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Abstract: This research paper explores the impact of digmptsuch as the COVID-19 pandemic, Russia's ionasi
Ukraine, and extreme weather events on global gugdins, with a focus on the grain trade. The papdews recent
studies on supply chain resilience and risk managérhighlighting the need for a comprehensive aggii to managing
supply chain risks. In an attempt to combine glolhkat trade with supply chain resilience, thidgtproposes an
optimization model to help supply chain professisrta pick from a variety of robust and resilieppeoaches. This
proves the investigation of whether such a proeassres the best choice challenging, which miglast tembination of
both resilient and robust approaches. The authwrerdrates on the extreme weather and ban on exglisrtiptions, in
order to acquire sufficient depth in the inquirynémerical case study of a real-world wheat suppgin is used to apply
the model. The outcomes suggest that the best thdtimoreducing the risks of supply-side disruptisna mixed
combination of robust and resilient approaches.

1 Introduction to supply chain resilience trade trends. After a strong period of growth iats@ne
With the COVID-19 pandemic, the follow-up shippingdrain trade, 2022 pres_ented significant challerigeshe
and air freight troubles, and Russia’s invasiot/kifaine, ~sector. Ukrainian grain accounted for 10% of global
measuring Supp|y chain efﬁciency and understandﬁ]g seaborne grain trade in 2021 but were effectively
factors seem more crucial than it was. Demanddueal  suspended by Russia’s invasion. Simultaneouslyr poo
products, such as electronics and household appban growing conditions undermined North American oufput
increased during the pandemic' but Supp|y anHS wheat ylelds were down over 10% in the 2021-22

transportation capacity decreased. For instaneagtjuest Season and exports in 1H 2022 fell by 26% [2]. N
for microprocessors, a key element in integrateduiti In November 2022, there had been some positive
technology and the majority of manufacturing indest changes. Grain exports from the Ukrainian ports of
increased, but their supply was constrained by tfehornomorsk, Odessa, and Yuzhny started to ramp up
pandemic's effects as well as droughts and acaicent from the beginning of August following the ratift@an of
several important production locations. The pandem@n UN-backed initiative between Ukraine, Turkeydan
hindered the ava||ab|||ty of port and warehouse kﬂm, Russia. The initiative established a maritime clorito
truck drivers’ train engineers’ and other persorinel facilitate the movement of foodstuffs. ElseWhermeO
several nations, and it confounded crew adjustments factors had also offered support. Brazil had beetrack
ships. Additionally, some nations implemented sjronfor a record corn harvest in 2022, with exportsirigt a
zero-COVID regulations that included thorough locafecord in August, up 14%, while improved US and EU
lockdowns [1]. grain exports had also lent support at times. Hewnethe
Furthermore, due to the Suspension of exports frogﬁopontical situation in Ukraine remained fluiddathere
Be|aru3, Russia' and Ukraine fo”owing Russia'gion is Uncertainty around the renewal of the Black Geain
of Ukraine, prices for food and energy had risdnisTed Initiative on 19th November 2022 in the midst of ﬁfeak
to cascading repercussions including overshootimgahd Q4 harvest and export seasons for wheat and catimein
and export limits. When the majority of servicesard Black Sea region. Nonetheless, positive developsnient
from Russia were halted, container shipping wasirtgr. Ukraine and beyond in end 2020 had set up a maiéiyeo
Flights across Russian airspace and containdailities ~second half of the year for seaborne grain traeteding
concerning Europe and Asia via Russia were amoag tWelcome support for smaller bulk carriers in paite [2].
many commerce and transportation links that Belands In an attempt to combine global wheat trade with
Russia had with Europe. supply chain resilience, the author responds to the
As far as g|oba| seaborne grain trade is Concerimed’fOHOWing research inquiries: which robust/resitien
experienced significant pressure in Q2 2022 from thRpproaches are successful at reducing the risksiated
Russia-Ukraine conflict and a slower start to tearyfor With extreme weather and ban on export disruptibfes?
North American grains exports. During October 2022vould the aforementioned disruptions affect thieatfy of
however, a range of factors including the Black Geain ~ robust/resilient approaches? How may businessesdge
Initiative and a strong Brazilian corn harvest haeiped 9global wheat trade to build a more resilient supgigin
to shape a more positive second half of the yeagrain
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that can better withstand the challenges of anrtaioeand resilience in a supply chain. There is a pleniifiustudies
fast-changing global marketplace? that have reached this matter; the author choBects on
This study proposes an optimization model to helthe most recent ones. [6] investigated a hybrid
supply chain professionals to pick from a varietyaust methodology to supply chain risk reduction that smade
and resilient approaches. This proves the investigaf of both process flexibility and finished goods int@ries.
whether such a process ensures the best choitergdiafj, Modeling of the interaction between inventory anocess
which might be a combination of both resilient anbust flexibility involved a two-stage robust optimizatigssue.
approaches. The author concentrates on the extrefecording to authors, prior to a disruption, thengany
weather and ban on exports disruptions, in ordactpire allocates inventory in the first stage; in the setstage
sufficient depth in the inquiry. To begin with, vdwide, following a disruption, to prevent demand loss, the
ports, roadways, and factories are being hit haehel corporation determines the production amounts ah ea
harder by extreme weather, from floods to wildfirBsr plant. They give a formula for the ideal inventspjution
example, late in August 2022, factories in Chinareve based on analysis for flexibility designs, whiclables to
closed; this had been common in a nation that hadted investigate the efficacy of various degrees of iHixy.
sporadic lockdowns to combat the pandemic. Howeher, Furthermore, they discover that firms should altecaore
pandemic was not to blame that time; instead, ardec inventory to high variability products when flexiby is
breaking drought damaged the economy in southwdsiv.
China, stopping global supply chains for goods like [7] developed planning for supply chain risk
electronics, cars, and other items that had begulady management based on metrics for risk readiness and
interrupted during the previous three years [3tdBely, resiliency, while integrating a mathematical motieht
the ban on exports leads in a substantially lorigan took into account the selected risk variables, @ioment
typical supply delay. For example, during summe220 strategies, and expected benefits for supply ghlaiming.
major nickel producer Indonesia imposed a complete order to achieve the intended performance golaésy
export prohibition, while the Philippines imposednn research additionally led to the suggestion of thogefor
automatic licensing. Australia put a stop to thpsient to  conducting what-if evaluations of the many trade-of
Russia of alumina, a key component in the manufexgfu possibilities relevant to different levels of rigkeparation
of aluminum, on March 19, 2022 [4]. and resiliency. In a similar content, [8] investih a
This paper makes an effort to close the empiriaplig  holistic approach to supplier choice, demand diistion,
prior research on the subject and throw some lgght and transportation selection for channels in asita with
potential policy ramifications for supply chaindelivery reliability and hazards of supplier and
professionals. It suggests a comprehensive andlycleageographical disruption. The authors claimed thairt
stated practical context to choose risk managememtoposed model helped stakeholders understand how
approaches from a group of reliable/durable ond®& Tsupply chain risk management uses the aforemeuwtione
framework meets supply, demand, and shipping cgpacelements to improve reaction to different kinds of
restrictions while maximizing anticipated net inaarmhe disruption. Utilizing a decision tree and two-stagixed-
remainder of the study is structured as followstisa 2 integer coding model, the importance of considering
briefly reviews the relevant literature and empbesithe contingency planning in order to decrease the negat
research gap. Section 3 develops and explains tbensequences of disruptions was investigated. Also
innovative methodological framework with an appica  highlighted were the effects of geographical anpptar
to wheat production in India. Results are preserited reliability, along with the delay cost parametem o
Section 4 once a quantitative case study usingitéel is  management decisions about demand allocation.

completed. Section 5 critically discusses major ieog A hierarchy-based framework for supply chain
findings. resilience was developed by [9], supporting the
interactions between the 13 enablers that werentake
2  Supply chain risk management and consideration and empirically validating the modehe
resilience: areview of theliterature path analytical model was tested and the hieraathiodel

was validated using structural equation modelinge T
authors used Matrix of Cross Impact Multiplications
Applied to Classification methodology to classifiget
enablers according to their driver power and deproel
nyweir main finding was that by altering their sbgit
ssets and using the suggested strategy, businemses
boost their resilience potential. Their concepsussingle
guantitative index to measure resilience, while panson
is done using the coefficient of similarity. Addially,
[10] investigated the durability of physical intetrbased
inventory models in the face of disturbances atpsup

By creating treatments that let a supply chaintreaa
disruption while regaining its prior operationaatst or
better, supply chain resilience lessens the impmct
disruptions. Being more responsive to unforeseeahias
in the corporate environment has drawn increasi
attention recently as one of a firm's key featyggs In
other words, the competence of a corporation taend
disruption, return to its pre-disturbance stateerathe
disruption, can even move in the direction of aendeal
state subsequently to the disruption is what isninég
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chain facilities. An experimental quantitative istigation company's financial stability, standing in the nerlkand
was presented to answer the topic using an optiimisa the well-being of the people and things associafitfuthe
model based on simulation. Their experimental figdi production cycle are all subject to risks. If riskaterialize
demonstrated that for demand uncertainties andhsup@nd affect final goods or services, the company may
chain disruptions, the physical internet inventarpdel experience a deluge of disgruntled clients, whiobld
outperforms  conventional pre-determined inventoriurt sales and image. So, supply chain risk manegeis
control approaches. Additionally, as product vapenalty crucial if the company is to successfully protéstdrand
costs, and disruption frequency rise, the perfomeagap and bottom line. Risks should be evaluated at stegh of
widens. They argue that the advantages are mas#lytal the production flow, and safety precautions shdagcput
the improved agility, flexibility, and delivery altnatives in place to guard against weaknesses or intermgtio
made possible by the connected logistics services. A supply chain network strategic-tactical planning
All businesses must be responsive to consumers aisdue is the topic of the suggested study. The tglst
markets. By looking at the main causes and impafts management approaches must be chosen at the istrateg
supply chain agility at the strategic as well asrational level from a blend of robust and resilient appresciThe
levels through the prism of resources, [11] madatempt author concentrates on two leading supply-sideugtn
to address this problem. They contended that twisks: extreme weather and ban on exports dismgtibhe
organizational flexibility aspects are the esséntiauthor considers the three following approacheg;wdire
precursors to supply chain agility. Additionally, probably successful in reducing risks associatéd thiese
manufacturing flexibility, strategic flexibility, ral supply two types of disruption [12,13]
chain agility are all important aspects of company
performance. Through an empirical study of a fewseim (i) Supply diversification (SD) - Utilizing a singl
industrial practitioners, they developed and eveldea supplier concentrates risks, and any problems wtith
conceptual framework for the arguments. Structuraupplier increase the likelihood that the compkipply
equation modeling was used to examine data fraamgpke  chain will be disrupted. The company can spredd @& d
of 141 clothing manufacturing firms. Their findingslessen risk effect by diversifying its supplier éas
showed that supply chain agility was positiveljlushced Increased supply chain resilience may be aidedlayger
by both strategic and manufacturing flexibility. Wever, supplier network. Engaging several suppliers, ahd i
manufacturing flexibility had no effect on a firm'spractical, suppliers in various areas, can helgldve risk
performance, whereas strategic flexibility did. of locally specific problems, regardless of whethies
Following a similar conceptual framework, [12]company has a global supply chain or a relatively
examined the effects of supply risk and demandaisia contained production flow. Choosing vendors and
supply chain with numerous locations, transporatiocontractors with particular expertise, finding gscahd
routes, and product projection over a number ofetimservices at the best costs while simultaneousIytaiaing
periods. They used a quantitative example to ihistthe the highest quality and profitability are all mggtessible
link amongst three measurable features related by working with many suppliers.
responsiveness, risk, and the cost of new and sakso
commodities before looking at how flexibility andility (ii) Supply Chain Risk Management Plans (SCRMP) -
may be employed to lessen supply chain disruptitms. As with all other parts of risk management, riskleations
order to show a trade-off between objective fumgiin are essential to supply chain risk management. The
their quantitative example, they used three mudfective  company must determine, evaluate, and finally bdydor
optimization techniques to decompose the multi@bje any risks that could disrupt the supply chain. Datthe
mixed integer programming model. precautions that should be taken to limit riskedghout
the production process and be ready to take agtidne
3 Supply chain risksand theimportance of  event of foreseeable occurrences or risks thatiduave a

risk management: defining the problem negative effect on the supply chain. The firm stioubke
Supply chain risks could have some potentially meyeProcesses adaptable so they may be changed asirteede

consequences if they are not swiftly mitigated.kRit mlnlmlzbe shupply chain .d|srupt|ons. It'i C”t'lcf"‘l dto
employee health and safety, hacking, criminal #&gtiv remember that not every circumstance can be p

issues with suppliers, along with natural disastarsld planned for. Therefore, the supply chain risk managnt

have an impact on the company's supply chain. s{rategy should prioritize based on frequency antiable

consequences and set restrictions and backupiplplece

t Apart from the approaches unfolded here, the autluld suggest as instability, or other factors and (b) invest in heology, since
future research two more approaches: (a) Monitorketarends, technology can help optimize supply chain efficienand
namely keep track of the latest market trends, sashthe resilience. For instance, using predictive anadytic blockchain
availability of wheat, prices, and demand. Thispkehnticipate technology can enhance traceability and transpgrescabling
changes that may affect supply, including weathmolitical better data management across the supply chain.
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for scenarios that are most likely to happen ot thidl  suppliers that they will be kept on file in case of
significantly harm business. emergencies, but the company runs the risk of their
availability being limited.

(iiiy Backup Suppliers (BS) - Precautionary actign
essential in risk management for effective risleassient (iv) Risk acceptancerf) - The author takes into
and strategic risk mitigation. Risk management he t account a risk acceptance approach for comparisakés
supply chain is also crucial. The business must tak A managerial choice to forgo taking major action to
proactive stance. By preparing for probable outcoof@n mitigate a particular risk is known as risk accep&a It
incident, the organization can ensimasiness continuity refers, in more detail, to the process by whiclpecsic
and protect itself from threats both inside andiolet Any risk is accepted by an entity. When someone or gonte
time could come when one of the company's busineascepts a risk, they are acknowledging that thera i
partners would be unable to carry out their resipdiies  possibility of losing money. The most common deeiss
in the supply chain. Vendors could be unable toglete that other risk management approaches, includisk ri
an order for a number of different reasons. Fon®ta, avoidance or risk restriction, might be more expanthan
they might be dealing with unusually high demand ahe risk itself.
problems in their own supply chain. For one cause o
another, such as a supplier's bankruptcy, they eveyn To represent perishability, the author uses aitaat
decide to stop operations. By rapidly bringing orformulation. However, the proportion employed is
alternative business partners, the company candav@ommodity-dependent rather than fixed or time-delpan
significant disruptions and delays if it encounfemsblems  as indicated by(c). The perishability function relies on
with any of its suppliers. Therefore, the compahgudd the following factors in addition to the perishitigil
confirm that it has backup vendors prepared beforg fraction: ¢ is the commodity's typg; denotes the moment
issues arise. The same procedures it would uselg¢otsx  at which it enters a specific level of the netwaakdA4,
main supplier should be used to find suitable seppl demonstrates the length of time it stays there. tithor
After choosing a supplier, to reserve productiquecity in  takes homogenous perishability into account becsusk
case it's needed during a business disruptiorcdimpany a network frequently uses air-cool storage. Théndiefn
ought to optimally negotiate an agreement with th€his  of the perishability metric can be seen in (1):
will make it possible for the business to responoren
quickly to issues. As an alternative, it can meiafprm

An (C' tOﬂAt ): /Iyz(cﬂ tOﬂAt ): /I(C' tOﬂAt ):HiozAtf)(l - p(c)):(l - p(c))At! (1)

where:

y €Y :is oneYy) of the supply site¥, comprising a collection of growers, packing atatage facilities.

z € Z : is a demand location z, for example a demandkebavithin the set of demand locations Z.

A, (c, ty, 4, ) : is the supply-side storagee Y for productc € C that enters in periog, € T for 4, periods' unperished
fraction function.

1,(c, to, 4, ) 1 is the demand-side storagie Z for productc € C that enters in periog) € T for A, periods' unperished
fraction function.

Ayz(c, tg, 4, ) - is the transportation storage(y € Y, z€ Z) for productc € C that enters in periog) € T for 4, periods'
unperished fraction function.

With a constant exponential product dependent losgper-bound on the maximum duration, though. Aliris
rate, the only factor affecting the unperishedtfaaris the that are older than six months will be deemed peds
length of time that inventory is held or shippetiisTis a The author refers to a wheat sack as a productrunit
good spot to start because businesses almost ahmags this issué As a result, wheat sacks are used to quantify all
outdated inventory. Inventory that is out of datesinbe quantity-related parameters and variables. Alldexctand
identified as such. Contrary to wine, goods or dasiariables related to unit cost and price are cated per
materials kept in storage do not get better withh &ghen wheat sack. Following [15], the algorithm makes the
something has been kept for six months or longdran following presumptions as well: (i) at the expicatiof a
short-term use is not anticipated, it should bewiraway time period, all shipmentsx;zctw) are fulfilled; (i) the

[14]. Because their management does not want &bods  sajes price is obtained from the market and is asean

the ensuing loss on their financial statementsjoler  inpyt parameter; it is the price of product c inrkea z at
companies are hesitant to do this. The author deean time t under eventy; (i) only during the phases of

2 The weight of one sack of wheat is considered §3kgushel = 27kg).
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inventory holding and shipping, denoted Ry(c,t — g~ : Binary variable for choosing approach r.

1,1)and 4,(c,t +d(y,z) — 1,1) for supply-side and Xye, 1< E(Y) : Set of tactical variables prior to event

demand-side inventory holding, respectively, and bgompletion.

Ay,(c, t,d(y, z)) for shipping (wherel(y, z) denotes the

delivery lead-time between y and z) is the decoiitipos In this instance, the second-stage decisions ourse

process taken into account on the supply; (iv) het t actions have a corrective effect in addition touckdg the

expiration of a time period, products that haveghed or impossibilities imposed on by the identification thfe

are older than six months are thrown away; (v)varye uncertain parameters. The overall purpose is tamias

supply domain, disruptions happen one at a time. both the objective function of the first-stage scaihd the
The two-stage stochastic programming approach, gxpected return of the random second-stage cos&seT

which the degree of uncertainty is only partialpesed, Vvariables are established after an event is rehlizeese

is the most common type of stochastic programniling.  are tactical supply chain judgmerﬁﬂélpt) in time-periods

choice variables in these issues are divided wbaroups, afterf(y), where:

the first-stage and the second-stage decision${L6Fhis

study’s two-stage stochastic model follows thistquat X e, t= E(3) : Set of tactical variables following event

The first-stage decisions are made before theiftetion  completion.

of the uncertain parameters, which occurs in tleorss

ftage, i.e. shipment, inventory combinedXiy, prior to Following [18] and [19], given each evegte ¥,
t(¥), where: equation (2) defines the profit, (X,)) under event-
dependent tactical choicesXyf = {X,,t € T}:

Vy (Xw) =Y zez Dcec Leer V(2,6 t, l/’)hzm/; - Dizez Xcec uter ST (2, €, t)mzm/; -
K
Zer Yicec Xter Zref"u{ro} s (et, p)Kyctll)r - Zer Yicec Leer ST, € t)mym/) -
X
Zer Yizez Licec ter S V2, €, t)xyzcn/) ()

where:

z € Z :is a demand spat for example a demand market within the set ofateirocation&.

¢ € C : is a commodity within the set of commaoditieS.

t € T : is one of the timesin the group of periods.

y €Y :is oneYy) of the supply site¥, comprising a collection of growers, packing ataiage facilities.

r € £ U {ry} : is a approachwithin the group of all approachés

&* :is the set of risk management approaches refatedpply status.

v(z, ¢, t, ) : is the market value for commoditye C at demand spat€ Z in periodt € T, under event) € .

s™(y, ¢, t) : is the storage cost per unit of commodity C, when held at supply spgte Y for one period, from period
terT.

s®(y,c, t, p) : is the purchase cost per unit of commodity C at supply spa € Y, in periodt € T, in approachr € £ .

s*(y, z,c,t) : is the shipping cost betwegre Y andz € Z per unit of commodity € C in periodt € T.

ey - is the sales of commoditye C at demand spat € Z in periodt € T, under eveng) € V.

Xyzery - 1S the transportation of commoditye C from supply spoy € Y to demand spat € Z in periodt € T, under
eventyp € ¥.

Mty - IS the inventory of commodity € C held at supply spot warehouge Y in periodt € T, under eveny) € ¥,

My - iS the inventory of commodity € C held at demand spot warehouse Z in periodt € T, under eveng € ¥.

Yizez Xcec ter P(Z, ¢, t,P)h,ey, - denotes the sales revenue, namely the moneydimpany makes from selling
products.

Yizez cec brer S™(z, C, t)m,qy - denotes the storage cost at demand spots, naheelgum of money expended on
storing (holding) inventory at demand spots.

Yyer Leec Leer Dregrugrg S € E, P)Kyeryr - denotes the supply expenses, namely the coshsfimables used during
a reporting time.

Yyey Xcec Leer ST (V) €, )My ¢y, - denotes the storage cost at supply spots, natreesum of money expended on storing
(holding) inventory at supply spots.

Yyer Loez Leec Leer S (V) 2,€, )Xy 400y ¢ denotes the shipping cost, namely physical partation, handling, customs,
tariffs, inspection, storage, insurance, and taxesyell as all related fees and expenses.
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Following [12], the cost of implementing a risk
management plafyg,) is a fixed cos(f,). Equation (3) F(g,) =Xret [r9r ?3)
gives the overall cost of putting risk management
approaches (g, ) into practice. The choice of a mixed As shown in Equations (4) and (5), both the supplst
collection of robust/resilient approaches comeshwits*(y,c,t,p) and the supply bounds are impacted by
technical challenges. The author categorizes a&lipply-based approaches. Supply bounds are mettipi
robust/resilient approaches as being supply-base£”)  aterm(g,) associated with the author's approach-selection
and probability-based € £P7) in order to surmount the decision variable wherever they occur in the model
difficulties. At least one of these two sets mustude the constraints.
specified approach. A risk acceptance apprdaghcan
be used regardless of the specified approachZ@ts [

Q(y' ct, '(,b, To )(1 - Zref" gr) < bycu/)ro < E(Jiﬂ ct, '(,b, To )(1 - Zref" gr) (4)
Q(y' ct, '(,b, r)gr < bth‘l/)T' < b(y' ct, '(,b, r)gr (5)

where:

b(y,c, t,,1y) : is the lower bound for supplye C at supply spoy € Y at periodt € T under eventy) € ¥ when
employing approach € ¢ U {r,}.

b(y,c,t,y,1,) : is the upper bound for supplye C at supply spoy € Y at periodt € T under event) € ¥ when
employing approach € ¢ U {r,}.

Although this may happen in reality, the model doats likelihood of the base eventP((y,)) is increased.
permit the selection of more than one supply-basékherefore, there are probability chang®s(y,r) for each
approach due to the interaction of supply boundsddal r € éP" for every y € ¥ that have an impact on the
with this constraint, the author outlines a joippeoach anticipated overall profit. A risk management ptan only
BS = BS N SD in the supply-based approach set. On thehoose one probability-based approach to avoid the
other hand, the chance of a disruptiBn({))) is decreased interaction of the probability adjustments (Hopk2918).
by probability-based approachese éP", while the This can be transformed to equation (6).

Yree brgr + [Pr(Po) + Zreeor APT(Wo, 1) gy ] Vipo Xopo) * Zpewn o) [PrW) = Zrceor APT(h,1) g, ] Vy(Xy) =
=Yree LGy + Xpew Pr (W) Viy(Xy) + Xregor APT (W0, 7) G Vi (Xyp,) = Lpewn o} Lregor APT (D, 1) gy Vi (Xy) (6)

where:
Yree I gy - the fixed cost for risk management.

[Pr(o) + Tregor APT($,7)gy] Vg, (Xy,) © the adjusted performance for base alternative

Zwelp\{%}[Pr(z,b) — Yresor APT(Y, 1) 9r V,(Xy) : the adjusted performance for other alternatives

Yypew Pr () V(X)) : unadjusted performance for all alternatives

Yreeor APT(Yy,7) gy Vi, (Xy,) - adjustment tagp,

Ypew\(po} resor APT(P,1) g, V(X)) - adjustment to other alternatives

Yireeor APT (Yo, 1) gy Vip, (Xypy) = Lpewipo} Lregrr APT(, 1) g, Vyy(Xy,) - the method for obtaining the efficient
adjustment to the anticipated profit foe £7".

As discussed before, two steps of decision-makiag aany two-stage multi-objective optimization probleswen
required for two-stage optimization. As a resuigre are though the author presents it in the context ofplup
two sets of variables, the set of first-stage dredget of disruptions.
second-stage variables that have feasible solutions The two-stage stochastic optimization model may now
respectively, depending on the first-stage anshatr has be constructed using the definitions provided above
been selected [21]. The method used in this pagrnifs  Following [18] and [22], the goal function in eqiget (7)
the automatic selection of one alternative foraiarend optimizes anticipated profit in the event of a dyggde
uncertain two-stage events based on several choidisruption.
variables. It is possible to utilize this techniqoeaddress

Zref _lrgr + Zrefpr APT'('(IJO, r)gr V'l/}o (X‘ll}o) -
— Yyew\(yo} Zreevr APT(WY, 1) gy V(X)) + Xpew Pr (¥) V3 (Xyp) (7)
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The event-dependent profit has a linear formula in

limitation (8).

Vy (Xu)) =Y ez ncec Leer V(2,6 t, l/’)hzm/; - Yizez Xcec uter ST (2, €, t)mzm/; -
K
Zer ZCEC ZteT Zref"u{ro} S (y' Gt, p)Kth‘l/)T - Zer Zcec ZteT s™ (y' G t)myctll) -

X
Zyey Yzez Lcec Lter S

By taking into account inventory holding, shipment,

and supply in balance, limitations (9) and (10)xbak the
movement of goods in supply-side spots.

Zref"uro fyclll)r = Myc1y + ZzeZ,t+d(y,z)s|T| Xyzch/) (9)

Zref"uro fyctll)r + /I(C' t— 1'1) Myct—14p = Mycty

+ ZzeZ,t+d(y,z)s|T| XyZCt‘l/) (10)

(y' Z, ¢, t)xyZCt‘l/) (8)
The limitations in (18) specify the transport
capabilities.
ZzeZ,t+d(y,z)s|T| Xyzery < x(y,ct) (18)

A non-anticipatory limitation (19) makes sure that
choices made in various yield disruption situati@ms
consistent before a disruption actually happens.

The flow of goods in demand-side spots is similarly

balanced by limitations (11) and (12) by takingentory
holding, shipment, and sales into account.

Zer,d(y,z):O /I(C' t— d(y' Z)’ d(y' Z)) xyzct—d(y,z)ll) =
hZCt‘l/) + mZCt‘l/) (11)
Zer,t>d(y,z) /I(C' t— d(y' Z)’ d(y' Z)) xyzct—d(y,z)ll) +
Ale, t = L,D)Myer_ 1y = hyery + Myery (12)

Limitations in (13) establish the supply rangedaisk-
acceptance approach.

_ Q(y' c, t,l,b, L) )(1 - Zref" gr) < bth‘l/)TO <
b(y' ct, '(,b, To )(1 - Zref" gr) (13)

A supply-based risk management approach has bounds

on the supply that are set by the limitations h)(1

b(y,c,t,,1)gr < byeryr < b, ¢,t,%,7)g, (14)

Limitation (15) guarantees that only one supplyelas
approach will be chosen out of all possible alttves.

Zref" gr < 1 (15)
A market capacity limitation is limitation (16).
Zcec(e) hZCt‘l/) < j(z,e,t) (16)

where:

e € E : a productk contained by a group of produéis

J(z,e,t): the upper threshold of produce E demand, in
demand spat € Z, attimet € T .

Limitation (17) guarantees that a maximum of one

probability-related approach is chosen.

Zrefpr Ir <1 (17)

Xye<ity) = Xyot (19)
Finally, non-negative and binary variables are rosfi
by limitation (20).

b, t) =0
hzcu/) 20

XyZCt‘l/) 20

Mecey 20

gr €{0,1}

where:
§ € A : alocation contained by group of all spats=
YuZ.

This issue is known as a Mixed Integer Quadratic
Program (MIQP) since the objective functions cantai
quadratic term. A Mixed Integer Linear Program (MR)L
is a problem that has an objective function (adine
objective) without any quadratic terms. According23]
and [24], relevant quadratic terms like the afonetiomed
linear formula (8) could be dealt using the Big-Mthod
to convert the model from a MIQP to MIPL. The Big M
method is a version of the Simplex Algorithm thatimost
observes a breadth-first search (BFS) algorithm by
including artificial variables to the problem. Takjective
function of the original linear programming ougbt ke
altered to guarantee that the artificial variallesall equal
to 0 at the conclusion of the simplex algorithm.

The author defines additional variab&g,, and Cy,
as the adjustments in the anticipated profit, when§?"
if used in base-case and disruption events, raspbct
The (8) is the re-ordered in (20):

Yreerr L Gr + Xypew Pr (W) Vi (Xy) + Lreerr Cyr -
Lregvr Lyew\yo Cyr (20)
The model transformation is dependent on the
following extra limitations (21), (22), (23), (24).
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facilities, storage space, and transportation stfteture

Cyr - APT (), M)V Xy, < B(1—g;) (21) [259]. . .
Cyr - AP (Y, 1)V Xy = —B(1 — g,) (22) Incorporated in 1975, the wheat producing company
Cyr < By, (23) Shri Mahavir Agritech (a division of the Mahavir &&ip)

(24) has become a leader in the production of whole whea
flour, the processing of wheat, and the supply @bds
including chickpeas, semolina flour, durum wheatlimg
wheat, all-purpose flour, and others. The company’s
cutting-edge infrastructural facility is dividedtinunits.

Branch-and-Cut method typically runs more quickdyn These units,  each having particular ~duties and
upper bound on the cost of the solution enhances tﬁccountabnrcy are processing,  quality assurance,

o . warehousing & packaging, logistics, and administeatit
and s, Soliion 1 alsa utized by looal Seandp 3150 Ofers this assontment in a variety of packggi
heuristics. Several heuristics are us)e/:d by MIPesslvo solutions to match the clients' varied needs. iy to

o Y Y serve orders quickly has allowed it to build upizalsle
automatically generate these solutions; howevesy dre

; clientele. Specifically, the company has built upientele
not always effective. The author employed PythoMI network, providing services to almost 700 clients,

which enables the creation of better Branch-&-Cu . . , ;
algorithms by connecting routines tailored for jraar |tnclud|ng well-known companies like ITC Ltd., Ruchi

applications to the general algorithm built inte tolver Soya Ltd, Louis Dreyfus, Allana Group, and more}{2

engine. Given that there aren't many possible oenoes Shri Mahavir Agritech keeps an annual supply of
in this study's problem, the Branch-&Cut algorithm85o’000 wheat sacks on an annual basis, while gxgor

: , ... Its wheat products to 85 countries worldwide, mainl
g\c;iliq\;[gﬁelx solves the stochastic model's detemmn'sthrough its client Allana Group, one of the majrperters

of the country . These three markets are takeraictount
. N in this case study: Asia, Africa and Middle Easthvgales
4 ReSUIt_S . num_er'cal application and case prices averaging $24.42, $28.11 and $31.43 perieaei
study illustration respectively [27]. The planning horizon spans altof 12
4.1 Production and supply of wheat in India months. In India, wheat is collected in March, Apviay,

In India, wheat is the second most popular graieraf and June. These months make up our hypothetical bas
rice. The nation is ranked as the second-largestatvh harvest period. The states of Haryana, Punjab,sReja,
producer in the world. Commercial foods like wheat¢ Uttar Pradesh, West Bengal, Madhya Pradesh, Gujarat
farmed over a huge amount of land. Wheat is regaade Maharashtra, Tamil Nadu, Andhra Pradesh, and Bitear
the food with the highest protein content for humanthe ones that produce the most wheat, compriseagni-
India's economy depends 40% on wheat exports. Indi@od production cluster in this case . Supply ugpainds
produces 70 million tonnes of wheat annually sibisethe are shown in Table 1 for the basic event0 and risk
main agricultural product in the nation. Statissbew that acceptance approach r_0 respectively. Even if hkbaw
about 12% of the world's wheat is produced in Indflize  kinds are combined into a single product, the corityio
decrease in wheat production in the United Stasy( is differentiated by the sources of its supply #rdtiming
2022) made wheat export from India possible. Howeveof its harvest. The case study is a multi-commoutibdel
India uses contemporary technology to meet thegisi as a result. The author considers two supply lonsfi
demand for wheat. India's wheat export industry idttar Pradesh, UP (S1) and other Indian supp(i&23.
hampered by a lack of quality control, adequategssing

CI/}T' = _Bgr
whereB is such a big number to impose Big-M limitations

When an integer viable solution is available, th

Table 1 Supply upper-bound (thousands of sacks)
Source: Author’s calculations & compilation

Suppl-y Commodity  Risk management March Aprii May June

location

y c=(y,et) Strategiesr t=3 t=4 t=5 t=6

1 (1,13) vr € §\{SD} 27 0 0 0

1 (11,4 vr € §\{SD} 0 27 0 0

1 (1,15 vr € §\{SD} 0 0 67 0

1 (1,1,6) vr € §\{SD} 0 0 0 38

2 (213) vreg 56 0 0 0

2 (2,1.,4) vreg 0 56 0 0

2 (2,1,5) vreg 0 0 18 0

2 (2,1,6) vreé 0 0 0 7
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Moreover, in Table 2, data for demand upper-boamdsstimated.

Table 2 Demand upper-bound (thousands of sackejc&aAuthor’s calculations & compilation

Demand location Product JAN FEB MAR APR MAY JUN JUL AUG SEP ocT NOVv DEC
z e t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10 t=11 t=12
1 1 61 61 61 61 61 58 58 43 43 43 43 43
2 1 56 56 56 56 27 27 27 14 14 14 7 7

3 1 58 58 58 58 57 33 33 18 18 14 14 14

Estimated lead times and sack prices for trangpershown in Table 3.

Table 3 Supply to market shipping lead-time andscos
Source: Author’s calculations & compilation
Demand location z

Supply locationy

2 3
1 2($3.23) 1($3.11) 1($3.11)
2 2($3.23) 1($3.11) 1($3.11)
3 2($3.23) 1($3.11) 1($3.11)

Supply costs paid to growers and inventory holdiogt characteristics are shown in Table 4.

Table 4 Purchase cost ($ per sack) and inventamage cost
Source: Author’s calculations & compilation

Variable Location Value
Supply cost s*(y, ¢, t, pg) Vy=1,2 $4.23
Supply cost s (¥, ¢,t, po) vy=3 $4.05
Supply side inventory storage cost s™(¥,c,t)  Vy=12 $3.11
Supply side inventory storage cost s™(y,c,t)  Vy=3 $3.04
Demand side inventory storage cost s™(z,c,t) VZEZ $4.05

During 2022, India experienced the warmest March iand low government acquisition of wheat under its
122 years, which led to a low yield of wheat [2Bhe Minimum Support Price program [29].
harvest in UP (S1) is delayed by a month in thdag According to the author, a disruption at the UP)(S1
extreme weather disruption event, but the vyield isaused by a ban on exports would cause an output
unaffected. The likelihood of a disruption is 30@m the reduction of 70% in either March or April. Since shof
other hand, the likelihood of the basic event i%7&hri the wheat is harvested during these two months s
Mahavir Agritech is concerned about this disruptwvent UP serves as its main source of supplies, these two
since any delay in getting new season wheat ist&dy eventualities worry Shri Mahavir Agritech the moBhe
markets results in significant revenue losses. dihor likelihoods of the base event and two disruptioergs
makes the fixed cost assumption that it will cod4 $ involving ban on exports are 50% (base), 25%, 5% 2
million to implement an approach for moderatingespectively. The worst-case event would involgaa on
disruption probability in order to minimize the dilkhood exports in March, which would have a bigger negativ
of a significant weather disruption by 10%. Thehaut effect on financial performance. The chance of ban
marks the particular realization during considezablexports disruption in March and April would be dersed
weather disturbance with rESCRMP] ~M. by 5% (from 25% to 20%) and 20% (from 25% to 5%)

On Friday, May 13, 2022, the Indian governmentespectively, by using supply chain risk manageménts
imposed a restriction on wheat exports, citing wesrr (SCRMP). However, a fixed cost of $3M is anticijhte
about India's food security raised by the suddea i accompany the implementation of the approach. The
global wheat prices. Exemptions had been granted fauthor designates the precise realization suljelsah on
shipments to other countries that the government haxports disruption as r§SCRMP] "H.
authorized in order to meet those countries' otiiga for The most important distributor of Shri Mahavir
food security after receiving requests from thoségritech in the USA is Parmar Dhanraj Inc. based in
governments, as well as export agreements withomsst Hayward, California, serving the entire West Coakt
registration or an irrevocable letter of creditambefore USA. The fixed cost of reserving an extra backuppby
May 13, 2022. The Government of India's capacity tof ten million sacks from California in March isgpected
distribute  wheat under its domestic  foodto be $7 million if the author employs the backupgiers
assistance/security programs was impacted by therlo method (r=BS). Moreover, the author replaces filéan
than-anticipated 2022 wheat harvest, rising fodidtion, sacks from the UP supply with the Californian seuas
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part of the supply diversification plan (r=SD). teesd of a algorithms, he uses Python-PuLP which is a higlktlev
fixed cost, this approach has an additional vagigolst of modeling package that makes the most of its patiebyi
$3.67 each sack. The costs are increased for tleting users write programs using expressions #rat

BS=BS\SD joint approach. native to the language and, if possible, avoidingrae
syntax and keywords. This software has been ussalvte

4.2 Modd evaluation and risk mitigation this study’s case problem. The predicted earnimgisthe
strategies worst-case (extreme weather disruption) profits/foious

Since the author has used Python-MIP before, thésk management approaches are shown in Table 5.
allows the development of improved Branch-&-Cut

Table 5 Outcomes of efficiency enhancement undiemes weather disruption
Source: Author’s calculations & compilation, NofAT is short for Earnings After Taxes
Offered approach  Estimated EAT (in Smn.) Enhanced efficiency (%) Worst EAT (in Smn.) Enhanced efficiency (%)

No approach 174,35 n/a 166,53 n/a
SD, BS, SCRMP™ 181,54 4,12 175,47 5,37
SD, SCRMP™ 179,41 2,90 168,21 1,01
SD, BS 177,85 2,01 175,47 5,37
BS, SCRMP™ 177,14 1,60 174,23 4,62
SCRMP™ 176,46 1,21 166,53 0,00
SD 176,39 1,17 168,21 1,01
BS 176,12 1,02 174,23 4,62

In the first cost settings, a risk acceptance nttho As observed, while there is some replaceability
serves as a baseline for comparison. To accomgiish between the approaches, the significance is rasmel
largest enhancement in the predicted profit, atirgt and (the enhancement of the joint approaches is loger the
resilient approaches are used in the ideal solufitve total of the individual enhancements). That is,pogting
result of combining all three approaches is an eocdmment the approaches into practice simultaneously, abkiza
of 4.12%. 2.90% represents the best enhancement obenefit can be realized. Approaches BS, SD exliilgit
subsets of two approaches. The[ISCRMP] "M yields least substitution loss, whilst BS,[SCRMP (M )
the best results when only one option is availdeither exhibit the most. As a result, it is rather biatediraw a
BS, SD, or [SCRMP] ~M), although the gains from the broad conclusion on the substitution impacts ofidsol
other two approaches are close (1.21% versus 16 against sustainable approaches.

1.02%). When all three (or both BS, SD) approacires The outcomes for the ban on wheat exports dismptio
employed, the best profit increase is 5.37% inviloest-  are displayed in Table 6. In contrast to an extremather
case event. Thel SCRMP] (M )does not have an impact disruption, implementing the two approaches of B&&D

on the worst-case event because it only influertbes IS nearly as effective as implementing all threprapches
likelihood of the disruption event and not the firahen  (2.80% vs. 2.88%).

the event occurs.

Table 6 Outcomes of efficiency enhancement undeobavheat exports disruption
Source: Author’s calculations & compilation, NofAT is short for Earnings After Taxes
Offered approach  Estimated EAT (in Smn.) Enhanced efficiency (%) Worst EAT (in Smn.) Enhanced efficiency (%)

No approach 180,12 n/a 175,46 n/a
SD, BS, SCRMP¥ 185,31 2,38 185,27 5,59
SD, SCRMPH 184,11 2,22 178,69 1,84
SD, BS 185,17 2,30 185,27 5,59
BS, SCRMP¥ 181,54 0,79 182,81 4,19
SCRMPH 181,45 0,74 175,46 0,00
SD 182,16 1,13 182,42 3,97
BS 181,51 0,77 182,81 4,19

The [SCRMP] ~(H )approach is therefore ineffective,enhancement of 1.17% vs. 1.02%). Similar to Tahle 5
despite its $3 million relatively modest cost. Aifsially, there is some degree of replaceability between the
when just one approach is permitted, SD is twice @pproaches, although the magnitude is still quitalis
effective as BS under yield disruption (1.13% versuAgain, approaches BS and SD exhibit the lowest
0.77% profit enhancement). However, both SD and B®placeability loss, while approach BS with apploac
perform similarly when extreme weather occurs (prof [SCRMP] ~(M )exhibits a sizable replaceability loss.
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5 Conclusions Eventually, a limitation of the current study iseth

The world has been made aware of the interdepeader@sence of any environmentally sustainable logistic
of nations' basic food supplies thanks to COVID an@ptions; options for logistics that are environnagigt
related initiatives, the dangers of lean supplyrchavhere friendly can reduce supply networks' carbon foalsri
inventories are reduced or e|iminated' and thwhlle facilitating trade. Environmentally sound dsens
susceptibility of this global agrifood supply chaininclude switching to fewer carbon-intensive freigiddes,
architecture to disruptions. The environmental iotpsf ~ Warehousing that uses less energy, or employing rbr
these worldwide agrifood supply chains as well laes t the available capacity. Furthermore, price unpteditity
environmental impact of the average person's diebath S outside the purview of this study. Despite thet tthat
being questioned by the present climate changedagenPrice unpredictability is important in some otheipgly
which is being implemented by various governments. ~ chain problem settings, in the current instanceitiwude

Some governments, such as the Netherlands, ha&upply chain for premium fresh produce, priceaken
begun purchasing farmland from farmers to reducsifey  INto consideration as an established componentnand
activities and, as a result, the country's agrifooPrice promotion is recommended; as a result, itipeo
production after identifying farmers as the bigges(ﬂuallty declines below the desired IeveI, produats
contributors to climate change. Mega food productiobs disposed of. Additionally, market capabilities fsemium
are spreading environmental effect (and contrilputm  goods are typically higher than supply, reducing th
climate change) to the countries that import fooaf Possibility of a drop in demand.
them. The allocation of resources may be preferfrbta
the perspectives of efficiency and the environnagtdrge,
but for the major agri-food production hubs tha apow
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