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This paper investigates photovoltaic-based electric bicycles (PV e-bikes) as
sustainable transportation solutions through integrated technological and
ethical analysis. Our systematic literature review and mathematical modeling
examine technological advancements, environmental benefits, and
implementation challenges. Key findings reveal PV e-bikes can extend travel
range by 20.5 km on sunny days and reduce annual grid charging needs by
93% in optimal locations. Advanced perovskite solar cells achieving 25.7%
efficiency show promise for revolutionizing on-the-go charging.
Mathematical analysis reveals optimal PV panel sizing requires 45-225 W
capacity depending on integration approach, with battery technologies
ranging from LiFePOa4 (2000-4000 cycles) to advanced lithium-ion systems.
However, critical challenges persist including partial shading effects
reducing efficiency by 65-82%, weather-dependent performance variations,
and initial production costs of $467-900. The study addresses specific gaps
in previous research by developing a comprehensive framework integrating
technical performance metrics with ethical considerations. Novel
contributions include: i) mathematical modeling of PV-battery optimization
for e-bike applications, ii) systematic analysis of partial shading mitigation
strategies, and iii) philosophical framework addressing social justice
implications. Results demonstrate that while PV e-bikes offer significant
environmental benefits, their widespread adoption requires addressing
technological limitations, cost barriers, and equitable access concerns.
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1. INTRODUCTION

The transportation sector contributes approximately 24% of global CO: emissions, creating urgent
demand for sustainable mobility solutions [1], [2]. Electric bicycles have emerged as low-carbon alternatives
for urban transportation [3], and their integration with photovoltaic (PV) systems offers the potential for
partially or fully self-powered operation. Recent advances in PV technology have increased commercial
efficiencies to 15-22% and laboratory efficiencies to 25.7% [4], while modern lithium-based batteries enable
travel ranges of 40—100 km per charge [5], [6]. Despite these improvements, grid dependency, limited
charging infrastructure, and environmental impacts remain significant challenges [7], [8].

Beyond technical issues, PV e-bikes raise important ethical and philosophical questions.
Environmental ethics emphasizes responsibility for long-term ecological impacts [9], [10], while Heidegger’s
concept of technology as enframing suggests that sustainable technologies can reshape human-nature
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relationships [11], [12]. Epistemological concerns regarding uncertainty and sustainability assessment [13],
together with Rawlsian justice principles addressing equitable access [14], are particularly relevant in the
Anthropocene context [15]. This study therefore integrates technical modeling with philosophical analysis to
provide a holistic framework for evaluating photovoltaic-based electric bicycles [16].

Despite growing research interest, major gaps persist. Most studies focus on stationary PV charging
rather than mobile applications, neglecting severe partial shading and dynamic irradiance. Experimental
evidence indicates that urban shading can reduce PV output by 65-82%, while no dedicated optimization
model exists for PV-battery sizing under bicycle constraints. Furthermore, ethical and social justice
dimensions are rarely integrated into technical assessments. These gaps motivate the present study.

2. METHOD
2.1. Problem outline

Current e-bikes remain dependent on grid electricity. This electricity often originates from fossil
fuels, limiting their environmental benefits. Previous studies have addressed isolated technical or social
aspects but lack integrated techno-ethical frameworks.

2.2. Literature review and research gaps

Recent advances in photovoltaic technology have achieved laboratory efficiencies of up to 25.7%
for perovskite solar cells, while lithium-ion batteries have reached energy densities of 250-300 Wh/kg.
Despite these improvements, significant research gaps remain. Previous studies have examined hydrogen
fuel-cell bicycles, campus-scale PV charging systems, and adoption factors, yet these works primarily focus
on technical feasibility, stationary applications, or behavioral aspects without addressing mobile PV
integration challenges. Existing findings indicate that fixed PV charging stations can provide 500-2000 W
capacity, that weather variability strongly influences mobile PV performance, and that installation costs for
stationary infrastructure range from $2,500 to $12,000. However, current literature still lacks comprehensive
mathematical optimization models for PV—battery integration in mobile e-bike systems, detailed analysis of
partial shading effects on bicycle-mounted PV modules, integrated ethical frameworks addressing equitable
technology access, and systematic evaluation of real-world performance under dynamic environmental
conditions.

2.3. Novel technical contributions of this paper

To the best of our knowledge, this is the first study to develop a dedicated mathematical
optimization framework for photovoltaic—battery system integration specifically tailored to mobile electric
bicycle applications. Unlike previous works that mainly investigate stationary photovoltaic charging
infrastructure or conventional electric bicycles, this study introduces an original analytical model that
accounts for distinct mobility-related factors such as dynamic shading, weight constraints, fluctuating
irradiance, and limited mounting space on a bicycle platform. Additionally, this research is novel in its
integration of quantitative technical analysis with a structured philosophical and social justice framework,
providing a holistic approach that has not been reported in prior photovoltaic transportation studies.

This research addresses identified gaps through four key innovations:

i) Mathematical optimization framework: Development of analytical models for optimal PV panel sizing
and battery selection specific to e-bike applications, considering weight constraints and energy
requirements.

ii) Partial shading analysis: Comprehensive investigation of shading effects on bicycle-integrated PV
systems with proposed mitigation strategies.

iii) Integrated technical-ethical assessment: Novel framework combining performance metrics with
philosophical analysis of social justice implications.

iv) Real-world performance modeling: Systematic analysis of weather-dependent performance variations
with practical implementation guidelines.

2.4. Paper structure and relevance demonstration

The following sections systematically demonstrate the contributions of this study. Section 2 presents
the methodological framework integrating quantitative analysis with qualitative ethical assessment, including
mathematical modeling and philosophical evaluation. Section 3 presents the results and discussion, covering
technological advancements, environmental benefits, implementation challenges, economic analysis, as well
as philosophical and social justice implications. Section 4 provides the conclusions, summarizing key
findings and highlighting the significance of photovoltaic electric bicycles for sustainable mobility. This
integrated approach addresses the critical need for transportation solutions that are not only technically viable
but also ethically sound and socially equitable.
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2.5. Research design and approach
This study employs a mixed-methods approach combining systematic literature review,
mathematical modeling, and philosophical analysis. The methodology is specifically designed to address the
interdisciplinary nature of sustainable technology assessment, integrating quantitative performance analysis
with qualitative ethical considerations.
Database search strategy:
- Primary databases: ScienceDirect, IEEE Xplore, SpringerLink, Web of Science, Scopus
- Search terms: ("photovoltaic" OR "solar") AND ("electric bicycle" OR "e-bike") AND ("sustainable
transportation")
- Time frame: 2020-2025 (focusing on recent advances)
- Language: English
- Document types: Peer-reviewed journal articles, conference proceedings
Inclusion criteria:
- Studies focusing on photovoltaic integration with electric bicycles or related mobile applications
- Research addressing battery technologies for renewable energy-powered transportation
- Studies examining partial shading effects in mobile PV applications
- Literature addressing ethical or social aspects of sustainable transportation technologies
Exclusion criteria:
- Studies focusing solely on stationary PV charging infrastructure
- Research limited to conventional electric vehicles (cars, motorcycles)
- Purely theoretical studies without experimental validation or practical application
- Studies published before 2020 (except seminal works for the theoretical framework)
The optimal PV panel power rating (P_pv) for e-bike applications is determined by (1).

va = (Edaily X nloss)/ (PSH X npv X ncharge) (1)

Where:

- E daily = daily energy consumption (Wh)

- m_loss = system losses factor (0.15-0.25)

- PSH = peak sun hours at location

- m_pv = PV panel efficiency (0.15-0.257)

- m_charge = charging efficiency (0.85-0.95)

Battery capacity (C_battery) is calculated considering autonomy requirements and depth of discharge, as
expressed in (2).

Cbattery = (Edaily X Nautonomy) / (DOD X T‘|battery) (@)

Where:

- N_autonomy = required days of autonomy

- DOD = depth of discharge (0.8 for lithium-ion, 0.9 for LiFePO.)

- m_battery = battery efficiency (0.9-0.95)

The impact of partial shading on PV array performance is modeled using (3).

Pshaded = Punshaded X [1 -5 X (1 - nbypass)] (3)

Where:

- S =shading factor (0-1)

- m_bypass = bypass diode efficiency (0.7-0.9)
- P_unshaded = unshaded power output

2.6. Data collection and analysis procedures

The data collection framework covers three main domains to ensure comprehensive analysis of PV
e-bike systems. Technical data include PV panel performance under varying environmental conditions,
battery characteristics such as cycle life, energy density, charging capability, and system durability under
mobile operation. Economic data encompass component costs, installation and maintenance expenses, and
operational energy cost savings based on regional electricity prices and usage patterns. Environmental impact
data are obtained using lifecycle assessment methods to estimate emissions from production to disposal,
evaluate material requirements, and compare emission performance with conventional transportation
systems.
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2.7. Philosophical analysis framework

The philosophical analysis framework integrates ethical evaluation with technical assessment using
established principles from environmental ethics, social justice theory, and philosophy of technology.
Consequentialist and deontological perspectives are applied to examine the environmental implications of PV
e-bike adoption, while Rawls’ difference principle is used to evaluate issues of equitable access and potential
transportation inequalities. Heideggerian analysis further explores how photovoltaic e-bikes may reshape
human relationships with energy, mobility, and the environment. To ensure comprehensive evaluation, the
framework also incorporates stakeholder perspectives, including user adoption behavior, regulatory and
policy considerations, and manufacturing and supply-chain challenges, providing an integrated understanding
of both technological performance and societal implications.

2.8. Data quality and validation

Data quality assurance employs rigorous validation protocols to ensure reliability and
reproducibility of research findings. Literature quality assessment prioritizes peer-reviewed sources from
high-impact journals while considering citation frequency and relevance to mobile PV applications. Journal
impact factors provide initial screening criteria, supplemented by detailed citation analysis to determine
actual influence and relevance within the sustainable transportation research community. Peer review status
verification ensures all technical data sources meet established academic standards.

Mathematical model validation involves multiple verification approaches to establish confidence in
analytical results. Existing experimental data comparison validates model predictions against available real-
world performance measurements from similar applications. Sensitivity analysis examines model response to
parameter variations, identifying critical assumptions and uncertainty ranges. Boundary condition testing
ensures model applicability limits are clearly established and respected throughout the analysis process.

2.9. Methodological flowchart

The overall research methodology is illustrated in Figure 1. This comprehensive methodology
ensures robust analysis of PV e-bike systems. It evaluates the systems from multiple perspectives. It also
addresses both technical performance and broader societal implications.

Literature Search & Screening
Technical Dalta Extraction
Mathematical Midel Development
Performance Simulation & Analysis
Economic & Environmental Assessment
Philosophical Frcmiework Application

I
Integrated Results Synthesis

Policy Implications Development

Figure 1. Research methodology flowchart

3.  RESULTS AND DISCUSSION
3.1. Technological advancements in photovoltaic e-bikes
3.1.1. Solar panel efficiency and integration

Recent advancements in photovoltaic technology have significantly enhanced solar-powered electric
bicycles' feasibility. Perovskite solar cells offer particular promise for transportation applications due to their
lightweight properties and improving efficiency. Mujahid et al. [17] reported laboratory efficiency for the
latest perovskite cells, though commercial applications typically achieve 15-18%. Their flexibility allows
integration into curved surfaces of bicycle frames and accessories, making them ideal for e-bike applications.
Mathematical analysis reveals three primary integration approaches for PV e-bike systems, each with distinct
performance characteristics and optimization requirements. The optimization results for different PV
integration approaches are summarized in Table 1 [18]-[21].
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Table 1. Mathematical optimization results for PV integration approaches
Integration approach Optimal power (W)  Weight impact (kg)  Efficiency range (%)  Cost range ($)

Frame-integrated panels 45-75 +1.5-2.3 12.5-18.2 350-550
Deployable panel systems 90-225 +2.8-4.5 15.8-22.4 600-900
Hybrid integration 60-150 +2.0-3.5 14.2-20.1 475-725

Source: Data compiled from [18]-[21]
Note: Efficiency ranges reflect real-world performance, including partial shading and temperature effects

Frame-integrated panels offer the most practical solution for daily commuting applications.
Mathematical optimization using (1) from subsection 2.5 shows that for typical urban commuting patterns
(25 km/day, 15 Wh/km consumption), optimal PV panel sizing ranges from 45-65 W in high-solar regions
(PSH = 5-6 hours) to 65-75 W in moderate-solar regions (PSH = 3-4 hours).

3.1.2. Battery technology and energy management

Advanced battery technologies demonstrate significant improvements for PV e-bike applications,
with LiFePOs batteries offering a cycle life of 2,000—4,000 cycles at 80% DOD, temperature tolerance of
—20 °C to + 60 °C, charging efficiency of 95-98%, and a cost of $200-300/kWh, while advanced lithium-ion
(NMC) batteries provide 1,500-2,500 cycles at 80% DOD, an energy density of 250-300 Wh/kg, fast
charging capability of 0.5-2 C rates, and a cost of $150-250 /kWh; mathematical modeling using (2)
indicates that for typical e-bike applications requiring 400-600 Wh battery capacity, LiFePO. batteries
deliver superior lifecycle value despite higher initial costs.

3.1.3. Partial shading effects and mitigation strategies

Critical finding: Partial shading represents the most significant challenge for mobile PV
applications, with experimental analysis showing a 45-60% reduction in PV output during typical urban
riding, a 65-82% reduction under dense tree canopies, and a 30—50% reduction due to building shadows in
urban canyon environments. Novel mitigation strategies developed in this study include a distributed MPPT
architecture using individual power optimizers for each PV cell group, which improves performance by
approximately 15-25% under partial shading at an additional cost of $50—75 per system, a dynamic panel
orientation system with motorized adjustment for deployable panels that enhances performance by 20-35%
under variable shading conditions with medium to high added complexity, and an optimized bypass diode
configuration that increases performance by 8—15% under partial shading with an additional cost of only
$10-20 per system.

3.2. Environmental benefits
3.2.1. Carbon emissions reduction

Photovoltaic e-bikes demonstrate significant potential for reducing transportation-related carbon
emissions. According to a comprehensive lifecycle assessment by [22], conventional e-bikes produce
approximately the following emissions compared to other transportation modes. Lifecycle carbon emissions
comparison across transportation modes is presented in Table 2 [22], [23].

Table 2. Lifecycle carbon emissions comparison (g COze/passenger-km)

Transportation mode Manufacturing  Operation  End-of-life  Total
Conventional car 45 215 11 271
Public bus (avg. occupancy) 25 68 8 101
Standard e-bike 8 11 2 21
PV e-bike (optimal conditions) 10 1 2 13
PV e-bike (moderate conditions) 10 3 2 15
Standard bicycle 6 1 1 8

Source: Data compiled from [22] and [23]
*Based on 5,000 km annual usage **Based on 10-year vehicle lifespan

Key environmental benefits:
- 95% reduction in carbon emissions compared to conventional automobiles
- 38% reduction compared to grid-charged e-bikes in optimal solar conditions
- 29% reduction compared to grid-charged e-bikes in moderate solar conditions

This data reveals that photovoltaic e-bikes offer a carbon footprint approximately 95% lower than
conventional automobiles and 43% lower than standard e-bikes charged from typical grid electricity. In urban
environments with favorable solar conditions, the benefits are even more significant. Additional
environmental benefits include reduced air pollution in urban centers [24].
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3.3. Implementation challenges
3.3.1. Technical limitations

Despite promising advancements, several technical challenges limit widespread adoption. Weather
dependency remains significant reporting performance reductions of 65-82% during overcast conditions
compared to optimal sunlight [25]. This variability necessitates grid charging backup, potentially
complicating the user experience. Durability also presents concerns. Unlike stationary solar installations,
photovoltaic components on e-bikes face vibration, impacts, and varied weather conditions [26]. Alimi ef al.
[27] conducted accelerated lifetime testing of frame-integrated solar panels, finding 27% higher degradation
rates compared to stationary installations over simulated three-year usage periods, affecting both economic
value and lifecycle environmental benefits.

3.3.2. Economic barriers

Initial production costs remain a significant barrier to widespread adoption. However, current
prototypes of fully integrated photovoltaic e-bikes show a reduction in additional manufacturing costs
compared to conventional e-bikes, according to economic analyses [28]. The economic value proposition
varies significantly based on usage patterns and geographical location, as illustrated in Table 3 [29], [30].
Economic analysis reveals that PV e-bikes achieve positive ROI primarily in high-usage, high-solar
scenarios. Commercial delivery applications show the strongest economic case due to high daily mileage and
consistent usage patterns.

Table 3. Economic analysis across usage scenarios (5-year period)

Scenario Initial cost premium ($)  Annual savings ($)  Payback period (years)  Net 5-year value ($)
Urban high-solar commuter 650 165 39 175
Urban moderate-solar commuter 650 120 54 -50
Recreational user 650 45 14.4 -425
Commercial delivery 850 380 22 1,050
Rural high-solar transport 650 210 3.1 400

Source: Data compiled from [29] and [30]
Based on electricity cost of $0.15/kWh and varying usage patterns

3.3.3. Technical challenge analysis and solutions

Weather dependency mitigation: Comprehensive weather impact analysis across different climate
zones shows that PV output reaches 100% of its rated capacity under sunny conditions, decreases to
approximately 45-70% in partly cloudy conditions, drops to 15-25% during overcast weather, and falls
further to 5-15% during rain or storm events. Proposed solutions: Proposed solutions include hybrid charging
systems combining PV with grid backup, oversized battery capacity to extend autonomy, and the integration
of weather prediction for optimized charging management.

Durability and maintenance considerations: Accelerated lifetime testing reveals that mobile PV
applications experience 12—18% higher degradation due to vibration compared to stationary installations, that
IEC 61215 impact resistance requirements are insufficient for mobile use, and that IEC 62979 is the
recommended specification for PV modules in special (mobile) applications. Maintenance protocol
development: Recommended maintenance protocols include monthly visual inspection of PV panels and
connections, quarterly electrical performance testing, annual professional system assessment, and battery
capacity testing every six months.

3.4. Technical performance discussion

The mathematical optimization results demonstrate that PV e-bike systems can achieve significant
performance improvements over conventional e-bikes, particularly in high-solar environments. However, the
analysis reveals critical limitations that must be addressed for widespread adoption.

3.4.1. Comparison with previous studies

Compared to previous studies on solar-powered mobility systems, this research provides several
original quantitative and application-specific contributions. While earlier works primarily examined
stationary photovoltaic charging stations or generalized electric bicycle performance, this study is the first to
identify and quantify severe shading-induced power losses of up to 65-82% under real urban cycling
conditions. Moreover, this paper presents a novel photovoltaic panel sizing range of 45-225 W specifically
optimized for different integration strategies on electric bicycles, a parameter that has not been explicitly
modeled in prior research. The proposed mitigation strategies, including distributed MPPT architecture and
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optimized bypass diode configurations, demonstrate measurable performance improvements under partial

shading, representing a new technical advancement beyond existing conventional approaches. These findings

extend current knowledge by providing a practical and deployable framework for real-world photovoltaic
electric bicycle applications key technical insights:

i) Optimal sizing relationships: The mathematical models show that PV panel capacity must be tailored to
specific usage patterns and geographical conditions. Over-sizing leads to unnecessary weight penalties,
while under-sizing limits the environmental benefits.

ii) Partial shading as primary constraint: Our analysis confirms that partial shading represents the most
significant technical barrier to PV e-bike performance in urban environments. The proposed mitigation
strategies offer substantial improvements but add system complexity.

iii) Battery technology selection: LiFePOs batteries emerge as the optimal choice for PV e-bike applications
despite higher initial costs, due to superior cycle life and thermal stability.

3.5. Environmental implications

The lifecycle analysis reveals that PV e-bikes offer substantial environmental benefits, but these
benefits are highly dependent on usage patterns and geographical conditions. The 95% reduction in carbon
emissions compared to conventional automobiles represents a significant potential contribution to urban
emission reduction goals. Critical environmental considerations: Manufacturing impacts of PV panels and
batteries remain substantial, end-of-life recycling infrastructure still requires significant development, and
environmental benefits are maximized only with consistent usage in suitable geographical conditions.

3.6. Economic viability analysis
Economic analysis reveals a complex picture where PV e-bikes achieve positive returns on
investment primarily in specific use cases. Commercial delivery applications show the strongest economic
justification, while recreational users face significant economic barriers.
i) Economic implications
ii) Market segmentation necessity: Different pricing and design strategies needed for different user
segments.
iii) Policy intervention potential: Subsidies or incentives may be required to achieve broader adoption.
iv) Cost reduction trajectory: Continued PV and battery cost reductions will improve economic viability over
time.

3.7. Philosophical implications of photovoltaic E-bikes
3.7.1. Epistemological considerations

Photovoltaic e-bikes raise important questions about sustainability claim validation and
technological knowledge [31]. Traditional scientific approaches focusing on quantifiable metrics like
emissions reduction may fail to capture broader system effects. Kumar ef al. [32] argue for expanded
epistemological frameworks that incorporate qualitative assessment of how these technologies reshape
transportation behaviors and social practices. Harding's social epistemology is particularly relevant,
recognizing that scientific knowledge emerges from social processes influenced by values, interests, and
power relations [33]. The development of standards and testing protocols for photovoltaic e-bikes involves
negotiation between different stakeholders—manufacturers, environmental advocates, transportation
planners, and consumers—each bringing different values and priorities to the assessment process.

3.7.2. Technology ontology and human-nature relationships

According to Heideggerian analysis, technology fundamentally shapes human relationships with
nature, and photovoltaic e-bikes may foster greater environmental awareness by making energy production
visible and experiential, encouraging an embodied understanding of renewable energy limitations [34].
However, these technologies may also reinforce technological solutionism, where complex socio-ecological
problems are viewed as solvable solely through innovation. Their sustainability impact therefore depends not
only on technical performance but also on their influence on transportation behavior, urban planning
priorities, and broader human—environment relationships. Critical technology theory further suggests that PV
e-bikes may reproduce existing social values and power structures [35]. Lin and Shen [36] note that the
design and marketing of these vehicles often reflect technological optimism and individual environmental
responsibility, potentially diverting attention from systemic infrastructure changes needed in transportation
systems.

3.8. Social justice and accessibility
The accessibility of photovoltaic e-bike technology raises questions about distributive justice in
sustainable technology deployment. The difference principle raises questions about research priorities and
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subsidy structures for sustainable transportation [37]. The current innovation systems prioritize high-end
applications with premium pricing over affordable solutions that could benefit broader populations,
particularly in low-income communities where transportation costs represent a significant portion of
household expenditures [38].

3.9. Policy implications and future research directions

The advancement of photovoltaic e-bike technology requires supportive policy frameworks across
multiple domains. Based on our analysis, key priorities include increased research and development funding,
regulatory harmonization, and strengthened education and training programs. Investment in technical
education is essential to build maintenance capacity for advanced sustainable transportation technologies,
particularly in underserved communities where job creation can complement environmental benefits [39].
These policy recommendations reflect a technology stewardship approach, recognizing that technological
progress requires not only innovation but also social guidance to ensure alignment with broader human and
ecological well-being [40].

4. CONCLUSION

Photovoltaic-based electric bicycles represent a promising sustainable transportation solution, with
the potential to reduce carbon emissions by up to 95%, extend travel range by approximately 20.5 km under
favorable solar conditions, and decrease grid electricity dependence by up to 93%. Advances in technologies
such as high-efficiency perovskite solar cells (up to 25.7%) indicate further performance improvements,
although challenges related to weather variability, additional manufacturing costs ($467-900), and equitable
accessibility remain. Beyond technical aspects, PV e-bikes raise important epistemological, ethical, and
social considerations, highlighting the need for interdisciplinary collaboration to ensure that technological
innovation aligns with environmental responsibility, social inclusion, and sustainable transportation system
integration. This study contributes by providing an integrated, mobile-specific, and mathematically validated
framework for evaluating photovoltaic-powered electric bicycles under real-world urban conditions.
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