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1 APPENDIX A

1.1 sets
Table 1: Index sets used in the model formulation.
Index / Set Description
s Set of suppliers.
i Set of manufacturing plants.
J Set of distribution centers.
k Set of customers.
v Set of transportation modes.
r Set of raw materials.
D Set of products.
e Set of energy sources.
m Set of processing equipment or machines.
a Set of replacement equipment parts.
ts Scheduling time scale for operational decisions.
tn Network time scale for design decisions.
T Lead time.
w Set of scenarios.
1.2 Variables
Table 2: Decision Variables Used in the Model Formulation
Symbol Description
Quantity of raw material r shipped from supplier s to manufac-
Xjf;ftnts turing plant ¢ using transportation mode v during network time
scale t,, and scheduling time scale ¢.
Quantity of product p shipped from manufacturing plant i to dis-
X;;}iftnts tribution center j using transportation mode v during network
time scale ¢,, and scheduling time scale 5.




Symbol Description
' Quantity of product p shipped from distribution center j to cus-
X;?Izgtnts tomer k using transportation mode v during network time scale
t, and scheduling time scale ¢,.
Capacity of purchased transportation mode v used to transport
Capsint,, material from supplier s to manufacturing plant ¢ at network time
scale t,,.
Capacity of purchased transportation mode v used to transport
Capijot,, product from manufacturing plant 7 to distribution center j at
network time scale t,.
Capacity of purchased transportation mode v used to transport
Capjrot, product from distribution center j to customer k at network time
scale t,,.
Cape. Capacity of processing equipment or machine m installed at man-
Prmitn ufacturing plant ¢ at network time scale t,,.
Capstore storage capacity for raw material r installed at ¢ manufacturing
Prit, plant at network time scale t,,.
ctore storage capacity for product p installed at ¢ manufacturing plant
C’appitn .
at network time scale ¢,,.
CapPC Capacity of distribution center j installed at network time scale
Djt., th.
Quantity of raw material r used at manufacturing plant ¢ on ma-
it chine m during network time scale ¢,, and scheduling time scale
ts.
Quantity of product p manufactured at manufacturing plant i
Xﬁ;ﬁnts using machine m during network time scale ¢, and scheduling
time scale t,.
ytarget Planned production target of product p at manufacturing plant ¢
Pitnts during network time scale ¢,, and scheduling time scale .
Tnve: Inventory level of raw material » at manufacturing plant ¢ during
Titnts network time scale ¢,, and scheduling time scale ;.
Tnve: Inventory level of product p at manufacturing plant ¢ during net-
Pitnts work time scale t,, and scheduling time scale .
Inuv.. Inventory level of product p at distribution center j during net-
Pjtnts work time scale t,, and scheduling time scale .
fill Demand fulfillment rate at customer k during network time scale
Demy 4 . .
t, and scheduling time scale t.
CO3 emissions generated from transporting raw material r from
By supplier s t facturing plant i using t tati d
rsivto b pplier s to manufacturing plant ¢ using transportation mode v
during network time scale ¢,, and scheduling time scale t.
A COz emissions generated from transporting product p from man-
;Z‘Ttnts ufacturing plant i to distribution center j using transportation
mode v during network time scale ¢,, and scheduling time scale ¢.
A CO4 emissions generated from transporting product p from distri-
E;;‘llzitnts bution center j to customer k using transportation mode v during

network time scale ¢,, and scheduling time scale ;.




Symbol

Description

CO5 emissions generated from manufacturing product p at plant

E;’:;gnts i using machine m during network time scale t,, and scheduling
time scale t;.
SCN Total CO4 emissions of the supply chain network during network
tnts time scale ¢,, and scheduling time scale 5.
(reavex CAPEX cost of transportation mode v used between supplier s
sivin and manufacturing plant ¢ at network time scale ¢,,.
(rcaves CAPEX cost of transportation mode v used between manufactur-
ijvtn ing plant ¢ and distribution center j at network time scale t,,.
(reavex CAPEX cost of transportation mode v used between distribution
Jkvtn center j and customer k at network time scale t,,.
capex CAPEX cost of purchasing machine m at manufacturing plant 4
Cmitn s .
at network time scale ,,.
(rcaves CAPEX cost of to build a new distribution center j including
Jtn

storage capacity at network time scale %,,.

Ccape:r,store
Trity

CAPEX cost of to build a storage capacity for raw material r a
plant ¢ at network time scale t,,.

Ocapex,store
pity

CAPEX cost of to build a storage capacity for product p a plant
1 at network time scale t,,.

Ocapext otal y etwork

n

total Capital investment cost associated with machine purchase,
transport mode contracting for producing and moving product p
throughout the entire supply chain network during network time
scale t,, and scheduling time scale t.

Operating cost associated with contracting a vehicle v to transport

Crvivtot. raw material r from supplier s to manufacturing plant ¢ during
network time scale t,, and scheduling time scale ;.
Operating cost associated with contracting a vehicle v to trans-
Cotivtnt. port product p from manufacturing plant 4 to distribution center;
during network time scale t,, and scheduling time scale t.
Operating cost associated with contracting a vehicle v to transport
Cemtot. product p from distribution ¢ to customer & during network time
scale t,, and scheduling time scale t.
opexprod Operating cost associated with manufacturing product p at plant
pitnts ¢ during network time scale t,, and scheduling time scale .
Chuyraw Cost of purchasing raw material r for manufacturing plant ¢ during
Titnts network time scale ¢,, and scheduling time scale .
Operating cost associated with processing product p at distribu-
Coii. tion center j during network time scale ¢, and scheduling time

scale tg.

CopeztotalNetwork
ts

total Operating cost associated with processing product , shipping
product p throughout the entire supply chain network during net-
work time scale t,, and scheduling time scale ¢;.

CSCN

Overall total cost of the supply chain network.

Ysivt,,

Binary variable equal to 1 if transportation mode v is selected be-
tween supplier s and plant 7 at network time scale t,,; 0 otherwise.




Symbol

Description

Binary variable equal to 1 if transportation mode v is selected

Yijut,, between plant ¢ and distribution center j at network time scale
tn; 0 otherwise.
Binary variable equal to 1 if transportation mode v is selected
Yikvt, between distribution center j and customer k at network time
scale t,,; 0 otherwise.
‘ Binary variable equal to 1 if machine m is selected for installation
Yt at manufacturing plant i at network time scale t¢,,; 0 otherwise.
Binary variable equal to 1 if storage capacity for raw r is selected
ysire for installation at manufacturing plant ¢ at network time scale ¢,;
0 otherwise.
Binary variable equal to 1 if storage capacity for product p is
y;ff:e selected for installation at manufacturing plant ¢ at network time
scale t,; 0 otherwise.

' Binary variable equal to 1 if distribution center j is selected for
Yitn installation at DC j at network time scale t,,; 0 otherwise.
Cap®™ Installed capacity of energy source e at manufacturing plant 4

eit during network time scale t,,.
pygen Energy generated from source e at manufacturing plant ¢ during

eitnts network time scale ¢,, and scheduling time scale .

Tytotal Total energy generated from all energy sources during network

elnts time scale t,, and scheduling time scale .

(reapex CAPEX cost of energy capacity installed for production at man-

etn ufacturing plant ¢ at network time scale t,.

(CreapeTaint CAPEX fix cost of maintenance of energy generated manufactur-

etn ing plant ¢ at network time scale t,.

(reapex um CAPEX total capex cost for energy generate at network time scale
et tn.
_ operational cost of for purchasing electricity from the grid for pro-
C’sﬁizg”d duction at manufacturing plant ¢ and operating the Distribution
center j at network time scale ¢,, and scheduling time scale 5.
4 operational cost of maintenance of equipment for energy generated
cer fx""amt for production at manufacturing plant 4 at network time scale ¢,
and scheduling time scale ts.
(cropexsum total operational cost for generating and purchasing energy at

etnts network time scale ¢, and scheduling time scale .

overall cost CAPEX and OPEX for energy used across the man-

CftSN ufacturing plant 7 at network time scale t,, and scheduling time
scale tg.

poen CO3 emissions generated from energy source e at manufacturing

eitnts plant ¢ during network time scale ¢,, and scheduling time scale .

CO; total emissions generated from energy source e at manufac-

EZ"S oN turing plant ¢ during network time scale ¢,, and scheduling time

scale t;.




1.3

Symbol

Description

Arrivesive, ¢,

Quantity of raw material r arriving at manufacturing plant ¢ from
supplier s using transportation mode v during network time scale
t, and scheduling time scale ¢,.

Quantity of product p arriving at distribution center j from man-

Arrivpijot, ¢, ufacturing plant ¢ using transportation mode v during network
time scale ¢,, and scheduling time scale t.
Quantity of product p arriving at customer k from distribution
ArTivpikut,.t. center j using transportation mode v during network time scale
t, and scheduling time scale t.
Quantity of product p arriving at customer k from distribution
Arrivgjm)tnts center j based on today’s demand at time 5 using transportation
mode v during network time scale ¢,, and scheduling time scale ¢;.
Quantity of product p arriving at customer k from distribution
Arrivgg,ﬁﬁtnts center j based on backlog at time ts using transportation mode v
during network time scale t,, and scheduling time scale ;.
Quantity of unmet demand for product p at customer k carried
Backlogpit,,t. over to future periods during network time scale t,, and scheduling
time scale t,.
unmetdemand unmet demand for product p at customer k , New unmet demand
phtnts at scheduling period ¢, (today’s shortfall only)
(backlog Total backlog penalty cost for unmet demand carried overtime
tnts during network time scale t,, and scheduling time scale t;.
Backloa?™ Production backlog only of product p at manufacturing plant ¢
Ipitnts during network time scale ¢, and scheduling time scale t,.
E[Corea) Expec‘Fed operating cost of the supply chain network across all
scenarios.
E[CCN] Expected total supply chain network cost across all scenarios.
Parameters
Table 3: Parameters Used in the Model Formulation
Symbol Description
o Conversion factor of raw material r using processing equipment
mr or machine m to produce product p.
Jraw Lead time of raw material from supplier s to manufacturing plant
st 7 in days.
prod Lead time of product from manufacturing plant 7 to distribution
i center j in days.
prod Lead time of product from distribution center j to customer site
gk k in days.
JOraw Initial inventory of raw material r at manufacturing plant ¢ in
ri kg/day.
I g;p rod Initial inventory of product p at manufacturing plant 7 in kg/day.




Symbol

Description

Target ending inventory of product p at manufacturing plant ¢ dur-

Itaraet . . . . .
pitnts ing network time scale ¢,, and scheduling time scale ¢ in kg/day.
ISJ’»DC Initial inventory of product p at distribution center j in kg/day.
eng Energy needed per kg of product p at manufacturing plant ¢ in
i KW-day /kg.
eng Demand fill rate for energy required by product p at manufactur-
Ppi ing plant 1.
KEaPET CAPEX cost for installing energy source type e in $/KW.
jomaint CAPEX Fixed maintenance cost per energy source type e in
€ $/KW-year.
7ong operational cost, Price per energy source e used at manufacturing

€l

plant ¢ in $/KW-day.

Kgpexm aint

operational cost for maintenance per energy source type e in
$/KW-year.

Pser Capacity factor for each energy source e.
W Maximum energy limit for product p, per energy source e, at
pevm manufacturing plant ¢, and for machine m in KW-day.

ong Emission factor for energy source type e at manufacturing plant
et i in kg COg-eq/kWh.

ctrans Emission factor of transportation mode v in kg CO4 per kg-unit-
v mile transported.

cprod Emission factor associated with manufacturing product p using
pm machine m in kg CO4 per kg of product produced.

ds; Distance from supplier node s to manufacturing plant ¢ in miles.

dos Distance from manufacturing plant ¢ to distribution center j in
v miles.

d;j, Distance from distribution center j to customer node k in miles.

pdem Demand fulfillment rate requirement for product p at customer
pk node k.

Dem Customer demand of product p at customer node k during network

pktnts time scale t,, and scheduling time scale ¢ in kg.

( COPETm Annualized CAPEX cost for purchasing and installing processing
mi machine m at manufacturing plant 7.
capexstore Annualized CAPEX cost for installing a storage capacity for raw
ri material r at manufacturing plant 4.
capextore Annualized CAPEX cost for installing a storage capacity for prod-
pi uct p at manufacturing plant 7.

jcapeanC Annualized CAPEX cost for constructing and installing distribu-
J tion center j.

RopeTear Annualized CAPEX cost for purchasing transportation mode v.

copex Operating cost of manufacturing plant ¢, including manufacturing,
i facility management, storage, and utilities in $/kg.

copex Operating cost of distribution center j, including storage and util-

ity costs in $/kg.




Symbol Description
ctrans Operating transportation cost associated with transportation
v mode v, including fuel and driver cost in $/kg transported.
cbuyraw Purchasing price of raw material 7 in $/kg.
b7 - . .
Cap;gM Maximum supply capacity of supplier node s.
Cap™" Minimum processing capacity of machine m at manufacturing
=Py, plant ¢ in kg.
YoTT S Maximum processing capacity of machine m at manufacturing
P plant ¢ in kg.
Cap;»naz Maximum storage and handling capacity of distribution center j.
Cap;_m" Minimum operating capacity requirement of distribution center j.
Cap™" Minimum transportation capacity of vehicle or transportation
~ap, mode v in kg of product.
Canmas Maximum transportation capacity of vehicle or transportation
Po mode v in kg of product.
. Availability factor of machine m at manufacturing plant ¢ during
Yimtnts network time scale t,, and scheduling time scale t,.
fix backlog penalty cost associated with one unit of unmet demand
cymmet backlog at customer node k network time scale t,, and scheduling
time scale t,.
cbacklog Penalty cost associated with carried over one unit of unmet de-
k mand backlog at customer node k.

2 Objective Functions

The proposed supply chain optimization model considers two objective functions. The first objective min-
imizes the total supply chain network cost, while the second objective minimizes the total supply chain
network emissions.

2.0.1 Objective 1: Total Supply Chain Cost Minimization

The first objective function minimizes the overall supply chain network cost, including total operating ex-
penditures and capital expenditures across the full planning horizon.

min Z; = C%°¢N (1)
where the total supply chain cost is defined as:

AR DD DR Dl e )

tn€TN ts€Ts tn€TN

2.0.2 Objective 2: Total Supply Chain Emission Minimization

The second objective function minimizes the overall supply chain network emissions, including transportation-
related emissions, production-related emissions, and energy-related emissions across the full planning horizon.
these are representative of emissions scope 1 scope 2 and scope 3.

min Z, = BN (3)

where the total supply chain emission is defined as:



ESCN :Etrans,total+ Z Z E;l:fbd_"_ Z Z Eiq:ZSCN (4)

tn€TN ts€Ts tn€TN ts€Ts

3 CONSTRAINTS

3.1 supply Constraints

The raw material usage constraint ensures that the quantity of raw material consumed at each manufacturing
plant and machine is proportional to the quantity of product produced through the corresponding conversion
factor.

et = Y Qe X0 VreR,icl, meM, t,€eTy, ts €Ty (5)

rimitpts pimtyts
pEP

3.2 Lead time Constraints

This constraint ensures that raw material shipped from supplier s to manufacturing plant ¢ arrives after
the corresponding raw-material transportation lead time. It’s important to note that, lead time parameter
where assumed to be zero in the deterministic and stochastic.

ngizftnts’ if 75" =0
Arrivesive, ¢, = < 0, if tg < 710w VreR,se€S,iel,veV, t, €Ty, ts€Ts (6)
hi .
Xﬁsilqﬁtn,ts—frfl“w if ts > 75"

si

This constraint ensures that product shipped from manufacturing plant i to distribution center j arrives
after the corresponding plant-to-distribution-center lead time.

. d
. 0, if ¢, — 727 ¢ T | |
Arrlvpij'utnts = XShip lft _ TI)T'Od c TS Vp S P7 1€ Iv ,7 c J7 v E V, tn € TN, ts S TS
pijv,t,,,,ts—Tgmd’ s ij

(7)
This constraint ensures that product shipped from distribution center j to customer k arrives after the
corresponding distribution-center-to-customer lead time.

ship . prod __
ijkvtnts7 if et = 0
. . ) |
Arrivpjkor,e, = 1 O if ts < 70 VpeP, jed ke K, veV, t, €Ty, ts €Ts (8)
s 1 prod
ijkv,tn’tsiTprud; ifts > 77

ik

3.3 Inventory Constraints

The inventory balance constraints track material and product flow of inventories at manufacturing plants
and distribution centers over both the network time scale ¢,, and the scheduling time scale t.

The raw material inventory balance ensures that the inventory of raw material » at manufacturing plant 4
equals the previous raw material inventory plus raw material arrivals from suppliers, minus the raw material
consumed by all machines.



Invyi,e, = In0P + 30 Arrivesive,e, —  Xfie, . W eR i€l th €Ty, ts€Ts  (9)
seSveV meM

]

The inventory level of each raw material stored at a manufacturing plant cannot exceed the installed raw
material storage capacity of that facility.

Inv,, . < Capstore, VreR,1€l,t,€T,, t; € T (10)

rity

The product inventory balance at the manufacturing plant ensures that finished product inventory equals
previous inventory plus current production, minus product shipped from the plant to distribution centers.

> d shi .
Invgit, e, = Invll", + Z D CACIE Z Z Xor . VpePicl t,eTy, t,€Ts (11)
meM jeEJvEV

Similarly, the inventory level of finished products stored at a manufacturing plant cannot exceed the
installed product storage capacity.

Invpit, ¢, < Capiie™, Vpe P icl, t, €Ty, ts €T (12)

The product inventory balance at the distribution center ensures that product inventory equals previous
distribution center inventory plus arrivals from manufacturing plants, minus product shipments to customers.

: . shi .
Invpjt, t, = Inv;);::ts + E E Arrivpijet,t, — E E X;jlzgtnts VpeP, jeJ t, €Tn, ts € Ts (13)
i€l veEV keK veV

The previous inventory terms define the inventory carried into the current scheduling period. At the
first network and scheduling period, the previous inventory is equal to the initial inventory. At the first
scheduling period of a later network period, the previous inventory is the ending inventory from the last
scheduling period of the previous network period. Otherwise, the previous inventory is the inventory from
the immediately preceding scheduling period.

e if t, =t} and t, = t!

Invffij’h = Invp g, 1 giase, i ts = t!and ¢, >t} (14)
Invyit, +.-1, otherwise
e, if t, =t} and t, = t!

Invyiy 5y = Invy; gy giese,  if tg =5 and t, > t}, (15)
Invp; ¢, t.—1, otherwise
0:Pe, if t, =t! and t, = t!

Invys "y = Inwyjy oy giase, if to =t} and t, > t;, (16)
Invpji, t.-1, otherwise

where #/95¢ represents the last scheduling time period within the network horizon, ¢} represents the first
network time period, and ¢! represents the first scheduling time period within the network horizon.



3.4 Energy Constraints

The energy constraints represent energy generation, energy demand satisfaction, energy-related cost, and
energy-related emissions across manufacturing plants,at a particular network time periods, and scheduling
time periods.

The energy generation capacity constraint ensures that the energy generated from each energy source
cannot exceed the installed energy capacity multiplied by the capacity factor.

WO < ¢PCap™ Ve e B, i€ 1, tn € Ty, ts € Ts (17)

eitpts — eitn

The energy demand satisfaction constraint ensures that the total energy generated at each manufacturing
plant is equal to the energy required to support production at that plant.

WS, =03 XPre L oo i€l t, €Ty, ty € Ts (18)
ecE peEP meM

The total energy generation constraint calculates the total amount of energy generated from all energy
sources and plants during each time period.

Wit = NN WS, Vi€ T, ts € Ty (19)
eeFE 1€l

The grid energy limit constraint ensures that the amount of grid electricity used at each manufacturing
plant does not exceed the maximum grid energy allowed for production.

d .
WE o Z Z Wp.GridimXbmg o Vi€l ty € Ty, ty € Ts (20)
peEP meM

The energy installation CAPEX cost is calculated as the installed capacity of each energy source multi-
plied by the corresponding installation cost.

CotPe® = Z Z C’apgltgl RAPe® Vt, € Ty (21)
eckE iel

The energy CAPEX maintenance cost is calculated as the total energy generated from each source
multiplied by its CAPEX maintenance cost.

Ccape:vmamt Z Z Capzltg Kmamt th c TN (22)
eeFE i€l

The total energy CAPEX cost is equal to the energy installation cost plus the CAPEX maintenance cost.

Ccapexsum Ccapex Ccapexmmnt th c TN (23)

ety

The grid electricity purchase cost is calculated as the grid energy used at each plant multiplied by the
grid electricity price.

id
Co =y Wi TGrkas  Vin € T, t € Ts (24)
iel
The energy OPEX maintenance cost is calculated as the energy generated from each energy source
multiplied by the corresponding OPEX maintenance cost.

opeacmaznt qen opexmaint
Chot. E E eitnts Ve Vin € Tn, ts € Ts (25)
ecE iel

The total energy OPEX cost at each time period is equal to the grid electricity purchase cost plus the
energy OPEX maintenance cost.

. |
Copepsum — ggremamid | cgpermaint gy e Ty, € T (26)

nts
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The total energy OPEX cost over the full time horizon is calculated by summing grid electricity costs
and OPEX maintenance costs over all network and scheduling time periods.

opex,total __ § : z : opezgmd opexmaint
Cenergy O + Ctnts (27)

tn€TN ts€Ts tn€TN ts€Ts

The overall total energy cost includes grid electricity cost, OPEX maintenance cost, energy installation
CAPEX, and CAPEX maintenance cost over the full time horizon.

CfnC;JT\;y Z Z Coiﬂea:gmd_F Z Z COfexma171t+ Z Ccapex+ Z Cecgzﬂea:maint (28)

tn€TN ts€Ts tn€TN ts€Ts tn€TN tn€TN

The energy emission constraint calculates the CO5 emissions generated from each energy source at each
plant.

E%, = WIS, et Vee E,i€l, t,€Tn, ts €Ts (29)

eitpts eitnpts ez

The total energy emissions at each time period equal the sum of energy-related emissions from all energy
sources across all plants.

B{TSON =3NNS, Wty €Ty, to €T (30)
eck iel

The overall total energy emissions are calculated by summing energy-related emissions over all network
and scheduling time periods.

Egen,total: Z Z Eiq:tnSSCN (31)

tn€TN ts€Ts

3.5 Emission Constraints

The emission constraints account for transportation emissions, production emissions, energy-related emis-
sions, and total supply chain network emissions across both the network time scale ¢,, and scheduling time
scale ts.

The raw material transportation emission constraint calculates the total emissions generated from trans-
porting raw material from suppliers to manufacturing plants.

Byl =D D D Y e wdax X700 , Vta €Ty, ts € Ts (32)

reRseS i€l veV

The plant-to-distribution-center transportation emission constraint calculates the total emissions gener-
ated from transporting product from manufacturing plants to distribution centers.

B = Z Z Z Z s s dyy « X0 Vi, €T, ty € Ts (33)

peP iel jeJ veV

The distribution-center-to-customer transportation emission constraint calculates the total emissions gen-
erated from transporting product from distribution centers to customers.

h trans hi
pikint, = DD D D G i x XRE, Vi € T, s € T (34)
peEP jeJ keK veV

The total transportation emission over the full planning horizon is the sum of raw material transportation
emissions, plant-to-distribution-center transportation emissions, and distribution-center-to-customer trans-
portation emissions.

Etrans,total: Z Z Eﬁ?ﬁ&itg+ Z Z Ezs_]]—ftzf:t 4 Z Z Jsgztits (35)

tn€TN ts€Ts tn€TN ts€Ts tn€TN ts€Ts
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The production emission constraint calculates the emissions generated from manufacturing products at
each plant using each processing machine.

d d d
By, =20 D et Xy, Vit €Ty, to€Ts (36)
peEP i€l meM

The total production emission over the full planning horizon is the sum of production emissions over all
network and scheduling time periods.

pprodstotal _ Z Z Ef:fsd (37)

tn€TN ts€Ts

The total supply chain emission at each time period is the sum of transportation emissions, production
emissions, and energy-related emissions.

SCN __ raship ship ship prod genSCN
B =Ersint, T Eio, T Ejer, T B, T Ei, Vi, €1Tn, ts €Ts (38)

The overall total supply chain emission is calculated by summing transportation emissions, production
emissions, and energy-related emissions over the full planning horizon ( scope 3, 1 and 2 respectively).

ESCN:Etrans,total+ Z Z E£T2d+ Z Z Eiq:ZSCN (39)

tn€TN ts€Ts tn€TN ts€Ts

3.6 Emission Epsilon Constraint

The total supply chain emissions are restricted by an emission cap that is determined using the e-constraint
approach:

Ecap — pmin +e (Emax _ Emin) (40)
The total supply chain emissions must satisfy:
ESC’N S Ecap 4T (41)
where:

o E9CN ig the total supply chain network emission,

e F°P ig the allowable emission limit,
e ¢ is the emission trade-off parameter,

e 7 is a small numerical tolerance used to avoid solver precision issues. 7 was set to 10e-4

3.7 Demand Constraints

The demand fulfillment constraint ensures that the total quantity of product delivered to each customer over
the each scheduling horizon satisfies the required fraction of total customer demand.

For each product p and customer k, the total amount of product arriving at the customer from all
distribution centers and transportation modes must be greater than or equal to the required demand level.

Z Z Z Z Arrivpgot,t, > Z Z Dempktntspﬁzm Vpe P, ke K (42)

jeJveV t,€Tn ts€Ts tn€TN ts€Ts
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3.8 Cost Constraints

The cost constraints account for transportation CAPEX, machine CAPEX, distribution center CAPEX,
transportation OPEX, production OPEX, raw material purchasing cost, storage cost, energy cost, backlog
cost, and the overall total supply chain network cost.

The transportation CAPEX cost is calculated for each transportation layer based on the selected trans-
portation mode and its annualized purchase cost.

C;:lf,‘zf = Z Z Z Ky P Y sit, Vi, € Tn (43)

seS iel veV
capexr __
Cijv,t" = Z Z Z Kic)apewcarymjtn Vt, € T (44)
i€l jeJveV
capexr __ capexcar
Cjkv,tn = E E E Ky Yojkt, Vt, € Tn (45)
j€J keK veV
capex,car __ capez capex capex
Ctn Csw Jn Cz]v tn Cgkv tn Vin € TN (46)

3.8.1 Machine CAPEX Cost

The machine CAPEX cost is calculated as the annualized cost of each installed processing machine.

th:pez,machine Z Z Hcapewmymitn th c TN (47)
i€l meM

3.8.2 CAPEX for Storage Capacity

Similarly, the CAPEX cost associated with the raw material and product storage installation can be calcu-
lated as below:

cape:n store capez: store store
T’tn ZK Yrit,, » VreR, t, €T, (48)
el
t 2 : t
Ccape:z ,store Ecapez _store ;f?re’ vp e P, tn e Tn (49)
el

3.8.3 Distribution Center CAPEX Cost

The distribution center CAPEX cost is calculated as the annualized construction cost of each selected
distribution center. it is important to note that the distribution center installation cost include storage
capacity cost as well.

CporenPC = N " yeererDCy Vi, € Ty (50)

jeJ
3.8.4 Transportation OPEX Cost

The transportation OPEX cost is calculated by multiplying shipment quantities by their corresponding
route-level transportation cost.

CFer, =D D > N xoun | cians Wty € Ty, t, € Ty (51)

reR seS i€l veV

o = Z Z Z Z XSZthnts dram Yty €Ty, ty €T (52)

peP i€l jeJveV

Cogiontats = 2222 2 D Xpjin, o, ™ Vtn € Ty, to € T (53)

pEP jeJ ke K veEV
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3.8.5 Production OPEX Cost

The production operating cost is calculated by multiplying the production quantity at each plant by the
plant operating cost.

Copetrod = N NN PrXI L Yt €T, by € Ts (54)
peP i€l meM

3.8.6 Raw Material Purchasing Cost

The raw material purchasing cost is calculated by multiplying the amount of raw material shipped by the
purchasing price of each raw material.

Crigm =D D D X, Vi €Ty, t, € Ts (55)

reR seS i€l veV

3.8.7 Distribution Center Storage Cost

The distribution center storage cost is calculated by multiplying inventory stored at each distribution center
by the distribution center operating cost.

Coret =33 P Invgje,e,  Vtn € Ty, ty € Ts (56)
peP jeJ
3.8.8 Total OPEX Cost

The total operating cost at each time period includes transportation cost, production cost, raw material
purchasing cost, distribution center storage cost, energy operating cost, and backlog penalty cost.

opexr __ ,opex opex opex opex,prod buyraw opex opexsum backlog
C nts Crsiﬂ,tnts+Cpijv,tnt5+ijk:’u,tnt5+cpitnts +Critnts +ijtnts+cetnts +Ctnt3 Vt, € Ty, ts €Ts
(57)
3.8.9 Total CAPEX Cost

The total capital cost at each network time period includes transportation CAPEX, machine CAPEX,
distribution center CAPEX, and energy CAPEX.

CtC:LlZ)ECE — Cgillitzf_"_cfjalfif_’_c‘;ggiz _’_th:,pew,machzne+C§§Lfew,store+C;?fez,store+C§:pez,DC+C§?fea:sum vtn E TN
(58)
3.8.10 Overall Total Supply Chain Cost

The overall total supply chain network cost is calculated as the sum of all operating costs and capital costs
over the full planning horizon.

CSCN: Z Z ng)zx_~_ Z Ccspew (59)
tn€TN ts€Ts tn€TN
3.9 Capacity Constraints
3.9.1 Machine Capacity Constraints

The installed machine capacity should be greater than the total quantity of product manufacture at plant 7.
This install capacity is bounded by the minimum and maximum allowable capacity
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> oxre < Capmit, Yimt,e, Vi€l meM, t, €Ty, t;, € Ts (60)
peP

m

Capl ™y, < Capmir, < Capm ™yt Viel, meM, t, €Tn (61)

3.9.2 Storage Capacity Installation Constraints

Similarly, the installed storage capacity for raw materials is bounded by the minimum and maximum allow-
able storage capacities only when the corresponding storage installation binary variable is activated.

Capf::re,minyilt_?:e < Capstore < Cap‘is;f:r&maxy:ﬁ):e’ Vr € R7 = I, t, € Tn (62)

Tit,
Similarly, the installed storage capacity for finished products is bounded by the minimum and maximum
allowable storage capacities when the corresponding product storage installation binary variable is activated.

Cap, 2™ ystore < Caplle™ < Capl” ™ ysiere,  Vpe P iel, t, €T, (63)

itn ity

3.9.3 Distribution Center Capacity Constraints

The installed DC capacity should be greater than the total quantity of product shipped at distribution center
7. This install capacity is bounded by the minimum and maximum allowable capacity

Cap;»”i"yjt” < CaijtS < Cap**y; Vied t,e€Tn (64)

n

SN xhE < Caph Vi€ t, €Ty, t €Ty (65)
pEP ke K veV

3.9.4 Distribution Center storage Capacity Constraint

The total quantity of products shipped from distribution center j during scheduling period ts cannot exceed
the available distribution center capacity after accounting for the inventory currently stored at the facility.

Z Z Z Shippjkotnt, < C’apﬁf — Z Invpjt, +, Vi€ ty, €Ty, ts €T (66)
pEP kEK vEV pEP

3.9.5 Supplier Capacity Constraint

Z Z Z Xffi’ftnts < Cap?™  VYse S, t, €Ty, ts € Ts (67)
reR i€l veV

3.9.6 Supplier-to-Plant Vehicle Capacity Constraints

S OXE < Capsini,  Vs€S, i€l veV, t, €Ty, t.€Ts (68)
reR
Capvminysivtn S Capvsitn S Capzna;vysivtn Vs € S) 1€ I, (RS V: tn S TN (69)

3.9.7 Plant-to-Distribution Vehicle Capacity Constraints

S oXE < Capiju, Vi€l jeEJ veEV, t, €Ty, t,€Ts (70)
pEP
Cap’v'”"yijvtn < Capuije, < Capy*“Yijot, Viel, jeJ, veV, t, €Ty (71)
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3.9.8 Distribution-to-Customer Vehicle Capacity Constraints

doxomr < Capjrr,  ViEJ k€K veEV, ty €Ty, t, €Ty (72)
pEP
Capvmi”yjkvtn < Capujit, < Capy “Yikot, Vied, keK,veV,t,eTy (73)

3.10 Backlog Constraints
3.10.1 Customer Arrival Decomposition

Equation (74) decomposes the total quantity arriving at customer k into two components: the portion used
to satisfy current-period demand and the portion used to reduce previously accumulated backlog.

Arrivpiket,t, = Arrivgjg}}tnts + Arrivz?zlf}tnts VpeP jeJ ke K,veV, t, €T, ts€Ts (74)

3.10.2 New Unmet Demand Constraint

UnmetDemandpp:, +, = Dempktntspgzm - Z Z Arrivgje-,’c':)tnts VpeP ke K, t, €Ty, ts €Ts (75)
jeJveV
SN Arrivisi, o < Demppr, " Vp€ P, k€K, ty €Ty, to €Ty (76)
jeJveV

Equation (75) defines new unmet demand as the portion of current-period demand not satisfied by
arrivals allocated to current demand. Constraint (76) prevents the model from assigning more current-
demand arrivals than the demand required in that period.

3.10.3 Customer Backlog Balance

Backlogpkt,:, = Backlog®t", +UnmetDemand?, " Z Z Arrivfg,ﬁ’f}tnts VpeP ke K, t, €Ty, ts €Ts

pktnts pktnts
jeJveV
(77)
0, if t,, =t: and ty = t!
Backlogyi", = { Backlogpyy, —1giest, if te =13 and t, > t,, (78)
Backlogpi i, t.—1, otherwise
0, if t, =tL and t, = t!
UnmetDemandy, ", = ¢ UnmetDemandyyy, 1 o=, if tg =t§ and t, > t}, (79)
UnmetDemandpy ¢, t.—1, otherwise

where #195¢ represents the last scheduling time period within a network period, t. represents the first
network time period, and t! represents the first scheduling time period.

3.10.4 Backlog Penalty Cost

The backlog cost at each time period includes two parts: the penalty for new unmet demand and the penalty
for accumulated backlog carried over from previous periods

Cyecttos — Z Z (c}énmetUnmetDemandpktnts + czuCklogBack‘logpktntJ Vt, € Tn, ts € Ts  (80)
peEP keEK
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4 2-Stages Stochastic Model

4.1 New Objective Function

Since the model considers two uncertain parameters, machine availability and demand, the stochastic scenario
set is defined as the Cartesian product of the availability scenario set and the demand scenario set:

Q=04x0P (81)

where Q4 is the set of machine availability scenarios and QP is the set of demand scenarios. Therefore,
each joint scenario w € €2 represents one realization of both machine availability and customer demand.
The probability of each joint scenario is defined as:

T = MuAT,D, Yw = (w,wP) € Q (82)

The two-stage stochastic objective minimizes the sum of deterministic first-stage investment cost and the
expected second-stage operating cost:

min Z = C;;::pex + Z Tw ( Z Z Cﬁ?ﬁt,w) (83)

tn€TN weN tn€TN ts€Ts
—_——

first-stage investment cost  expected second-stage operating cost

4.2 Joint Uncertainty Scenario Representation

The stochastic model considers two independent sources of uncertainty: machine availability and customer
demand. Let a € A denote the machine availability scenario and d € D denote the demand scenario. The
combined scenario is defined as:

w = (a,d), weW=AxD (84)

where W is the set of joint uncertainty scenarios.
The probability of each joint scenario is given by:

Tw = TaTd, Yw = (a,d) e W (85)

where 7, is the probability of machine availability scenario a and 74 is the probability of demand scenario
d.

4.3 Demand Uncertainty
Scenario-dependent demand is defined as:
Dyitt. = 0aDprt, . VpeP, keK, t, €Ty, ts €Ts, w=(a,d) €W (86)

where Dpyt, ¢, is the baseline demand and 64 is the demand multiplier under demand scenario d.

Table 4: Demand uncertainty scenarios.

Demand Scenario Demand Multiplier §; Probability g Description
D, 1.05 1/3 5% demand increase
Dy 1.00 1/3 Baseline demand
Dy 1.10 1/3 10% demand increase

The minimum demand fulfillment requirement must hold under each joint scenario:

Z Z Z Z ATTivy et > Z Z apk Dy i, VpeP ke K, weW (87)

jeJveEV t,€TN ts€Ts tn€TN ts€Ts
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4.4 Machine Availability Uncertainty

Machine availability under each joint scenario is defined as:

YVimtnt., = Yas Viel, me M, t, €Tn, ts € Tg, w=(a,d) e W (88)

where 7, is the machine availability factor associated with availability scenario a.
The available production capacity is adjusted by the machine availability factor:

> Qmtnt, < CaPimt, Vionti, Vi€l meM, t, €Ty, t, € Tg, we W (89)
peP
The Process availability is modeled using an adapted PID proposed by Kusolsongtawee et al. [14] See
simplified PID diagram below.
OREDA database [17] data were used to run the Monte Carlos simmulation can be see in the table below.
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Figure 1: System availability block diagram for the LLDPE production process.

Table 5: Reliability data for the major processing equipment from OREDA DATA BASE.

Equipment Low [h] Mean [h] High [h] Low [h] Mode [h] High [h]
Mixer 6,310 3,916 2,696 2 15.3 66
Reactor 12,450 4,906 2,333 58 125.8 217
Compressor 5,000,000 5,626 1,363 0.3 15.9 410
Heat Exchanger 119,904 19,818 8,193 1 21.1 279
Separator 1 144,509 7,299 2,439 1 13.4 52
Separator 2 4,545,455 12,620 3,222 1 9.6 47

At the process level, The system reliability is represent with the availability metric to account for the
failure rate on the an equipment in the production process. The Availability metric if formally defined as
[citation]:

Availability Metric : Probability of failure calculation

MTBF, ;
A= g
11 MTBF, ; + MTTR,, (90)

Here we assumed the process is made of a mixer, a reactor, a compressor, an heat exchanger and of one

18



or two separator install at the first stage decision. When the system decide on the number of separator to
install anmoung the two, the system availability is calculate as below:

Asystem =A; x Ay X A(3475) (91)
Azg = Az x Ay (92)
A@as) =1—(1— Azq) (1 - A5) (93)
Agystem = A142[1 — (1 — Az A4) (1 — A5)) (94)
Where,
1 = Mixer,
2 = Reactor,

3 = Compressor,
4 = Heat Exchanger,

5 = Separator.

Following the above, discrete probability were generated for the system availability as below:

Table 6: Machine availability uncertainty scenarios.

Availability Scenario  Availability Factor v, Probability 7, Description
A 0.30 0.0044 Severe disruption
As 0.40 0.0434 Below-average availability
As 0.60 0.1698 Base-case availability
Ay 0.80 0.4476 Above-average availability
As 1.00 0.3346 Full availability

5 APPENDIX

5.1 Appendix A : Deterministic Case Study Parameters

Table 7: Customer demand quantities and penalty fees during the first year.

Customer Location Quantity LLDPE [kg/day] Backlog Penalty Fee [$/kg] Unmet Demand Penalty Fee [$/kg]

Ohio 600 500 500
Philadelphia 1200 800 1000
Georgia 1400 500 500

The below table show all input for the energy generation for LLDPE grade 1 produce. (see table 4)

19



Table 8: Raw Material Conversion and cost.

Raw Material

Conversion factor

Price [$ /kg]

Ethylene
Nitrogene
Hydrogene

Cyclohexane

0.911088
0.006699
0.00003915
0.00002175

0.07
0.01
1.50
0.90

Table 9: Raw Material Conversion factor and purchasing cost

Table 10: Manufacturing plant raw material and product storage capacity.

Location

Min Capacity [kg]

Max Capacity [kg]

Capex over 30 yrs [$]

Texas Plant Raw Storage
Louisiana Plant Raw Storage
Texas Plant Product Storage

Louisiana Plant Product Storage

50
20
50
20

70,000
60,000
43,750
37,500

1,050,000
900,000
300,000
257,143

Table 11: Maximum capacity and economic characteristics of processing technologies at each manufacturing

plant.
Min. Capacity Max. Capacity Conversion CAPEX
Technology [kg] [kg] Factor [%] over 30 yrs [$]
Machine 1 300 350,000 97 4,200,000
Machine 2 100 300,000 90 5,600,000

Table 12: Maintenance Cost at Each plant.
Maintenacne Cost[$ /kg]
0.12
0.07

Plant Location

Texas

Louisiana

Table 13: Vehicle characteristics including capacity limits, purchase restrictions, emission factors, operating
expenditures (OPEX), and capital expenditures (CAPEX).

Emission
Min. Max. Factor CAPEX
Capacity Capacity PpPyrchase kg CO2/ OPEX over 10 Years
Vehicle Type [kg] [kg] Limit kg-mile] [$/mile] [$]
Heavy Duty Truck 15,000 36,000 5 2.05 x 10~4 0.110 120,000
Mid-size Truck 3,000 12,000 3 2.05 x 10~ 0.118 70,000
Light Truck 1,500 4,000 5 2.20 x 1075 0.125 40,000

Table 14: Distribution center storage capacities and economic parameters.

Min. Capacity Max. Capacity CAPEX OPEX
Location [kg] [kg] over 30 yrs [$] [$/kg]
Texas 500 1,095,000 525,600 0.02
Philadelphia 100 730,000 420,480 0.13
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Table 15: Energy demand Intensity per product.
Plant Location Quantity LLDPE [KW- day)]
Texas 1.01

Louisiana 1.01

Table 16: Energy capacity Factor and emission.

Energy Source | Capacity factor | Emission factor kg C02 eq/ KWH]
Wind Turbine 0.3246 0.00957
PV Solar 0.2165 0.0324
Grid 1 0.4192498424
Gas Turbine 0.90 0.353

Table 17: Capacity factor for energy conversion and emission factor

Table 18: Energy source capital and maintenance costs.

CAPEX Maintenance Maintenance
Energy Source [$/kW] CAPEX [$/kW-year] OPEX [$/kWh]
Wind Turbine 7.6371 24.5 0
PV Solar 1.1835 11.0 0
Grid 0 0 0
Gas Turbine 2.2729 10.0 0.0354

Table 19: Grid electricity prices and maximum grid purchase limits at each manufacturing plant.
Grid Price Grid Purchase Limit

Plant Location [$/kKWh] [kWh/day]
Texas 0.0637 0.151
Louisiana 0.0541 0.151
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