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Abstract: With the application of public—private partnership (PPP) model in urban transportation
infrastructure projects, various participants have put forward multi-dimensional demands to the
operation and maintenance of infrastructures. This study aims to establish a systematic operational
performance evaluation framework for PPP transportation infrastructure projects. Based on a liter-
ature review, the balanced scorecard was improved, and a conceptual model of multidimensional
performance assessment was constructed. The structure of the qualitative performance assessment
system was quantified and analyzed by combining structural equation modeling with questionnaires
to obtain causal relationships among the indicators. Subsequently, a system dynamics model was
constructed to assess the performance dynamically, and a validation analysis was conducted. It
finds that maintaining a low level of operational quality over an extended period can significantly
reduce stakeholder satisfaction, consequently exacerbating the decline in project performance. In
contrast, an improvement in the level of informatization is found to positively contribute to enhancing
operational quality and facilitating the long-term sustainability of project operations. It innovatively
integrates four dimensions of financial, multi-stakeholder satisfaction, operation and maintenance
quality, and sustainability performance to enrich the theoretical system of PPP transportation infras-
tructure performance assessment. At the same time, it analyzes the influence mechanism among the
indicators and its long-term dynamic performance, which provides an effective decision-making tool
for operational performance management.

Keywords: public—private partnership (PPP); transportation infrastructure; system dynamics; operation
and maintenance; performance evaluation; project management

1. Introduction

The public—private partnership (PPP) model allows private financing to procure public
facilities, obtain concession authority, and provide public services, which is a long-term
benefit-sharing and risk-sharing partnership established by the government and private
companies to provide public products and services [1]. Benefiting from the shared respon-
sibility between the government and private companies and the stable macroeconomic
environment [2], the PPP model has become China’s fastest-growing project investment
model in urban infrastructure. According to the statistics of the China Public Private
Partnerships Center project database [3], more than 1000 transportation infrastructure PPP
projects were in the construction stage at the end of 2022. This indicates that, shortly, more
and more urban infrastructure PPP projects, including roads, bridges, tunnels, etc., will
start operation. The operational phase is typically long, and the project operation is domi-
nated by operation and maintenance (O&M) enterprises, while the government and the
public become the supervisor and regulators of operation services. The enterprises’ O&M
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decisions directly determine the realization of the facility’s multi-stakeholders’ performance
goals. So, how to evaluate the operational performance is an important topic to investigate.

Project performance is the key information needed for project operation evaluation.
Traditional financial indicators usually attract attention when performing performance
evaluations, but in a sense, finance is a backward indicator that reflects the results of
management measures that have been taken [4]. In urban infrastructure projects, multi-
dimensional performance evaluation indicators are more widely used. In 1988, Glendinning
proposed the concept of Value for Money (VEM), which evaluates the value of public
projects from three aspects: economy, efficiency, and effectiveness [5]. The research on the
influencing factors for the VEM of public projects also began [6,7]. However, the research on
the influencing factors of the VEM effect pays more attention to the performance evaluation
before the establishment of the project and lacks the consideration of the influencing factors
in the project operational stage. The balanced scorecard (BSC) method is an organizational
performance evaluation system, which can reflect performance comprehensively from
four dimensions of finance, customers, internal business processes, and innovation and
learning. In the past two decades, most of the performance evaluation models used in the
construction field have been derived from the BSC [8,9]. Although BSC is widely used in
the field of project performance management, it also has certain limitations for different
research contexts. Firstly, some of its measurement indicators are too narrow, for example,
the BSC only includes customers and shareholders, while ignoring alliance partners, users,
and regulators from the perspective of multiple stakeholders [10]. Secondly, changes in one
performance indicator may affect other indicators [11], but there is no empirical evidence
on how to construct causal relationships between indicators [12]. Thirdly, the BSC is static
and cannot be used to determine future state changes based on experience, and it is difficult
to explore the relationship between future conditions and states, which is not suitable for
long-term dynamic research [13].

In the context of PPP, the entire life cycle of transportation infrastructure needs to meet
the performance goals of multiple stakeholders [14] and the sustainability requirements
of economic and environmental development [15]. There are concerns about the financial
aspects [16], multi-stakeholder satisfaction [17], operation and maintenance quality [18],
and sustainability performance [19] of the O&M phase of transportation infrastructure.
These aspects migrate the BSC, which is oriented to organizational performance assessment,
to project performance assessment and provide directions for the performance assessment
research of PPP transportation infrastructure projects. For operation and maintenance
companies, their performance evaluation of PPP transportation infrastructure projects
should meet the requirements of value co-creation, multi-level evaluation, and dynamic
response. However, the traditional O&M performance evaluation system is still static,
mainly focusing on facility integrity, safety, and financial status [18]. It only focuses on
one or several aspects of performance evaluation and lacks a comprehensive operational
performance evaluation system with a multidimensional perspective [20]. Moreover, there
are few quantitative explorations about the impact mechanisms of indicators from a multi-
dimensional system perspective [12]. Further, the operation and maintenance phases are
characterized by long-term dynamics and require state prediction and assessment to help
in performance management [21].

To address the above questions, this paper proposes to accomplish three research objec-
tives. First, to construct a framework for evaluating the performance of PPP transportation
infrastructure O&M with systematic and multidimensional indicators, which is partially
improved based on the BSC. Second, to explore the influence mechanisms among indicators
within the performance assessment system, this step introduces structural equation model-
ing (SEM) to conduct the study. Finally, the mechanism of performance evolution under
a long-term dynamics situation is investigated to balance performance. This step guides
the operational performance evaluation by constructing a system dynamics (SD) model. In
this research, the qualitative conceptual model and the quantitative simulation model are
effectively integrated through a hybrid approach of improved BSC, SEM, and SD simulation
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models. It can be applied to the decision making of a series of management issues with
similar characteristics in engineering projects. This research establishes an operational
performance evaluation framework for PPP infrastructure projects, which can (1) establish
simulation scenarios according to the characteristics of specific projects, (2) simulate project
long-term performance, and (3) guide the decision making in infrastructure operation.

The remainder of this paper is organized as follows. Section 2 provides a review of the
existing literature on the research topic. Section 3 describes the research methodology of
this paper, which is a hybrid approach with three components of an improved BSC, SEM,
and SD model, addressing the three key questions mentioned above. Section 4 improves
the balanced scorecard and constructs the performance index evaluation system. Section 5
builds a structural equation model to analyze system structure. Section 6 builds the system
dynamics model. The results are discussed in Section 7. Finally, Section 8 summarizes the
research conclusions of this paper.

2. Literature Review

This paper proposes a performance assessment system specifically designed for the
operation period of PPP transportation infrastructure projects. The system considers the
composition of indicators, their relationships, and the dynamic evolution of the perfor-
mance assessment system, with a focus on addressing the challenges of assessing perfor-
mance in long-term operations. Drawing on the relevant literature, this review is structured
into three main sections: (1) characteristics of PPP transportation infrastructure operation,
which examines the distinctive features of the operation period of PPP projects and the
strategic goals they entail; (2) assessment of operation performance in PPP transportation
infrastructure projects, which provides an overview of the existing research on this topic;
and (3) methods for system dynamic performance assessment, which analyzes effective
approaches to tackle the unique characteristics of the research problem.

2.1. Characteristics of PPP Transportation Infrastructure Operation

Transportation infrastructure is built to support the movement of people and goods,
providing access to vital resources for daily activities and emergencies, which in turn serve
economic and social development [22]. The project life cycle contains various phases such
as planning, procurement, construction, operation and maintenance, etc. [23]. Among them,
the operational phase plays the main role mentioned above, and its reasonable performance
evaluation and high-quality operational outputs are considered to contribute the most to
the success of the project [24]. The operational phase of a transportation infrastructure
project is a long-term process, typically ranging from 10 to 30 years. During this process,
the facility operator is required to provide good facility operation and maintenance services,
to achieve the financial and efficiency performance targets of the project [25], and to create
positive social and economic externalities [26]. In addition, in the long-term operation
and maintenance process, the condition of the facility, the surrounding environment and
other aspects change dynamically [27]. Therefore, facility performance evaluation for
the O&M period is a complex systemic issue. Operational performance evaluation of
the PPP model is more complex because it carries out projects through a partnership
between private organizations and the government, including financing and concession
of transportation infrastructure [1]. This means that the operation and maintenance of
the facility is undertaken by the private sector, and the public sector is responsible for
monitoring and measuring the services and performance of the private sector [28]. For
the facility operator, a systematic framework for the operation of the facility is needed to
accomplish the goals of the PPP project.

Existing studies have also explored the key strategic objectives of the operational
phase of PPP transportation infrastructure, including financial ability, multi-stakeholder
satisfaction, operation and maintenance management, and sustainability, as shown in
Table 1. Financial status is the traditional indicator for project evaluation [29]. In the
context of transportation infrastructure project evaluation, the three dimensions of sol-
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vency, operational capacity, and development capacity can be summarized in the context
of accounting metrics [30]. The stakeholder relationship towards the PPP model is more
complex because it involves multiple stakeholders such as government and private in-
vestors, facility operational managers, and public users. In [17], it was pointed out that
the operation and maintenance phase is the most intimate phase among stakeholders.
Therefore, research on stakeholder satisfaction has become a direction that mainly focuses
on the achievement of performance goals of the public sector, private sector, and users [14].
The maintenance of the quality of facilities and equipment and the optimization of the
efficiency of facility operations are the main objectives of facility operations, and studies in
this area also try to optimize the operational efficiency from different perspectives [31,32].
In terms of sustainability, the study points out that the construction of transportation infras-
tructure has an impact on the sustainable development of society because of construction
investment, resource consumption, pollutant emissions, and positive externalities after
completion [26]. Sustainable development has also become the future direction of the PPP
model [19], focusing mainly on economic, environmental, and social sustainability [15].

Table 1. PPP Transportation Infrastructure Project Operation Strategic Objectives.

Strategic Objectives Concerning Aspects Source
Finance Solvency, operational capacity, growth capacity, etc. [29,30]
Multi-stakeholder satisfaction Private investors, government, facility managers and public, etc. [14,17]
O&M Reliability of faahty or equipment, quality of service and [31,32]
information management etc.
Sustainability Economic, environment, social, etc. [15,19,26]

There is no doubt that the principles mentioned above provide the guidance for the
operational performance assessment of PPP projects. However, it does not provide a proven
systematic evaluation scheme for the operating enterprise entities, especially the question
of how to dynamically weigh different strategic objectives in the actual operation of the
project is not answered.

2.2. Assessment of Operation Performance in PPP Transportation Infrastructure

Project performance indicates the direction required to achieve the project’s strategic
objectives and is a powerful tool for project management. In the field of transportation
infrastructure, some mature performance evaluation framework systems have been de-
veloped. For example, Glendinning introduced the concept of Value for Money (VFM) in
1988 and believed that the value of public projects is reflected in three aspects: economy,
efficiency, and effectiveness [5]. However, VFM is more concerned with the feasibility
decision of establishing a PPP project. For example, Makovsek et al. [33] researched the
key factors of VEM evaluation in PPP projects. Hu et al. [34] studied the VEM quantitative
evaluation of PPP expressway projects in China to evaluate the funds of PPP transportation
infrastructure projects, thereby assisting local governments in financing decision making.
Zhao et al. [35] verified the key role of cost and service quality in asset delivery decisions
through empirical research. The three aspects of VFM make it difficult to illustrate the
strategic objectives required for the operational phase of PPP transportation infrastructure
projects. The balanced scorecard (BSC) is another well-established performance assessment
framework that was proposed by Kaplan and Norton [36] when they studied the opera-
tional performance of well-performing companies. It includes four dimensions: financial,
internal business processes, customer, and learning and growth. The BSC systematically
covers all dimensions of performance evaluation and is widely used in the project and
strategic performance evaluation of construction companies [37,38]. However, the BSC also
has certain limitations and some of its indicators are macroscopic and have limitations [10],
such as the customer dimension, which is not applicable to the evaluation of projects
with multiple stakeholders. Many scholars have enriched and improved the BSC metrics
according to the project characteristics. For example, Sirin et al. [39] used improved BSC for
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performance evaluation and resource allocation; Liu et al. [20] established a performance
evaluation model for PPP rail transit projects by combining the BSC and stakeholder theory
to improve the performance evaluation index. It is not difficult to find that the evaluation
indexes of BSC have some similarity with the strategic objectives of PPP transportation
infrastructure during the operation period, which provides a basic framework for PPP
project operation performance evaluation. However, in view of the macroscopic nature
of BSC indicators, it is necessary to further improve and enrich the BSC indicator system
according to the characteristics of PPP projects.

Currently, the exploration of the operational performance evaluation of PPP trans-
portation infrastructure mainly includes financial, operation and maintenance quality,
management level, and other dimensions, as shown in Table 2. For example, Rahman
et al. [16] conducted a study on the performance evaluation of the PPP railway project
operation and maintenance phase from the perspective of cost and benefit, and comprehen-
sively considered the financial status throughout its life cycle, including investment costs,
operation and maintenance costs, and fares. The research of Liu et al. [40] on the perfor-
mance evaluation of the operational phase can be summarized as the concern about the
quality, safety, and continuity of project operation. Xu et al. [18] used Industry Foundation
Classes (IFCs) to evaluate the performance of the PPP urban rail project during the opera-
tion phase, which mainly included indicators such as financial management, information
management, and reliability of facilities and equipment. Ming et al. [41] constructed a per-
formance evaluation model for the operation and maintenance phase of PPP transportation
infrastructure from the three dimensions of output, effect, and management. Obviously,
these evaluation frameworks focus on both financial and O&M quality aspects, ignoring,
for example, stakeholder satisfaction and the sustainability of PPP projects. Although
some studies mentioned both aspects, they did not provide specific indicators for project
performance assessment, as shown by “-” in Table 2.

Table 2. List of current research.

Multi-Stakeholders’

Satisfaction Oo&M Sustainability
Source  Finance — - -
Public Government Investor I.{e-ehablht.y of Quallt.y of Information Economic  Social Environment
Facility/Equipment Service Management
[16] v
[40] v - - - - - -
[18] v v v v
[41] v - - - v v v v
[42] v v v v
[43] v - - - v v
[20] v Vv v v v v v v

2.3. Methods for System Dynamic Performance Assessment

It is commonly believed that performance indicators of different dimensions are not
independent of each other and may have causal relationships, forming a complex sys-
tem [11]. System structure analysis has always been a key step in the study of complex
systems, especially in the study of qualitative system problems. It is difficult to quantita-
tively analyze the causal relationship between factors. Samee et al. [44] used the structural
equation model (SEM) to determine the causal relationship among the measurement factors
of construction equipment management, project performance, and company performance.
The SEM is based on the statistical method of the variance covariance matrix, which can
establish the structural relationship between fitting multivariate indicators. SEM is ac-
curate and objective in assessing indicator relationships from a static perspective and is
therefore also widely used in the study of qualitative problems in the field of engineering
management [45,46]. However, there is no study that explores the causal relationship be-
tween the several dimensions of PPP project performance evaluation based on a systematic
perspective.
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In addition, the operation of the project is characterized by long-term dynamics, and
project performance needs to be assessed dynamically [21]. The system dynamics (SD)
method is an effective tool for evaluating the system’s ability to adapt to changes and test
new decisions [47]. The core contribution of the SD model lies in the development of a
system that simulates complex interactions, which simulates research issues from a long-
term and dynamic perspective. It has been applied to solve a variety of complex dynamic
problems in the construction industry, including PPP infrastructure procurement [48] and
sustainability performance [49]. Pagoni et al. [50] used the SD model to characterize the
causal effects and their long-term performance when evaluating the finance and sustainable
strategies of PPP projects. When the causal relationship between system-influencing
factors is difficult to quantify, other tools can be used for analysis. For example, Ecem
Yildiz et al. [12] used SD modeling based on the BSC framework to study the impact
and improvement of internal processes and external conditions on strategic performance
during construction. In terms of characterizing qualitative problems, Liu et al. [51], when
researching the formation mechanism of construction industry competitiveness, proposed
a simulation model combining SEM and SD to describe the complex system structure
which is difficult to quantify. However, in the field of PPP transportation infrastructure
operation performance management, there is a lack of research on the dynamic evolution
of performance assessment systems.

To sum up, the current evaluation of transportation infrastructure projects by oper-
ating enterprises mainly focuses on traditional dimensions such as operational quality,
operational safety, and finance, ignoring the multi-stakeholder’s participation and social
sustainable development characteristics of PPP transportation infrastructure. There is a
lack of a systematic and dynamic performance evaluation framework. In terms of the
performance evaluation system, there is still room for improvement in the BSC, which can
adapt to the evaluation needs of different scenarios. SEM is widely used in qualitative
evaluation issues, such as safety evaluation and performance evaluation in engineering
management, and can be used to make up for the defects of independent evaluation sys-
tem indicators. For complex dynamic problems, the top-down designed SD model can
describe the internal dynamic structure and feedback mechanism of the system. Different
approaches can be integrated to solve practical management problems.

3. Materials and Methods

The proposed model uses a hybrid approach combining a balanced scorecard, struc-
tural equation model, and system dynamics model. An improved balanced scorecard can
be used to construct a qualitative conceptual model of the performance assessment system;
the structural equation model can be used to quantify the relationships of indicators within
the conceptual model system; and the system dynamics model can be used for dynamic
assessment of performance. The flow of the research framework, which is developed in
three parts, is shown in Figure 1.

Part I: The literature review helps to understand the need for operational perfor-
mance assessment of PPP transportation infrastructure [52]. In this section, “Public-private
partnership transportation infrastructure”, “Public—private partnership transportation in-
frastructure operation and maintenance performance”, and “transportation infrastructure
operation and maintenance performance” were used as keywords to search the literature,
and 65 studies were searched. By browsing through the abstracts, 45 studies on related
topics were selected to extract guiding principles and key aspects for evaluating the per-
formance of PPP transportation infrastructure projects in the operation and maintenance
phase. An improved balanced scorecard is built to meet the operational performance
evaluation needs, forming the conceptual model of this study. This part is realized in
Section 3.
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Figure 1. Research Flow.

Part II: Although the conceptual model is established, it is mainly based on the
existing literature and policy requirements, and it is difficult to verify the rationality of
the qualitative model. Structural equation models, especially covariance-based structural
equation models, are accurate and objective in assessing indicator relationships from a
static perspective and have advantages in testing research hypotheses [53]. Therefore, SEM
is introduced to verify the validity of the model. Among the commonly used modeling
tools for SEM, M+ is known for its highly flexible latent variable analysis model and unique
capability such as exploratory SEM and Bayesian SEM [54], so the M+ tool was used in this
study to construct the model. Following the research logic of SEM, a research questionnaire
was designed based on the conceptual model to be used to accumulate opinion data from
professionals in the O&M field using convenience sampling techniques [55], and then a
model was constructed to explore the causal relationships within the system, forming a
quantifiable system structural model. This part is realized in Section 4.

Part III: The system dynamics model provides strong support to make up for the
deficiencies of SEM static studies and adapts to the dynamic changes in the long-term
operational performance of engineering projects [49]. VENSIM software was chosen as the
modeling tool for this study because it allows modeling multiple variables that change over
time [52]. Following the system dynamics modeling logic, the study combines the results
of SEM on the influence relationships among performance system indicators, analyzes the
system structure and constructs causal loop diagrams, sets corresponding variables to build
system flow diagrams for quantitative analysis, obtains the evolutionary mechanisms of
critical influence paths in the system through qualitative and quantitative validation of the
model, and thus characterizes project performance in a long-term dynamic context. This
will be implemented in Section 5.
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4. Construction of an Index System

For infrastructure projects, project operation is a long-term dynamic process. From the
point of its evaluation method, performance evaluation should be dynamically monitored, its
output and service level should be measured regularly, and remuneration should be linked
to actual performance. From the perspective of its evaluation content, the main purpose
of financial evaluation is to increase project profits, reduce project costs, and maximize
shareholders’ benefits [56].This is because of its capital cooperation relationship, including
the government and investor’s capital contribution, the management of the operator, and the
provision of services to the public. It is necessary to strike a balance between the different needs
of all parties and achieve the co-creation of value. The operation of infrastructure projects must
not only measure the effects of their operations and services, but also the quality and safety of
the facilities themselves [57]. Moreover, as a large-scale public project, the PPP transportation
infrastructure has a significant impact on the economy, society, and the ecological environment.
It should focus more on sustainable development dimensions’ evaluation. Through the above
analysis, the selection of the indicators of the PPP transportation infrastructure project
operational performance evaluation system must meet the following principles:

(1) Combination of comprehensive indicators: the evaluation system should consider the
demands of all stakeholders to achieve value co-creation.

(2) Combination of financial and non-financial indicators: the performance evaluation
of PPP projects not only needs to consider the financial operation capabilities of
the project, but also the internal control management of the project (including the
efficiency and effectiveness of public services), its social environmental impact (sus-
tainability), and the satisfaction of all stakeholders.

(8) Combination of static and dynamic indicators: the selection of indicators should
include factors such as the organizational structure that is stable at the beginning of the
project and has a long-term impact on project performance, as well as factors such as
service quality, which is dynamically updated as the project progresses, affected by the
organizational external environment, and affecting project performance dynamically
and continuously.

(4) Combination of commonality and individuality indicators: it is necessary to deepen
and refine the current commonality framework of transportation infrastructure per-
formance evaluation and introduce the individual requirements of PPP project perfor-
mance evaluation.

Based on the above analysis, the study improves the BSC. Original financial metrics are
preserved. We improve the original “Customer” dimension to the “Stakeholders” dimension
to meet the comprehensiveness of the indicators. “Internal Management” is changed to “O&M
Management” to evaluate the structural quality and service quality during the operation phase
of the infrastructure. “Innovation and growth” mainly measures organizational growth, which
pays more attention to employee training and professional talent introduction, weakening
its importance in project performance, so this dimension is replaced with “Sustainability”,
emphasizing project dynamics and sustainable development capabilities. The improved BSC
establishes an operational performance indicator system from four dimensions of finance,
stakeholders, O&M management, and sustainability, as shown in Table 3.

Table 3. Improved Balanced Scorecard Indicators System.

Improved BSC Second-Level Indicators/Source Third-Level Indicators Source
Sol Short-term solvency (A1)
© (;I(elr)lcy Asset liquidity (A2) [58]
Debt operating ability (A3)
Financial -

ability Operating [30] Opverall asset operating ability (A4) 59]

capacity (X2) Non-performing assets operating status (A5)
Development Project revenue growth level (A6) [60]

capacity (X3) Project capital accumulation ability (A7)
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Table 3. Cont.

Improved BSC Second-Level Indicators/Source Third-Level Indicators Source
Partnerships (A8)

Multi- Stakeholders’ Government satisfaction (A9)

stakeholders’ satisfaction [23] Investor satisfaction (A10) [61]
satisfaction (X4) Social public satisfaction (A11)

Environmental protection department satisfaction (A12)
Facility Structural Technical status of civil structure (A13) [25]
Condition (X5) Technical status of electromechanical structure (A14) -

O&M

Operational service
quality (X6)

Traffic flow levels (A15)
Road traffic quality (A16) [62]
Blockage removal ability (A17)

Safety and emergency [18,40,41]
Management (X7)

Traffic safety level (A18)
Completeness of emergency plans (A19) [63]
The timeliness of emergency response (A20)

Organizational
Management (X8)

Integrity and clarity of the organizational structure (A21)
Integrity and implementation of management system (A22)
Management information standardization and
confidentiality (A23) [64-66]
Integrity and transparency of management process (A24)
Degree of management information (A25)
Management planning (A26)

Sustainability

Economic sustainability impact (A27)

Sustainability (X9) [19] Social sustainability impact (A28) [15]

Environmental sustainability impact (A29)

(1) Financial ability

Investors are more concerned about the project’s finances, and the financial perfor-
mance by accounting is generally measured in terms of debt position, sales level, and
inventory level [30]. According to the nature of PPP infrastructures” operational business,
this paper summarizes three aspects: solvency, operational capacity, and development ca-
pacity. Solvency reflects the ability to repay debts. It is the key to the survival of the project
company and the healthy operation of PPP projects. Common quantitative assessment
indexes of debt servicing capacity include the equity liability ratio, debt service coverage
ratio, current liabilities cash flow ratio, debt-to-cash ratio, and other indicators [58]. To
avoid the crossover and duplication among several indicators, this paper uses short-term
solvency, asset liquidity, and debt operating ability. Operating capacity measures the
project’s capital turnover and asset utilization level. Common operating capacity indicators
include cash return on the investment and project profitability [59], which are grouped into
two aspects according to the condition of facility assets: overall asset operating capacity
and non-performing assets’ operating status. Development capability reflects the potential
for sustainable development or expansion, including net present value and future finan-
cial losses [60], which are categorized as project revenue growth level and project capital
accumulation ability according to the development status of the project.

(2) Multi-stakeholders” satisfaction

In the operation phase, the main stakeholders are the government, investors, operators,
and the public [61]. Under the PPP model, the government assumes the roles of collaborator
and supervisor, and government satisfaction reflects the operational effectiveness of the
project from the perspective of social order. Investors in the project are no longer limited to
government entities and may include private organizations such as companies or individu-
als, and investor satisfaction reflects the operational effectiveness of the project from the
perspective of investment returns. The public represents the users of the transportation
infrastructure, and public satisfaction evaluates the operational effectiveness of the project
from the perspective of service quality. Due to the characteristics of multi-stakeholders,
partnership is also crucial in the assessment of operational performance. In addition, infras-
tructure projects can have environmental impacts, and the review or penalty opinions of
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environmental monitoring agencies should also be included in the scope of performance
assessment.

(8) Operation and maintenance management

During the operation phase, the operator should assume not only the traditional orga-
nizational and management responsibilities but also the full-cycle continuous responsibility
of project deliverables. This includes infrastructure structure inspection and maintenance,
operational service quality, safety and emergency management response level, organiza-
tional management level, etc. Among them, infrastructure structure includes civil structures
and the electromechanical system [25]. The civil structure level evaluates the quality of
specific substructures such as road surfaces and road signs, while electromechanical system
evaluation describes the functional level of the power supply system, ventilation system,
communication system, lighting system, and other subsystems. The operation service qual-
ity includes traffic flow levels, road traffic quality, blockage removal ability, etc. [62]. Traffic
flow level characterizes the traffic volume, traffic flow rate, and other road traffic flow
performance; road traffic quality represents the traffic speed, smoothness rate, and other
road traffic quality performance; and blockage removal ability represents the congestion
rate, congestion elimination timely rate, and other congestion disposal performance. Safety
and emergency management evaluation is mainly from traffic safety level, completeness
of emergency plans, and the timeliness of emergency response [63]. Traffic safety level
describes the accident rate, accident severity, and other accident performance; completeness
of emergency plans describes the response capability of emergency plans; and the timeliness
of emergency response describes the ability to deal with emergencies. The evaluation of
organizational management dimensions includes indicators such as the integrity and clarity of
the organizational structure [65], integer and implementation of the management system [64],
the management information standardization and confidentiality [66], and so on.

(4) Sustainability

This dimension mainly considers the future development capabilities of the PPP
project and reflects the project’s impact on improving economic, social, and ecological
benefits.

Based on the above analysis, the PPP transportation infrastructure operational perfor-
mance evaluation indexes are designed with 9 secondary indicators (X1-X9) and 29 tertiary
indicators (A1-A29) according to the four dimensions of the improved balanced scorecard
of finance, multi-stakeholders’ satisfaction, operation and maintenance management, and
sustainability. The study hypothesized that the secondary indicators are combined accord-
ing to the four dimensions of the improved BSC, respectively, which have a significant
impact on project performance, and the conceptual model is shown in Figure 2.
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5. System Structural Analysis
5.1. Questionaire Design and Distribution

In order to evaluate whether the conceptual model structure is reasonable, this study
designed a questionnaire to collect experts’ opinions on the rationality of the indicators.
The questionnaire is divided into two parts: background information and an expert score
sheet. In the background information part, experience information such as the professional
background and the years of participation in the project are counted. In the expert scoring
table, 29 evaluation questions were designed on the tertiary indicators using the Likert
nine-point scale, and experts were invited to rate the importance of each indicator to
performance evaluation.

In the selection of research objects, based on the difference between the PPP model
and the traditional model, expert opinions with an in-depth and overall understanding of
the needs of the entire life cycle of PPP projects, especially the O&M phase, have research
value. Specifically, experts who have an in-depth understanding of the breadth, depth,
and fineness of the actual operation and maintenance management of PPP transportation
infrastructure projects should be selected, such as senior managers of operation and main-
tenance enterprises who have accumulated a lot of experience in the PPP project operation
and maintenance phase, scholars in the field of PPP transportation infrastructure project
operation and maintenance performance evaluation who have a broad understanding of
multi-stakeholder demands, investors with extensive experience in transportation infras-
tructure project operation and maintenance benefit evaluation, and government personnel
who have an in-depth understanding of national policy requirements. The convenience
sampling technique was used for the study as it helped to select the right respondents
based on the study [55]. The sampling program is centered around the transportation
infrastructure O&M units in Shanghai, and the questionnaires were distributed based on
ongoing PPP transportation infrastructure operational projects. Senior managers, experts,
academics, and government personnel with more than 5 years of experience in O&M of
transportation infrastructure projects, or who have participated in O&M studies of more
than three traditional infrastructure projects in addition to this project, were selected as
interviewed experts. These experts have in-depth understanding of both traditional and
PPP models. Through on-site distribution and online interviews, 80 questionnaires were
distributed and 52 were returned. Excluding invalid answers, 49 valid questionnaires were
retained. A total of 59% of the data came from the top managers of operating enterprises.
A total of 25% of the data came from researchers who have been engaged in research
on the operational performance of transportation infrastructure throughout its life cycle.
Data from investors and the government each account for 8%. These respondents have
all participated in the operation and maintenance management of a number of traditional
models and PPP transport infrastructure projects, accumulated rich experience, and have
a relatively in-depth understanding of demands on the operation and maintenance of
transport infrastructure under PPP. Considering the limited number of PPP projects in
operation, to ensure the quality of the questionnaire, this sample size is also acceptable.
The sample size is higher than existing studies [7].

5.2. Reliability Analysis

SPSS is used to test the reliability and validity of the questionnaire. In the question-
naire reliability test, Cronbach’s « reliability test is used to analyze the reliability of the
performance indicator dimension system. The value ranges from 0 to 1, and greater than
0.7 is generally considered to be acceptable reliability [67]. In this experiment, the model’s
Cronbach’s o value was 0.82, which indicates that the internal consistency of the model is
sufficient. The KMO value is used to characterize the validity, where values greater than
0.5 are barely acceptable [68]. In this experiment, after deleting the insignificant indica-
tor A20 “The timeliness of emergency response”, the KMO became 0.582, which is not
particularly ideal. The cumulative variance contribution rate was also noticed at 91.23%.
Considering the limited sample size, the verification is also acceptable.
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5.3. SEM Construction and Operating Results

Structural equation modeling (SEM) is a statistical method based on the variance—
covariance matrix, which offers greater model flexibility and robustness, allowing for the
examination of structural relationships among multiple variables [53]. One major advan-
tage of SEM is its capability to handle latent variables, which are unobserved variables,
and explore the structural relationships among them. Latent variables are represented
by observed variables, which directly measure different aspects of the latent variables.
SEM employs confirmatory factor analysis (CFA) to study the relationships among factors
(i.e., latent variables), but CFA often fails to replicate the factor structure obtained from
exploratory factor analysis (EFA). Exploratory structural equation modeling (ESEM) com-
bines the estimation methods of SEM and the functionalities of both EFA and CFA, enabling
cross-factor loadings comparison and obtaining better-fitting factor models [69]. The gen-
eral steps of ESEM include model specification, factor rotation to obtain factor loadings,
parameter estimation, and model evaluation and comparison. In this model, the scores of
29 measurement items obtained through questionnaire surveys are used as the values of
observed variables to represent the levels of latent variables. Based on the factor analysis
results from ESEM, three covariates (F1-F3) are added to adjust the model structure and
establish relationships among latent variables. The maximum likelihood method (MLM) is
used to estimate parameters that maximize the probability density function for generating
observed data [70]. It is particularly suitable for processing non-normally distributed data.

The chi-square degrees of freedom ratio, comparative fit index (CFI), and Tucker-Lewis
index (TLI) are used to assess the adequacy of the ESEM model. A chi-square degrees
of freedom ratio less than 3 and CFI and TLI values equal to or higher than 0.9 indicate
a good fit. In this study, the chi-square degrees of freedom ratio is 1.41, the CFI value is
0.926, and the TLI value is 0.911, indicating that the model fits well. The model results
are shown in Figure 3. In the measurement model, the observed variables’ t-tests of each
latent variable are significant at the 0.01 level, and the standardized factor loadings are
between 0.74 and 0.95 except for A6, which is 0.35 (<0.5) and lower than the acceptable
ideal range. In terms of comprehensive reliability, except for the latent variable X3, which
has an average variance extracted (AVE) value of 0.37 and a composite reliability (C.R.)
value of 0.51, the C.R. of the latent variables is greater than 0.9 and the AVE is greater than
0.7 [71]. The performance of variables X3 and A6 is related to the current small sample
size. From the perspective of the composition of financial capabilities, variables X1 and X2
mainly represent the current financial status of the project, and variable X3 represents the
future financial status of the project. They describe financial performance from different
dimensions, and the performance deviation of both X3 and A6 is relatively acceptable; they
have been temporarily retained with the current difficulty in obtaining samples [72]. In the
structural model, the t-test results between latent variables are significant at the 0.1 level,
and the path coefficients are between 0.1 and 0.7.

The structural equation model starts with the characterization of project performance
during the operation phase, stands at the height of the system, and better characterizes
the performance of the project by establishing the quantitative relationship between the
indicators. Through SEM analysis, the causal relationship between indicators is established.
According to the analysis results, the research has established three types of causality.
First, according to the conceptual model framework, the tertiary indicators have an impact
on the performance of the project through the secondary indicators that they belong
to. For example, the current ratio (Al) of the project can be used to characterize the
solvency (X1) status of the project and then the performance level of the project (Z). Second,
the combination of tertiary indicators forms an auxiliary variable that has an impact on
the characterization of project performance. For example, the combination of “investor
satisfaction” (A10) and “government satisfaction” (A9) forms auxiliary variable F2, which
has a positive effect on project performance. Third, a causal relationship is established
between the tertiary indicators. For example, in the “organizational management” (X8)
dimension, “degree of management information” (A25) and “integrity and transparency
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Figure 3. SEM results.

6. System Dynamic Modeling

The PPP transportation infrastructure operational performance evaluation system is a
multi-dimensional complex system. How to characterize the long-term dynamic evolution
of the complex system and measure the project future performance is crucial for decision
makers. Based on the conceptual model, which was constructed by an improved BSC
and verified by SEM, a performance evaluation system dynamics simulation model was
constructed to verify the effectiveness of the performance evaluation system and assist the
performance management decision making.

6.1. Causality Diagram

The causal feedback loop analyzes the causal relationship between indicators and
their impact on project performance [50,73]. In terms of the operational performance of
transportation infrastructure projects, it is generally believed that the current financial
level of the project is related to its future economic sustainability [50], and the internal
organization and management level of the project indirectly affects the safety of project
operations and the effectiveness of project operations [18]. However, this kind of influence
relationship is limited to the common-sense understanding of the logical relationship
of qualitative indicators, and it is difficult to quantify its influence relationship through
the simple quantitative relationship. The application of SEM solves the problem that
the qualitative performance evaluation system is difficult to quantify. According to the
representational meaning of the explicit variable to the latent variable in SEM, the “debt to
asset ratio” increases, the solvency decreases; the “non-performing asset ratio” increases, the
operating capacity decreases; and the accident rate increases, and the safety and emergency
management capabilities decrease. Other explicit variable indicators all have a positive
impact on latent variable indicators. In the exploration of the relationship between latent
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Figure 4. The causality diagram.

6.2. Select System Variables

According to the characteristics of system dynamics model construction, variable
types need to be set according to the research question. Among them, horizontal variables
are variables that can be accumulated and obtained based on the integration calculation
of initial values and rate variables; rate variables describe the change of horizontal vari-
ables and respond to the speed of change of the system; auxiliary variables constitute
the intermediate part of the system structure analysis and are influenced by constants,
stocks, and exogenous functions; and constant variables either do not change or show small
fluctuations influenced by the external environment in the study range. In addition to the
four dimensions improved in the BSC, according to the ESEM setup, a new regulating
subsystem dimension consisting of three covariates is added to represent the structure of
the system. The resulting model setup variables are shown in Table 4.

Table 4. Variables Set by The Model.

Variable Type Variable Name
Horizontal Financial ability, stakeholders, O&M management, sustainability,
variables regulating subsystem

Rate variables

Financial changes, stakeholder satisfaction changes, O&M
management changes, sustainability changes, and regulating
subsystem changes.
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Table 4. Cont.

Variable Type Variable Name

Project performance, development ability, solvency, operating
ability, organizational management, safety and emergency
management, operation services, structure, F1, F2, F3

Auxiliary variables

Project revenue growth rate, capital accumulation rate, current ratio, acid-test ratio, debt-to-asset
ratio, total asset turnover,
non-performing asset ratio, investor satisfaction, environmental
protection department satisfaction, government satisfaction, social public satisfaction, partnerships,
electromechanical structure, civil structure, management system integrity and implementation,
Constants management planning, management information standardization and confidentiality, degree of
management information,
organizational structure soundness and clarity, integrity and
transparency of management process, emergency plan, accident rate, daily traffic, daily flow rate,
timely rate of congestion removal, environmental sustainable impact, social sustainable impact,
economic sustainable impact

6.3. Build System Flow Diagram

According to the causal relationship analysis and variable type setting, a system flow
diagram is constructed, which sets the corresponding equation relationship for the variable
to carry out the systematic simulation. The system flow diagram is shown in Figure 5.
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Figure 5. System flow diagram.

Project performance is the accumulation of long-term performance levels within the
system. Among them, system performance (Z) is characterized by the initial value of per-
formance (Zy), financial level, stakeholder satisfaction, O&M level, sustainability level, and
regulating subsystem, which has a maximum value of 1 (100%), as shown in Formula (1).

Z = Zy + Financial 4 Stakeholders + O&Mmanagement + Regulatingsubsystem + Sustainability 1)
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The state variable is an integral function, which is the accumulation of its rate of
change. Taking the financial level as an example, the formula is shown in (2).

Financial = INTEG(Fin.change) 2)

The level of change rate is determined by the change of its sub-indicators. For example,
the change in financial level is characterized by profitability, solvency, and development
ability, as shown in formula (3), and the change in stakeholder satisfaction, operation
and maintenance level, sustainability level, and the regulation subsystem is as shown in
Equations (4)—(7), where C; (i = 1,2...12) is a constant, obtained from the factor loading
in ESEM. AX; (j = 1,2...9) is the cumulative value of performance between the previous
and next phases, and the specific formula is shown in (8). AF; (k = 1,2,3) is similar to it.

Fin.change = AXq x C1 + AXy x Cy + AX3 x C3 3)
Sta.change = AXy X Cy 4)

OM.change = AXs5 x C5 + AXg X Co + AX7 x C7 + AXg x Cg (5)
Sus.change = AXg x Cy (6)

Reg.change = AF; x Ci9+ AF, x Cy + AF3 X Cqp ?)

AXj = X(jern) = X(jp) ®

The latent variable index is represented by the observed variable, which consists of the
true value of the corresponding observed variable with the loading coefficient in the ESEM.
Taking Xj as an example, its specific formula is shown in (9), where A; (i =1,2...29) is
the value of the observed variable and L; (i = 1,2...29) is the loading coefficient obtained
in the ESEM.

X1 =A1 XLi+Ay xLy+ A3z X L3 9)

The variables set as constants are determined according to the actual simulation project,
and a certain floating range is set according to the change characteristics of the simulation
period. The coefficient value in the formula is determined according to the results of the
SEM and combined with the unified standard of the dimensions of the variables.

6.4. Model Validation

Model validation is the process of building confidence in the validity of the model.
The verification technology of the SD model comes from Barla’s research [74], who divided
the verification process into three stages: structural tests, structure-oriented behavior tests,
and behavior pattern tests. This study is also based on these three aspects to verify the
effectiveness of the model and discuss the research results of the model.

6.4.1. Structural Verification Result

Direct structural testing includes boundary, structural, parameter, and size confir-
mation. The boundary adequacy test checks whether the model contains all important
variables that affect the research objectives. This research involved four evaluation sub-
systems established based on existing research and expert surveys. Through empirical
analysis and correction, unapproved invalid variables were eliminated, and the boundaries
and validity were recognized by experts. The structural confirmation test compares the
causal relationship of the model with the relationship existing in the real system. In this
study, the relationships between the variables were verified using SEM, and the causal
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relationship was consistent with the actual system. The parameter confirmation test means
the confirmation of the concept and the value corresponding to the real system. Concept
validation requires that the parameters of the model correspond to the elements in the real
system. Digital confirmation requires that the model parameters are sufficiently accurate. In
this study, the concept and value of each performance measurement indicator in the system
are derived from the actual project evaluation and meet the requirements of parameter
confirmation testing. The dimensional consistency test checks the right and left sides of
each equation to obtain dimensional consistency. The test is carried out through the unit
check provided by VENSIM, and all equation dimensions are confirmed.

6.4.2. Structure-Oriented Behavior Test Result

The structure-oriented behavior test is carried out by quantitative analysis. According
to the analysis results of the structural equation model, the A14 electromechanical system
performance evaluation index that characterizes the structural performance of the facility
and the A15 day traffic flow index of the project’s operation status are particularly critical
to the overall operational performance of the project, and they were chosen to conduct an
extreme condition test. To effectively model the situation of the real system, the study sets a
5% fluctuation range for the index. The project performance is noted when A14 approaches
1 (95%) and approaches 0 (5%) (see as (a) in Figure 6). When the performance of the elec-
tromechanical system tends to be perfect, project performance has a trend of improvement.
When facilities” ventilation, drainage, and so on are poor, project performance is also at
a poor level, and continues to decline. When A15 is close to saturation and has low flow
(see as (b) in Figure 6), and when the daily traffic flow reaches its peak within a reasonable
range of facility operation, project performance tends to be better, and under low traffic
levels, project performance also stabilizes at a low level.

6.4.3. Behavior Test Result

Behavior testing checks the consistency of the model performance and real system
behavior. The study tests the behavior of the model from both long-term and short-term
perspectives. According to the performance characteristics of indicators in the project,
we set a fluctuation range of 0.05. Figure 7a shows the long-term project performance.
Infrastructures are asset-heavy projects. In the early stage of operation, the project is high-
input and low-output, which also results in a relatively poor system performance level.
With the effective development of O&M activities, the project performance accumulates
and stabilizes. Figure 7b simulates the project performance under the traffic congestion
scenario in the short term. Among them, the “basic” curve represents the basic performance
of the project in the growth phase; on this basis, the simulation of traffic congestion shown
as the “traffic congestion” curve reduced the “daily flow rate” by 10%, and the overall
project performance declined. With time, approximately after the fifth period, it results
in a decrease in stakeholder satisfaction, and the decline in project performance increases
significantly. On the contrary, the handling of traffic congestion was strengthened at the
beginning of the period, the “Timely rate of congestion removal” increased by 10%, and the
performance of the project was significantly improved. After about the fourth week, due
to the improvement of public travel efficiency, public satisfaction increased, and system
performance was also greatly improved. It is found that there is a cross effect between traffic
flow change, congestion elimination timeliness, and stakeholder satisfaction. Specifically,
the decline in traffic flow will cause stakeholder dissatisfaction and aggravate project
performance. The timely implementation of traffic congestion optimization measures can
reduce traffic congestion and maintain good operational performance. Kim et al. [24],in a
study of PPP infrastructure project life-cycle performance, also mentioned the concern of
stakeholders on the quality of the operation.
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Figure 6. Extreme value analysis. (a) Extreme condition test of A14. (b) Extreme condition test of
Al5.
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Figure 7. System long-term and short-term performance. (a) The long-term project performance.
(b) Project performance under the traffic congestion scenario in the short term.

7. Case Analysis

The research model was applied to the operational Wenyi Road underground tunnel
project in Hangzhou, China. This tunnel spans 5.8 km in length and has a speed limit of
80 km/h for traffic. It commenced operation in October 2018. According to statistics from
the traffic department, the average daily traffic flow in the tunnel amounts to 32,600 vehicle
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trips. The tunnel serves as a vital link connecting the eastern and western parts of the city,
effectively diverting surface vehicles and generating significant economic and social benefits
(exceeding 90% of the expected level). Currently, the project is in its initial operational stage,
and the facility operator prioritizes the repair and maintenance of the tunnel structure.
The performance of both the civil structure and the electromechanical system scores above
90 out of 100. The operating revenue is also at a high level. However, the tunnel entrance
and exit are susceptible to slow traffic flow and occasional congestion during urban peak
traffic periods.

Based on the current context, this study establishes three phases to simulate the effects
of different strategy options. In the first stage, no control measures are implemented.
Consequently, vehicle movement becomes slow, leading to a decrease in traffic flow level
(A15]), an increase in queue length and queue time, and a decline in road traffic quality
(A16]). Poor traffic flow conditions result in an increased probability of vehicle breakdowns
and traffic accidents, leading to a decrease in traffic safety (A18]). Over time, public
satisfaction in society decreases (Alll), and overall project performance continues to
decline, as depicted as point A to point B in Figure 8.
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Figure 8. Project performance under different strategies.

In the second phase, the proposal is to increase investment in rescue materials to
enhance the efficiency of road accident management. However, this strategy leads to a
decrease in financial indicators such as short-term solvency, asset liquidity, and project
revenue growth due to increased financial expenses (A1, A2, A6]). Although the increased
availability of rescue supplies facilitates timely clearance of broken-down vehicles and
improves blockage clearance (A171), traffic flow, and traffic quality level (A15, A167), the
overall effectiveness in mitigating underperformance is limited. Point B to point C in
Figure 8 illustrates these outcomes.

In the third phase, based on the characteristics of system performance interactions,
the study proposes improving the level of informatization in the management process and
enhancing the traffic signal guidance function by utilizing real-time traffic flow information
for vehicle diversion. This involves enhancing the standardization of information inter-
action during operations, implementing a closed loop of information interaction in the
management system, and improving the integrity and transparency of the management
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process to enhance the informatization of the operation process. As a result, there is a short-
term increase in financial expenses (A1, A2, A6]). The organizational and management
level is improved (A22-A257), the efficiency of incident handling and resource allocation
is enhanced, blockage clearance capacity is further improved (A171), traffic congestion is
reduced, and both traffic flow and traffic quality level improve (A15, A167). Gradually,
the project performance steadily improves as operational benefits begin to accumulate, as
shown as point C to point D in Figure 8.

The research findings indicate that there is a causal relationship between the degree of
organizational management informatization and the quality of project operation decisions,
which indirectly affects project performance. Ming et al. [41] also underscored the signif-
icance of maintaining an integrated operation management system and establishing an
information sharing platform in their study on evaluating the performance of PPP project
operations. They regarded it as a crucial dimension of information management. Within the
project operation process, enhancing the level of management informatization facilitates
the improvement of the management system, enhances the standardization of management
information, and strengthens the closed-loop data management. This, in turn, enables the
utilization of data value, enhances the ability for situation prediction and management
decision making, optimizes resource management and allocation decisions, and ultimately
improves project operation performance.

8. Discussion and Conclusions

Through this research, a dynamic operational performance evaluation system of PPP
transportation infrastructure is proposed. The system innovatively integrates four key
attributes of finance, stakeholder satisfaction, O&M management, and sustainability to
characterize project O&M performance and expands it into nine secondary indicators and
twenty-eight tertiary indicators. Three types of causal relationships are verified based on
SEM, and a simulation model is developed through the system dynamic approach. This
dynamic system can simulate various real-world scenarios to determine the best solution
and prevent low-performance situations.

8.1. Managerial Implications

This study introduces a novel approach by integrating structural equation modeling
and system dynamics modeling to evaluate the operational performance of PPP trans-
portation infrastructure projects. This hybrid approach surpasses traditional qualitative
approaches used in operational performance assessment studies. By considering changes
in the parameters of assessment metrics throughout the project’s long-term operation and
aligning with the actual project conditions, this approach provides a more accurate repre-
sentation. The developed model enhances our comprehension of the intricate nature of
project performance assessment systems, identifies potential strategies for facility operators
to enhance project performance when facing challenges, and evaluates the impact of these
changes on project performance. Ultimately, this model can support facility operators in
implementing effective PPP project management strategies.

The model employed in this study underwent various validation tests, including
structural tests, extreme condition tests, and behavioral tests. The results of these tests
were found to be consistent with the existing body of knowledge. For instance, in a study
conducted by Kim et al. [24] on the life-cycle performance of PPP infrastructure projects,
the importance of stakeholders’ concerns regarding operational quality was emphasized.
We also observed complicated effects between operational quality indicators, such as
changes in daily traffic flows, congestion elimination rates, and stakeholder satisfaction and
project performance. It was evident that prolonged traffic congestion leads to decreased
stakeholder satisfaction, thereby exacerbating the decline in project performance. This
finding suggests that traffic congestion influences users’ travel choices and their satisfaction
feedback, which subsequently impacts the satisfaction levels of investors and government
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officials regarding project operational performance. Considering the long-term perspective,
facility operators must not overlook the significance of maintaining operational quality.

Furthermore, a case study was conducted to validate the performance of the model un-
der various operation management strategies. The findings revealed a causal relationship
between the degree of management informatization and the quality of project operations,
subsequently influencing project performance indirectly. This was evidenced by the obser-
vation that an increase in the degree of management informatization, along with enhanced
standardization and timely interactive information, led to improved efficiency in infor-
mation processing and decision execution. Consequently, this optimization of operation
management decisions resulted in enhanced project operation performance. This break-
through goes beyond the current qualitative research on the impact of the informatization
degree on project performance [41]. The developed model provides valuable insights for
infrastructure operators to adopt long-term perspectives and make informed management
decisions that contribute to the sustainable operation of their facilities.

8.2. Theoretical Contributions

This study contributes to the body of knowledge in three ways. (1) It complements the
performance assessment dimensions of the PPP transportation infrastructure operation and
maintenance period and its specific indicators, which include four dimensions—financial
performance, multi-stakeholder satisfaction, operation and maintenance quality, and sus-
tainability performance dimensions, thus enriching the theoretical system of performance
assessment of PPP transportation infrastructure projects during the operation period. (2) It
elaborates on the internal structure of the performance assessment system and its influence
mechanism, providing a new explanation for the analysis of the system structure. (3) It
integrates the dynamic influence relationships of indicators at different levels of different
dimensions, carries out dynamic performance characterization of complex project sys-
tems, and reveals the dependence of different dimensions of PPP project performance
management.

8.3. Limitations and Future Research

There are limitations to our research, and additional work is needed in the future.
The first limitation is that our study was derived from a small sample, which is due
to the limited number of PPP transport infrastructure projects that are currently in the
phase of operation and maintenance and the limited project management knowledge,
which makes sample acquisition difficult [20]. Although our sample is sufficient for this
study, it is necessary (albeit challenging) to collect more empirical data to further explore
the PPP transport infrastructure performance evaluation system. Second, limited by the
lack of current project operations data, this study explores the inter-relationship between
various performance indicators using empirical data. In the future, as the number of PPP
transportation infrastructure projects entering operation increases, it will be necessary to
accumulate more project operation data and develop a data-driven performance evaluation
system model. Third, our data are based on the practice of PPP transportation infrastructure
in China, and these findings may not be consistent with other institutional settings. We
hope that this study will motivate scholars to study performance evaluation systems for
transportation infrastructure in different theoretical and practical contexts.
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