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Abstract: As large-scale hydropower projects are influenced by many factors, risk evaluations
are complex. This paper considers a hydropower project as a complex system from the
perspective of sustainability risk, and divides it into three subsystems: the natural environment
subsystem, the eco-environment subsystem and the socioeconomic subsystem. Risk-related
factors and quantitative dimensions of each subsystem are comprehensively analyzed considering
uncertainty of some quantitative dimensions solved by hybrid uncertainty methods, including
fuzzy (e.g., the national health degree, the national happiness degree, the protection of cultural
heritage), random (e.g., underground water levels, river width), and fuzzy random uncertainty
(e.g., runoff volumes, precipitation). By calculating the sustainability risk-related degree in each of
the risk-related factors, a sustainable risk-evaluation model is built. Based on the calculation results,
the critical sustainability risk-related factors are identified and targeted to reduce the losses caused by
sustainability risk factors of the hydropower project. A case study at the under-construction Baihetan
hydropower station is presented to demonstrate the viability of the risk-evaluation model and to
provide a reference for the sustainable risk evaluation of other large-scale hydropower projects.

Keywords: sustainability risk; hydropower projects; risk-related degree; fuzzy random uncertainty;
risk evaluation

1. Introduction

Hydropower is one of the most important renewable energy sources. Of all renewable
energy sources, hydropower produces the most energy, contributing about 16% to global electricity
production [1,2]. Hydropower also has a positive effect on water supply, irrigation, flood control
and ice prevention, if properly handled. Despite their many advantages, hydropower construction
projects, and especially large-scale hydropower projects, have adverse effects on the watercourse,
river morphology and flow, such as river impoundment, flow reduction and hydropeaking. There can
be a loss of habitat [3] and aquatic biota biodiversity [4]. Increased government and public awareness of
these adverse effects has led to a greater focus on sustainable hydropower development that promotes
economic development, and protects the environment and social justice [5]. Consequently, there has
been an increase in research attention on sustainability and what it means; generally, sustainability
has been defined as meeting the needs of modern life without endangering the needs of future
generations [6].

Sustainability is a multifaceted concept that encompasses the environment, the economy and
the society [7]. In the environmental dimension, sustainability means protecting and strengthening
production and renewal capacity of environmental systems. In the economic dimension, sustainability
means maximizing current and future net benefits of economic development while ensuring the quality
of the natural resources and associated services. Socially, sustainability means improving the quality of
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life and health, and ensuring access to the necessary resources to create an environment where people’s
rights to equality and freedom are protected. Risk refers to the chance of some unfavorable event
occurring, that in the context of the organization arises from a decision or a commitment, and results
in uncertainty and exposure [8]. Due to the multifaceted nature of sustainability, sustainability risk
is the consideration of risks arising from environment, economy and society. Sustainability risk is
a newly emerging risk area and one of the critical risk areas in the 21st century. In dealing with
sustainability risk, whose three dimensions are not independent and have significant interconnected
influences, sustainability risk management has been seen as a “triple bottom line” (TBL); that is, the sum
of financial performance, environmental performance and social responsibility performance. Because of
the interactions between the dimensions, risk managers need to maximize all three dimensions to
achieve a maximum triple bottom line. While risk managers have been concerned about environmental
risks since the 1970s, the intense increase in the focus on environmental issues in the past decade and a
half has shown that the level of sustainability risk has reached a new level and is expected to increase
over the century [9].

The sustainability evaluation of hydropower, a multi-dimensional evaluation, became a hot topic
of discussion. Since the World Commission on Dams, an organization under the guidance of the
World Bank and the World Conservation Union, called for more interdisciplinary and sustainable
decision-making with respect to large dams, the integrative dam assessment model (IDAM) with
funding from the United States National Science Foundation was built. The IDAM approach is
based on sustainable development projects and balances the needs of biophysical, socioeconomic and
geopolitical systems [10]. Based on the IDAM, original data on the culture, economics, hydro-politics
and environment of the Nu River was presented and the results illustrated the important role of
geographic isolation in intensifying vulnerability to hydropower development [11]. In recent years,
the hydropower stations are analyzed by focusing on environmental, social and economic stability
from a multi-dimensional perspective [12–15]. As for the methods of hydropower project evaluation,
since the problem of conflicting objectives due to multiple purposes between environmental, social and
economic sustainability considerations, multi-criteria analysis (MCA) is useful for sustainability
evaluation. MCA is a method of evaluation where according to a set of evaluation criteria,
different alternatives are compared and evaluated based on the purposes of different participants [2].
The authors regarded electricity supply cost as the economic indicator, the number of resettlements
as the social indicator and the biodiversity index as the environmental indicator. In the way of
MCA, it explicitly showed the quantitative relationship between economic, environmental and social
impacts of hydropower projects used, and took full account of the trade-off among their objectives
of hydropower development [16]. The most commonly used MCA technique is analytic hierarchy
process (AHP), because it is flexible, user-friendly, and the results are clearly explained and justified [17].
Furthermore, some fuzzy methods are applied to the risk evaluation of hydropower stations. Using
risk assessment and expert judgement instead of probabilistic reasoning to provide fuzzy rating
tools for hydropower projects, the findings showed that site geological and environmental issues
are considered the most important risks [18]. An integrated fuzzy entropy-weight multiple criteria
decision making (IFEMCDM) method was proposed and applied to risk assessment of hydropower
projects, and required a proper understanding of the context by the policy decision maker and MCA.
IFEMCDM combines the fuzzy set theory, the entropy method and the multi-criteria decision-making
method in the framework of risk assessment. It can quantify the uncertainty of the fuzzy set in
evaluation indicators, the subjective influence of weights to evaluate multi-criteria decision-making in
a more objective way, and then the risk of hydropower projects is evaluated in a more objective way by
avoiding subjective influences on weights [19].

In general, the sustainability evaluation of hydropower projects, a multi-dimensional analysis,
has become a hot topic of discussion. Hydropower project studies have mainly focused on
environmental influences, terrestrial ecology losses, aquatic organisms and common ecological
problems. However, there is little research focus on the sustainability risk evaluation. Further,
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many evaluations of hydropower projects have been based on MCA, and have evaluated the multiple
conflicting criteria but without considering the interactions between the criteria. Some research in this
area has also integrated fuzzy theory into the evaluation methods, with the quantified uncertainties
being presented in fuzzy sets; but few have included hybrid uncertainty. In fact, there are some
unknown sustainability risk values. The sustainability risk uncertainties are accounted for using fuzzy,
random, and fuzzy random indicators in the practical large-scale hydropower projects. For example,
the ecological index, the protection of cultural heritage and so on are fuzzy variables; the underground
water levels, river width and others are random variables; and runoff volumes and precipitation are
fuzzy random variables. Based on the above, we focus on describing hydropower project sustainability
risks by examining the related factors and their interactions, handling the hybrid uncertainty including
fuzzy, random, and fuzzy random certainty, and quantitatively assessing the sustainability risks, so as
to give practical advice to managers on identifying the critical sustainability risk factors to reduce
corresponding losses caused by these factors. The proposed methodology is then demonstrated in a
practical case study on a large-scale hydropower project.

2. Key Problem Statement

This section examines the sustainability risk in hydropower projects and describes the inherent
hybrid uncertainties.

2.1. Sustainability Risk in Large-Scale Hydropower Projects

The environmental and socioeconomic risks of hydropower engineering have often been discussed
for large-scale hydropower projects because they require the relocation of local residents and the
submerging of cultural heritage. When examining the influences of hydropower projects from a
sustainability risk, there are many factors that need to be considered from the perspectives of the
environment and socioeconomy.

As shown in Figure 1, the sustainability risk assessment for hydropower projects is a giant
complex open system made up of a socioeconomic subsystem, an eco-environment subsystem and
a natural environment subsystem. In the inner circle of the socioeconomic subsystem, there are
resettlement risks, health risks, social stability risks and local industry/agriculture/landscape risks;
in the eco-environment system, we focus on biological factors in the environment such as terrestrial
biology and aquatic organisms risks; and in the natural environment subsystem, there are
river/ground-surface/atmosphere risks which are natural resources and physical phenomena in
the environment. Therefore, when examining the overall sustainability risk in this giant complex open
system, by considering the risks across all the three subsystems, it is possible to comprehensively
evaluate the full influence of hydropower projects. Within this framework, the sustainability risk
evaluation results can assist construction project managers to identify the critical sustainability risk
factors that need to be considered to reduce corresponding losses caused by the factors.

2.2. Hybrid Uncertainty Description

This paper measures large-scale hydropower projects’ sustainability risks by comparing the risk
standard values and the risk change values. Although the risk standard values are crisp values,
as they are extracted from historical data, the risk change values are unknown when a project is still
under construction. Inevitably, many risk change values can only be obtained by expert estimation
or scientific prediction. Based on a practical field investigation, this paper considers three types of
uncertainty; fuzzy, random, and two-fold uncertainty known as “fuzzy random”.
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Figure 1. Problem statement for the sustainability risks in large-scale hydropower projects.

(1) Fuzzy uncertainty

Some hydropower project sustainability risk-related factors, such as the destruction degree of
cultural heritage and the impact on the natural landscape, require expert judgement. Based on the
construction planning, the local environmental status, and their experience, the experts first make
their own judgements using linguistic variables, the values for which are phrased in natural language,
which has been proven to be very useful when dealing with ill-defined situations that need to be
described using conventional quantitative expressions [20].

The intuitionistic fuzzy numbers (IFNs) quantity the subjective feelings, and are defined as
follows [21]:

Let X denote a universe of discourse. Then, an intuitionistic fuzzy set A in X is a set of ordered
triples: A= {(x,µA(x), vA(x)) : x ∈ X}, and the µA(x) and vA(x) represent the degree of membership
and degree of nonmembership of the element x ∈ X to A ⊂ X, respectively. The intuitionistic fuzzy
subset A is called an intuitionistic fuzzy number if:

(a) A is if-normal (i.e., there exist at least two points x0, x1 ∈ X such that µA(x0) = 1 and vA(x1) = 1,
(b) A is if-convex (i.e., its membership function µ is fuzzy convex and its nonmembership function is

fuzzy concave),
(c) µA is upper semicontinuous and vA is lower semicontinuous,
(d) suppA = cl({x ∈ X : vA(x) < 1}) is bounded.

For example, for the factor “Protection of cultural heritage”, the expert judgements can be
expressed on a 7-point rating scale: “very high”, “high”, “medium high”, “medium”, “medium low”,
“low” and “very low”. These linguistic variables can then be converted into trapezoidal intuitionistic
fuzzy numbers [20,22,23] as shown in Table 1. By applying IFN, the subjective expert opinions can
be expressed mathematically. IFNs have been commonly used to solve decision-making problems
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where available information is imprecise. Trapezoidal IFNs and triangular IFNs have been the most
commonly used IFN forms [24,25]. This paper uses trapezoidal IFNs because they are conceptually
and computationally simpler. The advantages of employing trapezoidal IFNs in fuzzy modeling and
interpreting have been well-justified [26]. A fuzzy set M in X = {x} is given by M = {< x, µM(x) >
|x ∈ X}, where µM : X → [0, 1] is the membership function of the fuzzy set M, and µM(x) ∈ [0, 1] is
the membership of x ∈ X in M [27]. The linguistic variable membership functions for the subjective
evaluation criteria ratings are shown in Figure 2.

Table 1. Linguistic variables and trapezoidal IFNs for rating the destruction degree of cultural heritage.

Linguistic Variables Trapezoidal IFNs

Very high (VH) (0.8, 0.9, 1.0, 1.0)
High (H) (0.7, 0.8, 0.8, 0.9)

Medium high (MH) (0.5, 0.6, 0.7, 0.8)
Medium (M) (0.4, 0.5, 0.5, 0.6)

Medium low (ML) ( 0.2, 0.3, 0.4, 0.5)
Low (L) (0.1, 0.2, 0.2, 0.3)

Very low (VL) (0.0, 0.0, 0.1, 0.2)

0.0   0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0

1.0
VHHMHMMLLVL

( )M x

 

Figure 2. Linguistic variable membership functions for rating the cultural-heritage destruction degree.

(2) Random uncertainty

Different from fuzzy uncertainty, which is internal and subjective, there is another type of
uncertainty related to external forces such as the uncertainties associated with demand, product prices,
task times and weather. This objective uncertainty has generally been dealt with using randomness.
For example, in our field study at the Baihetan hydropower station construction project, some variables
such as the pH value and river width had random fluctuation characteristics.

(3) Fuzzy random uncertainty

The need to consider two-fold uncertainty in practical evaluation/optimization problems has also
been widely recognized [28–31]. Current risk evaluation research has tended to consider uncertainty as
either fuzzy or random uncertainty [19,32]. In reality, because both objective and subjective information
simultaneously exist, both fuzziness and randomness need to be considered.

For example, in sustainability risk, the stream flow is highly uncertain after the completion of a
large-scale hydropower project due to the interannual climate variabilities in the monthly stream flow.
Based on an analysis of the historical data for monthly stream flow over the past 50 years, the monthly
stream flow in the study area for the five levels can be expressed as trapezoidal fuzzy numbers, and the
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monthly stream flow in the study area ˜̄ξ has typical fuzzy random variable characteristics as shown
in Equation (1).

˜̄ξ =



˜̄ξH = (a1, b1, c1, d1), with probability p1
˜̄ξMH = (a2, b2, c2, d2), with probability p2
˜̄ξM = (a3, b3, c3, d3), with probability p3
˜̄ξML = (a4, b4, c4, d4), with probability p4
˜̄ξL = (a5, b5, c5, d5), with probability p5

(1)

The monthly runoff was found to have five distinct levels: high (H), medium high (MH),
medium (M), medium low (ML) and low (L), with the probabilities (p1, p2, · · · , p5) that the monthly
stream flow falls into each level. By analyzing the range in each level, the upper and lower
boundaries (a1, a2, · · · , a5) and (d1, d2, · · · , d5), and the most possible value range for each level
(b1 ∼ c1, b2 ∼ c2, · · · , b5 ∼ c5) can be estimated.

Figure 3 shows a description of the stream flow as a fuzzy random variable.
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Figure 3. Stream flow as a fuzzy random variable.

3. Sustainability Risk-Related Factors

As hydropower engineering construction is a complex process, sustainability risk is affected by
many interrelated factors that encompass both environmental and social responsibility risks. To ensure
a systematic, representative evaluation system, the sustainability risk of large-scale hydropower
projects is seen as a complex system divided into three subsystems: the natural environment subsystem,
the eco-environment subsystem and the socioeconomic subsystem, as mentioned in Section 2.1.
The natural environment subsystem and the eco-environment subsystem focus on the material and
biological resources separately.

Based on field studies, expert interviews and a literature review [18,19,33–40], we decomposed the
three subsystems separately, then the complex sustainability risk-related factors and the quantitative
dimensions (equivalent to the attributes for the sustainability risk-related factors) for large-scale
hydropower projects were summarized. This method of dividing the system into subsystems first
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and then decomposing the subsystems separately according to the system layers can ensure scientific
rigour of the evaluation system, comprehensive identification of the evaluation indicators, and accuracy
in the risk-related factor evaluations. As mentioned before, there are some unknown sustainability
risk values, and the sustainability risk uncertainties are accounted for using fuzzy, random, and fuzzy
random indicators: that is, the ecological index, the national health degree, the national happiness degree,
the protection of cultural heritage, and the influence of the landscape were seen to have fuzzy quantitative
dimensions. For example, the national happiness degree is a summary of how inhabitants feel and
experience their own existence and development; it tells us the happiness degree of inhabitants from the
some point rating scale: “very happy”, “happy”, “not bad”, “bad” and “very bad”, which are linguistic.
Moreover, the national health degree is similar to the national happiness degree and pays attention to
inhabitants’ health status. The underground water levels, river width and pH value were assigned random
quantitative dimensions, and runoff volumes and precipitation were assigned fuzzy random quantitative
dimensions. The specific risk-related factors and quantitative dimensions are shown in Table 2.

Table 2. Sustainability risk-related factors and quantitative dimensions for large-scale hydropower projects.

Subsystem Risk
Attributes

Risk-Related
Factors Quantitative Dimensions

Natural
environment
subsystem

River Hydrographic
and sediment

Sediment discharge, sediment concentration, runoff
volumes 3©, median diameter, sediment transport
modulus, surface water resources, ground water resources,
underground water levels 2©

River
morphology Average maximum water depth, river width 2©

Water quality

Suspended solids, total phosphorus, ammonium nitrogen,
Bio-Chemical Oxygen Demand, chemical oxygen demand,
oil, permanganate index, an-ionic surfactant, fluorides,
volatile phenols, mercury

Ground
surface Soil

Organic content, total nitrogen, available phosphorous
content, available potassium content, pH value 2©,
alkali-hydrolyzable nitrogen, bulk density

Geology hazard
Forest coverage rate, soil erosion area, disaster victims
from geological disasters, direct economic losses from
geological disasters

Atmosphere Climate

Air temperature, precipitation 3©, sunshine hours,
evaporation capacity, relative humidity, frost-free period,
disaster victims from climate, direct economic losses
from climate

Natural
environment
subsystem

River Hydrographic
and sediment

Sediment discharge, sediment concentration, runoff
volumes 3©, median diameter, sediment transport
modulus, surface water resources, ground water resources,
underground water levels 2©

River
morphology Average maximum water depth, river width 2©

Eco-
environment
subsystem

Terrestrial
ecology

Air quality SO2 concentration, NO2 concentration, PM10 concentration,
PM2.5 concentration, CO concentration, O3 concentration

Terrestrial
vegetation

Vegetation area, vegetation productivity, the number of
ancient trees, vegetation species

Terrestrial
animal Animal species, rare animal species

Aquatic
organisms

Aquatic
vegetation Phytoplankton species, aquatic plant species

Fish Fish species, rare fish species

Overall
environment

Environmental
status

Ecological index 1©, proportion of high-quality ecological
environment, nature reserves
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Table 2. Cont.

Subsystem Risk
Attributes

Risk-Related
Factors Quantitative Dimensions

Socio-economic
subsystem

Reservoir
immigrants Resettlement

Per-capita public green area, per-capita housing area,
percentage of population with access to tap water,
percentage of population with access to gas, water
pollution rate, House rubbish treatment rate, per-capita
area of roads

Health

Healthcare institutions, beds in healthcare institutions,
persons engaged in healthcare institutions, mortality rate,
national health degree 1©, wastewater discharge, waste
residue discharge, exhaust emissions

Social stability

Social insurance contributors, people receiving minimum
living allowances, total water supply, electricity consumed
in rural areas, national happiness degree 1©, unemployment
rate

Local
economic
development

Regional
economy

Gross regional product (GRP), per-capita wage, per-capita
disposable incomes, fiscal revenue, fiscal expenditure,
engel coefficient, consumer price level

Regional
agriculture

Gross agricultural output, major farm product output,
average yield per mua, irrigated area, agricultural
machinery, rural per-capita net income, cultivated area

Regional
industry

Gross industrial output value, revenue from principal
business, total profits, products sales rate, production and
marketing rate

Traffic
construction

Total length of highways, freight ton kilometers of
highways, passenger kilometers of highways

Cultural
heritage

Protection of cultural heritage 1©, cultural stations,
museums, cultural relic protection institutions

Reservoir
landscape

Domestic visitors, domestic tourism earnings, influence
of landscape 1©

Note: 1© indicates fuzzy quantitative dimension. 2© indicates random quantitative dimension. 3© indicates
fuzzy random quantitative dimension. a : A unit of area. One mu = 666.67 m2.

4. Sustainability Risk Evaluation Model

There are many sustainability risk-related factors in large-scale hydropower projects,
the quantitative dimensions for which differ in number, value and characteristics. Furthermore,
the impact risk degree of the different factors also differs. However, the impact risk degree caused
by some related factors may be similar. To reflect the impact risk degree of all the risk-related factors
and to better evaluate the sustainability risk, the structure of these risk-related factors needs to be
analyzed first.

4.1. Sustainability Risk-Related Factor Structural Analysis

With considering the structure of the sustainability risk for large-scale hydropower projects,
all sustainability risk-related factors were considered as a group Ω, which had t related factors.
The quantitative dimensions for the sustainability risk-related factors reflect the different dimensions
of the sustainability risk influences on large-scale hydropower projects. To quantitatively reflect the
sustainability risk influences of the related factors, the number of the quantitative dimensions of ith
risk-related factors are defined as n, and the risk value of the pth quantification dimension in ith
risk-related factors is defined as vi

p, and vi
p ≥ 0, p = 1, 2, · · · , n. For the other risk-related factors,

the quantitative dimensions of jth risk-related factors are defined as m, and the risk value of the qth
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quantification dimension in the jth risk-related factors is defined as vj
q, and vj

q ≥ 0, q = 1, 2, · · · , m.
As three types of uncertainty need to be considered for some sustainability risk quantitative dimensions,
the quantitative dimension risk values are divided into three calculation modes. In this part,
the expected values for the three types of uncertainty are employed to represent the risk values.

(1) Risk value for fuzzy quantitative dimensions

Some risk values for the hydropower project sustainability risk quantitative dimensions are fuzzy
and therefore need experts to make judgments to estimate the values based on their knowledge of
construction planning, the status of the local environment, and their experience. We use trapezoidal
fuzzy numbers to determine the risk values for some fuzzy quantitative dimensions: ξ̃ = (a, [b, c], d),
ξ̃ is the trapezoidal fuzzy number, with the membership function µξ̃(x) being extracted from the expert
judgements, which can be expressed as follows:

µξ̃(x) =


0, i f x < a, x > d
x−a
b−a , i f a ≤ x < b
1, i f b ≤ x ≤ c
d−x
d−c , i f c < x ≤ d.

(2)

To evaluate the fuzzy sustainability risk values, the expected values are calculated.
Liu and Liu presented a novel concept for the expected values of fuzzy variables based on a

credibility measure [41]. For these trapezoidal fuzzy quantitative dimensions, the expected value is
described as:

E(ξ̃) =
∫ ∞

0
Cr(ξ̃ ≥ x)dx−

∫ 0

−∞
Cr(ξ̃ ≤ x)dx (3)

=
1
2
[b + c +

∫ d

c
µξ̃(x)dx−

∫ b

a
µξ̃(x)dx] (4)

=
1
4
[a + b + c + d], (5)

where Cr is a credibility measure.
Therefore, the expected value E(ξ̃) of the fuzzy variable is used to express the risk values of some

fuzzy quantitative dimensions.

(2) Risk values for the random quantitative dimensions

Some of the quantitative dimension risk values for the hydropower project sustainability risk
evaluation fluctuate randomly or are expected to occur in the future; therefore, as it is very difficult
to determine the exact risk value, we use the Monte Carlo method to simulate the expected value
of these risk values. The law of large numbers states that when the number of simulations is large
enough, the simulation value converges to the expected value. It is not possible to predict future data,
but here it is assumed that the statistical risk value distribution does not change over the short term;
therefore, historical data can be used to simulate the distribution to estimate future risk values, which is
the most primitive use of the Monte Carlo method. Based on the Monte Carlo method, historical
data are collected, and the parameters are estimated for each of the distribution functions for the
random quantitative dimensions. The number of simulations is then estimated to ensure random
number calculation accuracy. The next step is to identify n sample values and after statistical analysis,
the estimated mean is determined based on the Monte Carlo method for each risk value for the random
quantitative dimensions.

(3) Risk values for fuzzy random quantitative dimensions

The quantitative dimension risk values have subjective uncertainty because they include both
fuzziness and randomness, and can be dealt with using the fuzzy random method. Hence the expected
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value of the fuzzy random variable E( ˜̄ξ) in Xu and Zhou [42] is used to express the risk values for
some fuzzy random quantitative dimensions, as described in the following,

E( ˜̄ξ) = ∑
i=1

piE( ˜̄ξi), (6)

where E( ˜̄ξi) indicates the expected value of the different fuzzy levels, and pi indicates the most possible
value range for i levels of the quantitative dimension.

As the fuzzy variables are expressed as trapezoidal fuzzy numbers, Equation (6) can be
transformed into Equation (7), and finally E( ˜̄ξ) is used to express the risk value for the fuzzy random
quantitative dimensions.

E( ˜̄ξ) = ∑
i=1

pi

[
1
4
(ai + bi + ci + di)

]
(7)

After processing the fuzzy and random sustainability risk values, the risk value vector of the
ith risk-related factors Vi = (vi

1, vi
2, · · · , vi

n) and the risk value vector of the jth risk-related factors

V j = (vj
1, vj

2, · · · , vj
m) can be determined.

Because of the different units and measurement methods in the different quantitative dimensions,
the risks associated with each quantitative dimension of the sustainability risk-related factors are not
comparable; therefore, we use a risk-change vector to measure the degree of influence between the
sustainability risk-related factors. The risk-change value of the pth quantification dimension in the
ith risk-related factors ui

p and the risk-change value of the qth quantification dimension in the jth
risk-related factors can be expressed as:

ui
p =

∣∣∣vi
p − vi

ps

∣∣∣
vi

ps
, p = 1, 2, · · · , n,

uj
q =

∣∣∣vj
q − vj

qs

∣∣∣
vj

qs
, q = 1, 2, · · · , m, (8)

where vi
ps is the standard risk value of the pth quantification dimension in the ith risk-related factor,

which indicates the initial value of the quantitative dimensions before the large-scale hydropower
engineering construction, the value for which can be determined from historical data. Therefore,
the standard risk vector for the ith risk-related factor is Vi

s = (vi
1s, vi

2s, · · · , vi
ns), and vj

qs is similar.
Then, the risk-change vector of the ith and jth risk-related factors can be determined:

Ui = (ui
1, ui

2, · · · , ui
n) and U j = (uj

1, uj
2, · · · , uj

m).

4.2. Risk-Related Degree of Sustainability Risk

Coupling is when two or more systems achieve synergy through various dynamic, interdependent,
coordinated and mutually reinforcing interactions between the subsystems. The coupling degree is
the degree of mutual influence and mutual interaction between the systems or elements. There are
three sustainability risk subsystems in large-scale hydropower projects, each of which has several
risk-related factors. There is, therefore, some coupling between the sustainability risk-related factors,
as the risk impact between some factors is consistent in the environmental, economic and social
subsystems [43]. In other words, a change in a quantitative dimension of the sustainability risk-related
factors can cause other quantitative dimensions to change.

Based on the concept of capacity coupling in physics and the capacity coupling coefficient model,
a coupling model of multiple systems (or factors) interacting can be generalized as [44]:
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cn =
{
(u1 · u2 · · · · · un)/

[
∏ (ui + uj)

]}1/n. (9)

In this paper, a two-factor coupling model is used to calculate the coupling degree between
the different quantitative dimensions for the risk-related factors according to their suitability so as
to determine the risk-influence degree between the different quantitative dimensions. Therefore,
the risk-influence degree of the pth quantitative dimension in the ith risk-related factor and the qth
quantitative dimension in the jth risk-related factor cij

pq is defined as:

cij
pq = 2

{
(ui

p × uj
q)/

[
(ui

p + uj
q)(ui

p + uj
q)
]}1/2

. (10)

The smaller the risk-influence degree between the quantitative dimensions, the greater the
difference in the risk-change values for these quantitative dimensions, which indicates that the
risk-related factors have less influence on each other.

The risk-influence matrix for the quantitative dimensions between the ith and jth sustainability
risk-related factors can then be determined as Cij

n∗m based on cij
pq:

Cij
n×m =


cij

11 cij
12 · · · cij

1m
cij

21 cij
22 · · · cij

2m
...

...
. . .

...
cij

n1 cij
n2 · · · cij

nm

 . (11)

The relativity measurement model for the preference vectors for any two members in a group is
used to calculate the risk-related degree between the sustainability risk-related factors. The relativity
degree rij(Vi, Vi) between the preference vector Vi and preference vector V j is defined as [45]:

rij(Vi, V j) =
(
∣∣∣Vi −Vi

∣∣∣)× (
∣∣∣V j −V j

∣∣∣)T∥∥∥Vi −Vi
∥∥∥

k
×
∥∥∥V j −V j

∥∥∥
g

, 1 < k < +∞, 1 < g < +∞,
1
k
+

1
g
= 1, (12)

where ‖‖k is the k-norm of vector and ‖‖g is the g-norm of vector.

Vi =
1
n

n

∑
l=1

vi
l , V j =

1
n

n

∑
l=1

vj
l (13)

In this model, the sustainability risk-related factors correspond to the members’ preferences,
and the quantitative dimensions correspond to the attributes of those preferences. As the number of
quantitative dimensions for the various sustainability risk-related factors is different, this relativity
measurement model for the preference vectors is needed to extend the situation. Xu and Cao [46] added
a risk influence matrix Cij

n∗m to a relativity measurement model for preference vectors to solve a problem
that could not be compared because of the differences in the number of quantitative dimensions in the
sustainability risk-related factors, in which the risk-related degree rij(Vi, V j) between the sustainability
risk-related factor vectors Vi and V j was described as:

rij(Vi, V j) =
(
∣∣Vi −Vi

s
∣∣)× Cij

n×m × (
∣∣∣V j −V j

s

∣∣∣)T

∥∥Vi −Vi
s
∥∥

2 ×
∥∥∥Cij

n×m

∥∥∥
2
×
∥∥∥V j −V j

s

∥∥∥
2

. (14)
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4.3. Weighting Method

Based on the risk-related degree between the sustainability risk ith and jth risk-related factor
vectors in Equation (14), the weight of the ith risk-related factor wi is calculated as:

wi = rii

/
t

∑
j=1

rij. (15)

After normalization, the normalized weight of the ith risk-related factor Wi is:

Wi = wi

/
t

∑
j=1

wj. (16)

The value of the normalized weight for the risk-related factor indicates the influence of the
risk-related factor in correspondence with other related factors; that is, a higher normalized weight of
the related factor indicates that the factor is consistent with more other related factors in the changes
after construction of the hydropower project, and the greater the influence on sustainability risk.
Finally, each normalized weight for each risk-related factor is sorted, with the risk-related factors
with high normalized weight being regarded as the key targets for sustainability risk in large-scale
hydropower projects.

5. Case Study

5.1. Baihetan Hydropower Station

The Baihetan hydropower station is the second step of four steps in the lower reaches of the
Jinsha River, with comprehensive benefits including power generation, flood control, sand control,
improvement in downstream shipping conditions, and navigation in the reservoir area. The location
of the Baihetan hydropower station is as shown in Figure 4. The main power station project
commenced in 2013, with the first power generation expected in 2018 and project completion due
in 2022. The height of the dam is 834 m, the storage capacity of the underground powerhouse is
20.6 billion m3 equipped with 16 units. After the completion of the power station, the Baihetan
hydropower station will be the second largest hydropower station in China after the Three Gorges
hydropower station with 16 gigawatts initial installed capacity and 60.24 billion kWh average annual
generating capacity. The dam site has a basin area of 430,300 km2, which is 91% of the basin area above
the Jinsha River. The land expropriation required for the construction of the Baihetan hydropower
station for the reservoir flood area, the junction project construction area and the new town area
involves two provinces (Sichuan Province and Yunnan province), six counties (Ningnan, Huidong,
Qiaojia, Huize, Dongchuan and Luquan), four cities, 39 townships, 110 administrative villages, and an
immigrant population of more than 11 million people, 96% of whom live in Ningnan, Huidong and
Qiaojia counties.

5.2. Data Sources and Data Processing

In this section, the Baihetan hydropower station, a hydropower station under construction,
is examined as a case study. Based on field research at the Baihetan hydropower station, and from
information extracted from the Sichuan statistical yearbook, the Yunnan statistical yearbook,
the Changjiang bulletin, the feasibility study reports on the pivotal project of the Baihetan hydropower
station, the environmental impact statements for the Baihetan hydropower station, and our research
at the Baihetan hydropower station, the relevant data for the evaluation of the sustainability risks
at the Beihetan hydropower station were gathered. From the sustainability risk-related factors for
large-scale hydropower projects shown in Table 2, the risk standard values and risk values for the
quantification dimensions in the risk-related factors were determined. As the main project at the
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Baihetan hydropower station commenced in 2013, the risk standard value chosen was derived from
the relevant pre-construction historical data for the Baihetan hydropower station in 2012. The risk
values for the Baihetan hydropower station were extracted from data in the feasibility study reports.
In total, 21 risk-related factors and 105 quantitative dimensions for the Baihetan hydropower station
were identified and selected: { f1, f2, f3, ..., f19, f20, f21} and {q1, q2, q3, · · · , q103, q104, q105}.

Figure 4. Location of the study area.

Since some risk values for the quantification dimensions were not mentioned in the feasibility
study reports, expert estimation and historical data were used to predict the trapezoidal fuzzy numbers
for the fuzzy quantitative dimensions (the ecological index, the national health degree, the national
happiness degree, the protection of cultural heritage, the influence on the landscape), the distribution
of the random quantitative dimensions (underground water levels, river width, pH values), and the
(α, β)-level trapezoidal fuzzy variables for the fuzzy random quantitative dimensions (runoff volumes,
precipitation). As for fuzzy quantitative dimensions, we obtained data mainly through field research.
Concerning the national hapiness degree and the national health degree, we conducted an interview
survey in Huidong County, Sichuan Province, one of the areas where the hydropower station is
located. A total of 158 people were surveyed by interview and asked their happiness and health
situation, then we estimated their happiness and health degree through “very happy”, “very healthy”,
“happy”, “healthy”, “not bad”, “bad”, ”very bad” and so on. The construction of the hydropower
station will result in the resident relocation in the reservoir area. Since the Baihetan hydropower
station is under construction and the residents in the reservoir area have not finished relocation yet,
to obtain the data after project completion, we conducted interview surveys on happiness and health
in areas where relocatees planned to relocate and we used the results in these areas to estimate the
happiness and health degree after construction completion. The expected value was then calculated
to express the risk values as described in Section 4.1. Finally, the risk standard values and the risk
values for all quantification dimensions of the sustainability risk at the Baihetan hydropower station
were determined.

5.3. Calculation of Normalized Weight for the Risk-Related Factors

Based on the risk standard value, risk value and Equation (8), the risk-change values for
all quantification dimensions were respectively calculated. The risk influence matrix based on
Equation (10) for the quantitative dimensions in the sustainability risk of the Baihetan hydropower
station is shown in Table 3.
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Table 3. Risk influence degree between the quantitative dimensions for the sustainability risk at the
Baihetan hydropower station.

q1 q2 ... q54 q55 ... q104 q105

q1 1.0000 0.8010 ... 0.6791 0.4850 ... 0.8636 0.4398
q2 1.0000 1.0000 ... 0.6794 0.4852 ... 0.8639 0.4400
... ... ... ... ... ... ... ... ...

q59 0.2220 0.2221 ... 0.5302 0.7308 ... 0.3770 0.7853
q60 0.5951 0.5953 ... 0.9855 0.9711 ... 0.8640 0.9406
... ... ... ... ... ... ... ... ...

q104 0.8628 0.8628 ... 0.9374 0.9813 ... 0.8935 0.9894
q105 0.4390 0.4390 ... 0.5203 0.5982 ... 0.4687 0.6218

Then, the risk-related degrees between the sustainability risk-related factors at the Baihetan
hydropower station were calculated, as shown in Table 4, and the weights for the risk-related factors
based on the results of the risk-related degrees were determined. After normalization and sorting,
the results of the sorted normalized weights for the risk-related factors are shown in Table 5.

Table 4. Risk-related degree between the sustainability risk-related factors for the sustainability risk at
the Baihetan hydropower station.

f1 f2 ... f10 f11 ... f20 f21

f1 0.3114 0.3909 ... 0.4981 0.4983 ... 0.3588 0.3925
f2 0.3909 0.5815 ... 0.7675 0.7614 ... 0.5655 0.5680
... ... ... ... ... ... ... ... ...
f11 0.4983 0.7614 ... 0.9840 0.9813 ... 0.7457 0.7273
f12 0.4588 0.5375 ... 0.6606 0.6650 ... 0.4699 0.5467
... ... ... ... ... ... ... ... ...
f20 0.3258 0.4997 ... 0.6477 0.6478 ... 0.5157 0.4524
f21 0.3771 0.5658 ... 0.7324 0.7318 ... 0.5749 0.5178

Table 5. Sorted normalized weight for the sustainability risk-related factors at the Baihetan
hydropower station.

Sustainability Risk-Related Factors Number Normalized Weight

Terrestrial animal v9 0.0741
Aquatic vegetation v10 0.0676
Fish v11 0.0673
Soil v4 0.0601
Environmental status v12 0.0593
Resettlement v13 0.0545
Cultural heritage v20 0.0530
River morphology v2 0.0507
Reservoir landscape v21 0.0468
Terrestrial vegetation v8 0.0467
Health v14 0.0457
Geology hazard v5 0.0446
Traffic construction v19 0.0432
Climate v6 0.0409
Hydrographic and sediment v1 0.0380
Regional economy v16 0.0371
Water quality v3 0.0369
Social stability v15 0.0369
Regional industry v18 0.0357
Air quality v7 0.0331
Regional agriculture v17 0.0277
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5.4. Sustainability Risk of the Baihetan Hydropower Station Analysis

The Baihetan hydropower station construction has different degrees of risk for the different
risk-related factors. The greater the normalized weights of the risk-related factors, the greater
the impact of the construction project on these related factors in the sustainable risk; that is,
these risk-related factors need greater protection. As the results shown in Table 5 indicate, terrestrial
animal, aquatic vegetation, fish, soil and environmental status were the factors most influenced by
the construction, indicating that the Baihetan hydropower station construction significantly impacted
risks in the eco-environment subsystem, and especially impacted organisms, with the influence on
terrestrial animals being the most significant. In contrast, the influence of the construction on regional
agriculture, air quality, regional industry, social stability, and water quality factors was small, indicating
that the regional agricultural protection measures were effective in the Baihetan hydropower station
construction planning. Therefore, to achieve sustainability risk minimization, focus at the Baihetan
hydropower station construction site needs to be placed on the protection and maintenance of the
eco-environment with special attention being placed on the protection of local animals to ensure the
maintenance of quantity and species before and after the construction. These evaluation results can
provide a valuable reference for sustainable risk evaluations at other hydropower stations.

In the subsystem perspective, the sustainability risk influence differs from different systems.
As shown in Figure 5, the overall level of the normalized weights of the risk-related factors in the
eco-environment subsystem is highest, the top three normalized weights are in the eco-environment
subsystem, and those in the socioeconomic subsystem are lowest, where all but cultural heritage
and reservoir landscape are very low in normalized weights; that is, they have little impact on other
risk-related factors. From the macro-system analysis, the eco-environment subsystem fluctuations
have a greater impact on other subsystems, the changes of the eco-environment subsystem may result
in relatively large changes in other subsystems, so we need to give more attention and protection
to the eco-environment subsystem when considering the sustainability of the Beihetan hydropower
station. In addition, we analyzed the risk-related degree between the sustainability risk-related factors
at the Baihetan hydropower station. The top five risk-related degrees are aquatic vegetation and
fish, terrestrial animals and fish, terrestrial animals and aquatic vegetation, aquatic vegetation and
resettlement, and resettlement and fish. The lives of terrestrial animals, fish and aquatic vegetation
are all dependent on the environment. Changes in the environment will cause great changes in their
habitats and lifestyles, and may even threaten their lives. At the same time, they show a strong
connection in the food web. After the construction of the Baihetan hydropower station, their similar
and related fates have promoted their high sustainability risk-related degree. The construction of the
Baihetan hydropower station will inundate a certain number of residential areas, so residents need
to be resettled. The change of resettlement factor shows a great similarity to the change of aquatic
vegetation and fish, indicating that the resettled residents are more dependent on aquatic organisms
and may be related to the use of aquatic life as necessities of life and sources of income for a long time.
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Figure 5. Normalized weight for the sustainability risk-related factors in the subsystem perspective.

6. Conclusions

Sustainability risk evaluations for large-scale hydropower projects are systematic and complex.
In this paper, the sustainability risk-related factors and quantitative dimension structures for large-scale
hydropower projects were identified. From the calculations for the risk-related degrees for the
sustainability risk-related factors with hybrid uncertainty, the sustainability risk impact degrees
between all related factors were determined and the normalized weights for each risk-related factor
obtained to deduce the main factors in sustainability risk for hydropower projects. The sustainability
risk at the under-construction Baihetan hydropower station was taken as a case to demonstrate
the methodology, the results from which provide a valuable reference to reduce or avoid the risks
through targeted and effective measures to ensure sustainable hydropower projects. The results
show that the eco-environment system is a relatively important part of the Baihetan hydropower
station development because of its relatively large related impact. Specifically, terrestrial animals,
aquatic vegetation, fish, soil, and environmental status are the most important factors in controlling
sustainability risk. Managers can reduce the sustainability risk of the Baihetan hydropower station
by some measures, such as emphasis on publicity and education of environmental protection for
construction workers, implementation of greening projects in construction projects, establishment
of fish-proliferation stations and a long-term mechanism for immigrants caused by the Baihetan
hydropower station construction. At the same time, this paper also provides a sustainability risk
evaluation method and gives some references to control sustainability risk for hydropower projects.

Future research will try to apply other evaluation methods to the sustainability risk evaluation
of hydropower projects, and will consider the risk relation between the sustainability risk factors;
then, the comparative analysis between different evaluation methods will generate a more-suitable
sustainable risk evaluation of hydropower projects.
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