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Abstract: As an escalating global concern for environmentally sustainable marine fuels, liquefied
petroleum gas (LPG) is attracting attention as an eco-friendly and economical alternative. This study
explored LPG utilization in small marine vessels, focusing on its eco-friendliness and economic
feasibility. To assess its environmental implications, the AVL FIRE simulation program was used
to compare CO2, CO, NO, and soot emissions from LPG engines with those from conventional
gasoline and diesel engines. The LPG engine model relied on data from a pioneering type-approved
experimental LPG engine designed for small South Korean marine vessels, while parameters for
gasoline and diesel engines were adjusted to suit their distinctive features. Regarding long-term
economic feasibility, assuming a 30-year ship lifespan, incorporating 2022 annual average prices,
average annual price growth rates, and annual fuel consumption data of each fuel, results indicate
that LPG engines exhibited lower CO2, CO, NO, and soot emissions than conventional engines,
except that NO emissions were higher than gasoline engines. Evaluating LPG’s economic feasibility
over a 30-year ship life cycle for an individual vessel revealed varying fuel cost savings, with the
greatest savings observed in gasoline–other (KRW 2220.7 million) and the least in gasoline–coastal
(KRW 1152.5 million). These findings offer vital insights for ship operators and policymakers seeking
a balance between eco-friendliness and cost-effectiveness, as well as LPG engine technology emerging
as pivotal for a sustainable future, harmonizing environmental protection and economic viability.

Keywords: liquefied petroleum gas; eco-friendliness; economic feasibility; emission; fuel cost

1. Introduction

With growing concerns over environmental issues and energy efficiency, there is a
heightened interest in environmentally friendly fuels. Currently, liquefied petroleum gas
(LPG) is employed globally for various applications such as transportation and heating [1–5].
As LPG is an eco-friendly and cost-effective fuel, its application in various fields has been
explored, notably in automotive engines [6–10]. Despite these advantages, a significant gap
persists in comprehensive research on the feasibility and potential of marine LPG engines,
particularly in assessing their eco-friendliness and economic feasibility. This study aims
to address this gap by focusing on the eco-friendliness and economic feasibility of marine
LPG engines, representing the first consideration for the type approval of small ships in
South Korea.

LPG, classified as a fossil fuel, comprises gases produced in the extraction and refining
of natural gas and crude oil. With a carbon count as low as that of liquefied natural
gas (LNG), LPG serves as an environmentally friendly alternative, contributing to the
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mitigation of air pollution and greenhouse gas (GHG) emissions and exhibiting better
performance compared to LNG [11,12]. Moreover, from an economic standpoint, LPG
is more efficient than gasoline or diesel in alleviating the financial burden on users by
reducing fuel costs [13,14].

In contrast to the extensive LPG research in terrestrial applications, a notable research
gap exists concerning its utilization in marine environments. While previous studies
explored the potential of LPG as a marine fuel, this investigation focused on assessing the
adaptability of conventional vehicle LPG engine technologies for larger marine engines [15].
Although the integration of an LPG engine as a generator for electric propulsion ships has
been reported in a study, its primary focus was on the application of LPG in the context
of environmentally friendly propulsion methods [16]. Additionally, the economic and
environmental benefits of employing LPG as a marine fuel have been explored; however,
the research was limited by its lack of long-term perspectives for drawing conclusions [17].
The aim of this current study is to determine the eco-friendliness and economic feasibility
of LPG engines by addressing the shortcomings of prior research.

The eco-friendliness assessment of LPG entailed a comparative analysis of its exhaust
emissions with those of gasoline and diesel engines, which are commonly used in small
fishing boats. Although previous studies have compared the exhaust emissions of LPG
engines with those of either gasoline or diesel engines, they often focused solely on vehicle
engines and lacked a simultaneous comparison of all three engine types [18,19]. This
study addresses these limitations and conducts a comprehensive comparison of CO2, CO,
NO, and soot emissions from marine LPG, gasoline, and diesel engines. This analysis is
based on the AVL FIRE simulation program, which is a reliable tool validated in various
studies [20–24]. The modeling of the simulated LPG engine, that is, the reference engine
model in this study, is conducted based on the information of the marine LPG engine,
which is the first candidate for type approval for small ships in Korea. The modeling of the
gasoline and diesel engines involved minimal adjustments or additions to the parameters
to align with the unique characteristics of each engine from the simulated LPG engine.

The economic feasibility of LPG involves utilizing standard prices for LPG, gasoline,
and diesel, along with data on annual fuel consumption and the average annual price
growth rate of each fuel. Existing studies on the economic feasibility of LPG often fall short
of focusing on marine applications or considering a long-term perspective [8,13,14,17,25]. To
address these limitations, this study seeks to ascertain the long-term economic feasibility of
LPG through a comparative analysis of a ship’s anticipated 30-year lifecycle. Furthermore,
considering the variable annual operation hours and engine load of small fishing boats
based on engine types and fishing zones, this study classified existing fishing vessels
equipped with gasoline and diesel engines by fishing zone. Subsequently, assuming the
conversion of the conventional engines to LPG engines for vessels classified by engine
types and fishing zones enables the comparison of the fuel costs.

To achieve the goal of eco-friendliness of LPG, Section 2 compares the exhaust emis-
sions of three engines through a simulation. This involves the modeling of a simulated LPG
engine, validation through a comparison of the simulated LPG engine with experimental
results, and simulation modeling of gasoline and diesel engines, followed by a comparative
analysis of the exhaust emission outcomes from each simulated engine. In Section 3, to
achieve the goal of economic feasibility of LPG, a comparison of fuel costs for the three
engines is conducted over a 30-year ship life cycle, encompassing standard fuel prices,
annual fuel consumption based on engine types and fishing zones, and the average annual
price growth rate of the fuel. This section presents the fuel cost outcomes corresponding
to the utilization of each engine by fishing zone. Section 4 presents the comprehensive
conclusions drawn from this study. This study emphasized the importance of adopting
LPG engines for small ships in terms of both eco-friendliness and economic feasibility,
underscoring LPG engine technology as a pivotal solution for fostering a sustainable future.
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2. Eco-Friendliness of LPG Engine

LPG engines have gained recognition as environmentally friendly alternatives, show-
casing reduced exhaust emissions compared to gasoline and diesel engines, and have been
employed in terrestrial applications for several decades. To verify the eco-friendliness
of LPG engines, this study modeled a simulated LPG engine based on a single-cylinder
output under 100% load conditions of an experimental LPG engine (38.8 kW based on the
indicated power). Simultaneously, models of gasoline and diesel engines with the same
output were generated, and a comparative analysis of exhaust emissions was conducted
through modeling.

2.1. Experiment Set-Up

The experimental LPG engine was a Hyundai Motor C6AF model engine, as shown in
Table 1, indicating the LPG engine specifications used in the experiment.

Table 1. LPG engine specifications.

Parameter Value

Maker Hyundai Motor
Name of Engine C6AF
Type of Engine 4 Cycle TCI

Combustion Type Spark Ignition
Fuel Supply Type Gas Fuel Port Injection
Cooling Method Water Cooled

Valve Mechanism Over Head Valve
Power and Engine Speed 200 kW @ 1800 rpm

Various measurement instruments were employed to gather operational data from the
experimental LPG engine to facilitate the measurement and analysis of its characteristics,
performance, and exhaust gas emissions. Figure 1 illustrates a block diagram of the installed
experimental measurement instruments.
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Figure 1. Block diagram with measurement instruments of LPG engine experiment.

2.2. Numerical Set-Up

In this study, the AVL FIRE ESE program was used for simulations to validate the
eco-friendliness of LPG engines through a comparative analysis of exhaust emissions from
gasoline and diesel engines. AVL FIRE ESE (2022 R1) is specialized software dedicated to
modeling and simulating engine performance, combustion, and emission characteristics.
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It replicates a range of physical phenomena, including heat, flow, chemical reactions, and
combustion processes, occurring within the engine, while predicting both engine perfor-
mance and emission characteristics. Moreover, this program saves time and cost in the
design process by predicting minute phenomena inside the engine that cannot be obtained
experimentally, thereby aiding in engine optimization, performance enhancement, and
compliance with emission standards. Furthermore, this software enables the prediction
and analysis of engine operations using several modeling techniques employed in the
simulation of various types of four-stroke engines. For an accurate prediction and anal-
ysis, establishing a simulation engine is essential to replicate the characteristics of the
experimental engine.

Various information is required to configure the simulation engine, including geomet-
ric information, boundary conditions, initial conditions, and numerical models. Geometric
information encompasses crucial data influencing engine operation, performance, dura-
bility, and thermal and fluid characteristics. This includes specifics, such as the shape
and size of the piston and the location of the spark plug or injector. As it is desirable to
use experimental information if an experimental engine is presented, the LPG simulation
engine has been modeled using the geometric information of the experimental LPG engine.
Table 2 lists the geometric information used to simulate the LPG engine modeling.

Table 2. Geometric information used for simulation LPG engine modeling.

Geometrical Category Value

Piston Diameter (mm) 133
Bowl Diameter (mm) 109

Bowl Depth (mm) 26.5
Connecting Rod Length (mm) 260

Stroke (mm) 140
Engine Type In Line

Number of Cylinders 6
Location of Spark Plug Center

Compression Ratio 9.5:1

The modeling of simulation engines utilizing geometric information primarily relies
on three-dimensional (3D) computer-aided design (CAD) modeling of the engine and its
adjacent components. This includes the size, shape, and location of the engine components.
AVL FIRE ESE can directly load the shapes of the pistons and injectors in various forms,
and users can model the actual engine shape accordingly by adding or modifying detailed
information pertaining to the engine components within the loaded model. Figure 2
illustrates the two-dimensional (2D) piston shape of the LPG engine modeled using AVL
FIRE ESE.
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Boundary conditions play an important role in controlling the behavior of the simula-
tion model and defining the interaction between the modeling domain and the external
environment. The boundary conditions required for the engine simulation are related
to the main components that form the boundaries of the combustion process within the
cylinder: the piston, cylinder liner, and cylinder head. These boundary conditions ensure
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the accuracy of the simulation and the validity of the results and are essential for modeling
and predicting LPG engine operation. The boundary conditions for the simulation LPG
engine modeling have been used in the experimental engine information, and Table 3
indicates the type and input value of boundary conditions.

Table 3. Boundary conditions of simulation LPG engine.

Boundary Conditions Boundary Type Input Value

Piston Mesh Movement 570 K (297 ◦C)
Liner Wall 470 K (197 ◦C)

Cylinder Head Wall 570 K (297 ◦C)
Segment Cut Periodic Inlet/Outlet

The initial condition is important information that defines the initial state of the
simulation model and affects the accuracy of the simulation and the reliability of the results.
The initial conditions for the engine simulation include variables such as cylinder supply
air pressure and temperature, opening and closing timing of the intake and exhaust valves,
ignition timing, and amount of fuel supplied to the cylinder. A precise setting of the initial
conditions is important for ensuring the accuracy, predictability, stability, and reliability of
the results and optimization of the design of the simulation model. The initial conditions
for the simulation LPG engine modeling have been used in the experimental engine, and
Table 4 represents the initial conditions and their input value.

Table 4. Initial conditions of simulation LPG engine.

Initial Conditions Input Value

Supply Air Pressure 135 kPa
Supply Air Temperature (K) 302 K (29 ◦C)

Intake Valve Close 20 CAD ABDC
Exhaust Valve Open 50 CAD BBDC

Ignition Timing 20 CAD BTDC
Fuel Type C3H8

To conduct engine simulations using AVL FIRE ESE, various models must be accu-
rately defined; these include turbulence, combustion, NOX emissions, soot, ignition, and
atomization models.

The selection of a turbulence model is significant for ensuring precise outcomes
because the fluid flow within an engine cylinder during simulation is inherently irregular
and challenging to predict. Among the turbulence models available in AVL FIRE ESE,
this study used the k-ζ-f model. This model, grounded in the Reynolds-averaged Navier
(RANS) equation, is an improved model that obtains more accurate results near walls [26].
This model demonstrates accuracy even in scenarios with high Reynolds numbers, such
as fast flows, and offers the advantage of applicability even at extremely low turbulence
numbers. In particular, it has the advantage of being more robust and less sensitive in
calculating turbulence effects near walls with high non-uniformity. Considering these
merits, it was employed to predict the turbulence, dispersion, turbulence energy loss, and
turbulence resistance generated at the wall.

Given that the combustion model can forecast post-combustion attributes, including
the type and concentration of chemicals produced throughout the combustion process
as well as factors such as heat, pressure, and noise, the program seeks to simulate the
combustion process occurring within the engine by incorporating diverse chemical reaction
equations and combustion mechanisms. This study employed the Extended Coherent
Flame Model-3 Zones (ECFM-3Z) among the five Coherent Flame Model (CFM) from the
combustion models available in the AVL FIRE ESE [27]. This model distinguishes itself by
partitioning the combustion zone into pre-flame, flame, and post-flame zones and applying
distinct combustion reaction rates to each zone. Owing to the different reaction rates in
each zone, the speed and nature of the combustion are more realistic and enhance the
overall precision of the simulation results.
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The NOX emission model in the simulation program is a crucial element in the com-
bustion process since NOX is generated through the reaction of atmospheric nitrogen and
oxygen during high-temperature combustion. Its production is contingent upon combus-
tion environmental conditions, such as fuel type, fuel injection timing, chemical reactions,
and airflow, and these conditions are subject to change. In this study, the Extended Zel-
dovich model was employed as the NOX emission model [28–30]. This model overcomes
the disadvantage of being unable to accurately calculate NOX production because of the
lack of oxygen in a rich combustion environment. Furthermore, the model incorporates
advanced functionalities, including the generation and depletion of NOX, the reaction of
NOX with oxygen, and chemical decomposition.

Soot is a byproduct of combustion and is generated as a result of incomplete combus-
tion in engines. It is classified as an air pollutant and is recognized as an important factor in
modeling simulation engines in that it affects engine performance and durability. Although
various soot models exist for predicting the total mass, size distribution, and composition
generated during the fuel injection and combustion processes, this study employed the
kinetic model [28,29]. The kinetic model involves four steps, involving the calculation of
the reaction thermodynamics and particle motion to estimate the size distribution and
transport speed of the generated soot particles. This model considers various chemical
reactions depending on the engine operating conditions and can accurately model the
amount and characteristics of emissions by efficiently calculating and estimating all the
chemical reactions, particle growth, and particle combustion processes.

The ignition model, which is crucially dependent on fuel characteristics, plays a
significant role in modeling the simulations. In this study, a spark-ignition model was used
to simulate an LPG engine. This model replicates the process through which a spark plug
initiates a flame within a compressed cylinder containing a fuel–air mixture. Moreover,
by considering various parameters, the shape, density, and temperature of the flame are
predicted, and the combustion characteristics and performance of the fuel are analyzed.

The atomization model of AVL FIRE ESE includes breakup, evaporation, and droplet–
wall interaction models. In this study, the wave, Dukowicz, and Walljet1 models were used
for breakup, evaporation, and droplet–wall interactions, respectively [28,31]. The breakup
is a model that explains the process of dispersing fuel particles into smaller fragments. The
wave model, which is one of the breakup models, calculates and predicts the size, speed,
and density of particles during the fuel injection process through detailed fuel particle
modeling at the molecular level. The evaporation model predicts and explains how the
atomized fuel particles are evaporated in fuel and air environments after injection. The
Dukowicz model considers the heat and mass characteristics of the particles and predicts
changes in the particle size, speed, and density, thereby enabling accurate modeling and
prediction of the evaporation rate and particulate behavior. The Walljet1 model, one of
the droplet–wall interaction models, forecasts particulate interactions with the engine
wall. This model tracks and predicts particulate movement and distribution based on wall
characteristics, thereby enabling collisions with or movement along the wall to be accurately
modeled and predicted. Table 5 details the simulation models applied in this study.

Table 5. Summary of the models for simulation LPG engine.

Model Description

Turbulence k-zeta-f
Combustion Extended Coherent Flame Model—3Z

Emission
NO Extended Zeldovich
Soot Kinetic Soot Formation

Ignition Spark-ignition Model

Atomization
Breakup WAVE

Evaporation Dukowicz Model
Droplet–Wall Interaction Walljet1
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To compare the exhaust emissions of LPG engines with gasoline and diesel engines
using simulation, additional modeling for gasoline and diesel engines is required. In this
study, LPG engine modeling parameters were used, except for the parameters that needed
to be changed to suit the characteristics of gasoline and diesel engines. Since the gasoline
engine is the same spark-ignition engine as the LPG engine, the LPG engine simulation
modeling parameters were used, and only the equivalent ratio was changed for comparison
under the same power conditions. For the diesel engine, the compression ratio, injection
nozzle, ignition model, and fuel injection parameters were changed. The compression ratio
was increased from 9.5:1, the LPG engine compression ratio, to 18.0:1. For the injector, the
angle of the nozzle was set to 155◦, and the number of nozzle holes was set to five [32–34].
The charging air pressure of a diesel engine can affect emission at the same power and
is determined during the engine optimization process. Since the air intake pressure of
the experimental LPG engine was 135 kPa, which is within the inlet manifold pressure
range of 100 to 250 kPa for a typical turbocharged diesel engine, it was not considered a
modified parameter. Additionally, the ignition model was changed from spark ignition
to auto-ignition, and the fuel injection amount was adjusted for comparison under the
same power conditions. Table 6 lists the modified parameters for gasoline and diesel
engine modeling.

Table 6. Modified parameters for gasoline and diesel engine modeling.

Modified Parameters Gasoline Engine Diesel Engine

Fuel LPG → Gasoline LPG → Diesel
Equivalent Ratio 0.652 → 0.669 N/A *

Compression Ratio N/A * 9.5 → 18.0

Ignition Model N/A * Spark Ignition → Auto
Ignition

* Not Applicable.

Additionally, revealing the properties of each fuel is essential for comparing the
exhaust emissions of the fuels used in LPG, gasoline, and diesel engines. Table 7 presents
the properties of the fuels used in this study.

Table 7. Properties of LPG, gasoline, and diesel fuels.

Properties Fuel

Working Mode LPG (Propane) Gasoline Diesel
Formula C3H8 C8H18 C12H23

Density (kg/m3) 1.91 737 786
LCV (MJ/kg) 46.325 42.845 42.501

2.3. Validation of Simulation Model and Mesh Independence Analysis

In this study, three parameters—maximum pressure, indicated mean effective pressure
(IMEP), and CO2—were compared between the experimental and simulation results to
verify the accuracy and reliability of the simulation LPG model. This aimed to use the vali-
dated simulation LPG engine to assess the exhaust emissions comparison with gasoline and
diesel engines. NO emissions were excluded from the parameters because of the three-way
catalyst device installed at the rear of the experimental engine exhaust. The results of the
validation are shown in Figure 3 by comparing the experimental and simulation outcomes.

The comparison results show deviations of 3.6%, 0.7%, and 4.3% in the maximum
pressure, IMEP, and CO2 emissions, respectively. In addition, the overall operating state of
the simulated LPG engine was verified using the P–θ and P–V diagrams. Figure 4 compares
the P–θ and P–V diagrams of simulation and experiment.
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To implement the combustion chamber shape of the simulation engine as a 3D shape, a
computational mesh must be created. When using a high-resolution mesh, the accuracy of
the simulation results is high, but the calculation time increases, and vice versa. Therefore,
a mesh independence analysis must be performed to ensure the accuracy of the simulation
results and a reasonable calculation time. This strategy allows the selection of an appropri-
ate mesh resolution that can calculate accurate simulation results in a short period. In this
study, a mesh independence analysis was conducted considering three cases, wherein the
cell size was altered by ±10%, with the intermediate mesh serving as a reference. Table 8
lists the mesh properties and calculation times for each mesh resolution and Figure 5 shows
the mesh independence analysis results.

Table 8. Mesh properties and calculation time for simulation LPG engine.

Category Coarse Mesh Medium Mesh Fine Mesh

Total number of faces 2598 3131 3616
Total number of cells 158,068 184,928 215,584

Calculation time 0 h 53 min 1 h 8 min 1 h 39 min
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The mesh independence analysis of the simulation LPG engine using three mesh
resolutions revealed that it does not depend on the mesh resolution. In this study, the inter-
mediate mesh was selected for the simulation in that it provides independent calculation
results using the mesh and has an appropriate density for good contour analysis in the next
step, along with a reasonable time for the calculation process.

2.4. Results on Eco-Friendliness

Since an engine’s emission is affected by cylinder pressure and temperature, comparing
the cylinder pressure and temperature of each engine can be important prior to comparing
the emission results. Figure 6 presents the comparison of cylinder pressure and temperature
of LPG, gasoline, and diesel engines at the same output.
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To assess the eco-friendliness of LPG engines, the CO2, CO, NO, and soot emissions of
the simulation LPG, gasoline, and diesel engines were compared under the same output
conditions. Table 9 presents the output (100% load), fuel consumption, mean mass per
cycle of each engine, emission mass fraction of each engine, and the amount of emission in
g/kWh of each engine.

Table 9. Simulation results for LPG, gasoline, and diesel engines.

Properties LPG Gasoline Diesel

Output (kW) 38.82 38.79 38.81
Fuel consumption (kg/h) 43.416 47.398 42.606

Mean mass (kg) 3.35 × 10−3 3.41 × 10−3 3.18 × 10−3

CO2 mass fraction (%) 11.65 12.90 12.86
CO2 emission (g/kWh) 542.9 612.4 569.0
CO mass fraction (%) 0.0398 0.0412 0.895
CO emission (g/kWh) 1.855 1.956 39.60
NO mass fraction (%) 0.165 0.116 0.242
NO emission (g/kWh) 7.689 5.507 10.71
Soot mass fraction (%) 8.11 × 10−5 1.07 × 10−3 6.01 × 10−3

Soot emission (g/kWh) 3.78 × 10−3 5.08 × 10−2 0.266

Figure 7 presents the comparison results of CO2 emissions at the same output.
CO2 emissions were similar for the gasoline and diesel engines, and the LPG engine

showed 11.35% and 4.59% lower CO2 emissions compared to gasoline and diesel engines,
respectively. CO2 is an air pollutant that causes GHG emissions, and massive efforts
are underway to reduce emissions. Based on the CO2 emissions comparison results, the
conversion of gasoline and diesel engines into LPG engines in small fishing boats can be
considered an alternative for reducing GHG emissions.

Figure 8 compares CO emissions at the same output of the LPG, gasoline, and diesel engines.
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The comparison reveals that CO emissions from diesel engines surpass those from
LPG and gasoline engines. This arises from differences in combustion processes, fuel
injection and mixing methods, and fuel characteristics. Unlike LPG and gasoline engines
that employ spark ignition, diesel engines employ compression ignition. This relies on the
spontaneous ignition of fuel due to the heat generated by compressed air, which increases
CO generation if the air temperature is insufficient during compression. In addition, unlike
LPG and gasoline engines, which premix air and fuel before supplying the mixture to the
cylinder, diesel engines directly inject fuel into the cylinder. This may lead to insufficient
or irregular mixing of air and fuel, which is attributed to the inherent fuel injection and
mixing characteristics of diesel engines. Furthermore, the higher carbon content of diesel
fuel, in comparison to LPG and gasoline, heightens CO generation owing to incomplete
combustion. The LPG engine exhibited 5.17% and 95.31% lower CO emissions than the
gasoline and diesel engines, respectively.

Figure 9 presents a comparison of NO emissions at the same output for the LPG,
gasoline, and diesel engines.

The comparison of NO emissions reveals the order of diesel > LPG > gasoline, with the
LPG engine exhibiting 39.63% higher emissions than the gasoline engine and 28.19% lower
emissions than the diesel engine. Generally, NO emissions arise from atmospheric nitrogen
and oxygen supplied to the engine, which undergoes a chemical reaction and produces
NO during the combustion process. For diesel engines, higher NO emissions are attributed
to the characteristics of the surcharging air. For LPG and gasoline engines, the higher NO
emissions from LPG can be attributed to the air–fuel mixing ratio. The equivalence ratios
for LPG and gasoline at the same output are 0.652 and 0.669, respectively. This implies
that the LPG engine has a higher air ratio in the air–fuel mixture compared to the gasoline
engine, leading to higher NO generation in the LPG engine.
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The higher production of soot in diesel engines compared to LPG and gasoline engines
can be attributed to the characteristics of the fuel and combustion processes. The high
carbon content of diesel fuel, coupled with partial combustion and chemical reactions
occurring in the flame owing to compression ignition and direct fuel injection combustion
processes, facilitates soot formation. The LPG engine exhibited 92.55% and 98.58% lower
soot emissions than the gasoline and diesel engines, respectively.

The aforementioned results clearly demonstrate that LPG engines exhibit greater
eco-friendliness than gasoline and diesel engines for all exhaust emissions, except for
NO emissions, for which they surpass gasoline. Thus, the eco-friendly attributes of LPG
engines play a pivotal role in enhancing air quality, mitigating environmental pollution,
and curbing GHG emissions. Consequently, installing LPG engines in small ships offers
environmental protection and provides a sustainable mode of transportation.

However, the gasoline and diesel engines implemented using simulation in this study
have not been verified with those engines used in actual small fishing boats, so there
is a disadvantage in that it is difficult to 100% trust the exhaust emission results of the
simulated engines. Despite the shortcomings, the exhaust emission results of this study are
consistent with previous studies [9,18,19,35–37]. It is expected that more accurate results
will be derived in the future through simulation modeling using gasoline and diesel engine
information from real ships.
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3. Economic Feasibility of LPG Engine

To assess the economic feasibility of LPG engines, we considered the 2022 annual aver-
age prices as the standard prices and average annual price growth rates of LPG, gasoline,
and diesel fuels, and the annual fuel consumption data of those engines. Additionally,
assuming the life cycle of a ship to be 30 years, the long-term economic feasibility of the
fuel selection for this period has been validated.

3.1. Study Sample

To assess the economic feasibility of the LPG engine, a sample was drawn from fishing
vessels equipped with 180–220 kW engines, considering the ±10% deviation in engine
output to limit vessels that can be equipped with a 200 kW experimental LPG engine. From
the total ships registered in South Korea as of May 2020 that satisfied the output conditions,
6428 sample ships were selected.

The study sample was categorized into two engine types, gasoline and diesel, and
classified by fishing zone according to each engine type. Fishing zones were classified into
“Offshore”, “Coastal”, and “Ocean” according to the classification criteria of the Ministry
of Oceans and Fisheries of the Republic of Korea, and vessels that did not meet the classifi-
cation criteria or had more than one fishing zone were classified as “Other” [38]. Fishing
zones were classified based on industry codes and government data were referenced.
Table 10 classifies research samples by applying this standard according to engine type and
fishing zone.

Table 10. Number of fishing vessels by engine type and fishing zone.

Engine Type Fishing Zone Number of Vessels

Gasoline
Coastal 2208
Other 2080

Diesel
Coastal 1091

Offshore 18
Other 1031

3.2. Fuel Price Information

To derive the standard price of propane, gasoline, and diesel, we used data from Jan-
uary 2022 to December 2022, which was obtained from the Korea LPG Association [39]. The
average prices during this period were 1259.3 KRW/L, 1808.3 KRW/L, and 1835.2 KRW/L
for propane, gasoline, and diesel, respectively, and these prices were used as the standard
prices for each fuel in this study.

In South Korea, the average annual price growth rates over the past 10 years were
3.93%/year, 1.48%/year, and 3.06%/year for propane, gasoline, and diesel, respectively.
This is because, in a period when fuel prices are rapidly rising in South Korea, there are
many fuel tax reduction benefits for gasoline and diesel, which are widely used in vehicles,
and among them, the tax reduction benefits for expensive gasoline are greater. Therefore, it
has faced difficulties in applying this annual price growth rate to research. In this study,
the average annual price growth rate of crude oil was applied as an alternative method
because all three fuels were produced from crude oil. For this purpose, the average value
of the annual price growth rates of crude oil over 10 years was applied, based on its price
changes over the past 11 years. Table 11 presents the average annual price of crude oil over
the past 11 years and its annual price growth rate over the past 10 years. As a result, the
average annual price growth rate of crude oil is 5.36%/year [40].

To validate the economic feasibility considering a long-term perspective, the life cycle
of a ship was assumed to be 30 years, and price changes were compared by applying
the standard price of each fuel and the average annual price growth rate for this period.
Table 12 presents the prices of every 5-year interval from 2022 for each fuel during the
ship’s life cycle.
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Table 11. Average annual price (2012–2022) and average annual price growth rate (2013–2022).

Years Average Annual Price ($/bbl) Annual Price Growth Rate
(%)

2012 94.18
2013 98.08 4.14
2014 92.92 −5.27
2015 48.76 −47.52
2016 43.47 −10.86
2017 50.85 16.99
2018 64.90 27.62
2019 57.04 −12.11
2020 39.34 −31.03
2021 68.11 73.10
2022 94.33 38.51

Table 12. Price trends over the life cycle of vessels.

Year Propane (KRW/L) Gasoline (KRW/L) Diesel (KRW/L)

2022 1259.3 1808.3 1835.2
2027 1635.0 2347.8 2382.6
2032 2122.7 3048.1 3093.4
2037 2755.9 3957.4 4016.1
2042 3578.0 5138.0 5214.2
2047 4645.4 6670.7 6769.6
2052 6031.2 8660.7 8789.1

3.3. Operational Information and Fuel Consumption

Operational information is pivotal for calculating fuel costs during the life cycle of
ships. The operation information of the fishing boat includes the engine running hours and
loads for moving from the ports to the fishing zones and the engine running hours and
loads for working in the fishing zones. This study used existing data on the annual engine
running hours and loads for moving and working in each fishing zone, as presented in
Table 13 [41].

Table 13. Engine load and annual running hours according to fishing zone.

Category Coastal Offshore Other

Annual engine running hour (h)
(Moving/Working) 342/1148 340/2442 937/767

Engine load (%)
(Moving/Working) 79/19 73/20 76/14

The amount of fuel used by the engine is also important for calculating fuel costs
during the life cycle of a ship. Although it is desirable to collect SFOC information by
engine type on individual ships, directly collecting SFOC information corresponding to
the sample ships in this study is a challenging task. Considering this limitation, this study
used SFOC values derived from the simulation fuel consumption and output data, and
Table 14 presented the SFOC of each engine.

Table 14. SFOC and conversion factor of each fuel.

Fuel Type SFOC (g/kWh) kg to Liter

Gasoline 203.65 1 kg = 1.351 L
Diesel 182.97 1 kg = 1.200 L

Propane 186.40 1 kg = 1.969 L
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Using the data mentioned above, the annual fuel consumption of the engine type-
fishing zone of the sample vessel has been calculated using the following equation:

AFCi =
n

∑
i=1

[(SFOCi × Pi × PLMi × TMi) + (SFOCi × Pi × PLWi × TWi)]

AFCi: Annual fuel consumption (kg/year)
SFOCi: Specific fuel-oil consumption (g/kWh)
Pi: Engine power (kW)
PLMi: Power load of engine for moving (%)
TMi: Annual engine running hours for moving (h/year)
PLWi: Power load of the engine (%)
TWi: Annual engine running hours for working (h/year)
i: Number of ships in each engine type–fishing zone.
The amount of LPG, gasoline, and diesel fuel used was calculated with the equation

above. In addition, to check the price of each fuel calculated previously, the unit of weight
(kg) was converted to a unit of volume (L). Table 14 lists the conversion factor for converting
the weight to volume of each fuel.

Table 15 presents the annual fuel consumption of the sample vessels according to
engine type-fishing zone, based on the aforementioned data.

Table 15. Annual fuel consumption by engine type and fishing zone.

Engine
Type–Fishing Zone

Fuel Type Fuel Type

Annual Fuel Consumption
(kg/Year)

Annual Fuel Consumption
(L/Year)

Gasoline LPG Gasoline LPG
Gasoline–Coastal 45,617,241 41,753,272 61,628,893 82,212,193
Gasoline–Other 82,800,195 75,786,675 111,863,063 149,223,963

Diesel LPG Diesel LPG
Diesel–Coastal 19,931,571 20,305,213 26,927,552 39,980,964

Diesel–Offshore 491,054 500,259 663,414 985,010
Diesel–Other 31,208,176 31,793,212 42,162,246 62,600,834

3.4. Results on Economic Feasibility

Using the fuel price information presented in Section 3.2 and the fuel consumption by
engine type–fishing zone presented in Section 3.3, the fuel costs have been derived during
the life cycle of gasoline and diesel engine ships. In addition, the fuel costs of LPG when
replacing gasoline and diesel engines with LPG engines were derived. Based on these
results, the fuel cost savings for all ships and one ship in each engine type–fishing zone
were calculated by converting gasoline and diesel engines into LPG engines, as shown in
Table 16.

Table 16. Results of life cycle fuel cost saving (in million Won).

Engine Type–Fishing Zone Fuel Type Fuel Cost Saving of Life
Cycle for All Ships

Fuel Cost Saving of Life
Cycle for 1 ShipFuel Cost of Life Cycle

Gasoline Propane
Gasoline–Coastal 10,510,174 5,486,677 5,023,497 2275.1
Gasoline–Other 19,077,095 9,958,908 9,118,187 4383.7

Diesel Propane
Diesel–Coastal 5,187,049 2,397,297 2,789,752 2557.1

Diesel–Offshore 127,793 59,062 68,731 3818.4
Diesel–Other 8,121,705 3,753,607 4,368,099 4236.8
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During the life cycle of the ship, when replacing conventional engines with LPG
engines in all engine types–fishing zones, gasoline–other and diesel–offshore yielded the
largest and smallest fuel cost savings of KRW 9,118,187 (million) and KRW 68,731 (million),
respectively. On a per-ship basis, gasoline–other and gasoline–coastal yielded the largest
and smallest fuel cost savings of KRW 4383.7 (million) and KRW 2275.1 (million), respec-
tively. When comparing fuel cost savings per ship according to fishing zones, other fishing
zones exhibited the greatest savings for both gasoline and diesel engines. This is because
the annual engine running hours for moving with a high engine load in this fishing zone are
approximately three times greater than those in other fishing zones. Notably, the difference
in fuel cost savings per ship between coastal and offshore zones of diesel engines is more
pronounced in offshore zones. This is because the annual engine running hours for moving
in the two fishing zones are similar; however, the annual engine running hours for working
in the offshore zone are approximately twice those in the coastal zone.

The results of this study, which established the economic advantages of utilizing
LPG as a fuel for small fishing vessels, are notable for not factoring in the application of
duty-free oil prices, as currently applicable to them. The reason is that gasoline and diesel
are supplied to fishing boats tax free, whereas LPG is not. Nonetheless, it is crucial to note
that there is already a legal basis outlined in Section 2, Article 5 of the ‘Guide to Supply and
Follow-up Management of Duty-free Oil for Fishing’ in Korea. According to this provision,
LPG fuel, similar to gasoline and diesel fuels, can be designated as duty-free oil upon the
request of fishermen.

In the current research, several potential future works can be considered. First, when
LPG fuel is supplied as duty-free oil, more precise economic assessments can be conducted.
Second, based on the economic feasibility results of this study, there is potential for further
research concerning the use of Bio LPG, a new eco-friendly fuel. Beyond these studies, the
data presented in this study can also serve as valuable promotional materials for initiatives
aimed at advancing the adoption of eco-friendly engines.

4. Conclusions

Based on the aforementioned discussion, the results of this study are summarized
as follows:

(1) In a simulation-based comparison of exhaust emissions from gasoline and diesel en-
gines currently employed in small fishing boats, aimed at verifying the eco-friendliness
of the LPG engine, it has been observed that although the LPG engine emitted more
NO than the gasoline engine, the LPG engine exhibited lower levels of all other ex-
haust emissions compared to existing engines. The detailed results for each exhaust
emission type are outlined as follows:

(a) CO2: the LPG engine emitted 11.35% and 4.59% less emissions than the gaso-
line and diesel engines, respectively.

(b) CO: the LPG engine emitted 5.17% and 95.31% less CO than the gasoline and
diesel engines, respectively.

(c) NO: the LPG engines emitted 39.63% more emissions than gasoline engines
and 28.19% less than diesel engines.

(d) Soot: LPG engines emitted 92.55% and 98.58% less soot than gasoline and
diesel engines, respectively.

(2) To assess the economic feasibility of the LPG engine, a comparison of fuel costs
throughout the ship’s life cycle was conducted against existing gasoline and diesel
engines used on small fishing boats. The detailed results of the economic feasibility
analysis are outlined as follows:

(a) For all ships, the most and least fuel cost reductions were observed for gasoline-
other and diesel-offshore, amounting to 9,118,187 (million Won) and 68,731
(million Won), respectively.
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(b) On a per-ship basis, the most and least fuel cost reductions were observed for
gasoline–other and gasoline–coastal, amounting to 4383.7 (million Won) and
2275.1 (million Won), respectively.
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