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Abstract. Sewage treatment is an efficient approach to achieving water resource 
recycling and safeguarding the environment. The municipal sewage treatment 

plants must not only meet discharge standards, but also incorporate energy-saving 

and carbon reduction measures during the sewage treatment process under China’s 
“dual carbon” strategy. This study calculated and analyzed carbon emissions from 

China’s municipal sewage treatment industry between 2012 and 2021, and 

forecasted the carbon emission intensity and amount in 2030. The findings 
revealed that the total carbon emissions increased from 29.33 Mt CO2e to 58.95 Mt 

CO2e over a decade, with direct and indirect emissions rising by 78.04% and 

143%, respectively. Direct and indirect emissions in 2021 comprised 57.37% and 
42.63% of the industry’s total carbon emissions, respectively. Sewage treatment 

plants accounted for the largest unit of carbon emissions, representing an average 

of 35%. Without effective carbon reduction measures, the industry’s carbon 
emissions are projected to reach 67.21 Mt CO2e in 2030. Implementing two 

optimization schemes, the total carbon emissions in 2030 are anticipated to decline 

to 65.21 Mt CO2e (Optimized 1) or 62.19 Mt CO2e (Optimized 2), corresponding 
to a 2.98% or 7.46% reduction, respectively, showing a turning point of carbon 

peaking. These results can provide theoretical and data support for carbon 

neutralization planning in the sewage treatment industry, and are essential in 

achieving carbon reduction goals and addressing global warming. 
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1. Introduction 

In the face of the increasingly severe environmental problem of global warming, 

controlling global carbon emissions and achieving carbon neutrality are important ways 

and measures to solve the above problem. The signing of the Paris Agreement in 2015 

marked the formation of a unified front for global action on climate change [1]. In 2020, 

China established explicit targets for achieving a carbon peak by 2030 and carbon 

neutrality by 2060. The primary objective of the “dual-carbon” strategy is to advocate 

for green, environmentally friendly, and low-carbon production and lifestyle, promote 

and guide innovation in green technology, improve people’s living standards, and 

enhance the quality of the ecological environment. To achieve the “dual-carbon” 
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strategy objectives, industries have begun to focus on their carbon emissions and make 

carbon neutrality a goal for industry development [2]. 

Wastewater treatment is an important barrier to achieving water resource recycling 

and protecting the ecological environment, but it is also a high-energy-consuming 

industry. It is predicted that carbon emissions from China’s municipal sewage industry 

will account for 2.95% of the national carbon emissions in 2030 [3]. Although 

wastewater treatment achieves the transformation and removal of pollutants, obtains 

good effluent, and makes contributions to improving the water ecological environment, 

it consumes a large amount of energy and resources during the treatment process, and 

emits a large amount of greenhouse gases and solid waste such as sludge. Therefore, 

conducting a systematic statistical analysis of carbon emissions in wastewater in recent 

years is of great significance for solving the industry’s high energy consumption 

problem and achieving dual-carbon goals [4]. 

One of the major greenhouse gases produced in large quantities during sewage 

treatment is CH4. CH4 is mainly generated under anaerobic conditions, thus it is 

emitted during sewage collection and treatment processes as well as sludge treatment 

and disposal processes [5]. Another greenhouse gas, N2O, is mainly produced during 

the biochemical process and emitted in the aeration zone. It is generally believed that 

N2O is formed through three pathways, namely, hydroxylamine oxidation, 

heterotrophic denitrification, and nitrification-denitrification [6]. The selection of 

carbon emission accounting models largely determines the reliability of greenhouse gas 

emissions [7]. Currently, the widely used accounting models include the emission 

factor method and measurement-based method. The emission factor method was first 

proposed by the Intergovernmental Panel on Climate Change (IPCC) to calculate 

carbon emissions by determining emission sources, constructing activity data and 

emission factors, and multiplying activity data and emission factors [8]. The 

measurement-based method measures greenhouse gas emissions from emission sources 

on site, and summarizes the data to obtain carbon emissions. However, this method has 

fewer intermediate links and accurate results, but obtaining the data is relatively 

difficult. Since the Ministry of Housing and Urban-Rural Development of China 

(MOHURD-PRC) has provided public data on sewage volume and grid emission 

factors, this article uses the emission factor method to calculate and analyze the carbon 

emissions of China’s municipal sewage treatment industry. 

This article calculates and analyzes the carbon emissions of China’s municipal 

wastewater treatment industry from 2012 to 2021, and then predicts the optimization of 

carbon emission intensity and carbon emissions of China’s municipal wastewater in 

2030 using two optimization methods: the addition of heat pumps and the use of 

high-efficiency activated sludge. The research results comprehensively reveal the 

spatial distribution characteristics and spatiotemporal changes of carbon emissions in 

China’s urban wastewater industry, which is of great significance for mastering China’s 

carbon emissions data, formulating relevant emission reduction policies, and planning 

for the future development of this industry. 

2. Materials and Methods 

2.1. Scope of Carbon Emissions Accounting 

This study calculates the emissions of the three main greenhouse gases (CH4, N2O, and 
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CO2 from fossil fuels) in wastewater treatment based on data provided by the 

MOHURD-PRC. The study analyzes the carbon emissions of China’s wastewater 

treatment industry over the decade from 2012 to 2021 [9]. Due to the fact that a unit of 

CH4 and N2O can absorb more heat in the atmosphere compared to a unit of CO2, 

different greenhouse gases are converted into carbon dioxide equivalents (CO2e) for 

comparison. According to the IPCC, one ton of CH4 and one ton of N2O are equivalent 

to 25 tons and 298 tons of CO2, respectively [10].

The scope of greenhouse gas accounting for the study is shown in Figure 1, 

including five emission units: sewer system, wastewater treatment plants (WWTPs), 

sludge disposal, effluent, and untreated sewage. All five units generate direct emissions, 

while the sewer system, WWTPs, and sludge disposal units also generate indirect 

emissions.

Figure 1. Accounting units of greenhouse gas emissions.

2.2. Determination of Carbon Emission Factors

2.2.1. Benchmark Emission Factors for China’s Regional Power Grid

The benchmark emission factors for China’s regional power grid published by the 

Ministry of Ecology and Environment of China (MEE-PRC) were used in this study to 

calculate the indirect emissions caused by electricity consumption. As specific data for 

each region were not officially released for the years 2020 and 2021, the national 

average carbon emission factor for the power grid was used instead [11]. 

2.2.2. Determining Emission Factors for Other Units

The sewer system is composed of pipes and related construction that collects and 

transports urban wastewater, and its network system is a potential source of CH4 and 

N2O greenhouse gas emissions. The sewer system can be divided into two types 

according to the power source: rising sewer pipes and gravity sewer pipes. The 

different operating modes result in different anaerobic environments, leading to 

different carbon emission intensities. The CH4 emission intensity of rising pipes is 

greater than that of gravity pipes. Due to the anaerobic environment in the rising sewer 

pipes and a lack of research on N2O emissions from rising pipes, the N2O emissions 

from rising pipes are assumed to be 0 in this study [12]. The EFCH
4 of gravity pipelines 
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is 0.83 g CH4/m3 and the EFN2O is 0.0002 kg N2O/kg TNinf [13]. The lower the liquid 

level of gravity pipes, the greater the N2O emission intensity [14, 15]. 

The treatment process of wastewater treatment plants exerts a considerable impact 

on the carbon emission intensity, making the emission factors for these plants more 

complex. Based on research on greenhouse gas emissions both domestically and 

internationally, emission factors for different treatment processes in sewage treatment 

plants have been obtained. The sequencing batch reactor (SBR) process has a higher 

N2O emission factor than other processes, and the CH4 and N2O emission factors of the 

conventional activated sludge (CAS) process are both relatively high. It is important to 

note that even for the same treatment process; there is a large variation in greenhouse 

gas emission intensity.  

There is limited research on greenhouse gas emissions from sludge disposal. 

Firstly, it is assumed that the carbon emissions from improperly dumped sludge are the 

same as those from sludge drying ponds. Since there is a lack of measured emission 

factor data for other sludge disposal processes, this article adopts the default values 

relevant studies for calculation [16]. 

The nitrifying bacteria in the sewage treatment plant will be discharged into the 

river with the effluent, causing the river to exhibit high N2O emissions and higher 

carbon emissions compared to unpolluted water [17]. This makes the effluent a source 

of greenhouse gas emissions. Due to the lack of measured data on CH4 emissions in the 

effluent, this study used IPCC default values [10]. This study assumes that the fossil 

source CO2 emissions in the effluent are the same as those in the sewage treatment 

plant. Untreated wastewater is widely present in open sewers, pits, toilets, or marshes. 

Due to its high pollutant concentration, it forms an anoxic environment and has a 

greater potential for greenhouse gas emissions. In this study, the emission intensity of 

polluted water bodies was used as the emission factor for untreated wastewater 

calculation [18]. 

2.3. Optimization and Prediction of Carbon Emission Intensity and Carbon Emission 

Two optimization schemes were proposed for predicting the future national carbon 

emission intensity and carbon emissions of wastewater treatment. The first 

optimization scheme involves the transformation of the existing activated sludge 

process by incorporating heat pumps and other methods for recovering thermal energy 

from secondary effluent. A sewage source heat pump is a variant of a water source heat 

pump that harnesses low-grade thermal energy resources generated from shallow 

groundwater, rivers, and lakes that have absorbed solar and geothermal energy on the 

earth’s surface. This technology uses the heat pump principle to transfer low-grade 

thermal to high-grade thermal energy with minimal high-grade electrical energy input. 

The sewage source heat pump regards sewage as a low-temperature waste heat source 

and implements heat recovery from secondary effluent by directly setting up the heat 

pump in the sewage tank and using either the direct method of cooling and vaporization 

or the indirect method of absorbing heat from sewage using a heat exchanger in the 

heat source loop. 

The second optimization scheme is to choose efficiently activated sludge, 

high-solids anaerobic digestion, and partial nitration/anaerobic ammonium oxidation. 

The primary principle of this process is to harness the substantial chemical energy 

present in wastewater for biogas production, which renders it more energy-efficient 

than conventional activated sludge methods for nitrogen removal [19]. Studies have 
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shown that this scheme can increase the methane content of anaerobic digestion and 

overcome the instability of mainstream nitration/anaerobic ammonium oxidation 

operations [20].

3. Results and Discussion

3.1. Direct and Indirect Carbon Emissions in Municipal Wastewater Industry

The total carbon emissions from municipal wastewater from 2012 to 2021 are shown in 

Figure 2. The overall carbon emissions slightly increased (Figure 2a), from 29.33 Mt

CO2e in 2012 to 58.95 Mt CO2e in 2021. Both direct and indirect emissions increased 

annually, with a growth rate of 78.04% and 143% over the 10 years, respectively 

(Figure 2b). In addition, the proportion of indirect emissions in total carbon emissions 

increased, from 35.24% in 2012 to 42.63% in 2019. In 2021, the total carbon emissions 

from municipal wastewater were 58.95 Mt, of which the direct emissions of 

greenhouse gases were 33.81 Mt CO2e, accounting for 57.37% of the total emissions; 

the indirect emissions of greenhouse gases were 25.13 Mt CO2e, accounting for 42.63% 

of the total emissions.

(a) (b)

Figure 2. The total emissions, direct emissions, and indirect emissions from the municipal sewage industry in 

the past decade in China.

3.2. Emissions from Each Unit in Municipal Sewage Industry

According to the analysis of carbon emissions by each unit (Figure 3a), the data 

indicates that the sewage treatment plant exhibits the highest proportion of carbon 

emissions among all units, with a mean percentage of 35%, and the emissions have 

increased from 8.57 Mt CO2e in 2012 to 21.28 Mt CO2e in 2021. The carbon emissions 

of the untreated unit gradually decreased over the decade, from 9.63 Mt CO2e in 2012 

to 2.78 Mt CO2e in 2021, thanks to the improvement of sewage treatment facilities in 

recent years, which has increased the efficiency of sewage treatment and greatly 

reduced the untreated sewage volume. The carbon emissions of all remaining units 

have increased to a certain extent, with the carbon emissions of the sewage pipeline 

network system showing a more obvious increasing trend, from 4.6 Mt CO2e in 2012 to 

14.19 Mt CO2e in 2021, with a growth rate of 308%. The proportion of carbon 

emissions from the effluent unit in the total carbon emissions is the smallest, with an 

average ratio of only 6.7%.
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CH4, N2O, and electricity consumption units are the main components of total 

carbon emissions, so the emissions of the three gases were analyzed and calculated 

(Figure 3b). As shown in the figure, CH4 was the largest greenhouse gas emission 

source in the early years, and increased year by year over the decade, from 13.55 Mt

CO2e in 2012 to 25.47 Mt CO2e in 2021, with a growth rate of 87%. The overall trend 

of N2O demonstrated an upward trajectory with an approximate growth rate of 82%.

The greenhouse gas emissions from electricity consumption units increased from 9.79 

Mt CO2e in 2012 to 21.69 Mt CO2e in 2021, with a growth rate of 221%. The increase 

in electricity consumption units was mainly due to the increase in the number of 

wastewater treatment facilities and the increase in wastewater volume, which was a 

drawback of higher wastewater treatment rates and better effluent quality.

(a) (b)

Figure 3. Carbon emissions and typical greenhouse gas emissions of each unit in the municipal sewage 

industry.

The dominant contributors to carbon emissions in the sewage network unit are CH4

greenhouse gas emissions and electricity consumption (Figure 4a). The proportion of 

indirect emissions generated by electricity consumption is the largest, accounting for 

51.7% of the total carbon emissions, while the proportion of N2O emissions is only 

2.5%. All three types of carbon emissions are increasing year by year, and CH4 gas is 

increasing at the fastest rate, with a growth rate of 300% over the decade. This may be 

due to the increasing proportion of rising sewage pipelines in the sewage network 

system, which are gradually replacing gravity sewage pipelines and increasing the 

release of CH4 gas. In 2021, the carbon emissions from CH4 gas in the sewage network 

were 10.32 Mt CO2e, N2O gas emissions were 0.57 Mt CO2e, and the carbon emissions 

from electricity dissipation were 3.69 Mt CO2e. 

The dominant contributors to carbon emissions from the sewage disposal unit are 

indirect emissions caused by electricity dissipation, N2O gas emissions, and chemical 

consumption (Figure 4b). The growth rate of N2O gas emissions in this unit is the 

highest, reaching 174%. The main reason for the growth is the gradual increase in 

sewage treatment volume and changes in related emission factor coefficients. Over the 

ten years, the carbon emissions from electricity dissipation in the sewage treatment 

plant unit increased from 4.82 Mt CO2e to 11.62 Mt CO2e. The proportions of CH4 and 

CO2 emissions from fossil sources in this unit are not high, and their growth rates are 

not significant.

The dominant contributors to carbon emissions in the sludge disposal unit are the 

gas emissions of CH4 and N2O (Figure 4c), which are mainly caused by the methods 

used for sludge treatment, such as sanitary landfill, incineration, and land use. Although 

the methods for sludge disposal are constantly improving, the increasing amount of 
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wastewater treatment still leads to a year-on-year increase in carbon emissions from 

this unit. The growth rates of CH4 and N2O are 165% and 167%, respectively.

The dominant contributors to carbon emissions in the untreated effluent unit are 

significantly decreasing year by year, which is divergent from the pattern of carbon 

emissions in other units (Figure 4d). Methane gas (CH4) has shown the most obvious 

decrease, with a reduction rate of 58.48%, from 5.01 Mt CO2e in 2012 to 2.08 Mt CO2e

in 2021. This is mainly due to the improvement of sewage treatment facilities in recent 

years, which has led to a notable reduction in untreated sewage volume, and an 

increase in the sewage treatment rate.

Figure 4. Trend of carbon emissions from sewage network, sludge treatment plant, sludge disposal, and 

untreated effluent.

3.3. Analysis of Carbon Emission Intensity in Municipal Wastewater Industry

The carbon emission intensity denotes the quantity of greenhouse gas emissions 

produced per unit of wastewater treated. As shown in Figure 5a, the carbon emission 

intensities of different units have been reduced to some extent in the first few years, 

with a decrease of 0.14 kg CO2e/m3 from 2012 to 2015, but have slightly increased in 

the later years. This phenomenon indicates that the processes and management methods 

used in wastewater treatment cannot further improve the carbon emission intensity after 

a certain degree of improvement with social development. At the same time, the 

increase in population density and social activities has caused an increase in carbon 

emissions in the wastewater treatment industry, resulting in an increase in emission 

intensity. The carbon emission intensity is the highest in the wastewater treatment and 

sludge disposal units, while the carbon emission intensity of untreated wastewater has 

decreased year by year, from 0.28 kg CO2e/m3 in 2012 to 0.06 kg CO2e/m3 in 2021, a 

decrease of approximately 78%.

Figure 5b shows the carbon emission intensity of different greenhouse gas sources. 
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By classifying into direct and indirect emissions, it can be seen clearly that the carbon 

emission intensity of direct emissions has decreased, and the carbon emission intensity 

of the electricity consumption unit in the indirect emissions has increased, from 0.28 kg 

CO2e/m3 in 2012 to 0.35 kg CO2e/m3 in 2021, an increase of about 25%. The reason for 

this phenomenon is the increase in the electricity consumption of wastewater treatment 

per unit of wastewater due to the higher wastewater discharge standards in recent years. 

The carbon emission intensity of direct emissions is mainly represented by CH4 gas, 

which has decreased from 0.29 kg CO2e/m3 in 2012 to 0.41 kg CO2e/m3 in 2021, while 

the carbon emissions of fossil sources, which also belong to direct emissions, have not 

changed significantly.

(a) (b)

Figure 5. Carbon emission intensity of each treatment unit and emission pathway.

3.4. Prediction of Carbon Emissions and Carbon Emission Intensity of Municipal 
Wastewater Industry

The treatment process units are identified as the primary sources of carbon emissions in 

sewage treatment plants. It is necessary to optimize the process to improve energy and 

resource recovery efficiency. “Optimized 1” refers to a modified version of the 

activated sludge process. which recovers thermal energy through the addition of a heat 

pump for secondary effluent. According to relevant studies [21], the average thermal 

recovery rate in the effluent is about 1.18 kWh/m3. Assuming a 1.8%/year upgrade rate 

for this strategy from 2012, the carbon emission intensity will decrease to 0.84 kg 

CO2e/m3 by 2030 (Figure 6a). “Optimized 2” involves the implementation of 

high-efficiency activated sludge technology and high-solids anaerobic digestion of 

sludge, and partial nitrification/anoxic ammonia oxidation process. Assuming a 

5%/year upgrade rate for this strategy from 2012, the carbon emission intensity will 

decrease to 0.80 kg CO2e/m3 by 2030.

Through the above two optimization schemes, it is calculated that by 2030, the 

total carbon emissions of China’s sewage treatment industry will reach 65.21 Mt CO2e

(Optimized 1) or 62.19 Mt CO2e (Optimized 2). Compared with the predicted situation 

without optimization, they will decrease by 2.98% or 7.46%, respectively (Figure 6b). 

According to the construction goals of the 13th Five-Year Plan and the requirement to 

shift from “sewage treatment” to “recycling and reuse,” it is expected that the sewage 

treatment rate and reuse rate will greatly increase by 2030, and the treatment rate and 

sludge disposal rate will approach 100%. The scale and technological structure of 

China’s power industry will also undergo huge changes, with non-fossil energy 

generation accounting for 60% of the total electricity generation, and the grid emission 

coefficient will be reduced to 0.46-0.48 kg CO2/kWh.
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(a) (b)

Figure 6. Prediction of carbon emission intensity and carbon emissions in the national sewage treatment 

industry.

According to the above predictions, if China is to achieve its national “carbon peak 

and carbon neutrality” plan, the main focus of carbon emission control in municipal 

sewage treatment in the future should be the carbon emission regulation of sewage 

treatment units, as it accounts for the largest proportion of carbon emissions. At the 

same time, attention should also be given to the sludge unit and sewage pipe network, 

including preventing the escape of greenhouse gases in the sewage pipe network and 

harmless treatment of sludge. Measures to be adopted include but are not limited to: 

renovating existing activated sludge processes, recovering heat energy from secondary 

effluent through the use of heat pumps, and selecting efficiently activated sludge, high 

solids retention anaerobic digestion, and partial nitrification/anoxic ammonia oxidation 

processes.

4. Conclusions

This article presents a statistical analysis of carbon emissions from China’s municipal 

sewage treatment industry over the past ten years, from 2012 to 2021, and predicts 

carbon emission intensity and total emissions for 2030. The carbon emissions from 

China’s municipal sewage treatment industry increased gradually from 2012 to 2021, 

reaching 58.95 Mt CO2e in 2021. The carbon emissions from sewage treatment plants 

accounted for the largest proportion, at 35%. When classified by greenhouse gas 

emissions, energy consumption units were the largest source of carbon emissions. By 

prediction, China’s sewage treatment industry’s carbon emissions will reach 67.21 Mt 

CO2e in 2030, with a carbon emission intensity of 0.86 kg CO2e/m3. Using two 

optimization scenarios, the total carbon emissions in 2030 are expected to decrease by 

approximately 2.98% or 7.46%. The research findings indicate that the main direction 

of future carbon emissions reduction in the municipal sewage industry should focus on 

sewage treatment plant units, with a particular emphasis on optimizing energy 

consumption units. 
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