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Abstract. With the intensification of global climate change, carbon neutrality has 

become a global priority. As a high-energy-consumption and high-carbon-emis-

sion sector, the logistics industry's green and low-carbon transformation is criti-

cal to achieving carbon neutrality goals. Third-party distribution centers (3DC), 

serving as core nodes in logistics systems, exhibit a strong correlation between 

operational efficiency and carbon emission levels. This study proposes a multi-

objective optimization operational strategy model based on Stackelberg game 

theory, integrating three key objectives: economic costs, carbon emissions, and 

service quality. Findings demonstrate that optimizing distribution centers' opera-

tional models, route planning, and energy utilization can significantly reduce car-

bon emissions while maintaining economic efficiency and customer satisfaction. 

A case study of a third-party cold chain distribution center validated the model's 

effectiveness in cutting carbon emissions, optimizing costs, and enhancing ser-

vice performance. The research provides theoretical foundations and actionable 

insights to advance green transformation in the logistics industry. 
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Global warming has evolved into a shared challenge for humanity[1]. To address cli-
mate change, nations worldwide have established carbon neutrality targets and imple-
mented proactive measures, underscoring green and low-carbon development[1][2]. 
Within this context, the logistics industry—a representative sector characterized by 
high energy consumption and carbon emissions—has emerged as a critical domain for 
advancing carbon neutrality objectives[3]. 

According to statistics, the carbon emissions from the transportation segment in lo-
gistics systems account for about 14% of the global total carbon emissions. In some 
regions, this proportion is even higher, reaching close to 20% [4]. With the rapid de-
velopment of e-commerce, the demand for logistics distribution continues to increase, 
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and the role of 3DC is becoming increasingly prominent[5]. 3DC can integrate the lo-
gistics demands of multiple clients, achieve economies of scale, and reduce unit distri-
bution costs[3]. However, during their operations, 3DC face numerous challenges, such 
as optimizing delivery routes, controlling costs, and enhancing customer satisfac-
tion[6]. As a core node in the logistics network,  3DC are responsible for the sorting, 
distribution, and scheduling of goods, and their operational efficiency and service qual-
ity directly affects the carbon emissions of the entire logistics system[6]. Therefore, 
under the guidance of carbon neutrality, how to optimize the operational strategies of 
3DC and balance economic benefits, environmental benefits, and service quality has 
become an important issue that the logistics industry urgently needs to address. 

Existing studies have focused on single-objective optimization in 3DCs, neglecting 
the interplay between economic, environmental, and service objectives[7]. To address 
this challenge, this study proposes modeling the interaction between 3DC and custom-
ers as a Stackelberg game, which better aligns their interests to achieve efficient 3DC 
operations[8]. Incorporating carbon neutrality objectives, we develop a multi-objective 
optimization framework that reconciles trade-offs among economic benefits, carbon 
emissions, and service quality for both third-party distribution centers and customers[9] 
By constructing an operational strategy model grounded in game theory, this work en-
riches research on green operational strategies for distribution centers and provides a 
scientific basis for logistics enterprises to achieve low-carbon transitions. 

2 Analysis of Operational Models and Carbon Emission 
Status in 3DC 

2.1 3DC Operating Model 

As a critical node in supply chains, 3DC are tasked with consolidating logistics de-
mands from multiple clients. Through optimized route planning and scheduling strate-
gies, they achieve economies of scale while reducing per-unit distribution costs. 

The operation mode of 3DC usually includes the following aspects.Customer Inte-
gration: 3DC integrate the logistics demands of multiple clients to achieve centralized 
management and optimized allocation of resources, thereby improving delivery effi-
ciency. Route Optimization: 3DC utilize advanced optimization algorithms, such as ge-
netic algorithms and simulated annealing algorithms, to optimize delivery routes. This 
reduces transportation distance and time, and lowers transportation costs. 

Scheduling Plans: Based on clients' delivery demands and time window constraints, 
3DC develop rational scheduling plans to ensure the timely completion of delivery 
tasks. 

Cost Control:  3DC control operating costs and improve economic benefits by op-
timizing modes of transportation, reducing empty mileage, and lowering energy con-
sumption. 

Service Quality:  3DC enhance customer satisfaction by providing flexible delivery 
services, timely order processing, and efficient customer feedback mechanisms. 
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However, with the intensification of market competition and the diversification of 
customer demands, the operation mode of 3DC is also facing new challenges. How to 
optimize operational strategies while reducing carbon emissions has become a new re-
search hotspot. 

2.2 The Carbon Emission Issue of 3DC Operation Mode 

3DC face significant carbon emission issues in their operations, which are mainly re-
flected in the following aspects: 

Carbon Emissions from Transportation: 
The transportation vehicles used by 3DC, such as trucks and vans, primarily rely on 

fossil fuels. These vehicles generate significant amounts of carbon dioxide and other 
greenhouse gas emissions during their operations, placing substantial pressure on the 
environment. Additionally, increased transportation distances and low transportation 
efficiency can further exacerbate carbon emissions. 

Carbon Emissions from Warehousing: 
The warehousing facilities of 3DC typically require large amounts of energy to 

maintain operations, including lighting, air conditioning, and refrigeration. The con-
sumption of these energies also results in carbon emissions. 

Increasing Carbon Emission Costs: 
With the global tightening of carbon emission controls and the gradual establishment 

of carbon taxes and carbon trading markets, the carbon emission costs for 3DC are also 
on the rise. This not only increases the operating costs of 3DC but also has a negative 
impact on their economic benefits. 

Diversification of Customer Demands: 
Customer delivery demands are becoming increasingly diverse, and requirements 

for delivery times and service quality are also rising. This means that when 3DC opti-
mize delivery routes and scheduling plans, they need to take into account the impact of 
carbon emissions even more. 

3 Construction of a 3DC Operational Strategy Model 
Based on Stackelberg Game 

3.1 The Contradictions between 3DC and Customers 

In the operation of 3DC, there are significant contradictions between 3DC and their 
customers, which are mainly reflected in the following aspects: 

Contradiction between Cost and Carbon Emissions: 
Customers aim to reduce delivery costs, while 3DC may incur higher operating ex-

penses in the process of reducing carbon emissions. For example, adopting low-carbon 
transportation methods (such as electric vehicles) may increase transportation costs but 
reduce carbon emissions. 

Contradiction between Customer Satisfaction and Carbon Emissions: 
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Customers have high expectations for delivery times and service quality. However, 
when 3DC optimize delivery routes to reduce carbon emissions, it may lead to longer 
delivery times and thus lower customer satisfaction. 

Contradiction between Operational Efficiency and Carbon Emissions: 
When 3DC seek to improve operational efficiency, they may opt for high-carbon 

transportation modes (such as road transport). In contrast, low-carbon transportation 
modes (such as rail or water transport) may be less efficient in terms of operational 
performance compared to road transport. 

3.2 Construction of 3DC Operational Strategy Model 

The objective function 
The objective of a 3DC is to maximize its profit, which is the difference between 

revenue and costs, including transportation costs, carbon emission costs, and time pen-
alty costs. 

The objective function is: 

 Max Π3DC = ∑ �∑ pi,tN
i=1 ⋅ qi,t − C3DC,t�T

t=1  (1) 

Here pi,t represents the distribution price of the i customer at time t, qi,t represents 
the distribution demand of the i customer at time t, and C3DC,t represents the operating 
cost of 3DC at time t, including transportation cost, carbon emission cost and time pen-
alty cost. Translation 

Transportation Costs: 

 Ctrans,t = ∑ ∑ ctrans,ij
M
j=1

N
i=1 ⋅ xi,j,t (2) 

Carbon Emission Costs: 

 Cemission,t = ∑ ∑ cemission,ij
M
j=1

N
i=1 ⋅ xi,j,t (3) 

Time Penalty Costs: 

 Ctime,t = ∑ �cearly,i ⋅ max�0, ETi − ATi,t� + clate,i ⋅ max�0, ATi,t − LTi��N
i=1  (4) 

The utility function of the customer 
The utility function of the customer is the minimization of their total cost, which 

includes delivery fees and time costs. 
The utility function is: 

 Min Ui = ∑ �pi,t ⋅ qi,t + Ctime,i,t�T
t=1  (5) 

Ctime,i,t represents the time cost of the i customer at time t, which is usually related 
to the delivery time. Translation 

Constraints 
Feasibility of Delivery Routes: 
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Ensure that the delivery routes meet the delivery demands and time window con-
straints of customers. 

 ∑ xi,j,tM
j=1 = qi,t, ∀i, t (6) 

 xi,j,t ≤ Qj,t, ∀i, j, t (7) 

Time Window Constraints for Delivery: 
Ensure that the delivery times fall within the specified time windows of customers. 

 tstart,i ≤ t ≤ tend,i, ∀i (8) 

Customer Demand Constraints: 
Ensure that the delivery demands of customers are met. 

 ∑ qi,tT
t=1 = Di, ∀i (9) 

Carbon Emission Allocation Constraints: 
3DC allocate carbon emissions based on certain criteria. 

      ∑ ∑ cemission,ij
M
j=1

N
i=1 ⋅ xi,j,t ≤ Emax,t, ∀t (10) 

3.3 The Stackelberg Game Structure of the model 

Within the Stackelberg game framework, 3DC act as the leader by first determining 
distribution pricing and optimizing delivery routes, while customers, as followers, de-
cide whether to accept the service based on the 3DC pricing and routing strategies. This 
hierarchical decision-making structure enables 3DC to rationally set distribution pa-
rameters by anticipating customer responses, thereby achieving operational optimiza-
tion and carbon emission reductions. 

Decision-Making Process of 3DC 
3DC first determine distribution pricing and optimize delivery routes based on mar-

ket demand, carbon emission costs, and customer satisfaction. Their objective is to 
maximize profits while reducing carbon emissions through rational pricing and route 
configuration. 

Decision-Making Process of Customers 
Customers decide whether to accept delivery services based on the pricing and rout-

ing strategies provided by 3DC. Their goal is to select the most cost-effective delivery 
timing and service options from the available 3DC proposals. 

Game Equilibrium 
When equilibrium is achieved between 3DC and customers, 3DC attain profit max-

imization, and customers minimize their total costs. Through mechanisms such as dy-
namic pricing and demand response, 3DC can flexibly adjust pricing across time peri-
ods, enhancing resource utilization efficiency and reducing operational costs. 
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4 Stackelberg Game-Based Optimization Mechanism for 
3DC Operational Strategies 

The Stackelberg game-based operational strategy optimization model for 3DC pro-
posed in this study achieves carbon neutrality-oriented operational enhancements by 
incorporating dynamic pricing, demand response mechanisms, multi-energy coupling 
optimization, and carbon trading mechanisms. A detailed analysis of these optimization 
strategies is presented below: 

4.1 Dynamic Pricing Mechanism 

Dynamic pricing is a strategy through which 3DC adjust distribution prices in real time 
based on customer delivery requirements and market supply-demand dynamics. By im-
plementing dynamic pricing, 3DC can flexibly modify pricing across different time pe-
riods, thereby enhancing resource utilization efficiency and lowering operational costs. 
Specifically, 3DC formulate tiered pricing strategies by analyzing factors such as cus-
tomer demand volume, delivery time windows, and market conditions. For instance, 
during peak demand periods, 3DC may moderately increase prices to curb excessive 
delivery requests. During off-peak periods, they may reduce prices to attract additional 
customers.This mechanism not only balances supply-demand relationships effectively 
but also improves the economic performance of 3DC. 

4.2 Demand Response Mechanism 

A strategy that guides customers to adjust their delivery times by offering price dis-
counts or subsidies. The demand response mechanism can effectively alleviate the pres-
sure during peak delivery periods, enhancing the operational flexibility and customer 
satisfaction of 3DC. Specifically, 3DC can provide customers with various delivery 
time options and offer corresponding price discounts or subsidies based on their 
choices. For example, 3DC can encourage customers to schedule deliveries during off-
peak periods to reduce the strain on peak delivery times. Additionally, 3DC can further 
improve customer satisfaction by offering flexible delivery services, such as door-to-
door pickups and timed deliveries. 

4.3 Multi-Energy Coupling Optimization 

Considering the 3DC’s reliance on multiple types of energy during the delivery process, 
such as electricity and fuel, a strategy to optimize energy usage can help reduce energy 
costs. Specifically, 3DC can introduce renewable energy sources, such as solar and 
wind power, to improve energy efficiency and reduce carbon emissions. Additionally, 
3DC can further lower energy costs by optimizing transportation methods, such as us-
ing electric vehicles and hybrid vehicles. Multi-energy coupling optimization not only 
enhances the economic benefits of 3DC but also reduces carbon emissions, achieving 
low-carbon economic operations. 
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4.4 Carbon Trading Mechanism 

The carbon trading mechanism is a strategy that involves the buying and selling of 
carbon emission rights through a carbon market to incentivize 3DC to reduce their car-
bon emissions. Specifically, 3DC can purchase carbon emission rights to meet their 
own emission needs. At the same time, by reducing their carbon emissions, 3DC can 
sell excess carbon emission rights to other companies, thereby gaining additional eco-
nomic benefits. The carbon trading mechanism not only effectively controls the carbon 
emissions of 3DC but also encourages them to adopt low-carbon operational strategies 
to achieve carbon neutrality goals. 

4.5 Customer Education and Collaboration 

Customer Education and Collaboration is a strategy that involves educating and collab-
orating with customers to enhance their awareness of the importance of carbon neutral-
ity and encourage them to accept low-carbon delivery services. Specifically, 3DC can 
conduct customer education activities to promote the significance of carbon neutrality 
and the benefits of low-carbon delivery services, thereby raising customers' environ-
mental awareness. Additionally, 3DC can establish long-term cooperative relationships 
with customers to jointly develop low-carbon delivery plans and achieve carbon neu-
trality goals. Customer education and collaboration not only increase customer satis-
faction but also foster the common development of 3DC and their customers. 

5 Case Study and Strategy Optimization 

5.1 Case Background and Data Sources 

This study focuses on a large-scale third-party cold chain distribution center (3DC) in 
China, with a daily distribution volume exceeding 500 tons and a service area covering 
Jinan City, Shandong Province, and surrounding regions within a 200-kilometer radius. 
Data were collected from the center’s operational records from 2020 to 2023, including 
vehicle types (electric/fuel-powered), delivery routes, order time windows, energy con-
sumption, and carbon emission monitoring data. Field research and system simulation 
validated the effectiveness of the Stackelberg game-based multi-objective optimization 
model in reducing carbon emissions, controlling costs, and improving service quality. 

5.2 Model Application and Results Analysis 

By comparing traditional single-objective optimization (cost-only) with the proposed 
multi-objective model, optimized route planning reduced fuel vehicle mileage by 18%, 
increased the proportion of electric vehicles to 40%, and decreased overall carbon emis-
sions by 22%. Despite a 10% increase in initial investment for electric vehicles, annual 
total costs decreased by 7% due to fuel savings and government subsidies. Additionally, 
time window violation rates dropped from 12% to 5%, and customer satisfaction in-
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creased to 93%. The results demonstrate that game theory-based collaborative optimi-
zation achieves a “win-win” between carbon neutrality goals and operational effi-
ciency. 

5.3 Managerial Implications 

To achieve carbon neutrality goals, governments should increase subsidies for new en-
ergy vehicles and establish carbon quota trading mechanisms. 3DCs need to adopt real-
time route optimization algorithms (e.g., reinforcement learning) to dynamically adapt 
to demand fluctuations. Furthermore, incentivizing customers to choose flexible time 
windows through pricing strategies can reduce delivery pressure and carbon emissions. 
This strategic framework provides logistics enterprises with a technical pathway that 
balances economic, environmental, and service quality objectives. 

6 Summary 

This paper constructs an operational strategy optimization model based on Stackelberg 
game theory, with the 3DC as the leader and customers as the followers. The model not 
only aims to maximize the profit of the 3DC but also takes into account carbon emission 
costs and customer satisfaction, providing theoretical support for the operation of 3DC 
in the context of carbon neutrality. By introducing optimization measures such as dy-
namic pricing, demand response, multi-energy coupling optimization, and carbon trad-
ing mechanisms, the model can effectively reduce carbon emissions while improving 
operational efficiency and customer satisfaction. 

However, the operating environment of 3DC is a complex system involving multi-
objective and multi-agent game dynamics, and there is scope for further expansion in 
future research. On one hand, further investigation can be conducted into the opera-
tional strategies of 3DC within a multi-agent game environment, exploring how to 
achieve a balance of interests among multiple parties in a more complex market setting. 
On the other hand, research can be carried out on how technological and managerial 
innovations can further enhance the operational efficiency and customer satisfaction of 
3DC. Additionally, studies can be undertaken to explore how more environmental fac-
tors can be integrated into the operational strategies of 3DC to achieve broader sustain-
able development goals. 
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