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Abstract

Carbon tax is one of the most common carbon emission regulation policies %&tures
and customers must incorporate it in their pricing and purchase decisi@ paper
examined the impact of the different carbon tax policies on the garbo and their
profits. This problem is formulated as a Stackelberg game %nufact ig#the leader, the
retailer is the follower, the manufacture’s optimal_pkiCing deciSign and the customer
purchase decisions are derived. Then the impact of tax pokicy ofthese decisions and
the carbon emission and the profits is also investigated¢We foun carbon emission will
be reduced if the carbon tax is absorbed by th tomers he carbon footprints of unit

product is relative high compared with ;he g that th on tax is absorbed by the
manufacture and the carbon footprints of duct i atlve low.
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1. Introduction

Manufactures, retailer ustomer dlfferent carbon emission regulation policies
such as strict carbon.c s,\earbon taxjcarbon emission trade, and carbon offsets. Carbon tax
on B%

is one of the most It means one should pay for his product’s carbon
emission. In practiCe} carbon be absorbed by the manufacture or the customers.

A natural ch case can reduce more carbon emission. In this paper we
will address robleWonsmer a supply chain consisting of a manufacture and a
retailer, the manufact decide the wholesale price. The retailer decides the retail price.

The customers deci er to buy.
Our work is to carbon emission policies, such as cap-and-trade, carbon tax,

government s b3| and others. Fischer (2003) found that unfettered trade between rate-
based and —trade always raises combined emissions, except when product markets are
related i @ e particular ways. They also found that a range of combinations of tighter
allgcat @ can improve situations in both sectors with trade while holding emissions constant.
C@ 0 Taschini (2011) examined the key design mechanisms of existing and proposed
capand-trade markets. They quantified the advantages and disadvantages of the proposed
hybrid schemes. Hua et al., (2011) studied the firms’ optimal carbon footprints in inventory
management with carbon emission trade, derived the optimal order sizing, and examined the
impact of carbon emission trade on the decisions. Hua et al., (2011) further investigated the
optimal order lot sizing and pricing with carbon trade based on the EOQ model, and
examined the impact of the carbon emission trade on the order lot sizing and pricing. Bristow
et al., (2010) represented a novel application of stated preference techniques to explore the
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influence of key design attributes on the acceptability of a personal carbon trading scheme.
They found that the best scheme designs could be acceptable to a majority of respondents.
Our work is also related to the impact of carbon tax. There are some researches on this
topic. Some papers dealt with strategic decisions in a supply chain with carbon emission
trade. Lin and Li (2011) estimated the real mitigation effects of the five north European
countries (Denmark, Finland, Sweden, Netherlands and Norway) using the difference-in-
difference method. They found that carbon tax in Finland imposes a significant and negative
impact on the growth of its per capita CO, emissions, and the effects of carbon tax in
Denmark, Sweden and Netherlands are negative but not significant. Because of the tax
exemption policies on certain energy intensive industries in these countries, the mitigation
effects of carbon tax are weakened. He et al., (2012) compared the cap-and-trade and carbon
tax policies in a generation expansion planning framework using a bi-level optiqizatien
approach, the efficiency is measured by seven criteria: average emissions 'wual
emissions, renewable energy portfolio, total generation, and total profit of E%?d grid
owner, economic welfare, and emissions adjusted economic welfare. Th @I tegrated
cap-and-trade and four variations of carbon tax policies in@ generation
expansion planning model, and assessed their impactsQ invest in renewable
energy generation capacity. Lee et al., (2013) analyzeehiie 0 antltatlwects of a maritime

carbon tax on global economy, and the impac he carw on containerizable
commodities. They found that imposing a mariti aroon tax w t lead to a significant
ic i ied the t production capacity and

estheor

investment decisions with stochastic deman r command:-and-control and market-based
regulations such as carbon tax and ca jaafar et al., (2013) incorporated
different carbon emission policies in car nd cap-and-trade into operational
decision-making using relativel and Wi sed models, and examined how the
values of carbon emission parg%% parameters of regulatory emission control
policies affect cost and emissi Th

e e were used to study the extent to which
carbon reduction requirem can be al by operational adjustments, as an alternative
(or a supplement) to c&vest carbon -reducing technologies. By employing a
local manufacturer k efting the%able higher total logistics and production costs, Choi
(2013) examined 0 properh% ed carbon footprint taxation scheme in a QR system
to enhance ental ainability. The author illustrated how the carbon footprint

taxation scheg |mal choice of sourcing decision. The author found that a
properly designed car%g tprint taxation scheme not only can successfully entice the

fashion retailer to sou om a local manufacturer, but also lead to a lower level of risk for

the fashion retail I et al., (2013) introduced carbon emission constraints, i.e., carbon
emission trade, i Itisourcing lot-sizing problems. Four types of constraints are proposed
and analy in the single-item uncapacitated lot-sizing problem. Toptal et al., (2014)
examined joint inventory replenishment and emission reduction investment decisions

t emission regulations, including carbon tax and cap-and-trade. They extended
odel to consider carbon emissions reduction investment option under carbon cap,
cap-and-trade policies. They found that carbon emission reduction investment
opportunities reduce carbon emissions while reducing costs. Cachon (2014) discusses the
impact of the new objective of reducing carbon footprints on supply chain operations and
structures, the author found that only minimizing exclusively operating costs may
substantially increase emissions relative to the minimum level of emissions, and carbon
pricing is not effective to reduce emissions. The most effective measure is to improve
consumer fuel efficiency while an improvement in truck fuel efficiency has a marginal impact
on total emissions. Diabat et al., (2013) examined a multiechelon multicommodity closed-
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loop facility location problem with carbon emissions trade, model and algorithm were
provided, in which the company may incur costs if the carbon cap assigned by regulatory
agencies is lower than the total emissions, or gain profit if the carbon cap is higher than the
total emissions.

The rest of this paper is organized as follows. Sections 2 and 3 examine the retailer and
manufacture’s model when the carbon tax is absorbed by the manufacture and by the
customers, respectively, and derives the optimal pricing decisions, and examine the impact of
the carbon tax per unit on the manufacture’s optimal wholesale price, the retailer’s optimal
retail price and the customer’s demand. Section 4 is dedicated to examine the impact of
different carbon emission tax on the manufacture and retailer’s decisions and profits. And
Section 5 concludes the paper.

L 4
2. The Model when the Carbon Tax is Absorbed by the Manufact \/

In this section, we consider a supply chain consisting of a manufacture agd iler, the
manufacture should decide the optimal wholesale price, the retdile, shoul ideshis optimal
retail price. We formulate this problem as a Stackelberg i.e, th facture is the

a

leader, the retailer is the follower. We discuss two cases,«.e’ ufaCture absorbs the carbon
tax, and retailer absorbs the carbon tax. We derive al esal& price and profit for
manufacture, and the optimal retail price and profit Tarfetailer. 0 examine the impact
of the carbon tax per unit on the manufacture’s @al whpl% price, the retailer’s optimal
retail price and the customer’s demand. . \O \
2.1. Assumptions and Notation % 0\@
The following assumptions an nare usegsq is paper.

A : the carbon footprints,of Wn roduct;%

Q: the manufacture’s carborremissi \

c: the production cos@unit proo\' K v

r : the carbon wx% it (ton)

e

w: the whole (?Q : %
p: the retai p > w§©

d: the
" th

decreases in the rétail’ price, i.e., d = a — bp , where a and b are positive constants.
The man re’s carbon emission is
Q=2d=ai-bip @)
0 lify, we denote 1 at the lower right corner of all the notions in this model and 2 in
’@ model, for example, Q,,Q, .
e also suppose that d =a-b(c+2ri)>0, ie, when p=c+2ri, the customer
demand is positive, which is not strict in practice.

2.2. The Retailer’s Decision

Given the manufacture’s wholesale price w, the retailer should decide his retail price p to
maximize his profit. The retailer’s profit is
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ﬂ-lr :(pl—Wl)d =(p1_W1)(a_bp1) (2)

r

d . I
Let —% -0 , we have the retailer’s retail price and the customer’s demand as

dp,
follows.
a+bw,
p, = (3)
2b
_ a-bw, (4)
1
2

From (2)-(4), we have

(a—-bw, )’ \/’

”1r = — v (5)
4b

Obviously, the retailer’s retail price and the customer’s demand, and the @ s profit

only depend on the wholesale price w, , which are the same\ relate

2.3. The Manufacture’s Decision Q
Given the optimal retailer’s respond functlon the facture deC|de his wholesale
price. The manufacture’s profit is %
¢ \ —bw

m

O 1
, = (w,—c)d, - =(W1‘ C ) 5 (6)
i\
™ Q%eorem%

Theorem 1. The manufactt@ optlmal@ale price is

a—-bc—-bra

(7)

S

Because - . it is omitted. From (7), we see that the wholesale price
includes thre D ts one duction cost ¢, and carbon tax per unit productr , and the

. . . —-bc-bri . . . .
third one is the profit 872707 The marginal profit will decrease with
2b
increasing the ca ax per unit.
. dw, 4 .
Notic rom (7), — = — > 0, we have the following theorem.
dr
dw
orem 2. —= 5 0 .
dr

Theorem 2 indicates that the manufacture’s optimal wholesale price will increase with
increasing the carbon tax per unit, which is straightforward.

From Theorem 1, we have the following Theorem 3.
Theorem 3. The retailer’s optimal retail price and the customer’s demand are

3a —-3bc -3brAi
4b

(8)

p, =c+ri+
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. a—-bc-bra
d1=7 (9)

Substituting (7) into (3) and (4), we can prove Theorem 3, so the proof is omitted. From (8)
and (9), we have p, > w, > c + ra, which satisfies our assumption. And the manufacture’s

. . . a-bc-bra A . .
marginal profit is w, - (c+ri)=——— , the retailer’s marginal profit
2b

L . a-bc-bra A s . .
isp, - w, = —— , which is half of the manufacture’s. This result is the same as Hu
4b

and Zhou (2014). The customer’s demand is the retailer’s marginal profit times the demand
elastic coefficient b.

From Theorem 3, we have the following Theorem 4. ?y

dp. dd.
Theorem4.ﬁ> 0,—~<0.
dr dr

Theorem 4 indicates that the retailer’s optmw\(pr e II INCrease and the
t
), W

customer’s demand will decrease with increasing the X peg.unit:
Substituting (9) into (1), (7) and (8) into (5) @) h

\ @ (€Y

@%\%\
@ (as %w)z

(12)
(10)-(12) show that when carbon t sorbed by the manufacture, the manufacture’s
carbon emission, protlt e retaile f|t depend on the carbon footprints of unit product
and the carbon tax p *

3. The Mo § rbon Tax is Absorbed by the Customers

If the customers abs carbon tax, then the demand is

@ d,=a-b(p,+ri)=a-bri-bp, (13)
3.1. The Retajler’$Decision
The ret@k profit is

7, =(p,-w,)d,=(p,-w,)(a-bri-bp,) (14)

dr, , I
@ %2 _ o, we have the retailer’s retail price and the customer’s demand are

dp,
a-bri+bw,
p,= ———= (15)
2b
a-bri-bw,
d,=———*% (16)
2

From (14)-(16), we have
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. (a-brai-bw)’
T, = a7)
4b

3.2. The Manufacture’s Decision

The manufacture’s profit is

m a—-bri-bw,
7, =(w,-¢c)d,-rid, =(w,-¢c-ri)—— (18)
2
d 7r2m .
Let = 0, we have the following theorem.
dw,
Theorem 5. The manufacture’s optimal wholesale price is .

. a+bc
w, = 19)
i &

Because the proof is simply, it is also omitted. \* ¢ @
From Theorem 5, we have the following theorem. Q \/

dw, dw, dw, 1
Theorem 6. oz _ %2 _ 0, Y. 2 O \\/

dr da dc 2

Theorem 6 indicates that the manufacture’s o@qal whale price has nothing to do with
b

the carbon footprints of unit product and he‘parbon taxbg nit. It only depends on the
production cost of unit product, and he e pro ion cost increases one unit, the

manufacture’s wholesale price will incgeasehalf o
From Theorem 3, we have th fﬁiﬁg Theor .

Theorem 7. The retailer’s @ tail pri¢gand the customer’s demand are
3a + —\

) @Eg@ (20)
™
\\

The proo mitte ously, p, >c+ra, ie, a-bc—2bri >0, thisis why we

(21)

add the assumption t@ =a-b(c+2ra)>0,then we can prove that p, > w, >c+ri,
which satisfie ur assumption. And the manufacture’s marginal profit is

. a*bc-2bri R . s «~ a-bc-2bra
w, - (c+ r%%— , the retailer’s marginal profit is p, - w, = ————,

2b 4b
which &)f the manufacture’s.
% eorem 7, we have the following Theorem 8.
eorem8.0IIDZ <0,OIOIZ <0, - =, =
dr dr dc 4 dc 2

Theorem 8 indicates that the retailer’s optimal retail price and the customer’s demand
will decrease with increasing the carbon tax per unit. The retailer’s optimal retail price will
increase one fourth of the production cost and the customer’s demand will decrease half of
the production cost with increasing the production cost one unit.

From the above equations, we have

dp; c dd; c
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. al-bci-2bra’

2 = , (22)
. (a-bc-2bra)’

T, = (23)
! 16b
. (a-bc-2bra)’

T, = (24)
’ 8b
. ai-bciA-bra’
1T 4 (10)

(22)-(24) also show that when the carbon tax is absorbed by the customers, the
manufacture’s carbon emission, profit and the retailer’s profit depend on the carbon f&w'ﬁs
of unit product and the carbon tax per unit.

4. The Impact of Different Carbon Tax Policies

In this section, we will examine the impact of di® (\%ﬂ)n tax on the

manufacture and retailer’s decisions and profits.
From Sections 2 and 3, we have the following theor@

Theorem 9. p) > p.,w, >w,, 7/ >z, z Q

From the above analysis and notice that - 2br®0 the results are straightforward,
s0 the proof is omitted. \m

Theorem 9 states that compared t e settl anufacture absorbs the carbon tax,
wholesale price, retail price and nufact oflt the retailer’s profit decrease when
customers absorb the carbon h|ch |nd| hat it is better to adopt the second carbon
tax policy.

Theorem 10. (1) Whe c-3b /1 e have Q, > Q,,d, >d,

(Z)V@ >0, wehave Q. <Q..d <d,
. —bc-3bra
Proof. Fro@ d(2 E ave d; _azpem s , and from (10) and (22), we
4
3bra’

have Q d , S0 the results hold.

Theorem 10 s@at the demand in the second case may be greater than that in the first
ends on the sign ofa — bc — 3br 4 , which indicates that our intuition that the

econd case is less is not true although the customer should bear the carbon

10 also tells us that when a — bc - 3br 4 < 0, the government should tax the

and when a - bc - 3br2 > 0, the government should tax the manufacture, then the
a—-bc-3bra |/1

carbon emission will decrease by . In other words, if the carbon footprints

of unit product is relative high, the government should tax the customers, otherwise, the
government should tax the manufacture.
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5. Conclusion

In this paper, we examined the impact of carbon tax policies on the carbon emission
reduction. The problem was formulated as a Stackelberg game, the manufacture is the leader,
and the retailer is the follower. We derived the optimal decisions for the manufacture and
retailer. Then the impact of carbon tax policy on these decisions and the carbon emission and
the profits is also investigated. We also compared the two settings, i.e., manufacture absorbs
the carbon tax and customers absorb the carbon tax.

We found that compared with the setting that manufacture bears the carbon tax, the carbon
emission decreases when customers absorb the carbon tax and the carbon footprints of unit
product is relative high, otherwise, the carbon emission decreases when manufacture absorb
the carbon tax and the carbon footprints of unit product is relative low. And furthermore, tbe
retail price, the wholesale price, the manufacture’s profit and the retailer’s Jprofit svill
decrease. However, the demand when customers absorb the carbon tax e%rease
compared with the setting that manufacture absorbs the carbon tax. &

There are some other future research directions. For examplé, wg sup
function is linear in the price in this paper, other demand ns suc
demand, the iso-price-elastic demand, and the Logit derja Ve
the model. Or we can consider the demand functl t has ti-product demand.
We can also consider other supply chain construct, s S dual -C | supply chain, make-
to-order supply chain, make-to-assembly suppl in, dual %cmg supply chain, three-tier

supply chain, and others. . 0 \

e demand
e exponential
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