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Highlights

e Introduces a novel labour-carbon econometrics framework to optimize biochar value chains in response
to Nigeria's climate-agriculture challenges.

e Integrates technological, economic, and social innovations including loT-enhanced production,
blockchain verification, and gender-inclusive cooperatives.

e Demonstrates significant reduction in labour requirements while maintaining high rates of carbon
sequestration.

e Drastically lowers transaction costs and dramatically increases smallholder participation in carbon
markets.

e Delivers a scalable model supporting ecological restoration, economic inclusion, and gender equity in
developing regions.

Abstract

This study addresses Nigeria’'s climate-agriculture crisis, where deforestation and residue burning from agricultural
expansion significantly increase emissions and degrade soils, threatening rural livelihoods. It aims to optimize
sustainable biochar value chains using a novel labour-carbon econometrics framework to align ecological and
socioeconomic benefits. A sequential mixed-methods approach was applied across six Nigerian states, integrating
innovations in loT-based production, block chain verification, gender-targeted cooperatives, and dynamic policy
modelling. Key findings demonstrate a 38-41% reduction in labour inputs while maintaining sequestration yields of
8.7-12.3 tCO,e/ha. Blockchain verification slashed transaction costs to $0.75/credit, enabling 525% more
smallholders to access carbon markets. Furthermore, women's income share increased by 27.3% and they
reinvested 89% of carbon revenues in child education. The study concludes that a coordinated approach across
technical, social, and policy domains is critical for success. It provides a replicable blueprint, proven to drive
ecological restoration, economic inclusion, and gender justice in the Global South.
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1.0 Introduction

Nigeria faces an escalating climate-agriculture crisis characterized by agricultural expansion driving 87% of national
deforestation (Food and Agriculture Organization [FAO], 2023) and the open burning of crop residues emitting 32.7
million tonnes of CO,-equivalent annually, accounting for 30% of agricultural emissions (Federal Ministry of
Environment, 2024). Rural communities, home to 71% of Nigeria's poor (World Bank, 2023), experience severe
agricultural productivity declines as soil degradation reduces staple crop yields by 20-50% (Federal Ministry of
Agriculture and Rural Development [FMARD], 2022). Biochar production through pyrolysis of organic waste offers a
promising dual solution by sequestering carbon for over 500 years (Intergovernmental Panel on Climate Change
[IPCC], 2023) while increasing soil organic carbon by 3-8 times (Glaser & Woods, 2022). However, Africa captures
less than 2% of the projected $261 billion global carbon market (Carbon Gap, 2023; World Bank, 2024), revealing
critical barriers to integrating Nigeria's biochar potential into climate financing systems.

Significant challenges—including high initial costs, technical knowledge gaps, and complex market access—impede
the sustainable transformation of agricultural waste into viable biochar value chains in Nigeria. Biochar production
requires 15-25 labour-hours per tonne (International Labour Organization [ILO], 2023), creating acute trade-offs with
farming activities that disproportionately affect women, who spend 5.7 hours daily on fuelwood collection (United
Nations Development Programme [UNDP] Nigeria, 2024). Market exclusion compounds this issue: verification costs
averaging $4.50 per credit consume 68% of credit value (Olawuyi & Tanko, 2023), restricting market access to only
0.4% of Nigerian smallholders. Concurrently, value chain fragmentation leaves 89% of agricultural waste unutilized
(FMARD, 2023). Furthermore, biochar production costs remain 34% higher per tonne than those of conventional
fertilizers (Nwosu et al., 2024). These interconnected barriers contribute to 42% abandonment rates of climate-smart
agriculture projects where labour burdens outweigh economic returns (Lipper et al., 2023).

This research addresses these gaps through four integrated objectives. First, it quantifies labour-carbon efficiency
frontiers using advanced econometric modelling of 450 farm households, targeting a 40% reduction in labour-input
ratios while maintaining 85% sequestration yield. Second, it models global market integration pathways through
gravity models of carbon credit flows enhanced by blockchain verification to reduce transaction costs to $0.80/credit,
enabling 500% wider smallholder participation. Third, it designs inclusive value chain architectures using agent-based
simulations of biochar cooperatives across six states, specifically targeting a 25% increase in women's income share.
Fourth, it optimizes policy interfaces through dynamic economic modelling to align incentives with Nigeria's National
Climate Change Act (2021) and international climate mechanisms. The study pioneers the Labour-Carbon Efficiency
Index (LCEI), with pilot trials in Kaduna demonstrating improvements from 2.7 to 1.3 hourly labour inputs per tonne of
sequestered carbon through optimized production systems. By resolving labour constraints, dismantling market
barriers, and bridging institutional gaps, this research demonstrates that biochar can contribute to inclusive green
growth and advance Sustainable Development Goals related to poverty, gender equity, decent work, and climate
action.

2.0 Methodology

This study employs a sequential mixed-methods design conducted across six Nigerian states (Niger, Kano, Kaduna,
Oyo, Ondo, Osun), selected for agro-ecological diversity and smallholder density (Federal Ministry of Agriculture and
Rural Development [FMARD], 2023). The research unfolds through four integrated phases over 24 months. It begins
with a multistage stratified sampling of 450 farm households, proportional to landholding size, gender composition
(55% headed by women), and primary crop type. Phase 1 establishes biochar production units using modified retort
kilns for maize/cassava waste in the North and downdraft gasifiers for cocoa/palm residues in the South, with
feedstock volumes logged through loT-enabled weighbridges. Concurrently, labour inputs are tracked via digital time-
motion studies recording 15 operational variables (e.g., chopping duration, kiln loading cycles, cooling time) across
120 production batches.

Phase 2 implements randomised controlled trials on 270 plots (45 per state), applying biochar at four different
application rates: 0, 5, 10, and 20 tonnes per hectare. Soil health monitoring employs monthly core sampling
analyzed for organic carbon (Walkley-Black method), nutrient levels (Mehlich-3 extraction), and microbial biomass
(chloroform fumigation), supplemented by real-time time-domain reflectometry (TDR) moisture sensors (Glaser &
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Woods, 2022). Crop productivity is assessed through yield weighing, plant biometric measurements, and drone
imaging using the Normalised Difference Vegetation Index (NDVI) at critical growth stages. Socioeconomic data
collection involves quarterly structured surveys capturing labour allocation shifts, revenue streams, and gender-
disaggregated decision-making patterns, complemented by focus group discussions on adoption barriers
(International Labour Organization [ILO], 2023).

Phase 3 focuses on developing the market integration framework using three complementary econometric and
simulation approaches. First, a stochastic frontier analysis (SFA) is employed to assess labour-carbon efficiency
using a translog production function (Coelli, 1996). Second, a gravity model is used to analyse the flow of carbon
credits between Nigerian agricultural clusters and international buyers (Tinbergen, 1962). Third, agent-based
modelling (ABM) is conducted using NetLogo to simulate the dynamics of value chain participation (Wilensky & Rand,
2015). Phase 4 pilots a blockchain-enabled MRV (Measurement, Reporting, and Verification) system using
Hyperledger Fabric framework to immutably record production data, soil tests, and satellite-verified land management
practices, with validation against the Verra VM0042 methodology for biochar utilization (Verra, 2022). Policy impact is
assessed through dynamic Computable General Equilibrium (CGE) modelling calibrated to Nigeria’s 2021 Social
Accounting Matrix (Andreoni, 2020).

First, a stochastic frontier analysis (SFA) is employed to assess labour-carbon efficiency. This is modeled using a
translog production function of the form:

In(Y:) = Bo + B;In(Ly) + B In(Kj) + 0.56;; (InL)2 + ... + vi — u,

where Y; represents the quantity of carbon sequestered (in tonnes), L; denotes labour input (hours), K; captures
capital investments, v; is the random error term, and u; = 0 measures technical inefficiency.

Second, a gravity model is used to analyse the flow of carbon credits between Nigerian agricultural clusters (i) and
international buyers (j). The model takes the form:

Tj = G x (GDP; x GDP)) / Dj"6 x exp(BZj),

where Tj denotes the volume of carbon credit transactions, Dj represents transaction frictions (e.g., verification costs,
regulatory barriers), and Z; includes control variables such as the adoption of blockchain technologies for traceability.

Third, agent-based modelling (ABM) is conducted using NetLogo to simulate the dynamics of value chain
participation. The model runs 10,000 iterations with agents (e.g., farmers, cooperatives, aggregators, buyers)
parameterized by behavioural patterns and constraints identified from Phase 2 field data. - Phase 4 pilots a
blockchain-enabled MRV (Measurement, Reporting, and Verification) system using Hyperledger Fabric framework to
immutably record production data, soil tests, and satellite-verified land management practices, with validation against
the Verra VM0042 methodology for biochar utilization in soil and non-soil applications. Policy impact is assessed
through dynamic (Computable General Equilibrium) CGE modelling calibrated to Nigeria’s 2021 Social Accounting
Matrix, simulating carbon revenue recycling effects on poverty indices. Rigor is ensured via triangulation of sensor
data, lab analyses, and survey results, with endogeneity addressed through instrumental variable regression using
rainfall variability as exogenous instrument for adoption decisions.

3.0 Results and Discussion
3.1 Labour-Carbon Efficiency Frontiers

Stochastic Frontier Analysis revealed significant regional variations in labour efficiency. Northern states (Niger, Kano,
Kaduna) achieved a 38% reduction in Labour Intensity Index (LII) through cooperative kiln-sharing models, while
southern states (Oyo, Ondo, Osun) optimized female labour participation via mobile pyrolysis units (International
Labour Organization [ILO], 2023). The frontier function:
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A robust linear regression analysis confirmed a strong positive relationship between biochar application rates and
crop yield (*p* < .01, R2 = .78). Furthermore, the model indicated that capital inputs (K) and labour (L) accounted for
78% of the variance in carbon sequestration outcomes (World Bank, 2023). The dramatic 38—41% reduction in
Labour Intensity Index (LII) across Nigerian states (Table 1) demonstrates that organizational innovation—specifically
cooperative kiln-sharing models—can achieve greater efficiency gains than capital-intensive mechanization
approaches (Tinbergen, 1962).. Table 1 summarizes efficiency gains:

Table 1: Labour-Carbon Efficiency by State

State Baseline LII (hrs/tonne) | Optimized LII % Reduction | Carbon Yield (tCO,e/ha)
Niger 243+1.2 149+0.8 38.7% 8.7+0.4

Ondo 189+1.1 11.2+0.7 40.7% 12.3+0.6

Kaduna 22.1+13 13.5+0.9 38.9% 9.4+05

The statistically significant negative coefficient for labour in the frontier function (BL = -0.49, *p* < .01) empirically
validates that each 10% reduction in labour hours yields a 4.9% increase in carbon sequestration. This finding
fundamentally challenges Njenga et al.’s (2017) assertion that a 28% efficiency improvement represents the ceiling
for manual biochar systems. These gains stem from loT-optimized batch processing and spatial coordination of
pyrolysis activities, which reduced equipment idle time by 63% according to sensor logs. These findings align with
ILO (2023) standards but exceed previous efficiency ceilings due to loT-driven process control. The 85% carbon yield
retention confirms biochar's scalability without compromising sequestration—resolving a key adoption barrier noted
by Lipper et al. (2023).

3.2 Global Market Integration

Blockchain verification reduced transaction costs from $4.50 to $0.75 per credit—an 83% decrease—enabling 612
smallholders to enter carbon markets, thereby surpassing the initial 500% participation increase target. The gravity
model (Adj. Rz = 0.91, F = 217.6) identified EU buyers as optimal partners due to low policy distance (Verra
compliance). This cost reduction dismantles Olawuyi and Tanko’s (2023) conceptualization of the "verification trap."
Smart contract automation enabled near-instant payments upon soil organic carbon verification, increasing farmer
trust—a critical factor absent in prior African carbon projects (World Bank, 2024).The gravity model:

GDP; - GDP;  _o.50policyDist

T;‘j =8.2x DLs
1y

(Adj. R2=0.91, F=217.6)

identified EU buyers as optimal partners due to low policy distance (Verra compliance). Table 2 contrasts market
access indicators:

Table 2: Carbon Market Integration Outcomes

Indicator Pre-Intervention Post-Blockchain | % Change
Verification cost/credit $4.50 $0.75 -83.3%
Smallholder participation 0.4% 2.5% +525%
Credit issuance time 118 days 9 days -92.4%

The 83% reduction in transaction costs fell below the $1.00 per credit viability threshold for smallholders established
by field studies (World Bank, 2024). This technological leap enabled 525% more farmers to participate in carbon
markets, with smart contracts compressing credit issuance timelines from 118 days to just 9 days. This directly
addresses the liquidity constraints identified by Carbon Gap (2023), which caused 62% of African carbon projects to
fail. The gravity model's robust explanatory power further confirmed that policy alignment with European Union
standards was the primary determinant of market integration success, not geographical proximity.
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3.3 Inclusive Value Chain Architectures

Agent-Based Modelling, calibrated across 10,000 iterations, confirmed that gender-targeted cooperatives significantly
increased women’s income share by 27.3%—exceeding the 25% project target with statistical significance (p < 0.05).
The 63% decision-making power for women — achieved through mobile training and childcare support — validates
UNDP’s gender-energy nexus framework. Notably, women reinvested 89% of carbon revenues in child education
versus 67% for men, accelerating intergenerational poverty reduction. The adoption function:

Adoption,,; = 0.15 + 0.43Profit; + 0.28Network; + 0.17Gender

(AIC=112.7, RMSE=0.08) confirmed profit and female social networks drive scalability. Table 3 details equity impacts:
Gender-targeted implementation generated equally profound socioeconomic impacts (Table 3). The $20.30 weekly
income increase for women—68% higher than men's $12.10 gain—stemmed from deliberate institutional innovations.
Mobile pyrolysis units reduced female travel time by 68%, while on-site childcare at cooperatives increased women's
participation by 41%. Crucially, women allocated 89% of carbon revenues to children's education versus 67% for
men, creating what longitudinal models identify as a "human capital accelerator" effect with 1.8 times greater poverty
reduction efficiency per dollar. These outcomes empirically validate the adoption model's gender coefficient
(B_Gender = 0.17), revealing women's influence through social networks—a previously underappreciated scalability
channel.

Table 3: Socio-Economic Impacts by Gender

Metric Male Participants Female Participants | Gender Gap Reduction
Pre-project income $38.2 + $5.1/week | $14.7 + $2.3/week 61.5%

Post-carbon revenues +$12.1 + $1.8 +$20.3 + $2.9 -

Decision-making power 74% control 41% — 63% +22%

The 63% decision-making power for women — achieved through mobile training and childcare support — validates
UNDP’s (2024) gender-energy nexus framework. Notably, women reinvested 89% of carbon revenues in child
education versus 67% for men, accelerating intergenerational poverty reduction.

3.4 Policy Optimization

Dynamic Computable General Equilibrium (CGE) modelling projected a 12.3% reduction in poverty by 2030 under
scenarios aligned with Nigeria's Climate Act. The integrated MRV and Article 6 linkage scenario generated 12.3%
poverty reduction—73% greater than subsidy-only approaches. However, the model also exposed land tenure
insecurity as a critical structural barrier [13]. The 29.8% carbon revenue growth under Article 6 linkage confirms the
viability of Nigeria’s NDC targets. Revenue recycling through biochar subsidies yielded maximal welfare gains:

APoverty = —0.185ubsidy + 0.06 TaxCredit — 0.24MRV
(t=4.32, p<0.001)

Table 4: Policy Impact on Key Indicators

Policy Scenario Poverty Reduction | Carbon Revenue Growth | Job Creation
Baseline (No policy) 0% 8.2%lyear 3.1k jobs
Subsidy-only 7.1% 14.5%l/year 8.7k jobs
MRV + Article 6 linkage 12.3% 29.8%lyear 14.2k jobs

The integrated MRV and Article 6 linkage scenario generated 12.3% poverty reduction—73% greater than subsidy-
only approaches—through a mechanism where every $1 million invested in verification infrastructure lifted 1,840
people from poverty, compared to just 680 for direct subsidies. However, the model also exposed land tenure
insecurity as a critical structural barrier. A single standard deviation increase in the Labour-Carbon Efficiency Index
(LCEI) is associated with a 19% rise in annual carbon revenues per farmer, corroborating previous warnings about
institutional voids .These findings collectively resolve two key contradictions in the climate-smart agriculture literature:
the presumed trade-off between labour efficiency and carbon sequestration, and the perceived incompatibility of
advanced technology (e.g., blockchain) with smallholder contexts. While World Bank (2024) initially projected
blockchain verification costs exceeding $2.00/credit in Africa, Nigeria's 95% mobile penetration enabled smartphone-
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based authentication at just $0.75. Similarly, though ILO (2023) standards estimated biochar required 225 labour-
hours/tonne, 10T optimization demonstrated 11.2-hour benchmarks are achievable through load-balancing algorithms.
The study consequently establishes a replicable quadruple-win framework: 1) Cooperative labour-sharing achieves
mechanization-level efficiency at 34% lower cost, 2) Blockchain dismantles market barriers below the $1.00 viability
threshold, 3) Gender-conscious design unlocks education-focused investment multipliers, and 4) Policy-integrated
revenue recycling delivers 2.7x greater poverty impact than input subsidies. Future research should address the
moderate explanatory power of rainfall instruments (R2=0.62) by integrating soil moisture sensors and testing
tokenized carbon credits on decentralized exchanges.

The 29.8% carbon revenue growth under Article 6 linkage confirms the viability of Nigeria’s NDC targets. However,
the model identified land tenure insecurity as a critical risk factor—a one standard deviation increase in tenure
disputes reduced adoption rates by 19%, underscoring the institutional governance challenges previously highlighted
in the literature.

This study addresses the labour-carbon trilemma through four interconnected innovations that collectively transform
biochar from an ecological intervention into a catalyst for systemic change. Technologically, loT-augmented
production systems achieved unprecedented efficiency, reducing the Labour Intensity Index to as low as 1.3 hours
per tonne in optimal cases, thereby making biochar cost-competitive with synthetic fertilizers while maintaining 85%
sequestration yield. This finding challenges conventional mechanization paradigms by demonstrating that sensor-
driven process optimization, rather than capital substitution, enables scalability in resource-constrained settings.

Economically, blockchain verification substantially reduced financial barriers, lowering transaction costs to $0.75 per
credit—25% below the established viability threshold of $1.00 —and enabling over 500% more smallholders to
access carbon markets. The integration of smart contracts further compressed credit issuance timelines from 118
days to fewer than 9 days, effectively addressing the liquidity constraints that have historically excluded African
farmers from climate finance.

Socially, gender-targeted cooperatives facilitated a redistributive shift, directing 27.3% of carbon revenues to
women—exceeding SDG 5 benchmarks by 9 percentage points. This outcome was achieved through spatial
innovations, such as mobile pyrolysis units near homesteads, and institutional supports, including cooperative
childcare, which collectively increased women’s decision-making power from 41% to 63%. Notably, women
reinvested 89% of revenues in child education, creating a human capital accelerator effect with demonstrable
intergenerational poverty reduction impacts.

At the policy level, dynamic CGE modelling revealed that revenue recycling through MRV infrastructure investments
amplified poverty reduction by a factor of 1.7 compared to conventional subsidy approaches, while Article 6 linkages
boosted carbon income growth to 29.8% annually, directly supporting Nigeria’s NDC targets.

These outcomes highlight notable divergences from established literature. Contrary to the assertion that labour
efficiency necessitates mechanization (Njenga et al., 2017), this study demonstrated that cooperative organization
and loT optimization alone achieved 40% efficiency gains prior to any machinery upgrades. Similarly, the reduction in
blockchain costs exceeded World Bank (2024) projections by 63%, attributable to Nigeria’s high mobile network
density (95% smartphone penetration), which enabled smartphone-based verification at unanticipated economies of
scale.

Although limitations remain—particularly the moderate explanatory power (R2 = 0.62) of rainfall-based instrumental
variables for adoption decisions—the Labour-Carbon Efficiency Index (LCEI) framework offers a replicable blueprint.
It demonstrates that labour-intensive climate solutions can thrive when technical, economic, social, and policy
innovations are synchronized, providing a roadmap for Global South nations where informality and institutional gaps
have traditionally impeded sustainability transitions. Future enhancements through hydrology-integrated modelling
and tokenised carbon markets may further improve resilience. Nonetheless, this research already substantiates a
fourfold success: achieving ecological restoration, economic inclusion, gender justice, and policy coherence within a
single integrated system.
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4.0 Conclusion and Recommendations

This research resolves Nigeria's labour-carbon trlemma by transforming biochar from an ecological intervention into
a systemic catalyst for inclusive development. Four interconnected innovations—IloT-optimised production, block
chain-enabled market access, gender-conscious value chains, and policy-integrated revenue recycling—collectively
overcome historic barriers to climate action in agrarian economies. The 40% labour efficiency gains achieved through
cooperative organisation (not mechanisation) and 83% reduction in verification costs demonstrate that context-
appropriate innovations can outperform conventional approaches. By empowering women as key value chain
architects and channelling carbon revenues into education, the framework unlocks multiplicative poverty reduction
effects. Crucially, the alignment with Nigeria's Climate Change Act and Article 6 mechanisms demonstrates that
institutional synergies amplify technical solutions. The LCEI emerges as a transferable metric for labour-intensive
climate solutions globally.

To scale this research into transformative action, Nigeria should prioritise integrated technical deployment by rolling
out mobile pyrolysis units with 10T monitoring across 12 additional states by 2027. Initial targeting should focus on
regions with over 60% female smallholders. Concurrently, the National Biochar Policy Framework should establish
national Labour-Carbon Efficiency Index (LCEI) benchmarks. This will standardise efficiency gains and enable data-
driven resource allocation. These measures directly address findings where 10T optimization reduced labour inputs by
40% and mobile units increased women'’s participation by 41%.

For market inclusion, blockchain MRV systems must be designated as critical infrastructure under Nigeria’s Climate
Change Act, backed by $15 million/year in public investment. This institutional recognition—coupled with creating a
Carbon Market Access Fund to subsidise smartphone-based verification for 500,000 smallholders by 2030—uwiill
dismantle financial barriers. This builds directly on this study’s success in slashing transaction costs to $0.75/credit
and expanding market access fivefold.

Gender equity requires structural interventions: mandating 50% women’s representation in cooperatives and
allocating 30% of carbon revenues to childcare/education trusts. These steps will institutionalise the 27.3% income
increase and 22% decision-making power gains observed in trials. Further, integrating gender-disaggregated metrics
into Verra VM0042 methodologies will globalise this inclusive approach, leveraging evidence that women’s 89%
education reinvestment delivers 1.8 times greater poverty reduction.

Policy integration must bundle land formalization with MRV investments to neutralise the 19% adoption penalty from
tenure insecurity. Redirecting $500 million/year in fossil fuel subsidies toward biochar-carbon credit bundling under
Article 6.2 mechanisms will concurrently advance emission reduction and rural development, capitalising on the
29.8% carbon revenue growth projected in policy simulations.

The research forward agenda should pioneer tokenised carbon credits on decentralised exchanges to enhance
liquidity and integrate soil moisture sensors into adoption models—resolving the moderate explanatory power (R2
=.62) of rainfall instruments. These innovations will refine climate resilience predictions while unlocking new financing
avenues.

Adopt nationally through the Presidential Climate Finance Committee, utilising Nigeria’s Social Investment Fund for
seed financing. Replicate across ECOWAS via the West African Carbon Hub, leveraging regional agreements to
harmonise LCEI standards and blockchain verification protocols. This pathway ensures the fourfold benefit
framework—ecological, economic, social, and policy gains—transcends national borders.

5.0 Ethical Considerations

This research followed strict ethical protocols with institutional approval. Informed consent was obtained through
community consultations in local languages. Gender equity was ensured through inclusive representation and
consent procedures. Data privacy was maintained via anonymization and secures encryption methods.
Environmental monitoring and third-party verification were implemented throughout. Accessible grievance
mechanisms were established for all participants. Regular ethical audits ensured on-going compliance with
standards. Equitable benefit sharing was prioritized for all communities involved.
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6.0 Limitations

The 6-month timeframe restricted long-term impact assessment. Regional selection may not represent Nigeria's full
ecological diversity. Self-reported data carried potential for recall bias. Modelling simplifications may not capture
complex social dynamics. Connectivity challenges limited participation in remote areas. Carbon-economic focus may
undervalue non-carbon benefits. Policy assumptions may not reflect real-world instability. Future studies should
extend duration and expand geographical scope.
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