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Abstract
A scientific evaluation of the carbon emission efficiency is crucial for ensuring the sustainable development of wastewater 
treatment plants (WWTPs). In this paper, we applied a non-radial data envelopment analysis (DEA) model to calculate the 
carbon emission efficiency of 225 WWTPs located in China. The results showed that the average carbon emission efficiency 
of China’s WWTPs was 0.59, indicating that the efficiencies of most samples still require improvement. The carbon emission 
efficiency of WWTPs from 2015 to 2017 decreased because of the decrease in technology efficiency. Among the influencing 
factors, different treating scales had positive impact on carbon emission efficiency improvement. WWTPs with anaerobic 
oxic process and the first-class A standard were likely to have higher carbon emission efficiency in the 225 WWTPs. By 
incorporating direct and indirect carbon emissions into WWTP efficiency evaluation, this study helped decision-makers 
and related water authorities to better understand the contribution of WWTPs to the aquatic and atmospheric environments.

Keywords Carbon emission · Wastewater treatment plants (WWTPs) · Data envelopment analysis (DEA) · Wastewater 
treatment process · Scale · Discharge standard · Wastewater treatment fee

Introduction

Greenhouse gas (GHG) emissions, especially carbon emis-
sions, are the main concern for countries worldwide (Liu et al. 
2015; Zaidi et al. 2021). Improving carbon emission efficiency 
is the common goal of all nations and humanity (Wang et al. 
2016; Tenaw and Hawitibo 2021; Zhu et al. 2021). As one 
of the largest carbon emitters in the world, China faces the 
severe challenge of carbon reduction (Chang et al. 2017; Li 

and Cheng 2020; Fang et al. 2021). In 2020, China’s carbon 
emissions reached 14,400 MMT  CO2e despite the COVID-19 
lockdown (Koondhar et al. 2021). To proactively respond to 
climate change and reduce GHG emissions, the Chinese gov-
ernment pledged in 2020 to implement policies and measures 
to peak carbon emissions by 2030 and achieve carbon neutral-
ity by 2060, also known as the “dual carbon” goal (The State 
Council Information Office of PRC 2020).

To actively achieve the “dual carbon” goal, the typical high-
carbon industries or sectors, such as heavy chemical industries 
(Lu et al. 2020) and electricity generation sector (Zhao et al. 
2020; Banerjee 2022), have developed corresponding plans, 
recognized the characteristics and efficiency of carbon emis-
sions, and explored measures to improve the efficiency and 
reduce carbon emission. However, some potential and rapidly 
growing carbon-emitting sectors in China, such as wastewa-
ter treatment plants (WWTPs), have received less attention. 
While water environment improvement has received increas-
ing attention, many WWTPs have been constructed in China 
since 2000 (He et al. 2019; Zhang et al. 2019). The number 
of municipal WWTPs located in cities increased from 427 in 
2000 to 2209 in 2017. The processing capacity grew at an aver-
age annual rate of 12.72% and reached 157.43 million  m3/day 
in 2017, which was comparable to that of the USA (122.43 
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million  m3/day in 2014) (Shen et al. 2015; Ministry of Hous-
ing and Urban–Rural Development of PRC 2018). As one of 
the largest minor GHG emitters (US EPA 1997), GHG emis-
sions from the waste/wastewater sector have attracted attention. 
According to the Intergovernmental Panel on Climate Change 
(IPCC) Fifth Assessment Report, the global GHG emissions 
from the waste/wastewater sector were 1.4 Gt  CO2e in 2010, 
accounting for about 2.86% of total emissions (IPCC 2015). 
Regional assessment reports pointed out that the annual GHG 
of the US wastewater sector reached approximately 19.2 MMT 
 CO2e in 2017 (US EPA 2019). Zhang et al. (2017) reported 
the average annual GHG emissions of 41 MT  CO2e for water 
utilities in China between 2006 and 2012 and were expected to 
continue to increase with the expansion of processing capacity. 
To achieve the “dual carbon” goal, the Chinese government has 
begun to be concerned about the carbon emissions of WWTPs, 
emphasizing the promotion of energy-saving and low-carbon 
development of municipal wastewater (Ministry of Housing and 
Urban–Rural Development of PRC 2021). The Implementation 
Plan for the Synergistic Effect of Pollution Reduction and Car-
bon Reduction, released in 2022, stated that the carbon emis-
sion management of WWTPs should be optimized. Assessing 
the carbon emission efficiency of WWTPs and taking it into 
consideration in WWTP operation and management will be 
helpful to achieve China’s “dual carbon” goal and promote low-
carbon development of the wastewater treatment industry.

Existing research on improving the efficiency of WWTPs 
has mainly focused on specific technologies (Bozkurt et al. 
2016; Ma et al. 2019; Shin et al. 2022). However, the analysis 
from the perspective of economics and management has also 
emerged. In the literature, scientific evaluation and improve-
ment of the efficiency of existing WWTPs have attracted much 
attention (Mai et al. 2015; Jiang et al. 2020; Yang and Chen 
2021), and some studies have evaluated the techno-economic 
efficiency of WWTPs (Sala-Garrido et al. 2011; Guerrini et al. 
2015; Gómez et al. 2017). Most of these studies only used the 
indicators such as energy, cost, labor, and removed pollutants, 
without considering GHG. Furthermore, studies evaluated the 
eco-efficiency of WWTPs, taking into account GHG emis-
sions (Gémar et al. 2018; Torregrossa et al. 2018; Hu et al. 
2019). To our knowledge, Molinos-Senante et al. (2016) pio-
neered the eco-efficiency evaluation of WWTPs. They used a 
weighted Russell directional distance model (WRDDM), a non-
radial DEA model, to assess the eco-efficiency of 30 WWTPs 
in Spain in 2014. Cost and removed pollutant were selected as 
inputs and outputs, respectively, and the carbon dioxide  (CO2) 
from electricity consumption was considered an undesirable 
output. The results showed that half of the facilities need to 
be improved. Dong et al. (2017) adopted DEA to evaluate the 
eco-efficiency of WWTPs in China for the first time. Nitrous 
oxide  (N2O) emissions were considered in their study in terms 
of environmental impact and the results showed that the average 
efficiency value for WWTPs was between 0.5 and 0.8.

DEA, a non-parametric analysis method, has been widely 
used to evaluate the efficiency of WWTPs because it can address 
multiple output/input situations and is not limited by the require-
ment of large amounts of data. GHG emissions from WWTPs 
include methane  (CH4),  CO2, and  N2O (Ahn et al. 2010; Polruang 
et al. 2018; Nguyen et al. 2019). Most scholars often only regard 
 N2O or energy consumption as undesirable outputs (Gémar et al. 
2018), but few studies focus on the complete carbon emission 
from WWTPs. Moreover, previous studies have only focused on 
evaluating the efficiency of WWTPs at a static moment, ignoring 
the rate of dynamic efficiency changes over time (e.g., Zeng et al. 
2017). To better support decision-making, research on the tempo-
ral dynamics of carbon emission efficiency is crucial.

Based on the above, this study was initiated to evaluate 
the carbon emission efficiency of WWTPs in China. Firstly, 
it focused on evaluating the carbon emission efficiency in 
2017, the dynamic efficiency in 2015–2017 using the non-
radial DEA model, and the Malmquist-Luenberger index. 
Then, this study evaluated the potential factors affecting 
carbon emission efficiency which includes scale, process, 
discharge standard, and wastewater treatment fees. This 
study will provide scientific basis for decision-making to 
professionals including policymakers as well as wastewater 
treatment plant managers and operators.

Methodology

Figure 1 shows the analysis framework of this study. First, rel-
evant data were collected from WWTPs and carbon emissions 
were calculated. Second, the non-radial DEA model was devel-
oped to calculate the relative static efficiency of WWTPs. Then, 
the Malmquist-Luenberger index was calculated to evaluate the 
dynamic changes from 2015 to 2017. Finally, potential factors 
affecting carbon emission efficiency were discussed in details.

The minimum distance to strong efficient frontier 
DEA model

DEA is a non-parametric technical efficiency analysis 
method based on mutual comparisons between the evalu-
ated objects (WWTPs in this study). The relative efficiency 
of each DMU is evaluated according to multiple inputs and 
outputs. A non-parametric production frontier is formulated 
and used to compare relative efficiency (Cheng 2014).

To address the issue of slack variables during the measure-
ment in the radial-DEA model, Tone (2001) proposed the 
slack-based measure (SBM) model. However, each projection 
point of the evaluated WWTP in SBM model is the farthest 
point on the frontier. SBM will overestimate the improvement 
potential of inefficient WWTPs and result in the measured 
efficiency score lower than its real value. This violates the 
preferences of decision-makers. Therefore, this paper used 
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the improved DEA model proposed by Aparicio et al. (2007), 
namely, the minimum distance to strong efficient frontier 
(MinDS) model. In this method, all the evaluated WWTP 
reference benchmarks are restricted to the same hyperplane, 
which make up for the deficiency of the SBM model.

The basic mathematical expression of the MinDS is 
shown as Eq. (1):
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where �k is the efficiency value of the evaluated DMU. I, P, 
and Q are the types of inputs, desirable outputs and undesir-
able outputs. sx−

i
 , sy+p  , sb−

q
 are the slack variables of the inputs, 

desirable outputs, and undesirable outputs. ypk and bqk are 
the desirable output (p) and undesirable output (q). �j is the 
combination coefficient. M is a sufficiently large positive 
number.

Malmquist‑Luenberger index

The Malmquist index calculated the changes in total factor 
productivity (TFP) over a period. Chung et al. (1997) incorporated 
the directional distance function including undesired outputs to the 
Malmquist model, called the Malmquist-Luenberger index (ML 
index). The index has been widely used because it can be further 
decomposed to figure out the change of technical efficiency 
compared to the frontier and its own variation (Wu et al. 2021).

If the input is represented as x, E is the efficiency 
score. The desirable output is denoted as y, and the unde-
sirable output is denoted as b. The adjustment amount of 
the desirable output and the undesirable output is denoted 
as g; the ML index from time t to t + 1 can be defined as
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Fig. 1  The framework of this 
study
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Furthermore, the Malmquist-Luenberger index can be 
decomposed into the technical efficiency change index (EC) 
and the technological change index (TC):

When ML index, EC, and TC are larger than 1, they indicate 
the improvement of productivity, the improvement of efficiency, 
and the progress of technology, respectively. On the contrary, 
when ML index, EC, and TC are less than 1, they indicate the 
decrease in productivity, the deterioration of efficiency, and the 
deterioration of technology.

(3)

ML = EC × TC
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Sample data

Data from 225 operating WWTPs were collected from the Urban 
Drainage Statistics Yearbook (China Urban Water Association 
2018), including the operating costs, staffing, scale, pollutant 
removal, currently used types of processes, and the discharge 
standards implemented. The sampled dataset was selected 
and adopted in over 60,000 data, which has included nearly all 
treatment processes, plant scales, and standards. This can be better 
represented as the prevailing condition of WWTPs in China.

The carbon emission studies were calculated using the emis-
sion factor method recommended by the IPCC (2006, 2019). It 
provided an internationally acknowledged method for carbon emis-
sions accounting and had been widely accepted. The carbon emis-
sions in the WWTPs were generated from two sources including 
biological treatment (direct emissions) and electricity consumption 
(indirect emissions) (Mamais et al. 2015). According to the IPCC 
guideline,  CO2 produced by biological metabolism was considered 
short-lived biogenic emission and should not be included in the 
GHG emissions. The global warming potential (GWP) of  CH4 and 
 N2O is 21 and 298 times that of  CO2, which means that the impact 
of  CH4 and  N2O is 21 and 298 times that of  CO2. Therefore,  CH4 
and  N2O emissions during the operation of WWTPs were mainly 
considered in direct emissions. The direct and indirect emissions of 
each WWTPs were estimated according to Eqs. (4) to (6).

Direct emission

where ECH4
 is the  CH4 emissions, kg  CH4/day; TOW is the 

total organic in wastewater, kg COD/day; EF is the emission 

(4)ECH4
= TOW × EF − R0

factor, kg  CH4/kg COD; R0 is the recovery of  CH4 and the 
default value is 0.  CH4 from wastewater treatment, whose 

100-year GWP value was 21 times higher than  CO2 (Bassin 
et al. 2021).

The major contributor to  N2O emissions from WWTPs 
was the incomplete nitrification and denitrification processes 
during biological nitrogen removal (Ahn et al. 2010). There-
fore, using TN in wastewater for  N2O accounting was more 
accurate than using population equivalent (Dong et al. 2017).

where EN2O
 is the  N2O emissions, kg  N2O/day; TNinf luent and 

TNeff luent are the influent and effluent TN concentrations (mg 
/L) of the WWTPs; 0.035 and 0.005 are the emission fac-
tors; 298 represents the global warming potential for  N2O; 
44/28 is the conversion from kg  N2O–N to kg  N2O; Q is the 
amount of treated water,  m3/day.

Indirect emission

Indirect carbon emissions from WWTPs mainly came from 
electricity consumption (Larsen 2015). The indirect emis-
sions from WWTPs can be calculated by the  CO2 emission 
factor for power consumption (Zeng et al. 2017). The aver-
age value is 0.9224 t/(MW•h), according to the baseline 
emission factor of the China Regional Network.

where x is the cumulative electricity consumption, kWh/day; 
EF is the calculation of the  CO2 emission factor, t/(MW•h). 
The descriptive analysis of the input and output indicators 
in 2017 is shown in Table 1.

Results and discussion

Carbon emission of WWTPs in China

The average carbon emission of 225 Chinese WWTPs was 
0.65 kg/m3. Among them, the direct emission was 0.42 kg/
m3, and the indirect emission was 0.23 kg/m3. Direct emis-
sion accounts for 64.17% (Fig. 2). This result was consist-
ent with the experimental monitoring (Xie and Wang 2012; 

(5)EN2O
=
[(

TNinf luent − Teff luent

)

× 0.035 + TNeff luent × 0.005
]

× 298 × 44∕28 × Q

(6)Eindirect = x ∙ EF
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Bao et al. 2016). Bao et al. (2016) found that direct GHGs 
from Chinese WWTPs accounted for 49.2–61.8% of total 
emissions. Overall, in addition to energy consumption, the 
emissions from biological treatment process also need to be 
considered. On the one hand, by improving the technology 
such as using the anammox process, nitrogen removal can 
be removed by consuming lower energy and carbon emis-
sions (Greenfield and Batstone 2005). On the other hand, 
the operational management of WWTPs is also critical to 
improve system efficiency (Castellet-Viciano et al. 2018; 
Werkneh and Gebru 2023).

Carbon emission efficiency of WWTPs in China

Figure 3 summarizes the efficiency score of 225 WWTPs. 
There were 103 and 82 WWTPs with medium efficiency 
(0.4–0.6) and good efficiency (0.6–0.8), respectively, account-
ing for about 82.22% of the entire sample. The average effi-
ciency value was 0.59, indicating a potential improvement 
of 41%. In other words, WWTPs could perform better in 

pollutant removal and carbon reduction under the same oper-
ating costs and staffing. The number of  efficiencies located 
on the frontier was 10, accounting for only 4.44% of the total. 
The pure technical efficiency (PTE) was 0.64 and the scale 
efficiency (SE) was 0.94, which mean PTE was the main con-
tributing factor to the low technical efficiency. This illustrated 
the ability to obtain the maximal outputs with given inputs 
under the actual scale was low. The possible reason for the low 
PTE may have been that most WWTPs in China still mainly 
relied on the experience of technicians for management and 
operation, and there were widespread phenomena of excessive 
dosage and aeration, which further aggravated carbon emis-
sions (Pan et al. 2020; Chen et al. 2022).

Figure 4 shows the potential improvement of each WWTP 
including all inputs and outputs. WWTPs could improve 
performance and efficiency by reducing input and undesir-
able output and making up for desirable output shortfalls. 
For the 225 WWTPs, the staffing and operating costs could 
be reduced by 5 persons and 10,221.1 yuan/day, respectively. 
Under the current input level,  BOD5 and  NH3–N could be 

Table 1  Statistical description 
of input and output indicators 
in 2017

Indicator Input Output Undesirable output

Staff (person) Operating cost 
(yuan/day)

BOD5 reduc-
tion (kg/day)

NH3–N reduc-
tion (kg/day)

Carbon production (kg/day)

Mean 32 32,247.43 5927.02 1302.92 36,455.45
Std 27 37,390.64 11,863.64 1798.68 51,542.97
Min 2 2383.56 113.10 45.95 1227.69
Max 178 218,739.73 126,764.00 13,956.50 391,071.77

Fig. 2  Distribution of carbon 
emissions by WWTPs in China
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increased by 1042.92 kg/day and 320.22 kg/day, and the car-
bon emission could be reduced by 11,569.3 kg/day. Table 2 
further compares the characteristics of some efficient and 
inefficient WWTPs. The most efficient WWTPs produced 

fewer carbon emissions and removed more pollutants with 
less capital and labor. This also showed that the inefficient 
WWTPs should pay attention to the improvement of man-
agement and operation under the existing scale to achieve 
optimized carbon emission efficiency.

Efficiency change

Considering the consistency and availability of data, 43 
plants were selected from 225 samples for ML index analy-
sis. The results are shown in Table 3. The average ML index 
from 2015 to 2017 was 0.98, indicating that the carbon 
emission efficiency of China’s WWTPs was declining. The 
decline in technical efficiency was the main reason for the 
decrease in ML. With the development of China’s economy, 
wastewater treatment has developed rapidly (Zhang et al. 
2019). The environmental pollution control investment and 
wastewater treatment capacity have increased for years. The 
treatment processes were basically in line with international 
standards (Jin et al. 2014). However, the distance from the 
production frontier has increased, making the technical effi-
ciency decrease.
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Table 2  Comparison of characteristics between efficient and inefficient WWTPs

NO Design scale 
 (104m3/day)

Process Score Operating cost 
(yuan/day)

Staff (person) BOD5 reduc-
tion (kg/day)

NH3–N reduc-
tion (kg/day)

Carbon pro-
duction (kg/
day)

26 3 Oxidation ditch 0.97 7726.03 21 4600.20 1028.64 15,862.20
34 3 Oxidation ditch 0.64 11,643.84 42 2587.80 793.47 31,922.67
189 20 Anaerobic-

anoxic–Oxic, 
 A2/O

1 43,753.43 20 12,972.00 4340.40 100,129.33

90 20 A2/O 0.60 157,671.23 80 27,800.00 5811.00 131,735.92
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Influence factors

Process

The status of the primary treatment processes in the WWTPs 
is shown in Fig. 5. Oxidation ditch was the most widely used 
process by China’s WWTPs, accounting for about 30.67%. 
Followed by  A2/O, accounting for approximately 27.11%. 
The third one was sequencing batch reactor–activated sludge 
process (SBR), accounting for 17.33%. Oxidation ditch 
and SBR were popular in small- and medium-sized cities 
because these treatment processes do not require primary 
settling tank or secondary sedimentation tank and use sim-
ple infrastructure construction and convenient management. 
Large-scale WWTPs had higher requirements for nutrient 
removal, and nitrogen and phosphorus could be removed by 
the  A2/O process. Therefore, large-scale WWTPs in large 
cities preferred  A2/O process (Jin et al. 2014).

From the perspective of carbon emissions, the results of 
the Kruskal–Wallis (K-W) test pointed out that the process 
had the statistically significant influence on the perfor-
mance of the WWTPs at 5% significance level (p < 0.05). 
This indicated that treatment processes affected carbon 
emission efficiency. Among the six processes studied here, 
AO and activated sludge processes had higher carbon emis-
sion efficiency than  A2/O, oxidation ditch, and SBR. This 
was because these processes had the least carbon emissions 
including direct and indirect carbon emissions. For example, 
Bao et al. (2015) studied the direct emissions of  CO2 from 
four different treatment processes and the order of emis-
sion was SBR (0.347 kg  CO2/m3 wastewater) > oxidation 
ditch (0.344 kg  CO2/m3 wastewater) >  A2/O (0.176 kg  CO2/

m3 wastewater) > A/O (0.173 kg  CO2/m3 wastewater). For 
treating 1  m3 wastewater,  A2/O had the highest energy use 
at 0.39 kWh/m3, followed by CASS (0.37 kWh/m3) and A/O 
(0.28 kWh/m3) processes (Li et al. 2021). It is worth not-
ing that the uneven distribution of the samples may have an 
impact on the analysis results. Therefore, AO was the best 
choice when only considering carbon emissions. When the 
requirements of COD and nutrient removal are considered, 
 A2/O was the more suitable choice.

Scale

In China, WWTPs were divided into small (<  104 t/day), 
medium  (104 t/day ≤ scale <  105 t/day), and large sizes (≥  105 
t/day) (MEE 2015). As shown in Fig. 6, the K-H test showed 
significant differences in different sizes (p < 0.01). The 
greater the daily processing capacity, the higher the aver-
age efficiency. The average efficiency of large WWTPs was 
the highest, reaching 0.69, which was significantly higher 
than the other two types of WWTPs. The result was consist-
ent with previous research (Molinos-Senante et al. 2016; 
Zeng et al. 2017). In fact, research had already confirmed 
the economies of scale in WWTPs (Hernández-Sancho et al. 
2011a, b; He et al. 2019). Small WWTPs tended to have 
higher treatment costs, higher unit energy consumption, and 
difficult management. Therefore, as the core design param-
eter of WWTPs, scale should be carefully considered in the 
design or remold for minimizing carbon emissions.

Discharge standard

Standard is also considered to be one of the critical parame-
ters in the design and operation of WWTPs (Borzooei et al. 
2020). The Chinese government has been working on tight-
ening wastewater treatment standards for the past decades 
to control water pollution. Usually, WWTPs were classified 
into IA, IB, II, and III by the widely used national waste-
water standard (GB 18918–2002), of which IA was the 
highest standard and the III was the lowest standard. The 

Table 3  Annual differences of 
the ML and its decomposition

Period ML EC TC

2015–2016 1.01 1.04 0.99
2016–2017 0.96 0.98 1.02

Fig. 5  Distribution and effi-
ciency of different treatment 
processes (note: a, oxidation 
ditch; b,  A2/O; c, SBR; d, acti-
vated sludge; e, biofilm process; 
f, A/O)
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statistical results indicated that about 65.78% of WWTPs 
implemented IA, 28.44% of WWTPs implemented IB, and 
only 1.33% of WWTPs implemented standard II.

The results of the K-W test showed that the carbon emis-
sion efficiency of WWTPs was also significantly correlated 
with the emission standards (p < 0.01). The carbon emission 
efficiency of standard IA was higher than that of standard 
IB. IA achieved more pollutant removal and its carbon emis-
sion efficiency was better than IB (Table 4). There was some 
debate about whether to raise standards (Wang et al. 2015; 
Smith et al. 2019). This was because stringent standards 
reduce water pollution, at the cost of increased resource con-
sumption and carbon emissions (Su et al. 2022). This was 
confirmed here as well. For instance, the carbon emission 
of IA was higher than that of IB (Table 4). According to the 
National Development and Reform Commission (NDRC)’s 
14th Five-Year Plan for urban wastewater treatment and 
resource utilization, cities in the Yangtze River delta, the 
Greater Bay Area, Beijing-Tianjin-Hebei urban agglomera-
tion, and so on can impose a stricter standard for wastewater 
discharge. About 45.33% of the WWTPs in the study needed 
to upgrade their standards. However, this study showed that 
the upgrade of standards did not mean a regression of the 
efficiency of WWTPs.

Wastewater treatment fees

Wastewater treatment fees are one of the essential tools 
to control the discharge of water pollution in China (Liu 

et al. 2021). In China, it is stipulated that the wastewater 
treatment fees standard should compensate the operat-
ing costs of wastewater treatment and sludge disposal 
to make reasonable profits (NDRC 2015). However, the 
results indicated that there was no significant difference 
between the carbon emission efficiency and the waste-
water treatment fees (p = 0.263 > 0.05). This showed that 
wastewater treatment fees did not include carbon, which 
may not take effect. Some governments have realized that 
the wastewater treatment industry may play an essential 
role in reducing carbon emissions. For example, the 
Canadian water industry may have experienced a carbon 
cost levy (MacLeod and Filion 2012). The fact that the 
WWTPs evaluated in the study were inefficient in terms 
of carbon emissions showed that China’s water sector has 
great potential for implementing measures to reduce car-
bon emissions. Incorporating the cost of carbon emissions 
into wastewater charges is considered one of the tools.

Data limitation and uncertainty analysis

Although the study used the MinDS model to evaluate 
the carbon emission efficiency of Chinese WWTPs, this 
study has certain limitations. The samples selected in the 
study are consistent with the full sample distribution of 
WWTPs in China in terms of process distribution, but 
the geographical distribution may be less representative. 
This is mainly reflected in the unbalanced geographical 
distribution of the sample (Fig. 2). Second, this paper 

Fig. 6  Distribution and effi-
ciency of different treatment 
scales
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Table 4  Comparison of characteristics of WWTPs with different discharge standards

No Emission 
standards

Design Scale 
 (104m3/day)

Score Operating cost 
(yuan/day)

Staff (person) BOD5 reduction 
(kg/day)

NH3–N reduc-
tion (kg/day)

Carbon pro-
duction (kg/
day)

15 IA 2 0.70 8191.78 22 2242.60 491.96 9835.21
123 IB 2 0.52 8821.92 10 558.20 294.14 6424.79
173 IA 8 0.51 47,589.04 24 5115.20 2018.48 42,355.19
190 IB 8 0.41 90,602.74 32 5024.00 822.96 38,098.09
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introduced the most widely used emission factor method 
(the IPCC Guidelines) into estimate GHG emissions, but 
this may result in uncertainty from the lack of sufficient 
site-specific operational data (Xi et al. 2021). Improving 
the quality and quantity of data will allow better charac-
terization of uncertainty in the future.

Conclusions

With the requirement of sustainable development, it is 
necessary to evaluate the carbon emission efficiency of 
WWTPs. In this study, we applied the MinDS model 
to evaluate the carbon emission efficiency of Chinese 
WWTPs. The results showed that only 10 of the 225 
WWTPs had high efficiency, with the average efficiency 
value of 0.59. The dynamic analysis from 2015 to 2017 
found that the carbon emission efficiency of WWTPs had 
decreased, and technical efficiency change was critical 
to the efficiency decrease. Carbon emission reduction 
was comprehensive and requires attention from various 
aspects such as the economy and the environment. In the 
analysis of identifying potential factors, it was found that 
the treatment scale affects the carbon emission efficiency 
of WWTPs. The larger the design’s daily processing 
capacity, the higher the average efficiency. In addition, 
different processes and emission discharges also affected 
the carbon emission efficiency of WWTPs.

Based on the above findings, we proposed the following 
recommendations: (i) Narrow the difference in carbon emis-
sion efficiency between different WWTPs. WWTP manag-
ers should also strengthen the plant self-inspection, such as 
reasonable investment of capital and labor, etc. (ii) With the 
strengthening of carbon emission reduction, carbon emission 
cost policy can be introduced into the low carbon policy 
system in the future.
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