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From Waste to Fertilizer:

A Practical Integrated System Using Biochar, BSFL,
and Compost

A Decentralized Approach to Reducing Fertilizer Dependency and Recovering
Nutrients from Organic Waste
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Executive Summary

Many countries face rising costs and supply risks associated with chemical fertilizers, particularly
nitrogen-based inputs such as urea, while simultaneously generating large volumes of
underutilized organic waste. These include livestock manure, municipal organic waste, crop
residues, food waste, and sewage sludge. This paper proposes an integrated circular nutrient
system that converts these waste streams into engineered fertilizer products using three
complementary biological and thermochemical pathways: Black Soldier Fly (BSF) conversion,
biochar production, and composting. The outputs are then blended into standardized fertilizer
formulations tailored for soil and crop requirements. Rather than proposing full replacement of
synthetic fertilizers, the system is designed to enable partial substitution of chemical nutrients,
improvement of nutrient-use efficiency, and restoration of soil organic health. The central
hypothesis is that integration of waste-to-nutrient technologies produces higher agronomic
and environmental value than isolated composting or fertilizer use alone, supported by recent
studies showing improved nutrient retention and crop yield when biochar, compost, and
mineral fertilizers are combined [1].
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better structure Less loss, more Stable productivity Reduced imports, Jobs, local value,
uptake over time lower subsidy burden environmental benefit
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01 The Problem

Global agriculture is increasingly dependent on synthetic fertilizers, particularly nitrogen
fertilizers such as urea. Countries such as India, Vietnam, Ethiopia, Colombia, and others rely
heavily on imports, creating exposure to price volatility, geopolitical risks, and subsidy burdens.
At the same time, large quantities of organic waste are generated but remain underutilized:

Livestock manure often unmanaged or poorly stored

Crop residues frequently burned

Municipal organic waste landfilled or dumped

Sewage sludge underutilized or disposed without nutrient recovery

Figure 1.1: Open-burning of rice straw in Magura, Bangladesh, illustrating the loss of
recoverable organic biomass and associated environmental pollution.

This creates a dual structural inefficiency:

1. Nutrient scarcity in agriculture
2. Nutrient abundance in unmanaged waste streams

This is not a resource limitation problem but a system integration failure in nutrient cycling.

02 System Boundary and Conceptual Framework

The proposed system is simple but structured. This is done from a product engineering
perspective, rather than being just a compost alone.

3.1 Input streams 3.2 Processing Pathways 3.3 Integration Steps
- Livestock manure |. BSFL bioconversion unit All outputs go into a blending unit. Final
- Sewage sludge (wet organic fraction) products are application specific:
(treated or 1) High nitrogen blends (BSF based)
pre-processed) II. Pyrolysis system for biochar 2) Soil improvement blends (biochar
- Crop residues (dry biomass) based)
- Food waste 3) Nutrient specific fertilizer products
[ll. Composting system (mixed = 4) Engineered fertilizer blends
stabilization and maturation) 5) Soil conditioners

Table 1: Proposed complete system of waste to different fertilizer products.
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Excluded from the system boundary are:
e Industrial chemical fertilizer manufacturing

e Synthetic ammonia production
e |Long-distance fertilizer import logistics

03 Material Flow and Nutrient Recovery System

Organic waste contains embedded nutrients, primarily nitrogen (N), phosphorus (P), and
potassium (K). However, in unmanaged systems, significant nutrient losses occur through
volatilization, leaching, and burning.

The proposed system restructures nutrient flows into controlled recovery pathways:
e Wet waste » BSFL conversion » protein + frass output
e Dry biomass » pyrolysis » biochar with nutrient adsorption capacity
e Mixed organic waste » composting » stabilized organic matter
These outputs are then recombined into engineered fertilizer products. This creates a

closed-loop nutrient recovery architecture, where waste is treated as a feedstock rather than
a disposal burden.

04 Technology Modules

4.1 Black Soldier Fly Larvae (BSF) Conversion
BSF efficiently convert organic waste into larval biomass and frass residue. Key functions:

e Rapid reduction of organic waste mass
e Production of protein-rich biomass (secondary value stream)
e Generation of nutrient-rich frass

However, raw frass is variable in stability and nutrient composition. Co-processing with
composting improves consistency and reduces nitrogen losses [2].

4.2 Biochar Production
Biochar is produced via pyrolysis of agricultural residues and dry biomass. Functional roles:

High surface area nutrient adsorption
Reduction of nitrogen leaching losses
Improvement of soil water retention
Long-term carbon sequestration
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Biochar acts as a nutrient carrier and soil amendment platform, improving fertilizer
efficiency when blended with organic or mineral nutrients [3][4].

4.3 Composting System

Composting provides biological stabilization of organic matter. Functions are:
Organic matter decomposition

Microbial population enhancement

Pathogen reduction
Humus formation

Compost serves as a soil conditioning base layer, improving long-term soil fertility and
structure [6].

05 Integrated Fertilizer Formulation System

Rather than producing a single compost output, the system produces engineered fertilizer
classes:

5.1 High Nitrogen Organic Blend

e BSFL frass dominant
e Designed for rapid nutrient demand crops

5.2 Soil Regeneration Blend

e Biochar dominant
e Focused on long-term soil carbon and structure

5.3 Balanced Nutrient Blend

e Compost + BSFL + biochar integration
e GCeneral agricultural use

This shifts organic fertilizer production from waste treatment to nutrient engineering.

06 Comparative System Performance

Parameter Conventional Urea Integrated Circular System
System

Nutrient efficiency Medium (loss-prone) Higher (adsorption + stabilization)

Soil organic carbon Declining Increasing
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Waste utilization Minimal High
Dependency on import | High Reduced
System resilience Low High

Research indicates that combining biochar, compost, and fertilizers improves nutrient
retention and crop yield compared to synthetic fertilizer alone [1].

NUTRIENT FLOW & RECOVERY EFFICIENCY

Integrated Circular System vs Conventional Urea System
FOCUS: NITROGEN (N) FLOW EXAMPLE

A. INTEGRATED CIRCULAR SYSTEM (Waste to Engineered Fertilizer)
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,L + ¥ ,L No nutrient recovery
VOLATILIZATION LEACHING DENITRIFICATION AVAILABLE TO CROP
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KEY COMPARISON
0 - SIS M1 | &
N Recovery Nutrient Loss Soil Organic Nutrient Use Circularity
Efficiency (Environment) Carbon Efficiency
Integrated System Integrated System Integrated System Integrated System Integrated System
~60% Lower Increases Higher Closed Loop
Conventional System Conventional System Conventional System Conventional System Conventional System
~30% High Declines Lower Linear

Figure 3.1: Nutrient flow and recovery efficiency diagram - Integrated vs, Conventional.
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07 Decentralized Deployment Model

The system is designed for modular scaling.

7.1 Micro-Processing Units 7.2 Regional Blending Hubs
Located at village or peri-urban level: Functions include:
e BSFL units for wet waste e Standardization of fertilizer blends
e Small pyrolysis kilns e Quality control
e Composting beds e Distribution to agricultural markets

This structure reduces transport costs and enables localized nutrient cycling.

08 Economic and Policy Implications

The system enables:

Partial substitution of imported urea (scenario-dependent)
Reduction of fertilizer subsidy pressure

Local job creation in waste processing systems

New value chains for organic waste

Instead of treating organic systems as replacement for synthetic fertilizers, this model
positions them as efficiency enhancers within a hybrid nutrient economy.

Policy shift required:
e Reclassification of organic waste as industrial feedstock

e Subsidy redirection toward decentralized nutrient recovery systems
e Standardization of engineered organic fertilizers

09 Limitations and Risk Management

Key constraints include:

Nutrient density of organic fertilizers is lower than synthetic fertilizers
BSFL frass variability under different feedstocks

Potential salinity or ammonium risks at high application rates [7]
Need for strict quality control and blending standards

Therefore, the system is explicitly designed for integration, not substitution.
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10 Conclusion

The global fertilizer challenge is not solely a production problem but a nutrient system
integration problem. Organic waste streams contain sufficient embedded nutrients to
meaningfully contribute to agricultural demand when properly processed and integrated.

Evidence shows:

e Biochar improves nutrient retention

e BSFL accelerates organic waste conversion

e Compost improves soil biological health

e Integrated systems outperform isolated inputs

The proposed model demonstrates that a decentralized, integrated nutrient system can
reduce fertilizer dependency, improve soil health, and create circular economic value
simultaneously.
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