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Abstract: Modern society faces the difficult task of solving environmental issues to achieve sustainable economic growth and meet
increasing energy demands. The operation of ships consumes large amounts of fuel and emits harmful gases, significantly contributing
to air pollution and climate change. In accordance with the strengthening international environmental regulations, this study focuses
on LPG fuel as an eco-friendly alternative with potential for achieving low CO: and NOx emissions and operational-cost efficiency.
The performance of a developed 200-kW class LPG engine under various load scenarios was experimentally evaluated and its perfor-
mance was verified by comparison with the diesel engine of an 8000-ton class training ship emergency generator. Based on the exper-
imental results, this engine exhibited low NOx emissions commensurate with the International Maritime Organization (IMO) Tier III
regulations, and showed relatively low CO emissions and fuel consumption compared to diesel engines. The engine was found to have
economic and environmental advantages over conventional diesel engines, and its potential as a marine engine was confirmed based
on its performance according to the load. These findings are expected to provide a basis for future research and development of alter-
native fuels and serve as an experimental benchmark for various types of vessels equipped with LPG engines.
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1. Introduction ecofriendly alternative fuels such as hydrogen, ammonia, lique-
fied natural gas (LNG), methanol, and liquefied petroleum gas
(LPG) [3][4].

Among these fuels, LPG is considered a realistic alternative

Modern society faces the challenge of resolving environmental
issues in line with sustainable economic growth and increasing

energy demands. Ships consume a large amount of fuel because

of their large scale and long operating hours, and emit a consid- that can play a bridging role in transitioning to future eco-friendly

erable amount of harmful gases in the process [1]. Consequently, fuels, such as hydrogen and electricity. LPG, with lower CO- and

they have been identified as one of the main causes of air pollu- NOx emissions than conventional ship fuels and virtually no sul-

tion and climate change, which has led to the strengthening of fur oxide or particulate matter emissions, is being evaluated as

environmental regulations in the maritime sector. In line with the most suitable fuel for meeting international ship emission

this, regulations are becoming increasingly stringent, and at the regulations. Moreover, compared with LNG or compressed nat-

80th International Maritime Organization (IMO) Marine Envi- ural gas (CNG), LPG has a higher calorific value, making it su-

ronment Protection Committee (MEPC) on July 7, 2023, the perior in terms of operational economy. The cost of setting up

“2023 Greenhouse Gas Reduction Strategy” was adopted, declar-
ing net-zero emissions for international shipping by 2050 [2].
With the strengthening of environmental regulations, shipping
companies and shipyards are striving to develop new eco-
friendly ships that meet these standards. This serves as an im-
portant catalyst for accelerating the transition to ecofriendly en-

ergy in the maritime sector, drawing attention to the use of

bunkering infrastructure is also lower than that of LNG, enabling
a stable energy supply. However, most research on developing
LPG engines conducted thus far has focused on large ships, and
there is a lack of substantial research on the development of LPG
engines suitable for small- and medium-sized ships. Further-
more, most existing LPG engines have been developed for land

use, such as in vehicles or for power generation. Directly
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applying these engines to ships poses several problems that must
be addressed. Therefore, the implementation of an eco-friendly
and economical LPG engine in ships is an urgent requirement for
shipping companies, both domestically and internationally.
Against this backdrop, this report presents a performance analy-
sis of LPG engines for small- and medium-sized ships, aiming to
provide basic data for application to various types of ships. Fur-
thermore, the results obtained in this study can be utilized for the

research and development of alternative fuels [5].

2. Configuration of LPG Engine and
Experimental Method

2.1 Configuration of LPG Engine

Figure 1: Developed 200 kW LPG engine
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Figure 2: Diagram of fuel system

The propulsion system considered in this study consists of an
electric propulsion system with two water-jet propulsion sys-
tems. A 200-kW class LPG engine was selected and developed
as the prime mover for the generator of this system. The devel-
oped LPG engine, similar to the existing CNG engine, allows
gaseous fuel to pass through the engine and generate output

through combustion. However, unlike gaseous fuel, liquefied
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fuel is designed and manufactured as shown in Figure 1. Figure
2 shows a diagram of the fuel system.

As shown in Table 1, compared with the CNG engine, the out-
put of the LPG engine is 230 kW, and a torque of 1.35 kN is
supplied by the 6-cylinder engine, which operates via the Otto
cycle and spark ignition method. The CNG engine uses the multi-
point gas injection (MPGI) method, and the LPG engine uses the
multi-point liquid injection (MPLI) method. The fuel supply sys-
tem of the LPG engine was designed in a returnless format, main-
taining a pressure of 2 MPa through the fuel pump to prevent a
phase change in the fuel supplied to the engine within the fuel
line. The fuel was individually supplied to each cylinder during
the intake stroke by being sprayed as a liquid through an injector
mounted on the intake manifold of each cylinder. After passing
through the compression stroke in the combustion chamber, the
supplied fuel was ignited by a spark-plug flame. The amount of
fuel supplied to each cylinder was controlled using an engine

control unit.

Table 1: Comparison of reference CNG engine and LPG engine

. Reference
Item LPG engine ENE i
Classification LO6AF C6AF(BASE)
Engine type 16 TCI(WGT) 16 TCI(WGT)
Displacement 11,670 [cc] 11,670 [cc]
Bore x Stroke 133 x 140 [mm] 133 x 140 [mm]
Max. Power 230 kW/1,800 [rpm] 250 k2,000
[rpm]
1.37 kN/1,200
Max. Torque 1.35 kN/1,200 [rpm] [rpm]
Compression ratio 9.5:1 115:1
EMS Woodward Woodward
Fuel LPG CNG
Catalyst TWC TWC
EM compliance IMO Tier III EU6
NVH 95 [dB] 95 [dB]
Application Marine generator Aero city bus

When liquid propane fuel is sprayed from the injector, due to
the heat of vaporization, the fuel condenses with the surrounding
moisture. This generates moisture that freezes and accumulates
around the injector where the fuel is sprayed, leading to an icing
phenomenon that interferes with fuel injection. To prevent icing,
a plastic icing tube was installed from the injector spray hole in-
side the intake manifold (Figure 3) to prevent the vaporized fuel
from directly touching the injector, and an icing tip was con-
structed to support the icing tube. In an engine with a LPG liquid

injection system, fuel injection occurs according to the

Journal of Advanced Marine Engineering and Technology, Vol. 48, No. 2, 2024. 4 64



Performance analysis of a constant-speed LPG engine

theoretical air-fuel ratio based on the amount of intake air, and
ignition is carried out by a spark plug through an ignition coil that
generates a high voltage [6].

Operating at the theoretical air-fuel ratio provides relatively
high output characteristics under the same displacement condi-
tions, and by applying a three-way catalytic converter as an after-
treatment device for the exhaust gas, it is possible to satisfy the
IMO Tier III exhaust gas regulations through the oxidation and
reduction reactions of precious metals applied to the three-way
catalytic converter without supplying a separate reducing agent,

enabling economical operation [7].

Injector

Fuel Port

Icing Tip

Figure 3: Configuration of LPG injector

2.2 Test System and Equipment

To verify and control the performance of the LPG engine, the
automation system of the FEV, composed of an automation
tower, a DAQ in a cell, and an automation program, as presented
in Table 2, was installed in the control room. An AC dynamom-
eter that adjusted the load using an alternating current motor and
a water-cooling controller that controlled the coolant temperature
were connected to the engine and installed on site. The amount
of LPG fuel and air injected into the engine was measured using
installed fuel flow meters from Emerson and airflow meters from
Sierra. A combustion pressure sensor, combustion analyzer, and
program from KISTLER were used to verify the combustion
characteristics within the combustion chamber. Additionally, an
exhaust gas analyzer (HORIBA) was used to analyze each com-

ponent of the exhaust gas generated after combustion.

Table 2: List of measurement equipment

Items Maker Remark
Automation system FEV
AC Dynamometer AVL Compact350/1.4-4

Water cooling control- Engine tech
ler

Fuel flow meter Emerson CMF-025

AIR flow meter SIERRA 780S
Combustion pressure Kistler 6115CF

sensor
Combustion analyzer Kistler Kibox 2893
Combustion analysis Kistler Kibox cockpit
program

Exhaust gas analyzer HORIBA MEXA-9100DEGR

2.3 Experimental Scenario

The developed LPG engine was designed for application in
small- and medium-sized ships and can potentially be applied in
various types of vessels. The operating characteristics of each
type of vessel are decisive factors affecting the engine perfor-
mance. Accordingly, performance analysis was conducted using
load scenarios that reflected various operating characteristics.
Four A-D load scenarios were established to test the performance
of the developed LPG engine. The load was varied using a dy-
namo, and the engine was operated for approximately 90 min, as

shown in Figure 4.

Figure 4: Experimental configuration of LPG engines

Figure 5(a) represents the scenario where the load was in-
creased from 0 kW to 10, 20, 30, and up to 200 kW in increments
of 10 kW at 2 min intervals. Figure 5(b) demonstrates the sce-
nario in which the load was changed by 50 kW (from 0 kW to
200 kW, and back to 0 kW) at 3 min intervals. Figure 5(c) depicts
the scenario in which the load was shifted by 66 kW (from 0 kW
to 200 kW, and back to 0 kW) at 2 min intervals. Figure 5(d)
shows the scenario in which the engine was operated at 0 kW for
1 min, then at 200 kW for 3 min, and back to 0 kW for 1 min. To
set up each scenario, the load changes were performed manually.
The engine performance, fuel consumption, temperature, pres-

sure, and exhaust gas data were measured at 1 s intervals. This
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experiment was used to evaluate the suitability of the LPG engine
as a marine engine and to analyze the performance according to
the engine load by measuring the fuel consumption and exhaust

gas.
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Figure 5: Different load scenarios
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3. Results and Discussion

3.1 Result of NOx Analysis

The LPG engine used in this study adopts a liquid fuel injec-
tion method that leverages the latent heat of vaporization of the
liquid LPG fuel to increase the volumetric efficiency and enhance
the output of the engine.

In previous research, Nguyen and Nguyen [8] stated that by
using an LPG liquid injection system, the output and fuel effi-
ciency of the engine could be improved without unstable torque
characteristics by accurately controlling the air-fuel ratio, while

also reducing NOx emissions.

Table 3: Nitrogen oxide emission standards

Ship con- Total weighted cycle emission limit
Tier |struction date] (g/kWh) n=engine’s rated speed(rpm)
on or after | n <130 n=130~1999 n = 2000
45-n(-0.2)
I |1JAN.2 17. .
! 000] 17.0 e.g., 720rpm - 12.1 o8
44-n(-0.23)
II |1JAN.2011| 144 e.g., 720rpm - 9.7 7.7
9-n(-0.2)
III |1JAN.2016| 3.4 2.0
e.g., 720rpm - 2.4

According to the formula in Table 3 provided by the IMO, the
nitrogen oxide emission standard for an engine running at
1800rpm to meet the IMO Tier 111 requirements is 2 g/kWh. Fig-
ure 6 shows the NOx emissions of nitrogen oxides for each load
scenario, and it can be confirmed that all are within the emission
standard of 2 g/kWh [9].

As shown in Figure 6(a), when the load increased slowly, the
emissions of nitrogen oxides initially increased and then gradu-
ally decrease, recording 0.06 g/kWh. However, in the section
above 100 kW, there were fluctuations in the emissions according
to the load changes, which peaked at 1.7 g/kWh. In scenarios
where the load increased rapidly, as in Figure 6(b) and Figure
6(c), the fluctuations in nitrogen oxide emissions due to load
changes became even larger.

Particularly, Figure 6(d) shows the largest fluctuation. Nitro-
gen oxide emissions tended to be high during the load-reduction
sections for each scenario. This appears to be due to changes
caused by air-fuel ratio imbalances during rapid load fluctua-
tions, and it is presumed that this would have affected the rate of
the three-way Catalytic Converter reaction because the theoreti-

cal air-fuel ratio operation was not sustained.
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Figure 6: NOx measurements for each scenario
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3.2 Results of SFOC Analysis

The specific fuel oil consumption (SFOC) is an indicator of
the amount of fuel consumed over a specific period. This can
vary depending on the operating environment and engine condi-
tions.

For these reasons, in this study, all external forces or environ-
ments that are possible while the engine is operating were ex-
cluded, and the experiment was conducted according to each sce-
nario by purely changing the load itself. The change in the SFOC
according to engine load is shown in Figure 7.

As shown in Figure 7(a), the initial SFOC at the start of the
operation was 980 g/kWh and decreased sharply as the load in-
creased. Notably, from a load of 50 kW, the SFOC decreased sta-
bly, and at the maximum load of 200 kW, the SFOC was 233.1
g/kWh.

Figure 7(b),(c) presents scenarios in which the load was in-
creased sharply. In these respective cases, the SFOC decreased
sharply to 340.6 and 339.4 g/kWh under a load of up to 50 kW.

Thereafter, the SFOC decreased stably and reached 233.4 and
234.4 g/kWh, respectively, at the maximum load of 200 kW.
However, when the load decreased, the SFOC tended to increase
sharply beyond the load of 50 kW.

The same tendency was observed in the scenario in Figure
7(d), where the change in the SFOC up to a load of 50 kW was
particularly severe.

Based on the above experimental results, it can be confirmed
that the results of prior research are satisfactory.

Zhang et al. [10] showed that the SFOC decreases significantly
as the engine output increases, which is one of the characteristics
of internal combustion engines, because the thermal efficiency of
the engine cycle improves.

The present experiments confirmed that the SFOC of the LPG
engine decreased continuously as the engine load increased, and
the decrease was noticeable within certain load ranges. The
SFOC exhibited a minimum value at a maximum load of 200 kW
[11].

The SFOC, which represents the performance of an engine,
has a direct impact on fuel-cost savings.

Because the SFOC is related to CO2 emissions, decreasing the
SFOC through efficient engine operation can contribute signifi-

cantly to reducing CO2 emissions.
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Figure 7: SFOC measurements for each scenario
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3.3 Result of CO, Emission Analysis

According to the IMO's policy to reduce carbon dioxide emis-
sions to “net zero” by 2050, the emission of carbon dioxide, one
of the greenhouse gases, has also become a crucial factor that
must be considered from an environmental perspective.

In this context, this study aimed to verify the carbon dioxide
emission levels of the developed LPG engine and measure and
analyze the carbon dioxide emissions in each scenario.

Equation (1) was used to calculate the emission of carbon di-

oxide for each scenario [12].

CO, Emission = (Fuel cons. X TOE of LPG X
Carbon Emission factor x CO, atomic Weight)/3600 1)

The petroleum conversion factor is used to convert the calo-
rific value of petroleum based on the calorific value of various
energy sources.

Article 5 of the Energy Law Enforcement Rules presents the
petroleum conversion factors (TOE: ton of equivalent) for each
energy source; the petroleum conversion factor for LPG is 1.105
[13].

The carbon emission factor is defined based on the calorific
value of each fuel, and is calculated as a secondary factor related
to the petroleum conversion factor based on the calorific value
ratio for 1 kg of crude oil. LPG, which is currently the fuel used
in this engine, has a carbon emission factor of 0.713 according to
the Intergovernmental Panel on Climate Change (IPCC).

Figure 8 shows the CO2 emissions for each load based on the
calculation formula, expressed in the form of a graph.

The carbon dioxide emissions for each load were calculated
using Equation (1) based on the SFOC measured per unit output,
where the minimum and maximum emissions were 8 and 36 g/h,
respectively.

The shape of the graph in Figure 8 indicates that the carbon
dioxide emission is proportional to the load.

This can be understood in terms of the concept of the SFOC,
which expresses the amount of fuel consumed over a certain pe-
riod of time, where the combustion of fuel composed of carbon
and hydrogen generates energy while simultaneously emitting
carbon dioxide and water. The trend confirms that the increase or
decrease in the carbon dioxide emission differs according to the

increase or decrease in the SFOC.
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3.4 Comparison of Diesel Engine Data

The engine in this study is designed as an auxiliary engine to
supply power for the propulsion of a ship and the power required
for onboard residence under conditions of sailing at a standard
speed. To confirm its feasibility as a commercially suitable aux-
iliary engine and verify the experimental parameters for the LPG
engine, the data acquired using a diesel engine as an emergency
generator for an actual 8000 ton marine training vessel are pre-
sented for comparison.

In other words, based on the data for diesel engines with sim-
ilar outputs, evaluating the environmental and performance as-
pects for comparison with the LPG engines evaluated herein is
instructive. The characteristics of the diesel engine are similar to
those of the LPG engine at 1800 rpm and 163 kW. Based on the
average values from the trial-run tests according to Chapter 1,
Part 6 of the KR rules, the calculated CO2 emissions and SFOC

values are presented in Table 4.

Table 4: Trial-run data from diesel engines for comparison
RPM POWER CO2 SFOC
(rpm) (kW) (g/h) (g/kWh)
25% 1801 40.7 11.58 395.13

Load

co,(gh)

Time (min)

(¢) Load scenario (66 kW)

co, (a/h)

Time (min)

(d) Load scenario (200 kW)

Figure 8: CO2 measurements for each scenario

50% 1800 81.5 18.40 313.40
75% 1802 122 25.02 284.79
100% 1800 163 31.22 265.92

The amount of nitrogen oxides emitted by the LPG engine in
this study was in the range of 0.06—1.7 g/kWh under each load,
which falls within the range of 2 g/kWh, which is the emission
allowance standard for ships under the IMO Tier III and the
Clean Air Conservation Act. Figures 9 and Figure 10 present the
average values for each item.

Figure 9 shows a graph comparing the SFOC values for the
LPG and diesel engines.

Comparison of the SFOC of the LPG engine and the diesel
engine under the same load shows that the LPG engine is more
advantageous in terms of the SFOC, with minimum and maxi-
mum values of 228.75 and 382.95 g/kWh respectively, as com-
pared to those of the diesel engine, having minimum and maxi-
mum values of 265.92 and 395.13 g/kWh, respectively.

Figure 10 presents a comparison of the carbon dioxide emis-
sions of the LPG and diesel engines Based on the average fuel
consumption per unit output under the same load, the LPG engine
afforded a minimum and maximum emission of 10.96 and 30.46
g/h, compared with a minimum and maximum emission of 11.58

and 31.22 g/h, for the diesel engine, respectively. The emission
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of the LPG engine was approximately 0.7 g/h lower on average
compared with that of the diesel engine. This is consistent with
previous studies showing that the carbon dioxide and carbon-
compound emissions of engines using LPG fuel are lower than
those of diesel engines because of the low carbon content of LPG

[14].

mDisel WLPG
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3134
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300 28402 e
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Figure 9: Comparison of diesel engine and LPG engine (SFOC)
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Figure 10: Comparison of diesel engine and LPG engine (COz)

The results of these studies show that the theoretical assump-
tions regarding the effect of the fuel type on carbon dioxide emis-
sions from engines are consistent with the actual measurement
results. This is an important finding for reducing carbon dioxide

emissions from ships.

4. Conclusion

This study was conducted with the aim of analyzing the per-

formance of small- and medium-sized marine LPG engines for

making ecofriendly and economical choices, and for evaluating
the applicability of these engines in ships. Thus, the possibility
of LPG serving as a bridge fuel between existing and new energy
sources while meeting the environmental regulations of ships
was explored. To achieve this goal, this study experimentally an-
alyzed the NOx, SFOC, and CO; emissions from LPG engines
under various load scenarios. The results of this study are sum-
marized as follows:

Firstly, the LPG engine used in this study adopted a liquid fuel
injection method with the aim of improving the power and fuel
efficiency and reducing NOx emissions by accurately controlling
the air-fuel ratio. The tests showed that the IMO Tier III nitrogen
oxide emission standard of 2 g/kWh was satisfied in all scenarios.
Detailed analysis of the NOx emissions indicated that most sce-
narios met the standard. However, in scenarios where the load
changed drastically, the fluctuations in the nitrogen oxide emis-
sions were significant, attributed to the effects of the air-fuel ratio
imbalance and the reaction rate of the three-way catalyst.

Secondly, we examined the relationship between the engine
load and SFOC in various scenarios, demonstrating that the
SFOC decreases continuously as the engine load increases. The
SFOC was the lowest at the peak load of 200 kW, and the decline
was even more pronounced in certain sections. These results are
consistent with previous research showing that increasing the en-
gine power significantly reduces the SFOC.

Thirdly, the carbon dioxide emissions from LPG engines were
measured to be between a minimum of 8 g/h and maximum of 36
g/h, which is similar to the trend for the SFOC. These results
show an association between the increase and decrease in the
SFOC and carbon dioxide emissions. The carbon content of LPG
per liter is low, which is consistent with previous studies showing
that the carbon dioxide and carbon-compound emissions of en-
gines using LPG are lower than those of diesel engines. This
shows that the theoretical assumptions regarding the impact of
the fuel type on carbon dioxide emissions from the engine are
consistent with the actual measurements. These findings are ex-
pected to be important in reducing carbon dioxide emissions
from ships.

Finally, a comparative analysis was conducted using a diesel
engine with an output similar to that of the LPG engine. The LPG
engine was more advantageous in terms of the SFOC and exhib-
ited lower carbon dioxide emissions. This shows that LPG en-
gines are superior to diesel engines not only in terms of environ-

mental impact, but also in terms of fuel efficiency, confirming the
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potential of LPG engines as an eco-friendly and economical al-
ternative to ship propulsion systems. The results of this study
provide fundamental data for future research and development
regarding alternative fuels and are expected to serve as an exper-
imental basis for the application of LPG engines in various types

of vessels in the future.
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