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a b s t r a c t

This study developed a method for simulating greenhouse gas (GHG) emissions considering changes in
conditions that may occur during the actual operation of small ships. Additionally, we analyzed and
compared the results of the proposed method with that of existing emission simulations according to
life-cycle assessment (LCA), thus verifying the proposed method’s effectiveness. Through the results of
the study, we confirmed that the proposed method improves the simulation by considering emissions
due to ship operation, whereas existing methods focus on emissions caused by raw material production.
Additionally, the proposed method could identify and quantify the relationship between changes in
operating conditions and GHG emissions. We expect this GHG emissions simulation technique to help
improve the environmental performance of ships in the future.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With growing interest in global warming, the International
Maritime Organization (IMO) is regulating large merchant ships
that operate internationally in efforts to address the problem of
global warming internationally. The environmental regulations of
the IMO concern marine and air pollution attributable to ship
operation. Among them, Annex 6 regulates greenhouse gas (GHG)
emissions such as CO2. Ongoing GHG-related efforts to improve the
environmental friendliness of ships include the Energy Efficiency
Design Index (EEDI), the Energy Efficiency Operational Indicator
(EEOI), and the Ship Energy Efficiency Management Plan (SEEMP),
which manage the efficiency of trade volume compared to CO2
generation. Additionally, using these indicators, governments and
large shipyards have formed R&D consortiums that have achieved
improvements in environmental performance through extensive
research in various areas, such as engine development, linear
optimization, biofuel use, and operation optimization (Olmer et al.,

2017).
The number of coastal ships outside the scope of these regula-

tions has reportedly eclipsed the number of ocean-going merchant
ships (National Institute of Environmental Research, 2014), and the
emissions per ton of the former is greater than that of ocean-going
merchant ships (Olmer et al., 2017). Furthermore, the regulations
are not yet enforceable and rely on the provision of each country’s
self-rescue measures. As a result, unlike the case for large merchant
ships, efforts are focused more on somewhat passive policies such
as the reduction of fishing vessels and fishing rest days rather than
technological development. Therefore, it is necessary to actively
develop and regulate environmentally friendly technologies for
small ships, which comprise the largest proportion of coastal ships.

Studies are currently being conducted to measure and index the
environmental impact of small ships, such as fishing and leisure
ships. Lee and Lee (2010) devised a design for fishing gear with
minimal hydrodynamic resistance through numerical analysis,
thereby reducing oil consumption. They subsequently quantified
the results. In addition, Kim et al. (2019) analyzed GHG emissions
due to the fishing activities of major fisheries, while Lee and Lee
(2011) analyzed GHG in large offshore fisheries in Korea. Lee et al.
(2015) and Yang et al. (2015) conducted quantitative analyses of
GHG emissions from large pair and single trawling fisheries
through life-cycle assessment (LCA). In addition to fisheries, re-
searchers are also conducting studies on small leisure ships. Nam
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et al. (2016) evaluated the environmental impact of composite
small craft manufacturing using work breakdown structure for
small leisure ships, thereby determining the environmental load
during ship production. In particular, Jeong et al. (2018) utilized LCA
to analyze environmental loads during production as well as use;
however, as this is load generated at the time of production of the
fuel used, they did not evaluate the impact on the environment at
the point of use. While some studies have directly collected and
analyzed emissions from fishing vessel engines National Institute of
Fisheries Science (NIFS), 2016, these examples could not consider
various types of ships and engines and operating conditions. As a
result, they could not evaluate emissions according to the means of
transportation.

Accordingly, this study aimed to develop a method for quanti-
tatively simulating actual GHG emissions considering changes in
speed, operation time, and loading conditions (displacement) to
determine the actual environmental load during the service life-
time of the ship. Furthermore, this study compares GHG analysis
results based on existing LCA through a case study on small ships,
which in this paper are defined as ships with a hull length of less
than 24 m according to ISO 8666 (2012).

2. Approach

This study seeks to improve the existing environmental impact
assessment method for small ships in order to improve environ-
mental performance. To this end, we define variables related to
engine load considering the environment at the time of operation
of the small ship. To address the limitations of specific operations
(fishing) or raw material production and discuss the efficiency of
GHG emissions as in regulations on automobile exhaust gas or large

merchant ships, we present a process to estimate the amount of
exhaust gas emitted according to the ship’s operating conditions.
Fig. 1 shows a simple comparison of the differences between the
existing LCA method used to analyze the environmental impact of
small ships and the process to be developed. The primary difference
is that the proposed method can reflect the operating conditions as
the amount of exhaust gas emitted through fuel combustion, rather
than the amount of fuel itself, as the target of inventory analysis.
Although the existing method also includes the operating condi-
tions, it evaluates environmental load when the amount of
measured fuel is produced. Thus, strictly speaking, it is difficult to
say that it considers the operating conditions.

In the improvedmethod, as the operating conditions such as the
speed, operating time, and displacement of the ship change, the
engine load is affected by the resistance of the ship as it travels. As a
result, the operating conditions influence the amount of pollutants
generated. To estimate exhaust gas emissions, thismethod analyzes
the exhaust gas emissions of the engine based on its type and the
corresponding correlation, and then applies the operating condi-
tions to derive the total exhaust gas emissions during its entire
service lifetime.

Through this process, we evaluate the environmental impact in
the stage of use of the ship. In this manner, the evaluation target in
the general LCA process is supplemented with the amount of
exhaust gas emitted from the fuel combustion, thus accounting for
the characteristics of the transportation method. The results are
expressed in the unambiguous and direct amount of exhaust gas
components, as in environmental impact indicators (Global
Warming Potential, Ozone Depletion Potential, etc.). This enables us
to directly determine the impact of the ship on the atmospheric
environment.

Fig. 1. Comparison of existing LCA process of small ships and the improved method.
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3. Simulation framework of GHG emissions flow

3.1. Overview and conditions

We group the operating conditions to be considered for the
environmental impact assessment at the time of ship operation and
apply a three-step environmental impact assessment method for
each condition. These can be defined as in Fig. 2.

The right side of Fig. 2 shows the three steps of the proposed
method for estimating the exhaust gas emissions of the small ship.
The defined operating conditions applied here are classified into
the three groups shown on the left. The simulation step applying
these three conditions is defined according to the three steps
shown on the right.

The first of the three conditions is the ship’s Cruising Conditions,
which determine the engine load. This group includes the ship’s
shape, displacement, speed, draft, and wetted surface area. In the
first stage of application of this condition, we can estimate the total
resistance of the ship and thus estimate the engine load and
generated exhaust gas. Through these conditions, we estimate the
total resistance, derive the corresponding required horsepower,
and select the engine.

The second is the Combustion Conditions; these comprise items
related to the engine that must be added when the actual engine
performs combustion. The items included in this condition include
the type of engine, type of fuel, and engine efficiency. Applying
these conditions, in the second step, to calculate the amount of
exhaust gas emissions by the output of the engine selected in the
first step, we identify the emissions per hour of the exhaust gas
components through engine data containing the Cruising Condi-
tions and Combustion Conditions. Among the emission compo-
nents to be analyzed, CO2 (carbon dioxide) comprises the largest
portion of GHG generated by internal combustion engines
commonly used in small ships. In addition, typical exhaust sub-
stances generated from internal combustion engines include HC

(hydrocarbon), CO (carbonmonoxide), PM (particulate matter), and
NOx (nitrogen oxide). Through the results obtained above, we can
analyze the correlation between the output of the ship and the
amount of exhaust gas emissions to define the emissions of each
component by time and output.

The first two of the three condition groups include the technical
conditions of the ship and engine. The final step concerns the
lifetime conditions of the ship; this includes the annual operating
schedule for determining the actual service time of the ship.
Considering the ship’s Lifetime Conditions, the exhaust gas emis-
sions can be calculated by converting this through the total service
time of the ship.

3.2. Changes in operating conditions and powering

The start of powering is to estimate the total resistance using the
specifications of large merchant ships (displacement, waterline
length, LCG location, speed, etc.) and hull. Many equations for
estimating resistance have been proposed and can be used for any
hull or plane type. For small ships, the hull type is generally
determined according to the speed and length for displacement
hull and planing hull, after which the resistance estimationmethod
is categorized. Although most ships adopt the planing hull, those
that require a large volume such as fishing vessels are categorized
as displacement hull ships.

Here, in the calculation of the required horsepower of the small
ship, the effective horsepower when traveling at a certain speed is
estimated and the efficiency of the engine including sea margin is
considered. The engine that can output this horsepower is then
selected.

As most small ships travel at relatively high speeds on a planing
hull, the Savitsky planing method (Savitsky, 2012) is commonly
used. When the speed of the planing hull ship is not sufficiently
high, i.e. before planing, the Savitsky pre-planing method is used.

Next, the derived total resistance and the required speed are

Fig. 2. Improved small ship GHG simulation method and application conditions.
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then used to derive the horsepower required to propel the ship. In
addition, to determine the size of the engine based on the required
horsepower, we must assume the engine efficiency. A professional
design software suggests that small ships, such as yacht and fishing
vessel, have a power delivery of 50e70% in open water (Bentley,
2013), and this paper refers to it for the case study.

The powering stage responds to changes in the ship’s operating
conditions. If its weight or speed changes, thus changing the
operating conditions, then the ship’s waterline length or wetted
surface area also changes, affecting the total resistance of the ship.
As a result, as the engine load varies even if the same engine is used,
the amount of exhaust gas emitted from the ship also changes.

3.3. Emission data manipulation

Fig. 3 shows the simulation method for deriving the amount of
exhaust gas emitted from the engine for the ship’s required
horsepower, as derived in 3.2.

First, we must confirm the engine load corresponding to the
required horsepower, e.g. RPM. These data, which include those for
small engines, are published in reports by engine manufacturers
based on tests of emissions for each exhaust gas material or data on
engine output and load. These data can be used or obtained
through direct experimentation. We can then use the data to
convert the engine load back to the published emissions per hour
for each material.

This algorithm can simulate variations in engine load and
emissions per hour based on the ship’s operating conditions
(displacement, speed, etc.). Furthermore, by applying the engine’s
lifetime conditions with the amount of emissions per hour, we can
simulate the emissions throughout the ship’s lifetime.

4. Application

4.1. Application description

The ship investigated in the case study is a small 52-foot com-
posite small ship (hereinafter referred to as MMU-G52). Table 1
shows its principal dimensions. MMU-G52 is a general ship with
a typical hull and structure, defined as Cruiser class among GFRP
ships. It is internationally certified.

In terms of the ship’s operating conditions for powering, the
displacement is 25.47 tons and the operating speed is 15 knots.
Using the Savitsky pre-planing method with an assumed engine
efficiency of 60%, the horsepower required is 453.57; Fig. 4 shows
the horsepower estimation results. Based on the horsepower
required by the ship, it is equipped with two engines. As a result,
the horsepower required per engine is 226.79 (50%).

To verify the simulation, we varied the operating conditions and
checked the increase and decrease in exhaust gas emissions. For
comparison, MMU-G52 was redesigned through a composite
laminate weight reduction algorithm, which reduced the structural
weight by 720 kg. As shown in Fig. 5, this change in displacement
affects the waterline length, draft, and wetted surface area, which
affects the powering stage and reduces displacement. This reduces
the horsepower required for propulsion, thus affecting engine
operation.

Table 2 shows variations in the main dimensions of the ship
according to changes in the operating conditions. The horsepower
required decreased by approximately 10.06 for each engine.

With the required horsepower of the ship, as derived above,
specific engine characteristics are required to convert the required
horsepower to the engine load and link it to engine emissions. For
this simulation, we used a D6-435 engine (Volvo Penta) with
maximum speed of 3500 RPM and maximum output of 435 HP
equipped in the ship (Volvo Penta, 2018).

Fig. 3. Emission data manipulation process.

Table 1
Principal dimensions of MMU-G52.

MMU-G52

Item Value Unit
LH 15.90 m
L 13.15 m
BMax 4.64 m
BWL 4.29 m
D 2.50 m
T 0.95 m
D 25.47 Ton
CB 0.46

Fig. 4. Powering results of MMU-G52.
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The most realistic method for analyzing the relationship of en-
gine load and exhaust gas emissions is to collect and use the
emissions directly when the engine is running. However, engine
manufacturers occasionally publish emissions for each engine by
load. For the D6-435 engine, an emission test report was published
based on the Technical Code 2008 of MARPOL Annex 6
(International Convention for the Prevention of Pollution from
Ships, 2010). Therefore, we used the engine loads and corre-
sponding emissions in the report.

This report contains an analysis of the exhaust gas emissions per
hour according to engine load (i.e., RPM). These data were analyzed
and used to estimate the emissions. As the mass flow of exhaust gas
is reported by RPM, we required a process for converting the ship’s
required horsepower to RPM. The relationship between the output
and RPM of D6-435 is shown in Fig. 6.

Table 3 presents the experiment results from ISO 8178 (ISO,
2017), which additionally shows the emission values collected for

each RPM and the values for NOx, CO, CO2, and HC. Among these
components, much higher quantities of CO2 were emitted.

The collected data were analyzed as in Figs. 7e10 to determine
the relationship between exhaust gas emissions Through this

Fig. 5. Effect of operating conditions on environmental impact assessment.

Table 2
Powering results according to changes in operating conditions.

Original Case Lightweight Case Unit

Displacement 25.47 24.75 Ton
Draft 0.95 0.934 m
Required Power 226.79 216.73 HP
RPM 1851.47 1794.12 RPM

Fig. 6. Results of data manipulation of HP and RPM of D6-435.

Table 3
Mass flow of exhaust gas components per RPM of D6-435.

RPM 3500 3185 2800 2205

CO Mass Flow 176 76 90 129 g/h
CO2 Mass Flow 212.7 156.5 104.2 53.4 kg/h
HC Mass Flow 40 36 28 27 g/h
NOx Mass Flow 2298 1648 1018 450 g/h

Fig. 7. Results of mass flow data manipulation of CO2 per RPM.

Fig. 8. Results of mass flow data manipulation of NOx per RPM.

Fig. 9. Results of mass flow data manipulation of HC per RPM.
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relationship and the ship’s required horsepower, we can derive the
RPM of the engine and estimate the emissions based on the cor-
relation of the exhaust components generated by RPM.

Examining the graph of CO above, it can be seen that the
emissions increased with the increase of other components. In
contrast, from 2000 RPM to 2800 RPM, the emissions decreased
even as RPM increased. This is not only because emissions can be
reduced by minimizing the output of the engine, but also because
the emissions of the ship can be effectively controlled according to
its operating conditions through optimization.

4.2. GHG emission simulation

To calculate the total operation time throughout the lifetime of
the ship, the ship’s lifetime and operation schedule must be
assumed. For this purpose, the most common schedules among
ships registered in Korea were considered. The assumed lifetime of
the ship is 20 years, during which the ship travels twice a week at
5 h per journey, for a total operation time of 10,400 h over 20 years.
This scenario is set according to the Korean report (NIER, 2014), and
for other simulations, engine combustion test results can be
referred to and modified accordingly.

Based on this operation schedule and the relationship between
the engine and emissions derived in Section 4.1, we estimated the
emissions for each component. Fig. 12 shows the results of the
original design.

We estimated the emissions for all four components, of which
CO2 was much higher. Over 20 years, 778,314.63 kg of CO2 were
emitted. Following CO2, 9217.70 kg of NOx, 5975.86 kg of CO, and
558.55 kg of HC were emitted. Moreover, we executed the simu-
lation with varied operating conditions, as shown in Table 2. Fig. 13
shows the simulation results of the original design. NOx was

reduced by 2.20%, CO2 by 4.74%, and HC by 2.78%. Meanwhile, only
CO increased by 5.85%.

As shown in Section 4.3, the emissions of the D6-435 engine
tended to decrease with increasing RPM up to 2800 RPM. The RPM
decreased from 1851 to 1797 as displacement changed from the
original design to the lighter design. This result was judged to be
reasonable.

Through this simulation, we confirmed the increase and
decrease in exhaust gas emissions with variations in operating
conditions, confirming that the environmental impact assessment
properly reflected the operating conditions.

Fig. 10. Results of mass flow data manipulation of CO per RPM.

Fig. 11. Differences between existing LCA process and improved environmental impact assessment.

Fig. 12. Emissions of MMU-G52.

Fig. 13. Change in emissions due to changing operating conditions.
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5. Comparative analysis of existing LCA with proposed
method

Fig. 11 shows the main differences between the environmental
impact assessment at the point of use of the small ship using the
existing LCA and the proposed method. The time of the generation
of environmental load differs between the actual point of use of the
ship and the production of raw materials, i.e., the amount of fuel at
the point of use. In addition, the target of analysis in this study is the
amount of fuel and the emissions generated from the combustion
of that same amount of fuel. Finally, the main difference is pre-
sented in whether the results are expressed as an index or quan-
titative emissions.

Jeong et al. (2018) defined raw materials at the use stage of the
ship as the target of environmental impact assessment. Here, for
the use stage of the ship, SimaPro 8 (Sustainability Pre, 2018), an
inventory librarydEcoinvent 3d(Ecoinvent, 2018) and an envi-
ronmental impact assessment methoddReCiPed(RIVM, 2016)
were used to determine the load due to fuel drilling. This study
performed a case study analysis of the same ship and scenario of
that in Jeong et al. (2018) and numerically compared the results of
the two methods.

Table 4 shows the results of the point of use (i.e., the point of
production of the raw material) of the general LCA used by Jeong
et al. (2018). Global warming potential was converted to CO2 and
ozone depletion potential was converted to CFC11 (freon gas).

These results are based on the same operating conditions of the
case study (904,597.20 L of diesel consumed during 10,400 h of
operating time and 880,900.60 L consumed for the lighter design).
The global warming potential was thus converted to 509,883.82 kg
CO2 eq, and the ozone depletion potential was converted to 0.82 kg
CFC11 eq. However, this determines the environmental load when
drilling the fuel, not the environmental load that occurs when the
ship is actually used. Moreover, it is difficult to determine the
specific components in the inventory that were converted to CO2.
While this is a simple and effective method for determining the
environmental impact of diesel oil on global warming and ozone
layer depletion, it is inadequate for determining the specific envi-
ronmental load during long-term use of the vessel.

This method of assessing environmental load through emissions
generated from engine fuel combustion during ship operation can
be used to directly determine the environmental load at the point
of use. Table 5 summarizes the results of the environmental impact

assessment using this improved method. The table shows quanti-
tative emissions of the exhaust gas components. Through this, we
confirmed that the proposed method is more suitable for deter-
mining environmental load attributable to the transportation
method.

6. Conclusions

This study defined an environmental impact assessment
method considering the actual operating conditions of small ships
and confirmed its effectiveness through a case study. In addition,
we numerically compared the conventional LCA method for small
ships investigated in previous studies using the same ship and
scenarios.

We addressed the difficulty of quantitatively assessing envi-
ronmental impacts at the point of use in the existing LCA method
and conducted environmental impact assessments with the actual
quantitative amount of emissions according to operating condi-
tions. Moreover, as the proposed method can account for the
environmental load characteristics of the ship, it is consideredmore
appropriate for reflecting actual situations than the existing
method.

For environmental impact assessment using the existing LCA
method, it was difficult to identify factors influencing the envi-
ronmental impact indices. Through the improved environmental
impact assessment, however, factors affecting the environment
could be quantitatively identified and used as quantitative in-
dicators. Moreover, changes in exhaust gas emissions with varia-
tions in different operating conditions, such as displacement and
speed, can be analyzed. By considering the characteristics of the
engine, this method can facilitate the identification of more envi-
ronmentally friendly operating conditions of small ships and
development of more energy-efficient plans to improve environ-
mental performance, as in ocean-going merchant ships.

Accordingly, it is necessary to collect andmanage the test results
of exhaust gas for various engines in small ships in the future. This
can then be used to manage the operating conditions of small ships
to improve environmental performance as in ocean-going mer-
chant ships, thus facilitating the reduction of GHG emitted by small
ships.
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