
sustainability

Article

Quantitative Evaluation of the Sustainable
Development Capacity of Hydropower in China
Based on Information Entropy

Xuedong Liang, Dongyang Si and Jing Xu *

The Economy and Enterprise Development Institute, Sichuan University, Chengdu 610065, China;
liangxuedong@scu.edu.cn (X.L.); 2016225025033@stu.scu.edu.cn (D.S.)
* Correspondence: jingxu@scu.edu.cn; Tel.: +86-28-8541-5581

Received: 7 January 2018; Accepted: 11 February 2018; Published: 15 February 2018

Abstract: A sustainable hydropower development was developed by using the information entropy
and the Brusselator principle and was applied to the hydropower data of China. Macro social
economic and ecological environmental viewpoints were taken into account. The entropy change
of each subsystem in a calendar year is analyzed to evaluate Chinese sustainable development
capacity. It is found that the established model can effectively reflect the actual changes of sustainable
development levels through the entropy change reaction system. Meanwhile, this model can
demonstrate clearly how those indicators impact on the sustainable hydropower development
and fill the absence of existing studies on sustainable hydropower development.
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1. Introduction

Countries around the world are all seeking to adjust their energy structures so as to reduce fossil
energy consumption and develop clean energy sources. Hydropower is an internationally recognized
as renewable energy. It provides 16.3% of the world’s power and has the advantages of flexible
scheduling and low operating costs. As the hydropower electricity supply ratio is much lower than
a fossil fuel power plant (67.2%) but far greater than a combination of wind, solar, geothermal and
other sources (3.6%). Hydropower development can optimize energy structures, reduce greenhouse
gas emissions, control floods and mitigate disasters, thus, it plays an important role in saving energy,
reducing emissions and promoting sustainable development [1].

By the end of 2015, total amount of hydropower resources, total installed capacity and annual
generating capacity in China had ranked first in the world and it had been the major force in promoting
the development of the world’s hydropower. An accelerated construction of modern energy system
and promoting sustainable development are clearly proposed for hydropower development of “13th
Five-Year Plan.” However, dams in the Amazon, Congo and Mekong basins prove that the reservoir
construction affects not only the ecological dynamics of the aquatic ecosystems such as creeks,
lakes and wetlands but also the hydrosocial cycle, that is the hydrological dynamics, the human
activities in connection with the biodiversity of terrestrial and aquatic ecosystems [2]. And hydropower
development in China is also facing challenges, such as pumped storage scale, the lack of coordinated
development, resettlement and impacts on local ecosystem [3].

These current situations have driven the sustainable hydropower development to become the
emphasis of human society and ecosystems today. To achieve the goal of non-fossil energy development
in China and guarantee the sustainable development of the national economy, society and environment,
it is important to assess the capability of sustainable hydropower development. Therefore, this paper
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sets up an evaluation index system from the views of sustainable hydropower development and then
information entropy and Brusselator model are used to calculate the hydropower development ability,
finally the trend of sustainable development of hydropower in China is conducted.

2. Literature Review

2.1. Researches on Sustainable Hydropower Development

From the theoretical research process and trends of sustainable hydropower development,
the literature was summarized as the following three aspects.

(1) The related concepts of sustainable hydropower development have been widely researched.
Some international organizations and institutions put forward their opinions and suggestions
about the concepts. In 2004, “the United Nations International Conference on Hydropower and
Sustainable Development” was held in Beijing. In the conference, “promoting the development
of environment-friendly, socially responsible and economically viable hydropower” was pointed
out. The government and hydropower industry were called upon to promote good practices,
appropriate policies, regulations and guidelines and included them into the economic, social
and environmental sustainability of hydropower development. “The Guide to Hydropower
Sustainability,” put out in 2004, stated that “IHA (International Hydropower Association,
London, UK) considered sustainable hydropower development as an essential element of social
responsibility, sound business operations and natural resource management” [4]. Based on the
guidance document, the IHA claimed “the Hydropower Sustainability Assessment Code” as
a practical tool for assessing hydropower sustainability in 2006 [5–7]. In 2009, the World Bank
released “the Direction of Hydropower Development,” which concentrated on the World Bank’s
policies and views on hydropower development. The report said: “Hydropower development
is complex and involves a number of economic, social and environmental risks. Some of that
are inherent to the industry and more risk can be addressed through prudent implementation of
good practices, a sustainable triple bottom line, social and environmental benefits.” [8]. In 2010,
IHA issued “the Hydropower Sustainability Assessment Protocol,” which was a sustainability
assessment framework for hydropower projects and outlined key sustainability considerations.
It was designed to serve as an independent assessment in specific phases of the project’s life
cycle [9].

(2) The effective operation and management mode for sustainable electrical generation in reservoirs
have been a hot research topic recently. For the important cascade hydropower stations, some
scholars have done targeted researches on the operation mode. As the world’s largest mixed
cascade hydropower generation system—the Three Gorges and Qingjiang cascade reservoirs in
China was completed, Shang et al. [10] adopted two methods—routine and optimal operations to
determine the effects of joint operation. And the results showed that although joint operation
could increase hydropower generation to a certain extent, there was little room for improvement
in hydropower generation. So, amending existing reservoirs operational mode was obviously
important for enhancing the economic benefits of cascade hydropower stations. Aiming at the
Lancang River cascade, Li et al. [11] developed an operation model for hydropower environmental
flow tradeoff analysis and found that there was a competitive relationship between maximization
of hydropower generation and minimization of environmental flow alteration. Zhou et al. [12]
established an improved particle swarm optimization to solve maximum hydropower generation
program. Joint operation of Liuku power station had great benefits for power compensation of the
Three Gorges cascade and optimized power generation scheduling scheme of the Yangtze River.
Considering the existing water demand conflicts in the Ethiopia, Seyoum et al. [13] used the
HECResSim (reservoir simulation) model to simulate cascade reservoirs operation for improving
hydropower energy generation. This model determined that the new reservoir operation system
would evenly allocate and release the available water. In the study of operational modes, scholars
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have also made a lot of efforts about the maximization of power generation. Xu et al. [14]
selected the power generation as the main objective and used the ε-constraint method to establish
the joint and multi-objective operation of Xiluodu, Xiangjiaba, the Three Gorges Project and
Gezhouba reservoirs. It was extreme value for the water energy development in the upper
reaches of the Yangtze River, flood control safety in the middle and lower reaches and water
supply guarantee. Yang et al. [15] derived reservoir operating rules based on the combination
of CIS and Gaussian radial basis functions (RBFs) methods and addressed the input variable
selection in multi-objective cascade reservoir operation for maximizing both power generation
and water supply. Wang et al. [16] used the concept of value at risk and an extreme value
theory—genetic algorithm (EVT-GA) to establish a short-term reservoir optimal operation model,
which not only improved the utilization rate of water resource but also helped the hydropower
stations to develop more reasonable power generation schedules for decision makers. The
uncertainty of rainfall forecast information would directly affect the efficiency of power generation
scheduling, so Xu et al. [17] used a parameter-simulation-optimization (PSO) model and hedging
rule curves (HRCs) to construct hydropower operation model and presented that the 70–85%
probability-based scheduling decision in a reservoir had high efficiency and stability.

(3) The methods about the scheduling model of hydropower stations have been studied. There
are usually two kinds of methods to solve the scheduling model of hydropower stations: the
traditional optimization algorithms and the intelligent algorithm. The traditional optimization
algorithms include the heuristic method, the micro-increment rate method, the Lagrange
multiplier method, the network flow planning method, the linear programming method, dynamic
programming, triangle swing algorithm, decomposition coordination algorithm [18,19]. The
traditional algorithms have strict requirements on the objective function and the initial solution,
so they easily fall into the local optimal solution when dealing with the energy-saving optimal
scheduling problem of complex cascade hydropower. The others are the intelligent algorithms,
including genetic algorithm, artificial immune algorithm, artificial neural network method,
simulated annealing method, chaos algorithm, particle swarm optimization, fuzzy optimization
method, ant colony algorithm, differential evolution algorithm [20–23]. The advanced methods
and evaluative techniques in this yield have especially been deeply researched by Yang et al.
Yang et al. [24] applied the Shuffled Complex Evolutionary Global Optimization Algorithm
with Principal Component Analysis—University of California Irvine (SP-UCI)—to the weight
training process of a three-layer feed-forward ANN and comparison with various Evolutionary
Algorithms. It was found that the SP-UCI algorithm possessed a good potential in support
of the ANN weight training in real-word problems, such as the rainfall runoff processes and
probability distribution estimates, to support the complicated artificial decision-making process.
Yang et al. [25] proposed an improved Evolutionary optimization Algorithm—Multi Objective
Complex Evolution Global Optimization Method with Principal Component Analysis and
Crowding Distance Operator (MOSPD) for the hydropower reservoir operation of the Orovillee
Thermalito Complex (OTC) and the algorithm showed the best and most consistent performance.
Yang et al. [26] used Random Forest, Artificial Neural Network and Support Vector Regression
to compare with their capabilities for predicting inflows of two headwater reservoirs in USA
and China one month-ahead. By comparing with the three methods, Random Forest had the
best statistical performances. Yang et al. [27] proposed a robust reservoir outflow simulation
model, which incorporated one of the well-developed data-mining models (Classification and
Regression Tree) to predict the complicated human-controlled reservoir outflows and extracted
the reservoir operation patterns. And they proved that the enhanced CART had a better predictive
performance and reasonably supported the expert’s decisions.
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2.2. Summary of Research Innovation

From the literature review, it can be seen that a great deal of work has been done in improving
sustainable hydropower development environments, changing hydropower operation mode and
studying the scheduling methods of hydropower stations. These researches have promoted the
theoretical development of hydropower systems, at the same time provided the direction for the
sustainable use of hydropower resources. However, there is no method to quantitatively evaluate
the hydropower sustainability. With increasing focus on sustainable development problems, it is
important to consider the requirement for analyzing sustainable hydropower development capacity
and the relationship within complex sustainable development systems.

To assess sustainable hydropower development ability effectively by ensuring useful information
from data definition, it is important to analyze the index data using appropriate data mining
methods. From the perspective of entropy flow transformation, the information entropy concept
is used to analyze entropy change of hydropower system. The analysis uses hydropower social
economic development and ecological environment development as the breakthrough point. From the
perspective of system science, the dissipative structure theory well proves the complexity and dynamics
of the hydropower sustainable system. Thus, information entropy and dissipative structure theory
are combined to provide an appropriate method for evaluation research of sustainable hydropower
development capacity.

The main innovation of the research in this paper is summarized as follows:

(1) An evaluation index system of sustainable hydropower development capacity is established,
based on the previous research results.

(2) The index system is divided according to specific properties and through the dissipative theory
and information entropy theory, the sustainable hydropower development capacity is evaluated.

3. Evaluation Index System of Sustainable Hydropower Development

3.1. Factors Analysis of Sustainable Hydropower Development

Sustainability is integral to all aspects of our business [28]. During “12th Five-Year Plan” period,
the positive development of hydropower had supported non energy development and had provided
an important energy guarantee to the sustainable development of national economy and society.
Sustainable hydropower development analysis needs to comprehensively consider the sustainable
development of economy, society and ecological environment, so as to conform with long-term world
economic development interests and the associated sustainable development needs [29].

(1) Considering the sustainable hydropower development from the perspective of social economy.
Due to the construction of hydropower projects, pumped storage and cascade control can reduce
natural disturbances, maintain a stable level of power generation and satisfy rising demands for
electricity. The overnight cost of a hydropower plant does not include interest during construction
(Insulation Distribution Connection). As a result, in terms of the unit cost of electricity generation,
hydropower is still higher than all currently available energies [30]. Besides, investments in
infrastructure (access roads, dams and canals), communications and skill building in large projects
can support regional economic development [31]. Other benefits of hydropower include irrigation
and flood control [32,33]. As a mature power generation technology, hydropower accounts for
16.3% of power generation worldwide [1] and Chinese hydropower development is primarily
driven by market demand and strategic promotion. At the same time, the river also provides
ecological services such as clean water, fisheries and entertainment [29]. However, there are
also resettlement and ecological destruction problems, it is recommended that the government
firstly focuses on solving these problems. On a community level, hydropower projects are often
multi-purpose in nature, serving various needs including power, water supply and recreational
benefits [34–36]. Land alteration is also commonly associated with dam construction [33,37].
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Hydroelectric dam development can bring many benefits, such as providing a clean energy
source, developing infrastructure, using water for multiple industries and improving social
justice [38], but, at the same time it also creates negative impacts on society and environment. The
establishment of dams and water reservoirs will cause direct impacts to people and landscape
at the local area, flooding land that they previously occupied and causing them to be moved
elsewhere [38].

(2) Considering ecological environment view of the sustainable hydropower development. CO2

emissions are related closely with energy usage, from a life cycle perspective, the CO2 produced
during construction and operation of hydropower projects is seldom, comparing to the use of
non-renewables. Studies have also shown that the potential of hydropower development in the
world economy can reduce GHG emissions (13%) and avoid SO2 emissions greater [30,39]. So,
hydropower is a green energy source that contributes less GHG (Greenhouse Gas) emissions
and reduce pollution during the operational phase [40,41]. But continuous cascade hydropower
development may also affect the river nitrogen cycle, releasing nitrous oxide (a potent GHG)
to the atmosphere [42]. When a reservoir is impounding, the land and riparian habitats within
the impoundment area are transformed and aquatic habitats within the original canal become
lentic environments, so habitats and resources based on local and regional ecosystems have
been changed. It is reasonable that the area of land and length of channel inundated by
reservoirs is assessed to estimate the quantity of habitat disturbed by impoundment. Besides,
higher watershed relief, soil erosive potential and narrower basins may also facilitate increased
terrestrial habitat modification [43]. The exacerbation of the reservoir water level may destabilize
hillside bases and the infrastructure construction of hydropower often requires the expansion of
transmission lines and the roads to dams and power generation sites. Both of these may increase
potential for land disturbance and landslides in the vicinity of dams. Reservoir filling can also
contribute to landscape instability by intensifying seismic activity [37]. And some successful
hydropower projects are often linked to negative environmental consequences in the form of
biodiversity loss, disrupted migration of fish, potential large-scale land submergence and many
others [31]. Obstructions on watercourses have interfered with migratory pathways of fish
species and reduced their life. And shift from target species to ecosystem restoration, which
can improve ecological sustainability, has generated interest in developing fishways that are
capable of passing entire fish communities [44–46]. Hydropower development alters terrestrial
and aquatic ecosystems, thereby impacting a multitude of ecological and biophysical processes
and feedback mechanisms [43]. Moreover, with the continuous development of hydropower
stations, the state support for small-scale hydropower stations is gradually increasing and water
wheels and Archimedes screw have become the sustainable and economic technology, since their
construction is simpler over turbines, their environmental impact is lower [47–49].

3.2. Establishing the Index System

After a detailed analysis, some indexes were found to effectively reflect the development capacity
of the complex hydropower system. As these indicators can effectively promote the sustainable
hydropower development capacity, they are classified as efficiency indexes. Indexes have a certain
negative impact on sustainable hydropower development and they belong to pressure indexes.
Hydropower system is composed of social economic subsystem and ecological environment subsystem.
Through the change of efficiency entropy flow and pressure entropy flow, the sustainable development
capacity of each subsystem is studied. In line with the principle of science, comprehensiveness,
representativeness and operability, the data are chosen from the Chinese statistical yearbook [50],
the National water conservancy development bulletin [51], the Chinese environmental statistics
yearbook [52], the Chinese energy statistics yearbook [53] from 2008 to 2016 in China as the basis to
build the measurement indicators of sustainable hydropower development ability, as shown in Table 1.
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Table 1. Sustainable hydropower development index system.

Target-Grade First-Grade Index Second-Grade
Index Third-Grade Index Data Source

Hydropower
sustainable

development

Hydropower
social

economic
sustainable

development
S

Efficiency indexes
S1

GDP (RMB) S11 [50]

Hydropower station
installed capacity (KW) S12

[53]

Hydropower production
(KWh) S13

[50]

Water conservancy facility
land (km2) S14

[51]

Hydropower project
investment (RMB) S15

[51]

Number of water parks
(units) S16

[51]

Number of water
conservancy workers

(person) S17

[51]

Spending on energy
conservation and

environmental Protection
(RMB) S18

[51]

Water conservancy
irrigation area (khm2) S19

[51]

Pressure indexes
S2

Economic losses caused by
floods (RMB) S21

[51]

Water conservancy
immigration (person) S22

[51]

Hydropower
ecological

environment
sustainable

development
E

Efficiency indexes
E1

Water supply (km3) E11 [51]

Surface water resources
(km3) E12

[51]

Ground water resources
(km3) E13

[51]

Water quality proportion
(%) E14

[51]

Water logging control
(khm3) E15

[51]

Pressure indexes
E2

CO2 emissions (t) E21 [51]

Geological hazards (time)
E22

[52]

SO2 emissions (t) E23 [52]

Waste water discharge (t)
E24

[52]

Flood disaster (khm2) E25 [52]

Soil erosion control area
(km2) E26

[52]

In summary, the index system is composed of social economic hydropower subsystem and
ecological environment hydropower subsystem. Based on impact of indicators and each subsystem is
divided into efficiency indexes and pressure indexes.

In the social economic sustainable subsystem, GDP, hydropower project investment, hydropower
project investment, spending on energy conservation and environmental protection reflect the impact
of hydropower development on the national economy and government support for hydropower
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construction. Hydropower station installed capacity and water conservancy facility land are the basic
facilities for the survival and development of hydropower stations. And number of water parks,
number of water conservancy workers and water conservancy irrigation area provide the basis for
the social sustainable hydropower assessment. However, as the economic losses caused by floods
and water conservancy immigration increase, the hydropower level in social economic sustainable
development can be declined.

In the ecological environment subsystem, the utilization and the protection of water resources are
important parts of hydropower development. Water supply, surface water resources, ground water
resources and water quality proportion provide the fundamental environment guarantee of water
conservancy development. Besides, with the long-term operation of water conservancy projects, air
pollution, natural disasters and waste water discharge increase, such as CO2 emissions, SO2 emissions,
flood disaster, geological hazards and the ecological sustainability of hydropower are reduced.

4. Sustainable Hydropower Development Evaluation Model

4.1. Measurement Based on the Information Entropy-Brusselator Model

The concept of information entropy was first proposed by Shannon in 1948 [54]. Information
entropy is a measurement in the degree of systematic order. The lower the entropy, the less confusion,
the higher the degree of order. On the contrary, the higher the entropy, the lower the degree of order.
It overcomes the problem of system complexity and confusion and applies to all statistical process
analysis [55]. In this paper, the sustainable hydropower development was regarded as a complex
system and information entropy was introduced to analyze information entropy trends for capacity
assessment of the sustainable hydropower development.

Dissipative structure refers to the formation of a new, stable, macroscopically ordered structure in
a non-linear open system far from equilibrium. This process requires constant exchange of material
or energy with the outside world to sustain it [56]. From the analysis of the hydropower system,
it is found that with hydropower production, hydropower project investment, ecological changes,
hydropower internal operations and the external environment are all closely related to material and
information transformations. The operation of the hydropower system needs to be linked with the
outside world, so that it can be developed to a new and more reasonable balance. Thus, the system is
open all the time. At this level, the hydropower system meets the assumption of a dissipative structure.
Therefore, it is feasible to use the quantitative method of information entropy in hydropower system.
According to their properties, information entropy flows are divided into efficiency entropy flows
and pressure entropy flows [57]. The pressure entropy flow has a negative effect on the sustainable
development of hydropower, which is opposite to the efficiency entropy flow. In the dissipative
structure theory, positive entropy indicates disorder, the higher the entropy, the higher the disorder of
the system. And the positive entropy corresponds to the pressure entropy flow of the hydropower
system. Pressure entropy flow (positive entropy) is the root cause of chaos in a hydropower system
and it involves economic losses resulting from floods, water conservancy immigration decrease, CO2

emissions, geological hazards. Negative influences lead to an increase of pressure entropy flow
(positive entropy), which is closely related to the spontaneity and initiatives in the system. Contrary to
positive entropy, negative entropy means order. The generation of negative entropy is due to exchange
energy and information with the external environment. By absorbing negative entropy flow, it can
effectively reduce the influence of positive entropy and eliminate internal chaos in hydropower system,
in order to promote the sustainable hydropower development, as shown in Figure 1. Therefore, based
on the theory of information entropy, the change in the system’s internal entropy flow can be used to
judge whether an operating system has a higher sustainable hydropower development capacity.

In a hydropower system, the efficiency entropy flow and the pressure entropy flow are
independent and the total entropy flow is equal to their algebra sum. The Brusselator model proposed
by Pulitzer provides a methodology for the quantitative analysis of dissipative structures [58]. The
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model makes an important basis for the conditions of dissipative structure, with theoretical and
practical significance [56]. So, this paper used the Brusselator model to determine dissipative structure
of system and to study the relationship between entropy flow [59–61].
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Figure 1. The framework for hydropower system development.

H+ and H− can be regarded as the positive entropy and the negative entropy. Sy and Sn represent
intermediate process in the dissipative structure, which are the possible states of the hydropower
system under the influence of positive and negative entropy [62–64]. According to the three molecular
expressions in the Brusselator model, the information entropy can be expressed as:

H+ d1→ h+ (1)

H− + h+
d2→ h− + Sn (2)

h− + 2h+
d3→ 3h+ (3)

h+
d4→ Sy (4)

where h+ and h− denote their corresponding quantification factors of H+ and H−, d1, d2 and d3

are constants.
Combining with the principle of Brusselator, the following equation was established to study the

entropy flow changes of sustainable hydropower development capacity:

∣∣H−∣∣− ∣∣H+
∣∣


> 0 positive indicatores
= 0 critical state
< 0 negative indicatores

(5)

The working framework of information entropy-brusselator measurement model was built,
as shown in Figure 2.
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4.2. Calculating the Hydropower System’s Capacity

The steps for the capacity measurement of sustainable hydropower development are shown
below. Data standardization of data preprocessing was required before the calculation. In this paper,
the normalization was adopted. And positive and negative values were ignored, since the pressure
entropy index and the efficiency entropy index independently operated. The processing equation is
expressed by the following equation:

Xi =
x

maxx
(6)

where Xi is the normalized value, the original value is larger, the normalized value closes to 1 and the
original value is smaller, the normalized value closes to 0.

The processed data allows calculation of the indicator entropy change over many years. For
example, evaluating the n index in m years, the information entropy of the i index can be calculated
from the following equation [65]:

hi = −
1

ln m

m

∑
j=1

xij

xi
ln

xij

xi
(7)

where, hi is the information entropy of the ith index and xij is the standardized data for the ith index in

year j: xi =
m
∑

j=1
xij.

A quantitative measurement model for sustainable hydropower development capacity is needed
the calculation of the index information entropy. And the change of information entropy can determine
the actual sustainable development level of hydropower system. Using the entropy weight method,
the equation for calculating the weight of the ith index is:

Wi = (1− hi)/(n−∑n
i=1 hi) (8)

where 0 ≤Wi ≤ 1, ∑n
i=1 Wi = 1.
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The quantitative evaluation values over the years can be determined by the results from
Equation (9):

Qj = ∑ WiXi (9)

where Wi is weight for each index and Xi is the standardized value of each index.
The change of evaluation values in each subsystem can obtained from Equation (10):

4Qj =
∣∣∣Q−j ∣∣∣− ∣∣∣Q+

j

∣∣∣ (10)

where Q+
j is the pressure evaluation value and Q−j is the efficiency evaluation value.

The evaluation value of system sustainable development capacity can be determined through the
sum of the variance of the two subsystem evaluations. The total entropy change can be expressed by
Equation (11):

4Q = 4QE +4QS (11)

where ∆QE is the evaluation values change in hydropower social economic subsystem and ∆QS is the
evaluation values change in hydropower ecological environment subsystem.

The detailed process of the sustainable hydropower development measurement is shown in Figure 3.
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5. Data Analysis

The main purpose of this study is to analyze the sustainable development capacity of Chinese
hydropower. Therefore, the data in Table 1 requires a separate mathematical analysis to investigate the
changing trends in the efficiency or pressure entropy flow. Each indicator has different units, so they
need to be standardization before data is processed. The standardized results, the entropy and weights
for each index are shown in Table 2.

Table 2. Data processed results for information entropy.

Index 2007 2008 2009 2010 2011 2012 2013 2014 2015 Entropy Weight

S1

S11 0.397 0.471 0.511 0.603 0.710 0.790 0.865 0.945 1.000 0.980 0.286
S12 0.454 0.540 0.614 0.676 0.729 0.781 0.878 0.954 1.000 0.987 0.073
S13 0.429 0.518 0.545 0.639 0.618 0.772 0.814 0.942 1.000 0.984 0.055
S14 0.996 1.000 0.943 0.947 0.956 0.960 0.961 0.977 0.980 1.000 0.000
S15 0.307 0.357 0.332 0.486 0.503 0.540 0.758 1.000 0.701 0.967 0.065
S16 0.490 0.565 0.666 0.761 0.855 0.932 0.971 0.990 1.000 0.988 0.020
S17 1.002 0.991 0.973 1.000 0.962 0.970 0.943 0.911 0.888 1.000 0.000
S18 0.207 0.302 0.403 0.508 0.550 0.617 0.715 0.794 1.000 0.960 0.048
S19 0.094 0.095 0.096 0.098 1.000 0.100 0.103 0.104 0.106 0.732 0.283

S2
S21 0.300 0.255 0.226 1.000 0.347 0.125 0.119 0.420 0.444 0.907 0.090
S22 0.862 0.636 1.000 0.339 0.418 0.209 0.490 0.590 0.422 0.958 0.037

E1

E11 0.929 0.935 0.952 0.961 0.980 1.000 0.992 0.978 0.979 1.000 0.000
E12 0.814 0.885 0.776 1.000 0.746 0.952 0.901 0.881 0.903 0.998 0.001
E13 0.905 0.965 0.863 1.000 0.857 1.000 0.960 0.920 0.926 0.999 0.000
E14 0.834 0.825 0.793 0.837 0.903 0.903 0.925 0.981 1.000 0.999 0.001
E15 0.943 0.943 0.950 0.955 0.956 0.962 0.966 0.985 1.000 1.000 0.000

E2

E21 0.672 0.697 0.744 0.820 0.894 0.951 0.979 0.993 1.000 0.995 0.003
E22 0.827 0.867 0.345 1.000 0.515 0.479 0.501 0.357 0.272 0.960 0.021
E23 1.063 1.000 0.954 0.941 0.956 0.912 0.881 0.851 0.801 0.999 0.001
E24 0.757 0.778 0.801 0.840 0.897 0.931 0.946 0.974 1.000 0.998 0.001
E25 0.684 0.520 0.435 1.000 0.389 0.673 0.759 0.324 0.350 0.970 0.014
E26 0.865 0.880 0.903 0.925 0.950 0.892 0.926 0.966 1.000 1.000 0.000

The standardized data can be dealt using Equations (7)–(11). The results are shown in Table 3.

Table 3. Quantitative evaluation of the hydropower system.

Item
Year

2007 2008 2009 2010 2011 2012 2013 2014 2015

S

Efficiency evaluation
value Q−x

0.286 0.336 0.365 0.429 0.783 0.527 0.589 0.656 0.672

Pressure evaluation
value Q+

x
0.457 0.362 0.442 0.815 0.367 0.149 0.223 0.468 0.437

variation value ∆Qx −0.172 −0.026 −0.078 −0.386 0.416 0.379 0.366 0.188 0.235

E

Efficiency evaluation
value Q−y

0.842 0.880 0.804 0.942 0.824 0.942 0.918 0.921 0.938

Pressure evaluation
value Q+

y
0.759 0.725 0.506 0.954 0.590 0.677 0.718 0.527 0.505

variation value ∆Qy 0.083 0.155 0.298 −0.012 0.234 0.266 0.200 0.393 0.433

Total evaluation value change
∆Q −0.0887 −0.089 0.130 0.221 −0.398 0.649 0.644 0.567 0.581
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6. Results Analysis

According to Table 3, the quantitative evaluation value of hydropower system indicates the
sustainable hydropower development evaluation level and the ranking evaluation level, as shown in
Table 4.

Table 4. Sustainable hydropower development level.

Social Economic
Sustainable
Hydropower

Development Level

Rank
Ecological Environment

Sustainable Hydropower
Development Level

Rank
Sustainable
Hydropower

Development Level
Rank

2007 −0.172 8 0.083 8 −0.089 8
2008 −0.026 6 0.155 7 0.130 7
2009 −0.078 7 0.298 3 0.221 6
2010 −0.386 9 −0.012 9 −0.398 9
2011 0.416 1 0.234 5 0.649 2
2012 0.379 2 0.266 4 0.644 3
2013 0.366 3 0.200 6 0.567 5
2014 0.188 5 0.393 2 0.581 4
2015 0.235 4 0.433 1 0.668 1

For a clearer reflection of each subsystem’s static and dynamic assessment trends, sustainable
development level variations in the hydropower system, the social economic subsystem, the ecological
environment subsystem were generated using the data in Table 4, as shown in Figures 4–6.
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After analyzing the data in Table 4 and in Figures 4–6, the conclusions can be drawn as follows:

(1) The sustainable development level for the hydropower social economic subsystem shows
decreased firstly, then rose as time passed and finally slightly declined. From Figure 4, we can
see that the efficiency evaluation value reaches to the highest value in 2011 and then always has
grown faster than the pressure value from 2011. Combining with the social economic subsystem
development level in Figure 6, it indicates that the effect is pretty good, which means that effective
measures are being taken in a timely manner. During the “11th Five-Year plan,” a large pumped
storage power station was constructed in China. Due to the size of the reservoir, there was an
immigration problem, which have features of passive evacuation, time limits, complex regional
situation and insufficient compensation. These results had led to a decrease in the number
of installed hydropower projects from 2007–2010 in China. Energy development underwent
mode changes and structural adjustments, since the “12th Five-Year Plan” was a critical period
of building a well-off society in an all-rounded way. As new China’s energy development
strategy highlighted that hydropower should be actively developed for ecological protection,
hydropower was nominated as an encouraged industry in the industrial structural adjustment
guidance catalogue (2011 Edition) [66,67]. With the installed hydropower capacity increasing
and hydropower project investment inputting, the sustainable development level of the social
economic subsystem increased by 0.802 from 2010 to 2011 and then kept a healthy tendency.
If this state is maintained, the social economic subsystem is expected to become stronger.

(2) The sustainable development level of the ecological environment subsystem decreased firstly and
then rose as time passed. From Figure 5, although the pressure evaluation value reaches to the
highest value in 2010, the efficiency evaluation value always grows faster than the pressure
evaluation value and the sustainable development capacity of the ecological environment
subsystem is continuously enhanced. Combining with the evaluation value in the ecological
environmental subsystem in Figure 6, it declined rapidly from 2009 to 2010, however it rose
smoothly after 2010. With the abundance in resource and labor force developed rapidly in
China, there had been major environmental problems such as acid rain, ozone depletion and
geological hazards, causing a significant drop in the sustainable development level to −0.0012
in 2010. Since then, the damage had been repaired and the ecological environment subsystem
development level rose by 0.445 in 2015. Hydropower development is closely related to natural
ecological protection and ecological environment carrying capacity. The expansion of hydropower
projects had resulted in river truncation and increased reservoir storage, which in turn had
affected hydrographic conditions, air humidity and temperature, resulting in earthquakes
and soil erosion. Geological hazards increased 3.0 × 104 times and soil erosion increased
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by 106 × 104 km2 in 2010. The government then promulgated an “air pollution prevention
action plan” and a “water pollution prevention action plan” to enforce control measures in all
regions. During the “12th Five-Year plan” period, major pollutant emissions were greatly reduced,
for example, SO2 emissions decreased by 326 × 104 t and flood-affected areas decreased by
5673 × 103 khm2 and environmental “Kuznets curve” had undergone positive changes in China.
As some environmental factors continued to rise, the government’s support for environmental
protection was gradually reflected. Thus, the policies promulgated by the state to protect the
hydropower environment play a certain role in the sustainable development of hydropower.
If the current trends continue, the development of the ecological environment subsystem is
expected to improve.

(3) In the beginning of 2007, the sustainable hydropower development level had a decreasing
trend and then rose. The social economic subsystem and the ecological environment subsystem
mutually interact to produce the final sustainable hydropower development level. Due to the
rapid decrease in evaluation value of social economic subsystem and ecological environment
subsystem from 2009 to 2010, hydropower development stagnated, after which the sustainable
hydropower development level declined. With the transformation of energy structure and
resources integration in 2010, there were no obvious advantages, therefore the sustainable
hydropower development was at a low but stable level. After the introduction of the
“12th Five-Year” plan which started in 2010, government efforts were made to change the
industrial structure and increase input. Although restoration of the ecological environment
is a time-consuming and gradual process, the overall level has been correspondingly increased,
due to the rapid development in hydropower social economic subsystems. Sustainable
development means that there is a reasonable balance and win-win situation between the social
economic and ecological environment developments [68]. By comparing, efficiency values of
the ecological environment subsystem fluctuate less than the social economic subsystem and
the two subsystem pressure values fluctuate basically the same. Obviously, the change of the
ecological environment subsystem may result in great changes in hydropower system, so the
ecological environment subsystem should be needed to give more attention and protection when
considering the sustainability of the hydropower station [69]. Therefore, improving hydropower
technological development and equipment levels and perfecting the environmental protection
law will not only lead to continuous improvements for hydropower construction projects in
the environmental evaluation system but also eliminate all the ecological impacts of adverse
hydropower development. If this trend continues, sustainable development can be achieved.

7. Conclusions

Using data mining techniques over the hydropower data from 2007 to 2015, an evaluation index
system was established to examine the sustainable development of Chinese hydropower. Factors
of the social economy and the ecological environment were examined to assess the current state of
hydropower in China. The information entropy method was used to quantitatively study the index
system and the comprehensive evaluation measure was determined. The analysis in this study came
to the following conclusions:

(1) Through the establishment of an information entropy-Brusselator measurement model, entropy
value changes in the social economic and the ecological environment subsystem can be analyzed
to determine sustainable development capacity of the hydropower system.

(2) The information entropy model established in this paper can be used to find the factors affecting
the operation of hydropower. It can help to find a more reasonable internal improvement focus
for the system and provide a decision basis for effective improvements.

(3) From the sustainability analysis of hydropower in China, it is found that the sustainable
hydropower development can only be realized through the coordinated development between
the social economic subsystem and the ecological environment subsystem.
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There were a few limitations to this research. Although the index system was established based
on the classification principle of sustainable development, other dimensions could also be used. When
setting up the indicator system, consider indicators as comprehensively as possible. However, it is
not clear whether all factors that might affect the sustainable development of hydropower were
included. Further, as only the macro trends were analyzed, the specific influences of each factor were
not obtained. Therefore, the future research will focus on the internal logic between the indicators to
improve evaluation system.
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