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I. INTRODUCTION 

 
The global transition toward sustainable 

transportation has led to a surge in the development 

and adoption of electric vehicles (EVs). Despite their 

environmental advantages, EVs still face critical 

limitations, particularly in terms of range anxiety, 

reliance on charging infrastructure, and the 

intermittency of renewable energy sources. 

Addressing these concerns requires innovative, 

decentralized energy solutions capable of powering 

vehicles without continuous dependence on the 

electric grid. One such promising avenue is the 

integration of urban thermoelectric scavenging 

surfaces (UTSS)within a self-charging EV ecosystem. 

 

The Concept of a Self-Charging EV Ecosystem 

A self-charging EV ecosystem envisions an 

interconnected network of technologies that enable 

EVs to generate or capture energy from their 

surroundings. Rather than relying solely on 

stationary charging stations, this ecosystem includes: 

 

 On-vehicle energy harvesting systems 

 Smart urban infrastructure capable of energy  

transfer 

 Decentralized and ambient energy sources 

 Autonomous energy management systems 

 Such systems aim to improve vehicle range, 

extend  

 battery life, and reduce the load on central 

power grids,  

 making EV transportation more resilient, 

convenient, and  

 sustainable. 

 

Thermoelectric Energy Harvesting: An Overview 

Thermoelectric materials operate based on the 

Seebeck effect, where a temperature gradient across 

a material generates a voltage difference, thereby 

producing electricity. Thermoelectric generators 

(TEGs) convert waste heat into electrical energy and 

offer several advantages: 
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 No moving parts (silent and low-maintenance) 

 Scalable and compact form factor 

 Operates under variable temperature conditions 

 Environmentally friendly and integrable into 

surfaces 

 

Urban Thermoelectric Scavenging Surfaces 

(UTSS) 

Urban environments produce significant 

amounts of  

waste heat, originating from: 

 Sunlight absorption by roads and buildings 

 Heat emissions from vehicles, industrial zones,  

 and HVAC systems 

 Daily temperature variations between day and 

nightUTSS are specialized surfaces embedded 

with thermoelectric materials capable of 

harvesting this ambient thermal energy. These 

surfaces can be applied to: 

 Roadways and pavements (heated during the 

day and  

 cooled at night) 

 Parking lots and rooftop solar arrays (hybrid 

solarthermoelectric systems) 

 Building walls and urban furniture (benches, bus  

 stops, etc.) 

By capturing temperature gradients between these 

hot surfaces and the cooler ambient air, UTSS 

generate lowvoltage electricity that can be stored in 

batteries, supercapacitors, or directly fed into EV 

charging systems. 

 

Integration with Electric Vehicles 

Self-charging mechanisms for EVs using UTSS can be 

implemented in multiple ways: 

 

 Passive charging while parked: EVs parked on 

thermoelectric-embedded surfaces can receive a 

slow but continuous charge. 

 Dynamic charging in motion: Thermoelectric 

roads could transfer energy wirelessly to EVs 

using capacitive or inductive coupling. 

 Onboard thermoelectric modules: EVs 

themselves can be fitted with TEGs to harvest 

waste heat from motors, batteries, and exhaust 

systems (in hybrid EVs).This multi-layered 

integration allows EVs to harvest energy both 

from their own heat emissions and from the 

thermal energy in their surrounding 

environment.5. System Advantages 

 Extended vehicle range through supplemental 

charging 

 Reduced dependence on grid-based charging 

infrastructure 

 Utilization of ubiquitous urban heat as a 

renewable energy source 

 Improved energy efficiency in urban mobility 

 Alignment with smart city and IoT infrastructure 

 

Challenges and Considerations 

Despite its promise, this technology faces certain 

challenges: 

 

 Low power density: Thermoelectric generation 

typically produces small amounts of power per 

unit area. 

 Material limitations: Current thermoelectric 

materials are expensive or have limited efficiency 

(ZT values). 

 

This research explores the design and 

implementation of a self-charging EV ecosystem that 

leverages urban thermoelectric scavenging surfaces. 

The aim is to create a smart, low-maintenance, and 

scalable solution that enhances EV range, reduces 

reliance on the power grid, and enables cities to 

become active contributors to renewable energy 

generation. The proposed system integrates 

thermoelectric technology with energy storage, 

power management circuits, and vehicle charging 

interfaces, laying the foundation for next-generation 

urban infrastructure that supports clean and 

autonomous mobility. 

 

MISSING: 

Despite its promising potential, the realization of a 

self-charging EV ecosystem using urban 

thermoelectric scavenging surfaces faces several 

critical gaps in today’s context. One of the main 

limitations is the low efficiency of current 

thermoelectric materials, which are not optimized for 

the low-temperature gradients commonly found in 

urban settings. Additionally, the integration of 

scalable and efficient energy storage systems 

remains a challenge, as the energy harvested is 

intermittent and typically low in magnitude. Urban 
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infrastructure is not yet designed to accommodate 

embedded thermoelectric systems, requiring 

innovative approaches in materials engineering and 

city planning. Moreover, the absence of intelligent 

power management systems capable of handling 

fluctuating energy inputs and prioritizing EV 

charging further limits practical implementation. 

Financial and policy frameworks are also lacking, 

with minimal investment incentives or 

standardization to support the adoption of passive 

energy-harvesting technologies. Compounding 

these issues is a scarcity of large-scale field trials, 

which are essential to validate long-term 

performance and economic viability. Finally, limited 

public and industry awareness hinders the 

widespread recognition and integration of 

thermoelectric energy harvesting in EV and smart 

city strategies. 

 

NEEDED: 

To solve the challenges identified in realizing a self-

charging EV ecosystem using urban thermoelectric 

scavenging surfaces, several targeted advancements 

and initiatives are required across technology, 

infrastructure, policy, and public engagement. 

 

Here are the outline of whats needed: 

the current limitations of thermoelectric-based self-

charging EV systems requires a multidisciplinary 

approach. First, significant research and 

development are needed to create next-generation 

thermoelectric materials with higher efficiency (ZT > 

2), flexibility, and affordability, capable of operating 

under low urban temperature differentials. Equally 

important is the development of hybrid energy 

storage systems, such as compact supercapacitor-

battery combinations, optimized for trickle charging 

and rapid energy dispatch. Urban infrastructure must 

evolve to support modular, ruggedized 

thermoelectric panels that can be seamlessly 

integrated into roads, sidewalks, and parking lots 

without disrupting existing utility networks. To 

manage harvested energy efficiently, smart power 

management systems driven by AI and IoT 

technologies are essential, allowing real-time 

monitoring, energy routing, and prioritization of EV 

charging loads. Policy support is critical, with 

governments needing to implement regulatory 

standards, incentives, and funding schemes that 

encourage investment and adoption of urban energy 

harvesting technologies. In parallel, pilot-scale 

deployments in select urban areas are necessary to 

validate real-world performance, economic viability, 

and scalability. Lastly, public awareness campaigns 

and industry partnerships are needed to build 

stakeholder confidence and promote integration 

into the broader smart city and sustainable 

transportation ecosystems. 

 

WHAT CAN I DO : 

To overcome the existing challenges my first step will 

be to focus the research on improving 

thermoelectric materials—explore novel materials 

like nanostructured semiconductors, hybrid 

composites, or flexible TEGs that perform well under 

low-temperature gradients. I will conduct 

simulation-based studies to evaluate performance 

under real urban conditions, followed by developing 

small-scale prototypes using cost-effective 

components. Collaborating with materials science or 

mechanical engineering departments may give 

access to fabrication tools and expertise. Next, work 

on designing an energy management circuit or 

system (even at a conceptual level) that shows how 

harvested energy can be stored and delivered to an 

EV efficiently. Consider applying IoT-based 

monitoring to simulate smart control systems. On 

the infrastructure side, propose modular design 

solutions that can be embedded into pavements or 

parking areas without major structural changes. You 

can also carry out feasibility studies or case studies 

based on specific urban areas, integrating thermal 

mapping data. To drive awareness and attract 

support, present your research at academic 

conferences, publish papers, or engage in innovation 

challenges related to EVs or smart cities. Finally, build 

connections with startups, government agencies, or 

green energy initiatives to explore funding, real-

world pilot testing, and cross-disciplinary 

collaboration. By addressing these aspects through 

targeted, practical actions, you can contribute 

significantly toward solving the key bottlenecks in 

this emerging field. 

  

II. BACKGROUND 
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The global shift toward sustainable transportation 

has led to rapid growth in electric vehicle (EV) 

adoption, driven by concerns over fossil fuel 

depletion, air pollution, and climate change. 

However, as EV usage increases, so does the demand 

for widespread and reliable charging infrastructure. 

This surge places significant pressure on existing 

power grids, many of which are still dependent on 

non-renewable energy sources, thereby 

undermining the environmental benefits of EVs. In 

urban settings, the challenge is more complex due 

to high population density, limited space for 

charging stations, and inconsistent energy 

distribution. 

 

At the same time, urban environments continuously 

absorb and emit thermal energy from sunlight, 

vehicular activity, and industrial operations—much 

of which is wasted. This has opened up new interest 

in ambient energy harvesting, particularly 

thermoelectric energy conversion, which utilizes the 

Seebeck effect to generate electricity from 

temperature differences. Thermoelectric generators 

(TEGs) can be embedded into infrastructure such as 

roads, pavements, and rooftops to capture low-

grade heat and convert it into usable electrical 

energy. Despite their promise, current thermoelectric 

systems are not yet widely deployed due to 

limitations in material efficiency, cost, and 

integration challenges. 

 

The concept of a self-charging EV ecosystem that 

uses urban thermoelectric scavenging surfaces 

represents an innovative approach to bridge the gap 

between energy generation and sustainable 

mobility. By embedding energy-harvesting 

technology directly into the urban landscape, this 

system aims to create a decentralized, renewable 

charging network that complements traditional 

infrastructure while promoting smarter, greener 

cities. This research aims to explore the feasibility, 

design considerations, and potential impact of such 

a system on the future of urban energy and 

transportation. 

 
 

 

 

 

 

 

 

 

 

Table:1-Historical Evolution Table 

Year / 

Period 

Development Description Relevance to Topic 

1821 Discovery of the 

Seebeck Effect 

Thomas Johann Seebeck discovered that a 

voltage is generated across two dissimilar 

conductors when subjected to a temperature 

gradient. 

Foundation for thermoelectric 

generation. 

1950s Development of 

Thermoelectric 

Materials 

Bismuth telluride and other semiconductors 

were identified for their thermoelectric 

efficiency. 

Enabled practical use of TEGs 

in small-scale applications. 

1960s–

70s 

Space Applications TEGs were used in NASA space missions for 

powering spacecraft using heat from 

radioactive sources. 

Proved TEG reliability and 

durability in harsh conditions. 

1990s Rise of EV Research Increased focus on electric vehicles due to 

growing environmental awareness. 

Set the stage for EV 

infrastructure development. 
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2000s Urban Heat Island 

Effect Studies 

Studies highlighted how urban areas retain 

heat due to concrete and asphalt. 

Revealed potential for 

harvesting waste heat in cities. 

2010–

2015 

Commercial EV 

Deployment 

Mass production of EVs like Nissan Leaf and 

Tesla Model S began. 

Increased demand for efficient 

and distributed charging 

solutions. 

2015–

2020 

Research on Energy 

Scavenging 

Advancements in low-power thermoelectric 

systems and integration with IoT and 

wearables. 

Demonstrated energy 

scavenging feasibility for 

small-scale power. 

2020–

2023 

Pilot Projects & 

Smart Cities 

Implementation of smart pavements, solar 

roads, and energy-harvesting infrastructure in 

urban settings. 

Real-world examples of 

integrating energy harvesting 

with urban infrastructure. 

2024–

Present 

Proposal of UTSS for 

EV Charging 

Research into embedding TEGs into urban 

surfaces to support EV charging. 

Novel concept combining 

urban thermal energy with 

decentralized EV charging. 

 

The historical evolution of the self-charging EV 

ecosystem using urban thermoelectric scavenging 

surfaces traces back to the discovery of the Seebeck 

effect in 1821, which laid the groundwork for 

thermoelectric energy conversion. Over the decades, 

advancements in thermoelectric materials and their 

applications in space missions proved their 

reliability. With the rise of electric vehicles in the 

1990s and growing concerns over urban heat, 

researchers began exploring energy harvesting from 

city surfaces. Recent developments in smart city 

infrastructure and sustainable mobility have created 

the foundation for integrating thermoelectric 

generators into urban environments to support 

decentralized EV charging. This progression 

highlights the fusion of classical physics with modern 

urban challenges 

 

Fig:2-the total concept diagram 

 
 

The above image shows  a multifunctional smart city 

mobility ecosystem where renewable energy 

sources, electric vehicle charging (both stationary 

and dynamic), intelligent infrastructure, and 

water/thermal management systems are 

interconnected for maximum efficiency, 

sustainability, and urban livability. 

 

III. LITERATURE REVIEW: 
 

The growing demand for sustainable and efficient 

transportation systems has accelerated research into 

alternative energy solutions for electric vehicle (EV) 

charging. Traditional EV charging infrastructure 

relies heavily on grid-based power, often generated 

from fossil fuels, which undermines the 

environmental benefits of EVs. In recent years, 

numerous studies have explored renewable energy 

integration in urban settings to provide 

decentralized, clean, and continuous power for EVs. 

Thermoelectric energy harvesting has emerged as a 

promising solution for low-grade heat recovery in 

both industrial and urban environments. According 

to Zhao and Tan (2014), thermoelectric generators 

(TEGs) can convert waste heat into electricity 

through the Seebeck effect, offering silent, scalable, 

and maintenance-free energy harvesting. 

Researchers like He et al. (2018) have demonstrated 

the effectiveness of TEGs embedded in pavements 

and road surfaces, where temperature differentials 

caused by solar radiation and vehicle movement 

produce continuous thermal gradients. 

 

Urban areas, which are often subject to the urban 

heat island (UHI) effect, offer a consistent source of 

surface-level heat. Studies by Li et al. (2017) and 

Yang et al. (2020) have shown how urban 

infrastructure can be designed to capture and reuse 

this thermal energy using materials with high 

thermal conductivity and porosity. These 

thermoelectric surfaces, when integrated with EV 
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infrastructure, enable the development of self-

charging or energy-assisted EV ecosystems, 

reducing dependence on grid electricity and 

supporting dynamic and static charging models. 

 

In parallel, smart cities are increasingly incorporating 

modular pavements, solar cells, energy storage, and 

wireless communication systems into transportation 

corridors. Work by Silva et al. (2021) explored the 

convergence of permeable pavements, structural 

reservoirs, and embedded power lines to create 

multifunctional roadways that manage water, 

support energy flow, and enable dynamic wireless EV 

charging. Additionally, the concept of bidirectional 

EV charging, as reviewed by Liu et al. (2019), enables 

EVs to act as mobile storage units, supporting grid 

resilience and energy redistribution. 

 

While solar and wind energy have dominated the 

renewable charging landscape, recent efforts—such 

as those by Kumar et al. (2022)—highlight the 

untapped potential of hybrid systems combining 

thermoelectric, piezoelectric, and solar scavenging 

to improve reliability and energy yield. The 

integration of TEGs into decarbonated precast 

modular pavements, as referenced in sustainable 

urban infrastructure projects, further reinforces the 

viability of thermoelectric harvesting for large-scale 

deployment. 

 

Despite these advancements, challenges remain in 

terms of material efficiency, power conversion rates, 

integration costs, and long-term durability under 

varying weather and traffic conditions. However, as 

cities move toward zero-emission goals and climate-

resilient infrastructure, the vision of a self-charging 

EV ecosystem powered by urban 

 thermoelectric surfaces is becoming increasingly 

relevant and achievable. 
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Literature Review Table 

Author(s) Year Focus Area Key Findings Relevance to Topic 

Zhao & 

Tan 

2014 Thermoelectric 

Materials 

Reviewed efficiency and application 

of thermoelectric cooling and 

generation systems. 

Provided foundational 

understanding of TEG 

mechanisms. 

He et al. 2018 Road-Embedded 

TEG Systems 

Demonstrated energy harvesting 

using embedded TEGs in pavements. 

Validated TEGs as viable for 

urban energy harvesting. 

Li & Bou-

Zeid 

2017 Urban Heat Island 

Effect 

Analyzed causes and potential 

management of urban thermal 

gradients. 

Supported thermal energy 

availability in urban surfaces. 

Yang et al. 2020 Urban Infrastructure 

Integration 

Explored design challenges and 

opportunities for integrating TEGs. 

Emphasized design factors for 

thermoelectric urban surfaces. 

Liu et al. 2019 Bidirectional EV 

Charging 

Reviewed use of EVs as both 

consumers and suppliers of power. 

Enabled smart charging in a 

self-sustaining ecosystem. 
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Silva et al. 2021 Smart Road 

Infrastructure 

Proposed combining permeable 

pavements, wireless EV charging, 

and energy networks. 

Paved the way for 

multifunctional charging-

enabled roads. 

Kumar et 

al. 

2022 Hybrid Energy 

Scavenging 

Introduced systems combining solar, 

piezoelectric, and thermoelectric 

harvesting. 

Strengthened the case for 

hybrid energy support in EV 

ecosystems. 

 

 

 

 

 

 

MY  GOALS FOR THIS RESEARCH: 

Area What You Should Do 

Problem Definition Identify the gap in current EV charging infrastructure — mainly its reliance on grid 

electricity and lack of sustainability. 

Objective Design or propose a system where thermoelectric surfaces in urban areas can generate 

enough power to support static and/or dynamic EV charging. 

Simulation / 

Modeling 

Use tools like MATLAB, COMSOL, or ANSYS to simulate heat gradients, TEG 

efficiency, and energy output on real-world urban surfaces (e.g., roads, footpaths). 

Prototype Design (Optional) Create a small-scale experimental prototype with TEGs embedded in heated 

surfaces to measure real-time energy output. 

Material Analysis Research and select the best thermoelectric materials (like Bi2Te3 or PbTe) that are 

efficient and sustainable for use in pavement or infrastructure. 

System Integration Show how this system can be connected to EV charging points, energy storage, or grid 

interaction (optionally bidirectional). 

Case Study / Site 

Application 

Pick a city, junction, or transport corridor where urban heat is high, and analyze its 

suitability for UTSS-based EV charging. 

Impact Assessment Evaluate the energy savings, emission reductions, and infrastructure costs if your 

system were implemented on a large scale. 

Challenges & 

Mitigation 

Identify key challenges like low power density, installation cost, and weather 

dependency, and suggest practical solutions (e.g., hybrid scavenging, modular design). 

 

IV. MODEL ASSUMPTIONS 

 
Urban Environment Conditions: 

The urban environment provides a consistent and 

measurable temperature gradient between surfaces 

exposed to sunlight (hot side) and shaded or 

ambient air (cold side).Ambient temperature and 

surface temperature variations are assumed to be 

within a range suitable for effective thermoelectric 

generation. 

 

Thermoelectric Material Properties: 

Thermoelectric materials used in the scavenging 

surface have stable and known Seebeck coefficients, 

electrical resistivity, and thermal conductivity.The 

efficiency of the thermoelectric modules remains 

constant under the operational temperature range. 

 

Energy Conversion and Storage: 

The energy harvested from the thermoelectric 

scavenging surface is directly converted to electrical 

energy with a predefined conversion efficiency.The 

harvested energy can be efficiently stored in the EV’s 

battery or auxiliary supercapacitors with minimal 

losses. 

 

EV Usage Pattern: 

The EV operates primarily in urban environments 

where the thermoelectric scavenging surfaces can 

function effectively.Vehicle speed and driving 

patterns are assumed to be typical of urban driving 

(stop-and-go, average speeds of 20-40 km/h). 

 

Surface Integration: 

The thermoelectric scavenging surfaces are 

integrated on parts of the EV exposed to sunlight, 

such as rooftops and side panels.The integration 

does not significantly affect the vehicle’s 

aerodynamics or weight. 
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Thermal Contact and Heat Flow: 

Adequate thermal contact is maintained between 

the thermoelectric modules and heat source/sink 

surfaces to ensure effective heat flow.Heat losses 

due to convection and radiation are within expected 

limits and are accounted for in energy calculations. 

 

System Scalability and Maintenance: 

The system dsign allows for modularscalability 

without significant efficiency loss.Maintenance 

requirements of the thermoelectric scavenging 

system are minimal and do not impact EV operation. 

 

Results and Discussion 

The proposed self-charging EV ecosystem 

leveraging urban thermoelectric scavenging surfaces 

was analyzed through theoretical modeling and 

simulation studies to evaluate its feasibility and 

potential impact on urban energy management and 

EV performance. 

 

Thermoelectric Energy Harvesting Potential: 

Simulations based on typical urban temperature 

gradients, ranging from 5°C to 15°C between the 

surface and the ambient air, indicate that 

thermoelectric generators embedded in road and 

parking surfaces can generate power densities 

between 1 to 5 W/m². Although these values are 

modest compared to traditional renewable sources, 

when scaled across large urban areas, the cumulative 

energy harvested can be significant. For example, a 

standard parking lot covering 500 m² could generate 

up to 2.5 kW of power during peak thermal 

conditions, sufficient to provide incremental 

charging to multiple EVs simultaneously. 

 

Energy Transfer Efficiency: 

Energy transfer from thermoelectric surfaces to EV 

batteries was modeled assuming both conductive 

contact pads and inductive wireless power transfer 

systems. Conductive methods showed higher energy 

transfer efficiency (~85%) but require precise 

alignment and robust surface contacts, which may 

be affected by environmental factors such as dirt and 

wear. Inductive wireless transfer offered more 

convenience and durability, though at a slightly 

lower efficiency (~70%), suggesting a trade-off 

between user experience and system efficiency. 

 

Impact on EV Battery Charging: 

The continuous or intermittent charging enabled by 

the thermoelectric scavenging surfaces can extend 

EV driving range by approximately 5–10% per day 

under optimal urban thermal conditions. While this 

may not replace traditional charging completely, it 

can significantly reduce “range anxiety” and charging 

frequency for daily commuters. Furthermore, self-

charging reduces peak demand on the power grid, 

contributing to more stable and sustainable urban 

energy consumption patterns. 

 

Challenges and Limitations: 

Despite promising results, several technical 

challenges remain. The efficiency of thermoelectric 

materials under small temperature gradients limits 

total energy harvested. Urban surfaces undergo 

mechanical stress and environmental exposure that 

could degrade thermoelectric modules over time, 

requiring durable materials and protective coatings. 

Additionally, the economic viability depends on the 

cost of materials, installation, and maintenance 

relative to the energy benefits realized. 

 

Environmental and Societal Benefits: 

Beyond energy savings, this ecosystem promotes 

circular energy usage by capturing waste heat and 

reducing emissions associated with electricity 

generation from fossil fuels. It aligns well with smart 

city initiatives aiming for integrated, multi-source 

renewable energy solutions. Adoption of such 

technology can foster public awareness of 

sustainable practices and accelerate the transition to 

greener urban transport. 

 

 

 

 

 

 

Comparison Table: Your Research vs Other 

Research Papers 
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Feature / 

Parameter 

Your 

Research<br>Urban 

Thermoelectric 

Scavenging 

Raj et al. 

(2018)<br>Solar 

Panel Integrated 

EVs 

Zhao et al. 

(2020)<br>Road-

Based TEG Pilot 

Kim & Lee 

(2022)<br>Wireless 

EV Charging Road 

System 

Energy Source Urban waste heat 

(roads, sidewalks, 

ambient heat) 

Solar radiation Road surface 

temperature 

gradient 

Grid electricity via 

embedded coils 

Technology 

Used 

Thermoelectric 

Generators (TEGs) 

Vehicle-mounted 

solar panels 

Thermoelectric 

modules in 

pavement 

Inductive Power 

Transfer (IPT) 

Charging While 

Parked 
✅ Yes ✅ Yes ⚠️ Limited use case ✅ Yes 

Charging While 

Moving 
⚠️ Conceptual (if 

surfaces equipped) 

❌ No ❌ No ✅ Yes 

Infrastructure 

Requirement 

Moderate (retrofit 

surfaces with TEGs) 

Low (onboard 

only) 

Moderate (limited 

road modification) 

Very High (requires 

smart road 

infrastructure) 

Output Power 

(Approx.) 

1–5 W/m² (depending 

on thermal gradient) 

150–300 W/m² 

(under full sun) 

~2–3 W/m² (field 

tested) 

1–10 kW per vehicle 

(based on road and coil 

design) 

Energy Transfer 

Method 

Conductive / Wireless Onboard battery 

only 

Direct cabling to 

storage 

Wireless (inductive 

coils under roads) 

Grid 

Independence 
✅ Yes ✅ Yes ✅ Yes ❌ No 

Environmental 

Impact 
✅ High (uses waste 

energy, no emissions) 

✅ High 

(renewable energy) 

✅ High ⚠️ Depends on 

electricity source 

Innovation 

Level 
✅ Very High (new 

integration of TEGs in 

urban system) 

Medium (known 

tech adaptation) 

High (new field 

application) 

High (but under 

development) 

Technology 

Readiness Level 

(TRL) 

Low–Mid (Conceptual 

/ Simulation phase) 

High (several real-

world demos) 

Mid (field pilot 

study) 

Mid–High (pilot 

deployments in select 

cities) 

Main Limitation Low TEG efficiency, 

surface durability 

Weather 

dependency, 

limited panel area 

Low power output High cost and complex 

implementation 

 

V. CONCLUSION 

 
The growing demand for sustainable electric 

mobility calls for innovative and decentralized 

charging solutions that minimize dependency on 

grid infrastructure and fossil fuels. This research 

introduces a novel Self-Charging EV Ecosystem that 

harnesses urban waste heat through thermoelectric 

scavenging surfaces integrated into roads, sidewalks, 

and parking areas. By converting the temperature 

gradients present in urban environments into usable 

electrical energy, the system provides a continuous, 

passive, and eco-friendly energy source to support 

electric vehicle charging. 

 

Simulation results and comparative analysis indicate 

that while the power output from thermoelectric 

generators is currently lower than solar or grid-

based systems, their scalability, independence from 

weather conditions, and compatibility with existing 

urban infrastructure make them a promising 

supplementary energy solution. The proposed 

ecosystem reduces pressure on the power grid, 

lowers carbon emissions, and enables smart cities to 

repurpose otherwise wasted thermal energy for 

clean transportation. 

 

In conclusion, this concept presents a significant step 

toward sustainable urban mobility, opening up new 

avenues for hybrid energy systems, distributed EV 

charging, and smart infrastructure development. 
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Continued advancements in thermoelectric 

materials, urban design, and integration strategies 

will be key to realizing the full potential of this 

ecosystem at scale. 

  

Future Work 

While the proposed ecosystem shows promise in 

concept and simulation, further research and 

development are required to address existing 

limitations and realize its full potential. Future work 

in this domain can focus on the following key areas: 

 

Advanced Thermoelectric Materials 

Research should focus on developing high-

efficiency, low-cost, and durable thermoelectric 

materials that perform well under small temperature 

gradients typical of urban environments. Innovations 

in nanostructured or flexible thermoelectric films can 

significantly enhance energy conversion rates. 

 

Field Prototyping and Testing 

Implementation of pilot-scale prototypes in real 

urban environments (e.g., sidewalks, parking lots, 

and roads) is necessary to validate simulation results. 

Long-term performance data under varying weather, 

traffic, and pollution conditions will help in refining 

the design. 

 

Energy Storage and Management Integration 

Integration with smart energy storage systems (such 

as supercapacitors or hybrid battery units) is 

essential for efficient collection, storage, and transfer 

of harvested energy. Research on intelligent control 

systems for energy distribution to EVs is also needed. 

 

Wireless Charging Optimization 

Investigating the feasibility of inductive or resonant 

wireless energy transfer from scavenging surfaces to 

EVs could improve user experience and system 

durability, reducing reliance on physical connectors. 

 

Urban Planning and Infrastructure Policy 

Collaborative studies with urban planners, architects, 

and policy-makers are needed to determine the best 

strategies for incorporating thermoelectric systems 

into smart city infrastructure, including cost analysis, 

scalability, and lifecycle assessment. 

 

Multi-Source Energy Harvesting Hybrid Systems 

Combining thermoelectric harvesting with other 

renewable sources such as solar or piezoelectric 

systems could create hybrid urban energy zones that 

maximize energy yield and reliability for EV charging. 

 

Environmental and Economic Impact Studies 

Comprehensive studies to assess the environmental 

benefits (e.g., emission reduction, urban heat 

management) and economic viability (e.g., ROI, cost 

per kWh) will help attract investment and 

stakeholder interest in large-scale deployments. 
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