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Wastewater treatment plants (WWTPs) play a crucial role in modern urban water environmental protection. However, they face challenges related to high operational costs and carbon emissions. This study focused on addressing these issues through an analysis of four urban WWTPs in Jiujiang city, China. The study involved comparing the size and processes of the plants, evaluating influent and effluent water quality, assessing energy consumption and chemical usage, and calculating both direct and indirect carbon emissions. The results demonstrated that the high operational costs and increased carbon emissions in these WWTPs were primarily attributed to low hydraulic loadings, low influent concentration, and high energy and chemical consumption. In response, three targeted scenarios were proposed to enhance the efficiency of the WWTPs and reduce carbon emissions. These scenarios involved adjusting the amount of wastewater imported into the WWTPs to meet the designed capacity, optimizing operating costs, or combining both approaches. Among the scenarios, Scenario 3 emerged as the most effective in terms of improving efficiency and reducing carbon emissions. The operational costs for WWTPs could be reduced in the range of 0.42–1.04 RMB/m3, representing a reduction rate of 35%–57%. Additionally, carbon emissions could be lowered from 15.02 to 598.85 gCO2e/m3, corresponding to a reduction of 2.91%–41.38%. Although Scenario 2 exhibited a lower carbon emission reduction of 14.8–316.33 gCO2e/m3, it was identified as the most feasible and easily implementable high-efficiency solution at present, with a reduction in operational costs ranging from 0.43 to 1.31 RMB/m3. To achieve zero energy consumption and zero carbon emissions in wastewater treatment in the future, it is recommended to undertake additional measures, such as enhancing dosing system accuracy, implementing tail gas collection, adopting photovoltaic power generation, implementing carbon sequestration techniques, and exploring wastewater heat source recycling. These findings provide valuable insights for optimizing the operational efficiency of urban WWTPs, reducing carbon emissions, and promoting sustainable wastewater treatment practices in Jiujiang city, China.
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1 INTRODUCTION
In response to the urgent global climate change problem, the United Nations convened a historic signing ceremony for the Paris Agreement in New York, USA, on 22 April 2016. Over 170 countries participated in this event, emphasizing their commitment to address climate change (Paris Agreement, 2015). China, recognizing the significance of this issue, formally acceded to the Paris Agreement on 3rd September of the same year and established its own national autonomous contribution target. This target aimed to reduce carbon dioxide emissions per unit of gross domestic product by 40%–45% by 2020 and by 60%–65% by 2030 when compared with the 2005 levels, showcasing China’s commitment as a responsible major nation (Zhang, 2016). In 2020, China further demonstrated its dedication to climate change mitigation by presenting two key proposals during the United Nations General Assembly. The first proposal focused on achieving a “carbon peak,” which signifies reaching a point where national greenhouse gas emissions cease to rise and gradually decline. The second proposal aimed for “carbon neutrality,” which involves implementing emission reduction measures to reduce anthropogenic greenhouse gas emissions and ultimately achieve a balance between emissions and natural absorption (Zhao et al., 2022). These initiatives highlight China’s proactive approach to tackling climate change and its determination to contribute to global efforts in mitigating the impacts of greenhouse gas emissions. By aligning its goals with the Paris Agreement and setting ambitious targets, China plays a significant role in addressing climate change and fostering sustainable development on a global scale.
In line with China’s strong commitment to “carbon peaking and carbon neutrality” goals, the wastewater treatment industry must actively contribute to addressing climate change and reducing carbon emissions. Globally, the wastewater treatment sector ranks among the top 10 carbon-emitting industries, with greenhouse gas emissions from the treatment process accounting for 1.6% of the world’s total emissions (Jegatheesan et al., 2009; Gu et al., 2023). As urbanization continues to expand and the scale of wastewater collection and treatment increases, greenhouse gas emissions from the industry have steadily risen. Between 2005 and 2020, the rise in global emissions of nitrous oxide (N2O) and methane (CH4) from wastewater treatment is estimated at 13% and 20%, respectively (Paustian et al., 2001; Gupta et al., 2012).
The growth of the wastewater treatment industry in China exemplifies this trend. In 1978, China had only 37 urban wastewater treatment plants (WWTPs). However, by 2019, this number had surged to 4,140, representing an astounding growth rate of 2,836% (Kitano et al., 2023). The total annual greenhouse gas emissions from these plants in China has exceeded 39.84 million tons, with a national daily wastewater treatment capacity of 178.63 million tons (Xiaoshan et al., 2007). These emissions contribute to an intensified greenhouse effect, leading to rising global temperatures, elevated sea levels, and disruptions in ecosystems, which include a rise in more frequent and severe extreme weather events (Zickfeld et al., 2017).
Recent reports highlight the urgency of addressing climate change. The World Meteorological Organization (WMO) states that Latin America and the Caribbean have experienced an average warming of 0.2°C per decade over the past 30 years, while the snowpack of glaciers in the central Andes has nearly disappeared (Bodin et al., 2010; Vergara et al., 2013). The WMO’s State of the Global Climate report indicates a 66% probability of the global near-surface annual mean temperature temporarily exceeding pre-industrial levels by 1.5°C in at least 1 year between 2023 and 2027 (Deben et al., 2013). In light of these increasingly severe climatic changes and global warming trends, reducing carbon emissions has become an urgent task for the entire global community.
Given this context, it is imperative for the wastewater treatment industry to actively contribute to carbon emission reduction efforts, aligning with China’s goals and global initiatives. By implementing sustainable practices and adopting innovative technologies, the industry can play a pivotal role in mitigating climate change and fostering a more sustainable future.
Furthermore, it is important to acknowledge that wastewater treatment is a highly energy-intensive process. Studies have shown that in Europe, wastewater collection and treatment account for approximately 1% of global electricity consumption (Yang et al., 2021). WWTPs collectively contribute to over 20% of global electricity consumption (Longo et al., 2016). This poses a significant challenge for the wastewater treatment industry, particularly in terms of cost, as operating expenses constitute a substantial portion. These costs encompass energy consumption, material usage, and labor-related expenses (Abuhasel et al., 2021). The United Nations General Assembly had recognized sustainable development as the pivotal aspect of environmental protection and socioeconomic progress back in 2005. However, many WWTPs still consume excessive energy during wastewater treatment, resulting in noticeable waste management and financial constraints. Strengthened legal frameworks and environmental regulations have driven continuous upgrades in wastewater treatment processes, further increasing operational costs (Maktabifard et al., 2018). These factors significantly impact the sustainable development of WWTPs, making it crucial to focus on reducing energy consumption and operational costs.
Currently, microbial electrochemical technologies have gained popularity as a means of recovering energy from waste streams through bioreactors. Examples include microbial electrolysis cells for electromethanogenesis (Pawar et al., 2022), microbial electrolysis cells with non-platinum catalysts and binders in cathodes (Son et al., 2021), microbial desalination cells (Zahid et al., 2022), and the valorization of CO2 into value-added products through microbial electrosynthesis and electro-fermentation technologies (Quraishi et al., 2021). However, this article proposes a novel perspective that can significantly reduce costs and achieve sustainable development. It conducts a comprehensive analysis of carbon emissions and economic efficiency within four major urban WWTPs in Jiujiang city, China. The analysis employs methods recommended in the “2019 IPCC Guidelines for National Greenhouse Gas Inventory” to calculate generated carbon emissions. Additionally, it takes into account the chemical consumption of each WWTP and the unit prices of consumables to calculate the economic benefits and carbon reduction amounts under different scenarios. Finally, the article proposes recommendations for improving the operational efficiency of WWTPs in a dual-carbon context, as illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | The technical roadmap.
2 MATERIAL AND METHODS
2.1 Overview of WWTPs
2.1.1 Size and combined processes
This study chose four representative WWTPs in Jiujiang city, denoted as A, B, C, and D. Plant A caters to a population of approximately 150,000, with a total daily processing capacity of 30,000 m3. Plant B serves approximately 100,000 residents and has a total daily processing capacity of 15,000 m3. Plant C accommodates approximately 120,000 inhabitants and possesses a total daily processing capacity of 30,000 m3. Plant D, the largest among them, serves a population of roughly 300,000 and operates with a total daily processing capacity of 70,000 m3. The process flows for these plants are shown in Figures 2–5.
[image: Figure 2]FIGURE 2 | Process Flow for WWTP A.
[image: Figure 3]FIGURE 3 | Process Flow for WWTP B.
[image: Figure 4]FIGURE 4 | Process Flow for WWTP C.
[image: Figure 5]FIGURE 5 | Process Flow for WWTP D.
In accordance with the emission standards of pollutants for municipal wastewater treatment plants in China (GB 18918-2002), all four WWTPs fall under the category of medium-sized treatment plants. Furthermore, the effluent quality from each WWTP complies with the standard Class A, Level 1, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Concentration of wastewater and pollutant removal rates for WWTPs.
2.1.2 Effluent concentration and pollutant removal rates
Table 1 presents the effluent wastewater quality and pollutant removal rates for the four selected WWTPs. Minimal variation in wastewater quality exists among the plants. The average effluent concentrations for biological oxygen demand over 5 days (BOD5), suspended solids (SS), chemical oxygen demand (COD), ammonia nitrogen (NH3-N), total nitrogen (TN), and total phosphorus (TP) at all four plants are 1.4, 2.39, 9.27, 0.13, 9.44, and 0.21 mg/L, respectively. The average removal rates for these pollutants are 98.1%, 97.5%, 94.2%, 99.3%, 66.1%, and 91.7%, respectively. With the exception of TN, the removal rates for all other pollutants exceed 90%. Although TN exhibits a lower average removal rate, the effluent concentrations meet the standard Class A, Level 1 in China.
TABLE 1 | Effluent wastewater quality and pollutant removal rates for waste water treatment plants (WWTPs).
[image: Table 1]In terms of the overall pollutant removal rates, nationwide urban WWTPs in China achieve BOD5, SS, COD, NH3-N, TN, and TP removal rates of 94.2%, 95.1%, 90.6%, 97.3%, 70.7%, and 92.3%, respectively (Hu, 2021). Comparatively, the selected WWTPs demonstrate higher BOD5, SS, and COD removal rates than the national average. However, the TN removal rates for Plants A, B, and D are 2.4%, 10.2%, and 9% lower than the national average, respectively. Similarly, the TP removal rates for Plants B and D are 8.9% and 1.9% lower than the national average, respectively. Despite these slightly lower TN and TP removal rates, the overall removal efficiency for other pollutants remains quite good.
2.1.3 Characteristics of influent wastewater
The design influent concentrations of BOD5, SS, COD, NH3-N, TN, and TP for each WWTP were initially set at 140, 200, 300, 30, 40, and 4 mg/L, respectively, according to the design standards. However, the actual influent concentrations of BOD5, SS, COD, NH3-N, TN, and TP for each plant were approximately 53.29%, 82.1%, 53.48%, 63.93%, 70.1%, and 68.75% of these design values, respectively. These findings, as illustrated in Figure 6, indicate consistently low influent concentrations at the four urban WWTPs.
The influent BOD5/COD ratio is a widely used biochemical index in wastewater treatment, serving as an indicator of wastewater’s biochemical properties and reflecting the degree of microbial degradation of organic matter and nutrients, thereby influencing pollutant removal effectiveness (Al-Sulaiman et al., 2018). In most cases, an influent BOD5/COD ratio between 0.4 and 0.6 is considered favorable for biochemical processes (Xu et al., 2022). The statistical analysis of influent BOD5/COD ratios across various provinces reveals that the majority fall within this range. For instance, Qinghai, Chongqing, and Tibet exhibit the highest influent BOD5/COD values, reaching 0.52, 0.51, and 0.51, respectively. Conversely, Zhejiang, Fujian, and Hunan display the lowest influent BOD5/COD ratios, with values of 0.38, 0.38, and 0.40, respectively. Among the four WWTPs (Plants A, B, C, and D), all exhibit influent BOD5/COD ratios higher than 0.4. Specifically, these ratios are 0.49, 0.47, 0.50, and 0.40, respectively, as depicted in Figure 7. This indicates favorable biochemical conditions in all four WWTPs.
[image: Figure 7]FIGURE 7 | Characteristic of BOD5/COD in imported wastewater for WWTPs.
The influent COD/TN ratio primarily reflects the relative content of carbon and nitrogen sources in wastewater, providing insights into the nutrient balance for heterotrophic bacteria (Pan et al., 2020). A low COD/TN ratio suggests an excess of the nitrogen source component and an insufficient carbon source, hindering the growth of heterotrophic bacteria and reducing treatment efficacy. Conversely, a high COD/TN ratio indicates an excess of carbon source and insufficient nitrogen source, resulting in excessive sludge formation and biochemical challenges (Sun et al., 2016). Research indicates that the optimal COD/TN ratio falls within the range of 8–12 (Fernández-Arévalo et al., 2017). When the COD/TN ratio is close to 11, TN removal rates can reach 93.48% and TP removal rates approach 100% (Zhang et al., 2016). Among the four WWTPs, Plant C demonstrates the highest COD/TN ratio at 6.55, although it still falls below the optimal ratio, as depicted in Figure 8. A nationwide assessment of urban WWTPs in China reveals COD/TN ratios ranging from 4.8 to 8.7 (Hu, 2021), consistently below the optimal range. This prevalent issue results in insufficient carbon sources during denitrification processes, reducing the effectiveness of nitrogen and phosphorus removal (Figures 7, 8).
[image: Figure 8]FIGURE 8 | Characteristic of COD/TN in imported wastewater for WWTPs.
2.1.4 Energy consumption and chemical usage
The loading rates of urban WWTPs in key cities across the country have reached an average of 102.8%, with Hohhot notably reaching as high as 152% (Xu et al., 2022). However, the wastewater hydraulic loads of Plants A, B, and C are comparatively low. Notably, Plant A has a loading rate of only 29.8%, creating a scenario analogous to a substantial vehicle with minimal cargo capacity, as depicted in Table 2. Furthermore, when considering the “China Urban Construction Statistical Yearbook” and Chinese national statistics, it becomes evident that the annual average unit wastewater consumption of electricity for 5,389 WWTPs nationwide is 0.48 kWh/m3. Approximately 80% of these WWTPs have a unit wastewater consumption of electricity lower than 0.61 kWh/m3, and 50% achieve values below 0.36 kWh/m3 (Hu et al., 2021). However, among the four WWTPs examined, only Plant D exhibits unit wastewater consumption of electricity lower than 0.36 kWh/m3. The remaining three plants have higher levels of electricity consumption, surpassing more than 80% of the WWTPs included in the statistics.
TABLE 2 | Energy consumption and treatment capacity of each waste water treatment plant (WWTP).
[image: Table 2]On an international scale, WWTPs in China contribute significantly to urban energy consumption. For instance, in Germany, WWTPs account for approximately 20% of the total urban energy consumption, with electricity consumption being a dominant factor (Racoviceanu et al., 2007; Wang et al., 2016). In the United States, the electricity consumption of wastewater treatment accounts for 0.6% of the nation’s annual electricity consumption (Gu et al., 2017), with an average electricity consumption for wastewater treatment units of approximately 0.52 kWh/m3 (Yeshi et al., 2013). Notably, countries like the Netherlands, the United States, and Australia maintain lower levels of electricity consumption in the range of 0.36–0.45 kWh/m3. By contrast, countries such as the United Kingdom, Switzerland, Spain, Germany, and Singapore have higher levels ranging from 0.52 to 0.67 kWh/m3 (Hernández-Sancho et al., 2011). It is important to highlight that the electricity consumption of WWTPs in these countries is generally lower than that of Plants A, B, and C.
In terms of chemical consumption, Table 3 presents the average daily tap water consumption ranging from 22.21 to 123.50 m3, with unit wastewater consumption ranging from 1,910.57 to 2,901.64 g/m3. The order of unit wastewater consumption from the highest to lowest is as follows: Plant B > Plant C > Plant A > Plant D. Similarly, the average daily dosage of chemicals, such as CH3COONa, PAC, PAM, and NaClO, is provided. Regarding CH3COONa consumption, to compare it uniformly in terms of COD equivalent, the median value of CH3COONa dosing for WWTPs nationwide in China is 16.9 gCOD/m3, with approximately 95% of WWTPs consuming less than 115 gCOD/m3 of carbon sources per unit of wastewater and 50% consuming less than 18.9 gCOD/m3 (Hu et al., 2021). Given the conversion rate of 1 g CH3COONa to COD equivalent (approximately 0.78 g COD/g CH3COONa), the unit wastewater dosages for Plants A, B, C, and D are 261.38, 115.91, 46.74, and 29.20 gCOD/m3, respectively. These values exceed half of the carbon source consumption values of WWTPs nationwide. Additionally, the nationwide median value for PAC dosing is 6.7 g/m3, with unit wastewater consumption primarily falling within the range of 1–22 g/m3 (which accounts for approximately 90% of the total). Although Plant B has the lowest consumption among Plants A, B, C, and D (30.32 g/m3), it still exceeds 90% of the national consumption in WWTPs.
TABLE 3 | Consumption of chemicals by waste water treatment plants (WWTPs).
[image: Table 3]2.2 Carbon emissions from WWTPs
The carbon emissions from WWTPs can be divided into two main components. The first component refers to direct emissions during the biochemical treatment process, which primarily include the release of greenhouse gases such as CH4 generated during the removal of COD, methane produced during sludge treatment, and N2O resulting from the removal of TN (Lv et al., 2022).
The second component involves indirect emissions generated during plant operations, mainly originating from the energy consumption of the wastewater treatment process. This encompasses carbon dioxide emissions implicitly associated with purchased electricity, carbon dioxide emissions resulting from the addition of chemicals during wastewater treatment, and carbon dioxide emissions produced during equipment operation and sludge treatment through the combustion of fossil fuels (Demir et al., 2019).
In this study, we calculated the carbon emissions for each WWTP by considering three greenhouse gases: CO2, CH4, and N2O. To assess their contribution to global warming, we utilized the global warming potential (GWP) values provided by the Intergovernmental Panel on Climate Change (IPCC). The GWP represents a basis for comparing the global warming impact of different gases, with CO2 assigned a GWP of 1. The GWP values for other greenhouse gases are quantified in relation to CO2 (Table 4), enabling us to calculate the equivalent emissions of these gases by multiplying their actual emissions by their respective GWP values (Koutsou et al., 2018).
TABLE 4 | IPCC global warming trend values.
[image: Table 4]2.2.1 Direct carbon emissions
2.2.1.1 Carbon emissions from TN removal
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where E1 is the removal of TN produced by N2O converted to carbon dioxide equivalent annual emissions, tCO2eq/a; Q is the annual treatment volume of wastewater, m3/a; TNi is the average annual influent concentration of TN, gCO2e/m3; TNe is the average annual effluent concentration of TN, gCO2e/m3; EFN2O is the amount of nitrogen in the wastewater per unit mass of ammonia that can be converted to nitrous oxide, tN2O -N/tN; CN2O/N2 is the ratio of the molecular weight of N2O/N2, 44/28; and GWPN2O is the global warming potential value of N2O, which takes the value of 298.
2.2.1.2 Carbon emissions from COD removal
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where E2 denotes the removal of COD in wastewater produced by CH4 converted to carbon dioxide equivalent emissions per year, tCO2eq/a; Q denotes the annual treatment of wastewater, m3/a; CODi denotes the COD of the average annual concentration of influents, gCO2e/m3; CODe denotes the COD of the average annual concentration of effluents, gCO2e/m3; SG denotes the annual generation of urban WWTP sludge dry matter, t/a; ρs is the content of organic matter in the sludge dry matter, tCOD/t; WCH4 is the annual recovery of CH4, tCH4/a; the WWTPs are zero; EFCH4 is the CH4 emission factor, tCH4/tCOD; GWPCH4 is the CH4 GWP value and takes the value of 25; Qa is the daily treatment of urban wastewater, m3/d; EFs is the daily processing EFs for the daily treatment of wastewater produced by the sludge dry mass, t/(10,000 m3d); D denotes the annual operation of the WWTP days, d/a; EFCH4 denotes the CH4 emission factor, tCH4/tCOD; MCF denotes the CH4 correction factor and takes the value of 0.15; and B denotes the maximum CH4 generation potential and takes the value of 0.25 tCH4/tCOD.
2.2.1.3 Carbon emissions from sludge treatment
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where E3 is the annual emission of CH4 converted to the carbon dioxide equivalent from sludge removal in the municipal WWTP, tCO2eq/a; SR is the annual amount of dry sludge in the WWTP, t/a; SG is the amount of dry sludge generated in the municipal WWTP, t/a; SE is the mass of dry sludge transported outside the boundary of the municipal WWTP, t/a; semi-finish is the organic matter content in the dry sludge of the municipal WWTP sludge dry matter content of organic matter, tC/t; DOCf is the ratio of degradable organic carbon in sludge dry matter and takes the value of 50%; MCF is the CH4 correction factor and takes the value of 1 for completely anaerobic and the value of 0 for completely aerobic; F is the ratio of CH4-producing carbon in the degradable organic carbon and takes the value of 50%; CCH4/C is the ratio of the molecular weight of CH4/C and takes the value of 16/12; and the parameter βS is assigned a value of 0.1 tC/t.
2.2.2 Indirect carbon emission
2.2.2.1 Carbon emissions from energy consumption

[image: image]
where E4 is the CO2 emission equivalent generated by the annual consumption of electricity for the operation of wastewater treatment equipment, tCO2eq/a; EH is the annual electricity consumption for the operation of wastewater treatment equipment, MWh/a; EFCO2 is the CO2 emission factor for electricity, tCO2/MWh, and according to the results of the baseline emission factor of the Chinese regional power grid of the emission reduction program in the year 2019, Jiujiang city’s emission factor is taken as 0.8587; and GWPCO2 is the CO2 global warming potential value and takes the value of 1.
2.2.2.2 Carbon emissions from chemical usage

[image: image]
where E5 is the CO2 emission equivalent produced by the chemicals added in the wastewater treatment process of the urban WWTP, tCO2eq/a; Yi is the consumption of the j-th type of chemicals added in the domestic wastewater treatment process, kg; and EFCO2,i is the CO2 emission factor consumed by the j-th type of chemicals used in the wastewater treatment, kgCO2/kg of chemicals, as shown in Table 5.
TABLE 5 | Chemical emission factors.
[image: Table 5]2.3 Scenarios for the efficiency improvement of the WWTPs
To enhance the efficiency of WWTPs and reduce carbon emissions, this study proposes three distinct scenarios for research. Each scenario focuses on removal rates, carbon emission reduction, and cost optimization. Subsequently, we calculate the carbon emission generated under each scenario and analyze the effects of emission reduction. The objective is to derive the lowest operating cost while maintaining low carbon emission and meeting WWTP emission standards.
2.3.1 Scenario 1: wastewater amounts imported into the WWTPs should reach the designed capacity
Since the influent flow rate at each WWTP is less than the designed capacity, all equipment within the plants operate at normal power, resulting in the phenomenon of “using a sledgehammer to crack a nut.” This leads to higher energy consumption per unit of wastewater. In Scenario 1, with the assumption that the influent flow rate reaches the designed wastewater flow, the energy consumption per unit of water is recalculated by each WWTP, and the cost of energy consumption per unit of wastewater is calculated based on the local electricity tariff, as shown in formulas (9) and (10). The unit chemical consumption per unit wastewater remains constant, and the cost of chemical consumption per unit wastewater is calculated based on the local chemical price, as shown in formula (11). Combining the costs of energy consumption and chemical consumption per unit wastewater results in the operational cost, as indicated in formula (12). In this scenario, energy consumption can be significantly reduced, leading to a reduction in indirect carbon emission, which positively contributes to carbon reduction.
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In the equations, P1 represents the energy consumption per unit of wastewater when the influent flow rate reaches the designed wastewater flow, with the units kWh/m3; α represents the electricity tariff; W1 denotes the cost of energy consumption per unit of wastewater; γ1 to γ7, respectively, represent the consumption of PAM, water, NaClO, coal, PAC, CH3COONa, and electricity per unit of wastewater, while β1 to β7 correspond to the unit prices of these chemicals; W2 represents the cost of chemical consumption per unit of wastewater; and operating cost OC1 indicates the operational cost per unit of wastewater in Scenario 1. The units for all these costs are RMB/m3.
2.3.2 Scenario 2: the WWTPs have been operated at the lowest OC2 monthly
To break free from the current situation of high standards, high costs, and high emissions, a path for wastewater discharge that is both in line with urban WWTP pollutant discharge standards and economically low carbon is explored. We comprehensively analyze the monthly average effluent concentration, unit wastewater operation cost, and pollutant removal rate for each WWTP in 2022. By means of monthly average OC2, we select the month with the lowest OC2 and analyze whether its pollutant removal rate meets the standard. If it does not meet the standard, we select the OC for the second-lowest month, and so on, until we obtain the minimum OC2 that complies with the emission standard. We then use this month as a benchmark, with equipment operation modes and the dosage of chemicals of the other months consistent with those of this month, reducing the OC2. In this scenario, it significantly reduces the OC2, implying reduced energy consumption and chemical consumption, and a substantial reduction in indirect carbon emissions, thereby achieving energy savings and emission reduction. This approach allowed us to explore a viable path for wastewater treatment that balances the requirement for pollutant removal, economic efficiency, and low carbon emission.
2.3.3 Scenario 3: combined Scenarios 1 and 2, which means that the wastewater amounts imported reach the designed capacity, and lowest monthly OC3
By combining Scenarios 1 and 2, under the premise of the wastewater volume reaching the designed value, the unit wastewater electricity consumption obtained from Scenario 1 and the chemical consumption obtained from the month with the lowest operating cost in Scenario 2 are selected by each WWTP. By combining these two factors, energy consumption and chemical usage are minimized, resulting in the optimal OC3. In this scenario, reducing indirect emissions to the lowest extent and maximizing carbon emission reduction.
3 RESULTS AND DISCUSSIONS
3.1 Carbon emission comparison of the present and the scenarios
3.1.1 Present carbon emissions
The calculation of carbon emissions for the four WWTPs in 2022 involves the utilization of Eqs 1–8. When analyzing the annual carbon emissions, it becomes evident that the volume of wastewater treatment plays a dominant role in determining the total carbon emissions, surpassing any impact arising from changes in the concentration of incoming and outgoing wastewater quality. Consequently, the total carbon emissions are ranked as follows: Plant D > Plant C > Plant A > Plant B.
When considering carbon emissions per unit of wastewater, the results indicate the following order: Plant A > Plant B > Plant C > Plant D, as detailed in Table 6. Notably, indirect emissions constitute the majority of the carbon emissions for each plant. Among these, Plant A stands out with indirect emissions accounting for a substantial 86.13% of the total emissions, while direct emissions make up only 13.87% of the total.
TABLE 6 | Summary of carbon emissions (CEs) per unit of wastewater.
[image: Table 6]The carbon emissions per unit of wastewater at a WWTP in Zhengzhou city were calculated to be 1,060 gCO2e/m3 (Yu et al., 2020), indicating similarities with those of Plant B in Zhengzhou city. The WWTP processes in Zhengzhou city resemble those of Plant B, although they handle more wastewater and achieve higher pollutant removal rates per unit of wastewater. However, the energy consumption and chemical consumption per unit of wastewater are lower than those of Plant B. The difference in carbon emissions can be attributed to the higher influent concentration in Zhengzhou city’s WWTP, resulting in greater direct carbon emissions per unit of wastewater.
By contrast, the carbon emissions per unit of wastewater at a WWTP in Canada were calculated to be 390 gCO2e/m3 (Shahabadi et al., 2010), which is lower than the values observed in this study. This discrepancy arises because the study only accounted for the direct emissions from the biochemical treatment portion of the WWTP, neglecting the indirect emissions encompassing energy and chemical consumption.
Another noteworthy case is a WWTP in Shenzhen, where the carbon emissions per unit of wastewater were 430 gCO2e/m3 (Song et al., 2015), which are lower than the values in this study. However, this difference can be attributed to the exclusion of carbon emissions related to sludge treatment in the study by Song et al.
The carbon emissions per unit of wastewater for 50 small-scale WWTPs in India and the United Kingdom yielded a value of 3,040 gCO2e/m3 (Singh et al., 2016), which is significantly higher than the values observed for the four large WWTPs. This discrepancy arises from the inclusion of energy consumption, encompassing both electricity and fuel consumption. Lower fuel efficiency led to higher consumption, coupled with a larger fuel carbon emission factor, resulting in elevated carbon emissions. By contrast, the analysis of the four WWTPs considered only electricity consumption.
Lastly, the carbon emissions per unit of wastewater volume for a WWTP in the northern region yielded a value of 950 gCO2e/m3 (Xie et al., 2012), which is close to that of Plant C. Although its wastewater treatment capacity and pollutant removal per unit of wastewater exceeded those of Plant C, energy consumption and chemical consumption per unit of wastewater were lower. It is important to note that in all these cases, direct carbon emissions exceeded indirect carbon emissions, indicating excessive indirect carbon emissions from WWTPs in Jiujiang city.
In terms of carbon emission composition, Plants A, B, and C exhibited the following hierarchy: energy > chemical > COD > TN > sludge. However, Plant D displayed a slightly different pattern: energy > COD > chemical > TN > sludge. Across all WWTPs, energy consumption accounted for the majority of carbon emissions, followed by chemical consumption, COD, TN, and sludge, which contributed the least to carbon emissions.
When analyzing individual plant-level carbon emissions (Figure 9), it becomes evident that carbon emissions per unit of wastewater produced are primarily influenced by energy consumption and chemical consumption, while carbon emissions from COD, sludge, and TN remain relatively consistent. Notably, there were significant variations among the plants, with Plant D recording the lowest carbon emissions and Plant A exhibiting the highest. Specifically, the carbon emissions per unit of wastewater for Plant C, Plant B, and Plant A were 2.81 times, 3.74 times, and 3.44 times that of Plant D, respectively. Furthermore, carbon emissions per unit of wastewater from chemical consumption were 1.27 times, 1.85 times, and 4.2 times greater than that of Plant D. In total, the cumulative carbon emissions per unit of wastewater for Plant C, Plant B, and Plant A were 1.85 times, 2.27 times, and 2.81 times that of Plant D (Figure 9).
[image: Figure 9]FIGURE 9 | Carbon emissions per unit wastewater of WWTPs.
Considering the different processes employed, Plants A, B, C, and D utilize the following technologies, respectively: AAO + MBR, AAOA + MBR, AAOAO + coagulation precipitation filtration (CPF), and AAO + CPF. The carbon emissions decrease sequentially based on these technologies. A previous study on WWTPs in the Yangtze River mainstream basin, employing various technologies, reported carbon emission intensities ranging from 3,776 g/m3 to 9,559 g/m3 (Fu et al., 2022). Among these, the AAO + MBR combination process exhibited the highest carbon emission intensity due to its elevated electricity consumption, while the oxidation ditch (OD) + CPF process demonstrated the lowest carbon emission intensity.
Although Jiujiang city falls within the Yangtze River mainstream basin, Plant A’s carbon emissions significantly exceed those of WWTPs employing similar technologies. Plants B and C, which utilize currently unaccounted technology combinations, also exhibit higher carbon emissions than WWTPs using similar processes (AAOA + MBR and AAOAO + CPF). However, the carbon emissions of Plant D are comparable to those of WWTPs utilizing the same technology combination. This outcome can be attributed to the high levels of indirect carbon emissions from Plants A, B, and C, which impede the efficient operation of WWTPs. Increased energy consumption leads to lower electrical efficiency, while the low influent concentration in the WWTPs results in an insufficient carbon source, leading to higher chemical consumption. To address these issues, it is advisable to increase the influent concentration to enhance energy efficiency and reduce per-unit wastewater chemical consumption.
3.1.2 Carbon emissions of the scenarios
Three different scenarios are presented to demonstrate the efficiency improvements of WWTPs and propose a cost-effective, easily implementable low-carbon approach. In Scenario 1, the focus is on reducing carbon emissions related to energy consumption. In Scenario 2 and Scenario 3, reductions in both energy-related and chemical consumption–related carbon emissions are considered. Figure 10 illustrates the carbon emission compositions for the four WWTPs and the carbon reduction effects of the three scenarios. The carbon emission reduction results for 2022 under each scenario are as follows:
(1) Scenario 1: The energy consumption reductions for Plant A, Plant B, Plant C, and Plant D are 0.57, 0.38, 0.25, and 0.02 kWh/m3, respectively. The corresponding carbon emission reductions from energy consumption, calculated using formula (7), are 489, 325, 217, and 15 gCO2e/m3, respectively. Based on the designed wastewater inflow, the carbon emission reductions for 2022 are estimated to be 5,354.55, 1,779.38, 2,376.15, and 383.25 tCO2e/a, respectively.
(2) Scenario 2: The carbon emission reductions from energy consumption for Plants A, B, C, and D are 134.56, 219.29, 29.92, and 14.78 gCO2e/m3, respectively. The carbon emission reductions from chemical consumption, calculated using formula (8), are 109.85, 97.04, 96.22, and 0.02 gCO2e/m3, respectively. The total carbon emission reductions are 244.41, 316.33, 126.14, and 14.8 gCO2e/m3, respectively. Considering the actual wastewater inflow, the carbon emission reductions for 2022 are projected to be 798.66, 988.41, 854.76, and 349.20 tCO2e/a, respectively.
(3) Scenario 3: The energy consumption carbon emission reductions for Plants A, B, C, and D are the same as in Scenario 1. The carbon emission reductions from chemical consumption remain the same as in Scenario 2. The total carbon emission reductions are 598.85, 422.04, 313.22, and 15.02 gCO2e/m3, respectively. Based on the designed wastewater inflow, the carbon emission reductions for 2022 are projected to be 6,557.41, 2,310.67, 3,429.76, and 383.76 tCO2e/a, respectively (Figure 10).
[image: Figure 10]FIGURE 10 | Carbon emission composition of the three scenarios for WWTPs.
In addition to the methods employed in this study, various measures can be implemented to achieve a reduction in carbon emissions. These include exhaust gas collection, photovoltaic power generation, carbon sequestration by green plants, and wastewater reuse. For example, the implementation of an automatic control system for dissolved oxygen can lead to energy savings ranging from 10% to 25% (Nana, 2013). A study on 31 WWTPs in China demonstrated that photovoltaic projects at WWTPs can reduce carbon emissions by 10%–40% (Chen, 2022). The Jinamar WWTP in the Canary Islands of Spain incorporated energy recovery, photovoltaic, wind energy, and hydropower generation, resulting in zero energy consumption and zero carbon emissions annually (Del et al., 2020). These examples highlight the possibility of achieving zero carbon emissions.
3.2 Operating costs comparison of the present and the scenarios
3.2.1 Present operating costs
The operating costs discussed in this article for WWTPs include expenses related to energy consumption and chemical usage, such as electricity, tap water, CH3COONa, PAC, PAM, coal, and NaClO. Labor costs and other miscellaneous expenses were not considered in the analysis at this stage. The data on energy and chemical consumption for the year 2022 from four prominent WWTPs were collected, and the unit electricity rates and chemical prices were determined based on the prevailing local market conditions. For consistency, we used a water equivalent where 1 ton is considered equivalent to 1 m3. Through detailed calculations, the monthly operating costs for each plant were derived, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Operating costs per unit of wastewater for WWTPs.
The operating costs for WWTPs A, B, C, and D ranged from 1.31 to 2.33, 0.77 to 1.59, 0.6 to 2.19, and 0.43 to 0.78 RMB/m3, respectively. The mean values for these WWTPs were 1.78, 1.18, 1.05, and 0.66 RMB/m3, respectively. In a case study of an urban WWTP in Nanchang, the operating cost before an upgrade was 0.75 RMB/m3, which decreased to 0.6 RMB/m3 after the upgrade (Zhao et al., 2023), similar to the operating cost of Plant D. According to research, the operating cost of a semi-underground WWTP in China is 0.7 RMB/m3 (Kong et al., 2021). Xie et al. (2017) conducted a study on a domestic WWTP in a town in Beihai, determining the operating cost to be 0.62 RMB/m3. Tan et al. (2015) calculated the average operating cost for 227 WWTPs across China’s eastern, central, and western regions to be approximately 0.8 RMB/m3. The operating costs for urban WWTPs mentioned in these studies typically range from 0.6 to 0.9 RMB/m3, which include labor expenses. Notably, the four major WWTPs, excluding labor costs, exhibited operating costs exceeding 0.9 RMB/m3. Therefore, Plants A, B, and C have relatively high operating costs.
The composition of operating costs reveals that a significant portion of the expenses are attributed to electricity, CH3COONa, PAC, coal, and NaClO, while the costs associated with tap water and PAM relatively constitute a smaller share. The study shows that electricity consumption in China amounts to approximately 0.24 RMB/m3 (Miyoshi et al., 2018). However, the cost of electricity consumption per unit of wastewater, calculated based on the national average unit wastewater consumption, amounts to approximately 0.32 RMB/m3. The electricity consumption costs for Plants A, B, and C exceed the aforementioned values, standing at 0.55, 0.6, and 0.44 RMB/m3, respectively. Notably, Plant D has the lowest electricity consumption cost, which is 0.16 RMB/m3. The variation in electricity consumption and chemical usage primarily arises from the differences between Plant D and Plants A, B, and C. While Plant D exhibits lower power and chemical consumption, Plants A, B, and C demonstrate higher consumption of electricity and CH3COONa, which contributes to an overall increase in unit wastewater costs. The underlying reason for this issue is that the volume and concentration of influent wastewater do not meet the designed requirements, resulting in a situation similar to that of an overloaded system. Consequently, the unit wastewater power consumption remains elevated. Additionally, in the biochemical reaction process, there is an insufficient supply of carbon sources, necessitating the addition of a substantial quantity of carbon sources.
3.2.2 Operating costs of the scenarios
Scenario 1: The calculated results demonstrate that the operating costs (OC1) per unit of wastewater volume for Plant A, Plant B, Plant C, and Plant D, based on their designed wastewater treatment capacity, are 1.39, 0.91, 0.88, and 0.64 RMB/m3, respectively. Among these costs, electricity consumption accounts for 0.16, 0.34, 0.27, and 0.14 RMB/m3, respectively. The year-on-year cost reductions are 0.39, 0.26, 0.17, and 0.02 RMB/m3, respectively. As illustrated in Figure 12, the reduction percentages in unit wastewater operating costs (OC1) are 22%, 23%, 16%, and 3%, respectively. In this scenario, when the wastewater inflow reaches the designed capacity, annual cost savings for each plant can amount to 4.23 million, 1.45 million, 1.83 million, and 0.38 million RMB, respectively (Figure 12).
[image: Figure 12]FIGURE 12 | Electricity consumption per unit of wastewater for WWTPs.
Scenario 2: The months with the lowest operational costs for Plants A, B, C, and D are June, September, August, and November, respectively. During these months, the pollutant removal efficiencies met the Class A, Level 1, emission standards of pollutants for municipal wastewater treatment plants in China (GB 18918-2002) at the specified rates. For example, in Plant A, the BOD5, SS, COD, NH3-N, TN, and TP removal efficiencies in June were 1.13 times, 1.08 times, 1.37 times, 1.31 times, 1.34 times, and 1.14 times that of the Class A, Level 1 standard, respectively. Similar trends were observed in the other plants during their respective optimal operating months. As shown in Figure 13, the months with the lowest operational costs resulted in favorable pollutant removal efficiencies and cost-effectiveness for all plants. The outlet wastewater concentrations and removal rates for each plant generally fall within the upper–middle range. Additionally, there was minimal fluctuation in influent concentrations each month, and the influent concentrations of pollutants in the month with the lowest operating cost (OC2) typically fall near the median concentrations of each pollutant across various months. The composition of OC2 per unit of wastewater volume and the improvement in cost-effectiveness for 2022 are shown in Figures 13, 14.
[image: Figure 13]FIGURE 13 | Removal rates and operating costs of WWTPs.
[image: Figure 14]FIGURE 14 | Composition of operating costs per unit of wastewater and benefit improvement for WWTPs in Jiujiang City in 2022.
In Plant A, if operating conditions similar to those in June are maintained, such as electricity consumption, wastewater inflow, and chemical dosage, the minimum OC2 is calculated as 1.31 RMB/m3. The actual monthly average OC2 is reduced by 0.47 RMB/m3 when compared with the same period of the past year, indicating a reduction ratio of 26%. With the same wastewater inflow, Plant A is expected to save 1.26 million RMB in the next year. Plant B, operating under September conditions, achieves a minimum OC2 of 0.77 RMB/m3. The actual monthly average OC2 is reduced by 0.41 RMB/m3 when compared with the same period of the past year, representing a reduction ratio of 35%. With the same wastewater inflow, Plant B anticipates saving 1.28 million RMB in the next year. Operating under August conditions, Plant C achieves a minimum OC2 of 0.60 RMB/m3. The actual monthly average OC2 is reduced by 0.45 RMB/m3 when compared with the same period of the past year, reflecting a reduction ratio of 43%. With the same wastewater inflow, Plant C is projected to save 3.05 million RMB in the next year. Finally, operating under November conditions, Plant D attains a minimum OC2 calculated at 0.43 RMB/m3. The actual monthly average OC2 is reduced by 0.23 RMB/m3 year-on-year, representing a reduction ratio of 35%. With the same wastewater inflow, Plant D is expected to save 5.43 million RMB in the following year (Figure 14).
Scenario 3: For Plant A, the optimal OC3 is 1.04 RMB/m3, and the actual monthly average OC3 is reduced by 0.74 RMB/m3 year-on-year, resulting in a reduction ratio of 42%. The designed wastewater inflow will lead to a savings of 8.13 million RMB in the next year. Plant B's optimal OC3 is 0.72 RMB/m3, and the actual monthly average OC3 is 0.45 RMB/m3 lower than that during the same period of the past year, representing a reduction ratio of 38%. The designed wastewater inflow will result in savings of 2.82 million RMB in the next year. Plant C’s optimal OC3 is 0.45 RMB/m3, and the actual monthly average OC3 is reduced by 0.60 RMB/m3 when compared with the same period of the past year, marking a reduction ratio of 57%. With the designed wastewater inflow, Plant C is projected to save 6.48 million RMB in the next year. Finally, for Plant D, the optimal OC3 is 0.43 RMB/m3, and the actual monthly average OC3 is reduced by 0.43 RMB/m3 when compared with the same period of the past year, representing a reduction ratio of 35%. The designed wastewater inflow will result in a savings of 5.91 million RMB in the following year.
If further reduction in operating costs is desired, a series of improvement measures can be adopted. For instance, Gaona et al. (2023) achieved a reduction in operating costs of 41%–47% through the nitrite pathway, although this led to increased N2O emissions.
4 CONCLUSION AND RECOMMENDATIONS

(1) Through an analysis of four typical urban WWTPs in Jiujiang city, China, it was found that the four WWTPs have common features, such as low influent concentrations and effluent water quality meeting discharge standards, with pollutant removal rates higher than the national average for all pollutants except TN. Furthermore, the BOD5/COD values for influents ranged between 0.4 and 0.6, whereas the COD/TN values were less than 8, indicating that although the wastewater is good to biodegrade, it has insufficient carbon sources in the treatment processes. In terms of energy consumption, Plant D exhibited electricity consumption lower than 0.36 kWh/m3, which is below 50% that of WWTPs in China, whereas the other three WWTPs had electricity consumption exceeding 0.61 kWh/m3, surpassing 80% that of WWTPs. For chemical consumption, the four WWTPs showed a higher usage of CH3COONa and PAC than the national average, with Plant A significantly exceeding 90% of WWTPs.
(2) Concerning the carbon emissions per unit wastewater treatment, it was observed that Plant A > Plant B > Plant C > Plant D have values of 1,447.20, 1,168.63, 953.21, and 514.50 g CO2e/m3, respectively. Plants A, B, and C have higher carbon emissions mainly due to the excessively high indirect emissions resulting from energy and chemical consumption. The proportions of indirect emissions for Plants A, B, C, and D were 86.13%, 85.61%, 77.13%, and 64.79%, respectively. In addition, the operational costs for Plants A, B, C, and D were 1.78, 1.18, 1.05, and 0.66 RMB/m3, respectively, excluding labor costs. Regarding the composition of operational costs, electricity and CH3COONa costs contributed to a significant portion.
(3) The improvement efficiency for the four WWTPs was researched under three scenarios accordingly. In Scenario 1, the operational costs for Plants A, B, C, and D could be reduced from 3.03% to 22.88%. In comparison, the operational costs were reduced to 1.31, 0.77, 0.60, and 0.43 RMB/m3, resulting in cost savings of 1.26, 1.28, 3.05, and 5.43 million RMB/year in Scenario 2 and 1.04, 0.72, 0.45, and 0.42 RMB/m3 in Scenario 3, respectively, which help save costs by 8.13, 2.82, 6.48, and 5.91 million RMB/year, respectively. The results show that for the four WWTPs, carbon emissions were reduced by 489, 325, 217, and 15 gCO2e/m3 in Scenario 1; 244.41, 316.33, 126.14, and 14.8 gCO2e/m3 in Scenario 2; and 598.85, 422.04, 313.22, and 15.02 gCO2e/m3 in Scenario 3, respectively. The carbon emission reduction ranged from 2.87% to 27.07% in Scenario 2, i.e., lower than those of the other scenarios, due to energy consumption being a critical factor. Combining the operational cost analysis, Scenario 2 is the most efficient solution to improve the efficiency of WWTPs at present. It is hoped that more actions such as dosing system accuracy enhancement, tail gas collection, photovoltaic power generation, carbon sequestration, and wastewater heat source recycling are carried out to achieve zero energy consumption and zero carbon emission in the WWTPs in future.
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