Int. J. Appl. Comput. Math (2021) 7:69
https://doi.org/10.1007/540819-021-00965-z

ORIGINAL PAPER

®

Check for
updates

Production System in a Collaborative Supply Chain
Considering Deterioration

Jaime Acevedo-Chedid'® - Katherinne Salas-Navarro®® -
Holman Ospina-Mateus'® - Alina Villalobo - Shib Sankar Sana3

Accepted: 24 January 2021
© The Author(s), under exclusive licence to Springer Nature India Private Limited part of Springer Nature 2021

Abstract

This research presents a mathematical model for a collaborative planning of the supply chain
involving four echelons (supplier, production plants, distribution, retails, or clients). The
model seeks to maximize profit (utility) when all members of the chain share information
related to demand. It is developed for the aggregate consolidation of different raw materials in
cement production. The novelty of the model is the consideration of products that deteriorate
in the process and thus it has effect on the production times in the plant and lead time. In this
supply chain, quality and compliant products and the return of deteriorated products are two
flows. The considerations are lead time, inventories with shortages and excesses, production
times in normal and extra days, and subcontracting, among others. A mixed integer linear
programming with demand scenario analysis is used to optimize and analyze the uncertainty
that is consistent with the performance of the construction sector. The model is formed
considering two suppliers, two production plants, two distributors, two retailers and two end
customers. Four manufacturing inputs (raw materials) are considered for the manufacture
of two types of products. A case study of the cement production supply chain of Cartagena
(Colombia) is illustrated. The shared benefit is generated around 5 billion pesos (COP) for
all members of the chain in a period of 6 months.
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Introduction

The supply chain refers to the set of efficiently integrated companies that seek the best
strategies to deal with goods and products in a timely manner at the lowest cost, satisfying
the requirements of consumers [14]. The supply chain process integrates organizations and
customer—supplier relationships. An integrated, coordinated, and synchronized management
provides effective solutions for decision-making in all actors in the chain. The optimality
of the supply chain allows profits in inventory, purchasing, transportation, information flow,
customer service, and delivery times [2, 56].

The global dynamics of the economy and competitiveness require new challenges to inter-
act and satisfy customers. Efficient analysis of the supply chain for the search for competitive
advantages must consider all interactions and relationships among suppliers, manufactur-
ers, distributors, and customers. A common goal shared by these actors in the chain is to
maximize profits and customer satisfaction which translates into greater profitability and
competitiveness. Strategies such as cooperation and collaboration of the different actors gen-
erate synergies and multiply the efforts of the logistics processes. Collaboration/cooperation
in the supply chain guide processes to be more dynamic and competitive based on customer
demand, eliminating barriers in the network, and seeking to simplify and make activities
more efficiently.

This research seeks to develop a collaborative mathematical model in the supply chain
for production planning.Problems such as the loss of sales due to low or missing invento-
ries, obsolescence and deterioration of products, high transportation, and inventory costs, and
uncertainty in the demand information motivate the approach of this mathematical model. The
proposed model considers a case study problem of a company in the mining sector to produce
cement in the city of Cartagena in Colombia. The productive chain of the Colombian min-
ing sector deals with the exploration, exploitation, and commercialization of non-metallic
minerals such as sand, limestones and clays, gypsum that are used to supply materials to
cement or concrete in industrial production processes, housing construction and infrastruc-
ture [47]. Hence the study of this chain is important in the social and economic development
of Colombia [8]. The use of mathematical models becomes an essential tool for the design
and implementation of supply chains [57]. Supply chain modeling helps to capture the com-
plexity and integrate the resources and mathematical programming represents the best way to
approach the methodology for solving the problems of mining supply chains. Next, a literary
review is developed in the field of collaboration/cooperation where mathematical modeling
is applied in the supply chain.

Literature review

The concept of collaborative supply chains has taken on importance over the years [6, 19,
23, 31, 38, 40, 62, 64]. The collaborative supply chain is characterized to integrate, relate
to the long term, and define common targets and benefits [45, 57]. Joint efforts to achieve
the same objective and economic benefits within the chain become a comprehensive solution
[60]. Collaboration/cooperation avoid inefficiencies and the bullwhip effect produced by a
lack of coordination in the supply chain [26]. Table 1 shows the review of the literature on
collaborative supply chain models, based on the structure, approaches to the solution, and
their characteristics.

In the literary review on models of collaboration/cooperation of logistics chains with
different approaches, no models are found that contemplate an integration in the supply

@ Springer
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chain of non-metallic minerals such as cement production. The proposed model helps to plan
the production of final products, the distribution of materials, and integrates functions from
suppliers to customers, synchronizing, and collaborating among all the actors in the chain.
Additionally, the model considers uncertainty in demand, uncertain delays due to process
failures, and even uncertainty in material quantities. The model contributes to planning within
the medium and short term at the tactical and operational levels of the supply chain.

The present research develops a collaborative supply chain planning model where the main
objective is to maximize the benefits of all the members in the four-echelon supply chain
comprising of suppliers, manufacturers, distributors, and retailers. The novelty of the model
allows considering a mechanism for detecting products with minor defects or deterioration.
These products are purchased at a lower price, avoiding return, which favors less use of
transport and environmental impact. Additionally, it is considered a mechanism for detecting
products with major defects in buyers (plants and distributors). The model considers returns
and changes in delivery times. Likewise, the lead time is considered at the supplier/producer
and producer/distributor. The model considers production with work on regular and extra
days, and subcontracting also.

The content of this research is structured as follows: The introduction in Sect. 1 indicates
the context of the problem. The methods in Sect. 2 present the elements for mathematical
formulation. Sections 3 and 4 provide the case study and its results. Sections 5 and 6 provide
managerial implications and conclusions of the proposed model respectively.

Method

The proposed model is of a mixed-integer linear programming approach with analysis by
scenarios for demand according to the economic performance of the construction sector. The
model allows to plan the transport in each echelon, plan the purchases with the suppliers,
plan the production of the plant, the sales, the inventory levels, and calculation of the total
cost. The chain integrates suppliers, production plants, distribution centers, retailers or cus-
tomers.Suppliers deliver raw materials or items to the production plants, which transform
them into finished products. The distribution centers receive the products from the produc-
tion plants and deliver them to the retailers, who sell the products to the final client. This
model maximizes the benefits of all members of the supply chain, considering parameters
related to the production process, transport (times and capacities), inventories (capacities and
shortage), and costs.

Fundamental Assumptions

The following assumptions are used to formulate the model:

The objective is to guarantee the maximization of the profit margin of all the entities of
the supply chain (Revenues-Costs).

Multiple suppliers, production plants, and multiple distribution centers are considered.
Suppliers and production plants store raw material.

There is a fraction of raw materials with deterioration/defect that can be purchased by the
plants at a lower price.

The lead times of plants and distribution centers are deterministic.

There is a fraction of products with deterioration/defect that generate a non-rejection
condition, which are bought by the next echelon at a lower price.

@ Springer
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At the beginning of each period new settings are given for production.
Defective/deteriorated products purchased at plants from distributors are reprocessed and
sold to the retailer as compliant products.

Plants, distribution centers, and retailers store finished products.

Three scenarios are proposed for the representation of the model under uncertainty, high,
medium, and low scenario.

2.2. Notation

The following notations are used to develop the model.
Declaration of Indices

s € S: Suppliers

p € P:Plants

d € D: Distribution Centers
r € R: Retailers

¢ € C: Clients

t € T: Periods

e € E: Scenarios

m € M: Raw Materials

J € J: Products

g € Q: Production Resources

Declaration of Sets

S™: Set of suppliers s that provide raw material m (S™ C S)

S?: Set of suppliers s that provide production plant p (S? € §)

QP: Set of production resources q of the plants p (Q7 € Q)

DP?: Set of distribution centers d that receive finished products j (DP C D)

R?: Set of retailers r that receive finished products from distribution centers d (R¢ C R)
C”: Set of clients that receive finished products from retailers r (C" € CJ9.

J4: Set of finished products j produced with the production resource q (J¢ C J)

J™: Set of finished products j produced with the raw material m (J™ C J).

2.3. Statement of Parameters

Suppliers’ Parameters

CCXS’ m.¢- Cost per unit of raw material, component, or item m at supplier s in period ¢
($/Ton)

H ss,m: Handling cost per unit at supplier s for the raw material m ($/Ton)

71; ° Inventory excess cost at supplier s for the raw material m ($/Ton)

7, - Inventory shortage cost at supplier s for the raw material m ($/Ton)

C Pgm’ .+ Production cost per unit at supplier s for the raw material m in period #($/Ton)
CD;V’ - Disposal cost per unit defective item at supplier s for raw material m ($/Ton)
CF T;? p»,m: Fixed transportation cost at supplier s for the raw material m for the production
plant p($)

C Tf p,m" Transportation cost per unit from the supplier s to production plant p for the raw

material m ($/Ton)

@ Springer
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CT1 fw!m: Transportation cost per unit from the production plant p to supplier s for the
raw material m ($/Ton)

a;ﬁ . Expected percentage of defective items at supplier s for the raw material m
(0 < ozS < 1)

ﬂy m Screenlng rate (%) of defective items at supplier s for the raw material m

Cap TSS’ p,m* Transport capacity for the raw material /m from the supplier s to the production
plant p (Ton)

TTf p: Transportation time from supplier s to production plant p (Hours)

1 oss’m: Initial inventory level at supplier s for the raw material m (Ton)

I'max?: Maximum inventory capacity at the supplier s (Ton)

F maxs . Maximum production capacity at the supplier s for the raw material m (Ton)
PVJS p.m" Selling price of raw material, component, or item m at the production plant p
($/Ton)

PVDg pom’ Selling price per unit defective item at supplier s for the raw material m for
the production plant p ($/Ton)

Production Plants’ Parameters

CF If @it : Fixed cost of changing material at plant p with the production resource g for

the finished product j in period ¢ ($)

CPR? Pt : Production cost per unit at production plant p for the finished product j
working in regular time with the production resource ¢ in period ¢ ($/Ton)

CPE If: g’ : Production cost per unit at production plant p for the finished product j
working in extra time with the production resource ¢ in period ¢ ($/Ton)

CcS ubP : Purchasing cost per unit subcontracted in the production plant p for the finished
product J ($/Ton)

©p.q,j,t: Fixed handling cost at production plant p for the finished product j with the
production resource ¢ in period 7($)

H, P Handhng cost per unit at production plant p for the finished product j ($/Ton)

ot I T Inventory excess cost at production plant p for the finished product j ($/Ton)

s Inventory shortage cost at production plant p for the finished product j ($/Sack)
CF TP : Fixed transportation cost for finished product j from production plant p to
dlstrlbutlon center d ($)

C pr FRE Transportation cost per unit for finished product j from production plant p to
distribution center d ($/Ton)

MA ZY j Combination of raw material m necessary to produce the finished product j (Sack)
cpP it Disposal cost per unit defective item at production plan p for the finished product
Jj ($/Sack)

B 5 . Screening rate (%) of defective items at production plant p for the raw material m.

p ;+ Expected percentage of defective items at production plant p for the finished product
(O <al ;< 1)
“11: it Screening rate (%) of defective items at production plant p for the finished product

C apPRY Pt : Maximum production capacity at production plant p working in regular time
on the productlon resource ¢ in period ¢ (Sacks)

CapPE? p.g,+- Maximum production capacity at production plant p working in extra time
on the production resource g in period ¢ (Ton)

@ Springer
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CapTl If : Maximum capacity of transport input in the plant p (Ton)

CapT O ,’: : Maximum capacity of transport output in the plant p. (Sacks)

Cap Tp[j a,j+ Transport capacity for finished product j from production plant p to distribu-
tion center d (Ton)

T T,f 4 Transportation time from the production plant p to the distribution center d (Hours)

1 011; j Initial inventory level at production plant p for the finished product j (Ton)

Imax 5 : Maximum inventory capacity at the production plant p (Ton)

xpected percentage (%) of finished product j for subcontracting in the production plant p.
P VPP FRE Selling price per unit good item at production plant p to distrsibution center d

for the finished product j ($/Ton)
PVD 1’; 4 Selling price per unit defective item at production plant p to distribution center

d for the finished product j ($/Ton)
Distribution Centers’ Parameters

H fj : Handling cost per unit at the distribution center d for the finished product j ($/Sack)
yjj: Excess inventory cost at distribution center d for the finished product j ($/Sack)
7 i Shortage inventory cost at distribution center d for the finished product j ($/Sack)
CF le’)r’ ;+ Fixed transportation cost from distribution center d to the retailer r for the

finished product j($)

C le,)r, it Fixed transportation cost per unit from distribution center d to the retailer r for
the finished product j ($/Sack)

CcD £ I Disposal cost per unit defective item at distribution center d for the finished product
j ($/Sack)

3 f j Screening-rate (%) of defective items at distribution center d for the finished product
J-

CapT O [? : Maximum capacity of transport output in the distribution center d (Sacks)
Cap Tfr’ I Transportation capacity of finished product j from distribution center d to the
retailer r (Sacks)

Tle?r: Transportation time from the distribution center d to the retailer r (Hours)

1 052 it Initial inventory level at distribution center d for the finished product j (Sacks)
Imax dD : Maximum inventory capacity at distribution center d (Sacks)

PVd[,)r, i Selling price per unit good item at distribution center d to the retailer » for the
finished product j ($/Sack)

Retailers’ Parameters.

Hr‘? ;+ Handling cost per unit at retailer r for the finished product j ($/Sack)

U ; Excess inventory cost at retailer r for the finished product j ($/Sack)

v, I Shortage inventory cost at retailer r for the finished product j ($/Sack)

1 of it Initial inventory level at retailer r for the finished product j (Sacks)

1 max,R: Maximum inventory capacity at retailer r (Sacks)

CapT OF: Maximum capacity of transport input in the retailer  (Sacks)

Demg e Demand rate of client ¢ for the finished product j over scenario e in period ¢
(Sacks)

P VrIfC, I Selling price per unit good item at retailer r to the client c for the finished product
Jj ($/Sack)

Prob,: Probability over scenario e.

@ Springer
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2.4, Statement of Variables
Continuous Variables

S
Ismte
IS

s,m,t,e*

Inventory level of raw material m at supplier s in period ¢ (Ton)
: Excess inventory level of raw material m at supplier s in period ¢ (Ton)
I SSm 1.e: Shortage inventory level of raw material m at supplier s in period ¢ (Ton)

1 ; e : Inventory level of the finished product j at the plant p in period ¢ (Sacks)

I 5 j .- Excess inventory level of the finished product j at the plant p in period ¢ (Sacks)

1 P : Shortage inventory level of the finished product j at plant p in period 7 (Sacks)

p.j.t.e’
IdD] te*
(Sacks)
1 f’f,t’ .- Excess Inventory level of the finished product j at the distribution center d in
pcriod t (Sacks)
1P 4 .- Shortage inventory level of the finished product j at the distribution center d in
perlod t (Sacks)
1 rR e : Inventory level of the finished product j at the retailer r in period ¢ (Sacks)

IrR;f 1. Excess inventory level of the finished product j at retailer r in period 7 (Sacks)

: Inventory level of the finished product j at the distribution center d in period ¢

I rR ] 1.0+ Shortage inventory level of the finished product j at the retailer r in period 7 (Sacks)

QY m.r.- Raw material m to purchase from the supplier s in period 7 (Ton)

or pite: : Production of the finished product j at the plant p in period ¢ (Sacks)
QPPq j te*
(Sacks)
QPRP : Production quantity of the finished product j at the plant p working in
regular tlme on the production resource ¢ in period ¢ (Sacks)

OPE 1’:’ gine : Production quantity of the finished product j at the plant p working in extra
time on the production resource ¢ in period ¢ (Sacks)

[N ubP : Subcontracting quantity of the finished product j at the plant p in period ¢

: Product j to be produced in Plant p on Production Resource ¢ in period ¢.

: Raw material m to transport from the supplier s to the plant p in period ¢
: Product j to transport from the plant p to the distribution center  in period ¢

QTd[’)r’ e Product j to transport from the distribution center d to the retailer » in period
t (Sacks)

orT e j 16t : Product j to transport from the retailer  to the client ¢ in period # (Sacks)
oTTS 5 p 1.+ Total quantity to transport from the supplier s to the plant p in period 7 (Ton)
QTT d.r.c- Total quantity to transport from the plant p to the distribution center d in
perlod t (Sacks)

QTle,)r, 1.- Total quantity to transport from the distribution center d to the retailer  in
pcriod t (Sacks)

QT r c.1.¢ Total quantity to transport from the retail  to the customer ¢ in period 7 (Sacks)

M. : Expected benefits of the supplier s in period ¢ ($)
B 5 .- Expected benefits of the plant p in period 7 ($)
Bfe: Expected benefits of the distribution center d in period 7 ($)
Br}? .. Expected benefits of the retailer r in period 7 ($)

@ Springer



Int. J. Appl. Comput. Math (2021) 7:69 Page130f46 69

BT,: Total expected benefit of the supply chain in the scenario e ($)
Z: Total expected benefits of the supply chain ($)

Binary Variables

Xs.pmy: 1If CF TYS p.m > 0, otherwise O (1 if the transport capacity level from supplier s
to plant p is used for raw material, component, or item m in period ¢)

Ypaji: 1ifCF TF 4> 0, otherwise O (1 if the level of transport capacity from plant p
to distribution center d is used for product j in period ¢)

Warji 1ifCF TD ri > 0, otherwise O (1 if the transport capacity level from distribution
center d to retaller r is used for product j in period )

Viog.jr: 1<if CFPq jio > 0, otherwise O (1 if the enlistment time in plant p is used on
the Production Resource ¢ for product j in period ¢)

Up,g,jr:1if CFP > 0, otherwise 0 (1 if a starting change is generated in Plant p on

Pq.j.t
the Production Resource ¢ of product j).

Optimization Model

Once the variables have been defined, the formulation is as follows:
Objective function and constraints: The expected profit of the whole chain is:

Z = ZZ ProbeB_ie + Z Z ProbeB,f’e + Z Z ProbeBdée + ZZ Probere

ecE sS ecE pP ecE dD ecE rR
(1
subject to:
S _ N N P N
e_ZZ Z [[vapm<l_:3 )+PVDvpm:3p,m] (1_13x,m)Q ?pmte]
teT peP meM
N N N N
Yy Y [CFTY o Xt + <CTS + H m) OT: ,,m,t,e]
teT peP meM
N S + 7S+ N
_Z Z [(CC mt+CDsm sm) Qs,m,te ?mIsmte+7TsmIsmte:| Vs
teT meM
€S,eckE )
P P
AEDIDIDIDD [[ ( — 4, J) +PVDy ;80 J (1 7”%1’) QTP,d,j,t,e]
teT deD qeQ jelJ
P
- ZZ Z [[vaspm (1 _:Bp,m) +PVDs pmﬂp m:|( ﬂs m) Y ,p,m,t e:|
teT seSmeM
_ZZ Z[<pqu,+C pq]rVqu’+CPqu/tQPquJte+CPE1)thQPquJIe}
teT qeQ jeJ
XZZZ[CFT7d/PdJI+C deTpdjte]
teT deD jeJ
P P
_ZZZ H, ; (Z (MAm/ Z or pq,r TTS e )+ZQ d/te)
teT ses jeJ meM q€Qp deD
P P P + P+ P—
=Y [enf b j0h i+ Csubl j0subh v 1FS vey dNS ] VpePecE
teT jelJ
3)
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Ble=3_2_2" (PVd[,)»-,jQle,)r.j,r.e)

teT reR jeJ

_ZZZ[[PVPPM (1 _85,/‘)+PVD561 Py ,m‘SdD.j}

teT peP jeJ

(1=15,) QT L4 e+ CDE 67,0 P Dy

D D D
=222 [CFTd,r,de,n/,t + CTd,r,_fQTd,r.j,z,e]

teT deD jeJ

_ZZ{HM (ZQ pud. ju—TTP +ZQTdr/te)+Vd/ld/fe+yd11djtc:| vd

p.d.e

teT jel R

eD,ec E

peP

“4)
R D D
=Y X (P T ) - X X [PV TR ]
teT ceC jeJ teT deD jeJ
—zz[ (S0t o ot
teT jeJ deD
R R
—ZZ[ﬁfjlr;r,€+ﬁ”1”te] VreR,ecE
teT jeJ 5)
0 pq],e_QPqu],e+QPqujte VpeP,geQ,jelJ,teT,ecE (6)
CapPqu,kk VpeP,geQ,teT,ecE (@)
> QPEf, ., <CapPE},, V¥peP.qeQ.teT cck ®)
jel
> Vpgji=1 V¥pePteT )
qeQ jeJ
Upgjt = Vpgjt = Vpgji-1 VYpEP,geQ,jeJteT (10)
QSubl ;< Subl Qb .., VpeP jelteT eck (11)
N _ P
T pmte = Z M4, Z or qut TTS,.e Vs
jeJm qeQr
eS,peP,meM,teT,ecE (12)
0T ) wie <CapTd,  Xspmi Vs€S.pePmeMiteT ecE (13)
orT d]t€<Cap pdep,d,j,, VpeP,deD,jelJ,teT,ecE (14)
QTP 1o < CapTp. Wa,j, VdeD,reR jel teT,ecE (15
R C .
QT”.jtggDemc,j,t,e VreR,ceC,jelJ,teT,ecE (16)
OTTS,, 0= > 0TS, ... Vs€S.pePteT cck (17)

meM
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OTT) . => OTF ;.. VYpeP.deD.teT ecE (18)
jelJ
oTTp, , =Y QT ;,, VdeDreRteT cck (19)
jelJ
oTTr , = 0TR ., VreRceCiteT eckE (20)
jeJ
> OTTS,, <CapTI} VpePteT.ecE 1)
sesP
> orrf,,,<CapTO} VpeP.teT.ecE (22)
deDP
> OTTp.,,<CapTO) VdeD,teT, cck (23)
reRrp
> orTf,, <CapTOF VreRteT cckE (24)
N N ey N N N
Is,mA,t,e = Is,m.t—l,e + (1 - 0[s,m>Qs,m4,t,e - Z QT.s,p,m,t,e Vs e S, me M,teT,ecE (25)
peP
e =10 50me+(1=ap )00 o= D 0T yjue YPEPjelieT ecE (26)
deD
Iie =105 10 ) QD[?d.J_’HTPd‘e -y o1) ;,, VdeD, jelteT ecE
peP ' P reR
27)
R e =18 Y QRir,j,t—TTdD_,e -> 01k .. VreRjelteT,ccE (28
deD ’ ! ceC
DS, o <Imaxi VseSteT,ecE (29)
meM
dorF.,.<Imax] VpeP.teT.ecE (30)
jelJ
Y 1P <Imax) VdeD,teT,eck (31)
jeJ
D IR <Imaxf VreRteT,ecE (32)
jelJ
Bpie=In i e—1om e VseSmeMiteT ecE (33)
P P P— :
Ip.j,l,e:[p,-;,t‘,e_lp,j,t,e VpeP,jel,teT,ecE (34)
12e=10% 0~ 107, VdeD,jeJ 1eT eck (35)
B =15, 15, VreR jelteT,eccE (36)
: s P P P P P
Tshe variables (pQS’m’t’e’ Qp’é’t’e’ QPp’q’ﬁt’e, QPRp,q,é,,,e, QPEp’qﬁj’t’e’ qubpbj,,,es
QTs,p,m,t,e’ QTp,d,j,t,e’ QTd,r,j,t,e’ QTr,c,j,t,e’ QTTs,p,t,e’ QTTp,d,z,e’ QTTd,r,t,e’
R S S— P P— D D— R R—
OTT o Lomtor Lomiten Ip;’t,e, 1,5 e Id’;.f,[,e, Iy it Ir,;'r,t,e’ 1", ) are nonneg-

ative here.

Equations 1-5 contain the general objective function of the model. Equation 2 represents
the benefits obtained by raw material suppliers, because of the sales of products (materials)
and the recoverable fraction of defective products sold at a lower price to the plants. This
equation also deducts handling costs (reception and dispatch), purchase costs of raw mate-
rials, cost of excess and shortage inventory, costs of inventory of the recoverable defective
products, and costs of transporting materials. Equation 3 represents the benefits obtained
by the plants because of the income from the sale of conforming products and with minor
defects that are accepted by the distribution centers at a lower price. This equation also
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deducts fixed manufacturing costs, material handling costs, total manufacturing costs (nor-
mal and overtime), subcontracting costs, material reception and dispatch costs, raw material
purchase costs, cost of excess and shortage inventory, including the costs of defective product
inventory and the cost of transportation.

Equation 4 represents the benefits obtained by the distribution centers because of the
income from the sale of products to retailers, deducting the costs of receipt and dispatch,
the total cost of purchases from the plants, cost of excess and shortage inventory, defective
product inventory costs, and transportation costs. Equation 5 represents the benefits obtained
by retailers because of the income from the sale of products to customers, deducting the
costs of receipt and dispatch, the total cost of purchases from the plants, cost of excess and
shortage inventory, including the inventory of defective products detected and transportation
costs.

Equation 6 represents the amount of total production considering regular hours and over-
time products. Equations 7 and 8 denote the maximum production capacity available during
regular working hours and overtime. Equations 9 and 10 specify that the manufacturing plant
prepares for production or a possible change in a period. Equation 11 specifies the maximum
amount of outsourcing. Equations 12—16 specify the quantity to be produced in a period.

Equations 17-20 specify the total quantities transported for each product in a period. Equa-
tion 21 specifies the maximum inbound transportation capacity to the plant from suppliers.
Equations 22-24 specify the maximum outbound transportation capacity from the plant to
the distribution center and from the distribution center to the retailer, and from the retailer to
the customer, respectively. Equations 25-28 correspond to the inventory balance equations at
each stage of the supply chain. Equations 29-32 represent the maximum inventory capacity
in each of the stages of the chain. Equations 33-36 regulate the level of total inventory as the
occurrence of excess inventory or shortage inventory at each stage of the supply chain.

Case Study

This section presents a numerical example to illustrate the proposed model, considering
a cement company that produces and distributes cement and concrete. Figure 1 shows
the schematic diagram of the cement manufacturing process includingthe grinding lime-
stone, homogenization, preheating, clinkerization, cooling, clinker storage, cement grinding,
cement storage, packing, and delivery.

Cement is produced from raw materials likelimestone or calcium carbonate, chert, iron
ore, gypsum, coal, and slag. The limestone is extracted in quarries and transported in trucks to
the grinding limestone section,where the size of the rock is reduced and send to raw material
storage with a capacity of 50.000 tons. The raw materials are transported and dosed to the
crude mill with the iron ore to adjust the levels of silica and iron oxide in the mix, which is
discharged into the ponds with a capacity of 8000 tons (Fig. 1). The mix produced in the mills
is homogenized in each pond and send to the preheater tower. In the rotary kiln, physical
and chemical reactions allow the formation of clinker. The heat exchange occurs through
heat transfers between the homogenized crude and the hot gases that are obtained from the
preheater tower at high temperatures. The clinker obtained is subjected to a rapid cooling
process, then it is taken to the clinker silos.

The clinker is conducted to the cement mills where it is ground together with the aggregates
or additives, gypsum, and slag. At this point, the cement is ready to be transported and
deposited in storage silos. The cement delivery process includes the extraction of cement
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Fig. 1 Benefits of the supply chain per month. (echelons vs. Profit ($COP Million))

from the silos, transport, and loading.Modeling is assumed and validated in the supply chain
of cement production. In the supplier stage, there are two (S1 and S2). It has two plants (P1
and P2). In distribution, two independent national distributors (D1 and D2) are considered.
In the stages of retailers, they include the national companies that market the largest volumes
of products to small builders and hardware stores (R1 and R2). The physical architecture of
the stages of the supply chain to be applied is shown in Fig. 2. Two production resources (Q1,
Q2) and two final products (A, B) are considered. The demand is assumed for six months.
The data used to validate the modelis provided by the cement company. The data contains
the parameters of suppliers, production plants, distribution centers, and retailers considering
selling prices, handling costs, inventory excess costs, inventory shortage costs, production
costs, disposal costs, fixed transportation costs, purchasing costs and transportation costs.
Also, the percentage of defective items, screening rates, transport capacities, transportation
times, inventory levels, the combination of materials, production capacities and demand rates
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Fig. 2 Physical architecture of the stages of the supply chain

Table 2 Sets of the model Sets
s Suppliers 1,2
m Raw materials Gypsum, slag, clinker, sacks
J Products A,B
p Plants 1,2
q Production resources Q1,Q2
d Distribution centers 1,2
r Retailers 1,2
c Clients 1,2
e Scenarios High, medium, low
t Periods 1,2,3,4,5,6

are included. The sets of the model are presented in Table 2. The demand rate of client is
provided in Table 3.

The proposed model considers three scenarios for the demand rate of the client: high,
medium, and low (See Table 4) and the probability of each scenario is 33.33%. The parameters
related to incomes and costs of suppliers, production plants, distribution centers and retailers
are presented in Tables 4-8. The parameters of production and transportation capacities,
inventory levels, and defective items of distribution centers are presented in Appendices
A-D.
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Table 3 Demand rate of clients Demand rate of client (tons)
c J o1 2 3 4 5 6
1 A 17,000 1,000 15,000 10,000 8,000 15,000
1 B 8,000 14,000 8,000 8,000 7,000 9,000
2 A 10,000 14,400 8,000 9,000 10,000 8,000
2 B 8,000 9,000 9,000 3,000 4,000 1,000
Table 4 Demand rate of clients Demand rate of client (tons)
for each scenario -
c J e 1 2 3 4 5 6
1 A Low 15,000 800 13,000 8,000 6,000 13,000
1 B Low 6,000 10000 5,800 9,000 10,000 9,000
2 A Low 9,000 12400 6,000 7,000 6,000 5,000
2 B Low 1,500 2,000 3,200 2,000 10,000 800
1 A Medium 17,000 1,000 15,000 10,000 8,000 15,000
1 B Medium 8,000 14,000 8,000 8,000 2,000 9,000
2 A Medium 10,000 14,400 8,000 9,000 8,000 8,000
2 B Medium 8,000 9,000 9,000 3,000 7,000 1,000
1 A High 19,000 1,200 17,000 12,000 10,000 17,000
1 B High 10,000 20,000 8,500 8,500 8,000 11,000
2 A High 17,000 18,400 10,000 11,000 11,000 10,000
2 B High 9,000 10,000 10,800 4,800 5,000 1,200

Results

The proposed model for the master planning of operations in the supply chain with uncertainty
seeks to maximize the profit margin of all the actors in the supply chain and it is validated
through the data of a cement company. The model is solved with GAMS (General Algebraic
Modeling System) under the XPRESS solver and likewise, the data is processed in Neos
Solvers web support. In Table 9, the solution of the model under uncertainty is shown in
the three established scenarios. Profit in high scenario is $ 5,146,132,791 COP. Profit in the
middle scenario is $ 5,048,779,281 COP. Profit in low scenario is $ 4,532,596,643 COP.
Additionally, the expected total benefit value is $ 4,909,164,663 COP. Likewise, the benefits
derived for each actor in the supply chain are shown in Table 10.

Plant P1 is the largest producer, mainly producers of type A products. This product has the
highest demand, and its manufacturing costs are lower. The plants distribute their production
between resource Q1 and Q2, manufacturing larger quantities in Q2 for periods 3 and 4. Plant
1 is transporting the largest number of products, directing it to distribution center D2 in a
higher proportion than D1. Products are transported from distributors to retails, with product
A being the most marketed compared to product B. Retailer R2 receives a greater quantity of
products than the retailer R1. Product A (61%) is supplied to the customer from the retailers
in greater quantity. Retailer R1 is the one that supplies the largest quantities of product B.

Retailer R1 is the one that supplies the largest quantities of product B. Retailer R2 sup-
plies a greater proportion of product A. The most significant costs at the suppliers are the
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Table 5 Parameters of suppliers

PVS . Selling price of raw material ($- COP)

s, p.m
s P Gypsum Slag Clinker Sacks

1 1 20,825 20,298 59,358 2,958,501
1 2 20,825 20,298 59,358 2,958,501
2 1 20,630 20,546 59,849 2,988,086
2 2 20,630 20,546 59,894 2,988,086

PVDE pom Selling price per unit defective item ($-COP)

s p Gypsum Slag Clinker
1 1 13,101 11,979 44,712
2 1 12,958 12,158 44,809
CPE,m.[ Production cost per unit of raw material ($-COP)

N m 1 2 3 4 5 6

1 Gypsum 1,101 1,101 1,101 1,101 1,101 1,101

1 Slag 1,979 1,979 1,979 1,979 1,979 1,979

1 Clinker 4,712 4,712 4,712 4,712 4,712 4,712

1 Sacks 218,876 218,876 218,876 218,876 218,876 218,876
2 Gypsum 1,101 1,101 1,101 1,101 1,101 1,101

2 Slag 1,979 1,979 1,979 1,979 1,979 1,979

2 Clinker 4,712 4,712 4,712 4,712 4,712 4,712

2 Sacks 218,876 218,876 218,876 218,876 218,876 218,876

CTSS’p’m Transportation cost per unit from the supplier to production plant ($- COP)

s p Gypsum Slag Clinker Sacks
1 1 3,374 3,099 1,200 69,344
1 2 3,585 3,148 1,150 70,037
2 1 3,189 3,281 1,230 69,691
2 2 3,368 3,292 1,180 68,994

H gm Handling cost per unit at supplier for the raw material ($-COP)

s Gypsum Slag Clinker Sacks
1 641 500 483 6,693
2 565 630 579 6,760

n; . Inventory excess cost at supplier for the raw material ($-COP)

s Gypsum Slag Clinker Sacks

1 367 276 430 8,284
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Table 5 continued

77 ,, Inventory excess cost at supplier for the raw material ($-COP)

s Gypsum Slag Clinker Sacks

2 251 269 383 8,367

s, m Inventory shortage cost at supplier for the raw material ($-COP)

s Gypsum Slag Clinker Sacks

1 5,348 4,889 16,607 887,550
2 5,289 4,964 16,408 887,550
c D‘ m Disposal cost per unit defective item at supplier for raw material ($-COP)

s Gypsum Slag Clinker Sacks
1 367 276 430 284

2 251 269 383 367

manufacturing costs of the raw material. The costs associated with detecting defective raw
material at the supplier are higher in S2 since a greater quantity is handled. The costs of
purchasing raw materials represent an important part of the costs. Manufacturing costs are
also important within the total costs since the cement manufacturing process involves high
energy consumption.

Figure 2 shows the benefits of the supply chain per month. The results show that suppliers
participate in 47% of the total profits, plants receive 30%,distribution centers and retailers
receive 23%. Distributors and retailers have a lower contribution. In addition to inventory
costs(these assume the costs for defective or deterioration of the products), these results show
the positive effects of the chain in a collaborative system and, if not, the total percentages of
profits between retailers and distributors would be less than 10%.

The results of the model include the optimal values of the variables’ pro-
duction quantity of raw material to purchase (nym’ 1) and to transport

(Q S pom, ,€> from the suppliers to the plants and the total quantity to trans-

port (QT s.p e) The production plantspresent thenumber of finished items to

produce ( p]te,Q pq”e,QPquj“,,QPqu]te,Q d]te,QT spte)

andtransport from the plants to the distribution centers (Q dje QTT dt e)
Also, the quantitiesto transport from the distribution centers to the retallers
(QTd?r,j,t,e’ QTTdD”e), from retailers to clients (Q rejitet QTTrI?C’t’e), and the

R+ R
p]te’ldjte’lrj,t,e’lrjte

The optimal production quantity of finished products in each production plant is presented
in Table 11 and the optimal values of total quantities to transport from suppliers, production

plants, distribution centers, and retailers are presented in Tables 12—15.

inventory levels ( ) are presented in Appendix E.
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Table 6 Parameters of production plants

PVpP d,j Selling price per unit good item at production plant ($-COP)

P d A B

1 1 12,907 13,022
1 2 12,907 13,022
2 1 12,505 13,210
2 2 12,505 13,210

PVD 5 d,j Selling price per unit defective item at production plant ($-COP)

p d A B

1 1 9,680 9,766
1 2 9,680 9,766
2 1 9,449 9,684
2 2 9,449 9,684

CPR 5 PRE Production cost per unit at the production plant for the finished product working
in regular time ($-COP)

I4 q J 1 2 3 4 5 6

1 Ql A 4,374 4,577 4,741 4316 4,697 4,588
1 Ql B 4,340 4,250 4,843 4,078 4,514 4,472
1 Q2 A 4,505 4,848 4,104 4,282 4,591 4,087
1 Q2 B 4,751 4,508 4,446 4,972 4,824 4,269
2 Ql A 4,737 4,201 4,693 4,351 4,031 4,525
2 QI B 4,710 4,224 4,940 4,739 4,383 4,660
2 Q2 A 4,241 4,320 4,068 4,738 4,033 4,724
2 Q2 B 4,972 4,449 4,779 4,706 4,402 4,409

CPE II’J @it Production cost per unit at the production plant for the finished product working
in extra time ($-COP)

p q J 1 2 3 4 5 6

1 Q1 A 14,374 14,577 4,741 4,316 4,697 4,588
1 Q1 B 14,340 14,250 4,843 4,078 4,514 4,472
1 Q2 A 14,505 14,848 4,104 4,282 4,591 4,087
1 Q2 B 14,751 14,508 4,446 4,972 4,824 4,269
2 Ql A 14,737 14,201 4,693 4,351 4,031 4,525
2 Q1 B 14,710 4,224 4,940 4,739 4,383 4,660
2 Q2 A 14,241 4,320 4,068 4,738 4,033 4,724
2 Q2 B 14,972 4,449 4,779 4,706 4,402 4,409
CSub 5 j Purchasing cost per unit subcontracted by the production plant ($-COP)

p A B

1 15,000 15,000
2 15,000 15,000
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Table 6 continued

H : j Handling cost per unit at production plant ($-COP)

p A B
1 397 397
2 338 338
CcT pP d,j Transportation cost per unit for the finished product from production plant to
distribution center ($-COP)
p d A B
1 1 517 517
1 2 562 562
2 1 595 595
2 2 598 598
ga;j Inventory excess cost at production plant for the finished product ($-COP)

A B
1 444 444
2 482 482
CD 5 j Disposal cost per unit defective item at production plan for the finished product
($-COP)
p A B
1 244 244
2 215 215
<p; j Inventory shortage cost at production plant for the finished product ($-COP)
p A B
1 3,872 3,907
2 3,890 3,937

Managerial Implication

In the operational context, this model presents a significant contribution to the management
of the production system, as it supports decision-making related to the integration of
the chain actors, the programming and control of production and distribution, efficient
management of resources, and optimization of the level of customer service. Likewise, it
guarantees the best use of capacities and optimizes inventory management in each of the
chain’s echelons, reducing the impact of the "bullwhip effect" on the chain.

In the economic context, the model allows the maximization of collective benefits, consid-
ering the collaboration between the actors in the chain. There is a possibility to purchase of
products with minor defects at lower price which not only allows the generation of adjacent
income but also reduces the costs associated with transportation because of returns, and
environmental consideration.
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Table 7 Parameters of distribution centers

PVdDr j Selling price per unit good item at distribution center to the retailer for the finished
product ($-COP)

d r A B

1 1 17,216 17,365
1 2 17,216 17,365
2 1 17,296 17,500
2 2 17,296 17,500

CTdDr j Fixed transportation cost per unit from distribution center d to the retailer r for the finished product

($-COP)

d r A B

1 1 314 314

1 2 338 338

2 1 315 315

2 2 342 342

H dD | Handling cost per unit at the distribution center for the finished product ($-COP)

d A B
22 22

2 23 23

yj i Excess inventory cost at distribution center for the finished product ($-COP)

d A B

1 69 69

2 69 69

y d_ j Shortage inventory cost at distribution center for the finished product ($-COP)

d A B

1 5,165 5,209

2 5,189 5,250

CD é) j Disposal cost per unit defective item at distribution center for the finished product ($-COP)

d A B

1 840 840

2 820 820

e Another fundamental aspect provided by the model is related to quality management by
considering factors for detecting defects in the materials and products received, which

guarantee customer satisfaction throughout the downstream chain.

e Finally, the model presents a good approximation of the behavior of demand in the real

world.
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Table 8 Parameters of retailers

Table 9 Total benefits in the
supply chain by scenarios

P V,_Ii,_ - Selling price per unit good item at retailer to the client for the
finished product ($-COP)

r c A B

1 1 21,813 22,007
1 2 21,813 22,007
1 1 21,913 22,178
1 2 21,913 22,178

Hrlj. Handling cost per unit at the retailer for the finished product ($-COP)

r A B
1 13 13
2 13 13
y,fj Excess inventory cost at retailer for the finished product ($-COP)
r A B
1 87 88
2 88 89
¥, ; Shortage inventory cost at retailer for the finished product ($-COP)
r J A B
1 A 6,544 6,602
2 B 6,574 6,653
BT(r) ($ COP) BT exp(r) ($ COP)
Low 5,146,132,792 1,715,375,882
Medium 5,048,779,282 1,682,924,744
High 4,532,596,643 1,510,864,037

4,909,164,663

Table 10 Expected benefits in the supplier, plant, distribution center, and retailer

Scenario S BS(s)Million($ P  BP(p) Million D  BD(d) Million R BR(r) Million
COP) ($ Cop) ($ Cop) ($ Cop)
Low S1 1,063 Pl 716.8 D1 2224 R1 206.1
Medium S1 1,151 Pl 7164 D1 228.6 R1 3413
High S1 1,151 Pl 7164 D1 228.6 R1 4389
Low S2 1,068 P2 7049 D2 2257 R2 3247
Medium S22 1,157 P2 7444 D2 256.1 R2 4532
High S2 1,157 P2 7444 D2 256.1 R2 4529
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Table 11 Optimal values of Q}’:j ;. Production quantity of the finished product j at the plant p in
g;ggszion quantities of finished perfo ar (sacks)

p Jj e 1 2 3 4 5 6

1 A High 21,120 7,751 11,080 15,962 9,187

1 A Medium 21,120 7,751 11,080 15,962 9,187

1 A Low 21,120 9,571 11,080 11,711 9,187

1 B High 2,811 6,768

1 B Medium 2,811 6,768

1 B Low 991 11,019

2 A High 5,755 216 10,589 9,620

2 A Medium 5,755 216 10,589 9,620

2 A Low 3,919 216 11,194 9,620

2 B High 10,522 22,018 605 5,960 12,714

2 B Medium 10,522 22,018 605 5,960 12,714

2 B Low 4,881 22,018 1,718 12,714

Table 12 Optimal values of total

. § QTTSS pitse Total quantity to transport from the supplier s tothe
quantities to transport from R

plant p in period ¢ (ton)

suppliers

s p e 1 2 3 4 5 6
1 1 High 1,098 549 576 1,182 478
1 1 Medium 1,098 549 576 1,182 478

1 1 Low 1,098 549 576 1,182 478
1 2  High 846 1,156 582 310 1,161
1 2 Medium 846 1,156 582 310 1,161
1 2 Low 458 1,156 582 89 1,161
2 1 High 1,098 549 576 1,182 478

2 1 Medium 1,098 549 576 1,182 478

2 1 Low 1,098 549 576 1,182 478
2 2  High 846 1,156 582 310 1,161
2 2  Medium 846 1,156 582 310 1,161
2 2 Low 458 1,156 582 89 1,161

Discussion and Conclusions

The mathematical model has been developed under the approach of collaboration and uncer-
tainty in the demand in a supply chain of the cement sector which is proved to be a valuable
tool for making decisions towards the maximization of profits in all actors of the supply
chain. The proposed model considers critical decision variables, and it isused in investi-
gations such as defective products, excesses, and shortages. Validating the model in a real
scenario, common benefit exceeds 5 billion for all members in a period of six months.

The present model identifies the benefits of collaborative planning [68] and it allows
the reduction in cycle times, greater flexibility in the processes associate with orders and
deliveries, and the decrease in inventory levels for maximizing the profit of channel members.
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Table 13 Optimal values of total quantities to transport from plants

orrP d.1.e Total quantity to transport from the plant p to the distribution center d in period  (sacks)

P
P d e 1 2 3 4 5 6
1 A High 10,453 5,562 10,026 14,174 9,000 10,090
1 A Medium 10,453 5,562 10,026 14,174 9,000 10,090
1 A Low 10,453 7,270 10,026 14,174 9,000 10,090
1 B High 11,116 4,876 921 8,290 76.62 11,290
1 B Medium 11,116 4,876 921 8,290 76.62 11,290
1 B Low 11,116 3,166 921 8,466 76.62 11,290
2 A High 7,325 10,910 400 6,200 10,910
2 A Medium 7,325 10,910 400 6,200 10,910
2 A Low 4,177 10,910 172 6,200 10,910
2 B High 9,264 11,124 10,683 5,906 15,923 10,910
2 B Medium 9,264 11,124 10,683 5,906 15,923 10,910
2 B Low 5,004 11,124 10,910 1,703 15,923 10,910

Table 14 Optimal values of total quantities to transport from distribution centers

oT Td? e Total quantity to transport from the distribution center d to the retailer r in period # (sacks)

d r e 1 2 3 4 5 6

1 1 High 6,800 6,800 6,800 6,800 6,800 6,800
1 1 Medium 6,800 6,800 6,800 6,800 6,800 6,800
1 1 Low 5,470 6,690 6,400 6,800 6,800 6,800
1 2 High 8,400 8,400 8,400 8,400 8,400 8,400
1 2 Medium 8,400 8,400 8,400 8,400 8,400 8,400
1 2 Low 8,400 8,400 8,400 8,400 8,400 8,400
2 1 High 8,200 8,200 8,200 8,200 8,200 8,200
2 1 Medium 8,200 8,200 8,200 8,200 8,200 8,200
2 1 Low 4,400 7,690 6,800 4,600 8,200 8,200
2 2 High 7,800 7,800 7,800 7,800 7,800 7,800
2 2 Medium 7,800 7,800 7,800 7,800 7,800 7,800
2 2 Low 7,340 7,800 7,800 7,800 7,800 7,800

Additionally, the model allows the flexibility of the processes as indicated by Binder and Clegg
[7]. If resources are required, and when these are not available, proper planning will support
the exchange of resources between agents in the supply chain. The approach of the model that
allows validating the defective products within the chain, helps to improve the quality within
the processes as mentioned by Sarkar et al. [58]. In this model, the collaboration between
suppliers and customers will help to reduce poor quality costs and thus efficiently impact
customer service. Finally, product inventories are kept in their economic balance as stated
by Huiskonen [29]. As a result, collaborative planning improves the availability of products
for customers.
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Table 15 Optimal values of total QTTR, , , Total quantity to transport from the retailer r to the client ¢ in

quaptities to transport from perio{i’?(’S(acks)

retailers
roc e 1 2 3 4 5 6
1 1 High 8,000 200 3,100 2,600 6,800
1 1 Medium 10,740 2,740 2,600 1,600 6,800
1 1 Low 13,800 6,600 2,600 3,600 7,400 9,200
1 2 High 7450 14,800 15,000 12,700 13,200 9,000
1 2 Medium 5,060 13,060 15,800 11,200 11,200 9,000
1 2 Low 1,500 2,400 9,200 6,200 52200 5,800
2 1 High 14,650 2,600 10,400 13,100 13,400 14,000
2 1 Medium 8,500 5,860 15,000 15,400 13,400 16,200
2 1 Low 7,200 4200 16,200 13,400 8,600 12,800
2 2 High 1,550 13,600 5,800 3,100 2,800 2,200
2 2  Medium 7,700 10,340 1,200 800 2,800
2 2 Low 9,000 12,000 2,800 4,800

In addition to the previously mentioned benefits, the proposed collaborative model pro-
vides a competitive advantage focused on generating transparency in production processes,
reducing response times, and minimizing potential conflicts between chain actors as estab-
lished by Sarkar et al. [S9]. Optimization shares the benefits, giving importance to all the
actors in the chain, and generating confidence so that everyone cooperates as indicated by
Zhang and Huang [73]. Finally, among other novelty, the reverse flow of defective products
is studied in the proposed model. Another novelty of this proposed model is related to the
objectives of a sustainable chain that helps to reduce the carbon footprint [42] and additionally
integrates concepts of reverse and green logistics for the use of raw materials.

The proposed model can be expanded in future research, including the production safety
inventory. The model can incorporate the features of uncertainty so that the design is com-
pletely stochastic based on different policies of collaboration and integration in the chain. It
is possible to combine the collaborative approach, grouping the actors, and mixing the type
of collaboration (information, capacity, inventories, among others). A model can be proposed
that includes Shapley Value, where agents are part of the chain who collaborate and form
coalitions in such a way that costs are minimized, and better profits are obtained.
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Appendix A: Parameters values of production and transportation
capacities, inventory levels, and defective items of suppliers

1 og n Initial inventory level at supplier for the raw material (ton)

s Gypsum Slag Clinker Sacks
1 20 135 561 20

2 30 100 528 12
Cap T‘S p,m Transport capacity for the raw material from the supplier to the production plant (ton)

s p Gypsum Slag Clinker Sacks

1 1 140,000 135,000 173,500 112,880
1 2 140,000 135,000 173,500 112,880
2 1 138,000 134,000 172,000 111,019
2 2 138,000 134,000 172,000 111,019
1 max‘;9 Maximum inventory capacity at the supplier (ton)

s

1 380,186
2 370,759
F maxg m Maximum production capacity at the supplier for the raw material (ton)

s Gypsum Slag Clinker Sacks
1 50,000 55,000 53,500 22,880
2 48,000 44,000 82,000 21,019
af, n Expected percentage of defective items at supplier for the raw material

s Gypsum Slag Clinker Sacks
1 0.016 0.013 0.011 0.018
2 0.015 0.017 0.015 0.017
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ﬂg m Screening rate of defective items at supplierfor the raw material

K Gypsum Slag Clinker Sacks
1 0.98 0.99 0.99 0.97
2 0.98 0.99 0.99 0.96
TT;S: » Transportation time from supplier to production plant (hours)

s Gypsum Slag Clinker Sacks
1 0.98 0.99 0.99 0.97
2 0.98 0.99 0.99 0.96

Appendix B. Parameters values of production and transportation

capacities, inventory levels, and defective items of production plants

1 05 i Initial inventory level at production plant for the finished product (sacks)

P A B

1 275 427
2 239 226
Imax 5 Maximum inventory capacity at the production plant (sacks)

p

1 89,580
2 89,200

Cap T: 4, Transport capacity for the finished product from production plant to distribution center (ton)

P d A B

1 1 10,026 10,926
1 2 19,026 10,926
2 1 10,910 10,910
2 2 10,910 10,910
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CapPR 5 gt Maximum production capacity at production plant working in regular time on the
production resource in period time (Sacks)

P q 1 2 3 4 5 6

1 Q1 10,547 10,562 10,512 10,684 10,563 50,522
1 Q2 10,573 10,559 10,540 10,681 10,547 10,554
2 Ql 10,543 10,563 10,565 10,688 10,591 10,592
2 Q2 10,537 10,554 10,597 10,669 10,576 10,524

CapPE 5 gt Maximum production capacity at production plant working in extra time on the production
resource in period time (Sacks)

P q 1 2 3 4 5 6

1 Q1 547 562 512 684 563 522
1 Q2 573 559 540 681 547 554
2 Ql 543 563 565 688 591 592
2 Q2 537 554 597 669 576 524

CapTlI 5 Maximum capacity of transport input in the plant (ton)

p
1 49,580
2 49,200

CapT O 5 Maximum capacity of transport output in the plant (sacks)

p
1 48,643
2 42,249

n 5 j Screening rate of defective items at production plant for the finished product

p A B
1 0.99 0.98
2 0.97 0.99

o 5 i Expected percentage of defective items at production plant for the finished product

P A B
1 0.012 0.011
2 0.010 0.009
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B 5 m Screening rate of defective items at production plant for the raw material

p Gypsum Slag Clinker Sacks
1 0.99 0.97 0.99 0.98
2 0.98 0.98 0.97 0.97

MA ,ﬁ i Combination of raw material necessary to produce the finished product (sack)

Y4 Gypsum Slag Clinker Sacks
1 0.0025 0.0095 0.038 0.002
2 0.0025 0.007 0.0405 0.002

S ubg j Expected percentage of quantities to manufacture the finished product for subcontracting at
production plant

P A B
1 0.1 0.1
2 0.1 0.1

TT; 4 Transportation time from the production plant to the distribution center (Hours)

P 1 2
1 0 0
2 0 0

Appendix C. Parameters values of production and transportation
capacities, inventory levels, and defective items of distribution centers

1 oé? j Initial inventory level at distribution center for the finished product (sacks)

d 1 2
1 1,250 700
2 1,000 820
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Imax dD Maximum inventory capacity at distribution center (sacks)

d

1 5,800
2 6,200
CapT O dD Maximum capacity of transport output in the distribution center (sacks)

d

1 15,800
2 16,200
8 £ j Screening-rate of defective items at distribution center for finished product

d A B

1 0.99 0.97
2 0.98 0.99
TTd[_’r Transportation time from the distribution center to the retailer (sacks)

d 1 2
1 0 0
2 0 0
Appendix D. Parameters values of production and transportation
capacities, inventory levels, and defective items of retailers

1 ofj Initial inventory level at retailer for the finished product (tons)

d A B

1 200 250
2 220 240
1 max,R Maximum inventory capacity at retailer (sacks)

-

1 15,800
2 16,200
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C apTOrR Maximum capacity of transport input in the retailer (sacks)

r

1 15,800
2 16,200
Appendix E. Optimal values of decision variables

Qf_ m.1,e Quantity of raw material m to purchase from the supplier s in period 7 (tons)

s m e 1 2 3 4 5

1 Gypsum High 75 83 57 73 80

1 Gypsum Medium 75 83 57 73 80

1 Gypsum Low 56 83 57 62 80

1 Slag High 197 253 213 244 271

1 Slag Medium 197 253 213 244 271

1 Slag Low 139 257 214 203 271

1 Clinker High 896 1,323 857 1,135 1,243
1 Clinker Medium 896 1,323 857 1,135 1,243
1 Clinker Low 595 1,318 856 972 1,243
1 Sacks High 56 67 45 58 64

1 Sacks Medium 56 67 45 58 64

1 Sacks Low 41 67 45 50 64

2 Gypsum High 64 83 57 73 80

2 Gypsum Medium 64 83 57 73 80

2 Gypsum Low 45 83 57 62 80

2 Slag High 233 254 214 215 272
2 Slag Medium 233 254 214 215 272
2 Slag Low 175 258 215 204 272
2 Clinker High 933 1,328 861 1,139 1,248
2 Clinker Medium 933 1,328 861 1,139 1,248
2 Clinker Low 631 1,324 859 976 1,248
2 Sacks High 64 67 45 58 64

2 Sacks Medium 64 67 45 58 64

2 Sacks Low 49 67 45 50 64
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QT,S_,,_m_,_g Quantity of raw material m to transport from the supplier s to the plant p in period ¢ (Tons)

K p m e 1 2 3 4 5

1 1 Gypsum High 53 26 28 57 23

1 1 Gypsum Medium 53 26 28 57 23

1 1 Gypsum Low 53 26 28 57 23

1 1 Slag High 201 93 105 199 87

1 1 Slag Medium 201 93 105 199 87

1 1 Slag Low 201 98 105 188 87

1 1 Clinker High 803 408 421 881 349

1 1 Clinker Medium 803 408 421 881 349

1 1 Clinker Low 803 404 421 891 349

1 1 Sacks High 42 21 22 45 18

1 1 Sacks Medium 42 21 22 45 18

1 1 Sacks Low 42 21 22 45 18

1 2 Gypsum High 40.69 55.59 27.99 14.90 55.84
1 2 Gypsum Medium 40.69 55.59 27.99 14.90 55.84
1 2 Gypsum Low 22.00 55.59 27.99 4.30 55.84
1 2 Slag High 128.33 156.18 104.83 41.72 180.39
1 2 Slag Medium 128.33 156.18 104.83 41.72 180.39
1 2 Slag Low 71.39 156.18 106.34 12.03 180.39
1 2 Clinker High 644.83 899.94 426.89 241.38 880.48
1 2 Clinker Medium 644.83 899.94 426.89 241.38 880.48
1 2 Clinker Low 346.59 899.94 425.37 69.58 880.48
1 2 Sacks High 32.55 44.47 22.39 11.92 44.67
1 2 Sacks Medium 32.55 44.47 22.39 11.92 44.67

1 2 Sacks Low 17.60 44.47 22.39 3.44 44.67
2 1 Gypsum High 52.80 26.41 27.70 56.83 2297
2 1 Gypsum Medium 52.80 26.41 27.70 56.83 22.97
2 1 Gypsum Low 52.80 26.41 27.70 56.83 22.97
2 1 Slag High 200.64 93.31 105.26 199.02 87.28
2 1 Slag Medium 200.64 93.31 105.26 199.02 87.28
2 1 Slag Low 200.64 97.86 105.26 188.39 87.28
2 1 Clinker High 802.56 408.38 421.04 880.66 349.10
2 1 Clinker Medium 802.56 408.38 421.04 880.66 349.10
2 1 Clinker Low 802.56 403.83 421.04 891.29 349.10
2 1 Sacks High 42.24 21.12 22.16 45.46 18.37
2 1 Sacks Medium 42.24 21.12 22.16 45.46 18.37
2 1 Sacks Low 4224 21.12 22.16 45.46 18.37
2 2 Gypsum High 41 56 28 15 56

2 2 Gypsum Medium 41 56 28 15 56

2 2 Gypsum Low 22 56 28 4 56
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QTTS_I,_m_,_E Quantity of raw material m to transport from the supplier s to the plant p in period ¢ (Tons)

K p m e 1 2 3 4 5

2 2 Slag High 128 156 105 42 180

2 2 Slag Medium 128 156 105 42 180

2 2 Slag Low 71 156 106 12 180

2 2 Clinker High 645 900 427 241 880

2 2 Clinker Medium 645 900 427 241 880

2 2 Clinker Low 347 900 425 70 880

2 2 Sacks High 33 44 22 12 45

2 2 Sacks Medium 33 44 22 12 45

2 2 Sacks Low 18 44 22 3 45
QP;_ g.jte Quantity of product j to be produced in plant p on production resource q in period t (sacks)

P q j e 1 2 3 4 5

1 Ql A High 10,547 7,751 4,600

1 Q1 A Medium 10,547 7,751 4,600

1 Q1 A Low 10,547 9,571 349,437

1 Ql B High 2,811 6768

1 Ql B Medium 2,811 6768

1 Ql B Low 991 11,019

1 Q2 A High 10,573 11,080 11,362 9,187
1 Q2 A Medium 10,573 11,080 11,362 9,187
1 Q2 A Low 10,573 11,080 11,362 9,187
1 Q2 B High

1 Q2 B Medium

1 Q2 B Low

2 Ql A High

2 Ql A Medium

2 Q1 A Low

2 Q1 B High 10,522 11,126 11,182
2 Q1 B Medium 10,522 11,126 11,182
2 Q1 B Low 4,881 11,126 11,182
2 Q2 A High 5,755 216 10,589 9,620
2 Q2 A Medium 5,755 216 10,589 9,620
2 Q2 A Low 3,919 216 11,194 9,620
2 Q2 B High 10,892 605 5,960 1,532
2 Q2 B Medium 10,892 605 5,960 1,532
2 Q2 B Low 10,892 1718 1,532
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Production quantity of the finished product j at the plant p working in regular time on the

p-g.jte ) ‘
production resource ¢ in period ¢ (sacks)
P q Jj e 1 2 3 4 5
1 Q1 A High 10,547 7.751 3,916
1 Q1 A Medium 10,547 7.751 4,600
1 Q1 A Low 10,547 9,571
1 Q1 B High 2,811 6768
1 Q1 B Medium 2,811 6084
1 Ql B Low 991 10,684
1 Q2 A High 10,573 10,540 10,681 8,640
1 Q2 A Medium 10,573 10,540 10,681 8,640
1 Q2 A Low 10,573 10,540 10,681 8,640
1 Q2 B High
1 Q2 B Medium
1 Q2 B Low
2 Ql A High
2 Ql A Medium
2 Q1 A Low
2 Q1 B High 10,522 10,563 10,591
2 Q1 B Medium 10,522 10,563 10,591
2 Ql B Low 4,881 10,563 10,591
2 Q2 A High 5,755 10,589 9,620
2 Q2 A Medium 5,755 10,589 9,620
2 Q2 A Low 3,919 216 10,597 9620
2 Q2 B High 10,554 8,449 5,291 957
2 Q2 B Medium 10,554 8,449 5,291 957
2 Q2 B Low 10,338 1,718 957
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QPE [I: aite Production quantity of the finished product j at the plant p working in extra time on the
production resource ¢ in period ¢ (sacks)
P q Jj e 2 3 4 5
1 Ql A High 684
1 Q1 A Medium
1 Ql A Low 350
1 Ql B High
1 Ql B Medium 684
1 Ql B Low 335
1 Q2 A High 540 681 547
1 Q2 A Medium 540 681 547
1 Q2 A Low 540 681 547
1 Q2 B High
1 Q2 B Medium
1 Q2 B Low
2 Ql A High
2 Q1 A Medium
2 Ql A Low
2 Ql B High 563 591
2 Ql B Medium 563 591
2 Ql B Low 563 591
2 Q2 A High 215.83
2 Q2 A Medium 215.83
2 Q2 A Low 597
2 Q2 B High 338 597 669 576
2 Q2 B Medium 338 597 576
2 Q2 B Low 554 576
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oT If djte Quantity of product j to transport from the plant p to the distribution center d in period ¢ (Sacks)

p d j e 1 2 3 4 5 6

1 1 A High 10,026 4,472 10,026 7,974 9,000 9,000
1 1 A Medium 10,026 4,472 10,026 7,974 9,000 9,000

1 1 A Low 10,026 6,290 10,026 7,802 9,000 9,000

1 1 B High 427 1,090 6,200 1,090
1 1 B Medium 427 1,090 6,200 1,090

1 1 B Low 427 980 6,200 1,090

1 2 A High 11,116 3,186 921 7,796 77 9,600
1 2 A Medium 11,116 3,186 921 7,796 77 9,600
1 2 A Low 11,116 3,186 921 3,769 77 9,600
1 2 B High 1,690 494 1,690

1 2 B Medium 1,690 494 1,690

1 2 B Low 4,698 1,690
2 1 A High 2,253

2 1 A Medium 2,253

2 1 A Low 434 172

2 1 B High 5,073 10,910 400 6,200 10,910
2 1 B Medium 5,073 10,910 400 6,200 10,910
2 1 B Low 3,743 10,910 6,200 10,910
2 2 A High 3,684 214 10,483 9,523

2 2 A Medium 3,684 214 10,483 9,523

2 2 A Low 3,684 214 10,910 9,523

2 2 B High 5,580 10,910 200 5,906 6,400 10,910
2 2 B Medium 5,580 10,910 200 5,906 6,400 10,910
2 2 B Low 1,320 10,910 1,703 6,400 10,910
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oT dD,r,j, te Quantity of product j to transport from the distribution center d to the retailer r in period ¢
(Sacks)

d r j e 2 3 4 5 6

1 1 A High 3,400 3,400 3,400 3,400 3,400 3,400
1 1 A Medium 3,400 3,400 3,400 3,400 3,400 3,400
1 1 A Low 3,400 3,400 3,400 3,400 3,400 3,400
1 1 B High 3,400 3,400 3,400 3,400 3,400 3,400
1 1 B Medium 3,400 3,400 3,400 3,400 3,400 3,400
1 1 B Low 2,070 3,290 3,000 3,400 3,400 3,400
1 2 A High 5,600 5,600 5,600 5,600 5,600 5,600
1 2 A Medium 5,600 5,600 5,600 5,600 5,600 5,600
1 2 A Low 5,600 5,600 5,600 5,600 5,600 5,600
1 2 B High 2,800 2,800 2,800 2,800 2,800 2,800
1 2 B Medium 2,800 2,800 2,800 2,800 2,800 2,800
1 2 B Low 2,800 2,800 2,800 2,800 2,800 2,800
2 1 A High 4,400 4,400 4,400 4,400 4,400 4,400
2 1 A Medium 4,400 4,400 4,400 4,400 4,400 4,400
2 1 A Low 4,400 4,380 4,400 800 4,400 4,400
2 1 B High 3,800 3,800 3,800 3,800 3,800 3,800
2 1 B Medium 3,800 3,800 3,800 3,800 3,800 3,800
2 1 B Low 3,310 2,400 3,800 3,800 3,800
2 2 A High 5,200 5,200 5,200 5,200 5,200 5,200
2 2 A Medium 5,200 5,200 5,200 5,200 5,200 5,200
2 2 A Low 5,200 5,200 5,200 5,200 5,200 5,200
2 2 B High 2,600 2,600 2,600 2,600 2,600 2,600
2 2 B Medium 2,600 2,600 2,600 2,600 2,600 2,600
2 2 B Low 2,140 2,600 2,600 2,600 2,600 2,600
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oT rIf e.j e Quantity of product j to transport from the retailer r to the client ¢ in period ¢ (sacks)

r c j e 1 2 3 4 5 6

1 1 A High 8,000 200

1 1 A Medium 10,740 1,000 2,740
1 1 A Low 12,980 2,200 7,400
1 1 B High 3,100 2,600 6,800
1 1 B Medium 1,740 2,600 1,600 4,060
1 1 B Low 820 6,600 400 3,600 7,400 1,800
1 2 A High 7,600 7,800 7,900 8,200 9,000
1 2 A Medium 4,060 7,400 8,200 7,200 8,000
1 2 A Low 2,400 6,000 4,200 3,200 5000
1 2 B High 7,450 7,200 7,200 4,800 5,000

1 2 B Medium 5,060 9,000 8,400 3,000 4,000 1,000
1 2 B Low 1,500 3,200 2,000 2,000 800

2 1 A High 10,560 8,600 7,700 8,000 9,800
2 1 A Medium 6,260 10,200 10,000 8,000 11,260
2 1 A Low 2,020 800 10,800 8,000 6,000 5,600
2 1 B High 4,090 2,600 1,800 5,400 5,400 4,200
2 1 B Medium 2,240 5,860 4,800 5,400 5,400 4,940
2 1 B Low 5,180 3,400 5,400 5,400 2,600 7,200
2 2 A High 10,800 2,200 3,100 2,800 1,000
2 2 A Medium 4,760 10,340 600 800 2,800

2 2 A Low 9,000 10,000 2,800 4,800

2 2 B High 1,550 2,800 3,600 1,200
2 2 B Medium 2,940 600

2 2 B Low 2,000

lpP,‘]_',lA,e Shortage inventory level of the finished product j at plant p in period ¢ (Sacks)

P j e 1 2 3 4 5 6

1 A High 18,600
1 A Medium 18,600
1 A Low 18,600
1 B High 2,780
1 B Medium 2,780
1 B Low 2,780
2 A High

2 A Medium

2 A Low

2 B High 21,820
2 B Medium 21,820
2 B Low 21,820
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7= Shortage inventory level of the finished product j at plant p in period ¢ (Sacks)

p.j.t.e
p Jj e 1 2 3 4 5 6
1 A High 18,600
1 A Medium 18,600
1 A Low 18,600
1 B High 2,780
1 B Medium 2,780
1 B Low 2,780
2 A High
2 A Medium
2 A Low
2 B High 21,820
2 B Medium 21,820
2 B Low 21,820
1 f}"n . Excess Inventory level of the finished product j at the distribution center d in period ¢ (sacks)
d j e 1 2 3 4 5 6
1 A High 4,528 1,026
1 A Medium 4,528 1,026
1 A Low 2,710 1,198
1 B High 5,800 5,800
1 B Medium 5,800 5,800
1 B Low 5,800 5,800
2 A High 6,200 1,804
2 A Medium 6,200 1,804
2 A Low 6,200 2,231
2 B High 6,200 6,200
2 B Medium 6,200 6,200
2 B Low 5,000 6,200
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IR

r,j.t.e

Excess inventory level of the finished product j at retailer r in period ¢ (Sacks)

r

e 1 2 3 4 5 6

~.

[ SO NS R NS S T N R N R e

High

Medium 400 600

Low 400 4,600

High

Medium 2390 850 2,990
Low 2,390 3,400 1,200 5,800
High 460 460 460 460 460 460
Medium 460 460 460 460

Low 5,200
High

Medium 460 460
Low 2,800 1,000

Www > wE > > >

IR

r,j.t.e

Shortage inventory level of the finished product j at the retailer r in period ¢ (Sacks)

r

e 1 2 3 4 5 6

~.

[N NS R NS T N T N R N R e

High 100 500 1,700
Medium 2,740 2,340
Low 4,980

High 700 1,100 700
Medium 1,150 2350 750

Low

High

Medium

Low

High

Medium

Low

WO > > >
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