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the goal of “Dual Carbon”
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Transportation Engineering, Guilin University of Electronic Technology, Guilin, China, 2Department of
Infrastructure, Guilin University of Electronic Technology, Guilin, China, 3Australian Maritime College,
University of Tasmania, Launceston, TAS, Australia
Under the guidance of “Dual Carbon” goal, the multi-party cooperative
mechanism of port consolidation and distribution system faces many
challenges, particularly the con� ict between the high costs of green
transformation and the pursuit of individual pro� t maximization by various
stakeholders, as well as the dif� culty in reaching strategic consensus among
different parties under policy constraints. Based on the evolutionary game
theoretical framework, this paper constructs a tripartite dynamic evolution
model including port operators, river-sea intermodal transport operators and
road transport operator. The study speci� cally describes the strategic interaction
mechanisms among the port operator’s active progression/negative progression
strategy, the river-sea intermodal transport operator’s cooperation/competition
strategy, and the road transport operator’s low-carbon mode/traditional mode
strategy. Key variables such as additional cost, management effort, and additional
income are incorporated into the payoff matrix of all parties. By constructing
replicated dynamic equations to analyze the stability of system evolution, and
further applying Matlab numerical simulations, the study explores the mechanism
by which key parameters in� uence the evolution of cooperative strategies. It is
found that: 1) In the non-responsive state of the operators, the acceptance
threshold of additional cost to the port operators increases and shows a stronger
tendency of active promotion. River-sea intermodal transport operators are
more sensitive to additional cost than road transportation operators, which are
more dependent on policy-derived bene� ts. Moreover, there is a strategy-driven
effect among operators, and the adjustment of management effort of one party
will change the evolutionary trajectory of the other party. Additional income and
subsidy show low sensitivity to the evolution of operators’ strategies, and a
synergistic effect between them is needed to change the stability point. 2) Port
operators show strong stability to changes in additional cost and subsidy when
operators respond positively. The port operators need higher indirect gain to
change to the “active progression” strategy, and the response threshold
decreases the evolution rate increases in the tripartite coordination state,
suggesting that the system coordination has a reinforcing effect on the port
operators’ strategy. This study reveals the evolution law of the multi-party game
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in the port consolidation and distribution system, and proposes the optimization
path of multi-parameter coordinated regulation, which provides theoretical
support for the coordinated management of the port consolidation and
distribution system under the goal of “Dual Carbon”.
KEYWORDS

port consolidation and distribution, multi-party coordination, evolutionary game,
numerical simulation, parameter sensitivity
1 Introduction

Against the backdrop of increasingly severe global climate
change and environmental problems, the Chinese government has
actively responded to the call of the international community and
put forward the goal of carbon peaking and carbon neutrality
(“Dual Carbon”), aiming to promote green and low-carbon
development through the reduction of greenhouse gas emissions
(He et al., 2022). As the critical hub connecting global supply chains
with inland regions, the green transformation of port consolidation
and distribution systems is crucial to achieving this goal. However,
the ef�cient operation of consolidation and distribution systems
does not rely on the efforts of a single party, but rather depends on
deep coordination among multiple stakeholders, including port
operators, river-sea intermodal transport operators, road
transport operators. Under traditional models, ineffective
coordination between transport modes often leads to cargo
congestion, wasted resources, and inef�cient practices like empty
runs by vehicles and vessels. This not only increases logistics costs
but also exacerbates the system’s carbon emissions. Therefore,
under the constraints of the “Dual Carbon” goals, building a
multi-party collaborative green consolidation and distribution
system to reduce energy consumption across the entire chain
through optimized organizational ef�ciency and seamless
integration has become an inevitable trend in industry
development. At the same time, global economic integration and
the increasing frequency of international trade make the
coordinated development of the port consolidation and
distribution system closely linked to the realization of the “Dual
Carbon” goal. This system consists of multiple modes of
transportation designed to ef�ciently consolidate and disperse
cargo from ports to inland or transshipment to other ports. In
this process, the close cooperation and coordination among
multiple actors, such as ports, logistics operators, governments
and relevant authorities are essential (Yin et al., 2021).
Speci�cally, river-sea intermodal transport must leverage its high-
volume capacity to further enhance operational ef�ciency, road
transport must transition toward new energy sources and intelligent
scheduling, while ports, as hubs, must promote ef�cient vehicle-
vessel matching through policy incentives and information sharing.
The operational ef�ciency, cost-effectiveness, and environmental
02
sustainability of these three parties signi�cantly in�uence the
achievement of multi-party coordination within port
consolidation and distribution systems and the realization of the
goal of “Dual Carbon”.

The proposal of this goal is not only a positive contribution to
global climate governance, but also an intrinsic requirement for the
sustainable development of China’s economy and society, yet there
are still dif�culties in realizing the above goal. The core challenge
lies in establishing effective interest coordination mechanisms to
encourage all parties to actively participate in system coordination.
On the one hand, in the consolidation and distribution network,
port operators have chosen to actively promote the cooperation and
greening process of operators, which is crucial for enhancing port
competitiveness, responding to policy guidance and promoting
industrial upgrading, but faces dif�culties such as huge capital
investment, complicated coordination of interests of multiple
parties, and the development of countermeasures. On the other
hand, among logistics enterprises, river-sea intermodal transport
operators have chosen a cooperation strategy, aiming to reduce
operating costs, improve transportation ef�ciency and respond to
the trend of environmental protection by sharing resources and
complementing each other’s strengths, but in the process of
cooperation, they need to overcome the challenges of asymmetry
of information, unequal distribution of bene�ts, incomplete
coordination mechanism, and prevention and control of
cooperation risks. Similarly, the choice of low-carbon modes by
road transport operators is a key step to comply with the “Dual
Carbon” goal, reduce environmental pollution, enhance corporate
image and meet market demand. However, this process needs to
deal with the high cost of technological innovation, low market
acceptance, imperfect policy support and regulatory system,
insuf�cient new energy infrastructure, and coordination with
other transportation modes. These dif�culties not only concern
the development of the respective subjects, but also profoundly
affect the ef�ciency, cost, environmental performance and
sustainability of the entire transportation system (Chen
et al., 2023b).

Based on this, this paper establishes an evolutionary game
model, takes into account the characteristics of the tripartite in
the consolidation and distribution system, makes basic assumptions
and parameter settings, constructs a dynamic model of the
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evolutionary game of “Port operator -River-sea intermodal
transport operator-Road transport operator”. The model is used
to analyze the stability of the strategy by calculating the payoff
matrix and replicating the dynamic equations of the tripartite in the
game, then derive the mutual in�uence mechanism among the
tripartite in the game, and numerical simulation is carried out by
Matlab simulation software. Considering the interests, strategy
choices and mutual in�uences of each party, the game process
under different situations is simulated to reveal how each party can
achieve dynamic balance and coordinated evolution while pursuing
its own interest maximization.

The research in this paper has important academic value and
practical signi�cance. On the one hand, through the construction of
an evolutionary game model, the strategic interaction and evolution
path of port operators, river-intermodal transport operators and
road transport operators in the game system are explored in depth.
By simulating the system evolution process under different strategy
combinations, it reveals the interaction mechanism and in�uence
law between different subjects, and provides new ideas and methods
for the research in related �elds; on the other hand, by simulating
the strategy evolution process under different initial values and
parameters, the government can understand the in�uence
mechanism and effect of different factors on the evolution of the
system, and then formulate a scienti�c and reasonable
transportation policies to guide the main parties to choose more
environmentally friendly and ef�cient transportation modes to
promote the development of green logistics. At the same time, tax
policy and subsidy policy should be adjusted to optimize resource
allocation, so as to provide strong support for improving the overall
ef�ciency of the transportation system and promoting the green
transformat ion and susta inab le deve lopment of the
transportation industry.

The rest of the text is organized as follows: in Chapter 2, the
relevant literature is reviewed and sorted out in the context of port
consolidation and distribution system, and carbon emission
reduction in the �eld of intermodal transport. In Chapter 3, the
game relationship between the subjects is described and the
assumptions and parameters are de�ned in order to build a
tripartite evolutionary game model. In Chapter 4, the model
stability point is solved and analyzed. In Chapter 5, numerical
simulation analysis is performed and analytical results are derived.
Finally, the analytical results are summarized and suggestions
are made.
2 Literature review

2.1 Relevant studies on port consolidation
and distribution system

As the key link between ports and hinterlands, port
consolidation and distribution system are not only the foundation
for the survival and development of modern ports, but also the core
driving force for regional economic integration and global trade
prosperity. Since Shen and Khoong (1995) pioneered the
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application of system network optimization technology to the
construction of decision support system (DSS) for container
empty container deployment, the research in this �eld has been
moving along a path of continuous evolution and innovation,
gradually building up a more and more perfect theoretical system
and practical framework. In the early exploratory stage, the research
mainly focuses on the basic theory and model construction, and the
decision support system of Shen, through integrating advanced
system network optimization technology, provides an effective
solution to the complex decision-making problem of container
empty container deployment, which not only improves the
utilization rate of empty containers, but also reduces the logistics
cost signi�cantly, and lays a solid foundation for the follow-up
research. Janic (2007) expanded the research vision to the European
freight system, constructed a comprehensive costing model,
through the quantitative analysis of the cost-effectiveness of
various modes of transport, to provide policymakers with a
scienti�c basis for decision-making, and promote the
optimization and upgrading of the European freight system.

In recent years, academic research on port consolidation and
distribution systems mainly focuses on the operational ef�ciency of
port consolidation and distribution networks, port consolidation
and distribution network planning, port consolidation and
distribution system optimization. He et al. (2023) in response to
the problem of container collection and distribution ef�ciency in
automated terminals, an external truck task scheduling
optimization model is innovatively proposed to effectively
improve the operational ef�ciency of automated terminals by
jointly optimizing the scheduling of external trucks and yard
booking automated rail gantry crane scheduling, which effectively
improves the operational ef�ciency of the automated terminal. Xu
et al. (2024) addressed the issue of generation method of tractor and
trailer transport schemes under the in�uence of disrupted events,
considering three transportation states, a scheduling model is
constructed to minimize the total deviation cost including
transportation time, transportation path, and number of used
vehicles under the three states of tractors. Li et al. (2023)
established a multi-objective fuzzy nonlinear planning model
considering hybrid time window constraints for the intermodal
transportation path planning problem under uncertain
environment with cost, time and carbon emission as the
optimization objectives. The model was defuzzi�ed using the
fuzzy expected value method and fuzzy opportunity constraint
planning method, and a cooperative game theory-based multi-
objective optimization method was proposed by combining the
game theory method with the weighted sum method. Bütün et al.
(2021) made an important breakthrough in the design of liner
shipping hub-and-spoke network, and proposed the theory of
directed circulation transportation hub siting and cargo path
planning based on capacity constraints, which provided a new
way of thinking for the optimal design of liner shipping network.
In addition, system optimization and multi-objective decision-
making have become a research hotspot. Halim et al. (2016)
constructed a port-hinterland consolidation and distribution
network model for multi-objective optimization, accurately
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estimated the distribution center location and network layout by
combining multi-objective optimization and distributed service
preference identi�cat ion, deeply analyzed the port ’s
transportation cost and timeliness, and provided speci�c measure
suggestions to enhance the connectivity between the port and the
hinterland. Dai et al. (2018), on the other hand, constructed a dual-
objective intermodal logistics model covering emission limits, tax
and trade schemes from the shipper’s perspective and applied it to
the policy analysis of the Yangtze River Economic Belt, which
veri�ed the model’s validity and practicability, and provided a
strong support for the regional economic integration and the
development of green logistics. Xin et al. (2023) proposed a
bilevel programming model for liner alliance shipping network
design. The model, which optimizes network and �eet design
(upper level) and slot/empty container allocation (lower level),
notably incorporates shippers’ choice inertia. Furthermore, an
inverse optimization model was developed to ensure sustainable
pro�t allocation among alliance members. This research provides
crucial modeling support and algorithmic insights for optimizing
shipping networks under multi-stakeholder strategic interactions.
Wang et al. (2024) conducted an in-depth study of the impact of
pricing strategies on the mixed hub port’s ability to simultaneously
satisfy hinterland and transshipment demand, providing port
operators with a scienti�c basis for pricing decisions. Fontes and
Goncalves (2019) proposed a hub-and-spoke network structure for
global liner shipping sub-hubs, which effectively reduces costs
through economies of scale and path optimization and opens up
a new path for the optimal design of global liner shipping networks.
Alkaabneh et al. (2019) provide a new methodological support for
the design of hub-and-spoke networks with inter-center economies
of scale and center congestion effects through nonlinear mixed
integer modeling combined with Lagrangian heuristic algorithms,
which provides a new methodological support for dealing with this
kind of complex problems. Chen et al. (2023a) addressed the
dilemma of port development shifting from expansion to
overcapacity by proposing an optimization model for port
integration through capacity adjustment and market share
trading. The model, solved using a genetic algorithm embedded
in an inverse optimization model, aims to minimize total social cost
by jointly optimizing berth construction schemes, market share
trading, and government subsidies, offering a new optimization
path for governments and port authorities to manage regional
overcapacity and develop sustainable policies. Xu et al. (2025a)
utilized a hierarchical regression model to evaluate the impact of
natural factors and economic factors on the navigability of the
Northeast Arctic Route (NER). The study con�rmed that economic
factors are the primary driver of cargo volume, and external events
like major infrastructure projects and external shocks signi�cantly
alter shipping capacity and route selection. This analysis highlights
the complexity and uncertainty of the external environment
impacting global shipping networks, offering crucial references for
the long-term planning and strategic decision-making of port
consolidation and distribution systems. Liu et al. (2025) applied
population ecology theory to revisit the concept and practices of
smart ports. Using the Tianjin Port case study, they analyzed
Frontiers in Marine Science 04
stakeholder relationships, system evolution, and information �ow
within the smart port ecosystem. Crucially, the study introduced the
concept of “ecological health” for evaluating smart ports,
operationalizing it through an evaluation framework which
comprising four primary indicators to assess the system’s overall
stability amid external uncertainties and readiness for operations.
2.2 Carbon emission reduction studies in
intermodal transportation

As an emerging research �eld, intermodal transportation has
gained the attention of many scholars in the past 20 years (Caris
et al., 2013). With a series of environmental problems caused by the
rapid development of the transportation industry, such as the
increase in environmental pollution and the sharp rise in carbon
emissions, the signi�cant advantages and potential effects of
intermodal transportation in energy saving and emission
reduction have become the focus of competitive research in the
academic community, which triggered a wide range of scholars and
in-depth discussions. As a mode of transportation organization in
the comprehensive transportation system, intermodal
transportation has the characteristics of low cost, low pollution
and high ef�ciency, which can effectively optimize the
transportation structure and break through the bottleneck of
economic development. In addition, intermodal transportation
can also promote the formation of a uni�ed market with
interconnection between coastal and inland areas, and realize the
pattern of “double circulation” at home and abroad (Yin et al.,
2021). By synthesizing the existing literature, relevant studies can be
roughly condensed into the following three broad categories: carbon
emission reduction optimization strategies and model construction,
analysis of carbon emissions and exploration of driving factors,
carbon emission reduction response strategies for intermodal
transportation considering uncertainty.

Carbon emission reduction optimization strategy and model
construction, this kind of research focuses on the construction of
optimization models and strategies to achieve the balance between
carbon emission, cost, ef�ciency and other multi-objectives in the
process of intermodal transportation, and provide speci�c
optimization paths and decision-making basis for intermodal
transportation carbon emission reduction. Some scholars are
committed to constructing a comprehensive multi-objective
optimization model, Yin et al. (2024) constructed a multi-
objective planning model considering transportation cost, carbon
trading cost, and transportation time, and obtained the Pareto
optimal solution set with the help of NSGA-II algorithm, and
veri�ed the algorithm’s performance and model’s practicality
through the arithmetic examples, meanwhile, carried out a
sensitivity analysis on the subsidy of railroad freight transport,
carbon quota, and carbon trading price, and provided the best
solution for intermodal transportation operators. Lam and Gu
(2016) developed a dual-objective optimization model to calculate
the carbon emissions of intermodal container �ows and constraints
with the objectives of minimizing cost and transit time, and
frontiersin.org
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analyzed the impact of different carbon emission constraints on the
design of intermodal transport networks through examples, which
helps to build a cost-effective and cost-effective intermodal
transport network that meets carbon emission reduction
requirements. Sun and Lang (2015) established a mixed integer
nonlinear planning model based on node arcs by considering
multiple routes, road service capacity constraints, carbon
emissions and customer demand factors, and veri�ed the
feasibility of the model solution and the effectiveness of the
linearization method through the example of China’s inland
container export business, which effectively solved large-scale
practical multi-commodity intermodal transportation path
problems and achieved carbon emission reduction while
guaranteeing transportation ef�ciency. It effectively solves the
large-scale practical multi-commodity intermodal transportation
path problem, and realizes the goal of carbon emission reduction
while guaranteeing the transportation ef�ciency.

Carbon emission reduction strategies and models are carried
out for speci�c segments or subjects. Zhu et al. (2023) focus on
shipping companies, explore the strategy of carbon emission cap-
and-trade mechanism, and use a multi-objective particle swarm
optimization algorithm based on the Pareto solution set to solve a
two-layer model, which accurately depicts the interactions between
governmental decision-making and that of shipping companies,
and provides an effective reference to the market mechanism of
carbon emission reduction in the shipping segment. Jiang et al.
(2025) developed a marine fuel supply chain model involving the
government, port, and dual fuel suppliers to address coordination
challenges in green fuel adoption. By comparing four cooperation
scenarios, the study demonstrated that a carbon tax effectively
boosts green marine fuel sales, and collaboration among fuel
suppliers signi�cantly reduces government expenditure.
Furthermore, �ndings revealed that increased substitutability
between green and conventional fuels leads to higher pro�ts for
both the port and suppliers, offering a supply chain optimization
perspective for green fuel promotion policies. Hu et al. (2025)
proposed a multi-objective path optimization model, aiming to
minimize carbon emissions and operating costs, while evaluating
the impact of subsidy policy, carbon tax mechanism and energy
structure on these objectives, which effectively solves the problem of
the gap between the government’s and the enterprise’s objectives,
and provides a decision-making basis for the choice of intermodal
transport paths that takes into account the economy and
environmental protection.

In addition, some studies explore carbon emission reduction
optimization strategies from the perspective of supply chain and
port dispatching. Wang et al. (2020b) propose an integrated
scheduling model for supply chain management in port centers
based on improved multi-heterogeneous coded genetic algorithm,
and by analyzing the total cost and carbon emission under different
operation strategies, they explore the impacts and countermeasures
of the integrated scheduling on the optimization of supply chain
system in the port centers and the carbon emission reduction policy,
and achieve the dual goals of carbon emission reduction and
ef�ciency improvement of port supply chain are achieved. Chen
Frontiers in Marine Science 05
et al. (2014) proposed a new coastal liner route design model based
on the user equilibrium allocation model, which can simultaneously
determine the port of call, order of call, ship type, and service
frequency, and minimize the state subsidy to coastal shipping
operators under the given intermodal network carbon emission
reduction target, providing a This provides a practical method for
the design of coastal liner shipping routes to reduce
carbon emissions.

Accurate accounting of carbon emissions and identi�cation of
key driving factors are the basis for formulating targeted carbon
reduction measures. The second type of research centers on the
accounting, estimation and analysis of drivers of intermodal
transportation carbon emissions, providing data support and
theoretical basis for the precise implementation of intermodal
transportation carbon emission reduction measures. In terms of
carbon emission analysis and driver research, studies are committed
to constructing scienti�c accounting models and methods. Wang
et al. (2020a) proposed a dynamic calculation method of intermodal
transportation route parameters based on the simulation of Witness
software, and established green evaluation indexes of intermodal
transportation routes to evaluate the performance of routes under
different intermodal transportation schemes, in which the green
evaluation indexes cover the carbon emission-related content, which
provides a good basis for intermodal transportation carbon
emissions. Guo et al. (2022) focused on the inland container
intermodal transport network, studied the estimation of carbon
emissions and the identi�cation of carbon emission reduction
drivers, established a carbon emission estimation model, and
estimated the carbon emissions of the hinterland-based container
intermodal transport network in the last 10 years in the above
seaport and the hinterland of Yangtze River Delta as an example,
which provided a typical case of regional intermodal transport
carbon emission accounting. Guo et al. (2023) on the other hand,
proposed a simulation method for the peak time and peak value of
carbon emissions from containerized intermodal transport
networks, capturing the basic network elements through
intermodal transport network modeling, combining the carbon
emission model with scenario analysis, and simulating and
predicting the probability of the peak time and value of carbon
emissions by using the Monte Carlo algorithm, which not only
achieves the estimation of the carbon emissions, but also makes a
prediction of the peak value of the carbon emissions, and offers
prospective suggestions for the long-term planning of intermodal
transportation carbon emission reduction. emission reduction,
which provides prospective guidance for the long-term planning of
intermodal transportation. Xu et al. (2025d) compared various
models and found that machine learning methods, due to their
ability to capture nonlinear relationships, achieve signi�cantly
higher accuracy than traditional econometric models in predicting
global shipping carbon dioxide emissions, thus offering more reliable
policy support. Xu et al. (2025c) utilized the LMDI decomposition
method to analyze the driving factors of carbon dioxide emissions,
highlighting the upward pressure from global trade growth and
advocating for the net-zero decarbonization pathway as the only
effective route to achieving substantial reduction.
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There are many uncertainties in the intermodal transportation
process, such as transportation time, demand changes, etc., which
will have an impact on the realization of carbon emission reduction
targets. Such studies aim to construct models and methods to cope
with uncertainty and guarantee the stability and effectiveness of
intermodal transportation carbon emission reduction strategies.
Some studies incorporate uncertainty factors into the
construction of optimization models. Sun et al. (2022) measure
the service level based on a fuzzy soft time window, set the travel
time and carbon emission factor as variable parameters, and
incorporate travel time uncertainty and road network service
capacity factors to enhance route feasibility, apply trapezoidal
fuzzy number customized uncertainty, and propose a fuzzy multi-
objective nonlinear integrated truck departure time planning
optimization model, demonstrating the effectiveness of the
methodology through empirical case studies and discussing the
impact of optimization results with improved con�dence levels and
service levels, providing ideas for coping with transport time
uncertainty in intermodal transport to achieve carbon emission
reduction. Hrus�ovsky� et al. (2018) proposed a framework
combining optimization modeling and simulation, where the
simulation model includes stochastic elements in the form of
uncertain travel times, while the optimization model represents
the Deterministic and Linear Multi-commodity Service Network
Design Formulation, Considering the multi-objectives of cost, time
and carbon emission, the solution is proposed for a transportation
network of up to 250 services and 20 orders, and identi�es possible
disruptions and alternatives to accommodate unreliable
transportation schedules, which guarantees the stable operation of
intermodal carbon-reducing transportation networks in
uncertain environments.

From a more macroscopic perspective, Sheng et al. (2017)
constructed a multidimensional comprehensive assessment model
from the government’s perspective, integrated the dynamic effects
of the game between regional port competition and shipping
companies, and analyzed and compared the market equilibrium
states under different regulatory scenarios through a two-stage
game framework. Although the study does not directly focus on
the uncertainty factors, there are many uncertainties in the game
process of regional port competition and shipping companies, such
as �uctuations in market demand, strategic adjustments of
competitors, etc. The study provides a reference for the
government to formulate intermodal transportation carbon
emission reduction related regulatory policies under the complex
and volatile market environment, which can help to maintain the
stability of the intermodal transportation market and indirectly
safeguard the realization of carbon emission reduction goals. Xu
et al. (2025b) employed a Stackelberg game model to explore the
impact of government subsidies on the strategic decisions of two
competing port operators regarding Shore-to-Ship Electricity (SSE)
infrastructure construction, aiming to maximize social welfare. The
study revealed that a lack of subsidies can lead to a Prisoner’s
Dilemma where both ports construct SSE despite its economic
infeasibility under high conversion degree. Furthermore, they
cautioned that subsidies, while promoting construction, may
Frontiers in Marine Science 06
reduce the likelihood of simultaneously achieving both
environmental and economic bene�ts, offering insights for
d e s i gn ing e ff e c t i v e sub s i dy s chemes t o a c c e l e r a t e
maritime decarbonization.
2.3 Summary of research status

In summary, existing literature has yielded fruitful results in
path planning of port consolidation and distribution networks,
carbon emission accounting, and emission reduction strategies
from a single perspective. However, most studies rely on static
optimization based on a global optimal perspective, often
overlooking the bounded rationality and strategic interactions
among independent stakeholders, and few have deeply analyzed
how multi-party subjects resolve con�icts of interest under the
constraints of “Dual Carbon” goals. Therefore, distinguishing itself
from existing static optimization studies, this paper adopts a
dynamic evolutionary game framework, incorporating the
bounded rationality and strategic interactions of multiple agents
into the analytical framework. We speci�cally investigate the
dynamic decision-making mechanisms of different subjects in
response to external policies, such as management effort and
subsidies and internal additional incomes. Furthermore, rather
than solely pursuing system cost minimization, this study focuses
on resolving con�icts of interest to achieve a green collaborative
equilibrium that satis�es the pro�t maximization objectives of all
parties, thereby offering a more practical theoretical framework for
the “Dual Carbon” transformation of port consolidation and
distribution systems.
3 Multi-party cooperative game model
construction of the consolidation and
distribution system

3.1 Problem description

Generally speaking, evolutionary games assume that the
participants are �nitely rational, and then study the dynamic
evolution process of their strategies. This paper analyzes the game
relationship between multiple stakeholders and investigates the
impact of different evolutionary states of each subject on the
coordinated development of the consolidation and distribution
system, including port operators, river-sea intermodal transport
operators and road transport operators. The game relationship of
each party is as follows:

3.1.1 The game between port operators and
river-sea intermodal transport operators

As important nodes in the consolidation and distribution
system, port operators can enhance their competitiveness by
actively promoting river-sea intermodal transportation. However,
the close distribution of inland river ports has led to �erce
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competition among different ports for cargo sources within their
common radius. In order to cope with the competition, the
government has formulated a strategic plan to establish port
clusters, divided the port hierarchy, and guided the orderly
development of ports and port clusters. By actively promoting
intermodal transportation, ports can expand their service scope,
attract more cargo sources, and improve port throughput and
operational ef�ciency. There are two strategic choices for river-sea
intermodal transportation operators, namely cooperation and
competition, when facing the promotion of ports. In terms of
cooperation, operators may establish a close partnership with
ports to jointly build ef�cient river-sea intermodal transport
corridors and realize resource sharing and complementary
advantages. In terms of competition, operators may compete for
market share by lowering prices, improving service quality and
other means. However, excessive competition may lead to a decline
in industry pro�ts, which is not conducive to the sustainable
development of the industry. It is necessary to strengthen
cooperation with river-sea intermodal transport operators and
road transport operators, and formulate reasonable policies to
guide all parties to actively participate in river-sea intermodal
transport and low-carbon transportation.

3.1.2 The game between port operators and road
transport operators

It is of great signi�cance for port operators to actively promote
the low-carbon mode in the consolidation and distribution system.
As global environmental and climate problems become more and
more prominent, China needs to promote economic development
while accomplishing the “Dual Carbon” goal, the carbon emissions
of the logistics industry are mainly concentrated in the
transportation and warehousing links, and the energy cleanliness
of the transportation link is of great practical signi�cance for the
logistics industry to achieve the low-carbon goal. Port operators can
promote low-carbon mode by optimizing port layout, improving
energy use ef�ciency and promoting clean energy. Road transport
operators are faced with the choice between low-carbon and
traditional modes when facing low-carbon promotion in ports.
Low-carbon mode requires operators to invest more money in
purchasing new energy vehicles and building charging facilities, but
in the long run, it can reduce operating costs, which is in line with
national policies and market development trends. The traditional
model, on the other hand, is relatively low-cost, but faces
environmental pressures and policy constraints, and some
enterprises still have problems such as incomplete disclosure of
environmental data , making progress in low-carbon
transformation slower.

3.1.3 The game between river-sea intermodal
transport operators and road transport operators

River-sea intermodal transport operators and road transport
operators face both the need for cooperation and the pressure of
competition in the consolidation and distribution system. In terms
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of cooperation, the two sides can realize seamless connection of
cargoes through intermodal cooperation, improve transportation
ef�ciency and reduce logistics costs. For example, after transporting
the goods to the port, the road transport operator can be responsible
for transporting the goods to the destination, realizing the “door-to-
door” transport service. In terms of competition, both parties are
competing in terms of cargo sources and transportation markets,
and both want to win more customers and market share. The
strategic choices of the operators are affected by a variety of factors,
including transportation costs, transportation time, service quality,
policy support, and so on. For example, if a river-sea intermodal
transport operator can provide lower transportation costs and faster
transportation time, it may attract more customers to choose river-
sea intermodal transport; while a road transport operator may also
have an advantage in competition if it can provide more �exible
services and a wider transportation network.

In the process of multi-party coordinated development of port
consolidation and distribution, the main stakeholders involved
include port operators, river-sea intermodal transport operators,
and road transport operators. The relationship between the game
parties in the tripartite evolution game is shown in Figure 1.
3.2 Model assumptions and parameters

In order to establish an evolutionary game model and to study
the strategies of each participant, the stability of the equilibrium
point, and the interactions between the parameters, the following
hypotheses are proposed:
1. The two strategies for port operators include “active
progression” and “negative progression”; the two
strategies for river-sea intermodal transport operators
include “cooperation” and “competition”; The two
strategies for road transport operators include “low-
carbon mode” and “traditional mode”. All three are
limited rational participants, and their strategy choices
gradually evolve and stabilize to the optimal strategy
over time.

2. The probability that a port adopts the strategy of “active
progression” is x, and the probability of “negative
progression” is 1 � x. “Active progression” means that the
port invests funds and other resources to enhance the
coordinated ef�ciency of the consolidation and
distribution network and increase the overall social
bene�ts, and then subsidizes the responding port
operators and strengthens the management of non-
responding operators. “Negative progression” means that
the port operators have not taken any initiative to intervene
with the operators to realize the coordinated development
of the consolidation and distribution network.

3. The probability that a river-sea intermodal transport
operator adopts the strategy of “cooperation” is y, and the
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Fron
probability that it adopts the strategy of “competition” is
1 � y. “Cooperation” refers to the close collaboration and
resource sharing between river-sea intermodal transport
operators and road transport operators to speed up the
ef�ciency of the consolidation and distribution network for
customers. “Competition” refers to actively seeking
competitive advantages in the transportation market and
competing for market share by means of lowering prices.

4. The probability of a road transport operator adopting a
“low-carbon mode” strategy is z, and the probability of
adopting a “traditional mode” strategy is 1 � z. “Low-
carbon mode” strategy aims to reduce carbon emissions
and environmental pollution by adopting clean energy and
new energy vehicles, improving vehicle ef�ciency, and
optimizing transport routes. “Traditional mode” strategy
is to continue to use traditional fuel vehicles and maintain
the current transportation status. x, y, z �[0, 1].

5. Base cost of the port operators, river-sea intermodal
transport operators and road transport operators in the
evolved system when they operate independently is Ct�Cs

�Cr ; Base earing when they operate independently is Bt�
Bs�Br ; When the three parties choose to cooperate with
each other, in addition to the base cost, they also need to
invest in the additional cost Et�Es�Er of cooperative
cooperation, and at the same time obtain the additional
income At�As�Ar ; When the port operators chooses
“active progression” strategy, it will bring social bene�ts to
the port operators, which mainly include emission reduction,
reputation and �nancial bene�ts brought by improving the
transportation ef�ciency of the port consolidation and
distribution system. Indirect gain G for port operators
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when they choose “active progression” strategy and
indirect loss L when they choose “negative progression”
strategy; Subsidy Ss for river-sea intermodal transport
operators choosing the “cooperation” strategy and subsidy
Sr for road transport operators choosing the “low-carbon
mode” strategy. Conversely, management effort Ms of river-
sea intermodal operators choosing the “competition”
strategy, and management effort Mrof road transport
operators choosing the “traditional model” strategy.

6. a is the ratio of additional cost E to base cost C, which is
de�ned as low additional cost when a = 3%, slightly low
additional cost when a = 5%, slightly high additional cost
when a = 10%, high additional cost when a = 15%, super
high additional cost when a = 30%, and extremely high
additional cost when a = 45%. qis the ratio of management
effort Mto the base earning Bis de�ned as weak
management effort when q=5%, s l ight ly weak
management effort when q=10%, slightly strong
management e ffor t when q=15%, and s t rong
management effort when q=20%.
Based on the above description, the symbols in the model are
de�ned as shown in Table 1.
3.3 Payoff matrix construction

Based on the above model assumptions, the game payoff matrix
is obtained, as shown in Table 2. Among them, the incomes of port
operators, river-sea transport operators, road transport operators
are t1, t2, t3.
FIGURE 1

Logic diagram of the tripartite evolutionary game model.
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4 Analysis of multi-party bene� ts and
stability under the evolutionary game

4.1 Expected bene� ts for each party

4.1.1 Expected bene� ts for port operator
In Equation 1, the expected bene�ts of the port operators to

active progression, the expected bene�ts to negative progression
and the average expected bene�t are V11, V12, V1.

V11 = (Bt + At + G � Ct � Et � Ss � Sr)yz

+(Bt + Mr + G � Ct � Et � Ss)y(1 � z)

+(Bt + Ms + G � Ct � Et � Sr)(1 � y)z

+(Bt + Ms + Mr + G � Ct � Et)(1 � y)(1 � z)

V12 = (Bt + At � Ct � L)yz + (Bt � Ct � L)y(1 � z)

+(Bt � Ct � L)(1 � y)z + (Bt � Ct � L)(1 � y)(1 � z)

V1 = xV11 + (1 � x)V12

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

(1)

In Equation 2, the replicated dynamic equation for the port
operators is obtained as:

F(x) =
dx
dt

= x(V11 � V1)

= x(1 � x)½y( � Ms � Ss) + z( � Mr � Sr) + ( � Et + Ms

+ Mr + G + L)� (2)

4.1.2 Expected bene� ts for river-sea intermodal
transport operator

In Equation 3, the expected bene�ts of the river-sea intermodal
transport operator to cooperation, the expected bene�ts to
competition and the average expected bene�t are V21, V22, V2.

V21 = (Bs + As + Ss � Cs � Es)xz + (Bs + Ss � Cs � Es)x(1 � z)

+(Bs + As � Cs � Es)(1 � x)z + (Bs � Cs � Es)(1 � x)(1 � z)

V22 = (Bs � Cs � Ms)xz + (Bs � Cs � Ms)x(1 � z)

+(Bs � Cs)(1 � x)z + (Bs � Cs)(1 � x)(1 � z)

V2 = yV21 + (1 � y)V22

8
>>>>>>>><

>>>>>>>>:

(3)

In Equation 4, the replicated dynamic equation for the river-sea
intermodal transport operator is obtained as:

F(y) =
dy
dt

= y(V21 � V2) = y(1 � y)½x(Ms + Ss) + zAs � Es� (4)

4.1.3 Expected bene� ts for road transport
operator

In Equation 5, the expected bene�ts of the road transport
operator to low-carbon mode, the expected bene�ts to traditional
mode and the average expected bene�t are V31, V32, V3.
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TABLE 1 Symbols and de� nitions to the tripartite game model.

Parameters Descriptions

Ct Base cost when the port operators is operated independently

Cs
Base cost when the river-sea intermodal transport operator is
operated independently

Cr
Base cost when the road transport operator is operated
independently

Bt
Base earning when the port operators is operated
independently

Bs
Base earning when the river-sea intermodal transport
operator is operated independently

Br
Base earning when the road transport operator is operated
independently

Et
Additional cost that port operators need to invest when
choosing to active progression

Es
Additional cost that river-sea intermodal transport operator
needs to invest when choosing to cooperation

Er
Additional cost that road transport operator needs to invest
when choosing to low-carbon mode

At
Additional income that port operators need to invest when
choosing to active progression

As
Additional income that river-sea intermodal transport
operator needs to invest when choosing to cooperation

Ar
Additional income that road transport operator needs to
invest when choosing to low-carbon mode

G
Indirect gain from the port operators ‘s active progression of
synergies

L
Indirect loss from the port operators ‘s negative progression
of synergies

Ss

Subsidy provided by the port operators for river-sea
intermodal transport operator choosing the “cooperation”
strategy

Sr
Subsidy provided by the port operators for road transport
operator choosing the “low-carbon mode” strategy

Ms

Management effort imposed by the port operators for river-
sea intermodal transport operator choosing the
“competition” strategy

Mr
Management effort imposed by the port operators for road
transport operator choosing the “traditional mode” strategy

A
The ratio of Eto C, which is used to de�ne the level of
additional cost

q
The ratio of Mto B, which is used to de�ne the strength of
management effort

x
The probability of port operators choosing “active
progression” strategy

y
The probability of river-sea intermodal transport operator
choosing “cooperation” strategy

z
The probability of road transport operator choosing “low-
carbon mode” strategy
frontiersin.org

https://doi.org/10.3389/fmars.2025.1741273
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xu et al. 10.3389/fmars.2025.1741273
V31 = (Br + Ar + Sr � Cr � Er)xy + (Br + Sr � Cr � Er)x(1 � y)

+(Br + Ar � Cr � Er)(1 � x)y + (Br � Cr � Er)(1 � x)(1 � y)

V32 = (Br � Cr � Mr)xy + (Br � Cr � Mr)x(1 � y)

+ � (Br � Cr)(1 � x)y + (Br � Cr)(1 � x)(1 � y)

V3 = yV31 + (1 � y)V32

8
>>>>>>>><

>>>>>>>>:

(5)

In Equation 6, the replicated dynamic equation for the road
transport operator is obtained as:

F(z) =
dz
dt

= z(V31 � V3) = z(1 � z)½x(Mr + Sr) + yAr � Er � (6)
4.2 Stability analysis of tripartite
evolutionary game system

4.2.1 Solving the evolutionary game equilibrium
points

Since the probability of any strategy chosen by the port operators,
the river-sea intermodal transport operator, and the road transport
operator during the dynamic game will change over time, the overall
evolutionary game will stabilize when the replicated dynamic
equations of the three parties is F(x)=0, F(y)=0, F(z)=0.

F(x) = dx
dt = x(V11 � V1)

= x(1 � x)y½( � Ms � Ss) + z( � Mr � Sr) + ( � Et + Ms + Mr + G + L)�

F(y) = dy
dt = y(V21 � V2) = y(1 � y)½x(Ms + Ss) + zAs � Es�

F(z) = dz
dt = z(V31 � V3) = z(1 � z)½x(Mr + Sr) + yAr � Er �

8
>>>>>>><

>>>>>>>:
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Solving the system of replicated dynamic equations, the
following 12 equilibrium points exist, including 8 pure strategy
solutions: (0, 0, 0), (1, 0, 0), (0, 1, 0), (0, 0, 1), (1, 1, 0), (1, 0, 1), (0, 1,
1), (1, 1, 1), and 4 mixed strategy solutions (x0, y0, z0), x0, y0, z0 �[0,
1]. In asymmetric games only pure strategies can reach an
evolutionary stable state, and mixed strategies cannot be stable
evolutionary strategies, so only pure strategy equilibrium points are
discussed subsequently.
4.2.2 Stability analysis of equilibrium points
Construct the Jacobi matrix Jof the tripartite evolutionary game

system based on the replicated dynamic equations for:

J =

� F(x)=� x � F(x)=� y � F(x)=� z

� F(y)=� y

� F(z)=� x

� F(y)=� y

� F(z)=� y

� F(y)=� z

� F(z)=� z

2

6
4

3

7
5 =

j11 j12 j13

j21

j31

j22 j23

j32 j33

2

6
4

3

7
5

j11 = (1 � 2x)½y( � Ms � Ss) + z( � Mr � Sr) +

( � Et + Ms + Mr + G + L)�

j12 = x(1 � x)( � Ms � Ss)

j13 = x(1 � x)( � Mr � Sr)

j21 = y(1 � y)(Ms + Ss)

j22 = (1 � 2y)½x(Ms + Ss) + zAs � Es�
TABLE 2 Payoff matrix to the tripartite game model.

Strategy

River-sea intermodal transport operator

Cooperation (y) Competition (1 � y)

Road transport operator Road transport operator

Low-carbon mode (z) Traditional mode Low-carbon mode Traditional mode (1 � z)

Port operators

Active
progression
(x)

t1 = Bt + At + G

�Ct � Et � Ss � Sr

t1 = Bt + Mr + G

�Ct � Et � Ss

t1 = Bt + Ms + G

�Ct � Et � Sr

t1 = Bt + Ms + Mr

+G � Ct � Et

t2 = Bs + As + Ss

�Cs � Es

t2 = Bs + Ss � Cs

�Es

t2 = Bs � Cs � Ms t2 = Bs � Cs � Ms

t3 = Br + Ar + Sr

�Cr � Er

t3 = Br � Cr � Mr

t3 = Br + Sr � Cr

�Er

t3 = Br � Cr � Mr

Negative
progression
(1 � x)

t1 = Bt + At � Ct

�L
t1 = Bt � Ct � L t1 = Bt � Ct � L t1 = Bt � Ct � L

t2 = Bs + As � Cs

�Es

t2 = Bs � Cs � Es t2 = Bs � Cs t2 = Bs � Cs

t3 = Br + Ar � Cr

�Er

t3 = Br � Cr t3 = Bs � Cs t3 = Br � Cr
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j23 = y(1 � y)As

j31 = z(1 � z)(Mr + Sr)

j32 = z(1 � z)Ar

j33 = (1 � 2z)½x(Mr + Sr) + yAr � Er �

Invoke Lyapunov’s �rst method to determine the stability of the
equilibrium point in the Jacobi matrix (Friedman, 1991). If all the
eigenvalues of the Jacobi matrix have a negative real part, the
equilibrium point is asymptotically stable; if at least one of the
eigenvalues of the Jacobi matrix has a positive real part, the
equilibrium point is unstable; if all the eigenvalues of the Jacobi
matrix have a negative real part except the eigenvalue with zero real
part, the equilibrium point is in a critical state, and the stability can’t
be determined by the sign of the eigenvalue. Analyzing the
eigenvalue stability of the pure strategy equilibrium point is
shown in Table 3.

Corollary 1: When satisfying Et � Ms � Mr � G � L < 0, Ms +
Ss � Es < 0, Mr + Sr � Er < 0, the replication dynamics equation
exists with an equilibrium point of (1, 0, 0), the combination of
strategies (active progression, competition, traditional mode) is a
stable strategy for this system after evolution.

Corollary 1 shows that according to Table 2, when the condition
Et � Ms � Mr � G � L < 0 is satis�ed, Ms + Mr + G + L � Et > 0, then
the equilibrium point (0, 0, 0) is an unstable point. When the
conditions Ms + Ss � Es < 0, Mr + Sr � Er < 0, Es � Ms � Ss > 0, Er �
Mr � Sr > 0are satis�ed, the equilibrium points (1, 1, 0), (1, 0, 1) are
unstable points. When the conditions Et � Ms � Mr � G � L < 0, Ms +
Ss � Es < 0, Mr + Sr � Er < 0 are satis�ed, G + L � Et � Ss � Sr > �(
Es + Er), Et + Ss + Sr � G � L < Es + Er , then the equilibrium points
(0, 1, 1) and (1, 1, 1) are saddle points or unstable points, and there is an
asymptotic stabilization point (1, 0, 0) in the system.

Corollary 2: When G + L � Et � Ss � Sr < 0, Es � As < 0, Er �
Ar < 0 are satis�ed, there exists an asymptotic equilibrium point of
(1, 0, 0) for the replication dynamics equation, the combination of
strategies (negative progression, cooperation, low-carbon mode) is a
stable strategy for this system after evolution.

Corollary 2 shows that according to Table 2, when the
conditions G + L � Et � Ss � Sr < 0 and Et + Ss + Sr � G � L > 0 are
satis�ed, the equilibrium point (1, 1, 1) is an unstable point. When
the conditions Es � As < 0, Er � Ar < 0 are satis�ed, then the
equilibrium points (0, 1, 0), (0, 0, 1) are unstable points.
Equilibrium points (0, 0, 0), (1, 0, 0), (1, 1, 0), (1, 0, 1) are saddle
points or unstable points, and there is an asymptotic stabilization
point (0, 1, 1) of the system, i.e., the combination of the strategies
(negative progression, cooperation, low-carbon mode) is the stable
strategy of the system after evolution.

Corollary 3: When Et + Ss + Sr � G � L < 0, Es � As � Ms � Ss <
0, Er � Ar � Mr � Sr < 0 are satis�ed, there exists an asymptotic
equilibrium point of (1, 0, 0) for the replication dynamics
equation, i.e., the combination of strategies (active progression,
cooperation, low-carbon mode) is a stable strategy for this system
after evolution.
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Corollary 3 shows that when the condition Et + Ss + Sr � G �
L < 0 is satis�ed, G + L � Et � Ss � Sr > 0, then the equilibrium
point (0, 1, 1) is an unstable point. When the conditions Es � As �
Ms � Ss < 0, Er � Ar � Mr � Sr < 0 are satis�ed, Ar + Mr + Sr � Er >
0, - As + Ms + Ss Es > 0, then the equilibrium points (1, 1, 0), (1, 0, 1)
are unstable points. The equilibrium point (0, 0, 0), (1, 0, 0) is a
saddle point or unstable point, and the system exists an asymptotic
stabilization point (1, 1, 1), i.e., the combination of the strategies
(active promotion, cooperation, low-carbon mode) is a stable
strategy for this system after evolution. The eigenvalue sign and
stability corresponding to the equilibrium point are shown
in Table 4.
5 Simulation-based coordinated
evolutionary dynamics and sensitivity
analysis

On the basis of the previous three game stable states and
stability conditions, in order to more intuitively analyze the
evolutionary dynamics of port operators, river-sea intermodal
transport operators and road transport operators in the
coordination of the consolidation and distribution network and
the sensitivity of the three parties to the relevant parameters, this
paper uses Matlab to simulate and analyze the numerical values.
5.1 Analysis on the stable evolutionary
strategy

For the equilibrium point (1, 0, 0), there exists a stable
evolutionary strategy when it satis�es Et � Ms � Mr � G � L < 0, Ms

+�Ss � Es < 0, Mr + Sr � Er < 0. Under this condition, its simulation
parameter assignments are shown in Table 5 Scene 1. As shown in
Figure 2, as the evolution progresses, the probability of river-sea
intermodal transport operators choosing “competition” and road
transport operators choosing “traditional mode” strategy increases,
which is due to the fact that under the condition of Corollary 1, the
management effort loss of river-sea intermodal transport operators
choosing “competition” is smaller than the difference between the
additional cost and subsidy of choosing “cooperation”; Meanwhile,
under the hypothetical condition, the management effort loss of
road transport operators choosing “traditional mode” is smaller
than the difference between the additional cost and subsidy of
choosing “ low-carbon mode “, Therefore, river-sea intermodal
transport operators and road transport operators will tend to
choose the “competition” and “traditional mode” strategies
respectively. Under the condition of Et � Ms � Mr � G � L < 0, the
difference between the additional cost and the management effort
gain, indirect gain of the port operators choosing “active
progression” is smaller than the indirect loss of the “negative
progression” strategy, so the port operators will prefer “active
progression” to enhance the reputation of the status and to
promote the coordinated cooperation of the operators. In this
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case, the stabilization strategies of port operators, river-sea
intermodal transport operators and road transport operators are
“active progression” , “com- petition” and “traditional
mode” respectively.

For the equilibrium point (0, 1, 1), there exists a stable evolutionary
strategy when it satis�es G + L � Et � Ss � Sr < 0, Es � As < 0, Er �
Ar < 0. Under this condition, its simulation parameter assignments are
shown in Table 5 Scene 2. As shown in Figure 3, as the evolution
progresses, the probability of river-sea intermodal transport operators
choosing “cooperation” and road transport operators choosing “low-
carbon mode” strategy increases. This is because under the condition of
Corollary 2, the additional income of the river-sea intermodal transport
operators choosing “cooperation” are more than the additional cost;
Meanwhile, under the hypothetical condition, the additional income of
the road transport operators choosing “low-carbon mode” are more
than the additional cost, so the river-sea intermodal transport operators
and the road transport operators will tend to choose “cooperation” and
“low-carbon mode”, respectively. Therefore, river-sea transport
operators and road transport operators will tend to choose the
“cooperation” and “low-carbon mode” strategies respectively. Under
the condition of G + L � Et � Ss � Sr < 0, the indirect loss of the port
operators choosing “negative progression” is smaller than the difference
between the additional cost, expenditure subsidy and indirect gain
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when choosing “active progression”, so in order to avoid excessive
capital expenditure, the port operators will tend to choose the strategy
of “negative progression” strategy. In this case, the stabilization
strategies for port operators, river-sea intermodal transport operators,
and road transport operators are “negative progression”, “cooperation”,
and “low-carbon mode”, respectively.

For the equilibrium point (1, 1, 1), there exists a stable evolution
strategy for it when Et + Ss + Sr � G � L < 0, Es � As � Ms � Ss < 0,
Er � Ar � Mr � Sr < 0 are satis�ed. Under this condition, its
simulation parameter assignments are shown in Table 5 Scenario
3. As shown in Figure 4, as the evolution progresses, the probability
of river-sea intermodal transport operators choosing “cooperation”
and road transport operators choosing “low-carbon mode”
increases, This is because under the condition of Corollary 3, the
difference between the additional cost and the additional income,
subsidy of choosing “cooperation” is smaller than the management
effort loss when choosing “competition”; Meanwhile, under the
hypothetical conditions, the additional cost and the additional
income, subsidy of road transport operators choosing “low-
carbon mode” are smaller than the management effort loss when
choosing “competition”. Therefore, river-sea intermodal transport
operators and road transport operators will tend to choose the
“cooperation” and “low-carbon mode” strategies, respectively.
TABLE 3 Eigenvalues of the equilibrium point.

Equilibrium point Eigenvalues l1 Eigenvalues l2 Eigenvalues l3

(0, 0, 0) Ms + Mr + G + L � Et � Es � Er

(1, 0, 0) Et � Ms � Mr � G � L Ms + Ss � Es Mr + Sr � Er

(0, 1, 0) Mr + G + L � Et � Ss Es Ar � Er

(0, 0, 1) Mr + G + L � Et � Sr As � Es Er

(1, 1, 0) Et � G � L � Mr + Ss Es � Ms � Ss Ar + Mr + Sr � Er

(1, 0, 1) Et + Sr � Ms � G � L As + Ms + Ss � Es Er � Mr � Sr

(0, 1, 1) G + L � Et � Ss � Sr Es � As Er � Ar

(1, 1, 1) Et + Ss + Sr � G � L Es � As � Ms � Ss Er � Ar � Mr � Sr
TABLE 4 Evolutionary stability of the equilibrium point.

Equilibrium point
Eigenvalue symbols

Stability
Eigenvalues l1 Eigenvalues l2 Eigenvalues l3

(0, 0, 0) * – – saddle or unstable

(1, 0, 0) – – – ESS

(0, 1, 0) * + * unstable

(0, 0, 1) * * + unstable

(1, 1, 0) * * * saddle or unstable

(1, 0, 1) * * * saddle or unstable

(0, 1, 1) – – – ESS

(1, 1, 1) – – – ESS
Symbols used in this table: “+” denotes a positive value; “-” denotes a negative value; and “*” denotes an uncertain sign (sign depends on speci�c parameter conditions).
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Under the condition of Et + Ss + Sr � G � L < 0, the difference
between the additional cost and subsidy and indirect gain for port
operators choosing “active promotion” is smaller than the indirect
loss when choosing “negative progression”, and port operators will
tend to choose the “active progression” strategy. The difference
between the additional cost, subsidy and the indirect gain is smaller
than the indirect loss when choosing “negative progression”. In this
case, the three parties actively cooperate to promote the coordinated
development of the consolidation and distribution network, and the
stabilization strategies of port operators, river-sea intermodal
transport operators and road transport operators are “active
progression”, “ cooperation” and “low-carbon mode” respectively.

In summary, under the two stable evolution states of (1, 0, 0)
and (0, 1, 1), the operators and port operators choose the strategies
of “competition”, “traditional mode” and “negative progression”,
respectively. “. In this case, the expected bene�ts of all three parties
Frontiers in Marine Science 13
cannot be maximized. In the stable state of (1, 1, 1), the port
operators actively promotes the cooperation of operators, the river-
sea intermodal transport operators choose the “cooperation”
strategy, the road transport operators choose the “low-carbon
mode”, the rapid operation of the consolidation and distribution
network, the port operators does not have to bear indirect loss, and
because of the positive response of the operators, the port operators
cannot implement the management effort, thus saving the cost of
supervision, rational optimization of inputs and expenditures, to
achieve the ideal maximization of income. Therefore, the optimal
strategy combination is (1, 1, 1), that is, the port operators choose
“active progression” strategy, the river-sea intermodal transport
operators choose “cooperation” strategy, the road transport
operators choose “low-carbon mode” strategy, to realize the high-
speed operation of the consolidation and distribution network and
achieve the ideal maximization of the tripartite bene�ts.
TABLE 5 Simulation parameter assignment.

Parameter
category Symbol Description Scene

1
Scene

2
Scene

3

Variable Parameters

Et Additional cost of port operator 15 20 15

Es
Additional cost of river-sea

intermodal transport operator
60 25 40

Er
Additional cost of road transport

operator
60 25 40

As
Additional income for river-sea
intermodal transport operator

30 55 70

Ar
Additional income for road

transport operator
30 55 70

Ms
Management effort for river-sea
intermodal transport operator

15 20 15

Mr
Management effort for road

transport operator
12 15 12

Ss
Subsidy for river-sea intermodal

transport operator
4 25 40

Sr
Subsidy for road transport

operator
7 20 40

G Indirect gain for port operator 20 15 60

L Indirect loss for port operator 20 15 60

Fixed Parameters

At
Additional income for port

operator
55 55 55

Bt Base earning of port operator 80 80 80

Bs
Base earning of river-sea

intermodal transport operator
60 60 60

Br
Base earning of road transport

operator
60 60 60

Ct Base cost of port operator 40 40 40

Cs
se cost of river-sea intermodal

transport operator
30 30 30

Cr
Base cost of road transport

operator
30 30 30
fro
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5.2 Simulation parameter analysis

5.2.1 Simulation analysis of the evolution of the
equilibrium point (1, 0, 0)

Based on Table 5 Scene 1 and satisfying all the conditions in
Corollary 1, its simulation parameters are assigned as follows: Et=15, Es

=60, Er=60, As=30, Ar=30, Ms=15, Mr=12, Ss=4, Sr=7, G=20, L=20, set
the initial value of strategy selection probability of the three parties of
the game (x, y, z) as (0.5, 0.5, 0.5). To analyze the impact of parameters
Es, Er , Ms, Mr , Ss, Sr on the process and outcome of the system
evolution. In order to analyze the effect of the additional cost E on the
evolution of the system, the values of Es, Erare assigned as 5, 10, 15, 20.
The parameter ais introduced as the ratio of the additional cost Eto the
base cost C, which is de�ned as low additional cost when a=3%,
slightly low additional cost when a=5%, slightly high additional cost
when a=10%, and high additional cost when a=15%, and the
simulation results are shown in Figures 5–7.
Frontiers in Marine Science 14
Under Corollary 1, both operators �nd that the income and
subsidy from collaboration are less than the additional cost, so the
system stabilizes at (1, 0, 0). As the additional cost decreases, the
operators gradually evolve to the “cooperation” and “low-carbon
mode” strategies, However, excessively low additional cost will also
imply an increase in �nancial investment, which is not conducive to
the active promotion of the port operators, and thus affects the
response of the operators. Comparing the evolution rates of the two
operators, it can be seen that under high additional costs, the river-
sea intermodal transport operators choose the “competition”
strategy, while the road transport operators still choose the “low-
carbon mode” strategy, which indicates that the river-sea transport
operators are more sensitive to the changes of additional cost.
Under the background of “dual carbon”, as a low-carbon
transportation mode, the river-sea intermodal transport is more
inclined to the return of the investment itself, while the road
transport operators are more inclined to the additional returns
brought by the policy background, such as social feedback,
company reputation, market competitiveness, etc. Therefore,
under the same high additional cost, the two sides have different
evolutionary results.

In order to analyze the effect of management effort Mon the
evolution of the system, the values of Ms, Mr are assigned as 45, 60,
75, 90. The parameter q is introduced as the ratio of the
management effort Mto the base earning B, which is de�ned as
weak management effort when q=5%, slightly weak management
effort when q=10%, slightly strong management effort when q
=15%, and strong management effort when q=20%. In order to
discuss the impact on the system when the management effort is
unbalanced, Ms is assigned a value of 35 alone and q1=3% is
introduced. The simulation results are shown in Figures 8–11.

During the evolution of the system to the stabilization point, as
port operators’ management effort increases, both operators �nd
that the economic loss of not responding to the port operators
outweighs the subsidy and additional income of responding to the
port operators, Therefore, the speed of evolution towards
“cooperation” and “low-carbon mode” strategies is accelerated.
FIGURE 2

Evolution path of the equilibrium point (1, 0, 0).
FIGURE 3

Evolution path of the equilibrium point (0, 1, 1).
FIGURE 4

Evolution path of the equilibrium point (1, 1, 1).
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When the management effort is at a weak level, the evolution of the
operator’s strategy converges at 0, it stabilizes at the “competition”
and “traditional mode” strategies. At slightly weak, slightly strong
and strong levels, the evolution of operator strategy converges at 1,
it stabilizes at “cooperation” and “low-carbon mode” strategies.
Under weak management effort, the evolution rate to 1 is slower,
while under slightly strong management, the evolution rate is
signi�cantly faster. Although the evolution rate of operators is
faster under strong management effort, the acceleration effect is
not signi�cant, and too much management will demotivate
operators, so the management effort should be controlled at a
reasonable level. When studying one operator alone, it can be
seen that both operators choose not to respond to the port
operators under weak management intensity, but when studying
both operators, it can be seen that both operators under the same
low management intensity evolve to 1, indicating that the operators
Frontiers in Marine Science 15
will form a driving force between them and thus evolve to the same
stable point. On the contrary, if the management of one of the
operators is lowered, the evolution path of the other operator will be
changed, so the port operators have to manage both
operators rationally.

In order to analyze the effect of the subsidy Son the evolution of
the system, the values of subsidies for river-sea intermodal transport
operators Ss, subsidies for road transport operators Srare assigned as
10, 20, 30, 40. The simulation results are shown in Figures 12–14.

As the subsidy increased, the two operators did not change their
evolutionary strategies, and the results remained stable in the
“competition” and “traditional mode” strategies, indicating that
the operators were not sensitive to changes in the subsidy. At the
same additional cost, the operators are more likely to focus on the
industry evaluation of the port operators ‘s implementation of the
management, which affects the position of the company in the
FIGURE 7

Effect of a to the evolutionary strategy of road transport operators.
FIGURE 5

Effect of a (ratio additional cost Eto base cost C) on the
evolutionary system.
FIGURE 6

Effect of a to the evolutionary strategy of river-sea intermodal
transport operators.
FIGURE 8

Effect of q (ratio management effort Mto base earning B) on the
evolutionary system.
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industry, and the impact of the port operators ‘s implementation of
the management is much greater than the �nancial support of
accepting its subsidy. Therefore, port operators should consider the
management effort when actively promoting cooperation
with operators.

5.2.2 Simulation analysis of the evolution of the
equilibrium point (0, 1, 1)

Based on Table 5 Scene 2 and satisfying all conditions in Corollary
2, its simulation parameters are assigned as follows: Et=20, Es=25, Er

=25, As=55, Ar=55, Ms=20, Mr=15, Ss=25, Sr=20, G=15, L=15, and the
initial value of strategy selection probability of the three parties of the
game (x, y, z) is set to (0.5, 0.5, 0.5). The effects of the parameters Et , Ss,
Sr , Lon the evolutionary process and results of the system are analyzed.
In order to analyze the effect of additional costs Eand subsidies Son the
evolution of the system, the values of Et , Ss, Sr are assigned as 10 and
Frontiers in Marine Science 16
100. In order to analyze the effect of indirect loss Lon the system
evolution, Lis assigned as 15, 30, 45, 60. The simulation results are
shown in Figures 15–17.

Under Corollary 2, when the indirect loss caused by the negative
promotion of the port operators’ side is low, the port operators is
more inclined to negatively promote the coordinated development
of the operators. When the indirect losses increase and exceed the
threshold, the port operators shift to actively promote the
coordinated development. Increasing the values of the additional
cost and subsidy parameters from 10 to 100 shows that their
changes do not lead to changes in the stabilization point of the
port operators side, and the rate of change is almost
indistinguishable, indicating that the port operators is not
sensitive to this parameter, which re�ects that the increase of the
additional cost and the provision of subsidies has almost no impact
FIGURE 12

Effect of Ss�Sr (subsidies for river-sea intermodal transport
operators and road transport operators) on the evolutionary system.
FIGURE 9

Effect of q (ratio Mto B) on the evolutionary system(Ms=35).
FIGURE 11

Effect of q to the evolutionary strategy of road transport operators.
FIGURE 10

Effect of q to the evolutionary strategy of river-sea intermodal
transport operators.
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on the port operators ‘s decision-making. When the indirect loss is
at a high level of 45, the evolution rate of the port operators to the
“negative progression” strategy is signi�cantly lower but still does
not change its evolution results, and its change does not affect the
results of the two operators’ evolution to the “cooperation” and
“low-carbon mode” strategies. This indicates that the two operators
have reached equilibrium in the port operators ‘s “negative
progression” strategy and that the evolutionary results are in line
with the “Dual Carbon” goal. There are few parameters that can
signi�cantly affect the port operators, and the sum of these
parameters has to be adjusted signi�cantly to change the
evolution result. Therefore, the introduction of governmental
incentives and penalties can be considered to better manage the
port operators’ side and accelerate the ef�ciency of synergies
between multiple parties.
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5.2.3 Simulation analysis of the evolution of the
equilibrium point (1, 1, 1)

Based on Table 5 Scene 3 and satisfying all the conditions in
Corollary 3, its simulation parameters are assigned as follows: Et=15, Es

=40, Er=40, As=70, Ar=70, Ms=15, Mr=12, Ss=40, Sr=40, G=60, L=60,
and the initial value of the probability of strategy selection of the three
parties of the game (x, y, z) is set to (0.5, 0.5, 0.5). To analyze the impact
of the parameters Et , Es, Er , As, Ar , Ss, Sr , G on the evolution process
and results of the system. In order to analyze the effect of additional
cost Eon the evolution of the system, the values of Et is assigned as 5,
20, 35, 50, corresponds to a=3%, a=15%, a=30%, and a=45%, which
are de�ned as low additional cost, high additional cost, super high
additional cost, extremely high additional cost, respectively. At the
same time, the values of Es, Er are assigned as 5, 50, which are used to
discuss the effect of parameters on the operator. The simulation results
are shown in Figures 18–21.
FIGURE 16

Effect of L (indirect loss) on the evolutionary system.
FIGURE 13

Effect of Ss to the evolutionary strategy of river-sea intermodal
transport operators.
FIGURE 14

Effect of Sr to the evolutionary strategy of road transport operators.
FIGURE 15

Effect of Et�Ss�Sr to the evolutionary strategy of port operators.
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Under Corollary 3, the rate of convergence of port operators,
river-sea intermodal transport operators, and road transport
operators towards the strategies of “active progression”,
“cooperation”, and “low-carbon mode” slows down as the
additional costs continue to increase, but the rate of change is not
signi�cant from the point of view of the two operators. Comparing
the evolution rate of the port operators in the (1, 0, 0) state in
Figure 21, it can be seen that increasing the parameter to 50 does
not change the evolution strategy of the port operators in the
evolution state where the port operators actively promote the
cooperative development of the operators, indicating that the
unresponsive state of the operators prompts the port operators to
actively promote the evolution of the system. Comparison of the
parameter values and rates of the tripartite also shows that the port
operators’ side has a higher acceptance of the increase in additional
Frontiers in Marine Science 18
cost, especially when the operator is not responsive. Therefore, in
order to prevent port operators from choosing the “negative
progression” strategy due to the high additional cost, the
government should formulate subsidy measures to ensure the
stability of the system.

In order to analyze the effect of additional income A and
subsidy S on the evolution of the system, the values of As, Ar are
assigned as 10, 20, 30, 40, the values of Ss, Sr are assigned as10, 20,
30, 40. The simulation results are shown in Figures 22–24.

When the system is in the state of (1, 1, 1), with the increase of
additional income and subsidy, the evolution rate of the operator to
the “cooperation” and “low-carbon mode” strategies also accelerates
gradually, but the change is not sensitive, and converges at 0.15 and
0.25 respectively. However, when considering the effects of these
two parameters on the system, it can be seen that the system evolves
to (1, 0, 0) when the additional income and subsidy are at a low level
FIGURE 17

Effect of L to the evolutionary strategy of port operators.
FIGURE 20

Effect of a to the evolutionary strategy of port operators.
FIGURE 19

Effect of Es�Er to the evolutionary strategy of two operators.
FIGURE 18

Effect of a (ratio Eto C) on the evolutionary system.
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at the same time, which indicates that the operators’ decision-
making evolves towards the strategies of “competition” and
“traditional mode”. When all three parties are cooperating, a low
level of additional income or subsidy will not change the stability
point of the system, but when the additional income is at a low level,
the port operators should make sure that the subsidy level is in the
normal range, so that the system is in a stable state and does not
bear a heavy �nancial burden.

In order to analyze the effect of the indirect gain Gon the
evolution of the system, the values of Gis assigned as 15, 30, 45 60.
The simulation results are shown in Figures 25, 26.

As the indirect gain Gincreases, the evolution rate of the port
operators to the “active progression” strategy gradually accelerates, and
compared with the parameter indirect loss L in the (0, 1, 1) state, the
port operators in the (1, 1, 1) state tends to choose the evolution
Frontiers in Marine Science 19
strategy that is favorable to itself rather than to the system. This is
because in the (0, 1, 1) state, the two operators have reached
equilibrium stability without the port operators ‘s active promotion.
Therefore, when the indirect loss L=60, the port operators evolve to the
“active progression” strategy. In the (1, 1, 1) state, the port operators
prefer the evolutionary strategy that is favorable to the system, and
when the indirect gain is G=45, the port operators choose the “active
progression” strategy and the evolution rate is faster than that in the (0,
1, 1) state.
5.3 Discussion based on the simulation
result

In this paper, from the perspective of “Dual Carbon” goal, based
on the dynamic game theory, by constructing a dynamic evolution
FIGURE 21

Effect of a to the evolutionary strategy of port operators under (1, 0,
0) state.
FIGURE 22

Effect of As�Ar�Ss�Sr on the evolutionary system.
FIGURE 23

Effect of As�Ar to the evolutionary strategy of two operators.

FIGURE 24

Effect of Ss�Sr to the evolutionary strategy of two operators.
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game model of port operators, river-sea intermodal transport
operators and road transport operators in the consolidation and
distribution system, and analysed the stability of the strategy
choices of each party, the stability of the equilibrium strategy
combinations of the gaming system, and the in�uence of the
relationship between each parameter. Matlab numerical
simulation is used to analyse the factors and interaction
mechanisms affecting the decision-making choices of each party.
The study analyses different equilibrium states and explores the
in�uence and change mechanism of port operators, river-sea
intermodal transport operators, and road transport operators in
the cooperative dynamic game of consolidation and distribution
network, and the following conclusions can be obtained:

5.3.1 Port operators actively promoting but
operators not responding
Fron
1. When the additional cost decreases, the operator’s strategy
evolves towards “cooperation” and “low-carbon mode”, but
too low an operator’s cost will indirectly increase the
�nancial burden of the port operators, which creates a
resistance to advancement. River-sea intermodal
transportation operators are more sensitive to changes in
additional costs, while road transportation operators are
more dependent on policy-derived bene�ts (e.g., reputation,
market competitiveness), which leads to different evolution
paths between the two sides at the same cost level.

2. Stronger port operators’ management accelerates the
convergence of operator strategies to cooperative equilibrium,
but with diminishing marginal effects. The system converges to
the “competition” and “traditional strategy” strategies under
weak management effort (convergence to 0), while slightly
strong and higher strengths achieve cooperative equilibrium
(convergence to 1). Excessive management effort may increase
the evolution rate but may inhibit operators’ motivation, and a
moderate range needs to be sought to balance ef�ciency and
willingness to participate.
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3. There is a strategy-driven effect among operators, where
adjustments in one party’s management efforts can change
the evolutionary trajectory of the other, suggesting that port
operators need to implement collaborative management in
order to avoid strategy imbalance. Subsidy policy has no
signi�cant effect on strategy evolution, and operators are
more concerned about the non-economic bene�ts of port
operators’ management, such as industry evaluation, whose
incentive effect far exceeds direct �nancial support.
5.3.2 Operators respond actively while port
operators promote negatively
1. Port operators tend to maintain the status quo when
indirect loss due to negative port operators’ advances are
below a threshold; once the loss exceeds the threshold, port
operators will shift to an active coordinated strategy. The
signi�cant increase in additional cost and subsidy has
almost no effect on the stabilization point and evolution
rate of the port operators ‘s strategy, indicating that the port
operators ‘s decision is strongly stable to this type of
economic incentive. Its strategy adjustment relies mainly
on the shock of indirect loss rather than on additional
cost changes.

2. Even if the indirect loss reaches a high level, the evolution
rate of port operators negativity decreases signi�cantly, but
the �nal stabilization point remains unchanged, and the
operator can still spontaneously converge to the
equilibrium of the “cooperation” and “low-carbon mode”
strategies. This suggests that port operators’ strategy
negativity does not jeopardize the overall goal
achievement of the system, but may lead to a loss of
ef�ciency in the cooperative development of the
consolidation and distribution network.
FIGURE 25

Effect of G (indirect gain) on the evolutionary system.
 FIGURE 26

Effect of G to the evolutionary strategy of port operators.
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5.3.3 Evolutionary system in a tripartite
coordinated state
Fron
1. Additional cost enhancement inhibits the rate of port
operators’ strategy evolution, while operator response
hysteresis leads to insigni�cant rate changes. When the
additional cost exceeds the threshold value, the port
operator’s strategy reverses, indicating that the port
operators become more sensitive to cost changes when
the system is in a cooperative state. In the state of negative
operator response (1, 0, 0), the port operators ‘s acceptance
threshold for additional cost increases, showing a stronger
tendency to promote proactively.

2. In the coordinated state of the system (1, 1, 1), the
additional income and subsidy show low sensitivity to the
evolution of the operator’s strategy, and it takes the
coordinated effect of the two to change the stability point.
When the additional income or subsidy alone is at a low
level, the system evolves to a non-coordinated equilibrium.
Due to the uncontrollable nature of the income, the port
operators should control the subsidy level in the normal
range to ensure the stability of the system.

3. In the operator-autonomous stable state (0, 1, 1), the port
operators need higher indirect gain to choose the “active
progression” strategy, whereas in the coordinated state (1,
1, 1), the response threshold is reduced and the evolution
rate is increased, which indicates that the coordinated
system has a reinforcing effect on the port operators
‘s strategy.
6 Conclusions and policy suggestions

Focusing on the cooperative development of the port
consolidation and distribution system under the “Dual Carbon”
goals, this paper constructs a tripartite dynamic evolutionary model
involving the port operators, river-sea intermodal transport
operators, road transport operators based on evolutionary game
theory. By analyzing the strategic stability of each subject and the
system equilibrium conditions, and applying Matlab for
numerical simulation, this study deeply explores the in�uence
mechanism of key parameters, such as management effort,
additional cost, subsidy, and additional income on the system’s
evolutionary path.
6.1 Conclusions
1. The strategic evolution of operators exhibits distinct
differences and linkage. River-sea intermodal operators
are more sensitive to cost changes, whereas road
transport operators rely more on derivative bene�ts such
as reputation brought by policies. Meanwhile, a strategic
tiers in Marine Science 21
driving effect exists between the two; the strategy
adjustment of one subject signi�cantly alters the
evolutionary trajectory of the other, underscoring the
necessity of coordinated management.

2. The incentive effect of port management intensity is
superior to pure subsidy policies. Moderate management
intensity can effectively drive the system to converge to a
collaborative equilibrium, while excessive intensity may
have a suppressive effect. In contrast, direct subsidies
have a limited driving effect on operators’ strategies;
operators prioritize the industry reputation enhancement
resulting from port management actions.

3. The system coordination state has a reinforcing effect on
the port’s strategy. In the non-coordinative state, the port’s
decision is mainly constrained by the threshold of indirect
losses and is insensitive to costs and subsidies. However, in
the tripartite coordinative state, the port operator’s
tolerance for additional costs increases, and the response
threshold decreases. This indicates that the positive
feedback mechanism generated by system coordination
can e ff e c t i v e l y conso l ida t e the por t ’ s a c t i v e
progression strategy.
6.2 Policy suggestions

When port operators promote operator collaboration, they
should prioritize optimizing the design of management efforts
rather than relying solely on subsidy measures, and guide the
evolution of operator strategies by dynamically adjusting the
intensity of regulation while focusing on the policy’s role in
shaping the industry’s reputation, in order to achieve the dual
goals of system stability and ef�ciency improvement. In view of the
low sensitivity of the decision-making parameters of the port
operators, it is necessary to introduce external regulatory
measures such as governmental reward and punishment
mechanisms. By constructing a reward and punishment function
that is deeply bound to the interests of the port operators, the
intrinsic decision-making threshold can be broken through,
accelerating the coordinated process of the consolidation and
distribution network under the premise of maintaining the
stability of the system. The government should design a dynamic
subsidy mechanism to compensate for incremental port operators’
costs, regulate port operators decision-making thresholds, and
optimize the indirect gain distribution mechanism to prevent
system instability caused by strategy reversal, while maintaining
�scal sustainability. Special attention needs to be paid to the
negativity of port operators ‘ strategies under the autonomous
stabilization state of the operators, and the positive feedback effect
of system coordination should be strengthened through the
institutional design of, so as to realize the ef�ciency enhancement
of the low-carbon transition.
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