
Jurnal Pijar MIPA ISSN 1907-1744 (Print) 

https://jurnalfkip.unram.ac.id/index.php/JPM ISSN 2460-1500 (Online) 

 

___________ 
How to Cite: 
W. Anggraini, “The Role of Microbial Enzymes in Organic Waste Bioconversion: A Biochemical and Renewable Energy Perspective”,  J. 
Pijar.MIPA, vol. 20, no. 5, pp. 835–841, Jul. 2025. https://doi.org/10.29303/jpm.v20i5.9343    

 

The Role of Microbial Enzymes in Organic Waste Bioconversion: A Biochemical and 

Renewable Energy Perspective 
 

Welly Anggraini 
 

Faculty of Science and Technology, Universitas Islam Negeri Raden Intan Lampung, Lampung, Indonesia 

e-mail: wellyanggraini@radenintan.ac.id 

 

Received:  June 15, 2025. Accepted: June 25, 2025. Published: July 19, 2025 

 

Abstract: This study explores the role of microbial enzymes in the bioconversion of organic waste into renewable energy 

sources such as bioethanol, biogas, and biohydrogen. Employing a qualitative literature review, this research applies a 

systematic thematic synthesis to 28 scientific sources, including journal articles, policy reports, and textbooks published 

between 2018 and 2024. The findings indicate that enzymes such as cellulase, amylase, and lipase play a dominant role in 

the hydrolysis of organic substrates, breaking down complex biomolecules into glucose, amino acids, and fatty acids. These 

hydrolysis products are then fermented anaerobically by microbes like Saccharomyces cerevisiae and Clostridium spp. to 

generate various bioenergy outputs. In addition, the study highlights the importance of biochemical characteristics such as 

enzyme kinetics, stability, and substrate specificity, which are critical for improving energy conversion efficiency. 

Operational challenges include high production costs and suboptimal enzyme performance under non-laboratory 

conditions. However, promising innovations have emerged, including enzyme immobilization techniques, co-fermentation 

strategies, and the use of genetically engineered microorganisms. Case studies from India, Germany, and Indonesia 

demonstrate the practical potential of microbial enzyme-based bioconversion systems in transforming agricultural and 

household waste into valuable energy products. The integration of microbial enzymes into waste management not only 

reduces environmental pollution but also supports clean energy transition efforts. This research implies the need for policy 

alignment and educational curriculum integration in environmental science to accelerate public adoption and awareness. 

This research implies the need for policy alignment and educational curriculum integration in environmental science to 

accelerate public adoption and awareness. 
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Introduction  
 

Organic waste is one of the main environmental 

problems in both urban and rural areas. Data from the 

Ministry of Environment and Forestry (KLHK, 2022) 

shows that approximately 60.3% of the total 67.8 million 

tons of national waste consists of organic waste [1]. Most of 

this waste comes from households and traditional markets, 

and if not properly managed, it can lead to greenhouse gas 

emissions, groundwater pollution, and public health issues. 

A preliminary study by the University of Lampung (2023) 

revealed that 35% of household waste in Bandar Lampung 

remains unprocessed, mostly consisting of kitchen waste 

and dry leaves [2]. Various waste treatment technologies 

have been implemented, such as open burning and 

landfilling, but they pose long-term environmental impacts 

[3]. Composting is a more environmentally friendly 

alternative, yet it requires a long decomposition time and a 

large land area. Therefore, the bioconversion approach 

using microorganisms and enzymes has emerged as a 

promising solution. 

Numerous studies have demonstrated the significant 

role of microbial enzymes in accelerating the 

decomposition of lignocellulosic biomass. Cellulase and 

protease can increase degradation speed by up to 40% 

compared to natural processes  [4]. Furthermore, the use of 

enzyme mixtures from thermophilic microorganisms can 

enhance bioethanol production from agricultural waste by 

up to 65% [5]. However, field applications are still limited 

due to low enzyme stability, high production costs, and 

process inefficiencies in non-sterile environments [6]. Most 

studies have focused on the technical aspects of the process, 

while biochemical approaches concerning enzyme 

structure, mechanisms, and kinetics have not been 

extensively explored. 

Biochemical studies are essential to understand 

enzyme mechanisms at the molecular level, such as 

substrate interactions with active sites, activation energy 

dynamics, and the influence of temperature and pH on 

enzyme conformation. The novelty of this study lies 

explicitly in combining enzymatic biochemical approaches 

with renewable energy production strategies within an 

integrated bio-refinery system. This offers a new 

contribution to the existing literature by linking molecular-

level enzymatic mechanisms with practical applications in 

waste management and clean energy transition. 

Specifically, biochemical knowledge—such as 

understanding enzyme-substrate interactions, kinetics, and 

structural stability—enables researchers to modify enzymes 

or optimize conditions for more efficient hydrolysis and 

fermentation processes, thereby improving overall 

bioconversion performance. On the other hand, the use of 

enzymes in waste bioconversion not only reduces 

environmental burdens but also contributes to the 
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development of clean energy sources such as bioethanol, 

biogas, and biohydrogen [7]. This study differs from 

previous research as it integrates biochemical aspects of 

enzymes with bioenergy production strategies into a 

comprehensive bio-refinery system. 

 
Research Methods 

 

This study employs a systematic qualitative review 

with thematic synthesis. Literature was collected through 

structured searches in databases such as PubMed and 

Google Scholar, using keywords such as “Microbial 

Enzymes”, “Organic Waste”, “Bioethanol”, “Biogas”, and 

“Biohydrogen”. The review followed the PRISMA 

(Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses) framework to ensure transparent reporting 

[8]. A total of 2,440 articles were initially identified: 1,350 

from PubMed, 1,058 from Google Scholar, and 32 from 

other databases. After removing 10 duplicate entries, 2,430 

unique articles proceeded to the screening phase. Titles and 

abstracts were screened, resulting in the exclusion of 2,330 

irrelevant articles. In the eligibility phase, 100 full-text 

articles were assessed, of which 86 were excluded due to 

unmet inclusion criteria, such as absence of enzymatic 

mechanism analysis, lack of bioconversion focus, or 

insufficient renewable energy data. Ultimately, 12 articles 

were included in the final synthesis. 

Inclusion criteria were based on the PICO 

framework  [9].  (Table 1): studies must discuss 

microorganisms or enzymes used in converting organic 

waste, describe anaerobic fermentation or enzymatic 

hydrolysis, evaluate potential bioenergy production 

(bioethanol, biogas, biohydrogen), and/or examine enzyme 

structure, mechanism, or stability in bioconversion 

contexts. 

 

Table 1. PICO Framework for Literature Inclusion Criteria 

Component Description 

Population (P) 
Organic waste from households, 

agriculture, and the food industry. 

Intervention (I) 

Application of microbial enzymes 

(cellulase, amylase, protease, 

lipase) in the bioconversion 

process. 

Comparison (C) 

Comparison between conversion 

methods with and without the use 

of enzymes. 

Outcome (O) 

Efficiency of bioethanol, biogas, 

and biohydrogen production; 

enzyme stability and effectiveness. 

 

This review applied Braun and Clarke’s six-phase 

thematic analysis process: (1) familiarization with the data, 

(2) generating initial codes, (3) searching for themes, (4) 

reviewing themes, (5) defining and naming themes, and (6) 

producing the report. NVivo 12 software was used to 

facilitate systematic coding, data management, and 

thematic mapping. Limitations of this study include 

potential publication bias due to underreporting of negative 

or inconclusive findings and variability in methodological 

quality among the included studies. 

 

 
Figure 1. PRISMA Flow Diagram 

 

Results and Discussion 
 

This section presents a synthesis of findings from 14 

selected articles published between 2018 and 2024, based 

on a systematic thematic review. The results are organized 

into five main themes: enzyme sources, biochemical 

mechanisms, bioconversion processes, industrial 

applications, and development challenges. 

 

Types and Sources of Microbial Enzymes 

 

The literature highlights the significant contribution 

of microbial enzymes to organic waste bioconversion. 

Studies by Han et al. (2016) [11] and Haldar et al. (2018) 

[12] emphasized the hydrolysis potential of glucoamylase 

and cellulase. Agricultural residues such as rice straw, 

potato waste, and vetiver grass are widely used as 

substrates due to their lignocellulosic content and 

availability. Subsamran et al. (2019) [13] and Chauhan et 

al. (2022) [14] confirmed that local microbes can 

effectively produce enzymes from these materials. Enzyme-

producing microorganisms include Trichoderma reesei, 

Bacillus subtilis, and Aspergillus niger. 

 

Biochemical Mechanisms of Enzyme Action 

 

The role of glucoamylase in breaking down 

polysaccharide compounds into glucose as a fermentation 

substrate for biohydrogen [15]-[16] discusses t. Enzyme 

activity is enhanced under controlled environmental 

conditions, such as optimal temperature and neutral pH. 

Other articles, such as from BioResources (2022)  [17], 

explored residual enzyme kinetics during fermentation 

reactions and their applications in bioenergy production. 
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Energy Conversion Processes 

 

Studies by Microbial Communities (2021) [18], 

arXiv (2021) [19], and BioResources (2022) [17] show that 

anaerobic fermentation after acid pretreatment can yield 

>10 mmol/L of biohydrogen in laboratory-scale 

experiments. High-efficiency conversion of rice straw to 

bioethanol [15]. Enzymatic hydrolysis provides glucose, 

which is fermented by Saccharomyces cerevisiae and others 

to generate bioethanol, acetic acid, methane, and hydrogen. 

 

Case Studies and Industrial Applications 

 

In developing countries like Indonesia, pilot projects 

using Bacillus subtilis enzymes for kitchen waste have 

yielded promising biogas output. Conversely, Germany and 

Japan have implemented full-scale bio-refinery systems 

integrating enzyme-based processes. Industrial applications 

such as composting and solid-state fermentation using 

enzymes derived from organic waste [20]-[21]. MDPI 

(2023) [22] highlighted applications in composting and 

solid-state fermentation (SSF). These case studies show 

how infrastructure, funding, and public awareness shape 

technology adoption across regions. 

 

Challenges and Development Opportunities 

The industrial-scale implementation of enzyme-

based bioconversion technologies faces several interrelated 

challenges that limit their scalability and economic 

viability. Among the most pressing issues are: High 

production costs of purified enzymes, which require 

significant resources for isolation and optimization, 

Enzyme instability under open and non-sterile conditions, 

leading to rapid degradation by pH shifts, temperature 

fluctuations, and the presence of inhibitors in organic 

waste, Structural resistance of lignin, which limits 

enzymatic access to cellulose and hemicellulose within 

lignocellulosic biomass [23]. These challenges underscore 

the operational gap between laboratory-scale feasibility and 

field-level application, particularly in decentralized or low-

resource settings. To address these barriers, innovative 

strategies have been developed: Enzyme immobilization 

techniques improve enzyme reusability and operational 

stability by binding enzymes to solid supports such as 

silica, alginate beads, or cellulose membranes [24]. Genetic 

engineering of microbial strains has produced enzymes with 

enhanced traits such as: Thermostability (resistance to high 

temperatures), Acid tolerance (functionality in low pH 

environments), Protease resistance (longer half-life in 

complex waste mixtures). For example, recombinant strains 

of Trichoderma harzianum and engineered E. coli have 

been shown to overexpress cellulases with improved 

performance in non-sterile bioreactor systems [25]. Co-

fermentation strategies, which utilize combinations of 

organic substrates (e.g., kitchen waste + agricultural 

residues), improve fermentation balance and energy yield 

by leveraging complementary nutrient profiles [26]. 

Importantly, these technological advancements must be 

integrated with policy and infrastructure support to ensure 

successful scale-up. In developing countries, constraints 

such as limited funding, inadequate technical capacity, and 

weak regulatory frameworks can hinder adoption. 

Therefore, a multidimensional approach combining 

biochemical innovation, engineering optimization, and 

community-level implementation is essential for 

maximizing the impact of enzyme-based bioconversion. 

 

Table 2. Summary of Literature on Microbial Enzymes for Organic Waste Bioconversion (2018–2024) 

No Reference Thematic Focus Key Findings 

1 [12] Cellulose hydrolysis kinetics 
Effect of monosaccharides on the enzymatic rate 

optimized 

2 [15]   
Aspergillus enzymes → rice straw 

hydrolysis 
Produced glucose for bioethanol fermentation 

3 [13] Vetiver grass as a cellulase source Supports lignocellulosic bioethanol production 

4 [14] 
Local microbes from Himachal 

Pradesh 
Efficient conversion of potato waste to bioethanol 

5 [18] Anaerobic microbial consortium 
Enzymatic synergy in OFMSW hydrolysis and methane 

production 

6 [22]  
FVW enzymes (cellulase, ligninase, 

lipase, etc.) 

Kraft process in circular economy; added value from 

food waste 

7 [17] Residual enzymatic hydrolysis 
Energy recovery through the pyrolysis of straw waste 

residues 

8 [20] Enzymes in waste composting 
Microbial enzymes accelerate FVW decomposition and 

offer bioremediation potential 

9 [23] Enzymes in food/vegetable waste 
Detailed enzyme options and immobilization methods 

for bio-refinery systems 

10 [23]  
Bioconversion of waste → value-

added products 
Biofuels, bioplastics, and enzymes via biorefineries 

 

11 
[21] 

Solid-state fermentation of 

agricultural waste 
Enzyme and bioproduct production through SSF 

12 [19] 
Optimization model for bio-H₂/CH₄ 

pretreatment 
Optimal parameters: acid pretreatment, H₂ >10 mmol/L 

 

The bioconversion of organic waste through 

microbial enzyme activity is an innovative approach to 

waste management and renewable energy production [27] . 

Enzymes such as cellulase, amylase, protease, and lipase—

produced by microorganisms like Trichoderma reesei, 

Bacillus subtilis, and Aspergillus niger—play a role in 
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hydrolyzing complex organic matter into simpler 

compounds such as glucose, amino acids, and fatty acids. 

The bioconversion process consists of three main phases: 

enzymatic hydrolysis, anaerobic fermentation, and energy 

production in the form of bioethanol, biogas, or 

biohydrogen. During enzymatic hydrolysis, large organic 

molecules are broken down into simpler ones by enzymatic 

activity. The glucose resulting from hydrolysis is then 

fermented by microorganisms such as Saccharomyces 

cerevisiae [28] to produce bioethanol, while anaerobic 

fermentation by Clostridium spp. and methanogenic 

consortia generates bioenergy gases such as methane and 

hydrogen. 

Similar to kombucha fermentation, the waste 

bioconversion process involves microbial dynamics that 

produce antimicrobial compounds like acetic and lactic acid 

[29] Yeast breaks down sucrose into glucose and fructose 

using the enzyme invertase, and acetic acid bacteria convert 

ethanol into acetic acid, which has antimicrobial properties. 

This process not only improves fermentation efficiency but 

also inhibits the growth of pathogenic microorganisms. The 

effectiveness of the bioconversion process is greatly 

influenced by enzyme stability, substrate concentration, 

temperature, and environmental pH. Studies show that 

enzymes stable under extreme conditions can improve 

energy production efficiency. For instance, research in 

India demonstrated that using natural enzymes from 

household kitchen waste can produce 1 m³ of biogas per 

unit per day [30]. In Germany, a combination of cellulase 

and hemicellulase from wheat straw achieved a 70% 

conversion efficiency to bioethanol [31]. Meanwhile, in 

Indonesia, the use of Aspergillus niger to convert palm oil 

waste into biohydrogen resulted in an efficiency of 0.45 

mol H₂/mol substrate [32]. On the other hand, strategies to 

increase efficiency include enzyme immobilization 

techniques and genetic engineering of microorganisms to 

enhance resistance to non-sterile industrial environments. In 

addition, co-fermentation methods using multiple substrates 

have also been proven to increase energy yield due to the 

diversity of their nutritional content. Fermentation 

processes not only generate energy but also alter the 

chemical characteristics of the substrate. The accumulation 

of acidic compounds during fermentation leads to a 

decrease in pH, contributing to natural antimicrobial 

activity. This phenomenon is similar to the antibacterial 

activity found in kombucha tea, where fermentation of 

plants such as tea leaves, butterfly pea flowers, and soursop 

leaves produces bioactive compounds like flavonoids, 

phenols, and organic acids that effectively inhibit the 

growth of pathogenic bacteria [33]. The following tables 

summarize the review results from various literature 

sources, categorized by enzyme type, energy conversion 

process, and their applications in several countries.  

 

Biochemical Characteristics of Microbial Enzymes 

 

Based on the literature, the most commonly used 

microbial enzymes in the bioconversion process are derived 

from microbial genera such as Bacillus, Aspergillus, 

Trichoderma, and Clostridium. The dominant enzymes 

include cellulase, amylase, and lipase [34]. These enzymes 

are produced through solid or liquid fermentation of 

organic waste substrates. For example, Trichoderma reesei 

is known to be highly effective in producing cellulase from 

lignocellulosic biomass [35]. Microbial enzymes are 

complex proteins produced by microorganisms such as 

Bacillus sp., Aspergillus niger, and Trichoderma reesei. 

Their tertiary structure allows for specific substrate 

recognition via active sites. The enzymatic mechanism 

follows the Michaelis-Menten principle, where the Km 

value reflects substrate affinity, and Vmax represents the 

maximum reaction rate [36]. Cellulase, protease, and lipase 

are the three main enzyme types involved in organic waste 

degradation. Cellulase hydrolyzes cellulose into glucose, 

protease breaks down proteins into amino acids, and lipase 

splits fats into fatty acids and glycerol [37]. Biochemically, 

enzymes function by lowering the activation energy of 

hydrolysis and fermentation reactions. For instance, 

cellulase breaks β-1,4-glycosidic bonds in cellulose to 

produce glucose, which is then fermented into bioethanol 

by fermentative microbes [38]. Lipase catalyzes 

transesterification reactions to produce biodiesel, while 

protease plays a role in decomposing complex proteins in 

kitchen waste [39]. 

 

 

Table 3. Microbial Enzymes and Their Roles in Organic Waste Bioconversion 

Enzyme Type Producing 

Microorganism 

Decomposed 

Substrate 

Main 

Product 

Biochemical Function 

Cellulase Trichoderma reesei 
Cellulose (e.g., 

vegetable waste) 

Glucose 

 
Hydrolysis of β-1,4-glycosidic bonds 

Protease 
Bacillus subtilis, 

Aspergillus sp. 

Protein 

(kitchen/industrial 

waste) 

Amino acids Cleaving peptide bonds 

Lipase Rhizopus oryzae 
Fats/oils (e.g., 

fried waste) 

Fatty acids + 

Glycerol 
Hydrolysis of triglyceride esters 

Hemicellulase Aspergillus niger 
Hemicellulose 

(e.g., agri-waste) 

Xylose, 

arabinose 

 

Breakdown of complex 

polysaccharides 

 

Stages of Energy Bioconversion  

 

The enzyme-based microbial bioconversion process 

of organic waste involves three main stages: enzymatic 

hydrolysis, anaerobic fermentation, and energy gas 

production. The hydrolysis stage plays a vital role in 

breaking down complex substrates such as cellulose, 

protein, or fat into monomeric forms like glucose and 

amino acids using enzymes like cellulase and protease [37]. 

This stage is critical for increasing the availability of 
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substrates for fermentative microorganisms, thereby 

improving the efficiency of the next fermentation stage 

[40]. These monomers are then anaerobically fermented by 

specific microorganisms into liquid products such as 

bioethanol or intermediates like acetic or butyric acid [39]. 

The fermentation process is performed by anaerobic 

microorganisms such as Saccharomyces cerevisiae, 

Clostridium spp., and lactic acid bacteria, depending on the 

metabolic pathways used and environmental factors like pH 

and temperature [40]. This stage is the core of economically 

valuable liquid and solid energy product generation. The 

liquid products can be directly used or further fermented to 

produce energy gases such as biogas (methane) and 

biohydrogen [42]. Biogas is usually produced from 

household or industrial organic waste by methanogenic 

microbial activity, whereas biohydrogen is generated via 

dark fermentation of carbohydrate-rich substrates by 

microbes like Clostridium butyricum [43] Each of these 

pathways has different optimal conditions in terms of pH, 

temperature, and nutrient content [43]. Understanding the 

connection between the stages and final products enables 

the design of integrated and efficient bioconversion systems 

to support waste management and the transition toward 

renewable energy [45]. 

 

Table 4. Bioconversion Process Stages and Associated Energy Products 

Process Stage Input (Substrate) 
Biochemical 

Process 
Energy Product 

Microorganism / Enzyme 

Involved 

Enzymatic 

Hydrolysis 

Cellulose, protein, 

and fat 

Hydrolysis by 

cellulase, protease, 

and lipase 

Glucose, amino 

acids 

Trichoderma reesei, Bacillus, and 

lipase-producing fungi 

Anaerobic 

Fermentation 

Glucose, amino 

acids 

Alcohol/organic 

acid fermentation 

Bioethanol, 

acetic acid 

Saccharomyces cerevisiae, 

Zymomonas mobilis 

Biogas 

Production 

Complex organic 

waste 

Methanogenic 

fermentation 
Biogas (CH₄) 

Methanogenic consortia 

(anaerobic archaea) 

Biohydrogen 

Production 

Carbohydrates, 

acetic acid 
Dark fermentation 

Biohydrogen 

(H₂) 

Clostridium spp., Enterobacter 

spp. 

 

 
Figure 2. Bioconversion Process Flowchart 

 

Implementation Case Studies  

 

Studies show that enzyme-based bioconversion 

technology has been applied in sectors such as tofu waste 

treatment, palm oil waste, and household waste. In 

Indonesia, this technology is still at the pilot stage. For 

example, a pilot project in Yogyakarta demonstrated 

successful biogas production from kitchen waste using 

Bacillus subtilis, yielding competitive gas output [46]. 

Internationally, countries such as Germany and Japan have 

adopted integrated bio-refinery systems based on enzymatic 

technology [47].  

 

Table 5. Case Studies of Enzyme-Based Energy Production from Organic Waste 

Country Waste Substrate Enzymes Used Energy Product Conversion Efficiency Reference 

India 
Household 

kitchen waste 
Natural enzyme blends Biogas 1 m³/day/unit [30] 

Germany Wheat straw 
Cellulase, 

hemicellulase 
Bioethanol 70% [31] 

Indonesia Palm oil waste Aspergillus niger Biohydrogen 0.45 mol H₂/mol substrate [32] 
 

Figure 3. Trend of Scientific Publications on Microbial 

Enzymes and Organic Waste Conversion (2018–2024) 

 

Challenges and Innovations 

 

The energy bioconversion process using microbial 

enzymes faces several critical challenges, especially when 

applied at an industrial scale and in open environments. 

These include the high cost of enzyme production due to 

the requirement for large amounts of purified, highly active 

enzymes. Moreover, enzyme instability under non-

controlled conditions—such as temperature fluctuations, 

acidic pH, and the presence of inhibitors—can reduce 

catalytic efficiency. In addition, lignin in lignocellulosic 

biomass presents a structural barrier, limiting enzymatic 

access to cellulose and hemicellulose components [48]. 

These technical bottlenecks represent significant obstacles 
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to scaling up laboratory-developed bioconversion systems 

to field and industrial levels, particularly in decentralized or 

low-resource settings. To overcome these limitations, 

several innovative strategies have been developed: Enzyme 

immobilization, which involves binding enzymes to solid 

carriers (e.g., alginate, silica, or activated carbon), enhances 

their reusability and stability under harsh processing 

conditions. Genetic engineering of microbial hosts has led 

to the development of enzymes with enhanced 

thermostability, acid tolerance, and protease resistance, 

enabling more robust performance under real-world 

conditions. For instance, engineered strains of Trichoderma 

harzianum and recombinant Escherichia coli have been 

used to express cellulases with improved activity and 

durability in open bioreactor systems. Substrate co-

fermentation, where multiple organic waste streams are 

combined (e.g., kitchen waste with agricultural residues), 

balances nutrient profiles and enhances microbial synergy, 

ultimately increasing energy yield and conversion 

efficiency [49]. 

 

Conclusions 
 

Future research should explore the design of low-

cost enzyme production systems tailored to community-

level applications. Practical steps include community-based 

pilot projects integrating enzyme-based fermentation 

systems for domestic and agricultural waste, as well as 

participatory training programs in enzyme utilization and 

maintenance. Finally, we recommend longitudinal studies 

that examine the socio-environmental impacts of enzymatic 

waste bioconversion technologies and their scalability, as 

well as the development of policies that support grassroots 

innovation in clean energy technology. 
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