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(EVRP) primary objectives: (1) to propose a novel Electric Vehicle Routing
Location-Routing Problem (EVRP) optimization model aimed at minimizing electrical
Energy Management energy consumption—equivalent to distance minimization—through

refinement of the energy consumption function and incorporation of
regenerative braking; (2) to design an efficient routing algorithm; and
Variable Neighborhood Search (VNS) (3) to evaluate the proposed model in terms of operational efficiency
and energy performance improvements. The solution methodology is
based on the Variable Neighborhood Search (VNS) metaheuristic to
determine optimal vehicle routes and charging station locations in an
integrated framework. Computational results indicate that the proposed
model achieves a 2.3% reduction in energy consumption compared
with conventional Vehicle Routing Problem (VRP) models.
Furthermore, optimized load allocation leads to an additional 8.84%
energy saving, while balancing operational schedules reduces charging
operation time by 48.3%. Overall, by integrating route optimization,
battery energy management, and charging/battery-swapping station
location decisions within a unified framework, the proposed model
provides an effective and sustainable solution for enhancing the
performance and environmental benefits of electric transportation
systems.
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Introduction

Logistics and transportation costs constitute a significant proportion of total product costs and
directly influence competitiveness in supply chains. In recent decades, growing environmental
concerns, climate change, and urban air pollution have intensified the need for sustainable
transportation systems. The transition from conventional fossil-fuel-based fleets to electric
vehicles (EVs) has emerged as a promising solution for reducing greenhouse gas emissions and
carbon footprints in distribution networks.

Despite their environmental advantages, electric vehicles face operational challenges that
complicate their integration into logistics systems. Key limitations include restricted battery
capacity, limited driving range, long charging times, and insufficient charging infrastructure.
These constraints significantly affect routing decisions, service reliability, and operational
efficiency. Therefore, developing advanced optimization models that simultaneously address
routing, energy consumption, and infrastructure planning is critical for the successful
deployment of EV fleets.

Traditional studies on the Electric Vehicle Routing Problem (EVRP) often treat routing and
charging station location decisions separately. In such two-stage approaches, charging station
locations are determined first, and routing is optimized afterward. Although computationally
simpler, these approaches neglect the strong interaction between infrastructure placement and
routing patterns. As a result, they may yield locally optimal yet globally inefficient solutions.
The present study proposes an integrated location—routing model for electric vehicle fleets that
simultaneously determines:

1. Optimal routes for electric vehicles,

2. Optimal locations of battery charging or swapping stations,

3. Optimal load allocation to vehicles, and

4. Battery energy management along routes.

A major innovation of this research is the refined modeling of energy consumption. Unlike
conventional models that assume energy usage is proportional only to distance, this study
incorporates:

« Vehicle load effects on energy consumption,

» Regenerative braking energy recovery, and

e Operational charging scheduling considerations.

Energy consumption for each trip is modeled as a function of distance traveled, effective vehicle
load, and motion characteristics. Regenerative braking is incorporated as a negative energy
component, enabling routes with higher recovery potential (e.g., urban stop-and-go patterns or
downhill segments) to be favored when energy-efficient.

The integrated model is formulated as a Mixed-Integer Linear Programming (MILP) problem. It

minimizes total system cost, including transportation costs and charging station establishment
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costs, while satisfying capacity, energy, and operational constraints. The proposed approach
aims to achieve dual objectives:

» Enhancing operational efficiency and reducing logistics costs,

» Promoting environmental sustainability through reduced energy consumption.

The problem is NP-hard due to the combinatorial complexity of routing and location decisions.
Therefore, a tailored Variable Neighborhood Search (VNS) metaheuristic algorithm is developed

to efficiently solve medium- and large-scale instances.
Results and Discussion
Overview of the Mathematical Model

The objective function of the problem is formulated to minimize the total transportation costs,
inventory holding costs, and the establishment costs of battery charging stations.

The model constraints include the following:

« Each customer can be visited at most once in each period.

« Flow conservation must be maintained at every node (the number of vehicles entering a node
must equal the number leaving it).

« Vehicle load capacity constraints must be satisfied.

« Battery capacity constraints must be respected.

e Subtour formation must be prevented.

» A charging station must be established (activated) in order to be used.

The dynamics of battery energy level are modeled such that a vehicle is allowed to travel

between two nodes only if its remaining battery charge is sufficient to complete the trip.
Algorithmic Framework

Because exact optimization becomes computationally expensive for large instances, a Variable
Neighborhood Search (VNS) algorithm was designed with the following components:
1. Initial Solution Generation:
Random feasible solution based on matrix representation.
2. Shaking Phase:
Six neighborhood structures divided into:
¢ Four customer-visit modification structures,
» Two charging-station location modification structures.
3. Local Search (Swap-based):
Applied to improve visit schedules and station decisions.
4. Stopping Criterion:
Termination after no improvement in consecutive iterations.
The algorithm structure enables effective exploration of the solution space while maintaining

computational efficiency.
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Numerical Results

The computational experiments demonstrate substantial improvements compared to
conventional vehicle routing models:

* 2.3% reduction in total energy consumption compared to traditional routing models.

« 8.84% energy savings achieved through optimal load allocation integration.

*48.3% reduction in charging operation time through improved scheduling and balanced
charging decisions.

These improvements result from three synergistic mechanisms:

1. Reduced route deviations via optimal charging station placement.

2. Lower per-distance energy usage through load optimization.

3. Operational efficiency gains via improved charging time management and energy recovery
modeling.

The integration of location and routing decisions significantly reduces unnecessary detours
and waiting times at charging stations. Furthermore, simultaneous decision-making avoids
suboptimal infrastructure placement that would otherwise increase energy consumption and
route lengths.

Comparative validation using GAMS for small-sized instances confirms the solution quality
of the VNS algorithm. For larger instances, the proposed method produces high-quality

solutions within reasonable computational time.
Managerial Insights

The findings provide important managerial implications:

e Integrated planning reduces system-wide inefficiencies compared to sequential approaches.
 Energy-aware routing improves both sustainability and cost-effectiveness.

o Investment in strategically located charging/swapping stations reduces long-term operational
costs.

 Load-sensitive routing policies significantly impact EV performance.

For logistics companies transitioning to electric fleets, coordinated infrastructure and routing

decisions are essential for achieving economic viability.
Conclusion

This study presented a comprehensive integrated location—routing model for electric vehicle
fleets considering energy management and charging/swapping infrastructure decisions. Unlike
traditional sequential models, the proposed approach simultaneously optimizes routing, station
placement, load allocation, and battery management.

Key contributions include:

» A refined energy consumption model incorporating load and regenerative braking effects,

e Integrated MILP formulation for simultaneous decision-making,
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 Development of a tailored Variable Neighborhood Search algorithm,

» Demonstration of measurable energy and operational time savings.

Numerical results confirm that the integrated approach leads to:

* 2.3% reduction in total energy consumption,

» 8.84% savings via optimal load allocation,

* 48.3% reduction in charging operation time.

These outcomes highlight the practical superiority of integrated planning for sustainable
logistics networks.

Future Research Directions

Future studies may extend this research by:

« Considering stochastic demand and traffic conditions,

« Incorporating multiple depots and heterogeneous fleets,

» Modeling nonlinear charging functions in greater detail,

e Integrating carbon pricing and policy mechanisms,

 Applying hybrid metaheuristics or machine learning-assisted optimization.

In conclusion, the proposed integrated framework provides a robust decision-support tool for
designing sustainable, energy-efficient electric vehicle distribution systems. It bridges
theoretical modeling with real-world operational considerations and offers actionable insights

for logistics managers seeking to adopt electric transportation solutions.
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