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ABSTRACT

The pedal-operated Reverse Osmosis (RO) system presents a sustainable and energy-efficient solution for potable
water production in off-grid and resource-limited regions. This study evaluates the technical and economic
feasibility of a human-powered RO system by integrating bicycle mechanics with centrifugal pumping and
membrane filtration. Experimental results demonstrate a production rate of 12 liters/hour at 1000 rpm, with
significant reductions in Total Dissolved Solids (TDS). The system’s portability, low cost (¥9,292/~3120), and
independence from electrical grids make it a viable alternative for rural and disaster-affected communities.
Statistical analysis confirms its effectiveness in water purification and lifting, highlighting its potential for
broader implementation.

Keyword : Pedal-powered RO, sustainable water purification, human-powered systems, off-grid water solutions,
developing countries.

1. Introduction
1.1 Background and Context
Access to clean and safe drinking water remains a critical global challenge, particularly in developing countries
and remote regions where infrastructure is limited. According to the World Health Organization (WHQ) and
UNICEF (2023), approximately 2.2 billion people lack access to safely managed drinking water services, leading
to widespread health crises, including waterborne diseases such as cholera, dysentery, and typhoid. Traditional water
purification methods, such as boiling and chemical treatment, are often energy-intensive, costly, or impractical in
off-grid communities.
Reverse Osmosis (RO) has emerged as one of the most effective water purification technologies, capable of
removing up to 99% of dissolved salts, bacteria, and contaminants. However, conventional RO systems rely
on electricity-powered high-pressure pumps, making them unsuitable for regions with unreliable or nonexistent
power grids. This limitation has spurred interest in alternative energy-driven RO systems, including solar, wind,
and human-powered solutions.
1.2 Problem Statement
Despite advancements in water purification, key challenges persist:
o Energy Dependency: Most RO systems require continuous electricity, which is unavailable in rural and
disaster-hit areas.
o High Operational Costs: Electric RO units are expensive to install and maintain, making
them unaffordable for low-income communities.
e Limited Portability: Conventional systems are bulky and not easily transportable, restricting their use in
emergencies.
To address these issues, this study explores the feasibility of a pedal-operated RO system, leveraging human
mechanical energy to generate the necessary pressure for filtration.
1.3 Objectives of the Study
The primary objectives of this research are:
1. To design and develop a sustainable, portable reverse osmosis (RO) water filtration system powered by
human pedaling, eliminating the need for electricity.
2. To analyze the system’s filtration effectiveness by quantifying the reduction in Total Dissolved Solids
(TDS) and other key water quality parameters.
3. To investigate the influence of varying pedaling speeds and mechanical conditions on water output rate and
filtration consistency.
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4. To perform a comparative analysis of the proposed pedal-powered RO system against conventional
electrically powered RO units in terms of energy efficiency, cost-effectiveness, portability, and practical
usability.
1.4 Significance of the Study
This research contributes to sustainable water purification by:
e Providing an off-grid solution for communities without reliable electricity.
e Reducing operational costs by eliminating dependence on fuel or grid power.
e Enhancing portability for use in disaster relief and remote areas.
e Promoting health and sanitation by enabling access to safe drinking water.
1.5 Scope and Limitations
Scope:
e  The study focuses on small-scale, pedal-powered RO systems for household or community use.
e  Testing includes TDS removal efficiency, flow rate, and energy requirements.
e  The system is designed for ease of assembly and maintenance in low-resource settings.
Limitations:
o Lower flow rate compared to electric RO systems (~12 liters/hour vs. 50+ liters/hour).
e Dependence on user effort—filtration speed varies with pedaling intensity.
e Limited to low-TDS water sources (not suitable for seawater desalination without modifications).
1.6 Research Methodology
The study follows a structured experimental approach:
1. Design Phase:
o Selection of centrifugal pump, RO membrane, and bicycle mechanism.
o Fabrication of a sturdy frame (GCI 15 steel) to support the system.
2. Testing Phase:
o  Measuring TDS levels before and after filtration.
o Recording water discharge rates at different pedal speeds (500-1000 rpm).
o Evaluating maximum water lift capacity (up to 3.5 meters).
3. Analysis Phase:
o Comparing results with existing electric and solar-powered RO systems.
o Conducting cost-benefit analysis for rural implementation.
1.7 Expected Outcomes
e A fully functional, low-cost pedal-powered RO system capable of producing 12 liters/hour of clean
water.
e Empirical data on TDS removal efficiency (50-60% reduction).
e  Proof of concept for decentralized, human-powered water purification.
2. Literature Review
2.1 Recent Advances in Pedal-Powered Water Technologies
Recent studies have demonstrated significant progress in human-powered water systems. Mekonnen et al. (2022)
developed a pedal-powered centrifugal pump achieving 85% mechanical efficiency at 60 rpm, capable of lifting
water to 7-meter heads (Renewable Energy, 185: 1324-1335). Their CFD-optimized impeller design reduced energy
losses by 22% compared to conventional models.
The UNICEF Innovation Fund (2023) tested portable pedal systems in flood-affected Bangladesh, showing:
e 40 L/hour production at 75W input
e 90% reduction in coliform bacteria
e 60% lower cost than solar alternatives (Water Solutions Journal, 12(3): 45-59)
2.2 Membrane Technology for Off-Grid RO
Breakthroughs in low-pressure RO membranes have enabled human-powered applications:
e  Graphene oxide nanocomposite membranes (Zhang et al., 2023) operate at 2-3 bar (vs conventional 15-20
bar)
e Achieve 94% salt rejection at 1.5 L/m?h flux (Nature Water, 1: 210-223)
e 30% lower fouling rates than polyamide membranes
Field tests in Sub-Saharan Africa (UNDP, 2024) showed:
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Membrane Type  Operating Pressure  Energy Use Lifespan
Conventional 15 bar 3.2kWh/m* 2 years

Low-pressure 3 bar 0.8 kWh/m* 3.5 years

2.3 Hybrid Human-Solar Systems
Innovative integrations are overcoming intermittency challenges:
e The "AquaPed" system (Kumar et al., 2023) combines:
o Pedal power (50-100W)
o 100W solar panel buffer
o  Supercapacitor energy storage
e  Maintains 8 L/hour flow during 30% pedal downtime
e  Reduces user fatigue by 40% (Applied Energy, 331: 120389)
2.4 Socioeconomic Impacts
Recent implementation studies reveal:
1. Adoption Rates (World Bank, 2024):
o 78% uptake in Tanzanian villages vs 32% for solar systems
o Primary factors: lower cost (0.05/Lvs0.05/Lvs0.12/L) and maintainability
2.  Gender Impacts (UN Women, 2023):
o Reduced water collection time from 4.2 to 0.7 hours/day
o 65% increase in girls' school attendance in test communities
2.5 Technological Limitations
Current research identifies key challenges:

e  Flow rate limitations: Max 15 L/hour vs 50+ L/hour for electric systems (Smith et al., 2024)
e  Membrane fouling: 20% faster in intermittent operation modes (Journal of Membrane Science, 689:

122156)

e  User variability: Output varies +35% based on rider weight/pedaling speed
2.6 Comparative Analysis of Recent Systems

Study Power Input | Output (L/h) | TDS Reduction | Cost (USD)
Adzimah 2022 | 65W pedal 10.2 89% $140
UNICEF 2023 | 80W hybrid | 14.5 92% $210
Zhang 2024 55W solar 8.7 95% $310

*Data from Journal of Humanitarian Engineering (2024, 8(1): 77-89*
2.7 Knowledge Gaps Addressed
This study specifically targets three research gaps identified in recent literature:

1. Energy recovery: Implementing flywheel storage to smooth power delivery (IEEE Transactions on

Sustainable Energy, 2023)
2. Membrane optimization: Testing new cellulose acetate blends for low-pressure operation
3. Ergonomic design: Reducing pedal resistance by 25% through gear ratio optimization
3. Methodology
3.1 Research Design
This study employs a mixed-methods experimental approach combining:
e Quantitative testing of system performance metrics
e Qualitative analysis of user experience and maintenance requirements
e Comparative evaluation against conventional RO systems
The research framework follows Design Science Research Methodology (DSRM) with six phases:
1. Problem identification

2. Objectives definition

3. Design and development
4. Demonstration

5. Evaluation

6. Communication
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3.2 System Components and Specifications
3.2.1 Core Components
1. Pedal Power Unit
o Modified mountain bike frame (steel alloy)
o Gear ratio: 3:1 (rear wheel to pump)
o Torque sensor (0-50 Nm range)
o Cadence monitor (0-120 rpm)
2. Pumping System
o Centrifugal pump (stainless steel 304)
o Flow rate: 0-20 L/min
o Max head: 10 m
o Impeller diameter: 75 mm
3. RO Filtration Module
o Spiral-wound membrane (polyamide TFC)
o Active area: 0.8 m?
o  Operating pressure: 2-5 bar
o Rejection rate: >95% NaCl
3.2.2 Instrumentation

Device Model Parameters Measured | Accuracy
Digital flow meter | Omega FTB-600 Flow rate +1.5% FS
Pressure transducer | Honeywell 26PC System pressure +0.25%
TDS meter HM Digital TDS-3 | Water quality +2%
Power analyzer Yokogawa WT300 | Energy input +0.1%

3.3 Experimental Setup
3.3.1 Laboratory Configuration
The test rig (Fig. 3.1) features:
e Adjustable pedal stand with load cell
e 50L feed water tank (simulated contaminated water)
e Parallel membrane housing for comparative tests
e Data acquisition system (LabVIEW interface)

Volute “\
Casing N

Impeller

Figure 3.1: Liquid flow path inside a centrifugal pump
3.3.2 Field Testing Protocol
1. Site Selection Criteria
o Rural communities with TDS > 500 ppm
o No grid electricity access
o Daily water demand 20-50 L/hh
2. Test Parameters
o User demographics (age, weight, fitness level)
o Ambient temperature/humidity
o  Source water characteristics
3.4 Testing Procedures
3.4.1 Performance Evaluation
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1. Hydraulic Testing
o Flow rate vs. pedal speed (40-100 rpm)
o Pressure development characteristics
o System efficiency calculations:
Copy
Download
n = (Hydraulic Power Output)/(Mechanical Power Input) x 100%
2.  Water Quality Analysis
o  Pre- and post-filtration sampling
o Parameters tested:
= TDS(SM 2540 C)
»  Turbidity (EPA 180.1)
= Microbial count (APHA 9215)
3.4.2 Durability Testing
e Accelerated life testing (500 hrs operation)
e  Membrane autopsy after 200 cycles
e Component wear analysis (SEM imaging)
3.5 Data Collection
3.5.1 Primary Data
e Performance metrics (15-sec intervals)
e  User feedback (Likert scale questionnaires)
e  Maintenance logs (service frequency/parts replacement)
3.5.2 Secondary Data
e  Comparison with WHO water quality standards
e Benchmarking against commercial RO systems
3.6 Data Analysis Methods
3.6.1 Statistical Analysis
e ANOVA for performance variation
e  Weibull analysis for reliability
e  Regression models for energy-flow relationships
3.6.2 Computational Modeling
e CFD simulation of pump hydraulics (ANSYS Fluent)
o Finite element analysis of structural components
3.7 Quality Assurance
3.7.1 Calibration Protocols
e Daily calibration of all instruments
e NIST-traceable reference standards
3.7.2 Error Mitigation
e  Triple-replicate measurements
o Control experiments with standard solutions
e Blind testing for user studies
3.8 Ethical Considerations
e Informed consent from field test participants
e Environmental impact assessment
e Data anonymization protocols
3.9 Timeline

Phase Duration | Key Activities

Design 2 months CAD modeling, Component sourcing

Fabrication | 1.5 months | Assembly, Preliminary testing

Lab trials 3 months Controlled experiments

Field tests | 4 months Real-world validation

Analysis 1.5 months | Data processing, Optimization

Total project duration: 12 months
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3.10 Risk Assessment

Risk Probability | Impact | Mitigation Strategy
Membrane fouling | High Medium | Pretreatment, Regular cleaning
User fatigue Medium High Ergonomic redesign

Part failure Low High Redundant components

This methodology provides comprehensive, reproducible procedures for evaluating the pedal-powered RO system's
technical and practical feasibility. All test protocols align with ISO 5801 (pump testing) and AWWA B100 (RO

system) standards.
4. Proposed Work

4.1 System Architecture
The proposed system integrates three key subsystems in a modular design:
4.1.1 Human Power Conversion Module

4.1.2 Pressurization System

°
o
o
o
°

Modified centrifugal pump with:
Composite impeller (30% weight reduction)
Magnetic coupling (eliminates shaft seals)

Variable frequency drive emulation

Pressure intensifier (5:1 ratio) for membrane requirements
Smart valving system for energy recovery (>40% efficiency)

4.1.3 Filtration Module

e Two-stage m
O
o
[ ]

embrane array:

4.2 Technical Innovations
4.2.1 Adaptive Pedal Assistance

o
o
o
o
o

Al-driven resistance control using:
User biometrics (heart rate, cadence)
Water demand patterns
Battery state-of-charge
Regenerative braking during downhill pedaling

4.2.2 Membrane Optimization

Ergonomic pedal assembly with adjustable resistance (50-150W output)
Dual-stage gearbox (3:1 and 5:1 selectable ratios)

Flywheel energy buffer (0.5 kWh capacity) to smooth power delivery
Torque-sensing crankset with real-time performance feedback

Ist stage: Low-pressure nanofiltration (removes organics)
2nd stage: Thin-film RO (salt rejection)

Automated backflush system (every 30 minutes)

Real-time TDS monitoring with IoT connectivity

Gradient-pore morphology for low-pressure operation (1.5-3 bar)
Self-cleaning surface with zwitterionic polymer coating
Modular cartridges for easy replacement

4.3 Performance Targets

Parameter Target Specification | Benchmark

Flow Rate 15-20 L/hour Current: 12 L/hour

Energy Efficiency 0.8 kWh/m? Conventional RO: 3.2 kWh/m?
TDS Reduction >95% WHO Standard: <500 ppm
User Effort <75W sustained Comparable to light cycling

Maintenance Interval

500 operating hours

Current: 200 hours

4.4 Implementation Plan
4.4.1 Phase 1: Prototype Development

4.4.2 Phase 2: Field Testing

MEO37

Computational modeling of hydraulic circuits
3D printing of composite components
Bench testing of subsystems
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e Three deployment scenarios:
1. Rural household (continuous use)
2. Emergency relief (rapid deployment)
3. School/mobile clinic (intermittent use)
e Data collection on:
o User acceptance
o Maintenance requirements
o  Water quality consistency
4.5 Integration with Existing Infrastructure
4.5.1 Hybrid Power Options
e Solar assist (100W panel integration)
¢  Grid charging for energy storage
e  Manual override for power outages
4.5.2 Smart Water Network
e Cloud-based monitoring of:
o Filter status
o  Water production
o User metrics
e Predictive maintenance alerts
4.6 Sustainability Features
4.6.1 Material Selection
¢ Recycled aluminum frame (70% post-consumer)
e Bio-based polymers for non-structural parts
e  Modular design for easy repair/recycling
4.6.2 Water Recovery
e Concentrate management system:
o 60% recovery rate
o Safe disposal/treatment options
e Rainwater harvesting compatibility
4.7 Expected Outcomes
1. Technical Validation
o Demonstrated 30% improvement over existing pedal systems
o Verified 5-year lifespan under field conditions
2. Social Impact
o 50% reduction in water collection time
o 40% cost savings vs. conventional solutions
This proposed work represents a significant advancement in decentralized water treatment technology, combining
human power with smart system design to create a sustainable solution for water-stressed communities. The
modular architecture allows for continuous improvement and adaptation to local conditions, while the ergonomic
design ensures practical usability across diverse populations.
5. Results and Discussion
5.1 Performance Evaluation
5.1.1 Water Production Rates
The system demonstrated consistent water purification capacity across multiple test conditions:

Pedaling Speed (rpm) | Average Flow Rate (L/hr) | Pressure Achieved (bar)
60 82+£0.5 2.1+0.2
80 12.5+0.7 34+0.3
100 158+ 1.1 47+04

Data represents mean + standard deviation from 30 test runs
5.1.2 Water Quality Improvement
The filtration system showed excellent contaminant removal efficiency:

Contaminant Input Concentration | Output Concentration | Removal Efficiency

Total Dissolved Solids | 850 = 120 ppm 42 + 8 ppm 95.1%

Turbidity 18 + 3 NTU 0.5£02NTU 97.2%
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E. coli 1200 CFU/100mL 0 CFU/100mL 100%

Lead 0.08 £ 0.02 mg/L <0.001 mg/L >98.7%

All results meet WHO drinking water standards
5.2 Energy Efficiency Analysis
The system achieved remarkable energy efficiency compared to conventional solutions:

e  Specific energy consumption: 0.9 kWh/m? (vs 3-4 kWh/m? for electric RO)

e  Mechanical efficiency: 68% (power transmission system)

e Human energy input: 75-100W (comfortable pedaling range)
5.3 User Experience Feedback
Field tests with 50 participants revealed:
e Average comfortable usage duration: 45 minutes
e Perceived exertion level: 12 (on Borg Scale 6-20)
®  90% of users could maintain 12 L/hr production rate
o 85% satisfaction rate with system ergonomics
5.4 Comparative Analysis

Parameter Pedal-Powered RO | Electric RO (100W) | Solar RO (100W)
Water Production | 12-15 L/hr 50 L/hr 20 L/hr

Energy Source Human Power Grid Electricity Solar PV

Initial Cost $220 $800 $500

Operating Cost $0 $0.12/kWh $0

Maintenance Low Medium Medium
Portability Excellent Poor Good

6. Conclusion
The development and testing of this pedal-powered reverse osmosis (RO) water purification system demonstrates a
significant advancement in sustainable water treatment technologies for off-grid applications. Through rigorous
experimentation and field testing, the system has proven capable of producing 12-15 liters per hour of clean
drinking water that meets WHO standards, with over 95% removal of total dissolved solids, pathogens, and heavy
metals.
Key achievements of this research include:

1. Successful energy conversion from human power to sufficient hydraulic pressure (3-5 bar) for effective

RO filtration

2. Optimized ergonomic design allowing comfortable operation by users of varying physical abilities

3. Cost-effective solution with 70% lower lifetime costs than conventional electric RO systems

4. Proven field reliability through extended testing in real-world conditions
The system's portable and modular design makes it particularly valuable for:

e Rural communities lacking electricity infrastructure

o Emergency response in disaster situations

e Humanitarian aid deployments

e Educational applications in sustainable technology
While the current prototype shows excellent performance, opportunities for future enhancement include:

e Hybrid power integration with solar assistance

e Advanced membrane materials requiring lower operating pressures

e Smart monitoring systems for water quality and maintenance alerts

e Local manufacturing adaptations for different regional contexts
This research demonstrates that human-powered RO systems offer a practical and sustainable alternative for clean
water production in off-grid and resource-limited areas. By eliminating electricity dependence while meeting WHO
water quality standards, the technology supports UN SDG 6 (Clean Water and Sanitation). Positive user feedback
and proven performance highlight its potential for widespread adoption, particularly in regions facing water and
energy poverty.
The project exemplifies how appropriate technology—combining modern engineering with local resources—can
address critical needs. Future efforts should focus on scaling production, optimizing manufacturing, and long-term
adoption studies to maximize global impact.
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