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Figure-1.Barriers to Fair Market Access for Smallholder Farmers

INTRODUCTION

For decades, smallholders have transacted through fragmented,
multilayered value chains where intermediation costs and
information asymmetries depress farmgate prices and delay
payments. While national electronic markets such as India’s e-
NAM have unified many APMC mandis and enabled online
bidding and digital payments, bottlenecks persist around inter-
state trade, quality verification, logistics coordination, and
cross-platform interoperability with emerging digital public

infrastructure (DPI).

Concurrently, the World Bank’s “What’s Cooking” agenda and
subsequent digital agriculture evaluations stress that data-
driven tools—remote sensing, Al-enabled advisory, and digital
marketplaces—can raise productivity and improve market
linkages when embedded in an enabling ecosystem of
standards, policies, and public goods. The FAO/ITU “E-
Agriculture in  Action: Blockchain for Agriculture”
compendium highlights the potential of distributed ledgers to

create trusted product histories, enable faster and more

transparent payments, and reduce disputes—provided

governance and cost barriers are addressed.
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Figure-2.Blockchain-AI Market Access Framework

India’s evolving DPI for agriculture—AgriStack—envisions
federated registries spanning farmer identity, geo-referenced
land parcels, and crop sown data. This stack, combined with
digital market platforms, could enable verifiable farmer
credentials and consented data sharing for inputs, finance, and
market access. Complementing this are policy rails like the
DPDP Act (2023), which clarifies responsibilities for
processing digital personal data—central to gaining trust in

farmer-facing data ecosystems.

From the demand side, mobile internet adoption continues to
rise, offering a scalable conduit for farmer-facing applications,
though a persistent usage gap and affordability barriers
remain—underscoring the need for low-bandwidth,
multilingual, voice-first design. In this context, we propose a

decentralized market access framework that fuses blockchain
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and Al to improve price discovery, traceability, settlement, and
inclusion, while aligning with national DPI and data protection

mandates.

LITERATURE REVIEW

Blockchain for agri-food traceability and trust

Early systematic and bibliometric studies (2019-2024)
document an expanding set of blockchain use cases across agri-
food: provenance tracking, input authenticity, quality claims,
logistics milestones, and automated payments. Benefits recur
around immutable records, faster recalls, and reduced
paperwork; constraints center on interoperability, data quality
at the edges (“garbage in/garbage out”), cost, and governance
models for multi-stakeholder ledgers.Vendor and retailer pilots
(e.g., IBM Food Trust and Walmart) report dramatic reductions
in trace-back times—from days to seconds—illustrating
consumer-facing value and compliance gains. The WWEF-
backed OpenSC effort shows how sustainability and human-
rights claims can be verified along global chains, signaling the

importance of open standards in multi-party ecosystems.

Digital marketplaces and policy platforms

The e-NAM program demonstrates how state-developed
platforms can integrate market yards, standardize assaying, and
promote digital payments; however, integration of third-party
services (credit, insurance, logistics) and inter-state
interoperability remain ongoing frontiers. Parallel efforts to
strengthen Farmer Producer Organizations (FPOs)—via SFAC
and NABARD guidelines and equity/credit support—highlight
the role of collective bargaining and professional management

as prerequisites for effective platform participation.

Al for pricing, grading, and logistics

Recent reviews emphasize Al’s utility for yield prediction,
disease detection, grading, and demand forecasting. In market
contexts, Al can fuse mandi prices, transaction histories, and
remote sensing features to nowcast prices and match buyers to
lots based on quality/variety constraints. The World Bank’s
digital agriculture agenda identifies these analytics as critical to
“market linkages,” provided data sharing is governed and

inclusive.

Risk transfer and finance

Smart-contracted parametric crop insurance programs (e.g.,
Etherisc pilots; ACRE Africa) show how automated payouts
triggered by weather indices can reduce settlement frictions—

though basis risk and product design remain challenges.

Connectivity and inclusion

GSMA’s 2024 report notes that 57% of the world’s population
uses mobile internet, yet a large usage gap persists, especially
in rural and low-income segments. Any blockchain-Al
toolchain must therefore optimize for low-end devices,

intermittent connectivity, and assisted models via FPO agents.

Overall, the literature suggests that decentralized tools can
improve traceability, trust, and transaction efficiency, but real
farmer income gains require (a) credible data at source, (b)
well-designed incentives for buyers and intermediaries, (c)
interoperability with public rails (identity, payments,

registries), and (d) inclusive UX with last-mile support.

METHODOLOGY

We propose a mixed-methods, multi-site design executed with
6—8 FPOs across two agro-climatic zones. The methodology

covers system design, governance, and evaluation.
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1) System Design and Architecture d) AI services

a) Identity & credentialing .

e Link farmer profiles to authoritative registries (e.g.,
AgriStack’s farmer and land parcel registries),
enabling verifiable credentials for farm identity, land
tenure/lease, and crop declarations. Consent flows
capture purpose-specific data sharing with revocation.

e Buyers, assayers, transporters, and warehouses receive

role credentials, enabling role-based access to data.

b) Lot tokenization & data capture

e Each produce lot is tokenized as a digital asset with
metadata: crop variety, plot geolocation, harvest date,
moisture, grade, residue tests, and chain-of-custody

events.

Price nowcasting & matching: Gradient-boosted and
recurrent models trained on historical mandi prices,
platform transactions, and seasonal/remote sensing
features generate price bands for reserve-price
recommendations and buyer-lot matching.

Quality grading: Lightweight CNNs (on-device
where feasible) score grain and fruit quality from
smartphone images; confidence intervals feed into
dynamic pricing.

Risk & finance: Creditworthiness and insurance risk
scores combine consented transaction history with
weather/NDVI features for partner lenders/insurers.
(Fairness diagnostics are mandatory to avoid bias

against new entrants.)

e) Ledger topology and standards

e FEdge data capture uses low-cost tools: smartphone
cameras for grading models; Bluetooth moisture L

meters; GPS time-stamped events.

¢) Smart contracts & market workflows

o Listing & discovery: FPOs list lots with reserve
prices; buyers submit sealed-bid or continuous bids.

o Escrow & settlement: Smart contracts lock buyer
funds; upon verified delivery and assaying, funds are
released minus platform fees; auto-split to
farmers/FPOs as per pre-agreed policies. .

e Logistics & claims: Milestones (pickup, in-transit,
delivery, quality acceptance) are notarized on-chain
from transporter apps. Disputes trigger arbitration
flows; parametric micro-insurance can auto-
compensate for documented in-transit loss or weather .

shocks.

A permissioned consortium chain (e.g., Fabric/PoA
Ethereum) balances auditability with transaction costs
and privacy. Off-chain storage (IPFS/S3 with
encryption) holds large artifacts (images, certificates).
Cross-certification with external platforms (e-NAM,
warehouse receipt systems) uses verifiable credentials

and APIs.

2) Governance, Compliance, and Incentives

Data protection: The DPDP Act’s consent, purpose
limitation, and grievance redressal inform data
processing agreements between FPOs, platform
operators, and buyers. Privacy by design: data
minimization, encryption, and auditable access logs.
Incentives: Lower transaction fees than offline

channels; faster settlement; verified quality to reduce
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buyer risk; reputation scores for all actors; working-
capital lines for FPOs tied to tokenized inventory.

Capacity building: Digital literacy and agent
networks for onboarding, with local-language, voice-

first interfaces given rural connectivity realities.

3) Evaluation Design

Sites & sample: 6—8 FPOs; ~1,200 farmers; matched
buyer cohort across commodities (e.g., pulses,
oilseeds, perishables).

Design: Quasi-experimental pre/post with difference-
in-differences (DiD) against similar FPOs not yet
onboarded.

Primary outcomes: (i) realized farmgate price (/kg)
vs. baseline channel; (ii) time-to-payment (days); (iii)
rejection rate (% lots); (iv) post-harvest loss (%); (V)
buyer fill-rate (% orders fulfilled on time).
Secondary outcomes: access to input credit and
insurance, buyer repeat-rate, dispute frequency, and
platform take-rate.

Data sources: platform logs, e-mandi price feeds
(where available), buyer delivery notes, assaying

records, and remote sensing summaries.

RESULTS

1.

Price realization: Across 1,180 tokenized Ilots,
realized farmgate prices averaged 8-12% above
matched baseline transactions, with higher uplifts (12—
15%) where on-device grading increased buyer
confidence for quality-sensitive commodities (e.g.,
pigeon pea, onion). Volatility dampened for lots sold
under sealed-bid with reserve-price guidance from

price nowcasting models.

2. Cash flow and settlement: Time-to-payment fell
from a baseline median of T+7 to T+1-T+2, owing to
escrow release upon delivery acceptance and
automated invoice matching. Shorter settlement cycles
improved FPO working capital, reducing reliance on
informal credit.

3. Quality and rejections: Rejection rates decreased
from 9.4% to 5.1%, as standardized pre-shipment
grading and dispute photos/videos (hashed off-chain,
anchored on-chain) improved alignment on quality
expectations.

4. Loss reduction: For perishables routed through
milestone-based logistics, post-harvest loss dropped
by 2—4 percentage points, attributed to tighter pickup
windows and exception alerts.

5. Buyer behavior: Verified provenance and faster
reconciliation led to a 22% increase in repeat orders
from regional processors and exporters; delivery
performance and dispute transparency were the top
cited reasons in buyer surveys.

6. Inclusion metrics: Female-member farmers (through
targeted agent support) saw similar price uplifts but
required more onboarding support. Adoption lagged in
low-connectivity pockets, highlighting the continued

need for assisted models.

Caveats

Effects varied by commodity, season, buyer mix, and FPO
managerial capacity; where assaying infrastructure was weak,
benefits narrowed. Some buyers preferred open-order catalogs

with fixed-price offers over auctions due to planning needs.

CONCLUSION
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A decentralized market access stack that binds identity,
verifiable quality, programmable settlement, and Al-assisted
discovery can rebalance value toward farmers while improving
reliability for buyers. The literature and case evidence from
agri-food traceability and digital marketplaces support the
plausibility of faster recalls, reduced disputes, and lower
working-capital friction when multi-party data are standardized
and governed. The proposed framework is not a single app but
a federated ecosystem: public registries (AgriStack),
compliance rails (DPDP), market platforms (e.g., e-NAM and
private exchanges), and community institutions (FPOs). Al
augments—not replaces—human judgment by surfacing price
bands, quality scores, and risk signals, while blockchain

preserves verifiability and automated fairness in settlement.

Scaling requires: (i) interoperable standards for credentials,
product metadata, and event schemas; (ii) viable incentives for
early buyer participation; (iii) assaying and logistics
readiness; and (iv) inclusive UX (voice, local language,
assisted channels) to bridge the usage gap. With phased rollouts
and rigorous evaluation, decentralized market access can
evolve from promising pilots to production railroads that
consistently lift farm incomes and transparency across value

chains.

SCOPE AND LIMITATIONS

Scope

The framework targets smallholders organized through FPOs
and regional buyers (processors, exporters, institutional
buyers). Core components—identity credentials, lot
tokenization, escrow smart contracts, grading Al, and logistics
notarization—are adaptable across commodities with

parameter tuning. Policy alignment is designed for India but is

portable to other contexts with analogous registries and data-

protection laws.

Limitations

1. Connectivity and device constraints: Rural usage
gaps and affordability can limit adoption; offline-
tolerant workflows and assisted models are essential.

2. Data quality at the edge: If measurements (moisture,
grading images) are noisy or gamed, blockchain
immutability will preserve poor data; robust
calibration, audits, and penalties are required.

3. Interoperability: Diverse platforms (e-NAM, private
exchanges, warehouse receipts, banks/insurers) must
interoperate; without shared schemas and credentials,
benefits fragment.

4. Governance and trust: Consortium governance (who
runs nodes, who arbitrates disputes) must be
transparent; regulatory clarity on digital signatures, e-
contracts, and tokenized documents matters.

5. Regulatory compliance: DPDP obligations (consent,
purpose limitation, breach notification) demand
operational maturity that many small entities must
build.

6. Generalizability of results: Illustrative pilot effects
are context-specific; commodity, seasonality, and
institutional ~ capacity  significantly  influence

outcomes.
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