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Abstract: The paper considers the sustainable trade credit and inventory policies with demand
related to credit period and the environmental sensitivity of consumers under the carbon
cap-and-trade and carbon tax regulations. First, the decision models are constructed under three
cases: without regulation, carbon cap-and-trade regulation, and carbon tax regulation. The optimal
solutions of the retailer in the three cases are then discussed under the exogenous and endogenous
credit periods. Finally, numerical analysis is conducted to obtain conclusions. The retailer shortens
the trade credit period as the environmental sensitivity of the consumer is enhanced. The cap has no
effects on the credit period decisions under the carbon cap-and-trade regulation. Carbon trade price
and carbon tax have negative effects on the credit period. The retailer under carbon cap-and-trade
regulation is more motivated to obey regulations than that under carbon tax regulation when
carbon trade price equals carbon tax. Carbon regulations have better effects on carbon emission
reduction than with exogenous credit term when the retailer has the power to decide with regards
credit policies.
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1. Introduction

Sustainable development is the main focus of an economy. The Intergovernmental Panel on
Climate Change reports that global warming is likely caused by carbon emissions [1]. Hence, many
countries are implementing carbon emission regulations to reduce such emissions. One of the most
effective mechanisms is the cap-and-trade mechanism. Firms under the cap-and-trade mechanism
receive a free carbon emissions cap during a finite time period and can trade the cap with other firms
in the same carbon trade market [2,3]. The European Union Emissions Trading system (EU ETS) is
the first and largest international center that permits trade. EU ETS in China has begun to experiment
with carbon emissions trading in seven provinces. Carbon tax is another carbon emissions regulation,
which is a tax imposed on carbon dioxide emissions [4,5]. At present, the EU has been discussing
the implementation of uniform carbon tax to compensate for the deficiency of the carbon emissions
trading system implemented in January 2005 (Emission Trade System).

Moreover, enterprises in the field of carbon emission reduction have to optimize their operations
to reduce carbon emissions and respond to the regulations [6,7]. Meanwhile, trade credit is widely
used among enterprises for short-term financing. Here, credit is provided by the seller to the buyer,
and the buyer is allowed to purchase from the seller with no immediate payment [8]. Financial Times
mentioned that 90% of the global merchandise in 2007 is traded with trade credit, which is about
$25 trillion [9]. Wal-Mart had $28.8 trillion accounts payable in the balance sheet in March 2009,
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accounting for 75% of its inventory [10]. The non-state owned enterprises in China are often offered
limited support by banks; thus, they resort to trade credit as a very important financing method.

Trade credit offers retailers opportunities to stimulate demand [11], although this also tightens
the latter’s capital and results in default risk. Moreover, higher demand would result in greater
carbon emissions. Considering the environmental awareness of consumers regarding low carbon
emissions, high carbon emissions would have a negative effect on the market demand [12].
Carbon labeling is introduced by retailers on products related to emissions (e.g., Casino in France and
Tesco in Great Britain) [13]. The BBMG Conscious Consumer Report states that 51% of Americans are
willing to pay more for products with high environmental quality, whereas 67% agree to purchase
goods for environmental benefits [14,15]. Therefore, credit policy and carbon emissions influence
consumer demand and the subsequent profits of enterprises.

Hence, revisiting the trade-off between revenue and cost of trade credit, while considering
the environmental sensitivity of consumers and helping enterprises make reasonable credit and
operational decisions to improve the performance and sustainability of the supply chain operation
are practical management problems under the constraints of carbon emissions regulations.

Many previous studies in operation management investigated the inventory model with trade
credit from the angles of cash flow and logistics coordination and on the traditional Economic Order
Quantity (EOQ) model framework [16,17] by weighing capital, inventory, and fixed ordering costs.
However, the analyses rarely considered the demand related to the environmental awareness of the
consumers and the effects of carbon emissions regulations on the cost structure of the trade credit.
The literature on the inventory model with carbon emissions regulations mostly focused on logistics
optimization and has rarely discussed the effect of trade credit on cash flow. Therefore, the current
paper comprehensively considers the effects of carbon emission regulations on the decisions of
retailers when demand depends on credit period and carbon emissions, with the aim of exploring the
optimal order and credit decisions of retailers under endogenous and exogenous trade credit periods.

2. Literature Review

The economic order quantity model of trade credit financing was first proposed by Goyal [18],
which Chu et al. [19] extended to a deteriorated product. Jamal et al. [20] studied the economic
production quantity (EPQ) model for manufacturers with delayed payment. Huang [17] extended
Goyal’s model [18] and analyzes two-level trade credit for the first time: the credit provided by the
manufacturer and the customers offered by the retailers. Teng et al. [21] studied the optimal policies
of both the supplier and buyer under the non-cooperative and cooperative situations. Liao et al. [22]
discussed the optimal order quantity of deteriorating product with trade credit under two storage
facilities. Tsao [23] discussed the inventory policies of imperfect products.

However, the demand is constant in previous studies, which explored EPQ [24,25] or EOQ [16,17]
under trade credit financing. However, in reality, market demand changes quickly and is affected by
many factors (i.e., price, time, inventory level, and delayed payment period). Some scholars have
realized this phenomenon so they extended the inventory mode under the condition that demand is
variable. However, few studies have discussed the optimal replenishment policy of retailers under
a credit period while considering consumer environmental sensitivity. Ho et al. [26] and Chung and
Liao [27] studied the inventory replenishment strategy in a supply chain under trade credit financing
with demand that is sensitive to price. Sarkar [28] and Teng et al. [21] established the EOQ model
under trade credit financing, in which demand is dependent on time. Min et al. [29] assumed that
the demand depended on the inventory level with delayed payment, whereas Soni [30] studied
the optimal replenishment policy of the retailers with trade credit while considering the demand
related to the price and inventory level. Su et al. [31] and Jaggi et al. [32,33] discussed the inventory
models, in which demand depends on inventory level. Thangam and Uthayakumar [34] and Giri and
Maiti [35] studied the trade credit financing of the product with the demand related to the price and
credit period.
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Trade credit can stimulate the sales; however, a longer credit period would induce increase
default risk. Therefore, some authors discussed the tradeoff between increasing sales and greater
default risk caused by trade credit. Lou and Wang [36] studied the optimal business credit
and replenishment strategies for retailers, under the condition that market sales has a positive
correlation with the business credit and a negative correlation with trade credit risk. Wu and
Chan [37] and Wu et al. [38] extended the research of Lou and Wang [36] to deteriorating products.
Zhang et al. [39] discussed the coordination with quantity discount contract under credit risk with
stochastic demand conditions.

However, the literature above does not consider the effect on demand of the environmental
awareness about carbon emissions of the consumers. Rising environmental awareness has changed
consumer behavior. Researchers considered the impact of consumer environmental awareness
and introduced environmental quality as a demand enhancement factor in the product demand
function [40]. Glock et al. [41] assumed that demand is sensitive to price and quality. Sustainability is
treated as a quality attribute and is measured in terms of the levels of scrap and emissions generated
in the supply chain.

Meanwhile, the impacts of cooperative and non-cooperative behaviors between the supplier and
the manufacturer have also been explored. Liu et al. [40] developed a model that includes consumer
environmental awareness and competition in two stage supply chains, and adopted two-stage
Stackelberg game models to investigate the dynamics between the supply chain players given three
supply chain network structures. Swami Shash [42] proposed a model with a manufacturer and a
retailer that coordinates the operations (i.e., wholesale price and green effort for the manufacturer and
market price and green effort for the retailer). Nouira et al. [43] proposed two models. In model 1, a
single product is offered by the firm, and the demand of this product depends on its greenness, while
in model 2, the market is segmented between ordinary and green customers, with both demand
and price depend on product greenness. The greenness of the output product is a decision variable
in both models. Hovelaque and Bironneau [8] discussed the carbon-constrained EOQ model with
demand that is dependent on carbon emissions and retailing price. Zhang et al. [44] discussed the
impact of consumer environmental awareness of carbon emissions on order quantities and channel
coordination within one manufacturer and one retailer supply chain with demand that is dependent
on carbon emissions and price with two substitutable products. Du et al. [45] discussed the impact of
consumers’ preference on low carbon in the emission-concerned supply chain and designed several
emission-concerned contracts that can help coordinate the supply chain.

Another stream of literature that is close to the present research examines the operation decisions
under carbon emissions regulations. He et al. [46] discussed carbon emissions abatement in the
fashion supply chain with carbon tax regulation. Hua et al. [47] studied the optimal order quantity
problems of enterprises under the deterministic demand by the EOQ model; they also considered
carbon cap and trade policy only and analyzed the influences of carbon trading, trading price,
and carbon caps on ordering decision, carbon emissions, and the total cost of order. The study
is generalized to include the pricing decisions in Hua et al. [48]. Song and Leng [49] studied the
enterprise decision-making problem of the single cycle with the stochastic demand and separately
considered three types of carbon emissions restrictions (i.e., emissions, carbon tax, and carbon
cap-and-trade). Arslan and Turkay [50] focused on the classical EOQ model under carbon cap,
carbon taxing, carbon cap and trade regulations, and carbon offset investments in order to reduce
carbon emissions. Chen et al. [51] discussed the carbon constrained EOQ in the carbon regulations,
including strict carbon caps, carbon tax, cap-and-offset, and cap-and-price. Toptal ef al. [11] examined
joint inventory control and green investment decisions in the settings of an EOQ model under the
carbon cap, cap and trade, and taxing regulations. Hovelaque and Bironneau [8] discussed the carbon
constrained EOQ model with demand that is dependent on carbon emissions under the cap-and-trade
regulation. Dye and Yang’s [52] work is closer to the present work as it considered the joint trade
credit and inventory management with the demand dependent on the credit period with the carbon
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cap-and-trade policy and carbon offset policy. However, Dye and Yang did not consider the effects
on demand and carbon tax regulation of the environmental sensitivity of consumers.

Considerable research on the production/inventory model with trade credit and the
production/inventory model with carbon emissions regulations has been published. However, few
studies combined two streams of research to discuss optimal production policies and trade credit
policies with trade credit and the carbon emissions regulations. The first stream of literature assumes
that demand is a function of the credit period and does not consider the effect of the environmental
awareness of customers on the demand and the carbon emissions regulation on the costs incurred
by enterprises. The second stream of literature assumes that demand is the function of carbon
emissions and does not consider the effects of trade credit on demand and default risk. Therefore, the
current paper discusses the inventory models with trade credit by incorporating the effects of carbon
emissions regulations and environmental sensitivity of consumers, in order to explore optimal credit
and inventory strategies.

The reminder of the paper is organized into sections. Section 3 mainly presents the notations
and assumptions in the paper. Section 4 discusses the models of the enterprises profit functions in
three cases: without carbon emissions regulation, carbon cap-and-trade regulation, and carbon tax
regulation. Section 5 analyzes the optimal solutions in the three mechanisms under the exogenous
and endogenous credit periods. Section 6 discussed the numerical analysis to illustrate the proposed
model and obtain some conclusions. Section 7 presents the conclusions.

3. Notations and Assumptions

3.1. Assumptions

The following assumptions are used to establish the mathematical inventory model:

(1)  Replenishment is instantaneous; shortage is not allowed.

(2)  The retailer provides the trade credit period 7 to its customers.

(3) Market demand: Demand follows the form of D(n, Q) = a + fn — 6CQ(Q), where &« > 0Ois a
scaling factor, > 0 is a constant that governs the increasing rate of the demand with respect
to the credit period, and § > 0 reflects the demand decreasing with the carbon emissions.
The carbon emission-dependent demand that is usually considered has a linear form [8].
The credit-dependent demand is used in three forms: linear, polynomial, and exponential [55].
This form of linear demand function has been used in other aspects (i.e., demand related to the
price and environmental performance) [54].

(4)  The retailer would face the risk of a customers’ inability to pay off debt obligations when the
retailer offers a credit period to its customers. The default risk, in which the retailer cannot
receive all the receivables, is higher when the credit period offered by the retailer is longer.
Three methods are used to express the increasing default risk with respect to the credit period:
linear, polynomial, or exponential. The rate of the default risk given the credit period is
F(n) =1—e~ ", where k > 0[36-38].

(5)  The retailer’s opportunity cost of receivables in the provided trade credit period is e /", where
j > 0, which refers to the interest of opportunity cost [37,38].

(6) The retailer is assumed to be a rational man and the effect of social responsibility is not
considered. Therefore, the retailer maximizes its profit to make decisions.

(7)  The decisions are made in a single period and not in multiple periods; therefore, the carbon
emission cap is fixed without considering the effect of time. In addition, no big progress is seen
with carbon emission reduction technology for the short period [51,52].
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3.2. Notations

Several notations are used throughout this paper, and these are listed in Table 1.

Table 1. Notations in the model.

Notations Meaning

Unit selling price

Uit purchasing price of the seller

Ordering cost of per order for the seller

Unit holding cost for the seller, excluding interest charges
Replenishment period for the seller

Trade price of unit carbon emissions

Carbon emissions cap

Tax rate of unit carbon emission

Market annual demand

Carbon emissions of per order for the retailer

Per unit carbon emission of purchased or produced product
Per unit carbon emission of held in inventory per unit time

Input
parameters

8

Replenishment quantity for the seller, decision variable

Trade credit period offered to the consumers by the retailer, decision variable

CQ(n, Q) Total carbon emissions

Ty(n, Q) Annual profit of the enterprise with i = 1,2,3: 1 for no regulation, 2 for carbon
! cap and trade regulation, and 3 for carbon tax regulation

SO ANDTHI20 o

Output

4. Mathematical Model

CQ»(Q) represents the annual total carbon emissions of the retailer. For the given purchasing
quantity, Q, the annual replenishment times are represented by D(n)/Q, and the annual inventory
holding cost is Q/2. The corresponding carbon emissions linked to the purchasing times and the
inventory holding are D(1)A/Q and Qfi/2, respectively. The amount of annual carbon emissions
during the purchasing process is ¢D(n). Therefore, the amount of the total carbon emissions related
to purchasing/producing, delivering, and the storing product is defined as [52].

CQx(n,Q) = éD(n,Q) + D(n,Q)A/Q + Qh/2 1)

The demand of the product in the market is mainly related to credit period and carbon emissions.
The effect of carbon emissions on demand is measured in two ways: by carbon intensity, which is
mainly measured by the carbon footprint [46], and by total carbon emissions, the same as Hovelaque
and Bironneau [8], which is directly related to corporate social responsibility image and its brand
image [8]. This paper considers the main effect of carbon emission on demand to be the total carbon
emissions. Thus, the demand function is given by

D(n,Q) = &+ pn—6CQx(Q) = a + pn— 6[¢D(n, Q) + D(n, Q)A/Q + Qh/2] @

Equation (1) is substituted into Equation (2) to obtain

1 . A
D(n, Q) = —E(—Zm—Zﬁn+(5Qh)Q/(Q+(5€Q+(5A) 3)
The first and second derivatives of the demand function is obtained with respect to #n and Q by

dD(n,Q)  6(Q%h+06Q%he +2QhsA — 20A — 2BnA)

oQ 2(Q + 8¢Q + A

)
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’D(n, Q) SAQ2BNES + 20 + 62hA + 2086 + 2pn)

=— 5
0Q? (Q+66Q + 5A)° ®
dD(n,Q) _ BQ ©)
on Q+d6Q + A
2
=0 2

The annual profit of the retailer without carbon emissions regulation is ITj(n, Q). The revenue
that considers default risk and opportunity cost is shown as se~ UKD (1, Q). The cost related to the
purchasing process is cD(n, Q) + D(n, Q)A/Q + Qh/2, which consists of purchases, setups, and the
inventory holding. The annual profit of the enterprise Il; (1, Q) can be expressed as

M1y (1,Q) = se~ "D, Q) — eD(n, @) ~ 222 — g2 ®

The annual profit of the retailer with carbon cap and trade regulation is Il (n, Q). Here,

plZ — CQ1(Q)] represents the emissions cost or revenue results from the buying or selling permits.

The enterprise carbon emissions are less than the carbon cap when Z — CQ»(Q) > 0; therefore, the

enterprise can sell the permit to obtain the revenue. The enterprise carbon emissions are greater than

the carbon cap when Z — CQ»(Q) < 0; therefore, the enterprise can buy the permit to induce the cost.
The annual profit of the enterprise Iy(n, Q) can be expressed as

Ta(1,Q) = se~0"D(n, Q) ~ eD(n, Q) ~ 2% - Ty o1z - c0a(0)) ©)

The firm under carbon tax regulation is charged for each unit emission with a constant tax rate
level of 7. Therefore, the annual profit of the retailer under carbon tax regulation can be expressed as

I13(n, Q) = se~U*X"D(n,Q) — cD(n, Q) — === — == — 7CQ»(Q) (10)

5. Optimal Solutions with Exogenous Trade Credit

The trade credit period n provided by the retailer is an exogenous variable that is decided by the
market. The credit period is regarded as a given parameter; thus, the decision variables in the model
is Q. The objective is to maximize the profit of the retailer.

5.1. Case 1: Without Carbon Emissions Regulation

The profit function in Case 1 without carbon regulations is Max IT;(Q). The optimal order
quantity of the retailer is shown in Theorem 1.

Theorem 1. If se~U+)" — ¢ > 0and A>B, then I1;(Q) is concave with decision variable Q.
Qf can be obtained from aHgéQ) = 0 with the condition —hA+hA < 0.

Proof: Based on Equation (8), the first-order derivative of profit function with respect to Q can be
obtained as

oL(Q) _ _ —(+0n?D(Q)  dD(Q) D(QQ-DQ) , 1
0 se” Y 20 c 20 2 A 2h
_ ke [—2(56_(f+k)” +0)abA + (se= U _ y9262he

2
+ (se= U _ )26k 4 2(se U™ — 0)Q6*hA — 2(se=UTH" — o) pns A

—2ABn —2Aq — 2ABNnES — he2AA — 2Awed]/2(Q + 66Q + SA).
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The second derivative of profit function with respect to Q is
PIL(Q) _ (s~ 0+ ¢y *D(Q)  Q*D"(Q) +2D'(Q)Q —2D(Q)
002 0Q? Q3
= [se=UHR53[A% — cshB? + 2(se~ UHR" — 0)as2eA
+2(se= U0 _ 0y Bns2e A + 2(se= Ut — oyas A + 2(se= U™ — o) pns A + AsPhe A

A

+2ABN R + 2ABn + 2Aa + APRA + 4Ad¢ + AABNSE + 2Ax6?%]/(Q + 66Q + SA).

, .02

If se=UHm _ ¢ > 0and A>B, O(r;égQ) <0 can be obtained. Thus, IT;(Q) is concave on decision
variable Q. The maximum value can be obtained by the condition that the first derivative equals 0;
hence, the optimal quantity Q7 can be obtained from 61181 éQ> =0.

Moreover,

IT 1 A A A A
d OjéQ) = —5(-2Apn — 240 —2Apnts - 2se Kus A — 25e " B A — h6? AA — 2Ancs
0=0

+ 10% A% + 2cBns A — 2cadA) ) (5A).

o (Q) > 0. limQ_)ocaL(Q) < 0 is determined easily. Based on
Qoo 2Q

the Mean Value Theorem Qj >0 exists and is unique. Hence, Qf is the optimal order quantity of the
retailer. Theorem 1 is thus proven.

If —hA+hA < 0, then

oIl (Q)

Based on Theorem 1, QF can be obtained from — = 0. Let
0

Fi(Q) = ho*A? — cQ?6h + 2Q%hé¢ + 2QhS A — 2APn + se~UtHnQ26) — 2 Aw + 2cpns A
— cQ?0%he —2cQ0%hA +2Qh8%e A — 2ABnes — 2se~ TR a5 A — 25~ U0 gs A
+se”Uthn 25200 4 25~ UM QS2R A — 2cad A — h62AA + Q2h6%e2 — 2Aaés — Qh.

Therefore, QF meets F;(Q) = 0.

Given that
(9Fa1(QQ) — (se= U+ _ £)2Q82he + (se=U+R" — ¢)2Q5h
+ (se=UTRn _ 0)262h A + 4Qh6¢ + 2hS A + 2h52¢ A + 2Qh6%e + 2Qh > 0,
apé(ﬁQ) = —2An —2Anés — (se~ U™ _ )25 A < 0.
Therefore, g% = — aFé’zQ) / OFal(QQ) > 0. The optimal order quantity increases with B. For the

given credit period, when the sensitivity of the customers to the credit period is increasing, the
demand will be greater; therefore, the retailer’s optimal order quantity is increasing.

However, given the complexity of the optimal profit and carbon emission functions of the
retailer, analyzing the relationship between them and the given parameters is difficult. Therefore,
this relationship is discussed in the numerical analysis.

5.2. Case 2: Carbon Cap-and-Trade Regulation

The profit function in Case 2 of carbon cap-and-trade regulation is MaxIT>(Q). The optimal
solutions are shown in Theorem 2.
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Theorem 2. 1f go=(j+k)n _ ¢ > 0, IT(Q) is concave function with Q, Q5 can be obtained from

I (Q)
Q

Proof: The first derivative of profit function can be obtained with respect to Q

= 0 with the condition —hA+hA < 0.

61;?2(?) = —%(—256_(j+k)”ﬁn(5ﬁ —2se~IHRy5 A 4 5o~ U+ Q252 e
+2se" UM Q82 R A + s~ UHR" Q251 4 2cpns A + Q*hs2é?
+2Qh6%cA —2cQ8%hA — cQ*6%he — 2Aaes — 2ABnES — cQ?oh
+2Q%hé¢ +2Qh6A — 2ABn + 20QhS A + pQhée — 2An — 20 A

+ 0Q%h + Q¥ — 2pABn + 82hA? + 2cad A — ASPRA)/(Q + 66Q + A

The second derivative of profit function with respect to Q is given by

QZH R . PPN

085(2@ = —[2(se”UHR" — 0)ensa + 2(se=UHR" — ) Bno®ea + Ashén
+ (se= U _ )3 ha® + 2(se=UHR" — o)asa + 2(se= U0 — o) Brda
+2ABnd% + 20an + Ad*ha + 4Aadé + 2papn + 2ABn + 2Aa + 2pcadn

+2peBnda + AAPnse + phd%a® + 2And%2)/(Q + 66Q5A)°.
0*11,(Q)

From se~U+hn _ ¢ >, <0 can be obtained. Thus, IT»(Q) is concave on decision

0Q?
variable Q. The maximum value can be obtained on the condition that the first derivative is equal
to zero.
Moreover,
I1 1 ; A ; A A
AL(Q) = ——(=2se~UtRnBus A — 256~ U5 A 4 2cpns A — 2Ancs

—2Bnes — 2APn — 2Ax — 2pAa — 20ABn + WA — 2cad A — ASRA)(BA).

oI (Q)

. I (Q)
> 0. imp_,
Q=0 e

is the optimal order quantity of the retailer. Theorem 2 is attainable.
ol (Q)
= 0. Let
20 0. Le

If ~hA+hA < 0, then < Ois easy to determine. Hence, Q5>0

Based on Theorem 2, Q3 can be obtained from

B (Q) = —2se~ UtRnBus A — 25e= Ut a5 A + 2cpns A + Q*hé26® + 2Qhé*cA
—2cQ8%hA — cQ?6%hé — 2A86 — 2APneS — cQ*0h + 2Q%hée + 2QhS A
—2ABn +20Qh8 A + pQ*hée — 2Ax — 2p A + pQ%hse= UTR" Q2 5k + Q%R
—20ABn + 82hA? + se= Ut Q2620¢ 4 256~ UHHN Q52 A + 2cad A — AS*HA.

Therefore, Q3 meets F,(Q) = 0.
Given that

oF 283) = 2Qh6%e? + 2h8%cA — 2Qcdh + 4hS A + 2h6 A + 2008 A + 2Qphdé

+2Qph +2Q6h (se—<f+’<)”) +20Qh +2Q82he (se—(f+k)") + 2821 A8%he > 0,

oF fa(ﬁQ) — —2se"n0A — 2cndA — 2Anés — 2An — 2An < 0.
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Therefore, Q _ _b@Q /aP 2(Q)

B B ' aQ

means the optimal order quantity of the retailer increases when the sensitivity of the customers to the
credit period increases. Numerical analysis is adopted to obtain some conclusions to determine the
complexity of the effects of other parameters on the decisions.

> 0. The optimal order quantity increases with B, which

5.3. Case 3: Carbon Inx Regulation

The profit function in Case 3 of carbon tax regulation is MaxII3(Q). Equations (9) and (10)
clearly show that carbon tax regulation is equivalent to the carbon cap-and-trade regulation with
Z =0, T = p. Therefore, the optimal solutions in the Theorem 3 can be obtained similar to Case 2.

Theorem 3. If se=(U+0n — ¢ > 0, I13(Q) is concave function with Q, Q; can be obtained from

aH;’éQ) = 0 with the condition —1A+hA < 0.

Based on Theorem 3, the optimal order quantity increases with .

Section 5 discusses the optimal order quantity for the enterprises when the credit period is
exogenous in three cases: without carbon emission regulation, carbon cap-and-trade regulation, and
carbon tax regulation. The optimal order quantity of the retailer increases when the sensitivity of the
customers to the credit period increases. The optimal solutions and parameter sensitivity analyses
are implemented in Section 7 to obtain some conclusions.

6. Optimal Solutions with Endogenous Trade Credit

The retailer has the power to decide its credit policies, indicating that the trade credit period n
provided by the retailer is an endogenous variable. Jingdong reported that customers obtain "white"
after shopping, with the longest 30 days interest-free period. “Hua Ba” for Alibaba has the shortest
interest-free period for 10 days and the longest interest-free period for 41 days. Thus, the decision
variables in the model are n and Q.

6.1. Case 1: Without Carbon Emissions Regulation

Here, n and Q are endogenous variables without the carbon emissions regulations; hence, the
global optimal solution should be justified by the Hessian matrix. The Hessian matrix associated
with I'ly (n, Q) is given by

PI(n,Q)  ally(n, Q)

on? 0Qon
a1_[1(7’11 Q) a21_11(”/ Q)
oQon 002

Owing to the complexity of the Hessian matrix, the second order conditions cannot be proven
formally and obtaining the analytical solutions of n and Q is very difficult. Hence, the optimal credit
period is presented on the condition that Q is a given constant.

For any given Q , the decision variable in the profit function is n. The optimal solutions are
shown in Theorem 4.

Theorem 4. For any given Q, if (a + pn)(j +k) — (j + k)0Qh/2 — 28 < 0, then

(1) TIIi(n, Q) is concave function with n.

2 If % < 0, then the optimal credit period 1" =0.
n=0

@ If % >0, then the optimal credit period 1" =7;.
n=0
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Proof: Taking the first-order partial derivative of Il (1, Q) with respect to n,

% - _%[256_(”’()”(]' +k)aQ +2se= U0 (j 4 k) pnQ

—se~UHRmBRO2(j + k) — 25e~UtH"BQ 1 208Q + 2BA)/(Q + 56Q + SA].
The second-order partial derivative of ITj (n, Q) with respect to n is

2
PIL0LQ) L4 ke UH0mQL2() + K-+ 2+ k)

— (j + k)5Qh — 4B]/(Q + 66Q + 5A).

2
If 2(j + K)o + 2(j + k)Bn — (j + k)oQh — 4B < 0, then anéii’;@ <0. limnqm% <0,
limnﬁfooM > 0 is easy to prove. Therefore, the optimal solution 7; exists and meets
A (n, Q) _,

n
To justify whether 7 is bigger than zero,

aIIl (7’1, Q)
on

_ 7%[25(]' +K)aQ +25(j + k)pnQ — sphQ(j + k)
n=0
—25BQ +2¢fQ +2BA)/(Q +56Q + 6A]

on =0
optimal credit period n*=7;.

< 0, then the optimal credit period n'=0. If % =0, then the

n=0

6.2. Case 2: Carbon Cap-and-Trade Regulation

For any given Q, the decision variable in the profit function is n. The optimal solutions are
obtained in Theorem 5.

Theorem 5. For any given Q, if (j+k)(a + pn) —p — %(j +k)Qdh < 0, then

(1) IIx(n, Q) is concave function with n.
(2) If aHZ(”/ Q)

< 0, then the optimal credit period n"=0.
on n=0
@ If % >0, then the optimal credit period 1" =7,.
n=0

Proof: Taking the first-order partial derivative of Il (1, Q) with respect to n,
— = (=s(+ ke~ UH0mQn — s(j + ke~ U+Hhmn Qpn + se= U+ Qp
0

1 ; A A .
+ 550+ ke UTonQ2sh—cQB — AB — peQB — pAB)/(Q + 5¢Q + SA).
The second-order partial derivative of Iy (n, Q) with respect to n is

% =(j+ k)se_(j+k)”Q[(j +k)a+ (j+k)pn—2— %(j + k)Q6h)/(Q+6¢Q + 5A).

16349



Sustainability 2015, 7, 16340-16361

I -+ Ky + (j +K) fn — 26 — 2 (j+ ) Qo < 0, then

11 11 11
62@7(:,@ < 0. lirnn_,ooM < 0, linr1n_>_ooM > 0 is easy to prove. Therefore,
I1
the optimal solution 7, exists and meets Mz&

on
To justify whether 7, is bigger than zero,

a1_[2(7’11 Q)

on

= (=s(j+k)Qu +sQB + %s(j +k)Q%*6h — cQp
— AB — ptQB — pAPB)/(Q+5¢Q + 6A)/(Q + 6¢Q + 5 A)

If A(n,Q) <0, then the optimal credit period is n'=0. If (1, Q)
on n=0 on n=0

optimal credit period is n"=71,.

n=0

>0, then the

6.3. Case 3: Carbon Tax Regulation

We discuss the optimal strategy of the retailer with carbon tax regulation when Q is a given
constant. Similar to the carbon cap-and-trade regulation, Theorem 6 can be easily obtained.

Theorem 6. For any given Q, if (j+k)(a + pn) —p — %(j +k)Qth < 0, then

(1) TII3(n, Q) is concave function with n.

2 If % < 0, then the optimal credit period 1" =0.
n=0

3 If % >0, then the optimal credit period n'=73.
n=0

Section 6 mainly discusses the optimal decisions for the credit period and the order quantity in
three cases. However, obtaining the analytical solutions of n and Q is difficult. Hence, the optimal
credit period is analyzed when Q is a given constant. The optimal global solutions for credit period
and order quantity are discussed by numerical analysis in Section 7.

7. Numerical Analysis

7.1. Sensitivity Analysis of One Parameter

Matlab 7.0 is used to conduct a numerical analysis with the aim of determining the effects
of parameters on the optimal decision with exogenous and endogenous credit periods. The basic
parameters in the models are evaluated to meet the prerequisites of the theorems for the optimal
solutions: &« = 200units, B = 200, 6 = 0.03, s = 340%, A = 80% per order, ¢ = 150$ per unit,
h = 105$ per unit per month, k = 0.05, j = 0, Z = 5000 kg per month, p = 0.2, A = 50, ¢ = 150, h = 100,
T = 0.6, and n = 2 months.

7.1.1. Exogenous Credit Period

The sensitivity analysis of parameters is conducted in the three cases with exogenous credit
period. The values of the parameters meet the conditions se~U+" — ¢ > 0,-hA+hA < 0.
Hence, applying Theorems 1-3, the profit functions Iy (Q), ITx(Q), and Il3(Q) are concave with Q,
respectively (Figure 1). Therefore, the following optimal order quantities can be obtained: Qf = 13.56,
Q5 = 13.52,and QF = 13.46.
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Figure 1. I11(Q), I1,(Q), and Il3(Q)are concave with Q.

Figures 2-7 show the results of the analyses. After conducting the sensitivity analyses, the
following results are obtained.

(1) Figure 2 shows that the optimal order quantity and the carbon emissions of the retailer
increase and the profit decreases with the increase of credit risk k (i.e., the increase of bad debts rate).
This means that the credit risk induces high carbon emissions and reduces profit, which are bad for
society and the overall profit of the firm. Hence, the government and the firm should adopt some
measures to reduce the credit risk and improve operational sustainability.

(2) Figure 3 shows that the optimal profit, order quantity, and carbon emissions of the retailer
all increase with the increase of parameter § for the customers who are more sensitive to the credit
period. The market demand is higher when credit sensitivity increases. That is because when the
consumers’ credit sensitivity increasing, for the fixed credit period, it will result in higher market
demand. Hence, the retailer will increase the order quantity to meet the market demand and earn
more profits.

(3) Figure 4 shows that the optimal order quantity, corresponding profit, and carbon emissions
of the retailer all decrease with the increase of impact factor § of carbon emissions to the
demand, suggesting increasing customer awareness of environmental protection. As long as
the enterprise goes for production, it will result in carbon emission. For exogenous credit
period, without considering the effect of other enterprises’ carbon emission, as the consumers’
environmental sensitivity increasing, it will induce lower market demand. Hence, the retailer
will reduce the order quantity and make less profit. This can also be demonstrated in Figure 9.
Therefore, consumer awareness of environmental protection helps reduce carbon emissions.
The government should publicize low carbon from a variety of sources to raise consumer awareness
of low-carbon environment.

(4) Figure 5 shows that the carbon emissions cap under the carbon cap-and-trade policy has no
effect on the optimal decisions of the retailer. Since the retailer can buy or sell the carbon emission
through the carbon trading market at a fixed price, varying the carbon cap has no effect on the optimal
solutions. Based on the profit functions, it is easy to find that the carbon cap had no effect on the
decisions. The conclusions can also be found in Dye and Yang [52]. However, the optimal profit
increases as the carbon emissions cap increases. Hence, adjusting carbon cap to reward the carbon
emissions behavior of a firm is not a good strategy.

(5) Figure 6 shows that the optimal order quantity, carbon emissions, and optimal profit of the
retailer decrease as carbon trade price or carbon taxes increase. As the carbon trade price or carbon
taxes increases, it will result in higher carbon emission related cost, such as the carbon emission
from the holding inventory. Hence, the retailer will decrease the order quantity to accelerate the
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inventory turnover to reduce the inventory cost. This means that the government’s adjustment of
trade price or carbon taxes to induce reduction of carbon emissions among firms is effective. When
carbon trade price is equal to carbon taxes, the profit of the retailer under the carbon cap-and-trade
regulation is larger than that under carbon tax regulation, but carbon emissions in both kinds of
conditions are equal. Therefore, the retailer under carbon cap-and-trade regulation wherein carbon
trade price is equal to carbon taxes has more incentives to obey the regulations than that under carbon
tax regulation. The effect of carbon taxes on the profit of the retailer is greater than that under carbon
cap and trade regulation, indicating that carbon cap lessens the effect of carbon price on profit.
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7.1.2. Endogenous Credit Period

The influence of parameters on the optimal order quantity, credit period, and carbon
emissions of retailers is studied in the endogenous credit period. The values of the parameters
with optimal solution values meet the conditions of Theorems 1-6. Hence, the profit
functions ITy (n,Q), Il (n,Q), and I3 (n, Q) are concave with n and Q. The profit functions
I11(n,Q), I1(n, Q), and Il3(n, Q) with n and Q are drawn using Matlab 7.0. Therefore, the global
optimal solutions of the order quantity and credit period can be obtained: Qf = 16.51, Q5 = 14.62,
Q3 =10.95,nf = 6.33, n; = 4.86, and nj = 2.29, respectively.

Similar to that in the exogenous credit period with the increase of carbon cap Z, the optimal
credit period and order quantity are unchanged, but the profit increases. Therefore, effects of the
following parameters on the decisions are emphasized.

Figure 8 shows that the optimal credit period, order quantity, carbon emissions, and profit of
the retailer all increase with the increase of parameter f. When the consumers’ credit sensitivity is
increasing, the retailer will increase the credit period to induce more market demand. Hence, the
retailer offers a longer credit period for the consumers with higher credit sensitivity in order to
increase market demand and profit. In comparison, the retailer offers a shorter credit period to
consumers with enough money and who are not sensitive to a credit period to lessen the opportunity
cost of the accounts receivable. The effect of parameter  on the carbon emissions in the endogenous
credit period is more than that in the exogenous credit period (Figure 3).

Figure 9 shows that the optimal credit period, optimal order quantity, and profit of the
retailer decrease as a result of the increase of impact factor § of carbon emissions to the demand.
The retailer shortens the trade credit period when the environmental sensitivity of the consumer
increases. Under the parameters conditions, the credit period is decreasing with the consumers’
environmental sensitivity. It is counter intuitive since we usually think the retailer will relax
the credit to induce more market demand when faced with the higher consumers’ environmental
sensitivity. However, as the consumers’ environmental sensitivity increasing, the relative sensitivity
of credit period respected to the environmental sensitivity decreases, which results in less effect on
the demand. Moreover, because the higher credit period will induce more default risk cost and
opportunity cost. Hence, after trading off the revenue and cost of the higher credit period, the
retailer will tighten the credit period. The effect of parameter J on the carbon emissions and the order
quantity in the endogenous credit period is more than that in the exogenous credit period (Figure 4).
This means that the consumers’ environmental sensitivity should be a great concern when the retailer
has the power to decide the credit policies.
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Figure 10 shows that the optimal credit period, order quantity, and profit decrease of the retailer
decrease with the increase of the parameter p. Moreover, the optimal credit period, order quantity,
and profit decrease under carbon tax regulation and with the increase of the parameter 1. As the
carbon trade price or carbon taxes increasing, it will result in higher carbon emission cost. Hence, the
retailer will provide the shorter credit period, which will accelerate the cash flow and reduce the
default risk cost and the opportunity cost. The cap under the carbon cap-and-trade regulation has
no effect on credit period decisions. However, carbon trade price and carbon taxes have a negative
effect on the credit period from the retailer. When the government continues its high carbon price
regulation, the retailer tightens the credit period by trading off the carbon emissions cost and the
revenue of the longer credit period to lessen the opportunity cost of the accounts receivable. The effect
of parameter p on the carbon emissions in the endogenous credit period is more than that in the
exogenous credit period (Figure 5). The carbon regulations improve their effect on carbon emissions
reduction when the retailer has the power to decide on credit policies.
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7.1.3. Sensitivity Analysis of Multi Parameters: Monte Carlo Approach

Monte Carlo simulation is adopted to discuss how the variability of a system can propagate to
the final results. The simulation method can be used in the following steps: (1) the mathematical
model is defined; (2) a set of random inputs is generated; and (3) the process output is simulated
and analyzed. Sensitivity analysis evaluates the effects of each key parameter on the system yields.
The sensitivity analysis is executed by changing a single key model parameter to £10% and +20%
with the original values. The influences of each parameter on the system yields are evaluated by
calculating the value of response (S) using [55]

 WB-V

S v

(11)
where V) is the yield for the single parameter mean value that is changed and V7 is the yield with all
the parameter mean values that are unchanged.

The model has more than ten parameters, many of which have been discussed in literature.
Hence, five key parameters in the model are chosen for the Monte Carlo simulation. The basic values
are the same as in Section 7.1, except that § ~ N(200,50), 6 ~ N(0.03,0.0001), k ~ N(0.05,0.0001)
Z ~ N(5000,100), and p ~ N(0.2,0.01). Based on the random values and after 2000 times simulation,
the mean values for optimal solutions in Case 2 of the cap-and-trade regulation with endogenous
credit period can be obtained as follows: n* = 5.473, Q* = 18.215, 7*=20714, and CO,* = 26,680.
Similar to Case 2, that values are easy to obtain in Case 1 with Z = 0 and p = 0 and Case 3 with Z = 0.

Equation (11) indicates that the sensitivity analysis of the key parameters can be performed
(Tables 2-5). Table 2 shows that the default risk has the highest response value for the optimal credit
period, followed by carbon trade price. Table 3 presents that the carbon cap has the lowest response
value for the optimal order quantity, followed by the carbon trade price. Tables 4 and 5 illustrate that
customers’ credit sensitivity has the greatest effect on carbon emission and enterprise profit among

the key parameters when parameter change is positive. However, the customers’ carbon emission
environmental sensitivity has the greatest influence on carbon emission and enterprise profit when
parameter change is negative.

Table 2. Impact of key parameters on optimal credit period.

" Adjusted Value
10% —10% 20% —20%
B —0.0125 0.0147 —0.0228 0.0339
) 0.0018 —0.0012 0.0026 —0.0023
k 0.0420 —0.1991 0.1569 —0.4637
Z —1.23 x 107 2.96 x 10~° —9.10 x 1010 5.87 x 1010
1Y 0.0115 —0.0535 0.0388 —0.0732
Table 3. Impact of key parameters on order quantity.
0 Adjusted Value
10% —10% 20% —20%
B —0.0429 0.0488 —0.0929 0.1023
) 0.0274 —0.0766 0.0667 —0.1423
k 0.0306 —0.0657 0.0800 —0.1545
Z 2.71 x 108 1.37 x 108 —8.61 x 1078 3.81 x 108
0 0.0101 —0.0192 0.0226 —0.0284

16357



Sustainability 2015, 7, 16340-16361

Table 4. Impacts of parameters on carbon emission.

cQ, Adjusted Value
10% —10% 20% —20%
B —0.0961 0.0921 —0.1896 0.1887
) 0.0027 —0.2119 0.0898 —0.4215
k 0.0418 —0.1569 0.1362 —0.3741
4 —8.58 x 1010 244 x 10~° —8.16 x 1010 495 x 10~
0 0.0122 —0.0412 0. 0347 —0.0579

Table 5. Impacts of parameters on the optimal profit of the retailer.

- Adjusted Value

10% —-10% 20% —20%
B —0.0867 0.0831 —0.1718 0.1693
6 0.0045 —-0.2175 0.0894 —0.4436
k 0.0406 —0.1398 0.1250 —0.3389
V4 —0.0067 0.0066 —0.0129 0.0131
o 0.0082 —0.0711 0.0412 —0.0974

8. Conclusions

Under the constraints of carbon emissions regulations, this paper investigated the trade-off
between the revenue and cost of trade credit while considering the environmental sensitivity of
consumers. The study aimed to help enterprises make reasonable credit and operational decisions
and improve the performance and sustainability of the supply chain operation. First, the decision
models are analyzed under three cases: without regulation, carbon cap-and-trade regulation, and
carbon tax regulation. The optimal solutions of the retailer in these three cases with exogenous and
endogenous credit periods are then discussed. Finally, a couple of numerical analyses are given to
obtain some conclusions.

The retailer shortens the trade credit period as the effect of the environmental sensitivity of
consumers is enhanced. The credit risk induces high carbon emissions and less profit, which are
bad for society’s welfare and the profit of the firm. The retailer offers longer credit period for
consumers with high credit sensitivity to induce market demand and increase profit. The cap under
the carbon cap-and-trade regulation has no effect on credit period decisions, whereas carbon trade
price and carbon taxes have a negative effect on the credit period from the retailer. The retailer under
carbon cap-and-trade regulation has more reasons to obey the regulations than that under carbon tax
regulation when the carbon trade price equals carbon taxes. Moreover, carbon cap lessens the effect
of carbon price on profit. Carbon regulations have a better effect on carbon emissions reduction when
the retailer has the power to decide the credit policies.

Based on the Monte Carlo simulation, the default risk has the highest response value for the
optimal credit period, followed by carbon trade price. Meanwhile, carbon cap has the lowest
response value for the optimal order quantity, followed by the carbon trade price. In terms of
carbon emission and the enterprise profit, the customers’ credit sensitivity has the greatest influence
when the parameters change positively. However, the customers’ carbon emission environmental
sensitivity has the greatest effect when the parameters change negatively.

This paper has some interesting extensions. Carbon emissions reduction technology has been
investigated in the literature. Therefore, emissions reduction technology investments can be included
in the future extended model. Moreover, coordination is the core focus of the supply chain; hence, a
coordination mechanism to improve the supply chain performance with the trade credit and carbon
emissions regulation can be discussed in future research.
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