manage, only 4 items (BOD, SS, Total N, Total P), and the effluent water quality standards are more relaxed compared to public or consignment treatment facilities. It is being applied considering that livestock-manure treatment facilities are operated by non-specialists, relatively few water quality management items are set, and the effluent water quality is set high. When livestock breeding farms are located in specific areas that require stricter control of emitted pollutant concentrations, such as a protected water source area, water quality standards are more stringent than those for farms located in general areas. Unlike public treatment facilities, COD and coliform count are not recorded for on-site purification facilities at individual farms.




3.2. Need for Swine Wastewater Management


3.2.1. Characteristics of Swine Wastewater


The focus of livestock wastewater management in Korea is on controlling the influx of OM into surface waters (rivers and lakes) that serve as the main sources of domestic water supplies. The contribution of livestock manure, especially swine wastewater, to OM is very high [25]. As shown in Table 3, which lists the BOD discharge by pollution source identified in a national survey in 2019, livestock manure contributed the highest amount of BOD, except for that from soils due to rainfall [25]. However, BOD emission in land is mainly caused by rainfall and is very difficult to manage because it is largely emitted during the rainy season (usually in summer). However, livestock manure is discharged uniformly throughout the year regardless of the season, making it essential to control the emission of pollutants. On the other hand, since BOD emissions from landfill, industry, and aquaculture are relatively low, management of BOD-emitting pollutants may be more effective. The BOD discharge of livestock manure accounted for ~25.5% of the total BOD load. As swine manure accounts for the highest percentage of livestock manure generated (Table 1), managing swine wastewater is imperative.



With the exception of poultry (chicken and duck), which generate a small amount of manure and thus a low BOD load, swine account for the highest number of livestock based on number of heads. Table 4 shows the increasing trend in the number of livestock animals over the past 25 years. The number of heads of Korean and dairy cattle in Korea increased by ~59%, while that of swine increased by 132%, with a similar trend expected in the near future [27]. The increase rate of poultry (chickens and ducks) was found to be the highest, but as mentioned in Section 3.1, the amount of manure generated accounted for only 13.5% of the total. The growth rate of Korean and dairy cattle is about 1/3 of that of swine, which is not large; additionally, the growth rate of dairy cattle is reportedly decreasing. Accordingly, swine has drawn attention as the livestock that poses the greatest risk for water pollution.




3.2.2. Shortage of On-Site Treatment Facilities


Examining the types of livestock manure for which treatment facilities were installed at individual farms revealed the importance of managing swine manure. The number of farms that required the installation of livestock manure treatment facilities was 78,192; however, such facilities were actually installed at only 1% of these farms (831 farms) as of 2016 (Table 5) [20]. Although highly concentrated water pollutants are discharged as a result of the specialization and industrialization of livestock farms, farmers are reluctant to invest in on-site treatment facilities due to a lack of awareness regarding how they might improve environmental conditions.



Among the farms with on-site treatment facilities, most were for swine (45.8%), followed by dairy (38.9%), and Korean (11.1%) cattle [20]. With respect to dairy cattle, the facilities were mostly milking-parlor wastewater treatment facilities with solid matter sedimentation functions rather than true manure treatment facilities, and their influent/effluent treatment processes differed markedly from those used in public or on-site swine-manure treatment facilities [20]. Additionally, because most of the treatment facilities for other livestock produce compost, the majority of livestock-manure treatment facilities were for treating swine wastewater [20].




3.2.3. Effluent Water Quality Standards and Non-Compliance at On-Site Swine-Wastewater Treatment Facilities


The effluent water quality standards for on-site treatment facilities installed at individual swine farms allow higher concentrations to be discharged than the standards in place at public facilities; consequently, swine wastewater discharged from on-site treatment facilities is regarded as one of the main causes of water pollution. As shown in Table 2, the effluent water quality standards for individual, on-site swine wastewater treatment are 3.6–12.5 times higher than those at public facilities. Moreover, the rate of non-compliance for effluent water quality standards at public treatment facilities is 2.5% for BOD, while at individual, on-site treatment facilities it was 35% for BOD, 8.8% for SS, 35% for total N, and 3.8% for total P [28]. Additionally, the standards applied to on-site treatment facilities only included BOD for managing OM, excluding CODMn for managing some refractory substances, unlike in public facilities. Because swine wastewater effluent from on-site treatment facilities is discharged directly into rivers, managing these wastewaters is a critical environmental and public health issue.



As shown in Table 1, the amount of livestock manure treated at on-site treatment facilities (5031.9 m3/d) accounts for ~50% of that treated in public facilities (10,546.1 m3/day). However, considering that the effluent water quality standards are lower at on-site facilities and that the rate of non-compliance is higher than that at public treatment facilities, improving the management of on-site swine-wastewater treatment facilities is more important because the pollutant load discharged into waterways by such facilities is often greater than that discharged from public facilities. Therefore, the effluent water quality standards of on-site swine-wastewater treatment facilities must be gradually strengthened until they are comparable to those of public treatment facilities; on-site facilities should also be differentiated according to the year of installation to ensure the greatest possible reduction in water pollution.



When strengthening effluent water quality standards according to water quality parameters, it is necessary to determine the appropriate time for implementation with consideration for the burdens placed on farmers. Moreover, administrative management must be aggressively reinforced to ensure that the pollutant loads permitted under current effluent water quality standards are not exceeded. Other developed countries are also gradually strengthening their effluent water quality standards for livestock-manure treatment facilities. In Japan, tentative standards for swine-wastewater discharging businesses have been strengthened such that the same standards as for general wastewater have been applied since 2018–2019 [27]. In the EU, permits are based on BAT; BAT conclusions for setting ammonia discharge standards have been implemented since 2017 at large-scale swine farms [27].




3.2.4. Inadequate Management and Operation of On-Site Treatment Facilities


In Korea, swine wastewater directly impacts public waters through the effluent discharged from both public and private, on-site treatment facilities. Therefore, it is necessary to increase the amount of wastewater treated by expanding swine-wastewater treatment facilities, as well as to strengthen the management of on-site treatment facilities. While public treatment facilities are managed by environmental professionals, on-site facilities are managed by non-professionals, such as farm owners, who have limited operational and management capabilities. According to a study by Park et al. [29], individual farms have relatively poor environmental oversight with respect to facility operation and management as stipulated by law when compared to public treatment facilities. Moreover, 74% of surveyed farms failed to clean their reactor tank once per year; at these on-site facilities, the rate of non-compliance for mandatory environmental manager education was 70%, and the rate of maintaining adequate storage to address potential fluctuations in inflow volume was only 30% [29]. Therefore, it is necessary to strengthen the management of on-site swine-wastewater treatment facilities operating at individual farms. However, farms with around-the-clock operation of the treatment facility (17% unfulfilled), daily management log maintenance (9% unrecorded), measurement collections and periodic inspections (7% uncomplied) were relatively well managed [29].




3.2.5. Refractory Characteristics of Swine Wastewater


Livestock manure, including swine wastewater, consists of non-biodegradable OM in the form of tannic and humic acids, as well as humate generated by the degradation of lignin; as a result, wastewater exhibits a dark yellowish-brown color during treatment [30,31]. The traditional sewage treatment methods that usually use physical treatment (primary treatment) and biological treatment (secondary treatment) cannot effectively remove ROM. Therefore, ROM clearance requires quire advanced treatments such as ozone (O3), ultraviolet (UV), and etc. [32,33,34,35,36,37,38]. According to a study by Choi [39], the concentration of OM (CODCr) in Korean sewage is ~200 mg/L, of which, ROM accounts for ~35% (70 mg/L). Lee et al. [40] analyzed the ROM content in livestock manure and found that the CODCr was ~22,000 mg/L, of which, ROM accounted for ~32% (7000 mg/L)—a 100-fold increase relative to general sewage, despite their similar ratios.



Table 6 [41] shows the TOC/OM contents in swine and other wastewaters derived from a review of the literature. The BOD/TOC ratio (1.0:1.1) was higher in swine wastewater than that in other types of wastewater (0.7:0.8), while the CODMn/TOC ratio (1.0:1.2) was lower (vs. 1.2:1.8). Further, it has been reported that increased ROM contents in water systems may cause disinfection costs to rise due to reduced membrane filtration and coagulation during the disinfection of water treatment plants. Disinfection may also produce high volumes of carcinogenic precursors, such as trihalomethane (THM), as by-products than can have serious health impacts [42,43,44]. Increases in ROM content may have a negative aesthetic impact on people by altering the color of public waters to yellow/brown. Furthermore, algal growth and eutrophication may be accelerated due to increases in carbon sources within water systems effected by livestock effluent, rendering the water unsafe for consumption [42,43].





3.3. Need for Implementing TOC Standards for Swine Wastewater Management


3.3.1. Changes in Major Policies and Water Quality Parameters for Managing OM


In 2009, the NIER presented directions for efficiently analyzing and managing OM in pollution sources and public waters and policies for reestablishing indicators through a comparative review of analytical methods for converting indicators of OM from CODMn to CODCr or TOC, comparative analyses of domestic and overseas OM management cases, and diagnosing current OM management conditions [20]. The NIER also presented problems and alternatives for investigating discharge facilities in 2012 through a survey of domestic and overseas cases in which proposed TOC effluent and wastewater discharge standards were set, conducted a pilot survey on TOC generation and discharge from public and individual discharge facilities, and proposed methods for setting TOC effluent and wastewater discharge standards in Korea [20]. The Ministry of Environment selected TOC as an indicator for managing organic pollutants in public waters and prepared management standards in 2012, while promoting policies that would reflect emissions standards (for effluent, wastewater, and total amounts of organic pollutants) after 2015. Total organic carbon discharge standards for sewage and wastewater were set in 2019 and implementation began in 2021 [20]. Figure 3 shows the changes in OM indicators and related policies according to relevant studies in each field in Korea. With the increasing need for ROM management in public waters, TOC was added to conventional BOD as an indicator of OM and the contributions of TOC to public waters from industrial wastewater, sewage treatment plants, and livestock manure have been measured. Through the conversion of OM indicators to TOC, the limitations of CODMn, which had been controversial for more than 40 years, can be resolved, providing a turning point for improving the efficiency of water quality management.




3.3.2. Increased ROM in Rivers near Areas Densely Populated with Swine Farms


Trends in the BOD and COD of rivers close to areas densely populated with swine farms highlight the importance of managing swine wastewater. Figure 4 shows the water quality measurements of a river close to an area densely populated with livestock farms (GC2; 0.99 facilities/km2) at Site A watershed, which was classified as a grade I (dangerous) area based on a survey of candidate sites. Survey results for BOD and COD trends over the past three years (2019–2021) show that BOD has continued to decrease, while COD has increased, indicating that the concentration of ROM has continued to increase. Similar cases are expected to occur frequently in areas densely populated by swine farms.



As shown in Figure 5, TOC concentrations in nearby rivers increased rapidly with increases in the density of swine wastewater treatment facilities (GC2: 0.99 facilities/km2 > GC3: 0.78 facilities/km2 > GC1: 0.0 facilities/km2). Therefore, it is necessary to introduce TOC management parameters for on-site treatment facilities at individual farms and nearby rivers and to set optimum water quality standards for managing the discharge of ROM from swine farms. We must also determine whether or not appropriate management can be achieved by continuously monitoring TOC fluctuations in rivers close to swine farms.



Korea, Japan, and Taiwan treat swine wastewater by purification at public and/or private facilities. In Japan and Taiwan, only nitrogen is regulated and standards are applied to municipal wastewater alone. In Japan, OM is managed by applying CODCr and BOD standards for 10,000 heads of swine (50 tons/day). However, with the emergence of ROM-associated problems caused by swine wastewater, it is necessary to introduce TOC standards and manage TOC accordingly. Moreover, mitigating pollution from the source is essential since livestock farms are separated from residential areas and located upstream in areas with few sources of pollution.





3.4. Setting TOC Standards in Swine-Wastewater Treatment Facilities for ROM Management


3.4.1. Statistical TOC Standards


Regression between TOC and OM Parameters


Regression analyses were performed to identify the scale and causal relationships between TOC and parameters of OM. The results of multiple regression for public and on-site swine-wastewater treatment facilities (Table 7) showed that all OM parameters (BOD, CODCr, and CODMn) were highly correlated with TOC. For influent, the highest correlation was observed between CODCr vs. TOC, followed by BOD and then CODMn vs. TOC in both public and on-site swine facilities, with similar results between them. For effluent, the correlations between the OM parameters and TOC at on-site treatment facilities were especially high (R = 0.959–0.965), whereas they were slightly lower (R = 0.898–0.949) at public facilities. The strongest correlation at public facilities was between CODCr vs. TOC, followed by CODMn and BOD vs. TOC, while for on-site facilities, the strongest correlations were between CODMn vs. TOC, followed by BOD and CODCr vs. TOC. The correlations of OM parameters for effluent were similar for on-site treatment facilities, but differed slightly among public treatment facilities.




Correlation by Treatment Facility Type and Effluent Parameter


To determine whether or not the data for effluent from each swine-wastewater treatment facility were normally distributed, Q–Q plots were constructed (Figure 6 and Figure 7) and correlation analyses were conducted for each treatment facility based on these plots. Linearity in the data indicated a normal distribution, whereas nonlinearity indicated a non-normal distribution. As shown in the Q–Q plots, the measured OM parameters from public treatment facilities appeared nearly linear, with the data for CODMn exhibiting the highest degree of linearity, followed by that for TOC, BOD, and CODCr. In contrast, the OM parameters measured at on-site treatment facilities were nonlinear. Accordingly, it was determined that public treatment facilities followed a normal distribution, while on-site facilities did not.



Based on the normal distribution of the data, the parametric Pearson’s correlation analysis was applied to the data from public treatment facilities. Moreover, due to the non-normality of the data collected from on-site facilities, non-parametric Spearman rank correlation analysis was employed because the probability distribution of the statistics used for analysis was not affected by the target population. This method is widely used to analyze correlations between non-normally distributed variables.




Correlations between TOC and Water Quality Parameters


We used SPSS Grad Pack 22.0 (IBM Corp., USA) to analyze the correlations between water quality parameters. Table 8 shows our results according to the type of swine-wastewater treatment facility. When the Pearson’s correlation coefficient (r) for effluent from public treatment facilities was analyzed, DOC and CODCr showed a strong positive linear relationship (0.7 ≤ r ≤ 1.0, Table 8), indicating a very high correlation with TOC. Furthermore, CODMn and BOD also showed a clearly positive linear relationship (0.3 ≤ r ≤ 0.7), based on which, it was concluded that all OM parameters were correlated with TOC.



Correlations between the OM parameters and TOC of effluent from on-site treatment facilities were analyzed according to their Spearman correlation coefficients (ρ), which are derived by rank rather than data values when data are ordinal. Spearman correlation coefficients have a value between −1 and +1, wherein +1 indicates that the rank of two variables is identical and −1 indicates that they are completely opposite. The results shown in Table 8 reveal that all OM parameters of effluent from on-site treatment facilities were highly correlated with TOC, as in the case of public facilities. Dissolved organic carbon showed the strongest correlation with TOC, followed by BOD, CODCr, and CODMn.





3.4.2. Technology-Based TOC Standards


We calculated the mean, standard deviation (SD), maximum (max), minimum (min), and percentiles of effluent water quality by swine-wastewater treatment facility, as shown in Table 9. The results showed that all public treatment facilities satisfied the effluent water quality standards for CODMn (≤50 mg/L), whereas the standards for BOD were satisfied at the 95th percentile. Because water quality standards for CODMn have not been established for on-site treatment facilities, the water quality standards for BOD (120 mg/L) were examined. We found that on-site treatment facilities satisfied the water quality standards for BOD at the 60th percentile despite having higher levels than public treatment facilities, which indicates that many on-site treatment facilities do not satisfy effluent water quality standards. The reasons for such results could be attributed to the facts that most on-site treatment facilities are operated by farm owners, who are not environmental professionals, and that these facilities often use dissolved air flotation as a post-treatment process, which makes it more difficult to remove SS and total N.



All currently employed swine wastewater treatment processes aim to satisfy the water quality standards for OM (BOD and CODMn); thus, they are operated using the best practicable technology (BPT) available and the BAT that is economically achievable. When such processes are employed, the application of 5th percentile values can be assumed to represent the BAT, taking into consideration the error inherent to the data for each parameter. However, 5th percentile values could place a substantial burden on livestock farmers, as they correspond to very low levels of discharge. As most on-site treatment facilities are operated by people without environmental expertise, it is unlikely that 5th percentile values, if accepted as standard, could be realized, which would result in non-compliance. Therefore, we applied the same 50th percentile TOC standard used for industrial wastewater to swine wastewater.



The same technology-based equation applied to set the TOC standards for effluent from sewage treatment facilities was used to derive a variability factor (VF) in this study. Here, VF was calculated as the ratio between the 99th percentile and the mean TOC (Equation (1)); the TOC calculated for public treatment facilities was 53.5 mg/L, while that for on-site facilities was 159.5 mg/L (Equation (2)) (Table 10).


  VF =     TOC   99  th   percentile        TOC   mean      



(1)






    TOC   standard   = 50  th   percentile    ×    VF  ,  



(2)




where TOCstandard is the standard for swine wastewater effluent (mg/L) according to the VF and 50th percentile of effluent water quality from treatment facilities (mg/L).




3.4.3. Empirical TOC Standards


A review of the statistical and technology-based TOC standards revealed that there were no significant correlations among the OM parameters and that the technology-based standards were too strict. Accordingly, TOC values that could satisfy current OM standards (BOD and CODMn) were calculated (Figure 8). An empirical TOC standard-setting method was used to set the standard value within a certain percentile range. Typically, the standards for water quality parameters range from the 75th to the 90th percentile [45]. In Korea, the BOD standard has been set the lowest (70th percentile), while that for CODMn has been set at the 99th percentile [45]. The value representing the 99th percentile is used for public facilities to ensure that they can satisfy both the current OM and TOC standards, whereas the 100th percentile is applied to on-site treatment facilities, which may have difficulty removing refractory substances due to the absence of CODMn standards. If the difference between the 99th and 100th percentile values is large, there is a possibility of overestimation. However, our results showed that there was almost no difference between these values, and thus that no overestimation would occur even if 100th percentile values were used.




3.4.4. Proposed TOC Standards for Effluent Water Quality in Swine-Wastewater Treatment Facilities


Table 11 shows a summary of the optimum ranges of the statistical, technology-based, and empirical TOC standards for effluent water quality in swine-wastewater treatment facilities. For public treatment facilities, the order in terms of standard strictness, was as follows: empirical (99th percentile) > technology-based > statistical > empirical (95th percentile) values. For on-site treatment facilities, the order was as follows: technology-based > empirical (99th percentile) > empirical (95th percentile) > statistical values. Further, the applicable range for the empirical values can be used to set the minimum standard for TOC.



It is necessary to set a tentative TOC value from the results of the three methodologies considered thus far. The values ranged from 40–55 mg/L for public treatment facilities and from 120–160 mg/L for on-site facilities. The best way to determine the optimum standards is to evaluate their practical applicability, as the inability of individual farmers to comply with standards that have been set too high will result in the loss of the intended functions of said standards. One means of addressing this issue is to assess the rate of compliance so that standards may be set in order to achieve complete compliance without upgrading facilities; this can also facilitate standard-setting in the future. Figure 9 shows the rate of compliance for the tentative TOC standards calculated using each methodology. Assuming that swine-wastewater treatment facilities currently in operation are used as they are without further improvements, a TOC standard of 60 mg/L would be required for public facilities and 140 mg/L would be required for on-site facilities to satisfy the proposed TOC standards.



No separate standards exist for regulating ROM levels (e.g., CODMn) at on-site swine-wastewater treatment facilities in Korea. If the empirical optimum range of the 95th percentile is applied, then a TOC concentration of 119.6 mg/L will be achieved and the compliance rate will be 93.3%. The remaining 6.7% of facilities require upgrades to satisfy the TOC standards, which places a financial burden on the swine farms. Therefore, when establishing new TOC standards, they should be set so that they can be satisfied without additional installations or upgrading of (existing) facilities.





3.5. Expected Improvements to Water Quality Based on the New TOC Standards


Limitations persist in predicting the degree to which water quality may be improved by setting TOC standards for swine-wastewater treatment facilities. Whether or not the facilities are operating stably can be evaluated through regular supervision and inspection and improvements to water quality can be determined via continuous monitoring of nearby rivers after setting the standards. Nevertheless, considering the concentration and flow rate of TOC discharged from swine-wastewater treatment facilities currently in operation and the TOC standards (assuming 140 mg/L) to be implemented in the future, a 22.7% reduction in TOC may be expected (Figure 10). A survey of 20 currently operating treatment facilities across four seasons showed that the mean amount of TOC discharged from on-site facilities was ~181 mg/L; assuming that the TOC standard will be set to 140 mg/L in the future, we found that the load would decrease by 2311 kg/day. While the impact of the calculated TOC reduction on the water quality of nearby rivers can be evaluated via monitoring, simply reducing the discharge of TOC from treatment facilities (by ~25% of the current level) alone may ultimately have a positive impact on river water quality.





4. Conclusions


Continuous management of livestock wastewater is necessary to prevent water pollution. Swine are responsible for ~43% of the livestock wastewater generated, and their population has consistently increased in recent years. While many swine farms have wastewater treatment facilities, there remain limitations in terms of their number, operation, and management. Furthermore, swine wastewater contains high ROM content, and its discharge volume tends to increase in areas that are more densely populated with swine farms. Discharge of swine wastewater containing highly concentrated ROM into public waters can degrade the water quality in nearby rivers, making their use as water sources difficult. Thus, it is essential to manage ROM in wastewater. As TOC is used as an indicator of ROM in public waters, sewage treatment plants, and industrial wastewater, it is necessary to implement TOC standards to manage ROM in swine wastewater.



While the methods discussed here could be applied, either alone or in combination, for livestock wastewater management, determining which method has the broadest applicability requires the comprehensive consideration of livestock management policies, regional conditions, and burdens on stakeholders. Water quality improvements achieved by setting TOC standards for swine farms should be assessed through continuous monitoring of nearby rivers. Additionally, if no significant reduction in TOC levels is achieved despite compliance with the effluent standards by the swine wastewater treatment facilities, additional measures for gradual strengthening of the effluent water quality via education, monitoring, upgrading and new equipment installation may be needed.
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Figure 1. Surveyed livestock manure treatment facilities. 
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Figure 2. Procedure used to set TOC effluent standards for swine wastewater treatment facilities. 
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Figure 3. Changes in OM indicators from public watersheds and livestock, industrial, and municipal wastewater in Korea. 
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Figure 4. Trends of OM in a river close to an area densely populated with livestock farms. 
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Figure 5. Concentrations of TOC in nearby streams according to the density of swine farms. 
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Figure 6. Q–Q plots by effluent parameter for public treatment facilities. 
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Figure 7. Q–Q plots by effluent parameter for on-site treatment facilities. 
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Figure 8. Empirical TOC standards for public (upper) and on-site (lower) treatment facilities, showing the percentiles (left) and frequencies (right) by TOC standard. 
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Figure 9. Calculated rate of compliance with the proposed TOC standards. 
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Figure 10. Expected reduction in TOC after setting TOC standards for on-site swine-wastewater treatment facilities. 
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Table 1. Livestock manure treatment status in Korea.
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Livestock

	
On-Site Treatment by Individual Farms (m3/day)

	
Subcontracted, Off-Site Treatment (m3/day)

	
Total




	
Compost

	
Liquid Fertilizer

	
Purification

	
Public Treatment

	
Recycling Companies

	
Livestock Manure Treatment Companies






	
Total

	
96,564.9

	
4724.9

	
5031.9

	
10,546.1

	
14,709.9

	
531.3

	
132,109.1




	
Swine

	
26,230.8

	
4321.5

	
4879.0

	
10,082.3

	
10,352.8

	
362.4

	
56,228.8




	
Korean cattle

	
37,772.4

	
93.2

	
11.6

	
46.6

	
1395.1

	
74.4

	
39,393.3




	
Dairy cattle

	
14,024.3

	
310.0

	
132.5

	
359.5

	
701.4

	
34.3

	
15,562.0




	
Chicken

	
15,704.9

	
0

	
0.2

	
14.9

	
2046.2

	
57.8

	
17,824.0




	
Others

	
2832.5

	
0.2

	
8.6

	
42.8

	
214.4

	
2.4

	
3100.9











[image: Table] 





Table 2. Effluent water quality standards for livestock manure treatment facilities.
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Facility Type

	
BOD (mg/L)

	
COD (mg/L)

	
SS (mg/L)

	
Coliform (CFUs/mL)

	
Total N (mg/L)

	
Total P (mg/L)






	
Public

	
≤30

	
≤50

	
≤30

	
≤3000

	
≤60

	
≤8




	
Consignment

	
≤30

	
≤50

	
≤30

	
≤3000

	
≤60

	
≤8




	
On-site

(specific area)

	
Approved

	
≤40

	
-

	
≤40

	
-

	
≤120

	
≤40




	
Declared

	
≤120

	
-

	
≤120

	
-

	
≤250

	
≤100




	
On-site

(general area)

	
Approved

	
≤120

	
-

	
≤120

	
-

	
≤250

	
≤100




	
Declared

	
≤150

	
-

	
≤150

	
-

	
≤400

	
≤100
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Table 3. Flow rate and BOD load by pollution source (as of 2019).
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	Pollution Source
	Generated Flow Rate (m3/day)
	Discharged Flow Rate (m3/day)
	BOD Generated (kg/day)
	BOD Discharged (kg/day)





	Total
	20,721,281
	25,648,245
	11,315,684
	1,609,832



	Soils
	-
	1,619,882
	841,578
	831,362



	Livestock
	195,259
	227,347
	4,756,877
	411,137



	Households
	15,742,872
	19,431,915
	3,782,075
	297,328



	Aquaculture
	-
	-
	48,106
	48,106



	Industry
	4,753,417
	4,341,300
	1,850,498
	21,751



	Landfills
	29,733
	27,800
	26,550
	148
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Table 4. Trend in the number of livestock animals.
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Livestock

	
Animals (1000 Heads)

	
Increase (%)




	
1990

	
2000

	
2005

	
2010

	
2015

	
2016

	
2017






	
Chicken + duck

	
74,463

	
102,547

	
109,628

	
163,597

	
173,903

	
178,256

	
178,081

	
139




	
Swine

	
4528

	
8214

	
8962

	
9881

	
10,187

	
10,367

	
10,514

	
132




	
Korean cattle

	
1622

	
1590

	
1819

	
2922

	
2909

	
2963

	
2997

	
59 *




	
Dairy cattle

	
504

	
544

	
479

	
429

	
428

	
418

	
409




	
Total

	
81,207

	
112,895

	
120,893

	
176,839

	
187,442

	
192,020

	
192,018

	
136








* Sum of Korean cattle and dairy cattle.
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Table 5. On-site treatment facilities by Korean livestock type (as of 2016).
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Livestock

	
Scale

	
No. of Facilities Actually Installed

	
Total Capacity of Installed Facilities (tons/day)






	
Swine

	
Declared

	
94

	
8420




	
Approved

	
287

	
23,826.7




	
Korean cattle

	
Declared

	
82

	
8030




	
Approved

	
10

	
980




	
Dairy cattle

	
Declared

	
200

	
16,580




	
Approved

	
123

	
10,870




	
Duck

	
Declared

	
10

	
1000




	
Goat

	
Declared

	
1

	
100




	
Deer

	
Declared

	
1

	
100




	
Horse

	
Declared

	
3

	
260




	
Approved

	
5

	
500




	
Chicken

	
Declared

	
5

	
500




	
Dog

	
Declared

	
10

	
990




	
Total

	

	
831

	
72,156.7
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Table 6. Comparison of TOC/OM content between livestock manure and other wastewater.
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Sewage Treatment Facilities

	
Manure Treatment Facilities

	
Industrial Wastewater Treatment Facilities

	
Swine Manure Treatment Facilities




	
Public

	
On-Site






	
CODMn/TOC

	
1.2

	
1.4

	
1.8

	
1.0

	
1.2




	
BOD/TOC

	
0.8

	
0.7

	
0.7

	
1.0

	
1.1











[image: Table] 





Table 7. Multiple regression analysis of influent and effluent for public and on-site swine- wastewater treatment facilities.
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Influent/Effluent by Facility Type

	
OM Parameters

	
Multiple Correlation Coefficient (R)

	
Coefficient of

Determination (R2)

	
Relationship






	
Public

	
Influent

	
BOD

	
0.921

	
0.848

	
y = 1.223x




	
CODCr

	
0.939

	
0.883

	
y = 2.743x




	
CODMn

	
0.912

	
0.833

	
y = 1.149x




	
Effluent

	
BOD

	
0.898

	
0.807

	
y = 0.741x




	
CODCr

	
0.949

	
0.900

	
y = 2.073x




	
CODMn

	
0.923

	
0.852

	
y = 0.778x




	
On-site

	
Influent

	
BOD

	
0.913

	
0.833

	
y = 1.134x




	
CODCr

	
0.942

	
0.887

	
y = 2.713x




	
CODMn

	
0.860

	
0.739

	
y = 0.929x




	
Effluent

	
BOD

	
0.960

	
0.921

	
y = 0.999x




	
CODCr

	
0.959

	
0.921

	
y = 2.178x




	
CODMn

	
0.965

	
0.932

	
y = 1.032x
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Table 8. Correlations between the OM parameters of effluent by treatment facility, where n is the number of samples.






Table 8. Correlations between the OM parameters of effluent by treatment facility, where n is the number of samples.





	
OM Parameter

	
On-Site Treatment Facilities

(ρ)

	
Public Treatment Facilities

(r)




	

	
BOD

	
CODCr

	
CODMn

	
DOC

	
TOC

	
BOD

	
CODCr

	
CODMn

	
DOC

	
TOC






	
BOD

	
1

	

	

	

	

	
1

	
0.594

(n = 120)

	
0.83

(n = 120)

	
0.566

(n = 120)

	
0.501

(n = 120)




	
CODCr

	
0.982

(n = 80)

	
1

	

	

	

	

	
1

	
0.683

(n = 120)

	
0.722

(n = 120)

	
0.769

(n = 120)




	
CODMn

	
0.984

(n = 80)

	
0.975

(n = 80)

	
1

	

	

	

	

	
1

	
0.635

(n = 120)

	
0.611

(n = 120)




	
DOC

	
0.960

(n = 80)

	
0.957

(n = 80)

	
0.947

(n = 80)

	
1

	

	

	

	

	
1

	
0.944

(n = 120)




	
TOC

	
0.960

(n = 80)

	
0.955

(n = 80)

	
0.944

(n = 80)

	
0.991

(n = 80)

	
1

	

	

	

	

	
1
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Table 9. Descriptive statistics for effluent from public (A) and on-site (B) treatment facilities.






Table 9. Descriptive statistics for effluent from public (A) and on-site (B) treatment facilities.





	

	
BOD (mg/L)

	
CODCr (mg/L)

	
CODMn (mg/L)

	
DOC (mg/L)

	
TOC (mg/L)




	
A

	
B

	
A

	
B

	
A

	
B

	
A

	
B

	
A

	
B






	
n

	
120

	
80

	
120

	
80

	
120

	
80

	
120

	
80

	
120

	
80




	
Mean

	
16.7

	
204.4

	
43.3

	
455.1

	
17.2

	
213.2

	
17.8

	
163.1

	
20.0

	
181.1




	
Median

	
16.8

	
109.0

	
42.8

	
252.7

	
17.1

	
125.9

	
18.0

	
101.7

	
19.8

	
111.6




	
SD

	
8.2

	
222.7

	
23.4

	
466.6

	
8.0

	
224.9

	
9.2

	
168.8

	
10.6

	
193.9




	
Min

	
1.1

	
10.3

	
2.0

	
18.0

	
1.2

	
8.4

	
1.0

	
6.3

	
1.6

	
8.2




	
Max

	
39.3

	
991.3

	
112.3

	
2332.8

	
35.0

	
1180.0

	
45.2

	
816.6

	
56.4

	
1004.0




	
Percentile

	
5th

	
4.3

	
14.1

	
11.5

	
35.3

	
4.8

	
13.9

	
4.0

	
9.3

	
4.4

	
11.3




	
15th

	
7.5

	
30.8

	
19.2

	
89.1

	
8.6

	
39.7

	
8.2

	
31.2

	
9.2

	
37.9




	
50th

	
16.8

	
109.0

	
42.8

	
252.7

	
17.1

	
125.9

	
18.0

	
101.7

	
19.8

	
111.6




	
60th

	
18.3

	
119.3

	
45.6

	
346.6

	
19.2

	
147.2

	
19.8

	
122.4

	
22.1

	
127.1




	
70th

	
22.3

	
215.9

	
51.8

	
521.6

	
21.6

	
214.8

	
21.9

	
154.9

	
23.8

	
173.5




	
80th

	
24.2

	
378.2

	
60.5

	
774.8

	
24.0

	
345.0

	
25.2

	
244.6

	
27.0

	
286.4




	
90th

	
28.1

	
538.8

	
76.2

	
1036.8

	
28.0

	
486.5

	
30.2

	
382.9

	
31.0

	
409.2




	
99th

	
34.1

	
952.7

	
109.3

	
2076.8

	
34.3

	
958.8

	
37.7

	
752.9

	
53.8

	
859.2
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Table 10. Technology-based effluent water quality standards.






Table 10. Technology-based effluent water quality standards.





	
Facility Type

	
TOC (mg/L)




	
99th Percentile

	
Mean

	
50th Percentile

	
VF

	
TOC






	
Public

	
54.0

	
20.1

	
19.8

	
2.7

	
53.5




	
On-site

	
136.2

	
75.3

	
88.2

	
1.82

	
159.5
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Table 11. Various effluent water quality standards for TOC proposed in this study.






Table 11. Various effluent water quality standards for TOC proposed in this study.





	
Facility Type

	
TOC Review Value (mg/L)




	
Statistical Value

	
Technology-Based Value

	
Empirical Optimum Range

	
Tentative Range




	
95th Percentile

	
99th Percentile






	
Public

	
52.5

	
53.5

	
39.7

	
54.0

	
40 to 55




	
On-site

	
116.5

	
159.5

	
119.6

	
136.2

	
120 to 160
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