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Annotatsiya:  Global  miqyosda  qayta  tiklanuvchi  energiya  manbalariga  o‘tish
jarayoni bioenergiya ishlab chiqarish uchun biomassa chiqindilariga bo‘lgan e’tiborni
kuchaytirdi.  Ushbu  tadqiqot  organik  chiqindilarni  foydalanishga  yaroqli  energiyaga
aylantirishning  innovatsion  usullarini  katalitik  piroliz  [1,5],  mikroblar  yordamidagi
fermentatsiya va gibrid termo-kimyoviy hamda bio-kimyoviy integratsiyani [4] ko‘rib
chiqadi.  Taklif  etilayotgan  model  energiya  qaytimini  oshiradi,  atrof-muhitga  salbiy
ta’sirni kamaytiradi va bioenergetik tizimlarning iqtisodiy samaradorligini yaxshilaydi.
Taqqoslovchi tahlil  shuni ko‘rsatadiki,  katalitik agentlar va mikroblar  konsortsiumini
integratsiyalash  an’anaviy  jarayonlarga  nisbatan  energiya  aylantirish  samaradorligini
25% gacha oshirishi mumkin [3,6]. Olingan natijalar aylanma iqtisodiyot tamoyillarini
rivojlantirishga  hissa  qo‘shadi  va  chiqindidan  energiya  olish  texnologiyalarini  keng
ko‘lamda joriy etish uchun ilmiy asos yaratadi [10].

Kalit  so‘zlar: bioenergiya,  chiqindidan  energiya,  katalitik  piroliz,  mikroblar
fermentatsiyasi, gibrid tizim, aylanma iqtisodiyot, barqaror rivojlanish.

Аннотация:  Глобальный  переход  к  возобновляемым  источникам  энергии
усилил внимание к отходам биомассы как устойчивому сырью для производства
биоэнергии.  Данное  исследование  рассматривает  инновационные  методы
преобразования органических отходов в пригодную для использования энергию
посредством  каталитического  пиролиза  [1,5],  микробной  ферментации  и
гибридной  термохимико-биохимической  интеграции  [4].  Предлагаемая  модель
повышает  энергетическую  отдачу,  снижает  негативное  воздействие  на
окружающую  среду  и  улучшает  экономическую  эффективность
биоэнергетических  систем.  Сравнительный  анализ  показывает,  что  интеграция
каталитических  агентов  и  микробных  консорциумов  может  увеличить
эффективность  преобразования  до  25%  по  сравнению  с  традиционными
процессами  [3,6].  Полученные  результаты  способствуют  развитию  принципов
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циркулярной  экономики  и  обеспечивают  научную  основу  для
широкомасштабного  внедрения  технологий  преобразования  отходов  в  энергию
[10].

Ключевые слова: биоэнергия,  отходы-в-энергию, каталитический пиролиз,
микробная ферментация, гибридная система, циркулярная экономика, устойчивое
развитие.

Abstract:  The global transition toward renewable energy sources has intensified
the focus on waste biomass as a sustainable feedstock for bioenergy production. This
study investigates innovative methods of converting organic waste into usable energy
through catalytic pyrolysis [1,5], microbial fermentation, and hybrid thermochemical–
biochemical  integration  [4].  The  proposed  model  enhances  energy  yield,  reduces
environmental  impact,  and  improves  the  cost-effectiveness  of  bioenergy  systems.
Comparative analysis  indicates  that  the integration of  catalytic  agents  and microbial
consortia can increase conversion efficiency by up to 25% compared to conventional
processes  [3,6].  The  findings  contribute  to  the  advancement  of  circular  economy
principles and provide a scientific foundation for large-scale implementation of waste-
to-energy technologies [10].

Keywords: biomass energy, waste-to-energy, catalytic pyrolysis, microbial 
fermentation, hybrid system, circular economy, sustainability

1. Introduction
The depletion of fossil fuels and the growing emission of greenhouse gases have 

compelled the global community to seek sustainable and renewable energy alternatives 
[9]. Biomass, derived from plants, animals, and organic waste, has emerged as a carbon-
neutral and renewable energy resource. Conventional bioenergy conversion technologies
such as direct combustion, anaerobic digestion, and gasification are efficient to some 
extent, but their scalability and conversion efficiency remain limited [8].

2. Literature Review
Over the past decade, researchers have investigated various biomass conversion 

technologies. [1] reported that metal-based catalysts used in pyrolysis significantly 
enhance hydrogen yield while reducing tar formation. Similarly, [2] demonstrated that 
co-digestion of food and agricultural wastes increases methane yield by 20–30%.

However, analysis of current literature reveals several research gaps:
• Limited studies address hybrid thermochemical–biochemical systems;
• Few investigations focus on locally available biomass types, particularly agricultural 
residues from Central Asia;
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• Insufficient life cycle assessment (LCA) studies evaluating both environmental and 
economic sustainability.

This study aims to address these gaps by developing a hybrid catalytic–biochemical
conversion model that integrates catalytic pyrolysis and microbial fermentation 
processes.

3. Methodology
3.1. Selection of Biomass Feedstock
Three categories of waste biomass were selected for the experimental model:
Agricultural residues: Cotton stalks, rice husks, corn stalks (High cellulose 45–

55%, hemicellulose 25–35%)
Municipal organic waste: Food waste, paper sludge (High moisture 60–70%, easily 

degradable)
Animal waste: Manure, slaughterhouse residues (High protein and lipid content, 

rich in nitrogen)
All biomass samples were ground to particle sizes below 10 mm and dried at 105 

°C for 24 h to reduce moisture to 5–7%.
3.2. Experimental Model
(a) Thermochemical Stage – Catalytic Pyrolysis
Temperature: 450–550 °C
Atmosphere: Inert nitrogen (N₂)

Catalyst: Ni–Al₂O₃ (5 wt%) + CaO (10 wt%) mixture
Reactor: Vertical steel reactor (3 L capacity) heated by an electric furnace
Duration: 60 min

Products obtained:
Bio-oil: 20–30 wt%
Syngas (H₂ + CO): 40–50 wt%
Biochar: 20–25 wt%

The resulting biochar was filtered, dried, and reused as a microbial carrier in the 
fermentation phase.

(b) Biochemical Stage – Microbial Fermentation
Reactor: 2 L anaerobic fermenterInoculum: Mixed anaerobic bacteria 

(methanogen-dominant)
Temperature: 37 °C (mesophilic range)

pH: 6.8–7.2
Duration: 20 days
Composition: 5 wt% biochar + organic substrate (1:4 ratio with water)
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Fermentation outputs:
Methane (CH₄): 65–70%
Carbon dioxide (CO₂): 25–30%
Trace gases: H₂S, NH₃

(c) Hybrid Integration Mechanism
Biochar produced during pyrolysis acted as a microbial support carrier, enhancing 

microbial surface area and stability. This feedback integration led to:
• 18% faster fermentation rate;
• CH₄ concentration increase from 65% to 75%;
• 20% reduction in total waste volume.

3.3. Evaluation Criteria and Results
Energy yield: 24.6 MJ/kg

Carbon conversion efficiency: 82.3%
Economic value: 410 UZS/kWh
GHG emission reduction: ≈ 48% reduction

4. Results and Discussion
The integration of catalytic pyrolysis and microbial fermentation demonstrated 

significant improvements in both energy efficiency and environmental performance. The
catalytic mixture of Ni–Al₂O₃ and CaO promoted deoxygenation and cracking reactions,
resulting in increased syngas yield and reduced tar formation. Biochar served as an 
effective microbial carrier, enhancing substrate accessibility and promoting stable 
methanogenic activity [7].

Compared to conventional single-stage systems, the hybrid model achieved:
• 25% higher total energy conversion efficiency;
• 48% lower greenhouse gas emissions;
• 15–20% lower unit production cost.

These outcomes align with findings by [3], who reported that integrating biochar 
carriers in anaerobic digestion improved methane yield and carbon stability. The 
observed results validate the hybrid thermochemical–biochemical approach as an 
energy-efficient and sustainable waste-to-energy pathway.

5. Conclusion
This study presents an integrated catalytic pyrolysis–microbial fermentation model 

for sustainable bioenergy production from waste biomass. The hybrid system efficiently 
converts agricultural, municipal, and animal wastes into valuable biofuels while 
significantly reducing environmental impact [4].
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Key findings include:
• Energy yield of 24.6 MJ/kg;
• 82.3% carbon conversion efficiency;
• 48% reduction in greenhouse gas emissions;
• 15–20% cost reduction per energy unit.

Future work should focus on pilot-scale testing, comprehensive life cycle 
assessment (LCA), and optimization of catalyst-microbe synergy for industrial 
application.

6. Graphical Results

Figure 1. Energy Yield Comparison (MJ/kg)

Figure 2. Methane (CH₄) Formation Dynamics During Fermentation
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Figure 3. CO₂ Emission Reduction Comparison
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