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Abstract

Promoting the green transformation of traditional diesel-powered ships is crucial for
achieving carbon peaking and carbon neutrality goals. This study focuses on diesel-engine
ships operating in the inland river areas of Anhui Province, China. It proposes two
electrification retrofit schemes based mainly on lithium iron phosphate (LIP) batteries: full
electrification and diesel-engine redundancy. The economic and environmental impacts
of these schemes are analyzed and compared with those of conventional diesel-powered
ships. A cost prediction algorithm based on model prediction is proposed, supported by a
mathematical model for cost analysis. Results indicate that for electric tankers to become
economically viable, battery costs must decrease through yearly improvements in energy
density and reduced degradation rates. Additionally, government support is essential, such
as raising carbon prices and providing subsidies—either an annual operational subsidy of
CNY 80,000 or an initial construction subsidy of CNY 500,000. The study concludes that
continued advances in battery technology, together with policy and financial support, will
accelerate the large-scale electrification of ships.

Keywords: green transformation; electrification; lithium iron phosphate battery; model
prediction; cost analysis

1. Introduction

The extensive 6503.93-km inland waterway network and the Yangtze River Delta
location of Anhui make it ideal for shipping development, as recognized in the regional
integration plan covering Shanghai, Jiangsu, Zhejiang, and Anhui.

According to the National Bureau of Statistics, Anhui has dominated China’s water-
borne freight transport since 2013, with the 2022 volumes exceeding 1.4 billion metric tons.
Anhui shipyards specialize in inland ships and also produce ocean-going ships, which
meet rigorous quality standards and boast world-class shipbuilding capabilities. Wuhu
Shipyard’s CCS-classified 6600-ton chemical tanker for Ding Heng Shipping demonstrates
this excellence. This project established new global benchmarks in construction techniques
and performance specifications while achieving 99% domestic equipment localization—a
milestone in China’s shipbuilding technological autonomy [1].
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However, the shipping sector faces pressure to decarbonize, as traditional diesel-
powered vessels—still constituting 90% of inland fleets (2022)—emit substantial pollutants
(COy, particulates, NOy) with severe ecological consequences [2].

Recent advancements in battery energy density have made pure battery-powered ships
a viable solution for decarbonizing inland waterway transport [3]. The inland waterways
in Anhui Province are mostly located close to the interior, so they have strict requirements
for pollution and noise. Pure electric vessels have the advantages of zero emissions and
low noise. However, inland shore power facilities are lacking. Using the onboard OBC to
directly convert AC power to charge the lithium iron phosphate battery can significantly
reduce the cost of shore power facility renovations. The cost of a lithium iron phosphate
battery is relatively low, although the battery capacity is small. However, the requirements
for battery capacity are relatively low because the inland waterways in Anhui Province
are mostly short-distance routes. Among the three types of batteries, solid-state batteries
have high safety but are costly and have slow charging speeds. Hydrogen mixture systems
have a larger capacity and are faster charging. However, they lack infrastructure support
and have significant additional costs. Therefore, lithium iron phosphate batteries are more
suitable for the application scenarios within the inland waterways of Anhui Province.
They have also been applied in areas such as inland waterway vessels, tugboats, small
and medium-sized marine engineering auxiliary ships, and passenger ships. For example,
the first 3000-ton new energy pure battery-powered inland container transport ship in
Anhui Province. The “Port and Shipping Bus” customized container route from Hefei to
Wuhu was launched to create a “zero-carbon demonstration route” [4] in October 2022. In
addition, in 2022, the “Dong Xing 100", a battery-powered ship equipped with 3.4 MWh
batteries, was operated for coal transportation in China [5].

However, the limited range of pure electric vessels remains a challenge for long-
distance Yangtze River operations. Compared with hydrogen hybrid systems, there are
relatively few specific subsidy measures for the owners of pure electric vessels at both the
national and provincial levels.

Nationally, the “Implementation Opinions on Accelerating the Green and Intelligent
Development of Inland Waterway Vessels” was jointly issued by five Chinese national
ministries on September 27. It explicitly needs to promote the development of battery-
powered vessels, apply pure battery electric propulsion technologies to medium-distance
and short-distance inland cargo ships, and designate Anhui Province as one of the first pilot
zones. Provincially, the “14th Five-Year Plan for Responding to Climate Change in Anhui
Province” was issued by the Anhui Provincial Department of Ecology and Environment
on 31 December 2022. It mentioned that it is necessary to launch a core battery system
with “Hydrogen-Powered Yangtze River” as the core, and increase tax incentives for the
development and transformation of low-carbon emissions and related technologies. The
“Electrochemical Yangtze River” initiative was issued by the Yangtze River Department
in June 2023, involving 9 of the 13 provinces and cities. It proposes promoting power
batteries and other new energy technologies in Yangtze River shipping applications, thereby
accelerating the transition to a clean, low-carbon energy structure. The retrofitting of pure
electric vessels was mentioned. Specific subsidy measures for shipowners were provided;
however, specific subsidies for shore power were not mentioned. Moreover, there is also a
lack of corresponding policy guidance for the comprehensive handling of the entire life
cycle of batteries including production, use, scrapping, decomposition, and reuse [4].

In addition, there are technical and shore power infrastructure-related obstacles. The
technical obstacles mainly refer to the insufficient battery density and high price. This
problem leads to contradictions between the battery capacity and cost, battery weight and
ship space [5], and high replacement costs during periods of low battery degradation. For
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example, manufacturers promise a battery life of 8 years, while the lifespan of a ship is
calculated at 20 to 30 years. Therefore, during the ship’s life cycle, batteries need to be
replaced three to four times, which makes the cost of batteries high [6]. Thus, the higher
the battery degradation rate, the faster battery replacements are needed, and the higher the
battery replacement cost. Of course, methods such as BMS optimization and temperature
control can be adopted to solve this problem.

In inland rivers, the shore power resources are relatively abundant. However, the
large size of ships, the lack of supporting facilities, and the inability of the shore power
alternating current to charge the lithium iron phosphate battery directly still pose challenges
to shore power infrastructure. For inland bulk carriers, sightseeing ships, and large ocean-
going cargo ships, the cost of the batteries (initial construction cost) and the electricity
costs (operating costs) vary due to different cruising times and battery capacities. For
inland river bulk carriers and sightseeing vessels, the cargo and passengers need to occupy
most of the space and weight of the ships. Therefore, higher requirements are imposed on
battery capacity.

In addition to the advantages of zero emissions, lower operating costs, and the low
noise of electric vessels [7], the electrification transformation of typical short-distance in-
land river shipping vessels in Anhui Province also benefits shore power facilities. Unlike
the long-distance routes in the Yangtze River region, short-distance routes within Anhui
Province do not need battery stations charged by shore power. Customizing the onboard
OBC to directly convert shore power alternating current for charging onboard batteries
significantly reduces the cost of shore power facility renovation. Moreover, the inland
waterway navigation environment is relatively simple, and custom-made permanent mag-
net synchronous motors can be set to the optimal working range to match different water
environment conditions, which can increase operational efficiency.

The existing research on electric vessels is already quite extensive. For instance, there
are studies on the retrofitting plans and cost analyses for hybrid-powered vessels for specific
port routes [6], and the methods for retrofitting passenger boats in Bai Hua Lake [8]. These
specific retrofitting plans play a significant role in promoting the green transformation of
vessels. However, the description in [6] was not regarding pure electric vessels, and [8] did
not conduct a detailed cost analysis.

Furthermore, Fan et al. [9,10] (related to Yangtze River operations) pointed out that
improper infrastructure planning for charging stations and ships would increase the costs
and reduce operational efficiency. However, for short-haul routes in Anhui Province, this
study proposes a customized retrofit solution. The solution takes advantage of the low
operating costs of lithium iron phosphate batteries and uses a customized onboard charger
(OBCQ) to charge from shore power during berthing. This can significantly reduce the
need for large-scale renovations of shore power facilities or the construction of dedicated
charging stations, effectively lowering the cost of shore power renovations. In addition, Sun
et al. [11] proposed an energy and speed optimization method for inland battery-powered
ships considering dynamic electricity prices and complex navigation environments. Wen
et al. [12] proposed a two-stage optimization model based on a deep learning method
considering onshore electricity prices. For the cost analysis of inland ships, it is crucial
to break away from the static analysis framework and take into account dynamic elec-
tricity prices. Since the direct electric transformation of traditional oil tankers on specific
routes was not considered, the impact of dynamic battery prices on the cost of electric
transformation was also not taken into account. However, for traditional oil tankers on
specific routes, undergoing direct electric transformation can save costs and facilitate a
better cost comparison and analysis. For example, Ref. [13] established a carbon emission
accounting and benefit analysis model for the “oil-to-electricity” transformation of gantry
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cranes. The electrification transformation was carried out for specific ships. Still, the benefit
analysis was relatively simple and did not take into account the impact of electricity price
fluctuations and policy subsidies on the cost analysis.

Therefore, developing route-specific electrification plans and conducting a compara-
tive economic analysis are essential. Additionally, proposing a cost prediction model and
algorithm based on model prediction to predict the financial impact of the battery density
growth rate, battery degradation rate, and policy subsidies on the transformation plan
is necessary. This method clearly assesses the feasibility of the electrification transforma-
tion plan proposed in this paper, and further reduces the cost and accelerates the specific
implementation of relevant policies.

2. Electrification Retrofit Scheme

Ship electrification brings changes to vessel systems in two main aspects:

Firstly, traditional diesel propulsion systems are replaced by battery systems, propul-
sion systems, and electric control systems. Secondly, shore-based charging/battery-
swapping infrastructure needs to be added [6].

The technological upgrade mainly focuses on the “three-electricity system” including
continuous optimization of the battery system, battery management system, networking
and control technology of the thrusters, etc.

This section will carry out the electrification transformation of oil tankers from the
battery system, propulsion system, electronic control system, shore power charging, and
battery swapping system. Data of the prototype oil tankers are shown in Table 1, close to
“Maritime and Port Vessels 01”.

Table 1. Data of prototype oil tankers.

Category Current Data
Range 160 km (Hefei-Wuhu)
Length overall (LOA) x beam (m) 73.8,13.8
Total fuel requirement (round trip) 375 kg
Fuel and diesel generator weight 25 tons
Shore power cost and fuel subsidy + rental fee ¥0.6/kWh, ¥48,000/ month
Speed (km/h) 12
Sailing time (h) 13-14
Full load capacity (t) 3000
Generator power (kVA, rated power factor 0.8) 37.5
Main drive motor power (kW) 196 x 2
Daily electricity consumption (kWh) 8-10

2.1. Design and Analysis of Pure Electric Vessel Power Systems
1.  Battery system

The core components of battery-powered ships include the propulsion batteries and
their corresponding battery management systems. The core of the battery system is the
calculation of battery capacity. In terms of operating time, it is required that the battery
operation time be as long as possible, which will lead to an increase in battery capacity. In
terms of cost savings, the construction cost of the ship can be minimized, which in turn
limits the battery capacity. In addition, due to the space and weight restrictions of the boat,
the battery capacity cannot be increased indefinitely. Consequently, the design of battery
capacity is mainly based on the following factors:

(1) Meet the operational requirements for battery capacity design;

(2) The weight and size of the ship should be reduced as much as possible to meet the
space and weight limitations of the boat;
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(3) The shipowner must accept the economic cost, and if the price is too high, alterna-
tive solutions need to be considered.

Lithium iron phosphate batteries were used as the propulsion batteries, and the
battery capacity of the ship was calculated based on the prototype data in Table 1. There
are two methods: the first method takes into account the changes in propulsion power and
operating conditions [6,8,14-16]; the second method considers fuel demand and conversion
efficiency [14]. By comparing the two methods, the first method takes into account the
operating conditions and auxiliary loads (such as daily power sources), which is more in
line with reality.

The detailed formula derivation is as follows:

1st Method:

According to Table 1, when the power of the main drive motor is 196 x 2 kW, at the
economic speed, the maximum power of the ship propulsion load is 80% of the propulsion
power, but it will not remain at the economic speed all the time. Consequently, the average
working efficiency of the ship is taken as 80% [5,6]:

Pecon_max = 0.8 X 0.8 X Prated (1)

where P4 is the rated propulsion power of the vessel and Pecon_max is the maximum
propulsion power at the economic speed.
The power consumption of one one-way voyage is:

Etrip = ttrip X Pavg X Nenv X 1g (2)

where Payg denotes the power consumption per hour. ti, = 13h denotes the navigation
time. 7.y denotes the environmental factor. If #.,,, is 1, it indicates that the vessel is sailing
in calm waters or normal weather conditions, and if it is 1.2, it indicates that the vessel is
sailing in severe weather or extreme water conditions. 77, denotes the load factors, when it
is 0.7, it indicates that the vessel is in an empty load condition, and when it is 1, it denotes
the vessel is in standard load, and when it is 1.1, it denotes the vessel is in heavy load.

The battery capacity must meet the extreme working conditions, thus the power
consumption of a one one-way voyage is 2406 kWh.

Consequently, the battery capacity is:

E trip

Cbattery = ( ) x (1 + margin) +C ©)

Nsys
where C, = 10 kWh is the daily-use electricity, 77sys is the conversion efficiency of the DC
distribution system at 95%, and margin is the considered safety margin is 15%; consequently,
the battery capacity is 2923 kWh.

Wbattery = Pbat X Cbat’tery (4)

Ppbat i the battery density, which is 180 kWh/t. Thus, the weight of the required battery
Whattery is 16t.

2nd Method:

Based on the diesel combustion heat, the Eg,¢ of diesel is 42,652 kJ /kg and the total
fuel demand is converted to kWh units [8], thus the actual propulsion energy demand of
the vessel is:

Eactual = Efuel X 0.5 ®)
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Based on the motor efficiency of 90%, the conversion efficiency of the DC distribution
system is 95%, and the battery safety margin is 15%, thus the battery capacity is:

1.15
Cbattery = Eactual X m = 1528kWh (6)

Based on the battery density, pp,¢ is 180 kWh/t, and the estimated weight of the
required battery Wyattery is:

Wbattery = Pbat X Cbattery ~ 8.5t ?)

The weight of a 1960 x 2 kWh battery pack is approximately 24.3 tons. This means
that the two methods do not exceed the weight of the prototype ship diesel engine, which
is 25 tons.

2. Propulsion system

The design of the propulsion system mainly includes the configuration analysis of
DC networking frequency converters, inverters, and propulsion motors [17-20]. The DC
networking frequency converter is mainly divided into two types based on the bus voltage
range: 500~800 VDC and 640~1100 VDC, corresponding to AC voltages of 380 VAC and
690 VAC, respectively. Given that the DC bus voltage must exceed the maximum lithium
battery voltage, and considering the propulsion motor’s power in this scheme is 800 KW,
we proposed adopting an 800 VDC low-voltage DC networked variable frequency control
distribution system as the core component. The specific configuration needs to be confirmed
based on the propulsion motor, generator, and daily power supply.

The inverter adopted a 2-SiC hybrid three-level active neutral point clamped inverter.

The propulsion motor adopted a custom-made dual-three-phase permanent magnet
synchronous motor. Based on the known speed and resistance of the ship during stable
navigation, the high-efficiency range of the motor can be determined, and the permanent
magnet synchronous motor was custom-made.

3. Shore power system

The existing shore power system mainly includes the shore-based power supply
system, the shore power connection system, and the ship power receiving system. The
shore-based power supply system consists of the central functional units such as the
incoming line switch cabinet, metering cabinet, steering transformer, frequency converter,
filter cabinet, and outgoing line switch cabinet [21,22].

Although the inland river has abundant shore power resources, the ample space
occupied by ships, the lack of supporting facilities, and the alternating current from shore
power cannot directly charge a lithium iron phosphate battery. Supposing battery swapping
stations are constructed for battery swapping, with the basic construction costs. In that
case, the lifting costs for each time are as high as CNY 1800 per time (taking “Gang Hang
Ship Route 017 as an example), which is extremely expensive. Considering that most
inland waterway routes are short-distances, the battery charging time is relatively short.
Consequently, we decided to adopt a custom ship-mounted OBC to convert the alternating
current during the berthing period to charge, which reduces the time and cost of retrofitting
the existing shore power system. However, it also leads to the problem of insufficient
berthing spaces. For this issue, the policy can provide support by creating charging berths
for electric vessels. The berthing and charging times for electric vessels of different routes
should be strictly arranged to reduce costs.



Machines 2025, 13, 938 7 of 19

2.2. Configuration Results of Pure Electric Ship Systems

Basic information of the ship after its electrification transformation is shown in Table 2,
and the information of the custom dual-three-phase permanent magnet synchronous motor
is presented in Table 3. Based on the information after the transformation, the single-line
diagram of the pure electric ship’s power system is shown in Figure 1.

In Table 2, the lithium battery pack was selected from CATL or an equivalent brand, the
onboard charger from Huawei or an equivalent brand, and the DC bus variable frequency
power distribution control system from CATL or an equivalent brand.

Figure 1 clearly shows the specific power system architecture of the new electric ship
design scheme. The data above are from Tables 2 and 3 as well as the official website
information of brands such as Infineon. The next section will present a cost analysis of the
new scheme based on the electrification configuration results and compare it with the other
two schemes: hybrid scheme and conventional scheme.

Shore
power

Lithium batteries 1 Shipborne e o .
1960kWh o OBC Lithium batteries 2

260kW i
DC 800V

DC distribution
" networked system "

—

—

i ] pC 8oov 1
Main propulsion mofor 1 - Main propulsion motor 2
0~800kW -
3 ACS800V =
50Hz 1500rpm
gearbox |
Dal.ly- Other Marine
electricity
. motors
consumption

Figure 1. Single-line diagram of the power system of pure battery-powered ships.

Table 2. Basic information table of ships after “oil-to-electricity” conversion.

Item Specifications
Lithium battery pack x 2 Nominal capacity: 1960 x 2 kWh, Rated voltage: 800 V
Onboard charger x 1 800V, 100 A, 30 kW
Custom PMSM (permanent magnet Rated power: 600 kW;
synchronous motor) 2 connected to 800V DC bus.

DC grid-based propulsion system including:
Two 600 kW inverters (connected to main propulsion motors);
One 13 kW daily-use inverter (apparent power calculated at PF = 0.8);
DC bus variable frequency power distribution One 150 kW inverter (for auxiliary shipboard motors);

control system x 1 One 800220V DC-DC buck converter (connected to two inverters);
Two liquid cooling cabinets (for port/starboard equipment cooling);

DC busbars with circuit breakers and fuses;

Shore power interface and control system
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Table 3. Information table of customized dual three-phase permanent magnet synchronous motors.

Parameter Value
Rated power 600 kW
Rated speed 1500 rpm

Rated voltage 800V

Rated current 450-500 A
Cooling method Air-cooled
Insulation class H
Protection class IP55

Rated torque 3000-3500 N-m

3. Economic Comparison
3.1. Determination of Key Economic Performance Indicators

To conduct an economic comparison before and after the transformation of the pro-
totype oil tanker into an electric vessel, it was first assumed that the operating income of
the ship was equal, and then it was believed that the cost of other systems was the same,

except for the power system. The shipping cost indicators and key cost indicators for this
design are shown in Table 4.

Table 4. Ship cost indicators.

Cost Category Description

Capital costs Shipbuilding capital costs, loans, and interest

Crew costs, maintenance, supplies,

Operating costs R .
p & lubricants, insurance, etc.

International classification

Fuel costs, port charges, loading/unloading

Voyage costs ..
yag fees, canal dues, and commissions

Depreciation, wages, repair costs, fuel costs,
lubricant costs, port fees, loading/unloading
fees, canal dues, supplies costs, insurance
premiums, etc.

Traditional Chinese shipping cost structure

Capital costs (excluding loans) Ship construction costs

Depreciation, repair and maintenance,
insurance, crew salaries and benefits, fuel &
lubricant costs, port dues, annual
management and other expenses

Key cost indicators for this design
Operating costs (including voyage costs)

3.2. Comparison of Net Present Value of Assets

The reference data for the ship operation costs are shown in Table 5, where other
expenses, such as ship income, insurance premiums, and port charges, were the same and
not considered.

Table 5. Reference data of ship operating expenses.

Item Parameter Remarks
Annual operating voyages (trips/year) 250
Fuel price (CNY/ton) 7400

+0.03 during 08:00-22:00
—0.25 during 22:00-08:00 next day

Battery price (CNY/kWh) 550 Based on 3920kWh capacity

Shore power price (CNY/kWh) 0.6
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Equations (8)—(10) are used to calculate the net present value of the entire life cycle of
the ship. Based on the net present value (NPV) model, they are derived by considering the
initial construction cost, fuel cost, and battery replacement cost throughout the entire life
cycle [6,23].

R S

Pf”d =A i(l—l—i)n - A(A,I,Vl) (8)
Py =F(1+i)° + F(1+i)  + F1+i) )
Prr = RL(14i)™ (10)

where i denotes (6%) the discount rate, and n (30 years) is the depreciation period of ships.
When A denotes the mechanical maintenance cost, P is the equivalent calculation of the
mechanical maintenance cost during the ship’s life cycle. Similarly, Py, is the life cycle
battery replacement cost, Pg. is the life cycle residual value cost, and Py, is the life cycle
fuel cost. According to the annual average method, the annual depreciation amount is the
difference between the original price and the expected net residual value of the equipment
over its service life on average each year.

Formula (9) calculates the battery cost F as the final cost of replacement every 8 years,
which is CNY 4.12 million. The replacement times are 8 years, 16 years, and 24 years.

The equivalent total cost is the sum of five items: construction cost, fuel cost equivalent
calculation, mechanical maintenance cost equivalent calculation, battery replacement cost,
and residual value equivalent calculation.

3.3. Comparison of Internal Rate of Return

The main differences in the costs of the power system before and after the transforma-
tion are presented in Table 6, where “Electric Retrofit” is the purely electrical transformation,
“Conventional” is the pre-renovation project for the oil tanker, “Hybrid Retrofit” is the
hybrid electric retrofitting plan. The prototype ship was equipped with two Wei Chai
generators, worth CNY 350,000. Two three-phase permanent magnet synchronous mo-
tors were the main drive motors, worth CNY 450,000. The electrification transformation
plan adopted a battery pack priced at CNY 550 per kilowatt-hour and two custom dual-
three-phase permanent magnet synchronous motors worth CNY 500,000 as the main drive
motors. The battery swap station was not taken into account, thus the use of the onboard
OBC avoided the costs of battery replacement hoisting and the large-scale renovation of
shore power facilities. Thus, in terms of shore power supporting facilities, the cost of the
on-board OBC (CNY 80,000) was included in the battery system and not separately listed.

Table 6. Main differences in power system costs before and after renovation.

Cost Item (CNY 10,000) Electric Retrofit Conventional Hybrid Retrofit
Capital Costs (excl. Generatlor / b.attery system 216 70 276
: . Main drive motor 100 90 100
Shaf(ti/aﬂl?;svgﬁzhl;ﬁ?r%BC) DC grid power distribution 500 300 500
propetiet, ship system (with BMS)
Depreciation of power system (non-cash flow) 51 43 53
Electricity /fuel (annual) 46 (564 MWh/year) 70 (94 tons/year) 50
Residual value RL (5% of original, straight-line depreciation) 36 23 39
Crew salaries and benefits (annual) 168 180 168
Generator/battery (replacement every 8 years) 216/8 year 25/year 216/8 year + 25/year

The internal rate of return formula is as follows [8,24-27].
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Overall objective function of operating costs:
Y, =51+ S+ S3+S4+ S5+ S¢ + Sy (11)

In the formula, Y; is the total operating cost, S; is the crew wages and additional
expenses, Sy is the annual depreciation cost, S3 is the maintenance and repair cost, S4 is the
insurance cost, Ss is the fuel cost, S¢ is the port operator’s cost, and Sy is other expenses.

Formula for calculating the net present value:

NPV = (Y1—Yz—i—Sz)~(§,i,n)—P+(1+i)”~RL (12)
In the formula, the specified symbols RL represent the residual value of the ship, i is
the discount rate, # is the age of the ship, P is the cost of the ship, and the annual income

per ship is Y.

NPV(IRR) = RL- Y (CI — CO),(I + IRR)™" (13)

n
t=0

The internal rate of return (IRR) is an indicator for examining the efficiency of project
fund utilization and is a major dynamic indicator of project profitability. First, calculate
the annual cash income (CI) and the annual cash outflow expense (CO) using Formula (13).
Then, based on the present value coefficient table of annuities, use the interpolation method
to obtain the IRR. When the IRR > ij (benchmark rate of return), it is considered that the
plan is economically feasible.

NPVR = NPV/I, (14)

In Formula (14), NPVR denotes the net present value rate, NPV denotes the net present
value, and I, is the present value of all investments. If so AIRR > iy, the scheme with a
higher investment (present value) should be selected; conversely, the scheme with a lower
investment (present value) should be selected.

The annual operating cost calculation of ships is shown in Table 7.

Table 7. Annual operating cost calculation.

Cost Item(10,000 CNY) Electrical-Retrofit Conventional Remarks
S1 (Crew costs) 168 180 Crew salaries and benefits
S3 (Maintenance) 30 25 Repair and maintenance
S4 (Insurance) 1 1 Insurance premiums
S5 (Fuel/energy) 46 70 Fuel costs (pre)/electricity costs (post)
Se¢ (Port dues) 10 10 Harbor fees
S7 (Management) 10 10 Annual admin and miscellaneous
S, (Depreciation) 51 43 Depreciation costs
Operating cash flow 265 296 Excluding depreciation
Total operating costs 319 339 Including depreciation

3.4. Results of Economic Analysis and Comparison

The comparison results of the net present value of assets are shown in Table 8 and
Figure 2, while the comparison results of the internal rate of return are presented in Table 9
and Figures 3 and 4.

Figure 2 illustrates that the net present value (NPV) of assets for the pure electric
retrofit exceeded that of conventional ships, although its internal rate of return (IRR) was
lower (Table 9). It is necessary to reduce the capital cost by CNY 500,000 or increase the
annual income by CNY 80,000 to reach the conventional return rate. However, after the
“oil-to-electricity” transformation, the ship emissions were reduced nearly 95%, and the
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noise was reduced by about 20 dB. Hybrid electric ships incorporate diesel engines as
backup power sources and require an additional cost of CNY 1.2 million or an increase of
CNY 150,000 per year in revenue to achieve the same return rate as pure electric ships, but
their safety and cruising range have been improved, and can also reduce noise by 10 to
15 dB.

The financial analysis results of the three schemes provide specific data sources for the
cost analysis algorithm based on the model prediction proposed in the next section. The
established model can also re-analyze the results of the economic analysis, thereby drawing
conclusions on how to achieve economic overtaking. Moreover, the operating costs and
fuel prices of the pure electric and hybrid electric schemes in this article were taken as the
benchmark, and the prices in other regions were processed in a per-unit manner based on
this. In this case, an electricity price fluctuation factor and fuel price factor will be formed,
which were multiplied by the electricity price and fuel price in this article, respectively, to
obtain the economic analysis results of other regions in a simple way.

Table 8. Comparison results of the net present value of assets.

Cost Item

(CNY 10,000) Electric Retrofit Conventional Hybrid Retrofit
Construction cost 716 460 776
Energy Cost (annual) 46 (electricity) 70 (fuel) 50
Diesel generator maintenance 0 25 5
Battery maintenance 412/8 years 0 412/8 years
Residual value 36 23 39
Vessel lifespan 30 years 30 years 30 years
Financial rate 6% 6% 6%
Life cycle energy cost (PV) 635 966 688
Life cycle mechanical maintenance (PV) 0 344 69
Life cycle battery replacement (PV) 274 0 274
Life cycle residual value (PV) —6 —4 -7
Total net present cost 1619 1766 1800
1800
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Figure 2. Comparison results of the net present value of assets.
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Table 9. Comparison results of the internal rate of return.

Metric (CNY 10,000) Electric Retrofit ~ Hybrid Retrofit  Conventional
Initial investment 1616 1676 1360
Annual revenue 500 500 500

Annual operating cost 265 286 296
Residual value 81 84 68
Benchmark rate 6% 6% 6%
Net present value (NPV) 1632 1283 1459
Internal rate of return (IRR) 14.3% 12.4% 14.8%

Table 3-6: Financial Metrics Comparison

[_IFull Electrification
[ Hybrid Retrofit
[ Conventional

14.3%

Amount (10,000 CNY) / IRR (%)
2
1

Q~<\$\ ] | - 12.4%
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Figure 3. Comparison results of the net present value of assets for the three schemes.
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Figure 4. Comparison results of the IRR of assets for the three schemes.
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4. Cost Prediction and Analysis Based on the Purely Electric Scheme
4.1. Establish a Mathematical Model for Cost Analysis Based on Model Prediction

Based on the scheme and economic analysis model of electrically-powered ships,
considering the yearly growth rate of battery density, the battery degradation rate,
and the further impact of policy subsidies on costs, a cost prediction model was
established [8,14,20,21,28-31].

We set the battery cost (CNY/kWh) as Cpa:(t), and initial cost as Cy, which was
550 CNY/kWh:

Cpate(t) = Co x e Pl (15)

p(t) =po x (1+gp)" (16)

where py is the initial density and g, is the annual growth rate of battery density. The
higher g, is, the lower the battery cost will be.

The initial construction cost includes fixed components (such as motors and DC
systems) and battery system components:

1. Total initial cost (when g, = 0%): CNY 16.19 million;

2. Battery system cost proportion: CNY 2.16 million;

3. Fixed part cost: Pfyeq remains unchanged, which is CNY 5 million.

Consequently, the initial construction cost based on the change in battery cost is:

Peotal = P
total = Lfixed T ( 10000 10000

Cpatt(£) X capacity) 500 4 (Co x e—P() x 3920) (17)
where capacity refers to the capacity of the 1960 x 2 battery pack, and battery replacement
occurs at t = 8, 16, and 24 years. The cost of each replacement is the battery cost at that time
multiplied by the capacity.

The battery replacement cost based on the change in battery cost is:

3 .
Cpatt (kT) x Capacity kT,
PViepy =Z< : X (1+1i) T (18)
replace = 10000
_ In(0.8)
Te= In(1—-A) (19

where k =1, 2, and 3 correspond to T¢, 2 * T¢, and 3 * T, years, T; is the battery replacement
cycle, A is the battery attenuation rate, i (6%) is the discount rate, where the higher the A,
the greater the maintenance expenses will be.

Assuming that other costs PV,js. (CNY 846,000 from Table 9) remain unchanged, the
total net present value cost of the battery cost change is:

NPViotar = Protal + P Vreplace + PVelse (20)

Formulas (15)—(20) constitute a new cost analysis model based on model prediction.
Considering the impact of policy subsidies on model establishment, the mathematical
model of policy subsidies can be established as follows:

8
. So
ANPV =S, x i+ 21
7 ;0+W 2y
j=1+0.01AP, (22)

where ANPV is the subsidy policy, j (%) is the carbon pricing factor, AP, is the increasing
carbon price. The higher the carbon pricing, the higher the carbon pricing factor becomes.
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The carbon emissions of traditional oil tankers decrease accordingly. Capital subsidies
increase, which drives traditional oil tankers to reduce their emissions further, and leads to
a decrease in carbon emissions. S, (CNY 10,000) is the capital subsidy, and S, (CNY 10,000)
is the annual operation subsidy.

4.2. Simulation Results of the Cost Analysis Algorithm Based on Model Prediction

The correctness of the mathematical model proposed above was verified by MATLAB
R2023b simulation. Taking the pure electric ship transformation plan as an example, a cost
analysis algorithm based on model prediction was proposed to predict the cost based on
the electric retrofit.

When the value of T, was 8, the simulation result of the cost prediction algorithm
based on the yearly growth rate of battery density was generated, and is shown in Figure 5.
When the yearly growth rate of battery density g, reached 15%, the initial construction cost
of the battery could be reduced by CNY 2.5 million, reaching the initial cost of a traditional
oil tanker. When the yearly growth rate of the battery was 0, the simulation result of
the cost prediction algorithm based on the battery degradation rate was generated and
is shown in Figure 6. When the battery degradation rate was reduced to 5%, the battery
replacement cost could be decreased by CNY 2.5 million. Figure 7 shows a 3D model
considering the yearly growth rate of batteries and the battery decay rate. The key points
are the initial investment of CNY 16.19 million for the new pure electric transformation
and CNY 14.30 million for the conventional oil tanker.

Figure 8 shows the simulation results of the cost prediction model algorithm consid-
ering the carbon pricing factor and the impact of policy subsidies. The higher the carbon
pricing P, the greater the fluctuation of the carbon pricing factor j (%), and the less carbon
emissions of traditional oil tankers. Consequently, the more capital subsidies there are,
the more likely it is to promote the modification of traditional oil tankers and reduce
carbon emissions. Assuming that ¢ is an 8-year lifespan, S, is 80,000 CNY/year or S, is
CNY 500,000, the initial investment of traditional oil tankers can reach CNY 14.30 million.
If S, is 20,000 CNY /year and S, is CNY 3.5 million, the carbon pricing should increase by
35.35 CNY/ton, thus the policy subsidy can exceed 32%.

Cost Prediction with Fixed Tc=8 Years

156

15.4

152

14.8 -

Total Cost (Million CNY)
o

14.6 [

144 - Critical Point: 14.30M b

142 9,=15% -

0 2 4 6 8 10 12 14 16 18
Battery Density Annual Growth Rate gp (%)

Figure 5. Cost prediction algorithm simulation results based on the yearly growth rate of battery
density (T = 8).
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Cost Prediction with gp=0
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Figure 6. Cost prediction algorithm simulation results based on the battery degradation rate
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Figure 7. A 3D model diagram based on the yearly growth rate of batteries and the battery
decay rate.
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ANPV vs. Carbon Price (r = 6%, S0 =2, SC =50)
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[6,]

Carbon Price (PC)

Figure 8. Government subsidy results based on model prediction.

The simulation results, clearly presented in Figures 5-8, demonstrate the feasibility of
the new scheme for transforming the electric Harbin proposed in this paper.

5. Conclusions

Pilot operations of electric ships have been launched in many regions, but traditional
diesel-powered vessels remain dominant. Although the return on investment after electrifi-
cation retrofits may not yet match that of conventional oil tankers, the retrofitted vessels can
reduce emissions by nearly 95% and lower noise levels by approximately 20 dB. These im-
provements lead to significant benefits in pollution control, noise reduction, and enhanced
comfort for both the crew and passengers.

Furthermore, the model-based cost prediction algorithm proposed in this study
showed that the funding gap of CNY 2.5 million can be effectively covered. These in-
clude a decline in battery prices—driven by annual increases in energy density and reduced
degradation rates—a rise in carbon pricing, and government subsidies such as a yearly
operational subsidy of CNY 80,000 or an initial construction subsidy of CNY 500,000. Under
these conditions, electric ships can achieve a better economic performance than conven-
tional diesel vessels. This result indicates that continued advances in battery technology,
coupled with policy and financial support, will accelerate the large-scale electrification
of ships.

There are still some drawbacks in the design process: the established model is relatively
simple and requires continuous improvement and refinement in the future.
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Nomenclature

Prated Rated propulsion power of the vessel (kW)
Pecon_max ~Maximum propulsion power under the economic speed (kW)
Pavg Power consumption of per hour (kW)

tirip Navigation time (h)

Euip Power consumption of one one-way voyage (kWh)
Henv Environmental factor (per-unit value)

g Load factor (per-unit value)

Chattery Battery capacity (kWh)

Msys Conversion efficiency of the DC distribution system (%)
Cr Daily use electricity (kWh)

margin Considered safety margin (%)

Whattery Weight of the required battery(t)

Obat Battery density (kWh/t)

Etuel Combustion heat of diesel (kJ/kg)

E.ctual Ship actual propulsion energy demand (kWh)
Pryer Life cycle fuel cost (CNY 10,000)

P, Life cycle battery replacement cost (CNY 10,000)
Prr Life cycle residual value cost (CNY 10,000)

n Depreciation period of ships (year)

i Discount rate (%)

Y; Annual income per ship (CNY 10,000)

Y, Total operating cost (CNY 10,000)

S Crew wages and additional expenses (CNY 10,000)
Sy Annual depreciation cost (CNY 10,000)

S3 Maintenance and repair cost (CNY 10,000)

Sy Insurance cost (CNY 10,000)

Ss Fuel cost (CNY 10,000)

Se Port operator’s cost (CNY 10,000)

Sy Other expenses (CNY 10,000)

IRR Internal rate of return (%)

CI Annual cash income (%)

CcO Annual cash outflow expense (%)

ig Benchmark rate of return (%)

NPVR Net present value rate (%)

NPV Net present value (%)

Ip Present value of all investments (CNY 10,000)
Cpatt(t) Battery cost (CNY/kWh)

Co Initial cost as (CNY/kWh)

00 Initial density (kWh/Ton)

8o Yearly growth rate of battery density (%)

Prixed Initial fixed part cost (million)

capacity ~ Capacity of the 1960 x 2 battery pack (kWh)

T; Battery replacement cycle (year)

A Battery attenuation rate (%)

PVse Other costs (CNY 10,000)

ANPV Subsidy policy (CNY 10,000)
j Carbon pricing factor (%)
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AP Increasing carbon price (CNY/kg)
S¢ Capital subsidy (CNY 10,000)
So Annual operation subsidy (CNY 10,000)
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