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The imbalance of socioeconomic development (SED) in different regions of China has
resulted in the variability of rural infrastructure penetration. This study aims to improve the
SED of each region in China to increase the penetration rate of rural harmless sanitary
toilets (RHST). For this purpose, we used association rule mining to analyze the relationship
between SED indicators and the penetration rate of RHST for proposing differentiated
improvement strategies. Population urbanization rate, tertiary vs. secondary industry
output ratio, nonagricultural output value ratio, nonagricultural employment ratio, per
capita gross domestic product, and the proportion of added value of industry in the
total added value of commodity were used to measure the SED level of 30 regions in China
from 2007 to 2017. Results showed that the SED of each region has been improving, and
the proportion of added value of industry in the total added value of commodity accounted
for the highest proportion of SED. The penetration rate of RHST in each region increased
continuously but with significant variability from 2007 to 2017. The range of six SED
indicators corresponding to high and low penetration rates of RHST was determined by
association rule mining analysis. On the basis of the degree of RHST penetration rate by
region in China in 2017 as a reference, differentiated measures were proposed to improve
the penetration of RHST in different regions.

Keywords: socioeconomic development, rural harmless sanitary toilet, association rule, differentiated development,
rural toilet retrofitting

INTRODUCTION

More than half (55%) of the global population lacked access to safely managed sanitation services in
2017 (WHO, 2020b). Developing countries (compared with developed countries) face more serious
challenges in achieving the Sustainable Development Goal target of universal sanitation coverage by
2030, which is mainly due to high population growth and low coverage of existing sanitation facilities
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(United Nations (2017) World Population Prospects, 2017;
Trimmer et al., 2020; WHO, 2020b). Moreover, in a recent
survey, only 4% of countries were reported to have sufficient
financial resources to achieve national sanitation targets (WHO,
2020a). Household sanitation expenditures (compared with
government expenditures) account for a higher proportion of
all household water, sanitation, and hygiene expenditures (WHO,
2020a). Rural areas in developing countries also face high
sanitation failure rates, which is often due to most rural areas
not having well-established operation and maintenance systems
(Roubík et al., 2020).

Successful sanitation change not only depends on the supply of
sanitation infrastructure but also requires changes in the political,
economic, social, cultural, and environmental underpinnings of
sanitation, as well as systemic behavior change at the individual,
household, and societal levels (Gasana et al., 2002; Novotný et al.,
2018b; Guo et al., 2021). Rapid socioeconomic development
(SED) is a major driving force for the continuous
improvement in rural sanitation facilities in China. In 2017,
rural residents of 12.519 million (compared with 6.914 million
in 2007) new rural households in China had access to sanitary
toilets (Ministry of Health of the People’s Republic of China,
2008; China National Health Commission, 2018). However, the
imbalance of SED across China’s regions resulted in inconsistent
penetration rate of rural harmless sanitary toilets (RHST) (China
National Health Commission, 2018; Tian and Wang, 2019; Wei
et al., 2020). Therefore, the high-quality SED of each region is the
key to achieving rapid penetration rate of RHST in China.

The study of SED has been developed for multiple decades.
The per capita income of a country’s inhabitants can be an
indicator that reflects SED (Chenery, 1960). According to the
classical industrialization theory, the level of SED of a country or
region can generally be measured in terms of economic
development level, industrial structure, agricultural structure,
employment structure, and spatial structure (Chen et al.,
2006). According to Engel’s law, the proportion of income
spent on food consumption will gradually decrease as a
household’s income increases (Kaus, 2013), which means that
the more a household will be able to improve household
sanitation facilities. With the collection of various statistics
becoming more detailed, the total value of the country’s
primary, secondary, and tertiary industries is also used to
describe the country’s SED (Wolfe, 1955). Chen et al. analyzed
the distribution characteristics of China’s regional
industrialization process by introducing per capita gross
domestic product (GDP), the ratio of the output value of
primary, secondary, and tertiary industries, the proportion of
added value of industry in the total added value of commodity,
the urbanization rate of the population, and the proportion of
employment in the primary industry as basic indicators to
provide baseline references for the regional economic
development (Chen et al., 2006). In this study, we followed
Chen’s methodology and collected a multi-indicator of SED to
measure the SED levels of 30 regions in China from 2007 to 2017.
The indicators include population urbanization rate (as spatial
structure), tertiary vs. secondary industry output ratio (as
industrial structure), nonagricultural output value ratio (as

agricultural structure), nonagricultural employment ratio (as
employment structure), per capita GDP (as economic
development level), and the proportion of added value of
industry in the total added value of commodity (as industrial
structure) (Li et al., 2019). In addition, we collected data on the
penetration rate of RHST in China from 2007 to 2017.

Many efforts have been made to reveal the relationship
between socioeconomic and sanitation facilities (Ghosh and
Cairncross, 2013; Novotný et al., 2018a). Researchers have
discovered a pattern visible in data at the national level, in
which access to sanitation facilities is strongly associated with
the socioeconomic status of households (Ghosh and
Cairncross, 2013; Chandana and Rao, 2022). Other
researchers have also confirmed that taking advantage of
economic opportunities, incorporating specialized
technology, and follows-up with behavior change could
help ensure not only access but also sustainable use,
operation, and maintenance of sanitation (Tilley et al.,
2014). However, in low- and middle-income countries,
precision interventions (e.g., financial subsidies)
implemented by governments and nongovernmental
organizations in addition to improving regional SED can
achieve higher access to sanitation (Deshpande et al.,
2020). China is the largest developing country, with a rural
population of 714.96 million and 556.68 million in 2007 and
2017, respectively. However, many of these rural people
choose to shift from primary to secondary and tertiary
industry employment each year to increase their household
economic income, which undoubtedly improves household
sanitation facilities (Zhang et al., 2020). At the same time, the
rural toilet revolution is being implemented in various regions
of China to increase rural sanitation penetration rate based on
existing SED, which could increase the possibility of achieving
some of the Millennium Development Goals and Sustainable
Development Goals (Cheng et al., 2018). In this study, we
examined the relationship between six selected categories of
SED indicators and RHST penetration rates from 2007
to 2017.

We used the frequent pattern growth algorithm of the
association rule mining method for data analysis to reveal
the association relationships among items in a given dataset
(Li et al., 2019; Liu et al., 2020). The association rule mining
problem was initially studied to discover regularities in the
shopping behavior of supermarket customers, which has
created many commercial opportunities for stores (Agrawal
et al., 1993). In the past decade, the technique has been widely
used in evaluating medical datasets and accident investigation
analysis, which is attributed to frequent patterns enabling the
prediction of one item based on the emergence of others
(Ahmed and Nath, 2021; Çakır et al., 2021). Here, we used
association rule mining to investigate which SED indicators
correspond to high RHST penetration rate and what other
levels are associated with low RHST penetration rate.
Moreover, we identified indicators of SED associated with
influencing the current RHST penetration rate and
summarized differentiated strategies for coordinating SED
for regions to further enhance RHST penetration rate.
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MATERIALS AND METHODS

Study Area and Data Sources
A total of 30 regions in mainland China were used as the research
objects (the data on the penetration rate of RHST in Tibet, Hong
Kong, Macao, and Taiwan are lacking; thus, they were excluded in
this study). On the basis of the data provided by the China Statistical
Yearbook (National Bureau of Statistics of China, 2018), China
Health Statistical Yearbook (Ministry of Health of the People’s
Republic of China, 2008), and China Health and Family Planning
Statistical Yearbook (National Health and Family Planning
Commission of the People’s Republic of China, 2013), data on
SED from 2007 to 2017 were collected, including population
urbanization rate, tertiary vs. secondary industry output ratio,
nonagricultural output value ratio (secondary industry output
value + tertiary industry output value)/(primary industry output
value + secondary industry output value + tertiary industry output
value), nonagricultural employment ratio (number of employees in
the secondary industry + number of employees in the tertiary
industry)/(number of employees in the primary
industry + number of employees in the secondary
industry + number of employees in the tertiary industry), per
capita GDP, the proportion of added value of industry in the total
added value of commodity, and RHST penetration rate.

Socio-Economic Development Level
Quantification Using a Multi-Indicator
System
Each SED indicator was divided by a reference value to remove
units of measurement to obtain a dimensionless percentage
(Supplementary Table S1A). The weights from the
hierarchical analysis process of Chen et al. and the weights
from the factor analysis of Li et al. were cited (Supplementary
Table S2A), and the weights from the hierarchical analysis and
the factor analysis were averaged to obtain the final weights for
each indicator (Chen et al., 2006; Li et al., 2019). Finally, the
indicator values were weighted and summed to obtain a
quantitative measure of SED.

Association Rule Mining
We discretized six SED indicators and RHST penetration rate
into different categories using k-means clustering for association

rule mining (Table 1). We used the frequent pattern growth
algorithm for association rule mining (Agarwal et al., 2000; Han
et al., 2004). The problem of association rule mining is to find
relationships between the items in a database (Assis et al., 2021).
Frequent patterns are patterns that repeatedly appear in a dataset.
These patterns carry relevant dataset relationships or correlations
(Assis et al., 2021).

Let I be the database of frequent item sets, which is obtained
through frequent pattern growth algorithm. Transaction set (T) is
a collection of each event. An association rule is an expression
shaped as X→Y, which indicates that the conditions in X lead to
Y. In the study, we use X to represent different SED indicators,
and Y to represent the penetration rate of RHST. The support
indicates the frequency of the item set in the dataset (Assis et al.,
2021). If the “support” of an item set is greater than a given
minimum support threshold, then the item set is frequent (Li
et al., 2019). The support of X is defined as the probability of event
X occurring in dataset I, support (X) = P (X) (Agarwal, 2013). The
support of the rule (X→Y) is the number of tuples in X and Y, as
described in Eq. 1 (Agarwal, 2013; Heng et al., 2017; Assis et al.,
2021).

support (X → Y) � support(X ∪ Y) � P(X ∪ Y) (1)
The “confidence” is a measure of the accuracy of association

rules. Confidence of rule X→Y is defined as the conditional
probability of the Y event occurring given that the event X has
occurred and is expressed by Eq. 2 (Aggarwal et al., 2014; Assis
et al., 2021).

confidence (X → Y) � P(Y|X) � support(X → Y)
support(X) (2)

Support and confidence constitute the threshold for
establishing association rules. However, these measures are still
insufficient to filter out worthless association rules (Aggarwal,
2014). Lift can solve this weakness in association rules.

Lift can measure the correlation of association rules, and it is
used to evaluate whether the item sets X and Y are independent,
positively correlated, or negatively correlated. If the lift is equal to
1, then the item set is independent; if the lift is less than 1, then the
item set is negatively correlated; if the lift is greater than 1, then
the item set is positively correlated (Heng et al., 2017). The
expression of lift is shown in Eq. 3 (Assis et al., 2021).

TABLE 1 | Discretization of the socio-economic development (SED) indicators and rural harmless sanitary toilets (RHST) penetration rate for association rule mining.

P T V E G I R

P1 (28.24, 38.16) T1 (0.53, 0.80) V1 (71.69, 78.73) E1 (25.88, 47.05) G1 (7,878, 29,963) I1 (26.02, 38.38) R1 (4.70, 23.90)
P2 (33.50, 45.2) T2 (0.80, 1.08) V2 (79.35, 83.71) E2 (47.36, 58.05) G2 (30,873, 53,868) I2 (47.43, 65.22) R2 (24.40, 42.30)
P3 (45.6, 52.01) T3 (1.09, 1.59) V3 (83.95, 86.83) E3 (58.20, 68.12) G3 (54838, 85,213) I3 (65.78, 76.97) R3 (42.60, 60.90)
P4 (52.43, 60.05) T4 (1.72, 2.51) V4 (86.99, 89.71) E4 (68.28, 82.30) G4 (86,969, 128,994) I4 (77.21, 89.58) R4 (62.00, 81.20)
P5 (60.30, 69.85) T5 (2.94, 4.24) V5 (89.75, 92.89) E5 (83.20, 96.91) R5 (83.20, 99.80)
P6 (76.31, 89.60) V6 (93.09, 96.26)

V7 (97.90, 99.64)

Note: P, population urbanization rate; T, tertiary vs. secondary industry output ratio; V, nonagricultural output value ratio; E, nonagricultural employment ratio; G, per capita GDP; I, the
proportion of added value of industry in the total added value of commodity; R, rural harmless sanitary toilet penetration rate.
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lift (X → Y) � confidence(X → Y)
support(Y) (3)

We set the goal of association rule mining to find the set of all
items that have support greater than the minimum support
(i.e., 3%) and confidence greater than the minimum
confidence (i.e., 20%) and to make comprehensive decisions
based on the lift (Li et al., 2019; Shabtay et al., 2021).

RESULTS AND DISCUSSION

Progress of Socio-Economic Development
From 2007 to 2017 in China
In general, the population urbanization rate in China’s regions
showed a continuous upward trend from 2007 to 2017, except for

Shanghai, which declined after 2014 (Figure 1A). Shanghai,
Beijing, Tianjin, Guangdong, Jiangsu, and Zhejiang were
ranked in the top six of China’s population urbanization rates,
which are all located in the coastal regions of China, except for
Beijing, the capital of China. Henan, Xinjiang, Guangxi, Yunnan,
Gansu, and Guizhou were the six regions with the lowest
population urbanization rates in 2017. Guizhou, Shaanxi,
Fujian, Henan, Chongqing, and Jiangsu were the six regions
with the fastest population urbanization rates between 2007
and 2017.

We analyzed the tertiary vs. secondary industry output ratio
for each region in China from 2007 to 2017 and found a
continuous upward trend overall (Figure 1B). Beijing, Hainan,
Shanghai, Heilongjiang, Gansu, and Tianjin ranked among the
top six regions in terms of the tertiary vs. secondary industry
output ratio in 2017, while Hebei, Henan, Anhui, Jiangxi,

FIGURE 1 | Trends of different socioeconomic development (SED) indicators in 30 regions of China from 2007 to 2017.
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Guangxi, and Shaanxi were the six regions with the lowest tertiary
vs. secondary industry output ratio in 2017. Beijing’s tertiary vs.
secondary industry output ratio exceeded Shaanxi’s by nearly
four times in 2017.

The nonagricultural output value ratio of China’s regions
generally showed an upward trend from 2007 to 2017
(Figure 1C), except that the ratios in Heilongjiang decreased
after 2010. Shanghai, Beijing, Tianjin, Zhejiang, Guangdong, and
Shanxi ranked among the top six regions in terms of the
nonagricultural output value ratio in 2017. Guangxi, Xinjiang,
Yunnan, Guizhou, Heilongjiang, and Hainan were the six regions
with the lowest nonagricultural output value ratio in 2017.
However, Hunan, Sichuan, Jilin, Guangxi, Anhui, and Hainan
were the top six regions with the fastest growth rate of
nonagricultural output value ratio from 2007 to 2017.

The nonagricultural employment ratio of all regions in China
from 2007 to 2017 showed an overall increasing trend
(Figure 1D), except for Shaanxi where the trend fluctuated
significantly; it increased first (2007–2011) and then decreased
(2011–2012), and it increased again in the end (2012–2017).
Shanghai, Beijing, Tianjin, Zhejiang, Jiangsu, and Guangdong
ranked among the top six regions in terms of the nonagricultural
employment ratio in 2017. Inner Mongolia, Shaanxi, Guangxi,
Yunnan, Gansu, and Guizhou were the six regions with the lowest
nonagricultural employment ratio in 2017. However, Guizhou
was the region with the most rapid growth in the nonagricultural
employment ratio from 2007 to 2017.

The per capita GDP of all regions in China also showed an
overall upward trend from 2007 to 2017 (Figure 1E), except for
Inner Mongolia, which had a downward trend after 2016;
Liaoning, which had a downward trend in 2016, showed
rebound in 2017. Beijing, Shanghai, Tianjin, Jiangsu, Zhejiang,
and Fujian ranked among the top six regions in terms of the per
capita GDP, while Shanxi, Guangxi, Heilongjiang, Guizhou,
Yunnan, and Gansu were the six regions with the lowest per
capita GDP in 2017. The top six regions in terms of per capita
GDP nearly exceeded the lowest six regions by nearly one time
in 2017.

The pattern of changes in the proportion of added value of
industry in the total added value of commodity of each region
from 2007 to 2017 was divided into three cases (Figure 1F): 1)
The proportion of added value of industry in the total added value
of commodity of Hebei, Jilin, Anhui, Fujian, Jiangxi, Henan,
Hubei, Hunan, Guangdong, and Sichuan regions maintained a
positive growth trend; 2) The proportion of added value of
industry in the total added value of commodity of Beijing,
Tianjin, Shanghai, Jiangsu, Zhejiang, Shandong, and Guangxi
remained relatively constant (with ± 2 gap stabilized in a fixed
range); 3) The proportion of added value of industry in the total
added value of commodity in Shanxi, Inner Mongolia, Liaoning,
Heilongjiang, Hainan, Chongqing, Guizhou, Yunnan, Shaanxi,
Gansu, Qinghai, Ningxia, and Xinjiang changed with a
negative trend.

The contribution of different indicators to SED is shown in
Figure 2. The proportion of added value of industry in the total
added value of commodity had the largest contribution, followed
by per capita GDP and population urbanization rate. This result

corresponds to the researchers’ finding that the country’s
industrialization process drove the increase in economic
output and contributed to the shift of labor from rural to
urban areas (Li et al., 2019). The trends in the overall level of
SED of China’s regions from 2007 to 2017 are shown in Figure 3.
The SED among China’s regions showed an imbalance. The
overall level of SED in the coastal regions of China was
generally higher than in the central and western regions.

Penetration Rate of Rural Harmless
Sanitary Toilets From 2007 to 2017
The penetration rate of RHST in all regions of China showed
an increasing trend from 2007 to 2017 (Figure 4), except for
Beijing, Tianjin, Hebei, Heilongjiang, Henan, Hubei,
Chongqing, Shaanxi, and Xinjiang, which declined after
2016. The top six rural areas in China in terms of the
penetration rate of RHST in 2017 included Shanghai,
Beijing, Zhejiang, Fujian, Tianjin, and Guangdong, all of
which are located in China’s coastal areas, except for
Beijing, the capital of China. Gansu, Inner Mongolia,
Shaanxi, Jilin, Qinghai, and Heilongjiang were the six
regions with the least penetration rate of RHST in China,
which are located in North China, Northwest China, and
Northeast China. The imbalance in the penetration rate of
RHST between regions in China was still significant. Notably,
the Chinese government has launched a series of special
actions for rural toilet retrofitting since 2018, and it has
formulated a number of policies, such as the Three-Year
Action Plan for Rural Living Environment Improvement and
the Guiding Opinions on Promoting the Special Action of Rural
“Toilet Retrofitting,” which offers new opportunities to
improve the imbalance in the penetration rate of RHST
among China’s regions (Central People’s Government of the
People’s Republic of China, 2018; Ministry of Agriculture and
Rural Affairs of the People’s Republic of China, 2019).
However, each region needs to improve its SED according
to the actual situation to improve the penetration rate of RHST
and achieve sustainable sanitation.

FIGURE 2 | Contribution of different indicators to SED.
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Association Rules Between
Socio-Economic Development Indicators
and the Penetration Rate of Rural Harmless
Sanitary Toilets in China
A summary of the association rules between the six selected SED
indicators and the penetration rate of RHST is shown in
Supplementary Table S3A. Table 2 summarizes the
association rules between the six selected SED indicators and
the high penetration rate of RHST. Given that the population
urbanization rate ranged from 60.30 to 69.85% and from 76.31 to

89.60%, the tertiary vs. secondary industry output ratio ranged
between 1.09 and 1.59, the nonagricultural output value ratio
ranged from 93.09 to 96.26% and from 97.90 to 99.64%,
nonagricultural employment ratio ranged from 68.28 to
82.30% and from 83.20 to 96.91%, per capita GDP ranged
between 54,838 and 128,994, and the proportion of added
value of industry in the total added value of commodity
ranged between 77.21 and 89.58; RHST was of high
penetration rate. A set of reasonable ranges of the population
urbanization rate, the tertiary vs. secondary industry output ratio,
nonagricultural output value ratio, the nonagricultural

FIGURE 3 | Progress of SED in the 30 regions in China from 2007 to 2017.

FIGURE 4 | Process of change in the penetration rate of rural harmless sanitary toilets (RHST) in 30 regions of China from 2007 to 2017.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8176556

Li et al. Sanitation Improvement in China

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


TABLE 2 | Association rules between one SED indicator and high penetration rate of RHST.

Indicators Indicator interval value RHST
penetration rate level

RHST penetration rate
level interval value

Degree of RHST
penetration rate

P5 (60.30, 69.85) R5 (83.20, 99.80) Very high
P6 (76.31, 89.60) R5 (83.20, 99.80) Very high
T3 (1.09, 1.59) R5 (83.20, 99.80) Very high
V6 (93.09, 96.26) R5 (83.20, 99.80) Very high
V7 (97.90, 99.64) R5 (83.20, 99.80) Very high
E4 (68.28, 82.30) R5 (83.20, 99.80) Very high
E5 (83.20, 96.91) R5 (83.20, 99.80) Very high
G3 (54838, 85,213) R5 (83.20, 99.80) Very high
G4 (86,969, 128,994) R5 (83.20, 99.80) Very high
I4 (77.21, 89.58) R5 (83.20, 99.80) Very high
P5 (60.30, 69.85) R4 (62.00, 81.20) High
T2 (0.80, 1.08) R4 (62.00, 81.20) High
V6 (93.09, 96.26) R4 (62.00, 81.20) High
E4 (68.28, 82.30) R4 (62.00, 81.20) High
G2 (30873, 53,868) R4 (62.00, 81.20) High
G3 (54838, 85,213) R4 (62.00, 81.20) High
I4 (77.21, 89.58) R4 (62.00, 81.20) High

TABLE 3 | Association rules between one SED indicator and penetration rate of RHST.

Indicators Indicator interval value RHST
penetration rate level

RHST penetration rate
level interval value

Degree of RHST
penetration rate

P1 (28.24, 38.16) R1 (4.70, 23.90) Very low
P2 (33.50, 45.2) R1 (4.70, 23.90) Very low
P4 (52.43, 60.05) R1 (4.70, 23.90) Very low
T1 (0.53, 0.80) R1 (4.70, 23.90) Very low
V2 (79.35, 83.71) R1 (4.70, 23.90) Very low
V3 (83.95, 86.83) R1 (4.70, 23.90) Very low
V4 (86.99, 89.71) R1 (4.70, 23.90) Very low
V5 (89.75, 92.89) R1 (4.70, 23.90) Very low
E1 (25.88, 47.05) R1 (4.70, 23.90) Very low
E2 (47.36, 58.05) R1 (4.70, 23.90) Very low
E3 (58.20, 68.12) R1 (4.70, 23.90) Very low
G1 (7,878, 29,963) R1 (4.70, 23.90) Very low
I2 (47.43, 65.22) R1 (4.70, 23.90) Very low
I3 (65.78, 76.97) R1 (4.70, 23.90) Very low
P2 (33.50, 45.2) R2 (24.40, 42.30) Low
P3 (45.6, 52.01) R2 (24.40, 42.30) Low
T1 (0.53, 0.80) R2 (24.40, 42.30) Low
T3 (1.09, 1.59) R2 (24.40, 42.30) Low
V3 (83.95, 86.83) R2 (24.40, 42.30) Low
V4 (86.99, 89.71) R2 (24.40, 42.30) Low
E1 (25.88, 47.05) R2 (24.40, 42.30) Low
E3 (58.20, 68.12) R2 (24.40, 42.30) Low
G1 (7,878, 29,963) R2 (24.40, 42.30) Low
I2 (47.43, 65.22) R2 (24.40, 42.30) Low
I3 (65.78, 76.97) R2 (24.40, 42.30) Low
P3 (45.6, 52.01) R3 (42.60, 60.90) Moderate
P4 (52.43, 60.05) R3 (42.60, 60.90) Moderate
T2 (0.80, 1.08) R3 (42.60, 60.90) Moderate
V3 (83.95, 86.83) R3 (42.60, 60.90) Moderate
V4 (86.99, 89.71) R3 (42.60, 60.90) Moderate
V5 (89.75, 92.89) R3 (42.60, 60.90) Moderate
E2 (47.36, 58.05) R3 (42.60, 60.90) Moderate
E3 (58.20, 68.12) R3 (42.60, 60.90) Moderate
G2 (30,873, 53,868) R3 (42.60, 60.90) Moderate
I3 (65.78, 76.97) R3 (42.60, 60.90) Moderate
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employment ratio, per capita GDP, and the proportion of added
value of industry in the total added value of commodity can be
found in Table 2 for high RHST penetration degree.

Table 3 summarizes the association rules between SED
indicators and the penetration rate of RHST. We found that a
low level of RHST penetration rate was significantly correlated
with the population urbanization rate, ranging from 28.24 to
38.16% and from 33.5 to 45.2%. The low penetration rate of
RHST with low population urbanization rate may be caused by
inadequate rural infrastructure. The low penetration rate of
RHST also existed in areas where the tertiary vs. secondary
industry output ratio ranged between 0.53 and 0.80%, the
nonagricultural output value ratio ranged between 79.35 and
83.71%, between 83.95 and 86.83%, between 86.99 and 89.71%,
and between 89.75 and 92.89%, the nonagricultural employment
ratio ranged between 25.88 and 47.05%, between 47.36 and
58.05%, and between 58.20 and 68.12%, per capita GDP
ranged between 7,878 and 29,963, and the proportion of
added value of industry in the total added value of commodity
ranged between 47.43 and 65.22% and between 65.78 and 76.97%.
Therefore, the association rule analysis showed that the low value
of the six selected indicators of SED determined the low level of
penetration rate of RHST.

Differentiated Development Strategies to
Increase the Rural Harmless sanitary
Toilets Penetration Rate
We identified SED indicators related to the penetration rate of
RHST by region in China in 2017 according to Supplementary
Table S4A, as shown in Figure 5, to propose differentiated
development strategies to increase the penetration rate of RHST.

For Beijing, Tianjin, Shanghai, Jiangsu, Zhejiang, Fujian, and
Guangdong, the six SED indicator values all corresponded to high
RHST penetration rates (R5), and these regions can maintain

their current rate of SED to increase per capita GDP. With
income increases, local rural residents have more ability to
improve household sanitation. Local governments will also
have more financial resources for the construction, operation,
and maintenance of sanitation facilities.

We found that the SED indicators of Guangxi andHainan were at
the lower rank, except for Hainan where the tertiary vs. secondary
industry output ratio was in the T4 range, but they corresponded to a
high RHST penetration rate in 2017 (at the R5 rank) given that they
belong to the coastal region. Guangxi and Hainan should further
increase the proportion of added value of industry in the total added
value of commodity, such as investing in high-tech industry
technologies, because they are in the lower rank of I2 and I1,
respectively. The tertiary industry needs to be optimized to create
more jobs and raise the resident’s per capita GDP. Local governments
not only need to improve the wastewater treatment facilities in each
rural area but also need to form a long-term management and
maintenance mechanism due to the abundant water resources, to
reduce the pollution of water sources by toilet wastewater.

Among the six socioeconomic indicators studied, the E4, T2,
and G2 indicators in Jiangxi, V6, P5, T2, and E4 indicators in
Shandong, V6, E4, and P5 indicators in Chongqing, and G2
indicator in Sichuan were associated with the penetration rate of
RHST at the R4 level. However, the abovementioned SED
indicators associated with the penetration rate of RHST were
all at moderate levels in the aforementioned regions, whichmeans
that more investments could be made in the tertiary industry and
further attract more manufacturers to increase the proportion of
added value of industry in the total added value of commodity for
enhancing the household wealth of the residents in these regions.
The population urbanization rates of Jiangxi and Sichuan were P4
and P3, respectively, which were at middle level. In the process of
SED, on one hand, improving household sanitation facilities
needs to rely on the efforts of rural residents, and on the
other hand, the proportion of financial support from local

FIGURE 5 | SED indicators of regions associated with RHST penetration rate in China.
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governments needs to be increased to help more rural residents
with financial difficulties, thereby increasing the penetration rate
of local RHST. Liu et al. studied the rural toilet retrofitting model
in Jiaozhou (located in Shandong Province, China) and found
that local rural residents have achieved full access to RHST and
have also constructed a complete sustainable sanitation service
chain covering collection, transportation, treatments, disposal,
and resource recovery of fecal sludge relying on financial support
from the provincial and municipal governments (Liu et al., 2019).
However, the constructed sustainable sanitation service chain in
rural areas requires a large amount of operating capital, part of
which needs to be paid by rural residents, such as the cost of
manure pumping by septic tankers and the maintenance of
sanitation facilities, which is difficult for poor rural households
(Roubík et al., 2020). Therefore, preferential policies and funding
to help serve families with financial difficulties are also a
guarantee of sustainable sanitation (Kaiser, 2015).

Regions in Hebei, Shanxi, Inner Mongolia, Liaoning, Jilin,
Heilongjiang, Anhui, Henan, Hunan, Guizhou, Yunnan, Ningxia,
Xinjiang, Shaanxi, Gansu, and Qinghai did not have SED
indicators associated with high penetration rate of RHST.
Therefore, these regions should increase investment in
industry to enhance SED. In Guizhou and Yunnan, the
tertiary vs. secondary industry ratio (at T3 level) was better
than other SED indicators, but the proportion of added value
of industry in the total added value of commodity was at I2 level
and needs to be further strengthened. Sun et al. also evaluated the
SED of Guizhou province finding that regions with proportion of
secondary industry have a prosperous economy (Sun et al., 2020).
In Heilongjiang and Qinghai, the RHST penetration rate was at
R1 level, which was mined by the association analysis to be related
to the low nonagricultural employment ratio, per capita GDP,
and the proportion of added value of industry in the total added
value of commodity. Therefore, the local government should
increase investment and attract more domestic and international
manufacturers with preferential policies to improve the level of
SED indicators. Guo et al. surveyed villages in western China
(Gansu and Qinghai) and found that poor sanitation awareness
and attitudes impede the progress of the rural toilet revolution
(Guo et al., 2021).We hypothesized that sanitation services would
be enhanced if the level of SED in the western region also
approached that of the coastal region. However, achieving
more than 60% RHST penetration rate in a short period based
on the current rate of SED alone is difficult given that huge
challenges exist in the SED process. Therefore, the national
central government should allocate a greater proportion of
central financial resources for rural toilet retrofitting in these
areas during the rural “toilet revolution” process. Overall, the
identification of regional SED indicators related to the
penetration rate of RHST can help develop targeted regional
SED plans to achieve the penetration of RHST in China.

Influence of Policy on the Penetration Rate
of Rural Harmless Sanitary Toilets
Variability exists in rural infrastructure investments in different
regions of China (Li et al., 2020). Nevertheless, the

implementation of the policy successfully promotes SED.
However, inadequate financial resources still constrain rapid
SED in some rural areas, such as those with low rural
infrastructure penetration rates (Zhang et al., 2020).
Fortunately, to achieve universal access to sanitation with “safe
management services,” which is defined as “access to a sanitation
facility that is not shared with other households and where
excreta produced can be safely disposed of on-site, or
transported and disposed of off-site” (WHO and UNICEF, 2017),
China’s central government gives provincial governments the
freedom to decide on strategies and methods for rural toilet
retrofitting policies to achieve the desired outcomes. Hueso and
Bell noted that policies should be people-centered, demand-,
incentive-, and practice-oriented, which is ideal for addressing the
rural sanitation crisis (Hueso and Bell, 2013). However, the
researchers found that availability of policy information, the
percentage of subsidies, and the difficulty of obtaining subsidies
affected the motivation of rural residents to participate in rural
toilet retrofitting, especially poor rural households (Kaiser, 2015;
Roubík et al., 2020).

Chinese provinces should clarify short-term development
goals and long-term development goals when formulating
policies. On the one hand, for economically developed
provinces with high penetration of RHST, the supporting
facilities to have access to safe transportation, treatment, and
disposal of toilet wastes are imperfect. In addition to focusing on
SED, the local government needs to formulate more policies to
serve the improvement and operation of supporting facilities for
toilet waste treatment. On the other hand, for backward economic
developing provinces with low penetration of RHST, local
governments should focus on the continuity convergence of
policies. In a short period of time, the penetration rate of
RHST should be improved by adhering to the short-term
promotion strategy of “quantity follows quality and progress
follows effectiveness.” When the penetration rate of RHST is
raised, the policy should focus on the improvement of supporting
facilities for toilet waste treatment.

CONCLUSION

We studied the association pattern between SED indicators and
the penetration rate of RHST by regions in China from 2007 to
2017. Overall, the selected six categories of SED indicators of
Chinese regions have been increasing in population urbanization
rate, tertiary vs. secondary industry output ratio, nonagricultural
output value ratio, nonagricultural employment ratio, and per
capita GDP. The proportion of added value of industry in the
total added value of commodity showed three trend changes,
which were 1) a positive trend change, 2) a stable fixed interval
with a ±2 ratio difference, and 3) a negative trend change. The
proportion of added value of industry in the total added value of
commodity accounted for the highest proportion of the level of
SED. The penetration rate of RHST continuously increased in all
regions of China from 2007 to 2017. The results of the association
rule emphasize that reasonable SED indicators are essential for
high RHST penetration rate. Differentiated development
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strategies were proposed to optimize SED indicators in different
regions for improving RHST penetration rate.
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