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Production and Low-carbon Investment
Analysis 1n Make-to-stock Supply Chain

Y.C. Zhao, S.H. Choi", X.J. Wang, A. Qiao, S.Y. Wang

Abstract— Carbon emission has grown into a pressing issue
around the world, arousing customer green awareness about
emission in production of merchandise. As a major source of
emission, the manufacturing supply chain has obligations and
needs to reduce emission substantially. Indeed, reducing
emission per product item enhances the green image of the
product brand which is vital to the product sustainability in the
market. Nevertheless, such endeavours require increasing
low-carbon investment by the manufacturers and cooperation
with the retailers, in addition to their traditional order quantity
decisions. In this paper, we analyse the decision behaviour of
manufacturers and retailers under the impacts of customer
green awareness, with an aim to provide analytical and
management insights into a profitable and sustainable supply
chain. We propose three EOQ-based supply chain models,
namely the centralised, decentralised and coordinated models,
in which a manufacturer and a retailer make decisions for
optimality of product sustainability and order quantity
correspondingly. The centralised model is analysed as an ideal
benchmark. While in the decentralised model, the decision
route is assumed to be a classical Stackelberg Game, with the
retailer being the leader and the manufacturer as the follower.
Analytical solutions and properties are proposed for them
respectively. After revealing the performance disparities and
value loss in the decentralised supply chain, a cost-sharing
contract of low-carbon investment is designed to help
coordinate the supply chain. Numerical experiments validate
that the coordinated supply chain can bring about win-win
benefits with a dramatical increase in product sustainability.
Moreover, increased market demand, wholesale price, and
cost-sharing percentage all jack up the product sustainability.
Several management insights are proposed to guide supply
chain’s decisions. It is found that a decentralised supply chain
with coordination can enhance business sustainability and
profitability close to an ideal, centralised one.

Index Terms—Low-carbon investment, EOQ Supply Chain,
Customer Green Awareness, Cost-sharing Contract

I. INTRODUCTION

LOBAL warming has aggravated and aroused
considerable concerns around the world. In the 2009
Copenhagen Accord and the 2015 Paris Agreement, the
signatory countries pledged to assure the sustainability of our
planet by limiting the rise in temperature to below 2<€ [1, 2].
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This commitment mandates serious efforts from every
industrial sector. As a major source of emission, the
manufacturing industry and its related supply chain are
reportedly responsible for over 40% of the overall emissions
in some countries [1, 3]. Although some manufacturers have
attempted to reduce carbon emission through operational
improvement, it is far from meeting the requirement.
Moreover, without the cooperation throughout the supply
chain, it is difficult for a manufacturer alone to be motivated
to reduce emission substantially [4]. However, there is a lack
of communication and coordination between the supply chain
members to work towards a common goal of emission
reduction, as each of them often considers its own profit only.
Indeed, non-participation of one member would likely
dampen the sustainable performance of the whole supply
chain [2].

In addition, customers have become more inclined towards
green products with relatively less emission during
production. Such customer green awareness increases
demand for products with a green brand image of relatively
high sustainability [5]. In certain countries, carbon emission
labelling of products has been a marketing standard to satisfy
customers [6]. As such, new business models and markets
should be recognised based on customer green awareness,
which acts as a key driving force for manufacturers and
retailers to move towards a sustainable supply chain [7].

Under this circumstance, low-carbon investment is
imperative to enhancing product sustainability. There are two
types of low-carbon investment. Direct low-carbon
investment is to invest in the production of green energy and
materials, and it often takes up huge amounts of capitals. To
take advantage of investment flexibility, indirect low-carbon
investment is preferable for manufacturers to choose the
scale of using relatively expense renewable energy and green
raw materials components from suppliers for manufacturing
products. Although the unit production cost would inevitably
increase, the emission would be reduced and hence the
product sustainability enhanced accordingly. For instance,
the cost of photovoltaic (PV) solar electricity and of thermal
power electricity per kWh is US$0.125 and US$0.07
correspondingly, while the emission from PV solar electricity
is reduced 80% compared with thermal power electricity [8,
9]. Therefore we refer “low-carbon investment” in this paper
to “indirect low-carbon investment”.

Traditionally, supply chain decisions usually emphasise on
quantity and shipment times. Now, it is vital for the whole
manufacturing supply chain to capture markets with
increasing green awareness to maintain long-term business
profitability and sustainability. However, a lack of
coordination in the supply chain resulting from the self-profit
nature of each member usually reduces the overall
sustainability and profitability of the supply chain
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substantially [2, 10]. Therefore, it is necessary to develop a
feasible coordination mechanism for balancing a trade-off
among the cost of low-carbon investment, quantity decision
and the short-term profit.

In the academic field, few research works have focused on
low-carbon investment in manufacturing. They mostly take
carbon emission as a cost source to study how to better shift
the classical decision strategy to meet the regulations and
limits induced by carbon emission [11], but often ignore the
impact of customer green awareness on market demand.
Hence, a great research gap exists in incorporating
low-carbon investment decisions into the manufacturing
supply chain, and in studying the decision behaviour of and
possible coordination between the manufacturer and the
retailer.

In this paper, EOQ-based supply chain models are
proposed to study the centralised, decentralised and
coordinated supply chains [12, 13], in which the retailer
makes the decision for optimality of order quantity while the
manufacturer makes the decision for product sustainability.
EOQ-based model is very practical and easily implemented
in real industry. Considering the impact of customer green
awareness, a factor on sustainable market demand based on
product sustainability will be added to the original fixed
demand. In each turn, the retailer moves first to place an
order quantity for the manufacturer produce.

The centralised supply chain is analysed first an idealised
benchmark. Then the decentralised supply chain is studied to
compare with the benchmark to its performance
discrepancies. Subsequently, a low-carbon investment
cost-sharing contract is proposed for the retailer to coordinate
the decentralised supply chain. Analytical solutions and
properties for these three models are elaborated and
discussed. Numerical studies are conducted to validate our
analysis.

The proposed models are aimed to help improve supply
chain coordination and product sustainability in markets with
customer green awareness. It can be shown that without
feasible coordination, the manufacturer would be not willing
to increase sustainability and the profits of both the
manufacturer and the retailer are hampered. With our
proposed low-carbon investment sharing cost contract, a
win-win game can be achieved and sustainability improved
significantly. It can be therefore implemented to help the
supply chain strive for green development.

The rest of the paper is arranged as follows. In section 11,
some related research works are reviewed. In section Ill, the
manufacturing scenario together with analytical models and
solution processes are proposed. In section 1V, several
numerical studies are carried out to validate and help further
analyse the model. Lastly, conclusions and further
development work are discussed in section V.

Il. LITERATURE REVIEW

This section reviews some related papers which consider
carbon emission as a cost source or constraint and then
analyses the current research about low-carbon investment,
with an emphasis on the sustainable supply chain.

Carbon emission is usually taken only as a cost source or
constraint. Benjiaafar et al. [14] considered carbon emission
cost in the single stage EOQ model to analyse the influence of

various carbon policies. Absi et al. [15], studied a
multi-sourcing lot-sizing problem with carbon cap constraint.
They analysed four types of carbon cap constraints to study
the difference for the cost minimization. Yu Yugang et al.
[16] presented a dynamic lot sizing problem with carbon
emission constraint, while several researchers implemented
carbon emission cost into a supply chain model. Toptal et al.
[17] incorporated carbon emission cost into an EOQ-based
two-stage supply chain with different carbon policies to
analyse the solutions. Similarly, an EOQ-based supply chain
with n-shipment times considering carbon emission cost was
studied by Jaber et al. [18].

Nevertheless, none of the works above has studied
low-carbon investment in manufacturing with product
sustainability taken into consideration. Customer green
awareness and its impact on market demand are also
neglected in current research works. Moreover, emission
reduction from operational improvement is not enough to
realise the world’s commitments to global warming.

Therefore, some empirical and non-profit organisation
researchers have recently turned their attention to low-carbon
investment and sustainable market to help improve
manufacturing and supply chain operations [19-21]. Despite
these preliminary studies, much research work has yet to be
conducted to investigate low-carbon investment in
manufacturing with consideration of sustainable market
under the impacts of customer green awareness.

Zanoni et al. [22] studied the low-carbon investment
problem with a price and environmentally sensitive demand.
But they did not provide an analytical solution. In our
previous work, an EOQ-based model was proposed to
analyse quantity decision and low-carbon investment [23].
We studied the single stage EOQ-based joint quantity and
low-carbon investment problem with carbon cap and tax
policies [13].

In a two-stage supply chain, Ghosh et al. [24] utilised a
market pricing model to study the low-carbon investment and
pricing problem. Liu et al. [25] used a business model to
study the decision of price and sustainability of product under
competition.

However, few research has studied the manufacturing
supply chain with low-carbon investment and customer green
awareness. Empirical studies reported that current supply
chains are too slow and without feasible coordination to meet
the emission target [2, 4, 26].

Therefore, it is of great importance to further investigate
into the manufacturing supply chain with low-carbon
investment decision and customer green awareness, with an
aim to develop feasible coordination schemes to improve
manufacturing and supply chain operations. Only when the
whole supply chain works together can emission from
manufacturing supply chain be sufficiently reduced to assure
business sustainability.

I11. MODEL FOR PRODUCTION & LOW-CARBON INVESTMENT

A. The Supply Chain Scenario

We suppose an EOQ based two-stage supply chain,
including a manufacturer and a retailer. In each turn, the
retailer orders Q quantity and the manufacturer will manage a
batch production upon receiving this order. Meanwhile, a
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decision for the sustainability of the product, i.e., measured
by the amount of carbon emission reduction per product item
and denoted as « , will be made by the manufacturer with an
extra production cost per product item given byc, -« .

In the market, increasing green awareness among
customers will lead to a boost in demand for green products
of relatively high sustainability. As such, we assume a
sustainable market demand, b-« , will be added to the
original demand, where b is defined as the sustainable market
factor while the original demand D, is assumed known and

fixed.

It is also assumed that the lead time for transportation is
zero and the manufacturer utilises a lot-to-lot policy [27], i.e.,
the quantity of batch production is exactly Q, to manage the
replenishment of the retailer’s inventory. The production rate
of the manufacturer, denoted asP, , is assumed to be fixed

and larger than the realised demand D.

The game between two players in the supply chain is
modelled as a classical Stackelberg Game, in which the
retailer will act as the leader to order the quantity Q first and
the manufacturer will take the follower to decide the
sustainability level o . Inventory costs and setup costs are
counted for them separately. The wholesale price w between
them is assumed to be already negotiated and fixed. Hence,
the profit models for the manufacturer and the retailer are
exhibited as follows:

The retailer’s profit function:

e =D~mR—gSR—9h

5 e
st. D=D, +ba (1)
Q=1
The manufacturer’s profit function:
7 =D (M, ~c.@)- 28, - 2N,
Q 2P
st. D=D, +ba (2)
0O<ac<e,,

Where m, = p—w represents the retailer’s gross revenue
per product, and m, =w-c represents the manufacturer’s
gross revenue per product. Sg and Sy are the corresponding

setup costs, and hg and hy are the corresponding inventory
costs. P, represents the production rate.

All these parameters are set as given and fixed. Constraint
Q >1means that the quantity decision should at least be one
and constraint 0<« <e_ expresses that the sustainability of

the product is limited by a maximised value emax. It is
reasonable that low-carbon investment cannot infinitely
reduce the carbon emission of products.

B. Analysis of the Centralized Supply Chain

Firstly, we analyse the centralised supply chain model, in
which the manufacturer and the retailer are assumed being in
one company; therefore, the decision discrepancy between
two members can be eliminated. A centralised model can be
viewed as an idealised benchmark for the supply chain’s
profit, as shown below:

7. =D(m, —c.a) —%SC —%(hR +%hM)
st. D=D, +ba 3)
0<a<e,
Q=1
Where m_=p-c represents the gross revenue of

centralised supply chainand S_ =S,, +S, represents the setup

cost of the supply chain.

A centralised model is similar to our proposed single-stage
joint quantity and low-carbon investment model [13], with a
difference in the holding cost of the manufacturer.

Substituting «=(D-D,)/b into, we have:

ncz—c—eDz+(mc+C—eD0—S° M) (4)
b b Q 2P,

Obviously IT_is concave w.r.t. demand D when order
quantity Q is given, and w.rt. Q when D is given,
respectively.

Therefore the optimal demand D; when Q is given and

the optimal order quantity Q; when D is given for the
centralized supply chain can be represented as:

D: =, ~ - W Gy ©)
2c, Q 2P, b
2DS

+ [ 6
Q h,+D-h, /P, ©)
Lemma 1: D/ is bounded by [D,, min{D,_,D’}], where

D= Dy+be, o D =-C(m+in,- |25 and Q=

2c, b P,
2P S H o + + H

% , with Q¢ >Qi(D,,) . Q¢ is bounded by

[Q:(D,), (D, )1 -
It is important to note that, if D! <D, , the problem will be

not applicable for low-carbon investment. Under this
circumstance, the problem will regress to a classical EOQ

problem with a fixed D, . Therefore, we assume that D;
should be at least larger than D, .
Replacing D" intoIT, , we can get:

:L(mc+&Do_i_%)z_9hR (7)
4c, b Q 2pP,° 2
By derivation we have'
om _ ( _Sic_%)(sic_hiwl _he
Q2 Q 2P, 'Q* 2P, 2 @®)
o 1(38 MQ 28(m+ D,))
0Q? Q Q 4P
Proposition 1: In the feasible reglon of Q,
352 h,’
) + 2P, Q°—2S.(m, + & . ¢ D,) is decreasing and Fo% |Q Q0<0 .
When %|Q:Qmin>o, there will always exist a unique solution

for j—gzo in [Q: (D,), Q1.

The solution process for the centralised supply chain
model can be shown as follows:
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=

.. O
Check if % oo, >0
2. When 1 is checked, solve Z—S:O to get Q?

3. Qc=minfQ., Q:(D,,)}, let f=Q/(D), D =1"(Q) ,
a =a(D;) .

C. Analysis of the Decentralized Supply Chain

In a decentralised supply chain, the manufacturer and the
retailer will make decisions for their own profit, instead of for
the whole supply chain.

Assume that the information available for both members is
symmetric and the retailer makes decisions first to send the
order to the manufacturer. After receiving the retailer’s order
and considering customer green awareness, the manufacturer
will decide on the product sustainability.

For the manufacturer, the expected optimal demand can be
shown as:

b c.. S, h,

D,=—(m, +=D,— % — 9

" 2ce(M b ° Q 2PMQ) ©
Substituting it into retailer’s profit function, we get:

7, =Dym, — 2, —%hR (10)

It is noted that the quantity decision is made by the retailer.
Given a certain D, the optimal quantity decision made by the
retailer will be Q; =./2DS, /h, .

Lemma 2: D;, is bounded by [D,, min{D,.D;}] , where

b 2S,h,

C
DS =—(m, +-=2D,— | 2u
M 2Ce( M b 0 PM

value D}, when Q=Q¢, =./2P,S, /h, . AndQ; is bound by
[Q;(DO)’ Q;(Dmax)]'

Similarly, we assume here that Dy, will be at least larger
than Do. Since Dpmax is smaller than Py, Q;, is definitely
larger than Q;(D,..) whens, /h, >S,/h,.

By derivation, we have:

om, _ 9Dy (Q) Se (9D, Q) . hy
=M</ _R(ZMAxI . D __R
Q- o ™ QZ( Q Q-By(@)-7
o'm, _ 1 ,30S,S, bm.S, bm,S, Ds.)
Q" Q" cQ C, C,
Proposition 2: In feasible region of Q,, [Q.(D,), Q«(D,.)1,

) . D,, achieves its maximum

(11)

3bs,S,, bm.S, bm,S . . .
wOu Doy DMy o -D,S, is strictly decreasing, and
CEQ CB CE‘

o’

=] , <0.Therefore, either there exists a unique solution
0Q% =9
for aﬂzo,
Q
The solution process for the decentralised model can be
listed as follows:

1. Checkif

or% >0 always holds.
Q

672‘R| S0
0Q Q% (o)

o, 0
—£ =0 to get
o0t

2. If 1is checked, solve

3. If QelQ:(D,,).Q:(Dy)], Q, =Q; ,otherwise, Q,
Q: (D)
4. If D,(Q)<D, or D,(Q)>D,,
arg maxr, , otherwise, D, =D}, (Q,)
De{Do.Dmax }

Since both members make decisions on their own
information and cost parameters, the optimal expected
quantity decision and the demand deviate from those of the
whole supply chain.

Take optimal demand when order quantity is given as an
instance:

’ D* =

M

s, h,

b C
Df =— ZeD —Im
" Zce(mM+b °Q 2PMQ)
b S h (12)
;= m -3 QM Cp
2¢c Q 2P, b
The difference between D,, and Dy is:
. p Db S
D; -D, :Z(mn _ER (13)

For a certain order quantity Q, the demand for the
manufacturer in the decentralised supply chain is smaller.

Moreover, the gap between D/and D,, is enlarged when Q

increases, so as the product sustainability.

Moreover, the difference between oy and o7 will be:
2Q Fle)

0 0y 26D Sy Dy S,
Q Q@ Tbao T QA QT g,
S . . . 2c, oD,
=a§(DC_DM)+DM b GQM
on, Ory

Since D;-D,, is positive, will be strictly

positive when Q <Q;, .
Proposition 3: when S, /h, >S,/h,, Q.>Q;,D.>D,, ,
The manufacturer is not willing to increase the

product sustainability and the retailer also provides a
smaller order quantity.

Since the manufacturer’s setup cost is usually higher than
the retailer’s order cost, and vice versa for the holding cost,
S, /'h, >S, /'h usually holds.

Hence Proposition 3 holds in most situations. As such,
when there is no coordination scheme, all decisions in the
decentralised supply chain will be smaller than the
corresponding centralised decisions.

This proposition provides an insight into the negative
effects of performance discrepancies resulting from a lack of
coordination. The retailer makes decisions for its own profit
but does not recognise the importance of motivating the
manufacturer to increase product sustainability, leading to a
smaller realised demand. The manufacturer, on the other
hand, cannot make moves before the retailer. Therefore when
the manufacturer receives a smaller quantity, he/she will
choose to balance the cost and profit by only marginally
increasing the product sustainability.

Without coordination, the supply chain is not capable of
narrowing the performance discrepancies to seize the demand
boost from sustainable markets. Hence a greener supply
chain cannot be achieved.

o, >a .
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D. Investment cost sharing contract

To coordinate the supply chain, a designed contract
between the retailer and the manufacturer can help bridge
their decision discrepancies, jacking up the optimality of the
supply chain.

From the previous analysis, it is emphasised that the
retailer cannot provide enough incentives for the
manufacturer to increase product sustainability. In the
decentralised supply chain, low-carbon investment cost is
undertaken only by the manufacturer; but in the centralised
supply chain, it can be regarded as that the manufacturer and
the retailer share the low-carbon investment cost.

What if the retailer is willing to share the low-carbon
investment cost in the decentralised supply chain? Inspired
by this, we suppose that the retailer endorses a contract with
the manufacturer to share part of the low-carbon investment
cost. For simplicity, we denote the contract by a given a
certain sharing percentage ¢ as ¢-contract, and the original
decentralised supply chain problem can be viewed as a
0-contract problem.

Therefore, the profit functions for the manufacturer and the
retailer with an investment cost sharing contract are given by:
a—ESM -

Q 2P,
%hR—¢~D-ce~a

7, =D-m, ~(1-¢)D-c,-

(15)

w=D-m, -2s -
Q

The decision steps in the ¢-contract problem are the same
in the decentralised model. For the manufacturer, the optimal

demand D" when order quantity Q is given will be:

D¢j+_ b (m +(l_¢)CeD _SiM_ h

M T 2(1_¢)C9 M b 0 Q ﬁQ) (16)

From D¢, it can be found that its maximum value will be
b (m, + G D, - 25y hy ) , denoted as DY
2(1-g)c, b P

when Qy :1/27]”78“ .In ¢ -contract problem Q/*=Q;, .

Similarly, the difference between DY and D~ will be:

b S,
= oo (m, — 28y (m,
¢ " Q 209 " Q

Obviously, the disparity between the demands is narrowed
by #-contract, and the larger the ¢, the smaller the gap is.

It can be expected that, with ¢-contract, the retailer can get
a higher demand by a smaller order quantity and the
manufacturer can also save cost to invest more in product
sustainability. Meanwhile, due to the demand increase, the
retailer can also gain an increase in sales to offset the shared
cost.

Substituting D} into 7z , we have:

. D¢+ D¢;+
w=0rm, - S, - h, ~ gD, (L —22)

2, - S~y (1)

D' - DY

(18)

Similarly, Q¢ = /Zﬁﬁ represents the optimal quantity
decision by retailer given a certain demand.

Lemma 3: D/ is bound by [D,,,min(D¥,
bound by [Q¢*(D,,),Q¢ (D,..)].

By derivation, we have:

D, )] and Q¢ is

min !

¢ o+
% aDM( Rt C, 0 M)_i)+siF;D:jl+_hiFe
Q Q" Q 2
_&aDzﬁ D¢+
52:”’ 5;? D C S.. 24c, oD (19)
5 (Mg + ‘“'(DO—D;T)—*R) ( “)
aQ*  aQ? Q b
_¢ce o°DY D _28R D¢
b eQ* " Q"
4
Proposition 4: Given¢ , if a”R| . >0,25 >—"— ¢
8Q -0%" Omin) 1— ¢
and for Q[Q¢ (D,).Q¢' (D)1, mg + 42 (0, -0 )R =0

2_¢
are satisfied, 07y
aQ

is negative, ¢ is concave and exists an

2

optimal solution.
It is noted that the first constraint is necessary but not

sufficient for the concave property of the z% . It sets a limit for

the setup cost between the manufacturer and the retailer. The
second constraint means that the retailer’s profit per product
under g-contract should be positive. It is reasonable that only
when its original profit can offset the additional cost, will the
retailer endorse such a cost-sharing contract with the
manufacturer. Moreover, it can be proved that when the first

4 )—% is the increase

in Q.

The solution process for the ¢-contract problem is:

>0
aQ Q=Qk" (Dmin)

qfs Dy (Q (D) -

QR*(D)

=0to get QY.

3. If QF €[Q'(D,,).Q:"(D,,)],Q" = Q7
% (D)
4. If D(Q)<D, or D! (QF)>D

, otherwise, Q. =

D,= arg maxzr)

De{Do . Dmax }

max !

otherwise, D, =D (QY).

In the above three sessions, we have analysed the
performance of a supply chain, which includes a
manufacturer and a retailer, from the view of centralised and
decentralised supply chains. Moreover, specific to the
performance discrepancies in the decentralised supply chain,
we have proposed a low-carbon investment sharing contract
to better coordinate the supply chain members to narrow their
performance discrepancies. In the following section, we
validate the proposed model using numerical experiments.

IV. NUMERICAL DEMONSTRATION

Several numerical experiments are carried out to reveal the
decision discrepancies between centralised and decentralised
supply chains, and then to highlight the performance of
coordinated supply chain with ¢-contract.

To help the supply chain members coordinate with each
other, numerical studies will be implemented in various
market situations and facility settings.
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The benchmark setup is listed as follow. Dy=4000 units,
b=140 units/kg, p=US$120, w=US$80, c=US$20,
Sm=US$100, Sr=US$50, hy=US$1, hr=US$2, c.=US$2/kg,
emax=20Kg, e,=40kg, PM=1.5*Dmax. This setup data can be
applicable to an apparel manufacturer. For example, a
branded woollen sweater can be sold at a price over 100$/unit
at retailer such as Amazon.com, with its original material and
manufacturing cost of only about 20$/unit. Indirect
low-carbon investment here can be regarded as purchasing
greener woollen fabric or power, combined with real market
data, an additional cost per product of $2/kg or even higher
can be predicted[28]. Market share is assumed to be growth
with low-carbon investment. For a mature company, sales
could be raised up to 13% by sustainability of business[29].
As for a developing business, the increase in market sales can
be more dramatically. Therefore, we set b as 140 units/kg,
which is 3.5%/kg increase of original market demand.

A. Comparison between centralised and decentralised
Supply Chain

Based on the previous setup, the results for the decisions
and profits in centralised and decentralised supply chain are
shown in Table 1.

From Table 1 and Figure 1, it can be seen that the profit in
the decentralised supply chain decreases 7%, along with a
dramatical drop of quantity and sustainability levels, up to
28% and 94% correspondingly. This validates the conclusion
that the decentralised supply chain will suffer value loss with
smaller order decisions compared with the centralised supply
chain. Moreover, the huge decrease in product sustainability
verifies that without coordination, the supply chain cannot
work well towards a green supply chain.

Besides, it is important to note that, in the decentralised
supply chain, the manufacturer’s profit is increased while the
retailer’s hampered.

Table 1. Result for Centralized and Decentralized SC

Table 2 Comparison of Coordinated and Decentralized SC

Supply Chain . g Ty Q a

Decentralized ~ [402093.51 |162786.25 |239307.26 | 583.10 | 0.66
Coordinated ~ #426355.44 |177427.29 |248928.15 | 530.20 | 7.07

Difference (%) 6% 9% 4% -7% | 965%

Supply Chain T g Ty Q a

Centralized 430096.87 |218537.55 |211559.32 | 805.65 | 10.66
Decentralized | 402109.04 |162785.82 |239323.22 | 583.10 | 0.66
Difference (%) -7% -26% +13% -28% -94%

500000
450000
400000 ® Centralized
350000 M Decentralized
2 300000
= 250000
s
a 200000
150000
100000
50000

0

Manufacturer

Chain Retailer

Fig. 1 Results for centralised and Decentralized SC

B. Comparison with ¢-contract coordinated supply chain

To coordinate the supply chain, we assume in this section
that the retailer is willing to share 30% of the investment cost
of the manufacturer, i.e., ¢ =0.3. The results are shown as
follows:

Table 2 shows that, with coordination, both the retailer and
the manufacturer jack up their profits, meaning that this
contract is win-win for both the supply chain members.
Although the order quantity is reduced, the product
sustainability increases nine times in comparison with the
decentralised supply chain. As discussed in the previous
section, although the order cost of the retailer increases, the
increase in market demand by ¢-contract brings about more
revenue than the increased cost, leading to an increase in
profit. For the manufacturer, the decrease in the low-carbon
investment cost and the increase in market demand results in
a larger increase in profit compared with the retailer.

Moreover, compared with Table 1, it is of great importance
that the difference between the total profit of the
decentralised and the centralised supply chains is small.

As such, the following management insight is suggested:

Management Insights 1: the uncoordinated decentralised
supply chain only archives a lower production quantity and
sustainability level, leading to a considerable value loss.
With a low-carbon investment cost-sharing contract, both
members in the supply chain can increase their profits, with a
prominent increase in sustainability and a marginal decrease
in order quantity. As such, the coordinated supply chain can
improve the sustainability and profits of the whole supply
chain.

C. Sensitive analysis for three models

So far, we have compared the three models under standard
setups and proved the superior performance of the
coordinated supply chain. Nevertheless, how profits and
decisions of the three models in various market situations and
facility settings will change is worth studying.

When the selling price varies from 100 to 150, the results
are shown as follows:

Trend of Profit when Price Increases
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Fig. 2 Trend of Profit as Price Variations™
*1: Centralized, decentralized and coordinated represent results of centralized supply
chain, decentralised supply chain and coordinated supply chains respectively.
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Trend of Decision Variables for Each SC Member
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Fig. 3 Trend of Decision Variables as Price Variations™
"2: Cen_Q, Decen_Q, and Coor_Q represent the quantity decisions in centralised,
decentralised and coordinated supply chains respectively. Cen_SL, Decen_SL and
Coor_SL represent the sustainability decisions of three models respectively.

From Figure 2 we can observe that, as price increases, the
gap between the coordinated and centralised supply chains
increases, while the gap between the coordinated and
decentralised supply chains remains stable. This
phenomenon can be explained by the results shown in Figure
3, in which the product sustainability for coordinated and
decentralised supply chains does not change along with the
price. Moreover, the difference between the quantity
decisions is enlarged.

Since the wholesale price is not changed, the
manufacturer’s profit will not change as price increases,
allowing the retailer to gain more profit. Hence we have:

Management Insight 2: Increasing the selling price will
not change the product sustainability level of the coordinated
and the decentralised supply chains but would enlarge their
performance discrepancies.

Trend of Profit when w Increases
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Fig. 4 Trend of Profit when Wholesale Price Varies
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"3: Cen_R, Decen_R, and Coor_R represent the profit of retailer in centralised,
decentralised and coordinated supply chain respectively. Cen_M, Decen_M and
Coor_M represent the profit of manufacturer in the three models respectively.
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As the selling price has little impact on product
sustainability, we now turn to the wholesale price. Figure 4
shows the results when the wholesale price increases from 80
to 100, while Figure 5 shows the profits of the manufacturer
and the retailer.

It can be seen that when the wholesale price increases, the
profit of the decentralised supply chain increases. However,
the profit of the coordinated supply chain tends to increase
first and then decrease, meaning that there has an optimal
wholesale price resulting from the coordination.

Looking into the profits of the retailer and the
manufacturer separately, Figure 5 shows that when the
wholesale price increases, the retailer suffers a loss while the
manufacturer gains in profit. Moreover, the retailer’s profit
in the coordinated supply chain falls more quickly than that in
the decentralised supply chain, and vice versa for the
manufacturer’s profit. Moreover, the order quantity in the
centralised and the decentralised supply chains remains
almost stable but falls slightly in the coordinated supply chain.
The product sustainability, however, increases dramatically
in the decentralised and the coordinated supply chains. From
these observations, we propose the third management insight:

Management Insight 3: there exists an optimal wholesale
price corresponding to a given cost sharing percentage.
Increasing the wholesale price can drive the manufacturer to
increase the product sustainability without obvious impact on
quantity decision.

The profits of the retailer and the manufacturer are more
likely influenced respectively by the change in the selling
price and the wholesale price, and so as the order quantity and
the product sustainability.

Recalling our analysis that decisions on product
sustainability will be influenced by the sustainable market, it
is worthwhile to study how decisions change under various
sustainable markets.

Figure 7 shows the results when the sustainable market
factor b changes from 140 to 300. It can be seen that the
profit trends of the centralised and the coordinated supply
chain are almost the same, while the gap between the profits
of the centralised and the decentralised supply chain is
enlarged. This phenomenon proves that no matter how
sustainable market changes, the cost-sharing contract can
always help keep the profit of the whole supply chain as that
of the centralised one.
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Trend of Profit when b Increases
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Moreover, as shown in Figure 8, the manufacturer in the
coordinated supply chain benefits more from the boost of the
sustainable market factor than in the decentralised supply
chain. The sustainability level for three models shows the
similar increasing trend, as shown in Figure 9.
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Fig. 9 Trend of Decisions for SC Member as b varies

This means that the impact of customer green awareness
on demand can drive even the most unwilling manufacturer
to increase the product sustainability. With feasible
coordination, the product sustainability can almost triple that
of the uncoordinated supply chain, and the order quantity also
increases, despite less dramatically. Hence we have:

Management insight 4: Sharing of low-carbon investment
cost works well under all kinds of sustainable markets, in
which the manufacturer tends to benefit more than the
retailer.

Nevertheless, it is important to study how to choose the
cost-sharing factor ¢. From our analysis, we know that ¢ will
be constrained by proposition 4, but we have yet to find out
whether or not the larger the ¢, the better the coordination, for
all feasible . When ¢ varies from 0.01 to 0.44, which is the

largest factor we can choose for this setting in numerical
study, the results are shown as follows:

Trend of Profit when contract factor Increases
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From Figure 10, we can find the gap between the
centralised and decentralised supply chain. As increases, the
gap will be narrowed firstly and reach its best performance at
#=0.4. A comparison of the profit when ¢ is between 0.39
and 0.41 is shown in Table 3. The discrepancies between the
centralised and the coordinated supply chains can be
narrowed to only within 0.06%. This result further validates
the feasibility and superior performance of the low-carbon
investment cost-sharing contract.

Table 3 Comparison of profit for optimal ¢

I 0.39 0.40 0.41
Centralized SC 438737.9 438737.9 438737.9
Coordinated SC 438420.8 438455.5 438384.1

Difference 0.07% 0.06% 0.08%

Under the standard setting, it is optimal for the retailer to
share 40% of the low-carbon investment cost for the
manufacturer to optimise the chain’s value. After that, the
performance of the contract will reduce, proving that
increasing ¢ is not always conducive to the performance of
the whole supply chain.
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Fig. 11 Trend of Profit for SC Members as ¢ varies

Furthermore, according to the profit trend shown in Figure
11, the manufacturer’s profit always increases with ¢, while
the retailer’s profit is concave with ¢, exhibiting an optimal
factor. Apparently, the optimal ¢ for the retailer is different
from the one for optimising the profit of the whole supply
chain. Since the contract is proposed by the retailer, certainly
he/she will choose the factor ¢ to optimise its own profit.
Meanwhile for the manufacturer, as long as there is a
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cost-sharing contract offered from the retailer, the
manufacturer would accept it, because this contract always
increases his/her profit. Therefore, the negotiated contract
factor ¢ is the one to optimise the retailer instead of the

supply chain.
Trend of Decision Variables for Each SC Member
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Fig. 12 Trend of Decisions for SC Members as ¢ varies

For the decision variables, the order quantity, and the
product sustainability will decrease and increase both at an
accelerated rate respectively, as shown in Figure 12. As such,
we have:

Management Insight 5: The optimal contract factors ¢ for
the whole supply chain and for the retailer are different. The
negotiated contract factor ¢ will be dictated by the retailer,
who will certainly choose the one to optimise his/her profit,
instead of that of the whole supply chain.

V. CONCLUSION

This paper studies three kinds of supply chains based on
EOQ model, namely the centralised, decentralised and
coordinated supply chains. In the supply chain, the retailer
orders a quantity of Q each turn from the manufacturer, who
will subsequently produce with a lot-to-lot policy. The
impacts on market demand of the consumer green awareness
about the product sustainability, measured by the emission
reduction per product, is considered. It is assumed that the
manufacturer will make the low-carbon investment, despite
at increased production cost, to increase product
sustainability. To facilitate the study of the supply chain, we
characterised the centralised supply chain as an idealised
benchmark, and compare it with the decentralised one, in
which retailer is assumed to be the leader and the
manufacturer the follower.

It was found that there exist optimal solutions
correspondingly for the centralised and the decentralised
supply chain, as well as discrepancies among their decisions
and optimal profits. Moreover, the profit, quantity and
product sustainability in the decentralised supply chain are all
smaller than those of the centralised supply chain.

As such, a low-carbon cost investment sharing contract
was proposed for the retailer to provide motivation for the
manufacturer to increase the product sustainability.

In numerical studies, we compared the profits for three
models, showing the discrepancies in the decentralised
supply chain and the performance of the cost-sharing contract.
Moreover, sensitive analyses were carried out for selling
price, wholesale price, sustainable market factor and the
contract factor. Several management insights were proposed
to facilitate decision making for the whole supply chain. It is
emphasised that increasing the wholesale price, sustainable

market factor and contract factor all leads to the enhancement
sustainability.

With the help of a cost-sharing contract, the supply chain
can increase its profit as well as product sustainability
dramatically, which is win-win for both members under
various market situations.

Nevertheless, there are some limitations which should be
addressed in further development. First, it would be
worthwhile to derive the mathematical solution to the optimal
contract factor for more accurate decision for the retailer.
Second, impacts of carbon policies should be taken into
consideration. Third, the study for the wider range of supply
chain should be considered and the EOQ-based supply chain
with multi-shipment can be considered for more practical
implementation. Finally, the product brand image should be
studied and modelled to quantify the impacts of customer
green awareness about product sustainability.

APPENDIX
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Proposition 2: It can be easily derived from the expression
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