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This review analyzes the strategic and tactical optimization frameworks that enhance cost
reduction and resilience in food grain storage and transportation logistics. It identifies that
sustainable efficiency depends on maximizing systemic value and minimizing Post-Harvest
Loss (PHL) rather than merely reducing variable costs. The study compares traditional cost-
minimization models with value-maximizing approaches that integrate Opportunity Cost
(OC) within Integrated Network Design, particularly the Location-Inventory-Routing
Problem (LIRP). Findings show that OC-based models deliver superior long-term economic and
resource efficiency compared to conventional transportation cost—focused frameworks.

Four strategic imperatives are emphasized:

(1) Infrastructure consolidation and automation to achieve economies of scale;

(2) Integrated optimization using OC to guide infrastructure investment;

(3) Dynamic technology deployment through 10T, Al, and ML to prevent losses and improve
forecasting accuracy; and

(4) Backhaul maximization to lower costs and reduce emissions.

A comparative evaluation of advanced optimization methods—including fuzzy mixed-integer
programming, shuttle train economics, and OC-based trade optimization—demonstrates
complementary strengths in tactical and strategic applications.

The paper identifies key research gaps, including limited OC integration in LIRP frameworks,
insufficient Al validation for quality management, inadequate modeling of dynamic resilience,
and a lack of structured training programs for human capital development. It concludes that
combining OC-driven strategic planning with practical operational models forms a robust
foundation for sustainable, cost-efficient, and resilient grain logistics systems.

KEYWORDS: Grain logistics; Cost optimization; Opportunity cost; LIRP; Post-harvest loss; Al; Supply chain resilience;

Sustainable transportation

1. INTRODUCTION
FINANCIAL
PRESERVATION

AND BACKGROUND:
DRIVERS

most prevalent cause of storage loss, encompassing fungal
damage, spoilage, and pest infestations, is directly linked to
inadequate preparation , specifically storing grain above the

AND VALUE

1.1. The Financial Impact of Post-Harvest Loss (PHL)
and Value Degradation

Post-Harvest Loss (PHL) constitutes a major failure in cost
management because it represents the irreversible loss of
embedded expenses—including costs related to land, labor,
water, and other inputs—already incurred during the
production phase. The cost of PHL is thus the recovery of
sunk costs, making preventive measures a form of direct
financial return.

Significant PHL is observed across multiple stages of the
supply chain, including threshing, drying, and storage. The

desired moisture content (

MC) threshold of 14%. Beyond mere weight loss, this
spoilage causes substantial value erosion, manifesting as
discoloration, grain cracking, and loss of vigor, ultimately
reducing the final market value of the commodity.

The financial return on investment (ROI) in precise
environmental control is immense. For high-value
commodities, implementing cold chain monitoring and
maintenance (e.g., preserving temperatures at 0-3°C and
humidity at 85-90%) can reduce potential spoilage and
physical losses to a negligible 0-1%, ensuring the
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preservation of the product’s highest possible value. While a
manager might initially view advanced drying or cold storage
as an added expense, the systemic view shows that failing to
meet the

14% MC threshold incurs higher costs through quality
downgrading and necessitates  expensive, reactive
interventions like prolonged aeration. Preventive investment,
therefore, stabilizes revenue streams and reduces unforeseen
reactive expenditures.

1.2. Macro-Economic Risks, Price Volatility, and Policy
Mitigation

The grain supply chain is increasingly exposed to global
volatility driven by unprecedented situations such as the
COVID-19 pandemic and geopolitical conflicts. These events
severely strain food security and force emerging economies
into high-cost import scenarios, which in turn jeopardizes
financial stability by depleting dollar reserves. Scientific
grain storage plays a crucial role as a mediating function ,
acting as a strategic buffer between supply and demand that
lessens the impact of extreme market fluctuations, droughts,
floods, or labor disputes on both the supply chain and
transportation demand.

For producers, financial risk can be managed effectively by
using financial instruments. Price risk, for example, is
mitigated through hedging strategies, such as using a March
futures contract to lock in the current carry being offered.
This maneuver allows the producer to confidently accept only
basis risk , which can often be managed through historical
analysis of market trends.

Government policies are critical catalysts for infrastructure
modernization. Schemes such as the Private Entrepreneurs
Guarantee (PEG) scheme, introduced in 2008 and
implemented in a Public-Private Partnership (PPP) mode ,
directly address storage constraints and ensure the safe
stocking of foodgrains. By providing a government guarantee
for hiring storage capacity for a specified period , the PEG

scheme lowers the long-term risk profile for private investors.
This effectively reduces the cost of capital for high-CapEx
storage infrastructure , thereby encouraging private
investment in scientific warehousing and accelerating the
strengthening of national food security infrastructure.

2. STORAGE OPTIMIZATION STRATEGIES:
SCALE, AUTOMATION, AND MANAGEMENT

2.1. Scale and Automation: Cost-Benefit Analysis

The most significant factor affecting storage cost is capacity
, driving a crucial economic finding: the cost per unit of
storage capacity decreases substantially as silo size increases.
For instance, a small 100-ton steel silo may cost
approximately $3,000 to $4,500, whereas a large 1,000-ton
silo costs $25,000 to $45,000. This demonstrates significant
economies of scale, heavily favoring consolidation into larger
units.

The total cost of ownership (TCQ) analysis strongly supports
automation. Modern steel plate silos are increasingly
equipped with intelligent grain loading/unloading systems,
real-time temperature monitoring, and automatic humidity
adjustment devices. Although these features result in higher
upfront capital expenditure, they significantly improve
efficiency, prevent grain losses due to mold and pests , and
typically offer lower long-term maintenance costs. In
contrast, while manual lifts are cheaper initially, they incur
higher long-term labor costs and component wear and tear,
and fail to match the productivity of automated systems.
Electric grain silo lifts, for example, can achieve up to

25% higher throughput than manual systems , leading to
substantial time savings during the critical, time-sensitive
harvesting period. This superior throughput and low unit cost
reinforce the logistical necessity for these large automated
structures to serve as dedicated terminal elevators capable of
rapid loading for efficient, high-capacity transport modes.
Table 1 details a comparative analysis of different storage
investment options based on efficiency and cost structure.

Table 1: Comparative Analysis of Grain Storage Infrastructure Investment

i . . K imization/L R ion
Storage Type Capac v Cost per Ton Trend Operational Cost Drivers ey Opt ation/Loss Reductio
Indicator Feature
Small Steel Silo High (Lacking|[High Labor, High . .
100-500 Tons . Basic weather and pest protection
(Manual) Economies of Scale) Wear/Tear pestp
Large Automated Low (Significant/|Low Maintenance, Energy||Intelligent Monitoring, PHL
. 1,000+ Tons . . .
Silo Economies of Scale) for Automation Prevention
Concrete Silos Large Scale High . Upfront Ver_y Low Long-Term|Durability, stability, ideal for strategic
Construction Cost Maintenance long-term storage
Hermetic Storage [[Variable Varies by solution Minimal Energy/Labor||Airtight preserva_tlon, maintain seed
Input dryness (Dry Chain)

2.2. Dynamic Storage Management via 10T and Policy

The integration of technology transforms grain inventory
management into a proactive, dynamic risk assessment
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system. 10T sensors ensure that environmental factors, such
as temperature and humidity, remain within safe limits,
providing real-time location and quality data. This data is
essential for cold chain monitoring , allowing logistics
providers to dynamically optimize routes, reduce transit times
, and intervene swiftly if deviations occur, thus protecting
food quality and preventing costly spoilage.

Operational efficiency is also heavily influenced by human
factors and management policy. Research confirms that
"Proper training on advanced storage operations" is the single
most significant factor in maintaining the stability of stored
grains and achieving sustainable storage outcomes.
Furthermore, macro-level policy measures, such as the
promotion of warehouse receipt systems and centralized
storage centers , improve smallholder farmer incomes. By
granting access to effective storage technologies, farmers are
motivated to store grains for longer periods and capture
higher market prices instead of being forced to sell
immediately post-harvest when supply is high and prices is
low.

3. Advanced Optimization in Transportation Networks

3.1. Comparative  Analysis of Multi-Modal
Transportation Efficiency

Grain transportation is inherently multi-modal, requiring a
cohesive strategy that integrates trucks, rail, and waterborne
vessels. Rail and waterways (barges) offer significantly
greater capacity and superior efficiency for the long-distance
movement of bulk commodities compared to single freight
trucks. These modes require substantially less fuel and energy
per ton transported, yielding lower operating costs and
reduced emissions.

The effectiveness of mode selection hinges on optimizing the
entire route, not just the long-haul leg. If the distance required
to truck grain from the farm to the efficient mode (rail or
barge) is too long, the increased time, expense, and emissions
from that initial leg can counteract the long-haul savings. For
instance, the expansion of new export corridors, such as those
in Brazil, has demonstrated that physical proximity to ports
dramatically lowers overall transportation costs , providing
farmers in those regions with a considerable competitive
price advantage. This underscores the importance of strategic
infrastructure location.

Table 2: Modal Comparison: Efficiency and Cost Drivers for Bulk Grain Transportation

Typical

Delays

Transportation Volume Efficiency _ Metric{|Primary Cost Optimization Impact of Consolidation Trend
Mode . (Fuel/Ton-Mile) Strategy
(Capacity)

. Increased  first-mile  distance,
Truck (Long- Low to Medium Low . (High Backhaul Optimization higher local road
Haul) Fuel/Emissions) .

wear/maintenance
S e . Increasingly replaced by dedicated

Conventional Rail ||High High Minimizing Classification Yard shuttle  service  for  bulk

commodities

Shuttle Train||Very High (75-||Very High (Dedicated
System 120 cars) Unit)

Terminal Consolidation, Rapid
Cycle Time (25 to 3x
conventional)

Requires high CapEx in shuttle
loaders and large land banks

Barge/Waterway |[Highest Highest

Minimizing loading/unloading

time, lock efficiency

Limited by fixed infrastructure

(waterways/locks)

3.2. The Shuttle Train Revolution: Efficiency and
Economics

The introduction of dedicated shuttle train service, supported
by large terminal elevators (shuttle loaders), represents a
major cost optimization success in bulk grain transportation.
Analytical models confirm that shuttle service is significantly
faster and demonstrates lower aggregate variable costs
compared to conventional rail service.

The efficiency is primarily generated by the operational
mechanism: shuttle trains travel as a dedicated unit to the
same destination, bypassing costly and time-consuming
intermediate classification yards. This allows railcars to
cycle

2.5 to 3 times more frequently than non-shuttle cars,
achieving remarkable increases in asset utilization. The cost
reduction is systemic; the railroads realize significant savings
which are partially passed on to the shipper. As a result,

shuttle-loading facilities are able to offer higher prices to

agricultural producers for their grains , creating a market
incentive that reinforces the strategy of using centralized
logistical nodes, despite the necessity of longer first-mile
trucking for some farmers.

3.3. Backhaul Optimization as a Green and Financial
Strategy

Backhaul optimization is recognized as a high-impact
strategy in green logistics due to its dual economic and
environmental benefits. The core principle is transforming
non-revenue-generating empty truck trips , which are a highly
inefficient performance metric, into profitable, revenue-
generating return journeys.

The transportation optimization process systematically
selects the best outbound delivery routes and then
strategically inserts inbound shipments into the route that
results in the smallest increase in total cost. The benefit is
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profound: eliminating empty mileage cuts variable costs
(fuel, labor, wear) and simultaneously generates revenue
from the return load , substantially boosting the profitability
per vehicle-mile. The elimination of empty trips also directly
results in a decrease in

CO2 emissions, fulfilling sustainability objectives. Even
when transporting bulk grain, sophisticated models focusing
on containerized supply chains have shown that increasing
intermodal yard capacity and truck park size are crucial steps
that decrease the total cost of the supply chain by facilitating
more efficient backhaul operations.

4. INTEGRATED SUPPLY CHAIN MODELING AND
FUTURE TECHNOLOGIES

4.1. Quantitative Frameworks for Integrated Network
Design

To achieve deep, comprehensive cost reduction, optimization
efforts must shift from single-segment solutions to integrated
network design. This requires solving complex problems that
simultaneously determine optimal facility locations, supplier
selections, transport mode choices, and inventory
management levels , often referred to as the integrated
optimization problem or the Location-Inventory-Routing
Problem (LIRP). These holistic models are essential for
making high-value infrastructure decisions, such as
identifying the optimal placement of new processing facilities
or determining necessary enhancements to road and rail
capacities , with the explicit goal of minimizing overall
system cost and mitigating post-harvest losses.

Furthermore, to address operational rhythmic issues,
specialized dynamic models, such as variations of the Lotka-
Volterra model, are employed. These models study the
interaction between the railway system and grain storage

facilities , incorporating critical factors like seasonality and
existing grain reserves in silos. This allows operators to
identify the causes of technological shortages and ensure the
uniform supply of wagons for loading, minimizing expensive
rolling stock downtime.

4.2. Advanced Mathematical Programming and Value
Optimization

The modern optimization landscape incorporates
environmental and reliability concerns directly into cost
functions. Advanced techniques, such as fuzzy mixed-integer
nonlinear programming, model multi-source uncertainties
(e.g., fluctuating demand and parameter variability) using
trapezoidal fuzzy numbers. These models optimize "green
and reliable" intermodal routing by incorporating explicit
wastage reduction constraints and internalizing external costs
like carbon taxes and trading regulations.

However, the most critical finding for long-term strategic
planning is the necessity of incorporating Opportunity Cost
(OC) into trade models. Traditional optimization focuses
only on minimizing transportation cost (TC). Research shows
that an optimization model considering OC, which
maximizes the total economic and resource value of the trade
flow, yields significantly greater aggregate benefits. For
instance, in one context, OC optimization generated an
economic value of about 130 trillion USD and saved nearly
28 billion cubic meters of virtual water , demonstrating that
maximizing systemic value is vastly superior to minimizing
tactical expenditure. Furthermore, sensitivity analysis in
green models reveals that implementing carbon tax
regulations consistently achieves greater reductions in carbon
emissions and is universally feasible for businesses seeking
to reduce associated environmental costs.

Table 3: Overview of Quantitative Optimization Models in Grain Supply Chain

Nonlinear

Minimize Total Cost +

wastage threshold, carbon

Primary Objective||Key Variables||Optimization Focus . ..
Model Type . Key Insight / Application
yp Function Incorporated Area y g PP
. . |[Minimize Total||Nutritional  constraints, . . .
Linear Programming L . . Production/Planning and||Foundation for complex
Cost/Maximize capacity, simple cost . . .
(LP) .. . Basic Network Flow routing algorithms
Efficiency metrics
. . Balances economics,
Fuzzy Mixed-Integer Demand uncertainty,

Green Intermodal Routing

sustainability, and quality

. \Wastage Cost . and Reliabilit retention under
Programming g tax/trading y .
uncertainty
N Facility location, . .
Integrated Minimize Total System||. . Guides optimal placement
A inventory levels, transport|[Network  Design  and
Optimization Cost (Infrastructure + . . . of assets to reduce PHL
. mode choice, rail||Capital Investment
(LIRP) Operation) . and system cost
capacity
Transport Cost,  Water Demonstrates superior
Opportunity Cost||[Maximize Total||Use/Scarcity, Strategic Trade Flow and . . P
. . . . economic benefit over TC-
(OC) Model Economic Value Comparative  Economic||Resource Allocation
Value only models

4.3. Leveraging Al, Machine Learning, and Simulation
for Dynamic Efficiency

Modernizing the supply chain requires integrating
computational intelligence to manage dynamic risks. Al and
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ML algorithms, including deep learning and Natural
Language Processing (NLP), process vast amounts of data in
real-time , identifying complex patterns and trends that
human analysts often miss. For food grains, the ability of Al
to incorporate diverse factors, especially highly volatile
elements like

weather patterns into forecasts is critical for preparing
inventory and logistics for sudden demand fluctuations or
harvest risks. By enhancing accuracy, Al ensures optimal
inventory levels, effectively reducing forecasting errors and
avoiding the costs associated with overstocking or
stockouts.

Furthermore, simulation modeling is a vital tool for
establishing logistical resilience. These models capture the
dynamic behavior of the grain supply chain and allow
policymakers to test and evaluate strategies for mitigating
major systemic risks, such as those introduced by sudden
economic or health crises. By optimizing critical choke
points, such as increasing intermodal yard and truck park

5.1. Comparison of Strategic and Tactical Models

capacity based on simulation results , organizations can
directly reduce the total supply chain costs and volatility
experienced during peak stress periods. The rapid data
processing offered by these systems provides instant,
actionable insights, enabling faster and better decision-
making for inventory adjustments, restocking, and resource
planning during demand surges.

5. COMPARATIVE ANALYSIS OF OPTIMIZATION
FRAMEWORKS

The determination of the "best” and most realistic
optimization method depends critically on the scope of the
decision: tactical operations (day-to-day cost reduction)
versus strategic network planning (long-term infrastructure
and value maximization). The literature presents several
distinct models, each targeting a different layer of the grain
supply chain with a specific objective (minimizing cost,
maximizing throughput, or maximizing total economic
value).

Table 4: Comparative Assessment of Grain Optimization Models and Strategies

emissions.

Optimization Scope off|_ . N . .
e Primary Objective Function |[|Key Result & Comparative Advantage
Model/Strategy Optimization yhl y P g
Achieves lower costs and significantly faster
Shuttle Train||Tactical/Long-Haul Minimize aggregate variable railjjcycling (2.5x to 3x) than conventional rail,
Economics Transportation costs and transit time. offering immediate and quantifiable throughput
gains.
Eliminate non-revenue-||Highly realistic, low-risk strategy that transforms
Backhaul Tactical/Short-Haul  ||generating empty truck miles;||inefficient empty trips into profitable return
Optimization Transportation reduce variable costs and CO2||journeys, directly boosting vehicle productivity

and sustainability.

Fuzzy Mixed-Integer
Programming

Tactical/Intermodal
Routing

Minimize Total Cost + Wastage
Cost under uncertainty.

Excels at balancing economic cost with
environmental sustainability (e.g., carbon taxes)
and product reliability (wastage threshold) under
multi-source uncertainties.

Integrated

Minimize overall system cost

Essential for high-CapEx decisions like optimal

R Strategic Network||,. . placement of storage facilities and rail capacity
Optimization Design (infrastructure + operations) and enhancement, aiming for systemic efficiency and
(LIRP) g Post-Harvest Loss (PHL). ., alming for sy y

loss reduction.
. . - . Yields the high r nefi neratin
Opportunity ~ Cost||Strategic Maximize total economic and va:tdesc;neomigc 3233%13?:82;& ZZV?E g ?; g
(OC) Model Trade/Resource Value [[resource value of trade flow. gs 1€

virtual water) far superior to cost-only models.

Table 5: Optimization Model Comparison by Scope and Impact

Optimization Scope Core Outcome||Cost  Reduction value/Resilience Impact
Model (Strategic/Tactical/Dynamic) ||(Cost vs. Value) (|{Impact P
Opportunity  Cost Strategic Value Moderate Highest (Systemic Economic &
(OC) Model g Maximization (Indirect) Resource Value)
Integrated High  (Long-term
Optimization Strategic Sy.st.em. CO.SUPHL Infrastructure High (Reduced PHL)
Minimization .
(LIRP) Savings)
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Optimization Scope Core Outcome||Cost  Reduction Value/Resilience Impact
Model (Strategic/Tactical/Dynamic) ||(Cost vs. Value) (|[Impact P
Fuzzy Mixed- . Cost/Wastage High  (Intermodal(|High (Quality
Integer Tactical L . . . -
. Minimization Routing Savings) |[|Retention/Reliability)
Programming
. . Highest (Long-haul
huttl T . T .
Shuttle . rain Tactical CQSt./ !me. variable cost{|Moderate (Throughput/Speed)
Economics Minimization .
reduction)
Backhaul . CosVEMpty |, o (variable Cost|[High
L Tactical Mileage . . -
Optimization R Reduction) (Environmental/Sustainability)
Minimization
. Moderate (Reduced
Lotka-Volt . . Downt . . -
otxa .O erra Dynamic Tactical gvyn !me. Rolling Stock||Moderate (Rhythmic Efficiency)
Adaptation Minimization .
Downtime)

5.2. Quantitative Trade-off Chart (Visual Comparison)
The following quantitative trade-off chart serves as a visual comparison of the models, illustrating the relationship between the
magnitude of potential long-term economic benefit and the complexity of implementing the model.

Table 6: Optimization Model Comparison: Investment vs. Long-Term Impact

Strategic Benefit||Implementation Complexity

Model T -off

ode Score (1-4) Score (1-4) rade-off Summary
Opportunity Cost (OC) 4 (Highest Value) 4 (High: Policy/LIRP Highes.t Iong-t_erm reward requires highest
Model Integration) strategic commitment.
Shuttle Train(|3 (Very High(2 (Moderate: CapEx in||High return for manageable infrastructure
Economics Throughput) terminal elevators) investment.
Integrated Optimization||3 (High System Cost||4 (High: Complex||High cost, but essential for foundational asset
(LIRP) Reduction) modeling/CapEX) optimization.
Backhaul 2 (High Direct Cost||1 (Low: Software/Route||Best return for low investment and immediate
Optimization Savings) Planning) operational impact.
Fuzzy  Mixed-Integer||2 (Moderate-High|[2  (Moderate:  Specialized||Good balance of technical difficulty and
Prog. Reliability) expertise) environmental/wastage return.
Lotka-Volterra 1 (Moderate Rhythmic||2 (Moderate: Dynamic||Specialized focus with moderate technical
Adaptation Efficiency) modeling) demands.

Score (1-4 Scale)

Optimization Model Comparison: Investment vs. Long-Term Impact

Strategic Benefit Score

Implementation Complexity Score

Optimization Models

Note: Scores represent relative scale (1 = Low, 4 = High) based on literature consensus regarding long-term economic opportunity
and necessary technological/policy investment.

5983

Ananta Kumar Mahato?, IJIMCR Volume 13 Issue 12 December 2025



“Cost Reduction and Resilience in Grain Supply Chains: A Comprehensive Review of Optimization Models”

5.3. Assessment of Effectiveness and Realism

The Best Strategic Framework: Opportunity Cost (OC)
From a long-term, high-impact perspective, the Opportunity
Cost (OC) Model is the superior optimization metric. Its
primary advantage is that it moves the objective function
beyond minimizing immediate physical Transportation Cost
(TC) to maximizing the total economic and resource value
generated by the grain flow. This approach is highly realistic
for governments and major industry stakeholders, as it aligns
trade flows with resource constraints (like water scarcity) and
generates significantly greater aggregate economic value
compared to tactical cost-minimization models.

The Most Realistic Tactical Optimizers

For immediate, operational cost-saving and throughput
enhancement, two models stand out as the most realistic and
consistently effective:

1. Shuttle Train Economics: This model, supported
by large-scale terminal elevators , represents the
most effective optimization for the
long-haul segment. It provides a dramatic and
proven reduction in transit time and variable costs
by utilizing dedicated unit trains that bypass time-
consuming intermediate classification yards,
achieving up to three times the asset utilization of
conventional railcars.

2. Backhaul Optimization: This is the most effective
and lowest-risk optimization for the trucking
segment. It realistically tackles the pervasive
inefficiency of empty return trips, immediately
cutting variable costs (fuel, labor) and generating
profitable new revenue, aligning both economic and
environmental objectives simultaneously.

Conclusion on Optimal Realistic Strategy

The most robust and realistic approach combines the strategic
vision of Opportunity Cost with the operational mechanics
of

Integrated Network Design (LIRP). The optimal strategy is
to implement the

Integrated Optimization Framework (LIRP), which
addresses facility location and infrastructure enhancement ,
and use the

Opportunity Cost metric as the guiding objective function
to ensure that all high-CapEx decisions maximize long-term
systemic value and resource efficiency. Simultaneously,
proven tactical models like

Shuttle Train Economics and Backhaul Optimization must
be applied daily to extract maximum efficiency from the
established logistical network.

6. RESEARCH GAPS AND FUTURE SCOPE

6.1. Identified Research Gaps

The comprehensive literature review highlights four primary
areas where quantitative modeling and applied research are
currently underdeveloped or fragmented:

Specificity in AI/ML Applications for Grain Quality
Management

While the general benefits of Al-powered demand forecasting
are widely acknowledged—including enhanced accuracy,
real-time data processing, and the ability to incorporate
complex variables like weather patterns —a significant
research gap exists in the detailed application and validation
of these models specifically for

food grain inventory and quality logistics. Current
literature lacks specific case studies, models, and validation
results tailored to managing spoilage risks based on real-time
quality parameters (e.g., moisture and temperature readings
from 10T sensors). The ability of Al to optimize stock rotation
and logistics based on the

deterioration rate of bulk commodities remains a critical
theoretical area needing empirical testing.

Integration of Opportunity Cost in Integrated Network
Design

Quantitative models for grain logistics typically aim to
minimize physical Transportation Cost (TC). Although
recent scholarly work has demonstrated that an optimization
framework incorporating

Opportunity Cost (OC) yields vastly superior aggregate
economic and resource benefits (e.g., saving virtual water) ,
this superior OC framework has not been fully integrated into
the most complex infrastructure planning tools. Integrated
optimization problems, such as the Location-Inventory-
Routing Problem (LIRP), typically focus on minimizing
economic and social costs. The gap lies in developing and
validating holistic models that utilize OC as the primary
objective function for determining the optimal placement of
high-CapEx assets like large terminal elevators and for
guiding strategic long-term investments in road and rail
capacities.

Operational Rhythmic Efficiency and Resilience
Modeling

Managing the dynamic interaction between railway systems
and grain storage facilities is essential for preventing
expensive downtime. However, existing dynamic models,
such as variations of the Lotka-Volterra model, often fail to
accurately identify the causes of

technological shortages of rolling stock (wagons).
Furthermore, while some analysis shows that increasing
intermodal yard and truck park capacity decreases total
supply chain costs, increasing other factors like wagon park
size can increase the risk of supply chain disruption. This
indicates a lack of robust, predictive models that can
effectively balance the economic benefits of increased
throughput with the necessary logistical resilience required to
mitigate system volatility.

Quantifying the Technology Transfer and Human Capital
Gap

Research identifies that "Proper training on advanced storage
operations" is the single most significant factor influencing
the stability and sustainability of stored grains. This reveals a
critical gap between the high technological investment in
automated storage (silos, 10T) and the successful
implementation of effective human capital development.

5984 Ananta Kumar Mahato?, IJIMCR Volume 13 Issue 12 December 2025



“Cost Reduction and Resilience in Grain Supply Chains: A Comprehensive Review of Optimization Models”

7. CONCLUSION AND STRATEGIC POLICY

There is limited research focused on developing scalable,

evidence-based

frameworks, curricula, and

policy

mechanisms required to accelerate the transfer of modern
logistics and technology management skills to operators and

RECOMMENDATIONS
7.1. Investment Priorities: Balancing Upfront Capital vs.
Long-Term Operational Savings

smallholder farmers , thereby hindering the full realization of 1. Phase I: Consolidation and Scale: Prioritize
PHL-reduction benefits. capital expenditure toward expanding and
6.2. Future Scope and Research Directions automating hlgh—capauty storage faC|I|t|es.(tern.1|naI
. elevators). This strategy leverages significant
Future scholarly and applied research should concentrate on . =7
. .. . S economies of scale, maximizing throughput (up to
operationalizing the integrated and advanced optimization . . L .
L . 25% higher using electric lifts) and drastically
concepts outlined in the review: ducing the | ¢ it cost of st Thi
1. Al Model Validation for PHL Reduction: Future .re ucing the fong-term tni COS. ot storage. TS
L . infrastructure must be strategically located to
work should focus on developing, implementing, o . .
o . - maximize access to shuttle train corridors.
and validating deep learning models that utilize real- . S
. . 2. Phase II: Integration and Data Fidelity: Mandate
time loT sensor data (temperature, moisture, . . -
. . . . the widespread adoption of 10T sensors for real-time
humidity) to provide dynamic quality- . -
. . o 1 environmental monitoring throughout storage and
deterioration forecasts for specific bulk grain . . . .
. transportation. This validated quality data must be
commodities. Research should generate . . .
. . . . systematically linked to Al/ML platforms designed
comparative case studies to quantify the tangible . . .
. . L for demand forecasting , ensuring that inventory and
cost savings achieved by optimizing inventory L ) -
. . logistics planning decisions are based on accurate,
rotation and aeration based on Al-generated . . .
- . . real-time stock quality and quantity.
insights, directly addressing post-harvest losses. . N .
. 3. Phase Ill: Transportation Optimization: Investin
2. OC Model Integration for Infrastructure L .
. . advanced logistical platforms capable of continuous,
Planning: Develop advanced mathematical . o .
. . real-time backhaul identification and routing
programming models that embed the Opportunity L L . . e
- L . optimization. Achieving high vehicle utilization
Cost objective function into integrated network .
. L through effective backhaul management should be a
design frameworks (e.g., LIRP). This is necessary to .
. . . . - core Key Performance Indicator (KPI) for the
guide high-CapEx investment decisions, ensuring . . .
; . . . transportation fleet, as it transforms empty mileage
that policy and private capital result in asset . i .
. L . from a major expense into a profitable asset.
locations that maximize total economic value and
resource efficiency, specifically for long-term 7.2. Policy Recommendations for Sustainable and
strategic food security planning. Resilient Grain Supply Chains
3. Advanced Dynamic Resilience Modeling: Further 1. Strategic Planning via OC Modeling: Adopt
expand and refine dynamic models (such as integrated planning frameworks that utilize
advanced Lotka-Volterra variants) to accurately Opportunity Cost modeling to guide large-scale
simulate the complex, non-linear interaction infrastructure  investments and the strategic
between seasonal grain flows, silo loading cycles, allocation of grain trade flows. This ensures that
and railway wagon supply. This modeling should policy decisions maximize overall economic
incorporate disruption risks to allow operators to benefits and resource efficiency, particularly
forecast and strategically mitigate technological regarding water usage and virtual water savings.
shortages and rolling stock downtime, thereby 2. Facilitate Private Capital: Maintain and strengthen
establishing resilient logistical rhythms. financial mechanisms, such as the Private
4. Policy and Curricular Development for Entrepreneurs Guarantee (PEG) scheme , to de-risk
Training: Research is needed to develop, test, and and attract long-term private sector investment in the
assess the effectiveness of scalable training and construction of high-cost, scientific warehousing
technology transfer mechanisms for "advanced infrastructure.
storage operations”. This should focus on 3. Enhance Intermodal Capacity: Policy and
investigating how governmental guarantee schemes funding should specifically target the expansion of
(like the PEG scheme ) can be structured to critical ~ transportation  bottlenecks, including
specifically fund and promote localized, modern intermodal yard capacity and truck park sizes.
training centers to bridge the human capital gap in Quantitative analysis confirms that enhancing the
scientific grain  warehousing and logistics capacity of these facilities is essential for reducing
management. total system costs and improving throughput
reliability.
7.3. Roadmap for Technology Adoption and Training
1. Human Capital Development: Implement
rigorous, standardized training programs focused on
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advanced storage operations and the use of new 6. Bidragon Silo. (n.d.). Are grain silos expensive?
automation and loT systems. Research highlights Retrieved from https://www.bidragon.com
that human proficiency is a key factor in maximizing 7. Food Forward NDCs/Panda. (2022). Reducing post-
the stability and sustainability of stored grains, harvest food loss at storage, transport, and
ensuring that the substantial investment in processing levels.
technology is effectively leveraged. 8. Grain Transportation Report (GTR). (2023, March
2. Phased Automation Rollout: Manage the higher 2). USDA Agricultural Marketing Service (AMS).
upfront capital cost of automated systems by 9. Li, J., et al. (2022). Linear optimization model for
implementing them strategically in centralized grain trade considering opportunity cost to
terminal elevators. The proven operational savings maximize economic and resource benefits. Entropy,
from reduced maintenance and higher throughput 24(11), 1667. https://doi.org/10.3390/e24111667
justifies this investment over the long term, enabling 10. Llama.ai. (2023). Backhaul optimization. Llama.ai
facilities to handle rapid loading required by shuttle Help Center.
trains. 11. Mainul Bari, A. B. M. (2023). Analysis of the factors
3. Mandate Data Integration: Promote the influencing the stability of stored grains.
establishment of warehouse receipt systems paired ResearchGate.
with modern storage facilities. This market-based 12. NC State University Extension. (2018). Basmaker,
intervention improves farmer livelihoods while T., & Curtis, C. A guide to price risk management.
generating the centralized, quality-controlled 13. Press Information Bureau (P1B). (2023, November).
inventory data necessary for advanced logistics and PEG Scheme to address storage constraints.
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