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Background and Motivation

. are the consumer goods that, next
to food and beverages, are purchased most often and also
replaced most frequently.
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Background and Motivation

. , along with , represent
an immense industry with wide economic importance valued
at $3 trillion in U.S. dollars in terms of turnover in 2011.

» This industry utilizes extensive amounts of natural resources
from water and grown cotton, energy, as well as chemicals.

e There will be 9 billion people on our planet in 2050. Growth
in this industry is expected, along with an expected increase in
associated emissions, if appropriate environmental mitigation
actions are not taken.
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Background and Motivation

uses only 3% of the world farmlands but more than
10% of the total pesticides and about 25% of the world’s
insecticides.
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Background and Motivation

This industrial sector is a primary
source of

® Apparel and textiles account for
about 10% of the total carbon
emissions.

» Textiles are the fifth largest
contributor to CO2 emissions in
the United States.

* 10% of the total CO2 emissions
from a life cycle perspective can be
attributed to transport.
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Background and Motivation

» Fashion trends that once lasted for
years are now replaced several
times per season.

* The rapidly changing world of
fashion pushes towards
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Background and Motivation

* The increasing competitive pressure on lower prices has led to
production moving to low cost countries in the Far East with

» Apparel and fashion products are manufactured, stored, and
distributed in global supply chains.

« Only 20% of the United Kingdom's annual consumption of
clothing is manufactured there.

« The long and fragmented fashion supply chain is characterized
by
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Background and Motivation

e There is a divide between those who get the benefits from
fashion on the customers' side and those who pay the social
and environmental costs.

« A transformation of this industry should include
, as well as the * " of
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Background and Motivation

e Preliminary efforts are underway with the establishment of the
Sustainable Apparel Coalition (SAC) and its creation of the
Higg Index.
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Sustainable
Apparel Coalition
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Background and Motivation

» Consumers become increasingly aware of the negative
environmental impacts of manufacturing apparel.

* Many fashion firms are recognizing that green or eco-friendly
apparel is a way of differentiating one's products and
enhancing brand recognition.

* However, eco-friendly clothes are bought only if customers
perceive the products as to competitors’ offerings.
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Background and Motivation

e There are challenges:

e 51% of customers identify environmental friendliness as being
an important factor in their apparel purchasing decisions.

« Only are willing to pay more for such clothes.

» Consumers need a readily accessible and easily understandable
mechanism to identify the environmental impact of the
apparel that they purchase.

» 83% of customers believe that the company should be
responsible in informing the customers about the
manufacturing conditions; and

* 95% of customers prefer to get this information through
product labelling.
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Background and Motivation

. reveal the product
carbon footprint to consumers.

* Such labels entail a cost to
producers, but provide valuable ;g’mg,e:em\-i_

BIENESS

information to concerned
consumers.

e The environmental quality
associated with an apparel or
fashion product may be a positive
attribute.
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Relevant Literature

e Fashion Supply Chains:
Choi (2011), Choi et al. (2013)

» Sustainable Supply Chains:
Sheu, Chou, and Hu (2005), Seuring and Muller (2008),
Nagurney and Nagurney (2011), Boone, Jayaraman, and
Ganeshan (2012), Nagurney (2013), Nagurney, Yu, and
Floden (2013)

» Network Economics:
Nagurney and Yu (2011), Nagurney and Yu (2012), Nagurney,
Li, and Nagurney (2013), Nagurney and Li (2014)

Nagurney, Yu, and Floden Fashion Supply Chain Network Competition with Ecolabelling



The Fashion Supply Chain Network Model with
Ecolabelling

e The fashion firms compete
noncooperatively in an oligopolistic manner.

A fashion product is distinguished by the firm's

« Fast fashion products: H&M, Zara, etc.
« Luxury brands: Chanel, Hermes, Vuitton, etc.

The fashion firms incur ecolabelling costs.

* Consumers reflect their preferences for the
through the demand price functions, which include the
carbon emission information.

Nagurney, Yu, and Floden Fashion Supply Chain Network Competition with Ecolabelling



The Fashion Supply Chain Network Model with
Ecolabelling

Fashion Firm 1 Fashion Firm /
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Conservation of Flow Equations

e f,: the flow on link a;

® X,: the flow on path p joining fashion firm / with a demand market
node;

® d;: the demand for fashion firm i's product at demand market Ry.

Relationship between link flows and path flows

fo=) Xp0sp, Va€L (1)

peP

Relationship between path flows and demands

> xp=du, Vi, Vk. (2)
pEP]
Nonnegativity
x, >0, VpeP. (3)
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Operational Costs

e ey(f,): the generated on link a:

« It includes the emissions generated also through sourcing; and
« It also includes other GHG emissions.

Total Operational Cost Functions

& = &(f,ei(fy)), Vael (4)

» The total cost expressions capture
among the firms for resources used in the manufacture,
transportation, storage, and distribution of their products.
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Ecolabelling Costs

The fashion firms adopt ecolabelling due to
» Peer pressure from organizations such as SAC, and/or

» Environmental regulations, and/or

® The possible consumer pressure.

Ecolabelling Cost Functions

nr
l,-:l,-(Zd,-k), i=1,...,1. (5)
k=1

* The cost associated with ecolabelling includes:

« The extra labelling of the fashion product
« The research cost associated with quantifying the emissions
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Demand Prices

e E;: the emissions generated by fashion firm /;

e E: the vector of the emissions generated by all the fashion
firms.

Demand Price Functions
pik = pik(x) = pi(d, E), Vi, Vk. ©)

* The functions capture the of the
competitive fashion supply chain network.

» Because of ecolabelling, the consumers at the demand
markets are now informed as to the total emissions
generated by each of the fashion firms.
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Profits

The Profit Function of Firm 7
Ui = ZRpik(d, E)dy — Y &(f,ea(fa)) — /i(ZR dic).  (7)
k=1

k=1 acl’
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Fashion Supply Chain Network

A path flow pattern X* € K = HI{:]. K; constitutes a fashion
supply chain network Cournot-Nash equilibrium with ecolabelling if
for each firm i; i=1,...,1/:

Ui(X7, X7) = Ui(Xi, X)), ¥X € Ki, (8)

where X7 = (X{,..., X 1, X"\ p,..., X)) and
Ki = {Xi|X; € RIP'}.

An equilibrium is established if NO fashion firm can unilaterally
improve its profit by changing its product flows, given the decisions
of the other firms.
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Variational Inequality Formulation

Variational Inequality (Path Flows)

Determine x* € K such that:

I A ey ol MR g ok
ZZ Z BC,,(: ) . 5”:(Xp ) — () __Z aﬂu(p ) Z_X*

where K! = {x|x € R]"}.
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Variational Inequality Formulation

Variational Inequality (Link Flows)
Determine (f*,d*) € K2 such that:

[ 3 Ol l5) S OnldE) ()] o
2 OE; T

I ng ZHR d*) ng ap"(d* E)
= VT, (dE — AT T g
+ Z [ 6dlk plk(d ) E) Z adik dy

i=1 k=1 =i

X [dy — d3] >0, V(f,d) e K?, (10)

where K2 = {(f,d)|3x > 0, and (1) and (2) hold}.
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Existence

There exists at least one solution to variational inequality (9)
(equivalently, to (10)), since there exists a b > 0, such that
variational inequality

(F(XP)T, X — XPYy >0, VX €Ky, (11)
admits a solution in Cp with

xP < b. (12)
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Uniqueness

With existence, variational inequality (11) and, hence, variational
inequality (10) admits at least one solution. Moreover, if the
function F(X) of variational inequality (10) is strictly monotone on
K = K2, that is,

(FIXYH) = F(x?)T, xt = X2 >0, vxLx2ek, X! #X2
(€))

then the solution to variational inequality (10) is unique, that is,
the equilibrium link flow pattern and the equilibrium demand
pattern are unique.
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An lllustrative Example

Fashion Firm 1 Fashion Firm 2

1 5
Mi Mz

2 6

D1, D3,
3 7

Di, D7,

4 8
R1
Demand Market

Nagurney, Yu, and Floden

e Firm 1 is located in the
U.S.:

« lIts distribution center is
located in The
Netherlands;

« Air transport.

* Firm 2 is located in
Bangladesh:

« lIts distribution center is
located in Germany;
« Ship transport.

* The product is a white
ladies shirt. The demand
market is in Germany.
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An lllustrative Example
e The emission functions reflect the total CO2 generated on
links, in kilograms, associated with this product.
el(fl) = 57[17 62(7(2) = 2f27 63(f3) = f37 64(7‘21) = 25&7

es(fs) = 6fs, es(fe) =.1fs, er(f7) =2f, eg(fg) =.07f5.

» The total operational cost functions are:
&fi,el(f)) =5 +8f, &(h, e(h)) =7 +3h,

&(f e3(h)) = 26 + f5,  &alfa, ea(fy)) = 267 + 2f,
&s(fs, es(fs)) = 375+ 4fs,  Eo(fo, es(fs)) = 3.508 + fs,
&r(fr, er(f) = 26 +5f,  G(fe, eslfs)) = L5 + 4.
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An lllustrative Example

® The ecolabelling cost functions are:

/1(0'11) = .02d11, /2(d21) = .01db;.

* The demand price functions for the two products at demand
market Rp are:

pll(d, E) = —3dy1 — dr1 — .5E1 + .2E; + 300,

pzl(d, E) = —4.5dy; — di1 — .5E + .2E; + 300.
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An lllustrative Example

Firm 1 | Firm 2

Demand 6.00 7.87
Price 255.50 239.02

Emission | 62.99 64.31
Profit 872.82 | 1,151.58

» Although the consumers are willing to pay more for the
product from Firm 1, the profit of Firm 1 is still lower than
that of Firm 2.

» Although Firm 2 emits more than Firm 1, Firm 1 is the
polluter with more emissions per unit.

* Firm 2 delivers the fashion product at a lower price than Firm
1, and obtains a higher profit.
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A Variant

The new demand price functions are:

pll(d, E) = —3d11 — d1 + 300, p21(d, E) = —4.5d>1 — dy1 +300.

Firm 1 Firm 2
Demand 7.27 9.61
Price 268.57 249.48
Emission 76.37 78.52
Profit 1,005.00 | 1,339.37

e The variant example can be interpreted, from a policy
perspective as an example in which the ecolabelling cost is
actually a carbon tax.

» The value of information provided by ecolabelling results on
lower emissions.

Nagurney, Yu, and Floden Fashion Supply Chain Network Competition with Ecolabelling



Algorithm — Euler Method

At iteration 7 + 1, for all the product path flows x,; p € Pl; i=1,...,1;
k=1,...,ng, compute:

-r+1 — max{O Xy +ar P:k(XT)—l-Z 3P:I(X ) Z X OCP(X ) al; (x )) '
qePi

(14)
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Case Study Example 1

o M} and M7 are

domestic plants
in the U.S;

M3 and M3 are

off-shore plants;
The distribution
centers and the

demand market

are in the U.S.

The product is a
ladies short white
nightgown.

Fashion Firm 1 Fashion Firm 2
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Case Studay Example 1

® The ecolabelling cost functions are:

/1(0'11) = .02d11, /2(d21) = .02db;.

* The demand price functions for the two products at demand
market Rp are:

p11(d, E) = —3dy; — 5dby — 5E; + .2E» + 450,

p21(d, E) = —3dx1 — .5d11 — .5E + .2E; + 450.
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Case Studay Example 1

Link a ) ex(fa) fx

a

1 1072 + 104 5f 5.55
p) 2 +76 8h | 23.44
3 1077 + 76 3 4.94
4 f2+5h 1.2f, | 22.68
5 2 + 4fs fs 2.33
6 2+ 66 fs 3.22
7 2f2 + 30f 1.2/, | 9.63
8 272 + 20fg fa 13.81
9 2 + 3f fy 4.94
il o T 4fio0 2f1o

11 1.5f3 +30f1 | 1.56A1 | 9.55
12 L.5f7, + 20f1, fio IENE

13 f5 + 3f3 1f3 [ 11.96
14 2 + 2fs 15f4 | 17.03
15 % +1.8fs 35 | 14.49
16 fs+15fs | .5fis | 13.13
17 2f% + fig fiz | 11.96
18 % + 4fig B8fig | 17.03
19 flzg + 5f19 1.2fg 14.49
20 1.5f + fo | 1.2fp | 13.13
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Case Studay Example 1

Firm 1 Firm 2

Demand 28.99 27.62

Price 330.06 314.68

Emission 81.77 108.62
Profit 6,155.01 | 5,818.99

* Due to the effort of controlling its carbon emissions, Firm 1's
product becomes more appealing in the demand market.

* The shipment quantity between Firm 2's domestic
manufacturing plant M? and its distribution center D3 is zero,
mainly because this transportation activity can cause serious
pollution to the environment.
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Case Study: Sensitivity Analysis

Example 2
The consumers are more sensitive with respect to the generated carbon
emissions:
pll(d) = —3dy; — .bdyy — E; + .2E> + 450,
p21(d) = —3dxy — .5d1; — E> + .27 + 450.
Example 3

Firm 2 upgrades the manufacturing technologies at its domestic
manufacturing plant MZ:

&(f, e3(f)) = 10F2 + 106,  e3(h) = .5h.

Example 4

Firm 2 implements advanced emission-reducing manufacturing
technologies at its off-shore manufacturing plant M3:

a(f ea(fa)) = 2 +7fa, ey(fs) = 8fy.
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EX 1 EX 2 EX 3 EX 4
Dermands | Fifm 1 | 28.99 24.20 24.17 24.13
Firm 2 || 27.62 21.92 22.11 22.62
Prices | Firm 1 || 330.06 | 31550 | 31529 | 31477
Firm 2 || 314.68 | 299.93 || 301.15 | 302.31
Ermissions | Firm 1 | 8177 68.02 67.94 67.82
Firm 2 | 108.62 85.80 84.01 81.35
Profits | Firm 1 | 6,155.01 ||5,121.86 | 5,110.89 | 5,091.95
Firm 2 || 5,818.99 || 4,622.30 || 4,658.51 || 4,746.40

* A comparison of the results in Examples 1 and 2 shows that

« The consumers’ increasing environmental concerns lead to the
decreases in the demands for the fashion products, as well as

the prices of both products.

« Consequently, the profits of both firms drop dramatically, while
the emissions generated by both firms reduce significantly.
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EX 1 EX 2 EX 3 EX 4
Demands | Firm 1| 28.99 24.20 24.17 24.13
Firm 2 || 27.62 21.92 22.11 22.62
Prices | Firm 1 || 330.06 | 31550 | 31529 | 314.77
Firm 2 | 314.68 | 299.93 || 301.15 | 302.31
Ermissions | Firm 1| 8177 68.02 67.94 67.82
Firm 2 | 108.62 85.80 84.01 81.35
Profits | Firm L | 6,155.01 |/5,121.86 | 5,110.89 | 5,091.95
Firm 2 || 5,818.99 || 4,622.30 || 4,658.51 || 4,746.40

* Undoubtedly, the implementation of the advanced
emission-reducing technologies could support Firm 2 to regain
its competitive advantage.

* A comparison of the results in Examples 3 and 4 suggests that
Firm 2 should first focus on its off-shore manufacturing
plant, which will be more profitable.
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Summary and Conclusions

e It is a rigorous, computable fashion supply chain network
model that captures such notable features as

e Brand differentiation, and
e Ecolabelling.

» This model allows for the investigation of the impacts of
ecolabelling on firms’ and consumers’ behavior and responses
to such a policy.

« |t also enables individual firms to assess

« Investments in emission-reducing technologies,
« The use of alternative modes of transportation, and
« The impacts of facility relocation.

A special case of our model could capture carbon taxes.
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Summary and Conclusions

o Future research may investigate:

» The trade-offs associated with ecolabelling versus carbon
taxes, among other environmental policy instruments in the
fashion industry;

« The impacts of government encumbering some or all of the
costs associated with ecolabelling;

« Fashion supply chain network design problems with the
inclusion of different local environmental policies; and

« The impacts on the environment of consumers after they have
purchased the fashion products.
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