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This study innovatively evaluated ecological civilization in China from the perspective of environment and health. A
Composite Environmental Health Index (CEHI) was constructed based on the Driving force-Pressure-State-Impact-
Response (DPSIR) and Coupling Coordination Degree (CCD) models. Results showed that significant and sustained
improvements were observed in the ecological environment after ecological civilization, while economic devel-
opment continued to progress at a steady pace. However, the advancement in population health (impact subsystem),
exhibited comparatively modest progress, potentially linked to issues such as demographic aging and the enduring
consequences of past exposure to environmental pollutants. At the provincial level, the regional development was
uneven. The CEHI performance was highest in the eastern regions, followed by the central regions, with the western
regions showing the least progress. Beijing, Guangdong, Jiangsu, Shanghai, and Zhejiang emerged as top performers
with higher CEHI scores, which can be attributed to their favorable geographical positioning and the response
subsystem. Conversely, northeastern regions (Heilongjiang, Jilin, and Liaoning) and northwestern regions (Shanxi,
Gansu, Ningxia, and Qinghai) experienced limited advancements in post-ecological civilization implementation. For
these underperforming regions, there is a pressing need to intensify efforts aimed at enhancing their response
subsystems. In summary, China's pursuit of ecological civilization has yielded significant successes, potentially
offering valuable insights for other nations striving for sustainable development. The ecological civilization model's
integration of ecological environmental protection into economic, political, cultural, and social constructs may serve
as a meaningful reference for the sustainable development of other countries.

1. Introduction

Ecological civilization emerged as a pivotal national strategy in
China, aimed at addressing pressing environmental challenges. The
development of ecological civilization in China unfolded over an
extended period (Fig. 1). China's early environmental consciousness was
significantly shaped by Western and international ideologies. The
inception of the first and second national environmental protection
working conferences can be attributed to the assimilation of Western
environmental protection concepts [1]. Subsequently, China adopted the
principles of “Sustainable Development” and introduced the “Scientific
Outlook on Development”, emphasizing the imperative to conserve re-
sources and protect the environment while advancing the economy [2].
The term “Ecological Civilization” made its initial appearance in official
documents in 2007, though no substantial measures or actions followed
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at that time. However, a significant turning point occurred in 2012
during the 18th National Congress of the Communist Party of China,
where ecological civilization was formally designated as a guiding po-
litical framework and a national governance strategy [3]. The policy
provisions pertaining to ecological restoration and pollution control have
experienced a gradual augmentation. However, the overall management
landscape is characterized by chaos, a lack of inter-departmental coor-
dination within administrative bodies, and suboptimal efficiency in
certain policies [4,5]. In an effort to enhance the operationalization of
ecological civilization, two pivotal guidelines were promulgated in 2015:
the “Proposal on Accelerating the Construction of Ecological Civiliza-
tion” and the “Overall Plan of Ecological Civilization System Reform”,
which furnish tangible implementation measures. The two documents
serve as a comprehensive foundation for the execution of ecological
civilization in China [6,7]. Subsequent to these developments, China's
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ecological civilization construction has shown a positive trajectory. By
2020, several pilot trials reached their conclusion, and commencing in
2022, the nation's ecological civilization construction underwent a
transformative shift, disseminating mature experiences nationwide [8].
Until now, a noteworthy progression is the integration of climate change
considerations into the framework of ecological civilization construction.
Pollution prevention and control strategies have pivoted towards
addressing longstanding issues such as urban water pollution, elevated
pollutant and carbon emissions, and the treatment of fine particulate
matter. The principal objective of China's current economic development
now centers on green and high-quality development [9]. Unlike ante-
cedent environmental protection strategies, ecological civilization ne-
cessitates the seamless integration of environmental preservation into the
economic, social, cultural, and political fabric of China, encapsulated in
the concept of “the Five-Sphere Integrated Plan” (meaning comprehen-
sive development of economic, political, cultural, social, and ecological
civilization). Furthermore, it underscores the imperative of establishing a
long-term environmental protection mechanism with active engagement
from diverse stakeholders, including the public, businesses, and gov-
ernment officials [10]. Besides, grounded in China's distinctive political
context, the nation has progressively erected its ecological environment
protection system. This encompassing system comprises a comprehen-
sive ecological environment planning policy framework, a
well-structured ecological environment governance system, and a
fully-fledged ecological environment protection legal framework. In
contrast to other sustainable development strategies, ecological civili-
zation represents a unique and profoundly meaningful exploration and
implementation of sustainable practices.

Since the inception of the ecological civilization strategy in China,
there has been a gradual increase in scholarly investigations aimed at
assessing its effectiveness and progress. The majority of these studies
focus on evaluating the economic and environmental developments that
have occurred in the wake of ecological civilization implementation.
Notably, these assessments rely heavily on two government-issued
index systems, namely the “Green Development Index” and the “Eval-
uation Index System of Ecological Civilization Assessment”, mainly
including the aspects of economic development, environmental
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improvement, pollutant discharge, and resource utilization [11-14],
resulting in the heterogeneous construction of ecological civilization in
different regions [15-20]. Furthermore, some researchers have con-
ducted specific evaluations in distinct environmental domains within
particular regions. For instance, Zhang et al. developed an index system
to gauge urban resources and environmental carrying capacity to
evaluate Tianjin's ecological civilization construction [21]. Some studies
have evaluated Jiangsu and Chengdu-Chongging, and have found that
the performance of ecological civilization construction in Jiangsu
Province has improved [22], while the coordination degree of ecolog-
ical civilization construction in Chengdu-Chongqing has declined [23].
Additionally, other studies have constructed index systems to appraise
ecological civilization development from a single visual angle, such as
resource carrying capacity, marine ecological civilization, and ecolog-
ical services [24-26]. However, it is important to note that few studies
have delved into the dimension of human health within the context of
ecological civilization, and those that paid more attention to the psy-
chological imbalance were mainly conducted at the national level [24,
27]. In summary, current research has predominantly focused on the
intersection of economic development and environmental quality or
pollution within the framework of China's ecological civilization. The
research on the intricate interplay among economic and social devel-
opment, the environment, and human health has been limited, partic-
ularly at the provincial or regional level. Recognizing that the
establishment of ecological civilization is rooted in achieving harmony
between humanity and nature, and that population health is a pivotal
objective in the construction of ecological civilization, there is a
compelling need for a comprehensive assessment from the perspective
of environment and human health. Such an evaluation not only aligns
with the fundamental principles of ecological civilization but also pro-
vides novel insights conducive to advancing the construction of
ecological civilization in China.

When examining the underlying causes, it becomes evident that the
substantial threats posed to public health by environmental issues stand
as a central impetus for sustainable development strategies. Conse-
quently, it is of paramount importance to reevaluate China's ecological
civilization with a specific emphasis on the environmental and health
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Fig. 1. History of China's Ecological Civilization development.
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dimensions. The primary objective of this research is to conduct a
comprehensive, long-term evaluation of ecological civilization perfor-
mance at both national and provincial levels in China. To achieve this, a
Composite Environmental Health Index (CEHI) has been developed by
drawing from the Driving Force-Pressure-State-Impact-Response (DPSIR)
framework and the Coupling Coordination Degree (CCD) models. The
findings of this study hold the potential to enhance our comprehension of
ecological civilization construction and offer profound insights into
sustainable development practices applicable to other countries.

2. Methods and data
2.1. Methods

To evaluate ecological civilization construction in China from the
environmental and health perspective, this study constructed a CEHI. The
CEHI was calculated in a three-step manner (Fig. S1). The indicators
framework was established based on the DPSIR framework, and then the
entropy method was used to assign weights to each index after stan-
dardization. The Environmental Health Index (EHI) was calculated by
weight, the CCD of the EHI's subsystem was calculated by the CCD model,
and the CEHI was constructed by combining EHI and CCD.

2.1.1. Evaluation indicators of the DPSIR model

The DPSIR model, as an indicator framework for environmental
sustainability, effectively portrays the intricate relationship between
human actions and the natural environment, and has been widely used
[28-30]. The DPSIR framework consists of driver, pressure, state, impact,
and response, which have causal chains (Fig. S2). Drivers are the po-
tential cause of environmental change, mainly socioeconomic perspec-
tives, like GDP per capita, natural population growth rates, living
standards, and urbanization rates. Pressure refers to the impact of human
activities on the environment, serving as the direct pressure factor of
environmental pollution, such as pollutant discharge like waste gas and
wastewater, solid waste, fertilizers, and pesticides. The state means the
performance of the environment under the above pressure. Impact is the
impact of the state of environment on human health in turn. Response
indicates the countermeasures that human beings take in the process of
promoting sustainable development, such as improving resource utili-
zation efficiency, reducing pollution, and increasing investment. Based
on the aforementioned discussion, DPSIR effectively captures the inter-
play between human activities and the natural environment. Simulta-
neously, the establishment of ecological civilization could be seen as a
response to human-induced environmental issues [2,3], and its in-
teractions are also manifested within this framework. Therefore, the
framework of DPSIR was used to construct the indicators in this study.

Based on the common indicators and considering the scientific, ac-
curate, accessible, and quantifiable principles, the final evaluation in-
dicators of the DPSIR model for environment and health are shown in
Table 1.

2.1.2. Data normalization

The collected data must be normalized because of the different
measurements and units between each indicator in the DPSIR frame-
work. In this study, the raw data were standardized using the extreme
value processing method (Egs. 1-3). In this method, the sign (positive,
negative, and neutral/moderate) of each indicator was determined first.
Then, Eq. 1 was used for the positive indicator (the higher data value of
the indicator, the better the performance), Eq. 2 for the negative indi-
cator (the lower data value of the indicator, the better the performance),
and Eq. 3 for the moderate indicator (the closer the data value is to a
moderate value, the better the performance), respectively.

_ Xp— min(X;)

Yin = max(X;) — min(X;) M
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where Yy is the normalized value of the kth year of the ith indicator in
province j; Xjj is the actual value of the kth year of the ith indicator in
province j; max() and min() are the maximum and minimum values, and
X, represents the moderate value for a moderate indicator. The ideal
value of each moderate indicator is generally referenced from the liter-
ature or relevant national documents. In this study, the ideal value of the
natural population growth rate was based on the national population
growth rate planning target of 6%, and the ideal value of the average
urbanization rate was based on the urbanization rate of 75% in devel-
oped countries.

2.1.3. Index weighting methods

Weighting the indicator is an important process in a comprehensive
evaluation. Commonly used weighting methods include principal
component analysis, the entropy method, data envelopment analysis,
weighting based on experts or public opinion surveys, and assigning the
same weight. When assuming the same weight of indicators, evaluation
analysis only focuses on the value of the indicators rather than the weight
of indicators. Here, the entropy method was used to avoid deviations
caused by subjective factors [31,32].

In this study, the EHI consisted of five parts (DPSIR), and each of the
five subsystems was assigned the same weight. The entropy method was

Table 1
Evaluation index system.
Goal Subsystem Indicators Weight
layer coefficient
Environmental Drivers D1 Urbanization rate 0.0821
and health D2 Natural growth rate of population 0.0294
index D3 GDP 0.3693
D4 Per capita urban disposable income 0.2527
D5 Per capita rural disposable income 0.2665
Pressure P1 Total sulfur dioxide (SO,) emission 0.1711
P2 Consumption of chemical fertilizer 0.2287
P3 Consumption of pesticide 0.1071
P4 Effluent volume 0.0887
P5 General industrial solid waste production 0.0737
P6 Per capita CO, emissions (tons) 0.0633
P7 Energy consumption structure (coal share) 0.2673
State S1 Annual average concentration of PM s 0.2601
S2 Proportion of excellent water quality 0.4058
S3 Normalized difference vegetation index ~ 0.2993
(NDVI)
S4 Number of environmental emergencies 0.0347
Impact I1 Mortality 0.5918
12 Maternal mortality rate 0.1343
I3 Perinatal mortality rate 0.1817
14 Prevalence of low weight in children under 0.0922
5 years old
Response R1 Per capita urban green space 0.1304
R2 Number of patent applications (Domestic) 0.3540
R3 Comprehensive utilization rate of solid 0.0428
waste
R4 Treatment rate of domestic sewage 0.0185
R5 Intensity of environmental regulation® 0.1132
R6 Research and Experimental Development 0.2838
(R&D) expenditure
R7 Proportion of Tertiary sector of GDP 0.0573

# Intensity of environmental regulation was calculated as industrial gover-
nance investment divided by the second industry value.
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used five times to weight the evaluation indices of the five subsystems
instead of using the entropy method to weight all the indices simulta-
neously. See Egs. 4-7 for the calculations:

Yijk
Sijk = (4)
YN
" s Ins;;
= — T ®)
Inn
8= 1 — € (6)
8i
Wi = ()
i

where y;j is the kth year normalized value of the original data for indi-
cator i in province j; sy is the proportion of y in indicator i; n is the
number of indicator i; e; is the entropy value of indicator i; g; is the in-
formation utility value of the indicator i; w; is the weight of indicator i; m
is the number of the subsystem (D, P, S, I, and R).

2.1.4. CEHI calculations

The CEHI was constructed by combining the EHI and CCD sub-in-
dexes in a three-step manner:

First, the EHI index was calculated using Eqs. 8-13:

5

Dy=>"" Wi ®
5

Py = Zi:] WiYijk )
5

Sje= ). WiViik 10)
4

Iy = Zi:l WiYiik an
5

Ri=) . Wi 12)

EHIy =02 x (D + Py + Sy + e + Rige) (13)

where Dj, Pj, Sjk, ik, and Rj are the scores for the subsystem of the DPSIR
model, and EHIj is the index score of region j in ky,-year.

Second, coupling coordination, originating from physics, reflects the
level of harmony in the interaction of two or more subsystems in a region
during the development progress [32,33]. The five subsystems (D, P, S, I,
and R) of EHI affect and restrict each other, and the coordinated devel-
opment between them is also important. If the development between the
five subsystems is not coordinated, the sustainability of the imple-
mentation of ecological civilization will be hindered. Therefore, we used
the CCD model [33,34] to calculate the CCD scores of EHI. The calcula-
tions are Eqgs. 14-16:

1/5
Dji x Py X Sj X Iy X Rj

CDy =5 x . 14)
(D + Py + S + Iy + Ry

Tjk = aDjk +ﬂP/‘k + }’Sjk + (SIJA + SRjk (15)

CCD; = \/CDy X Ty, (16)

where CD is the coupling degree between five dimensions (Dj, Pjk, Sjk, Ik,
and Rj) of EHI; T is the comprehensive target correlation degree of
subsystems, and «a, f3, 7, 6, and ¢ represent the weight of five DPSIR
subsystems [as described above, each of subsystem has the same weight
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(0.2)], respectively; CCD is the coupling coordination degree of the EHI.
CCD's score is in the range of [0,1]; the closer CCD is to 1, the better the
system coordination.

Third, the CEHI was calculated using Eq. 17 [33,35], and its score
(0-1) was used to finally assess the comprehensive performance of
ecological civilization in China.

CEHI =V EHI x CCD a7)

2.2. Data sources

The corresponding representative indicators were selected according to
the DPSIR model, the data are shown in Table 1. Except for PMy 5 and
normalized difference vegetation index (NDVI), the other data in this study
come from the China Statistical Yearbook (2004-2020), China Environ-
ment Bulletin (2003-2020), Research and Experimental Development
(R&D) Expenditure Census Bulletin (2003-2019), Urban Construction
Statistics Yearbook (2004-2020), China Health Statistics Yearbook
(2007-2020), China Water Resources Bulletin (2003-2019), and Annual
Report on Ecological Environment Statistics. Since PMj 5 was not officially
included in China's air quality standards until 2012, the long-term data of
PM, 5 were obtained from the interpretation products of the V4.CH.03
product (China Regional Estimates) developed by the Washington Uni-
versity Atmospheric Composition Analysis Group. This data showed high
consistency (R? = 0.81) with globally distributed ground monitors and met
the application requirements [36,37]. In addition, China's forest coverage
rate is not updated every year, and the data in the bulletin are generally
from the once-a-decade forest census data. The NDVI is another important
index for measuring and testing environmental changes in the ecosystem.
Therefore, the annual NDVI data used in this study is from the Scientific
Data Center (https://www.resdc.cn/). The indicators and their weights are
listed in Table 1.

3. Results

According to the important node of ecological civilization (in the
years 2007, 2012, and 2015 in Fig. 1), the entire period is divided into
four stages for better comparison, namely the “pre-ecological civilization
proposal” period from 2003 to 2007 as Phase I, and the “pre-ecological
civilization construction” from 2007 to 2012 as Phase II, the “post-
ecological civilization construction” from 2013 to 2015 as Phase III, and
the “ecological civilization system reform” as Phase IV.

3.1. The change trend of the indicators

The change of indicators is shown in Fig. 2. The indicators of the D
subsystem (drivers) were obviously improved. It is indicated that eco-
nomic development and increasing the social status of local residents are
still two of the key focuses of China, and relevant policies such as China's
poverty alleviation have indeed achieved certain results. The SO5 emis-
sions and energy consumption under the pressure system have greatly
improved, but the industrial parts, such as wastewater discharge and
solid waste discharge, are still a serious problem for the environment. In
addition, although CO; emissions slowed down, overall emissions
increased on a per capita basis, which is related to the increase in power
consumption brought about by the increase in per capita income [38].
The air quality and surface water quality have been greatly improved
after ecological civilization, which is also related to the continuous
environmental prevention and control policies under the construction of
ecological civilization, such as the system of central inspection on eco-en-
vironmental protection, Air Pollution Prevention and Control Action Plan, and
Action Plan for Prevention and Control of Water Pollution.

In the I subsystem (impact), the total mortality increased in Phases III
and IV, while the mortality of pregnant women and perinatal infants and
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Fig. 2. Changes of individual index in different stages.

malnutrition rates of children under 5 years old all improved, but they
were similar in Phases III and IV. For the R subsystem (response), R1, R2,
R4, R6, and R7 were significantly improved in Phases Il and IV. R3 (the
decline of the comprehensive utilization rate of solid waste) in Phase IV
decreased due to the influence of population and recycling intensity,
leaving much room for improvement [39,40]. In addition, the intensity of
environmental regulations weakened slightly, which may be one of the
reasons for the increase in the discharge of pressure system wastewater
and industrial solid waste.

3.2. The interaction changes of EHI's subsystems

Changes in the five subsystems of the DPSIR framework are shown in
Fig. 3. Among all subsystems, the rise of the D subsystem is the fastest
(from 0.081 to 0.446). The rapid socio-economic development has
caused great pressure on the environment, which has increased rapidly
since 2012. The change of the S subsystem (state) fluctuated in Phases I
and II. In the two stages, due to the frequent occurrence of environmental
pollution events such as children's blood lead exceeding the standard,
cadmium pollution incident (Liuyang, Hunan Province), arsenic pollu-
tion (Yangzonghai, Yunnan Province), dead fish incidents (Baiyangdian,
Hebei Province), Taihu Lake pollution incident, and so on, people's
attention of environmental protection has been aroused, but the uncer-
tainty of relevant policies and the lack of government supervision has led
to the tortuous change in the S subsystem. Thanks to the strong and
effective environmental pollution control policies after ecological civili-
zation construction [3,41], the S subsystem improved slowly in Phase III
and more apparently in Phase IV. The I subsystem was improved in
Phases I and II, mainly because the health benefits brought by the
improvement of medical conditions outweighed the short-term effects
brought by environmental pollution. Whereas in Phases III and IV, the I
subsystem decreased. This may be linked to the higher weight of mor-
tality and the long-term cumulative effects of environmental exposure in
Phases I and II. The growth rate of the R subsystem (response) in Phases
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III and IV was faster than that in Phases I and II, indicating that the
construction of ecological civilization has indeed increased people's
response to environmental protection.

3.3. The temporal characteristics of EHI, CCD, and CEHI

At the national level, the scores of EHI, CCD, and CEHI increased
from 0.385, 0.499, and 0.438 in 2003 to 0.552, 0.697, and 0.620 in
2019, respectively (Fig. 3). For EHI, the growth rate was higher in
Phases III and IV than in Phases I and II, indicating that the con-
struction of the ecological civilization had a positive effect on taking
solutions to deal with the environmental issues. The CCD score can
characterize the degree of benign coupling in the coupling-interaction
relationships of the subsystems of the DPSIR model, which can reflect
the quality of coordination. The score of CCD was lower after
ecological civilization construction (Phases III and IV) due to the
decline of the I subsystem, while the growth of CCD in Phases I and II
depends on the rapid economic development. The growth rate of CHEI
in Phases III and IV was slightly higher than in Phases I and I
Compared with the previous ecological civilization indices, CEHI
synthesized EHI and CCD, which is more precise in evaluating the
ecological civilization construction from an environmental and health
perspective.

3.4. The spatial characteristics of EHI, CCD, and CEHI

At the provincial level, the scores ranged from 0 to 1, with higher
scores representing better overall performance in the regions. On the
whole, the regional development was uneven (Fig. 4). Besides, based on
the clustering trend analysis of different indices and the exploration of
the reasons for its development, we divided all 30 regions into four
groups to amplify. The first group is Guangdong, Zhejiang, Beijing,
Shanghai, and Jiangsu; the second group is Hebei, Henan, Guizhou,
Gansu, Shanxi, Ningxia, and Qinghai; the third group is Heilongjiang,
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Fig. 3. Changes in DPSIR subsystem and indices (EHI, CCD, and CEHI).

285



Y. Guo et al Eco-Environment & Health 3 (2024) 281-289

E H I Phase I Phase Il Phase IV
0405 0423 0431
,_: 0419 0442 0445

L e
___—
0334 0337 0345 0353 X X Y y . IEEZEE - Jiangsu

{ 0334 0.344 0329 0322 0315 0349 0.354 0361 0354
0.321 0329 0324 0321 0335 0344 0.348 0354 0343

0342 0344 0347 0349 0361 0371 0371 0401 0402 0422 0429 0434 0437

0320 0328 0329 0353 0.352 0.361 0.377 0.403 0.395 0.410 0.429 0424 0.440 10.462 _—_ Shanxi
0.321 0329 0.337 0.343 0.368 0.387 0.392 0397 0413 0.401 0.436 0438 0457 | 0478 | 0492 | 0524 _ Shandong
0342 0363 0343 0353 0363 0365 0372 0394 0394 0406 0417 0425 0437

0341 0348 0348 0358 0366 0353 0377 0398 0406 0409 0437 0446

0408 0431 0410 0430 0429 0440 0455 0428 0431 0418 0443 0447

0.370 0.408 0.377 0.382 0.401 0.426 0.429 0421 0.438
— | 0395 0388 0407 0414 0422 0435 0448 0450 | 0463
0373 0350 0375 0376 0390 0.405 0394 0436 0433
0.368 0383 0384 0391 0403 0415 0422 0437 0430 0441 0453
0344 0370 0384 0384 0409 0413 0424 0420 0414 0432 0457
0356 0366 0386 0382 0392 0403 0418 0428 0430 0438 0456 7
0342 0.367 0387 0380 0.405 0414 0410 0420 0437 0433 0450 0450 | 0474 | 0482 | 049 | 049 || 0518 - Inner Mongolia
0343 0381 0381 03907 0408 0416 0420 0425 0434 0448 0451 0481 | 08505
0408 0413 0395 0413 0416 0394 0428 0428 0446 0449
0404 0403 0417 0.404 0416 0399 0422 0421 0419 0431
0395 0392 0402 0399 0403 0414 0424 0435 0439 0442
0.402 0.396 0.398 0379 0.375 0.376 0.384 0.415 0424 0.442 0.458.
0405 0397 0398 0390 0393 0394 0399
0431

CCD Phase I Phase Il . Phase I . Phase 1V

; o | o | S LI N .6
osss » Como T om Com | oo | o e

—m—
_— 640 _ 638 Shanxi

_

oser Cosss
0475 0.488 0.497 0.499. 0501 0.524 0534 0.540 0,543 | 050 - Hebei
0458 0471 0480 0490 0.509 0520 0527 0538 | 0580 - Henan
0.449 0.479 0.493 0.496 0508 0518 0532 0548 | 0603 X _ - Jiangxi
0.410 0.461 0473 0.502 0513 0.528 0535 0542 _ OEERE- Yunnan

0438 0440 0463 0482 0496 0513 0542 0534 | oe07

0463 0456 0474 0478 0497 0522 0530 0537 | oses

0480 0469 | o580

0448 —

EE

—_ —— Standong
oms - oo
[oea | Coss T o | oro i
Coms

Comr

oms

Lo

_ - Hainan

o8 [ [ ose | oer M
o7 N TCII NCIN crcins
o [Cose [ om | o N
B R W i
-05 To - Hun
| o | 5 - Shaanxi
| o6 | _ - Guangxi
[oss ] 70 0 RS- Neimengy
[T o I I ICEZI - Chongaing
& @ D e e e '&‘h o® 1 e® et e p®
CE Hi Phase I Phase Il Phase 11l Phase IV
0398 0410 0404 0401 0397 0428 0435 0441 0438 0456 2 X [ 0522 0531 | 0559 || 0873 - Hebei
0363 0394 0394 0397 0413 0423 0428 0436 0432 0454 X X X [ 0544|0567 | 0SB Henan
0374 0402 0392 0408 0414 0424 0432 0454 0461 0473 2 0528 _—_ Guizhou
LE 0389 0398 0403 0413 0423 0432 0435 0463 0465 0489 X | 0532 0541
0384 0400 0402 0428 0430 0441 0454 0473 0468
0453 0451 0455 0.445 0447 0451 0.461 0490 0501
0453 0.466 0451 0.468 0474 0461 0491 0494 0513 0520 Sichuan
- 04 0.459 0.460 0476 0469 0483 0472 0495 0498 0498 _ OEER- Hubei
0477 0472 0478 0470 0473 0476 0481 0508 0498 0506
0416 0461 0431 0443 0464 0490 0491 0487 0503
0.400 0413 0419 0430 0437 0430 0452 0473 0481 Y X 23 _—
0415 0399 0422 0424 0440 0.460 0457 0484 0489 2 X X [ 0574 - Xinjiang
0403 0413 0425 0432 0457 0477 0483 0491 0507 . | 083 _ Shandong
0421 0433 0.445 0445 0453 0463 0475 0488 0497 X | os21 | o050 IosesIN ICETN ISP - Jiangxi
0403 0413 0438 0437 0450 0463 0483 0497 0501 3 __~ Shaanxi
—1 0375 0419 0425 0446 0458 0.468 0474 0480 0493 0534 | 0ss7 || o542 || 10867 |[1N088200- Yunnan
0416 0413 0434 0447 0457 0472 0493 0.490 0511 0 | 0543 05 [10:550 | [11055581 1 [N056701 - Qinaghai
0401 0426 0443 0.446 0474 0486 0498 0493 0492 . (105681 || 0551 | [N0S800N- Chongqing
0416 0431 0442 0.449 0468 0478 0485 0499 0494 0508 [ | oss 0566|0583 08850 Guangxi
0401 0426 0443 0450 0473 0484 0.481 0490 0510 0505 « - Neimenggu
0490 0491 0501 0494 0495 0505
0468 0491 0481 LT
0502 0516 2 | 0550
0493 0.489 0499 | oos66
oars  oas | oso | oss | oss | os2 Cos2
F———————————— 0418 0425 0437 0446 X 7 67
0483 0.499 0509 0510 0517 m_ 5 0,699
oiss  oss | osie o9 o e — :
[oso | ossi | s | oso | o]
i g g

.
B I O

Y @'«“ S g0

Fig. 4. The heat maps of EHI, CCD, and CEHI indices in 30 regions during 2003-2019.

= 'L@“ ° 'L@E' 1@1

286



Y. Guo et al.

Jilin, and Liaoning; and the rest is the fourth group.

By 2019, the first group was the five fastest-growing regions in terms
of all the EHI, CCD, and CEHI. The heat maps show that the development
trends of EHI and CEHI are consistent. The growth rate of Jiangsu was
slower in Phase II than in Phases IIl and IV, while the growth rates of the
other four regions were slightly faster. For the CCD's development,
Jiangsu, Zhejiang, and Shanghai were the same, while Beijing and
Guangdong were similar. The growth rates of the former slowed down
after the construction of ecological civilization (in Phases III and IV),
while the latter two accelerated. For the second group, the scores of EHI,
CCD, and CEHI were the lowest in 2019. For Henan, Hebei, and Guizhou,
the EHI scores grew faster in Phases Il and IV than in Phases I and II. This
indicated that the construction of ecological civilization has a positive
impact on the environment-human health system in these three regions,
although their lower baseline value (year 2003) resulted in lower final
scores. However, the EHI scores of Gansu, Shanxi, Ningxia, and Qinghai
decreased in Phases III and IV.

Similar to the second group, the third group regions, located in the
northeast China, had the lowest scores. Their index score growth rates
were not obvious or even negative in Phases III and IV. For the rest of the
regions (the fourth group), their development of the indices was in-
between. It should be noted that although Jiangxi, Fujian, Guizhou,
and Hainan are ecological civilization demonstration areas, their devel-
opment is not particularly prominent or tends to be consistent due to the
different strategic positioning of different demonstration areas.

4. Discussion

4.1. Ecological civilization was conducive to a sustainable improvement of
the ecological environment

The period of 2003-2019 in this study has been divided into four
distinct Phases. Phases I and II serve as the control group for evaluating
ecological civilization construction. Our findings align with earlier
research [13,19,20] by confirming an overall enhancement in the
ecological environment following the implementation of ecological
civilization. Notably, the ecological civilization strategy stands apart
from preceding sustainable development approaches, characterized by
its heightened stringency and comprehensive scope. It not only mandates
the preservation of resources and environmental safeguards within the
industrial sector but extends this obligation to agriculture, daily life, and
other human activities [42]. In a concerted effort to bolster environ-
mental consciousness among the population, annual “National Energy
Efficiency Promotion Week” have been instituted, complemented by
extensive media coverage through news broadcasts, television, and the
internet [43]. Recognizing the historical shortcomings of insufficient
oversight and governance centered on economic development within
local governments, the ecological civilization has introduced a system of
inspectors focusing on energy conservation [44] and environmental
protection [45], while the previous performance evaluation model based
solely on economic development has been canceled. Furthermore, the
ecological civilization has taken progressive steps to balance space
development and preservation. These measures include the establish-
ment of national parks and the delineation of ecological protection red
lines designed to safeguard ecologically delicate regions and specific
ecological functional areas. Collectively, these measures ensure that
China can address the persistent degradation of its ecological environ-
ment at its foundational roots, eschewing the ephemeral and erratic
improvements seen under prior policies, as exemplified by the outcomes
observed in Phases I and II.

4.2. The population health improvement was comparatively modest
In the changes in EHI's subsystems, it is noteworthy that only Sub-

system I did not exhibit conspicuous improvements. Further examination
revealed that, in Phases III and IV, there was no discernible reduction in
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any of the human health indicators. This observation can likely be
attributed to two primary factors. Firstly, it may be largely influenced by
the early-stage advancements in medical and healthcare conditions
within China. These improvements encompass the proliferation of
midwifery technicians and knowledge dissemination, coupled with en-
hancements in transportation and living conditions [46,47]. Addition-
ally, the reforms and developments in the Chinese medical system since
2000 have significantly bolstered the national basic medical security
framework. This could also elucidate the observed improvements in
overall mortality during Phases I and II. However, the elevated mortality
rates witnessed in Phases III and IV may be linked to the effects of aging
and the delayed impact of environmental pollution on public health.
Since 2011, the population structure of China has undergone a significant
change, mainly manifested in rapid population aging and declining
fertility rates [48,49]. The proportion aged 65 and above grew from 7.0%
in 2000 to 13.5% in 2020, according to the census data, and the mortality
rate of those aged 60 and above accounted for 82.1% of the total death
population from 2019 to 2020, according to the 7th census data [50].
Besides, air and water pollution predominantly manifest as chronic dis-
eases with enduring implications for human health [31,51-53]. Sec-
ondly, the cumulative exposure effect of environmental pollution may
contribute to the outcomes observed. This effect, in conjunction with
improved medical and health conditions, could help explain the intricate
dynamics [54].

4.3. The development of ecological civilization was uneven at the
provincial level

With the passage of time, the scores of EHI, CCD, and CEHI gradually
increased at the national level, but there was an imbalance at the pro-
vincial level. Basically, the development of the eastern China was better
than that of the central China, and the development of the central China
was better than that of the western China. In this way, from the
perspective of environmental and health development, it was more
consistent with the previous conclusions of ecological civilization con-
struction [16,18-20,55]. To specifically explore the situation, it was
elaborated in detail according to the four groups divided in Section 3.4.
For the first group, the D and R subsystems increased the most, partic-
ularly after ecological civilization construction, Owing to a lot of
manpower, material, and financial resources in the R subsystem, the
pressure did not increase during the implementation of ecological civi-
lization, and the environmental state was maintained [56]. In addition,
the superior geographical location may also bring some convenience to
its development. Due to the convenient features of ports [57], coastal
areas like Guangdong, Jiangsu, Zhejiang, and Shanghai have developed
more rapidly.

For the second group, though CEHI's score increased after ecological
civilization, the overall level was still lower than in other groups. There
may be two reasons. First, the four regions were located in the western
China, which was relatively barren and had slow economic development
in the early stages. After ecological civilization construction, to ensure
the ecological environment and maintain the ecological service function
(like Sanjiangyuan water source and Qinghai wild bird habitat protection
areas), no suitable development path has been found, and the develop-
ment was relatively backward. Besides, due to poor climatic conditions
[58,59], most of the northwest region was an ecologically fragile area,
and human activities, such as urbanization, could destroy the ecological
environment relatively quickly, making recovery rather difficult.

The third group was mainly in the northeast, with most items showing
negative growth except for the D subsystem. Northeast China had not
found a suitable green development path either, but different from the
northwest, the original rapid economic development mostly relied on the
coal industry in the northeast before ecological civilization construction.
When ecological civilization construction began, the R subsystem was
deficient, and the Northeast experienced a significant intellectual
migration [60]. All these factors have further exacerbated the risk to local
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population health and are detrimental to ecological civilization con-
struction. As for the fourth group, though some other studies have found
that these regions are in a leading position in green development [12,13],
it is not obvious from the perspective of environment and health in this
study. In addition, because these regions have relatively good ecological
environment before ecological civilization construction, the exposure
risk to population health may not be obvious, which may also be one of
the reasons why the change of CEHI is not particularly prominent.

4.4. Limitations

This study is subject to several limitations. First, the unavailability of
long-term provincial data restricted the inclusion of certain indicators
and introduced potential biases. For instance, within the status system,
the assessment of air quality relied solely on PM; 5 measurements. A
more comprehensive and accurate evaluation could consider other pol-
lutants such as SO, Os, and NOy, or the index reflecting the proportion of
good air quality days in a given year, particularly since 2007 when this
data became available. However, the lack of continuous historical data,
especially prior to 2007, limited our ability to incorporate these factors.
Second, there are notable disparities between urban and rural develop-
ment at the provincial level. A more in-depth analysis is warranted to
explore the similarities and differences in their developmental trajec-
tories under ecological civilization strategy. This analysis should
encompass the impact of ecological civilization on rural ecological en-
vironments and the evolution of agricultural development models,
particularly in light of China's Rural Revitalization Strategy introduced in
2017. Finally, while the selected health indicators within the impact
section of our study provide insights into the population's health, the
inclusion of more specific metrics, such as mortality rates related to
chronic diseases (e.g., respiratory diseases and cancer), which have
strong associations with environmental pollution, could offer a more
effective pathway of gauging the health benefits resulting from ecological
civilization construction. Additionally, we recommend a heightened
focus on investigating the long-term health consequences of environ-
mental pollution.

5. Conclusion and implication

CEHI synthesized EHI and CCD, offering a more refined assessment of
ecological civilization construction from an environmental and health
perspective. Ecological civilization represents a holistic and sustainable
development strategy imbued with distinctive Chinese characteristics,
presenting a fundamental solution to China's innate environmental
challenges. The findings suggest that the ecological civilization strategy
has successfully addressed the issue of environmental pollution in China.
At the national scale, the construction of ecological civilization serves as
a mechanism to sustain economic growth while concurrently providing
enduring solutions to ecological harm. However, improvements in pop-
ulation health within the impact subsystem appeared to be less promi-
nent after the implementation of ecological civilization. This could be
attributed to the persistent effects of past exposure to environmental
pollution. Additionally, the aging population may counteract the short-
term health benefits resulting from environmental improvements. At
the provincial level, regional development displayed significant dispar-
ities. The eastern regions exhibited the most robust development, while
the western regions fared less favorably. Regions such as Beijing,
Guangdong, Jiangsu, Shanghai, and Zhejiang achieved higher CEHI
scores, attributed to their advantageous geographic locations and effec-
tive response subsystems. In contrast, northeastern regions (Hei-
longjiang, Jilin, and Liaoning) and northwestern regions (Shanxi, Gansu,
Ningxia, and Qinghai) have experienced more limited progress following
ecological civilization construction. In the context of China's existing
technical conditions, coupled with an increased emphasis on ecological
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and environmental protection, the economic development of certain re-
gions appeared to be constrained. The formulation of an appropriate and
sustainable development model for these areas may consequently require
an extended duration.

The adoption of the ecological civilization strategy opens up new
avenues for green and sustainable development in China. In seizing this
opportunity, it becomes imperative to bolster the regulatory framework
for mitigating environmental pollution emissions in both industrial and
agricultural sectors, thereby alleviating the mounting environmental
pressures. Additionally, China can benefit from the wealth of knowledge
and expertise on green management and technology available in more
developed foreign nations. Despite commendable progress, China's
resource management and marine protection efforts still fall short of
international benchmarks [61]. Furthermore, given China's vast national
expanse, regional development exhibits significant disparities. Notably,
both the northeastern and northwestern regions must intensify their ef-
forts to enhance their response subsystems. This includes augmenting
local investments in scientific research and safeguarding intellectual
talent. These regions should actively seek novel development models that
align with the principles of ecological civilization. Moreover, the
ecological civilization construction model, characterized by the integra-
tion of ecological environmental preservation into economic, political,
cultural, and social development, holds the potential to serve as a valu-
able reference for other countries striving for sustainable development.
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