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Abstract: This paper presents the design and implementation of an automated, solar-powered 

electrocoagulation (EC) system optimized for the treatment of high-strength organic effluent from sugar 

mills. Unlike conventional EC reactors that rely on manual skimming or basic gravity settlement, this 

study introduces an innovative Multi-Stage Fractional Separation technique utilizing a sealed-tank 

architecture. By integrating Vacuum-Pressure principles (similar to Vacuum Drying Processes), the 

system effectively isolates three distinct phases: the floating coagulated scum (fog), the clear treated 

water (middle zone), and the dense settled sludge (dust). 

The prototype is powered by a sustainable 75W solar photovoltaic unit coupled with a high-voltage DC-

DC boost converter, enabling a consistent 45 V supply to overcome electrode passivation—a primary 

bottleneck in industrial EC applications. Automation is achieved via an Arduino-based controller that 

manages periodic polarity reversal and a sequential solenoid-valve discharge logic. Experimental results 

demonstrate a significant reduction in Chemical Oxygen Demand (COD) and turbidity while achieving a 

60 percent recovery rate of clear water through the proposed pressure-driven decanting method. This 

research provides a scalable, energy-independent solution for decentralized industrial wastewater 

management, combining advanced fluid mechanics with renewable energy integration.. 

 

Keywords: "Electrocoagulation, Sugar Mill Effluent, Solar Photovoltaic, Automated Polarity Reversal, 

Vacuum-Pressure Separation, Phase Isolation, Wastewater Management". 

 

I. INTRODUCTION 

The sugar industry has been known to produce organic effluent waste with high levels of chemical oxygen demand, 

extreme color, and turbidity. Traditional methods, such as chemical coagulation and biological oxidation, have been 

proven to be limited by handling hazardous chemicals and generating huge amounts of unstable sludge waste. 

Electrocoagulation has been proven to be an efficient, eco-friendly, and stable technique for effluent waste treatment. 

However, its application has been limited by high energy consumption and electrode passivation [1-10]. The 

passivation effect is caused by the development of insulating oxide layers on sacrificial anode electrodes, which 

significantly reduces efficiency and electrode lifespan. This study aims to provide an automated solar-powered EC 

system optimized for decentralized effluent waste treatment for the sugar industry. By integrating a 75W solar panel 

with a high voltage DC-DC boost converter, the system is designed to provide a stable 50V supply to maintain a 

constant current density. In addition, a new separation technique inspired by Vacuum-Pressure Impregnation is 

introduced to isolate effluent waste into stratified layers: scum, clear effluent, and sludge. This technique uses pressure 

differentials at atmospheric pressure to enable soft extraction, ensuring minimal floc disturbance [11-49].  
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PROBLEM STATEMENT 

The sugar industry is a major contributor to environmental degradation due to the discharge of high-strength organic 

effluent characterized by extreme Chemical Oxygen Demand (COD), intense melanoidin-based coloration, and high 

turbidity. While Electrocoagulation (EC) offers a sustainable alternative to traditional chemical dosing, its industrial 

implementation faces three critical bottlenecks: 

1.1 Environmental Impact of Sugar Mill Effluent 

The global sugar industry is a cornerstone of the agrarian economy but serves as a primary source of severe 

environmental pollution. For every ton of sugarcane processed, approximately 1,000 liters of high-strength wastewater 

are generated. This effluent is characterized by a dark, melanoidin-rich coloration, intense odors, and a massive organic 

load, with Chemical Oxygen Demand (COD) levels frequently exceeding the permissible limits set by environmental 

regulatory bodies. When discharged into local water bodies without adequate treatment, these pollutants lead to rapid 

dissolved oxygen depletion, causing "dead zones" that destroy aquatic ecosystems and contaminate groundwater used 

by local communities. 

1.2 Technical Bottlenecks: The Passivation Crisis 

While Electrocoagulation (EC) has emerged as a promising electrochemical alternative to traditional chemical dosing, 

its industrial scaling is hindered by the phenomenon of Electrode Passivation. During the electrolytic process, an 

impermeable, insulating oxide layer naturally develops on the surface of the sacrificial Iron (Fe) and Aluminium (Al) 

anodes. This layer creates a significant ohmic potential drop ($IR$-drop), which increases electrical resistance and 

exponentially raises energy consumption while simultaneously slowing the rate of metal ion dissolution. In existing 

industrial setups, this necessitates frequent, labour-intensive manual cleaning or the use of hazardous chemical washes 

to restore electrode activity. 

1.3 Energy Dependency and Rural Infrastructure 

A major operational hurdle is the geographic location of sugar mills, which are typically situated in decentralized, rural 

regions. These areas often suffer from an unstable power grid or a total lack of high-voltage industrial electricity. 

Conventional wastewater treatment plants are energy-intensive and rely on a continuous grid connection, making them 

impractical for decentralized agrarian settings. There is a critical lack of "smart," energy-independent treatment 

solutions that can utilize renewable sources, like solar photovoltaics, to maintain a consistent current density regardless 

of grid availability. 

1.4 Fluid Dynamics and Separation Inefficiency 

Finally, the mechanical transition from the "reaction phase" to the "discharge phase" represents a significant 

engineering gap. Standard EC reactors rely on basic gravity-based sedimentation or manual skimming to separate the 

treated water from the coagulated flocs. During the extraction process, the "gentle" stratified layers—consisting of the 

floating scum ("fog"), the clear middle-zone water, and the bottom sludge ("dust")—are frequently disturbed due to 

turbulent flow. This results in the re-entrainment of pollutants into the treated effluent, effectively undoing the 

purification achieved during the reaction. 

 

II. LITERATURE SURVEY 

1.1 Evolution of Electrocoagulation in Industrial Effluent Management 

Electrocoagulation (EC) has transitioned from a niche laboratory technique to a robust industrial solution due to its 

versatility and environmental compatibility. Unlike traditional chemical coagulation, which requires the storage and 

handling of hazardous aluminum or iron salts, EC generates coagulants "in situ" through the electrolytic oxidation of 

sacrificial anodes. 

Literature identifies three fundamental stages in the EC process: 

Electrolytic Oxidation: The dissolution of metal ions from the sacrificial electrode (typically Fe or Al). 

Destabilization: The neutralization of electric charges on colloidal pollutants by the generated metal cations. 
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Flocculation: The aggregation of destabilized particles into larger, stable flocs that can be removed via sedimentation 

or flotation. 

Research indicates that EC is particularly effective for high-strength organic wastes, achieving COD removal 

efficiencies of up to 89% and colour removal exceeding 97% in various industrial effluents. 

 

1.2 Integration of Renewable Solar Photovoltaic Energy 

The decentralized nature of the sugar industry often places mills in regions with unreliable grid infrastructure. Recent 

studies have focused on the integration of Solar Photovoltaic (PV) systems to power EC reactors. PV panels directly 

convert sunlight into DC electricity, which is inherently compatible with the DC requirements of electrochemical cells. 

The primary advantages of solar-powered EC systems cited in literature include: 

Environmental Sustainability: Zero-emission operation during the treatment phase. 

Cost-Effectiveness: Significant reduction in long-term operational costs due to "free" fuel (sunlight) and low 

maintenance requirements of PV arrays. 

Decentralization: The ability to deploy treatment units in remote agrarian locations without expensive high-voltage 

line extensions. 

Studies have successfully demonstrated PV-powered EC for removing phosphates and treating industrial park 

wastewater, highlighting the importance of battery buffering and DC-DC conversion to maintain stable operation 

during varying irradiance levels. 

 

1.3 Mechanisms and Mitigation of Electrode Passivation 

A critical barrier to industrial EC adoption is Electrode Passivation, where an insulating oxide or fouling layer forms 

on the anode surface. This layer increases the electrical resistance ($IR$-drop), leading to higher energy consumption 

and a precipitous drop in metal ion dissolution rates. 

Recent research has highlighted Polarity Reversal (PR) as the most effective automation strategy for passivation 

mitigation. Key findings include: 

Frequency Optimization: Decreasing the polarity reversal period (e.g., from 60s to 10s) transforms hard scale deposits 

into soft, powdery layers that are easily removed by the fluid flow. 

Efficiency Recovery: Polarity reversal can recover performance that would otherwise drop from 98% to as low as 40% 

in consecutive direct current (DC) cycles. 

Uniform Consumption: Periodic reversal ensures that both electrodes act as anodes and cathodes sequentially, leading 

to uniform material consumption and extended hardware life. 

 

1.4 Comparative Analysis of Sacrificial Anodes (Iron vs. Aluminium) 

Selection of the electrode material is a primary determinant of treatment efficiency. Aluminium ($Al$) and Iron ($Fe$) 

remain the most studied sacrificial materials. 

Aluminium (Al): Literature often cites Al as superior for COD reduction in food and sugar processing wastewater, 

with some studies showing 97% efficiency compared to 89% for FeAl(OH)3 flocs tend to be more effective at 

entrapping organic compounds at neutral pH. 

Iron (Fe): Fe electrodes are cost-effective and highly effective for colour removal (melanoidin reduction) in sugar mill 

effluent. However, iron-based treatment can sometimes leave a residual tint in the water if not properly managed. 

The hybrid use of Fe and Al electrodes is increasingly recommended to leverage the high-strength coagulation of 

aluminum and the cost-effective decolorization of iron. 
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1.5 Innovations in High-Voltage DC-DC Conversion and Automation

Modern EC setups are moving toward Pulsed Power

reduce energy consumption. High-Voltage Pulsed Electrocoagulation (HVPEC) technology uses external pulsed high 

voltage to drive chemical reactions in "difficult" wastewaters.

The role of the DC-DC converter and microcontroller (e.g., Arduino) is central to this:

PWM Control: Pulse-Width Modulation enables precise regulation of the output voltage and current intensity.

Real-Time Monitoring: Integrated sensors for pH, turbidity, and current allow for adaptive power adjustments, 

ensuring optimal performance even as effluent conductivity

 

A. Power Harvesting and High-Voltage Conditioning

To ensure carbon-neutral operation, the system utilizes a 75W monocrystalline solar photovoltaic (PV) array. The 

harvested energy is stored in a 12V / 12Ah lead

solar charge controller to prevent overcharging. 

A critical technical innovation in this architecture is the integration of a high

effluent typically exhibits low initial conductivity and high organic loading, leading to a significant ohmic potential 

drop (IR-drop) during electrolysis.  

Standard 12V architectures often fail to maintain the current density required for effective coagulant generation. The 

Phase 2 design implements a boost stage to provide a stable 50V output, ensuring consistent metal ion dissolution from 

the sacrificial electrodes even as the effluent resistance fluctuates.

 

B. Control Logic and Passivation Management

The system's control layer is governed by an Arduino Uno microcontroller. The primary function of the control logic is 

the execution of an Automated Polarity Reversal

controller reverses the current flow across the Iron ($Fe$) and A

Theoretically, this periodic switching prevents the accumulation of an impermeable, insulating oxide layer (passivation) 

on the anode surface, thereby maintaining a high reaction rate and extending the maintenanc

Fig. 4.1. Diagram of Smart Electrocoagulation System, illustrating the power management.
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DC Conversion and Automation 

Pulsed Power and High-Voltage architectures to enhance floc formation and 

Voltage Pulsed Electrocoagulation (HVPEC) technology uses external pulsed high 

voltage to drive chemical reactions in "difficult" wastewaters. 

DC converter and microcontroller (e.g., Arduino) is central to this: 

idth Modulation enables precise regulation of the output voltage and current intensity.

: Integrated sensors for pH, turbidity, and current allow for adaptive power adjustments, 

ensuring optimal performance even as effluent conductivity changes. 

III. PROJECT DESCRIPTION 

Voltage Conditioning 

neutral operation, the system utilizes a 75W monocrystalline solar photovoltaic (PV) array. The 

harvested energy is stored in a 12V / 12Ah lead-acid battery buffer, managed by a pulse-width modulation (PWM) 

solar charge controller to prevent overcharging.  

A critical technical innovation in this architecture is the integration of a high-power DC-DC boost converter. Sugar mill 

itial conductivity and high organic loading, leading to a significant ohmic potential 

Standard 12V architectures often fail to maintain the current density required for effective coagulant generation. The 

implements a boost stage to provide a stable 50V output, ensuring consistent metal ion dissolution from 

the sacrificial electrodes even as the effluent resistance fluctuates. 

B. Control Logic and Passivation Management 

ed by an Arduino Uno microcontroller. The primary function of the control logic is 

Automated Polarity Reversal algorithm. By utilizing a MOSFET-based H-

controller reverses the current flow across the Iron ($Fe$) and Aluminum ($Al$) electrodes every 10 minutes. 

Theoretically, this periodic switching prevents the accumulation of an impermeable, insulating oxide layer (passivation) 

on the anode surface, thereby maintaining a high reaction rate and extending the maintenance intervals of the reactor.

Diagram of Smart Electrocoagulation System, illustrating the power management.
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C. Separation Methodology 

The most significant contribution of this research is the introduction of a multi-stage fractional separation technique 

inspired by Vacuum-Pressure Impregnation (VPI) and Vacuum Drying Processes (VDP). The reactor utilizes a 

sealed-tank architecture equipped with a 12V suction pump and a manifold of sequential solenoid valves to isolate three 

distinct phases without mechanical turbulence: 

Phase I (Vacuum Skimming): The system initiates a vacuum state to remove the floating "fog" (coagulated scum) 

lifted by hydrogen micro-bubbles. 

Phase II (Pressure Decanting): The pump reverses to pressurize the reactor headspace, gently forcing the clear 

middle-zone effluent through a discharge manifold. 

Phase III (Sludge Purge): The remaining bottom-settled "dust" (dense sludge) is flushed via a high-pressure discharge 

valve. 

 

D. Operational Constraints and Safety 

The system is designed with safety interlocks and real-time monitoring. Level sensors prevent the dry-running of the 

pump, while a 16x2 I2C LCD provides continuous feedback on treatment duration, current intensity, and pH levels. 

The reactor achieved a pH shift from an acidic 5.2 to a near-neutral 7.1, validating the successful neutralization of the 

effluent during the 30-minute reaction cycle. 

 

IV. OBJECTIVE OF SYSTEM 

 To Develop a Grid-Independent Power Architecture: Utilize a 75W solar photovoltaic array and a 

12V/12Ah battery buffer to ensure the system remains carbon-neutral and operational in decentralized rural 

locations. 

 To Implement High-Voltage Power Conditioning: Integrate a DC-DC boost converter to provide a stable 

50V supply, overcoming the high ohmic potential drop (IR-drop) inherent in sugar mill effluent to maintain 

consistent current density. 

 To Automate Passivation Mitigation: Program an Arduino-based control logic to execute periodic polarity 

reversal via an H-Bridge module, preventing the formation of insulating oxide layers on the $Fe$ and $Al$ 

sacrificial electrodes. 

 To Achieve High-Efficiency Pollutant Removal: Target and validate a reduction in Chemical Oxygen 

Demand (COD) by at least 67% and turbidity by 66% within a single 30-minute treatment cycle. 

 To Design a Novel Vacuum-Pressure Separation Mechanism: Implement a sealed-tank reactor that utilizes 

atmospheric pressure differentials to isolate stratified layers floating "fog" (scum), clear effluent, and settled 

"dust" (sludge) without mechanical turbulence. 

 To Ensure Real-Time Process Monitoring: Incorporate a sensor suite (pH and level sensors) and an I2C 

LCD interface to provide the operator with immediate feedback on the chemical state and safety of the system. 

 To Promote Sustainable Industrial Practices: Provide a scalable, chemical-free alternative to traditional 

wastewater treatment that reduces the environmental footprint of agrarian industrial processing. 

 To Optimize Material Consumption: Utilize automated control to ensure uniform dissolution of hybrid Iron 

and Aluminum electrodes, thereby extending the hardware life cycle and reducing maintenance overhead. 

. 

V. ADVANTAGES & APPLICATION 

Advantages 

 Carbon-Neutral Operation: The system utilizes a 75W solar photovoltaic array as its primary energy source, 

significantly reducing the carbon footprint compared to grid-dependent industrial treatment plants. 
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 Grid-Independence: Designed for decentralized environments, the system operates entirely on stored solar 

energy, making it ideal for rural agrarian regions where industrial power infrastructure is unreliable or non-

existent. 

 Automated Passivation Mitigation: The integration of Arduino-controlled polarity reversal prevents the 

formation of insulating oxide layers on the $Fe$ and $Al$ electrodes, maintaining a high reaction rate and 

reducing the need for manual maintenance. 

 High-Voltage Treatment Efficiency: By utilizing a 50V DC-DC boost converter, the system overcomes the 

high internal resistance (IR-drop) of sugar mill effluent, achieving a 67% reduction in COD and a 66% 

decrease in turbidity. 

 Chemical-Free Processing: Unlike traditional treatment methods that require hazardous chemical coagulants, 

this EC system generates metallic cations in-situ, eliminating chemical storage risks and reducing the 

environmental toxicity of the generated sludge. 

 Gentle Phase Separation: The novel vacuum-pressure logic enables the precise isolation of floating scum 

("fog"), clear effluent, and settled sludge ("dust") without the mechanical turbulence associated with 

traditional pumping systems. 

 Real-Time Monitoring and Safety: The integrated sensor suite and I2C LCD provide continuous feedback on 

pH levels and treatment duration, ensuring the system reaches a near-neutral pH (7.1) for safe discharge. 

 Cost-Effectiveness: The elimination of monthly electricity bills and the reduction in manual labor through 

automation lead to significant long-term operational savings for industrial users. 

 

Applications: 

 Sugar Mill Wastewater Treatment: Specifically optimized for the high-strength organic effluent produced 

during sugar refining and processing. 

 Decentralized Industrial Units: Ideal for small to medium-scale manufacturing plants located in remote or 

off-grid locations. 

 Rural Agrarian Infrastructure: Suitable for treating agricultural runoff and wastewater in farming 

communities to prevent groundwater contamination. 

 Industrial Sludge Management: Applicable in scenarios requiring precise separation of solid, liquid, and 

floating phases through vacuum-pressure principles. 

 Smart Factory Integration: Can be integrated into larger industrial automation systems (PLCs) for 

synchronized wastewater management in "Industry 4.0" environments. 

 Educational and Research Demonstrations: Serves as a practical platform for demonstrating renewable 

energy integration, electrochemical kinetics, and advanced fluid mechanics in academic settings. 

 

VI. RESULT & DISCUSSION 

The developed solar-powered automated electrocoagulation system was rigorously tested using raw sugar mill effluent 

to evaluate its treatment efficiency, automation reliability, and energy harvesting capabilities. The integration of a 50V 

high-voltage architecture and vacuum-pressure separation logic was assessed for its effectiveness in real-world 

industrial wastewater management. The prototype successfully performed its intended functions, demonstrating 

significant potential for decentralized effluent treatment. 

Efficient Solar Energy Harvesting: The 75W solar panel successfully maintained the 12V/12Ah battery charge, 

supporting multiple treatment cycles during peak sunlight hours. 

High-Voltage Treatment Stability: The DC-DC boost converter maintained a stable 50V output, successfully 

overcoming the high internal resistance ($IR$-drop) of the sugar mill effluent to ensure consistent metal ion 

dissolution. 
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Significant COD Reduction: The system achieved a 

single 30-minute reaction period. 

Effective Turbidity Removal: Quantitative analysis showed a 

organic-rich effluent into visually clearer water.

Successful pH Neutralization: The electrochemical process successfully shifted the effluent pH from an acidic 5.2 to a 

near-neutral 7.1, meeting the requirements for safe discharge.

Automated Passivation Control: The Arduino

formation of an insulating oxide layer, maintaining stable current density throughout the cycle.

Precise Phase Separation: The vacuum-pressure logic successfully isolated the floating scum ("fog"), clear middle

zone water, and settled sludge ("dust") without the mechanical turbulence associated with traditional pumping.

Fig. 8.1. Experimental results showing sugar mill effluent before treatment and the visible formation of stratified layers 

(scum, clear water, and sludge) during the electroc

 

The solar-powered automated electrocoagulation (EC) system is an innovative industrial solution designed to treat 

high-strength sugar mill effluent using renewable energy and advanced automation logic. The system 

efficiency solar harvesting unit, a high-voltage DC

reversal, and a specialized vacuum-pressure manifold for precise phase separation. During operation, the solar panel 

charges a 12V battery, which then provides regulated power to both the control electronics and the electrochemical 

reactor. 

The system operates in a sequential, timed cycle to ensure maximum pollutant removal. First, the 50V boosted DC 

supply is applied to the hybrid Iron (Fe) and Aluminum (Al) electrodes to initiate the electrolytic process. To prevent 

the buildup of insulating oxide layers, the controller automatically reverses the electrode polarity every 10 minutes. 

Once the 30-minute reaction phase is complete

"fog," discharge clear effluent, and purge settled "dust" without disturbing the stratified layers. This smart solution 

eliminates the need for grid dependency, reduces manual mainte

decentralized industrial wastewater management.
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: The system achieved a 67% reduction in Chemical Oxygen Demand (COD)

: Quantitative analysis showed a 66% decrease in turbidity, transforming the dark, 

rich effluent into visually clearer water. 

: The electrochemical process successfully shifted the effluent pH from an acidic 5.2 to a 

neutral 7.1, meeting the requirements for safe discharge. 

: The Arduino-based polarity reversal at 10-minute intervals effectively 

formation of an insulating oxide layer, maintaining stable current density throughout the cycle. 

pressure logic successfully isolated the floating scum ("fog"), clear middle

("dust") without the mechanical turbulence associated with traditional pumping.

Fig. 8.1. Experimental results showing sugar mill effluent before treatment and the visible formation of stratified layers 

(scum, clear water, and sludge) during the electrocoagulation process. 

VII. WORKING OVERVIEW 

powered automated electrocoagulation (EC) system is an innovative industrial solution designed to treat 

strength sugar mill effluent using renewable energy and advanced automation logic. The system 

voltage DC-DC boost converter, an Arduino-based controller for polarity 

pressure manifold for precise phase separation. During operation, the solar panel 

a 12V battery, which then provides regulated power to both the control electronics and the electrochemical 

The system operates in a sequential, timed cycle to ensure maximum pollutant removal. First, the 50V boosted DC 

rid Iron (Fe) and Aluminum (Al) electrodes to initiate the electrolytic process. To prevent 

the buildup of insulating oxide layers, the controller automatically reverses the electrode polarity every 10 minutes. 

minute reaction phase is complete, the system utilizes atmospheric pressure differentials to skim floating 

"fog," discharge clear effluent, and purge settled "dust" without disturbing the stratified layers. This smart solution 

eliminates the need for grid dependency, reduces manual maintenance labor, and provides a sustainable method for 

decentralized industrial wastewater management.  
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Fig. 8.1. Experimental results showing sugar mill effluent before treatment and the visible formation of stratified layers 

powered automated electrocoagulation (EC) system is an innovative industrial solution designed to treat 

strength sugar mill effluent using renewable energy and advanced automation logic. The system integrates a high-

based controller for polarity 

pressure manifold for precise phase separation. During operation, the solar panel 

a 12V battery, which then provides regulated power to both the control electronics and the electrochemical 

The system operates in a sequential, timed cycle to ensure maximum pollutant removal. First, the 50V boosted DC 

rid Iron (Fe) and Aluminum (Al) electrodes to initiate the electrolytic process. To prevent 

the buildup of insulating oxide layers, the controller automatically reverses the electrode polarity every 10 minutes. 

, the system utilizes atmospheric pressure differentials to skim floating 

"fog," discharge clear effluent, and purge settled "dust" without disturbing the stratified layers. This smart solution 

nance labor, and provides a sustainable method for 
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Fig. 6.1. Operational flowchart of the smart electrocoagulation system, showing the closed-loop control from sensor      

monitoring to fractional separation. 

1. Power Supply and Voltage Conditioning 

A 75W monocrystalline solar photovoltaic (PV) panel captures solar irradiance and converts it into electrical energy, 

which is stored in a 12V lead-acid battery via a PWM charge controller. Because sugar mill effluent has high internal 

resistance ($IR$-drop), a high-power DC-DC boost converter is utilized to step up the 12V source to a stable 50V 

supply. This high-voltage architecture is critical for maintaining the current density required to drive the sacrificial 

dissolution of the electrodes. 

2. Automated Passivation and Control Logic 

The system is governed by an Arduino Uno microcontroller that manages the timing and synchronization of the 

treatment phases. Using a MOSFET-based H-bridge module, the controller executes a periodic polarity reversal 

sequence. This automation ensures that both electrodes are consumed uniformly and prevents the formation of an 

impermeable passivation layer, which would otherwise halt the chemical reaction and increase energy consumption. 

3. Electrochemical Reaction Mechanism 

Inside the reactor, the 50V potential triggers the dissolution of metal cations into the effluent. These cations neutralize 

the negatively charged organic pollutants and melanoidins present in the sugar waste, leading to the formation of stable 

flocs. Hydrogen micro-bubbles generated at the cathode lift a portion of these flocs to the surface to form a "fog" layer, 

while heavier aggregates settle at the bottom as "dust". 

4. Vacuum-Pressure Separation Sequence 

Inspired by Vacuum Pressure Impregnation (VPI), the system features a unique phase separation logic using a 12V 

suction pump and automated solenoid valves. 

Stage I (Vacuum): The system skims the floating "fog" (scum) from the top weir using a vacuum state. 

Stage II (Pressure): The pump reverses to pressurize the tank, gently decanting the clear middle-zone water through a 

discharge manifold. 

Stage III (Sludge Purge): High-pressure valves are opened to flush the remaining "dust" (sludge) from the conical 

base. 
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5. User Interface and Process Monitoring 

The system provides a user-friendly interface through an I2C-enabled 16x2 LCD, allowing operators to monitor the 

treatment progress, current intensity, and battery status in real-time. Integrated pH sensors ensure the effluent reaches a 

safe, near-neutral level (7.1) before discharge, while level sensors provide emergency shut-off capabilities to prevent 

tank overflow or dry-running of the pump. 

 

VIII. CONCLUSION 

The development of the solar-powered automated electrocoagulation (EC) system successfully demonstrates the 

integration of renewable energy and industrial automation in modern wastewater management. By utilizing a 75W solar 

photovoltaic array and a 50V DC-DC boost architecture, the system offers a grid-independent, carbon-neutral solution 

that overcomes the high internal resistance of sugar mill effluent. The inclusion of Arduino-based automated polarity 

reversal significantly enhances operational reliability by mitigating electrode passivation, allowing for sustained 

electrochemical activity without manual intervention. 

This prototype effectively performed the treatment of high-strength organic effluent, achieving a 67% reduction in 

Chemical Oxygen Demand (COD) and a 66% decrease in turbidity within a 30-minute reaction cycle. Furthermore, 

the implementation of a novel vacuum-pressure separation logic ensured the precise isolation of stratified layers 

floating "fog," clear effluent, and settled "dust" minimizing the mechanical turbulence and re-entrainment common in 

traditional gravity-based systems. The system also successfully neutralized the effluent, shifting the pH from an acidic 

5.2 to a near-neutral 7.1, meeting safety standards for industrial discharge. 

While the current system meets all critical performance benchmarks, future improvements such as IoT-based remote 

monitoring, real-time adaptive sensor feedback, and scaling the reactor for higher volumetric flow rates could further 

enhance its industrial utility. Overall, the project represents a meaningful step toward smart, green automation in 

decentralized industrial processing, proving that high-efficiency wastewater treatment is achievable through 

sustainable, low-maintenance engineering. 

The success of this project highlights how specialized automation logic, when paired with renewable energy, can solve 

complex environmental challenges in a smart and sustainable way. By eliminating the need for hazardous chemical 

coagulants and reducing dependency on fossil-fuel-based electricity, this automated EC system provides a practical and 

cost-effective alternative for the sugar industry and other decentralized agrarian sectors. 

 

FUTURE SCOPE 

1. Enhanced Energy Efficiency and Storage 

Advanced Solar Photovoltaics: Future iterations will integrate high-efficiency monocrystalline or bifacial solar panels 

capable of maintaining energy harvest during low-irradiance and cloudy conditions. 

Improved Battery Technology: The transition to lithium-ion or solid-state battery systems will offer higher energy 

density, faster charging cycles, and extended operational lifespans for continuous 24/7 industrial treatment. 

Energy Recovery Systems: Implementing kinetic energy recovery from the vacuum-pressure discharge cycle could 

further minimize the net energy consumption of the hydraulic subsystem. 

2. Integration of Artificial Intelligence (AI) and Robotics 

AI-Powered Process Optimization: Artificial intelligence will be utilized to predict influent load fluctuations 

(BOD/COD shocks) and dynamically adjust voltage and polarity reversal intervals in real-time to maintain peak 

efficiency. 

Digital Twin Modeling: Developing a live virtual replica (Digital Twin) of the reactor will allow operators to simulate 

"what-if" scenarios, optimizing treatment strategies without risking physical hardware. 

Autonomous In-Situ Treatment: Scaling the technology into unmanned, robotic treatment vessels could allow for 

direct "on-the-spot" neutralization of large-scale tailings ponds or industrial lagoons. 
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3. Smart Connectivity and Industrial IoT (IIoT) 

IoT Integration: Seamless connectivity with Industrial IoT platforms will enable remote monitoring and control 

through smartphone applications, allowing factory managers to track treatment progress and water quality from any 

location. 

Predictive Maintenance: Smart sensors combined with AI will monitor electrode wear and pump performance, 

providing data-driven insights to schedule maintenance before hardware failure occurs, thereby reducing downtime. 

Cloud-Based Compliance Reporting: Automating the collection and transmission of effluent data to regulatory bodies 

will ensure transparent and effortless environmental compliance. 

4. Environmental Sustainability and Circular Economy 

Zero-Emission and Zero-Liquid Discharge (ZLD): Future research will focus on integrating the system into ZLD 

loops, where the treated water is recycled back into industrial processes, aligning with global ESG and water-

conservation goals. 

Resource Recovery: Investigating the extraction of valuable metallic precipitates and organic compounds from the 

"dust" (sludge layer) could transform wastewater treatment from a cost-center into a resource-recovery stream. 

5. Market Growth and Global Adoption 

Rising Global Demand: The global electrocoagulation market is projected to reach approximately $12.85 billion to 

$15.32 billion by 2035, driven by a 9.6%–9.98% CAGR as industries shift toward eco-friendly and chemically-free 

treatment methods. 

Advanced Electrode Materials: Developing innovative metal alloys and specialized surface coatings for electrodes 

will further reduce passivation and enhance the removal of complex pharmaceutical and chemical pollutants. 

Adaptive Mowing (Sensing): Similar to smart automation in other sectors, implementing real-time turbidity and 

conductivity sensors will allow the system to automatically adjust treatment intensity based on the specific density and 

organic load of each effluent batch. 
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