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This paper studies the optimal transportation and inventory strategy for perishable items under carbon cap-and-trade and
carbon tax regulations. Nonlinear optimization models are constructed to maximize the total profits per unit time when the
deterioration rate satisfies a two-parameterWeibull distribution and the demand rate is a linear function with respect to the current
inventory level. The existence conditions of the optimal replenishment cycles under two carbon emission policies are proved. The
characteristics of the optimal replenishment cycles, maximal total profits, and carbon emissions per unit time under two carbon
emission policies are compared. Finally, a numerical test is provided to illustrate the theoretical results and Taguchi method is
employed to analyze the sensitivity of total profits and carbon emissions per unit time with respect to the parameters of carbon
emission policies, transportation time, and Weibull parameters. The results show that parameters of carbon emission regulations
have greater effect on total profits per unit time, and the transportation time has the greatest effect on carbon emissions per unit
time.

1. Introduction

The signature of Paris Agreement has set off a wave of
carbon emissions control around the world. Many countries
and governments have implemented policies to mitigate
carbon emissions, such as United Kingdom, France, Euro-
pean Union, and China. The popular carbon policies are
carbon cap-and-trade, carbon tax, and carbon cap policies,
where carbon cap-and-trade and carbon tax policies aremore
flexible and acceptable to companies. Under carbon cap-
and-trade policy, the government assigns a carbon emission
quota to a firm; if carbon emissions generated from the firm’s
operation exceed the quota, the firm needs to buy carbon
emission rights from the carbon trademarket. Otherwise, the
firm can sell the remainder emission rights. Under carbon
tax policy, firms pay tax to the government for their carbon
emissions. These carbon emission policies have changed
firms’ decision-making environment and decision makers

begin to concentrate on the effect of carbon emission policies
on firms’ operational decisions.

Perishable products that lose value, quality, and quantity
over time are common products in human activities, such
as fruits, vegetables, meat, aquatic products, and milchigs
(Bai et al. [1] and Xu et al. [2]). The data show that, in the
sales of products in Chinese supermarkets, the proportion
of perishable products is more than 30%, and in some
supermarkets even exceed 60% [3]. The deteriorative feature
of perishable items requires additional treatments in storage
and transportation to control the temperature and humidity,
such as a mechanical refrigeration system and a humidi-
fier. These treatments for perishable items consume more
resources and emit more emissions than other normal items.
Hence, the studies on effect of carbon emission regulations
on operational decisions for perishable items and how to
achieve high profits and low carbon emissions become highly
concerned.
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Three comprehensive reviews of recent literature on
supply chain model for deteriorating items under carbon
emission policies were undertaken by Goyal and Giri [4],
Bakker et al. [5], and Janssen et al. [6]. Most of the literature
studies the operational decisions for general products under
carbon emission policies. Some of them study under the
basic assumption of deterministic demand, such as Hua et
al. [7], Chen et al. [8], Benjaafar et al. [9], Xu et al. [10], and
Toptal and Cetinkaya [11], etc. Others study under the basic
assumption of stochastic demand, such as Song and Lend
[12], Gong and Zhou [13], Brandenburg [14], Bai and Chen
[15], Purohit et al. [16], and He et al. [17], etc. There is little
literature on the operational decisions of perishable products
under carbon emission policies. Dye and Yang [18] consider
trade credit and inventory strategies for perishable products
with time varying deterioration rate under carbon cap-and-
trade policy and analyze the impact of trade credit and
carbon emission policy on inventory strategies. Hua et al. [19]
propose two perishable inventory models under carbon tax
and cap-and-trade regulations in which the deterioration rate
is constant. They explore the characters of optimal solutions
and discuss the effect of carbon emission regulations on
inventory decisions and profits by numerical examples. Bai et
al. [20] coordinate a two-echelon supply chain for perishable
items with a constant deterioration rate by two contracts
under cap-and-trade regulation. They show that cooperation
can lead to higher profits and lower carbon emissions and
compare the coordination effect of two contracts. Huang et
al. [21] construct a Stackelberg game model for deteriorating
food products in a three-level supply chain where the initial
deterioration rate is constant. They provide an illustrative
algorithm to solve the optimal pricing, order quantity and
investment decisions, and analyze impact of critical factors
on profits and carbon emissions.

When the above literature studies operational decisions
of perishable products under carbon emission policies, they
assume that the deterioration rate of perishable product is
constant. However, Berrotoni [22] finds that leakage failure
of dry cells and life expectancy of ethical drugs can be
expressed by Weibull distribution when discussing the data-
fitting problem.The degradation rate increases over time and
all unused products fail in stock at some point. According to
this result, Covert and Philpi [23] study the ordering decision
for perishable items with deterioration rate following a two-
parameterWeibull distribution on the basis of EOQproblem.
Recently, some researchers study the inventory models of
perishable items with deterioration rate following a two-
parameterWeibull distribution, such as Pal et al. [24], Prasad
et al. [25], and Pervin et al. [26], etc. Other literature considers
the operational decisions for perishable items whose deterio-
ration rate obeys three-parameter Weibull distribution, such
as Yang [27] and Sanni et al. [28] The common characteristic
of this literature is thatwhen the authors study the operational
decisions of perishable items, they consider the impact of
demand, time, investment, and other factors inside firms,
but they ignore the impact of transportation factor and the
decision environment.

The data provided by the professional agencies of the
United Nations show that among all energy-related carbon

emissions, transportation accounts for a quarter of the carbon
dioxide, accounting for about 15%-17% of total human carbon
dioxide emissions [29]. It indicates that transportation is
one of the main sources of carbon emissions. Under this
recognition, Chen and Wang [30] consider the impact of
carbon emission regulations on ordering and transportation
mode selection decisions with stochastic demand. Konur
et al. [31] consider an inventory control problem in which
the order is split among multiple suppliers. Considering
two delivery scheduling policies, they construct a biobjec-
tive optimization problem to minimize both the expected
profits and the carbon emissions. The above literature
investigates the impact of the transportation on the opera-
tional decisions and profits without considering deteriorating
products.

Based on the above background, this paper studies the
optimal transportation and inventory strategies for perish-
able products with fully considering the storage, deteriora-
tion, and carbon emissions during transportation. The dete-
rioration rate obeys a two-parameter Weibull distribution.
The objective is to determine the replenishment strategy to
maximize the total profits per unit time under cap-and-trade
and carbon tax policies. Different from the abovementioned
literature that mainly uses one-parameter sensitivity analysis
to explore the effect of carbon emission regulation or other
parameters on the system performance when their authors
study the operational decisions for perishable products, this
paper employs Taguchi method to reveal the comprehensive
influence on the system performance when multiple param-
eters fluctuate and to find the key factor that has the greatest
influence on the system performance. Besides, the contribu-
tion of this paper lies on: (1) Among the existing research on
perishable products under carbon emission regulations, the
impact of transportation process and dynamic deterioration
rate is fully considered and analyzed in this paper. (2) The
optimal transportation and inventory strategies for perish-
able products under cap-and-trade and carbon tax policies
are compared. Moreover, the sufficient condition that the
total profits per unit time under carbon tax policy are larger
than the ones under cap-and-trade policy is obtained. (3)
Through Taguchi experiment, it is found that the parameters
of carbon emission regulations have greater effect on total
profits per unit time while the transportation time has the
greatest effect on carbon emissions per unit time. A summary
of the most related literature is shown in Table 1.

The rest of the paper is organized as follows. Section 2
describes the problems and gives some notations. Section 3
establishes the transportation and inventory optimization
models for perishable products under two carbon emission
policies. Some properties of optimal replenishment strategy
and total profits per unit time are analyzed and compared
among the cases under two carbon emission policies and
without carbon emission regulations. The theoretical results
are verified by numerical test in Section 4. Furthermore, the
impact of key parameters on total profits and carbon emis-
sions per unit time under two carbon emission policies are
analyzed by Taguchi experiment. The optimal combination
of key parameters is recommended to maximize total profits
and minimize carbon emissions per unit time. Finally, the
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Figure 1: Inventory changes for perishable products.

related conclusions and further research directions are given
in Section 5.

2. Problem Description and Notations

The considered problem can be described as follows. A
retailer orders a kind of perishable products from a supplier
at the beginning of each replenishment cycle and entrusts the
third-party logistics to ship products from the supplier to his
location within a specified time. Arrived products are sold at
a fixed price to meet the market demand with no shortages.
Themarket demand is a linear function of the inventory level.
The deterioration rate of the product follows a two-parameter
Weibull distribution. The deteriorated products could not
be repaired or replaced; in other words, the deteriorated
products immediately leave the inventory system once they
deteriorated. Carbon emissions aremainly produced in trans-
portation and storage procedures. The retailer and the third-
party logistics cooperate with each other to maximize the
total profits with lower carbon emissions. More specifically,
with fully considering the transportation process, the retailer
needs to balance profits and carbon emissions and develops
the optimal replenishment strategy to maximize total profits
per unit time under carbon emission policies.The total profits
include order cost and transportation cost, inventory cost and
deterioration cost during transportation and sale procedures.
The used symbols and implications are shown in Table 2.

3. Mathematical Model and Analysis

3.1. Mathematical Model. According to the problem descrip-
tion, inventory changes in transportation and sale processes
are shown in Figure 1.

The inventory changes in the transportation process
can be expressed as differential equation 𝑑𝐼1(𝑡)/𝑑𝑡 =
−𝜃(𝑡)𝐼1(𝑡), 𝑡 ∈ [0, 𝑢]. Using the condition 𝐼1(0) = 𝑄, we can
obtain the inventory level in transportation process at time 𝑡:

𝐼1 (𝑡) = 𝑄𝑒−∫𝑡0 𝜃(𝜏)𝑑𝜏 = 𝑄𝑒−𝑎𝑡𝑏 , 𝑡 ∈ [0, 𝑢] . (1)

The inventory changes in the sale process can be
expressed as 𝑑𝐼2(𝑡)/𝑑𝑡 = −𝐷(𝑡) − 𝜃(𝑡)𝐼2(𝑡) = −𝛼 − [𝛽 +
𝜃(𝑡)]𝐼2(𝑡), 𝑡 ∈ [0, 𝑇]. Using the initial condition 𝐼2(𝑢) = 0
and 𝐼2(𝑇) = 𝑄0, we can obtain the inventory level in the sale
process at time 𝑡:
𝐼2 (𝑡) = ∫𝑢

𝑡
𝛼𝑒∫𝑠𝑡 [𝛽+𝜃(𝜏)]𝑑𝜏𝑑𝑠 = 𝛼𝑒−(𝛽𝑡+𝑎𝑡𝑏) ∫𝑢

𝑡
𝑒(𝛽𝑠+𝑎𝑠𝑏)𝑑𝑠,
𝑡 ∈ [0, 𝑢] ,

(2)

𝐼2 (𝑡) = 𝑒−(𝛽𝑡+𝑎𝑡𝑏) [𝑄0𝑒(𝛽𝑇+𝑎𝑇𝑏) + 𝛼∫𝑇
𝑡
𝑒(𝛽𝑠+𝑎𝑠𝑏)] 𝑑𝑠,

𝑡 ∈ [𝑢, 𝑇] ,
(3)

where the initial inventory level 𝑄0 (that is, reorder level)
satisfies 𝑄0 = 𝐼2(0) = 𝛼 ∫𝑢0 𝑒(𝛽𝑠+𝑎𝑠

𝑏)𝑑𝑠.
The inventory level in the transportation process 𝐼1 and

the deteriorated amount 𝐵1 in the interval (0, 𝑢] are 𝐼1 =
∫𝑢0 𝐼1(𝑡)𝑑𝑡 = 𝑄∫𝑢0 𝑒−𝑎𝑡

𝑏𝑑𝑡 and 𝐵1 = ∫𝑢0 𝜃(𝑡)𝐼1(𝑡)𝑑𝑡 = 𝑄(1 −
𝑒−𝑎𝑢𝑏).

Since the inventory level in the transportation process
equals the one in the sale process at time 𝑢, we can obtain
the order quantity from Eqs. (1) and (3); that is, 𝑄 =
𝑒−𝛽𝑢(𝑄0𝑒(𝛽𝑇+𝑎𝑇𝑏) + 𝛼∫𝑇𝑢 𝑒(𝛽𝑡+𝑎𝑡

𝑏)𝑑𝑡).
Using Eqs. (2) and (3), we can obtain the inventory level

in the sale process 𝐼2 and the deteriorated amount 𝐵2 in the
interval [0, 𝑇]; that is, 𝐼2 = ∫𝑢0 𝐼2(𝑡)𝑑𝑡 + ∫𝑇𝑢 𝐼2(𝑡)𝑑𝑡 and 𝐵2 =
∫𝑢0 𝜃(𝑡)𝐼2(𝑡)𝑑𝑡 + ∫𝑇𝑢 𝜃(𝑡)𝐼2(𝑡)𝑑𝑡.

The total profits and carbon emissions in one replenish-
ment cycle are

𝑇𝐶 (𝑇) = 𝐴 + 𝑐1𝑄 + ℎ1𝐼1 + ℎ2I2 + ℎ3 (𝐵1 + 𝐵2) , (4)

𝐸 (𝑇) = 𝐴 + 𝑐1𝑄 + ℎ̂1𝐼1 + ℎ̂2𝐼2 + ℎ̂3 (𝐵1 + 𝐵2) . (5)

Next, we will analyze the optimal replenishment cycles
and corresponding carbon emissions under cap-and-trade
and carbon tax regulations with the objective of maximizing
total profits per unit time.

3.2. Optimal Strategy under Cap-and-Trade Regulation. The
optimization model with the objective of maximizing total
profits per unit time (denoted by𝑀1) can be stated as follows:

(𝑀1) max Π1 (𝑇)
= 𝑝

𝑇 ∫𝑇
0
𝐷 (𝑡) 𝑑𝑡

− [ 1𝑇𝑇𝐶 (𝑇) + 𝑐𝑝 ( 1
𝑇𝐸 (𝑇) − 𝐶)]

s.t. 𝑇 ≥ 𝑢.

(6)

In order to determine the optimal replenishment cycle𝑇∗1
under cap-and-trade regulation, we analyze the properties of
the optimal solutions.
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Table 2: Main notations and explanations.

Notation Explanation
𝑄 order quantity (decision variable)
𝑄0 initial inventory level, that is, reorder level
𝑢 transportation time
𝑇 length of replenishment cycle, 𝑇 > 𝑢. (decision variable)
𝐼𝑖(𝑡) inventory level in the 𝑖 process at time 𝑡, 𝑖 = 1 and 2 represent

transportation and sale processes.
𝐷(𝑡) demand rate at time 𝑡,𝐷(𝑡) = 𝛼 + 𝛽𝐼2(𝑡), where 𝛼(> 0) and 𝛽(> 0)

represent the initial demand and elasticity coefficient.
𝜃(𝑡) deterioration rate at time 𝑡, 𝜃(𝑡) = 𝑎𝑏𝑡𝑏−1, where 𝑎 ∈ [0, 1) and 𝑏 ∈ [1, +∞).
𝑝 selling price per unit product
𝐴 setup cost in transportation and ordering processes
𝑐1 transportation and ordering cost per unit product
ℎ𝑖 holding cost per unit product in the 𝑖th process, 𝑖 = 1 and 2 represent

transportation and sale processes, respectively.
ℎ3 cost of spoilage treatment per unit product
𝐴 fixed carbon emissions for each order
𝑐1 carbon emissions per unit product for each order
ℎ̂𝑖 carbon emissions per unit product in the 𝑖th process, 𝑖 = 1 and 2

represent transportation and sale processes.
ℎ̂3 carbon emissions generated from treating unit spoilage product
𝐶 quota of carbon emissions given by government
𝑐𝑝 trading price of unit carbon emission permit
𝑐𝑡 tax for unit carbon emission

Theorem 1. In model𝑀1, there exists a unique replenishment
cycle 𝑇∗1 ≥ 𝑢 to maximize the total profits per unit time if ℎ2 +
𝑐𝑝ℎ̂2 − 𝑝𝛽 > 0.
Proof of 
eorem 1. From Eq. (6), we can obtain Π1(𝑇) =
(1/𝑇)𝑝𝛽𝐼2 − (1/𝑇)[𝑇𝐶(𝑇) + 𝑐𝑝𝐸(𝑇)] + 𝑐𝑝𝐶 + 𝑝𝛼. The first-
order derivative of Π1(𝑇) is 𝜕Π1(𝑇)/𝜕𝑇 = (1/𝑇2){𝑇[𝑝𝛽𝐼2 −(𝑇𝐶(𝑇)+𝑐𝑝𝐸(𝑇))]−[𝑝𝛽𝐼2−(𝑇𝐶(𝑇)+𝑐𝑝𝐸(𝑇))]}. Let𝑓1(𝑇) =
𝑇[𝑝𝛽𝐼2 − (𝑇𝐶(𝑇) + 𝑐𝑝𝐸(𝑇))] − [𝑝𝛽𝐼2 − (𝑇𝐶(𝑇) + 𝑐𝑝𝐸(𝑇))],
we have 𝜕𝑓1(𝑇)/𝜕𝑇 = −𝑇[𝑇𝐶(𝑇) + 𝑐𝑝𝐸(𝑇) − 𝑝𝛽𝐼2 ], where
𝑇𝐶 (𝑇) + 𝑐𝑝𝐸 (𝑇) − 𝑝𝛽𝐼2
= [𝛼 + 𝑄0 (𝛽 + 𝑎𝑏𝑇𝑏−1)]

⋅ [(ℎ2 + 𝑐𝑝ℎ̂2 − 𝑝𝛽) ⋅ Ψ + ∧] + 𝑄0𝑎𝑏 (𝑏 − 1) 𝑇𝑏−2

⋅ 𝑒(𝛽𝑇+𝑎𝑇𝑏) [(ℎ2 + 𝑐𝑝ℎ̂2 − 𝑝𝛽)∫𝑇
𝑢
𝑒−(𝛽𝑡+𝑎𝑡𝑏)𝑑𝑡 + Φ] ,

(7)

Ψ = 1 + 𝑒(𝛽𝑇+𝑎𝑇𝑏)(𝛽 + 𝑎𝑏𝑇𝑏−1) ∫𝑇𝑢 𝑒−(𝛽𝑡+𝑎𝑡
𝑏)𝑑𝑡, ∧ = (ℎ3 +

𝑐𝑝ℎ̂3)𝑎𝑏𝑇𝑏−1 + 𝑒𝛽𝑇+𝑎𝑇𝑏(𝛽 + 𝑎𝑏𝑇𝑏−1) ⋅ [(𝑐1 + 𝑐𝑝𝑐1)𝑒−𝛽𝑢 + (ℎ1 +
𝑐𝑝ℎ̂1)𝑒−𝛽𝑢 ∫𝑢0 𝑒−𝑎𝑡

𝑏𝑑𝑡 + (ℎ3 + 𝑐𝑝ℎ̂3) ⋅ (𝑒−𝛽𝑢 ∫𝑢0 𝑎𝑏𝑡𝑏−1𝑒−𝑎𝑡
𝑏𝑑𝑡 +

∫𝑇𝑢 𝑎𝑏𝑡𝑏−1𝑒−(𝛽𝑡+𝑎𝑡
𝑏)𝑑𝑡)], and Φ = (𝑐1 + 𝑐𝑝𝑐1)𝑒−𝛽𝑢 + (ℎ1 +

𝑐𝑝ℎ̂1)𝑒−𝛽𝑢 ∫𝑢0 𝑒−𝑎𝑡
𝑏𝑑𝑡 + (ℎ3 + 𝑐𝑝ℎ̂3)[1 + (𝑒−𝛽𝑢 ∫𝑢0 𝑎𝑏𝑡𝑏−1𝑒−𝑎𝑡

𝑏𝑑𝑡 +
∫𝑇𝑢 𝑎𝑏𝑡𝑏−1𝑒−(𝛽𝑡+𝑎𝑡

𝑏)𝑑𝑡)].

Eq. (7) indicates that 𝑓1(𝑇) is a strictly decreasing func-
tion of 𝑇 if ℎ2 + 𝑐𝑝ℎ̂2 − 𝑝𝛽 > 0. Hence, there is a unique
𝑇∗1 ∈ [𝑢, +∞) such that 𝑓1(𝑇∗1 ) = 0 when 𝑓1(𝑢) ≥ 0. In this
case,Π1(𝑇) is a concave function, so the replenishment cycle
𝑇∗1 determined by 𝑓1(𝑇∗1 ) = 0 is the unique one maximizing
the total profits per unit time. If 𝑓1(𝑢) < 0, according to
the monotonicity of 𝑓1(𝑇), we have 𝑓1(𝑇) < 𝑓1(𝑢) < 0 and
𝜕Π1(𝑇)/𝜕𝑇 < 0. It means that Π1(𝑇) is a strictly decreasing
function of 𝑇, 𝑇 ≥ 𝑢. Hence, if 𝑓1(𝑢) < 0, the total profits per
unit time are maximized when 𝑇∗1 = 𝑢.

Theorem 1 shows the existence condition of the optimal
strategy under cap-and-trade regulation. Note that, under
carbon cap-and-trade regulation, the retailer has to buy car-
bon emission permits from the carbon trading market when
carbon emissions with maximal profits exceed the quota
given by government. The following corollary concluded
fromTheorem 1 shows the condition under which the retailer
has to buy carbon emission permits from the carbon trading
market.

Corollary 2. In model 𝑀1, the retailer can sell extra carbon
emission permits if𝐸(𝑇∗1 )/𝑇∗1 ≤ 𝐶; otherwise, the retailer needs
to buy absent carbon emission permits.

Theorem 1 and Corollary 2 show that the optimal replen-
ishment cycle is not affected by the carbon emission quota but
the carbon trading price. However, the total profits per unit
time increase as the carbon emission quota increases. Hence,
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on one hand, the retailer should determine the optimal
replenishment strategy according to the carbon trading price;
on the other hand, the retailer hopes that the government
gives higher carbon emission quota.

In order to explore the upper bound and lower bound
of the maximal total profits per unit time under cap-and-
trade regulation, we discuss the optimizationmodel (denoted
by 𝑀0) of perishable products without carbon emission
regulations. The optimization model𝑀0 can be expressed as
follows:

(𝑀0) max Π0 (𝑇) = 1
𝑇𝑝∫𝑇
0
𝐷 (𝑡) 𝑑𝑡 − 1

𝑇𝑇𝐶 (𝑇)
s.t. 𝑇 ≥ 𝑢.

(8)

Lemma 3. In model 𝑀0, there exists a unique replenishment
cycle 𝑇∗0 ∈ [𝑢, +∞) to maximize the total profits per unit time
if ℎ2 − 𝑝𝛽 > 0.
Proof of Lemma 3. The total profits per unit time without
carbon emission regulations are Π0(𝑇) = (1/𝑇)[𝑝𝛽𝐼2 −𝑇𝐶(𝑇)] + 𝑝𝛼. Let 𝑓0(𝑇) = 𝑇[𝑝𝛽𝐼2 − 𝑇𝐶(𝑇)] − [𝑝𝛽𝐼2 −𝑇𝐶(𝑇)]; the first-order derivatives of Π0(𝑇) and 𝑓0(𝑇) are𝜕Π0(𝑇)/𝜕𝑇 = (1/𝑇2)𝑓0(𝑇) and 𝑓0(𝑇) = −[𝑇𝐶(𝑇) −
𝑝𝛽𝐼2 ]. Similar to the proof of Theorem 1, 𝑓0(𝑇) is a strictly
decreasing function of 𝑇 if ℎ2 − 𝑝𝛽 > 0. Hence, there exists a
unique𝑇∗0 ∈ [𝑢, +∞) satisfying𝑓0(𝑇∗0 ) = 0when𝑓0(𝑢) ≥ 0. If
𝑓0(𝑢) < 0, we have 𝑓0(𝑇) < 𝑓0(𝑢) < 0 and 𝜕Π0(𝑇)/𝜕𝑇 < 0. It
means thatΠ0(𝑇) is a strictly decreasing function of𝑇, 𝑇 ≥ 𝑢,
and the total profits per unit time are maximized when 𝑇∗0 =𝑢.

Lemma 3 shows the existence condition of the optimal
replenishment cycle 𝑇∗0 of model 𝑀0. It indicates that the
transportation factor makes the optimal strategy for the
perishable products more difficult to determine.

Comparing the maximal total profits per unit time under
cap-and-trade regulation with the ones without carbon emis-
sion regulations, we can obtain the following conclusion.

Theorem 4. Π1(𝑇∗1 ) ≥ Π0(𝑇∗0 ) holds if 𝐸0(𝑇∗0 )/𝑇∗0 ≤ 𝐶, and
Π1(𝑇∗1 ) ≤ Π0(𝑇∗0 ) holds if 𝐸1(𝑇∗1 )/𝑇∗1 ≥ 𝐶.
Proof of 
eorem 4. Two cases are considered to prove the
conclusion.

𝐶ase 1 (𝑇∗1 = 𝑇∗0 ). In this case, we have Π1(𝑇∗1 ) − Π0(𝑇∗0 ) =
−𝑐𝑝𝐸(𝑇∗0 )/𝑇∗0 + 𝑐𝑝𝐶. It means that Π1(𝑇∗1 ) ≥ Π0(𝑇∗0 ) holds if𝐸(𝑇∗0 )/𝑇∗0 ≤ 𝐶, and Π1(𝑇∗1 ) ≤ Π0(𝑇∗0 ) holds if 𝐸(𝑇∗0 )/𝑇∗0 ≥
𝐶.
𝐶ase 2 (𝑇∗1 ̸= 𝑇∗0 ). Using the optimality of 𝑇∗1 , we have
Π1(𝑇∗1 ) > Π1(𝑇∗0 ) andΠ1(𝑇∗1 )−Π0(𝑇∗0 ) > Π1(𝑇∗0 )−Π0(𝑇∗0 ) =−𝑐𝑝𝐸(𝑇∗0 )/𝑇∗0 + 𝑐𝑝𝐶. Hence, when 𝐸(𝑇∗0 )/𝑇∗0 ≤ 𝐶, we have
Π1(𝑇∗1 ) > Π0(𝑇∗0 ). On the other hand, using the optimality
of 𝑇∗0 , we have Π1(𝑇∗1 ) − Π0(𝑇∗0 ) < Π1(𝑇∗1 ) − Π0(𝑇∗1 ) =
−𝑐𝑝𝐸(𝑇∗1 )/𝑇∗1 + 𝑐𝑝𝐶. Hence, Π1(𝑇∗1 ) ≤ Π0(𝑇∗0 ) holds when𝐸1(𝑇∗1 )/𝑇∗1 ≥ 𝐶.

Theorem 4 shows the condition under which the total
profits per unit time under cap-and-trade regulation and the
ones without carbon emission regulation can be compared.
It implies that the total profits per unit time under cap-
and-trade regulation are not always larger than the ones
without carbon emission regulation. The retailer needs to
adjust carbon emission parameters according to the emission
quota to obtain larger total profits.

3.3. Optimal Strategy under Carbon Tax Regulation. Using
Eqs. (4) and (5), we can formulate the optimization model
(denoted by𝑀2) formaximizing the total profits per unit time
under carbon tax regulation:

(𝑀2) max Π2 (𝑇)
= 1

𝑇𝑝∫𝑇
0
𝐷 (𝑡) 𝑑𝑡

− 1
𝑇 [𝑇𝐶 (𝑇) + 𝑐𝑡𝐸 (𝑇)]

s.t. 𝑇 ≥ 𝑢.

(9)

Obviously, Π2(𝑇) has the same structure as Π1(𝑇) except
for the part  − 𝑐𝑝𝐶. Hence, the existence condition of the
optimal replenishment cycle 𝑇∗2 in model 𝑀2 satisfies the
following theorem.

Theorem 5. In model𝑀2, there exists a unique replenishment
cycle 𝑇∗2 ∈ [𝑢, +∞) to maximize the total profits per unit time
when ℎ2 + 𝑐𝑡ℎ̂2 − 𝑝𝛽 > 0.

Theorems 1 and 5 imply that the optimal replenishment
cycle is affected by the carbon emission price and irrelevant to
the carbon quota.The total profits per unit time under carbon
tax regulation satisfy the following relation.

Theorem 6. Π2(𝑇∗2 ) < Π0(𝑇∗0 ).
Proof of 
eorem 6. Two cases are considered to prove this
conclusion.

𝐶ase 1 (𝑇∗2 = 𝑇∗0 ). In this case, we have Π0(𝑇∗0 ) − Π2(𝑇∗2 ) =
𝑐𝑡𝐸(𝑇∗2 )/𝑇∗2 > 0 and further Π0(𝑇∗0 ) > Π2(𝑇∗2 ).
𝐶ase 2 (𝑇∗2 ̸= 𝑇∗0 ). According to the optimality of 𝑇∗0 , we haveΠ0(𝑇∗0 ) > Π0(𝑇∗2 ) andΠ0(𝑇∗0 )−Π2(𝑇∗2 ) ≥ Π0(𝑇∗2 )−Π2(𝑇∗2 ) =𝑐𝑡𝐸(𝑇∗2 )/𝑇∗2 > 0. Hence, Π0(𝑇∗0 ) > Π2(𝑇∗2 ) holds.

The above theorem indicates that the total profits per
unit time under carbon tax regulation are always less than
the ones without carbon emission regulations. Hence, carbon
tax regulation is not the retailer’s favorite regulation. The
government should compensate the retailer via some subsidy
policies to stimulate them to curb carbon emissions under
carbon tax regulation.

3.4. Comparison of the Optimal Strategies under Two Carbon
Emission Regulations. To investigate the relation of opti-
mal replenishment cycles and carbon emissions under two
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carbon emission regulations, we first analyze the optimal
replenishment cycle without carbon emission regulation by
minimizing the emissions per unit time.

Let𝑀3 denote the optimization model whose objective is
tominimize emissions per unit timewithout carbon emission
regulations; then it can be expressed as

(𝑀3) min 𝐸1 (𝑇) = 𝐸 (𝑇)
𝑇

s.t. 𝑇 ≥ 𝑢.
(10)

Let Π3(𝑇) be the corresponding total profits per unit time;
we have Π3(𝑇) = Π0(𝑇). The optimal replenishment cycle in
model𝑀3 satisfies the following lemma.

Lemma 7. In model 𝑀3, there exists a unique replenishment
cycle 𝑇∗3 ∈ [𝑢, +∞) such that the total emissions per unit time
are minimized.

Proof of Lemma 7. Let 𝑓3(𝑇) = 𝑇𝐸(𝑇) − 𝐸(𝑇); then 𝑓3(𝑇) is
a strictly increasing function in [𝑢, +∞) and 𝜕𝐸1(𝑇)/𝜕𝑇 =
(1/𝑇2)𝑓3(𝑇). If 𝑓3(𝑢) < 0, there exists a unique 𝑇∗3 ∈
[𝑢, +∞) in such that 𝑓3(𝑇∗3 ) = 0. 𝐸1(𝑇) first decreases and
then increases in [𝑢, +∞). Hence, 𝑇∗3 is the uniquely optimal
replenishment cycle to minimize the emissions per unit time.
If 𝑓3(𝑢) ≥ 0, we have 𝜕𝐸1(𝑇)/𝜕𝑇 > 0. In this case, the
emissions per unit time are minimized when 𝑇∗3 = 𝑢.

Lemma 7 indicates that there always exists an optimal
replenishment cycle to minimize the carbon emissions in
model 𝑀3. If the optimal replenishment cycles 𝑇∗𝑖 exists in
models𝑀𝑖, 𝑖 = 0, 1, 2, 3, they satisfy the following relation.
Theorem 8. 
e optimal replenishment cycles 𝑇∗1 and 𝑇∗2 in
models𝑀1 and𝑀2 satisfy that if 𝑐𝑝 ≥ 𝑐𝑡, 𝑇∗3 ≤ 𝑇∗1 ≤ 𝑇2∗ ≤ 𝑇∗0
or 𝑇∗0 ≤ 𝑇∗2 ≤ 𝑇∗1 ≤ 𝑇∗3 holds. Otherwise, 𝑇∗3 ≤ 𝑇∗2 ≤ 𝑇∗1 ≤ 𝑇∗0
or 𝑇∗0 ≤ 𝑇∗1 ≤ 𝑇∗2 ≤ 𝑇∗3 holds.
Proof of 
eorem 8. According to the proofs of Lemmas 3–7
andTheorems 1–5, we have𝑓2(𝑇) = 𝑓1(𝑇)+(𝑐𝑝−𝑐𝑡)𝑓3(𝑇) and𝑓2(𝑇) = [𝑐𝑡𝑓1(𝑇)+(𝑐𝑝−𝑐𝑡)𝑓0(𝑇)]/𝑐𝑝. Following the optimality
of 𝑇∗2 , we have 𝑓2(𝑇∗2 ) = 𝑓1(𝑇∗2 ) + (𝑐𝑝 − 𝑐𝑡)𝑓3(𝑇∗2 ) = 0 and
𝑓2(𝑇∗2 ) = [𝑐𝑡𝑓1(𝑇∗2 ) + (𝑐𝑝 − 𝑐𝑡)𝑓0(𝑇∗2 )]/𝑐𝑝 = 0. There are two
cases to consider.

(1) 𝑐𝑝 ≥ 𝑐𝑡. In this case, if 𝑓1(𝑇∗2 ) ≥ 0, we have 𝑓3(𝑇∗2 ) ≤ 0
and 𝑓0(𝑇∗2 ) ≤ 0. From the optimality of 𝑇∗0 , 𝑇∗1 , and 𝑇∗3 ,
we have 𝑓0(𝑇∗2 ) ≤ 𝑓0(𝑇∗0 ), 𝑓1(𝑇∗2 ) ≥ 𝑓1(𝑇∗1 ), and 𝑓3(𝑇∗2 ) ≤
𝑓3(𝑇∗3 ). 𝑇∗1 ≥ 𝑇∗2 ≥ 𝑇∗0 and 𝑇∗3 ≥ 𝑇∗2 hold since 𝑓0(𝑇)
and 𝑓1(𝑇) are decreasing functions in (𝑢, +∞) and 𝑓3(𝑇) is
an increasing function in (𝑢, +∞). Following the optimality
of 𝑇∗1 , we have 𝑓2(𝑇∗1 ) = (𝑐𝑝 − 𝑐𝑡)𝑓3(𝑇∗1 ) and further have
𝑓2(𝑇∗1 ) ≤ 𝑓2(𝑇∗2 ) = 0 because of 𝑇∗1 ≥ 𝑇∗2 ; that is, 𝑓3(𝑇∗1 ) ≤𝑓3(𝑇∗3 ) = 0. According to the monotonicity of 𝑓3(𝑇), we have𝑇∗3 ≥ 𝑇∗1 . Hence, 𝑇∗3 ≥ 𝑇∗1 ≥ 𝑇∗2 ≥ 𝑇∗0 holds. On the other
hand, if 𝑓1(𝑇∗2 ) ≤ 0, we have 𝑓3(𝑇∗2 ) ≥ 0 and 𝑓0(𝑇∗2 ) ≥ 0.
Similarly, we can obtain 𝑇∗3 ≤ 𝑇∗1 ≤ 𝑇∗2 ≤ 𝑇∗0 .

(2) 𝑐𝑝 < 𝑐𝑡. In this case, if 𝑓1(𝑇∗2 ) ≥ 0, we have 𝑓3(𝑇∗2 ) ≥0 and 𝑓0(𝑇∗2 ) ≥ 0. Following the optimality of 𝑇∗0 , 𝑇∗1 ,
and 𝑇∗3 , we have 𝑓0(𝑇∗2 ) ≥ 𝑓0(𝑇∗0 ), 𝑓1(𝑇∗2 ) ≥ 𝑓1(𝑇∗1 ), and

𝑓3(𝑇∗2 ) ≥ 𝑓3(𝑇∗3 ). Since 𝑓0(𝑇) and 𝑓1(𝑇) are decreasing
functions in (𝑢, +∞) and 𝑓3(𝑇) is an increasing function in
(𝑢, +∞). we have 𝑇∗0 ≥ 𝑇∗2 ≥ 𝑇∗3 and 𝑇∗1 ≥ 𝑇∗2 . With
the optimality of 𝑇∗1 and the fact that 𝑇∗1 ≥ 𝑇∗2 , we have
𝑓2(𝑇∗1 ) = (𝑐𝑝 − 𝑐𝑡)𝑓0(𝑇∗1 )/𝑐𝑝, 𝑓2(𝑇∗1 ) ≤ 0, and 𝑓0(𝑇∗1 ) ≥ 0.
According to the optimality of𝑇∗0 andmonotonicity of𝑓0(𝑇),
we can obtain 𝑇∗1 ≤ 𝑇∗0 . Hence, we have 𝑇∗3 ≤ 𝑇∗2 ≤ 𝑇∗1 ≤ 𝑇∗0 .
If 𝑓1(𝑇∗2 ) ≤ 0, we have 𝑓3(𝑇∗2 ) ≤ 0 and 𝑓0(𝑇∗2 ) ≤ 0. Similarly,
we can obtain 𝑇∗3 ≥ 𝑇∗2 ≥ 𝑇∗1 ≥ 𝑇∗0 .

Theorem 8 indicates that the optimal replenishment
cycles under cap-and-trade and carbon tax regulations are
between the one minimizing carbon emissions and the
one maximizing total profits without any carbon emission
regulations. The relation between the optimal replenishment
cycle under cap-and-trade regulation and the one under
carbon tax regulation depends on the value of unit carbon
emission price.

Theorem 9. 
e total profits per unit time under cap-and-
trade and tax regulations satisfy that if (𝑐𝑝 − 𝑐𝑡)𝐸(𝑇∗1 )/𝑇∗1 ≥
𝑐𝑝𝐶, Π1(𝑇∗1 ) ≤ Π2(𝑇∗2 ) holds. If (𝑐𝑝 − 𝑐𝑡)𝐸(𝑇∗2 )/𝑇∗2 ≤ 𝑐𝑝𝐶,Π1(𝑇∗1 ) ≥ Π2(𝑇∗2 ) holds.
Proof of 
eorem 9. Two cases are considered to prove the
conclusion.

𝐶ase 1 (𝑇∗1 = 𝑇∗2 ). In this case, we have Π1(𝑇∗1 ) − Π2(𝑇∗2 ) =
(𝑐𝑡 − 𝑐𝑝)𝐸(𝑇∗2 )/𝑇∗2 + 𝑐𝑝𝐶. If (𝑐𝑝 − 𝑐𝑡)𝐸(𝑇∗2 )/𝑇∗2 ≤ 𝑐𝑝𝐶, we haveΠ1(𝑇∗1 ) ≥ Π2(𝑇∗2 ); otherwise, Π1(𝑇∗1 ) ≤ Π2(𝑇∗2 ).
𝐶ase 2 (𝑇∗1 ̸= 𝑇∗2 ). Using the optimality of 𝑇∗1 , we have
Π1(𝑇∗1 ) > Π1(𝑇∗2 ) andΠ1(𝑇∗1 )−Π2(𝑇∗2 ) > Π1(𝑇∗2 )−Π2(𝑇∗2 ) =(𝑐𝑡 − 𝑐𝑝)𝐸(𝑇∗2 )/𝑇∗2 + 𝑐𝑝𝐶. If (𝑐𝑝 − 𝑐𝑡)𝐸(𝑇∗2 )/𝑇∗2 ≤ 𝑐𝑝𝐶, we
haveΠ1(𝑇∗1 ) > Π2(𝑇∗2 ). Similarly, according to the optimality
of 𝑇∗2 , we can prove that Π1(𝑇∗1 ) < Π2(𝑇∗2 ) when (𝑐𝑝 −𝑐𝑡)𝐸(𝑇∗2 )/𝑇∗2 ≥ 𝑐𝑝𝐶.

Theorem 9 indicates that the total profits per unit time
under cap-and-trade regulation are not always higher than
the ones under carbon tax regulation and provides the
condition under which the total profits under cap-and-trade
regulation will be lower than the ones under carbon tax
regulation.

4. Numerical Test

This section will illustrate the above theoretical results and
analyze the impact of key system parameters on replenish-
ment cycles, carbon emissions, and profits per unit time. The
values of parameters are set as follows:𝐴 = 2500, 𝑐1 = 7, ℎ1 =5, ℎ2 = 11, ℎ3 = 0.5,𝐴 = 2000, 𝑐1 = 5, ℎ̂1 = 3, ℎ̂2 = 2, ℎ̂3 = 1.5,
𝑢 = 0.5, 𝛼 = 500, 𝛽 = 0.2, 𝑎 = 0.01, 𝑏 = 2, 𝑐𝑝 = 1.5, 𝐶 = 6000,
𝑐𝑡 = 0.5, and 𝑝 = 26. We will reveal how to adopt the optimal
replenishment cycles to maximize the total profits per unit
time under cap-and-trade and carbon tax regulations. How
do different carbon emission regulations affect the optimal
replenishment cycles, total profits, and carbon emissions per
unit time? Which parameter has the greatest impact on the
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Table 3: The calculation results.

𝑀0 𝑀1 𝑀2 𝑀3
𝑇∗𝑖 1.04 (0%) 1.18 (+13.46%) 1.11 (+6.73%) 1.36 (+30.77%)
Π𝑖(𝑇∗𝑖 ) 3642.70 (0%) 3523.80 (-3.26%) 588.80 (-83.84%) 3446.50 (-5.39%)
𝐸(𝑇∗𝑖 )/𝑇∗𝑖 6135.00 (0%) 6050.20 (-1.38%) 6086.80 (-0.79%) 6017.80 (-1.91%)
𝐷(𝑇∗𝑖 )/𝑇∗𝑖 556.02 (0%) 564.39 (+1.50%) 559.97 (+0.71%) 575.19 (+3.45%)

Table 4: The orthogonal table and SN ratio under cap-and-trade regulation.

No. 𝑢 𝛽 𝑏 𝐶 𝑐𝑝 Π1(𝑇∗1 ) Π1(𝑇∗1 ) 𝐸(𝑇∗1 )/𝑇∗1 𝑆𝑁 ratio of Π1(𝑇∗1 ) 𝑆𝑁 ratio of 𝐸(𝑇∗1 )/𝑇∗1
1 1 1 1 1 1 8542.8 8608.7 5772.6 78.70 -75.23
2 1 1 1 2 2 2940.5 3814.5 5778.9 71.63 -75.24
3 1 2 2 1 1 8279.9 8383.8 5598.3 78.47 -74.96
4 1 2 2 2 2 2529.6 3462.8 5626.8 70.79 -75.01
5 2 1 2 1 2 4613.9 5246.5 6542.0 74.40 -76.31
6 2 1 2 2 1 -1270.1 211.2 6534.6 46.50 -76.30
7 2 2 1 1 2 4215.2 4905.3 6224.4 73.81 -75.88
8 2 2 1 2 1 -1366.4 128.8 6184.5 42.20 -75.83

Table 5: The orthogonal table and SN ratio under carbon tax regulation.

No. 𝑢 𝛽 𝑏 𝑐𝑡 Π2(𝑇∗2 ) Π2(𝑇∗2 ) 𝐸(𝑇∗2 )/𝑇∗2 𝑆𝑁 ratio of Π2(𝑇∗2 ) 𝑆𝑁 ratio of 𝐸(𝑇∗2 )/𝑇∗2
1 1 1 1 1 843.1 2130.7 5784.5 66.57 -75.25
2 1 1 2 2 2578.5 3634.7 5788.4 71.21 -75.25
3 1 2 1 2 2075.0 3198.3 5682.1 70.10 -75.09
4 1 2 2 1 374.6 1724.7 5650.1 64.73 -75.04
5 2 1 1 2 994.2 2261.6 6572.2 67.09 -76.35
6 2 1 2 1 -958.1 569.7 6548.7 55.11 -76.32
7 2 2 1 1 -1478.8 118.4 6257.9 41.47 -75.93
8 2 2 2 2 413.8 1758.6 6275.6 64.90 -75.95

replenishment cycle, total profits, and carbon emissions per
unit time, respectively?

According to the theoretical analysis, we can obtain the
optimal replenishment cycle 𝑇∗𝑖 , total profits per unit time
Π𝑖(𝑇∗𝑖 ), carbon emissions per unit time 𝐸(𝑇∗𝑖 )/𝑇∗1 , and unit
time demand𝐷(𝑇∗𝑖 )/𝑇∗𝑖 inmodels𝑀𝑖, 𝑖 = 0, 1, 2, 3, as shown
in Table 3.

Table 3 illustrates the validity of Theorems 4–9 and
provides the following observations.

(1) From the value of 𝑇∗𝑖 , we can see that the optimal
replenishment cycle under cap-and-trade regulation is longer
than the one under carbon tax regulation and shorter than the
one without carbon emission regulations. The increment of
𝑇∗1 is greater than the one of 𝑇∗2 . It means that cap-and-trade
regulation has greater effect on the optimal replenishment
cycle than carbon tax regulation.

(2) From the value of Π𝑖(𝑇∗𝑖 ), we can see that the
increment of the total profits per unit time under cap-and-
trade and carbon tax regulations is −3.26% and −83.84%,
respectively. It means that, compared with carbon tax reg-
ulation, cap-and-trade regulation has little effect on total
profits per unit time. The total profits per unit time with
minimum emissions are 5.39% lower than the ones without
any carbon emission regulations. It means that there is a

conflict between carbon emission control and maximizing
total profits even without any carbon emission regulation.
However, cap-and-trade regulation can relieve the conflict
because the total profits per unit time under cap-and-trade
regulation are higher than the oneswithminimumemissions.

(3) From the value of 𝐸(𝑇∗𝑖 )/𝑇∗𝑖 , we can see that the
change of carbon emissions per unit time among fourmodels
is small. Since the change of the total profits per unit time is
big, we can conclude that two carbon emission regulations
have greater effect on total profits per unit time than carbon
emissions per unit time.

To investigate the effect of key parameters (including
transportation time, elasticity coefficients, and carbon emis-
sion regulations) on the optimal replenishment strategy,
profits, and carbon emissions,we carry out theTaguchi exper-
iment for parameters 𝑢, 𝛽, 𝑏, 𝐶, 𝑐𝑝, 𝑐𝑡 (detailed instructions
about Taguchi method can be found in [32]). We choose
orthogonal tables 𝐿8(25) and 𝐿8(24) to test the effect of key
parameters under cap-and-trade and tax regulations. The
results are arranged in Tables 4–7 and Figures 2 and 3. In
Tables 4–7, levels 1 and 2, respectively, represent the values
that float +30% and −30% on the basis of original ones.
In order to meet the nonnegative requirement of Taguchi
method, we convert the original data of the total profits per
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Table 6: Response table for SN ratios of total profits per unit time
under two carbon emission regulations.

(a) Cap-and-trade regulation

Level 𝑢 𝛽 𝑏 𝐶 𝑐𝑝
1 37.48 36.45 36.22 37.65 35.42
2 35.16 36.19 36.42 34.99 37.22
Delta 2.32 0.26 0.20 2.66 1.81
Rank 2 4 5 1 3

(b) Carbon tax regulation

Level 𝑢 𝛽 𝑏 𝑐𝑡
1 68.15 65.00 61.31 56.97
2 57.14 60.30 63.99 68.32
Delta 11.01 4.69 2.68 11.35
Rank 2 3 4 1

Table 7: Response table for SN ratios of carbon emissions per unit
time under two carbon emission regulations.

(a) Cap-and-trade regulation

Level 𝑢 𝛽 𝑏 𝐶 𝑐𝑝
1 −75.11 −75.77 −75.54 −75.60 −75.58
2 −76.08 −75.42 −75.65 −75.59 −75.61
Delta 0.97 0.35 0.10 0.00 0.03
Rank 1 2 3 5 4

(b) Carbon tax regulation

Level 𝑢 𝛽 𝑏 𝑐𝑡
1 −75.16 −75.79 −75.65 −75.63
2 −76.14 −75.50 −75.64 −75.66
Delta 0.98 0.29 0.01 0.03
Rank 1 2 4 3

unit time to a nonnegative value which is denoted as Π1(𝑇∗1 )
in Table 4 andΠ2(𝑇∗2 ) in Table 5 and accordingly calculate the
Signal-to-Noise ratio (SN ratio).

Table 6 shows that the effect order of the key parameters
on total profits per unit time under cap-and-trade regulation
is 𝐶 > 𝑢 > 𝑐𝑝 > 𝛽 > 𝑏 while the one under carbon tax regula-
tion is 𝑐𝑡 > 𝑢 > 𝛽 > 𝑏. Itmeans that (i) the effect of parameters
of carbon emission regulations and transportation time on
total profits per unit time is greater than the one of elasticity
coefficients. (ii)The effect of carbon trading price in cap-and-
trade regulation on total profits per unit time is less than the
one in carbon tax regulation. In cap-and-trade regulation,
carbon cap has the greatest effect on the total profits per unit
time.

Table 7 shows that the effect order of the key parameters
on carbon emissions per unit time under cap-and-trade
regulation is 𝑢 > 𝛽 > 𝑏 > 𝑐𝑝 > 𝐶 while the one under
carbon tax regulation is 𝑢 > 𝛽 > 𝑐𝑡 > 𝑏. It means that (i) the
transportation time 𝑢 has the greatest effect on carbon emis-
sions per unit time under both carbon emission regulations.

(ii) The effect of carbon emission price on carbon emissions
per unit time is changed by different carbon emission reg-
ulations. (iii) The effect of the key parameters on carbon
emissions per unit time is less than their effect on total profits
per unit time.

From Figures 2 and 3, we can obtain the following
observations.

(1) Figures 2(a) and 3(a) show that the optimal combina-
tion of the key parameters to maximize the total profits per
unit time under cap-and-trade regulation is 𝑢 at level 1, 𝛽 at
level 1, 𝑏 at level 2, 𝐶 at level 1, and 𝑐𝑝 at level 2, while the
optimal combination under carbon tax regulation is 𝑢 at level
1, 𝛽 at level 1, 𝑏 at level 2, and 𝑐𝑡 at level 2. It means that, under
both carbon emission regulations, increasing transportation
time 𝑢 and elasticity coefficient 𝛽 and decreasing Weibull
parameter 𝑏 and carbon emission price 𝑐𝑝 (or 𝑐𝑡) can bring
more profits per unit time.

(2) Figures 2(b) and 3(b) show that the optimal combi-
nation of the key parameters to minimize carbon emissions
per unit time under cap-and-trade regulation is 𝑢 at level 1,
𝛽 at level 2, 𝑏 at level 1, 𝐶 at level 2, and 𝑐𝑝 at level 1, while
the optimal combination under carbon tax regulation is 𝑢 at
level 1, 𝛽 at level 2, 𝑏 at level 2, and 𝑐𝑡 at level 1. It means
that increasing transportation time 𝑢 and carbon emission
price 𝑐𝑝 (or 𝑐𝑡) and decreasing elasticity coefficient𝛽 can bring
less carbon emissions per unit time under both cap-and-trade
and carbon tax regulations.

(3)When other key parameters do not change, increasing
transportation time 𝑢 can bring higher total profits per unit
time and less carbon emissions per unit time.

5. Conclusion

This paper studies the optimal transportation and inventory
strategy of perishable products under cap-and-trade and
carbon tax regulations. The deterioration rate of products
satisfies a two-parameter Weibull distribution. The existence
condition of the optimal transportation and inventory strate-
gies with given transportation time is provided, and the
properties of optimal replenishment strategy, profits, and
carbon emissions per unit time under two carbon emission
regulations are compared. The analysis results indicate that:
(1) The intervals of optimal replenishment cycle under two
carbon emission regulations are all between 𝑇∗3 and 𝑇∗0 . (2)
When the carbon emissions per unit time satisfy certain
conditions, the total profits per unit time under carbon tax
regulation will exceed the ones under cap-and-trade regula-
tion.The results of numerical test indicate that the parameters
of carbon emission regulations have greater effect on total
profits per unit time while the transportation time has the
greatest effect on carbon emissions per unit time.When other
key parameters do not change, increasing transportation time
can bring higher total profits per unit time and less carbon
emissions per unit time. These results advise the decision-
maker that (i) the total profits per unit time under carbon
tax regulation are not always lower than the ones under cap-
and-trade regulation. (ii) More attention should be paid to
control the transportation time if lower carbon emissions are
preferred.
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Figure 2: Main effect chart for SN ratios of profits and carbon emissions per unit time under cap-and-trade regulation.
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Figure 3: Main effect chart for SN ratios of profits and carbon emissions per unit time under carbon tax regulation.

This paper considers the transportation time as a constant
and is to find the joint operational strategy of a single firm; it
will be an interesting problem to study the coordination of
low-carbon supply chains and the case when the transporta-
tion time is limited to a range.

Data Availability

The data used to illustrate the findings of this study are
randomly selected based on the reality. Since the models
are abstracted from reality problem, the objective of the
experimental data is to illustrate the theoretical results and
investigate the impact of key system parameters on the
replenishment cycles, carbon emissions, and profits per unit
time. In this study, we mainly use the relative number
to reveal the impact of key system parameters and verify
the theoretical results. Hence, the only requirement for the
experimental data is to satisfy the assumptions of the models.
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[11] A. Toptal and B. Çetinkaya, “How supply chain coordination
affects the environment: a carbon footprint perspective,”Annals
of Operations Research, vol. 250, no. 2, pp. 487–519, 2017.

[12] J. Song and M. Leng, “Analysis of the single-period problem
under carbon emissions policies,” in Choi T. M. Handbook of
Newsvendor Problems: Models, Extensions and Applications, vol.
176, pp. 297–313, Springer, New York, NY, USA, 2012.

[13] X. Gong and S. X. Zhou, “Optimal production planning with
emissions trading,” Operations Research, vol. 61, no. 4, pp. 908–
924, 2013.

[14] M. Brandenburg, “Low carbon supply chain configuration for
a new product a goal programming approach,” International
Journal of Production Research, vol. 53, no. 21, pp. 6588–6610,
2015.

[15] Q. Bai and M. Chen, “The distributionally robust newsvendor
problem with dual sourcing under carbon tax and cap-and-
trade regulations,” Computers & Industrial Engineering, vol. 98,
pp. 260–274, 2016.

[16] A. K. Purohit, R. Shankar, P. K. Dey, and A. Choudhary, “Non-
stationary stochastic inventory lot-sizing with emission and
service level constraints in a carbon cap-and-trade system,”
Journal of Cleaner Production, vol. 113, pp. 654–661, 2016.

[17] D. He, X. Chen, and Q. Huang, “Influences of carborn emission
abatement on firms’ production policy based on newsboy
model,” Journal of Industrial and Management Optimization,
vol. 13, no. 1, pp. 251–265, 2016.

[18] C.-Y. Dye and C.-T. Yang, “Sustainable trade credit and
replenishment decisions with credit-linked demand under
carbon emission constraints,” European Journal of Operational
Research, vol. 244, no. 1, pp. 187–200, 2015.

[19] G. W. Hua, T. C. E. Cheng, Y. Zhang, J. L. Zhang, and S. Y.
Wang, “Carbon-constrained perishable inventory management
with freshness-dependent demand,” International Journal of
Simulation Modelling, vol. 15, no. 3, pp. 542–552, 2016.

[20] Q. Bai, M. Chen, and L. Xu, “Revenue and promotional cost-
sharing contract versus two-part tariff contract in coordinating
sustainable supply chain systems with deteriorating items,”
International Journal of Production Economics, vol. 187, pp. 85–
101, 2017.

[21] H. Huang, Y. He, and D. Li, “Pricing and inventory decisions
in the food supply chain with production disruption and
controllable deterioration,” Journal of Cleaner Production, vol.
180, pp. 280–296, 2018.

[22] J. N. Berrotoni, “Practical applications of weibull distribution,”
in Proceedings of the ASQC Technical Conference Tkansactions,
pp. 303–323, 1962.

[23] R. P. Covert and G. C. Philip, “An EOQ model for items with
Weibull distribution deterioration,” IIE Transactions, vol. 5, no.
4, pp. 323–326, 1973.

[24] S. Pal, G. S. Mahapatra, and G. P. Samanta, “An EPQ model of
ramp type demand with Weibull deterioration under inflation
and finite horizon in crisp and fuzzy environment,” Interna-
tional Journal of Production Economics, vol. 156, pp. 159–166,
2014.

[25] K. Prasad and B. Mukherjee, “Optimal inventory model under
stock and time dependent demand for time varying deterio-
ration rate with shortages,” Annals of Operations Research, vol.
243, no. 1-2, pp. 323–334, 2016.

[26] M. Pervin, S. K. Roy, and G.-W. Weber, “Analysis of inventory
control model with shortage under time-dependent demand
and time-varying holding cost including stochastic deteriora-
tion,” Annals of Operations Research, vol. 260, no. 1-2, pp. 437–
460, 2018.

[27] H.-L. Yang, “Two-warehouse partial backlogging inventory
models with three-parameter Weibull distribution deteriora-
tion under inflation,” International Journal of Production Eco-
nomics, vol. 138, no. 1, pp. 107–116, 2012.

[28] S. S. Sanni and W. I. E. Chukwu, “An economic order quantity
model for itemswith three-parameter weibull distribution dete-
rioration, ramp-type demand and shortages,” Applied Mathe-
matical Modelling, vol. 37, no. 23, pp. 9698–9706, 2013.

[29] “Golobal Energy Interconnection Development and Coopera-
tionOrganization, UNClimate Conference announces new ini-
tiatives to accelerate climate action,” 2017, http://www.geidco
.org/html/qqnyhlw/col2017080744/2017-12/07/20171207152015619179049
1.html.

[30] X. Chen and X. Wang, “Effects of carbon emission reduction
policies on transportation mode selections with stochastic
demand,” Transportation Research Part E: Logistics and Trans-
portation Review, vol. 90, pp. 196–205, 2016.

[31] D. Konur, J. F. Campbell, and S. A. Monfared, “Economic and
environmental considerations in a stochastic inventory control
model with order splitting under different delivery schedules
among suppliers,” OMEGA - 
e International Journal of Man-
agement Science, vol. 71, pp. 46–65, 2017.

[32] G. Taguchi, Tables of Orthogonal Arrays and Linear Graphs,
Maruzen, Tokyo, Japan, 1962.

http://www.geidco.org/html/qqnyhlw/col2017080744/2017-12/07/20171207152015619179049_1.html
http://www.geidco.org/html/qqnyhlw/col2017080744/2017-12/07/20171207152015619179049_1.html
http://www.geidco.org/html/qqnyhlw/col2017080744/2017-12/07/20171207152015619179049_1.html


Hindawi
www.hindawi.com Volume 2018

Mathematics
Journal of

Hindawi
www.hindawi.com Volume 2018

Mathematical Problems 
in Engineering

Applied Mathematics
Journal of

Hindawi
www.hindawi.com Volume 2018

Probability and Statistics
Hindawi
www.hindawi.com Volume 2018

Journal of

Hindawi
www.hindawi.com Volume 2018

Mathematical Physics
Advances in

Complex Analysis
Journal of

Hindawi
www.hindawi.com Volume 2018

Optimization
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Engineering  
 Mathematics

International Journal of

Hindawi
www.hindawi.com Volume 2018

Operations Research
Advances in

Journal of

Hindawi
www.hindawi.com Volume 2018

Function Spaces
Abstract and 
Applied Analysis
Hindawi
www.hindawi.com Volume 2018

International 
Journal of 
Mathematics and 
Mathematical 
Sciences

Hindawi
www.hindawi.com Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Hindawi
www.hindawi.com Volume 2018Volume 2018

Numerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical Analysis
Advances inAdvances in Discrete Dynamics in 

Nature and Society
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

Di�erential Equations
International Journal of

Volume 2018

Hindawi
www.hindawi.com Volume 2018

Decision Sciences
Advances in

Hindawi
www.hindawi.com Volume 2018

Analysis
International Journal of

Hindawi
www.hindawi.com Volume 2018

Stochastic Analysis
International Journal of

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/jmath/
https://www.hindawi.com/journals/mpe/
https://www.hindawi.com/journals/jam/
https://www.hindawi.com/journals/jps/
https://www.hindawi.com/journals/amp/
https://www.hindawi.com/journals/jca/
https://www.hindawi.com/journals/jopti/
https://www.hindawi.com/journals/ijem/
https://www.hindawi.com/journals/aor/
https://www.hindawi.com/journals/jfs/
https://www.hindawi.com/journals/aaa/
https://www.hindawi.com/journals/ijmms/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ana/
https://www.hindawi.com/journals/ddns/
https://www.hindawi.com/journals/ijde/
https://www.hindawi.com/journals/ads/
https://www.hindawi.com/journals/ijanal/
https://www.hindawi.com/journals/ijsa/
https://www.hindawi.com/
https://www.hindawi.com/

