Kapal: Jurnal [lmu Pengetahuan dan Teknologi Kelautan, 20 (1) (2023):75-84 75

Kapal: Jurnal [lmu Pengetahuan dan Teknologi Kelautan
(Kapal: Journal of Marine Science and Technology)

2301-9069 (e) journal homepage : http://ejournal.undip.ac.id/index.php/kapal
1829-8370 (p)
Development of Hybrid CNG/Diesel Dual-Fuel Engine in High Load Condition "

for Marine Debris Vessel -
updates

Frengki Mohamad Felayati')”, Erik Sugianto?), Nilam Sari Octaviani®

" Department of Marine Engineering, Faculty of Engineering and Marine Science, Hang Tuah University, Surabaya, Indonesia 60111.
2 Research Center for Transportation Technology, Indonesian National Research and Innovation Agency, Indonesia.
) Corresponding Author: frengki@hangtuah.ac.id

Article Info Abstract
Keywords: Greenhouse gas (GHG) emissions are the most influential issue in the transportation sector in recent
CNG; years due to their impact on the environment. Thus, the design of transportation power plants is
Design; necessary to ensure the lowest GHG emissions. However, the development of a small vessel power
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Emissions; of collecting marine debris on the water surface with a conveyor. This vessel is designed with a dual-
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1. Introduction

Marine vessels have been observed for GHG emissions contribution, which is harmful to the environment. The GHG
emissions produced on the vessel are mainly from the propulsion engine, with most of the vessel using a diesel engine. Most
of the diesel engines on marine vessels generate NOx (Nitrogen Oxides), SOx (Sulfur Oxides), COx (Carbon Oxides), and PM
(Particulate Matter) emissions depending on the main fuel used [1], [2]. These emissions should be reduced significantly to
decrease the risk to human health and climate change [3]. Besides, the diesel engine is difficult to replace on the marine
vessel due to the high efficiency and higher-power output than other internal combustion engines [4]. Thus, a diesel engine's
existence is still more considerable on the vessel than environmentally friendly power sources such as solar and wind power
are proposed in terms of low GHG emissions. However, the high capital cost and low efficiency of renewable energy devices
are still being studied to ensure their high feasibility [5].

Reducing the GHG emissions on vessels with diesel engines is still considered to lower the environmental impact rather
than converting to another power source. At least the IMO (International Maritime Organization) mandated new ships with
EEDI (Energy Efficiency Design Index) and SEEMP (Ship Energy Efficiency Management Plan) [6]. The EEDI and SEEMP are
efficiency strategies for a ship’s design and operation, respectively, that can be useful to increase the energy efficiency of
the shipswhich can reduce GHG emissions. Moreover, the existing vessel can be retrofitted using an after-treatment device
on the engine exhaust gas system, for example, an engine scrubber [7] and EGR (Exhaust Gas Recirculation) [8]. The engine
scrubber can reduce SOx emissions significantly on diesel engine exhaust gas emissions. Furthermore, EGR can recirculate
the exhaust gas to be mixed with fuel and air and re-combusted for a cleaner exhaust gas with lower NOx emissions.
Nevertheless, attaching the after-treatment device is still feasible only on large ship tonnage, especially for scrubbers.
Moreover, most of the EGR is already packaged with the engine system when purchased for new shipbuilding. Thus, an after-
treatment device is quite optional based on the cost even from capital cost or operational cost [9]. Another option to reduce
GHG emissions is converting or blending the diesel fuel to other alternative fuel for the combustion process [10-12]. Many
alternative fuels have their characteristics on the combustion then affect the emissions produced. The diesel engine can use


http://issn.pdii.lipi.go.id/issn.cgi?daftar&1342508490&1&&
http://issn.pdii.lipi.go.id/issn.cgi?daftar&1180427365&1&&
http://ejournal.undip.ac.id/index.php/kapal
mailto:frengki@hangtuah.ac.id
https://doi.org/10.14710/kapal.v20i1.51069
https://doi.org/10.14710/kapal.v20i1.51069
https://creativecommons.org/licenses/by-sa/4.0/
http://crossmark.crossref.org/dialog/?doi=10.14710/kapal.v20i1.51069&domain=pdf

Kapal: Jurnal [lmu Pengetahuan dan Teknologi Kelautan, 20 (1) (2023):75-84 76
bio-diesel, methanol, ammonia, or natural gas as the main fuel in a single or dual-fuel mode. Combined natural gas and diesel
fuel as dual-fuel in the diesel engine can be a solution to develop a vessel propulsion system due to an abundant source of
natural gas fuel which has a main fuel composition of methane [13-15]. Natural gas can be stored as LNG (Liquid Natural
Gas) or CNG (Compressed Natural Gas). The LNG is stored in very low-temperature conditions in the liquid phase at
atmospheric pressure and the CNG is stored in a high-pressure gas tank at room temperature.

The dual-fuel engine utilization on vessels has been implemented and continuously will be improved for several years
later. The dual-fuel engine is very attractive on emissions with high engine performance at high load conditions compared
with diesel fuel [16]. The NOx and PM emissions are reduced significantly on dual-fuel engines than the dedicated diesel
engine [17]. It leads to producing cleaner combustion and lowers the emissions contribution from the marine vessel to
improve the environment. However, the CO and HC emissions need to improve in the dual-fuel engine, both in low and high
load conditions [18]. Besides, it can be lowered in the engine as mentioned in several studies [ 18-20]. The high amount of CO
and HC emissions in dual-fuel engines can be reduced with higher diesel fuel substitution [21], advancing the diesel injection
timing [22], or attaching an after-treatment device to the engine [8]. The dual-fuel engine can be used in high load conditions
with less modification on the system compared with the dedicated diesel engine. Although, several studies mentioned that
the knocking phenomenon should be considered on the high load dual-fuel engine operation [2]. However, a proper
diesel/natural gas fuel ratio can be attractive for the engine operated in high load conditions with less knocking [23]. Most
marine vessels avoid engine operation in low-load conditions thus dual-fuel engine is more applicable in high loads
condition.

In the case of a small vessel, it also contributes to GHG emissions even in a small amount, but it can be equivalent if it
is built in a large number. However, reducing GHG emissions on small vessels is also challenging due to the cost and
environmental issues [24]. A marine debris vessel is mostly a small-sized vessel that has the purpose of collecting water
surface debris such as plastic garbage. In recent years, the popularity has increased due to the high concentration of marine
debris in the ocean from the shore and river flow [25-27]. The production of it is in high demand for small and large capacities,
thus it should be designed carefully considering the emissions that can be produced. A marine debris vessel has at least three
main operational conditions, sailing, collecting, and maneuvering [27]. Collecting debris on the water surface dynamically is
the main purpose of the marine debris vessel. Thus, it has more priority on the system developed, the system should support
the performance of collecting the debris flexibly. Moreover, it only needs a small power source in a high load condition for
the operational condition, the operational condition is mostly in low-speed dynamic propulsion. Hybrid propulsion is
compatible with dynamic propulsion which has superior characteristics in the power, propulsion mode, and cost than fully
operated in an electric mode [28-30].

However, there are only a few studies on small vessel propulsion systems such as marine debris vessels which also
contribute to GHG emissions. Moreover, most of the studies about marine debris technology have a low identification of the
system on the marine debris vessel. This study developed the design of a hybrid dual-fuel engine with several operation
conditions which also identified the performance and emissions. A hybrid diesel power system with natural gas and diesel
fuel for the main propulsion on the small vessel was developed based on the operational condition. The operational condition
is based on the working condition of the specific engine loads. Sailing, collecting, and maneuvering are the main working
conditions that are assessed on the system equipment used. The propulsion system design is focused on power system
development. The energy efficiency is calculated based on the system requirements of the operations. Furthermore, an
experiment was also conducted to study the hybrid diesel engine performance and emissions in several variables.

2. Methods

The development of the dual-fuel hybrid system is focused on the power system which is driven by a small marine
debris vessel. Moreover, the design is combined with a static experiment on the high load condition. The experiment is
conducted in non-operational conditions and hence projected based on workload at high energy demand. The vessel which
is projected for energy utilization is a small marine debris vessel that is described in this section.

2.1. System Design Development

The developed system is a hybrid system that combines a diesel generator with other electric energy power sources.
However, this study is focused on diesel generator development and another electric energy source using batteries that are
designed for partial power output. Besides, the vessel design and working conditions are briefly described.

2.1.1. Vessel Specification

The vessel used in this study is a small marine debris vessel that is also under development. The specification is
described briefly and it has already been discussed extensively in another study [31]. Table 1 shows the specification of the
vessel which has been developed. The vessel is a catamaran vessel that has two main hulls with a very low block coefficient.
Moreover, the vessel has a conveyor in the front of the vessel at a 20° angle and is precisely attached in the middle with a
wing rack in the front of it to collect the debris on the water's surface. Moreover, the vessel is propelled by two propellers
which are powered by an electrical motor. However, the dimension and specification of the propulsion system (electrical
motor to the propeller) will be discussed in future studies. A further detailed specification of the vessel is reported in another
study [31].

Table 1. Vessel Main Dimension
Parameter Symbol Details Unit
Hull type - Catamaran -
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Hull dimension

Length perpendicular Lpp
Length of water line Lwl
Length overall Loa
Draft T
Height H
Block coefficient Cb
Conveyor dimension

Conveyor length Lc
Conveyor angle La

3.95
3.85
4.00
0.30
0.60
0.25

1.63
20.0

33383883

2.1.2. Machineries System

77

In this study, the discussed system machinery is focused on the power plant of the vessel. Figure 1 depicts the power
system design on the vessel with the equipment support. The diesel generator is the main power source in the system, it is
projected to be adequate for the whole energy of the whole operation. Besides, the battery is mainly used as a standby system
for propulsion in case of emergency while operating in uncontrolled conditions and for electronic control units (ECU) with
very low energy requirements. However, the battery can be charged by the generator while the generator is operating. The
diesel generator is used in dual-fuel mode using CNG fuel as the main fuel combined with diesel fuel. A gas and diesel tank
is prepared for the vessel with the outfitting arrangement. The gas tank system is connected to the engine with a regulator
valve, pressure gauge, flowmeter, and emergency safety device. The gas flow is also regulated by an ECU thus the injection
timing is used in a proper configuration on the load condition. Meanwhile, the diesel tank is attached to the engine and the

flow is regulated by a governor with a fixed injection timing.
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Figure 2. Engine Test Arrangement

2.2. Experiment Setup

This study also experimented with the hybrid dual-fuel engine to evaluate the engine performance and emissions. The
experiment is necessary since the engine is developed with separate equipment to ensure all of the components work
properly. It is conducted in the experiment setup adjustment which includes the required test equipment.



Kapal: Jurnal [lmu Pengetahuan dan Teknologi Kelautan, 20 (1) (2023):75-84 78

Table 2. Engine Specification

Parameters Specification Unit
Engine Type Diesel Engine -
Cooling System Water Cooling System -
Number of Cylinders Single Cylinder -
Injection Type Direct Injection Diesel -

Air Flow Naturally Aspirated -
Diesel Injection Pressure 120 MPa
Compression Ratio 18:1 -
Maximum Power Output 5.96 kW

An experiment is conducted with an engine setup and test arrangement as Figure 2. However, there is main equipment
is used such as the main engine which is connected to the electric generator, the fuel system, and the test acquisitions. The
main engine used in this experiment is a converted diesel engine to a dual-fuel engine using CNG and diesel fuel, the detailed
engine specification is shown in Table 2. The engine is a single-cylinder diesel engine with a natural aspirated flow, direct
injection diesel, and water-cooled. Diesel injection is about 120 MPa, maximum engine power output is 5.96 kW, and the
engine compression ratio is 18:1. The engine is connected to a generator and it is also connected to the electric load for the
loading condition test. The diesel fuel is injected into the diesel engine directly into the combustion chamber. Besides, the
CNG is injected into the intake port on the engine and controlled by the ECU. Moreover, flow meters are attached to the fuel
lines to measure the fuel flow. The engine is tested at several engine speeds and it is measured with an independent
tachometer. The engine performance which is tested is the engine torque and engine fuel consumption or specific fuel
consumption (SFC). Furthermore, the engine emissions tested in the experiment are carbon dioxide (CO2), carbon monoxide
(CO), and nitrogen dioxide (NO2). However, the engine equipment detail was reported in another study [12]. However, the
test is conducted in high load conditions, 3 kW and 4 kW.

3. Results and Discussion

A small vessel power plant system is developed, especially on a small marine debris vessel type using a hybrid dual-
fuel engine. The system is mainly designed with the highest engine load requirement thus it can be operated in any working
condition with a certain operation procedure. However, in this section, the design of the system operation and experiment
are discussed.

3.1. Design of The System Operation

The vessel power plant development is based on the highest power requirement for the operation. Table 3 shows the
operational condition of the vessel with the working load specification. Moreover, it shows the energy source options which
are needed for the operation. At least, there are three operational conditions are proposed for this vessel such as sailing,
collecting, and maneuvering. Sailing is an operation in which the vessel goes to the target area at a specific distance before
the debris-collecting process. A propeller work is a dominant load required during the sailing operation with a medium load
requirement from the power plant and it can be used for the dual-fuel diesel generator only. Afterward, the operation in the
target area is collecting which is the main operational design of the vessel. In this operation condition, the propeller and
conveyor are working independently at the same time thus high power is required. With high power output, the dual-fuel
diesel generator is the main power source for the operation to achieve high efficiency. Furthermore, the vessel has a
maneuvering operation condition which is additional vessel movement other than sailing and collecting which is necessary.
This condition only uses the propeller for the operation and it only requires a low power load thus it can be operated with a
dual-fuel diesel generator or battery.

Table 3. Vessel Operational Conditions

Operational Main Equipment Load Energy Source
Sailing Propeller Medium Hybrid engine
Collecting Propeller High Hybrid engine
Conveyor
Maneuvering Propeller Low Hybrid engine
Battery

Nevertheless, low load conditions on the operational condition should be avoided due to multiplier consequences for
the power plant system, especially when using the dual-fuel engine [32-34]. It is reported in another study that low-load
engine operation lowers thermal efficiency which implies that the combustion is dominantly incomplete [35]. Thus, it
increases fuel consumption and leads to higher GHG emissions concentrations. Another study also stated that the methane
slip or the unburned hydrocarbon significantly increases in low-load conditions [20]. However, many options can be applied
to overcome those conditions such as regulating the fuel-energy ratio, applying an injection strategy, or attaching an after-
treatment device. Increasing the diesel fuel mass in low-load conditions increases thermal efficiency and lowers methane
emissions [36]. Moreover, certain injection strategies such as perfect injection timing, injection duration, and split injection
also increase thermal efficiency [37]. Also, adding the after-treatment such as exhaust gas recirculation (EGR) can re-combust
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the methane slip and lowers the unburned methane emissions [8]. Besides, this strategy is difficult to adjust if the engine is
unpacked with self-response control and it is complicated in the case of the in-field application.

3.2. Experiment with The System on High-Load Operation

The engine performance and emissions are reported in this study such as engine torque, fuel consumption, NO2
emissions, CO2 emissions, and CO emissions. The experiment was conducted in dedicated diesel mode and dual-fuel mode.
The engine was tested with an experiment at several engine speeds from 1800 rpm to 2200 rpm. Moreover, it was also tested
at high load conditions of 3 kW and 4 kW. Diesel 1 and diesel 2 represent dedicated diesel modes at 3 kW and 4 kW,
respectively. DF 1 and DF 2 are the dual-fuel modes at 3 kW and 4 kW, respectively.
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Figure 3. Engine Torque on High Load Condition

Figure 3 shows the engine torque in several modes, speeds, and loads. The engine torque at 4 kW is higher than at 3 kW
with the highest and lowest torque at dual-fuel mode about 26 Nm at 4 kW loads and 15 Nm at 3 kW loads, respectively. The
3 kW load shows that dedicated diesel has a higher torque at most of the engine speeds than dual-fuel mode. However, the
torque is nearly similar in both dedicated diesel and dual-fuel modes at 1900 rpm and 2000 rpm. Moreover, it is 3% higher
at 1800 rpm and 2100 rpm. The 4 kW load shows that diesel mode has a higher engine torque at most of the engine speeds
but at 2000 rpm and 2200 rpm the dual-fuel has slightly higher torque than dedicated diesel mode. This phenomenon
indicates that proper engine speeds are required to improve the torque [38], hence the difference is insignificant thus it can
be neglected. The engine torque decreases at dual-fuel mode significantly by about 3,3%. Lower engine torque in dual-fuel
mode than in dedicated diesel mode is normal. It is reported in several studies that dual-fuel combustion has a longer ignition
delay than dedicated diesel mode thus the engine torque lowers as a consequence [39], [40]. It can be normalized with higher
engine torque with several settings such as adjusting the injection timing [22]. However, the difference remains insignificant
thus additional setting is unnecessary in terms of operational efficiency.

The engine fuel consumption is reported in Figure 4 in several loads, engine speeds, and operation modes. The dual-
fuel mode has a significant reduction in the engine fuel consumption at both engine loads than the dedicated diesel. However,
the lower engine fuel consumption with dual-fuel mode than dedicated diesel is due to the CNG fuel addition in the diesel
engine. The CNG fuel has a higher lower heating value (LHV) than diesel fuel thus the lower total fuel consumption for the
combustion [41]. In the dual-fuel mode, the higher engine speeds have a lower engine fuel consumption. It is due to higher
engine power at higher engine speeds thus the fuel consumption is more efficient. The lowest engine fuel consumption is at
dual-fuel mode with 2200 rpm and 3 kW loads of about 107 g/kWh. Furthermore, in a dedicated diesel mode, the engine fuel
consumption both at 3 kW and 4 kW loads has the lowest engine fuel consumption at 2000 rpm. Higher engine speeds in
dedicated diesel mode have higher engine fuel consumption. It indicates that the combustion is more efficient at 2000 rpm
due to the diesel fuel spray quality. The highest engine fuel consumption is at 4 kW loads and 2200 rpm with a dedicated
diesel mode of about 339 g/kWh.

Figure 5 depicts the NO2 emissions in the experiment at 3 kW and 4 kW load conditions with dedicated diesel and dual-
fuel modes at several engine speeds. It shows that the NO2 emissions in diesel mode have higher concentration at low load
conditions than the dual-fuel mode as a consequence of low fuel injection mass in low load conditions. In low fuel injection
mass, the combustion temperature tends to be low thus increasing the NO2 emissions. Higher engine speeds decrease the
NO2 emissions both in dedicated diesel and dual-fuel modes in all engine loads. It is due to the more efficient combustion at
high engine speeds. However, most of the dual-fuel mode conditions have a significantly higher NO2 emissions concentration
than the dedicated diesel mode. Meanwhile, it also has the potential to lower NO2 emissions at 2200 rpm with a 4 kW engine
load in dedicated diesel mode. In that condition, the NO2 emissions are about 21 ppm which is nearly the same as the lowest
NO2 emissions concentration in the dual-fuel mode about 13 ppm. The high NO2 emissions concentration in dual-fuel mode
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is due to the severe knock in high load conditions, as reported in several studies [16], [23], [42]. The air/fuel mixture is too
rich due to lower air concentration which is replaced in volume by the natural gas fuel and severe knock is difficult to avoid.
Thus, the high combustion temperature from the knock phenomenon produces significant NOx emissions.
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Figure 6 shows the CO2 emissions of the engine with dedicated diesel and dual fuel. The CO2 emissions indicate perfect
combustion in the chamber which means the fuel is completely burned. It depicts that the CO2 emissions in diesel mode are
higher at high load conditions as in the dual-fuel mode. It is due to the fuel mass burned in the high load being higher than
the low load condition as a consequence of the higher fuel mass injected into the combustion chamber. The CO2
concentration at low engine speed (1800 rpm) increases with higher engine speed (2000 rpm) and then decreases at the
highest engine speed (2200 rpm). However, it shows that the dual-fuel mode at 3 kW has a lower CO2 emissions
concentration in the experiment at each engine speed than other variations with the lowest CO2 achieved at 2200 rpm at
about 3.2% concentration. In this condition, it means that a lot of the combustion zone has not reached the minimum
temperature for perfect combustion thus decreasing the CO2 emissions [43]. However, this condition can be advantageous
due to the stringent regulations to reduce CO2 emissions [44]. Meanwhile, the consequence is higher NOx emissions which
can be reduced with another strategy. Besides, the highest CO2 emissions are in dual-fuel mode with a 4 kW load at 2000
rpm about 5.7% concentration. At that condition, at 2200 rpm, the CO2 emissions significantly decrease. It is due to the
combustion at the lower engine speed being supported with a proper diesel fuel injection spray. The larger diesel injection
mass at the highest engine speed at 2200 rpm worsened the injection spray characteristic thus lowering the CO2 emissions.
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Furthermore, the CO2 emissions in each mode remain to be high at most engine speeds due to more perfect combustion
generated by the process.
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The CO emissions in the experiment are reported in Figure 7 with several engine speeds, engine modes, and engine
loads. It shows that the CO emissions in diesel mode have higher concentrations at high load conditions. The higher engine
load leads to higher diesel fuel mass injection thus increasing CO emissions. Besides, the CO emissions in dual-fuel mode
have different characteristics. The CO emissions at high loads with low engine speeds have a lower concentration than low
load conditions. It indicates that the combustion quality increases in the high load with low engine speeds thus decreasing
the CO concentration. The CO emissions on the 3 kW load have a different characteristic than the 4 kW load condition in both
of the engine modes. At a 3 kW load, the CO emissions decrease at 2000 rpm from 1800 rpm and then slightly increase at
2200 rpm. At a 4 kW load, the CO emissions increase at 2000 rpm and then significantly increase at 2200 rpm. The higher CO
emissions indicate that several combustion zones have a lower temperature than the ideal temperature for combustion [18].
However, Figure 7 shows that the CO emissions concentration mostly occurred due to the engine loads. Higher engine loads
increase the diesel injection mass thus it affects the injection spray characteristic which also affects the combustion quality.
Moreover, it indicates that CO emissions are also affected by engine speeds. The higher the engine speeds the higher the air
intake mass into the combustion chamber thus the higher oxygen concentration is imperfectly burned with lower diesel
spray characteristics and increases the CO emissions.
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4. Conclusion

A marine debris hybrid dual-fuel engine system is developed which is fueled by CNG and diesel with the operational
condition focused on high load conditions. A power system design and experimental works on the power system occurred.
However, the following are several conclusions from this study regarding the design.

a.

The power system which is mainly used a hybrid CNG/diesel dual-fuel engine is conditionally operated based on
an operational conditions such as sailing, collecting, and maneuvering. Most of the operational conditions can be
fully operated with the hybrid engine. In the maneuvering, the battery power source can be used which needs only
low load conditions.

The hybrid system is can be operated in both diesel mode or dual-fuel mode in high load conditions, 3 kW to 4 kW.
The dual-fuel mode has a promising engine torque output which is nearly the same as diesel mode in over-engine
speeds. The dual-fuel mode can reduce engine fuel consumption significantly with high engine speeds. Diesel mode
operation has a relatively higher engine fuel consumption than the dual-fuel mode.

The hybrid system with dual-fuel mode has high NO2 emissions than the diesel mode. However, the CO2 emissions
are significantly reduced in dual-fuel mode at 3 kW engine load than the other conditions. Moreover, the CO
emissions are mostly dependent on the engine loads. The dual-fuel mode still has higher CO than the diesel mode
at a 3 kW engine load and relatively similar concentration at 4 kW engine loads.

Nevertheless, the hybrid system in this study is still in the preliminary design and it will be detailed in future work such
as the engine-propeller matching, power management system, and instrumentation. However, other fuel and system
combinations are desirable in terms of low environmental impact.
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