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Abstract: There are excellent offshore wind resources in the ocean off the west coast of Taiwan, and
renewable offshore wind power has been actively developed in recent years. This study intends to
establish a cost-effectiveness assessment model to compare the pollutant emissions and cost benefits
of traditional fossil fuel and fuel cells used as the propulsion force of working vessels in Taiwan’s
offshore wind farms. According to MARPOL, vessels should use very-low-sulfur fuel oil (VLSFO)
with sulfur content of less than 0.5 wt. %. Therefore, this study proposes two strategies: changing
marine power from VLSFO to ultra-low-sulfur diesel (ULSD) and a proton exchange membrane fuel
cell (PEMFC). The emission reduction and cost benefit were analyzed in comparison with the original
condition when VLSFO was used. The results show that compared with the total cost of VLSFO,
the total costs of Strategy ULSD and Strategy PEMFC increase by 7.5% and 51.2%, respectively,
over five years. Strategy PEMFC brings environmentally friendly benefits primarily by reducing
SOx, NOx, HC, PM, and CO2 emissions by 100%, 97.4%, 91.8%, 81%, and 81.6%, respectively, as
compared with VLSFO. The cost–benefit ratio (CBR) of Strategy ULSD was higher than that of
Strategy PEMFC in the first three years after improvements were made, and then the trend reversed.
Strategy PEMFC is suitable as an alternative marine power source for the medium- and long-term
(more than three years), while Strategy ULSD is suitable as a short-term investment for less than
three years.

Keywords: offshore wind farm; ultra-low-sulfur diesel; proton exchange membrane fuel cell;
cost-effectiveness; pollutant emissions

1. Introduction

In the face of rapidly accelerating climate change and energy resource shortages,
offshore wind energy is crucial to the energy transition strategy [1]. As 16 of the world’s
20 most optimal wind farms are located in the Taiwan Strait, Taiwan is rated as one of
the most popular countries for wind farms in the world by 4C Offshore, an international
offshore wind power project consulting company [2]. According to studies of the National
Aeronautics and Space Administration (NASA) of the United States, in the coastal area
of Taiwan, the wind speed is over 7 m/s throughout the year and the average wind
power density is over 750 W/m2 [3], which attracts investors in wind energy from many
countries to build wind farms on the west coast of Taiwan. The total generating capacity is
expected to reach 5.7 GW by 2025 in order to achieve the goal of generating 20% of Taiwan’s
total electricity from renewable energy [4]. Hence, different types and sizes of vessels [5],
professional crews, and technicians are needed to build offshore wind farms. During the
exploration phase, marine ecology observation vessels, submarine drilling-survey vessels,
geophysical survey vessels, and offshore support vessels of remotely operated vehicles
(ROVs) are required to investigate the site conditions in order to reduce the impact on
the environment and ecology [6]. During the installation and construction phases, vessels
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with different functions, such as ROVs, dredgers, stone dumpers, anchor handlers, floating
cranes, tugs, guard vessels, cable installation vessels, jack-up installation vessels, and
barges [7], are needed for equipment installation. However, the above-mentioned vessels
will emit 28% (i.e., 10 g CO2-eq/kWh) of the total greenhouse gas during marine installation
and maintenance in offshore wind farms [8]. A significant amount of pollution created by
vessels in offshore wind farms appears during sailing, operation, and maintenance.

The International Convention for the Prevention of Pollution from Ships (MARPOL)
Annex VI was amended and executed by the International Maritime Organization (IMO) in
January 2020 and mandates a reduction in the maximum sulfur content in marine fuel oil
from 3.5 wt. % to 0.5 wt. % [9]. However, vessels can use pollution-reduction devices or
alternative fuels with equivalent emission reductions to reduce pollutant emissions from
global shipping [10]. The IMO aims at a 50% reduction in the total annual greenhouse gas
(GHG) emissions from ships by 2050, as compared with 2008 [11], and a 40% reduction in
carbon dioxide (CO2) emissions by 2030. Moreover, it was estimated that, from 2023 to 2026,
the annual carbon reduction should be 2% [12]. In order to meet MARPOL’s requirements
for the upper limit of sulfur content, carriers have a range of options, such as installing
scrubbers or using alternative fuels (such as marine gas oil (MGO) or marine diesel oil
(MDO)) or very-low-sulfur fuel oil (VLSFO), which is used by most current carriers [13].
However, as VLSFO is a mixture of heavy fuel oil, distilled oil, and residual fuel oil [14],
it can increase the ignition point, degrade the combustion quality, and block devices. As
the operating stability of the marine power system is reduced, the possibility of accidents,
such as vessel fault and shutdowns, is increased [15]. Hence, as VLSFO cannot effectively
eliminate environmental pollution, it can be regarded merely as a transitional fuel.

Possible strategies for reducing pollutant emissions from shipping by various ap-
proaches have always attracted the interest of researchers [16]. Advanced mitigation
measures for the fuel consumption rate have been proposed as well. Adland et al. [17]
investigated the impact of periodic hull cleaning on the daily fuel consumption and energy
efficiency of oil tankers. The application of an antifouling coating with lower roughness
to reduce the fuel consumption of and greenhouse gas emissions from crude oil and bulk
carriers was studied by Farkas et al. [18]. Two wind power technologies, including a towing
kite and a Flettner rotor, were applied as the propulsive power of cargo carriers in order
to reduce emissions [19]. The authors found that Flettner rotors might reduce the fuel
consumption of the main engine by half. Castro et al. [20] took dredgers as an example
and used Life Cycle Performance Assessment (LCPA) as a tool to evaluate the effect of
changing from heavy fuel oil (HFO) to alternative fuels on working vessels. Łebkowski [5]
developed a mathematical simulation model to analyze the possibility of applying electric
propulsion systems to crew transportation vessels (CTVs) used to convey maintenance
engineers for offshore wind power. The results showed that hybrid electric propulsion sys-
tems can significantly reduce pollutant emissions. Fuel cells are mostly used as propulsion
power for small-sized vessels, such as ferries, research vessels, and rescue boats [21–25].
McKinlay et al. [26] found that fuel cells can help power large liquefied natural gas (LNG)
vessels on international routes. Fuel cells are power-generation devices that use an elec-
trochemical process and have the advantages of a low noise level and high efficiency [27]
and have received much attention from all sectors of navigation. Unlike solar panels and
batteries, fuel cells can provide continuous power for long and uninterrupted periods
of time. A fuel cell, which consists of two electrodes (an anode and a cathode) and an
electrolyte, can convert chemical energy into electrical energy without the combustion
process and pollutant emissions. Pure deionized water and heat are the side products of
the entire fuel-cell electrochemical process, as shown in Equation (1) [28].

2H2(g) + O2(g)→ 2H2O(g) + heat (1)

where g is the gas phase.
The different types of fuel cells have similar working principles and are generally

classified according to the fuel used and operating mechanisms. Currently, fuel cells can
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be divided into the following six types: alkaline fuel cells (AFCs), proton exchange mem-
brane fuel cells (PEMFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells
(MCFCs), solid oxide fuel cells (SOFCs), and direct methanol fuel cells (DMFCs) [29–31].
PEMFCs work at relatively lower temperatures, generally under 80 ◦C, and have few safety
concerns. With their other advantages of a quick start, high stability, and small volume,
they are often used in transportation vehicles and portable products. McKinlay et al. [32]
analyzed three potential fuels, including hydrogen, ammonia, and methanol, and found
that hydrogen is the cleanest zero-emission fuel and is easy to produce. According to
Castro et al. [20], liquid hydrogen (LH2), which can be easily used in potential fuels, is a
promising choice for vessels working near the coast or in inland waterways. PEMFCs are
considered as alternative power sources to replace the traditional VLSFO fuel in this study.
The main disadvantage of this type of fuel cell is the high price of the noble metal catalyst
used. If the amount of catalyst is reduced, the operating temperature will rise, leading to a
high operating cost of proton exchange membrane fuel cells.

An appropriate transition from traditional fossil fuel to cleaner fuel or propulsion
power for vessels sailing in offshore wind farms is required to effectively reduce pollutant
emissions [33]. Adequate evaluation methods are considered for promising alternative fuels
for vessels working in offshore wind farms. Few previous studies investigated promising
alternative power sources to traditional fossil fuel for vessels working in offshore wind
farms. No studies have conducted investigations on alternative clean fuels for vessels
working in offshore wind farms to reduce emissions. In order to fill the gap in the literature,
the cost–benefit analysis (CBA) method was applied to evaluate competitive pollution-
reduction strategies since this method can easily digitize incremental costs spent and
benefits obtained. The execution feasibility and priority of the evaluated strategies can be
judged accordingly based on the evaluation results of the CBA method.

2. Alternative Fuel Strategies for Improving the Air Quality in Offshore Wind Farms

The two alternative fuel strategies discussed in this study focus on replacing the
currently used VLSFO with ULSD or a PEMFC, and we took the pollutant emissions and
operating costs of VLSFO (with sulfur content S ≤ 0.5 wt. %) as the basis for comparison.
Strategy ULSD and Strategy PEMFC represent the two alternative fuel strategies, as shown
in Table 1. The items of operating costs and pollutant emissions of all strategies are
different. VLSFO is the main fuel currently used by carriers, and while VLSFO met the
IMO’s requirements for sulfur content in 2020, it is a residual fuel oil that is mixed with
high- and low-sulfur heavy oils to achieve its sulfur content of less than 0.5 wt. % [34].
Mixing different kinds of heavy oils will lead to different fuel characteristics and reduce
the storage and operating stabilities of the heavy oil [15]. In the process of heating, a lighter
fuel oil will gasify, delay ignition, discontinue combustion, and accelerate the precipitation
of asphalt, colloids, or wax from the fuel into the oily sludge, which can block oil separators
and filters, produce carbon deposition, and break down the main and auxiliary engines.
From the perspective of environmental protection, VLSFO can still cause a significant
amount of pollution. Therefore, this study proposes two alternative fuel strategies for
emission reduction, which are explained below.

Table 1. Abbreviations for the strategies evaluated in this study.

Strategy Description

ULSD Replacing VLSFO with ULSD (S ≤ 10 ppm)
PEMFC Using a PEMFC as an alternative power source to VLSFO

2.1. Scheme of Strategy ULSD

The fuel oil used by vessels often contains a large amount of sulfur, nonflammable
asphalt, and impurities. The chemical compounds produced after fuel combustion are
emitted into the environment. After being combined with water, the sulfur oxides will
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produce highly corrosive sulfuric acids [35], which will erode the surface of the mechanical
parts. ULSD is a distilled petroleum-derived oil with sulfur content of less than 10 ppm,
which meets the IMO’s sulfur content regulations of 2020. ULSD has high flammability, a
short ignition delay, and smooth combustion. Moreover, ULSD can lubricate fuel injection
systems well and increase the service life of injection pumps. The lower amount of residual
carbon after burning ULSD in an internal combustion engine can help avoid the blockage
of piston rings and therefore reduce the maintenance costs arising from poor combustion
of inferior fuels such as VLSFO. While ULSD uses the same compression-ignition engine as
VLSFO, VLSFO can be directly replaced by ULSD. The density, sulfur content, and cetane
index of ULSD are 822.6 kg/m3, 1.7 mg/kg, and 54.3, respectively [36]. The application
of Strategy ULSD can reduce the initial investment costs of the heating boilers that are
required when VLSFO is used to reduce its viscosity without significant modifications to
the engine systems of the vessels. However, the higher cost of ULSD compared with VLSFO
is a key issue that needs to be evaluated when determining whether to replace VLSFO.

2.2. Scheme of Strategy PEMFC

Based on the characteristics of the six types of fuel cells, PEMFCs have the characteris-
tics of a low operating temperature and a quick start; therefore, they are suitable for use
as an alternative power source for vessels working offshore. Thus, this study proposes a
PEMFC as an alternative strategy. Unlike Strategy ULSD, this Strategy has such advantages
as the potential for greatly reducing air pollutant emissions, a low working noise level,
no diesel engine vibrations, a highly flexible power layout, a short refueling time, and no
oil spillages and leakages [32]. A PEMFC requires hydrogen as its fuel source, which is a
colorless, odorless, and highly active inflammable gas. Hydrogen is the lightest atom in
the periodic table of elements and has a very high calorific value (about 142 MJ/kg) [37].
Hydrogen can be converted from fossil fuels or renewable energy sources. Fossil fuel
conversion methods include natural gas restructuring, coal gasification, and oil conversion,
while renewable energy source conversion methods include biomass, electrolysis of water
using solar energy, microorganisms, biological water–gas conversion, and biophotolysis.
All the production technologies and processes for manufacturing hydrogen have different
costs. As the most common way to produce hydrogen at present is to convert it from fossil
fuels [38], hydrogen was produced from fossil fuels in this study. However, hydrogen
storage is also a key technology. The density of liquid hydrogen (LH2) is 845 times that of
gaseous hydrogen [39]. The energy density per unit volume of LH2 is much higher than
that of compressed hydrogen gas. In order to store hydrogen as efficiently as possible,
hydrogen should be converted into its liquid state, which requires expensive equipment,
such as equipment for hydrogen liquefaction, storage tanks, and special pipelines.

Currently, hydrogen refueling stations are not widely used at major ports around
the world. There are two ways to fill PEMFC vessels with LH2: (1) refueling from on-
site stationary tanks; and (2) refueling from tanker trucks [40]. This study conducted
cost calculations and benefit evaluations based on refueling vessels with LH2 from on-site
stationary tanks. In order to ensure safe navigation, the ranges of hazardous areas should be
determined; for example, high-pressure refueling stations (containing refueling joints, gas
phase pipelines, and control valves), hydrogen storage tanks (containing hydrogen cylinder
units and inert nitrogen systems), and fuel cell locations (containing fuel cell modules
and hydrogen pipelines) should be built in ventilated spaces [41] in order to prevent
the accumulation of escaped hydrogen gas. In addition, gas detection and automatic
disconnection systems should be equipped with a hydrogen-refueling facility. For the safe
use of hydrogen fuel cells on working vessels, regulations of the IMO and classification
societies should be followed, including the International Convention for the Safety of Life
at Sea (SOLAS) and the International Code of Safety for Ships using Gases or other Low-
flashpoint Fuels (IGF Code). The hydrogen-related regulations in Part 6 of the Hydrogen
Fuel Cell Vessel Manual, as issued by Det Norske Veritas (DNV), can be referred to [42] as
well, in order to improve the safety of vessels using gas fuels. It is noted that hydrogen fuel
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cells have high initial set-up costs, and while liquid hydrogen is more expensive than fuel
oil, it has lower maintenance costs.

3. Calculation Methods for the Emissions and Costs of the Implemented Strategy

The cost–benefit analysis (CBA) method is often used to estimate the economic per-
formance or contributions of policies. This study used CBA to evaluate the total annual
incremental cost, pollutant emission reduction, and cost–benefit ratio (CBR) of vessels
working in offshore wind power farms using alternative clean fuels over a period of five
years from 2022 to 2026. An offshore working vessel with a gross tonnage of 7636 [40]
owned by a marine construction company working in offshore wind farms on the west
coast of Taiwan was taken as the research subject. ULSD and a PEMFC were used as
alternative sources of fuel or power to replace the currently used VLSFO. Built in 2012, the
vessel is powered by two marine diesel engines (MEs), and the continuous service rating
(C.S.R) of the engine is 3500 kW at 750 rpm [43].

This study considered the pollutant emission reductions, incremental costs, and cost–
benefit ratio of the offshore working vessel under different strategies (i.e., Strategy ULSD
and Strategy PEMFC). The actual cruise hours of the working vessel were taken as an
evaluation basis. The voyage of the working vessel off the west coast of Taiwan can be
roughly divided into five stages: from the berth at the departure port to the breakwater,
from the breakwater to the wind farm, working at the wind farm, from the wind farm to the
breakwater at the destination port, and from the breakwater to the berth at the destination
port. In Stages 2 and 4, the vessel sailed at a constant speed under normal circumstances,
during which the speed of the main engine was not deliberately increased or decreased
except in emergencies. The offshore working vessel sailed for a total of 188 days in 2020,
for a total of 4512 h in the year, which was taken as the annual number of cruise hours for
the working vessel in the offshore wind power farm. The averaged fuel consumption rate
of the entire cruise course of the working vessel was taken as 195 g/kWh.

The cost items of the two implemented strategies consist of capital expenditures
(CAPEXs) and operating expenditures (OPEXs). CAPEXs refer to funds and fixed asset
investments, which are usually included in the annual expenditure as depreciation. OPEXs
refer to the ongoing and exhaustive expenditures for a running business. The total cost is
the sum of the CAPEXs and OPEXs. The CAPEX and OPEX items required for Strategy
ULSD and Strategy PEMFC are shown in Table 2.

Table 2. Cost items of the implemented strategies (ULSD and PEMFC).

Cost Item
Strategy

ULSD PEMFC

CAPEX

1. Boiler’s incremental cost. 1. Incremental cost of the fuel cell;
2. Incremental cost of the refueling equipment;
3. Incremental cost of the storage equipment for
liquid hydrogen;
4. Incremental cost of the boiler.

OPEX

1. Incremental cost of ULSD; 1. Incremental cost of liquid hydrogen fuel;
2. Incremental cost of
maintenance and repair. 2. Incremental cost of the crew’s payroll;

3. Incremental cost of maintenance and repair.

3.1. Calculation Method for the Total Incremental Cost of Strategy ULSD

The main engine of the offshore working vessel considered in this study costs 83 USD/kW
according to the quotation of 75–108 USD/kW offered by the supplier of the vessel’s en-
gines [44]. Therefore, the purchase cost of a 7000 kW engine was 580,000 USD. Compared
with VLSFO, which was originally used by the vessel, Strategy ULSD requires no significant
change in the existing vessel. The only significant change is the removal of the heating
equipment (boiler) used to reduce the viscosity of the VLFSO. According to the current
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market price, the CAPEX of the heating equipment (boiler) is about USD 3000–20,000 [45].
In this study, the price of minus 12,000 USD was adopted as the boiler’s incremental cost
for Strategy ULSD, where a negative value was taken because Strategy ULSD requires
no boiler as compared with the original VLFSO case. The average annual incremental
cost for 12 years was amortized by the sum-of-the-years-digits method. According to the
parameters of vessel age specified in the Tokyo MoU [46], regardless of the vessel type,
any vessel that was built for over 12 years will be given a weighted value of 1 point by
the Port State Control (PSC) in the harbor where the ship is operated under the evaluation
criteria for high-risk vessels. Therefore, we assumed that this is the age limit for the marine
heating equipment and the main engine, that is, any such equipment over 12 years of age
will be replaced. The annual total incremental cost (TIC) of Strategy ULSD was calculated
according to Equation (2):

TICULSD = CAPEXULSD + OPEXULSD (2)

where
TICULSD is the total incremental cost of Strategy ULSD;
CAPEXULSD is the capital expenditure of Strategy ULSD;
OPEXULSD is the operating expenditure of Strategy ULSD;
OPEXULSD was calculated according to Equation (3) and includes the fuel incremental

cost (FIC) and the incremental cost of maintenance and repair (M&RIC).

OPEXULSD= FICULSD + M&RICULSD (3)

where
FICULSD is the fuel incremental cost arising from replacing VLSFO with ULSD;
M&RICULSD is the incremental cost of maintenance and repair arising from replacing

VLSFO with ULSD.
The fuel prices of ULSD and VLSFO fluctuate with international crude oil prices.

Therefore, this study referred to the forecast of the crude oil price from 2022 to 2026 on
Knoema [47] and the ULSD price released by the CPC Corporation [48]. In addition,
according to the data from Ship and Bunker [49], the VLSFO and ULSD prices have 3%
and 33% premiums over the Brent crude oil price, respectively. On this basis, the fuel
prices for five years from 2022 to 2026 were estimated and are shown in Figure 1. The
calculation method for the annual cost difference between ULSD and VLFSO is described in
Equations (4) and (5). The annual vessel fuel cost is determined by the main engine power
output (MEP), fuel consumption rate (FCR), fuel price (FP), and cruise hours per year (TC).
The fuel consumption rate (FCR) can be found in the drawing of the initial calculation of
marine machinery [50].

FICULSD = fuel cost of ULSD − fuel cost of VLSFO (4)

FICULSD = [FPULSD × FCRULSD − FPVLSFO × FCRVLSFO] ×MEP × TC × 10−6 (5)

where
FICULSD is the fuel incremental cost arising from replacing VLSFO with ULSD;
FCR is the fuel consumption rate of the main engine in g/kWh;
MEP is the output power of the vessel’s main engine (7000 kW);
FPULSD is the ULSD fuel price per tonne in USD/tonne;
FPVLSFO is the VLSFO fuel price per tonne in USD/tonne;
TC is the number of cruise hours per year in hrs/year.
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plotted by the authors based on the data presented in [47–49].

The original engine maintenance cost of VLSFO (i.e., M&RVLSFO) was calculated based
on the maintenance cost of 326 USD/kW, as estimated by New Horizon [10], which can be
converted to the maintenance and repair cost of 2282.23 kUSD for VLSFO. Using VLSFO
in main marine engines may have negative effects on piston rings, cylinder liners, or fuel
pumps [14]. It was estimated that high-quality ULSD could reduce the maintenance cost by
about 20%, and the calculation method for the maintenance cost is shown in Equation (6).
M&RICULSD, which refers to the incremental cost of maintenance and repair of ULSD, is
shown in Equation (7).

M&RULSD = 80% ×M&RVLSFO (6)

where
M&RULSD is the maintenance and repair cost of Strategy ULSD;
M&RVLSFO is the original maintenance and repair cost of VLSFO.

M&RICULSD = M&RULSD −M&RVLSFO (7)

where M&RICULSD is the incremental cost of maintenance and repair arising from replacing
VLSFO with ULSD.

Based on H.Y.’s 3 years of work experience as a chief mate on an offshore working
vessel, the crew payroll varies with such conditions as class, seniority, route, and ship type.
Since the working vessel used the two alternatives of ULSD and a PEMFC to sail the same
route, it was assumed that the crew of the vessel running with different alternative fuels
had the same work experience at sea. There was no difference for the vessel using ULSD
and VLSFO in the aspects of safety training for the crew and technical certificates. Since
ULSD has more stable fuel properties and lower sulfur content than VLSFO, the crew can
reduce the number of regular and irregular maintenance routines [15]. The monthly crew
payroll from the ship owner includes the rights granted to the crew in accordance with
the Maritime Labor Convention (MLC) of flag states and other measures, such as medical
care, employment insurance, personal protective equipment (PPE), recreational facilities,
overtime payment, and leave pay. These payments are collectively called fringe benefits
and are used to maintain physical and mental health [51]. The monthly fringe benefits
were conservatively estimated at about 10% of the monthly payroll costs. In addition, at
the end of a one-year service contract, ship owners should grant each crew member an
annual leave period of thirty days [52] or the monetary equivalent of a month’s pay in
accordance with the seafarers’ employment agreements (SEAs) in addition to the fixed
monthly expenses [53]. This study assumed that the premium rate of the monthly crew
payroll cost for a working vessel using ULSD fuel would be reduced by 13% as compared
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with the original case using VLSFO. Moreover, after the fringe benefits and monthly payroll
were considered, the monthly payroll cost (PayrollVLSFO) of the original vessel using VLSFO
was calculated to be 97,900 USD. The personnel incremental cost (PC) for the annual crew
payroll of the working vessel switching from VLSFO to ULSD is expressed as PCULSD as
shown in Equation (8).

PCULSD = −1.846 × PayrollVLSFO (8)

where
PCULSD is the annual payroll incremental cost of Strategy ULSD;

−1.846 = [(97,900 × 87% × 110% × 12 + 97,900 × 87%) − (97,900 × 110% × 12 + 97,900)]/97,900;

PayrollVLSFO is the monthly payroll cost of the original vessel using VLSFO.

3.2. Calculation Method for the Total Incremental Cost of Strategy PEMFC

The calculation equation for the total incremental cost of Strategy PEMFC is shown
in Equation (9). While Strategy PEMFC can eliminate the cost of the boiler used to heat
VLFSO to reduce its viscosity, fuel-cell power units have the incremental costs of the fuel
cell (denoted FCC), the hydrogen-refueling equipment (denoted Refuel), and the liquid
hydrogen storage equipment (denoted Storage), as shown in Equation (10):

TICPEMFC = CAPEXPEMFC + OPEXPEMFC (9)

CAPEXPEMFC = FCC + Refuel + Storage − BoilerC (10)

where
FCC is the fuel cell incremental cost;
Refuel is the incremental cost of the refueling equipment;
Storage is the incremental cost of the storage equipment for liquid hydrogen;
BoilerC is the incremental cost of the boiler.
As a fuel cell stack composed of fuel cells is the core power source of the offshore

working vessel using Strategy PEMFC, the auxiliary equipment and the balance of the
plant (BoP) should be configured to keep the fuel cell stack stable and safe. The auxiliary
equipment usually includes the additional components of fuel cells, such as the fuel supply
system, the cooling system, and the system control unit [54]. The power of the main engine
of the working vessel using Strategy PEMFC is 7000 kW. In order to meet the requirements
for output power, a total of 234 units of 30 kW hydrogen fuel cells were needed, with HD-30
representing a fuel cell unit. Since the price of each HD-30 unit was 30,000 USD [10], the
cost of the fuel cell stack was calculated to be 7,020,000 USD. The average annual fuel cell
cost was thus estimated by the sum-of-the-years-digits method. This study assumed that
the service life of an entire fuel cell is 10 years based on the service life of the fuel cells used
by Klebanoff [22].

The incremental cost of refueling equipment for liquid hydrogen (denoted Refuel) was
calculated and is shown in Table 3, excluding onshore facility expansion and infrastructure
costs [40]. According to the table, the cost of the manifold and loading arm is 770,000 USD,
the one-time permit and license fee is 200,000 USD, and the cost of the on-site storage
tank is 625,000 USD. Hence, the incremental cost of all the refueling equipment for liquid
hydrogen is 1,595,000 USD. If the service life of the refueling equipment is estimated to be
10 years, according to the amortization calculated by the sum-of-the-years-digits method,
then the annual incremental cost of the refueling equipment for liquid hydrogen can be
obtained. In addition, the cost of the LH2 refueling equipment is 4.7 times that of the ULSD
refueling equipment (338,000 USD), as shown in Table 4.
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Table 3. The estimated capital cost of a LH2 bunkering facility. Unit: USD.

Pipe and Manifold Permit and License Fee On-Site Storage Tank

770,000 200,000 625,000
Source: compiled by the authors based on the data presented in [40].

Table 4. Comparison of the capital cost of a bunkering facility for LH2 and ULSD. Unit: USD.

LH2 ULSD

Total 1,595,000 338,000
Source: compiled by the authors based on the data presented in [40].

In order to calculate the cost of the storage tank for liquid hydrogen, 45,422.22 kg of
liquid hydrogen is required for a total output power of 7000 kW [10]. The IMO’s type-C
storage tank for liquid hydrogen is priced at 167 USD per kilogram [16]. In this study, the
service life of the storage tank for liquid hydrogen used was conservatively assumed to
be ten years. The annual incremental cost of the LH2 storage tank was calculated by the
sum-of-the-years-digits method. In addition, based on the current market price, a boiler for
heating VLSFO can cost between 3000 USD and 20,000 USD [45], with a mid-range price of
about 12,000 USD. As the service life of the boiler was assumed to be 12 years, the annual
amortized cost could be calculated by the sum-of-the-years-digits method.

OPEXPEMFC = FICPEMFC + PCPEMFC + M&RICPEMFC (11)

Based on Equation (11), OPEXPEMFC (i.e., the operating expenditure of Strategy
PEMFC) is the sum of the fuel incremental cost of LH2 (denoted FICPEMFC), the pay-
roll incremental cost of the crew operating the PEMFC equipment (i.e., PCPEMFC), and the
incremental cost of the PEMFC equipment for maintenance and repair (i.e., M&RICPEMFC).
There is no official or global market for LH2 supply [24]. By a conservative assumption, the
price of non-renewable liquid hydrogen made from fossil fuel was taken to be 2 USD/kg,
which is the lowest price of liquid hydrogen from a renewable source [20]. Compared
with the Brent crude oil price, the premium per tonne of LH2 is approximately 260%. The
5-year trend of LH2 and VLSFO costs is shown in Figure 2. The fuel incremental cost for a
working vessel using a PEMFC in an offshore wind farm off the west coast of Taiwan can
be calculated by Equation (12) or Equation (13).

FICPEMFC = fuel cost of PEMFC − fuel cost of VLSFO (12)

FICPEMFC = [(FPPEMFC × FCRPEMFC) − (FPVLSFO × FCRVLSFO)] ×MEP × TC × 10−6 (13)

where
FICPEMFC is the fuel incremental cost of Strategy PEMFC compared with the original

vessel using VLSFO;
FCRPEMFC is the fuel consumption rate of the main engine using Strategy PEMFC

in g/kWh;
FCRVLSFO is the fuel consumption rate of the main engine of the original vessel using

VLSFO in g/kWh;
MEP is the output power of the vessel’s main engine in kW;
FPPEMFC is the PEMFC price per tonne in USD/tonne;
FPVLSFO is the VLSFO price per tonne in USD/tonne;
TC is the number of cruise hours per year in hrs/year.
The maintenance and repair cost of Strategy PEMFC (denoted M&RPEMFC) should be

calculated according to the estimates of Klebanoff [22]. The incremental cost of maintenance
and repair of a non-diesel engine (non-diesel engine M&R) indicates the repair costs
irrelevant to a diesel engine, such as the fuel cell overhaul cost of 92 USD/kW [10]. During
the service life of a working vessel using Strategy PEMFC, the fuel cell should be replaced
every 10 years, and the annual incremental cost for fuel cell replacement was amortized
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during the 10-year period by the sum-of-the-years-digits method. The annual maintenance
cost of the auxiliary equipment (MCAE) was estimated to be 2% of the fuel cell cost [23].
The maintenance and repair cost of Strategy PEMFC is shown in Equation (14), and the
incremental cost of maintenance and repair (i.e., M&RICPEMFC) is shown in Equation (15).
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M&RPEMFC = non-diesel engine M&R + fuel cell replacement + MCAE (14)

M&RICPEMFC= M&RPEMFC −M&RVLSFO (15)

where
M&RICPEMFC is the incremental cost of maintenance and repair of Strategy PEMFC;
M&RPEMFC is the maintenance and repair cost of Strategy PEMFC;
non-diesel engine M&R is the incremental cost of maintenance and repair of a non-

diesel engine, including the fuel cell overhaul cost;
fuel cell replacement is the annual amortized incremental cost of USD 7,020,000 for

fuel cell replacement during the 10-year period;
MCAE is the incremental cost of maintenance of the auxiliary equipment [23].
As the vessel is refueled with LH2, the crew is required to have a large amount of

professional knowledge and awareness of safety and environmental protection in terms
of refueling, storage, and vessel operation. Shipping companies should invest internally
to increase safety training costs for seamen and require seamen to regularly participate in
external training in accordance with international conventions. In order to maintain the
crew’s proficiency and reduce risks caused by human factors, both basic safety training
regulated by the STCW and professional training for special vessels are required. Therefore,
the crew members of the working vessel using Strategy PEMFC must have strong learning
abilities, as the payroll costs are higher than those using other strategies. In this study, a
monthly premium rate of 22% [24], which corresponds to 25 crew members of a working
vessel using LNG, was adopted as a conservative estimate to obtain Equation (16). The
personnel incremental cost (denoted PC) under Strategy PEMFC is calculated below.

PCPEMFC = 3.124 × PayrollVLSFO (16)

where
PCPEMFC is the annual personnel incremental cost under Strategy PEMFC;

3.124 = [(97,900 × 122% × 110% ×12 + 97,900 × 122%) − (97,900 × 110% ×12 + 97,900)]/97,900

PayrollVLSFO is the monthly payroll of each crew member on the original vessel using
VLSFO in USD.
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3.3. Calculation Method for the Pollutant Emissions

This section explains the calculation methods for pollutant emissions from the working
vessel in the offshore wind farm using Strategies ULSD and PEMFC, which are powered
by ULSD and a PEMFC, respectively, instead of VLSFO. It was considered that various
pollutants have the same effects on human health and the marine ecological environment,
so the total emission of or total reduction in various pollutants from using the different
strategies will be the sum of the emissions of or reductions in all pollutants, including SOx,
NOx, HC, and PM. Emissions of black carbon, CO, and VOCs are not restricted by Annex
VI of the International Convention for the Prevention of Pollution from Ships (MARPOL).
In addition, marine diesel engines emit rather low amounts of CO and VOCs due to their
being operated mostly with fuel-lean combustion. Thus, CO and VOCs were not considered
in the emission calculation in this study. The total annual emissions from various fuels
were calculated as follows:

EmissionVLSFO = Σ(MEP×EFVLSFO×TC× 10−6
)

(17)

EmissionULSD = Σ(MEP×EFULSD×TC× 10−6
)

(18)

EmissionPEMFC = Σ(MEP×EFPEMFC×TC× 10−6
)

(19)

where
EmissionVLSFO is the total annual emission of the original vessel using VLSFO

in tonnes/year;
EmissionULSD is the total annual emission under Strategy ULSD in tonnes/year;
EmissionPEMFC is the total annual emission under Strategy PEMFC in tonnes/year;
MEP is the output power of the main engine of the vessel in kW;
EFVLSFO is the emission factor of a specific pollutant from the main engine using

VLSFO in g/kWh;
EFULSD is the emission factor of a specific pollutant from the main engine using

Strategy ULSD in g/kWh;
EFPEMFC is the emission factor of a specific pollutant from the main engine using

Strategy PEMFC in g/kWh;
TC is the number of cruise hours per year in h/year.
In order to calculate the pollutant emission reductions under Strategies ULSD and

PEMFC over five years, the total pollutant emissions under Strategies ULSD and PEMFC
over five years were deducted from the total pollutant emissions of the vessel using VLSFO
over five years. The total pollutant emissions of the vessel using VLSFO over five years,
the total pollutant emissions under Strategy ULSD over five years, and the total pollutant
emissions under Strategy PEMFC over five years were obtained by Equations (17)–(19).
Emission factors represent different pollutant emissions from different fuels used by the
main engine. Table 5 shows a comparison of emission factors of different pollutants
produced by various fuels.

Table 5. Emission factors of different strategies. Unit: g/kWh.

Fuel Type SOx NOx CO2 HC PM

VLSFO (S < 0.5 wt. %) 0.51 13.54 533 0.5 0.2
ULSD (S ≤ 10 ppm) 0.1 11.91 611.14 0.62 0.07

PEMFC 0 0.34 98 0.02 0.03
Source: compiled by the authors based on the data presented in [22,55–57].

As the equipment for the after-treatment of exhaust gas from the main engine deteri-
orates over the service period, the emission factors of various pollutants increase gradu-
ally [58]. Hence, the pollutant emissions from the engine increase year by year accordingly.
In estimating the pollutant emissions over the five years, it was necessary to consider the
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annual deterioration rate of the emission factors. As shown in Table 6, SOx, NOx, HC, and
PM emissions have their own deterioration factors (DFs). The annual emissions of various
pollutants over five years were calculated by Equation (20).

Emission X (Y) = DFY × EF×MEP×TC× 10−6 (20)

where
Emission X (Y) is the emission of pollutant X in the year Y in tonnes/year. X can be

SOx, NOx, HC, or PM, and Y can be year 1, 2, . . . 5;
DFY is the deterioration factor of the equipment for the after-treatment of exhaust gas

in year Y;
MEP is the output power of the main engine of the vessel in kW;
EF is the emission factor of a specific pollutant from the main engine in g/kWh;
TC is the number of cruise hours per year in hrs/year.

Table 6. Deterioration factors of various emissions from the marine diesel engine. Unit: %/year.

SOx NOx HC PM CO2

1.02 1.02 1.04 1.06 1.02
Source: Compiled by the authors based on the data presented in [59].

3.4. Calculation Method for the Cost–Benefit Ratio

The cost–benefit ratio (CBR) is usually used to reveal the relative relationship between
costs and benefits and is applied to select the optimal solution among various measures
or strategies. Aimed at obtaining the maximum benefit at the minimum cost, it is an
analytical method for evaluating project values. Generally, a high CBR indicates a profitable
investment, and decision makers can determine the priority of various projects based on the
ratio. The cost–benefit ratio (CBR) was calculated by Equation (21) in this study. According
to the equation, the reductions in the emission of different pollutants are the benefits of
replacing the original VLSFO fuel with different alternative sources of fuel or power, such
as ULSD or a PEMFC, in this study, and the incremental costs required under the alternative
fuel strategies were used to calculate the CBRs. The total incremental cost in the equation
is in the unit of 10 kUSD, representing an incremental cost of 10,000 USD. The pollutant
emission reductions and incremental costs under Strategies ULSD and PEMFC were used
in the equation, respectively, in order to calculate the CBRs under the different strategies.

CBR = total emission reduction (tonnes)/total incremental cost required (10 kUSD) (21)

4. Results and Discussion
4.1. Comparison of Incremental Costs between Strategies

If VLSFO, the original marine fuel oil, continues to be used, the total fuel oil cost will
be 24,426.28 kUSD over the five years from 2022 to 2026, as shown in Table 7, including
the boiler cost, refueling equipment cost, VLSFO cost (denoted FPVLSFO), maintenance
and repair cost, personnel cost (i.e., PCVLFSO), and main engine cost. Table 8 shows the
incremental costs of Strategy ULSD from 2022 to 2026. The last column in Table 8 shows
the annual total incremental cost (TIC) of each item and the total incremental cost of all
items over the five years, which is 1834.71 kUSD when summing the data according to
Equation (2). The second column shows the boiler incremental cost (BoilerC), and the
annual costs were amortized by the sum-of-the-years-digits method. As this cost can be
eliminated under Strategy ULSD, the boiler incremental cost has a negative value. The
third column shows the annual fuel incremental cost (FIC) of Strategy ULSD, which can
be calculated by Equation (4) or Equation (5). As the annual fuel price forecast in Figure 2
shows that ULSD is more expensive than VLSFO, the annual incremental cost in this
column has a positive value. The fourth column shows the incremental cost of maintenance
and repairs, which can be calculated by Equation (7). As the maintenance cost of VLSFO is
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higher than that of ULSD due to its poor fuel properties, the annual ULSD incremental cost
has a negative value. The fifth column shows the personnel incremental cost (PC), which
has a negative value according to Equation (8). The comparison between the total cost of
using VLSFO in Table 7 and the total incremental cost of Strategy ULSD in Table 8 shows
that the total incremental cost of ULSD over the five years increases by 7.5%.

Table 7. The total cost of using VLSFO as the fuel oil of the offshore vessel. Unit: kUSD/year.

Year Boiler Cost Refueling Equipment Cost FPVLFSO M&RICVLFSO PCVLFSO Engine Cost Total Cost

1st 1.85 61.45 3296.44 228.23 1390.18 89.23 5067.38
2nd 1.69 55.31 3172.15 228.23 1390.18 81.79 4929.36
3rd 1.54 49.16 3104.74 228.23 1390.18 74.36 4848.21
4th 1.38 43.02 3073.08 228.23 1390.18 66.92 4802.81
5th 1.23 36.87 3062.53 228.23 1390.18 59.49 4778.53

Total - - - - - - 24,426.28

Table 8. Incremental costs of Strategy ULSD. Unit: kUSD/year.

Year
CAPEX OPEX

TICULSD
BoilerC FICULSD M&RICULSD PCULSD

1st −1.85 1055.15 −456.45 −180.72 416.13
2nd −1.69 1015.37 −456.45 −180.72 376.51
3rd −1.54 993.79 −456.45 −180.72 355.08
4th −1.38 983.66 −456.45 −180.72 345.11
5th −1.23 980.28 −456.45 −180.72 341.88

Total - - - - 1834.71

Table 9 shows the incremental costs of Strategy PEMFC from 2022 to 2026, which
consist of the CAPEX and the OPEX. The last column of the Table 9 shows the annual total
incremental cost (TICPEMFC) of each item, and the total incremental cost of all items over
the five years, which is 12,517.34 kUSD when summing the data according to Equation (9).
The second column shows the incremental cost of the fuel cell (FCC), and the annual costs
were amortized by the sum-of-the-years-digits method and have positive values. The third
column shows the incremental cost of the refueling equipment (Refuel), and the annual
costs were amortized by the sum-of-the-years-digits method and have positive values. The
fourth column shows the annual incremental cost of the liquid hydrogen storage equipment,
which has a positive value. The fifth column shows the boiler’s incremental cost (BoilerC),
which can be eliminated under Strategy PEMFC, and the annual costs were amortized by
the sum-of-the-years-digits method and have negative values. The sixth column shows the
annual fuel incremental cost of liquid hydrogen (FICPEMFC), which can be calculated by
Equation (12) or Equation (13) and has a positive value. The seventh column shows the
incremental cost of maintenance and repair (M&RICPEMFC), which can be calculated by
Equation (15) and has a positive value. The eighth column shows the personnel incremental
cost (PCPEMFC), which can be calculated by Equation (16). The comparison between the
total incremental cost of Strategy PEMFC in Table 9 and the total cost of using VLSFO in
Table 7 shows that the total incremental cost over the five years increases by 51.2% after
Strategy PEMFC is adopted.
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Table 9. Incremental costs of Strategy PEMFC five years into the future. Unit: kUSD/year.

Year
CAPEX OPEX

TICPEMFC
FCC Refuel Storage BoilerC FICPEMFC M&RICPEMFC PCPEMFC

1st 1203.86 228.55 1384.53 −1.85 421.91 −451.66 305.84 3091.18
2nd 1081.06 205.69 1246.07 −1.69 406.00 −451.66 305.84 2791.31
3rd 958.26 182.84 1107.62 −1.54 397.37 −451.66 305.84 2498.73
4th 835.45 159.98 969.17 −1.38 393.32 −451.66 305.84 2210.72
5th 712.65 137.13 830.72 −1.23 391.97 −451.66 305.84 1925.41

Total - - - - - - - 12,517.34

4.2. Comparison of Pollutant Emission Reductions between Strategies

The pollutant emission reductions by different strategies are an important basis for
the strategy evaluation method. Table 10 shows the pollutant emission reductions due to
Strategy ULSD in the first year. The total emission reduction of all items is 65.93 tonnes.
Table 10 also shows that the SOx, NOx, HC, and PM emissions are 13.24 tonnes, 52.56 tonnes,
−3.95 tonnes, and 4.07 tonnes, respectively, after VLSFO is replaced with ULSD. EFVLSFO
and EFULSD represent the emission factors of the various pollutants produced by VLSFO
and ULSD, respectively, and a high EF indicates a high level of pollutant emissions from the
engine at unit power in unit time. The SOx, NOx, HC, and PM emission reduction rates are
80%, 12%, −24%, and 60.5%, respectively. It is worth noting that the HC emission reduction
under Strategy ULSD is −3.95 tonnes. This is due to the higher elemental hydrogen and
carbon contents in ULSD compared with VLSFO, which lead to the emission of a larger
amount of HC through the fuel combustion process. However, the HC emissions are
actually low because most diesel engines are operated under fuel-lean burning conditions.

Table 10. Pollutant emission reductions of Strategy ULSD in the first year.

Pollutant EFVLSFO
(g/kWh)

EFULSD
(g/kWh)

EmissionVLSFO
(Tonnes)

EmissionULSD
(Tonnes)

Emission
Reduction
(Tonnes)

Total Pollutant Emission
Reduction
(Tonnes)

SOx 0.51 0.1 16.47 3.23 13.24 65.93
NOx 13.54 11.91 436.62 384.06 52.56 -
HC 0.5 0.62 16.48 20.44 −3.95 -
PM 0.2 0.07 6.74 2.66 4.07 -

Table 11 shows the pollutant emission reductions in the first year after the vessel was
powered by a PEMFC instead of VLSFO. The SOx, NOx, HC, and PM emissions were
16.47 tonnes, 425.53 tonnes, 15.60 tonnes, and 5.45 tonnes, respectively, with the emission
reduction rates of 100%, 97.4%, 94.6%, and 80.9%, respectively. The comparison between
Tables 10 and 11 shows that, after VLSFO was replaced with ULSD or a PEMFC in the
first year, compared with Strategy ULSD, the total amount of pollutants emitted was
reduced by 397.14 tonnes under Strategy PEMFC. The pollutants emitted from the working
vessel powered by a PEMFC were mainly produced through the process of converting
non-renewable hydrocarbons to LH2 [38].

Table 12 shows the total annual emission reductions for those four pollutants (i.e., SOx,
NOx, HC, and PM) under Strategies ULSD and PEMFC, including the data over the five-
year period from 2022 to 2026, which increase year by year. Compared with Strategy ULSD,
the total emission reduction under Strategy PEMFC increases by 397.14 tonnes, 406 tonnes,
415.01 tonnes, 424.36 tonnes, and 433.87 tonnes, respectively, from the first year to the fifth
year, indicating the significant advantage of Strategy PEMFC in environmental protection.
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Table 11. Pollutant emission reductions of Strategy PEMFC in the first year.

Pollutant EFVLSFO
(g/kWh)

EFPEMFC
(g/kWh)

EmissionVLSFO
(Tonnes)

EmissionPEMFC
(Tonnes)

Emission
Reduction
(Tonnes)

Total
Pollutant Emission

Reduction
(Tonnes)

SOx 0.51 0.0 16.47 0 16.47 463.07
NOx 13.54 0.34 436.62 11.09 425.53 -
HC 0.5 0.02 16.48 0.88 15.60 -
PM 0.2 0.03 6.74 1.28 5.45 -

Table 12. Total pollutant emission reductions over five years after the strategies were implemented.
Unit: tonnes.

Strategy
Year of Implementation

1st 2nd 3rd 4th 5th

ULSD 65.93 67.43 68.987 70.57 72.21
PEMFC 463.07 473.44 484.06 494.94 506.08

The annual emissions of SOx, NOx, HC, and PM under the different strategies were
calculated by Equation (20), and the total pollutant emissions in tonnes over the five-year
period are shown in the third column of Table 13, which were obtained by summing the
annual emissions. The fourth column of the Table 13 shows the difference between the
total pollutant emissions under Strategies ULSD and PEMFC over the five years. The last
column shows the pollutant emission reduction rates (%) under the different strategies.
According to Table 13, Strategy ULSD reduced the SOx, NOx, and PM emissions by 80.3%,
12%, and 60.5% over the five years, respectively, as compared with VLSFO. In contrast,
Strategy PEMFC reduced the SOx, NOx, HC, and PM emissions by 100%, 97.4%, 91.8%, and
81%, respectively, as compared with VLSFO. Therefore, Strategy PEMFC is more effective
in reducing SOx, NOx, HC, and PM emissions than Strategy ULSD.

Table 13. Total pollutant emission reductions (in tonnes) and total pollutant emission reduction rates
(in %) with the adoption of the ULSD and PEMFC strategies over a five-year period.

Pollutant Power Source Total Emission over
Five Years

Total Pollutant Emission
Reduction over Five Years

Total Pollutant Emission
Reduction Rate over Five

Years (%)

SOx

VLSFO 86.27 - -
ULSD 16.91 69.35 80.3

PEMFC 0.00 86.27 100

NOx

VLSFO 2276.77 - -
ULSD 2002.69 274.08 12

PEMFC 57.84 2218.93 97.4

HC
VLSFO 90.01 - -
ULSD 111.61 −21.60 −24

PEMFC 7.32 82.69 91.8

PM
VLSFO 38.529 - -
ULSD 15.219 23.310 60.5

PEMFC 7.320 31.208 81

Since CO2 plays a crucial role in the greenhouse effect, its emission from fossil-fuel
burning is significantly higher than other greenhouse gases [60]. Hence, we present CO2
emissions separately in this section. Table 14 shows the reduction in CO2 emissions under
Strategies ULSD and PEMFC, as compared with the original vessel using VLSFO, and
presents the data for the five years from 2022 to 2026. According to the table, after Strategies
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ULSD and PEMFC are adopted for five years, compared with the total CO2 emissions from
VLSFO combustion, the CO2 emission reduction rates are −14.6% and 81.6%, respectively;
thus, strategy PEMFC has a competitive advantage in reducing CO2 emissions. It is worth
noting that the CO2 emission reduction rate under Strategy ULSD has a negative value,
and the cause of this phenomenon is that the carbon will combine with oxygen in the air to
form CO2 after the complete combustion of the fossil fuel. ULSD, with its higher carbon
content, emits a greater amount of CO2 after complete combustion, resulting in the poorer
decarburization effect compared with a PEMFC and VLSFO.

Table 14. Annual CO2 emission reductions by the ULSD and PEMFC strategies. Unit: tonnes.

Strategy
Year the Strategy Was Implemented

1st 2nd 3rd 4th 5th

ULSD −2468 −2530 −2593 −2658 −2724
PEMFC 13,739 14,083 14,435 14,795 15,165

4.3. Comparison of Cost–Benefit Ratios between Strategies

As mentioned above, a high cost–benefit ratio (CBR) indicates higher effectiveness
and thus a higher implementation priority. By observing the trend of the curve in Figure 3,
the evaluation results using cost–benefit analysis for Strategies ULSD and PEMFC can be
clearly compared. Figure 3 clearly shows that, while the CBRs of both strategies increase
year by year, the slope of the curve for Strategy PEMFC is more significant. The CBR
of Strategy ULSD is higher than that of Strategy PEMFC from the first year to the third
year. However, this CBR difference gradually narrows after the second year, which can be
ascribed to the fact that the equipment cost under Strategy PEMFC decreases year by year
after amortization. It is worth noting that, by the third year, the CBR of Strategy PEMFC
equals that of Strategy ULSD, after which the trend of the curve reverses. The cost–benefit
ratios of Strategies PEMFC and ULSD gradually increase again, and the CBR of Strategy
PEMFC becomes significantly higher than that of Strategy ULSD in the fourth year. By the
fifth year, namely, the final year, the difference between the cost–benefit ratios of the two
strategies is 0.52. Therefore, both strategies are promising alternatives to VLSFO. However,
Strategy PEMFC is more suitable as a medium- and long-term investment (i.e., more than
three years), while Strategy ULSD is more suitable as a short-term investment (i.e., less
than three years).
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5. Conclusions

This study investigated the energy transition of vessels working in Taiwan’s offshore
wind power farms under increasingly severe marine environmental regulations. We ana-
lyzed the pollutant emission reductions, incremental costs, and cost–benefit ratios (CBRs)
of two alternative strategies (Strategies ULSD and PEMFC). Our major results can be
summarized as follows.

(1) The total incremental costs under Strategies ULSD and PEMFC increase by 7.5% and
51.2% over five years, respectively, as compared with the total cost of using VLSFO.

(2) Strategy ULSD reduced the SOx, NOx, and PM emissions by 80.3%, 12%, and 60.5%,
respectively, over the five-year period, but the amount of HC emitted was 24% higher
compared with VLSFO.

(3) Strategy PEMFC will bring more environmental benefits and reduced the SOx, NOx,
HC, PM, and CO2 emissions by 100%, 97.4%, 91.8%, 81%, and 81.6%, respectively,
which are much higher values than those of Strategy ULSD.

(4) Five years after the adoption of Strategies ULSD and PEMFC, compared with the total
CO2 emissions from VLSFO combustion, the emission reduction rates of Strategies
ULSD and PEMFC were −14.6% and 81.6%, respectively, with a difference of 96.2%.

(5) The cost–benefit analysis shows that both Strategy PEMFC and Strategy ULSD have
promising advantages over VLSFO.

(6) The cost–benefit ratios of Strategy ULSD are likely to increase slowly over the first five
years. Therefore, as its long-term cost–benefit ratios are lower than those of Strategy
PEMFC, we recommend that it be used as a short-term improvement strategy (i.e.,
for a period of less than three years). If the IMO’s carbon reduction regulations are
implemented in the future, Strategy ULSD will become completely uncompetitive
due to its higher carbon content.

(7) PEMFCs are renewable power sources that can help ship owners have positive social
perceptions. The cost–benefit ratios of Strategy PEMFC increased significantly over
the five years. The initial capital expenditures of Strategy PEMFC are higher than
those of Strategy ULSD. Therefore, we recommend that it be used as a medium- and
long-term improvement plan (i.e., for a period of more than three years).

(8) A cost–benefit analysis for vessels working in offshore wind farms that are powered
by other low or zero-carbon sources of alternative energy, such as solar photovoltaic
energy, electric power, wind energy, and ammonia or methanol fuel, should be per-
formed in future research work.
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Abbreviations
AFC Alkaline Fuel Cell
BoilerC Boiler’s incremental cost
CAPEX Capital expenditure
CBA Cost–benefit analysis
CBR Cost–benefit ratio
CO2 Carbon dioxide
C.S.R Continuous service rating
CTV Crew transportation vessel
DF Deterioration factor
DNV Det Norske Veritas
EF Emission factor
FC Fuel cell
FCC Fuel cell incremental cost
FCR Fuel consumption rate
Fuel cell replacement Annual shared incremental cost of replacing fuel cells
FIC Fuel incremental cost
FP Fuel price
GHG Greenhouse Gas
HFO Heavy fuel oil
IMO International Maritime Organization
LCPA Life Cycle Performance Assessment
LH2 Liquid hydrogen
LNG Liquefied Natural Gas Carrier
MCAE Maintenance cost of auxiliary equipment for the fuel cell
MCFC Molten carbonate fuel cell
MDO Marine diesel oil
ME Marine diesel engine
MGO Marine gas oil
M&R Maintenance and repair cost
M&RIC Maintenance and repair incremental cost
MLC Maritime Labor Convention
MoU Memorandum of Understanding
NASA National Aeronautics and Space Administration
non-diesel engine M&R Maintenance incremental costs not related to diesel engines
NOx Oxides of nitrogen
OPEX Operating expenditure
MEP Main engine power output
PAFC Phosphoric acid fuel cell
PC Personnel incremental cost
PEM Proton exchange membrane
PM Particulate matter
PPE Personal protective equipment
PSC Port State Control
Refuel Incremental cost of refueling equipment
ROV Remotely operated vehicle
SEA Seafarers Employment Agreement
SOFC Solid oxide fuel cell
SOx Sulfur oxides
STCW International Convention on Standards of Training, Certification

and Watchkeeping for Seafarers
Storage Incremental cost of liquid hydrogen storage equipment
TC Cruise hours per year
TIC Total incremental cost
ULSD Ultra-low-sulfur diesel
VLSFO Very-low-sulfur fuel oil (0.50 wt. % sulfur or less by mass)
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