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Abstract: Selection of a sustainable private partner (contractor) is significant to ensure the success of
public-private partnership (PPP) projects. In recent years, multi-attribute reverse auctions (MARAs)
are widely used in public procurement to select the desirable contractor. However, the MARA
mechanism is neglected in the existing studies. The purpose of this paper is to present a MARA
framework for selecting a sustainable contractor in PPP infrastructure projects, in which the MARA
rules and an integrated winner determination method are involved. In particular, the sustainability
considerations are incorporated in the MARA rules, which can make the potential contractors
have incentives to improve their sustainable performance. Within the MARA rules, based on the
trapezoidal fuzzy linguistic representation model and the classical two-additive Choquet (TAC)
integral operator, a winner determination method is developed to evaluate and rank potential
contractors, in which both the bid evaluation and the interrelationships among bid evaluation
attributes are considered. Finally, the potential of the proposed method is shown through an
illustrative case of a PPP project of a subway construction in China. The MARA framework
investigated helps governments make reliable decisions in sustainable procurement and thereby
facilitates successful project delivery.

Keywords: PPP infrastructure projects; sustainable procurement; multi-attribute reverse auction; bid
evaluation; winner determination

1. Introduction

The public-private partnership (PPP) is an innovative procurement model in which the projects
are executed with a contractual relationship between public and private sectors to provide services
or assets [1,2]. Also known as a cooperation between the public sectors, especially the governments,
and private enterprises, which is a project financing measure for building public services such
as civil infrastructures [3,4]. In essence, PPP projects are typically characterized as a contractual
relationship among the stakeholders, which clarifies rights, responsibilities, and benefits allocations of
all participants, as well as the division of the surplus from the project [5]. Nowadays, the PPP model
increasingly gains popularity in public infrastructure projects such as subways, highways, airports,
tunnels, railways, and bridges [6,7]. According to Bridata [8], 3774 PPP infrastructure projects were
procured in China, and the total investment size reached 5570 billion CNY in the period between
January 2014 and June 2017. PPPs have been widely applied in various infrastructure projects around
the world to design, build, finance, operate, and transfer [9–11].

PPP infrastructure projects are usually implemented in some specific contexts. For example, in
the procurement of PPP projects, Chinese governments often provide private investors with certain
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guarantees to attract social capital and to prevent competition between similar projects [12]. When the
projects are going well, the vast majority of investors have the tendency to carry out opportunism in
their pursuit of monopoly profits by increasing prices, such as charging more fees in sewage treatment
or highway projects, which is an overall detrimental to public interest [13]. As another example, there
is less compensation for multiple government-sponsored infrastructure projects with the aim to serve
the public rather than profit such as with a subway in Singapore [13], which results in investors facing
the risk of high inputs with low returns. Consequently, investors may have no incentive or confidence
to participate in the projects. Such PPP infrastructure projects have the potential risk of failure incurred
by private investors

Selecting the right partner is considered as a solution to ensure the success of the PPP projects from
the origin [14,15]. It is essential for public sector, hereinafter referred to as the government, to evaluate
the potential private sector, hereinafter referred to as the contractor, in PPP infrastructure projects. In
government procurement, infrastructure projects cannot be allocated solely to the cheapest contractor.
The key parameters considered include, but are not limited to, the technical attributes, such as the
quality of the materials and the workmanship; the business attributes, such as the creditworthiness
and the experience of the potential contractors; and the sustainability attributes, such as the design
and impact of the project on local communities and the environment, solid waste management,
and resource utilization [16]. Thus, a more general strategy for the government to select the right
contractor is to focus the procurement on quality aspects rather than price [17]. In particular, a
growing body of research supports the view that it is necessary to include sustainability attributes
in the quality aspects of contractor selection [14,16,18]. On the other hand, construction clients have
sustainability requirements in their procurement documents in practice [19]. For example, the potential
contractors in the National Museum of Australia project were required to have demonstrated practical
experience and philosophical approaches in the field of development sustainability and environmental
management [20]. Additionally, the contractual parties are more willing to cooperate and to build
good relationships on longer-term contracts [21]. The long-term nature of PPPs requires governments
to incorporate sustainability considerations in PPP infrastructure projects. Given the importance and
necessity of sustainability in PPP infrastructure projects, it is a challenge for the government to develop
appropriate mechanisms to select a sustainable contractor.

Recently, multi-attribute reverse auctions (MARAs hereafter) have been used as mechanisms for
winner determination or contractor selection in many projects, particularly in the context of public
procurement [16,22,23]. In both developed and developing countries, such as England and China [24],
most local governments adopt MARAs to allocate the construction of civil infrastructure. To screen
desirable teams or contractors using a variety of attributes, the buyer can use MARAs to determine
a winner based on price and non-price attributes [25,26]. Consequently, MARAs will lead to a more
satisfying outcome through effective information exchange between buyer’s preference and suppliers’
offerings [27]. The trend of using MARAs for procurement is moving up and they will deserve
particular interest in order to address the contractor selection in PPP infrastructure projects.

Although the increasing interest in practice, limited attention has been drawn to the MARA
mechanism for evaluating and determining winner in PPP infrastructure projects. This motivates us to
attempt to integrate MARA as a procurement tool into the PPP project’s sustainability decision-making
in contractor selection. Its main purpose is to design the MARA rules and propose a winner
determination method for sustainable contractor selection in PPP infrastructure projects. Firstly,
the rules of the MARA are designed as a framework for contractor selection in PPP infrastructure
projects. Based on the rules, the bid evaluation attributes of the MARA are identified. After that, a
winner determination method is proposed on the basis of the rules and bid evaluation attributes of the
MARA. Finally, an illustrative case is applied to demonstrate the applicability of the proposed winner
determination method. The major contributions of this study are summarized in the following.

Incorporating the consideration of sustainability in MARA rules. This study designs the
MARA rules to guide the procurement. In the rules, three kinds of attributes are taken into
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consideration to determine the desirable contractor, i.e., technical, business, and sustainability
attributes. Accounting for the vagueness and uncertainty, the technical, business, and environmental
impact assessment experts are invited to provide their assessment information with respect to technical,
business, and sustainability attributes using linguistic assessments, respectively. Consequently,
the bid evaluation results of each contractor embody the three aspects (technical, business, and
sustainability performances). Thus, the MARA designed rules can more effectively incentivize the
potential contractors to focus on their sustainability performance and assist governments in selecting a
sustainable contractor than the MARA rules designed by Wang et al. [28] and Gao et al. [23] in which
only two kinds of attributes, technical and business attributes, are involved.

Considering interrelationships among bid evaluation attributes. This study presents a winner
determination method for selecting a sustainable contractor in PPP infrastructure projects using
the expert’s bid evaluation information and the interdependent information among bid evaluation
attributes in each dimension (technical, business, and sustainability dimensions). In fact, bid
evaluation attributes are often interdependent, and the interrelationships among attributes affect bid
evaluation results, whereas this fact is neglected in the existing studies [27,29,30]. For example, in the
sustainability dimension, solid waste management and public health and safety are two interdependent
attributes (see: Ugwu and Kumaraswamy [31]). The solid waste can contaminate the environment in
health-harming ways. On the other hand, to some extent, the public health and safety can indicate the
management level of solid waste. Obviously, they are the two attributes with a strong complementary
effect. Neglecting the interrelationships among attributes would incur the inaccuracy in the process
of evaluating bids, together with the low-performance implementation of sustainable procurement
strategy. Therefore, it is necessary to involve the interrelationships among bid evaluation attributes
in each dimension when evaluating bids. At the best of our knowledge, no studies simultaneously
considered both the bid evaluation information and the interdependent information among bid
evaluation attributes in a winner determination method.

The rest of this paper is organized as follows. Section 2 reviews the relevant literature. Section 3
designs the MARA rules in the process of auction to guide the procurement. Section 4 proposes a
method to solve the winner determination problem in the MARA. Section 5 illustrates the potential of
the proposed method through a case study. Finally, Section 6 summarizes and highlights the main
features of the MARA framework presented in this paper.

2. Related Literature

Our study is related to two streams of literature. The first stream consists of papers on the selection
of contractors in PPP projects. The second stream focuses on bid evaluation in MARAs.

2.1. Selection of Contractors in PPP Projects

Our study is related to a broader literature on methods for selecting contractors in PPP projects.
For example, Kumaraswamy and Anvuur [14] propose an integrated framework for selecting a
sustainable contractor in PPP project, which employs the past performance scores to assess candidates’
overall performance on the technical, sustainability, and relational attributes. Such a framework can be
integrated into a decision support system for formulating more viable and valuable PPPs for sustainable
development. Ouenniche et al. [32] model the selection of a contractor as a static non-cooperative
game with complete information and propose a novel ordinal game theory algorithm for finding an
optimal generalized Nash equilibrium. Liu et al. [33] develop a comprehensive evaluation method
based on improved Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) idea
to select a social capital contractor in a PPP project. In this method, an evaluation index system is
constructed based on six aspects: reputation and performance, price factor, financing plan, construction
project, operation and maintenance program, and transfer scheme. Zhang et al. [34] formulates a
framework for selection of an appropriate concessionaire supported by the Kepner-Tregoe decision
analysis technique in the build–operate–transfer (BOT) tunnel projects in Hong Kong. El-Mashaleh
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and Minchin [35] propose a concessionaire selection model based on data envelopment analysis (DEA)
in BOT projects.

The existing methods have made significant contributions to selecting contractors in PPP projects.
Using these methods, the potential contractors can be evaluated or ranked scientifically. However,
there exist limitations in the existing methods, as shown in Table 1. Different from these works,
this study focuses on a winner determination method for selecting a sustainable contractor in PPP
infrastructure projects, in which the sustainability considerations are incorporated. Additionally,
adding to the above literature, we consider how attributes are interrelated and affect each other when
evaluating the potential contractors.

Table 1. Limitations of the existing methods for selecting contractors in PPP projects.

The Existing
Methods Authors

Limitations

Sustainability
Consideration

Interrelationships
Among Attributes Others

Past performance
scores [14] 3 7 It uses equal weights for attributes.

Ordinal game
theory [32] 7 7

It assumes that each contractor knows
the preference of others.

Improved TOPSIS [33] 7 7
Experts subjectively determine the

weights for attributes.

Kepner-Tregoe
technique [34] 7 7

It does not indicate the relative weight
for each attribute.

Data envelopment
analysis (DEA) [35] 7 7

Its discriminatory power relies on the
number of decision-making units

compared to the number of variables.

2.2. Bid Evaluation in MARAs

Our study is also related to research in bid evaluation in MARAs. For example, Lai et al. [36]
develop a bid evaluation method for determining winner in the Chinese construction industry. In this
method, the evaluation information concerning each attribute is obtained by integrating the scores
provided by experts, and then the supplier with the maximum overall score is determined as the
winner. Kameshwaran et al. [37] develop a bid evaluation method based on a mixed linear integer
programming model for a multi-attribute e-procurement system. Singh and Benyoucef [30] propose
a multi-attribute decision making method based on an improved TOPSIS method to evaluate bids
in MARAs. Rao et al. [38] design a procurement decision making mechanism of divisible goods for
MARAs, in which an optimization model to maximize the buyer’s utility is employed to evaluate bids.
Falagario et al. [39] adopt a cross-efficiency evaluation based on an extended DEA method to evaluate
bids in MARAs. Taking the public procurements in China as the background, Gao et al. [23] develop a
winner determination method based on the technical and business experts’ evaluation information
to evaluate bids. Considering the buyer with risk aversion behavior and suppliers with positive and
negative attributes described by a combination of crisp data, interval numbers, and linguistic variables
in a MARA, Huang et al. [27] propose a PT-BOCR (prospect theory–benefits, opportunities, costs, and
risks) method to evaluate bids.

In contrast, our study mainly focuses on evaluating bids with sustainability consideration for PPP
infrastructure projects, which is not studied in the literature. Furthermore, none of the previous papers
have explicitly discussed the integration of PPP infrastructure projects and MARAs.

3. The Multi-Attribute Reverse Auction Rules

In this paper, we study the winner determination problem (WDP hereafter) in the MARA for PPP
infrastructure projects. Drawing on the concept of sole sourcing, one auctioneer and multiple bidders
participate in the MARA, and one bidder will be finally selected as the winner based on bid evaluation
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results [40]. According to the “Guide to Sustainable Procurement in Construction” [41], the process of
the MARA is presented in Figure 1, where there are five stages. The detailed rules of MARA are given
in each stage. The brief introductions of the five stages are presented as follows.
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Figure 1. The process of the MARA for PPP infrastructure projects.

Stage I: Invitation for bids. Usually, the government or a project implementation agency
authorized by the government issues an announcement of tender and qualification examination
in a certain media. The detailed contents of the announcement include the project information, the
project implementation agency, the authorized subject, the basic requirements for the social capital,
and the time and place for submitting the pre-qualification files. Then, the evaluation group composed
of representatives of the project implementation agency and multiple experts for review will examine
the qualifications of the potential bidders based on their pre-qualification files.

Stage II: Field inspection before bidding. The project implementation agency issues the tender
document, including the investor information summary, the procurement precondition, the formats of
the response files and the contracts, to the qualified bidders in written form. Then, according to the
arrangements in the document, the government will organize field investigation for bidders. After
that, a meeting will be organized to answer bidders’ questions.

Stage III: Bid opening. Before bidding, the project implementation agency will announce all the
candidate bidders as well as the scoring rule. Then, the qualified bidders will formulate their bids
to maximize the benefits to themselves and to satisfy the government’s requirements laid out in the
tender. Once bidding is open, the bidders will submit their sealed bids and the submitted bids could
be withdrawn, supplemented, or modified by the bidders before the deadline.
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Stage IV: Bid evaluation. The government organizes a referee committee composed of multiple
experts to evaluate the submitted bids, and the winner determination method with respect to multiple
attributes is used in bid evaluation to balance the trade-off between economy, quality, and sustainability,
so that the government aims to select a sustainable contractor with value for money. In bid evaluation,
technical, business, and sustainability attributes are considered. Thus, the referee committee members
consist of three types of experts, i.e., technical, business, and environmental impact assessment (EIA)
experts, who are usually selected from the bid evaluation experts’ database. In particular, the technical,
business, and EIA experts are invited to provide their assessment information for each candidate
bidder with respect to the technical, business, and sustainability attributes according to the scoring
rule, respectively. It is worth noting that the experts participating in bid evaluation are required to be
independent of each other. Then, the bid evaluation information and the judgments on the existences
and intensities of interrelationships among bid evaluation attributes provided by the experts will be
aggregated to calculate the overall ranking value of each candidate bidder. According to the obtained
overall ranking values, a ranking of the bidders can be determined. The greater the overall ranking
value is, the better the corresponding bidder will be. Thus, based on the descending order of the
ranking, the bidder with the greatest overall ranking value will be regarded as the candidate winner.

Stage V: Awards of bid. According to the evaluation results, the negotiation group for confirming
the project contract will negotiate with the candidate winners in turn. They will discuss the detailed
issues of mutability in project contract before signing. The bidder who first reaches an agreement on
the negotiation will be determined as the final winner. After winner determination, the result will be
communicated to all qualified bidders on the website or some other media, and the government will
sign a project contract with the winner.

In this paper, we focus on stage IV and V in the process of MARA. The problem that needs to be
addressed is how to aggregate the bid evaluation information and the judgments on the existences and
intensities of interrelationships among bid evaluation attributes provided by the technical, business,
and EIA experts to determine the sustainable winner in a PPP infrastructure project.

4. Solving the Winner Determination Problem

To solve the WDP in the MARA described in Section 3, we first give the assumptions and
notations to represent the problem. Then, the bid evaluation attributes are identified as the foundation
to determine the winner (select the desirable contractor) in the MARA. Based on this, we develop an
integrated winner determination method for PPP infrastructure projects considering interrelationships
among bid evaluation attributes.

4.1. Description of the Problem

The following assumptions or notations are used to represent the WDP with consideration of
sustainability in MARAs, as shown in Table 2.

Table 2. Summary of notations.

Notation Description

A = {A1, A2, . . . Am}:
A set of alternative contractors (bidders), where Ak denotes the kth bidder,
k ∈ {1, 2, . . . , m}.

D = {DT , DB, DS}:
A set of dimensions for bid evaluation, where DI denotes the Ith evaluation dimension,
I ∈ {T, B, S}. In particular, DT , DB, and DS denotes technical, business, and sustainability
dimension, respectively.

CI = {CI1, CI2, . . . , CInI}:
A set of attributes for bid evaluation in dimension DI , where CIi denotes the ith attribute
in dimension DI , and nI denotes the number of the attributes in dimension DI ,
I ∈ {T, B, S}, i ∈ {1, 2, . . . , nI}.
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Table 2. Cont.

Notation Description

V = (vT , vB, vS):
A vector of dimension weights, where vI denotes the weight of dimension DI , 0 ≤ vI ≤ 1,
∑
I

vI = 1, I ∈ {T, B, S}.

WI = (wI1, wI2, . . . , wInI ):
A vector of attribute weights in dimension DI , where wIi denotes the weight of attribute

CIi, 0 ≤ wIi ≤ 1,
nI

∑
i=1

wIi = 1, I ∈ {T, B, S}, and i ∈ {1, 2, . . . , nI}.

EI =
{

EI1, EI2, . . . , EIhiI

}
:

A set of experts who participate in bid evaluation for each candidate bidder with respect to
the attributes in dimension DI , where wIi denotes the tth expert providing evaluation
information with respect to attributes CI , and hI denotes the number of experts in set EI ,
I ∈ {T, B, S}, and t ∈ {1, 2, . . . , hI}. Usually, the technical, business, and EIA experts are
invited to evaluate the bids concerning the attributes in technical, business, and
sustainability dimensions, respectively. For example, ES2 represents the second EIA expert
who is responsible for bid evaluation with respect to sustainability attributes. Noting that
in the real online MARA, the experts are usually anonymous when evaluation information
is processed, and the opinion of each expert is treated equally. Thus, the relative
importance of experts in each group (technical, business, or EIA experts) should be the
same, so that the weights of experts in each group are the same [23,42]

L =
{

l0, l1, . . . , lg

}
:

A finite and totally ordered linguistic term set with odd elements used to express experts’
subjective assessments on the attributes, where lφ denotes the φ th linguistic term,
φ ∈ {0, 1, . . . , g}, and g + 1 is the cardinality of the set L.

L̂ =
{

l̂0, l̂1, . . . , l̂v
}

:
A finite and totally ordered linguistic term set with odd elements used to express experts’
subjective judgments on the interrelationships among bid evaluation attributes, where l̂θ
denotes the θth linguistic term, θ ∈ {0, 1, . . . , v}, and v + 1 is the cardinality of the set L̂.

XI = [xItkIi]hI×m×nT
:

A bid evaluation matrix, where xtkTi is the assessment result (attribute value) for bidder Ak
concerning attribute CIi provided by expert EIt, and xItkIi is in the form of linguistic term
which is selected from set L, xItkIi ∈ L, I ∈ {T, B, S}, t ∈ {1, 2, . . . , hI}, k ∈ {1, 2, . . . , m},
and i ∈ {1, 2, . . . , nT}.

RI = [rItIij]hI×nI×nI
:

An attribute correlation matrix in dimension DI , where rItIij denotes the judgment on the
existences and intensities of interrelationships between attributes CTi and CTi provided by
expert EIt, and the judgment result is in the form of linguistic term that is selected from set
L̂, rItIij ∈ L̂, I ∈ {T, B, S}, t ∈ {1, 2, . . . , hI}, i, j ∈ {1, 2, . . . , nT}, and i 6= j.

4.2. Bid Evaluation Attributes

This section identifies bid evaluation attributes for the selection of sustainable PPP project
contractors by MARAs, based on the literature review and interviews with experts in PPP procurement.
The bid evaluation attributes involved in the MARA can be categorized into three types: technical
attributes (e.g., Mahdi et al. [43]; Yasamis et al. [44]), business attributes (e.g., Gao et al. [23]), and
sustainability attributes (e.g., Ugwu et al. [31]; Rahman et al. [45]), which represent a contractor’s
technical competency, business strength, and sustainable responsibility, respectively. All the three
kinds of attributes are very important. In bid evaluation, the three types of attributes are integrated
along with measures for evaluating the contractors’ performance. However, the measures of these three
kinds of attributes, as qualitative attributes, cannot be directly obtained from the quantitative data
presented in bids. Instead, they will be obtained from the expert’s estimations. Cognitive uncertainty
and fuzziness of experts often lie in the process of bid evaluation [42]. The experts will tend toward
providing linguistic assessments rather than exact numerical values to express their judgments on
these attributes, due to their cognition vagueness or limited information on these attributes. The
taxonomy and definitions of the bid evaluation attributes are listed in Table 3.



Sustainability 2018, 10, 4129 8 of 20

Table 3. Taxonomy and definitions of bid evaluation attributes identified from existing literature.

Dimension Attributes in the Dimension Definition

DT

CT1: Quality of materials The quality of materials used in construction projects

CT2: General obligations General obligations of the franchisee and the franchiser

CT3: Workmanship Skills that affect the quality of the project

CT4: Site safety and accident rates Level of construction site safety management to ensure
building security

CT5: Claims consciousness Claims for extension of time and financial claims

DB

CB1: Response to bid documents Degree of response to the bid documents

CB2: Experience Experience in similar projects during a certain period

CB3: Creditworthiness The private entities’ credit, quality, ability for paying debts
and capital, etc.

CB4: Financial situation Business activities in financial funding and capital operation
during a period

DS

CS1: Public health and safety Public safety, occupational health, and safe working systems

CS2: Solid waste management Recycling and safe disposable systems

CS3: Design Innovation, flexibility, designing out waste

CS4: Contractor involvement Effects on durability and construct ability

CS5: Resource utilization The re-usability of molds/formwork and prefabrication

4.3. The Winner Determination Method

The description of the winner determination method is given below.
According to the scoring rule, the technical, business, and EIA experts are invited to provide

their bid evaluation information for each potential bidder with respect to the technical, business, and
sustainability attributes, xItkIi, as well as judgments on the interrelationships among bid evaluation
attributes in technical, business, and sustainability dimension, rItIij, respectively.

According to Reference [46], the bid evaluation results and the judgment results of
interrelationships among bid evaluation attributes are transformed into the corresponding trapezoidal
fuzzy numbers, i.e., x̃ItkIi and r̃ItIij, where x̃ItkIi = (x1

ItkTi, x2
ItkTi, x3

ItkTi, x4
ItkTi) and r̃ItIij =

(r1
ItIij, r2

ItIij, r3
ItIij, r4

ItIij), I ∈ {T, B, S}, t ∈ {1, 2, . . . , hI}, k ∈ {1, 2, . . . , m}, and i ∈ {1, 2, . . . , nT}.
The uncertain linguistic terms lφ (φ ∈ {0, 1, . . . , g}) and l̂θ (θ ∈ {0, 1, . . . , v}) can be expressed as a

corresponding trapezoidal fuzzy number d̃φ and d̃θ using the following formulae:

d̃φ = (d1
φ, d2

φ, d3
ϕ, d4

φ) = (max
{

2φ− 1
2g + 1

, 0
}

,
2φ

2g + 1
,

2φ + 1
2g + 1

, min
{

2φ + 2
2g + 1

, 1
}
) (1)

d̃θ = (d1
θ , d2

θ , d3
θ , d4

θ) = (max
{

2θ − 1
2v + 1

, 0
}

,
2θ

2v + 1
,

2θ + 1
2v + 1

, min
{

2θ + 2
2v + 1

, 1
}
) (2)

Then, we aggregate the transformed assessment and correlation information provided by each
expert into group information using the operations of trapezoidal fuzzy numbers, i.e., we can further
construct the fuzzy comprehensive bid evaluation matrix X̃I = [x̃kIi]m×nI

and the fuzzy comprehensive
attribute correlation matrix R̃I = [r̃Iij]nI×nI

. The corresponding calculation formulae are given
as follows:

x̃kIi = (x1
kIi, x2

kIi, x3
kIi, x4

kIi) = (
1
hI

hI

∑
t=1

x1
ItkIi,

1
hI

hI

∑
t=1

x2
ItkIi,

1
hI

hI

∑
t=1

x3
ItkIi,

1
hI

hI

∑
t=1

x4
ItkIi), k ∈ {1, 2, . . . , m}

i ∈ {1, 2, . . . , nI},
(3)
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r̃Iij = (r1
Iij, r2

Iij, r3
Iij, r4

Iij) = (
1
hI

hI

∑
t=1

r1
ItIij,

1
hI

hI

∑
t=1

r2
ItIij,

1
hI

hI

∑
t=1

r3
ItIij,

1
hI

hI

∑
t=1

r4
ItIij),

i, j ∈ {1, 2, . . . , nT}
(4)

On the basis of the fuzzy comprehensive bid evaluation result x̃kIi, we can determine the weight
of attribute CIi (I ∈ {T, B, S}, i ∈ {1, 2, . . . , nI}) using entropy [47], as follows:

The entropy value of CIi is calculated using:

HIi = − ln (m)−1
m

∑
k=1

xkIi
m
∑

k=1
xkIi

ln
xkIi

m
∑

k=1
xkIi

(5)

where xkIi in the form of crisp number can be transformed from the trapezoidal fuzzy number x̃kIi
using the following defuzzification method provided by Yager and Filev [48]:

xkIi =
x1

kIi + x2
kIi + x3

kIi + x4
kIi

4
, I ∈ {T, B, S}, i ∈ {1, 2, . . . , nI} (6)

Furthermore, the weight of attribute CIi is calculated using:

wIi =
1− HIi

nI −
nI
∑

i=1
HIi

, I ∈ {T, B, S} (7)

Based on the fuzzy comprehensive attribute correlation information r̃Iij, we can measure the
interrelationship between attributes CIi and CI j employing the indicator variables, r+Iij and r−Iij, which
is defined as:

r+Iij =


rIij − lv/2, rIij > lv/2,
0, rIij ≤ lv/2,
0, rIij =

′ −′,
(8)

r−Iij =


0, rIij ≥ lv/2,
rIij − lv/2, rIij < lv/2,
0, rIij =

′ −′,
(9)

where rIij =
r1

Iij+r2
Iij+r3

Iij+r4
Iij

4 , lv/2 =
l̂1
v/2+l̂2

v/2+l̂3
v/2+l̂4

v/2
4 , I ∈ {T, B, S}, and i, j ∈ {1, 2, . . . , nI}.

Based on the fuzzy comprehensive bid evaluation matrix X̃I = [x̃kIi]m×nI
, the attribute weight

vector in dimension DI , WI, and the indicator variables r+Iij and r−Iij, we can obtain the fuzzy aggregated
bid evaluation result for bidder Ak in dimension DI , ẽkI , by using a two-additive Choquet (TAC)
integral operator [49]:

ẽkI = (e1
kI , e2

kI , e3
kI , e4

kI) =
nI

∑
i=1

[wIi −
1
2

nI

∑
j=1

(r+Iij+
∣∣∣r−Iij

∣∣∣) ]x̃kIi +
nI

∑
i=1

nI

∑
j=i+1

α̃kIijr+Iij +
nI

∑
i=1

i−1

∑
j=1

β̃kIij

∣∣∣r−Iij

∣∣∣ (10)

where α̃kIij = min
{

x̃kIi, x̃kI j

}
, β̃kIij = max

{
x̃kIi, x̃kI j

}
, k ∈ {1, 2, . . . , m}, I ∈ {T, B, S}, and

i, j ∈ {1, 2, . . . , nI}.
Noting that trapezoidal fuzzy numbers can be compared using the method for ranking fuzzy

number based on distance [50]. Particularly, let x̃ = (x1, x2, x3, x4) be expressed as a normal trapezoidal

fuzzy number, the gravity point of x̃, (xd, yd), is defined as xd = (x3)
2
+(x4)

2
+x3x4−(x1)

2−(x2)
2−x1x2

3(x3+x4−x2−x1)

and yd = x1+2x2+2x3+x4

3(x1+x2+x3+x4)
. Then, the distance between point (xd, yd) and (0, 0) is defined as

d(x̃) =
√
(xd)

2 + (yd)
2, which can be used to rank trapezoidal fuzzy numbers. The rules of comparison



Sustainability 2018, 10, 4129 10 of 20

are presented as follows: if d(x̃i) < d(x̃j), then x̃i < x̃j; if d(x̃i) = d(x̃j), then x̃i = x̃j; if d(x̃i) > d(x̃j),
then x̃i > x̃j.

Based on the fuzzy aggregated bid evaluation result ẽkI , the dimension weight vI can be calculated
using entropy [47], as follows:

The entropy value of DI (I ∈ {T, B, S}) is calculated using:

HI = − ln (m)−1
m

∑
k=1

ekI
m
∑

k=1
ekI

ln
ekI

m
∑

k=1
ekI

(11)

where ekI =
e1

kI+e2
kI+e3

kI+e4
kI

4 , k ∈ {1, 2, . . . , m}, and I ∈ {T, B, S}.
Furthermore, the dimension weight vI is calculated using:

vI =
1− HI

3−∑
I

HI
, I ∈ {T, B, S} (12)

Next, according to the concept of the classical technique for order preference by similarity to an
ideal solution (TOPSIS), it is vital to determine the positive ideal point V+ and the negative ideal point
V−. Initially, the fuzzy positive ideal point Ṽ

+
and the fuzzy negative ideal point Ṽ

−
are respectively

defined as Ṽ
+

= (ẽ+kT , ẽ+kB, ẽ+kS) and Ṽ
−

= (ẽ−kT , ẽ−kB, ẽ−kS), where ẽ+kI = (e+1
kI , e+2

kI , e+3
kI , e+4

kI ) = max
k
{ẽkI}

and ẽ−kI = (e−1
kI , e−2

kI , e−3
kI , e−4

kI ) = min
k
{ẽkI}, with I ∈ {T, B, S} and k ∈ {1, 2, . . . , m}. Thus, the positive

ideal point and the negative ideal point in the form of crisp numbers are V+ = (e+kT , e+kB, e+kS) and

V− = (e−kT , e−kB, e−kS), respectively. In particular, e+kI =
e+1

kI +e+2
kI +e+3

kI +e+4
kI

4 and e−kI =
e−1

kI +e−2
kI +e−3

kI +e−4
kI

4 .
To make the evaluation results of each bidder embody the three aspects (technical, business, and

sustainability performances), the distances of each bidder from V+ and V− are calculated, respectively,
i.e.,

d+k =

√
∑

I
vI
[
ekI − e+kI

]2, k ∈ {1, 2, . . . , m}, I ∈ {T, B, S} (13)

d−k =

√
∑

I
vI
[
ekI − e−kI

]2, k ∈ {1, 2, . . . , m}, I ∈ {T, B, S} (14)

Based on d+k and d−k , the relative closeness coefficient of candidate Ak can be calculated, i.e.,

CCk =
d−k

d−k + d+k
, k ∈ {1, 2, . . . , m} (15)

where CCk ∈ [0, 1]. CCk can be viewed as the overall ranking value of candidate Ak. Obviously, if
candidate Ak is closer to the positive ideal point and farther from the negative ideal point, namely,
if CCk is larger, then Ak is better. Thus, according to the obtained ranking, the desirable contractor
(winner) can be selected.

In summary, the main process of determining the sustainable contractor for the PPP infrastructure
project is given below.

Step 1: The technical, business, and EIA experts provide bid evaluation information for each
candidate with respect to the technical, business, and sustainability attributes, as well as judgments on
the existences and intensities of interrelationships among bid evaluation attributes in each dimension,
respectively, and then transform the information provided by the experts into the corresponding
trapezoidal fuzzy numbers according to Equations (1) and (2).
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Step 2: Based on the transformed assessment and judgment results, formulate the fuzzy
comprehensive bid evaluation matrix and the fuzzy comprehensive attribute correlation matrix in the
technical, business, and sustainability dimensions according to Equations (3) and (4).

Step 3: Calculate the entropy weights of the attributes in the technical, business, and sustainability
dimensions according to Equations (5)–(7).

Step 4: Determine the indicator variables to measure the interrelationships among the bid
evaluation attributes in the technical, business, and sustainability dimensions according to Equations (8)
and (9).

Step 5: Based on the fuzzy comprehensive bid evaluation matrix, the attribute weight vectors and
the indicator variables, calculate the fuzzy aggregated evaluation result for each bidder in technical,
business, and sustainability dimensions according to Equation (10).

Step 6: Calculate the entropy weights of technical, business, and sustainability dimensions
according to Equations (11) and (12).

Step 7: Determine the positive ideal point V+ and negative ideal point V−, and then calculate the
distances of each bidder from V+ and V− according to Equations (13) and (14).

Step 8: Based on the distances, calculate the relative closeness of each bidder according to
Equation (15).

Step 9: According to the relative closeness, determine the ranking of all the bidders, and then
recommend the winning bidder based on the descending order of overall ranking values.

5. An Illustrative Case

In order to illustrate the application of the proposed winner determination method, this section
presents a case of a PPP project of a subway construction in China, which is a winner determination
problem considering interrelationships among attributes in a MARA. It involves evaluating and
selecting a sustainable contractor in the PPP infrastructure project.

As we know, a subway brings fast and convenient travel in daily life, which has so many
advantages including energy consumption, low pollution, and high efficiency [51]. Therefore, it has
become one of the most popular and efficient public transportation solutions all over the world.
Recently, China has pushed subway construction projects pretty quickly as demand for public
transportation is increasingly growing. Up to now, the Chinese subways have been in operations in
more than thirty cities and the subway constructions in many cities are in progress.

N city is one of the important integrated transportation hubs in eastern China. To alleviate
traffic pressure of the city and gain the benefits of the rail transit network, the local government
set up a program of the urban rail transit construction development 2015–2020. According to the
program, the local government initially needed to invest more than 100 billion Chinese Yuan (CNY) to
build a rail transit network consisting of 13 lines that run for about 540 km in the city. As the rapid
development of urban rail transit, the local government faced a few big questions with the shortage
of funds, the uncoordinated transportation planning and land-use planning, and so on. This caused
the government to actively seek other financing and operational schemes such as PPP. For this, the
National Development and Reform Commission of China approved line 5 in N city as a concession
PPP project.

The subway line 5, as a part of the plan, is under construction. For the project of the subway
line 5, the investment amount is 31.3 billion CNY. The total project duration is four years and ten
months. The total length of the engineering line is 37.4 km, and there are 30 underground stations
with an average station spacing of 1.26 km along the line, in which there are 14 transfer stations.
This project proceeds with a special PPP model, i.e., financing, general construction contract and real
estate development, which indicates that the contractor will participate in both the stages of project
construction and operations. The long-term contract provides a good opportunity to create, develop
and sustain trust and cooperation. It is vital to establish a sustainable cooperation relationship between
local government and contractors to implement strategies to maintain the issues of security, energy
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efficiency, and environmental effects in the long-term contract [52]. Thus, it is necessary to include the
sustainability attributes in the contractor selection.

For the PPP project of line 5, the contractor is selected through competitive bidding (i.e., MARA).
For this, a project implementation agency is authorized by the local government to organize a MARA
for selecting contractor. According to the MARA rules for this PPP subway construction project,
three technical experts (ET1, ET2, ET3), three business experts (EB1, EB2, EB3), and three EIA experts
(ES1, ES2, ES3) are invited to form a referee committee to participate in qualification examination and
bid evaluation. After the work in Stage I and II presented in Section 3, the four bidders (A1, A2, A3, A4)
are determined as candidate contractors for further bid evaluation. In bid evaluation, the uncertain
linguistic terms from set L = {l0 = VL: very low/very poor, l1 = L: low/poor, l2 = M: medium, l3 = H:
high/good, l4 = VH: very high/very good} are used by experts in this case to estimate candidates’
performances and the uncertain linguistic terms from set L̂ = {l̂0 = SR: strong redundancy effect,
l̂1 = R: redundancy effect, l̂2 = N: null-effect, l̂3 = C: complementary effect, l̂4 = SC: strong
complementary effect} are used to judge the interrelationships among bid evaluation attributes in
each dimension.

To select a desirable contractor, the process of determining a sustainable winner using the
aforementioned method is illustrated as follows.

First, according to the scoring rule announced by the project implementation agency, each expert
in the referee committee provides his/her respective bid evaluation information on each candidate’s
performance as well as judgment on the interrelationships among bid evaluation attributes in the
technical, business, and sustainability dimensions, which are shown in Appendix A. The bid evaluation
information is processed using Equations (1) and (2), so that the corresponding fuzzy bid evaluation
and fuzzy correlation judgment results provided by each expert can be obtained.

The aggregated decision data used in the bid evaluation of the PPP project is collected using
Equations (3) and (4). Hence, the fuzzy comprehensive bid evaluation matrix and the fuzzy
comprehensive bid evaluation attribute correlation matrix in technical, business, and sustainability
dimensions can be formulated, as shown in Tables 4 and 5, respectively.

To determine the weights of attributes in each dimension DI (I ∈ {T, B, S}), the entropy
evaluation method is employed based on the consideration of avoiding the influence of subjective
factors. Using Equations (5)–(7), the attribute weight vectors for the three dimensions were
determined as WT = (0.2016, 0.1958, 0.2017, 0.2019, 0.199), WB = (0.2507, 0.2451, 0.2517, 0.2525), and
WS = (0.2011, 0.2002, 0.2007, 0.2003, 0.1977), respectively.

Then, by comparing the correlation judgment of bid evaluation attributes in dimension DI
(I ∈ {T, B, S}), rIij, with linguistic term lv/2, we could obtain the indicator variables to measure the
interrelationship between attributes CIi and CI j. Using Equations (8) and (9), the indicator matrix for
each dimension could be constructed, as shown in Table 6.

Based on the fuzzy comprehensive bid evaluation matrix, the attribute weight vector in each
dimension, and the indicator matrix, we could construct the fuzzy aggregated bid evaluation matrix
for candidate Ak in dimension DI using Equation (10), as shown in Table 7.

Based on the fuzzy aggregated bid evaluation result ẽkI , I ∈ {T, B, S}, k ∈ {1, 2, . . . , m}, we could
determine the dimension weight vector as V = (0.3337, 0.3328, 0.3335) using Equations (11) and (12).

Based on the fuzzy aggregated bid evaluation matrix, the fuzzy positive ideal
point Ṽ

+
, and the fuzzy negative ideal point Ṽ

−
were respectively defined as Ṽ

+
=

((0.22, 0.28, 0.409, 0.646), (0.434, 0.326, 0.642, 0.644), (0.421, 0.176, 0.349, 0.716)) and Ṽ
−

=

((0.134, 0.29, 0.242, 0.68), (0.281, 0.213, 0.45, 0.534), (0.057, 0.282, 0.293, 0.757)). Then, it was simple
to obtain the positive ideal point and the negative ideal point expressed in crisp values, i.e.,
V+ = (0.389, 0.512, 0.416) and V− = (0.337, 0.369, 0.347).

Using Equations (13) and (14), distances of each bidder from V+ and V− could be calculated,
respectively, and the calculation results were d+1 = 0.065, d+2 = 0.096, d+3 = 0.037, d+4 = 0.032;
d−1 = 0.043, d−2 = 0.0005, d−3 = 0.0064, and d−4 = 0.087.
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Table 4. Fuzzy comprehensive bid evaluation matrix.

Dimension Attribute
Candidate

A1 A2 A3 A4

DT

CT1 (0.407,0.519,0.63,0.741) (0.333,0.444,0.556,0.667) (0.481,0.593,0.704,0.778) (0.481,0.593,0.704,0.778)
CT2 (0.111,0.222,0.333,0.444) (0.481,0.593,0.704,0.815) (0.481,0.593,0.704,0.778) (0.704,0.815,0.926,0.963)
CT3 (0.556,0.667,0.778,0.852) (0.407,0.519,0.63,0.741) (0.481,0.593,0.704,0.778) (0,556,0.667,0.778,0.889)
CT4 (0.407,0.519,0.63,0.741) (0.407,0.519,0.63,0.741) (0.333,0.444,0.556,0.667) (0.333,0.444,0.556,0.667)
CT5 (0.407,0.519,0.63,0.741) (0.111,0.222,0.333,0.444) (0.259,0.37,0.481,0.593) (0.333,0.444,0.556,0.667)

DB

CB1 (0.333,0.444,0.556,0.667) (0.333,0.444,0.556,0.667) (0.333,0.444,0.556,0.667) (0.63,0.741,0.852,0.889)
CB2 (0.111,0.222,0.333,0.444) (0.259,0.37,0.481,0.593) (0.407,0.519,0.63,0.741) (0.63,0.741,0.852,0.926)
CB3 (0.63,0.741,0.852,0.889) (0.333,0.444,0.556,0.667) (0.481,0.593,0.704,0.778) (0.556,0.667,0.778,0.889)
CB4 (0.481,0.593,0.704,0.815) (0.333,0.444,0.556,0.667) (0.407,0.519,0.63,0.741) (0.333,0.444,0.556,0.667)

DS

CS1 (0.407,0.519,0.63,0.741) (0.333,0.444,0.556,0.667) (0.333,0.444,0.556,0.667) (0.333,0.444,0.556,0.667)
CS2 (0.556,0.667,0.778,0.852) (0.333,0.444,0.556,0.667) (0.407,0.519,0.63,0.741) (0.333,0.444,0.556,0.667)
CS3 (0.481,0.593,0.704,0.815) (0.333,0.444,0.556,0.667) (0.407,0.519,0.63,0.741) (0.481,0.593,0.704,0.815)
CS4 (0.407,0.519,0.63,0.741) (0.63,0.741,0.852,0.926) (0.407,0.519,0.63,0.741) (0.407,0.519,0.63,0.704)
CS5 (0.407,0.519,0.63,0.741) (0.111,0.222,0.333,0.444) (0.407,0.519,0.63,0.741) (0.407,0.519,0.63,0.741)

Table 5. Fuzzy comprehensive bid evaluation attribute correlation matrix.

Dimension Attribute

DT

CT1 CT2 CT3 CT4 CT5
CT1 (0.000,0.000,0.000,0.000) (0.481,0.593,0.704,0.815) (0.778,0.889,1.000,1.000) (0.704,0.815,0.926,0.963) (0.704,0.815,0.926,0.963)
CT2 (0.481,0.593,0.704,0.815) (0.000,0.000,0.000,0.000) (0.704,0.815,0.926,0.963) (0.704,0.815,0.926,0.963) (0.556,0.667,0.778,0.815)
CT3 (0.778,0.889,1.000,1.000) (0.704,0.815,0.926,0.963) (0.000,0.000,0.000,0.000) (0.704,0.815,0.926,0.963) (0.407,0.519,0.630,0.741)
CT4 (0.704,0.815,0.926,0.963) (0.704,0.815,0.926,0.963) (0.704,0.815,0.926,0.963) (0.000,0.000,0.000,0.000) (0.259,0.370,0.481,0.593)
CT5 (0.704,0.815,0.926,0.963) (0.556,0.667,0.778,0.815) (0.407,0.519,0.630,0.741) (0.259,0.370,0.481,0.593) (0.000,0.000,0.000,0.000)

DB

CB1 CB2 CB3 CB4
CB1 (0.000,0.000,0.000,0.000) (0.704,0.815,0.926,0.963) (0.704,0.815,0.926,0.963) (0.704,0.815,0.926,0.963)
CB2 (0.704,0.815,0.926,0.963) (0.000,0.000,0.000,0.000) (0.630,0.741,0.852,0.926) (0.630,0.741,0.852,0.926)
CB3 (0.704,0.815,0.926,0.963) (0.630,0.741,0.852,0.926) (0.000,0.000,0.000,0.000) (0.185,0.296,0.407,0.519)
CB4 (0.704,0.815,0.926,0.963) (0.630,0.741,0.852,0.926) (0.185,0.296,0.407,0.519) (0.000,0.000,0.000,0.000)

DS

CS1 CS2 CS3 CS4 CS5
CS1 (0.000,0.000,0.000,0.000) (0.704,0.815,0.926,0.963) (0.704,0.815,0.926,0.963) (0.704,0.815,0.926,0.963) (0.778,0.889,1.000,1.000)
CS2 (0.704,0.815,0.926,0.963) (0.000,0.000,0.000,0.000) (0.630,0.741,0.852,0.926) (0.481,0.593,0.704,0.815) (0.630,0.741,0.852,0.926)
CS3 (0.704,0.815,0.926,0.963) (0.630,0.741,0.852,0.926) (0.000,0.000,0.000,0.000) (0.778,0.889,1.000,1.000) (0.704,0.815,0.926,0.963)
CS4 (0.704,0.815,0.926,0.963) (0.481,0.593,0.704,0.815) (0.778,0.889,1.000,1.000) (0.000,0.000,0.000,0.000) (0.481,0.593,0.704,0.815)
CS5 (0.778,0.889,1.000,1.000) (0.630,0.741,0.852,0.926) (0.704,0.815,0.926,0.963) (0.481,0.593,0.704,0.815) (0.000,0.000,0.000,0.000)
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According to d+k and d−k , k ∈ {1, 2, . . . , m}, the relative closeness coefficient (overall ranking value)
of each candidate can be obtained using Equation (15), i.e., CC1 = 0.398, CC2 = 0.005, CC3 = 0.635,
and CC4 = 0.731.

Lastly, according to the obtained overall ranking values, a ranking order of the four candidate
contractors can be determined, i.e., A4 � A3 � A1 � A2. Therefore, A4 is the winner in this MARA to
be finally selected as the sustainable contractor.

Furthermore, to find out the crucial factors influencing the decision result, we first re-analyzed the
original data using the same MARA frame without consideration of sustainability. Following the main
process of determining a winner in MARAs, we had a new ranking order (A3 � A4 � A2 � A1) using
the expert’s bid evaluation information and the interdependent information among bid evaluation
attributes only in both technical and business dimensions. It was clear that the ranking was changed
from A4 � A3 � A1 � A2 to A3 � A4 � A2 � A1. The winner was accordingly changed from A4 to
A3. This change indicated that the consideration of sustainability impacted the decision results. It is
worth noting that the case of removing sustainability consideration can be regarded as a situation in
which the EIA experts did not provide any evaluation information is just an extreme case of varying the
EIA experts’ evaluation with respect to sustainability dimension. Thus, the bid evaluation information
provided by the EIA experts will influence the final winner in MARAs.

In addition, we used the same information as the case study but only excluding the interdependent
information among attributes in sustainability dimension. According to such an analysis, a different
ranking order of A3 � A4 � A1 � A2 was obtained. Based on the result, the winner changed to A3,
which demonstrated that the second factor impacting on the final result was the interrelationships
among sustainability attributes.

Table 6. Indicator matrix for each dimension.

Dimension Attribute

DT

CT1 CT2 CT3 CT4 CT5

Indicator r+Ti1 r−Ti1 r−Ti2 r−Ti2 r+Ti3 r−Ti3 r+Ti4 r−Ti4 r+Ti5 r−Ti5
CT1 0 0 0.148 0 0.417 0 0.352 0 0.352 0
CT2 0.148 0 0 0 0.352 0 0.352 0 0.204 0
CT3 0.417 0 0.352 0 0 0 0.352 0 0.074 0
CT4 0.352 0 0.352 0 0.352 0 0 0 0 −0.074
CT5 0.352 0 0.204 0 0.074 0 0 −0.074 0 0

DB

CB1 CB2 CB3 CB4

Indicator r+Bi1 r−Bi1 r+Bi2 r−Bi2 r+Bi3 r−Bi3 r+Bi4 r+Bi4
CB1 0 0 0.352 0 0.352 0 0.352 0
CB2 0.352 0 0 0 0.287 0 0.287 0
CB3 0.352 0 0.287 0 0 0 0 −0.148
CB4 0.352 0 0.287 0 0 −0.148 0 0

DS

CS1 CS2 CS3 CS4 CS5

Indicator r+Si1 r−Si1 r−Si2 r−Si2 r+Si3 r−Si3 r+Si4 r−Si4 r+Si5 r−Si5
CS1 0 0 0.352 0 0.352 0 0.352 0 0.417 0
CS2 0.352 0 0 0 0.287 0 0.148 0 0.287 0
CS3 0.352 0 0.287 0 0 0 0.417 0 0.352 0
CS4 0.352 0 0.148 0 0.417 0 0 0 0.148 0
CS5 0.417 0 0.287 0 0.352 0 0.148 0 0 0
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Table 7. Fuzzy aggregated bid evaluation matrix.

Candidate
Dimension

DT DB DS

A1 (0.134,0.290,0.242,0.680) (0.157,0.406,0.420,0.661) (0.342,0.235,0.298,0.763)
A2 (0.184,0.212,0.394,0.561) (0.281,0.213,0.450,0.534) (0.057,0.282,0.293,0.757)
A3 (0.262,0.228,0.452,0.541) (0.350,0.300,0.542,0.609) (0.421,0.176,0.349,0.716)
A4 (0.220,0.280,0.409,0.646) (0.434,0.326,0.642,0.644) (0.272,0.196,0.247,0.722)

6. Discussion and Conclusions

PPPs have become more popular for the delivery of infrastructure projects. The success of
a PPP project critically depends on the selection of the most suitable contractors, which requires a
well-structured tendering process, an appropriate contractor evaluation method, and a set of evaluation
attributes [53]. This paper presents a MARA framework for selecting the sustainable contractor in PPP
projects, which bridges the knowledge gap by integrating PPP infrastructure projects and MARAs.
Such a framework includes MARA rules, a set of bid evaluation attributes, and a winner determination
method using both the bid evaluation information and the interdependent information among bid
evaluation attributes. Within this framework, the potential contractors would have incentive to take
sustainable responsibilities, the importance and classification of bid evaluation attributes can be
obtained to facilitate the decision making on sustainable contractor selection in PPP infrastructure
projects, and the winner determination method could be a useful tool for governments and decision
makers to evaluate potential contractors’ performance in technical, business, and sustainability
dimensions, and to rank potential contractors according to overall ranking values to achieve their
strategic objectives, as well as to identify the contractors’ strengths and weaknesses.

The developed framework has the distinct merits as discussed below. First, the MARA rules
designed accounts for sustainability factors other than the already widely-considered technical
and business aspects, such as public health and safety, environmental, and waste managerial
concerns. Second, the winner determination method combines the bid evaluation information and
the interdependent information among bid evaluation attributes. In particular, the interrelationships
among attributes can significantly affect the identification of the importance of bid evaluation attributes,
whereas it is neglected in the existing studies. This consideration is consistent with the real-world
situations. Thus, it will benefit the governments to make accurate decisions in the process of bid
evaluation. Third, accounting for vagueness and uncertainty, the proposed method integrates the
trapezoidal fuzzy linguistic representation model and the classical TAC integral operator to evaluate
potential contractors’ performance in a linguistic environment. Especially, the trapezoidal fuzzy
linguistic representation model is used to process linguistic terms, which can avoid information loss.
As a result, compared with the existing TAC integral operator, the proposed method is more suitable
to deal with the interdependent information in the form of linguistic terms.

It is important to highlight that the MARA framework presented in this paper can be shared
by other clients in their procurement of PPP infrastructure projects. The improvements mentioned
above would be injected in the selection of the best and final winner and thereby enable successful
project delivery. In addition, the designed framework also contributes to the theoretical investigation
of selection of sustainable contractors in PPP infrastructure projects by MARAs.

Although the research objectives were achieved, there are limitations in this study. First, this study
focused on the way in which sustainability considerations are incorporated by governments, especially
in tender documents. However, this is not necessarily equal to the way that private sectors apply these
sustainability considerations to the infrastructure projects in practice. Second, the case study was only
an illustrative example to show the potential of the proposed method, which lacked the support of
actual data. In terms of future research, it would be very interesting to design a MARA mechanism in
which the sustainability attributes can measure more objectively the private sectors’ performance and
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predict the private sectors’ sustainable performance in practice. In addition, it should be necessary to
demonstrate the effectiveness and distinct advantage of our method by some empirical studies.
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Appendix A

See Tables A1–A6.

Table A1. Original bid evaluation information provided by the technical experts.

Expert Candidate
Technical Attribute

CT1 CT2 CT3 CT4 CT5

ET1

A1 M L M M M
A2 M H M M L
A3 M H VH H M
A4 M VH H M M

ET2

A1 H L H M H
A2 M H M H L
A3 VH H H L M
A4 M VH H M M

ET3

A1 M L VH H M
A2 M M H M L
A3 M M L M L
A4 VH H H M M

Table A2. Original bid evaluation information provided by the business experts.

Expert Candidate
Business Attribute

CB1 CB2 CB3 CB4

EB1

A1 M L VH H
A2 M M L M
A3 M M H M
A4 VH H H M

EB2

A1 M L M M
A2 M L M M
A3 M H VH H
A4 M VH H M

EB3

A1 M L VH H
A2 M M H M
A3 M M L M
A4 VH H H M
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Table A3. Original bid evaluation information provided by the EIA experts.

Expert Candidate
Sustainability Attribute

CS1 CS2 CS3 CS4 CS5

ES1

A1 M H M M H
A2 L M M H L
A3 M L H M M
A4 M H M VH H

ES2

A1 M VH H M M
A2 H H M VL L
A3 M H L H M
A4 M L H M M

ES3

A1 H M H H M
A2 M L M H L
A3 M H H M H
A4 M M H L M

Table A4. The interrelationships among bid evaluation attributes in technical dimension as judged by
the technical experts.

Expert Technical Attribute

CT1 CT2 CT3 CT4 CT5

ET1

CT1 - N SC SC C
CT2 N - SC SC SC
CT3 SC SC - SC N
CT4 SC SC SC - N
CT5 C SC N N -

ET2

CT1 - C SC SC SC
CT2 C - C SC R
CT3 SC C - SC N
CT4 SC SC SC - R
CT5 SC R N R -

ET3

CT1 - C SC C SC
CT2 C - SC C SC
CT3 SC SC - C C
CT4 C C C - N
CT5 SC SC C N -

Table A5. The interrelationships among bid evaluation attributes in business dimension as judged by
the business experts.

Expert Business Attribute

CB1 CB2 CB3 CB4

EB1

CB1 - SC SC SC
CB2 SC - C C
CB3 SC C - N
CB4 SC C N -

EB2

CB1 - C SC SC
CB2 C - SC C
CB3 SC SC - R
CB4 SC C R -

EB3

CB1 - SC C C
CB2 SC - C SC
CB3 C C - R
CB4 C SC R -
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Table A6. The interrelationships among bid evaluation attributes in sustainability dimension as judged
by the EIA experts.

Expert Sustainability Attribute

CS1 CS2 CS3 CS4 CS5

ES1

CS1 - SC SC C SC
CS2 SC - C C C
CS3 SC C - SC C
CS4 C C SC - R
CS5 SC C C R -

ES2

CS1 - C C SC SC
CS2 C - SC N C
CS3 C SC - SC SC
CS4 SC N SC - N
CS5 SC C SC N -

ES3

CS1 - SC SC SC SC
CS2 SC - C C SC
CS3 SC C - SC SC
CS4 SC C SC - C
CS5 SC SC SC C -
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