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In the context of competition between two ports in Cournot, we studied optimal decision-making processes for the government
and the port in four different situations before and after the integration of the port based on the subsidy and carbon tax
mechanism. We analyzed the impacts of the carbon tax rate and emission reduction subsidy rate on social welfare and determined
the optimal carbon tax rate, the optimal emission reduction subsidy rate, the optimal carbon emission level, and the optimal social
welfare level in different situations. We also compared the optimal social welfare level and the optimal carbon emission level of the
four situations before and after the integration. This research can be used as a policy reference for the government for the
formation of environmental policies based on the goal of maximizing social welfare, and it could also be used for the port’s internal

decision-making when the environmental policy has been set.

1. Introduction

With the rapid growth of China’s foreign trade, the shipping
industry has made considerable progress. According to
China’s “Statistical Bulletin on the Development of the
Transportation Industry in 2019,” in 2019, national ports had
a cargo throughput of 13.951 billion tons, an increase of 5.7%
year on year. Coastal ports had a throughput of 9.188 billion
tons, an increase of 4.3%, and inland ports had a throughput
of 47.63 Billion tons, an increase of 9.0%, which is still a
relatively high growth rate. Thus, there has been a trend for
rapid port development. As an indispensable type of in-
frastructure in economic development, ports can drive the
economic development of a region [1-4]. With rapid eco-
nomic development, pollution problems caused by carbon
emissions from ports have gradually become prominent. At
the same time, in order to cope with wasted port resources
and increase the competitiveness of ports, port integration
has become a key concern in the field of port operation and
management in China [5-7]. Port integration refers to the
creation of a good and open port development environment

and the establishment of effective coordination mechanisms
to partially improve the constraints of administrative bar-
riers and market barriers, so that their respective advantages
and functions are fully utilized, forming a system with
reasonable division of labor, complementary advantages,
healthy competition, common development, mutual benefit,
and win-win situation. And also, the development process of
continuous optimization of port resource allocation, con-
tinuous improvement of port operation mechanism, con-
tinuous enhancement of port comprehensive capacity, and
effective utilization could be realized [5]. Since 2015, the
integration of ports in many provinces in my country has
been intensified. In 2015, Tianjin Port (Group) Co., Ltd., and
Hebei Port Group Co., Ltd., signed a framework cooperation
agreement; Zhejiang Seaport Investment Operation Group
Co., Ltd., was established; and Ningbo-Zhoushan Port,
Wenzhou Port, Taizhou Port, and other ports realized in-
tegration and unified operation. In 2016, Tianjin Port Group
and Tangshan Port Group jointly funded the establishment
of Tangshan Container Terminal Co., Ltd.; Hainan Pro-
vincial People’s Government issued the “Hainan Provincial
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Port Resources Integration Plan,” proposing to focus on
integrating the “four directions and five ports” to build five
major sectors. In 2017, Jiangsu Port Group Co., Ltd., was
established and included eight state-owned port enterprises
in the province. In addition, Liaoning, Hubei, Anhui, and
other provinces have also vigorously promoted the inte-
gration of port resources in the region, and the scale and
scope of port resource integration have continued to expand.
This article focuses on whether the integration of ports can
help to increase the overall social welfare and reduce carbon
emissions.

With the increase in global environmental problems,
low-carbon environmental protection has become a main-
stream element of social development, and having a low-
carbon supply chain is considered a critical direction for
sustainable development [8-11]. Both governments and
enterprises have attempted to increase green production and
the low-carbon supply [12-15]. Many developed countries
are gradually transitioning to a low-carbon economy
through practical actions [16, 17]. For example, the United
Kingdom has implemented a number of carbon emission
reduction policies, such as the emission trading mechanism
and the climate change tax, and Japan levies environmental
taxes for the combustion of petrochemicals such as oil.
Scholars’ research on the carbon emission supply chain has
mostly emerged from governmental policies, which are
generally divided into carbon tax policies, carbon quota
trading systems, or combinations of multiple policies
[18-22]. However, the objects of these studies are limited to
ordinary manufacturing companies, and ports are not
considered objects of study.

Some scholars have used ports as their research objects
and studied issues related to port integration and port en-
vironmental issues. Using Liaoning Port as the research
object, Wu and Yang explored the influence of port inte-
gration. An integration and cooperation scheme, which may
be used to achieve systematic optimization of a shipping
pattern, has also been proposed [23]. From the perspective of
the supply chain, Han explored the impacts of port supply
chain integration on port performance [24]. Berechman
et al. studied the causes of port environmental problems and
explored the factors that affect port environmental problems
[25]. Xiao et al. established a model of overall environmental
planning and concluded that, overall, environmental plan-
ning is conducive to enhancing the competitiveness of a port
[26]. Liao et al. used the Taipei container port as an example
to establish a model for evaluating the carbon emissions of
container ports and found that optimizing the inland
container transportation route can reduce carbon emissions
[27]. Yu-Chung and Thuy Linh researched Seaport-dry port
network design considering multimodal transport and
carbon emissions [28]. Some scholars have also considered
port privatization and port carbon emissions by analyzing
the degree of port privatization and the impacts of port
cooperation and competition on the profits and social
welfare of port enterprises [29-31].

Although many scholars have conducted separate
studies on port integration, port carbon emissions, and
carbon tax policies, few scholars have considered the three in
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combination. Due to the unique characteristics of ports, the
research results of the combination of ordinary enterprises
and national carbon tax policies cannot be directly applied to
port enterprises. Therefore, the use of ports as the research
has a certain level of research significance. The innova-
tiveness of this paper is embodied by three aspects. Firstly,
considering the unique characteristics of ports, this article
investigates both port carbon emissions and national carbon
tax policies to fill the gaps left by previous studies. Secondly,
this article analyzes how port companies and governments
make decisions under four different environmental policies
(including situations where there are no environmental
policies) and comprehensively considers the different de-
cision-making results that may arise under different envi-
ronmental policies. Finally, this paper combines port
integration with port carbon emissions and social welfare to
explore whether port integration can help to improve social
welfare and reduce port carbon emissions. The research
results of this paper provide a policy reference that can be
used by the government to formulate environmental policies
to maximize social welfare as well as for the internal deci-
sion-making of a port when the environmental policy has
been set.

2. Model Assumptions

In order to explore the impact of port integration on the
decision-making of port companies and governments under
different carbon policies, this paper assumes that two port
companies are competing in Cournot in the same regional
oligopoly market [32, 33]. The two ports are represented by
the subscripts. Table 1 shows the symbols used in this paper.

Among customers (consumers) who use port A and port
B, the classic consumer utility function [34] can be expressed
as

1
U=aqs+aqs—5(qs+ a5 +2Puds) (D
Therefore, the consumer surplus function can be
expressed as
CSZU_GAqA_GBQB' (2)
In order to get the price as a function of demand, using
equation (2) to find the respective partial derivatives and
make them equal to 0, we can obtain
04 =a—qa—Pgp

(3)
0 = a—qp—fq,.

According to the nature of port enterprise services, the
full-service prices of the two ports are

0.=p+tL i=AaB. (4)
Si
t(g;/s;) (i = A, B) represents the waiting time cost of the
goods at the port or the time cost of the customer [35].

By combining equations (3) and (4), we get the inverse
demand function:
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TasLE 1: Key notations.

Symbol Explanation
i Porti,i=A,B
j Situationj, j = I,1L, I, IV
a(>0) Maximum scheduled service price
B(e (0,1)) The fungibility of services of the two ports (The larger the value of §, the stronger the fungibility of the service)
5;(>0) The design capacity of the terminal of port i (unit million containers), that is, the service capacity of port i
t Cost parameters of the waiting time of the goods at the terminal
a; Reduced carbon emissions from port i
pi Service price of port i
i Container handling capacity of port i
0; Full price for port i’s services i
x(=0) Carbon tax
c Marginal operating cost of the port
&(e [0,1]) Emission reduction subsidy rate (§ larger means greater subsidy)
—a—q, - Pas - tq_A company adopts certain emission reduction measures.
Pa 94~ P4s = N The reduction in emissions is a;, the cost of the

a (5)
P = “_QB_ﬁQA_t_B-
SB

By substituting formula (5) into formula (2), the con-
sumer surplus function can be reproduced as

1
C8 (44 48) = 5 (24 + 95 + 2Pddn)- (6)

In the context of the Cournot competition between the
two port companies, this paper studies optimal decision-
making by the government and port companies under
different environmental policies before and after the inte-
gration (including nonenvironmental policies). For the
environmental policies, the optimal social welfare and op-
timal carbon emission levels are compared before and after
integration.

3. Port Competition and Environmental
Policies before Integration

In order to explore the balanced decision-making of the
government and port companies in different situations, this
section considers port competition, emission reduction
measures, government carbon tax, and subsidy policies
under four different situations prior to port integration. The
details of the four situations are as follows:

Situation I: port companies do not need to pay carbon
emissions taxes and do not take any emission reduction
measures.

Situation II: the government levies a carbon emission
tax on port companies at a rate of x, and port com-
panies do not make any emission reduction measures.

Situation III: the government levies a carbon emission
tax on port companies at a rate of x, and port com-
panies make certain emission reduction measures, the
reduction in emissions is a;, and the cost of the
emission reductions is (a?/2) [36-38].

Situation IV: the government levies a carbon emission
tax on port companies at a rate of x, and the port

emission reduction is (a?/2), and the government
grants port companies emission reduction subsidies at
a subsidy rate of §(¢ [0, 1]).

For convenience, the superscripts “I,” “IL,” “III,” and
“IV” are used below to represent the above four situations,
and the superscript “*” is used to represent the equilibrium
solution.

3.1. No Carbon Tax, No Emission Reduction (Situation I).
In Situation I, the government does not implement carbon
tax and emission reduction subsidy policies, and the port
does not adopt any emission reduction measures. We as-
sume that the carbon emission function is

ED' = %(q; +qh) 7)

The level of carbon emissions can reflect the degree of
environmental pollution caused by business operations to a
certain extent. Most studies in the related body of literature
express carbon emissions as a nonlinear function [39, 40]
and a few use a linear function [41]. This paper uses the
former.

The profit function of port enterprises is

R;=(p;—c)g, i=AB (8)

For convenience, many studies set the marginal costs of
the two port companies to be equal [16], and this article
follows this assumption. Social welfare refers to all measures
taken by members of society to improve their material and
cultural life and is a good state of life for members of society
[42]. Thus, the social welfare function can be expressed as

w'=cCs'+ R} + R, —ED". (9)

Two port companies make decisions at the same time:
max Rl and max, RL. According to the first-order optimal
A B

condition ((dR',/9q",) = (0R}/0g%) = 0), we can obtain



—
*

(e a)(=2s5 =2t + Psp)s,
4 4s,sp + 4s,t + Atsy + 45 — s, sy
(10)
o (c—a)(=2s4 =2t + fs,)sp
B 4s\sp + 4t + Atsy + 4t° — s, sp

ED" = 2(c — a)* (=25 .55 — st — tsg + Psasp)
= =
(— 45,55 — 4sut — Atsg — 4t° +[325ASB)
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For all optimal solutions obtained in the model in this
paper, the second-order conditions were proven to be true.
Due to limitations on the length of the article, we do not
repeat them. By substituting formula (10) into formulas (7)
and (9), we can obtain the optimal carbon emission level and
the optimal social welfare level:

(11)

W = (c-a) [4t2(sAt +spt+ 55 + sé) —4s,55t" (B - 3) —(sBsit + sAsét)(ﬁz +2B- 8) +(4 -3+ /3’3)5124553

(—4SASB — ds,t — dtsy — 4% + ﬁzsAsB)2

3.2. With Carbon Tax, No Emission Reduction (Situation II).
In Situation II, the government imposes a carbon tax on port
companies, but port companies still do not take measures to
reduce emissions. The carbon emissions function is

1 2
ED" = E(qg +4q5) - (12)

The government’s carbon tax revenue function [31] is
T = xH(qg + qg). (13)
The profit function of port enterprises is
R

Thus, the social welfare function can be expressed as

i=A,B. (14)

w' = cs" + Ry + Ry + T" —ED". (15)

The decision-making goal of the two port companies is to
maximize profits, while the government’s decision-making
goal is to maximize social welfare. In Situation II, the de-
cision sequence is as follows: in the first stage, the gov-
ernment determines the optimal carbon tax rate; in the
second stage, the port company determines the optimal
output. We can use the inverse solution method to solve the
equation.

In the second stage, the two port companies make de-
cisions at the same time: maxu R}, maxuRj. According to

the first-order optimal condition ((dRY/9q") = (ORY/
aqg) = 0), we can obtain

n_ (c—a+x)(=2s5 -2t +Psp)s,

4s,sp + st + dtsy + 47 — Bs,sp
(16)
n_ (c—a+x)(=2s, -2t +Ps,)sp

4 sp + 4s,t + Atsy + 4t° — Brs,sp

By substituting formula (16) into formula (15), the social
welfare function can be reproduced. In the first stage, in
order to optimize social welfare, the government makes a
decision: max, W!. According to the first-order optimal

condition ((0W'"/dx) = 0), the optimal carbon tax rate can
be obtained x''" = (N,/M,). For this,

M, (>0) = 4t2(si +is, + 3123 + tsB) —(tsAsf, + tsBsi)
(B> +6B-16)
—4t%s 55 (B-5) + sys5(B+3)(B-2),
N, (>0) =sys5(a—c)(—2sg + Psg —2t) (Bs4 — 254 — 2t).
(17)
After substituting x"" = (N,/M,) into equation (16) and
then substituting the updated equation (16) into equations

(12) and (15), the optimal carbon emissions and social
welfare values can be obtained:

D = 2(c-a)’ (=255 = sut —tsp + ﬁSASB)4
= . .
M,
(18)
Wil = (c-a)° (Bsasp = 25455 = Sut — SBt)2

M,

3.3. Carbon Tax and Emission Reductions Are Implemented
(Situation III). In Situation III, the government implements
a carbon tax policy, and the port adopts certain emission
reduction measures. The carbon emission function is

m_ Lo o, o g2
ED :E(QA —ay t4p _aB) - (19)

The government carbon tax revenue function is
11 11V 1 SN | S i1
T =x(qA—aA+qB —aB). (20)
The profit function of port enterprises is

1 2
11 11 11 TR i 11 .
R; :(Pi _C)qi _'x(qi ~ 4 )_E(ai ) » i=AB
(21)

Thus, the social welfare function can be expressed as

w' = cs" + Ry + Ry + T — ED™. (22)
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The decision-making goal of the two port enterprises is
to maximize their profits, while the government’s decision-
making goal is to maximize social welfare. Compared with
Situation II, port companies adopt emission reduction
measures. In Situation III, the decision sequence is as fol-
lows: in the first stage, the government determines the
carbon tax rate; in the second stage, the port company
determines the optimal output and optimal reduction in
emissions.

In the second stage, the two port companies make the
following dec151ons at the same time: max;m mRA and
max,m, mR . According to the first-order optlmal ‘condition

qp
((ORM1/04l") = (ORU/gM) =0 and (ORY/Ball) = (ORLY

aagl) =0), we can obtain

M, (>0) =

5
m_ (c—a+x)(=2s5 =2t +Psg)s,
45 sp + 4s,t + Atsy + 4t° — s sy
(23)
m_ (c—a+x)(-2s, -2t +fs,)sp
4s,sp + 4s b+ Atsy + 45 — fPs,sp
ay' =ay = x. (24)

By substituting equations (23) and (24) into equation
(22), we can reproduce the social welfare function. In the
first stage, in order to optimize social welfare, the govern-
ment makes a decision: max, W, According to the first-
order optimal condition ((0W/dx) = 0), we can find the
optimal carbon tax rate x™" = (N,/M,). For this,

t2(126% + 175 +29ts,, + 1755 + 29tsy ) — (ts5s5 + tsgs, ) (228 + 2987 - 160)

— 4s55t° (68” + 5B - 69) + s5s3(3° + 17B + 23) (B - 2%,

N, (>0) = (a—c)[8(ts, +tsp+ 55 +55) — dsuspt” (2B —9) + 5355 (2B +5) (B-2)* -

By substituting x""" = (N,/M,) into equations (23) and
(24) and then substituting the updated equations (23) and
(24) into equations (19) and (22), the optimal carbon

(tsisB + ts%sA)(ﬁz +58- 14)].
(25)

emissions level and optimal social welfare level can be
determined:

o 2(c—oc)2[t2(7si+7s§+4tsA+4tsB) (tsAsB+tsAsB)(ﬁ+10)([3 2) + 5555 (B+4) (B —2)° — 25,455t (2 — 9)]

ED™ =

M;

WA 3(c — )’ [t2(4tsA + 4tsp + 75124 + 7sf;) —(tsisB + tsésA)(ﬁ2 + 85— 20) 25Ath 2-9)+ sAsB B+ (B - 2)2]

3.4. Carbon Taxes, Emission Reductions, and Emission Re-
duction Subsidies Are Implemented (Situation IV). To a
certain extent, government subsidy policies can generate
positive incentives for enterprises. Many scholars have in-
volved government subsidies in their research [43]. In Sit-
uation IV, the company implements carbon tax and
emission reduction subsidy policies, and the port also adopts
certain emission reduction measures. At this time, the
carbon emissions function is

1 2
ED" = E(QIX —a) +qy - aLV) . (27)
The government’s carbon tax revenue function is
v 1\ A Y
T = x(‘]A —a, tqpg —ap ) (28)

The profit function of port enterprises is

M,
(26)

A A R GO R
(29)

Thus, the social welfare function can be expressed as
0
VoSV RY Ry 4TV - EDY (@) ) (e )
(30)

Compared with Situation III, Situation IV adds the
government’s emission reduction subsidies to those of port
companies. In this situation, the decision sequence is as
follows. In the first stage, the government decides the op-
timal carbon tax rate and emission reduction subsidy rate; in
the second stage, the company determines the optimal
output and reduction in carbon emissions.



In the second stage, the two port companies make de-
cisions at the same time: maxqw’uway and max,
ATA
According to the first-order optimal condition ((OR!'/
9q%) = (0RY /9qy’) =0 and (0RY/0aYy) = (ORY /0a}’
=0), we can obtain

v v Ry
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By substituting formulas (31) and (32) into (30), the
social welfare function can be reproduced. In the first stage,
in order to optimize social welfare, the government makes
the following decisions: max;, W'.

At this time, the optimal emission reduction subsidy rate
and the optimal carbon tax rate can be obtained:

v (c—a+x)(-2s5— 2t + fsp)s,
4 4s,5p + 4s,t + Atsg + 4t — ﬁzsAsB’
(31)
v (c—a+x)(=2s, =2t +Psy)sp
4s,5p + 4s,t + Atsg + 4t — ﬁzsAsB’
vV _ IV x
ay =ag =—— 32
A B 1-6 ( )
. 3 [th(si‘ + 3123) + 5555 (B —2) — 25,55t (s, + 55) (B - 2)] (33)
2(Bspsp — 25455 — ts, — tsp)’ '
- N
v 3
S Vi 34
M, (34)
For this,

M, (>0) = 4t%(25) + 253 + 3ts, + 3tsg) + 555 (3 + 5) (B 2)°
—(shtsp + spts, ) (37 + 108 - 32), (35)

N;(>0)=2(c—a) [41‘2(53\ + 5?3 - sAsB) + sisé - 2)% - 2(sitsB + s%tsA) B- 2)].

By substituting equations (33) and (34) into equations
(31) and (32) and then substituting the updated equations
(31) and (32) into equations (27) and (30), we can obtain the
optimal carbon emission level and the optimal level of social
welfare:

_8(c—a)’ (~2s455 — sut — tsy + Bsasp)’

v
ED 7
3

(36)

_3(c- @) (Bs 455 — 25455 — St — spt)
= 7

2
v
w .

3.5. Social Welfare and Carbon Emissions. The above analysis
shows that the optimal social welfare level and carbon
emissions differ under different environmental policies.
When analyzed from the perspective of the government, the
government’s decision-making is often based on optimizing
overall social welfare or considering carbon emissions.
Therefore, for these four different environmental policies,

the decision-making process of the government can be
analyzed by comparing social welfare and carbon emissions.

3.5.1. Social Welfare Comparison. By comparing the optimal
social welfare conditions in the four situations, the following
quantitative relationship can be obtained:

wh<w «cw cw!V", (37)

Proof.
222 2 2
W Wl = (c—a)"sysp(sgf — 2t — 2sp) 2(sA[32— 254 2— 2t) <0,
(—4SASB— 4s,t — 4spt — 4t° + 3 sAsB) M,
1 - (c-a)’K
w20 2
MM,

(38)

among them,
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K=K, +K,+ -+ K3,

K, = —12sps3t (B +5)(B-2)° >0,

K, = —12s4syt (B+5)(f—2)° >0,

K = —4shsgt’ (B+18) (B —2) >0,

K, = —4s,s5t> (B+18) (8 —2) >0,

K5 =shsy (4B +13)(B-2)" >0,

Kg = —48s)s5t" (B—4) >0,

K, = —48sys,t* (- 4) >0, 39

Kg = —16s3s5t* (68— 19) >0,

Ky = 4spsyt” (B—2) (9 - 82) >0,
Ko = 4sisyt’ (B—2) (9B - 82) >0,
K, = 8sysyt” (B +30) (B —2)> >0,
K, = 4shsyt” (38 +25) (B —2)* >0,
K5 = 4syst” (38 +25) (B —2)> >0.

2
* * -
wil' —wi — (c-a) K<0)
MM,

So, K=K, +K, +:--+K;3>0,

(40)
22 2

11 v
w= -w' =

Then, we obtain the result W' < W < Wi < wiV",

From this, we can clearly see that when the government
implements both carbon tax and emission reduction subsidy
policies and enterprises make emission reduction measures,
the equilibrium of social welfare is the greatest. This result
can be used as a reference for governmental decision-
making. O

3.5.2. Carbon Emissions Comparison. The quantitative re-
lationship for the optimal carbon emissions levels in the four
situations is more complicated. In order to simplify the
calculation and clarify the relationships among them, we
assumed that the service capabilities of the two ports were
the same (s, = sg), and we combined numerical solutions to
analyze the relationships among various situations regarding
the optimal carbon emission levels.

By taking s, = s as the optimal carbon emissions in the
four different situations, a simplified optimal solution was
obtained. By using the symbol “” to represent the simplified
optimal solution, it was found that when the two ports have
the same design capacity (service capacity), the relationships
among the four different situations regarding the optimal
carbon emission levels can be expressed as

ED" >ED" >ED"Y >ED". (41)

2
9(c— oc)z(ZSét2 +Asyst + Asyst — AspBsy + Atspsy + fispsy + 2175y — 2tPspsy — Zﬁtsf;sA) 0
<

M,M;

From the above relationship, we can see that when the
government implements a carbon tax policy and the com-
pany adopts emission reduction measures, the carbon
emission level is the lowest. In today’s era, as more and more
attention is being paid to the environment, environmental
protection factors will also become an important factor to be
considered in government decision-making. This result can
also be used as a reference for governmental decision-
making.

For the situation where the capacities of the two ports are
not the same, we used numerical solutions. By observing the
optimal carbon emissions level in various situations, we
found that the optimal carbon emission level has a common
factor of different situations (c—a)’. We can remove
common factors (¢ — &) and simplify ED", ED'", ED'""',
and ED"" to Y1, Y2, Y3, and Y4.

If we let s, =4.3,s5 = 5.0 and let 3 be equal to 0.2, 0.4,
0.6, and 0.8, respectively, we obtain Figure 1.

If we let s, = 6.5,s5 = 5.8 and let 8 be equal to 0.2, 0.4,
0.6, and 0.8, respectively, we obtain Figure 2.

From Figures 1 and 2, we can intuitively see that when
the service capabilities of the two ports are different, the
relationships among the four different situations for the
optimal carbon emission levels can be represented by
Y1>Y2>Y3>Y4. This is in accordance with the conclusion
shown when the service capabilities of the two ports are the
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FI1GURE 1: Optimal carbon emissions under different parameter values (s, = 4.3, sz = 5.0). (a) = 0.2. (b) f = 0.4. (c) = 0.6. (d) = 0.8.
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FIGURE 2: Optimal carbon emissions under different parameter values (s, = 6.5, sz = 5.8). (a) f = 0.2. (b) f = 0.4. (c) = 0.6. (d) = 0.8.

same. From this, it can be concluded that no matter whether
the service capabilities of the two ports are equal, the optimal
carbon emission levels in different situations always have the
following relationship before port integration: ED'" > ED!'
>ED™" > ED".

In the relationship, we can see that the optimal carbon
emission level in Situation IV is higher than that in Situation
IIL, which may be contrary to our ideal situation. In Situation
IV, the emission reduction subsidy policy is added, and the
port naturally increases the reduction in emissions. Thus, the
question of why the level of carbon emissions is higher
arises. In fact, this phenomenon is easy to explain. For port
companies, the increase in the subsidy policy is equivalent to
encouraging “production,” and it increases the port’s service
volume, which inevitably leads to an increase in carbon
emissions.

4. Environmental Policy after Port Integration

In order to explore the balanced decision-making of the
government and port companies in different situations, this
section studies how ports and enterprises make decisions in
the four situations described in Section 3 under the premise
of port integration. In this section, the overline “—” is used
to indicate the parameters after integration.

4.1. No Carbon Tax, No Reduction in Emissions (Situation I).
In Situation I, the government has not implemented envi-
ronmental policies, and the port has not made any emission
reduction measures. When the port is integrated, the port’s
decision-making goal is no longer to maximize its own
profits, but instead, it is consistent with the government’s
decision-making goal, that is, to maximize social welfare. At
this time, the social welfare function is
W' =CS +R, + Ry -ED". (42)
By substituting formulas (5)-(8) into formula (42), we
can obtain

—I
s

Sa
71

- C)‘IB
SB

At this time, the decision-making goals of the port and

:(ﬁ—lﬁaq;+<a—éA
(43)
(0‘ 613[;

=1 .
the government are maxz 1 W*. According to the first-order

optimal condition ((BWI/BQQ) = (GWI/aqé) =0), we can
obtain

. (0= ) (=55 — 2t + sy)ss
1= —35 55 — 4s,t — 4spt — 4> + s 55 + 2Psasp
(44)
- (=) (=54 — 2t + Ps,)sg
9p =

—35 55 — 4s,t — 4spt — 4> + s 55 + 2Ps,5p
By substituting equation (44) into equations (7) and (42),
we can determine the optimal carbon emission level and

optimal social welfare level after integration:

—

D 2(c — a)* (=sa5p — St — spt + Psasy)’

(— 3s,5p— ds,t — dsyt — 4% + ﬁzsAsB + ZﬁsAsB)z

(c—a)* (=85 — sut —
4s,t —

Spt + Psasp)
4spt — 4% + 25,55 + 2Ps 455
(45)

W =

—3s,5p —

4.2. There Is a Carbon Tax but No Reduction in Emissions
(SituationII). In Situation II, the government implements a
carbon tax policy, but the port still does not take measures
to reduce emissions. At this time, the port is integrated. As
in Situation I, the port’s decision-making goal is to max-
imize social welfare. At this time, the social welfare
function is
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W'=CS"+R,+Ry+T -ED". (46)

By substituting formulas (5), (6), and (12)-(14) into
formula (46), we can obtain

BqB - tq: C)qg

= (B-1)q4d5 +(a —qu -
(47)
—_II
+<a—q§ ﬁqi{—t—B—c)qE

It is easy to see that the social welfare function of the
integrated Situation II is the same as that of Situation I,
which indicates that optimal decision-making is the same in
Situation I and Situation 11, so the optimal carbon emissions

w

o _(a4) +(a5) +2di'ay -a
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I*

and s0c1al _welfare levels for Situation II are ED" —ED ,

W' o=W'

4.3. Carbon Tax and a Reduction in Emissions Are Imple-
mented (Situation III). In Situation III, the government
implements a carbon tax policy and the port adopts emission
reduction measures. When the port is integrated, the de-
cision-making goal of the port is to maximize social welfare.
At this time, the social welfare function is

W - sl F{il N Fgl L gt (48)

By substituting formulas (5), (6), and (19)-(21) into
formula (48), we can obtain

—IM\2 _ (—II\2 (I | I _II1 _ _TIT\2
ag q9s Tqg —44 —4g

qHI

_II m 494

+(““1A ~ P4 — - )
Sa

At this time, the decision- melllllﬂng goals of the r?ort and
the government are max_ Fi.! -uW andmax i mW

According to the first- order optimal condltlon ((BW Y

—HI) _ (aWIH/a_gI) _ and(aWuI/a—IAH) (aWnI/a—gI)
=0), we can obtain

v = 35, (a0 —c) (2t + bsg — sp)
4 —55,55 — 854t — 8spt — 12t% + 35,55 + 25 455
A = 3sp(a—c) (=2t +bsy —sy)
b —55 455 — 8541 — 8spt — 1267 + 3/)’25ASB + ZﬁsAsB’
(50)
_II* _ II* 2(a =) (=sat = spt + PsaSp — SaSp)
a, =ap =

85t — 8spt — 12t + 335 455 + 25455
(51)

=558 —

By substituting equations (50) and (51) into equations
(19) and (48), we can determine the optimal carbon emis-
sions and social welfare levels after integration:

2

_III
_II I _III
(“_QB — P44 _t_c>‘IB

(49)

ED" = 2(c - @) (=sat = syt + Psass — $4p)”
= >
(— 55,55 — 854t — 8spt — 1267 + 375,55 + Z[j’sAsB)
T 3(c— &) (=sut — spt + Bs 455 — S455)

—55,55 — 85t — 8spt — 1267 + 3B°s 455 + 2Bs 455
(52)

4.4. Carbon Taxes, Emission Reductions, and Emission Re-
duction Subsidies Are Implemented (Situation IV). In Situ-
ation IV, the government implements carbon tax and
emission reduction subsidy policies, and the port adopts
emission reduction measures. When the port is integrated,
the decision-making goal of both the port and the gov-
ernment is to maximize social welfare. At this time, the social

welfare function is
-2 [@ ) + (@ )]

(53)

By substituting formulas (5), (6), and (27)-(29) into
formula (53), we can obtain

-cs” +R +R VTV



Discrete Dynamics in Nature and Society

TaBLE 2: Social welfare balance before and after port integration.
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TaBLE 3: Comparison of balanced carbon emissions before and after port integration.
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FIGUre 3: Balanced carbon emissions before and after the integration of Situation I and Situation II (s, = 4.3, sz = 5.0). (a) f = 0.2. (b)
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It is easy to see that the social welfare functions of Case
IV and Case III are the same after integration. Therefore, it is

easy to obtain the 0pt1mal carbon emlsswns and social

welfare levels of Case IV: ED'’ = ED" and W'® =W .

4.5. Social Welfare and Carbon Emissions Levels. The above
analysis shows that Situation I and Situation II and Situation
III and Situation IV have the same decision-making goal and
the same equilibrium result after integration. We are very
interested in the relationship between the results of port
integration and the results obtained before the integration

IV
fay T —c g +( a-gy - pay -+ L c gy
SaA SB

2
(54)

Therefore, this section analyzes the relationship for the
equilibrium results before and after port integration.

4.5.1. Social Welfare Comparison. The social welfare balance
in the four situations before and after integration is shown in
Table 2. The calculation process is the same as above and is
omitted here.

It is easy to see from Table 2 that in the four situations
discussed in this article, the optimal social welfare level of the
port after integration is greater than the optimal social
welfare level before integration. Therefore, we can conclude
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that in the four situations studied in this article, port in-
tegration helps to improve social welfare. This conclusion
can theoretically prove that port integration can help im-
prove overall social welfare. Under China’s national con-
ditions, it is feasible and beneficial to realize port integration.
Therefore, the country and various regions should actively

explore ways of port integration, realize port integration, and
improve social welfare.

4.5.2. Carbon Emissions Comparison. This is the same as the
comparison of the average emission levels prior to inte-
gration. Due to the complex quantity relationship, in order
to simplify the calculation, we assumed that the service
capability was the same for both ports (s, = s). This meant
that the relationship shown in Table 3 could be obtained.
Table 3 shows that when the service capabilities of the
two ports are the same, the impact of port integration on the
optimal carbon emission level differs among the four situ-
ations. In Situation I, port integration can reduce carbon
emissions, while in Situation II, the port’s carbon emission

levels remain unchanged before and after port integration.
Situations III and IV are contrary to Situation I, whereby
port integration can increase carbon emissions. It can be
explained that although port integration can improve the
overall welfare of society, it may not necessarily reduce
carbon emissions. Therefore, when making port integration
decisions, the government needs to pay attention to port
carbon emissions and adopt more effective policies to
achieve economic benefits and development in the same
direction with environmental benefits.

Next, we used numerical solutions to analyze the changes
in carbon emission levels before and after integration when
the service capabilities of the two ports are different. First, we
removed the common factor (¢ — a)? in the optimal carbon
emission level after integration. We simplified E E_IQI ,ED" to
Y5 and, at the same time, simplified ED ~ , ED " to Y6. In
order to express this more clearly, we discuss Situations I and
IT together and Situations IIT and IV together.

If we let s, =4.3,s5 = 5.0 and let 3 be equal to 0.2, 0.4,

0.6, and 0.8, respectively, by plotting Y3, Y5, and Y5 into the
same coordinate axis, we obtain Figure 3.
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If we let s, = 6.5,s5 = 5.8 and let 3 be equal to 0.2, 0.4,
0.6, and 0.8, respectively, by plotting Y3, Y5, and Y5 into the
same coordinate axis, we obtain Figure 4.

It can be clearly seen from Figures 3 and 4 that when the
service capabilities of the two ports differ, Y1 >Y5,Y2 = Y5.
This is the same as the conclusion obtained for two ports
with the same service capacity.

If we let s, = 4.3,s5 = 5.0 and letf be equal to 0.2, 0.4,
0.6, and 0.8, respectively, by plotting Y3, Yy, and Yy into the
same coordinate axis, we obtain Figure 5.

If we let s, = 6.5,s5 = 5.8 and let 8 be equal to 0.2, 0.4,
0.6, and 0.8, respectively, by plotting Y3, Y, and Y into the
same coordinate axis, we obtain Figure 6.

From Figures 5 and 6, we can easily see that when the
service capabilities of the two ports differ, when ¢<20,
Ys> Y3, and when ¢ > 20, Y5 and Y3 have an equal trend. The
relationship between Y, and Yy is very clear: Y, < Ys. This
result is largely consistent with the situation where the two
ports have the same service capacity. Specific problems can

be analyzed in detail. In actual problems, when the service
capacity of the two ports is known, a comparison of their
optimal carbon emission levels is relatively easy.

5. Conclusions

Using the context of competition between two ports in
Cournot, we studied optimal decision-making by the gov-
ernment and the port in four different situations before and
after the integration of the port based on the subsidy and
carbon tax mechanism. We analyzed the impacts of having a
carbon tax rate and emission reduction subsidy rate on social
welfare and determined the optimal carbon tax rate, optimal
emission reduction subsidy rate, optimal carbon emission
level, and optimal social welfare level in different situations.

In the context of competition in Cournot, optimal de-
cision-making by the government and the port are not the
same in the four different situations. Although optimal
decision-making differs, both carbon tax and emission
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reduction subsidy policies can encourage companies to
make emission reduction measures to a certain extent, and
both policies can have positive impacts on the environment.
By comparing optimal social welfare and the optimal carbon
emission level, we obtained the following results.

Before port integration, the optimal social welfare level
gradually increased from Situation I to Situation IV.
Therefore, from the perspective of social welfare, the gov-
ernment’s optimal choice should be the environmental
policy corresponding to Situation IV. It can be seen that
before the port integration, the government’s de facto
carbon tax policy will help improve social welfare. Prior to
port integration, Situation IIT was associated with the lowest
carbon emission level, and Situation I was associated with
the highest carbon emission level. For social welfare, port
integration helps to improve social welfare; for port carbon
emissions, port integration does not necessarily reduce port
carbon emissions. Therefore, when the government makes
port integration decisions, it needs to pay attention to port
carbon emissions and adopt more effective policies to
achieve the same development of economic and environ-
mental benefits.

Studies have shown that port integration can always
improve the overall social welfare of the port, but sometimes
at the expense of the environment. However, if port pol-
lution is considered and has a relatively large impact, port
integration will be meaningful in producing better green
social welfare. This discovery provides strong support for
China’s current trend of port integration. The reason is that
its main cities are facing an environmental crisis. Port in-
tegration is how to effectively control air and water pollution
caused by port activities and better manage pollution
problems in port cities.

The research results presented in this paper can be used
as a policy reference that can be used by the government to
formulate environmental policies based on the goal of
maximizing social welfare. They could also be used by the
port to make internal decisions when environmental policies
have been set. The research presented in this article has also
certain limitations. We only considered optimal social
welfare conditions resulting from government decision-
making and did not consider difficulties with policy
implementation. Due to quantification difficulties, we did
not add the cost of policy implementation to the social
welfare function. The demand considered in this paper is to
determine the demand. In the future, the research can be
expanded to the field of uncertain demand. At the same time,
because some companies are facing the problem of funding
difficulties, the relevant factors of the financial system can
also be taken into consideration.

Data Availability

Data are from “Statistical Bulletin on the Development of the
Transportation Industry in 2019”. The datasets used to
support the findings of this study can be downloaded from
the public websites whose references are provided in this
paper. And the datasets are also available from the corre-
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15

Disclosure

Hailing Fu and Yuantao Fang are co-corresponding authors.
Zhuoqi Teng and Xiaoli Li are co-first authors.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Zhuogqi Teng and Xiaoli Li contributed equally to this study.

Acknowledgments

This research was funded by the following projects: (1) the
Research Startup Foundation of Henan Finance University
and (2) a project supported by the Education Department of
Hainan Province, project number: hnky2021-2.

References

[1] X.Feng, Y. Zhang, Y. Li,and W. Wang, “A location-allocation
model for seaport-dry port system optimization,” Discrete
Dynamics in Nature and Society, vol. 2013, Article ID 309585,
9 pages, 2013.

[2] C.Zhen, “Research on the interaction between innovation and
port-city economic system: a case from China,” Discrete
Dynamics in Nature and Society, vol. 2015, Article ID 692476,
9 pages, 2015.

[3] D.Lj, X. Tang, Y. Li, X. Wang, and H. Zhang, “Mathematical
modeling of marine oil spills in the Luanjiakou district, near
the port of Yantai,” Discrete Dynamics in Nature and Society,
vol. 2018, Article ID 2736102, 22 pages, 2018.

[4] Q. Yao, L. Xu, and Q. Zhang, “Container slot allocation for
time-sensitive cargo in maritime transportation: a one-phase
model with consideration of port congestion,” Discrete Dy-
namics in Nature and Society, vol. 2021, Article ID 6622291,
2021.

[5] C. Wang, C. Ducruet, and W. Wang, “Port integration in
China: temporal pathways, spatial patterns and dynamics,”
Chinese Geographical Science, vol. 25, no. 5, pp. 612-628, 2015.

[6] X. Dong, S. Zeng, J. Chen, and D. Zhao, “An integrated as-
sessment method of urban drainage system: a case study in
Shenzhen city, China,” Frontiers of Environmental Science and
Engineering, vol. 2, p. 2, 2008.

[7] L. Yang, Y. Cai, X. Zhong, Y. Shi, and Z. Zhang, “A carbon
emission evaluation for an integrated logistics system-a case
study of the port of Shenzhen,” Sustainability, vol. 9, no. 3,
p. 462, 2017.

[8] J. Qin, Y. Zhao, and L. Xia, “Carbon emission reduction with
capital constraint under greening financing and cost sharing
contract,” International Journal of Environmental Research
and Public Health, vol. 15, no. 4, p. 750, 2018.

[9] Z. Hong and X. Guo, “Green product supply chain contracts
considering environmental responsibilities,” Omega, vol. 83,
pp. 155-166, 2019.

[10] X. Yang, X. Dong, Q. Jiang, and G. Liu, “Factors influencing
public concern about environmental protection: an analysis
from China,” Discrete Dynamics in Nature and Society,
vol. 2019, Article ID 5983160, 10 pages, 2019.

[11] Q. Tuand Y. Wang, “New environmental protection taxes in
China from the perspective of environmental economics,”



16

Discrete Dynamics in Nature and Society, vol. 2021, Article ID
8622081, 2021.

[12] J. Ma, Y. Hou, W. Yang, and Y. Tian, “A time-based pricing
game in a competitive vehicle market regarding the inter-
vention of carbon emission reduction,” Energy Policy, vol. 142,
Article ID 111440, 2020.

[13] K. Liu, S. Wu, N. Guo, and Q. Fang, “Host Country’s carbon
emission and cross-border M&A performance: evidence from
listed enterprises in China,” Journal of Cleaner Production,
vol. 314, Article ID 127977, 2021.

[14] L. Wu and Z. Gong, “Can national carbon emission trading
policy effectively recover GDP losses? a new linear pro-
gramming-based three-step estimation approach,” Journal of
Cleaner Production, vol. 287, Article ID 125052, 2020.

[15] A. Hz, A. Li, F. Meng et al., “Ecological network analysis of
carbon emissions from four Chinese metropoles in multiscale
economies,” Journal of Cleaner Production, vol. 279, Article
1D 123226, 2021.

[16] Y. Lei, J. Ji, and C. Zheng, “Impact of asymmetric carbon
information on supply chain decisions under low-carbon
policies,” Discrete Dynamics in Nature and Society, vol. 2016,
Article ID 1369589, 16 pages, 2016.

[17] K. Su, D.-z. Wei, and W.-x. Lin, “Influencing factors and
spatial patterns of energy-related carbon emissions at the city-
scale in Fujian province, Southeastern China,” Journal of
Cleaner Production, vol. 244, Article ID 118840, 2020.

[18] M. Hariga, R. As’ad, and A. Shamayleh, “Integrated economic
and environmental models for a multi stage cold supply chain
under carbon tax regulation,” Journal of Cleaner Production,
vol. 166, pp. 1357-1371, 2017.

[19] Y. Yuyin and L. Jinxi, “The effect of governmental policies of
carbon taxes and energy-saving subsidies on enterprise de-
cisions in a two-echelon supply chain,” Journal of Cleaner
Production, vol. 181, pp. 675-691, 2018.

[20] X. Zhan, ]. Ma, Y. Li, and L. Zhu, “Design and coordination
for multi-channel recycling of oligopoly under the carbon tax
mechanism,” Journal of Cleaner Production, vol. 223,
pp. 413-423, 2019.

[21] J. Ma, Y. Hou, Z. Wang, and W. Yang, “Pricing strategy and
coordination of automobile manufacturers based on gov-
ernment intervention and carbon emission reduction,” Energy
Policy, vol. 148, Article ID 111919, 2021.

[22] B. Chen and M. Yu, “Pricing strategy and carbon emission
abatement under cap-and-trade regulation considering social
learning,” Discrete Dynamics in Nature and Society, vol. 2019,
Article ID 9549014, 2019.

[23] S. Wuand Z. Yang, “Analysis of the case of port co-operation
and integration in Liaoning (China),” Research in Trans-
portation Business and Management, vol. 26, pp. 18-25, 2018.

[24] C. Han, “Assessing the impacts of port supply chain inte-
gration on port performance,” The Asian Journal of Shipping
and Logistics, vol. 34, no. 2, pp. 129-135, 2018.

[25] J. Berechman and P.-H. Tseng, “Estimating the environmental
costs of port related emissions: the case of Kaohsiung,”
Transportation Research Part D: Transport and Environment,
vol. 17, no. 1, pp. 35-38, 2012.

[26] Y. Xiao, A. K. Y. Ng, H. Yang, and X. Fu, “An analysis of the
dynamics of ownership, capacity investments and pricing
structure of ports,” Transport Reviews, vol. 32, no. 5,
pp- 629-652, 2012.

[27] C.-H. Liao, P.-H. Tseng, K. Cullinane, and C.-S. Lu, “The
impact of an emerging port on the carbon dioxide emissions
of inland container transport: an empirical study of Taipei
port,” Energy Policy, vol. 38, no. 9, pp. 5251-5257, 2010.

Discrete Dynamics in Nature and Society

[28] T. Yu-Chung and V. Thuy Linh, “Seaport-dry port network
design considering multimodal transport and carbon emis-
sions,” Journal of Cleaner Production, vol. 199, 2018.

[29] S. Zheng, Y.-E. Ge, X. Fu, Y. M. Nie, and C. Xie, “Modeling
collusion-proof port emission regulation of cargo-handling
activities under incomplete information,” Transportation
Research Part B: Methodological, vol. 104, pp. 543-567, 2017.

[30] H. Park, Y.-T. Chang, B. Zou, and B. Zou, “Emission control
under private port operator duopoly,” Transportation Re-
search Part E: Logistics and Transportation Review, vol. 114,
pp. 40-65, 2018.

[31] H. Cuiand T. Notteboom, “Modelling emission control taxes
in port areas and port privatization levels in port competition
and co-operation sub-games,” Transportation Research Part
D: Transport and Environment, vol. 56, pp. 110-128, 2017.

[32] W.-l. Zhang, Q.-Q. Song, and Y.-R. Jiang, “Price discrimi-
nation in dynamic Cournot competition,” Discrete Dynamics
in Nature and Society, vol. 2019, Article ID 9231582, 8 pages,
2019.

[33] B. Gao and Y. Du, “Exploring general equilibrium points for
Cournot model,” Discrete Dynamics in Nature and Society,
vol. 2018, Article ID 7630395, 7 pages, 2018.

[34] N. Singh and X. Vives, “Price and quantity competition in a
differentiated duopoly,” The RAND Journal of Economics,
vol. 15, no. 4, pp. 546-554, 1984.

[35] G. Dong, R. Huang, and P. Ng, “Tacit collusion between two
terminals of a port,” Transportation Research Part E: Logistics
and Transportation Review, vol. 93, pp. 199-211, 2016.

[36] W. Zhu and Y. He, “Green product design in supply chains
under competition,” European Journal of Operational Re-
search, vol. 258, p. 1, 2016.

[37] L. Zhang, B. Xue, and X. Liu, “Carbon emission reduction
with regard to retailer’s fairness concern and subsidies,”
Sustainability, vol. 10, 2018.

[38] Y. Yuyin and L. Jinxi, “The effect of governmental policies of
carbon taxes and energy-saving subsidies on enterprise de-
cisions in a two-echelon supply chain,” Journal of Cleaner
Production, vol. 181, pp. 675-691, 2018.

[39] L. Xu, S. Cho, and S.-H. Lee, “Emission tax and optimal
privatization in Cournot-Bertrand comparison,” Economic
Modelling, vol. 55, pp. 73-82, 2016.

[40] R. Pal and B. Saha, “Pollution tax, partial privatization and
environment,” Resource and Energy Economics, vol. 40,
pp. 19-35, 2015.

[41] T.-H. Tsai, C.-C. Wang, and J.-R. Chiou, “Can privatization be
a catalyst for environmental R&D and result in a cleaner
environment?,” Resource and Energy Economics, vol. 43,
pp. 1-13, 2016.

[42] Y. Zhou, F. Hu, and Z. Zhou, “Pricing decisions and social
welfare in a supply chain with multiple competing retailers
and carbon tax policy,” Journal of Cleaner Production,
vol. 190, pp. 752-777, 2018.

[43] Y. Huang, X. Zhan, and L. Liu, “The evolution of collective
strategies in SMEs’ innovation: a tripartite game analysis and
application,” Complexity, vol. 2019, Article ID 9326489, 2019.



