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a b s t r a c t

This research investigates the multi-period multi-modal bulk wheat transportation and storage problem
in a two-stage supply chain network of Public Distribution System (PDS). The bulk transportation and stor-
age can significantly curtail the transit and storage losses of food grains, which leads to substantial cost
savings. A mixed integer non-linear programming model (MINLP) is developed after studying the
Indian wheat supply chain scenario, where the objective is to minimize the transportation, storage and
operational cost of the food grain incurred for efficient transfer of wheat from producing states to consum-
ing states. The cost minimization of Indian food grain supply chain is a very complex and challenging prob-
lem because of the involvement of the many entities and their constraints such as seasonal procurement,
limited scientific storages, varying demand, mode of transportation and vehicle capacity constraints. To
address this complex and challenging problem of food grain supply chain, we have proposed the novel
variant of Chemical Reaction Optimization (CRO) algorithm which combines the features of CRO and
Tabu search (TS) and named it as a hybrid CROTS algorithm (Chemical reaction optimization combined
with Tabu Search). The numerous problems with different sizes are solved using the proposed algorithm
and obtained results have been compared with CRO. The comparative study reveals that the proposed
CROTS algorithm offers a better solution in less computational time than CRO algorithm and the domi-
nance of CROTS algorithm over the CRO algorithm is demonstrated through statistical analysis.

� 2016 Published by Elsevier Ltd.

1. Introduction

The population of India is continuously increasing because of
that demand of wheat is also growing. Therefore, for fulfilling the
ever-growing demand of wheat there is a necessity of more pro-
duction, more procurement and proper storage and transportation
methods. The wheat production in India has steadily increased due
to the use of advanced agricultural production technologies. Food
grain is distributed to weaker and vulnerable sections of society
at reasonable prices through PDS which is the national food secu-
rity system of India. Transportation and storage system of food
grain become very complex because of the 4, 89,000 Fair Price
shops (FPS) located at different parts of the country. Furthermore,
it is the largest retail system of its type in the world. The higher
losses of wheat occurred during transit and storage because of
improper storage and conventional method of transportation
through gunny bags.

The various operations of Food Corporation of India (FCI) com-
prises of procurement, storage, transportation and distribution of

food grains on behalf of the Government of India (GOI). FCI is a cen-
tral nodal agency responsible for the execution of all these activi-
ties. The Fig. 1 shows the detail operations of FCI from
procurement at minimum support price (MSP) from farmers to
the sale of food grains to consumers at a central issue price (CIP).
The procurement is carried out in two stages, i.e. centralized and
decentralized procurement. In the centralized procurement, FCI
along with state government agencies (SGAs) procures the wheat
for the central pool from the farmers in the procurement centers
at MSP. Procured wheat is stored in the FCIs warehouses, including
State Warehousing Corporation (SWC) and the Central Warehous-
ing Corporation (CWC) warehouses of producing states. In decen-
tralized procurement (DCP), SGAs procures food grains but they
directly store into their warehouses and distribute under PDS
based on the allocation of GOI. In a centralized system after pro-
curement, the goal is to transfer the wheat to deficit states ware-
houses from producing state warehouses. The GOI makes the
allocation to the respective states based on the demand of that
states and offtakes in the previous period. Distribution of food
grains to consumers is totally handled by respective consuming
states. The transportation of food grains in intrastate is mostly
carried out by road and interstate movement through rail in
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conventional gunny bags. Furthermore, primarily the wheat supply
chain involved the transportation, handling and storage cost and to
reduce these costs, it needs the efficient movement of food grains
from producing to consuming states.

At present, FCI is facing several major issues and challenges
with food grain storage, transportation and distribution. FCI daily
transports an average 2 million bags (50 kg per bag) of food grains
through rail, road and waterways from producing to consuming
states covering an average 1500 km distance. The annual trans-
portation cost incurred for this movement was 47.2737 billion
INR mentioned in Comptroller and Auditor General of India (CAG,
2013) report. According to the Report of Institution of
Mechanical Engineers (2013), India every year losses wheat near
about 21 million tons, which is equivalent to the total wheat pro-
duction of a country like Australia. As per CAG 2013 report, overall
45% food grains are getting wasted from the post-harvest to distri-
bution stage due to lack of proper handling, transportation and
infrastructure. The monetary value of these losses amounts to
more than Rs 50,000 crores per year (Singh, 2010). There is a signif-
icant discrepancy in the procured quantity and storage capacity
available with FCI. As mentioned in the CAG 2013 report, the food
grains stock in the central pool as on 1st June 2012 was
667.89 LakhMetric Tonne (LMT) barring the DCP against the aggre-
gate FCI capacity of 491.86 LMT including SWC and CWC capaci-
ties. This wide gap of 176.03 LMT stockpiling limit shows the
requirement of more storage capacity to cope with growing pro-
curement. Generally, procurement of wheat is carried out during
Rabi marketing season (April-June) by SGAs, therefore, more stor-
age capacity requires during this peak period. FCI needs to assume
control over the stock from SGAs toward the end of June, but unfor-
tunately, because of the absence of available storage capacity, FCI
can’t lift the stock from SGAs and for keeping this stock beyond
the time limit FCI gives the carry over charges to SGAs. FCI has
given the Rs 175 crore in 2006–07 and Rs 1635 crore for the period
of 2011–12 as a carryover charges to various SGAs across the coun-
try. The above-discussed issues can be addressed through bulk
storage and transportation of food grain instead of conventional
gunny bags. However, in the present situation FCI and all other
agencies have less number of scientific storages in each state.
Therefore, proper planning and management of bulk wheat trans-
portation and storage reduces the food grain supply chain cost.

In this paper, we consider the real problem of bulk wheat trans-
portation and storage in India. Generally, wheat transportation has

been carried out from producing states to consuming states. The
main focus of this paper is on the development of a mathematical
model for cost minimization considering bulk wheat transporta-
tion and storage with deterministic demand and procurement.
The transportation of food grain from producing state to consum-
ing state become the challenging task because of the limited num-
ber of steel silos. Apart from this issue, other constraints which
make the problem very complex such as the availability of various
capacitated vehicles, fixed cost associated with each vehicle, oper-
ational cost, and optimal inventory level. Indian food grain supply
chain is categorised into four stages. The primary stage includes
transportation of food grains from procurement centers to silos
in producing states and shipment from these silos to consuming
states silos is the second stage. The subsequent stages include
grain shipment up to block level and from block level to fair price
shops. There are some major important issues which affects the
transportation and distribution cost of wheat such as ‘‘how much
quantity, from which origin node, when and where to transport”.
Besides, inventory and operational cost of wheat inside the silos
play the vital role in the food grain supply chain cost. Generally,
interstate food grain transportation is carried out by rail mode,
but in some cases, it transports through road mode also if econom-
ical. Hence, selection of the mode of transportation is also a crucial
aspect of the food grain supply chain.

The remainder of the paper is structured as follows. Section 2
provides the details of existing available literature of transporta-
tion problem, food supply chain, and Evolutionary Algorithms
(EAs). Section 3 gives the description of the considered problem.
Section 4 shows the mathematical model formulation of the prob-
lem. Section 5 describes the solution methodology used in the
paper. Results and analysis of the paper are presented in Section 6.
Section 7 concludes the paper and gives the future direction of the
research.

2. Literature review

The inventory transportation problem of supply chain network
is an interesting topic and a plethora of literature available on the
same. The literature review has been divided into two sections. The
initial section covers the literature related to transportation and
storage problem and subsequent section focuses mainly on the
various solution approaches used in literature for solving these
problems.
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Fig. 1. FCI operations.
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