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OPTIMISING LOW CARBON INVENTORY DECISIONS
AND COORDINATION FOR USED CLOTHING
UNDER CARBON TAX AND CARBON LABELLING SYSTEM

Abstract: This paper investigates the trade-off between ararbmissions and profitability in used clothing
inventory management under carbon labelling andti@x policies. The study analyses various decisiaalels
within a two-tier supply chain comprising a singlepplier and retailer, deriving optimal solutioms nventory
carbon emission levels, sales prices, wholesategriand profit maximisation for each supply chzarticipant.
Our findings reveal several key patterns: For emuimentally conscious suppliers, both centralised an
decentralised decision-making models show thateasing carbon tax rates lead to decreased invenswbon
emission levels of used clothing. When carbon &mains constant, heightened consumer awarenedss riesu
reduced inventory carbon emission levels. For pioliuintensive suppliers under decentralised degisnaking,
the inventory carbon emission levels follow a Ut trend. Similarly, when carbon tax is fixed,reasing
consumer awareness of carbon labels also produtéstaped trend in suppliers’ inventory carbon siois
levels. Under centralised decision-making, higlebon tax rates consistently lead to decreasediomecarbon
emission levels. Additionally, stronger consumeaf@rences for low-carbon labels result in reducgstiiclothing
inventory carbon emission levels. When the basetihtow carbon levels is identical, carbon tax aratbon
regulation intensity demonstrate similar effectdrorentory carbon emission levels, demand, suppircprofits,
and coordination mechanisms, while exhibiting ojieosffects on sales prices. The study achieveplgughain
coordination through an optimal wholesale pricetm@mt based on Nash bargaining, with numerical yaisl
validating the proposed model.

Keywords: carbon tax, carbon labelling system, low-carbaeirtory, used clothing, wholesale price contract

I ntroduction

As a global leader in textile production, China qgesses over 50 % of the world’s
textile fibers, generating substantial annual textaste. The environmental impact is
significant: each kilogram of textile waste effeely recycled reduces carbon emissions by
3.6 kg. Countries including China, the United Kinogd and Japan have implemented
textile recycling programs to promote sustainapilit the garment industry and reduce
carbon emissions [1-3]. Resale represents the omsmon method of recycled clothing
utilisation [4]. While recycling and reselling usetbthing reduces manufacturing-related
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carbon emissions, the environmental impact of itmgnmanagement remains significant
[5]. Effective inventory emission control in uselbtbing resale can facilitate closed-loop,
low-carbon management throughout the garment suppgin. Globally, nations have
implemented various carbon reduction initiativedhind’s 2015 "Enhanced Actions on
Climate Change-China’s Nationally Determined Cdmnttion" plan exemplifies this trend,
targeting a 60 % - 65 % reduction in carbon emissioer GDP unit by 2030 compared to
2005 levels. Carbon taxation has emerged as aatigfieemissions reduction strategy [6],
with countries such as Canada, Sweden, and SouibaAhlready implementing such
policies. Concurrent with policy developments, agnsr environmental consciousness has
grown, increasing willingness to pay premium pri¢es eco-friendly products. Carbon
labelling systems enable consumers to assess pgsb@ngironmental impact by indicating
lifecycle carbon emissions [7]. The United Kingdg@mneered carbon labelling in 2007,
with retailers like Tesco and Marks & Spencer digplg carbon emissions on everyday
products. For example, potato chip packaging mijbplay "CQ 75 g." Following the
UK’s example, the United States and Canada havptedsimilar labelling systems. China
introduced the "Interim Measures for the Administna of Low-Carbon Product
Certification" in 2013, mandating carbon labelsretevant products to inform consumer
choices. Research indicates that carbon labelliggificantly influences consumer
behaviour, with many consumers willing to pay pnems for carbon-labeled products [8].
This confluence of carbon taxation and labellingtsyns holds particular relevance for
used clothing resale operations and managemeatjrajfboth challenges and opportunities
for sustainable business practices.

We examine the low-carbon inventory decision-makamyg coordination in used
clothing operations under carbon tax and labellsygtems. The relevant literature
encompasses three main areas:

First, low-carbon operations management has emeeged significant focus of
scholarly research [9-12]. Zhao [13] analyse thepdot of emissions trading on
environmental responsibility. Xu et al. [14] emptay evolutionary game theory to
investigate how fairness concerns impact resouneeirsy decisions. Feng et al. [15]
examined multi-supplier, multi-cycle low-carbon ragement under carbon emission
contracts within cap-and-trade schemes. Sebatjatfs] developed a sustainable
production-inventory integration model for threertisupply chains under various carbon
emission regulations, addressing both inventoryleréaphment and circular economy
indicators. The same author later provided a cohwrsive review of sustainable inventory
models under carbon emission regulations [17]. Wetngl. [18] constructed a theoretical
model examining how carbon trading policy optimisedety stock in multilevel supply
chains, simulating the impact of carbon tradingapzaters and prices on emissions and
safety stock levels.

Second, research has explored consumer purchaségvibur and corporate
decision-making under carbon labelling systems. iEiogh study of Young et al. [19] of
UK consumers revealed increased willingness toraynium prices for environmentally
friendly products following government-mandated bear labelling. Using system
dynamics methodology, Zhao and Zhong [20] analypedchasing preferences for
carbon-labelled versus non-labelled milk acrosfedihit consumer segments, identifying
various factors influencing purchasing habits. Earal. [21] investigated manufacturers’
carbon labelling criteria development under incagtplconsumer knowledge. Fischer and
Lyon [22] compared environmental effects of NGO susr industry carbon labelling
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standards in perfect competition models, expandinglysis from binary to multi-layer

labelling approaches. Jiang et al. [23] developedeeolutionary game model examining
interactions among government regulators, carbbeliag enterprises, and consumers,
analysing green research and development efforéldevgovernment oversight, and
consumer purchasing preferences. Yang and Lin'§ {hamic analysis of consumer
purchase intentions under carbon labels (2019-20@ditified textiles and electronic

products as optimal pilot products for consumereptance. Liu et al. [25] demonstrated
carbon labelling’s effectiveness in reducing cdh@ia inventory emissions and optimising
supply chain node inventory.

Third, literature addresses low-carbon supply ct@ordination. Wang et al. [26]
examined decision-making and coordination in lowboa supply chains considering
retailer altruism, proposing cost-sharing conttzased Pareto improvements to benefit all
members. Gao et al. [27] investigated supply cbamrdination under carbon tax. Wang et
al. [28] demonstrated how warehousing and optiontragts can enhance supply chain
emission reduction efficiency under consumer lowoa preferences, achieving supply
chain coordination. Pu et al. [29] applied gameotiigto analyse emission reduction in
automobile supply chains under double-integral gyldeveloping a coordination model
incorporating vertical spillover effects and Nashrdaining. Zhou et al. [30] examined
low-carbon technology selection, investment, pgaitecisions, and coordination in supply
chains under carbon tax policies.

In summary, existing literature has made notablatrdautions to understanding
low-carbon inventory management and emission rémlustrategies within the frameworks
of carbon tax and carbon labelling systems. Howethare is limited research addressing
low-carbon inventory management in the context tdthing recycling and resale.
Furthermore, few studies consider the impact of-t@mbon inventory practices on
consumer purchasing behaviour. Similarly, reseamchsupply chain coordination under
carbon tax and carbon labelling systems remainscaca&Ve focus on balancing carbon
emissions and profitability within a two-tier sugpthain for used clothing-an area that is
relatively underexplored. To address this gap, wanene the combined effects of carbon
tax and carbon labelling systems on corporate émnisseduction and operational
decision-making. We investigate how these systerfiseince inventory carbon emission
level, sales price, consumer demand, and supplyn chifitability. Additionally, we
explore strategies for rational profit distributionthe presence of double marginalisation
within the supply chain, enabling suppliers anaitets to collaboratively reduce carbon
emissions associated with used clothing inventory.

M ethods

This paper examines the carbon tax and carbonliladpedystems within a two-tier
used garment supply chain structure, comprising sugplier and retailer. It analyses
supply chain decision-making models under both oeakised and centralised
decision-making frameworks. In the centralised siecrmaking framework, the supplier
and retailer operate as a unified entity, jointljniag to maximise overall supply chain
profits. Together, they determine the inventoryboar emission level and the sales price.
In contrast, under the decentralised decision-ntpitemmework, the supplier independently
decides the inventory carbon emission level ang thet wholesale price, while the retailer
determines the optimal sales price based on thglistip wholesale price. In this scenario,
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both parties seek to maximise their individual fsofThis paper explores the optimal
decision-making strategies for the supply chaineurtiese two frameworks, considering
the dynamic effects of changes in carbon tax anthocalabelling. The notations and
descriptions used in this study are presented neTh

Table 1
Notations and descriptions
Notations Descriptions
e The inventory carbon emission level of used claghin
ey The baseline of low carbon level of used clothimgentory per unit
t Per tonne (tonne = t =1@ = Mg) of CQ/yuan
w The supplier's wholesale price of used clothing
c Inventory cost of per unit used clothing
a The basic market demand
D The sales price of the retailer
n The consumers’ sensitivity to carbon emissions
Q The basic market demand of the used clothing
c(e) The emission reduction cost of the supplier
k The supplier's emission reduction cost coefficient
Ty The profit of the supplier
T, The profit of the retailer
g The profit of the supply chain
D The decentralised decision-making mode
C The centralised decision-making mode

Assumption 1: Because companies differ in enviramaleproperties, the government
sets a baseline for supplier, that is, the supplieinimum low carbon standard of used
clothing per unit should be,. The government imposes a carbon tax on the aifplG
emissions at a rate of [yuan/t] of CQ.

Assumption 2: The supplier's wholesale price pét used clothing and inventory cost
are denoted ag andc, respectively, where the wholesale price is thgpker’'s decision
variable.

Assumption 3: The market demand function is givgn= a — bp — ne (a,b > 0),
wherea represents the basic market demand scalebatehotes the price sensitivity
coefficient of market demand. To simplify calcutets, in this study,b =1 is
assumed, that does not affect the results. Thdicieet n indicates consumers’ sensitivity
to carbon emissions, whepeis the retailer's decision variable, and it isuased that
p>w>c>0.

Assumption 4: To increase profits under the coieaof the carbon tax and carbon
labelling systems, the supplier adopts environmignfaiendly storage technologies to
reduce CQ emissions per unit product during the inventorggess. After investing in
carbon emission reduction, the carbon emissionl lef/e@sed clothing inventory per unit
product becomes, where0 < e < e,, ande is the supplier’s decision variable. Referring
to Gao et al. [27], the supplier's emission redutticost after making investments is
represented as(e) = k(e, — e)?, wherek is the supplier's emission reduction cost
coefficient. The functiorr(e) satisfiesc’(e) < 0 and c"(e) < 0, indicating that in the
actual storage process, as the inventory carboss@milevel of used clothingdecreases,
the marginal cost increases. This implies that simms reduction is easier initially but
becomes more challenging later.
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Other notationslet r,,, m, andrg. denote the profits of the supplier, the retaiéerd

the supply chain, respectively. Superscrifiidicates the optimal solution, supersciipt
represents the decentralised decision-making maahe] superscripC indicates the
centralised decision-making mode.

Decentralised decision-making in the supply chain

In the decentralised decision-making mode (as showirigure 1), the supplier
determines the inventory carbon emission levelssfduclothinge based on its profits and
costs. At the same time, the supplier also decidesused clothing’s wholesale prige
based on its profit and cost considerations. Theilee, after accepting the wholesale price
set by the supplier, determines the final salesepof the used clothing. This interaction
forms a Stackelberg game, where the supplier ideth@er and the retailer is the follower.
According to the above assumptions, the retailarcdit function is given by:

m. = (p —w)(a—Dbp—ne) @)
Assume that the government imposes a carbon taxrate oft yuan per ton of CO
emissions. Therefore, the supplier's marginal prfodim storing used clothing and selling it

to the retailer isw — ¢ — te, wherete is the tax amount per unit product paid by the
supplier. The supplier’s profit function can themdxpressed as:

M =W —c—te)(a—Dbp—ne) — k(e —e)? )

Supplier m Retailer r Low carbon consume

3
i Purchase
\,I\E/?nci)lsesisca;Lelg\;:;e Sales price Low carbon used
clothing

Fig. 1. Decentralised decision-making in the sugmblgin

Here, the first part on the right side of the etmatepresents the supplier's revenue
from selling used clothing to the retailer, whitetsecond part denotes the cost incurred by
reducing the used clothing inventory emissions. $heond derivative of the retailer’s
profit function with respect tp from equation (1) i9%r,/dp* = —2 < 0. Therefore, the
retailer’'s profit function is strictly concave wittespect to the optimal sales prige
ensuring the existence of an optimal sales pritkat maximises the retailer's profit.
Taking the first derivative ofr, with respect top and setting it to zero yields
p = (a + w —ne). Substituting this value into equation (2), the@glier's profit function
becomes:

Tm=W—c—te)a+w—ne)— k(e — e)? 3)

It is known that the optimal solution far, exists. Settin@n,,/dw = 0, we obtain
w=[a+c+ (t—n)e]/2 . Substitutingw into equation (3), the supplier's profit
optimisation problem becomes:

T =[a—c+ (t+n)e]?/8 —k(eg —e)%s.t.0<e<e, 4)

If 0<t<t, sinced?m,,/de? = (t +n)?/4— 2k, whend?n,,/de? <0, m,,(e) is

a concave function with respectdoAt this point, settingr,,/de = 0, we obtain:
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8key — (a—c)(t+1n) 5

T 8k —k(t+n)? ®)

Then, we know that ife?* > 0 & e, > E; and e?* < ¢, & ¢, < E,, thus satisfying
0 <t <t,, which impliesE; < E,, the maximum profit point for,, (e) is e,. Thus, if this
condition is not met, there is no optimal solutithE; < e, < E,, the optimal solution is
eP*. If e, < E;, the optimal solution i8* = 0. If t > t;, 0%m,,,/0e? = (t + n)?/4 — 2k >
0, indicating that = eP* is the minimum value point for,,,(e). If e = 0 ore = ey, m,,(e)
achieves its maximum value, thust,(0) —m,,(ey) =[2(a —c)(t +1n) — 8key —
(t +n)%egley/8. If m,(0) — mp(ey) =0, e* = 0. is the maximum point. t,,(0) >0
andm,,(e;) > 0, it can be determined they < E; = (a — ¢)/2v/2k. Additionally, since
E;—E,> 0= E; > E,. If 1,,,(0) — m,,(eg) <0, the maximum point i8* = e,. At this
point, if E, = e, = E4 is not satisfied, then an optimal solution doetsaxist.

Where E; = (a—c)(t+1n)/8k, E,=(a—-¢c)/t+n), eP* = [8ke, —
(a—c)(t+n)]/[8k — (t+n)?]. The decision regions for the supplier under the
decentralised decision-making mode are shown iarEig.

Dx*

E2
@ | Qv E3 Q-0
% ' ;
‘t:tl Q=(a-c)/4 T
E, E

0 t [yuan/t] 4
Fig. 2. Decision regions under the decentralisedeno

Under the decentralised decision-making mode instigply chain, if0 < t < t, and
E, <ey<E,, that ise* = eP*, the optimal decision for the supplier and retaie
(eP*, wP*pP*), with market deman@®* . The profits of the supplier and retailer af§
andr?* respectively. Where:

ps _ Bkeg — (@a=o)t+n . B dkla + c+ (t —n)egl — (t +n)at — (t + n)nc

sk—(t+n2 " T 8k — (t +1)?
pe _ 2k[3a+c+ (t —3n)eg] — (¢ +n)at — (t +nnc 0P = 2kla —c+ (t +n)ey]
P 8k — (¢t +1)? ' T 8k—(t+n)?
pe _la—c+@E+mel’k | [a—c+(t+n)el*4k?

T =T 2 T T 8k — (t + )2

Theorem 1: (1) a)0 < e, < (a —c)/2V2k, 0 < t < 2v/2k — n, thendeP*/dt < 0;
b) if (a—c)/2V2k <ey <(a—c)/(t+m),0<t<t,, thendeP”/dt <0, means the
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optimal inventory carbon emission level is equah® government carbon tax is negatively
correlated. (2) If(a—c)/2V2k <ey < (a—c)/(t+1), tya<t<2V2k—-n, then
deP*/at < 0, means the optimal inventory carbon emission lévelositively correlated
with the government carbon tax. (3) aplk e, < (a — ¢)/2v2k — t, thende?* /oy < 0;

b) if (a —c)/2V2k < ep<(a—c)/(t+1), 0 <n <n,, thendeP*/on < 0, that is, the
optimal inventory carbon emission level of usedhiltg is negatively correlated with the
government carbon label. 4) If (a—c)/2vV2k <ey<(a—c)/(t+n),

Ng <1 < 2V2k —t, thendeP*/on < 0, that is, the optimal inventory carbon emission
level is positively correlated with the governmeatbon label. where:

_ —(a—c)n+8key — 2./8k%el — k(a — c)?
fa = a—c "Ma
_ —(a—c)t+8key — 2,/8k2eZ — k(a — c)?

a—=c¢

Proof: (1), (2) FinddeP*/at = [—(a — c)t? + (16key — 2a + 2c)t — (a — ¢)*n? +
(16key — 2a + 2c)n — 4k(a — ¢)]/] [4bk — (t + n)?]%. For the convenience of research,
let E,(t) =—(a—c)t?+ (16key — 2a + 2¢c)t — (a — ¢)?n? + (16key — 2a + 2c)n —
4k(a —c). It can be seen thdt (t) is a quadratic function af . Since—(a —c¢) is
a negative number, it can be seen that the funcgans downward. Lef; (t) = 0. Then
the equatiork, (t) is an equation of. At this time, the two solutions of the equatioa:a

—(a — c)n + 8key — 2,/8k%eZ — k(a — c)?
ta = y tal
a—c
_ —(a—c)n+8key + 2,/8k%el — k(a — c)?

a—=c¢

Since the equation has a solution, it satisfie$es — k(a — ¢)? > 0, which implies
8k?el —k(a—c¢)?> 0= 8key/(a—c) > (a—c)/ey, , thus, 8key/(a—c)—n>
(a —c)/ey, —n. Given that the consumer demandlis= (a —c¢) — (t+n)e, > 0=t <
(a—c)/e, —n, we can see thaf, contradicts the assumption, so we discard thet pgin
Thus, if 0 <t <t,E () <0= deP*/ot<0; if t,<t<2V2k—n, E;(t)>0=
deP*/at > 0. Ift > 24/2k —n, it can be seen that equatiBp(t) has no solution, and

E;(t) < 0. Itis evident that iD < t < 2v2k — 7, deP*/at < 0. Similarly, it can be proven
that conditions (3) and (4) hold.

When the supplier’s per-unit carbon emissions l@esalf the used clothing inventory
are relatively low, such suppliers are classifisdeavironmentally friendly used clothing
suppliers.

Theorem 1 indicates that when the supplier is envirentally friendly an increase in
government carbon taxes and carbon labelling réiguk can reduce the carbon emission
of the used clothing inventory for such suppliéiis aligns with real-world situations, as
stronger carbon taxes prompt environmentally frignduppliers to adopt emission
reduction technologies and measures to maintaood gorporate image. However, carbon
taxes and regulations can only effectively encoeiragterprises to reduce emissions when
they are below a certain threshold; otherwise, tiadlyto incentivise emission reduction.
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On the other hand, for polluting suppliers, inceshsarbon taxes and regulations may not
necessarily lead to proactive emission reductidiiss could be due to the higher costs
associated with emission reduction efforts, whighidish corporate profits and reduce the
incentive to invest in emission reduction. As autgsstricter carbon taxes and regulations
may decrease emission reduction efforts by suargrmses.

Centralised decision-making in the supply chain

In the integrated mode of centralised decision-mgkor the supply chain (as shown
in Figure 3), the supplier and retailer operateaamified system to maximise the entire
supply chain’s profit in a centralised manner. Tthge they jointly determine the product’s
sales price and the inventory carbon emission level of usedhatge. The total profit
function for the supply chain in the centralisedidi®n-making model is given by:

nge = (p—c—te)(a—p—ne) — k(e —e)* (6)
Here, the first part on the right side of the emquratepresents the revenue from selling
used clothing under the supply chain’s centralidedision-making mechanism, while the
second part denotes the cost incurred for reduitiagused clothing inventory emissions
after the supply chain’s emission reduction efforts

Low carbon

Supplier m |-| Retailer r
Sales price
o hen
used clothing

Fig. 3. Centralised decision-making in the supigin

The second derivative of the supply chain’s préditction with respect tp from
equation (6) i9*ms./dp? = —2 < 0. Therefore, the supply chain’s profit function is
strictly concave with respect to the optimal sghegep, ensuring the existence of an
optimal sales pricp that maximises the supply chain’s profit. Takihg first derivative of
mge With respect te and setting it to zero yielgs= [a + ¢ + (t — n )e]/2. Substituting
this p into equation (6), the supply chain’s profit opsation problem becomes:

e =[a—c+ (@t +n)e]?/4—k(eg—e)?s.t.0<e<e, @)

Theorem 2: (1) If 0<t<t, and0<ey, <E,, thene*=0. (2) If 0<t<t,
and E, <ey <E;, thene =e. (3) If t>t, and ey <E;, thene”=0. Where
t,=2Vk—n, E,=(a—=c)(t+n)/4k, Es=(a-c)/(t+n), E = (a—c)/2Vk,
et = [4key — (a —c)(t +n)]/[4k — (t + n)?]. The decision regions for enterprises
under the centralised mode are shown in Figure 4.

Proof: The proof procedure is similar to decentralisedigies-making, which we
omit here.

Under the centralised decision-making mode of tigply chain, whed < t < t,, and
E, <e, < Eg,e* = e; the optimal strategy for the supplier and retaie(e*, p¢*), the
market demand i§¢* , and the supply chain’s profitis;: . Where:
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_Akeg—(a—c)(t+n) . 2kla+c+(t—3n)e]—(t+n)at—(t+n)nc
- sk-G@+nz P T 8k — (t +1)2

_ 2kla—c+ (t+n)egl

Cx*

[a—c+ (t+n)ey]?k?

Cx — Cx
¢ ak—(t+n)2 ¢ 4k — (t+1)?
EG
p Q" T Q-0
E, v *
Y=, | Q=(a-9/2
E, E

0 t [yuan/t] t

Fig. 4. Decision regions of enterprises under #hdralised mode

Theorem 3: (1) a) 1f0 < e, < (a—c)/2Vk, 0 < t < 2vVk — 7, thende® /dt < 0;
b) if (a—c)/2Vk<e,<(a—c)/(t+n),0<t<t,, thende®/dt <0, indicating
a negative correlation between the optimal invgntarbon emission level of used clothing
and government carbon taxes. (2) Ifa—c)/2Vk<e,<(a-c)/(t+n),
t, <t<2Vk— 7, thende®/dn <0, indicating that the optimal inventory carbon
emission level of used clothing is positively ctated with government carbon taxes.
() a) If 0<ey<(a—c)/2vk, 0<n <2Vk—t, then de*/an<0; b) if
(a—c)/2Vk<e,<(a—c)/(t+n), 0<n <n,, then deP*/an <0, indicating
a positive correlation between the optimal inveptarbon emission level of used clothing
and government carbon labelling regulations. (4ulf c)/2Vk < ey < (a —¢)/(t + 1),

n, <n < 2Vk—t, thende®/dn < 0, indicating a positive correlation between the
optimal inventory carbon emission level of usedhiloy and government carbon labelling
regulations. Where:

—(a — o)n + 4key — 2,/4k2e2 — k(a — c)?
tb = :771,
a—c
_ —(a—o)t+4key — 2./4k%e? — k(a — c)?

a—~c¢

Proof: The proof procedure is similar to theorem 2, whighomit here.

Theorem 3 indicates that when the supplier is arir@mmentally friendly supplier,
under centralised control decisions, the optimakmtory carbon emission level of used
clothing decreases as the carbon tax and carba@tlitepincrease, and increases as the
carbon tax and carbon labelling decrease. Thidtrisstonsistent with the conclusion under
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decentralised decision-making in the supply chaBimilar to the decentralised
decision-making scenario, carbon taxes and carlegulations can only effectively
promote enterprise emission reductions when theyalow a certain threshold; otherwise,
they fail to incentivise emission reductions. Ore thther hand, when the supplier is
polluting, the optimal inventory carbon emissiomdeof the polluting supplier increase as
the intensity of carbon taxes and regulations m&ee and decrease as the carbon taxes and
regulations decrease.

Comparison and optimisation analysis of decentralised
and centralised decision-making modes

Corollary 1. (1) If0 <ey < (a—c)/2V2k,0 <t < 2V2k —nor(a—c)/2v2k <
ep<(a—c)/2Vk,0<t <ty or(a—c)/2Vk<e,<(a—c)/(n+1),0<t<t, we
can obtaieP*/at < 0, de€*/dt < 0. This indicates that the optimal inventory carbon
emission level of used clothing for the supplienégatively correlated with the carbon tax
under both centralised and decentralised modesnWte, If0 < e, < (a — ¢)/2V2k,
0<n<2V2k—tor(a—c)/2V2k <ey < (a—c)/2Vk,0<n<n,or(a—c)/2Vk <
eo<(a—c)/(n+1t),0<n<n, we obtaimde’*/dn < 0,de*/dn < 0. This indicates
that the optimal inventory carbon emission levelusied clothing for the supplier is
negatively correlated with carbon labelling undethbcentralised and decentralised modes.

() If(a—c)/2V2k < ey < (a—c)/2Vk, t,<t<2v2k—n or (a —c)/2V2k <
eo < (a—c)/2Vk,0 <n < 242k — t, we can see that, in the centralised decision-ngaki
mode of the supply chain, the supplier’s inventmaigbon emission level of used clothing of
used clothing is negatively correlated with botle tbarbon tax and carbon labelling;
however, in the decentralised decision-making mofi¢he supply chain, the supplier’s
inventory carbon emission level of used clothinguséd clothing is positively correlated
with the carbon tax and carbon labelling.

() If (a—c)/2Vk<ey<(a—c)/(n+t), tg,<t<t, or (a—c)/2Vk <e, <
(a—c)/(n+1t),n, <n <n,, we can see that, in the centralised decision-ngakiode of
the supply chain, the supplier’'s inventory carbanission level of used clothing is
positively correlated with both the carbon tax acatbon labelling, however, in the
decentralised decision-making mode of the suppBbirchthe supplier’s inventory carbon
emission level of used clothing is negatively clated with both the carbon tax and carbon
labelling.

(4) I (a—-c)/2V2k<ey<(a—c)/(n+1), tq<t<2¥2k—17n or
(a—c)/2V2k<ey < (a—c)/(n+1t), na < n<2V2k— t, the supplier's inventory
carbon emission level of used clothing is positvabrrelated with both the carbon tax and
carbon labelling under both centralised and deabkséd decision-making modes in the
supply chain.

Proof: When8e2 — (a —c)? > 0 = 8ke,/(a —¢) > (a — c)ey, if 0 <t < 22k —
nor0< n<2V2k—t, we obtaindeP*/ot <0, de* /ot <0, deP*/on <0 and
de*/on < 0.

When(a — ¢)/2vV2k < ey < (a —¢)/2Vk, if 0 < n < tgor 0< t < ng, We can
getdeP*/at < 0,0e " /at < 0, deP*/an < 0 andde’*/an < 0. Whenn, < t < 2v/2k —
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nort,<n<2V2k—t, we obtainde”/on >0, de‘* /ot <0, deP*/on >0 and
de* /on < 0.

When(a —c)/2Vk <ey < (a—c)/(n+t), f0O< n< t,or 0< t< n, we can
get 0eP* /ot < 0, 0e¢* /ot <0, deP*/on < 0 andde®*/an < 0. If n,< t< n, or
tp < n< tg, thendeP* /ot <0, 0e‘* /0t >0, deP*/on <0 and de¢*/on > 0. If
Na < t<2V2k—n or t,<n<2¥2k—t , then deP*/at >0 , e /ot >0 ,
deP*/an > 0 andde*/an > 0.

Corollary 1 indicates that when the supplier is iemmentally friendly, the
implementation of carbon tax and carbon labellipgteams can promote carbon emission
reduction regardless of whether centralised or mtegksed decision-making is adopted. If
the supplier is polluting, in a centralised deaisinaking mode, inventory carbon
emissions are negatively correlated with carboresaand carbon labelling, while in
a decentralised decision-making mode, inventorpaaemissions are positively correlated
with carbon taxes and carbon labelling. Additiopaif the supplier is a polluting supplier
and the carbon tax and regulations exceed a cehia@ahold, the implementation of carbon
tax and carbon labelling systems will not be effecin reducing carbon emissions.

Corollary 1 also indicates that if the supplgean environmentally friendly supplier,
the implementation of carbon regulations and carlatrelling systems can achieve
a reduction in carbon emissions. However, if thppsier is a polluting supplier, under
centralised decision-making, adopting appropri@daen taxes and regulatory constraints
can lead to a reduction in the inventory emissibansed clothing.

Corollary 2: Based on the above analysis, by comparing thenapinventory carbon
emission levels, demand, sales prices, and supaliy @rofits under the decentralised and
centralised decision-making modes, the followingatosions can be drawn:

(1) If 8k — (t + )% > 0, thene®* < eP*, Q¢* < QP* andn&; > nl* + nP*;

(2) If 4k — (t +1)% > 0, thenp®* < pP*; if 2Vk < ( +t) < 2V/2k, thenp®* > pP*.

Proof: From Corollary 1 and Corollary 2, it is known thaf* —QP* >0,
eC* —el = =2k(n+O)[(n+t)eg —a+c]/{[8k — (t +n)?]|[4k — (t +7n)?]} <0
Similarly, it can be deduced thaf;/(n2* + nP*)>1. Thus, (1) is proven.

p” —p® = (2k[2k — (¢ +n)?][a — c — (¢t +n)eo] }/{[8k — (t +1)*][4k —
(t+n)%] <0. It is satisfied that, whedk — (t + )2 > 0 thenp®* < p*; and when
2Vk < (t +1) < 2V2k, then p¢* > pP*.

Corollary 2 indicates that in the decentralisediglen-making mode, prices are not
fixed compared to centralised decision-making. Bipémal inventory carbon emission
level of used clothing is greater in decentralisigtision-making than in centralised
decision-making. Moreover, the demand and profitslécentralised decision-making are
smaller compared to centralised decision-making.

Contract design for supply chain coordination

Due to the problem of double marginalisation in s@ply chain under decentralised
decision-making, it is necessary to design a contifaat achieves Pareto optimality for
both parties. This means that the profits of bdté tlecentralised supplier and retailer
should not be less than the profits in the decksd decision-making mode. In other
words, the additional profit generated by transitig the supply chain from a decentralised
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to a centralised mode should be allocated. Undsrcintract, the profits of the supplier
and the retailer are as follows:

T = (W —c —te)(a—bp—ne) — ke, — e)* (8)

m. = (p —w)(a—bp —ne) 9)

Theorem 4: When the wholesale price given by the supplietht retailer satisfies
Whnin < W' < W, the profits of the supplier and retailer are lest than those under the
wholesale price contract. Compared to the wholesate contract, the increase in profits
for the supplier and retailer ater,, = (W' —wy,;,) Q' and A, = Wy —W') Q'
respectively. At this point, the total increase grofit Amg. satisfies Amge = Wiax —
Wmin) Q,-

Proof: Since the profits of both the supplier and retadee not less than the
maximised profits under decentralised decision-mgkive haver;, > 2 andm, > 2 .
This implies:(p' —w)Q' > 2 and (w — ¢ — tc’)Q" — k(e — €)? > b, thus, we can
obtainw < (p'Q" — w?) andw > (2 + k(ey — e)? + cQ’ — t A’Q")/Q’, then we obtain
Artsc = Wimax — Wmin) Q'

The theorem shows that whern = w,,;,,, the supplier’'s profit does not increase, and
all the additional profif\rrg is obtained by the retailer. Conversely, wh€n= w,,,., the
retailer’s profit does not increase, and all thelimhal profit Amg, is obtained by the
supplier.

Since in decentralised decision-making, the whidegecew is not solely determined
by the supplier, its determination is related ® targaining power of both the supplier and
the retailer. Therefore, the Nash bargaining miglaked to determine the valuew{27].
Suppose the bargaining power of the retailerais where0 < a < 1. Then, the
corresponding bargaining power of the supplier s @. According to the Nash bargaining
model, the problem of finding the optimav can be formulated asN,
N:Max = (n.—nP)*(m,—n2)=® which yields the following expression:

N:Max = [(p" = w)Q' —mP1“[(w — ¢ — tc)Q" — k(e — ') — ] (10)

Solving equation (10) vyieldsy = (p'—n? — aAmsc)/Q’, which shows that the
wholesale price is negatively correlated with te&aiter’s bargaining power. This means
that the stronger the retailer’'s bargaining powiee, lower the wholesale price set by the
supplier. Conversely, if the retailer's bargainipgwer is weaker, the wholesale price will
be higher.

Theorem 5: According to the Nash bargaining model, there texian optimal
wholesale price contrap’,w’,c’) that satisfies supply chain coordination, andheets
the condition ow,,;, < w' < wy,,,. Herep’, ¢’ are the optimal choices for the supplier
and retailer under centralised decision-making.

Proof: Take the first derivative of equation (10) wittspect tow and set the first
derivative equal to zero. This yields:

JdN
2 = (1~ w1 (W — ¢ — 1)@’ ~ k(e — €)? ~ 5] )]
' —a((w—c—tc)Q —k(ey—e')? —nb) 1o (11)
{ @ - WP “

we obtain w'={p'-nP —a[(p’' —c—te)Q" —k(e, —e')’~npl}/Q" = (p'-n7 —
alrg:)/Q'. From this, we find thatw' — wy,,, = —aAng./Q' < 0 andw' — wy,, =
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(1 —a)Amg:/Q' > 0. Therefore, it can be concluded thaf,, <w’' < wy,,, . Proof
completed.

According to Theorems 4 and 5, the increases ifitprfor the supplier and retailer
under the optimal contract are given MWyr, = aAng, and Am, = (1 — a)Amng,
respectively. This indicates that, under this cactirthe profits of the supplier and retailer
are influenced by their respective bargaining pewerhis contract achieves the
optimisation of the overall supply chain profit.

Results and discussion

Based on the assumptions, similar to references3®,732], this chapter sets= 100,

¢ = 20, k = 16, and uses numerical simulation methods to veli& dbove theorems and

corollaries. Since the baseline of low carbon lefeéhventory play a key role in the impact
on both decentralised and centralised decisionngakthis chapter selects different
baselines of low carbon level of inventory to exaenihe effects of carbon taxes and
carbon labelling on carbon emissions levels, saléses, sales volumes, supply chain
profits, and the increase in supply chain profiteder coordination contracts in

decentralised and centralised decision-making md8iescifically,e, = 5 ande, = 11.

Theimpact of carbon tax and carbon labelling on the inventory carbon emission level
of used clothing
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Fig. 5. Impact of changesn on the carbon emission level of used clotteng)e, = 5, b)e, = 11

Figure 5 illustrates the impact of carbon tax aatbon labelling on inventory carbon
emissions level of used clothing. From Figure 5, eanclude that if the supplier is
an environmentally friendly type, i.e., the useatling inventory low carbon baseline level
is relatively low g, = 5): 1) in the decentralised decision-making mode, ithventory
carbon emissions level of used clothing is moresisige to government carbon regulations
compared to the centralised decision-making mode.aAresult, the inventory carbon
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emissions level of used clothing is higher in tkatcalised mode than in the decentralised
mode; 2) as consumers become more aware of cadimilihg, the inventory carbon
emissions level of used clothing decreases, indigathat carbon labelling effectively
reduces the inventory emission of used clothinghéf supplier is a polluting type, i.e., the
used clothing inventory low carbon baseline lewehigher ¢, = 11): 1) the inventory
carbon emissions level of used clothing in the deedéised decision-making mode is
greater than that in the centralised decision-ngakinode; 2) in the decentralised
decision-making mode, the inventory carbon emissitavel of used clothing initially
decreases and then increases with the rise in mati®es, while in the centralised
decision-making mode, the inventory carbon emissierel of used clothing is negatively
correlated with carbon taxes; 3) when the tax rabeains constant, as consumer sensitivity
to carbon labelling increases, carbon emissionslugity decrease in the centralised
decision-making mode, whereas in the decentralidedision-making mode, carbon
emissions initially decrease and then increase.

Theimpact of carbon taxes and carbon labels on demand
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Fig. 6. Impact of changesn on the demand: a)e, = 5, b)e, = 11

Figure 6 illustrates the impact of carbon tax aacbon labels on demand. From Figure
6, we conclude that if the supplier is environméyntiiendly manufacturing, i.e. the used
clothing inventory low carbon baseline level isatalely low (, = 5): 1) the demand in
decentralised mode is larger than that in cengdlidecision-making, and the demand in
decentralised decision-making first decreases lagd increases with the increase of carbon
tax, and the demand in centralised decision-maisngelated to the carbon tax burden;
2) when the tax rate is fixed, with the increase@fisumers’ sensitivity to carbon labels,
the demand under centralised decision-making fiestreases and then increases, and the
demand in decentralised mode is negatively comélatith carbon emissions. If the
supplier is a non-environmentally friendly suppip¢, that is, the used clothing inventory
low carbon baseline level is highée, = 11): 1) the demand of decentralised decision
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making is less than that of centralised decisiokinig 2) the demand is related to carbon
tax burden in decentralised decision making andraksed decision making; 3) when the
tax rate is fixed, with the increase of consumeesisitivity to carbon labelling, the demand
is negatively correlated with carbon emissions I tcentralised and decentralised
decision-making modes.

Theimpact of carbon taxes and carbon labels on sales price
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Fig. 7. Impact of changesn on the sales price a)e, = 5, b)e, = 11

Figure 7 illustrates the impact of carbon taxes eaudbon labels on sales price. From
Figure 7, we conclude that if the supplier is eonwmentally friendly, that is, the used
clothing inventory low carbon baseline level isatélely low (g, = 5): 1) the sales price in
decentralised decision-making mode is higher thaat tn centralised decision-making
mode, and the sales price in centralised decisiakimg first increases and then decreases
with the increase of carbon tax, and the salesepricdecentralised decision-making is
positively correlated with carbon tax; 2) when thg rate is constant, with the increase of
consumers’ sensitivity to carbon labelling, the esalprice in the decentralised
decision-making mode decreases with the increasarbbn labelling regulation, while the
sales price in the centralised decision-making nuelgreases first and then increases with
the carbon labelling regulation. If the supplier gslluting, that is, the used clothing
inventory low carbon baseline level is highé¢, = 11): 1) the sales price under
decentralised decision-making is greater than tnader centralised decision-making;
2) there is a positive correlation between saldsepand carbon tax in decentralised
decision-making and centralised decision-makingwBgn the tax rate is fixed, with the
increase of consumers’ sensitivity to carbon Igbtkls sales price is positively correlated
with carbon emissions in the centralised and deaksed decision-making models.
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Theimpact of carbon tax and carbon labelling on profit

Figure 8 illustrates the impact of the carbon tad aarbon labelling on profit. From
Figure 8, we conclude that if the supplier is of emvironmentally friendly type, i.e.,
the used clothing inventory low carbon baselinecles relatively low ¢, = 5): 1) the
supply chain profit under decentralised decisiorkin@is lower than that under centralised
decision-making; 2) in the decentralised decisiakimg mode, the supply chain profit is
negatively correlated with the carbon tax, whilethie centralised decision-making mode,
the supply chain profit initially decreases anditivicreases with the rise in the carbon tax;
3) when the tax rate remains constant, as conssemsitivity to carbon labelling increases,
the supply chain profit decreases in the decesgdlidecision-making mode. In the
centralised decision-making mode, the supply chaifit initially decreases and then
increases. If the supplier is of a non-environmignfaiendly type, with a relatively high
inventory low carbon baseline levge, = 11): 1) the supply chain profit under the
decentralised mode is lower than that under théralesed decision-making mode, and in
both the decentralised and centralised decisionismgakodes, the supply chain profits are
negatively correlated with the carbon tax; 2) whée tax rate remains constant, as
consumer sensitivity to carbon labelling increasies,supply chain profits decrease in both
the centralised and decentralised decision-makiodes.
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Fig. 8. Impact of changesn on the supply chain profit e a)e, = 5, b)e, = 11

Theimpact of carbon tax and carbon labelling on the coordination mechanism

Figure 9 illustrates the impacts of carbon tax eabon labelling on the coordination
mechanism. From Figure 9, we conclude that if tygpBer is an environmentally friendly
type, that is, when the used clothing inventory lcavbon baseline level is relatively low
(eo = 5): 1) the increase in the profit distribution oéthupply chain initially decreases and
then increases with the rise in carbon tax; 2) when tax rate remains constant, the
increase in the profit distribution of the suppha initially decreases and then increases
with the rise in the intensity of the carbon lalbgl If the supplier is of
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a non-environmentally friendly type, with a relaiy high inventory low carbon baseline
level (e = 11): 1) the increase in the profit distribution oétlupply chain decreases with
the rise in carbon tax; 2) when the tax rate remaionstant, as consumer sensitivity to
carbon labelling increases, the increase in thditpdistribution of the supply chain
decreases.
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Fig. 9. Impact of changesn on the Coordination Mechanisena)e, = 5, b)e, = 11

Conclusion

This paper investigates a two-tier supply chainratyeg under carbon tax policies,
where consumer preferences for carbon labellingence demand. It examines the effects
of carbon taxes and carbon labelling on suppliéns’entory carbon emissions and
coordination decisions under both decentralised amhtralised decision-making
frameworks. The key findings are as follows:

* Environmentally friendly suppliers: When the supplier adopts environmentally
friendly practices, the inventory carbon emissiemel of used clothing decreases as
the carbon tax increases under both decision-maknogles. Additionally, with
a constant carbon tax, an increase in consumeeiso of carbon labelling reduces
the inventory carbon emission level of used claihin

e Palluting suppliers. For suppliers with higher carbon emissions, thentory carbon
emission level of recycled clothing under deceigeal decision-making initially
decreases and then increases with a rise in themrdax. With a constant tax rate, as
consumer perception of carbon labelling improvies,ibhventory carbon emission level
first decreases and then increases. In centradiseidion-making, carbon emissions are
negatively correlated with the carbon tax. Moregasrconsumer perception of carbon
labelling increases, the inventory carbon emistoal of recycled clothing is lower.

* Impact of initial conditions: When suppliers have the same baseline of loworarb
level of inventory, the effects of carbon tax andrbon regulation intensity on
inventory carbon emission level of used clothingmdnd, supply chain profits, and
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coordination mechanisms are similar. However, theipact on sales prices is

opposite.

e Profit redistribution and coordination: Since profits under decentralised
decision-making are lower than those under cestdli decision-making,
implementing a Nash bargaining-based wholesales prantract can help coordinate
the supply chain. By redistributing profit diffeisss arising from the varying impacts
of carbon tax and carbon labelling on supply chadaenues, both suppliers and
retailers can achieve Pareto-optimal outcomes.

This study employs quantitative analysis to expltre decision-making processes
associated with inventory carbon emissions unddsotatax and carbon labelling systems,
uncovering key patterns of change. The findingsviple valuable insights for government
policy:

* For non-environmentally friendly suppliers, governments can enhance consumer
awareness of environmental protection and providssidies for emission reduction
efforts.

» For environmentally friendly suppliers, emphasis should be placed on fostering
collaboration between suppliers and retailers toea® minimal low-carbon inventory
levels of used clothing.

However, this study has several limitations. Fostance, it assumes a linear
relationship between consumer demand and the iomerrbon emission level of used
clothing. Future research could explore the impattrandom consumer demand.
Additionally, while this study considers single-tg/énventory carbon emission decisions,
future work could extend to multi-cycle scenaribmally, the current focus is limited to
carbon taxes and carbon labelling policies; fusitelies could examine the effects of other
policy combinations, such as carbon trading, caditowances, and government subsidies,
on inventory carbon emission decisions for usethaig suppliers.
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