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ABSTRACT

A generic supply chain network primarily contains all activities that change raw materials to
conclusive products, and deliver it to the end customers. Advancement in communication and
technology enabled the firms to extend their supply chain activities to multiple countries and
cultivate the advantage of asymmetries in knowledge and capabilities. However, only extending
the supply chain activities may not necessarily fulfill the local needs of a country. Thus, there is a
need for the paradigm shift in manufacturing from localization to globalization to glocalization.
International manufacturing network (IMN) is an integrated network of such glocal production-
distribution networks. This thesis aims to study IMN with three perspectives i.e. its configuration,
co-ordination and impact on the environment. Configuration includes strategic decision making
for facility locations and their state of operation whereas Coordination deals with the management
aspect of such network. The thesis provides the qualitative, quantitative and integrated decision
making models for IMN. Most of the models proposed in the thesis are either mixed integer linear

programs (MILP) or mixed integer non-linear programs (MINLP).

The qualitative study is carried out to identify and analyze the inter-relationship among various
factors critical to the configuration and functioning of IMN. For this purpose, twenty nine factors
have been identified from literature review and continuous deliberations from industry experts. All
the factors are broadly classified under six domains viz. Political, Economic, Social,
Technological, Legal and Environmental (PESTLE). Three different multi-criteria decision
making techniques (MCDM) namely, a combination of PESTLE and strength, weakness,

opportunity and threat (SWOT), analytic hierarchy process (AHP), and interpretive structural



modelling (ISM) have been employed to analyze the driving power and dependence of the factors.

The results obtained from the above approaches are compared to identify common driving factors.

After qualitative analysis of the IMN enablers, the research then focuses on developing
quantitative models for IMN. The proposed models consider a broad facility network of
manufacturing plants and warehouses located in multiple countries. The model considers import
export cost, loan subsidies, depreciation expense and other operating costs applicable to a specific
country. Besides the novel consideration of international trade issues, the models proposed in the
thesis assume significance over the traditional production-distribution models by providing
country specific analysis. This enables the decision makers to monitor the operations in a particular
country and devise country specific strategies within an international ecosystem. The research
further attempts to extend the proposed model for IMN to include reverse logistics. A hybrid
facility network is considered for cost-cutting and equipment sharing where the facilities of
forward logistics are also equipped to provide reverse logistics services. Furthermore, the research
attempts to address the environmental sustainability in the proposed models by quantifying carbon
emissions. The carbon emissions are considered due to both FRL activities and are regulated using
cap and trade policy. The research also investigates the influence of different trade policies on the

total carbon emissions and total cost.

The research further attempts to develop stochastic model to balance resilience and sustainability
in an uncertain market demand and product return scenario. The chance-constrained approach is
used to obtain the deterministic equivalence of the stochastic demand and returns. The validation
of the model has been done using randomly generated data sets. The parameters of the data sets

are mapped with the 3V’s of big data such as volume, velocity and variety.



After developing qualitative and quantitative models for IMN separately, the research attempts to
integrate them. The results of qualitative model are provided as input to the quantitative model to
support more realistic decision making. This integrated model helps to provide order of preference
of facility-country pair and estimates the deviations in carbon emissions and total cost when a

facility-country pair is preferred or not preferred.

Lastly, thesis is concluded by summarizing all chapters, providing major contributions, and

recommendations for the future research.

Keywords: IMN, supply chain management, sustainability, resilience, reverse logistics, capacity

expansion, hybrid facilities, MILP, MINLP, stochastic, AHP, ISM, IRP, PESTLE-SWOT
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Ef Variable emission factor corresponding to the load carried, fuel type, distance traveled and

mileage of the carrier.

Fl,. Setup/Maintenance cost of it" plant in ¢t* country for t*" period

F2je Setup/Maintenance cost of j** warehouse in ¢ country for t*" period
FPN;., Setup cost of it" plant in c*" country for t** period

FPE,., Fixed Expansion cost of i*" plant in ¢* country for t** period

FWNj.:  Setup cost of j"" warehouse in c¢** country for t** period

FWE;.. Fixed Expansion cost of j* warehouse in ¢ country for t** period

Fyd Constant inverse cummulative function for random demand for given p,;.; having
QSpkct pKC

mean mean () and standard deviation (o)

-1

Constant inverse cummulative function for random product returns for given o+
Rpkct pKrc
having mean (p) and standard deviation (c)
FEf Fixed emission factor corresponding to the number of carriers/trips required

irrespective of the load carried.

" country for t** period

Hyjce  Unitholding cost of p™ productin ¢t
LA Loan granted to ¢ country in ## period for setting up facilities in that country
LI (r, T) Interest rate calculation factor for loan granted to ¢ country with interest rate r to

be repaid in time T

LN, Interest payments on loan amount given to ¢ country in #% period
ct pay g y p
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tth

QSpkce  Demand for pt" product at k" market in cth country for t** period

Q ;’ggtx Existing maximum capacity of i*" plant at cth country for p** product in t*" period

Q ,;;lggf Existing maximum capacity of j** warehouse located in cthcountry for p** product in
tt" period

RF,j.c  Refurbishing cost per unit of p** product at j** warehouse in ¢** country in t** period

h

Rpket Product returns of p™ type product from kth market in ¢" country in /! time

period

T1y,icie Shipment cost of a unit of pt" product from i*" plant located in c** country to i’th plant

tth

in o™ country for t** period

h

T2picjpe  Shipment cost of a unit of p™* product from i*" plant located in c*"* country to

warehouse in b*" countryfor t** period

T3,ickpe  Shipment cost of a unit of p™* product from i*”* plant located in c** country to k"

tth

market in b** countryfor t** period

T4 Shipment cost of a unit of p** product from j** warehouse located in c** country to j't"

pjcjrbt
warehouse in b*" countryfor t** period

h

T5,jckpe  Shipment cost of a unit of p™* product from j** warehouse located in ¢** country to k™"

market in b** countryfor t* period

h

T6pc:  Unit Import/Export cost of pth product shipped from ¢* country to b*" country

for t™" period

h

T7pkejec  Shipment cost of a unit of p*”* product from k** market to j** warehouse in c¢** country
for t'" period (includes to and fro shipments)
T8pjcicc  Shipment cost of a unit of pt™" product from j®* warehouse to ith plant in ¢!* country
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for t** period (includes to and fro shipments)
UA; Maximum limit of capacity expansion of it* plant in ct* country for t** period
UBj¢: Maximum limit of capacity expansion ofjth warehouse in c¢t" country for t** period
VPE;,,  Variable Expansion cost of i" plant in c*" country for t** period
VWEj.  Variable Expansion cost of j* warehouse in c*" country for t** period
Vp Packaged volume of p** product
pprer  Level of probability that demand of the p™ product in k** market in cth country in t™
period having mean mean (p) and standard deviation (o)
At Carbon emission quota in c¢t"* country for t**period
apkce  Level of probability that warranty period returns of p" type product from k” market in
¢ country in t** period having mean (1) and standard deviation (o)
Q Maximum load capacity of carrier in volume
List of Variables
CE1,, Carbon emissions due to trasnportation of all the products in ¢ country for tt"
period
CE2,, Carbon emissions due to production of all the products in ¢"* country for tt"
period
CE3,, Carbon emissions due to storage of all the products in ct" country for t** period
CE4,  Carbon emissions due to repairing of all the products in ct* country for t** period
CE5,, Carbon emissions due to remanufacturing of all the products in c¢* country for t* period
DP., Depreciation expense in production of all the products at all the plant in ¢t country
for t** period
FCict Setup cost of all the plant and warehouses in c** country for t** period
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IE

IH

IN, e
K1
K2ict
PC,,

leicirbt

Q2picjbt

Q3pickbt

Q4pjcjmt

Qspjckbt

Q6pkjct
Q6pkcjct
QPpict

QRFpkjct

lth

Carbon bought/purchased in ¢’ country for /' period

h l‘th

Import-export cost of all the products in ¢™ country for /* period

Inventory holding cost of all the products at all the warehouses located in ¢ country
for /M period

Balance inventory of p'™ product at j warehouse located in ¢™ country for 7 period

h

Capacity expansion of j warehouse in ¢ country in " period

tth

Capacity expansion of i’ plant in ¢ country in 7 period

tth

Cost of producing all the product at all the plants in ¢t* country for t* period

Unit of p' product shipped from i ' plant located in ¢ country to i plant located in

b country for /7 period

sth

Unit of p'" product shipped from i ™ plant in ¢ country to /" warehouse in ™ country

for /" period

Unit of p™ product shipped from i ' plant in ¢ country to market k in »™ country for
M period

Unit of p™ product shipped from j warehouse located in ¢ country to j* ™ warehouse

located in o™ country for /™

period

Unit of p™ product shipped from ;j* warehouse in ¢ country to market k in o™ country
for " period

Unit of p™ product shipped from k" market to j™ warehouse in ¢ country for £ period

Unit of p" product shipped from k" market to j warehouse in ¢ country for /" period

Quantity produced at i plant at ¢ country for p' product in /"

period
Quantity of p™ product refurbished at /" warehouse returned from & market located in

¢ country in 7" period
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" country returned from k"

QRFpycjce Quantity of p™ product refurbished at /™ warehouse in ¢!
market located in ¢ country in #" period
QRM,yjice Quantity of p™ product remanufactured at i plant returned from k" market via ;"

warehouse at ¢ country for in /" period

QRMypycjcice Quantity of p™ product remanufactured at i plant in ¢ country returned from "

market in ¢ country via j” warehouse at ¢ country for in /1 period
RMC,, Remanufacturing cost of all the returned products in ¢ country for /" period
RC.; Repairing cost of all the products in ¢™ country in /" period
TC,; Transportation cost of all the product in ¢t"* country for t** period
U — {1 if warehouse j is to be expanded in country c for period t
et o otherwise
Voo — {1 if plant i is to be expanded in country c for period t
et 0 otherwise
Y. = {1 if plant i open in country c for period t
et 0  otherwise
Y. = {1 if warehouse j is open in country c for period t
Jet = o otherwise
Zot Carbon trading cost in ¢ country for /" period
N1 icibe Number of carriers required by i plant in ¢” country to ship to i " plant in 5" country
in /" period
n2icjbt Number of carriers required by i” plant in ¢ country to ship to j warehouse in b
country in #* period
n3icker Number of carriers required by i” plant in ¢ country to ship to £ market in »” country

in " period
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n4i;»  Number of carriers required by j” warehouse in ¢ country to ship to j " warehouse in

b" country in # period

NS Number of carriers required by j warehouse in ¢” country to ship to k" market in b"

country in #” period
N6rjer  Number of carriers required to collect return products from the k” market and ship to j*

warehouse in ¢ country in # period

n7iic Number of carriers required by j” warehouse to ship products for remanufacturing to i”

plant in ¢” country in #” period
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AHP
CSR
CLSC
EA

EPR
FDI
FRL
FTA
GDP
GHGs
GSCM
IMN
IMRN
[oT

IRP

ISM

JIT
MCDM
MILP
MINLP
OEM
PCA
PESTLE
RFID
RL-IMN
SSIMRN

LIST OF ABBREVATIONS

Analytical Hierarchy Process
Corporate Social Responsibility
Closed Loop Supply Chain
Elimination Algorithm

Extended Producer Responsibility
Foreign Direct Investment

Forward and Reverse Logistics
Free Trade Agreement

Gross Domestic Product

Green House Gasses

Global Supply Chain Management
International Manufacturing Network
International Manufacturing-Remanufacturing Network
Internet of Things

Interpretive Ranking Process
Interpretive Ranking Process
Just-in-Time

Multi-Criteria Decision Making
Mixed Integer Linear Program
Mixed Integer Non-Linear Program
Original Equipment Manufacturer

Principal Component Analysis

Political Economic Social Technological Legal Environment

Radio Frequency Identification

Reverse Logistics International Manufacturing Network

Sustainable and Stochastic International Manufacturing-Remanufacturing
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Network
SWOT Strength Weakness Opportunities Threat
WEEE Waste Electrical and Electronic Equipment
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