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Abstract: Environmental efficiency standards are often used to evaluate the costs of oceanic economic development. A variety of statis-
tical analyses were applied in this study to quantify the marine environmental efficiency of 11 Chinese coastal provinces and munici-
palities between 2000 and 2014. Results initially reveal that environmental efficiency measures that incorporate undesirable outputs are
more consistent with real production conditions and thus the use of marine economic and environmental efficiencies supplement and
complement one another. Second, overall marine environmental efficiency across China tends to be low and can be spatially characterized
by a transformation such that the inefficiencies noted in 2000 have subsequently been transformed to comprise a three-tiered structure that
encompasses northern, central, and southern cores. Third, variation in absolute and relative marine environmental efficiency differences
for the coastal regions of China have been consistent over time; values initially decreased before increasing again in a fluctuating manner
over the time period of this analysis. Fourth, data show that the Pearl River Delta area has experienced the highest rate of change in marine
environmental efficiency over time when economic zones are used as basic research units, although values have nevertheless fluctuated
significantly. Fifth, values for total factor productivity as well as technical efficiency and change across the Chinese marine economy all
fluctuated over time but increased. Data show that changes in marine environmental efficiency across China can primarily be attributed to
progress in marine science and technology. Finally, levels of capital investment and marine industrial pollution intensity are not signifi-
cantly correlated with marine environmental efficiency. Indeed, both marine industrial structural levels and environmental protection
technologies have had a positive effect on environmental efficiency while levels of investment in marine scientific research as well as the
scale of economic development, the marine economy, and the degree of external openness have all exerted negative effects on this key
variable.
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1 Introduction ment. Although China boasts a wealth of marine re-
sources, effective development imposes a range of

Rapid economic growth exacerbates environmental stresses on the marine environment that exert different

problems. As this issue is of great concern to society in
general, a large volume of research has been carried out
with the aim of clarifying the most effective approaches
to coordinate environmental and economic develop-
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regional impacts. The national ‘Thirteenth Five-Year
Plan’ noted that ‘developing an assessment of China’s
coastal ecosystem and early warning analysis are im-
portant measures for preserving marine environments;
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there is an urgent need for immediate protection against
the development trends and ecological risks posed to
China’s coastal environment’ (Meng et al., 2015); in this
context, the plan also recommended the use of environ-
mental assessments to predict and mitigate future im-
pacts on the national coastal environment.

Derived from physics, our use of the term efficiency
refers to situations where no economic resources are
wasted and their use has been maximized to achieve
greatest level of possible satisfaction (Zhao, 2011) under
defined input and technical conditions. Environmental
efficiency therefore refers to resources and costs in this
context that are consumed during the processes that un-
derlie economic development; this concept therefore
incorporates actual, potential, and minimum pollution
emissions under specified input-output conditions as
well as the economic output of a given entity (Yang et
al., 2010). This means that marine environmental effi-
ciency measures are often applied to quantify the costs
imposed on these settings by economic development
and comprise comprehensive assessment indices that
can be utilized to assess the level of coordination be-
tween the economy and natural ecosystems (Yang et al.,
2012). These measures also provide important refer-
ences to assess the extent to which marine ecosystems
have been exploited as well as how extensively re-
sources and the economy have been developed in these
areas; index values will therefore be closely correlated
with a range of factors including resource and energy
utilization ratios, input and output effects, pollutant
emissions, and management capabilities. Research that
assesses marine environmental efficiency, trends in de-
velopment, the factors that influence changes, and the
mechanisms that underlie these variables can therefore
also elucidate the principles that govern the modifica-
tions being made to coastal marine economies and eco-
systems, and also provide key statistical reference data
for these sectors. Information of this type informs adap-
tive decision-making, promotes the green development
of the marine economy, and thus augments the ecologi-
cal conditions of Chinese coastal regions.

International research on environmental efficiency
has tended to emphasize industrial issues. In one early
study, Reinhard et al. (1999) presented an analysis of
dairy farms in the Netherlands and argued that units that
utilize new technologies are more environmentally effi-
cient than their more traditional counterparts (Reinhard

et al., 1999). Similarly, Kerr and Ryan (2001) evaluated
the environmental efficiency of Fuji Xerox and deter-
mined that recycling production within the copy ma-
chine industry does not effectively improve environ-
mental efficiency (Kerr and Ryan, 2001).

Research in this area within China has focused on the
issues outlined below.

(1) In terms of research perspective, Fei et al. (2015)
performed a material flow analysis utilizing an ad-
vanced data envelopment analysis (DEA) model to ana-
lyze the economic systems seen in Liaoning Province
and undertook a general assessment of their efficiency.

(2) At the regional level, Yang and Ma (2013) carried
out a national study that also utilized DEA to analyze
the principles governing changes in environmental cost
efficiencies and variations in Chinese provincial eco-
nomic development. In similar work, Liu and Li (2013)
applied DEA-slacks-based measure (SBM) and DEA-
Chames, Cooper, and Rhodes (CCR) models to assess
the environmental and economic efficiencies of 11
western Chinese provinces, while Bai et al. (2013) util-
ized a SBM- Malmquist-Tobit model to evaluate differ-
ences in these variables and the factors that underlie
them within nine Yellow River provinces and regions.
At the provincial level, Gai et al. (2014) utilized Ran-
dom FrontierAnalysis and SBM models to analyze en-
vironmental efficiencies within Liaoning Province.

(3) In terms of research content, Yang et al. (2012)
assessed the resource efficiency of the economic-
environmental coordination that characterizes northeastern
Chinese cities, while Zhao et al. (2016) analyzed the
evolutionary stages and mechanisms that underlie this
variable within the coastal region of the country. In
similar research, Liu et al. (2015) applied a DEA-
Malmgquist model to tourism in Chinese coastal regions
in order to analyze industrial spatiotemporal evolution,
underlying factors, and mechanisms of formation. Hu et
al. (2017) also performed a systematic analysis of the
spatiotemporal evolutionary changes that characterize
the efficiency of the three major tourism sectors within
China, scenic areas, hotels, and travel agencies.

It is noteworthy that earlier studies to address envi-
ronmental efficiency have tended to emphasize specific
perspectives such as tourism, industry, or municipalities.
Previous work in this area has not assessed the marine
environment and the fundamental research units utilized
to date have often comprised entire western regions of
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the country or the whole of China; eastern and coastal
areas as well as the three key national coastal economic
zones have not been assessed so far in this context.
These latter regions are made up of zones established on
the basis of the Chinese national ‘One Belt, One Road’
initiative; it is therefore critical to assess the marine en-
vironmental efficiencies of these regions if this major
development initiative is to be effective, while research
is also key to the coordinated development of the na-
tional marine economy and ecological maintenance.
Investigations that assess the extent and efficiency of the
Chinese marine environment are critical in light of the
strategic frameworks established by the ‘One Belt One
Road’ and ‘Ocean Power’ initiatives, and knowledge is
urgently required to inform the future development of
the national marine economy and environment. A com-
prehensive assessment of the Chinese coastal marine
economy and environment between 2000 and 2014 is
therefore presented in this paper alongside an analysis of
their coupled relationship. The ability of these environ-
ments to mitigate the harmful effects of undesirable
outputs is also assessed, including removal of the ‘three
wastes’ (i.e., waste gas, water, and industrial residue),
alongside effectiveness. A number of deficiencies in
environmental preservation technologies and scale effi-
ciencies are identified by this analysis, and a series of
recommendations for the improvement of coastal re-
gions are proposed that could be implemented within the
context of the ‘Thirteenth Five-Year Plan’. The devel-
opment status of marine environmental efficiency in
coastal regions is also assessed in this study alongside
an evaluation of the spatial patterns and factors that
characterize and influence these changes. Research on
marine environmental efficiency is necessary to inform
ecological protection, achieve viable resource utiliza-
tion, and promote sustainable development within the
coastal regions of China.

2 Methodology

2.1 The SBM model including undesirable outputs
Research to date in this area has shown that DEA com-
prises a very effective tool for measuring the efficiency
of decision-making units; this approach therefore pro-
vides a suitable systematic analytical method for as-
sessing the input-output ratios of variables (Charnes et

al., 1978). However, although both CCR and Baker,
Chames, and Cooper (BCC) models are traditional DEA
approaches and have desirable outputs, undesirable
components are ignored, and issues related to in-
put-output slack can not be resolved. In order to mitigate
these issues, Tone (2003) proposed use of the SBM
model which includes a slack variable within the objec-
tive function and therefore resolves the problems inher-
ent to traditional models. As this approach is considered
broadly reliable for assessing environmental and eco-
logical efficiencies (Li and Shi, 2014), the SBM model
was applied in this analysis to assess marine environ-
mental efficiency, as follows:
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In these expressions, p denotes marine environ-
mental efficiency, while m, 51, and s, refer to the value
of investment as well as desirable and undesirable
output factors, respectively. Similarly, s=(s,s%,s")
denotes slack variables for input as well as desirable
and undesirable outputs, respectively, while x, )*, and
2 , 1 is the input; 7 is the output, denote values for in-
puts as well as desirable and undesirable outputs, re-
spectively, and 1 is the weight factor. In this model, ‘0’
denotes the unit being evaluated, while x, )*, and 2
denote matrices comprised of inputs as well as desir-
able and undesirable outputs, respectively. The objec-
tive function, p*, is therefore dependent on s, 5%, and s
and decreases strictly monotonically when 0 < p” < 1.
This means that when p* =1 (i.e, whens =0, s°= 0,
and s” = 0) production units are completely valid but
can be viewed as having lost efficiency when p” < 1; in
other words, optimizing input volume and desirable
outputs means that the volume of undesirable outputs
can also be enhanced and marine environmental effi-
ciency increases.
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2.2 Malmquist-Luenberger (ML) productivity
index model

We applied the ML productivity index in concert with
the directional distance functions proposed by Fare and
Shepard and consulted the total-factor productivity in-
dex proposed by Zhao et al. (2016) in order to further
analyze dynamic change characteristics and the decom-
position of marine environmental efficiency. Incorpo-
rating undesirable outputs, the ML productivity index
was established as follows:
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In this context, the ML index can be decomposed into an
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efficiency change index, EFFCH, and a technical
change index, TECH, that are correlated via a decompo-
sition function, as follows:

ML = EFFCH'™' x TECH!™! (4)
FY R t
1+Do(x y,z;y —z)
t+1 > 94 s
EFFCHt = 1 1 1 1 1 )
t t t t ¢
1+Do()c+ S - U ,—z+)
—1+1 ( ) —1+1 ( )
. 1+ Dolx', )",z —2' 1+ Dolx',y', 2"y ,—2'
TECH: ! = -t -t
1+DO(XH],yHI,ZHl;yH‘,—ZH‘) 1+Dﬂ(.x/+1,yHl,ZH‘;yHl,—ZHI)

(6)
In these expressions, MI."' denotes the total-factor

productivity change index for the decision-making unit
and therefore the conditions of inter-temporal dynamic
change in marine environmental efficiency, while

—t —t | | 1 |

Do<x[,y’,z’;y’,—z’) and Do (le’yH ,Zt+ ;y[+ ,—ZH ) de-
note decision-making unit distance functions that apply
to the technical state at reference time ¢ as well as at

times ¢ and #+1. Similarly, _BIO(x',yt,Z’;yt,—Z’) and
—t+1

D o(x’”,y Ly M’_Zm) denote the decision-making
unit distance functions that apply to the technical state at

reference time ¢+/ as well as at times ¢ and ¢+1, while
EFFCH,“rl denotes the efficiency change index for the
decision-making unit between times ¢ and #+1, and
TECH'*' denotes the technical change index for the

decision-making unit between times ¢ and #+1. Thus,
there has been an improvement in overall productivity

when ML >1, while technical efficiency has in-
creased if EFFCH!™ >1, and there have been im-

provements in production technology if TECH!™ >1.

The corresponding efficiencies will be low in all oppo-
site cases.

2.3 Index selection and data sources

The basic production input factors that influence eco-
nomic activity are capital, labor, and land (Mankiw,
1977). It is noteworthy that production capacity bearing
on economic activity in the marine realm is actually
more conducive to modern systems research than terres-
trial inputs because these environments are the hosts of
such activity, and thus their efficiencies are closely re-
lated to the value generated by the internal links be-
tween inputs and outputs.

We selected the value of fixed investments from
coastal areas to represent capital input to assess the ma-
rine environmental efficiency input index, we reduced
the fixed asset investment amount using an appropriate
investment reduction index to eliminate the inflation
price factor, and applied the perpetual inventory method
to estimate the fixed capital stock (Zhang and Zhang,
2003) using 2000 as the base year, as follows:

K, =I,+(1-a,)K,, ™)

In this expression, K;denotes capital stock in year ¢,
while K ;| refers to this variable in year ¢+1, [, ¢ is fixed
asset investment and o, is the depreciation rate, both in
in year ¢. We consulted previous research to derive a 6%
depreciation rate (a; ; Gai et al., 2014; Zhao et al., 2016)
and utilized the ratio of marine technical personnel as
the labor input variable alongside per-capita marine
area, marine farming area for each coastal region, sea
salt production capacity, and the port throughput volume
index for large-scale coastal ports. We then used
weighted results to generate a comprehensive index
variable for production capacity that is the result of ma-
rine environmental efficiency inputs.

We utilized marine production volume in the output
index as in our original data, and used real gross domes-
tic product as our desirable output subsequent to price
deflation correction. Previous studies in this area have
generally used carbon emission intensity and per capita
values as undesirable outputs (Zhan and Feng, 2010);
however, as marine industries exhibit unique character-
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istics that depend on particular environments, we util-
ized a comprehensive weighting of two indices as our
undesirable output variable, direct wastewater emission
volume and direct solid waste emission from marine
industries.

We then standardized all our data in order to mitigate
dimensional influences on results; a linear transforma-
tion was applied to achieve this and a new series was
generated by mapping the original data between 0.1 and
1 (Liu et al., 2010), as follows:

X'= X_—M(newmaxA — newmin ,) + newmin ,
max ,—min
®)

In this equation, X’ denotes the newly mapped data,
while X refers to the original data, max, and min, de-
note the maximum and minimum values of the old
series, respectively, and newmax, and newminy denote
the maximum and minimum values of the new data,
respectively.

This paper takes 11 provinces and municipalities in
China (excluding Taiwan, Hong Kong and Macao),
namely Liaoning, Hebei, Tianjin, Shandong, Jiangsu,
Shanghai, Zhejiang, Fujian, Guangdong, Guangxi and
Hainan. The data used in this study encompass the pe-
riod between 2001 and 2015 and were sourced from the
China Marine Statistical Yearbook (State Oceanic Ad-
ministration, 2001-2015), Statistics on Investment in
Fixed Assets of China, and the China Economic and
Social Development Statistical Database. Some data
were calculated based on values extracted from the Sta-
tistical Yearbook (National Bureau of Statistics Fixed
Assets Investment Statistics Division, 2000).

3 Results

3.1 Marine economic and environmental effi-
ciency measurements and analysis

We calculated a series of economic efficiency values for
Chinese coastal regions between 2000 and 2014 using
the software MaxDEA applying both CCR and SBM
models but without taking undesirable outputs into ac-
count. We then re-calculated these values incorporating
undesirable outputs (Qin, 2016) (Fig. 1) and followed
this procedure for the remainder of the analysis. Our use
of real ‘economic efficiency’ incorporates the concept of
‘environmental efficiency’.
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Fig. 1
mental efficiency values for Chinese coastal areas

Temporal variation in marine economic and environ-

The results of this study reveal that both economic
and marine environmental efficiency values remained
temporally consistent with one another within the
coastal areas of China between 2000 and 2014, although
the latter always remained lower than the former (Fig. 1).
Indeed, values for the two variables were increasingly in
pace with each other between 2000 and 2008, rising to
their highest rates in 2004, 20.8% and 16.4%, respec-
tively. The rate of change in both variables decreased in
2009 before gradually and moderately increasing again
each year between 2010 and 2014; results show that the
discrepancy between the two rates gradually decreased
to just 0.019 in 2014. It is also the case that values for
efficiency incorporating undesirable
outputs tend to be lower than those for economic effi-

environmental

ciency that do not consider these variables; this suggests
that economic efficiency rates that incorporate undesir-
able outputs tend to be more realistic. In addition, as
marine economic development is dependent on resource
environments, these two variables tend to supplement
and complement one another, changing consistently in
step.

Throughout the implementation period of the ‘Tenth
Five-Year Plan’, robust development of the marine
economy was extensively promoted within China in
order to more effectively garner marine resources.
Coastal regions therefore relied on their original envi-
ronments for the robust development of industries and to
increase marine economic and environmental efficiency
rates. Similarly, throughout the period of the ‘Eleventh
Five-Year Plan’, energy savings and emissions reduction
plans were implemented across China in response to the
rapid consumption of resources and environmental pol-
lution. These changes enhanced the country’s ability to
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mitigate environmental issues; at the same time, the en-
vironmental efficiency rate declined throughout this
period while differences versus the economic efficiency
rate increased. As a result of impacts from the global
financial crisis on economic trade in coastal regions,
both marine economic and environmental efficiency
rates declined in 2008, while China has enforced mac-
roeconomic regulations and reassessed the structural
optimization of marine industries subsequent to imple-
‘Twelfth Five-Year Plan’. These
changes have enabled a reassessment of transformative

mentation of the

developments within the marine economy (Di et al.,
2013). The intensity of new energy source utilization
has also increased over the time period of this study, and
clean energy technological development has been en-
hanced leading to sustained increases in marine eco-
nomic and environmental efficiency rates.

In order to directly analyze variation in marine eco-
nomic and environmental efficiency levels within the
coastal areas of China, we calculated average values for
these parameters for the period between 2000 and 2014
(Fig. 2).

We then combined the results of this study with those
from the earlier works of Tu (2008) and Liu and Li
(2013) who also addressed Chinese industrial economic
and environmental efficiency levels and divided the
closeness of marine economic-environmental efficiency
into three area categories, convergence, near-convergence,
and divergence. We then used the software SPSS19.0 to
perform a cluster analysis using the ‘within-groups
linkage’ setting and selecting the ‘square Euclidian dis-
tance’ option to measure standard-intervals.
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Fig. 2 Trends in marine economic and environmental efficiency
values for 11 coastal Chinese provinces

This analysis resulted in the generation of a cluster
tree; this diagram reveals that the 11 coastal provinces
and regions of China cluster into three groups when
6< 1 <8 (Fig. 3). Results also show that the provinces
of Tianjin, Shanghai, Guangdong, and Fujian all com-
prise areas of economic-environmental efficiency con-
vergence, while Shandong, Zhejiang, and Hainan are
areas of near-convergence, and Liaoning, Hebei, Ji-
angsu, and Guangxi are areas of divergence. As the ma-
rine economies of Tianjin, Shanghai, Guangdong, and
Fujian all developed relatively early within the time pe-
riod of this analysis they all exhibit good rates of eco-
nomic and environmental efficiency. These areas have
all achieved a high degree of economic-environmental
efficiency convergence due to the impetus provided by
marine resources, national policies and regulations, as
well as technical market controls. The provinces of
Shandong, Zhejiang, and Hainan, in contrast, are depend-
ent on the advantages furnished by their natural resources;
service industries comprise high proportions of the marine
economy in these areas, while high-polluting and en-
ergy-consuming activities comprise a relatively small
proportion. Results that
environmental efficiency rates are at near-convergence

show marine economic-
within these areas, while economic development is de-
pendent on high levels of resource consumption in
Liaoning, Hebei, Jiangsu, and Guangxi provinces. These
regions are all characterized by high proportions of
heavy industry that leads to a more marked disparity
between economic-environmental efficiency rates. The
primary cause of this disparity is that the economies of
these regions are dependent on marine investment to
drive economic growth during development and so the
level of environmental pollution is high. This means that
improvements in marine technology will be advanta-
geous if optimized coordination is to be achieved be-
tween the economy and the environment in these Chi-
nese provinces.

3.2 The evolution of marine environmental effi-
ciency spatiotemporal patterns

Earlier workers have demonstrated that environmental
efficiency values provide a useful proxy for real produc-
tion conditions when undesirable outputs are taken into
account (Zhao et al., 2016). We therefore incorporated
undesirable outputs when assessing and analyzing Chi-
nese marine efficiency of China in this research.
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Fig. 3 Cluster diagram of marine economic-environmental effi-
ciency levels in Chinese coastal regions, LN, Liaoning; HB, He-
bei; TJ, Tianjin; SD, Shandong; JS, Jiangsu; SH, Shanghai; ZJ,
Zhejiang; FJ, Fujian; GD, Guangdong; GX, Guangxi; HN, Han-
nan

We separated the environmental efficiency rates used
in this analysis by building on the earlier DEA model-
based work of Ma (2010). The p = I condition in this
case denotes perfect efficiency, while the relationship
0.8 <p< 1 denotes good efficiency, 0.6 <p<0.8 indicates
moderate efficiency, andp < 0.6 denotes inefficiency. We
chose cross-sectional data for analysis from the tenth,
eleventh, and twelfth national Five-year plans in addi-
tion to recent data from 2014; records were combined
with marine environmental efficiency values spanning
the period between 2000 and 2014. These data enabled
us to reconstruct spatial patterns of marine environ-
mental efficiency across China (Fig. 4) and lead to a
number of general conclusions.

Data show that the marine environmental efficiencies

of each Chinese coastal region were inefficient at the
start of the ‘Tenth Five-Year Plan’ in 2001, with the
highest values seen in Guangdong (0.495) and Hainan
(0.486) provinces. In contrast, in 2006, the year that the
‘Eleventh Five-Year Plan’ was initiated, Shanghai had
the highest environmental efficiency (1.000), a perfect
score, while other regions remained at more inefficient
levels. Growth between 2001 and 2006 was seen in Fu-
jian (0.560), Hainan (0.547), and Guangdong (0.516)
provinces as these regions approached moderate effi-
ciency; indeed, the spatial efficiency pattern over this
period was such that values were high in central coastal
China and generally low in the north and south. In
comparison, by 2011, the efficiency level of Shanghai
(0.918) had declined to just a good score, while values
for Guangdong (0.768), Fujian (0.650), and Tianjin
(0.615) had further increased, bringing the environ-
mental efficiency levels of these provinces up to moder-
ate while all other regions remained comparatively inef-
ficient. A three-tier spatial pattern began to form at this
time centered around Tianjin in the north, Shanghai in
central coastal China, and around Fujian and Guang-
dong in the south (Fig. 4). This three-tiered spatial pat-
tern had become more pronounced by the end of our
research period (2014) as Tianjin, Fujian, and Guang-
dong had all attained perfect efficiency, Shanghai
(0.859) remained at a good level, and Shandong (0.672)
increased to a moderate level. It is generally the case
that marine environmental efficiency levels remain low
across the coastal regions of China and improvements
have been slow; coordination of economic and envi-

ronmental conditions must therefore be further enhanced
if these regions are to achieve comprehensive efficiency
improvements and eventually attain perfect scores.

Fig. 4 Spatiotemporal patterns in Chinese marine environmental efficiency
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3.3 Evolutionary characteristics of regional varia-
tion in marine environmental efficiency

We utilized the efficiency values generated in this study
and combined standard deviation and variation coeffi-
cient formulae to calculate marine environmental effi-
ciencies for Chinese coastal regions between 2000 and
2014 as well as to assess absolute and relative differ-
ences across regions. We then also created a run chart to
illustrate changes in these variables across China over
the study period (Fig. 5), a process which generated a
number of clear conclusions. In the first place, data
show that changes in both absolute and relative differ-
ences in the marine environmental efficiency of coastal
areas are consistent with each other while fluctuating
and increasing over time (Fig. 5). Values for the stan-
dard deviation (0.078) and variation coefficient (0.194)
were smallest in 2003; these values then increased rap-
idly between 2003 and 2005, subsequently decreased
slightly, and then increased at a relatively stable rate. As
China has vigorously developed its marine economy
since the initiation of the ‘Tenth Five- Year Plan’,
coastal areas have undergone rapid economic develop-
ment; at the same time, however, regional variations
have remained relatively low due to the overall abun-
dance of marine resources. In contrast, pressures on
natural resources and the environment have remained
relatively severe since the start of the ‘Eleventh Five-Year
Plan’, and so resource conservation in the context of a
more environmentally friendly society has been pro-
moted nationally. Throughout this period of constant
upgrades to marine industries and the rapid development
of new ones, regions that boast better developmental
foundations across the area have been the first to see the
creation of high-technology, low-polluting alternatives
while more traditional high-energy consuming, pollut-
ing, and emission-heavy industries have tended to shift
05 -
04+
03 -

q
0.2

Efficiency value

0.1 2

0 1 L 1 1 L 1 J
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Year

—=4— Standard Deviation = —&— Variation coefficient

Fig. 5 Temporal trends in Chinese marine environmental effi-
ciency ‘deviation’ and ‘variation’

into regions where economies are less well-developed,
such as Hebei in the Bohai Sea and Guangxi in the
Beibu Gulf. These phenomena have led to gradual rate
divergence increases in environmental efficiency within
coastal areas.

3.4 The marine environmental efficiency of eco-
nomic zones

The environment of any given area does not exist in
isolation but is influenced by that of neighboring re-
gions. Thus, the use of economic zones as research units
provides a practical basis for investigating Chinese ma-
rine environmental efficiency. One additional aim of this
research was therefore to also provide a comprehensive
assessment of the marine environmental efficiencies of
the Bohai, Yangtze River Delta, Western Taiwan Straits,
and Pearl River Delta economic zones, as well as the
Beibu Gulf Economic Rim (Fig. 6). Results reveal that
the Pearl River Delta (Guangdong in this study) is char-
acterized by a higher environmental efficiency rate than
is the case for the other economic zones and that this
value has tended to both fluctuate and increase over
time; indeed, this rate was 1 between 2005 and 2014
which suggests that this delta zone attained the maxi-
mum level of efficient production over this period. Data
show that the environmental efficiency rate of the Tai-
wan Straits Economic Zone is ranked second to the
Pearl River Delta; this region reached the maximum
value of 1 in 2014 and has since remained in a state of
perfect efficiency. In contrast, the marine environmental
efficiency of the Yangtze River Delta has exhibited a
stable and increasing trend over time with a 45.9%
growth rate, while efficiency values for both the Bohai
and Beibu Gulf rim areas have remained relatively low,
both with efficiency rates of less than 0.5; of these, the
environmental efficiency of the Beibu Gulf Rim area
has exhibited a negative growth trend over time, de-
creasing by 24.5% in 15 years. The marine economy of
the Pearl River Delta area developed relatively early and
has had a clear developmental basis; the capacity of this
region for marine technological innovation has consis-
tently improved in concert with marine environmental
efficiency. In contrast, the primary explanations for why
the Bohai and Beibu Gulf rim areas have been charac-
terized by low environmental efficiencies are that their
development began relatively late, their marine economies
developed slowly, and the ratio between high-energy
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Fig. 6 Trends in marine environmental efficiency within Chi-
nese coastal economic zones

consumption and high pollution industries in these re-
gions is high. These regions should emphasize the de-
velopment of new energy sources, strengthen their in-
tensive industrial development, and focus on innovation
in environmentally friendly technologies in the future.

3.5 Marine environmental efficiency total factor
productivity and decomposition

We combined the Malmquist productivity index model
with its decomposition equation to calculate marine en-
vironmental total factor productivity and decomposition
indices across China for the period between 2000 and
2014. We also generated a run chart to show variation in
total factor productivity, efficiency change, and techni-
cal change indices for the Chinese marine environment
(Fig. 7). Results reveal an average value of 1.072 for the
total factor productivity change index when this variable
is calculated for the period between 2000 and 2014, cor-
responding to a growth rate of 8.0%; this shows that the
overall operating efficiency of the Chinese marine
environment has tended to slowly increase, albeit with
fluctuations from year-to-year. Indeed, the trend be-
tween 2000 and 2014 was characterized by fluctuations
leading to an overall increase, although the sudden de-
cline seen in 2005 to 0.927 suggests that the overall
production efficiency of the marine environment was at
a low level at this time. The fluctuating increase seen
between 2006 and 2014 illustrates an overall improve-
ment in production efficiency; the efficiency change
index had an average value of 0.998 between 2000 and
2014, corresponding to an overall increase of 3.5%. This

index fell to its minimum (0.849) in 2005 before con-
tinuing to fluctuate and increase from 2006 onwards;
this general trend in fluctuations is consistent with total
factor productivity as well as the fact that overall
changes in technical efficiency have remained at a low
level. The technical change index, in contrast, had an
average value of 1.042 between 2000 and 2014, corre-
sponding to 10.7% growth; this value is higher than both
total factor productivity and technical efficiency indices
and illustrates that marine economic technology levels
have consistently increased since 2000 in concert with
improvements in environmental issues. It is therefore
clear that all three indices exhibit fluctuating and in-
creasing tendencies; marine environmental efficiency
improvements have come from advances in science and
technology, even though technical efficiency and
changes each year have played contrasting roles.

4 Factors Influencing Marine Environ-
mental Efficiency

We used a Tobit regression model to determine the in-
fluence of possible factors on marine environmental
efficiency. We also consulted the existing literature in
this area as we utilized annual marine environmental
efficiency values for each region as variables (Ding et
al., 2015), specifically total fixed asset investment (X)),
the ratio of marine technical personnel (X3), the in-
creased value of the marine industry (X3), wastewater
output per 10,000 yuan within the marine industry (X4),
the total marine output value in coastal areas (Xs), in-
ternational standard container throughput in coastal
ports (Xg), the ratio of tertiary marine industry (X7), and
the comprehensive utilization rate of industrial solid
waste (Xg) as explanatory variables. These variables

—4A— Malmquist productivity index
—©6— The technical change index
—HE— Efficiency change index

Efficiency value

0.8 |

0.7 . . L L .
2001 2003 2005 2007 2009 2011
Year

2013 2015

Fig. 7 Temporal changes in total factor productivity and the
decomposition index for Chinese coastal area marine economies
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denote the level of capital investment, the level of in-
vestment in marine scientific research, the level of ma-
rine economic development, the intensity of marine in-
dustrial pollutant emissions, the scale of the marine
economy, the level of openness to the outside world, the
structural level of the marine industry, and the techno-
logical level of marine environmental protection, re-
spectively. All data for the period between 2000 and
2015 was sourced from the China Marine Statistical
Yearbook.(State Oceanic Administration, 2001-2015),

The regression equation used for this analysis is as
follows:

Y, = B+ BX, + X, + BX;+ X+ P Xs + B X+ 5, X, + S Xy +¢
9

In this expression, Y;; denotes the marine environ-
mental efficiency level of province i at time ¢, while £,
pi, and B... fg refer to the regression coefficient for
each variable, and C represents the error term. We used
the software EVIEWS to conduct unit root tests in con-
cert with the software STATA for Tobit regression
analyses (Table 1).

The regression results reported here lead to a number
of clear conclusions.

(1) Capital investment levels and the intensity of ma-
rine industrial pollutant emissions were not significantly
correlated with marine environmental efficiencies over
the time period of this research. Although capital in-
vestment can expand the scale of the marine economy to
a certain extent, the environmental costs of the eco-
nomic value generated by this input remains unclear,
and so this process alone is insufficient to enhance

Table 1 Chinese marine environmental efficiency factor regres-
sion results

y Co ef. SE z P

X1 —0.07646 0.08268 -0.92 0.355
X2 —-0.25997 0.13993 -1.86 0.063*
X3 —-0.16973 0.09301 -1.82 0.068*
X4 0.05728 0.10269 0.56 0.577
Xs -0.31547 0.12463 -2.53 0.011**
X6 —0.28326 0.12630 —2.24 0.025%*
X7 0.18497 0.07914 2.34 0.019**
Xg 0.14106 0.09174 -1.54 0.024**
c 1.36683 0.18922 7.22 0

Note: ** denotes statistical significance at the 5% level; * denotes statistical
significance at the 10% level

marine environmental efficiency. At the same time, the
intensity of marine industrial pollutants has not signifi-
cantly affected marine environmental efficiency even
though the emission of these chemicals does have a
marked influence on the environment. As environmental
efficiency is the overall result of the relationship be-
tween inputs and outputs, no significant correlation is
seen when just pollutant emission intensity is consid-
ered.

(2) Data show that both the structural level of marine
industries and the technological extent of marine envi-
ronmental protection have both exerted positive effects
on marine environmental efficiency over the time period
of this research. Results show that optimizing marine
industrial structure is also helpful in enhancing marine
environmental efficiency; when the ratio of tertiary ma-
rine industries is increased by just one unit, marine en-
vironmental efficiency improves by 0.185 units. Im-
proving marine environmental efficiency necessitates an
emphasis on developing high value-added, low energy
consuming tertiary industries, new energy sources, and
an increased ratio of such businesses. Thus, data show
that when the comprehensive utilization rate of solid
industrial waste increases by one unit, marine environ-
mental efficiency increases by 0.014 units; advances in
environmentally friendly technologies are therefore
helpful in promoting the comprehensive utilization of
industrial waste and consequently improving marine
environmental efficiency.

(3) The results of this analysis show that the level of
investment in marine technical research manpower, de-
velopment and scale of the marine economy, as well as
the degree of openness to the outside world all exerted a
negative effect on marine environmental efficiency over
this research period. Regression results reveal that when
the marine technical research personnel level is in-
creased by one unit, marine environmental efficiency
decreases by 0.260; this result is consistent with the
previous studies of Su et al. (2013) and Zhao et al.
(2016). Increases in the number of marine technical
personnel are not easily converted into technological
results, however, and so advances in the economy of this
sector are not necessarily the result of internal techno-
logical innovations but rather the limitations of external
technologies; this result can not therefore be considered
useful for improving marine environmental efficiency.
Developments in both the level of the marine economy
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and expansions in its scale are unhelpful for improving
environmental efficiency. Similarly, expanding the scale
of the economy results in increasing pollution levels, an
increased variety of pollutants, and a higher environ-
mental cost for each unit of value within the marine
realm. The level of openness to the outside world is also
negatively correlated with marine environmental effi-
ciency; foreign exports from China are weak, and so it is
difficult to effectively utilize external trade as a proxy to
promote technical revolutions and therefore openness
exerts a negative impact on marine environmental effi-
ciency.

5 Discussion and Conclusions

5.1 Discussion

(1) We suggest that coastal areas possess a range of in-
dustrial advantages, increase the pace of industrial
transformation and enhancements, and enable the opti-
mized coordination of marine economic-environmental
development. In this context, Fujian Province can be
characterized by increases in the pace of industrial
transformation and upgrades by nurturing new indus-
tries, models, and creating demonstration areas for ma-
rine developments. Hainan Province, for example, has
constructed a diversified marine tourism product sys-
tem, supported the development of new marine indus-
tries including transportation, equipment manufacturing,
biomedicines, and water desalinization, and has there-
fore promoted the accelerated development of port in-
dustries. In contrast, Shandong Province has vigorously
implemented a range of innovative development strate-
gies and has promoted marine technologies by con-
structing an innovation center, increasing the pace of
transformation and upgrades to traditional industries,
and nurturing the development of emerging industries
including marine equipment manufacturing and cut-
ting-edge machinery. This province has also promoted
the rapid development of other knowledge-intensive
industries.

(2) We suggest the strengthening of marine techno-
logical innovation systems as a means to improve effi-
ciency. In one example, Qingdao Province has con-
structed a National Laboratory for Marine Science and
Technology including a series of high-tech resources
and a national deep-sea base, and has established the
Qingdao National Ocean Science Research Center to

promote the efficient allocation of marine science re-
search resources, collaborative innovation, and coopera-
tion in order to take advantage of clustering effects, im-
prove basic innovation abilities, and drive marine tech-
nical innovation across this coastal region.

(3) We suggest that each coastal region within China
should develop and promote marine ecological restora-
tion programs and environmental protection projects in
accordance with local conditions in order to enhance
marine environmental efficiency. Liaoning Province, for
example, has strengthened the extent of its marine eco-
logical environmental monitoring and protection, and
has enhanced wetland ecology monitoring and man-
agement. In similar moves, the city of Tianjin has im-
plemented a coastal water pollution control program
including the establishment of a strict redline and has
improved its ecological compensation mechanisms,
while the provinces of Shandong, Jiangsu, and Zhejiang
have expanded areas designated as marine protection
zones, strengthened the protection of key waterways,
and enhanced the ecological and environmental protec-
tion of coastal areas and lakes. Fujian Province, in con-
trast, has strengthened its use of coastal restoration pro-
jects, expanded prevention and control mechanisms for
industrial pollution, appropriately developed coastal
resources, and has established a new model for coastal
ecological agriculture, while Guangdong Province has
strengthened its management system for marine utiliza-
tion and has developed a comprehensive restoration
program for its coastal belt and islands. These innova-
tions have occurred alongside the promotion of a marine
ecology cultural demonstration zone and the construc-
tion of a ‘Beautiful Bay’ area. Similarly, Hainan, Hebei,
and Guangxi provinces have all adhered strictly to green
development principles and have therefore strengthened
their use of control mechanisms and the dynamic moni-
toring of coastal pollution volumes in addition to estab-
lishing ecological and environmental resource redlines,
putting in place scientifically-based strict upper limits
on resource consumption. These provinces have also
defined lower-limits on acceptable environmental qual-
ity and redlines for ecological protection.

5.2 Conclusions

This study applied DEA and Malmquist productivity
index models across 11 coastal provinces and regions of
China to quantify and analyze marine environmental
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efficiency rates between 2000 and 2014. The results of
this analysis lead to a number of clear conclusions.

(1) Measures of environmental efficiency tend to be
more consistent with real production conditions when
undesirable outputs are also incorporated into models;
as the marine economy is dependent on the surrounding
environment, the efficiency rates of both variables sup-
plement and complement one another and exhibit con-
sistent developmental trends. Data show that both ma-
rine economic and environmental efficiency levels re-
main relatively low across China and both should there-
fore be enhanced in the future.

(2) The levels of marine environmental efficiency
across the coastal regions of China remain relatively
low; although a fluctuating increasing trend is apparent
throughout the time period of this research, the en-
hancement level remains low. Data show that while each
spatially in 2000, a
three-tiered pattern had evolved by 2014 centered on
Tianjin in the north, Shanghai in central coastal China,

region remained inefficient

and Fujian and Guangdong in the south. We can there-
fore learn from the development models and governance
measures applied within these three regions to augment
the national level of marine environmental efficiency.

(3) Data show that absolute and comparative varia-
tions in coastal region environmental efficiencies can be
characterized by initially decreasing and then increasing
trends that are marked by consistently fluctuating
changes and an overall increase with time. As these re-
sults imply unbalanced environmental efficiencies and
development levels in coastal areas, future develop-
ments should emphasize the minimization of regional
differences and promote stable all-round enhancements.

(4) The results of this study reveal that the marine
environmental efficiency of the Pearl River Delta Zone
is higher than any other economic zone within China,
albeit subject to significant fluctuations over time. The
Taiwan Straits and Yangtze River Delta economic zones
exhibited the next highest efficiency levels, while the
Bohai area and Beibu Gulf Rim Economic Zone are
characterized by relatively low efficiencies that have
nevertheless changed over time in a relatively stable
manner. The Pearl River Delta continues to be the most
efficient of these zones within China, while the Bohai
Bay and Beibu Gulf economic zones have emphasized
adjustments and optimizations to their industrial struc-
tures.

(5) The data presented in this study reveal that values
for total factor productivity as well as technical effi-
ciency and change across the Chinese marine economy
have all fluctuated and increased over time. Benefits to
marine environmental efficiency have been derived in
particular from advances in science and technology, al-
though technical efficiency and changes have also
played alternating annual roles. Measures that could be
implemented to enhance marine environmental effi-
ciency might include improvements to industrial science
and technology, the promotion of progress in these ar-
eas, the realization that high added value can be pro-
duced, and the stimulation of innovations.

(6) Data show that both the capital investment level
and pollutant emission intensity are not significantly
correlated with marine environmental efficiency. At the
same time, however, optimal marine industry structural
levels and environmentally friendly technologies both
have positive effects on efficiency in this area. The level
of investment in marine technical research manpower,
the extent of economic development and scale, and the
degree of openness to the outside world are also all
negatively correlated with marine environmental effi-
ciency. Optimizing marine industrial structures and
promoting the development of environmentally friendly
technologies are therefore likely to enhance the overall
efficiency of Chinese coastal areas.
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