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Abstract: The concept of “oil to electricity” is crucial for expanding the share of electricity in final
energy consumption as well as for encouraging energy efficiency and emission reduction. Initially,
a multidimensional strategy analysis is conducted for the government, ports, and ships concerned.
From an economics perspective, a mathematical model of electricity substitution benefit analysis
based on multiagent cooperative game theory under cap and trade and carbon tax policies is con-
structed, and the effect of carbon emissions caused by ships on the environment and society is con-
verted into economic value. How several variables, such as transformation costs, ship electricity
consumption, subsidy rates, carbon tax prices, and the ratio of shore power usage time to berthing
time, affect the functioning of shore power is analyzed. The best electricity price under various cir-
cumstances is determined while considering the benefits of the three parties to maximize social wel-
fare. The reduction in carbon dioxide and pollutant emissions is calculated. Meanwhile, the envi-
ronmental advantages of the “replacement of oil with electricity” procedure are estimated. An ex-
ample supports the claim that the suggested modeling approach can successfully resolve the eco-
nomic benefits of each participant for the period that fosters the growth of electricity replacement
projects and offers a sound scientific foundation for the formation of pertinent legislation.
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1. Introduction

Seaborne trade stalled in 2020 amid the COVID-19 epidemic and the anticipated
Citation: He, Y.; Zhu, Y. downturn in global economic growth. Surveys conducted by UNCDAT have revealed
Comprehensive Benefit Analysis of  that the world container throughput declined by 1.2% to 815.6 million 20-foot TEUs [1].
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90% of the diffusion in ports stems from ships, which also account for 70% of marine dif-
fusion [5].
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reduction is postponed from 2020 to 2025 [7]. Even though low-sulfur oil modestly re-
duces NOx discharge by 10% [8], the maritime industry still contributes to 250,000 fatali-
ties [9]. The usage of shore power minimizes pollution emissions by 94-97% when berth-
ing at the port [10]. It satisfies fundamental needs such as lighting, cooling, and commu-
nication, notably improving air quality [11], decreasing carbon emissions by 800,000 tons,
and elevating environmental benefits [12,13].

The present literature on shore power is confined and centers especially on technol-
ogy [14,15], economy [16,17], management [18,19], policy promotion [20], etc. One study
by Qi [8] observed the trend in obstacles to the upgrading of shore power in China, focus-
ing on the economic evaluation for different stakeholders. Zhao [21] considered the effects
of port size, fines, and subsidies on the evolutionary game to analyze the financial rela-
tionship between the government and the port. A mathematical model was constructed
by Wu [22] to investigate how government subsidy schemes might help shorten the out-
flow from ship berths. Song [23] set up four parties, the government, the port, the ship,
and the power grid, then pondered the cost-effectiveness of each in the shore power sys-
tem to calculate the optimal shore power price. Through quantitative evaluation, Tseng
[24] demonstrated that environmental policies levying pollution taxes can immensely
suppress pollutant discharge.

The global community has agreed on limiting carbon emissions since the “Kyoto Pro-
tocol” took effect. On the one hand, developed nations such as the European Union, Japan,
and Australia were the first to adopt cap-and-trade and carbon tax policies, which victo-
riously decreased COz emissions [25]. On the other hand, China pledged to achieve carbon
neutrality by 2060 at the 75th UN General Assembly. However, there are few surveys on
the carbon trade mechanism of shore power, and the majority of studies concentrate on
economic factors. Murray [26] discovered the carbon price legislation lowered British Co-
lumbia’s emissions by 5-15% through modeling. The EU Emissions Trading Scheme’s im-
plementation has resulted in a 0.5-2 million ton CO: reduction [27]. Song [28] developed
a stochastic model to explore the effects of various carbon tax rates on the growth of lo-
gistical capacity. A dual-objective optimization model was developed by Liu [29] to dis-
cuss the liner’s best performance under the carbon tax policy. Chen [30] described a social
optimal welfare model to assess how carbon taxes affect production, consumption, and
redistribution.

This study uses multiagent game behavior as its research object in the “oil-to-elec-
tricity” conversion process. Economically speaking, the government, the port, and the
ship are strategically examined, and the cost of the port includes the value of the carbon.
The whole social welfare is maximized by the favorable shore electricity price. The envi-
ronmental advantages of “oil-to-electricity” are counted simultaneously.

2. Electricity Substitution Multiagent Game Model
2.1. Multiagent Game Analses

Figure 1 depicts the evolution of port shore power based on a cooperative game. Due
to the contradictory objectives being sought by the government, port, and ships while re-
placing electricity, a game of interests has developed.

Ships consuming fuel oil pollute the environment, harm locals’ health, and make it
more difficult to achieve carbon neutrality, all of which run counter to the government’s
stated environmental objectives. From an economic and market standpoint, shipping cor-
porations feel there are few ports with the ability to supply shore power, whereas ports
think there are not many ships with the capability to use shore power. Nobody wants to
take the initiative and make themselves passive. Now is the time for the government to
take a two-pronged strategy and develop policies that would encourage the implementa-
tion of shore power projects through incentives and sanctions.
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Figure 1. Multiagent game of oil-to-electricity conversion.

The government subsidizes port renovation and applies carbon emission controls to
increase port operating costs. The government encourages the development of the energy
structure by funding ship retrofits while imposing environmental protection tariffs on
pollutants released through the use of fuel oil. By giving priority to berthing for ships
using shore power, ports can entice ship retrofits. Ships can decide whether to employ
shore power depending on their financial circumstances.

Consequently, the three parties’ game is impacted by the subsidy rate, carbon mech-
anism, environmental protection tax, and shore electricity price. The ideal shore power
pricing can be attained in the endless game, allowing the electric energy replacement ef-
fort to continue.

This article proposes a simple method to calculate the carbon emissions of ports,
which only considers the carbon emissions of ships. Other equipment will not be consid-
ered, such as harbor railway, quayside container crane, locomotive, and other special ma-
chinery. We calculate the carbon emissions of ships using fuel oil and shore power and
add the carbon emissions to the economic value, including the port cost. Then, the tripar-
tite economic game models under the two carbon mechanisms are established, respec-
tively, and the impact of the power supply service price, the carbon price, and the propor-
tion of the time using shore power to the docking time on the social welfare, government
benefits, port benefits, and ship benefits is discussed.

2.2. Assumptions

To simplify the problem and facilitate modeling and subsequent analysis and discus-
sion, the following assumptions are proposed for the research content:

e  The government stipulates carbon emission caps or implements carbon tax policies
for ports;
e  The created carbon emissions belong to the port once the ship has berthed there.

2.3. Methodology

In order to address climate change, the Ministry of Ecology and Environment of
China has formulated “Implementation Plan for Setting and Allocating the Total Amount
of Carbon Emission Trading Quotas for 20192020 (Power Generation Sector)”’, which in-
cludes enterprises or other economic organizations that emit 26,000 ton of carbon dioxide
equivalent or more in any one year from 2013 to 2019. As carbon emissions trading man-
agement has only just started, the central government is currently only regulating the
power sector. However, in places such as Guangdong Province and Shanghai, it has al-
ready started to cover industries such as steel, chemicals, cement, paper, and aviation. The
allocation methods are mainly the historical intensity method and the historical emissions
method. The former is applicable to industrial enterprises with a high correlation between
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product output and carbon emissions, and well measured. The latter is suitable for indus-
trial enterprises where the boundary has changed significantly in recent years and it is
difficult to apply the industry baseline method or the historical intensity method.

In the historical intensity method, the annual base quota for enterprises is equal to
the historical intensity base multiplied by the annual business volume. The historical in-
tensity base is the weighted average of the enterprise’s annual business volume of carbon
emissions in the previous three years. The annual business volume is the business volume
data of the enterprise for the current year verified by a third party verification agency and
validated and confirmed by the relevant departments. In the historical emissions ap-
proach, an enterprise’s annual base allowance is equal to the historical emissions base. In
this article, port companies use the historical intensity method and carbon emissions from
ports only consider carbon emissions from ships, not from other equipment such as shore-
side cranes and locomotives. Thus, carbon emissions are only relevant to the activities of
the ship, and the oil or electricity consumed per unit of power has a relevant carbon emis-
sion factor to calculate carbon emissions.

2.4. Parameter Descriptions

The following is a description of the parameters that appear in the mathematical
model of the three-way game.
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where C;id is the electricity basic price, CMY/kWh; c*  is the electricity service price,
CMY/kWh; Cﬁj is the electricity actual price, CMY/kWh; ckis the cost of purchasing elec-

tricity for the port, CMY; C:p is the ship paying the port for electricity, CMY; 1} is to pay

value-added tax to the government as the power grid provides electricity to the port,
CMY; 1/ is the port that makes a profit from providing shore power service to the ship

and pays value-added tax to the government, CMY.
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where CZ-,,SP represents the fuel cost savings by the ship using shore power, CMY; c*,

represents the cost of fuel oil used by the ship, CMY; E is the fuel consumption per unit

of electricity emitted by the auxiliary engine, g/kWh; ¢ is the price of marine fuel oil,

—oil

CMY/Mt.
k _ K N, n
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where n denotes the type of pollutant; Tep,sp is the environmental protection tax saved by

ships using shore power, CMY; T;,m-, is the environmental protection tax paid by ships
using fuel oil, CMY; ¢, is the pollution factor pollutant discharge fee standard per unit
of pollution equivalent, CMY/equivalent; F_ is the emission factor of pollutants dis-
charged from the fuel oil of the ship’s auxiliary engine, g/kWh; g’ is the pollution equiv-

alent value of pollutants, kg.
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where Vskp and v are the CO2 emissions of the ship using shore power and fuel oil, re-

spectively, Mt; vk s the total CO2 emissions of the ship, Mt; F_ is the annual average

power supply emission factor of the regional power grid, g/kWh; F_ is the emission factor
of carbon dioxide pollutants emitted by marine auxiliary engine fuel oil, g/kWh; [‘If is the

comprehensive CO: emission factor of the ship, g/kWh; E;f is the ship’s weighted CO:

emission factor, g/lkWh. Equation (6) gives the calculation of the carbon emissions from
the use of shore power and the use of oil, respectively, as well as the total emissions for
the year. In Equation (7), the ship CO: weighted emission factor is taken as the weighted
average of the carbon emissions per unit of business of the port in the previous three years,
which is used as the base of the historical carbon emission intensity.

k 16Tk TATK
VY =10°nE, W
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(8)

where qum is the port’s carbon emission cap, Mt; 1] is the annual decline coefficient, tak-
ing 1; 7 is the total amount of carbon trading, CMY; p* is the carbon price in the carbon

trading market, CM'Y/Mt CO.. Since only the power sector is currently subject to govern-
ment regulation and other sectors are not yet subject to excessive restrictions, the annual
decline coefficient in Equation (8) is set to 1. This gives the port room to strengthen its
efforts to reduce carbon emissions. Carbon emission allowances for the year were calcu-
lated, as well as the fees paid in excess of the allowances.
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T = Voenas * Py )

where Tk is the carbon emission tax paid by the port, CMY; Pt is the carbon tax price,
CMY/Mt CO:n.

=W, [Swcosgp (10)

where T} is the annual utilization hours, h; S is the total installed capacity of the shore

power system, kVA; , means that there is a certain margin between the actual use of the
shore power capacity of the terminal and the planned construction capacity of shore
power; COSQ is the comprehensive power factor of the shore power frequency conver-
sion equipment and the ship’s load. We experimentally set @ =0.8 and cosp=0.7.

is needed to make sure that the shore power equipment is working properly under the
load. Part of the shore power equipment must be suspended during equipment repairs
and maintenance in order to prolong the equipment’s useful life. COSQ is related to the
nature of the load: different devices have different power factors, so, here, the integrated

power is used instead. When V\Z; and S are fixed, obviously, the larger » and COSQ, the

smaller TF.

3. Game Research under Two Carbon Mechanism
3.1. Game Research on the Use of Shore Power under Cap and Trade

Figure 2 explains the three-way game model in the case of cap and trade. The gov-
ernment defines carbon emission rights as a commodity and establishes carbon emission
caps for ports. By incorporating the value of carbon emissions into port costs, ports can
directly buy or sell allowances in the carbon trading market. Ships can voluntarily choose
to use shore electricity while they are docked in port and the amount of time they utilize
it has been rising every year.

Port I quipment Ship lquup;m_m Fuel Cast
Renovation Transformation

Figure 2. Tripartite benefit analysis under cap and trade.

1. Government Benefit Analysis Model

B =T +T +T _+T

ep,sp ep,oil
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F =B -C
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where B, is the government income; c, is the government cost; F, is the government
profit; a, and a, are the subsidy rates for shore power equipment transformation given
by the government to the port and the ship, respectively; ¢, and ¢, are the transfor-
mation costs of the port and the ship, respectively, CMY.

2. Port Benefit Analysis Model

B =C_+Cua
P sp
Cp:C1+Ce+'Ts+'Tcl (12)
F =B -C
P r P
where g , is the port income; c, is the port cost; F, is the port profit.

3. Ship Benefit Analysis Model

Bs = CZ(XZ + Coil,sp + Tep,sp
Cs = CS;? + CZ + Coil,nil + Tep,m’l (13)
Fs = Bs - Cs

where B _ is the ship income; ¢ _ is the ship cost; F_ is the ship profit.
SW1=FP+FS+TP+T5—T“ (14)

where sw refers to social welfare, including consumer surplus, producer surplus, gov-
ernment tax, and environmental benefits [31]. T, ., Tepresents the environmental benefit,

which not only reduces the environmental protection fee levied on the ship but also is
included in the government income. Note that social welfare is only counted once and
does not accumulate repeatedly.

The use of shore power is abandoned after the ship converts to shore power owing
to the high price. In the worst case, all ships consume fuel for power supply. In this way:

Bs,oilzczaz
C .=C +C +T +T _+C

s,0il oil 01l oil,,sp ep,oil ep,sp 2 (15)
F

s,0il = B C

s,0il s,0il

where B_  isthe ship income; c_  isthe ship cost; F_  is the ship profit.

When some ships use shore power, the benefits of the entire ship are improved:
Fs,saw = Fs - Fs,oil (16)

When the ships use all fuel oil, the costs come from the fuel costs and the environ-
mental protection taxes paid. The income comes from freight and is unincluded in the
scope of the three-party game, so the ship’s benefit is negative, which is similar to social
welfare.

3.2. Game Researches on the Use of Shore Power under the Carbon Tax Policy

Figure 3 illustrates the three-way game model in the case of carbon tax policy. The
government sets the carbon tax rate, and ports must offer the government a carbon tax for
every metric ton of carbon dioxide they emit.
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1. Government Benefit Analysis Model

Bq =T +T +T,+T +T

ep,sp ep,oil
Cg =Ca +Ca, +Tep,oil (17)
F =B -C
g8 "8 s

where B, is the government income; c, is the government cost; F, is the government
profit.
2. Port Benefit Analysis Model

B =C_+Ca,

P sp
C, =C+C +T+T, (18)
F =B, -C,

where g , is the port income; c, is the port cost; F, is the port profit.

3. Ship Benefit Analysis Model

Bs = CZ(XZ + Coil,sp + Tcp,sp

Cs = Csp + CZ + Coil,nil + Tep,nil (19)
Fs = Bs _Cs

where B _ is the ship income; ¢ is the ship cost; F_ is the ship profit.
Social welfare is given by:
SW,=F, +F +T, +T, (20)

If all types of ships are powered by fuel oil, the benefit analysis of the ship is as fol-
lows:

Bs,oil =C,a,
Cs,oil = Coil,oil + Coil,sp + Tep,oil + Tep,sp + CZ (21)
F =B, u=Cu

where p_ - isthe ship income; c_  istheship cost; F_  is the ship profit.

Some ships are converted from oil to electricity, and the overall benefit of the ship is
improved:
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Fs,smm =F - Fs,oil (22)

4. Data Selection
4.1. Government Data Acquisition

According to the “Interim Measures for the Management of Subsidy Funds for Ports,
Ship Shore Power Facilities and Marine Low Sulfur Oil Subsidy Funds in Shenzhen”, the
subsidy will be provided for the reconstruction of port shore power facilities, which will
not exceed 30% of the project construction costs [32].

4.2. Port Data Acquisition

According to the survey, a port has built 14 sets of shore power systems, covering a
total of 23 berths. The installed capacity of the shore power system has reached 11,600
kVA. Including the equipment purchase fee and construction installation fee, the invest-
ment and renovation costs of the power equipment are CMY55,144,134. Taking the service
life as 30 years, the interest rate of the annualized cost is 8%, which is equivalent to the
annual renovation cost:

_ 8%x(1+8%)3°
17 (1+8%)30-1

X 55,144,134 = 4,898,312 CMY

4.3. Ship Data Acquisition

The investment and transformation cost of onboard electrical equipment, referring to
the report of the European Commission Environment Directorate (ECDGE) [33], con-
verted into unit power is 1530 CMY/kW.

The berthing time of the ship in the port, the length of the use of shore power in a
certain year, and the electricity consumed by the use of shore power are shown in Figure
4.

Stopping Time
— Electricity consumption

Time(10°h)
I I-\'I|'|-'|.!\'IL'.\\]|i

0 5 10 15 20 25
Type of Ship

Figure 4. Ship information.

4.4. Electricity Price Acquisition
According to the “Notice on Clarifying the Electricity Price and Service Price of Ship’s

Shore-based Power Supply Facilities” of the price bureau of Jiangsu province, C;,id takes

the electricity price of large industrial electricity at 0.6601 CMY/kWh. The maximum price
of shore power used by ships in Taizhou is 1.20 CMY/kWh [34].

In order to standardize the accounting of carbon dioxide emissions implied by elec-
tricity consumption by regions, industries, enterprises, and other units, and to ensure
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comparability of results, the government organized a study to determine the average car-
bon dioxide emission factor for regional power grids in China. It refers to the carbon emis-
sions generated by one unit of electricity used in the grid, and is obtained by dividing the
total emissions of the entire grid by the total electricity generation. As the port study is in
the southern region, the average CO: emission factor for the southern regional grid was
used. F, is the annual average power supply emission factor of the regional power grid,
taking 527.1 g/kWh.

4.5. Pollutant Data Acquisition

According to the literature [33], E, is taken as 213 g/kWh. According to the 2020

Implementation Plan for the Global Sulfur Restriction Order for Marine Fuel Oil” issued
by the China Maritime Safety Administration, those entering the country’s inland river
ships’ air pollutant emission control areas should use fuel oil with a sulfur content of no
more than 0.10% [35]. C,. 0y Was taken as 3800 CMY/Mt.

According to the “Decision of the Standing Committee of the Jiangsu Provincial Peo-
ple’s Congress on the Applicable Tax Amount of Environmental Protection Tax for Air
Pollutants and Water Pollutants”, the tax rate in Nanjing is CMY8.4 per pollution equiva-
lent of air pollutants [36].

The annual emission factors and pollution equivalent values of various pollutants
caused by marine auxiliary engine fuel are shown in Table 1 [37,38].

—oil

Table 1. Annual emission factors and pollution equivalent values of pollutants.

Marine Fuel Emission Pollutants F,(g/kWh) T (kg)
SO: 0.46 0.95
NO« 11.80 0.95
vOC 0.53 0.05
CcO 1.68 16.7
general dust PM10 0.30 4
CO2 698 5000

4.6. Carbon Price Data Acquisition

The carbon price data from 2020 to 2050 comes from the “2020 China Carbon Price

Survey” [39]. Figure 5 reveals that there has been a steady increase in the carbon price in
China since 2020.

160 -

140

120

100 |-

Carbon Price(Yuan/Mt)

60

1 1 1 1
2020 2025 2030 2035 2040 2045 2050
Year

Figure 5. The expected price of the national carbon emissions trading market in 2021-2050.
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5. The Impact of Various Factors on the Benefits of Each Party
5.1. Comparison of the Impact of Subsidy Rates
Based on the maximization of social welfare, we explore the impact of subsidy rates
under two carbon mechanisms on the optimal price and the benefits to all parties.
Restrictions:
20 0<C,<12

serve

0<a <30% 0<a,<30% C
(23)

F >0 F =0 F__ =0
8 P

S,save

Objective function:
max.SW (24)

Tables 2 and 3 state the impact of the subsidy rate on the economic and environmen-
tal benefits of each party in the three-way game model under the two carbon regimes,
respectively.

Table 2. Comparison of the impact of subsidy rates on economic benefits to all parties under the
two carbon regimes.

Carbon Mechanism Cap and Trade Carbon Tax
Subsidy rate al (%) 30 30
Subsidy rate a2 (%) 30 30
Electricity service price (CMY/kWh) 0.1151 0.2855
Electricity actual price (CMY/kWh) 0.7752 0.9456
Electricity consumption (GWh) 30.484 30.484
Annual utilization hours (h) 4692.8 4692.8
Social welfare (million CMY) -104.937 -109.959
Government benefit (million CMY) 7.570 12.647
Port benefit (million CMY) 4.657 x 10716 9.313 x 1016
Ship benefit (million CMY) -108.031 -113.228
Savings from “oil-to-electricity” ships (million CMY) 37.917 32.720

Table 3. Comparison of the impact of subsidy rates on environmental benefits to all parties under
the two carbon regimes.

Carbon Mechanism Cap and Trade Carbon Tax
Carbon cap (Mt) 98,051.842
Carbon price (CMY/MLt) 50 50
Actual CO:2 emissions (Mt) 95,649.611 95,649.611
Tax involved in carbon mechanism (million CMY) -0.120 4.782
Environmental tax savings (million CMY) 6.100 6.100
CO2 reduction (Mt) 5209.746 5209.746
SOz2reduction (Mt) 14.023 14.023
NOx reduction (Mt) 359.713 359.713
VOC reduction (Mt) 16.157 16.157
CO reduction (Mt) 51.213 51.213
General dust PM10 reduction (Mt) 9.145 9.145

As can be seen from Figure 6a, whether under the cap-and-trade or the carbon tax
policy, social welfare decreases when the electricity service price rises with roughly a lin-
ear negative correlation between the two. The cost of power supply services is rising,
which does not promote social welfare, and there is clear resistance to the use of shore
power. In addition, the lowest value of social welfare under cap and trade is much higher



Energies 2023, 16, 2755 12 of 19

than the maximum value under a carbon tax policy. As a result, cap and trade offers a
significant benefit in this case and merits consideration. From Figure 6b—e, we can observe
that the subsidy rate al affects social welfare, port benefit, and ship benefit to a larger
extent than a2 affects all three. The social welfare and ship benefits rise as the subsidy rate
al rises. The effects of al and a2 on government benefits are identical. Government bene-
fits rise with an increase in a2, while they decline with an increase in al. A comparison of
the two results reveals that the cap-and-trade group reported far more social welfare and
ship benefits than the other one. On the contrary, the government benefit and port benefit
under cap and trade are in every case short of what they are under the other system.
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Figure 6. The relationship between subsidies and the benefits to all parties. (a) The relationship be-
tween electricity service price and social welfare; (b) The relationship between subsidy and social
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welfare; (c) The relationship between subsidy and government benefit; (d) The relationship between
subsidy and port benefit; (e) The relationship between subsidy and ship benefit.

5.2. Carbon Price Impact Comparisons

We evaluated how the price of carbon affects the best price and the gains for all par-
ties under two carbon mechanisms based on the maximization of social welfare.

Restrictions:
20<P <100 C,, 20 0<C,<12
2
F,>0 F >0 F_, >0 (25)
Objective function:
max.SW (26)

Tables 4 and 5 indicate the impact of the carbon price on the economic and environ-
mental benefits of each party in the three-way game model under the two carbon regimes,
respectively.

Table 4. Comparison of the impact of carbon price on economic benefits to all parties under the
two carbon regimes.

Carbon Mechanism Cap and Trade Carbon Tax
Subsidy rate al (%) 30 30
Subsidy rate a2 (%) 30 30
Electricity service price (CMY/kWh) 0.1109 0.1857
Electricity actual price (CMY/kWh) 0.7710 0.8458
Electricity consumption (GWh) 30.484 30.484
Annual utilization hours (h) 4692.8 4692.8
Social welfare (million CMY) -104.696 -107.090
Government benefit (million CMY) 7.563 9.605
Port benefit (million CMY) 0 0
Ship benefit (million CMY) -107.904 -110.186
Savings from “oil-to-electricity” ships (million CMY) 38.045 35.762

Table 5. Comparison of the impact of carbon price on environmental benefits to all parties under
the two carbon regimes.

Carbon Mechanism Cap and Trade Carbon Tax
Carbon cap (Mt) 98,051.842
Carbon price (CMY/MLt) 100 20
Actual CO:2 emissions (Mt) 95,649.611 95,649.611

Tax involved in carbon mechanism (million CMY) -0.240 1.913
Environmental tax savings (million CMY) 6.100 6.100

CO:z reduction (Mt) 5209.746 5209.746
SOz2reduction (Mt) 14.023 14.023

NOx reduction (Mt) 359.713 359.713
VOC reduction (Mt) 16.157 16.157
CO reduction (Mt) 51.213 51.213
General dust PM10 reduction (Mt) 9.145 9.145

Figure 7 compares the outcomes gained from the analysis of the two carbon mecha-
nisms. Under both the cap-and-trade and carbon tax policies, social welfare decreases as
electricity service prices rise. The social welfare under cap and trade is always greater than



Energies 2023, 16, 2755

14 of 19

that under the carbon tax policy. Figure 7b—e shows that the price of carbon has a signifi-
cant impact on social welfare, government benefits, port benefits, and ship benefits under
the carbon tax policy. The four are not significantly impacted by the carbon price under
cap and trade. According to the cap-and-trade model, while government benefits decline
as the price of carbon rises, social welfare and ship benefits increase. The carbon tax policy
states that when carbon prices rise, the government gains more advantages whereas social
welfare and ship benefits decline. Social welfare and ship benefits under cap and trade
tend to be invariably greater than those under the carbon tax approach. In comparison to

a carbon tax, the government’s benefit under cap and trade is always less. The port effi-
ciency fluctuates positively around 0.
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Figure 7. The relationship between carbon price and the benefits to all parties. (a) The relationship
between electricity service price and social welfare; (b) The relationship between carbon price and
social welfare; (c) The relationship between carbon price and government benefit; (d) The relation-
ship between carbon price and port benefit; (e) The relationship between carbon price and ship ben-
efit.

5.3. Comparison of Time-Proportional Effects of Using Shore Power

This study investigates the impact of the ratio of time spent using shore power to
total docking time on the best pricing and the gains for all parties under two carbon mech-
anisms, based on the maximization of total social welfare.

N’ . .

TF =AY THPY /S(u cos ¢ (27)
i=1

where A is the ratio of using shore power to the berthing time. As the total port call time

is constant, T' and A are proportional. T decreases, so A decreases, which affects all

aspects of electricity prices, social welfare, government benefits, port benefits, ship bene-

fits, etc.
Restrictions:
e 20 0<C, <12 T, <8760 (28)
Objective function:
max.SW (29)

Tables 6 and 7 explicate the impact of the time-proportional on the economic and
environmental benefits of each party in the three-way game model under the two carbon
regimes, respectively.

Table 6. Comparison of the impact of time-proportional on economic benefits to all parties under
the two carbon regimes.

Carbon Mechanism Cap and Trade Carbon Tax
Subsidy rate al (%) 30 30
Subsidy rate a2 (%) 30 30
Electricity service price (CMY/kWh) 0.5399 0.5399
Electricity actual price (CMY/kWh) 1.2 1.2
Proportion of time using shore power (%) 39 39
Electricity consumption (GWh) 56.354 56.354
Annual utilization hours (h) 8675.2 8675.2
Social welfare (million CMY) -66.986 -72.230
Government benefit (million CMY) 16.625 21.187
Port benefit (million CMY) 25.616 20.713
Ship benefit (million CMY) -99.796 -99.796
Savings from “oil-to-electricity” ships (million CMY) 46.153 46.153

Table 7. Comparison of the impact of time-proportional on environmental benefits to all parties
under the two carbon regimes.

Carbon Mechanism Cap and Trade Carbon Tax
Carbon cap (Mt) 98,051.842
Carbon price (CMY/MLt) 50 50
Actual CO:z emissions (Mt) 91,228.445 91,228.445
Tax involved in carbon mechanism (million CMY) -0.341 4.561
Environmental tax savings (million CMY) 11.276 11.276

CO:z reduction (Mt) 9630.913 9630.913
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SOzreduction (Mt) 25.923 25.923

NOx reduction (Mt) 664.978 664.978

VOC reduction (Mt) 29.868 29.868

CO reduction (Mt) 94.675 94.675
General dust PM10 reduction (Mt) 16.906 16.906

What stands out in Figure 8a is the price of electricity supply service changes regu-
larly between 0 and 0.5399 CMY/kWh, and social welfare is also changing. The service
price must be 0.5399/kwh under cap and trade in order to reach its maximum value, and
it must be 0 under the carbon tax policy in order to reach its minimum value. In Figure
8b—d, the similarity between the two carbon mechanisms is highlighted above. The overall
level of social welfare rises as the ratio of time spent utilizing shore power to docking time
grows. Under the two carbon mechanisms, the change curves for overall social welfare,
government benefits, and port benefits are comparable and can be attained by moving up
and down. The curve of ship benefit with the time proportion of using shore power is
exactly the same in Figure 8e. With the share of time spent utilizing shore power increas-
ing, the overall level of social welfare rises monotonically. However, government benefits,
port benefits, and ship benefits show an upward trend with the increase in the proportion
of time when shore power is used.
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Figure 8. The relationship between time proportion and the benefits to all parties. (a) The relation-
ship between electricity service price and social welfare; (b) The relationship between time propor-
tion and social welfare; (c) The relationship between time proportion and government benefit; (d)
The relationship between time proportion and port benefit; (e) The relationship between time pro-
portion and ship benefit.

6. Conclusions

The two systems of cap and trade and carbon tax are clear and easy to understand,
but too many similar parameters appear in the modeling process, leading to easy confu-
sion. In both cap and trade and carbon tax, the specific components of tripartite benefits
and social welfare are different and are simply represented by the same parameters, and
the specific values change as the electricity service price, carbon tax, and the ratio of using
shore power to the berthing time change. Also note that the government is happy to see
and promote the use of shore power, which is in line with the plan to reduce carbon emis-
sions; the port is to take the responsibility of a state-owned enterprise, respond to the na-
tional policy, take responsibility for emission reduction and establish a good image among
the public. Ships have the least public pressure and social responsibility, and they are
oriented by economic interests, so they are more unstable, and they need government
guidance and support because they have to face technical and economic difficulties in the
“oil-to-electricity” conversion. In the model, we should focus on understanding the cost
saving of some ships after “oil-to-electricity” conversion, which is the key to decide
whether ships should insist on using shore power. There is a difference between the CO:
emitted from using oil to meet the power and the CO: emitted from switching to shore
power to replace this power, and the focus is on calculating the difference and the accom-
panying economic and environmental benefits.

Depending on the port’s yearly business volume and historical carbon emission in-
tensity base, the government calculates the annual carbon cap for the port. The compre-
hensive CO2 emission factor of ships in the first three years is greater than the current
year’s COz emission factor. Therefore, the carbon cap is frequently higher than the actual
CO: emission, according to calculations of the port’s real energy usage. Currently, com-
pared to other businesses, the government’s criteria for reducing carbon emissions in the
maritime sector are not stringent enough.

In summary, these results indicate that the annual hours of shore power facility use,
the amount of environmental protection tax saved by utilizing shore power, and the re-
duction in pollutants and carbon dioxide are all equivalent as long as the ships’ energy
consumption is constant. The social welfare, governmental benefits, port benefits, and
ship benefits appear to vary depending on the subsidy rate, carbon price, and percentage
of time using shore power.
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It is reasonable for the port to set the shore electricity price within the range of 0.6601
to 1.2 CMY/kWHh, taking into consideration both its own transformation costs and govern-
ment subsidies. As long as ships use electricity instead of fuel, the economic benefits will
be significantly improved, no matter what changes in various carbon mechanisms and
influencing factors. The primary source of improvement may partly be related to reduced
fuel costs. The government’s benefits are always greater than zero, mostly due to the en-
vironmental benefits of decreasing pollutant emissions. Low economic advantages are ex-
pected for the port, as a result of high costs of self-renovation and government limits on
the actual electricity price.

The major limitation of this study is that ships are assumed to be equivalent to a
virtual ship although they have distinct types and numbers when in berth. It is a macro
analysis for multiagent games; hence, it cannot accurately reflect the benefit to an individ-
ual ship. The three-party game is dynamic and played repeatedly, and ships are allowed
to choose whether to utilize shore power or not, which makes it challenging to calculate
the best electricity price. By examining the status of the tripartite game in electricity sub-
stitution, this study offers a particular reference value for the cycle planning and benefit
distribution of electric energy replacement projects in the future.
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