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A modified dynamic DEA model 
to assess the wastewater 
treatment efficiency: 
perspective from Yangtze River 
and Non‑Yangtze River Basin
Fangrong Ren1,4, Yanan Sun2,4, Jiawei Liu2*, Kejing Chen3 & Naixin Shi2

The wastewater treatment efficiency is crucial to constructing a livable ecological environment 
and promoting the sustainable development of economy and society. The differences in natural 
conditions, economic development and local policies between the Yangtze River Basin (YRB) and the 
Non-Yangtze River Basin (NYRB) increase the difficulty of wastewater treatment in governance. This 
study uses a modified Dynamic Data Envelopment Analysis (DEA) model to assess the wastewater 
treatment from 2013 to 2020, and divides the study period into two stages: the first stage (2013–2017) 
assesses the wastewater treatment efficiency of 18 provinces and cities in YRB and 12 provinces and 
cities in NYRB; the second stage (2018–2020) conducts statistical analysis of wastewater discharge 
pollutants in YRB and NYRB. The results conclude that the total wastewater treatment efficiency is 
generally low, but polarization is quite prominent. Among total wastewater treatment efficiency, 
NYRB scored 0.504, or slightly higher than YRB (0.398). In terms of expense efficiency, both NYRB 
and YRB scored below 0.4. In terms of chemical oxygen demand (COD) output efficiency, YRB (0.488) 
is better than NYRB (0.420). The second stage of statistical analysis presents that pollutant emissions 
are still high; the regions need to increase wastewater treatment investment and improve wastewater 
treatment efficiency.

Water pollution has long been a serious environmental challenge for countries all over the world1–3. As China’s 
process of industrialization and urbanization keeps accelerating, water demand continues to grow, and the con-
tradiction between water supply and demand is turning increasingly prominent. China has a large population, 
but less water resources per capita. Its temporal and spatial distributions of water resources are also uneven. In 
addition, the whole society does not have a strong water-saving consciousness, given the extensive use of water 
and serious waste of it that result in the inefficient use of water resources and the discharge of a large amount 
of wastewater.

According to statistics released by the Ministry of Housing and Urban–Rural Development, the annual dis-
charge of urban sewage in China has increased year by year in the past decade. In 2010, it was only 37.87 billion 
cubic meters, but in 2016 the annual discharge of sewage hit 48.030 billion cubic meters, exceeded 50 billion 
cubic meters in 2018, increased to 57.136 billion cubic meters in 2020, and was forecasted to reach 58.964 billion 
cubic meters in 20214. A large amount of wastewater pollution has caused serious water pollution in rivers and 
lakes. At the same time, sixteen of China’s 31 provinces are facing water shortages, 300 cities are short of water 
to varying degrees, and the direct loss caused by water shortages is 200 billion yuan every year5. Thus, the China 
government has attached great importance to the development of the wastewater treatment industry, promulgated 
a series of policies and regulations6, such as “10-point Water Plan”7, “River Chief policy”8, “Water Emissions 
Trading policy”9, put forward the goal of “comprehensive improvement of ecological environment quality”, and 
raised the concept of ecological civilization to the level of its national reform and development strategy.
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The Yangtze River Basin (YRB) is the third largest river basin in the world with a drainage area of 1.8 million 
square kilometers and refers to the vast area where the main stream and tributaries of the Yangtze River flow. 
Average annual water resources amount to 995.8 billion m3, accounting for about 35% of total national water 
resources. However, with the rapid development of the economy and society in recent years, the ecological envi-
ronment protection situation in YRB is not optimistic. In the case of the Yangtze River Economic Zone, although 
it only accounts for 21% of the country, according to years of data monitoring, its total wastewater discharge is 
over 40% of the country’s total, and chemical oxygen demand, ammonia nitrogen, sulfur dioxide, nitrogen oxides, 
and volatile organic compound emissions per unit area are 1.5–2 times the intensity of the national average. There 
is more to consider about the problem of treating wastewater in YRB, because it involves many administrative 
divisions and broader local protectionism. But some inland provinces in Non-Yangtze River Basin (NYRB) have 
weak social and economic foundation, lack of policy support and financial strength for wastewater treatment 
in YRB, and sewage treatment legislation is imminent6. At the same time, the differences in natural conditions, 
economic development and local policies between the YRB and NYRB also lead to difficulties in governance. 
Therefore, it is necessary to study the difference of wastewater treatment efficiency between YRB and NYRB.

In order to quantify the dynamic evolution of wastewater treatment efficiency in YRB and NYRB, it is neces-
sary to observe wastewater treatment efficiency at the provincial level on a long-time scale. DEA method has 
already been widely used in the efficiency measurement of wastewater treatment10–15, wastewater water treatment 
plants16–18, energy19–21, environment22–25, and other aspects. Compared with other DEA methods, Dynamic DEA 
method can more effectively reflect the real efficiency of Decision Making Unit (DMU) by describing and analyz-
ing the internal structure of the system and considering the continuity of multi-cycle operation of the system. 
On this basis, this research constructs a modified Dynamic DEA model by considering undesired outputs and 
employs statistical analysis to evaluate the wastewater treatment efficiency and treatment status in 30 provinces 
from 2013 to 2020.

The remainder of this paper runs as follows. Section “Literature review” presents the literature review. Section 
“Research method” details wastewater treatment efficiency using a modified Dynamic DEA model as well as 
the dataset of inputs and outputs. Sections “Empirical results” and “Discussion” gives the empirical results and 
a discussion. Section “Conclusion and recommendation” offers conclusions and recommendations associated 
with wastewater treatment. Figure 1 illustrates the input–output process of wastewater treatment between YRB 
and NYRB.

Literature review
Table 1 presents the current classification of studies on wastewater treatment efficiency.

(1)	 Many scholars have studied the efficiency of industrial wastewater treatment, and conclusions have revealed 
that the current industrial water efficiency is low. Moreover, wastewater management and treatment effi-
ciency as well as total factor efficiency (TFE) of wastewater control in industrial sectors are still far from 
optimal.

Figure 1.   Input–output process of wastewater treatment between YRB and NYRB*. *The figure is created by the 
software of Adobe Illustrator (2020). https://​www.​adobe.​com/​cn/​produ​cts/​illus​trator.​html.

https://www.adobe.com/cn/products/illustrator.html
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(2)	 There are many studies on the wastewater treatment efficiency of wastewater treatment plants, and research 
on wastewater treatments plants have targeted various angles, such as greenhouse gas, the intensity of 
pollutants, the scale of plants, and so on. The construction of China’s wastewater treatment plants started 
late with low treatment technology and poor implementation of emission standards. Data distortions are 
also mentioned in studies of wastewater treatment efficiency of its wastewater treatment plants. Under the 
GDP-oriented appraisal system in China, the construction of wastewater treatment facilities is generally 
considered to be an important factor to promote GDP growth, and so local governments usually focus on 
the construction of wastewater treatment facilities, rather than the effective use of these facilities.

(3)	 Many previous studies started from the time and spatial perspectives, but mainly focused on wastewater 
treatment efficiency in a basin in a province, or the efficiency of urban wastewater treatment at the prefec-
ture-level city. Less attention has been paid to wastewater treatment along China’s important watersheds.

To sum up, the current research results in the international scope mainly are on the efficiency evaluation of 
wastewater treatment plants. However, due to regional differences, economic levels, and river crossings, China 
needs to target wastewater treatment in the areas along river basins. Thus, this study divides geographic area 
in China into the YRB and the NYRB and uses a modified Dynamic DEA model to evaluate and compare the 
wastewater discharge and treatment efficiencies of the two regions.

The main contributions of this paper are as follows. (1) Using fixed assets as a carry-over variable, the Dynamic 
DEA method is more scientific than the old static DEA method, as the former can better measure the change of 
wastewater treatment efficiency over time. (2) Compared with previous research results37,38, the combination of 
undesired output variables and Dynamic models improves the accuracy of efficiency assessment. (3) Perspec-
tive of YRB (a total of 18 provinces, including main streams and tributaries) and NYRB (a total of 12 provinces) 
is distinguished from previous studies’ geographical divisions of the eastern, central, and western regions14,15, 
bringing the research more in line with the background of green development and ecological protection of 
important river basins in China. Therefore, it urges China to attach importance to ecological construction along 

Table 1.   Main research directions of this topic.

Aspect Key indicators Literature Research methods Main findings

Industrial water use/
wastewater treatment 
efficiency

COD, NH4–N, 
water consumption

Wang et al.10 SBM-DEA; Shadow 
Price

There are still great potentials to reduce water consumption and pollutants’ discharge and great geographic disparities in different areas

COD, ammonia 
nitrogen

Fujii and Managi11 WRDDM The results indicate that wastewater management efficiency improved in the eastern and central regions. However, there is a significant efficiency gap between provinces in the western region

Total energy 
consumption; 
industrial value 
added; industrial 
wastewater 
emissions

Yang and Li12
SBM-DEA and 
MATLAB program-
ming

TFE of wastewater control in the industrial sectors is still far from optimal, and low wastewater control has become one of the obstacles to its sustainable development

Industrial solid 
waste; assets

Ren et al.13 Dynamic modified 
SBM-DEA

In recent years the average efficiency of NYREB in many provinces shows a declining trend, and the average efficiency of solid waste treatment in provinces of YREB is mostly concentrated at a high level
The total efficiency scores under the influence of urbanization are generally higher than that without the influence of urbanization level. Urbanization level has a significantly positive impact on wastewater output efficiency 
in each region
Water pollution disease efficiency and the total efficiency of the eastern, western, and central regions all show a decreasing trend

COD; urbanization 
rate water diseases; 
wastewater treat-
ment capacity; 
COD

Sun et al.14

Sun et al.15

Dynamic exogenous 
variable SBM-DEA 
Dynamic network 
SBM-DEA

Wastewater treat-
ment plants

GHG; COD; 
climate type eco-
efficiency; carbon 
footprint; CO2; 
techno-economic 
efficiency; techno-
logical gap ratios; 
concentration of 
pollutants

Zhang et al.16; 
Dong et al.17; 
Gémar et al.18

WRDDM.; 
Combining DEA 
with uncertainty 
assessment

The operational costs and greenhouse gas emissions are the main drivers reducing eco-productivity
WWTPs in eastern and western China significantly outperform those in the central region in terms of mean efficiency and performance stability

An et al.26
ESDA model; super-
efficiency DEA; 
Malmquist index

From 2011 to 2015, urban wastewater discharge showed a spatial agglomeration trend
Both technological upgrade and scale-up efficiency are negative, leading to low overall efficiency

Zhang et al.27 Statistical data 
analysis

Unbalanced population distribution and economic development led to differences in the efficiency of wastewater treatment plants between regions

Hernández-Sancho 
et al.28; Hernández-
Sancho et al.29

Non-radial DEA
The efficiency levels for the studied sample of WWTPs are low
Plant size, quantity of eliminated organic matter, and bioreactor aeration type are significant variables affecting the energy efficiency of WWTPs

Huang et al.30 Applied energy The study evaluated the energy efficiency of wastewater treatment plants in the Yangtze River Delta and gave perspectives on regional discrepancies

Jiang et al.31 SBM-DEA
Large WWTPs operate more efficiently than small ones. Of these, 170 wastewater treatment plants are relatively efficient, with a score of 1; 691 low-efficiency samples have different degrees of excess input or insufficient 
output

WU-WT system 
(water use and water 
treatment)

Water use; 
capital invested; 
wastewater treat-
ment: wastewater 
discharge cost 
capital

Zhou et al.32; Hu 
et al.33

Mixed network 
two-stage SBM-DEA 
model;

In the past ten years, the WU efficiencies are often higher than the WT efficiencies
The WT efficiencies are often lower than the WU efficiencies during 2006–2015

Bi-level program-
ming (BLP) and 
DEA

It is found that water systems can be cost-effective only when both water use and wastewater treatment subsystems are cost-effective

Urban wastewater 
treatment efficiency 
(UWWTE)

Length of sewage 
pipeline; daily 
treatment capacity; 
total amount of 
wastewater treated; 
dry sludge

Bian et al.34 Dynamic DEA

In China the main reason for the low efficiency of regional urban sewage purification systems is the poor sewage purification effect
The results show that the overall UWTE is at a low level, as evidenced by the fact the average efficiency score is 0.51 during 2008–2017, and no cities have an efficiency score equal to 1 in the Yangtze River Economic BeltPan et al.35

Bootstrap-DEA 
model and 
Malmquist index

Agricultural water 
use efficiency

Number of 
agricultural work-
ers; agricultural 
water consumption; 
agricultural fixed 
assets

Wang et al.25 SFA and spatial 
econometrics

AWUE of all provinces showed an upward trend during the observation period with obvious spatial correlation and unbalanced development of provinces

Labor; capital water 
resources; agricul-
tural production; 
greywater

Huang et al.36; Yang 
et al.24

Modified gravity 
model; SBM-DEA; 
social network 
analysis method; 
QAP

The overall trend of AWUE in China has been fluctuating and declining, and the structure of AWUE spatial network in China is complex and relatively stable with close inter-provincial connection and obvious spatial 
spillover effect. Geographical proximity, technological development level, farmers’ income, and natural resource endowment have a significant impact on the development of AWUE network
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important rivers and promote rational, orderly and rapid development of river basins. (4) Taking 2018 as the 
cut-off point, two stages are divided into different stages of wastewater treatment so as to solve the problem and 
improve the accuracy of analysis and the degree of difference. Stage 1 is 2013–2017, which is the total amount 
control phase of wastewater treatment, with the focus on reducing the total amount of wastewater discharged. 
Stage 2 is 2018–2020, which is the pollution control phase of wastewater treatment, with the focus on reducing 
the amount of pollutants discharged from wastewater. The division of these two stages is of great significance for 
subdividing the spatial and temporal differences of wastewater treatment efficiency between YRB and NYRB.

Research method
A modified dynamic DEA model.  The DEA method takes the weight of each input and output index as a 
variable and determines the optimal weight by solving the linear programming problem, so as to evaluate from 
the perspective of the most favorable evaluation unit while avoiding the influence of the evaluator’s subjective 
intention on the evaluation result when the weight is determined artificially.

Since this study considers undesirable output, the Tone and Tsutsui39 dynamic Slack-Based Measures (SBM) 
model can be modified to include undesirable output in the non-oriented Dynamic DEA model. Each period 
has independent input and output in every decision-making unit (DMU), and there is a carry-over link from 
periods t to t + 1 so as to find the change across two periods when inputs and outputs as classified as desirable 
and undesirable. Figure 2 shows the structure of the modified Dynamic DEA model.

This model sets up n DMUs (j = 1, 2, …, n) over T periods (t = 1, 2, …, T). The DMUs have multiple different 
and independent inputs and outputs in each term, with the z as a carry-over from period t to period t + 1 herein. 
Moreover, �j connects the effective point to form the frontier. The carry-over z has four categories of good, bad, 
free, and fixed, which can be guaranteed by Eq. (1).

The non-oriented overall efficiency δ* with undesirable outputs in the modified Dynamic DEA is calculated 
by Eq. (2). Here, Wt is the relative weight of the variable t. xijt(i = 1, k,m) and Yijt(i = 1, k, s) represent the 
inputs and outputs of the DMUs respectively. Y is divided into ( yg , yb ), where yg is a desirable output, and yb 
is an undesirable output.

Equations (3)–(8) are the corresponding constraints.
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Figure 2.   The structure of dynamic DEA.
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The most efficient solution δ is therefore in Eq. (9). And this study uses MaxDEA7.0 software for all data 
calculations.

Data and variables.  This paper employs panel data from 30 provinces and cities in China in 2013–2020, 
which cover YRB (a total of 18 provinces and cities, including the main stream and tributaries; Anhui, Chong-
qing, Guizhou, Hubei, Hunan, Jiangsu, Jiangxi, Shanghai, Sichuan, Yunnan, Zhejiang, Fujian, Gansu, Henan, 
Shaanxi, Guangdong, Guangxi, and Qinghai) and NYRB (a total of 12 provinces and cities; Beijing, Hainan, 
Hebei, Heilongjiang, Jilin, Liaoning, Inner Mongolia, Ningxia, Shandong, Shanxi, Tianjin, and Xinjiang). Tibet 
is excluded because the data are hard to come by, and its wastewater treatment facilities and methods cannot 
be compared with those of other regions. Data from the years 2013 to 2020 are collected from the Statistical 
Yearbook of China, China Environmental and Protection Bureau reports, and China Energy Statistics Yearbook. 
Variables of this study are in the following Table 2.

Input variables.  Population.  The number of permanent residents at midnight on December 31 of each region. 
Unit: 10,000 people.

Expense.  The total amount of input costs for wastewater treatment in each region. Unit: RMB 100 million.

Desirable output variable.  GDP.  The final result of production activities of all units in each region at a market 
price for a certain period of time, reflecting the economic strength of the region. Unit: RMB 100 million.

Undesirable output variables.  Wastewater.  The sum of wastewater discharge and domestic sewage discharge 
in the region. Unit: 10,000 tons.

COD.  The sum of COD emissions in wastewater and COD emissions from domestic sewage, used to indicate 
the content of organic matter in wastewater, reflecting the degree of organic pollution in water. The higher the 
COD value is, the heavier are the organic pollutants in the water. Unit: 10,000 tons.

Carry‑over variable.  Assets.  A general term for the amount of work and the costs associated with the con-
struction and acquisition of fixed assets in a given period of time in the form of money. This is a comprehensive 
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Table 2.   Input and output variables.

Input variables Desirable output variable Undesirable output variables Carry-over variable

Population
Expense GDP Wastewater

COD Assets
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indicator reflecting the scale, structure, and development speed of fixed asset investment and an important basis 
for observing the progress of a project and assessing the investment effect. Unit: RMB 100 million.

Statistical analysis of input–output indicators.  Figures 3 and 4 shows the statistical illustration of 
input and output variables by years. It can be seen from Fig. 3a that the maximum population has grown steadily 
over the eight years, and the standard deviation trend has not shown significant fluctuations, indicating that the 
population development level of each region is relatively balanced. The average population has increased slightly, 
and the overall level has remained basically stable.

Figure 3b presents that the maximum value of wastewater treatment cost investment fluctuates greatly within 
the eight years. The maximum value of wastewater treatment expenses in 2015–2016 has increased sharply, 
indicating that the input costs of some provinces and cities have soared. Overall, the average value of wastewa-
ter treatment input costs increased steadily between 2013 and 2016, and there is a clear decline in 2016–2017. 
However, the maximum value of wastewater treatment expenses in 2020 exceeds 150, while the average value 
shows a decrease.

It can be seen from Fig. 4a that the average, maximum, minimum, and standard deviation values of GDP 
have increased over a period of eight years. This shows that the GDP levels of all provinces and cities in the 
country have maintained a steady increase. Figure 4b shows that the average value of wastewater discharge did 
not change significantly, but the maximum value increased steadily from 2013 to 2016 and fell slightly in 2017. 
The difference between the minimum and maximum values is large, and the minimum has been kept to a small 
increase. It means that the overall national wastewater discharge is still growing in volatility. Figure 4c shows 
that the average, maximum, minimum, and standard deviation values of COD content in wastewater from 2013 
to 2015 have remained at a high level, but the indicators in 2016 have shown a huge decline.

Empirical results
The empirical analysis is divided into two stages for discussion. Stage 1 is 2013–2017, which is the total amount 
control phase of wastewater treatment, with the focus on reducing the total amount of wastewater discharged. 
Stage 2 is 2018–2020, which is the pollution control phase of wastewater treatment, with the focus on reducing 
the amount of pollutants discharged from wastewater.

Among the total DMU, cities and autonomous regions in Table 4 (Appendix A), the five-year average effi-
ciency score is 0.902, 0.398 for the YRB and 0.504 for the non-YRB. There are three cities with the optimal 
efficiency over the five-year period, namely Beijing, Shanghai, and Tianjin, of which Shanghai belongs to YRB. 
The total efficiency scores of the remaining 27 provinces, cities and autonomous regions are all less than 1, 
accounting for 90% of the total number of DMUs, indicating that these regions’ efficiency needs to be improved. 
Among the remaining 27 provinces, Liaoning has the highest five-year average score of 0.794, while Gansu has 
the lowest score of 0.252. Between 2013 and 2017, Liaoning has achieved optimal efficiency three times. The 

Figure 3.   Statistical analysis of input indicators in YRB and NYRB from 2013 to 2017. (a) Population (input),  
(b) Expense (input).



7

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9931  | https://doi.org/10.1038/s41598-022-14105-0

www.nature.com/scientificreports/

five-year average efficiency value of each province in YRB is 0.398 while the average efficiency value of the NYRB 
is 0.504, which is better than YRB.

Ranking of total wastewater treatment efficiency in Stage 1.  Table 3 shows the rankings of total 
efficiency scores for each province in Stage 1. Beijing, Shanghai, Tianjin, Liaoning, Jiangsu, Guangdong, Zhe-
jiang Shandong, Fujian and Inner Mongolia rank in the top ten in terms of efficiency values. Among them, 
Shanghai, Jiangsu, Guangdong, Zhejiang and Fujian belong to YRB, while Beijing, Tianjin, Liaoning Shandong 
and Inner Mongolia belong to NYRB.

In YRB, the rankings of eight provinces have risen in the 5 years, the rankings of seven provinces have 
declined. The rankings of Jiangsu and Shanghai have been relatively stable. The provinces with significant 
increases in efficiency and rankings are Anhui, Guangxi, Henan, Jiangxi, Guizhou, and Yunnan. Among them, 
Guangxi rose the most, up 17 places, and its efficiency value increased from 0.314 in 2013 to 0.462 in 2017. 
Second, Guizhou increased by 7 places. It shows that the wastewater treatment measures in these provinces and 
cities are powerful and that efficiency has obviously improved.

Qinghai is one province with a severe drop in rankings. In 2013, its efficiency value was 0.341, ranking 17th, 
and by 2017 it fell to 0.238 or 30st. Therefore, this province must strengthen wastewater discharge management, 
should not neglect wastewater treatment due to excessive pursuit of economic development, and seek appropriate 
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Figure 4.   Statistical analysis of output indicators in YRB and NYRB in Stage 1. (a) GDP (output), (b) 
Wastewater (output), (c) COD (output).
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treatment programs to improve wastewater treatment efficiency. Zhejiang, Gansu, Shaanxi, Sichuan, and other 
provinces have also decreased in rankings and thus should be more aware of their situation.

In NYRB the rankings of three provinces, municipalities, and autonomous regions have risen within five years, 
while the rankings of six have declined. Those with rising rankings are Liaoning, Shandong, and Heilongjiang. 
The largest increase is by Heilongjiang, whose efficiency value increased from 0.335 in 2013 to 0.425 in 2017, 
and its ranking rose by 6. The efficiency score of Liaoning rose from 0.464 to 1, indicating that it has achieved 
the best efficiency through years of efforts. Among NYRB, the decline in Shanxi is more obvious. In 2017, its 
ranking dropped 5 places compared with 2013. On the whole, Shanxi ranked in the middle and upper reaches 
in 2013, but dropped significantly to 30st in 2015. This situation needs to be paid greater attention in order to 
prevent the deterioration of wastewater treatment conditions.

Although the rankings of Xinjiang and Ningxia have not dropped significantly, they have low efficiency values 
and are lagging behind. They exhibit no significant improvements for total efficiency after five years’ governance. 
For example, Ningxia’s ranking in 2013–2015 rose significantly and then fell back to the original level. Therefore, 
these two need to take appropriate measures with precision and force and continue to do a good job in wastewater 
treatment. The rankings of other provinces in the region slightly fluctuate within a reasonable range.

After comparing the changes in the total efficiency scores within YRB and NYRB, most provinces in NYRB 
rank better than those of YRB. In addition, the efficiency of wastewater treatment in economically developed 
provinces is better than other provinces, and wastewater treatment in central and western provinces still needs 
continuous improvement.

Wastewater and COD discharge efficiency scores and rankings of provinces in Stage 1.  It can 
be seen from Fig. 5 that the fluctuation rate of wastewater discharge efficiency in the two regions is relatively flat 
during the five years. Moreover, the wastewater discharge efficiency value of NYRB has slightly decreased, while 

Table 3.   Total efficiency scores and rankings of provinces from 2013 to 2017.

No. DMU

2013 2014 2015 2016 2017

AVE (5 years)Score Rank Score Rank Score Rank Score Rank Score Rank

1 Anhui 0.3172 25 0.2361 28 0.2923 26 0.2742 21 0.3035 21 0.2847

2 Zhejiang 0.4949 6 0.479 7 0.5306 9 0.4709 8 0.51 7 0.4971

3 Chongqing 0.38 13 0.3634 11 0.725 5 0.3517 14 0.3775 15 0.4395

4 Fujian 0.4096 10 0.3894 9 0.4744 11 0.4565 10 0.5042 8 0.4468

5 Gansu 0.3083 28 0.2144 31 0.2771 28 0.222 31 0.2379 29 0.2519

6 Guangdong 0.5235 4 0.5204 5 0.5635 8 0.4333 11 0.4524 11 0.4986

7 Guangxi 0.3144 27 0.2597 24 0.3257 24 0.4574 9 0.4624 10 0.3639

8 Guizhou 0.3059 30 0.2331 29 0.282 27 0.2829 20 0.2907 23 0.2789

9 Sichuan 0.3315 20 0.2797 20 0.4274 14 0.2461 27 0.2677 25 0.3105

10 Shaanxi 0.3929 12 0.3005 15 0.3885 18 0.3373 17 0.3681 17 0.3575

11 Shanghai 1 1 1 1 1 1 1 1 1 1 1

12 Henan 0.3341 19 0.2849 18 0.4064 17 0.3499 15 0.3848 14 0.352

13 Hubei 0.3506 16 0.319 13 0.3838 21 0.3448 16 0.3724 16 0.3541

14 Hunan 0.3304 21 0.3055 14 0.3527 23 0.3112 19 0.3325 19 0.3265

15 Yunnan 0.3066 29 0.2499 25 0.3883 19 0.2421 28 0.2589 26 0.2892

16 Jiangsu 0.5032 5 0.5214 4 0.6298 6 0.5396 5 0.6019 5 0.5592

17 Jiangxi 0.3147 26 0.2488 26 0.3096 25 0.2578 24 0.294 22 0.285

18 Qinghai 0.3413 17 0.2316 30 0.2699 29 0.2275 30 0.2375 30 0.2616

YRB AVE score 0.4033 0.3576 0.4459 0.3781 0.4031 0.3976

19 Ningxia 0.3257 23 0.2966 16 0.4352 12 0.2509 25 0.2797 24 0.3176

20 Hebei 0.3566 15 0.287 17 0.4872 10 0.3165 18 0.3504 18 0.3595

21 Jilin 0.3985 11 0.321 12 0.385 20 0.4317 12 0.4141 13 0.3901

22 Shandong 0.4183 9 0.4069 8 0.599 7 0.5066 6 0.533 6 0.4928

23 Heilongjiang 0.3353 18 0.2757 22 0.4338 13 0.3653 13 0.4249 12 0.367

24 Shanxi 0.3651 14 0.2447 27 0.2682 30 0.2633 23 0.3169 20 0.2916

25 Inner Mongolia 0.4728 7 0.3697 10 0.4212 15 0.4717 7 0.4768 9 0.4424

26 Tianjin 1 1 1 1 1 1 1 1 1 1 1

27 Xinjiang 0.3254 24 0.2633 23 0.367 22 0.2495 26 0.2543 27 0.2919

28 Beijing 1 1 1 1 1 1 1 1 1 1 1

29 Hainan 0.3281 22 0.2769 21 0.4105 16 0.2374 29 0.2522 28 0.301

30 Liaoning 0.4636 8 0.5041 6 1 1 1 1 1 1 0.7935

NYRB AVE score 0.4825 0.4372 0.5673 0.5077 0.5252 0.5040
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that of YRB has increased significantly in 2014–2015. It is worth noting that Shanghai’s wastewater discharge and 
COD efficiency values are both optimal, and there is also a large gap between the wastewater discharge and COD 
efficiency scores of some provinces from Figs. 5 and 6.

The wastewater discharge efficiency values of most provinces in YRB are increasing. The provinces with 
obvious improvement are Fujian, Guangxi, Hubei, Hunan, Sichuan, Qinghai, and Jiangxi; in fact, the wastewater 
discharge efficiency values of Sichuan and Qinghai have been 1 since 2015. This indicates that their wastewater 
discharge has improved through efforts to achieve an effective state. The efficiency values of the two provinces 
of Jiangsu and Zhejiang have declined slightly and need to be addressed.

In NYRB the wastewater discharge efficiency values of Ningxia, Heilongjiang, and Xinjiang have increased, 
with the first two gaining significantly. Heilongjiang rose from 0.596 to 1 in 2015 and remained stable after-
wards; Ningxia rose from 0.399 to 0.908 and is expected to reach 1 through continuous efforts. Beijing, Tianjin, 
and Inner Mongolia and other provinces have seen significant declines in wastewater discharge efficiency. The 
efficiency value of Inner Mongolia decreased from 1 in 2013 to a medium level around 0.6 in 2017. In Beijing 
and Tianjin, their total efficiency values scored at 1 for 5 consecutive years, while their wastewater discharge 
efficiency has continued to decline, indicating that management of wastewater discharge has been neglected and 
needs to be taken seriously.

Comparing the wastewater discharge efficiency scores of YRB and NYRB, we find that the wastewater dis-
charge efficiency values of YRB in most areas in 2013 are less than 0.5, but went above 0.5 × 2015. Shanghai has 
maintained an efficiency score of 1 for 5 consecutive years. In most provinces other than YRB, there has been 
a slight decline. Therefore, the wastewater discharge efficiency of YRB is generally better than that of NYRB.

The COD efficiency scores of 8 provinces in YRB have increased significantly, including Guangxi, Shaanxi, 
Hunan, Hubei, Sichuan, Yunnan, Qinghai, and Gansu, with Sichuan and Qinghai having the largest increase of 
reaching 1 in 2015 and staying there afterwards. The COD efficiency values of the remaining 10 provinces have 
declined in varying degrees, with Jiangsu and Zhejiang showing the largest drops. Jiangsu fell from 0.778 to 0.281, 
and Zhejiang fell from 0.717 to 0.274. The COD efficiency scores of these two provinces have been declining 
year after year, and wastewater discharge efficiency has always been in the middle level of 0.6, indicating that 
while the economy is developing, the control of wastewater treatment is not strict, and efforts should be made 
to improve the efficiency of wastewater discharge and pollution treatment.

The wastewater discharge efficiencies in Guangdong, Chongqing, Henan, Fujian, Anhui, Jiangxi, Guizhou 
and other provinces increased slightly in five years, but their COD efficiency values are very low. For example, 
the COD efficiency value in Henan dropped from 0.364 to 0.191, indicating the area should not only control the 
total amount of wastewater discharge, but also pay attention to the related treatment of wastewater pollution.

Figure 6 shows the changes in wastewater discharge and COD efficiency values of YRB and NYRB in 
2013–2017. Comparing Fig. 6a,b, we see that the COD efficiency value of China’s wastewater is lower than the 
wastewater discharge efficiency value. In response to the increasingly serious problem of water pollution in China, 
the central government introduced and implemented the new Environmental Protection Law and the Water 
Pollution Prevention Action Plan in 2015. The implementation of these laws and regulations has achieved mixed 
results in wastewater discharge and COD governance in various provinces. The specific analysis runs as follows.

In 2015 the wastewater discharge and COD efficiency values of Guangdong, Fujian, Sichuan, Anhui, Qing-
hai, Jiangxi, Guizhou, Heilongjiang, and other provinces increased significantly at the same time. Among them, 
Guangdong, Fujian, Sichuan, Anhui, Qinghai, and Guizhou belong to YRB. Although the COD efficiency values 
of Shaanxi and Liaoning increased significantly in 2015, their wastewater efficiency value fell. The wastewater 
efficiency value of Zhejiang increased significantly in 2015, but its COD efficiency value dropped significantly. It 
shows that Zhejiang has put its focus on wastewater discharge during the year, and the treatment of COD content 
in wastewater has been relaxed. In addition, some provinces have experienced significant declines in wastewater 
discharge and COD efficiency values after 2015, and some have even dropped to lower levels, indicating that 
wastewater pollution and treatment work is very complicated and should always be unremitting.

Analysis of wastewater treatment expense in provinces in Stage 1.  Through Fig. 7 and Table 5 
(Appendix B), we confirm a large gap in the cost efficiency of wastewater treatment in various provinces. Shang-
hai, Beijing, and Tianjin maintained an optimal efficiency value of 1 for five consecutive years. However, in 2013 
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Figure 5.   Average level of wastewater discharge efficiency scores in YRB and NYRB in Stage 1.
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the efficiency of wastewater treatment expense in 25 provinces of China was less than 0.1, which means a state 
of extremely low efficiency.

In YRB the efficiency of wastewater treatment input has been increasing continuously and Guangxi’s govern-
ance expense efficiency value that continued to increase, from 0.032 in 2014 to 0.840 in 2017 for a growth rate 
of 2491%, making it the province with the largest growth. Although wastewater discharge and COD treatment 
efficiency in Guangxi have also increased correspondingly, its growth rate is far lower than the growth rate of 
governance cost input efficiency, indicating that its administration cost allocation structure needs to be further 
adjusted and improved. Similar to the COD efficiency value, most provincial and municipal governance cost 
input efficiencies in YRB in 2015 showed a significant increase, but fell again in 2016–2017. We point out that the 
wastewater discharge efficiency and COD treatment efficiency of Sichuan and Qinghai have greatly improved to 
the optimal value of 1, but their treatment expense efficiency value is low. Thus, it is necessary to pay attention 
to the planning and use of wastewater treatment funds and to improve the efficiency of input costs.

In NYRB the efficiency of Liaoning’s treatment costs increased the most, but its wastewater discharge and 
COD efficiency values declined in five years. Similar circumstances appear for Beijing and Tianjin, whose gov-
ernance expense efficiency scores have remained at 1 for five consecutive years, while their wastewater discharge 

Figure 6.   Changes in undesirable output variables efficiency values in Stage 1. (a) Changes in the efficiency 
values of wastewater discharge from 2013–2017, (b) Changes in the efficiency values of COD discharge from 
2013–2017.
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efficiency and COD efficiency values have continued to decline. This means their governance cost allocation 
structure needs to be improved and optimized.

Analysis of the current situation of China’s pollution emissions in Stage 2.  From Fig. 8a–c, we 
present the following results.

(1)	 The level of economic development is one of the important drivers of pollutant emissions such as COD and 
nitrogen and oxygen, and economically developed provinces invest a large amount of money as wastewater 
treatment every year. The fluctuation of wastewater treatment in each province Fig. 8a is much larger than 
that of Fig. 8b,c. In terms of the total amount, 29 provinces show an inverted V-shape trend of wastewater 
treatment investment in Stage 2, where the investment in 2018, 2019, and 2020 is respectively 6.22 billion 
yuan, 6.95 billion yuan, and 5.74 billion yuan. Among them, Jiangsu ranks first in 2020 with wastewater 
treatment investment of 158.67 million yuan. Hainan’s wastewater treatment investment has been at a 
low level, but its pollutant emission is relatively high. With reference to the former part of the efficiency 
ranking, Hainan still needs to increase wastewater treatment investment to improve the overall wastewater 
treatment level. As a municipality directly under the central government, Tianjin has three consecutive 
decreases in wastewater treatment investment in these three years, from 18.19 million yuan in 2018 down 
to 520 thousand yuan in 2020, or a decrease of more than 95%.

(2)	 From the perspective of pollutant emissions, COD and nitrogen emissions are still the key objects of pol-
lution reduction and emission reduction. Among the pollutants counted, the emissions of COD are the 
largest, rising from 5.84 million tons in 2018 to 2.53 million tons in 2020, or an increase of 328.46%, of 
which Jiangsu is ranked first with 1.21 million tons of COD emissions. In addition, the emissions of total 
nitrogen should not be ignored, going from 1.91 million tons in 2018 to 3.19 million tons in 2020, and the 
emissions in 2020 are the sum of the emissions in 2018 and 2019. It is also worth noting that the emissions 
of petroleum continue to decline, with a decrease of 47.95%.

(3)	 From YRB and NYRB, the gap between the two regions in provincial average wastewater treatment invest-
ment has gradually expanded. In 2020, the provincial average wastewater treatment investment in YRB 
and NYRB was 24.71 million yuan and 1.28 billion yuan respectively. In terms of pollutant discharge, the 
provincial average COD discharge in YRB rose from 253,500 tons in 2018 to 958,600 tons in 2020, or up 
more than 250%. NYRB also shows the same characteristics, moving up more than 450%. However, the 
provincial average discharge of petroleum in YRB and NYRB is decreasing, with YRB falling from 281.28 
tons in 2018 to 167.59 tons in 2020, or a decrease of 40%. NYRB’s average provincial emissions of petroleum 
category in 2018 decreased from 197.66 tons to 72.89 in 2020, or a decrease of 60%.

Discussion

(1)	 First, previous studies have tended to divide China according to administrative divisions or geographi-
cal locations, such as Shi et al. divided China into eastern, central, and western regions and analyzed the 
efficiency of thirty provinces in both economic production and sewage treatment stages40. Tang et al. 
analyzed the differences in solid waste disposal efficiency between regions according to coastal and inland 
divisions41. Based on the characteristics of large differences among different river basins in China, this paper 
not only analyzes the efficiency of wastewater treatment of 30 provinces in eastern, central and western 
regions, but also analyzes the efficiency of wastewater treatment in each province from the perspective of 
YRB and NYRB, which is in line with the current emphasis on ecological and environmental management 
in Yangtze River basin in China. Combining the empirical results section, it can be found that the 5-year 
average efficiency in YRB is lower than that in the NYRB during the study period.

(2)	 Second, since China no longer publishes the total wastewater discharge after 2018, this study adds the 
statistical analysis of Stage 2 and comparatively analyzes the discharge of pollutants in wastewater in each 

Figure 7.   Changes in the efficiency value of wastewater treatment expense from 2013 to 2017.



12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:9931  | https://doi.org/10.1038/s41598-022-14105-0

www.nature.com/scientificreports/

a

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

LnCOD LnNOE LnTNE LnTPE LnPE LnExpense

b

c

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

LnCOD LnNOE LnTNE LnTPE LnPE LnExpense

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

LnCOD LnNOE LnTNE LnTPE LnPE LnExpense

Figure 8.   Natural log values of COD, NOE, TNE, TPE, and PE from 29 provinces in China in Stage 2*. *Source: 
Compiled by the authors themselves based on the data collected. In order to avoid absolute differences among 
the indicators and the influence of individual extreme values, we process the natural logarithm of the indicator 
values. The comparison between different variables and the same variable is also facilitated by this method, 
and the raw data are detailed in the “Supplementary material”. (a) Natural log values of COD, NOE, TNE, TPE, 
and PE from 29 provinces in China in 2018. (b) Natural log values of COD, NOE, TNE, TPE, and PE from 29 
provinces in China in 2019. (c) Natural log values of COD, NOE, TNE, TPE, and PE from 29 provinces in China 
in 2020.
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province between 2018 and 2020, which shows that the COD and total nitrogen emissions in wastewater 
do not show a decreasing trend, but the wastewater treatment investment shows a decreasing trend. The 
total COD emissions in YRB rose 250% and NYRB rose 450% compared with 2018. Although total waste-
water emissions are no longer published, wastewater treatment can still be studied in the future from the 
perspective of different pollutants.

(3)	 Third, in further studies, the efficiency of wastewater treatment can be studied considering different driv-
ing factors such as economic development level, environmental regulation, and city size. The efficiency of 
wastewater treatment in China can also be evaluated from the perspective of the implementation of policies 
such as “10-point Water Plan”, “River Chief Policy” and “Water Emissions Trading policy”.

Conclusion and recommendation
Conclusion.  This study divided 30 provinces in China into YRB and NYRB, and the study period is divided 
into two phases, with the first phase being the total wastewater control phase and the second phase being the 
analysis of the pollutant control phase. The wastewater treatment efficiency from 2013 to 2020 is compared as 
well as regional differences and potentiality for improvement, so as to clarify the impact, efficiency factors, and 
improvement directions of wastewater treatment in each region.

(1)	 From the perspective of total efficiency scores and rankings, the total efficiency values of various provinces 
in YRB and NYRB are generally low. In the total efficiency score of wastewater treatment, NYRB is 0.5040, 
which is slightly higher than that of YRB at 0.398, but the inter-provincial gap in NYRB is larger than that 
of YRB.

(2)	 From the perspective of wastewater discharge efficiency, the wastewater discharge efficiency of NYRB is 
slightly better than that of YRB, where the scores of NYRB and YRB are 0.671 and 0.663, respectively, but 
the advantages are not obvious.

(3)	 The efficiency value of COD is lower than the wastewater discharge efficiency value, but the overall change 
trend is consistent. In YRB and NYRB, provinces with COD efficiency values below 0.1 both account for 
50%. The phenomenon of polarization between provinces is more serious.

(4)	 The efficiency of governance expense is most consistent with the efficiency trend of COD, indicating that 
governance costs are the most direct input factors affecting wastewater treatment efficiency. Hence, usage 
planning and adjustment of governance expense should be given due attention

(5)	 In terms of total wastewater treatment costs for emissions and inputs, the wastewater treatment inputs in 
Stage 2 show a decreasing trend, but the emissions of pollutants show an overall increasing trend, especially 
COD and total nitrogen emissions. Therefore, the key to wastewater treatment is still to promote industrial 
transformation, change the previous manufacturing development model, focus on industrial clusters and 
intelligent manufacturing, vigorously promote industrial digitalization and digital industrialization, and 
realize the sustainable development of industry, ecology, and environment.

Recommendation.  Based on the above research results and combined with the actual situations of YRB 
and NYRB, this research proposes the following countermeasures for the coordinated management of wastewa-
ter and the improvement of environmental efficiency in various provinces.

(1)	 In view of the reality that wastewater discharge efficiency and COD efficiency are low overall, it is necessary 
to further explore the high-tech fields of wastewater treatment, appropriately treat and reuse wastewater of 
different water quality, and find new processes and equipment with high efficiency and low cost. Enterprises 
and research institutes with good professional and technical bases and strong R&D capabilities should help 
establish as soon as possible wastewater treatment technology and reuse engineering centers in various 
regions.

	   In YRB, such as Sichuan, Qinghai, which have high efficiency of wastewater discharge and COD efficiency 
but low efficiency of treatment expense, relevant economic policies that encourage wastewater treatment 
should be executed to form a price formation mechanism for the sustainable development of the wastewater 
treatment industry. When introducing new technologies and new equipment, it is necessary to fully con-
sider the actual situation in the local area. Blindly introducing new technologies and thus wasting resource 
and funds should not be allowed. Some economic means must be adopted to encourage wastewater reuse, 
and appropriate incentives or subsidies need to be given to wastewater treatment plants and enterprises 
that develop wastewater reuse.

(2)	 In NYRB, such as Beijing and Tianjin where input and output efficiencies have dropped significantly, it is 
reasonable to allocate input costs, increase investment in wastewater treatment technology, improve the 
mechanization and automation of wastewater treatment, and strengthen training for managers and techni-
cians. Water pollution treatment can be included in the industrial zone infrastructure construction planning 
and wastewater treatment planning, and wastewater and water informatization work can be improved.

(3)	 For provinces such as Zhejiang, Inner Mongolia, and Xinjiang where wastewater treatment efficiency and 
wastewater discharge efficiency are extremely low, and for provinces such as Henan, Beijing, Tianjin, and 
Hainan where wastewater discharge efficiency continues to decline, the government needs to raise its 
sense of responsibility, strengthen its emphasis on wastewater treatment, formulate relevant policies for 
wastewater treatment, and set up special funds. The government can establish a comprehensive governance 
mechanism, strictly manage factories in accordance with relevant national wastewater discharge standards, 
ensure the enforceability of sewage discharge legislation, and severely punish any violations of laws and 
regulations.
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