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Abstract 

Nigeria continues to face persistent electricity supply challenges despite abundant renewable energy resources. 
While research and policy efforts have largely focused on macro-scale solutions such as solar and hydropower, 
decentralized micro-energy technologies remain underexplored. This study investigates the vibrational energy 
potential in Nigeria through the harvesting of ambient mechanical excitation arising from pedestrian footfall, 
vehicular traffic, and industrial machinery operations. Using a mass-spring-damper modelling framework coupled 
with piezoelectric conversion principles, realistic Nigerian activity profiles were analyzed to estimate achievable 
electrical outputs under typical environmental conditions. Results indicate that high-density pedestrian 
environments can generate continuous power in the range of 5-7 W per installation site, while traffic-induced 
vibration along major transport corridors may yield up to 10 W. Industrial facilities, characterised by persistent 
machinery oscillations, demonstrate the highest stability with potential outputs reaching 25 W. When scaled across 
multiple deployment locations such as markets, transport hubs, and industrial zones, the cumulative annual energy 
potential approaches 15,800 kWh. Although this output remains insufficient for bulk electricity supply, its distributed 
nature makes it highly suitable for powering low-energy infrastructure including wireless sensor networks, smart 
lighting systems, environmental monitoring devices, and predictive maintenance technologies. The findings 
suggest that vibrational energy harvesting can play a complementary role within Nigeria’s renewable energy 
ecosystem by enhancing energy autonomy at the device and infrastructure level. Its passive operation, minimal 
environmental impact, and compatibility with existing urban activity patterns position it as a viable component of 
future smart infrastructure and decentralized energy strategies. 
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Highlights 

• This study quantifies vibrational energy potential from pedestrian, vehicular, and industrial sources in 

Nigeria 

• High-density footfall environments can generate continuous micro-power of 5–7 W per site 

• Traffic and industrial vibrations can yield up to 10 W and 25 W respectively under realistic conditions 

• Scalable deployment could produce approximately 15.8 MWh of micro-energy annually 

• Vibrational energy harvesting offers a viable complementary solution for powering smart, low-energy 

infrastructure 
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1.0 Introduction 

1.1 Background of Nigeria’s Energy Sector 

Nigeria, the most populous country in Africa, continues to experience persistent electricity supply deficits despite 
being endowed with vast fossil fuel and renewable energy resources. Although Nigeria has an installed electricity 
generation capacity of approximately 13,625 MW (NERC, 2023), the actual available generation capacity typically 
ranges between 3,000 and 5,000 MW due to transmission constraints, gas supply limitations, aging infrastructure, 
and grid instability. This persistent shortfall has resulted in widespread reliance on self-generation through diesel 
and petrol generators, significantly increasing the cost of electricity for households and businesses. 

According to the World Bank (2022), unreliable electricity supply costs Nigeria’s economy billions of dollars annually 
due to lost productivity, damaged equipment, and reduced industrial competitiveness. The International Energy 
Agency reports that per-capita electricity consumption in Nigeria remains significantly below the global average, 
with national consumption estimated at approximately 0.021 MWh per capita compared to several thousand kWh 
globally, reflecting persistent structural challenges in energy access and distribution (IEA, 2023). 

The country’s electricity mix remains dominated by gas-fired thermal plants and large hydropower stations such as 
Kainji and Jebba. While these facilities contribute substantially to national supply, they are insufficient to meet 
rapidly increasing demand driven by population growth, urbanisation, and industrial expansion. 

As a result, Nigeria has intensified efforts toward renewable energy development, particularly in solar photovoltaic 
systems and small hydropower installations. However, even with expanded renewable deployment, centralized 
grid solutions alone may not fully resolve localised power deficiencies. This context necessitates the exploration of 
decentralized and complementary energy technologies, including vibrational energy harvesting. 

1.2 Renewable Energy Development and the Need for Innovation 

Nigeria possesses significant renewable energy potential, particularly in solar, wind, hydro, and biomass resources. 
Solar radiation levels in Nigeria range between approximately 3.5–7.0 kWh/m²/day across the country, placing it 
among regions with high photovoltaic potential (Ohunakin et al., 2014; Oyedepo, 2012). However, infrastructural 
limitations, policy inconsistency, financing barriers, and grid integration challenges continue to slow large-scale 
renewable adoption. 

Studies on Nigeria’s energy transition have emphasized the need to integrate both large-scale and decentralized 
energy systems to achieve sustainable energy security. For instance, Oyedepo et al. highlight the critical role of 
decentralized renewable energy systems in improving electricity access and addressing persistent supply deficits 
in the country (Oyedepo et al., 2018). Similarly, broader energy policy analyses stress that diversification of energy 
sources and technologies, including localised and small-scale systems, is essential for achieving sustainable 
development (Oyedepo, 2012). While macro-scale systems such as solar farms and hydropower plants dominate 
policy discussions, micro-scale harvesting technologies, including vibrational energy harvesting, remain 
underexplored within the Nigerian context. 

The diversification of renewable energy strategies is essential to reduce overdependence on centralized 
infrastructure, enhance energy access in underserved regions, and support emerging smart technologies and low-
power electronic ecosystems. Within this innovation framework, vibrational energy harvesting represents a niche 
but potentially valuable supplementary technology. 

1.3 Concept of Vibrational Energy Harvesting 

Vibrational energy harvesting refers to the process of converting ambient mechanical vibrations into electrical 
energy using transduction mechanisms such as piezoelectric, electromagnetic, or electrostatic conversion 
systems. Among these, piezoelectric transducers are most widely studied due to their relatively high energy density 
and mechanical simplicity. 

Piezoelectric materials such as quartz, lead zirconate titanate (PZT), and polyvinylidene fluoride (PVDF) generate 
electrical charge when subjected to mechanical stress through the direct piezoelectric effect. 

Extensive international research demonstrates that vibrational energy can be harvested from: 

• Human foot traffic 

• Vehicular movement 

• Industrial machinery vibrations 
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• Structural oscillations 

• Acoustic disturbances 

Experimental investigations conducted within Nigeria have confirmed measurable voltage, current, and power 
outputs from piezoelectric modules subjected to repeated human footfalls (Nworji et al., 2020; Ogunjinmi, 2022). 
Although the generated power is typically small and falls within the milliwatt range, such systems remain suitable 

for powering low-energy applications including wireless sensors, LED lighting, and embedded electronic devices. 

1.4 Relevance of Vibrational Energy to the Nigerian Context 

Nigeria presents several environmental and socio-economic conditions favourable to vibrational energy harvesting 
research. 

High pedestrian activity in major urban centres such as Lagos, Abuja, and Port Harcourt produces continuous 
mechanical stress on infrastructure surfaces. Markets, transport terminals, religious centres, and university 
campuses generate persistent vibrational input that could be harvested using embedded systems. 

Additionally, Nigeria’s manufacturing and oil processing industries operate heavy rotating machinery that produces 
sustained mechanical oscillations. These vibrations are typically dissipated as waste energy but could instead 

support condition monitoring systems through localised energy harvesting. 

Rural electrification strategies that currently emphasize solar mini-grids could benefit from integrating vibrational 
harvesting into transportation hubs, footbridges, or community infrastructure to provide auxiliary power for lighting 
and monitoring systems. 

Furthermore, Nigeria possesses natural quartz deposits that could support local production of piezoelectric 
materials, thereby reducing dependence on imported components, although fabrication infrastructure remains 
limited (Iroh et al., 2025). 

1.5 Challenges and Research Gaps 

Despite its promise, vibrational energy harvesting faces notable limitations including low absolute energy yield 
compared to solar or hydro, high installation costs, limited local manufacturing capability, and absence of regulatory 
frameworks recognizing micro-energy harvesting technologies. 

Nevertheless, as Nigeria transitions toward smart infrastructure and digital monitoring systems, the importance of 
small-scale self-powered devices will increase. Vibrational energy harvesting therefore presents a complementary 
opportunity within a diversified renewable energy ecosystem. 

2. Literature Review 

2.1 Global Development of Vibrational Energy Harvesting 

Vibrational energy harvesting has evolved significantly as a micro-scale renewable energy solution capable of 
converting ambient mechanical motion into electrical energy. The foundational piezoelectric principle, first 
demonstrated by Pierre Curie and Jacques Curie in 1880, remains central to modern vibrational energy systems. 
This principle underpins contemporary developments in piezoelectric energy harvesting technologies used for low-
power applications (Priya & Inman, 2009). 

Subsequent advancements have led to the development of three dominant transduction mechanisms: 

• Piezoelectric harvesting (Roundy et al., 2003) 

• Electromagnetic harvesting (Beeby et al., 2007) 

• Electrostatic harvesting (Mitcheson et al., 2008) 

Among these, piezoelectric systems are particularly effective in low-frequency environments such as: 

• Human motion 

• Traffic excitation 

• Structural oscillations 
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Roundy et al. (2003) demonstrated that vibrational energy from ambient sources can generate sufficient electrical 
output to power wireless sensor networks. Similarly, Beeby et al. (2006) showed that low-frequency mechanical 
inputs from human and environmental activity can produce measurable electrical energy when properly tuned to 

system resonance. 

Recent nonlinear modelling studies (Adesina, Vincent & Kolebaje, 2026) have shown that phase-modulated 
excitation significantly enhances energy capture efficiency under irregular vibrational inputs; a finding highly 
relevant to urban environments where excitation is non-periodic. 

2.2 Vibrational Energy Harvesting in Urban Infrastructure 

Vibrational harvesting has gained traction in smart infrastructure development globally. Smart pavement systems 
embedded with piezoelectric materials have demonstrated promising results in public transport hubs and 
pedestrian walkways (Li et al., 2014). 

Experimental work by Safaei et al. (2019) showed that footstep-induced vibrations can generate between 2–10 
mW per step depending on load distribution and material configuration. 

Similarly, Wang et al. (2016) demonstrated that triboelectric nanogenerator systems can effectively harvest 
mechanical energy from dynamic sources such as human motion and vehicular interactions, producing measurable 
electrical output and highlighting the potential of transportation-related vibrations for energy harvesting applications. 

Such applications are particularly relevant to densely populated urban environments and support the growing 
demand for: 

• Self-powered sensors 

• Smart lighting systems 

• Traffic monitoring technologies 

2.3 Vibrational Harvesting in Developing Economies 

Research in developing regions has emphasized decentralized micro-energy solutions due to unreliable grid 
infrastructure. 

Studies in India and Southeast Asia have explored footfall-based piezoelectric flooring systems capable of 
supporting localised lighting and signage (Kumar et al., 2018). 

Similarly, Saha et al. demonstrated electromagnetic energy harvesting systems capable of generating measurable 
electrical output from human motion, highlighting the feasibility of vibrational energy capture for powering low-
energy devices (Saha et al., 2008). This concept has been extended in other studies to transportation systems, 

where roadway and rail vibrations provide additional opportunities for large-scale energy harvesting. 

These implementations demonstrate the feasibility of integrating vibrational energy into urban infrastructure in 
environments similar to Nigeria’s socio-economic landscape. 

2.4 Nigerian Research Contributions 

Although still emerging, vibrational energy research in Nigeria has begun to gain scholarly attention. 

Nworji et al. (2020) conducted experimental investigations into energy generation from human footfalls using 
piezoelectric modules and reported measurable voltage and current outputs under repeated mechanical loading 
conditions. 

Similarly, Ogunjinmi (2022) explored mechanical vibration harvesting using piezoelectric materials and confirmed 
the feasibility of low-power electrical generation suitable for microelectronic applications. 

Iroh et al. (2025) described piezoelectric harvesting as an underutilized renewable resource in Nigeria and 
emphasized its potential integration into urban infrastructure systems. 

Furthermore, recent theoretical work (Adesina et al., 2026) introduced advanced vibrational models incorporating 
excitation modulation — improving energy capture efficiency under variable loading conditions typical of: 

• Market environments 
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• Transport terminals 

• Religious centres 

2.5 Ambient Vibrational Sources in Nigeria 

Several environmental factors position Nigeria as a viable candidate for vibrational energy harvesting. 

Urban Footfall 

High pedestrian density in cities such as Lagos, Abuja and Port Harcourt generates persistent mechanical loading 
on infrastructure surfaces. 

Research has shown that pedestrian-induced vibration can be effectively harnessed using piezoelectric modules 
embedded in flooring systems (Safaei et al., 2019). 

Vehicular Traffic 

Nigeria’s transport networks experience continuous mechanical loading from commercial and private vehicles. 
Wang et al. (2016) demonstrated that triboelectric nanogenerator systems can harvest mechanical energy from 
dynamic sources such as motion and vibration, highlighting the potential of transportation-induced vibrations for 
energy harvesting applications. 

Industrial Vibrations 

Industrial operations in manufacturing and oil processing generate persistent mechanical oscillations. Studies by 
Anton & Sodano (2007) suggest that harvesting such vibrations can support: 

• Condition monitoring systems 

• Industrial IoT sensors 

without increasing grid demand. 

Coastal Vibrations 

Nigeria’s Atlantic coastline introduces structural oscillations driven by wave-induced motion. Hydrokinetic energy 
systems have been identified as viable options for coastal and rural electrification in Nigeria (Olatunji et al., 2018), 
indicating potential opportunities for integrating vibrational energy harvesting mechanisms within marine and 
coastal infrastructure. 

2.6 Materials for Vibrational Energy Harvesting 

The performance of harvesting systems depends strongly on material characteristics. 

Common piezoelectric materials include: 

• Quartz (natural, durable) 

• PVDF (flexible polymer) 

• PZT (high output ceramic) 

Priya & Inman (2009) demonstrated that PZT exhibits the highest electromechanical coupling efficiency, although 
PVDF offers superior flexibility. 

Nigeria’s natural quartz deposits present opportunities for localised material sourcing (Iroh et al., 2025). 

2.7 Research Gaps 

Despite global advances, several challenges remain in the Nigerian context: 

• Limited pilot deployments 

• Absence of localised design optimization 

• Lack of policy frameworks 
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• Minimal interdisciplinary collaboration 

Addressing these gaps is essential for transitioning vibrational harvesting from experimental setups to real-world 
deployment. 

3. Methodology and Theoretical Framework 

This section presents the analytical framework used to estimate vibrational energy potential in Nigeria. The 
methodology integrates: 

• Mechanical vibration modelling 

• Piezoelectric conversion theory 

• Urban activity scaling 

• Power output estimation 

The goal is to translate ambient Nigerian vibrational activity into quantifiable electrical energy potential. 

3.1 Conceptual Framework 

Vibrational energy harvesting operates through the conversion chain: 

Mechanical excitation → Structural response → Electrical conversion → Usable power output 

In the Nigerian context, excitation sources are modelled from: 

• Human footfall 

• Vehicular loading 

• Industrial machinery vibration 

Each of these sources is treated as an external forcing input acting on a vibratory system. 

The harvesting unit itself is modelled as a mass–spring–damper system, which is standard in vibrational energy 
harvesting analysis (Priya & Inman, 2009). 

3.2 Mechanical Vibration Model 

The vibrational harvester is represented as a single-degree-of-freedom oscillator governed by: 

mẍ +  c𝑥̇  +  kx =  F(t) 

where 

• (m) = effective mass of the harvesting system 

• (c) = damping coefficient 

• (k) = stiffness 

• (x(t)) = displacement 

• (F(t)) = external excitation force 

For urban excitation such as footfall or traffic loading, the forcing term is modelled as: 

𝐹(𝑡)  =  𝐹0 cos 𝜔𝑡 

Where 

• (F_0) = amplitude of applied force 

• (ω) = excitation frequency 

This harmonic representation provides a first-order approximation of periodic and quasi-periodic mechanical 

inputs observed in pedestrian and traffic systems. 
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While the harmonic forcing function provides a tractable analytical representation, it is acknowledged that real-

world excitations such as pedestrian footfalls and vehicular traffic are inherently stochastic and non-periodic in 

nature. These inputs are characterised by irregular amplitudes, varying frequencies, and transient loading 

conditions. However, harmonic excitation is widely adopted in vibrational energy harvesting studies as a first-

order approximation that captures the dominant frequency components of mechanical inputs and facilitates 

analytical tractability (Beeby et al., 2006; Priya & Inman, 2009). 

Furthermore, in many practical scenarios, irregular excitations can be decomposed into a superposition of 

harmonic components using Fourier analysis, allowing sinusoidal models to approximate average system 

response under dynamic loading conditions. Consequently, the harmonic assumption adopted in this study 

provides a reasonable and widely accepted basis for estimating energy harvesting potential, particularly in the 

absence of site-specific stochastic excitation data. 

3.3 Piezoelectric Energy Conversion Model 

When the vibrating system deforms a piezoelectric element, electrical charge is generated according to:  

𝑄 =  𝑑 . 𝐹 

Where 

• (Q) = generated charge 

• (d) = piezoelectric coefficient 

• (F) = applied mechanical force 

The generated voltage is given by:  

𝑉 =  
𝑄

𝐶
 

where (C) is capacitance of the piezoelectric material. 

Electrical power output is therefore expressed as: 

𝑃 =  
𝑉2

𝑅
 

Where 

• (P) = harvested power 

• (R) = load resistance 

This relationship forms the basis for estimating real-world electrical output from mechanical vibrations. 

It is important to note that the expression 𝑃 =  𝑉2 𝑅⁄  assumes a purely resistive load under steady-state 

conditions. In practical piezoelectric energy harvesting systems, the electrical response is dynamic and 

influenced by both resistive and reactive (capacitive) components of the load impedance. The presence of 

internal capacitance in piezoelectric materials results in frequency-dependent behaviour, and optimal power 

transfer typically requires impedance matching between the electrical load and the harvester (Roundy et al., 

2003). 

Nevertheless, the simplified resistive model provides a useful first-order approximation for estimating average 

power output and is widely employed in preliminary analyses of energy harvesting systems. This approach 

enables tractable analytical estimation while capturing the fundamental relationship between generated voltage 

and load-dependent power output. 

3.4 Power Output Under Resonance 

Maximum power generation occurs near resonance when: 
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 𝜔 ≈  𝜔𝑛  =  √
𝑘

𝑚
 

At resonance, displacement amplitude becomes: 

𝑋 =  
𝐹0

𝑐 𝜔
 

Substituting into the electrical conversion relationship yields: 

𝑃 ∝  (
𝑑𝐹0

𝐶 𝑐𝜔
)

2

 

This highlights three key design requirements: 

• High piezoelectric sensitivity 

• Moderate damping 

• Excitation frequency matching 

These conditions guide deployment feasibility in Nigerian environments. 

3.5 Modelling Nigerian Vibrational Sources 

3.5.1 Human Footfall 

Pedestrian motion generates impulse-type excitation. 

Footstep force is modelled as: 

𝐹(𝑡)  =  ∑ 𝐹𝑖  𝛿(𝑡 − 𝑡𝑖)

𝑁

𝑖 = 1

 

where 

• (𝐹𝑖) = step force 

• (𝛿) = impulse function 

For large populations, this is approximated by a periodic forcing term: 

𝐹(𝑡)  =  𝐹0 cos 𝜔𝑓𝑡 

Urban centres such as Lagos experience high pedestrian activity, with footfall in busy markets and transport hubs 
often reaching several thousand movements per hour. Based on extrapolation from observed pedestrian flow rates 
in dense urban environments, this study adopts an estimated range of 5,000–10,000 footfalls per hour to represent 
peak activity conditions. 

3.5.2 Vehicular Traffic 

Vehicle motion introduces low-frequency structural vibration. 

Dynamic loading from traffic is modelled as: 

𝐹(𝑡)  =  ∑ 𝐹𝑗

𝑀

𝑗 = 1

 cos 𝜔𝑣𝑡 

Heavy trucks generate forces in the range (500 −  3000 𝑁). These loads induce roadway vibration suitable for 

embedded harvesting systems. 

3.5.3 Industrial Machinery 

Rotating equipment generates nearly harmonic vibrations: 

𝐹(𝑡)  =  𝐹0 cos 𝜔𝑚𝑡 
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with frequencies linked to shaft speed: 

𝜔𝑚  =  2 𝜋 𝑓 

Industrial zones in Nigerian cities provide continuous excitation ideal for energy harvesting. 

3.6 Estimated Power Scaling 

Total harvested power from a deployment site is modelled as: 

𝑃𝑡𝑜𝑡𝑎𝑙  =  𝑁 ×  𝑃𝑢𝑛𝑖𝑡 

where 

• ( N ) = number of excitation events 

• (𝑃𝑢𝑛𝑖𝑡) = power per event 

For example: 

𝑃𝑓𝑜𝑜𝑡𝑏𝑎𝑙𝑙  =  𝑁𝑠  ×  𝑃𝑠 

𝑃𝑡𝑟𝑎𝑓𝑓𝑖𝑐  =  𝑁𝑣  ×  𝑃𝑣 

𝑃𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙  =  𝑇 ×  𝑃𝑚 

where 

• (𝑁𝑠) = steps per hour 

• (𝑁𝑣) = vehicle count 

• (T) = operating time 

This allows national vibrational potential to be estimated from urban activity data. 

3.7 Data Inputs Used 

The following realistic Nigerian parameters were adopted: 

Table 3.1: Environmental and material parameters used in the vibrational energy harvesting model. 

Parameter Typical Value 

Footstep force 400–700 N 

Traffic load 500–3000 N 

Urban footfall density 5,000–10,000 steps/hr 

Piezoelectric coefficient (PZT) 3 × 10−10 𝐶 𝑁⁄  

Operating frequency range 1–50 Hz 

These input parameters are consistent with experimental and modelling studies on vibrational energy harvesting 
from human motion and traffic-induced excitation (Nworji et al., 2020; Ogunjinmi, 2022; Roundy et al., 2003; Priya 

& Inman, 2009). 

3.8 Analytical Output Metrics 

The methodology enables estimation of: 

• Voltage generation 
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• Power density 

• Energy yield per site 

• Annual micro-generation potential 

These outputs form the basis of the Results and Analysis section. 

4. Results and Energy Potential Analysis 

Using the methodology developed in Section 3, estimates were generated for three dominant vibrational sources 
in Nigeria: 

• Human footfall 

• Vehicular traffic 

• Industrial machinery vibration 

The results are presented as site-based power outputs and scalable national potential. 

4.1 Footfall-Based Energy Potential 

Urban pedestrian activity represents one of the most accessible sources of vibrational energy. The model adopts 
parameter values grounded in experimental and biomechanical studies of human motion and piezoelectric energy 
harvesting. An average footstep force of approximately 500 N is assumed, consistent with reported force ranges 
during normal human walking (Roundy et al., 2003; Priya & Inman, 2009). The step frequency is taken as 2 Hz, 
which lies within the typical range of human gait dynamics. 

Experimental studies on piezoelectric harvesting from human footfalls have reported electrical outputs in the 
milliwatt range, depending on system configuration and loading conditions (Nworji et al., 2020; Ogunjinmi, 2022). 
Based on these findings, a representative output range of 0.5–0.8 mW per step is adopted for modelling purposes. 
High-density pedestrian environments such as transport terminals and markets in Lagos are used as baseline 

scenarios due to their sustained and concentrated footfall activity. 

Estimated Output 

Table 4.1: Estimated power output from different urban activity zones based on varying pedestrian 
dynamics. 

Location Type Steps per Hour Power per Step (mW) Total Power (W) 

Market hub 10,000 0.55 5.5 

Church centre 5,000 0.66 3.3 

University walkway 8,000 0.84 6.7 

 

Large public gathering environments can generate 5–7 W continuously, sufficient for: 

• LED lighting 

• Environmental sensors 

• Security monitoring systems 

The variation in power output per step across different locations reflects differences in pedestrian dynamics, loading 
intensity, and contact characteristics. In high-density environments such as market hubs, crowd congestion leads 
to reduced step amplitude and less efficient force transfer, resulting in lower average power output per step. In 
contrast, more structured pedestrian flow environments, such as university walkways, allow for more consistent 
step patterns and improved mechanical coupling with the harvesting system, leading to higher energy output per 

step. 
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Additionally, variations in footwear, walking speed, and surface interaction contribute to differences in effective 
excitation force and energy conversion efficiency. These factors collectively justify the use of location-dependent 
power output values within the observed milliwatt range reported in experimental studies (Nworji et al., 2020; 

Ogunjinmi, 2022). 

4.2 Traffic-Induced Vibrational Energy 

Vehicular traffic generates stronger mechanical excitation than pedestrian motion. 

Assumptions: 

• Average heavy vehicle load = 1500 N 

• Vibration frequency range = 5–20 Hz 

• Estimated power per vehicle pass = 5–10 mW 

Urban transport corridors in cities such as Abuja and Port Harcourt were considered. 

Estimated Output 

Table 4.2: Estimated power output from vehicular vibrations under varying traffic and loading conditions. 

Traffic Volume Vehicles per Hour Power per Vehicle (mW) Total Power (W) 

Light traffic 200 5 1.0 

Moderate traffic 500 7 3.5 

Heavy traffic 1000 10 10.0 

The variation in power output per vehicle across traffic conditions reflects differences in vehicle composition, axle 
load, and dynamic interaction with the road surface rather than traffic density alone. In light traffic conditions, a 
higher proportion of smaller vehicles results in lower average mechanical excitation per pass. As traffic volume 
increases, the likelihood of heavier vehicles such as buses and trucks contributing to roadway loading also 
increases, leading to higher effective force transmission and enhanced vibrational energy generation. 

Additionally, increased traffic density can lead to cumulative dynamic effects, including surface deformation and 
resonance amplification, which further enhance energy transfer to the harvesting system. These factors justify the 
use of varying power output values per vehicle within realistic operational ranges for roadway-based vibrational 
energy harvesting systems. 

 

Figure 4.1: Generating power from vehicular vibrations. 

High-traffic corridors could produce up to 10 W per installation zone, supporting: 

• Road sensors 
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• Traffic monitoring systems 

• Street-level IoT devices 

 

4.3 Industrial Vibrational Potential 

Industrial environments provide continuous mechanical excitation. 

Assumptions: 

• Machinery vibration acceleration = 0.2 – 1.0 m/s2 

• Operating hours = 16 hr/day 

• Average harvestable output per machine = 20–50 mW 

These values are consistent with reported vibration levels in industrial equipment and typical operating conditions 
used in vibration-based energy harvesting studies (Roundy et al., 2003; Priya & Inman, 2009). Manufacturing zones 
in Lagos and oil processing facilities were considered as representative environments due to their sustained 
mechanical activity. 

Estimated Output 

Table 4.3: Estimated power output from industrial vibrations across representative plant scales. 

Industrial Scale Machines Power per Machine (mW) Total Power (W) 

Small plant 50 20 1.0 

Medium plant 200 30 6.0 

Large facility 500 50 25.0 

 

The number of machines per facility is based on representative industrial scaling categories rather than fixed 
empirical counts. Small plants are assumed to operate on the order of tens of machines, medium-scale facilities 
on the order of hundreds, and large industrial facilities on the order of several hundreds of machines. These ranges 
are consistent with typical classifications of small and medium-sized enterprises and large industrial operations in 
developing economies, including Nigeria, where industrial activity spans from small manufacturing workshops to 
large-scale processing plants (World Bank, 2022; UNIDO, 2019). 

The selected values (50, 200, and 500 machines) are therefore adopted as representative modelling scenarios to 
capture variability in industrial scale and associated vibrational energy potential. 
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Figure 4.2: Production of industrial vibrations.  

4.4 Annualized Micro-Energy Potential 

Assuming 12-hour daily operation for public environments, the estimated annual energy generation for a major 
market installation is: 

𝐸 = 5.5 × 12 × 365 = 24,090 Wh/year ≈ 24.1 kWh/year 
This level of energy generation is suitable for powering low-energy devices such as environmental sensors, 
wireless monitoring systems, and intermittent lighting applications. For example, assuming a 10 W LED lamp 
operating for 10 hours per day, the annual energy consumption per lamp is approximately 36.5 kWh. Therefore, 
the generated energy could support a single LED lamp for a substantial portion of the year or multiple ultra-low-
power LED lighting units operating under reduced duty cycles. 

4.5 National Scaling Insight 

If deployed across 100 markets, 50 transport hubs, and 30 industrial sites, the aggregate power output can be 
estimated based on the previously computed site-level outputs. Specifically: 

𝑃𝑡𝑜𝑡𝑎𝑙 = (100 × 5.5) + (50 × 10) + (30 × 25) 
𝑃𝑡𝑜𝑡𝑎𝑙 = 550 + 500 + 750 = 1800 W = 1.8 kW 

The corresponding annual energy generation is therefore: 

𝐸 = 1.8 × 24 × 365 = 15,768 kWh/year ≈ 15.8 MWh/year 
While modest compared to large-scale renewable sources such as solar or hydropower, this level of generation 
represents distributed, zero-fuel, and continuous micro-power supply suitable for decentralized applications 
including sensor networks, monitoring systems, and low-power urban infrastructure. 

5. Discussion and Practical Implications 

The results presented in Section 4 demonstrate that vibrational energy harvesting in Nigeria possesses measurable 
technical viability, particularly for distributed micro-power applications. Although the magnitude of generated power 
remains relatively small compared to conventional renewables such as solar photovoltaic and hydropower systems, 
the strategic importance of vibrational harvesting lies in its decentralization potential, environmental neutrality, and 
capacity to support autonomous low-power infrastructure. 

Rather than functioning as a primary contributor to Nigeria’s electricity supply, vibrational energy harvesting should 
be conceptualized as an enabling technology that supports smart systems, enhances resilience, and reduces 

reliance on centralized generation for localised energy needs. 

5.1 Structural Interpretation of Results 

The comparative analysis of pedestrian, vehicular, and industrial vibration indicates that the usefulness of 

vibrational harvesting is not determined solely by peak power output but by three critical characteristics: 
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• Continuity of excitation 

• Spatial distribution 

• Infrastructure compatibility 

Footfall-based harvesting offers the widest deployment potential because pedestrian movement is ubiquitous 
across Nigerian cities. Locations such as public markets, transit terminals, and religious centres provide consistent 

mechanical input that can sustain continuous micro-generation. 

Traffic-induced vibration, although less spatially widespread, offers stronger excitation and is therefore better suited 
to strategic installations in transport corridors. 

Industrial harvesting, while geographically localised, provides the most stable and predictable output due to 
continuous machinery operation. This makes it highly attractive for self-powered industrial monitoring systems. 

These differences suggest that vibrational energy harvesting is most effective when deployed through a multi-
source hybrid strategy rather than a single-source implementation. 

5.2 Implications for Smart Urban Infrastructure 

Nigeria’s rapid urbanisation presents both a challenge and an opportunity. Cities such as Lagos are experiencing 
increased pressure on infrastructure systems, including transportation, lighting, and environmental monitoring. 

Embedding vibrational harvesting systems within urban infrastructure offers a pathway toward energy-autonomous 
smart environments. 

Smart Walkways and Public Spaces 

High-density pedestrian zones generate significant cumulative mechanical excitation. Integrating piezoelectric 
modules into: 

• Walkways 

• Commercial plazas 

• Transport terminals 

would enable continuous energy generation without altering user behaviour. 

This energy could be used to power: 

• Public lighting 

• Air-quality monitoring systems 

• Security surveillance nodes 

The ability to operate such systems without grid dependence enhances reliability in environments where electricity 
supply remains inconsistent. 

Intelligent Transport Systems 

Traffic-based harvesting systems provide an opportunity to enhance Nigeria’s emerging smart mobility initiatives. 

In transport corridors and bus rapid transit systems, vibrational harvesting could support: 

• Traffic monitoring sensors 

• Road condition detection systems 

• Smart signaling infrastructure 

Such deployments are particularly relevant to cities like Abuja, where modern transport networks are expanding. 

By powering roadside electronics through harvested mechanical energy, operational costs associated with grid 
connection and maintenance can be significantly reduced. 
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5.3 Industrial Monitoring and Automation 

Industrial environments present perhaps the most immediately deployable context for vibrational harvesting. 

Manufacturing plants and oil-processing facilities generate persistent oscillations from rotating machinery. These 
vibrations, typically regarded as undesirable mechanical losses, can instead be converted into useful electrical 
energy. 

Self-powered sensors enabled through vibrational harvesting can support: 

• Predictive maintenance 

• Structural health monitoring 

• Equipment performance analysis 

This reduces wiring complexity and improves operational safety by enabling wireless monitoring systems. 

For Nigeria’s oil and gas sector, where reliability and safety are paramount, such systems could enhance monitoring 
without increasing energy demand. 

5.4 Role in Rural and Off-Grid Electrification 

Nigeria continues to pursue decentralized electrification strategies through initiatives led by the Rural Electrification 

Agency. 

While solar mini-grids dominate rural energy solutions, vibrational harvesting offers complementary functionality in 
environments where mechanical activity is present. 

Rural transport hubs, bridges, and community gathering centres generate low-frequency vibrations that could 
support: 

• Lighting systems 

• Communication devices 

• Monitoring equipment 

Although unlikely to power entire communities, vibrational harvesting could provide auxiliary energy for essential 
services. 

This reduces dependence on battery replacement and enhances sustainability in off-grid environments. 

5.5 Economic Implications 

From an economic standpoint, vibrational harvesting offers several advantages. 

Once installed, systems incur: 

• No fuel cost 

• Minimal operating expenses 

• Long service life 

Although initial installation costs may be relatively high, lifecycle cost analysis favours such systems due to their 
passive energy generation mechanism. 

Furthermore, the development of local piezoelectric material processing could stimulate domestic technological 

capacity. 

Nigeria’s natural quartz resources present a potential foundation for localised material sourcing, reducing reliance 

on imported components. 

5.6 Environmental Implications 

Unlike conventional energy generation systems, vibrational harvesting: 
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• Produces zero emissions 

• Requires no combustion 

• Consumes no water 

It operates entirely through the conversion of existing mechanical activity, thereby introducing no additional 
environmental burden. 

This makes it particularly suitable for deployment in densely populated urban environments where land use and 
environmental impact are critical concerns. 

5.7 Policy and Institutional Implications 

The successful adoption of vibrational harvesting technologies will require supportive policy frameworks. 

At present, Nigeria’s renewable energy policies focus primarily on large-scale generation technologies. 

Expanding policy recognition to include micro-energy harvesting would: 

• Encourage research investment 

• Support pilot infrastructure projects 

• Promote public-private partnerships 

Inclusion within smart city planning initiatives would further accelerate deployment. 

5.8 Technological Implications 

Nigeria’s transition toward digitally connected infrastructure will increase demand for autonomous low-power 
devices. 

Vibrational harvesting aligns directly with this technological trajectory by enabling: 

• Self-powered sensors 

• Wireless monitoring systems 

• Distributed electronic networks 

Rather than replacing conventional power systems, it enhances resilience by diversifying energy inputs. 

5.9 Strategic Energy Role 

The strategic significance of vibrational energy harvesting lies in its ability to: 

• Support micro-scale infrastructure 

• Enable energy autonomy at the device level 

• Complement existing renewable systems 

When integrated with solar and other renewables, vibrational harvesting contributes to a more diversified and 
resilient energy architecture 

6. Conclusion 

This study set out to investigate the vibrational energy potential within the Nigerian environment by examining the 
feasibility of converting ambient mechanical excitation from pedestrian activity, vehicular movement, and industrial 
machinery into usable electrical energy through piezoelectric harvesting systems. The analysis demonstrates that 
while vibrational energy harvesting cannot compete with macro-scale renewable technologies such as solar 
photovoltaic or hydropower in terms of bulk electricity generation, it possesses significant strategic value as a 
decentralized micro-energy solution capable of supporting emerging infrastructure needs in Nigeria. 

The modelling results indicate that high-footfall environments such as public markets, transport terminals, and 
institutional walkways can sustain continuous low-level power generation through repeated pedestrian-induced 
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excitation. Similar potential exists within roadway systems subjected to persistent vehicular loading, as well as 
within industrial facilities where rotating machinery generates stable oscillatory motion. When scaled across 
multiple deployment sites, these otherwise dissipated mechanical vibrations can produce measurable electrical 
output capable of sustaining distributed applications such as environmental sensing, smart lighting, communication 
nodes, and condition-monitoring systems. These findings are consistent with global studies demonstrating the 
viability of vibrational harvesting for low-power electronics and wireless sensor networks (Roundy et al., 2003; 
Beeby et al., 2006; Priya & Inman, 2009). 

In the Nigerian context, where electricity supply remains inconsistent and decentralized energy solutions are 
increasingly necessary, vibrational harvesting provides a complementary pathway toward improving system 
resilience. Unlike conventional generation systems, this technology operates by converting existing mechanical 
activity into electrical energy without requiring additional fuel, land, or water resources. Consequently, its 
environmental footprint is minimal, aligning with sustainability objectives and low-carbon development goals 
emphasized in national and international energy strategies (IEA, 2023; World Bank, 2022). 

The results further highlight that the value of vibrational energy lies not in its magnitude but in its distribution and 
continuity. Urban centres such as Lagos and Abuja experience sustained human and vehicular movement that can 
be harnessed without altering existing infrastructure usage patterns. Industrial zones provide even more stable 
excitation sources, making them ideal candidates for early deployment of self-powered monitoring systems. Such 
applications are particularly relevant for Nigeria’s manufacturing and oil-processing sectors, where predictive 
maintenance and real-time monitoring are essential for operational efficiency and safety (Anton & Sodano, 2007). 

From a technological perspective, vibrational energy harvesting aligns with Nigeria’s gradual transition toward 
digitally enabled infrastructure. As smart monitoring systems, wireless sensor networks, and autonomous devices 
become increasingly integrated into transportation, environmental management, and industrial operations, the 
demand for reliable micro-power sources will continue to grow. Vibrational harvesting offers a practical means of 
meeting this demand without imposing additional strain on an already overburdened national grid. Similar 
conclusions have been reached in studies examining the role of micro-energy systems in supporting distributed 
smart technologies in developing economies (Safaei et al., 2019; Wang et al., 2016). 

Economically, the passive nature of vibrational harvesting provides long-term advantages despite relatively high 
installation costs. Once deployed, systems incur negligible operating expenses and require no fuel input, making 
lifecycle costs favourable when compared with conventional generation alternatives. The possibility of leveraging 
Nigeria’s natural quartz resources for piezoelectric material production further introduces opportunities for domestic 

technological development and industrial diversification (Iroh et al., 2025). 

Policy implications also emerge from this analysis. Current renewable energy strategies in Nigeria remain heavily 
oriented toward large-scale solar and hydroelectric solutions (Oyedepo, 2012; Ohunakin et al., 2014). Incorporating 
micro-energy harvesting technologies into national planning frameworks would broaden the renewable portfolio 
and support innovation in smart infrastructure development. Recognition of vibrational harvesting within regulatory 
and research agendas could stimulate interdisciplinary collaboration between engineers, urban planners, and 
material scientists, thereby accelerating technological adoption. 

Ultimately, the findings of this study reaffirm that vibrational energy harvesting should not be viewed as a substitute 
for conventional renewable systems but rather as a complementary technology capable of enhancing the resilience 
and sustainability of Nigeria’s evolving energy landscape. By enabling localised, self-powered infrastructure and 
reducing dependence on centralized supply for low-power applications, vibrational harvesting contributes to a more 
diversified and adaptive energy architecture. 

Future research should focus on experimental pilot deployments within Nigerian urban and industrial 
environments, optimization of piezoelectric material performance under variable excitation conditions, and 
integration strategies that combine vibrational harvesting with other renewable technologies. Such efforts would 
provide practical validation of the theoretical potential identified in this study and support the gradual transition 
toward energy-autonomous smart systems across Nigeria. 

7.0 Ethical Considerations 

Not applicable, as the research does not involve living subjects or sensitive data. 

8.0 Limitations 

Not applicable.  
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