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Carbon policies and consumer environmental consciousness are effective motivators that drive enterprises to adopt sustainability
technology. To provide enterprises insights into sustainable investment and inventory-transportation decision-making and
governments insights into policy-making, this study investigates integrated inventory-transportation scheduling considering
consumer environmental consciousness and sustainability technology under carbon cap, tax, and cap-and-trade policies. We first
examined sustainability that extends the economic order quantity (EOQ) models, simultaneously taking into account the
comprehensive emission model, consumer environmental consciousness, and carbon policies. We then optimized the sus-
tainability level and EOQ using the simulation method. Furthermore, we performed a regression analysis on the carbon policy
effects on sustainability level, profit, and emission. Moreover, using the regressionmodels, we estimated and discussed the optimal
policy parameters from the perspective of social welfare maximization.+e results indicate that the carbon cap-and-trade policy is
superior to carbon cap and tax policies. Under carbon cap and tax policies, the tougher the carbon policy, the higher the
sustainability level and the lower the profit and carbon emission. Meanwhile, under the carbon cap-and-trade policy, the carbon
trading price is the decisive factor that affects the sustainability level, enterprises’ profit, and carbon emission; the carbon cap has a
positive regulatory effect on profit.

1. Introduction

In recent years, global warming and climate change have
created increasing awareness of environmental issues among
people [1]. Moreover, carbon emission is regarded as the
main contributor to global warming and climate change [2].
Due to the frequent occurrences of natural disasters, many
countries and regional organizations have passed carbon
emission regulations to prevent enterprises from excessively
discharging emissions into the air [3]. In general, govern-
ments often adopt three policies, namely, carbon cap, tax,
and cap-and-trade policies, to reduce carbon emission [4].
For example, the US Congress carries out a carbon cap policy
[5]. Meanwhile, the carbon tax policy is adopted in Den-
mark, Japan, Ireland, and Finland, and the cap-and-trade

policy is adopted in Norway, Switzerland, Sweden, Italy,
Slovenia, UK, USA, Canada, and China [3, 6]. At the same
time, the public environmental consciousness and social
responsibility are increasing with more frequent occurrence
of extreme weather events [7], and sustainable consumption
is becoming more and more popular all over the world. +e
idea of carbon label is used to identify the sustainability level
of a product. For instance, Walmart has requested its
100,000 suppliers to complete the carbon footprint verifi-
cation and labeled their products with colors according to
the carbon footprints [8]. +e sustainability level of the
product enables environmental-conscious consumers to
select products with the smallest carbon footprints. +e
higher the consumer environmental consciousness is, the
more the customers are willing to accept sustainable
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products even with a higher price [9, 10]. +e European
Commission surveys show that 83% of the Europeans ex-
press concern about the carbon emission of products when
buying them [11].+e Environmental ProtectionMinistry of
China has launched a pilot project to arouse the public’s
environmental consciousness by attaching carbon labels and
certifying sustainable products [9]. Enhanced environmental
awareness means familiarity with the public with the ideas of
carbon reduction and sustainable development [3].

In this context, the dual effects of governments and the
public cause more stressful and challenging enterprise op-
erations. With the increasing consumer environmental
awareness, sustainable technology is an effective way for
enterprises to achieve a competitive and commercial ad-
vantage [8] and enhance environmental sustainability [12].
Sustainable investment can cut down the carbon emission in
the supply chain [13] and improve environmental sustain-
ability and enterprises’ competitiveness in the long run [14].
However, enterprises should invest in sustainable operations
when adopting sustainable technology, which may lead to a
change in their cost structure [8]. Hence, determining an
appropriate level of sustainability is a primary concern for
enterprises. To meet governments’ carbon regulations, en-
terprises have to adjust their operations’ objective from
economy to environment. By nature, emission from supply
chain operations exceeds 20% of the total global emission
[5], and production, inventory, and transportation activities
contribute to sustainability problems in enterprises’ oper-
ations [15]. In particular, inventory activity is responsible for
11% of the carbon emission from the logistics sector. For
example, by optimizing inventory operations, Hew-
lett–Packard decreased its carbon emission from 26.1 tonnes
to 18.3 tonnes in 2010 [4]. Moreover, transportation ac-
counts for around 5% of the world’s carbon emission [16],
which is considered one of the principal sources of carbon
emission [15]. +e carbon emission generated from the
inventory and transportation process is mainly determined
by inventory control decisions and transportation sched-
uling [17]. +e interaction of trade-off between inventory
and transportation indicates that their integrated optimi-
zation is needed to reduce costs and carbon emission [18].
When enterprises adopt sustainable technology, market
demand and cost structure will change according to the
product’s sustainability level. +ese changes will influence
the inventory control decision and transportation sched-
uling, thereby influencing costs and carbon emission in
logistics. In turn, the inventory-transportation scheduling
will affect the marginal cost of sustainable investment, thus
affecting the decision of sustainability level. +erefore, en-
terprises need joint decisions on sustainability level and
inventory-transportation solutions to satisfy the carbon
emission requirements set by the governments.

As far as our knowledge from the literature review, a few
studies have attempted to optimize sustainability level and
inventory-transportation scheduling simultaneously. For
instance, Toptal et al. [19] and Huang et al. [3] developed
EOQ models with sustainable investment. However, they
did not consider consumer environmental awareness; that is,
the demand in their models was constant and did not vary

with the sustainability level. In this study, inventory-
transportation models that consider consumer environ-
mental awareness and sustainable investment under carbon
cap, tax, and cap-and-trade policies were investigated.
Furthermore, a comprehensive fuel consumption function is
integrated into these models to calculate the costs and
emissions in transportation, which can improve reliability
and applicability in optimization [20]. We focus on inves-
tigating the following questions:

(1) How do enterprises decide sustainability level and
inventory-transportation scheduling simultaneously
under carbon cap, tax, and cap-and-trade policies?

(2) How do carbon cap, tax, and cap-and-trade policies
affect enterprises’ sustainability level, profit, and
emission?

(3) How do governments set policy parameters to
harmonize economic and environmental objectives?

+e rest of this paper is organized as follows. +e rel-
evant literature is presented in Section 2. Model assumptions
and notations are proposed in Section 3. +e optimization
models of the integrated sustainability level and inventory-
transportation problem under carbon cap, tax, and cap-and-
trade policies are explored and solved using the simulation
solution method in Section 4. +en, the results of simula-
tions and the effect of carbon policies on sustainability level
and enterprises’ performance are presented in Section 5.
Policy parameters set by governments are estimated and
discussed in Section 6. Finally, a conclusion is presented in
Section 7.

2. Literature Review

Integrated inventory-transportation model incorporates
inventory and transportation decisions simultaneously be-
cause of their trade-off. Earlier models aimed to maximize
the overall total costs of inventory and transportation [21]
without taking into account carbon emission. +e classical
economic order quantity (EOQ) was the first integrated
inventory-transportation model introduced by Ford
W. Harris in 1913. Since then, increasing numbers of
scholars have extended the integrated inventory-trans-
portation model in several ways. In integrated inventory-
transportation models, they analyzed different demand
functions, such as constant [3, 19, 22], random [20, 23],
linear [24], quadratic [25], and time-varying demands [1].
+e logistics network has been expanded from a single-
single type to single-many [26], many-single [27], and
many-many forms [20, 23]. For the decision level, the
existing researchmainly focuses on the tactical level problem
[20, 23, 28–30], with few researchers considering strategic
level problem [31]. In terms of the product, the existing
research can be divided into the following categories: single
product [5] andmultiple products [20, 32]. Some researchers
also consider other characters in the integrated inventory-
transportation model. For example, Alım and Beullens [33]
integrated a flexible delivery option into the inventory-
transportation model for an online sales firm. Meanwhile,
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Gautam et al. [34] jointly optimize the number of shipments
and quantities of orders with defect management.

Following the sustainable development, the amount of
literature on the integrated inventory-transportation prob-
lem considering environmental factors has increased rapidly
in recent years. Benjaafar et al. [18] examined a simplified
inventory model to explore the impacts of operations de-
cisions on carbon emission. Meanwhile, Soysal et al. [23]
explored an inventory routing problem with a compre-
hensive emissions model in transportation. +e results in-
dicated that horizontal collaboration decreases the costs and
emissions in logistics. Biuki et al. [35] integrated the eco-
nomic, ecological, and societal aspects into a location-in-
ventory routing model. Moreover, Bouchery, et al. [16]
presented an EOQmodel that considers vehicle capacities to
provide sufficient conditions that ensure a decrease in costs
and carbon emission. +e joint decision on inventory and
transportation under carbon policies is a hot research topic.
Considering carbon tax policy,Wang et al. [30] developed an
inventory-transportation model in refined oil logistics. Xu
et al. [36] constructed nonlinear models to optimize in-
ventory and transportation strategy for perishable items
under carbon tax and carbon cap-and-trade regulations.
Meanwhile, Micheli and Mantella [20] extended the model
of Soysal et al. [23] with a heterogeneous fleet under carbon
cap, carbon tax, and carbon cap-and-trade regulations; they
ignored the emissions associated with inventory. Moreover,
Tang et al. [17] examined the effect of controlling carbon
emission in inventory-transportation management with
stochastic demand. +ey analyzed three carbon regulations,
namely, carbon tax, cap-and-trade, and carbon offset. Under
the cap-and-trade scheme, Hua et al. [37] extended the
classical EOQ model with carbon emission and proved that
the optimal order quantity is between the classical EOQ
model and the model that minimizes carbon emission.
Furthermore, Konur and Schaefer [5] investigated the EOQ
model with less-than-truckload and truckload trans-
portation under carbon tax and cap, cap-and-trade, and cap-
and-offset regulations. Chen et al. [38] used EOQ models
under various environmental regulations to illustrate the
conditions where emissions may be reduced and the relative
reduction in emissions is greater than the relative increase in
cost. Meanwhile, Liao and Deng [39] extended an EOQ
model with uncertain demand under carbon tax regulation,
and the result showed that increasing carbon tax will de-
crease profit margins and alter the optimal order decisions.
Finally, Rabta [29] presented an EOQ model in a circular
economy and proposed various relationships (linear and
nonlinear) between the circularity level and demand, and
cost and selling price.

In the context of a sustainable economy, consumer
environmental awareness is integrated into a supply chain
optimization model. Yu et al. [40] developed an optimiza-
tion model under oligopolistic competition, and their results
show that manufacturers could promote a product’s sus-
tainability level due to an increase in consumer environ-
mental awareness. Moreover, to analyze the effect of carbon
tax price on carbon emission, Hovelaque and Bironneau [28]
explored an EOQ model with demand dependent on price

and carbon emission in production and logistics activities.
Meanwhile, Zhang et al. [41] investigated the effect of
consumer environmental awareness on channel coordina-
tion and order quantities. Cheng et al. [8] integrated carbon-
labeling scheme into game-theoretic models between a
manufacturer and a retailer to investigate the impact of
consumer environmental awareness on supply chain per-
formance. Consumer environmental awareness increases
market demand or sale price, which drives manufacturers to
adopt clean technology and thus increase the sustainability
level of product. Hence, integrating clean technology or
sustainable investment into supply chain activities has also
become a research hotspot. Drake et al. [42] addressed the
technology choice problem under carbon tax and cap-and-
trade policies. +eir results revealed that the expected profit
under the cap-and-trade policy is greater than that under
carbon tax policy. Meanwhile, Tao and Xu [43] examined an
EOQ model to investigate the effect of consumer environ-
mental awareness on optimal order quantity, emission level,
and total costs under carbon tax and carbon cap-and-trade
regulations. Toptal et al. [19] investigated an EOQ model
considering green technology under carbon tax, cap, and
cap-and-trade policies. +e results revealed that green
technology can simultaneously reduce costs and carbon
emissions. Moreover, by extending the model, Huang et al.
[3] developed green technology to determine the green
investment amount, delivery quantity, and optimal pro-
duction quantity under the same regulations. Dong et al. [13]
integrated sustainable investment into order quantity de-
cision with stochastic demand under the carbon cap-and-
trade policy. +ey indicated that sustainable investment has
a major impact on the performance of supply chain. Under a
carbon tax regulation, Cheng et al. [8] explored a sustainable
investment decision-making model using Bayesian infor-
mation updating. Furthermore, to explore the effects of the
government subsidy coefficient on the sustainability level
and the retail price, Su et al. [44] examined a green supply
chain model under different government subsidies.

+is study points out three research gaps on this topic:
(1) studies extending classical EOQ models by considering
sustainable investment and consumer environmental
awareness are scarce. Tao and Xu [43] only considered
consumer environmental awareness, whereas Toptal et al.
[19] and Huang et al. [3] only considered sustainable in-
vestment. Meanwhile, Dong et al. [13], Cheng et al. [10], and
Su et al. [44] considered them both; however, they did not
consider inventory and transportation activities in their
models. (2) In those EOQ models, transportation cost and
emission are assumed to have fixed values or piecewise
functions, giving a less accurate estimation of transportation
cost and emission. (3)When considering carbon policies, the
literature focuses on the sensitivity analysis of policy pa-
rameters. +ere are few studies on deciding appropriate
policy parameters from the government perspective.

To conclude, our study adds to the literature on the
integrated inventory-transportation model by (1) extending
EOQ model with sustainable investment and consumer
environmental awareness simultaneously under different
carbon emission regulations (i.e., cap, tax, and cap-and-

Discrete Dynamics in Nature and Society 3



trade) and (2) employing a comprehensive fuel consumption
function, on the basis of factors such as vehicle type, vehicle
load, vehicle speed, and traveled distance, to compute trans-
portation cost and emission. +e explicit consideration of fuel
consumption ensures a more accurate estimation of trans-
portation cost and emission [20, 23]. +is study also con-
tributes to the literature by (3) developing regression models to
analyze the effect of policy parameters on sustainability level,
profit, and emission, and estimate optimal policy parameters
based on maximizing social welfare. Table 1 presents the lit-
erature positioning of the present paper.

3. Model Assumptions and Notations

We consider an enterprise thatmanufactures a sustainable item
and sells the product on its own salespoint. +e enterprise
determines the sustainability level and controls the inventory
and transportation for the item. +e main forces driving
sustainable investment are governments’ carbon policies and
consumers’ environmental awareness. +e market demand is
dependent on the sustainability level, which affects the in-
ventory control and transportation decision. +e enterprise
needs joint decisions on sustainability level and EOQ to
maximize its profit and satisfy carbon policies. We consider
three carbon regulations: cap, tax, and cap-and-trade. +e
major notations used in the models are summarized in Table 2.
+e models are developed under the following assumptions:

(1) +e enterprise assumes the basic EOQ settings: the
demand is uniform and continuous; no shortage is
allowed; the order lead time is known and constant;
the inventory replenishment is completed instanta-
neously; the ordering cost per time is constant and
independent of order quantity; and the holding cost
is a linear function of inventory [43]. In addition, the
production cost of each unit is constant and inde-
pendent of the sustainability level.

(2) We assume that the sustainability level only de-
scribes the carbon emission in the manufacturing

process but does not include the carbon emission in
transportation and inventory. Sustainability level S is
a dimensionless indicator ranging from 0 to 1 [29].
+e sustainability level S is determined by the
manufacturer and measured by equation (1), where
e0 is the carbon emission in production, a is the base
carbon emission per unit when S � 0, and b is the
minimum carbon emission when S � 1:

S �
a − e0
a − b

. (1)

(3) We assume that the sustainable investment cost is a
quadratic function [10, 13]; that is, δS2/2, where δ is
the sustainable investment coefficient. +e cost and
cost growth rate of sustainable investment increase
monotonously with the sustainability level.

(4) We assume a linear demand function affected by the
sustainability level; that is, D � D0 + ρS, where ρ is
the coefficient of the sustainable effect on the in-
creasing demand [29] and D0 is the potential de-
mand per year when S� 0, or ρ � 0.

(5) We assume a limited, capacitated, and homogeneous
fleet. Moreover, to compute the cost and carbon
emission in transportation, we assume compre-
hensive fuel consumption [20, 23]. Given a traveled
distance d and a vehicle speed f, the fuel con-
sumption, denoted by FC, is computed by equation
(2), where ξ is fuel-to-air mass ratio, ke is engine
friction factor, Ne is engine speed, Ve is engine
displacement, ϖ is efficiency parameter for diesel
engines, Af is frontal surface area, ε is vehicle drive
train efficiency, cd is coefficient of aerodynamic drag,
α is air density, g is gravitational constant, φ is road
angle, cr is coefficient of rolling resistance, μ is curt-
weight, κ is heating value of a typical diesel fuel, and
V is payload:

FC � ξ
keNeVed/f(  + 0.5cdαAfdf

2/(1000ϖε)  + dg sinφ + cr cosφ( (μ + V)/(1000ϖε)( 

(κψ)
⎛⎝ ⎞⎠. (2)

Let λ � (ξ/(κψ)), y � keNeVe, c � (1/(1000ϖε)),
B � 0.5cdαAf, and σ � g(sinφ + cr cosφ); then FC

� λ((yd/f) + dcBf2 + dcσ(μ + V)). Let τ1 � (λdy/f)

+λdc(Bf2 + μσ) and τ2 � λdcσ; then the vehicle
transportation cost is ϑkτ1 + ϑτ2Q, where k is the
number of vehicles, Q is order quantity, and ϑ is fuel
price. +e carbon emission in transportation
is θkτ1 + θτ2Q, where θ denotes fuel conversion
factor.

4. Optimization Model

4.1. BaseCaseModel (M0). +e base case model, denoted by
M0, represents the case where there is no carbon policy. +e
enterprise’s goal is to maximize profits. Without any carbon
policy in place, the average annual profit is given by equation
(3), where k � ⌈Q/L⌉. In equation (3), the first, second, third,
fourth, fifth, and sixth terms are sales income,
manufacturing cost, sustainable investment cost, inventory
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replenishment cost, inventory holding cost, and trans-
portation cost, respectively:

Z0(Q, S) � P D0 + ρS(  − c0 D0 + ρS(  −
δS

2

2
−

A D0 + ρS( 

Q

−
hQ

2
−

kϑτ1 D0 + ρS( 

Q
+ ϑτ2 D0 + ρS(  ,

(3)

where Z0(Q, S) is a discontinuous function, and the optimal
solution (Q, S) cannot be directly obtained by the first-order
partial derivative. We design a two-stage optimizationmethod to
solve the problem. First, we assume that the sustainability level is
given by the enterprise, under which we solve the optimal order
quantity problem. Second, we obtain the optimal S by the
simulation method. In the following analysis, the optimal order
quantity problems under different carbon regulations are solved
in Sections 4.1–4.4. Meanwhile, the simulation method for
solving the optimal S is analyzed in Section 4.5.

Table 1: +e literature positioning of this paper.

Papers Sustainable
investment

Consumer
environmental
awareness

Comprehensive fuel
consumption

Carbon emission
regulation Decision on policy

parameters
Cap Tax Cap-and-

trade
Konur and Schaefer
[5], Tang et al. √ √ √

Dong et al. [13] √ √ √
Soysal et al. [23] √
Micheli and
Mantella [20] √ √ √ √

Tao and Xu [43] √ √ √ √
Toptal et al. [19],
Huang et al. [3] √ √ √ √

Cheng et al. [8],
Su et al. [44] √ √

+is paper √ √ √ √ √ √ √

Table 2: Main notations.

Parameters Meaning
A Fixed cost of inventory replenishment
h Holding cost per unit per year held in inventory
c0 Manufacturing cost per unit
ct Transportation cost, ct � ϑkτ1 + ϑτ2Q
L Vehicle capacity
P Sale price
D0 Potential demand per year when S� 0
ρ Coefficient of the effect of sustainability on demand
δ Coefficient of sustainable investment
D Actual demand per year, D � D0 + ρS
A Carbon emission amount due to inventory replenishment
h Carbon emission amount due to holding a unit inventory per year
ct Carbon emission amount due to transportation, ct � θkτ1 + θhτ2Q
n Carbon policy index: n� 0 for no carbon, n� 1 for cap, n� 2 for tax, and n� 3 for cap-and-trade policies
Ca Carbon emission cap per year
Cp Carbon emission trading price per ton
CT Carbon tax price per ton
SW Social welfare
Uec Economic utility
Uen Environmental utility
Decision variables
Q Order quantity
S Sustainability level
Functions
E(Q, S) Average annual carbon emission function
Z(Q, S) Average annual profit function
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Given S, the optimal EOQ Q∗0 that maximizes Z0(Q, S)

also cannot be determined using the first-order derivative.
Z0(Q, S), especially, is a piecewise continuous function such
that each piece is in the form of equation (2) over a given
quantity range of length L. Obviously, the sum of the first
five terms of Z0(Q, S) is an EOQ-type convex function of Q

with a maximum at qeoq �
��������������
(2A(D0 + ρS)/h)


. For each

fixed positive integer k, the sixth term is a decreasing convex
function of Q over (k − 1)L<Q≤ kL. Based on these
characteristics of Z0(Q, S), the following properties are
verified [22].

Property 1. Let Qk
0 �

����������������������
(2(A + kϑτ1)(D0 + ρS)/h)


, k � 1,

2, . . . If (k − 1)L<Qk
0 ≤ kL, Qk

0 is realizable.

Property 2. Define i to be the unique integer such that
(i − 1)L< qeoq ≤ iL. For all k≤ i − 1, Z0(Q, S) is increasing
over (k − 1)L<Q≤ kL and Qk

0 is not realizable.

Property 3. If k≥ i, then Z0(Q, S)≤ Z0(kL, S) for Q≥ kL.

Property 4. If Qi
0 ≥ iL, then Z0(Q, S) is increasing over

(i − 1)L<Q≤ iL. If Qi
0 < iL, then Z0(Q, S) is increasing over

(i − 1)L<Q≤Qi
0 and decreasing over Qi

0 <Q≤ iL.

From Properties 1–4, the optimal EOQ Q∗0 is defined by
the following corollary.

Corollary 1. Given the sustainability level S,

Q∗0 � argmax Z(min Qi+1
0 , (i + 1)L , S), Z(iL, S) . Q∗0

can be determined by the following algorithm:

Step 1. Compute qeoq �
��������������
(2A(D0 + ρS)/h)


and

i � ⌈qeoq/L⌉.
Step 2. Compute Qi

0 �
���������������������
(2(A + iϑτ1)(D0 + ρS)/h)


. If

Qi
0 ≥ iL, let Qi

0 � iL.
Step 3.Compute and compare Z(Qi

0, S) and
Z0((i − 1)L, S). Select the one that yields the maximum
profit as the optimal Q∗0 , and stop.

4.2. Model under Carbon Cap Regulation (M1). Under a cap
regulation, the enterprise is subject to an upper bound on the
total average annual carbon emission. +e enterprise’s
problem is to find the sustainability level of production and
the optimal order quantity to maximize the average annual
total profit without exceeding the emission cap Ca. +is
problem can be formulated as follows:

(M1): max Z1(Q, S) � P − c0 − ϑτ2(  D0 + ρS(  −
δS

2

2
−

A + kϑτ1(  D0 + ρS( 

Q
−

hQ

2

s.t. E(Q, S) �
A + kθτ1 D0 + ρS

Q
+

hQ

2
+ a +(b − a)S + θτ2(  D0 + ρS( ≤Ca

Q≥ 0.

(4)

Z1(Q, S) and E(Q, S) are discontinuous functions and
should be analyzed simultaneously to find the optimal so-
lution to M1, which is denoted by Q∗1 . Feasible solutions
exist for M1 when the minimum of E(Q, S) is lager than Ca.
Similar to Z1(Q, S), each piece of the E(Q, S) function is an
EOQ type. According to Corollary 1, the optimal emission
order quantity Q

∗ and the least emission E
∗ can be deter-

mined by the following algorithm [22, 45]:

Step 1. Compute qeoq �

��������������

(2A(D0 + ρS)/h)



and
i � ⌈qeoq/L⌉.

Step 2. Compute Q
i

�

���������������������

(2(A + iϑτ1)(D0 + ρS)/h)



. If
Q

i ≥ iL, let Q
i

� iL.
Step 3. Compute and compare E( Q

i
, S) and

E((i − 1)L, S). If E( Q
i
, S)≤E((i − 1)L, S),

Q
∗

� Q
i, E
∗

� E( Q
i
, S); else, Q

∗
� (i − 1)L,

E
∗

� E((i − 1)L, S), and stop.
We assume that Ca ≥ E

∗; that is, feasible order quan-
tities exist forM1. Given S, the feasible solution consists
of all pairs (Q1, S) such that qi

1 ≤Q1 ≤ qi
2, where

q
i
1 �

Ca − a +(b − a)S + θτ2(  D0 + ρS(  −

���������������������������������������������������

Ca − a +(b − a)S + θτ2(  D0 + ρS( ( 
2

− 2h A + iθτ1  D0 + ρS( 



h
. (5)

q
i
2 �

Ca − a +(b − a)S + θτ2(  D0 + ρS(  +

���������������������������������������������������

Ca − a +(b − a)S + θτ2(  D0 + ρS( ( 
2

− 2h A + iθτ1  D0 + ρS( 



h
, (6)
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where qi
1 and qi

2 are the two roots of (A + kθτ1)
(D0 + ρS)/Q + hQ/2 + (a + (b − a)S + θτ2)(D0 + ρS) � Ca.
Now, consider the range ((i − 1)L, iL]. When
qi
2 ≤ (i − 1)L or qi

1 > iL, there is no feasible solution in the
range ((i − 1)L, iL]. Otherwise, the feasible range of Q1 is
[Qi

1, Qi
2], where Qi

1 � max qi
1, (i − 1)L  and

Qi
2 � min qi

2, iL  . It is easy to verify that
q11 < q21 < · · · < qn

1 < qn
2 < qn−1

2 < · · · < q12, and the length of
feasible region is decreasing in the number of vehicles i. Let
m1 and m2 be defined as the minimum and the maximum
number of vehicles, respectively, such that M1 is feasible. m1
and m2 can be easily determined using the relation
q11 < q21 < · · · < qn

1 < qn
2 < qn−1

2 < · · · < q12. By the definitions of
m1 and m2, it follows that Q1 ∈ [Q

m1
1 , Q

m2
2 ] [5].

Recall form Property 2 that i is the unique integer, such
that (i − 1)L< qeoq ≤ iL. +e following corollary summarizes
the optimal solution for M1 [5].

Corollary 2. Given the sustainability level S and supposing
that M1 is feasible,

(1) if m1 ≥ i, then Q∗1 � Qi
0 if Qi

0 ∈ [Q
m1
1 , Q

m2
2 ]; Q∗1 �

Q
m1
1 if Qi

0 <Q
m1
1 ; and Q∗1 � Q

m1
2 if Qi

0 >Q
m1
2

(2) if m2 ≤ i − 1, then Q∗1 � Q
m1
2 , if m1 � m2; and Q∗1 �

argmax Z1(Q
m2−1
2 , S), Z1(Q

m2
2 , S)  if m1 ≠m2

(3) if m1 ≤ i − 1< i≤m2, then Q∗1 � argmax
Z1((i − 1)L, S), Z1(min Qi

0, Qi
2 , S) 

From Corollary 2, Q∗1 can be determined by the following
algorithm:

Step 1. Compute qeoq �
��������������
(2A(D0 + ρS)/h)


and

i � ⌈qeoq/L⌉.
Step 2. Compute Qi

0 �
���������������������
(2(A + iϑτ1)(D0 + ρS)/h)


.

Step 3. Let j � 1, 2, . . ., and set i � j in equations (5) and
(6) to compute q

j
1 and q

j
2. Let m1 be defined as the

minimum integer such that [Q
j
1, Q

j
2]≠∅, and let m2 be

defined as the maximum integer such that [Q
j
1, Q

j
2]≠∅.

Step 4. Set Q
m1
1 � max q

m1
1 , (m1 − 1)L , Q

m2
1 � max

q
m2
1 , (m2 − 1)L , Q

m1
2 � min q

m1
2 , m1L , and Q

m2
2 �

min q
m2
2 , m2L  . If m1 ≥ i, go to Step 5. If m2 ≤ i − 1, go to

Step 6. Otherwise, go to Step 7.
Step 5. If Q

m1
1 >Qi

0, Q∗1 � Q
m1
1 . If Q

m1
2 <Qi

0, Q∗1 � Q
m1
2 .

Otherwise, Q∗1 � Qi
0 and stop.

Step 6. If m1 � m2, Q∗1 � Q
m1
2 . Otherwise, compute the

profit for Q � Q
m2−1
2 and Q � Q

m2
2 . Select the one that

yields the maximum profit as the optimal Q∗1 , and stop.
Step 7. Let Q1′ � min Qi

0, Qi
2 . Compute the profit for

Q � Q1′ and Q � (i − 1)L. Select the one that yields the
maximum profit as the optimal Q∗1 , and stop.

4.3. Model under Carbon Tax Regulation (M2). Under a tax
regulation, the enterprise pays CT monetary units in taxes
for unit carbon emission. +e enterprise’s objective is to
maximize average annual total profit without restriction on
the maximum carbon emission and its problem can be
formulated as follows:

(M2): max Z2(Q, S) � P − c0 − ϑτ2(  D0 + ρS(  −
δS

2

2
−

A + kϑτ1(  D0 + ρS( 

Q
−

hQ

2
− CT E(Q, S)

s.t. E(Q, S) �
A + kθτ1  D0 + ρS( 

Q
+

hQ

2
+ a +(b − a)S + θτ2(  D0 + ρS( 

Q≥ 0.

(7)

Substituting E(Q, S) into Z2(Q, S), then we have

Z2(Q, S) � P − c0 − τ2 ϑ + CTθ( (

− CT(a +(b − a)S) D0 + ρS(  −
δS

2

2

−
A + CT

A + kτ1 ϑ + CTθ(   D0 + ρS( 

Q

−
h + CT

h Q

2
.

(8)

Equation (8) indicates that Z2(Q, S) has the same
function structure as Z0(Q, S). Hence, the following cor-
ollary is obtained from Properties 1–4 to find the optimal
EOQ, which is denoted by Q∗2 .

Corollary 3. Given the sustainability level S,

Q∗2 � argmax Z(min Qi
2, iL , S), Z((i − 1)L, S) . Q ∗2 can be

determined by the following algorithm:

Step 1. Compute q2eoq �������������������������������

((2(A + CT
A)(D0 + ρS))/(h + CT

h))



and i � ⌈q2eoq/
L⌉.

Step 2. Compute Qi
2 �������������������������������������������

((2(A + CT
A + i(ϑ + CTθ)τ1)(D0 + ρS))/(h + CT

h))



.
If Qi

2 ≥ iL, let Qi
2 � iL.

Step 3. Compute and compare Z2(Qi
2, S) and

Z2((i − 1)L, S). Select the one that yields the maximum
profit as the optimal Q∗2 , and stop.
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4.4. Model under Carbon Cap-and-Trade Regulation (M3).
Under a cap-and-trade regulation, the enterprise is sub-
ject to an emission cap on the total carbon emission. If the
carbon emission is more than or lower than the cap, the
enterprise can buy carbon emission permits or sell

extracarbon emission with a carbon emission trading
system [19]. Supply and demand are assumed to be always
available for buying and selling carbon emissions. +e
enterprise’s problem of deciding the optimal order
quantity is formulated as follows:

(M3): max Z3(Q, S) � P − c0 − ϑτ2(  D0 + ρS(  −
δS

2

2
−

A + kϑτ1(  D0 + ρS( 

Q
−

hQ

2
− Cpx. (9)

s.t. E(Q, S) �
A + kθτ1  D0 + ρS( 

Q
+

hQ

2
+ a +(b − a)S + θτ2(  D0 + ρS( . (10)

x � E(Q, S) − Ca. (11)

Q≥ 0. (12)

+e objective function Z3(Q, S) is translated
into equation (13) by substituting E(Q, S) and x into
equation (9):

Z3(Q, S) � P − c0 − τ2 ϑ + Cpθ 

− Cp(a +(b − a)S) D0 + ρS(  + CpCa −
δS

2

2

−
A + Cp

A + kτ1 ϑ + Cpθ   D0 + ρS( 

Q

−
h + Cp

h Q

2
.

(13)

Note that Z3(Q, S) follows a similar functional formwith
Z0(Q, S) and Z2(Q, S). From Properties 1–4, the optimal
EOQ under carbon cap-and-trade regulation, denoted by
Q∗3 , can be determined by the following corollary.

Corollary 4. Given the sustainability level S,

Q∗3 � argmax Z{ (min Qi
3, iL , S), Z ((i − 1)L, S)}. Q∗3 can

be determined by the following algorithm:

Step 1. Compute q3eoq ������������������������������

((2(A + Cp
A)(D0 +ρS))/(h + Cp

h))



and i � (q3eoq/L).
Step 2. Compute Qi

3 �������������������������������������������

((2(A + Cp
A + i(ϑ + Cpθ)τ1)(D0 + ρS))/(h + Cp

h))



.
If Qi

3 ≥ iL, let Qi
3 � iL.

Step 3. Compute and compare Z3(Qi
3, S) and

Z3((i − 1)L, S). Select the one that yields the maximum
profit as the optimal Q∗3 , and stop.

4.5. Simulation Method for Optimizing Sustainability Level.
Corollaries 1–4 show that the optimal order quantity is
dependent on the sustainability level S at any carbon
policy case. +e optimal sustainability level S cannot be

deduced directly. A simulation method is used to seek for
the optimal sustainability level S by transforming the
continuous variable S into a discrete variable. Considering
0≤ S≤ 1, and setting the optimization precision error to
0.001, 1001 feasible solutions exist for S, that is, 0, 0.001,
0.002, . . ., 0.999, 1. At any carbon policy case, the sim-
ulation process consists of nine steps, as shown in
Figure 1.

Step 1. Set j � 0, ZZ � 0, SS � 0.
Step 2. Let S(j) � j∗ 0.001.
Step 3. Given S(j), compute the EOQ using the al-
gorithms of Corollaries 1–4 and obtain Q(j).
Step 4. For the solution pair (Q(j), S(j)), compute the
profit Z(j) using Z(Q, S).
Step 5. Compare Z(j) and ZZ. If Z(j)≥ZZ, go to Step
6. Otherwise, go to Step 7.
Step 6. Let SS � S(j), ZZ � Z(j).
Step 7. Let j � j + 1.
Step 8. If j> 1000, go to Step 9. Otherwise, go
back to Step 2.
Step 9. Assign SS to the optimal S, and stop.

Let us take the following as an example. Set A �$150,
h � $3, A � 200 kg, h � 5 kg, P � $0.5/kg, c0 � $0.2/kg,
a � 0.4 kg, b � 0.1 kg, ϑ � $1.5/l, θ � 2.63 kg/l,
D0 � 250, 000 kg, ρ � 50, 000 kg, δ � $70, 000, f � 80 km/h,
and d � 500 km. Based on the model of Micheli and
Mantella [20], the vehicle parameters are reported as follows:
ξ � 1, ke � (0.25 kj/rev/l), Ne � 38.3 rev/s, Ve � 4.5 l,
ϖ � 0.45, Af � 7m2, ε � 0.45, cd � 0.6, α � 1.2041 kg/m3,
9.81m/s2, φ � 0, cr � 0.01, μ � 3, 500 kg, κ � 44, and
L � 4, 000 kg. Carbon policy parameters are assumed as
follows: the carbon tax price and carbon trading price are
$200/ton, and the cap is 80% of allowed emissions with
respect to the base case when the sustainable investment is
not considered. Based on the simulation optimization
process shown in Figure 1, the simulation calculations under
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each carbon policy were programmed separately in MAT-
LAB.+e optimal sustainability level S, EOQ Q, profit Z, and
carbon emission E are shown in Table 3. +e computation
time is less than 0.5 s in all cases, implying the feasibility of
the simulation optimization method.

5. Simulation Analysis

In this section, we focus on the simulation analysis to explore the
effects of carbon emission regulations on sustainability level,
profit, and carbon emission. In all of the problem instances, we
assume that d∼U[100, 500] km andf∼U[20, 80] km/h, where
U[m, n] denotes a uniform distribution with bounds m and n.
+e same vehicle parameters are adopted as in Section 4.5 [20].
+e fuel price ϑ is assumed to be U$[1, 2]/l. +e emission
conversion factor θ is set equal to 2.63kg/l. +e cost and carbon
emission parameters are randomly generated assuming that
P∼U$[0.5, 0.6]/kg, c0 ∼ U$[0.2, 0.3]/kg, a ∼ U[0.4, 0.6] kg,
b ∼ U[0.1, 0.2] kg. h ∼ U$[1, 5]/kg, D0 ∼ U[100, 500] tonne,
A∼U$[50, 250], h ∼ U$[2, 8], and A ∼ U[50, 300] kg (similar
values are used by Konur and Schaefer [5]). +e sustainable
parameters ρ and δ are assumed to be U[0.1D0, 0.3D0] kg and
U$[50000, 100000], respectively. All the above parameters
randomly generate 1,000 different parameters and then
generate 1,000 different situations through random combi-
nation. Based on the previous model solution method and the
above data, the simulation method programmed inMATLAB
is used to solve the optimal sustainability level, profit, and
carbon emission under the three policies, namely, carbon cap,
tax, and cap-and-trade.

5.1. Effects of Carbon Cap under Carbon Cap Regulation.
Under the carbon cap policy, we use the model M0 to calculate
the carbon emission when the profit is maximized. Use this
carbon emission as a benchmark, and set a carbon cap policy
between 50% and 100%of this benchmark; that is, set the policy
parameter to a carbon cap ratio. Let the carbon cap ratio be
Ccap, and set 51 different Ccap values, which are evenly gen-
erated from 0.5 to 1 using the LINSPACE function of
MATLAB. At eachCcap, we analyze all 1,000 problem instances
and, respectively, recorded their average values in terms of
optimal sustainability level, carbon emission, and profit. +e
independent variable is Ccap, whereas the dependent variables
are sustainability level, profit, and carbon emission. +ree
regression models are constructed as shown in equations
(14)–(16), and the regression results are shown in Table 4:

S1 � α11 + β11Ccap + ε. (14)

E1 � α12 + β12Ccap + ε. (15)

Z1 � α13 + β13Ccap + ε. (16)
+e regression results show that the sustainability level

negatively correlates with the carbon cap ratio, whereas

Start

Set j = 0,ZZ = 0,SS = 0

If Z(j) ≥ ZZ ?
End

Yes

No

Calculate Q(j)

Calculate Z(j)

SS = S(j),ZZ = Z(j)

j = j + 1S(j) = j∗0.001

If j > 1000 ?

Optimal S = SS

Yes

No

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step7

Step 8

Step 9

Figure 1: Simulation optimization process.

Table 3: Simulation computation results of the example.

Carbon policy No policy Cap Tax Cap-and-trade
S 0.139 0.281 0.316 0.331
Q(kg) 4,000 4,000 8,000 8,000
Z($) 46,971 43,348 13,362 44,816
E(kg) 170,767 130,413 139,371 131,840
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carbon emission and profit positively correlate with the
carbon cap ratio. +e smaller the carbon cap ratio, the
smaller the carbon cap. To meet the carbon cap require-
ments, enterprises must further increase the sustainability
level. Increasing the sustainability level reduces carbon
emission, whereas increasing the cost of sustainable in-
vestment reduces the profits. +e simulation results show
that when the carbon cap ratio increases by 1%, the sus-
tainability level decreases by 0.01672, the carbon emission
increases by 1,318.623 kg, and the profit increases by
$200.797.

5.2. Effects of Carbon Tax Price under Carbon Tax
Regulation. To analyze the effects of carbon tax price, we set
101 different CT values that are evenly generated from 0 to 1
using LINSPACE function of MATLAB. At each CT, we
analyze all 1,000 problem instances and, respectively,
recorded their average values in terms of optimal sustain-
ability level, carbon emission, and profit. Regression analyses
are carried out to analyze the effects of carbon tax price CT

on sustainability level, profit, and carbon emission. By using
the data generated from simulation results under carbon tax
regulation, we developed three regression models as shown
in equations (17)–(19). +en, we present the regression
results in Table 5:

S2 � α21 + β21CT + ε. (17)

E2 � α22 + β22CT + ε. (18)

Z2 � α23 + β23CT + ε. (19)

+e regression results show that the sustainability level
significantly positively correlates with carbon tax price,
whereas carbon emission and profit significantly negatively
correlate with carbon tax price. When carbon tax price
increases by $1/ton, the sustainability level will increase by
0.000714, but carbon emission and profit will decrease by
69.228 kg and $121.570, respectively. As the carbon tax raises
the sustainability level, the cost of sustainable investment
also increases. Although the increase in carbon tax prices can
reduce carbon emission, it does not necessarily reduce the
amount of carbon taxes. +e economic income brought by
the sustainability level cannot offset the increase of sus-
tainable investment cost and carbon tax amount, causing the
profit to decline.

5.3. Effects of Carbon Cap and Trading Price under Carbon
Cap-and-Trade Regulation. Under the carbon cap-and-
trade policy, we set carbon cap ratio to Ccap ∼ U[0.5, 1] (i.e.,
the same as the carbon cap policy) and carbon trading price
to Cp ∼ U[0, 1]. +e carbon cap ratio and the carbon trading
price randomly generate 1,001 random policy combinations
in MATLAB. +ese 1,001 different policies are applied to
1,000 different situations, and the operations under different
policies are simulated. By performing regression analysis on
the simulation results, the regression model is obtained, as

shown in equations (20)–(22). Moreover, the regression
results are shown in Table 6:

S3 � α31 + β31Cp + ε. (20)

E3 � α32 + β32Cp + ε. (21)

Z3 � α33 + β33Cp + β34 Cp ∗Ccap  + ε. (22)

+e results show that β31 > 0, which indicates that the
sustainability level is positively related to the carbon trading
price. Meanwhile, the coefficient β32 < 0 indicates that carbon
emission is inversely related to carbon trading price. Model (22)
indicates that the relationship between profit and carbon trading
price is affected by the carbon cap ratio; in particular, it has a
positive regulatory effect on the relationship between carbon
trading prices and profits.WhenCcap is greater (less) than 0.616,

carbon trading price positively (negatively) correlates with profit.
WhenCcap � 1 and carbon trading price increases $1/tonne, the
profit would increase by $76.762. By contrast, when Ccap � 0.5
and carbon trading price increases by $1/tonne, profits would
decrease by $23.078. When Ccap � 0.616, the carbon trading
price had no effect on profit. At this critical point, the carbon
trading volume is 0, so no matter what the carbon trading price
is, the carbon trading value (turnover) is still 0. +erefore, the
carbon trading price will not have an impact on profit.

Models (20) and (21) indicate that no matter what the
carbon price is, when carbon trading price increases by $1/
tonne, the sustainability level will increase by 0.000715,
whereas carbon emission will decrease by 69.466 kg.
Comparing the results under the carbon tax, we find that
carbon trading price has a similar impact on the sustain-
ability level and carbon emission as carbon tax price. When
Ccap � 0, carbon trading price positively correlates with
profit. At this point, when the carbon trading price increases
by $1/tonne, the profit decreases by $122.920. Considering
the error caused by random factors in simulation, the carbon
trading price and the carbon tax price also have the same
effect on profit when Ccap � 0,. +e above analysis results
show that, under carbon cap-and-trade policy, carbon
trading price plays a decisive role in sustainability level and
carbon emission, which are dependent on carbon trading
price and irrelevant to the carbon cap ratio. However, the
carbon cap ratio will affect the enterprises’ profit. +e larger
the carbon cap ratio, the more carbon emission enterprises
can emit freely, which should be more beneficial to them.
+erefore, when the carbon cap is 0, the effect of carbon
trading policy is similar to that of the carbon tax policy [20].
+erefore, enterprises would choose to operate under the
cap-and-trade policy involving incentives rather than under
the carbon tax policy involving penalties when the carbon
trading price is equal to the carbon tax price [3, 19].

6. Parameters Estimation of Carbon Policies
and Discussion

+e above results provide the exemplification of the effects
of different carbon emission regulations on the perfor-
mance of supply chain. In general, carbon policies have
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positive effects on the environment and negative effects on
the economy [19]. For the government, the permissive
policy cannot achieve improvement of the environment,
whereas the severe policy will affect the economic de-
velopment. It is necessary to design appropriate carbon
policy parameters from the perspective of maximizing
social welfare.

Social welfare includes economic and environmental
utilities. Economic utility is a positive utility. In the research
environment of this paper, the economic utility under
carbon cap and cap-and-trade policies is the profit of the
enterprise, and that under a carbon tax policy includes the
carbon tax revenue obtained by the government. Environ-
mental utility is a negative utility, which reflects the envi-
ronmental damage caused by carbon emission. We use a
quadratic environmental damage function to represent
environmental utility [46]. +e social welfare function is
expressed in equation (23). +e first and second items in
equation (23) are the economic and environmental utilities,
respectively:

SW � Uec − Uen. (23)

Under the carbon cap policy, Uec � α13 + β13CCAP and
E1 � α12 + β12CCAP. Substituting Uec and Uen into equa-
tion (23), we obtain the social welfare as shown in
equation (24):

SW � α13 + β13Ccap −
ε α12 + β12Ccap 

2

2
. (24)

By the first-order derivative, the optimal carbon cap ratio
that maximizes social welfare under the carbon cap policy
can be obtained (equation (24)):

Ccap
∗

�
β13 − εβ12α12

εβ212
. (25)

Set ε � 10− 6. Substituting the results of the regression
models (14)–(16) into equation (25), we obtain the optimal
carbon cap ratio C∗cap � 77.8%. +e corresponding social
welfare, profits, carbon emission, and sustainability levels
are shown in Table 7.

Under the carbon tax policy, E2 � α22 + β22CT and
Uec � α23 + β23CT + CTE2，where CTE2 is the carbon tax
levied by governments. Equation (26) presents the social
welfare under the carbon tax policy:

SW � α23 + β23CT + CT ∗E2 −
ε α22 + β22 CT( 

2

2
. (26)

Similarly, through the first-order derivative, the optimal
carbon tax price that maximizes social welfare under the
carbon tax policy can be obtained from the following
equation:

Table 4: Regression results under carbon cap regulation.

Variables Model (14) Model (15) Model (16)
S E(kg) Z1($)

CCAP(standard error) −1.672∗∗∗ (0.031) 131862.277∗∗∗ (2044.752) 20079.715∗∗∗ (1130.034)
Constant (standard error)> 1.802∗∗∗ (0.021) 49569.496∗∗∗ (1562.821) 46572.010∗∗∗ (863.694)
Observations 51 51 51
R-squared 0.987 0.988 0.866
∗∗∗p< 0.01; ∗∗p< 0.05; ∗p< 0.1.

Table 5: Regression results under carbon tax regulation.

Variables Model (17) Model (18) Model (19)
S E(kg) Z2($)

CT($/kg) (standard error) 0.714∗∗∗ (0.020) −69228∗∗∗ (2717.332) −121570∗∗∗ (906.902)
Constant (standard error) 0.312∗∗∗ (0.102) 160212∗∗∗ (1572.769) 56842∗∗∗ (524.904)
Observations 101 101 101
R-squared 0.927 0.868 0.994
∗∗∗p< 0.01; ∗∗p< 0.05; ∗p< 0.

Table 6: Regression results under carbon cap-and-trade regulation.

Variables Model (20) Model (21) Model (22)
S E(kg) Z3($)

Cp(standard error) 0.715∗∗∗ (0.006) −69466.637∗∗∗ (845.203) −122920.356∗∗∗ (620.912)
Cp
∗Ccap(standard error) 199682.801∗∗∗ (788.726)

Constant (standard error) 0.324∗∗∗ (0.004) 160858.469∗∗∗ (493.1061) 58381.626∗∗∗ (163.311)
Observations 1001 1001 1001
R-squared 0.923 0.871 0.986
∗∗∗p< 0.01; ∗∗p< 0.05; ∗p< 0.1.
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C
∗
T �

β23 + α22 − εβ22α22
εβ222 − 2β22

. (27)

Based on the results of the regression models (17)–(19),
we obtain the optimal carbon tax price C∗T � $347/tonne.
+e corresponding social welfare, profit, carbon emission,
and sustainability level are shown in Table 7.

Under the carbon cap-and-trade policy, Uec � α33 +

β33 Cp + β34(CpCcap) and E3 � α32 + β32 Cp. +e social
welfare under the carbon cap-and-trade policy is shown in
the following equation:

SW � α33 + β33 Cp + β34 CpCcap  −
ε α32 + β32Cp 

2

2
.

(28)

+ere are two parameters, that is, CP and Ccap, under
carbon cap-and-trade policy. Since carbon trading price CP

is usually determined by the supply and demand of the
carbon trading market, the government mainly needs to
decide the Ccap value. Taking the first derivative of SW with
respect to Ccap, we obtain (dSW/dCcap) � β34Cp > 0. +at is,
social welfare increases monotonously with the carbon cap
ratio. From this, a very interesting conclusion can be drawn:
when the carbon cap ratio is 100%, that is, the maximum
value, social welfare is maximized. +is conclusion indicates
that to maximize social welfare, the government should
increase the carbon cap as much as possible because it has no
restrictive effect on enterprises. Based on the conclusion of
the previous regression models, we summarized the causal
influence mechanism in the social welfare system under the
carbon trading policy in Figure 2.

As shown in the figure, sustainability level and carbon
emission are determined by carbon trading price and are not
related to carbon cap. +e carbon cap will only affect the
profit [17]. +erefore, when the carbon trading price is fixed,
regardless of the carbon cap, the sustainability level and
carbon emission are also fixed, resulting in a fixed envi-
ronmental utility. +e greater the carbon cap, the greater the
carbon emission that an enterprise can obtain for free.
Moreover, the profit of the enterprise is higher, and the
economic utility is greater, and, therefore, the social welfare
is greater. To be precise, the maximum social welfare
mentioned here actually refers to the social welfare caused by
a single enterprise. From the perspective of the whole so-
ciety, social welfare is actually unchanged. When conducting
carbon trading, some companies increase their profits due to
the sale of carbon emission rights, and, thus, there must be a
decline in profits due to the purchase of carbon emission
rights. +erefore, from the perspective of the entire society,
carbon trading itself has no impact on economic utility and

social welfare. Under the carbon cap-and-trade policy, social
welfare is determined by the carbon trading price. +e
government can exert two aspects of regulation effect
through a reasonable carbon cap. +e first aspect is to adjust
the relative balance of profits in different industries through
carbon cap. For industries with higher profit margins, a strict
carbon cap policy can be adopted. By contrast, industries
with lower margins can adopt a loose carbon cap policy. +e
second aspect is to stabilize the carbon trading price through
the carbon cap. When the carbon trading price is high, the
carbon cap could be set at a large value to reduce the carbon
trading price and vice versa.

To compare the results under various policies, we use the
optimal parameter values under the carbon cap and the
carbon tax policies. Moreover, the decision results under the
carbon cap-and-trade policy are calculated (i.e.,
(Cp � $347/tonne, Ccap � 77.8%)). +e corresponding so-
cial welfare, profit, carbon emission, and sustainability level
are shown in Table 7.

+e operation results reveal that the sustainability level
under the carbon cap policy is the lowest, whereas that under
the carbon cap-and-trade policy is the highest. Under the
carbon cap policy, the sustainability level is 0.501, and its
carbon emission is the largest of the three policies. +e
enterprises’ emission reduction goal is to control carbon
emission within the carbon cap. Hence, when the carbon cap
is high, the enterprises’ enthusiasm for reducing emissions is
not strong. Meanwhile, under the carbon tax policy, social
welfare is slightly higher than the carbon cap policy.
However, the enterprise’s profit is only $14,657, and the
carbon tax revenue is $47,258. +is is because under the
carbon tax policy, the government is both the leader and the

Table 7: Decision results under different carbon policies.

Policy level Parameter value Social welfare Profit ($) Carbon emission (kg) Sustainability
CAP 77.8% 50618 62194 152158 0.501
TAX 347$/tonne 52641 14657 136190 0.560
Cap-and-trade 347$/tonne, 77.8% 62308 69635 121054 0.573

Sustainability level

Carbon cap

Carbon emissions

Carbon 
trading price

Environmental
utility

Profits

Economical utility

Social welfare

+

–

+

+
(–)

+

+

–

+

–

–

Figure 2: Causal relationships under cap-and-trade policy.
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beneficiary of the policy, so it sets a relatively high carbon tax
price. A high tax price not only can encourage enterprises to
increase their sustainability level, reduce carbon tax costs,
and improve the economic utility, but also can maintain
social welfare at a high level. However, due to high carbon
tax price, the enterprise’s profit has been greatly reduced.
+e results shown in Table 7 indicate that the enterprise’s
profit under the carbon tax policy has fallen by 76.4%
compared with that under the carbon cap policy. +erefore,
excessively high carbon tax price will frustrate the enter-
prise’s enthusiasm for sustainable investment [30]. If the
enterprise gives up its business because of low profits, it will
be a double defeat for the government and the enterprise.
+erefore, if the government takes part of the carbon tax
revenue to subsidize the enterprise [30], the enterprise’s
profit will increase, as well as their enthusiasm to achieve a
win-win situation. +e social welfare, enterprise’s profit, and
carbon emission under the carbon cap-and-trade policy are
superior to those under the carbon cap policy and carbon tax
policy [42]. +is is because carbon cap-and-trade policy
absorbs the advantages of carbon cap and carbon tax pol-
icies. To obtain greater profit, enterprises have increased
their sustainability levels to reduce their carbon emission.
+ey could even make greater profits by selling the
remaining carbon emission rights. +e analysis results show
that a single carbon policy has certain limitations, and a
composite carbon policy can consider both the economic
and emission reduction goals, thereby achieving the coor-
dination of economic and environmental utilities.

7. Conclusions

Integrating environmental factors into inventory-trans-
portation problem is a hot topic in sustainable development,
and carbon policies such as cap, tax, and cap-and-trade are
regarded as effective ways to reduce carbon emission.
However, research on the integrated inventory-trans-
portation model simultaneously taking into account con-
sumer environmental consciousness, sustainable
investment, and carbon policies on a global scale is lacking.
Under carbon cap, tax, and cap-and-trade policies, we in-
vestigated consumer environmental consciousness extended
in inventory-transportation problem with demand depen-
dent on the sustainability level of the product. First, we
examined four integrated inventory-transportation models
under different policy cases (i.e., no carbon policy, cap, tax,
and cap-and-trade) and presented corresponding algorithms
to optimize EOQ by giving sustainability level. Second, we
designed a simulation method to determine the appropriate
sustainability level and EOQ simultaneously. +ird, we
performed simulations under carbon cap, tax, and cap-and-
trade policies, and we used regression models to analyze the
effect of carbon policies on the sustainability level, profit,
and carbon emission. Finally, by maximizing social welfare,
we estimated and discussed carbon policy parameters on the
basis of the regression results.

Under carbon cap policy, the carbon cap positively
correlates with enterprises’ profit and carbon emission but
negatively correlates with the sustainability level.

Meanwhile, under carbon tax policy, the carbon tax price
significantly positively correlates with the sustainability level
but negatively correlates with enterprises’ profit and carbon
emission. Moreover, under carbon cap-and-trade policy, the
carbon trading price is the decisive factor that affects the
sustainability level, enterprises’ profit, and carbon emission.
+e carbon cap has no effect on the sustainability level and
enterprises’ carbon emission but has a positive regulatory
effect on the relationship between carbon trading prices and
profits. Furthermore, the carbon trading price is positively
related to the sustainability level and inversely related to
carbon emission. When carbon trading price is low (high),
carbon trading price negatively (positively) correlates with
profit. +e results indicate that carbon cap-and-trade policy
is superior to carbon cap and tax policies because it could
absorb the advantages of the single carbon policy and
achieve the coordination of economic and environmental
utilities.

Under carbon cap and tax policies, policy parameters
could be estimated from the perspective of social welfare
maximization by using regression models. +e governments
tend to set a high carbon tax parameter because they benefit
from the carbon tax. However, a high carbon tax parameter
will markedly decrease enterprises’ profit, which has a sig-
nificantly negative effect on enterprises’ enthusiasm for
sustainable investment. +erefore, the government subsidy
strategy is needed when a severe carbon tax policy is
adopted. Under the carbon cap-and-trade policy, the carbon
trading price has the same effect as the carbon tax price when
the carbon cap is 0. +e situation when carbon cap is 0
means that enterprises do not have free carbon emission
permits. At this point, the same drawback as carbon tax
policy will occur; that is, enterprises’ profit will be decreased
markedly. Hence, the governments should avoid the situ-
ation to promote the initiative of enterprises to reduce
emissions in practice. +ough governments cannot estimate
carbon cap parameter by maximizing social welfare, they
should set an appropriate carbon cap parameter according to
the profit of enterprise and carbon trading price to play its
regulatory role.

+e novel contributions of this paper are as follows.
Integrated inventory-transportation optimization models
considering the sustainability of the product under carbon
cap, tax, cap-and-trade policies were developed. To our
knowledge, this is the first study to combine consumer
environmental awareness, sustainable technology, and
comprehensive emission model in inventory-transportation
problem, thereby closing this gap in the literature. Fur-
thermore, simulations were designed to optimize inventory-
transportation models. Based on the simulation results,
regression models are proposed to analyze the effect of
carbon policy parameters on sustainability level, profit, and
emission. +e policy parameters are estimated and analyzed
using the regression results. +e proposed models could be
used as a reference for enterprises needing to formulate
inventory-transportation scheduling and governments
intending to implement carbon policies.

Although this paper has several novel contributions,
certain limitations should be considered. Future research
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should address the following aspects: (1) +e homogeneous
vehicle was used as a delivery medium in the model. +e
possible extension of the model is to consider heterogeneous
vehicles in future studies. (2) Our research assumes a single
item. Extending the model with multiple items is also a
direction worthy of further study. (3) We assume that the
carbon label only includes carbon emission in production. In
the future research, the carbon emission in inventory and
transportation should be included in the carbon label,
thereby making the optimization model more complicated
and challenging. (4) +e last extension worth mentioning is
to expand inventory-transportation model using more
complex logistics networks, such as “one-to-many” or
“many-to-many”, and consider varying consumer envi-
ronmental consciousness in different markets.
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[19] A. Toptal, H. Özlü, and D. Konur, “Joint decisions on in-
ventory replenishment and emission reduction investment
under different emission regulations,” International Journal of
Production Research, vol. 52, no. 1, pp. 243–269, 2014.

[20] G. J. L. Micheli and F. Mantella, “Modelling an environ-
mentally-extended inventory routing problem with demand
uncertainty and a heterogeneous fleet under carbon control
policies,” International Journal of Production Economics,
vol. 204, pp. 316–327, 2018.

[21] A. Mosca, N. Vidyarthi, and A. Satir, “Integrated trans-
portation - inventory models: a review,” Operations Research
Perspectives, vol. 6, p. 100101, 2019.

[22] A. Toptal, S. Çetinkaya, and C.-Y. Lee, “+e buyer-vendor
coordination problem: modeling inbound and outbound
cargo capacity and costs,” Iie Transactions, vol. 35, no. 11,
pp. 987–1002, 2003.

[23] M. Soysal, J. M. Bloemhof-Ruwaard, R. Haijema, and
J. G. A. J. van der Vorst, “Modeling a green inventory routing
problem for perishable products with horizontal collabora-
tion,” Computers & Operations Research, vol. 89, pp. 168–182,
2018.

14 Discrete Dynamics in Nature and Society



[24] S. Bose, A. Goswami, and K. S. Chaudhuri, “An EOQ model
for deteriorating items with linear time-dependent demand
rate and shortages under inflation and time discounting,”Pe
Journal of the Operational Research Society, vol. 46, no. 6,
pp. 771–782, 1995.

[25] R. R. Chowdhury, S. Ghosh, and K. Chaudhuri, “An optimal
inventory replenishment policy for a perishable item with
time quadratic demand and partial backlogging with short-
ages in all cycles,” International Journal of Applied and
Computational Mathematics, vol. 3, pp. 1001–1017, 2017.

[26] L. Bertazzi, A. Bosco, and D. Laganà, “Managing stochastic
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