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Abstract 
 

Public transportation is a major source of energy usage; thus, it is crucial to transform bus/tram systems into low-carbon systems to achieve 

the goal of sustainable cities. This paper aims to discuss various strategies that help improve the energy efficiency of PTs with reliability 

and accessibility guarantees. Here, it looks at perpetual motion like electric and hybrid buses, environmentally friendly technologies like 

regenerative braking systems, light-weight materials, and intelligent charging systems. Further, the use of renewable energy generation, 

such as solar and wind, and the use of energy management systems is also explained. This paper also assesses operational tactics, including 

AI-based path finding, monitoring, and environmentally conscious driving to minimize energy loss. Refers to policy guidelines and gov-

ernment support are emphasized, and examples of policy implementation include Shenzhen city in China and Freiburg city in Germany. 

Therefore, the study supports and stresses the fact that energy-efficient transit networks are pivotal for attaining sustainability in urban 

regions. The paper concludes with the practical steps various urban planners and policymakers can take to overcome such factors as high 

initial costs, infrastructure improvements, and acceptance by the public to enhance the use of energy-efficient measures. 
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1. Introduction 

1.1. Problem statement  

Millions of people use urban transit networks every day, making them essential to contemporary cities. But they also contribute significantly 

to energy consumption and greenhouse gas emissions, which exacerbate climate change and deplete limited energy supplies [1]. Traditional 

trams and buses frequently burn fossil fuels, which degrade the quality of the air in cities by releasing pollutants into the atmosphere [13]. 

Public transportation necessity increases while urban population growth results in worsened environmental troubles. Public transportation 

dependability and effectiveness need to remain intact because addressing these issues forms an essential basis for sustainable urban devel-

opment with reduced environmental impacts from urban mobility [3]. 

1.2. Significance 

The current emergency requires buses and trams to transition to energy-efficient versions to manage resource depletion and urban pollution 

[2]. Worldwide climate goals about emission reductions and renewable energy adoption support sustainable urban transport practices [14]. 

Traffic networks that are efficient with energy consumption help local governments save expenses and improve both public health standards 

and environmental quality across cities [6]. Through these transformations, urban cities successfully address growing transportation needs 

with sustainable solutions that lead towards a greener global development future [5]. The transportation evolution demonstrates its im-

portance by meeting multiple social targets, together with economic and environmental goals. The article investigates the necessary strat-

egies and technological developments required for establishing energy-efficient storefront railway and tram systems [4]. 

1.3. Objective 

The purpose of this article is to examine the strategic approaches and technological advancements required to create energy-efficient bus 

and tram networks [8]. The research investigates operational methods and developmental advances in electric and hybrid cars, together 

with renewable energy integration and policy programs that offer implementable solutions for sustainable transit. Furthermore, it analyzes 

case studies on established systems from international cities while offering practical guidelines for developing such systems [10]. A com-

prehensive framework exists to support governments and planners in building sustainable transportation networks that address public re-

sistance and economic challenges. 

http://creativecommons.org/licenses/by/3.0/
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2. Technological innovations in bus and tram networks 

 
Fig. 1: Flowchart. 

2.1. Electric and hybrid buses 

Electric and hybrid buses represent the advanced, sustainable options for urban transportation. Electric buses drive sustainable transporta-

tion by removing tailpipe emissions and delivering significant air quality improvements to cities [15] while hybrid buses use internal 

combustion engines together with electric motors to boost energy efficiency. Solid-state batteries represent modern battery technology that 

delivers safety upgrades with quicker charging processes alongside an expanded range compared to standard lithium-ion battery systems 

[7]. Today's technological advancements allow buses to operate at extended distances with a single battery charge, making them suitable 

for busy city corridors. Electric and hybrid buses are taking over public transportation because they decrease operating expenses and 

environmental effects. 

2.2. Energy regeneration in trams  

Today's trams incorporate regenerative braking systems, which extract kinetic braking energy to create electric power [16]. Electronic 

equipment onboard or external grid infrastructure may benefit from the recovered energy flow. Modern tram systems achieve efficient 

high-demand operational periods when supercapacitors store temporarily regenerated energy for future tram operations. The newly devel-

oped technology reduces power usage and makes tram energy systems more efficient [9]. Energy regeneration technologies serve as fun-

damental elements for enhancing tram sustainability by minimizing system energy waste while supporting sustainable power operations. 

2.3. Lightweight materials 

Advances in advanced composite and aluminum alloy technologies have transformed the production of buses and trams by reducing their 

weight. These materials achieve weight reduction without affecting structural performance, which leads to lower energy needs during 

operation. Light vehicles under similar conditions demand less power for braking and accelerating, thus they give better fuel mileage and 

longer electric system distances [17]. Lightweight materials lengthen the operational lifespan of vehicles while reducing maintenance costs 

and associated environmental harm from replacement activities. By implementing modern materials at their facilities, manufacturers can 

develop sustainable and affordable low-energy vehicles specifically designed for urban transportation systems. 

2.4. Smart charging infrastructure 

The effectiveness of electric buses and trams depends heavily on smart charging infrastructure deployment. The integration of inductive 

charging pads for wireless power allows devices to perform dynamic charging while eliminating the need for manual attachments between 

components and reducing component wear. Detailed operation of electric vehicles happens thanks to the implementation of opportunity 

charging, which provides high-power, brief charges at stops and terminals. Through the integration of advanced scheduling tools with 

sophisticated programs, operators can efficiently charge buses when system demand is low, thereby decreasing power prices as well as 

lowering strain on electrical grids [11]. By deploying real-time data analysis and predictive analytical models, smart charging systems 

optimize energy use to maintain long-term public transportation systems across cities. 

3. Integration of renewable energy sources  

Using renewable power sources as part of public transit infrastructure represents an essential method for building environmentally friendly 

systems. Public transit infrastructure can reduce its dependence on traditional networks through the addition of solar power installations at 

bus stations and tram stops, which both extract sunlight and generate sustainable energy. The introduction of wind power into regular wind 

pattern regions results in additional energy diversity and decreases environmental impacts for public transportation systems [12]. The 

implementation of renewable power management systems serves a critical function by maximizing renewable power use and giving priority 

access during fleets' operational periods while reducing non-renewable power usage during peak hours of demand.  

4. Operational strategies 

4.1. Route optimization 

Urban transportation networks benefit substantially from route optimization methods, which serve as important efficiency enhancers. AI-

powered analysis of big data helps transit agencies decide on the most efficient transportation routes by processing data about passenger 

needs and navigating both traffic activity and system operational limitations. Advanced systems eliminate route redundancy through route 
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usage analysis and cut down on scheduling pauses by fitting transport schedules to high-demand periods. The opportunity to make real-

time route changes through updated systems helps agencies minimize traffic delays when combined with fast service delivery. Established 

efficient transportation systems lead to lower energy requirements and improved passenger satisfaction because passengers benefit from 

fast, dependable service. 

4.2. Eco-driving practices  

The goal of Eco-driving techniques is to produce energy efficiency through the delivery of proper driving skills. Training protocols provide 

drivers with two fundamental techniques of smooth speed acceleration coupled with efficient braking procedures and continuous speed 

control. Vehicles that use these methods use less fuel and have better vehicle condition. The combination of speed management systems 

with automatic acceleration technology allows drivers to reduce energy consumption and get operational feedback, but without operator 

intervention. When engineers tie new tools to operator training programs, transit agencies can get standardized fleet performance. The Eco-

driving approach creates long-term sustainability in urban transport systems because it gives maximum vehicle efficiency and reduced 

greenhouse gas emissions. 

4.3. Real-time monitoring 

GPS sensors and network-connected devices provide real-time footprint data to see energy usage along with vehicle and system perfor-

mance. Static and heat map data from these devices show operators where they can optimize their energy performance. Advanced data 

analytics in predictive maintenance systems helps organizations find potential failures before they happen and reduce equipment downtime 

and energy waste. Through monitoring systems, fleet managers can see performance metrics, including energy usage by route, which means 

better resource allocation. Real-time monitoring systems allow transit agencies to achieve operational efficiency and cost reduction, and 

public transportation delivery through sustainable energy initiatives. 

5. Challenges and solutions 

5.1. Challenge: high upfront costs of energy-efficient technologies 

Energy-efficient public transport equipment faces a major hurdle due to the high upfront costs of electric buses and trams and infrastructure 

materials. Implementation costs of new vehicles and charging stations, and energy storage systems put a lot of pressure on governments. 

Solution: Public-Private Partnerships and Financial Models like Green Bonds 

The cost of implementing new infrastructure requires public-private partnerships that share costs and reduce risk. While involving the 

private sector through PPPs increases investment, the public retains control over system operations. The specialized bond type called green 

bonds reduces interest payments for municipalities and allows them to fund green projects at low cost. 

5.2. Challenge: Integrating renewable energy into existing grids 

Integrating renewable energy systems with wind and solar power into the main grid is complex and expensive. Electric buses and trams 

within public transport entities operate from renewable energy sources. The variability of renewable energy and electric vehicle network 

design faces challenges because most current grids lack fundamental adaptability features. 

Solution: To solve grid problems lies in smart grid and decentralized energy system deployment 

Through smart grid systems, operators have real-time control over electricity flow during management of matching power supply to sta-

tionary demand when integrating renewable energy generators. A decentralized energy technology with solar panels on buses and tram 

stations is effective in reducing dependence on central networks. The new technology has strengthened the grid and reduced operational 

costs, and allows for easy integration of renewable energy into transportation systems. 

6. Conclusion 

The future of sustainable transport relies heavily on energy-efficient bus and tram networks as a solution to the environmental impacts of 

urban transport systems. Urban solutions reduce pollution and increase fuel efficiency with new technologies like electric vehicles and 

hybrids and energy regeneration systems, and light materials. Sustainable public transport networks come from integrating renewable 

energy sources with optimized routing systems, eco-driving protocols, and real-time tracking and operational processes. Advanced tech-

nologies are dual solutions to achieve environmental targets and operational cost savings, and urban air pollution reduction. Future devel-

opment of energy-efficient transit systems depends on overcoming upfront costs and building strong relationships with grid systems and 

public acceptance. Future research on green public transport needs to create flexible solutions and global collaboration between organiza-

tions and standards for sustainable transport worldwide. Running efficient buses and trams is the foundation for sustainable urban devel-

opment, which delivers climate resilience through new system installations. 
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