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Abstract: Various combinations of ship propulsion systems have been developed with low-carbon-
emission technologies to meet regulations and policies related to climate change, one of which is
the combined gas turbine and steam turbine integrated electric drive system (COGES), which is
claimed to be a promising ship propulsion system for the future. The objective of this paper is to
perform a techno-economic and environmental assessment of the COGES propulsion system applied
to liquefied natural gas (LNG) carriers. A propulsion system design for a 7500 m> LNG carrier
was evaluated through the thermodynamics approach of the energy system. Subsequently, carbon
emissions and environmental impact analyses were carried out through a life cycle assessment based
on the power and fuel input of the system. Afterwards, a techno-economic analysis was carried out
by considering the use of boil-off gas for fuel and additional income from carbon emission incentives.
The proposed propulsion system design produces 1832 kilowatts of power for a service speed of
12 knots with the total efficiency of the system in the range of 30.1%. The results of the environmental
evaluation resulted an overall environmental impact of 10.01 mPts/s. The results of the economic
evaluation resulted in a positive net present value and a logical payback period for investment within
8 years of operation. The impact of this result shows that the COGES has a promising technological
commercial application as an environmentally friendly propulsion system. Last, for the economy of
the propulsion system, the COGES design has a positive net present value, an internal rate return in
the range of 12-18%, and a payback period between 6 and 8 years, depending on the charter rate of
the LNG carrier.

Keywords: LNG; COGES; energy system; boil-off gas utilization

1. Introduction

The International Maritime Organization (IMO) has adopted the IMO Strategy 2023 to
reduce ships’ greenhouse gas emissions. The strategy is to achieve net-zero greenhouse gas
emissions from international shipping in or around 2050 [1,2]. Shipping industries have
made various efforts and commitments to meet this emission reduction target. Several
technologies continue to be developed to increase decarbonization on ships, including
combined marine propulsion [3]. In its current development, there are various combined
marine propulsion systems, including a combination of one or more diesel engines, gas
engines, gas turbines, steam turbines, and electric propulsion [4].One of the most promis-
ing combined marine propulsion systems is a combined gas turbine and steam turbine
integrated electric drive system (COGES) [5]. Initially, the COGES concept was introduced
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as an effort to increase power plant efficiency by integrating the gas cycle and steam cycle
in one system [6]. Early in its development, COGES was faced with several technical and
economic challenges, but over time, innovation and technological improvements have
improved its performance and capabilities [7].

Some advantages of the COGES system are high power density, high thermal efficiency,
and low noise and vibration [8,9]. The COGES system is usually applied and is promoted
to be used for LNG carriers since it can utilize wasted cargo in the form of boil-off gas
(BoG) [9,10]. LNG carriers are ships equipped with dedicated tanks for LNG cargo with
various capacities [11,12]. Several LNG ships are classified as very large tankers with a
capacity of 125,000-266,000 m3 [13]; the latest development is small LNG carriers, which
have a capacity of 1000-40,000 m? [14,15]. Despite the fact that the tanks on LNG carriers
are insulated, a small amount of warming occurs, causing the LNG cargo to evaporate
as it approaches its boiling point [16,17]. This natural evaporation is unavoidable, and
the resultant boil-off gas must be evacuated to keep the tanks’ pressure stable [18]. LNG
carriers are suitable for LNG distribution between countries operating in international
waters [19,20], while for distribution in inter-island areas, it is more appropriate to use
small LNG carriers, because regular-sized LNG carriers cannot enter these locations due
to low draft [21,22]. To improve the performance of the LNG carrier operating system, a
reliable and efficient propulsion system design is required.

Currently, most LNG carriers use steam turbines and diesel dual-fuel engines with a
percentage of more than 40% [23]. Looking at overall efficiency, there are several alternative
propulsion systems that have been developed and have better efficiency values, such as
dual-fuel diesel engines and combined cycles [24,25]. Further studies related to the use of
gas turbines include the use of combined cycle steam—gas turbines, with an overall efficiency
reaching 50% compared to other systems such as petrol engines or diesel engines [26].
COGES marine power plants are proven to increase cogeneration efficiency on ferries and
cruise ships. Compared with reciprocating engines, COGES plants yield cogeneration
efficiency gains of 1-5%, with a maximum total efficiency of 51% [27].

The propulsion system of LNG carriers consists of three main parts, namely, the prime
mover, the transmission system, and the ship propulsion device [28]. The design of the
ship’s propulsion system depends on the type of ship, main size, ship speed, stern model,
and hull model [29]. The problem that usually arises in the design of the propulsion system
is the unmet service speed. The propulsion system of the main propulsion part of the ship
is closely related to the thermal power generation cycle [30]. The thermal power generation
cycle is a cycle that comes from burning fuel to generate power [31]. From this thermal
power generation, the cycle begins with the chemical energy of the fuel being burned so
that it becomes thermal energy. Then the thermal energy generated from the combustion is
converted using a gas turbine and a steam turbine into mechanical energy. This electrical
energy is used to drive the ship’s propulsion system and meet the needs of the ship [32].

The COGES system uses a gas turbine to drive a generator and provide electrical power
and propulsion according to needs that are regulated by the main switchboard in turn [33].
In this system, the propeller is driven by an electric motor that is controlled by frequency.
Then the exhaust gas from the gas turbine is used to raise the steam in the heat recovery
steam generator (HRSG) [34,35]. The steam from here drives a steam turbine generator
in turn, which also generates electrical energy and feeds into the main switchboard [36].
Many previous studies have discussed the efficiency of HRSG. Effective utilization of
waste heat energy can increase power generation efficiency and reduce emissions, either
by using dedicated waste heat recovery systems for electricity production or by using it
for heating services [37]. Waste heat recovery systems can utilize the remaining heat to
generate mechanical/electrical power, which can meet the demand for propulsion and
auxiliary services [38].

Ship engine manufacturing companies see the possibility of using waste heat recovery
systems to achieve a total efficiency of 60% for the fuel energy used on ships [39]. Other
researchers estimate using exergy analysis that fuel savings of 4-16% can be achieved for
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medium-sized long-haul tankers using waste heat recovery systems. For applications in
the maritime industry, previous researchers have compared the organic Rankine cycle, the
Kalina cycle, and the steam Rankine cycle for marine waste heat recovery systems, the
results being that the organic Rankine cycle has the most significant potential to increase
fuel efficiency and the combined cycle offers thermal efficiency [40]. The research examines
a combined system encompassing a gas turbine powered by solid oxide, a supercritical
carbon dioxide loop, an organic Rankine cycle, and an absorption circulation cycle utilizing
ammonia air, indicating that thermal efficiency reaches 67% [41]. The waste heat recovery
installation used for the production of saturated steam and electric power for the case
of two-stroke and four-stroke engine propulsion plants on merchant ships, as a result
of simulations, was carried out by increasing the energy efficiency design index [42].
Application of a waste heat recovery installation system on passenger ships is supplied
by a steam power plant, which utilizes waste heat from exhaust gas from the main diesel
engine [43].

Waste heat recovery systems can recover up to 10% of the fuel energy from the ship
prime mover, resulting in an overall system peak efficiency of 60-65% [44]. Based on the
performance data of a two-stroke diesel engine adopted for a crude oil tanker propulsion
plant, the performance of the optimized waste heat recovery system was also evaluated by
comparing it under off-design engine load conditions in the engine power range between
50% and 100% of the rated maximum continuity [45]. By applying the optimization
numerical code to the examined passenger ships, two different sizes of turbogenerators
were found, respectively, for retrofit and new design solutions. This more significant
amount of steam is essentially due to the full exploitation of the flue gas thermal flow
compared to retrofitting solutions, where the dimensions of the existing boiler are already
fixed [46]. Another study reviewed four types of waste heat recovery systems, namely,
organic Rankine cycles, thermoelectric generators, six-stroke cycles, and development of
turbocharger technology [47]. Standard technologies used for waste heat recovery from
engines include thermoelectric devices, organic Rankine cycles, and turbocharger systems.
By maximizing the potential energy of exhaust gases, engine efficiency and net power
can be increased [48]. Many studies have investigated the performance and efficiency of
waste recovery from marine combined cycles. On the other hand, only a few studies have
identified the potential environmental impacts of life cycle analysis.

This paper aims to investigate the combined gas-electric and steam turbine systems for
marine propulsion systems on LNG carriers. The results of this work obtain three things at
once: analysis of the COGES performance system on the LNG carrier, environmental impact
analysis using life cycle assessment, and techno-economic analysis of HRSG installation.
The proposed COGES system using HRSG is to address the limitation of current diesel
propulsion systems by increasing energy efficiency and lowering exhaust emissions. The
contribution to the results of this research can be alternative propulsion systems for LNG
carriers and other commercial vessels, especially in using environmentally friendly fuel by
utilizing a waste heat recovery system. In the end, it is hoped that the results of this research
can be used as developments to support the GHG reduction target program launched by
the IMO for the maritime industry.

2. Research Methodology

In this research, the methodology used is in systematic stages, as shown in Figure 1.
The research starts from the design data of the LNG carrier, which consists of the principal
dimensions, general arrangement, and ship power predictions. From the ship data, a
COGES propulsion system design, including HRSG, was designed considering the ship
design. The proposed COGES design was then subjected to thermodynamic analysis and
life cycle assessment to determine the performance and environmental impact of the system.
Lastly, a techno-economic analysis was carried out to determine the system’s feasibility
in terms of economic scale. The research methodology relies on secondary data and case
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studies involving different types of LNG carrier ship propulsion systems as its empirical
foundation.

Start
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Figure 1. Research stages on the techno-economics of the COGES propulsion system.

2.1. Design Data of the LNG Carrier

The design of the LNG carrier used in this research was based on a design comparison
of existing ships with a 7500 m® LNG capacity. The design method of the LNG carrier
uses a spiral design, which starts with the hull design, the general arrangement, and the
calculation of power prediction. The principal dimensions obtained based on the existing
basic requirements and standards are shown in Table 1. The general arrangement was
designed to ensure that the spaces on the ship were accommodated correctly, including the
LNG loading space and engine room layout. The general arrangement of the LNG carrier
used is shown in Figure 2. Power prediction calculations use naval architecture software,
which provides integrated hull modeling and optimization tools. The results of power
prediction on ship speed are shown in Figure 3. Based on the results of hull modeling, the
power required for the ship to move at a service speed of 12 knots is around 1832 kW and
at a maximum speed of 14 knots is 3377 kW.

Table 1. Principal dimensions of LNG carrier.

Principal Parameters Dimensions
Length overall :117.8 m
Length between perpendicular :1102 m
Beam :18.6m
Depth :10.6 m
Draft :715m
Service speed : 12 knots
Cargo tank capacity : 7500 m3
Boil-off gas rate :0.3%/day

Crew number .19
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Figure 2. General arrangement of LNG carrier.
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Figure 3. Power requirements of designed LNG carrier.

2.2. Design of COGES Propulsion System

The design of a ship’s propulsion system starts from power requirements based on
ship speed, determining the parameters and components of the combined gas turbine
and steam turbine integrated electric drive system. The COGES system proposed in this
research is shown in Figure 4. In this COGES system, the fuel is assumed to come from
100% boil-off gas produced from the LNG cargo tank. The use of boil-off gas as ship fuel
makes this system more economical in terms of operations and saves more space on the
ship compared to systems that still use diesel engines, both conventional diesel engines
and dual-fuel diesel electric (DFDE) propulsion systems. However, in actual conditions, to
meet the ship’s overall electricity needs, additional auxiliary engines are still needed. This
aims to be a safety factor as a source of backup energy for ships.
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Figure 4. Proposed design of COGES propulsion system.

The fuel used in designing this propulsion system is natural gas that comes from
boil-off gas from the LNG cargo being transported. The natural gas load transported has a
CHy4 composition of 91.2% and a lower heating value of 49,426.97 k] /kg. Gas boil-off (BoG)
is calculated using Equation (1).

V xpxBOR Xt

BoG = 7

1)

where V is the LNG cargo volume (m?), p is the LNG density (kg/m?), BOR is the boil-off
rate (%/day), and t is the shipping time (hours). The gas turbine used in this system has
a power specification of 100% load of 5.4 MW, the fuel is natural gas, the exhaust gas
temperature (100% load) is 494 °C, the pressure ratio is 13.9, and the exhaust mass flow
is 21.3 kg/s. The selection of this gas turbine is based on the total electric load balance
requirements of the ship design, as well as considerations of its availability in the market.
The steam turbine specifications have an inlet steam pressure of 25 bar, a maximum inlet
temperature of 510 °C, and a maximum output of 5000 kW.

In the COGES design used, the heat recovery steam generator (HRSG) used is com-
posed of three components, namely, a superheater, evaporator, and economizer. The
working process of these three components becomes a single HRSG operation where the
economizer is useful as an initial heater to raise the temperature of the working fluid again
from the fluid phase to the saturated liquid phase. Later, the working fluid is processed
in the evaporator to become a saturated vapor phase and reheated in the superheater to
heat the water in the boiler. The parameter value used in the simulation for the superheater
component (ATy;) is 30 °C and the evaporator (AT pinchpoint) 18 25 °C.

The main system-supporting components consist of a boiler feed pump with maximum
head specifications of 1200 m, capacity of 70 m3/h, and isentropic efficiency of 85%. The
deaerator component has a capacity specification of 14,000 lIbs/h and the inlet pressure
(Pin) is 2 bar. The other supporting components are a pump with an isentropic efficiency
of 85%, a condenser assumed to have a pressure drop of 0.1 Bar, and a generator with a
mechanical efficiency of 90%.

2.3. Thermodynamic Analysis of Designed System

The thermodynamic cycle used in the design of the COGES propulsion system is a
combination system between the Brayton cycle and the Rankine cycle. The combined cycle
aims to have a higher thermal efficiency value than the cycles used separately. This is
possible because gas turbines generally operate at higher temperatures than steam turbine
cycles. Thermodynamic analysis of this system uses Cycle-Tempo version 5.1 software and
tools program to design, analyze, optimize, and monitor the thermodynamics of the energy
system [49].
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The thermodynamic analysis scheme of the proposed COGES system is shown in
Figure 5. The COGES propulsion system design begins with a gas turbine system where air
from the environment enters through the air source at number 3, which is then compressed
by compressor number 1 to increase the pressure. Then, the compressed air enters combus-
tion chamber number 5 to be mixed with fuel, namely, natural gas, producing pressurized
hot gas to drive gas turbine number 4 to produce energy. Gas turbine number 4 has also
been coupled with a generator to produce the required electrical power. The gas produced
from the turbine, or what could be called flue gas, exits the gas turbine system through
pipe number 5 and is used for the following cycle process.

. Compressor

. Fuel Source

. Air Source

. Gas Turbines

. Combustion Chamber
. Funnels

. Condenser

0o N O O B W N

. Cooling Source

9. Pumps

10. Deaerator

11. Pumps
12. HRSG (Economizer)

13. HRSG (Superheater)

14. HRSG (Evaporator)

15. Steam Turbines

16. Steam Drums

Figure 5. The thermodynamic analysis scheme of the proposed COGES system.

The following essential component in the propulsion system of this design is the heat
recovery steam generator, which is an advanced component where the exhaust gas from the
turbine is used in the next cycle. This component is the energy source in the steam turbine
cycle. This component consists of several heat exchangers that function as superheaters,
evaporators, and economizers. Thus, the gas turbine exhaust gas is utilized in stages,
starting from the exhaust gas with the highest temperature of around 494 °C, which heats
the saturated steam in the superheater. Then the exhaust gas, whose temperature has been
reduced to around 444 °C, changes the working fluid phase to steam in the evaporator. The
exhaust gas is then used to heat the working fluid that comes from the condenser in the
heat exchanger, which acts as an economizer.

Thermodynamic analysis of the gas turbine combination cycle was carried out to
determine the power produced by the design system and whether it can meet the ship’s
propulsion power requirements. The input values and thermodynamic equations for each
system are shown in Table 2.
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Table 2. Parameter input of thermodynamic analysis.

Cycle Parameter Input Thermodynamic Equations
. T=298K
Ambient P = 1.013 bar
T=298K
Gas Turbine Cycle P =1.013 bar

1g—Compression

m,i, =21.3 kg/s
myye = 0.512 kg/s

k-1
T=Tigx (§}) " 647K
Wcompressor =mx Cpx AT x ys

Gas Turbine Cycle P =11.92 bar
2g—Combustion h=374Kk]J/kg
Gas Turbine Cycle _ k-1
3g—Expansion P =11.92 bar T=T4g x (%) © =1373K
Gas Turbine Cycle T=767K Waas turbine = 1 X Cp X AT X 115
4g_Heat RejeCtion P =1.013 bar Wactual = Wgas turbine — Wcompressor
Steam Turbine Cycle T=297K
1s—Water Feeding h=100.5k]/kg
P =1.0bar W AP/
=0 X
T=302K pump 1

Steam Turbine Cycle
2s—Pump Work Input

h=12574K]/kg
Meyhaust = 21.812 kg /s

Steam Turbine Cycle T=58K

3o Feat Additi h =1263.1kJ/kg

s—Hea ron P =80bar Qeéhaust = Qin, rankir(\ﬁ h )
m, . AT =mgy; —

Steam Turbine Cycle T =568 K exhaust- P fluid 174 3

4s—Heat Addition h =2758.7 k] /kg
Steam Turbine Cycle T=834K

5s—Work Outp ut h = 3384 k] / kg Wactual = Wgas turbine — Wcompressor
Steam Turbine Cycle T=302K Wiurbine = Mfuid (hs —he) — Wpump

6s—Heat Rejection

h = 2555.6 k] /kg

The power produced by the COGES system (Wy.q11) is a combination of the total

power between the gas turbine cycle and the steam turbine cycle using Equation (2) and
the overall system efficiency (1operqn) using Equation (3).

Wovemll = WGus Turbine WSteam Turbine (2)

o WGas Turbine + WSteam Turbine 3

Noverall = 0, 3)
in

Then, to find out the Q;,, value, which is the product of the gas fuel mass flow rate and
the lower heating value (LHV) of the fuel, the Q;, calculation uses Equation (4). Thus, the
value of the system’s overall efficiency is designed using Equation (5).

Qin = Mfyel X LHV 4)
_ WGas Turbine + WSteum Turbine (5)
Noverall m;, x LHV

2.4. Environmental Impact Assessment

The method used in environmental impact assessment is eco-indicator 99. By using this
method, the environmental impact is expressed in eco-indicator points per unit time (Pts/s
or mPts/s). The value of 1 Pt (one point) represents one thousandth of the environmental
burden per year of a European resident. Apart from that, the environmental impact can
also be in units of kgCO, per unit of product produced by the system, because CO, is a
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greenhouse gas that has an effect on climate change. Environmental impact assessment
is obtained by conducting an emission factor analysis, which uses an approach based on
international standards (ISO 14004). With the eco-indicator method, evaluations can be
carried out for materials, production processes, transportation processes, energy generation
processes, and disposal scenarios. This method is also used to identify each component in
the system that has a high environmental impact. Then the effects of environmental impacts
are also divided into three categories of damage, including human health, ecosystem quality,
and resources. The impact on human health (human health) is in units of DALY (disability-
adjusted life years), where 1 DALY is one year of healthy life lost by a person. The
impact of environmental ecosystems (ecosystems quality) has PDFm?yr units (potentially
disappeared fraction of species per square meter year); 1 PDFm?yr means damage to
species or ecosystems covering an area of 1 m? in one year. The impact of resources has
M]J surplus units, where 1 MJ surplus is the basic amount of energy needed to extract a
natural resource.

The analysis of greenhouse gas emissions such as CO,, CHy, and NO, in the designed
propulsion system is intended to determine the estimated amount of emissions produced.
The analysis is carried out using the tier method, which uses emission factors to fuel
consumption data. Analysis using this tier method uses Equation (6).

Ecnc = (FC X EC) (6)

where FC is the fuel consumed for each fuel type, such as diesel, gasoline, or gas, while
EF is the emission factor from the fuel type used for the ship engine. The values used
for calculations include CO, emission factors for natural gas of 56,100 kg/T] and fuel
consumption for bulk liquid vessels of 14,685 + 0.00079GRT. Then, based on the data that
were obtained from the previous discussion, the data are simulated using SimaPro software
to obtain an emission analysis using the eco-indicator 99 (H) life-cycle assessment (LCA)
method. Then the results of the damage assessment are obtained in several categories such
as ecosystems quality, resorts, human events, and climate change. From the results of the
damage assessment obtained from the simulation, an analysis is carried out to compare
the output emissions produced by the COGES propulsion system with other propulsion
systems, such as the diesel propulsion system or the DFDE system.

2.5. Techno-Economic Analysis

The economic theory used to build a propulsion system for ships, especially the
COGES combination propulsion system for small LNG carrier 7500 m® ships, in this
research is to use several aspects of an economic approach, namely, net present value (NPV)
in Equation (7), internal rate of return (IRR) in Equation (8), and payback period (PBP) in
Equation (9).

T Xt
NPV =Y i Z_) : %
IRR = Z* O 1+ROR) ®)
PBP =Y "X, =0 ©)

To obtain the above economic values, it is necessary to take into account the capital
costs (CAPEX) and operating costs (OPEX). CAPEX in this research focuses on the cost
of the design of propulsion system components. The propulsion system proposed in this
research is the COGES system, which consists of a gas turbine, steam turbine, HRSG,
boiler pump, boiler, condenser, deaerator, and cooling pump. Each component’s capital
cost uses assumptions based on open study reports and market prices [50]. The cost for
each component of the proposed propulsion system is shown in Table 3. OPEX is the
operational costs incurred during one year of operation, which consist of fuel costs, fresh
water, maintenance costs, lubricating oil, and overhead costs. This study will estimate
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operating costs according to existing conditions in the field from various sources. Because
the proposed propulsion system uses BoG as gas turbine fuel, fuel costs for diesel oil
are eliminated.

Table 3. Estimated cost for each component of the proposed propulsion system.

Component Estimated Cost Reference
Gas Turbine USD 55,000,000.00 [51]
Steam Turbine USD 18,000,000.00 [51]
HRSG USD 26,000,000.00 [51]
Generator USD 15,000,000.00 [51]
Hot Water Supply System USD 7,000,000.00 [51]
Condenser USD 80,000.00 [51]
Deaerator USD 800,000.00 [51]
Cooling Pump USD 8000.00 [51]

To calculate the economic feasibility of the proposed system, it is assumed that income
comes from ship charters. The ship is an LNG carrier-type ship, which functions as a charter
ship that delivers LNG from resources to places closer to consumers. The type of charter
used in this study involves the party carrying out ship operations being the ship owner
with a time charter type. According to LNG ship charter rate data from LNG industry
sources, the daily charter costs for LNG carrier ships vary greatly, namely, 36,038 USD/day
in 2015 and 89,200 USD/day in 2021 [52,53]. This study used several variations of the
charter rate to assess whether the proposed propulsion system is feasible. The charter rate
variations used are 30,000-70,000 USD/day.

3. Results and Discussion
3.1. Performance of COGES System

Performance analysis of the combined gas turbine cycle propulsion system was con-
ducted to determine the amount of power that can be generated by the design system and
whether it can meet the ship’s propulsion power needs, as previously calculated. Then, for
system performance analysis, Cycle-Tempo applications were used to determine the value
of the thermodynamic input in the design system, so that the power output of the combined
gas-steam turbine system in this design could be determined. The thermodynamic results
obtained at 100% fuel load are shown in Table 4. Based on the simulation results of the
COGES system, the total power produced reached 8369 kW under 100% loading conditions.

Table 4. Results of system thermodynamics.

Component Power (kW)
Gas turbine air compressor 7359.36
Gas turbine 13,085.89
Actual gas turbine 5726.53
Pump 2.82
Steam turbine 2645.52
Actual steam turbine 2642.70
Total Combined Gas and Steam 8369.23

Based on the results shown in Figure 6, it is obtained that the minimum requirement
for the ship to be able to move at a service speed of 12 knots is 1832 kW; using COGES,
the system needs to work at 24% loading conditions. Meanwhile, if the ship is going to
move at its maximum design speed of 14 knots, the required power is 3377 kW using
a COGES combination design system at 44% loading conditions. Based on thermody-
namic simulation data, the overall efficiency of the COGES system was calculated using
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Equation (5), resulting in a maximum efficiency of the system is 30.1%. This aligns with the
practical operation of low-power-range power plants, where efficiencies typically range
from 25% to 35% [54,55]. From these results, the COGES designed propulsion system can
produce greater output power than commonly used factory engines such as diesel engines
or dual-fuel engines. The COGES system can produce power output in the range of 15 kWh
at a heat input of 50,000 k] to 42.6 kWh at an input of 150,000 k]. Meanwhile, the diesel and
DFDE engines produce a power output of around 6 kWh at an input of 50,000 k] to 20 kWh
at an input of 150,000 kJ.

8000
---®--- Gas Turbine /,J'
7000 + A Steam Turbine
---@--- Combined System P
g 6000 -
L 4
= 5000 .
3 . .
5 4000 )
(2 ,,.”’ P
g 3000 L
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1000 i 4
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0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%
System Load

Figure 6. Power output of design propulsion system.

The system running condition depends on fuel availability, namely, boil-off gas pro-
duced from the LNG cargo tank. Figure 7 shows the boil-off gas produced with a boil-off
rate variation of 0.1-0.3% of the LNG cargo capacity at each ship speed. The boil-off rate
of the LNG generally ranges from 0.1% to 0.15%/day for large LNG vessels, while small
LNG vessels have a high boil-off rate of between 0.2% and 0.6%/day, depending on the
type of tank and the amount of heat introduced [56,57]. The design propulsion system
requirements are based on fuel availability; it was found that the design propulsion system
using combined gas—steam can meet its needs under conditions of a gas boil-off rate of
0.3%/day at a service speed of 12 knots with a need of 69.5 m? and availability of 71.6 m3 to
cover the route cruise according to a plan for 3 days of travel. In conditions of a gas boil-off
rate of 0.25%/day, the ship can sail at a constant speed of 11 knots, with the ship’s boil-off
gas availability still experiencing a positive margin with an availability of 65.1 m? with a
requirement of 55.9 m3. In conditions of a gas boil-off rate of 0.2%/day, the ship can sail
at a constant speed of 10 knots, with the ship’s boil-off gas availability still experiencing
a positive margin with an availability of 57.3 m3 with a requirement of 45.1 m>. With a
gas boil-off rate of 0.15%/day, the ship can sail at a constant speed of 9 knots with the
availability of boil-off gas. The ship still experiences a positive margin with an availability
of 47.7 m3 and a need of 36.3 m3. Then, in the condition of a gas boil-off rate of 0.1%/day,
the ship can sail at a constant speed of 8 knots with the availability of boil-off gas; the ship
still experiences a positive margin with an availability of 35.8 m® with a requirement of
28.7 m>. The relationship between the availability of boil-off gas fuel is that the faster the
ship sails, the shorter the travel time will be, so the availability of boil-off gas will also be
less. Still, the system requirements will be more significant by increasing the existing speed.
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Figure 7. Boil-off gas production at certain ship speeds.

3.2. Analysis of the Environmental Impact of the System

The system’s environmental impact was analyzed using the SimaPro software emission
simulation application, which aims to obtain the results of emissions released by the
designed propulsion system and the comparative propulsion system. Simulations using
the SimaPro application were carried out using the IPCC 2013 GWP 100a method, which is
a method based on data published by the Intergovernmental Panel on Climate Change that
was chosen to provide assessment results for greenhouse gas emissions produced by a cycle
in kilograms of CO, with global warming potential for the next 100 years front. Referring to
the input and output of each component in the COGES system, each component influences
the environment, which can be transmitted into an eco-indicator by calculating the total
emissions produced by each component. Processing data for each component produces
eco-indicators that impact the human health, ecosystem, and resources in the form of PTS,
which indicates a representation of the annual environmental load, as seen in Table 5. Then
the results of the eco-indicator data are processed to obtain the value of the environmental
impact caused by the system in mPts/s units, which is shown in Figure 8.

Table 5. Eco-indicator results from each component of COGES system.

Eco-Indicator (Pts)

Component

Ecosystem Health Source Total

Compressor 0.326 10.5 386 396.8
Combustion Chamber 1.2 38.9 1420 1460.1
Turbin Gas 0.535 17.3 634 651.8
HRSG 0.5 16.2 592 608.7
Turbin Steam 0.101 3.26 119 122.4
Boiler 0.243 7.86 288 296.1

Deaerator 0.0307 0.993 36.4 37.4

Feed Pump 0.0316 1.02 374 38.4
Condenser 0.204 6.61 242 248.8

Cooling Pump 0.0013 0.043 1.58 1.62
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Figure 8. Environmental impact of each COGES component.

In this research, carbon emissions were also investigated for the entire system com-
pared to commonly used engines such as diesel or DFDE. The emission calculation parame-
ters are limited to each system’s CO, gas emissions and damage assessment. The results of
comparing emissions and damage assessments for each system are shown in Table 6. The
results of the environmental impact analysis show that the COGES system has the most
negligible impact on the environment compared to the diesel propulsion system and the
DFDE propulsion system. This can happen because the COGES system only uses natural
gas as fuel and does not use any other fossil fuels. This makes the COGES propulsion sys-
tem more environmentally friendly. From the LCA simulation, it show the climate change
contribution of the COGES propulsion system is 0.149 kgCO; equivalents, compared to
the contribution of the diesel propulsion system of 0.314 kgCO, equivalents and the DFDE
system of 0.155 kg CO, equivalents. Although not wholly zero-emissions, COGES systems
produce relatively lower emissions than conventional diesel engines. Higher efficiency
and cleaner fuel can reduce carbon dioxide (CO,) and nitrogen oxide (NOy) emissions [58].
The COGES system does not rely on combustion like diesel and DFDE systems, which can
lead to lower methane emissions, a potent greenhouse gas [59]. This is in line with other
research; from direct measurements on LNG carrier ships, it was found that CO, emissions
from using gas fuel were lower compared to conventional diesel engines [60].

Table 6. Comparison of emissions and damage assessments for COGES and other systems.

Category Unit COGES Diesel DFDE
Climate Change kgCO, equivalents 0.149 0.314 0.155
Human Health DALY 0.755 x 1077 4.61 x 1077 1.64 x 1077
Ecosystem Quality PDFm?yr 0.00102 0.0153 0.00514
Resource M]J surplus 2.06 4.09 2.744

Apart from the results of CO, emissions, a comparison of environmental impacts
was obtained using the eco-indicator 99 (H) method. Where environmental impacts affect
health, ecosystem quality, and resources for a power output of 1 kWh, the result is that
the COGES system has the most negligible influence on damage for the three existing
categories. In the health category, only 0.755 x 10~7 DALY or around 2.2 s of healthy life is
lost by a person to produce 1 kWh, while the diesel system affects 4.61 x 10~7 DALY or
around 14.5 s of healthy life per 1 kWh and the DFDE system affect 1.64 x 10~7 DALYs or
around 5.2 s of healthy life per 1 kWh.

3.3. Economic Feasibility of COGES System

The economic feasibility results of the proposed propulsion system are shown in
Table 7. Based on the results of the economic study, it can be seen that the ship’s charter
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rate costs greatly influence the NPV value. The COGES system is economically feasible
if the minimum charter rate is 50,000 USD/day. With this charter rate, a positive NPV
value of around 25 million USD is obtained with an IRR of 12.6% with a payback period of
8 years of operation. With a charter rate of 50,000 USD/day; it is assumed that the profits
obtained can exceed the capital costs incurred for the proposed propulsion system during
the specified payback period. The estimated capital costs were shown in the previous
section in Table 3. With the charter rate variations shown in Table 4, to obtain a positive
NPV value, a minimum charter rate of 50,000 USD/day is required. A positive NPV
means that the proposed system produces a more significant present value than the initial
investment, indicating that the investment can provide good financial returns.

Table 7. Economic feasibility of COGES system.

Charter Rate Net Present Value Internal Rate Return Payback Period
(NPV) (IRR) (PBP)
30,000 USD/Day USD 33,845,188.90 6.18% 13 Years
40,000 USD/Day USD 4,057,766.87 9.54% 10 Years
50,000 USD/Day USD 25,585,478.17 12.63% 8 Years
60,000 USD/Day USD 55,228,723.22 15.55% 7 Years
70,000 USD/Day USD 84,871,968.26 18.38% 6 Years

The results of the economic feasibility study are analyzed further to obtain recommen-
dations for the maximum value of the discount rate if the investment is made based on
the rate of return used to calculate the present value. Figure 9 shows the NPV and dis-
count rate values with variations in the charter rate. To assess whether a proposed system
investment is feasible or not, the IRR of a system must be higher than the discount rate;
then, the system is considered feasible because the rate of return generated is greater than
the discount rate used. From these results, it is found that for the proposed system to be
economically feasible, the discount rate value cannot be greater than 13% for a charter rate
of 50,000 USD/day. Determining the discount rate for investment, including investment in
LNG vessels, includes system risks, LNG market conditions, the life cycle of LNG vessels,
and regulations, including government policy. The risk level of the LNG ship system affects
the discount rate. If a system has a high level of risk, investors may expect a higher rate
of return to compensate for that risk. In general, systems with higher risk require a more
significant discount rate to reflect the higher level of risk.

500.00
Charter Rate
400.00 30000 USD/Day
=——40000 USD/Day

300.00
——50000 USD/Day

200.00 ——60000 USD/Day
——70000 USD/Day

Net Presnet Value
(Millions of U.S. Dollars)

100.00
16% 18%
0.00 o
6% 10% 13
-100.00
-200.00
0% 5% 10% 15% 20% 25% 30%

Discount Rate

Figure 9. The NPV and discount rate values with variations in the charter rate.
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4. Conclusions

In this research, a techno-economic study of the COGES system of LNG carriers was
carried out. The study was carried out using a case study of an LNG ship with a capacity
of 7500 m® with a power requirement at an average speed of 12 knots of 1832 kW. The
design of the proposed COGES propulsion system consists of three main parts, namely,
the gas turbine, HRSG, and steam turbine, which utilizes boil-off gas as the primary fuel.
Based on the results of thermodynamic analysis, the COGES system obtains a total system
efficiency of 30.1%, which can achieve the desired power output. An environmental impact
assessment compared the life cycle with that of commonly used propulsion systems. The
climate change from the COGES propulsion system contribute 0.149 kgCO, equivalents
compared to the contribution of the diesel propulsion system of 0.314 kgCO; equivalents
and the DFDE system of 0.155 kgCO, equivalents. The latest study carried out an economic
study with variations in the charter rate value of LNG ships; it was found that the COGES
system is economically feasible if the minimum charter rate is 50,000 USD/day. A positive
NPV value of around 25 million USD is obtained with an IRR of 12.6% with a payback
period of 8 years of operation. From these results, it can be concluded that the COGES
system is feasible from the aspects of performance, environment, and investment, so this
system can be used as a convincing alternative for future propulsion systems. The findings
support prior studies indicating that the COGES system yields reduced emissions. While
not completely emission-free, COGES demonstrates comparatively lower emissions than
traditional diesel engines. Enhanced efficiency and the adoption of cleaner fuels contribute
to a reduction in carbon emissions, thereby mitigating the environmental footprint of
maritime shipping.
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