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Wheat is a key element of national food security, providing a major share of
the calories and protein required by the population and therefore playing an
important role in public health and livelihoods. Ensuring its consistent
production and reliable access is essential for economic stability, food
equity, and social resilience. In this regard, this study develops a multi-
period, multi-product stochastic optimization model to design a resilient
wheat supply chain under disruption risks. The supply chain includes
suppliers of agricultural inputs (seeds, pesticides, and fertilizers), farms,
wheat suppliers, storage silos, processing factories, livestock feed
customers, cosmetics and hygiene industries, and flour consumers. To
address weather-related disruptions affecting farm output, the model
incorporates additional wheat procurement from supplier - considering
quantity discounts - as a resilience strategy. Circular economy principles are
also considered through selling straw, bran, and damaged grains to
cosmetics and hygiene, and livestock feed industries. The objective of the
model is to maximize the total profit of the supply chain by determining
product flows between different stages, flour production quantities,
inventory levels of agricultural inputs, wheat, and flour, supplier selection,
and the location and capacity of silos. The model is then applied to a
numerical example, and the computational results are presented.
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1. Introduction

Wheat accounts for approximately 20% of global
human caloric and protein intake, constituting a
cornerstone of food security and the fundamental
basis for staple products such as bread, pasta, and
confectionery (Shiferaw et al., 2013). Its supply chain
is a complex, multi-stage network encompassing
input procurement, planting and harvesting
operations, storage, processing, and distribution.
Optimal performance of this chain depends on the
development and implementation of precise
planting and harvesting schedules, systematic grain
quality grading and control, continuous monitoring
of storage moisture and temperature, and effective
inventory management (Agrawal & Jain, 2024;
Zheng, 2022; Yousefi-Babadi et al, 2023).
Furthermore, the selection of appropriate
transportation modes, scheduling of
loading/unloading, and distribution routing
planning should be conducted in a way that ensures
product quality preservation. Non-compliance with
the required standards at any of these stages leads to
quality deterioration, weight loss, reduced
commercial value, increased waste and return costs,
supply instability, and ultimately undermines food
security (Bartholomeu et al., 2016).

The wheat supply chain is exposed to various
disruptive risks, ranging from climate change and
natural disasters (droughts, floods, and frost) and
the outbreak of pests and plant diseases, to input
shortages (seeds, fertilizers, pesticides), extreme
price and exchange rate volatility, trade and political
constraints (tariffs, export/import bans), and failures
or capacity limitations of storage and transportation
infrastructure (Hellegers, 2022; Reddy et al., 2016).
These disruptions lead to production declines,
prolonged lead times, and escalating logistics costs,
thereby intensifying supply shortage risks (Zhang et
al., 2023). To mitigate these disruptions, resilience
strategies are employed, including geographical and
contractual  supplier diversification, strategic
emergency reserves, and infrastructure upgrades
(Daryanto et al., 2025; Rahbari et al., 2024).

On the other hand, the sale of by-products at various
stages of the wheat supply chain can generate
significant added value and enhance resource
efficiency by opening new markets and diversifying
the product portfolio (Tufail et al., 2022). In the
milling stage, bran and husks - often perceived as
waste - can be transformed into revenue streams
through integrated management (Fu & Zhang,
2025). Bran is rich in fiber and protein and is used in
the production of whole-grain breads, biscuits,
animal feed, and dietary supplements (Xhabiri et al.,
2014). Farm-level straw can be repurposed for pulp
and biodegradable packaging (Giordano & Mariani,
n.d.). Consequently, leveraging these side streams is
an effective strategy for waste reduction and
resilience enhancement (Danciu et al., 2023).

This study proposes a multi-period, multi-product
stochastic optimization model to design a resilient
wheat supply chain under disruptions. The model
encompasses suppliers of agricultural inputs, farms,
wheat suppliers, storage silos, processing factories,
livestock feed customers, cosmetics and personal
care industries, and flour consumers. To enhance
resilience against weather-related disruptions,
supplemental wheat procurement with quantity
discounts is integrated. Furthermore, circular
economy principles are also implemented by selling
straw, bran, and damaged grains to the cosmetics
and personal care and livestock feed industries.

2. Methodology

The supply chain under investigation comprises
multiple echelons: agricultural input suppliers
(seeds, fertilizers, and pesticides), wheat farms,
wheat suppliers, silos, processing factories, and three
distinct end-consumer segments: wheat flour
customers, livestock feed customers, and the
cosmetics and personal care industries. Initially, the
necessary agricultural inputs for wheat cultivation
are procured from suppliers. After harvest, the straw
is separated and primary cleaning is performed, and
the wheat grains are transferred to silos for storage.
To enhance resilience against weather-related
disruptions affecting cultivation capacity, the option
of purchasing ready-to-use wheat with discounts
and storing it in silos is also provided. A portion of
the silo inventory is then dispatched to processing
factories for flour production. During the pre-milling
preparation stage, defective or broken grains are
segregated from the primary material flow. These
grains, along with the straw collected from the
farms, are diverted to the livestock feed customers.
Then, only the intact grains are milled; during this
process, the resulting flour is delivered to wheat
flour customers, while the separated bran is supplied
for use in the cosmetics and personal care industry.
The objective of the problem is to maximize the
profit of the wheat supply chain by determining the
following decisions:
e  Quantities of cultivation inputs and wheat
procured from suppliers;
e  Quantities of wheat cultivated on farms;
e Quantities of flour produced at the
processing facilities;
®  Quantities of products transported between
different components of the network;
e Inventory levels held in silos and at farms
and processing facilities;
e  Construction of silos with specified capacity
levels;
e Selection of suppliers for cultivation inputs
and wheat.
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3. Results and Discussion

The results of the model indicate that the majority of
the supply chain’s revenue is generated from the sale
of final products, namely various types of wheat
flour. However, by-products such as bran, straw, and
damaged grains contribute more than fifteen percent
of total profits, highlighting the potential benefits of
applying circular economy principles to enhance
overall profitability. From a cost perspective,
transportation of raw materials and finished
products, together with production costs in
processing plants, constitute the largest expense
components, emphasizing the importance of precise
production planning and efficient management of
logistical processes.

The analysis of different disruption scenarios further
reveals that as the severity of disruptions increases,
both supply chain profitability and inventory levels
decline. This outcome reflects the greater complexity
of the network and the stronger impact of
disruptions on its performance. The proposed two-
stage stochastic programming model optimizes both
strategic (first-stage) and tactical (second-stage)
decisions by accounting for all disruption scenarios
and their associated probabilities. Unlike models
that consider only a single disruption scenario, this
stochastic optimization approach enables more
effective production and inventory planning,
achieving a balance between profitability and risk.
Consequently, even under severe disruptions,
reductions in production and inventory performance
are minimized, allowing the supply chain to respond
to fluctuations in raw material availability with high
flexibility.

As disruptions intensify, the cultivable wheat
quantity decreases, and the model resorts to a
procurement strategy from suppliers to compensate
for shortages and maintain supply, since a complete
supply failure is not assumed in the model due to
wheat’s critical role in food security. Although this
approach ensures continuity of supply, at severe
disruption levels, additional procurement and
transportation costs lead to reduced profitability and
pose a serious threat to financial sustainability.
Therefore, while the wheat procurement strategy is
effective under moderate disruption scenarios,
coping with extreme disruptions requires
comprehensive strategic planning and management
to preserve financial stability and ensure the supply
of essential goods.

4. Conclusions

Wheat, as a strategic commodity in ensuring food
security, plays a critical role in socio-economic
systems. Enhancing the resilience of its supply chain
against environmental disruptions, such as weather-
related changes, ensures continuity of supply and
mitigates the risk of product shortages. Moreover,
the adoption of circular economy principles, in
addition to improving operational efficiency, can

\o)wlf o)sé/\f‘a Jb»/é)somsw‘sww

contribute to increasing the overall profitability of
the supply chain. Accordingly, this study developed a
multi-period, multi-product stochastic optimization
model to design a resilient wheat supply chain under
disruption risks. The proposed model employed
supplemental wheat procurement - considering
quantity discounts - as a key resilience strategy to
mitigate the adverse effects of weather-related
disruptions in the agricultural sector. Additionally,
the sale of by-products such as straw, bran, and
damaged grains for related industries, including
livestock feed and cosmetics and personal care, was
incorporated into the model. The key managerial
insights derived from this research are summarized
as follows:

e  Weather-related disruptions significantly
increase the vulnerability of the wheat
supply chain, placing stress on both
operational continuity and financial
viability. Under these circumstances,
diversification of wheat suppliers serves as
an effective strategy to strengthen supply
chain resilience, allowing for optimal
disruption management and mitigating
risks associated with dependence on limited
sources.

e  The findings indicate that focusing solely on
a single deterministic disruption scenario
can lead to unreliable decision-making and
expose supply chain management to the
risks of overly optimistic or overly
conservative choices. In contrast, the
stochastic model, by accounting for all
disruption scenarios and their probabilities,
enables the formulation of more balanced
and resilient policies.

e Results demonstrate that by-products
(bran, straw, and damaged grains)
contribute substantially to total supply
chain profitability. Adopting a circular
economy approach not only unlocks new
revenue streams but also minimizes
resource waste and improves overall system
efficiency.

e Given the significant share of production
and transportation costs of raw materials
and products, optimizing production
processes in processing plants, along with
precise and coordinated logistical planning,
plays a key role in enhancing productivity,
reducing costs, and improving overall
supply chain efficiency.

To complement the findings of this study and further
enhance the resilience and sustainability of the
wheat supply chain, the following recommendations
are proposed:

e Attention to sustainability considerations
through the management of chemical
fertilizer use in order to enhance public
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health and the efficient use of water
resources.

e Applying a combined optimization and
decision-making approach for supplier
evaluation and ranking.

e Considering operational decisions, such as
routing and scheduling, in the proposed
model to manage logistics processes.
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Table 2. Demand of wheat flour customers
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Figure 2. Results from solving the proposed model.
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Figure 3. Share of operating costs and supply chain revenue.
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Figure 4. Impact of different disruption scenarios on supply chain performance.
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Figure 5. Wheat grain sourcing strategies and supply chain profitability under disruption.
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