
 

www.ijamrsd.com |  Journal of Advanced Multidisciplinary Research  | [582] 

                        Studies and Development 

WASTE-TO-WEALTH BIOCHEMICAL TECHNOLOGIES FOR 

COMMUNITY-CENTRIC INNOVATION: VALORIZATION OF BANANA 

AND ONION PEELS 
 

Dr. Deshmukh Prajakta Vijaykumar 

Assistant Professor (CHB), Sau. R. N. Deshmukh Art’s, Commerce and Science College, 

Bhadgaon. 

Email: deshmukhprajakta156@gmail.com           

Abstract 

Organic waste, particularly banana and onion peels, poses significant environmental challenges 

when landfilled [11, 16]. However, these residues are rich in carbohydrates and bioactives, offering 

high potential for biochemical valorization [19]. This study proposes a community-centric "waste-

to-wealth" model using enzymatic hydrolysis and anaerobic digestion to produce methane-rich 

biogas and biofertilizers [18]. Results show efficient energy conversion [9] and the recovery of 

high-value quercetin from onion skins [1, 9]. By integrating community participation for better 

waste segregation [20], this framework successfully applies circular economy principles to meet 

sustainable development goals and support decentralized energy needs.     
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1. Introduction: 

Global organic waste management is a critical challenge, with fruit and vegetable residues forming 

a major share of urban waste [19]. Banana and onion peels are often discarded, causing methane 

emissions and groundwater pollution, despite their high potential for biochemical 

valorization [16]. Sustainable transformation requires advanced processes like anaerobic digestion 

and microbial fermentation [11]. This study fills the gap by proposing a community-centric model 

that optimizes waste conversion and local socio-economic impact [20]. Furthermore, stabilizing 

onion by-products allows for high-value industrial use [1], while co-digesting these peels ensures 

balanced energy production and renewable gas yield [11]. 

 

2. Literature Review: 

2.1 Banana Peel Valorization 

Banana peels are a high-potential organic substrate, characterized by 20–35% carbohydrate 

content and 6–9% fiber [16]. Their moisture levels make them ideal for anaerobic digestion, 

typically yielding 0.35–0.45 m³/kg of methane from volatile solids [18]. However, the 

complex lignocellulosic structure (lignin and hemicellulose) often limits conversion efficiency. 

To enhance biodegradability, enzymatic pretreatment using cellulases and pectinases is employed 

to break down cell walls and release fermentable sugars [19]. This process boosts microbial 

activity, leading to superior biogas yields and system stability. Despite these technical insights, a 
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significant research gap exists regarding the carbon credit potential of such systems at a 

community scale. Addressing this gap is essential for linking grassroots waste management to 

international environmental markets. 

2.2 Onion Peel Valorization 

Onion peels are agro-kitchen waste rich in carbohydrates (20–25%) and diverse bioactive 

compounds such as flavonoids and organosulfur compounds [9]. Unlike many other vegetable 

wastes, onion peels are particularly valued for their potent antioxidant and antimicrobial 

properties, which offer opportunities beyond energy production[1]. Several studies have 

demonstrated that onion peel extracts can be effectively utilized in pharmaceutical, food 

preservation, and nutraceutical applications. 

In addition to bioactive extraction, onion peel waste is highly suitable for anaerobic digestion. The 

production of methane from onion peels contributes to renewable energy generation, while the 

resulting digestate contains essential micronutrients that can be repurposed as high-quality 

biofertilizer [11]. However, the high concentration of sulfur compounds in onion peels can 

sometimes inhibit microbial activity if used as a mono-substrate, underscoring the necessity of 

controlled digestion or co-digestion strategies to maintain pH and microbial health. 

2.3 Co-Digestion and Integrated Biochemical Technologies 

Banana and onion peel co-digestion balances the carbon-to-nitrogen ratio, reducing process 

inhibition while enhancing biogas yields and system stability [9]. Integrated biochemical 

technologies, such as enzymatic hydrolysis and microbial fermentation, enable maximum energy 

recovery and create efficient "Biorefinery" systems for organic waste management [11,18]. Local 

community participation ensures effective waste segregation at the source, which is critical for 

long-term sustainability [20]. Participatory innovation platforms turn complex processes into user-

friendly "Grassroots" models, minimizing transportation costs and enabling a localized "Circular 

Bio-economy" [4,25]. 

2.4 Previous Work and Research Gaps 

Global sustainability research highlights the importance of turning fruit and vegetable waste into 

valuable resources. Studies show that residues like banana and citrus peels can be processed 

through fermentation and anaerobic digestion to create high-value bio-products [18]. Real-world 

pilot projects have demonstrated that these integrated systems can cut landfill waste by 70% while 

producing high-quality organic fertilizers for local farming [11]. 

Despite these benefits, a major research gap remains. Most existing literature focuses on laboratory 

experiments using only one type of waste (mono-digestion). There is very little research on the 

combined processing of banana and onion peels within a community-led system that uses digital 

monitoring or carbon credit tracking. While the potential of individual peels is well-known [9, 16], 

this study introduces a unique "biorefinery" model designed for community innovation to fill this 

gap. 

2.5 Critical Research Gap  

Current literature primarily focuses on laboratory-scale "mono-digestion" of either banana [16] or 

onion peels [9] individually. However, several gaps remain: first, a lack of an integrated 

"Sequential Cascade" model to extract bioactives before energy conversion [18]. Second, there is 

insufficient evidence on decentralized, community-managed validation versus purely technical 

metrics [4]. Third, environmental data like carbon credit potential is rarely integrated into 

community waste-to-wealth studies [23]. Finally, the chemical interaction between potassium-rich 

banana and sulfur-rich onion peels during co-digestion is poorly understood [11]. This study 

bridges these gaps by proposing a scalable, community-led biorefinery framework. 
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Summary of Literature and Identified Research Gaps 

Focus Area Major Findings Limitations Identified References 

Banana Peel 

Biogas 

High methane potential (0.35–

0.45) after enzymatic 

pretreatment. 

Predominantly lab-scale; lacks 

carbon credit assessment. 

[16,18] 

Onion Peel 

Bioactives 

Rich in Quercetin and phenolic 

antioxidants for nutraceuticals. 

Focuses only on extraction; 

ignores residual energy 

recovery. 

[1,9] 

Co-digestion 

Strategies 

Improved C/N ratio and 

enhanced microbial synergy. 

Lack of implementation in 

community-centric 

decentralized models. 

[8,11] 

Integrated 

Bioprocesses 

Sequential recovery of 

enzymes, bio-acids, and 

methane. 

High system complexity; lacks 

simplified grassroots design. 

[18,19] 

Community 

Innovation 

Improved waste segregation 

and local adoption. 

Limited integration with 

advanced biochemical 

technologies. 

[4,20] 

Circular Bio-

economy 

Waste-to-wealth transition and 

sustainability. 

Dearth of real-world case studies 

with LCA data. 

[23,29] 

 

3. Conceptual Framework of the Study: 

In this'Waste-to-Wealth' model, organic waste generated within a community is redefined as a 

high-value biological feedstock rather than a disposal burden. The framework follows a multi-

stage integrated approach, beginning with Community-Based Source Segregation (CBSS), which 

ensures the collection of high-quality, non-contaminated banana and onion peels, essential for 

downstream biochemical processing [20]  

3.1 The Integrated Biorefinery Approach 

The core of this framework is a sequential biochemical cascade. The segregated peel waste 

undergoes mechanical pre-treatment followed by Enzymatic Hydrolysis, which effectively breaks 

down the complex lignocellulosic matrix of the peels. This process enhances biodegradability and 

maximizes the release of fermentable sugars and bioactive polyphenols [19] 

The processed biomass is then subjected to a dual-stream conversion: 

1. Anaerobic Co-digestion: For the production of methane-rich biogas, optimized by balancing 

the C/N ratio of banana peels with the sulfur-rich profile of onion peels [8] 

2. Microbial Fermentation: Utilizing specialized microbial strains to recover secondary 

metabolites, enzymes, and antioxidants before final energy recovery [18]. 

3.2 Resource Recovery and End-Use 

 Renewable Energy: The biogas serves as a decentralized fuel source, reducing the 

community's carbon footprint and dependence on conventional LPG or wood fuel [16] 

 Bio-fertilizer Production: The nutrient-dense digestate is stabilized to produce organic bio-

fertilizers. This digestate is rich in potassium (from banana peels) and essential micronutrients, 

supporting sustainable urban agriculture and soil health [13]. 

3.3 Socio-Technical Integration 

Unlike centralized industrial models, this framework places Community Participation at its 

center. Active involvement in system operation and product utilization fosters local capacity 

building and creates "Green Jobs" [4]. Environmental sustainability is further quantified 
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through LCA, focusing on the reduction of landfill-associated methane emissions and the potential 

for earning Carbon Credits through decentralized waste valorization [23]. 

 

4. Objectives of the Study: 

1. Waste Profiling: To analyze the biochemical potential of banana and onion residues. 

2. Fiber Breakdown: To apply low-cost enzymatic pre-treatment for faster energy release. 

3. Valorization: To extract premium antioxidants and dyes using chemical-free methods. 

4. Biogas Optimization: To co-digest mixed waste for high-efficiency fuel production. 

5. Nutrient Recycling: To convert residual slurry into high-quality bio-fertilizer pellets. 

6. Emission Tracking: To quantify carbon savings for potential carbon credit rewards. 

 

5. Methodology:  

The Community-Biorefinery Framework 

The present study adopts a decentralized, community-driven experimental approach to evaluate 

the biochemical transformation of organic residues into high-value assets. The methodology is 

designed as a sequential "Biorefinery Cascade," integrating waste sourcing, molecular 

characterization, and multi-product recovery in a closed-loop system. 

5.1 Waste Sourcing, Segregation and Bio-Profiling 

The foundation of this study lies in Community-Based Source Segregation. Unlike traditional 

bulk collection, banana and onion peels were sourced directly from local households, fruit juice 

centers, and neighbourhood vegetable markets. This was preceded by a series of "Waste-to-

Wealth" awareness workshops to ensure the collection of "Clean Feedstock"—free from plastic, 

glass, or non-biodegradable contaminants [20]. 

To understand the energy and nutrient potential of the collected biomass, a detailed Bio-Profiling 

was conducted. The following parameters were analysed using standard analytical protocols:  

 Moisture and Volatile Solids: Essential for determining the organic loading rate and 

microbial activity potential [16]. 

 Lignocellulosic Composition: To quantify the cellulose, hemicellulose, and lignin fractions, 

which dictate the speed of biochemical breakdown [18]. 

 Secondary Metabolite Screening: Specifically targeting the total phenolic content and 

flavonoid profiles in onion peels to evaluate their "Pre-Energy" extraction value [9]. 

This characterization step acts as a "Biochemical Roadmap," allowing the community to adjust 

processing conditions based on the seasonal variation of the waste quality [19]. 

 

Baseline Bio-Profiling of Community-Sourced Peels 

Parameter Banana Peel 

(Mean%) 

Onion Peel 

(Mean%) 

Significance in 

Valorization 

Moisture Content 80 – 85 10 – 15 Affects drying and storage 

Total 

Carbohydrates 

30 – 35 20 – 25 Primary fuel for Biogas 

Crude Fiber 7 – 10 12 – 15 Requires Enzymatic 

"Cracking" 

Potassium  High Moderate Bio-fertilizer quality 
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5.2 The "Bio-Cracking" Strategy: Pre-Treatment and Enzymatic Hydrolysis 

To maximize the carbon conversion efficiency, the collected biomass underwent a rigorous "Bio-

cracking" or pre-treatment phase.  

5.2.1 Physical Conditioning (Manual Processing) 

The raw banana and onion peels were first subjected to a multi-stage cleaning process using 

deionized water to remove surface grit, dirt, and microbial contaminants. To increase the "Bio-

accessibility" for microbes, the cleaned peels were manually shredded and then mechanically 

pulverized into a consistent particle size of approximately 2–5 mm. This reduction in size 

significantly expands the surface area, facilitating deeper penetration of enzymes into the tough 

lignocellulosic matrix of the peels [16]. 

5.2.2 Tailored Enzymatic Hydrolysis 

The core innovation in this phase is the application of a Targeted Enzyme Cocktail. The chopped 

biomass was treated with a combination of Cellulase (from Trichodermareesei) 

and Pectinase under controlled conditions (4.8–5.2; Temperature) for a residence time of 24 

hours. 

This enzymatic "Softening" plays a dual role: 

1. Breaking the Barrier: It successfully degrades the recalcitrant cellulose and pectin layers that 

typically shield the fermentable sugars in banana peels [18]. 

2. Sugar Release: By converting complex polysaccharides into simple, fermentable hexose and 

pentose sugars, the hydrolysis step ensures a rapid "Microbial Kick-start" during the subsequent 

anaerobic digestion phase [19]. 

This controlled biochemical "unlocking" of the feedstock not only shortens the overall digestion 

time but also stabilizes the system against sudden pH drops, making it a robust solution for 

decentralized waste-to-energy units [8]. 

 

 Pre-treatment Parameters for Enhanced Valorization 

Process Step Manual/Biochemical 

Action 

Target 

Component 

Scientific Impact 

Mechanical 

Shredding 

Size reduction to 2–5 mm Surface Area Increases microbial contact 

points 

Solar Drying Thermal stabilization Moisture Content Prevents premature 

rot/degradation 

Cellulase 

Treatment 

Enzymatic "Cracking" Cellulose/Lignin Releases fermentable 

sugars [18] 

Pectinase 

Treatment 

Enzymatic Softening Pectin Matrix Improves slurry fluidity and 

gas yield 

 

5.3 The Integrated Biochemical Transformation: Energy and Nutrient Recovery 

The heart of the community-biorefinery model lies in the simultaneous recovery of energy and 

organic nutrients. This phase transitions from the "Bio-cracked" feedstock into three distinct value-

added streams: Biogas, Organic Acids, and Bio-fertilizers. 

5.3.1 Mesophilic Anaerobic Co-Digestion (AcoD) 

The enzymatically pre-treated mix of banana and onion peels was fed into a decentralized batch 

digester. A mesophilic temperature range was strictly maintained to ensure peak microbial 

metabolic rates. The synergetic effect of co-digestion was observed as the high potassium and 
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sugar content of banana peels balanced the sulfur-rich profile of onion peels, preventing volatile 

fatty acid (VFA) accumulation and ensuring a stable pH [8,11]. 

 

Optimized Parameters for the Anaerobic Co-Digestion Process 

Parameter Observed Range/Value Scientific Significance Reference 

Operating Temp. 35–37°C Ideal for Mesophilic Bacteria [8] 

Retention Time 25–30 Days Complete Biomass Degradation [17] 

Methane Content 62–68% High-Calorific Value Fuel [16] 

Process Stability High Balanced C/N and pH [11] 

 

5.3.2 Targeted Microbial Fermentation 

Post-hydrolysis, the liquid fraction—rich in released sugars and phenolic extracts—was subjected 

to controlled fermentation using a microbial consortium (including Lactobacillus species). This 

stage focuses on converting onion peel residues into bioactive-rich extracts and organic acids, 

which serve as natural bio-preservatives or plant growth stimulants [9,18]. 

5.3.3 Decentralized Bio-fertilizer Engineering 

The solid residue remaining after digestion was not treated as waste. Instead, it was solar-dried 

and inoculated with nitrogen-fixing bacteria (Azotobacter) to enhance its bio-efficacy. This 

"Digestate-to-Gold" transition provides a nutrient-dense alternative to synthetic urea and 

potash [13]. 

 

Nutrient Profile of Digestate-Based Bio-fertilizer 

Nutrient Content (%) Soil Health Impact Reference 

Nitrogen (N) 1.4–1.6 Stimulates Vegetative Growth [13] 

Phosphorus (P) 0.7–0.9 Enhances Root Development [14] 

Potassium (K) 1.1–1.3 Improves Fruit/Crop Quality [13] 

Organic Carbon High (>25%) Improves Soil Texture/Porosity [14] 

 

5.4 Impact Assessment: The "Wealth" Generation 

Beyond the lab metrics, the community-centric model was evaluated for its real-world impact. 

Using the Tier-1 [5] methodologies, we quantified the socio-environmental shifts. 

 

Socio-Environmental Benefits of the Community-Based Model 

Aspect Measured Impact Long-term Benefit  Reference 

Waste Diversion 85–90% reduction Zero-Landfill Community [23] 

Greenhouse Gas Emission 40–50% Reduction Carbon Credit Potential [23] 

Community Awareness High Adoption Rate Behavioral Sustainability [4] 

Energy Savings 30% reduction in LPG Financial Empowerment [15] 

Employment Local Skill Building Micro-entrepreneurship [4] 
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Flowchart of Community-Based Biochemical Model: 

 
 

5.4 Product Quality Assessment: Testing the "Wealth" 

The following standardized analytical methods were employed: 

5.4.1 Biogas Purity and Fuel Efficiency 

To ensure the biogas produced is of high fuel quality, samples were collected from the digester 

headspace using gas-tight syringes. The methane concentration was quantified using Gas 

Chromatography equipped with a Thermal Conductivity Detector. This analysis confirmed the 

energy density of the gas and its suitability for decentralized cooking or lighting applications [16]. 

5.4.2 Bio-fertilizer Nutrient Profiling 

The stabilized solid digestate was evaluated for its agricultural value. Standard soil -science 

protocols were used to determine the NPK levels. Total Nitrogen was analyzed using the Kjeldahl 

method, while Phosphorus and Potassium were measured using flame photometry and 

spectrophotometry, respectively. This profiling ensures the fertilizer meets the nutritional 

requirements for urban farming and soil restoration [13] 
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5.4.3 Enzyme and Bioactive Quantification 

The liquid extracts obtained from the fermentation of onion and banana peels were analyzed to 

measure their biochemical strength. Spectrophotometric Assays were used to quantify the 

activity of enzymes and the concentration of antioxidants. This data confirms the potential of these 

extracts for secondary industrial use as natural preservatives or growth stimulants [22]. 

5.4.4 Sustainability and Community Impact (LCA) 

Beyond the laboratory metrics, the overall feasibility of the model was tested through Life Cycle 

Assessment. This was coupled with structured community surveys to gauge social acceptance and 

ease of operation. The LCA focused on calculating the reduction in global warming potential by 

diverting waste from landfills and establishing a baseline for earning Carbon Credits [23]. 

 

6. Results and Discussion: The "Wealth" Generation Performance: 

The transition from "Kitchen Waste" to "Community Assets" was evaluated through technical, 

chemical, and digital lenses. The findings confirm that the integrated biorefinery approach 

significantly outperforms traditional disposal methods. 

6.1 The Power of the "Waste-Cocktail"  

The co-digestion of banana and onion peels produced a high-quality biogas with a methane 

concentration of 62–68%. This is significantly higher than the 45–50% typically seen in 

unmanaged pits, making it an excellent fuel for household cooking [11,16] 

To test the innovation, we compared a "Manual System" with a "Digital/Monitored System". 

 

Statistical Comparison of Methane Performance (Triplicate Trials, n=3) 

Performance 

Parameter 

Traditional 

(Manual) 

Digital 

Monitoring 

Scientific Impact 

Methane Yield 

(m3/kgVS) 

0.41 ± 0.02 0.55 ± 0.03 34% Increase in Energy 

Methane Purity (%) 58 ± 2 66 ± 1.5 Better Flame Quality 

Retention Time (Days) 28 21 25% Faster Processing 

Process Efficiency (%) 72 89 Optimized Bio-

conversion 

Note: The independent t-test confirmed that the performance boost with monitoring was 
statistically significant (p < 0.01), aligning with findings by [9]. 

 

6.2 Maintaining "Stomach Health"  

A biogas digester acts like a biological stomach. Stability was measured through pH and Volatile 

Fatty Acid levels. Excessive VFA causes "souring" of the system, which stops gas production. 

 

System Stability Indicators 

Stability Indicator Without Monitoring With Digital Monitoring Reference 

pH Variation Range 6.2 – 7.8 (Unstable) 6.8 – 7.2 (Ideal) [8] 

VFA Accumulation (mg/L) 1850 ± 110 1120 ± 95 [11] 

System Failure Events 3 per cycle 1 per cycle [17] 

 

The digital monitoring helped the community maintain the "sweet spot" for methanogenic bacteria, 

drastically reducing system failures [17]. 
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6.3 The "Green" Impact: LCA and Community Adoption 

The Life Cycle Assessment revealed a 40–50% reduction in Global Warming Potential (GWP) 

compared to traditional landfilling. This is primarily due to the capture of methane that would have 

otherwise escaped into the atmosphere [23]. Community surveys (n=100) indicated a 90% 

willingness to adopt the technology, provided that low-cost biochemical kits are made available 

locally [4]. 

6.4 Climate Impact: Methane Capture and Mitigation 

When banana and onion peels rot in open dumps, they release methane—a gas 25 times more 

potent than Our system captures this gas as "Wealth." Based on the IPCC Emission 

Guidelines[5], we calculated the carbon footprint reduction. 

 Conventional System: Achieved a reduction of 1.10 tCO2 e/year. 

 Digital/Monitored System: Achieved a superior reduction of 1.48 tCO2 e/year 

This 35% increase in climate benefit is due to the higher efficiency of the monitored microbes, 

which convert more carbon into fuel rather than waste. This data provides a strong foundation for 

the community to apply for Carbon Credits or local environmental subsidies [23]. 

6.5 Final Performance Benchmarking: Conventional vs. Digital 

The final comparison confirms that the "Smart Biochemical" approach is a game-changer for the 

Circular Bio-economy. 

 

Final Performance Benchmark and Success Indicators 

 Indicator Conventional System Digital System Net Benefit (%) Reference 

Methane Yield 0.41  0.55  + 34% [16] 

Fuel Purity  58% 66% + 13% [11] 

Process Efficiency 72% 89% + 23% [17] 

Downtime 14 Days 5 Days - 64% [8] 

Emission Offset 1.10 tCO2e/year 1.48 tCO2e/year + 35% [23] 

 

The statistically validated boost in energy (p < 0.01) and the dramatic drop in downtime confirm 

that Digital Biochemical Integration is the missing link in making "Waste-to-Wealth" a reality at 

the local level [23,26] 
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7. Policy Integration: Aligning Waste-to-Wealth with Sustainable Goals: 

The proposed "Community-Centric Biorefinery" is not just a technical solution but a strategic 

model that fits into global and national (Indian) policy frameworks. By converting banana and 

onion peels into energy and fertilizer, this model transitions from a "Linear Disposal" mindset to 

a Circular Bio-economy [24]. 

7.1 Alignment with Sustainable Development Goals 

This model directly contributes to the United Nations’ 2030 Agenda: 

 SDG 7 (Affordable and Clean Energy): Providing decentralized biogas as a sustainable 

alternative to LPG in community kitchens [16]. 

 SDG 11 (Sustainable Cities and Communities): Reducing the landfill burden by treating 

waste at the source [4]. 
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 SDG 12 (Responsible Consumption and Production): Promoting the valorization of 

secondary biological resources like fruit and vegetable peels [19]. 

 SDG 13 (Climate Action): Achieving a measurable reduction in greenhouse gas emissions 

through methane capture [23]. 

7.2 Relevance to the Indian Policy Framework 

In the Indian context, this model serves as a practical implementation tool for:  

 GOBARdhan Scheme: Supporting the transformation of biowaste into wealth for rural and 

urban sectors [17]. 

 SATAT : Providing baseline data for the decentralized production of bio-CNG. 

 Swachh Bharat Mission: Enabling "Source Segregation" through community awareness and 

grassroots innovation [20]. 

 National Bioenergy Programme: The use of digital monitoring and biochemical integration 

qualifies such projects for government subsidies, reducing capital costs for local groups [15]. 

 

8. The Carbon Credit Model: Monetizing Environmental Impact: 

The transformation of community waste into wealth is scientifically validated through its ability 

to prevent greenhouse gas emissions. Open dumping of organic residues, such as banana and onion 

peels, leads to uncontrolled anaerobic decay, releasing methane directly into the atmosphere. Our 

model captures this methane, converting it into usable energy and reducing the community's 

carbon footprint [23]. 

8.1 Emission Reduction Estimation [5,6] 

To quantify this benefit, we use the Global Warming Potential metric. According to the IPCC 

Sixth Assessment Report (AR6, 2021), the 100-year GWP for biogenic methane is estimated 

at 27.0 to 29.8 (depending on indirect effects), meaning methane is nearly 30 times more 

potent[3,6]. 

Manual Calculation for Community Impact: 

If a community unit processes waste that would have produced 70 m3 of methane in a landfill: 

 Mass of Methane:  

 1 m³ CH₄ ≈ 0.67 kg 

 70 × 0.67 = 46.9 kg CH₄ 

 CO₂ equivalent reduction = 46.9 × 28 ≈ 1313 kg CO₂ (or ~1.3 Tonnes).  

By diverting 1 tonne of peel waste, the community prevents over 1.3 tonnes of CO2from entering 

the atmosphere. This reduction can be officially certified under international standards like 

the Gold Standard or Verified Carbon Standard and traded as "Carbon Credits" [7,27]. 

8.2 Benefits for the Community: Beyond Energy 

Integrating a carbon finance mechanism offers three major advantages for local stakeholders:  

 Additional Revenue Stream: Each "Certified Emission Reduction" can be sold on voluntary 

carbon markets, providing a secondary income that covers operational costs of the digester  [27]. 

 Project Sustainability: Carbon finance reduces the payback period of the equipment, making 

small-scale decentralized units financially viable without heavy government reliance [10] 

 Climate Mitigation Branding: Communities can demonstrate a measurable contribution to 

India's Nationally Determined Contributions, enhancing local pride and environmental 

awareness [4]. 
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9. Scale-Up Potential: From Pilot to Community Impact: 

The transition from a small-scale digester to a wide-scale community network is both technically 

feasible and economically attractive. By treating waste at the source, the model minimizes 

transportation logistics and maximizes local energy independence [11] 

9.1 Economic Estimation (Illustrative Model for 50m3) 

Based on recent techno-economic assessments of medium-sized decentralized units, the following 

financial blueprint is estimated. While initial costs are capital-intensive, the long-term savings in 

fuel (LPG/CNG) and the sale of bio-fertilizers ensure a rapid recovery of investment [17,28]. 

 Estimated Payback Period: ~2.5 to 4 years (depending on the monetization of carbon credits 

and bio-slurry) [3,17]. 

 

Estimated Financial Roadmap for a 50m3 

Component Estimated Cost (INR) Operational Impact 

Fixed Dome/HDPE Digester (50m3 ) 18 – 22 Lakhs Core Infrastructure 

Annual Maintenance (O&M) 1.5 – 2 Lakhs Slurry management & monitoring 

Annual Energy Savings (LPG Offset) 6 – 8 Lakhs Direct "Wealth" Generation 

Secondary Income (Bio-fertilizer) 2 – 3 Lakhs Sale of nutrient-rich pellets 

Note: Government subsidies under the MNRE Biogas Programme (2021-2026) can further 

reduce the effective CAPEX by 20-30%, making the model highly viable for local 
entrepreneurs [12]. 

 

9.2 Expansion Strategies for Regional Impact 

Scaling up requires moving beyond isolated units to an integrated network of waste-to-wealth 

centers. 

 Gram Panchayat Cluster Model: Grouping 5-10 nearby villages to share a centralized 

processing unit, managed by local [4]. 

 Vegetable Market-Based Units: Installing high-capacity "Smart Digesters" directly at 

wholesale vegetable markets to eliminate onion and fruit peel waste at the point of generation. 

 Public-Private Partnership (PPP): Collaborating with private tech providers (e.g. GPS 

Renewables, Adani TotalEnergies) for technical maintenance while the community manages waste 

collection [3] 

 Integration with Farmer Producer Organizations (FPOs): Empowering FPOs to use the 

bio-fertilizer for organic farming and the biogas for cold storage power, effectively closing the 

nutrient loop [21]. 

 

10. Conclusion and Future Perspectives: 

This study demonstrates that the integrated biorefinery approach for banana and onion peels is a 

technically viable "Waste-to-Wealth" strategy, yielding high-value antioxidants, nutrient-dense 

bio-fertilizers, and methane-rich biogas (62–68%). The integration of low-cost digital monitoring 

enhanced methane production by 34% and improved greenhouse gas mitigation by 35% compared 

to conventional disposal methods. Future research will focus on scaling this technology through 

AI-driven feedstock optimization and blockchain-based carbon credits to support smart-village 

initiatives and net-zero targets. 
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Future Research: 

Focus will shift toward AI-driven feedstock optimization, blockchain-based carbon trading, 

and scaling the model across smart-village clusters to support India’s Net-Zero 2070 goals. 
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