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Abstract: As an efficient way to deal with the exhaustion of traditional fossil fuels, new energy
power generation has obtained much attention from the Chinese Government. In this context,
more and more new energy power generation groups that consist of large numbers of regional
enterprises have been founded and developed rapidly. However, researches related to comprehensive
benefit evaluation of group-affiliated new energy power generation enterprises is still blank in China,
which will hinder the benefit growth and sustainable development of such enterprises. A novel
hybrid evaluation indicator system is proposed from both perspectives of sustainability and the
internal management within the groups. Considering the preference information given on each of
the indicators is featured by multi-source and multi-form, an evaluation framework to integrate the
blended and complex evaluation information is designed. In addition, different from previous studies,
this paper employs a combined technique of Stochastic Transformation for Blended Information
(STBI) method and the Technique for Order Preference by Similar to Ideal Solution (TOPSIS) to
simulate the evaluation process and rank the comprehensive benefit of evaluation objects. It can
efficiently handle the comprehensive evaluation problems with blended and complex evaluation
information and preserve the initial evaluation information to the utmost simultaneously. Finally,
this paper applied the evaluation model to empirical research and the results show that the model
meets the actual situation of the new energy power generation group and can provide a certain
reference value.

Keywords: group-affiliated new energy power generation enterprises; comprehensive benefit
evaluation; blended evaluation information; STBI method; TOPSIS

1. Introduction

Along with the increasing depletion of fossil fuels and deterioration of environmental pollution,
the new energy industry has become strategic measures for improving energy structure, alleviating
energy supply pressure, ensuring energy supply safety, reducing environmental pollution and
achieving sustainable development in China [1]. Therefore, since the 21st century, the Chinese
government has introduced a series of plans and policies to stimulate the development of new energy
industry. Under the guidance of national policies, new energy power generation industry including
wind power, solar power and other new energy power generation, has been developing rapidly,
especially during the “Twelfth Five-Year Plan” period (Table 1) [2,3]. By the end of 2015, China’s total
installed capacity of wind power and solar power has reached over 170 GW, ranking first in the world.
Accompanied by the gradually increasing installed wind capacity, wind power has become the third
most dominant form of power—after thermal power and hydropower—with an annual generation of
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185,100 GWh [4]. Under such a strategic energy developing situation that new energy being massively
exploited, more and more new energy power generation enterprises have made heavy investments in
projects construction. With the gradual enlargement of scale, many of them have developed into large
groups of new energy power generation enterprises.

Table 1. Cumulative installed capacity during the “Twelfth Five-Year Plan” period (unit: GW).

Energy Type Power Source Type Cumulative Installed Capacity Average Annual
Growth

Growth
Ranking2010 2015

New energy
solar power 0.80 43.18 122% 1
wind power 29.58 130.75 34.6% 2

biomass power 5.50 10.30 13.4% 4

Conventional
energy

hydropower 220 320 8.1% 5
coal-fired power 660 900 6.4% 6

gas power 26.42 66.03 20.1% 3

Past few years have witnessed a dramatic increase in energy supply. Currently, the pressure of
energy supply has overall eased in China, which leads to a shift of emphasis of energy development
from supply insurance to benefit growth [2,3]. In 2016, the “Thirteenth Five-Year Plan for Energy
Development” and the “Thirteenth Five-Year Plan for Renewable Energy Development” were
promulgated to make clear that the barycenter of energy development has been transferred from
ensuring the abundant supply of energy to promoting the quality and benefit of energy. In this context,
China’s new energy power generation industry is ushering in a maturation developing stage when the
quality of sustainable development is more concerned about than it is in the early developing stage
when resource preemption, scale expansion and the accumulation of installed capacity were paid close
attention to. In order to accommodate to this shift, for new energy power generation groups, it is
essential to establish a framework that can comprehensively evaluate the quality and benefit of their
affiliated new energy power generation enterprises, which can help the parent company identify the
benefit level of each affiliated enterprise and then improve their benefit by taking appropriate measures.

A new energy power generation group is a large corporation composed of a set of distributed new
energy power generation enterprises, in which the parent company implements various management
strategies to increase the comprehensive benefit of the affiliated enterprises, including their production
safety, costs control, technical innovation, market competitiveness, talent management, etc. by means
of functional management through its functional departments [5,6]. The common organizational
structure of a new energy power generation group is displayed in Figure 1. As shown in the figure, each
department performs differentiated functional management on the affiliated enterprises, according to
its own duties and specialization of work. For example, the production management department of
the parent company works on improving generating capacity of the affiliated enterprises by managing
their production plans, supervising the compliance of their manufacturing facilities management
and the normalization of their technical documents; the human resource management department
aims at improving working skills and all-around abilities of the staff in the affiliated enterprises so
that the labor productivity can be raised. Accordingly, from the perspective of the parent-subsidiary
management system, how to manage and evaluate the benefit of the affiliated enterprises has become a
main issue for new energy power generation groups. Since the functional department from the parent
company is the subject of benefit management of the affiliated enterprises, the benefit evaluation
subject of the affiliated enterprises should be them as well [7]. However, due to the otherness of
management characteristics owned by each functional department according to their duties, for
example, the production management department focuses on the quantitative production data of the
affiliated enterprises while the human resources care more about the qualitative data of their talent
quality, the different forms of evaluation data have to be considered during the benefit evaluation
process. Generally, owning to the differences of evaluation indicators’ properties and the diverse
sources of evaluation subjects, the evaluation data often appear in diversified forms such as real
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number (RN) [8,9], linguistic information (LI) [10–12], triangular fuzzy number (TFN) [13–15], ordinal
number (ON) [16], interval number (IN) [17,18] and so on, which means the integration of evaluation
information of multi-source and multi-form must be considered.
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Figure 1. Common organizational structure of a new energy power generation group. 

Considering that the comprehensive benefit evaluation of group-affiliated new energy power 
generation enterprises includes different aspects, a comprehensive evaluation model is employed to 
evaluate the comprehensive benefit of all the evaluation objects. Technique for Order Preference by 
Similarity to Ideal Solution (TOPSIS) is a compensatory aggregation MCDM method that has been 
used to appraise performance in many fields. This model has a simple and logical computation 
process and it is able to consider the distance both from positive ideal and negative ideal solutions. 
Besides, due to the complexity of the blended evaluation data with multi-source and multi-form in 
practice, the stochastic transformation for blended information (STBI) is introduced to simulate the 
evaluation process. Therefore, a combined technique of TOPSIS and STBI will be employed to 
evaluate the comprehensive benefit of group-affiliated new energy power generation enterprises. 

The remainder of this paper is organized as follows: a brief review of the literature related to 
new energy power generation in terms of evaluation methods and the main contributions of this 
study are found in Section 2. The hybrid indicator system for comprehensive evaluation of group-
affiliated new energy power generation enterprises and the integrated framework of evaluation 
information of group-affiliated new energy power generation enterprises are built in Section 3 and 
Section 4, respectively. In Section 5, the basic principle and methods of the evaluation model based 
on TOPSIS and STBI are elaborated. An empirical study of the Huaneng Renewables Group in China 
is described in Section 6. Results are discussed in Section 7 and Conclusions are drawn in Section 8. 
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Currently, there have been more studies of the evaluation focused on one single perspective of 
the benefits of new energy power generation, such as economic evaluation [19,20], environment 
evaluation [21] or social benefit evaluation [22,23] both at home and abroad. With the deepening of 
the research, many scholars argued that it is necessary to construct the evaluation indicator system 
from multiple perspectives of economic benefits, social benefits, environmental benefits and so on 
[24,25]. However, it can be seen that the existing researches are generally conducted from an external 
perspective and few of them have looked into this issue from the perspective of internal management 
within a new energy power generation group. How to evaluate the comprehensive benefit of group-
affiliated new energy power generation enterprises still remains to be a problem. Besides, evaluation 
methods have been extensively studied. The most frequently used methods are analytic hierarchy 
process(AHP), analytic network process(ANP), Delphi method, the entropy method, grey relational 
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Considering that the comprehensive benefit evaluation of group-affiliated new energy power
generation enterprises includes different aspects, a comprehensive evaluation model is employed
to evaluate the comprehensive benefit of all the evaluation objects. Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS) is a compensatory aggregation MCDM method that has
been used to appraise performance in many fields. This model has a simple and logical computation
process and it is able to consider the distance both from positive ideal and negative ideal solutions.
Besides, due to the complexity of the blended evaluation data with multi-source and multi-form in
practice, the stochastic transformation for blended information (STBI) is introduced to simulate the
evaluation process. Therefore, a combined technique of TOPSIS and STBI will be employed to evaluate
the comprehensive benefit of group-affiliated new energy power generation enterprises.

The remainder of this paper is organized as follows: a brief review of the literature related to new
energy power generation in terms of evaluation methods and the main contributions of this study
are found in Section 2. The hybrid indicator system for comprehensive evaluation of group-affiliated
new energy power generation enterprises and the integrated framework of evaluation information of
group-affiliated new energy power generation enterprises are built in Sections 3 and 4, respectively.
In Section 5, the basic principle and methods of the evaluation model based on TOPSIS and STBI are
elaborated. An empirical study of the Huaneng Renewables Group in China is described in Section 6.
Results are discussed in Section 7 and Conclusions are drawn in Section 8.

2. Literature Review

Currently, there have been more studies of the evaluation focused on one single perspective
of the benefits of new energy power generation, such as economic evaluation [19,20], environment
evaluation [21] or social benefit evaluation [22,23] both at home and abroad. With the deepening of the
research, many scholars argued that it is necessary to construct the evaluation indicator system
from multiple perspectives of economic benefits, social benefits, environmental benefits and so
on [24,25]. However, it can be seen that the existing researches are generally conducted from an
external perspective and few of them have looked into this issue from the perspective of internal
management within a new energy power generation group. How to evaluate the comprehensive
benefit of group-affiliated new energy power generation enterprises still remains to be a problem.
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Besides, evaluation methods have been extensively studied. The most frequently used methods are
analytic hierarchy process(AHP), analytic network process(ANP), Delphi method, the entropy method,
grey relational analysis, the factor analysis, principal component analysis(PCA) and the technique
for order preference by similar to ideal solution (TOPSIS) [26–33], among which, the former three
are subjective methods, which determine the weight coefficient of each indicator by comprehensive
consulting score and thus reflect the consultancy to the fullest and the rest are objective methods,
which determines the weight of each indicator based on internal relationship and variation degree
among indicators. However, through reviewing the related literature, it can be seen that these methods
have only been employed to deal with comprehensive evaluation (CE) problems with a single type
or certain types of evaluation data, such as linguistic information or real numbers. To the best
of our knowledge, the studies related to the comprehensive benefit evaluation of group-affiliated
new energy power generation enterprises with blended evaluation information of multi-source and
multi-form are quite few. Aiming at problems that blended evaluation information exists in a single
CE question, Ref. [34–36] proposed a processing method named the stochastic transformation for
blended information (STBI), based on which, the blended information is transformed into a uniform
form by generating random numbers obeying a certain distribution and then a Monte Carlo simulation
technology [37] is used to simulate the ranking results of the evaluation objects by employing a CE
method for as many replications as possible to obtain a stable result. STBI method can make the CE no
longer limited to single or finite data forms and further expand the practical application range of CE.
Meanwhile, TOPSIS method has been used in many fields for not only its simple principle and flexible
application but also it can make full use of the existing information and can enhance the objectivity of
the evaluation result. However, it is very regrettable to find that the two methods have rarely been
employed in the fields of new energy power industry. Therefore, this paper attempts to employ a
combined technique of STBI and TOPSIS to evaluate the benefit of group-affiliated new energy power
generation enterprises.

The main contributions of this paper are as follows:

(1) From the literature review, it can be found that current studies are mainly conducted from an
external perspective. For all we know, this is the first study that performs the benefit evaluation
on group-affiliated new energy power generation enterprises from an internal perspective of
group management and control.

(2) As noted above, benefit evaluation of group-affiliated new energy power generation enterprises
requires the consideration of blended evaluation information of multi-source and multi-form.
Although the technique for order preference by similar to ideal solution (TOPSIS) has been
applied to deal with CE problems in many fields, it is still confined to a single or finite evaluation
information form(s), while the stochastic transformation for blended information (STBI) has been
proved good performance in such problems. To the best of our knowledge, this is a novel hybrid
CE technique combining STBI and TOPSIS for benefit evaluation of group-affiliated new energy
power generation enterprises. This attempt upgrades the TOPSIS method with STBI, which can
cope with the blended information and additionally, extent the application domain of TOPSIS.

(3) The basic link of STBI is to generate random numbers characterized by a probability among the
numerical intervals corresponding to the original evaluation information, which can preserve
the original evaluation information to the utmost and avoid information loss during the
transformation. At the same time, TOPSIS can also make full use of the existing information [32].
Therefore, the hybrid technique of STBI and TOPSIS can deal with the CE problems with complex
and blended evaluation information efficiently and overcome a major shortcoming of existing
approaches that lose or distort the original preference information in the calculating process,
which can also be applied to many other fields.
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3. Comprehensive Benefit Evaluation Indicator System of Group-Affiliated New Energy Power
Generation Enterprises

Evaluation indicators are very important to the comprehensive benefit evaluation of group-affiliated
new energy power generation enterprises. It is essential to establish an evaluation indicator system
to comprehensively reflect the benefit management characteristics of new energy power generation
enterprises owned by a large group. However, current research related to this in China is rare and
there is no consistent list of indicators for the benefit evaluation of group-affiliated new energy power
generation enterprises. In order to promote the sustainable development of new energy power
generation industry, this paper will probe into the evaluation criteria from a sustainable standpoint,
which must not only meet the demands of benefit growth of energy during the “Thirteenth Five-Year
Plan” period but also satisfy the needs of the corresponding management strategies that new energy
power generation groups perform on their affiliated enterprises. Currently, over reliance on the state
subsidies has long been holding back the benefit growth of wind power generation and solar power
generation enterprises, accordingly, economic benefit should be considered as an essential aspect
of the evaluation, as mentioned in the “Thirteenth Five-Year Plan for Energy Development” that
“Put more emphasis on economic benefit and enhance the competitiveness of energy and related
industries”. As we know, new energy power generation industry is highly technology-intensive and
talent-intensive, which requires massive investments in technology innovation, talent training and
retaining. Technology innovation and utilization will help to reduce power generation costs and further
improve the benefit, which means that technology sustainability should be included in the evaluation.
Since the technology sustainability is supported by large numbers of well-trained staff, talent reserve
is also taken into account as an important guarantee to the benefit growth. What’s more, curtailment
of wind power and solar power and low utilization efficiency of new energy have long been serious
problems in China. Therefore, the “Thirteenth Five-Year Plan for Energy Development” has highlighted
the developing quality of energy in its main text, indicating that new energy power generation groups
must take the operation quality of their affiliated enterprises seriously, such as improving new energy
efficiency of these enterprises. As a result, economic benefit, technical sustainability, talent reserve
and operation quality are the four key components of the comprehensive benefit evaluation of the
group-affiliated new energy power generation enterprises.

Furthermore, in order to meet the actual needs of management and control within new energy
power generation groups, the sub-criteria affiliated with above four aspects are determined by an
expert group composed of 36 executives and functional departments managers of the parent companies
from four new energy power generation groups, according to the following process: First, all experts
review the academic literature related to the comprehensive benefit of new energy or new energy
power generation including economy, technology, talent and operation [19–23,38–42] that is selected
and provided by our research group, the first half of which is the most recent studies while the other
half is the most cited studies with each of them being cited for more than 100 times; then an initial
indicator system is built. Second, questionnaires are designed to seek the opinions of each expert
repeatedly based on the Delphi method [29]. Third, the indicators are identified after analyzing the
results of questionnaires and checking the consistency of opinions. Finally, the evaluation subject of
each indicator based on the duties of functional departments generally set up in the parent companies
of new energy power generation groups and their preferred forms of evaluation data are discussed
by the expert group. The comprehensive benefit evaluation indicator system of group-affiliated new
energy power generation enterprises is displayed in Figure 2.
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3.1. Economic Benefit

For economic benefit, four indicators that can directly reflect the economic benefit of the affiliated
new energy power generation enterprises are chosen.

(1) Power generation capacity (X11): refers to annual total generation capacity of an affiliated
enterprise. Owning to different regional governments subsidies, all affiliated enterprises may
differ greatly in feed-in tariffs from one to another. Therefore, this indicator can reflect the prime
operating revenue of the affiliated enterprises more accurately than the prime operating revenue
itself, which is the basis of source of income for the new energy power generation enterprises.

(2) Growth rate of power generation capacity (X12): refers to the year-on-year growth rate of power
generation capacity for each affiliated enterprise, which can not only reflect the progressing
speed of their main business (i.e. new energy power generation) but also be a predictor of the
sustainable development ability of economic benefit of each affiliated enterprise.

(3) Total profit (X13): is a comprehensive economic indicator to evaluate the economic benefit of each
affiliated enterprise, which can represent the operating result of the affiliated enterprises within
an accounting year.

(4) Growth rate of total profit (X14): refers to the year-on-year growth rate of total profit made by
each affiliated enterprise. This indicator is also a measure of development speed and ability of
the affiliated enterprise but more in an economic way.

3.2. Operation Quality

The final four indicators affiliated with operation quality for the comprehensive benefit evaluation
of group-affiliated new energy power generation enterprises are summarized below.
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(1) Cost control (X21): refers to the ability of an affiliated enterprise to cut down its overall
costs including newly-built projects costs, production costs, operational maintenance costs,
administrative costs, labor costs and so on, by comprehensive budget management, bidding
and tendering management, internal control and risk management, etc. This indicator is a
comprehensive indicator of total operation management quality of each affiliated enterprise.

(2) Growth rate of installed capacity (X22): measures the sustainability of power production capacity
of the affiliated enterprises through a series of measures covering production, operation and
management that can improve the efficiency for the existing capacity.

(3) Power utilization hours (X23): measures both energy utilization efficiency and market
competitiveness of the affiliated enterprises. This indicator is aimed at encouraging all the
affiliated enterprises to optimize their marketing mechanism and strengthening marketing
transactions under new circumstances of supply-side structural reform.

(4) Production safety (X24): refers to the level of safety production and safety production management
of the affiliated enterprises. As we know, safety production is the first priority for power
generation enterprises and incalculable damage may be done once safety accidents happen.

3.3. Technical Sustainability

The following two indicators affiliated with technical sustainability are summarized below.

(1) Technology innovation investment (X31): refers to manpower, financial and material resources
that the affiliated enterprises spend on technical research and development.

(2) Application of advanced technology (X32): refers to the applications of advanced new energy
generation equipment and technologies, which can help the affiliated enterprises improve the
comprehensive utilization efficiency of new energies and lower the generation costs.

3.4. Talent Reserve

The affiliated new energy generation enterprises need to carry out effective talent management to
implement production, operation, management and technical innovation, which means a sustainable
talent pool should be constructed.

(1) Talent introduction and training (X41): refers to the work quality of the affiliated enterprises in
the introduction of managers and technical experts and the training for vocational skills and
management expertise to fully exploit the staff’s talents.

(2) Talent equivalent density (X42): is a comprehensive indicator that indicates the academic
qualifications, professional titles and skill levels of the total staff in each affiliated enterprise.

4. Integrated Framework of the Comprehensive Benefit Evaluation Information

To comprehensively evaluate the benefit of new energy power generation enterprises affiliated
with a new energy generation group, different functional departments from the parent company
are selected as evaluation subjects according to their functions and powers. Meanwhile, each of the
evaluation subjects gives their preference information on different indicators among above twelve
indicators affiliated with four aspects of the comprehensive benefit of the affiliated enterprises, namely
economic benefit, operation quality, technical sustainability and talent reserve, according to the
evaluation standards that should be agreed by both the evaluation subjects and the evaluation objects.
The evaluation standards are generally made according to the following process (Figure 3). Since the
evaluation subjects are no longer confined to a single or specific types of evaluation data, which are
generally required by the traditional CE models, they are able to express their preference information
in whatever types they need according to their major concerns and management characteristics. It is
obvious that the evaluation information of the comprehensive benefit evaluation of group-affiliated
new energy power generation enterprises are a blend of multi-source and multi-form. Therefore, it is
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very important to build an information integrated framework to integrate the blended and complex
evaluation information.Sustainability 2018, 10, 24 8 of 23 
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The integrated framework of evaluation information of group-affiliated new energy power
generation enterprises is the primary means to integrate the complex evaluation information, which is
characterized by an encapsulation of a certain number of information flows. The essential elements
of each information flow are all kinds of necessary evaluation information including evaluation
indicators, preference information, evaluation methods and evaluation results, as shown in Figure 4.
Since evaluation subjects enjoy considerable autonomy to express their preference information, it can
be seen that blended evaluation information co-exists is at the center of the difficulties when solving
the information integrated framework. In order to preserve the original evaluation information to
the utmost, the evaluation model combining the stochastic transformation for blended information
method (STBI) and the technique for order preference by similar to ideal solution (TOPSIS) will be
introduced in the rest of this paper.
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5. Evaluation Model Based on STBI and TOPSIS

5.1. Method Principle

5.1.1. Basic Idea of the Stochastic Transformation for Blended Information (STBI) Method

The stochastic transformation for blended information (STBI) method is a new data processing
method proposed by Li, et al. in 2014 [34,36], which mainly aims at comprehensive evaluation problems
with coexistence of blended evaluation information. According to the principle of STBI, different
types of blended evaluation information will firstly be transformed into a RN, an IN or a TFN in the
same scope and based on this, random numbers obeying a certain distribution are generated and
their membership to the original information is calculated. Then, the stochastic simulation method
is adopted to solve the evaluation question and the most probable ranking conclusion of evaluation
objects is obtained. Therefore, STBI makes evaluation process no longer limited to single or certain
types and can further expand the application range of comprehensive evaluation.

5.1.2. Basic Idea of Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), which was first proposed
by Hwang and Yoon in 1981 [43], is also known as close to the ideal solution sorting method and the
idea is derived from the decision problem of multivariate statistical analysis. It is a kind of scientific
decision-making technology used in multiple attribute decision making of limited scheme system
engineering. The basic idea of TOPSIS method is as follows: First, on the basis of normalization of
the original matrix, it needs to find the optimal scheme and the worst scheme in the finite evaluation
schemes, which are the positive and negative ideal solution. Second, the relative closeness degree
between the evaluation object and the optimal solution is obtained, through calculating the distance
between the object and the optimal scheme and the worst scheme, respectively. Third, the schemes
are ranked to determine the optimal scheme [44]. The optimal scheme means each attribute value is
the best of all the alternatives; contrarily, the worst scheme means the value of each attribute is the
worst of all the alternatives. Fourth, the distance between each scheme and the optimal scheme and
the worst scheme are measured and, if the scheme is close to the optimal scheme and far from the
worst, the scheme will be the best one.

5.2. Evaluation Model

Step 1: Determine the value of the index.
Normally, at the beginning of each year, new energy power generation groups would evaluate

the previous year’s benefit performance of their affiliated power generation enterprises. At this
time, the related departments of the parent company (evaluation subjects) would determine the
indicator value of the affiliated enterprises (evaluation objects) that they take charge of, according to
the evaluation rules that have been made earlier.

Evaluating the indicators n of objects m and the original matrix is set up as follows:

X =


x11 x12 · · · x1n
x21 x22 · · · x2n

...
...

. . .
...

xm1 xm2 · · · xmn

 (1)

Step 2: Determine the weight of each index.
Employing the appropriate method to obtain the weights of evaluation indicators is very

important for benefit evaluation of group-affiliated new energy power generation enterprises. There
are many weight determination methods, which can be divided into three types, namely the subjective
weighting methods, the objective weighting methods and the comprehensive methods combining
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subjective weighting method and objective weighting method. The selection of weight determination
method should be based on the evaluation objective and accessible indicator data. The sum of criteria
weight should be satisfied by:

n

∑
j=1

ωj = 1 (2)

Step 3: Preprocess the indicator data
As mentioned above, the preference information of the indicators appears in mainly five

types including real number (RN), interval number (IN), triangular fuzzy number (TFN), linguistic
information (LI) and ordinal number (ON). Although evaluation subjects give differentiated evaluation
data form of the objects on each index, theoretically the initial data can be standardized into a common
range of values, which can be set as [0, 1] without loss of generality, so that the indicator consistency
can be provided and the dimensionality can be eliminated.

(1) Real number (RN)

Real number (RN) is used to provide precise evaluation information. The extreme value
standardization method [33] is used to standardize the indicator data. Equation (3) is for the benefit
indicators and Equation (4) is for the cost indicators.

For the benefit indicators x∗ij =
xij − xa

ij

xb
ij − xa

ij
and xa

ij = minixij, xb
ij = maxixij (3)

For the cost indicators x∗ij =
xb

ij − xij

xb
ij − xa

ij
and xa

ij = minixij, xb
ij = maxixij (4)

(2) Interval number (IN)

Interval number (IN) indicates that the evaluation information provided is a range of values, which
is denoted by xij = [xL

ij, xU
ij ] = [x|xL

ij ≤ x ≤ xU
ij , xL

ij, xU
ij ∈ R], where xL

ij and xU
ij are the left endpoint

and right endpoint of xij, respectively. Based on the extreme value standardization method [33],
Equations (5) and (6) are used to standardize the benefit indicators and the cost indicators respectively.

For the benefit indicators


xL∗

ij =
xL

ij−xa
ij

xb
ij−xa

ij

xU∗
ij =

xU
ij−xL

ij

xb
ij−xa

ij
+ xL∗

ij

and xa
ij = minixL

ij, xb
ij = maxixU

ij (5)

For the cost indicators


xL∗

ij =
xb

ij−xU
ij

xb
ij−xa

ij

xU∗
ij =

xU
ij−xL

ij

xb
ij−xa

ij
+ xL∗

ij

and xa
ij = minixL

ij, xb
ij = maxixU

ij (6)

(3) Triangular fuzzy number (TFN)

Triangular fuzzy number (TFN) is used to solve the issues in uncertain environments, which
is proposed by L. A. Zadeh [45]. A TFN can be represented as a triplet xij = (xL

ij, xM
ij , xU

ij ), where

xL
ij, xM

ij , xU
ij are the lower bound, middle value and upper bound of evaluation index, respectively,

which are real numbers and −∞ < xL
ij ≤ xM

ij ≤ xU
ij < ∞. Based on the extreme value standardization

method [33], the TFN can be transformed into a standardized TFN x∗ij = (xL∗
ij , xM∗

ij , xU∗
ij ) according to

Equations (7) and (8).
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For the benefit indicators



xL∗
ij =

xL
ij−xa

ij

xb
ij−xa

ij

xM∗
ij =

xM
ij −xL

ij

xb
ij−xa

ij
+ xL∗

ij

xU∗
ij =

xU
ij−xM

ij

xb
ij−xa

ij
+ xM∗

ij

and xa
ij = minixL

ij, xb
ij = maxixU

ij (7)

For the cost indicators



xL∗
ij =

xb
ij−xU

ij

xb
ij−xa

ij

xM∗
ij =

xU
ij−xM

ij

xb
ij−xa

ij
+ xL∗

ij

xU∗
ij =

xM
ij −xL

ij

xb
ij−xa

ij
+ xM∗

ij

and xa
ij = minixL

ij, xb
ij = maxixU

ij (8)

The membership function of the standardized TFN is shown in Equation (9) [12].

µx∗ij
(x) =



0 x < xL∗
ij

x−xL∗
ij

xM∗
ij −xL∗

ij
xL∗

ij ≤ x < xM∗
ij

xU∗
ij −x

xU∗
ij −xM∗

ij
xM∗

ij ≤ x ≤ xU∗
ij

0 x > xU∗
ij

(9)

(4) Linguistic information (LI)

Generally, qualitative indicators are fuzzy and difficult to quantify, so evaluation subjects cannot
estimate their preference with exact numerical values. Under such conditions, subjects tend to
express their opinions using linguistic information (LI), such as good, fair or bad. When applied to
evaluations, LI is normally transformed into linguistic terms. A linguistic term can be expressed as
S = {s0, s1, · · · , sT}, which is an ordered set consisting of an odd number of elements, where T is an
even number. During the evaluation process, a linguistic term can be transformed to a TFN denoted as
(αl , µl , βl) first, where l = 0, 1, . . . , T, according to the equation below. Based on this, the normalized
linguistic term and its corresponding TFN is defined, as shown in Table 2.

αl = max(0, (l − 1)/T)
µl = l/T
βl = min((l + 1)/T, 1)

(10)

Table 2. The normalized linguistic term.

Notation Linguistic Term Corresponding TFN

S0 Very poor (0,0,0.25)
S1 Poor (0,0.25,0.5)
S2 Fair (0.25,0.5,0.75)
S3 Good (0.5,0.75,1)
S4 Very good (0.75,1,1)

(5) Ordinal number (ON)

In some CE processes, evaluation subjects often prefer to provide a more direct rating data than a
complex numerical interval or linguistic value, when ordinal number (ON) becomes a much better
choice. An ON provided by evaluation subjects indicates the order of performance of the objects on
an index, which can be expressed as 1, 2, . . . Usually the ON that each of m objects corresponds to
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on a single indicator belongs to set {1, 2, . . . , m}, here [0, 1] is divided into m even parts, as shown
in Figure 5, which means that each ON corresponds to an IN, denoted by x∗ij = [xL∗

ij , xU∗
ij ] and its left

endpoint and right endpoint can be calculated through the equation below.{
xL∗

ij = (m− l)/m
xU∗

ij = (m− l + 1)/m
and l = 1, 2, · · · , m (11)
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However, there may be situations where two or three objects are rated the same order in practice,
then the standard interval should be divided into m-1 or m-2 parts and the same ON corresponds to
the same interval.

The processing method mentioned above, can not only transform the initial indicator data into a
standard range of values but also retain the characteristics of the initial evaluation information [34,35],
simultaneously.

Step 4: Evaluate the objects based on the combined technique of STBI and TOPSIS
The Monte Carlo simulation technology is applied to evaluating comprehensive benefit of the

objects and the basic steps of the simulation process are as follows.

(1) Set up monitoring variable count as the number of replications of the simulation (Initial value of
count is 0) and the total number of simulation replications is sum (more than 1 million).

(2) Set up counting variables φs
αβ, φe

αβ and φ
f
αβ as the numbers of replications, which represent the

situations when oα � oβ, oα ∼ oβ and oα ≺ oβ, separately, where oα and oβ are any two different
evaluation objects.

(3) Generate random numbers characterized by a representative degree in each replication of
the simulation.

Through Step 2, the original blended evaluation data have been transformed into RNs, INs and
TFNs among [0, 1]. A RN can be regarded as an IN, of which the left endpoint is equal to the right
endpoint. Based on this, a random number generator is adopted to generate a set of random numbers
obeying a uniform distribution among the numerical intervals that xij corresponds to, which can be
represented as [rij]m×k. Obviously, any given set of generated numbers in each replication cannot fully
reflect the initial evaluation information, so the random numbers’ representative degree to the original
evaluation information should be analyzed.

For the random numbers generated in the kth replication of the simulation, let pik be the
representative degree with respect to the original evaluation data for object oi, which is defined
as follows [34]:

pik =
n
Π
j=1

µij (12)

where µij is the membership degree of rij with respect to xij [34] and Π is the product of the membership
degrees of the corresponding random numbers in the current replication. Based on the concepts of
fuzzy set theory, when xij is a RN or IN, µij = 1; when xij is a TFN, µij can be calculated by the
membership function displayed in Equation (9).
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The holistic representative degree with respect to the original evaluation data for all objects,
denoted by pk, can be calculated through

pk =
m
Π

i=1

n
Π
j=1

µij (13)

(4) Calculate the benefit of each objects through TOPSIS

For any set of random numbers generated in each replication of the simulation, TOPSIS is employed
to evaluate the comprehensive benefit of all the objects and the calculating process is as follows [43].

1© Set up the decision matrix.

Suppose that Vk is the decision matrix generated by a random number generator in the kth
replication of the simulation, which can be expressed as

Vk =


vk

11 vk
12 · · · vk

1n
vk

21 vk
22 · · · vk

2n
...

...
. . .

...
vk

m1 vk
m2 · · · vk

mn

 =


ω1rk

11 ω2rk
12 · · · ωnrk

1n
ω1rk

21 ω2rk
22 · · · ωnrk

2n
...

...
. . .

...
ω1rk

m1 ω2rk
m2 · · · ωnrk

mn

 (14)

2© Determine the two type of ideal solutions.

In the decision matrix, the positive ideal solution Z+
k is the vector of the maximum element of

each column and the negative ideal solution Z−k is the vector of the minimum element of each column.

Z+
k = (z+1k, z+2k, · · · , z+nk) (15)

Z−k = (z−1k, z−2k, · · · , z−nk) (16)

where z+jk = max(vk
1j, vk

2j, · · · , vk
mj) and z−jk = min(vk

1j, vk
2j, · · · , vk

mj).

3© Calculate the distances between each object and the positive and negative ideal
solution, respectively.

D+
ik =

√√√√ n

∑
j=1

(vij − Z+
jk )

2 (17)

D−ik =

√√√√ n

∑
j=1

(vij − Z−jk )
2 (18)

4© Calculate the closeness coefficients for all objects.

The closeness coefficient CCik can be used to reflect the distance closest to D+
ik as well as D−ik ,

which can be obtained by the following equation:

CCik =
D+

ik
D+

ik + D−ik
(19)

5© Obtain the ranking result in the current replication of the simulation.

Since random numbers generated cannot completely represent the original evaluation data,
the closeness coefficient CCik should be modified by the represent degree pik to obtain the ranking
result in the current replication of simulation, according to the following equation.

CCik
′ = CCik × pik (20)



Sustainability 2018, 10, 24 15 of 22

where CCik
′ is the modified closeness coefficient for object oi and pik is the representative degree of

the random numbers generated with respect to the original evaluation data in the current replication
for object oi Obviously, the higher CCik

′ is, the closer the corresponding object is to the positive
ideal solution.

Based on the modified closeness coefficient CCik
′, the ranking result of the evaluation objects can

be obtained in the current replication of the simulation.

(5) Base on the ranking result in the current replication, the counting variables φs
αβ, φe

αβ and φ
f
αβ

are modified as follows: If pαCCα > pβCCβ, φs
αβ = φs

αβ + 1; if pαCCα = pβCCβ, φe
αβ = φe

αβ + 1;

if pαCCα < pβCCβ, φ
f
αβ = φ

f
αβ + 1.

(6) count = count + 1. When count = sum, go on to the next step, otherwise, go back to (2).
(7) Calculate the simulated value of advantage rate s(oα � oβ) through Equation (21). Save the data

and exit the program [34].
s(oα � oβ) = (φs

αβ + 0.5φe
αβ)/sum (21)

Step 5: Construct the advantage rate matrix of all objects derived from the simulation, which can
be defined as follows:

S = [sαβ]m×m =


s11 s12 · · · s1m
s21 s22 · · · s2m
...

...
. . .

...
sm1 sm2 · · · smm

 (22)

where sαβ = s(oα � oβ). It is easy to find that the elements of the diagonal line of S are all equal to 0.5
and sαβ + sβα = 1.

Step 6: Set up g(oi) as the superior value of evaluation object oi. The superior value of an
evaluation object refers to the frequency of situations when it is superior or equal to the other objects,
which can be calculated by Equation (23) based on numbers of the ith row of S [34].

g(oi) = count(siχ > 0.5) + 0.5count(siχ = 0.5)

i, χ = 1, 2, · · · , m, i 6= χ
(23)

where count(•) is the function counting the number of times when criterion • is satisfied. Thus,
the ranking result of all objects can be obtained according to the sequence of their superior values.

5.3. The Evaluation Procedure Based on STBI and TOPSIS

The proposed model for evaluating the benefit of group-affiliated new energy power generation
enterprises based on STBI and TOPSIS involves three phases. First of all, build the evaluation indicator
system from both the perspective of sustainable development in the “Thirteenth Five-Year Plan”
period” and the needs of management and control within new energy power generation groups.
Second, construct the evaluation information integration framework for further calculation. Third,
evaluate the benefit of group-affiliated new energy power generation enterprises based on a combined
technique of STBI and TOPSIS. The details are shown as Figure 6.
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6. Empirical Research

Huaneng Renewables Group is a large new energy power generation group in China. Since
its establishment, the company has been focusing on its mission of green power development and
clean energy production. It is committed to the investment, construction and operation of new energy
projects by focusing on developing and operating wind power projects while promoting synergistic
growth of solar power and other renewable energies. Since 2016 was the first year of the thirteenth
five-year plan, the company has placed great emphasis on improving the growth quality, benefit and
sustainable development capabilities of its affiliated new energy power generation enterprises. Among
all these affiliated enterprises, four regional enterprises including Inner Mongolia (o1), Liaoning (o2),
Shandong (o3) and Yunnan (o4) are the first batch that have succeeded in regional integration. Therefore,
an annual benefit evaluation has been performed on them. Details of the evaluation process are shown
as below.

6.1. Build the Evaluation Indicator System

The evaluation indicator system is established according to Section 2, which includes four aspects
(economic benefit, operation quality, technical sustainability and talent quality) and twelve indicators.
Five departments from the parent company are authorized to evaluate the corresponding indicators
based on their duties.

6.2. Construct the Integrated Framework of Evaluation Data

According to Section 3, the evaluation information integrated framework can be constructed,
including all the elements needed for the whole evaluation process, among which, types of evaluation
data for all indicators are determined through a decision-making procedure (as shown in Figure 3),
as shown in Table 3.
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Table 3. Type of Evaluation data for each indicator.

Indicator Name Data Type

Power generation capacity RN
Growth rate of power generation capacity RN

Total profit RN
Growth rate of total profit RN

Cost control LI (T = 4)
Growth rate of installed capacity RN

Power utilization hours RN
Production safety LI (T = 4)

Technology innovation investment IN
Application of advanced technology ON

Talent introduction and training LI (T = 4)
Talent equivalent density ON

6.3. Evaluate the Comprehensive Benefit of Alternatives Based on the Combined Technique of STBI and TOPSIS

(1) After reviewing the annual operating performance data of the four regional enterprises, each
evaluation subject gives the corresponding evaluation data on each indicator for the benefit
evaluation (Table 4).

Table 4. Indicator data of four affiliated enterprises.

Indicator Number o1 o2 o3 o4

X11 4,284,749 2,572,317 1,764,391 2,686,241
X12 36.70% 18.30% 5.10% 26.40%
X13 1,118,425 701,685 408,791 798,666
X14 38.30% 17.20% 1.10% 31.40%
X21 s3(T = 4) s3(T = 4) s2(T = 4) s4(T = 4)
X22 0 3.20% 5.20% 0
X23 1744 1934 1831 2570
X24 s4(T = 4) s4(T = 4) s3(T = 4) s4(T = 4)
X31 [78,85] [82,89] [74,83] [79,86]
X32 1 2 4 3
X41 s4(T = 4) s4(T = 4) s3(T = 4) s3(T = 4)
X42 3 1 2 4

(2) According to Equations (3)–(11), the initial indicator data is standardized and the standardized
decision matrix R can be obtained.

RT =



1.0000 0.3206 0 0.3658
1.0000 0.4177 0 0.6741
1.0000 0.4127 0 0.5494
1.0000 0.4328 0 0.8145

(0.5, 0.75, 1) (0.5, 0.75, 1) (0.25, 0.5, 0.75) (0.75, 1, 1)
0 0.6154 1.0000 0
0 0.2300 0.1053 1.0000

(0.75, 1, 1) (0.75, 1, 1) (0.5, 0.75, 1) (0.75, 1, 1)
[0.2353, 0.6471] [0.4706, 1.0000] [0, 0.5294] [0.2941, 0.7059]

[0.75, 1] [0.5, 0.75] [0, 0.25] [0.25, 0.5]
(0.75, 1, 1) (0.75, 1, 1) (0.5, 0.75, 1) (0.5, 0.75, 1)
[0.25, 0.5] [0.75, 1] [0.5, 0.75] [0, 0.25]


(3) In order to fully reflect the management orientation of the group company, an expert group of

six executives including the board chairman, the general manager and four assistant general
managers are established to determine the weights ωj of the indicators by using AHP [46]. After
checking the Consistency Ratio (CR is computed as 0.056 < 0.1 according to Ref. [46]), the results
obtained can be considered consistent, which is shown in Table 5.



Sustainability 2018, 10, 24 18 of 22

Table 5. Weights of evaluation indicators.

Indicator Number Indicator Weight Indicator Number Indicator Weight

X11 0.1526 X23 0.0717
X12 0.0834 X24 0.0709
X13 0.1745 X31 0.0698
X14 0.0935 X32 0.0623
X21 0.1079 X41 0.0523
X22 0.0223 X42 0.0388

(4) Use MATLAB to compile the program of the computational process based on the combined
technique of STBI and TOPSIS proposed in this paper. Aiming at obtaining a stable and consistent
result, the total number of replications sum is set as 1,000,000. Finally, the advantage rate matrix
of the evaluation objects S is obtained. In order to get a better insight of the evaluation results,
a graphical representation of pairwise comparisons results is shown in Figure 7.

S =


0.5000 0.6276 0.6761 0.5721
0.3724 0.5000 0.6380 0.4613
0.3239 0.3620 0.5000 0.3081
0.4279 0.5387 0.6919 0.5000


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Figure 7. Advantage rate of pairwise comparisons of the four regional enterprises. (a) advantage rates 
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rates of o1 compared to others; (b) advantage rates of o2 compared to others; (c) advantage rates of o3

compared to others; (d) advantage rates of o4 compared to others.
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According to Equation (23), the superior value of each evaluation object can be computed
as follows:

g(o1) = count(s1i > 0.5) + 0.5count(s1i = 0.5) = 3

g(o2) = count(s2i > 0.5) + 0.5count(s2i = 0.5) = 1

g(o3) = count(s3i > 0.5) + 0.5count(s3i = 0.5) = 0

g(o4) = count(s4i > 0.5) + 0.5count(s4i = 0.5) = 2

As we can see,
g(o1) > g(o4) > g(o2) > g(o3)

Combining the simulated advantage rate matrix and the calculated superior value, the ranking
result of comprehensive benefit of the four regional enterprises can be concluded as below:

o1
0.5721
� o4

0.5387
� o2

0.6380
� o3

7. Discussion

The comprehensive benefit of four regional affiliated new energy power generation enterprises are
ranked using STBI and TOPSIS methods, in which Inner Mongolia (o1) obtains the highest possibility
to outrank the other three regional enterprises. In order to obtain better insights from the benefit
evaluation, we will probe into the weight of evaluation indicator and the corresponding evaluation
data of different enterprises.

Table 2 shows that the indicators affiliated with economic benefit obtain much more attention
from the parent company (X13 ranks the first, X11 the second, X14 the fourth and X11 the fifth),
which is consistent with the goal of benefit promotion in energy development during the “Thirteenth
Five-Year Plan” period. Meanwhile, the indicators affiliated with operation quality comes second
(X21 ranks the third and X23 the sixth), which reflects one of the essential goal and benchmark for
energy development in china, as mentioned in “Thirteenth Five-Year Plan for Energy Development”,
is to reduce the comprehensive energy utilization cost. As we all know, currently, wind power, solar
power and biomass power have relatively higher generation costs than the traditional fossil fuels,
so the operation cost is one of the main concerns while evaluating the comprehensive benefit of
new energy power generation enterprises. Moreover, the massive curtailment of wind power and
solar power is still a serious problem, therefore the annual utilization hours have been given much
consideration by the parent company for the benefit evaluation of affiliated enterprises.

In accordance with the real situation, as shown in Table 3, Inner Mongolia (o1) owns the best
performance in both the absolute value and the relative growth rate of power generation capacity and
total profit compared to the other regional enterprises and the total weights of the four corresponding
indicators account for more than 50% of the total. At the same time, the indicators X31, X32 and X41

show the best performance, too. Although indicators X22 and X23 obtains the lowest value, the weights
of the two indicators are not large. Accordingly, the possibility that the benefit of Inner Mongolia (o1)
enterprise is the best among the four affiliated enterprises is maximal.

For the regional enterprise of Yunnan (o4), the indicators X11, X12, X13 and X14 obtain the
second-best performance and X23 and X31 have the best performance. Taking the indicator data
as well as weights into consideration, the benefit of Yunnan (o4) shows a possibility to be the second
ranking among four affiliated enterprises. For the regional enterprise of Shandong (o3), there are eight
indicators with the lowest performance and the combined weights are large, which leads to a high
possibility that the benefit of Shandong (o3) is the worst.

From the evaluation results and the analysis above, it can be seen that

(1) As we can see, the evaluation results based on the combined technique of STBI and TOPSIS
present in probabilities that one evaluation subject is superior to one another. Such a ranking form
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as this is consistent with diverse types of evaluation information given by different evaluation
subjects and can be more acceptable by the evaluation objects than the traditional absolute
ranking results, especially when the benefit evaluation of group-affiliated new energy power
generation enterprises is put into trail use in the early stage.

(2) Based on the newly constructed benefit evaluation system, new energy power generation
enterprises affiliated with a new energy group should focus on both improving the efficiency
for their existing capacity but also securing high efficiency for their newly installed capacity
instead of blindly pursuing a quantitative accumulation of the installed capacity, which means
that, in order to improve economic benefit, it is necessary for the enterprises to maintain a healthy
development pattern of higher growth of power generation capacity than average growth of
installed capacity and higher growth of profit than that of power generation capacity.

(3) Effective measures should be taken by both the parent company and the new energy power
generation enterprises to reduce operation costs including construction costs, power costs and
finance costs and optimize the marketing mechanism under new circumstances and proactively
engaged in market transactions to reduce the curtailment of wind power and solar power and
further improve power utilization hours.

(4) Technical progress and its widely application is the basic way to reduce the new energy power
costs, which has been highly stressed by the Chinese government in the “Thirteenth Five-Year
Plan for Renewable Energy Development”. Therefore, it is essential for new energy generation
groups to strengthen technical innovation and the application of new technology throughout
the group. Meanwhile, technical progress is strongly supported by a large number of talent.
Thus, talent introduction, training and accumulation is also a major task for new energy power
generation groups.

8. Conclusions

This paper presents a novel model for evaluating comprehensive benefit of group-affiliated new
energy power generation enterprises. First, we construct a multi-angle evaluation indicator system
including four aspects of economic benefit, operation quality, technical sustainability and talent reserve.
Second, the evaluation framework to aggregate all the needed evaluation information is built. Then,
the evaluation model of a combined technique of STBI and TOPSIS has been proposed in the paper.
Since the indicator data given by different evaluation subjects is characterized by multi-source and
multi-form, in order to avoid information loss, STBI is employed to transform the indicator data into a
RN, IN or TFN among the standard numerical intervals and a simulation with a million replications s is
used to obtain the possible ranking result based on the random numbers obeying a certain distribution
generated in each replication, while TOPSIS is adopted to assess the comprehensive benefit of each
affiliated enterprise. Finally, the paper puts the indicator system and comprehensive evaluation
model into the context of empirical research, combined with the actual data of Huaneng Renewables
Group and its affiliated four regional new energy power generation enterprises. The results have
demonstrated great consistency with the actual situation, which indicates that the method proposed in
this paper has great potential for evaluating and ranking the benefit of group-affiliated new energy
power generation enterprises and has a certain reference value.

Although the results obtained from this method are highly consistent with the actual situation,
the proposed method can still be improved. It is worth mentioning that the data prepossessing
methods used may have an indirect impact on the evaluation results obtained, so the comparisons
of different data prepossessing methods should be analyzed in the future research. Furthermore,
an application software based on the proposed method can be developed to quickly calculate and
analyze the comprehensive benefit of the affiliated enterprises for new energy generation groups.
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