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ARTICLE INFO ABSTRACT

Keywords: The maritime industry is actively seeking sustainable solutions to reduce ship
emissions and enhance energy efficiency. This study explores the use of alternative
fuels and renewable energy sources, focusing on the potential environmental and
economic benefits of combining natural gas (NG) fuel with Flettner rotor (FR)
LNG carrier technology. The research employs technical, environmental, and economic models to
Environmental analysis evaluate various scenarios integrating NG fuel with FR in alternative propulsion
systems. It investigates three propulsion configurations for LNG vessels: diesel engine
(DE-FR), dual fuel diesel engine (DFE-FR), and combined gas and steam turbine
engines (COGAS-FR). Results indicate that utilizing six Flettner rotors produces 1.254
MW, resulting in fuel savings of 3.49% to 4.49%, along with notable emission
reductions. The COGAS-FR system emerges as the most environmentally friendly
option, enhancing energy efficiency by 4.68% based on current ship standards. From
an economic perspective, transitioning to the DFE-FR system is identified as an
optimal eco-friendly choice, leading to a 9.85% reduction in the levelized energy cost
compared to DE-FR. However, it is noteworthy that the COGAS-FR system has the
most significant environmental impact, with a cost-effectiveness of $10,954.6 per ton.

Integrated propulsion systems

Flettner rotors

Economic analysis

1. Introduction and literature review

Ship emissions are a significant contributor to global warming and climate change as they release
substantial amounts of greenhouse gases (GHG) into the atmosphere. These emissions, which include carbon
dioxide (CO»), sulfur oxides (SOx), and nitrogen oxides (NOx) have adverse effects on the environment and
human health [1, 2]. In terms of environmental impact, maritime transportation accounts for almost 3% of
global CO; emissions [3, 4]. To tackle this pressing issue, the International Maritime Organization (IMO) has
implemented emission regulations aimed at reducing the environmental impact of shipping activities. Notably,
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the IMO has established regulations for controlling NOx and SOx emissions, imposing limits on the amount
of these pollutants that ships can emit [5, 6]. Additionally, the IMO has set a target to achieve a 50% reduction
in greenhouse gas emissions from global shipping by 2050 compared to the levels recorded in 2008. In
response, the IMO has introduced the Energy Efficiency Existing Ship Index (EEXI) and the Carbon Intensity
Indicator (CII) to promote energy efficiency and decrease carbon intensity within the shipping industry [7-
10].

Renewable energy sources have garnered significant attention as a means to reduce ship emissions and
promote sustainable practices in the maritime industry [11, 12]. One innovative solution that has gained
traction is the use of the Flettner rotor (FR) as a form of onboard wind propulsion. FR is a vertical cylinder
that utilizes the Magnus effect to harness wind energy and generate forward thrust. Fig. 1 shows the principle
of the Magnus effect and a rotor sail installed onboard a very large ore carrier (VLOC) named Sea Zhoushan
[13]. By harnessing wind power, ships can reduce their reliance on traditional fossil fuel-based propulsion
systems and decrease greenhouse gas emissions significantly [14, 15]. Several studies have explored the
potential of FR in reducing ship emissions [16-18]. For instance, research works of [19, 20] investigated the
design, operation, and parametric studies of wind-assisted ships. Similarly, studies by [21-25] highlighted the
experimental and aerodynamic performance investigations of FR for maritime applications. These findings
underscore the role of FR as a promising renewable energy solution for mitigating ship emissions and
advancing sustainable shipping practices. A study by [26] investigated a novel approach to optimizing FR
layout using wake energy, enhancing aerodynamic performance, and increasing lift coefficient. Another study
by [27] used Computational Fluid Dynamics to analyze a standalone FR, validating predictions with
experimental data. Moreover, [28] examined Flettner Rotors' impact on ship roll motion in beam waves using
XFlow CFD, indicating decreased lift power with increased heeling angle. [29] explored combining weather
routing and wind propulsion for emission reductions, stressing adaptive strategies' significance. The research
revealed that optimal wind routes with longer durations are greatly influenced by uncertain forecasts,
potentially reducing FR and weather routing savings. [30] introduced an innovative empirical method for
studying wind-assisted cargo ships, emphasizing the method's versatility in research applications.
Additionally, [31] proposed a zero-emission hybrid hydrogen-wind-powered propulsion system for a merchant
ship, demonstrating feasibility with reduced deadweight and enhanced sustainability.

Slow windspeed = Higher pressure

High windspeed = Lower prassure

Fig. 1 Magnus effect and FR onboard ships

In addition, the utilization of natural gas (NG) as an alternative fuel in the maritime industry has garnered
significant attention as a means to reduce ship emissions and improve environmental sustainability. It has
emerged as a promising option due to its lower carbon intensity and reduced emissions compared to
conventional marine fuels [32-34]. Natural gas can also be employed in dual fuel and combined gas and steam
(COGAS) marine engines as a viable solution for reducing emissions. Dual fuel engines offer the advantage
of utilizing both natural gas and liquid fuels, providing flexibility and the potential for substantial emissions
reduction. Studies conducted by [35-38] have investigated the performance and emissions characteristics of
natural gas/diesel dual-fuel engines, highlighting their potential for achieving lower NOx and SOx emissions.
Additionally, studies by [39-42] have explored the techno-environmental, design, and economic aspects of
COGAS systems for ships, revealing their potential to reduce fuel consumption and emissions. Moreover,
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energy, exergy, economic, and environmental analyses of an NG regasification system in floating storage
regasification units are investigated [43]. Collectively, these studies contribute to our understanding of the
applications of natural gas in marine engines, emphasizing their potential for the reduction of emissions and
the promotion of environmental sustainability.

From the previous introduction and literature review, it is evident that the maritime industry is facing
cumulative pressure to decrease emissions and improve sustainability to mitigate the environmental impact of
shipping. In this context, the exploration of alternative fuels and renewable energy sources has gained
significant attention. However, there is a research gap in the integration of alternative natural gas (NG) fuel
and renewable FR technology in the context of LNG carriers. While studies have examined the individual
benefits of NG fuel and FR technology, there is limited research on the combined utilization of these
technologies in LNG carriers. Therefore, the current research paper uniquely investigates merging NG fuel
and FR technology in LNG carriers to assess environmental and economic advantages. Through a detailed
case study, this research offers crucial insights into the viability and efficacy of this integrated strategy for
sustainable maritime transport.

2. Methodologies

Fig. 2 shows the methodology flow chart for the present paper. It visually outlines the research approach
and steps involved in evaluating the integration of FR in ship propulsion. The flow chart begins by defining
the research objective, focusing on evaluating the impact of FR technology on ship propulsion. It then develops
technical, environmental, and economic models critical for assessing FR-assisted propulsion feasibility.
Scenario analysis follows, evaluating various FR-assisted configurations, considering energy generation, fuel
savings, emission reductions, and efficiency improvements. Integration of FR and an environmental impact
analysis are also included. Subsequently, the economic evaluation compares costs and benefits, emphasizing
the cost-effectiveness of the system. The chart concludes with research findings, highlighting the most
efficient and cost-effective propulsion system for ships.

| Evaluating the environmental and
., economic benefits of integrating natural
| gas (NG) fuel with Flettner rotor (FR)
« technology in alternative propulsion
| systems for LNG vessels. 1

Research Objective | _ _ . »

I Develop technical, environmental, and
. economic medels to assess the
Model Development | »| scenarios of combining NG fuel with FR |
= in different propulsion configurations |
| (DE-FR. DFE-FR. COGAS-FR) for LNG |

| Analyze the performance of each |

} ) . propulsion configuration by assessing

Scenario Analysis L - | parameters such as energy generation, .
. fuel savings, emission reductions, and

| energy efficiency improvements. |

e Flettner Rotor Integration and |
Integration and I Evaluation .

Assessment e Environmental  and  Economic |

Assessment

Fig. 2 Methodology flow chart for the present paper
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The remainder of this section focuses on the development of technical, environmental, and economic
equations to model the performance and assess the benefits of FR. By developing models, the power output,
energy savings, and environmental benefits can be evaluated. The goal is to assess the viability and potential
of FR technology as a sustainable solution for the shipping industry. Three different propulsion engines are
included in the current paper: the diesel engine (DE), dual fuel diesel engine (DFE), and combined gas and
steam turbine engines (COGAS). The subsequent section focuses on the economic characteristics of the DFE
as well as COGAS propulsion options. Additionally, the section concludes with an assessment of the life cycle
cost-effectiveness for the proposed propulsion engines.

2.1 Techno-environmental modelling

FR onboard ships harness the power of the wind to generate thrust and improve energy efficiency. To
accurately model their performance, it is essential to consider the true and apparent wind speeds practiced by
the rotors. The true wind speed (V) represents the actual speed and direction of the wind in relation to the
Earth's surface. The apparent wind speed (V) is the wind speed observed by an observer on the moving ship.
It takes into account the ship's speed (V5) and the relative angle between this speed and the true wind speed
(6,). The calculation for ¥, can be expressed as shown in Eq. 1 [18, 44]:

Vaw = \/Vt%/v + Vi — 2V, VcosO, (1)

Two forces are produced by the FR onboard the ship: the drag force (D), which operates in alignment
with the local wind direction, and the lift force (L), which acts perpendicular to the local apparent wind
direction. The lift and drag forces generated by FR can be calculated using Eqs. 2 and 3 [45, 46]:

L = 0.5p,4, V4, C, 2)
D = 0.5p4A4,V2,Cy 3)

where p, represents the air density, 4, denotes the effective rotor area, V, represents the apparent wind speed,
and Cp and C. symbolize the drag and lift coefficients, respectively. The lift and drag coefficients can be
determined based on the spin ratio, as explained in previous studies [44, 47].

Each FR produces a power (Pproq) and consumes another one (Pecons) to rotate it around its axis as
expressed in Egs. 4 and 5:

Feons = O-SPaArVaa;/vCp 4)
Pproa = F¢ . Vs ()

where C,, is the power coefficient. It can be determined based on the spin ratio, as described in previous studies
[44, 47]. F\ represents the resultant force generated by the FR in the direction of the ship. By analyzing a
matrix that includes the apparent wind angle (), along with the lift and drag forces, we can calculate the
resultant force acting in the direction of the ship's movement (F%) and perpendicular to it (F)), as illustrated in
Eq. 6:

)= [oms Sl [7) ©)

~ |—sinB cosp
The produced propulsion power from FR in ship direction (Pproprr) iIn kW can be estimated by
considering the ship’s propulsive efficiency (7)), as illustrated in Eq. 7 [48]:

Pprop,FR = (Pprod - Pcons)- Ns (7)

The annual fuel saving after installing number of FR (7) onboard a ship (4FSrr) can be calculated using
Eq. 8:
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i=n
AFSpp = Z Pyoroprr -SFCug - T ®)
i=1
where, SFCuye is the specific fuel consumption for DE, DFE, and COGAS engines, in kg/kWh and T is the
annual operating time for the FR.

On the other hand, the annual reduction in exhaust gas emissions after implementing FR (ARErr)
onboard a ship can be estimated using Eq. 9 [49, 50]:

AREgp —Z srope - Ep.T ©)

where, Errepresents the emission factors for the DE, DFE, and COGAS engines in kg/kWh. SOy, NOx, HC,
PM CO, and CO; emission factors can be found in [51-54].

The assessment of CO; emissions from ships is conducted through the utilization of energy efficiency
indexes. There are two standards for the EEXI: the reference value (EEDI.) and the attained value
(EEDlitaineq). The attained EEXT should be equal to or lower than the reference EEXI rate. The reference
value, expressed in gCO2/ton.NM, can be calculated for LNG carriers as shown in Eq. 10 [55, 56]:

EEXI o5, = (BAC) (1 — %) (10)

where, 4 and C are the factors depending on ship type and are equal to 2253.7 and 0.474, respectively for
LNG carriers. B is the vessel deadweight (DWT) in tons. X is the decrease percentage and equals 30% for
LNG carriers.

The (EEXIuuainea) can be represented in units of (gCO2/ton-NM) as demonstrated in Eq. 11 [55]:

EEXIattaLned
[H 1f] (Zl 1 PME(L) SFCME(I) CFME(l))] + [SFCAE CFAE PAE]
Transport work (11)
n [ (H7=1f] 2?51” PPTI(i) - Zze:flffeff(i) ’ PAEeff(i))CFAE " SFCyg ] - [Z?j{f feff(i) ' Peff(i) " Ceme * SFCyg ]
Transport work

where, the parameter P represents the power output of the vessel's main engines, while P4z denotes the
power output of the auxiliary engines. SFCyg signifies the fuel consumption per gram hour of the diesel
generator, and SFCyk ) represents the fuel consumption per gram hour of the prime mover. The variables CF 4
and CFuke represent the fuel conversion factors of the auxiliary and main engines to COa. Ppryg) corresponds
to the power taken in by the shaft generator. Additionally, Pggi and Pejypi) represent the power saved by
utilizing advanced technology systems, taking into account their availability factors fesi). The equations for
calculating P, transport work, and other variables mentioned in Eq. 10 can be found in references [55-57].
Finally, the determination of the boil-off gas rate from LNG carriers can be accomplished by referring to
previous studies such as [58-60].

In addition, the operational carbon intensity indicator (CII) is employed for the assessment of ship CO>
emissions. Similar to the EEXI, the attained CII value should be lower than or equal to the reference CII
standard established by IMO. The reference CII value (gCO2/ton-NM) for LNG carriers can be calculated
using Eq. 12 [61]:

Re
CI yeference = 9.827 X DWT (1 - W) (12)

where Re is the percentage of reduction in the reference CII value variance depending on the operational year.
These reduction percentages range from 1% to 11% for the years from 2020 to 2026 [62].
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On the other hand, the attained CII value (gCO2/ton-NM) can be calculated using Eq. 13 [62, 63]:

clI X2 FCij Cry
attained —
Zi DWT - Di

(13)

where the variables i and j represent the trip number and the fuel type, respectively. F'C represents the fuel
consumption in tons, while Cr denotes the fuel conversion variable for CO, emissions. D represents the
distance traveled in nautical miles.

2.2 Economic Modelling

The economic element represents the backbone of any development in the maritime field, where ship
economics plays the main role in adopting the application of modern technology and is the most influential
factor in determining the extent to which it can be applied, alongside the technical dimensions. A simple
economic model can be formulated through which the economic impact resulting from the use of any of the
previously explained technical proposals can be evaluated.

For the combined DE and FR propulsion system (DE-FR), the total cost (Cr;) is presented by the cost
of DE engines (Cpg) and the cost of FR (Crr), as shown in Eq. 14a:

Cri = Cpg + Crp (14a)

The cost of DE engines, Cpg, includes the capital, operating, and other additional costs as described in
Eq. 14b:

m
Cpg = Z[{PDE Sy .SFCy . F .[1+p_i]. 107} + Ppg . Cpgp . {1 + inspg} | (14b)
k=1
where Ppp is the available diesel engine power rating, St is the sailing time, SFC, is the specific fuel

consumption, Fj denotes diesel fuel price, p; is the fuel price increment/reduction percent, Cpp is the unit
power cost, and inspg is the installing cost of the diesel engines.

Additionally, the cost of FR, Crg, can be formulated as shown in Eq. 14c:

Crr = [Npg-Prg - Cc-(l + [C)] +

m
) Gy,
b=1

where Nrr is the number of rotors, Prr is the net power of one rotor, Cc is the capital cost of one rotor in $/kW,
Ic is the installation cost in percent, Cpgs, is the operating and service costs in dollars, Cy, represents any
additional costs related to this system in dollars, such as insurance, classification societies, and weight effect.
Moreover, the operating and service costs are directly affected by the consumed power needed for the rotor
motor, supplied from the electric generators (P.) in kW, the electric generator specific fuel consumption
(SFCgr) in g/lkWh, the electric generator fuel price (F¢,,) in dollars per ton, the rotor specific maintenance

cost (Cs,) in dollars per operating hour, and the ship sailing time (S7) in hours.

In the case of the combined DFE and FR propulsion system (DFE-FR), the total cost (C72) can be
calculated using Eq. 15:

Cr; = Cpr + Cpp (15)

n
Neg . Sp .{[PC. SFCep . Fegp(1£p;) 1076 + Z csaH

a=1

(14c)

where Cpr presents the cost of the DF engine, which can be calculated using Eq. 15a:
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2
Cpr =3 Ppp. Cpr . (14 inspp) +Z [Por, -Sr* SFCy . F,(1+p;).107¢]

x=1
L
+ z St * CMDF
y=1

where Ppr is the output power of DFE in kilowatts, Cpr is the capital cost of DFE in $/kW, inspr is the
percentage of installation cost compared with the capital cost, SF'C is the specific fuel consumption, F is the
fuel price, p is the change in fuel price, x represents the fuel type (either diesel oil or natural gas), and Cupr is
the maintenance cost of DFE engines in dollars.

In the case of a combined COGAS and FR propulsion system (COGAS-FR), the total cost ( Cr3) can be
calculated using Eq. 16:

Cr3 = Ccogas + Crr (16)

where Ccocas presents the total costs of the COGAS engines which can be estimated using Eq. 16a:

(15a)

Ccogas = {[Pco- Cco - (1+insco) + Z Cco]
(16a)

2
+ Z [Sr,-Pco ,- SFC, . E,(1£p;) .10—6]] 1
z=1

where Pco is the output power of the gas turbine in kW, Cco is the cost of the power unit in $/kW, insco
represents the installation cost fraction, Cy,, is the maintenance cost, SFC: is the specific fuel consumption
of the COGAS system, F is the fuel cost, and z represents the fuel type.

To determine the annual cost of a specific propulsion engine, the formula expressed in Eq. 17 will be
used, considering an interest rate of (i) over a specific number of working years (N) [64, 65]:

o {; ifL+iv

As all energy projects aim to reduce the cost of energy production, the value of the localized cost of
energy (LCOE) is estimated to compare between the two proposed systems, with reference to the specific unit
of energy, as shown in Eq.18. LCOE is a measure of the average net present cost of electricity produced from
a specific energy source over its lifetime [18, 66, 67]:

(17)

gtc=1 CI+ CO+tCM
LCOE = — xrl” (18)

Et
[1+7]E

where, C;, Co, and Cu represent the investment expenditures, operating expenditures, and maintenance
expenditures, respectively, in dollars of a certain propulsion system in the year (¢). Additionally, E; represents
the total produced energy by this system in kWh over the same lifetime, taking into account the discount rate

().
2.3 Model validation

In general, the validation of mathematical models is essential for ensuring their accuracy, reliability, and
credibility, which are fundamental for making informed decisions, advancing scientific understanding, and
solving real-world problems effectively. The validation of the present FR model is based on previous studies'
data. Both the model used in this study as well as the models compared in the literature share an aspect ratio
of 6. In Fig. 3, a comparison is presented between the rotor power consumption in kW and the lift force in kN
for the chosen Norsepower model [13], which has an elevation of 24 m and a radius of 2 m. Fig. 2a displays
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the comparison of rotor power consumption between the current study and that of [44, 68]. It is crucial to note
that the low values of the power coefficient in [68], especially for spin ratios exceeding 1.5, can be attributed
to the omission of friction losses. On the other hand, Fig. 2b confirms the results for the lift force, showing
that the lift coefficient values in the present study fall within the range of the verified models. Therefore, the
comparison of rotor power consumption and lift force demonstrates good agreement across various spin ratios
up to 3.0.

400 350
’5‘350 e—Tillig and Ringsberg, 2020 . 300 #—Tillig and Ringsberg, 2020 .
- ®— Current study °
< 300 ®— Current study
2 o | i - 250 | —e-lietal, 2012 .
2250 Kramer et al., 2016 ° =2
3 S 200
£ 200 5 §
© < 150
g 150 g
v
100
2100 .
‘g 50 50 :
= §
0 0
0 0.5 1 1.5 2 2.5 3 35 0 05 1 1.5 2 25 3 3.5
Spin ratio (SR) Spin ratio (SR)
(a) Rotor power consumption (b) Lift force

Fig. 3 Validation for the FR model

3. LNG carrier case study and assumptions

WILFORCE (IMO: 9627954) is an LNG Tanker that was built in 2013 (10 years ago) and has been
sailing under the flag of Malta. Her carrying capacity is 155,900 cubic meters of liquid gas, and her current
draught is reported to be 9.7 meters. She has an overall length (LOA) of 290 meters and a width of 44.04
meters. The main vessel's particulars are presented in Table 1 [69-71]. The total installed propulsion and
auxiliary powers for the ship are 34,200 kW and 10,500 kW, respectively. The propulsion system features one
dual-fuel main engine connected to a fixed-pitch propeller, while the auxiliary generator sets are capable of
burning natural gas.

Table 1 Main particulars of the WILFORCE LNG Carrier

IMO number 9627954

Ship’s Main Dimensions (L, B, d) 280.96 m/44.04 m/12.52 m
Displacement/ Deadweight 120487.4 ton / 87749.6 ton
Gross tonnage 102315 ton

Total cubic capacity 98% 152886.94 m?

Tank capacities (ballast) 56821.8 m?

Service speed 17 knots

Propulsion power 34,200 kW

Auxiliary engines 3x3,500 kW

WILFORCE, an LNG Tanker, operates in the Mediterranean Sea along a fixed route from the LNG
terminal at Damietta Port in Egypt to the LNG terminal of Cartagena Port in Spain. Fig. 4a depicts the ship's
route, starting from Damietta and passing through the territorial waters of Egypt, Malta, Tunisia, and Algeria
before reaching the Cartagena LNG terminal in Spain. On the other hand, Fig. 4b showcases the suggested
locations of six FRs on the vessel's main deck. The rotors will be strategically spread throughout the ship's
length to ensure they do not obstruct the movement of the crew.
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Fig. 4 Vessel’s route and Flettner rotor’s locations onboard the case study

The representative vessel operational profile for the WILFORCE LNG Carrier is characterized in Fig.
5 [69-71]. These processes may exhibit slight variations across different voyages. It is worth noting that the
vessel cruises from Damietta to Fos Cavaou port and returns to Damietta port in approximately 12 to 13 days,
depending on the wind and water current in the sailing area. The vessel's speed fluctuates around 17 knots.
Furthermore, the vessel stays at anchorage areas and ports for cargo handling for approximately 4 to 5 days,
depending on the instructions from LNG terminals, to complete a two-way trip in an approximately 12-day
span.
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Fig. 5 Operational profile for the WILFORCE LNG Carrier.

The assumptions made in this study are as follows: The vessel follows a consistent route at a steady
pace, transporting from Damietta port in Egypt to Fos Cavaou port in France. The chosen FR model is the
Norsepower FR [13, 72], with dimensions of 24m in height and 4m in diameter, weighing approximately 34
tons. The electric motor powering the rotor operates at a flexible speed of up to 225 rpm. This model is
effective within different wind velocities, generating an effective thrust of up to 175 kN. The installation of
the FR does not significantly impact vessel stability and displacement. However, under headwind conditions,
where the resultant forces produced by the rotors oppose the vessel's direction of motion, all the rotors are
supposed to be non-operational. The technical calculations for the FR are conducted using a vessel speed of
17 knots during open sea cruising, taking into account different true wind angles. Factors such as vessel drift
angle and bearing resistance are ignored. The vessel propulsion system efficiency is supposed to be 56% [44,

48, 73, 74], and the wind characteristics and direction data are obtained from meteoblue weather statistics
[75].
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The net output power of FR is assessed by considering true wind characteristics, speeds and directions,
and ship routes. To determine the weights for true wind speeds, the wind speed data is analyzed using a
probability density function (pdf) represented by Eq. 19 [76]. Wind characteristic data is used to develop a
weighing scheme for true wind speeds, as illustrated in Table 2. It is evident from the table that the true wind
speed of 5 m/s has a high probability distribution through the different seasons of the year. Therefore, the
current study assumes constraints on the true wind speed based on the ship's route to be 5 m/s. Additionally,
a spin ratio of 1.5 is assumed for this study.

X2
[, paf dx
= Xmax df d (19)
Jo " pdf dx
Table 2 Weights assigned to true wind speeds at various seasons for the vessel route
Wind speed range (m/s) 0-4.17 4.17-8.33 8.33-12.5 >12.5
Wind speed (m/s) 2.22 5 8.61 14.72
Mid-season 0.102 0.402 0.114 0.001
Summer 0.007 0.289 0.008 0.0001
Winter 0.168 0.483 0.198 0.003

With respect to the economic feasibility, the main cost items and the necessary assumptions are related
to the unit power cost, which is assumed to be $420, $530, $960, and $5200 per kilowatt (kW) for DE, DFE,
COGAS, and FR, respectively [77, 78]. The installation cost is assumed to be 10% of the total capital cost.
The fuel price is taken as the average of the last three months, which is $550, $700, and $420 for heavy fuel,
diesel fuel, and LNG fuel, respectively, with expectations of a 5% increment in the coming years [79].

4. Results and discussions

In this section, the results obtained from installing six FRs on the case study vessel are investigated for
three different propulsion engines: the DE, DFE, and COGAS. The DE propulsion system is assumed to
operate on heavy fuel oil (HFO) and low sulfur fuel (LSF). The DE(HFO) system is assumed to incorporate a
selective catalytic reduction system (SCR) and a seawater scrubber (SWS) system to reduce NOyx and SOx
emissions, respectively, while the DE(LSF) uses only an SCR system. On the other hand, the DFE system
operates on a combination of 5% MDO and 95% natural gas (NG), while the COGAS system utilizes NG fuel.

The findings are presented in two sections. The initial section focuses on the primary techno-
environmental outcomes of the FR model. Primary parameters considered in the technical analysis consist of
true wind characteristics and the spin ratio specific to the installed FR model. The environmental benefits,
specifically the EEXI and CII, are evaluated for the case study. Additionally, the financial implications and
the levelized cost of energy associated with the utilization of FR on the WILFORCE ship are also investigated.

4.1 Technical and environmental results

The polar plot in Fig. 6 (left side) depicts the relationship between the net output powers of a single FR
in kilowatts (kW) at varying true wind and vessel speeds from 5 knots to 17 knots. This plot specifically
calculates the output power at a ship speed of 17 knots across wind directions spanning the full 360°. In
contrast, Fig. 6 (right side) calculates the output power under typical wind conditions of 5.0 m/s along the
chosen ship route across different wind angles. The Figure demonstrates a gradual increase in net output power
as both ship and true wind speeds increase. Consequently, implementing slow steaming will lead to longer
voyage durations and reduced net output power generated by Flettner rotors. Based on the chosen FR model,
the maximum net output powers are 279 kW, 483 kW, and 749 kW at true wind speeds of 5 m/s, 8 m/s, and
11 m/s, respectively, with a constant true wind angle of 105 degrees and a vessel speed of 17 knots. Ultimately,
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the average net output power for each FR, considering the chosen case study, vessel route, and rotor model,
amounts to 209 kW, resulting in a total power of 1254 kW for six Flettner rotors.

FR net power at — 0 - FR net power at

34 . .
different ship speeds 33 different true wind speeds

300

285 75

V= 5knot TWS=17m/s
270 90

V.= 11knot
255 105

V.= 17 knot
240 120

195 165

180
Fig. 6 Rotor sail net output power at various true wind and vessel speeds

In addition, the spin ratio (SR) is a significant factor influencing the net output power of rotor sails, as
it determines the lift coefficient and the thrust generated. Consequently, it affects the FR power in relation to
the ship's heading. Fig. 7a illustrates the net output power of one FR at various spin ratios, ranging from 0.5
to 2.5, based on the selected FR model. This model was chosen considering the available upper deck area in
the current case study. The results were executed at an average vessel speed of 17 knots and an average true
wind speed of 5 m/s. As the spin ratio increases, the power output also increases. This is a result of the
increased thrust force in the ship's direction. On the other hand, Fig. 7b compares the fuel consumption of the
three investigated propulsion engines: DE, DFE, and COGAS. The diesel fuel consumption for the DE
propulsion system is reduced by 963.1 tons per year with a reduction percentage of 3.67% after the installation
of six Flettner rotors onboard. Similarly, the fuel savings for the DFE and COGAS propulsion engines are
1251 tons per year and 1222 tons per year, respectively, with reduction percentages of 3.67% and 2.86%.
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(a) Effect of spin ratio (b) Fuel consumption and saving

Fig. 7 Effect of spin ratio on FR output power as well as fuel consumption and saving

By utilizing equations 8 and 9 in addition to the data on fuel consumption reduction resulting from the
installation of FR onboard the case study, as revealed in Fig. 7b, it is possible to calculate the corresponding
emission reduction values. Fig. 8 presents the reduction values in SOy, NOx, CO», HC, and CO emissions
across a variety of true wind orientations spanning from 0 to 360 degrees, specifically for the diesel engine
propulsion system operated by low sulfur fuel. These values are calculated based on the characteristics data
for the ship route, as well as the average true wind speed of 5 m/s and vessel speed of 17 knots. Among these
emissions, the highest reduction values are observed in CO; emissions. At a true wind angle of 120 degrees
and 240 degrees, the maximum reductions in NOx, SOx, and CO2 emissions are 11.84 Mg/year, 13.56 Mg/year,
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and 44.11 Gg/year, respectively. These reductions can be attributed to the significant aecrodynamic lift and
effective power generated by the FR at these orientations.

—NOx [Mg/year] == SOX [Mg/year]
€0 Me/year] —(02 [Gg/year]
HC [Mg/year]
TWS=5m/s
V. = 17 knots TWS =5m/s
Vo = 17 knots
(a) NOy, CO, and HC emissions (b) SOy and CO; emissions

Fig. 8 Ship emission reduction after installing FR at different true wind angles

Furthermore, ship emissions can be calculated using the ship fuel consumption method. This approach
involves estimating emissions based on the quantity and type of fuel consumed by the vessel. Emission factors
specific to the fuel type, expressed in grams per kilowatt-hour (g/kWh), are utilized to approximate emissions
of pollutants such as CO2, SOy, NOy, and particulate matter. Fig. 9 provides a comparison of the three
investigated propulsion systems, namely DE-FR, DFE-FR, and COGAS-FR, with six Flettner rotors installed
onboard. It evaluates their relative NOx emissions to IMO Tier III standards in both cruise and maneuvering
modes, as well as their relative SOx emissions to IMO 2020 limits. Importantly, it should be noted that all of
these systems conform to the IMO standards for SOx and NOx emissions. By incorporating FR into the DE
(HFO), DE (LSF), DFE, and COGAS systems on the case study ship, reductions of 9.15, 8.56, 16.72, and 4.82
tons per year, respectively, can be achieved in NOx emissions. Additionally, the COGAS system exhibits no
SOx emissions, while the DE (HFO), DE (LSF), and DFE systems can achieve reductions of 55.78, 9.81, and
0.98 tons per year, respectively. These findings highlight the significant potential of FR in reducing both NOx
and SOy emissions, thereby contributing to enhanced environmental sustainability in maritime operations.
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Fig. 9 Effect of FRon NOy and SOy emissions compared with IMO regulations

Moreover, Fig. 10 illustrates the correlation between the three examined propulsion engines, namely
DE, DFE, and COGAS, both with and without FR, and their Energy Efficiency Existing Ship Index (EEXI)
at varying ship speeds. The reference EEXI value for the target vessel, with a Deadweight Tonnage (DWT)
of 87,750 tons, is established at 7.16 gCO»/ton.nm. Notably, the installation of FR on the ship leads to
significant enhancements in the EEXI value, with a 3.6% improvement for DE and DFE propulsion systems
and a 4.68% enhancement for the COGAS propulsion system. It is observed that as ship speed increases, the
attained EEXI value decreases with the maximum design ship speed set at 22 knots. To meet the reference
EEXI value, the minimum ship speeds required for the COGAS-FR, DFE-FR, and DE-FR systems are
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determined as 17.5, 19.8, and 21.1 knots, respectively. These results underscore the positive impact of
integrating FR on ship energy efficiency, leading to improved EEXI values, and emphasize the importance of
considering ship speed to meet regulatory EEXI requirements.
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Fig. 10 EEXI at various ship speeds and improvement after installing Flettner rotors

Additionally, Fig. 11 illustrates the relationship between the reference CII values for the years 2020 to
2026 and the calculated CII values for the case study, specifically focusing on the DFE-FR and COGAS-FR
propulsion engines at ship speeds ranging from 13 to 22 knots. The Figure includes five rating categories
(labeled A to E) recommended by the IMO. CII values falling within ratings D and E indicate poorer
performance, as they slightly deviate from the reference CII values set for the upcoming years. Conversely,
CII values below the reference CII are preferred, particularly those falling within ratings A to C, indicating
better performance. For the DFE-FR system, ship speeds ranging from 16 to 22 knots are preferred to comply
with the reference CII 2024 values established by the IMO, corresponding to ratings A to C. Ship speeds of
13 and 14 knots yield worse ratings, falling into the unpreferred categories of E and D, respectively. On the
other hand, for the COGAS-FR system, a wide range of ship speeds starting from 14 knots is preferred, with
no speeds falling within the D and E categories. Ultimately, the minimum ship speeds that achieve the highest
carbon intensity rating scores, aligning with the IMO recommendations until 2026, are 15 knots for COGAS
and 17 knots for DFE. These findings highlight the importance of selecting appropriate ship speeds to attain
desired CII ratings and comply with IMO requirements, ultimately contributing to improved carbon intensity
performance in maritime operations.
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Fig. 11 Effect of FR on carbon intensity indicator (CII) at various ship speeds
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Finally, the technical and environmental results have revealed that the implementation of FR on ships
has several positive effects. Increasing ship and true wind speeds have resulted in a gradual increase in net
output power, while slow steaming has decreased power output. Higher spin ratios have also been found to
increase power output. The installation of FR has led to reductions in fuel consumption and significant
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reductions in CO; emissions, with some reductions observed in NOx emissions as well. The study has also
found that FR has improved the EEXI values, with the DE, DFE, and COGAS propulsion systems showing
improvements of 3.6% and 4.68%. Higher ship speeds have been associated with lower EEXI values, and
specific ship speeds have been required to meet the reference EEXI value for each system. Regarding the CII
values, the minimum ship speeds that achieve the highest carbon intensity rating scores, aligning with the
IMO recommendations until 2026, are 15 knots for COGAS and 17 knots for DFE.

4.2 Economic results

The current economic analysis investigates the influence of employing FR as an auxiliary propulsion
system and compares various proposed propulsion systems for the case study from diverse economic
perspectives. Referring to the Flettner rotors, Fig. 12a indicates the possibility of installing the FR at the lowest
annual capital cost of $510,000 per year if they are not replaced over the ship's lifetime. Additionally, the
Figure demonstrates the change in operating cost and total cost of the Flettner rotors, amounting to $150
million and $155 million, respectively, at the end of the ship's lifetime. The total cost exhibits a decline until
approximately the seventh year before gradually increasing.

Fig. 12b displays the economic benefit resulting from using FR as part of the total ship's propulsion
power compared to achieving the same power from other systems. The Figure illustrates that the FRs are not
economically viable before the tenth year of the ship's lifetime. However, after this period, the FR became an
economic solution, resulting in savings in ship operating costs by $40.9 million, $37.4 million, and $34.1
million compared to the DE, DFE, and COGAS propulsion systems, respectively, by the end of the ship's
lifetime.
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Fig. 12 FR economic aspects over the ship's lifetime

In the same context, the economic results of the proposed propulsion systems reveal several influential
facts, of which, the most important is the type of fuel and its price. These findings support the significance of
the study, which primarily aims to shift towards alternative fuels.

Fig. 13a displays the expected annual capital cost of each system over the ship's lifetime. It is notable
that the COGAS-FR system initially exhibits a significantly higher capital cost compared to the other two
systems, surpassing them by more than two times. Additionally, the capital cost of DFE-FR is close to that of
DE-FR. However, as the expected ship lifespan increases, the differences among the three systems become
less pronounced, with differences of $1.62 million, $1.97 million, and $3.96 million for the DE-FR, DFE-FR,
and COGAS-FR systems, respectively.

In contrast, Fig. 13b illustrates the operating and maintenance costs for the proposed propulsion systems.
It is evident that the COGAS-FR system has the highest costs, followed by the DE-FR system, while the DFE-
FR system presents the lowest operating and maintenance costs. Moreover, the Figure indicates a continuous
increment in costs among the three systems over the ship's working years, resulting in a difference of
approximately $300 million between the highest and lowest costs by the end of the ship's expected lifetime.
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Fig. 14 illustrates the

Annual Capital and operating costs of the different engines integrated with FR

cost savings that can be achieved or required when using each of the proposed

systems compared to the DE-FR system operating with heavy fuel oil and diesel oil. From the Figure, it is
evident that neither the DF-FR nor the COGAS-FR system will be economically viable over the ship's lifetime
when compared to the DE-FR system fueled by heavy oil. On the other hand, when compared to the DE system
operating with diesel oil, the DF-FR system will start yielding economic benefits after five years of the ship's
lifespan. Furthermore, the Figure demonstrates the potential for achieving cost savings of $78.1 million by the
end of the ship's working years if the DFE-FR system is utilized. However, the COGAS-FR system remains
uneconomical and would result in a substantial loss of ship profit.
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Fig. 15 demonstrates the levelized cost of energy for the different systems, at a discount rate of 5%. It
is evident that this value decreases as the ship's lifetime increases, starting from 0.25, 0.29, and 0.55 $/kWh
and reaching the lowest values of 0.16, 0.16, and 0.24 $/kWh for the DE-FR, DFE-FR, and COGAS-FR
systems, respectively, at a working time of 5 years. However, it begins to increase to 0.35, 0.32, and 0.45
$/kWh for the DE-FR, DFE-FR, and COGAS-FR systems, respectively, at the end of the ship's lifetime.

To evaluate the environmental benefits of measures aimed at reducing exhaust gas emissions and
considering their annual costs, an assessment of the annual cost-effectiveness is conducted. Fig. 16 showcases
the cost-effectiveness plan for the DFE-FR and COGAS-FR propulsion systems in comparison to the base
systems DE(HFO)-FR and DE(LSF)-FR. The DFE-FR system achieves a total lifetime emission reduction of
239.1 kton, while the COGAS-FR system achieves a reduction of 141.6 kton. When compared to the
DE(HFO)-FR system, the cost-effectiveness of the DFE-FR system is calculated at $789.3/ton, whereas the
COGAS-FR system has a cost-effectiveness of $3668.7/ton. In comparison to the DE(LSF)-FR system, the
DFE-FR system achieves reductions of 120.5 kton, with a cost-effectiveness of $647.6/ton, and the COGAS-
FR system achieves reductions of 23.1 kton, with a cost-effectiveness of $10954.6/ton. As depicted in the
Figure, the DFE-FR system demonstrates greater cost-effectiveness at a lower cost when compared to the
DE(LSF)-FR system. However, the COGAS-FR system proves to be effective in reducing emissions, albeit
at a higher cost.
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Fig. 16 Cost-effectiveness plane for the investigated systems integrated with Flettner rotors

The above economic results highlight several key findings when comparing the propulsion system that
utilizes DFE-FR or COGAS-FR and the system that uses DE. The most crucial among these findings is the
significance of the fuel type employed in marine propulsion systems. The results indicate that when compared
with DE (HFO), the economic feasibility diminishes. However, in the case of DE (LSF), an economic benefit
can be achieved. Notably, as the expected working years of the ship increase, the DFE-FR system emerges as
the most favorable economic option. Furthermore, the results demonstrate that an economic benefit can be
attained by considering the cost of energy production per unit on the ship. The LCOE shows a reduction of
approximately 9.85% in the case of DFE-FR compared with the conventional system.

Finally, in the context of the assumptions presented in the paper, several factors are expected to exert a
substantial influence on operating conditions and results in real exploitation scenarios. The assumption of a
consistent wind speed of 5 m/s along the ship's route is likely to have a notable impact, as real-world wind
speeds can vary significantly, affecting the efficiency and performance of the FR system. Moreover, the
effectiveness of the chosen Norsepower FR model across different wind velocities and its ability to generate
thrust up to 175 kN are critical assumptions that may vary in practice based on changing wind speeds. The
assumption that the installation of the FR does not significantly impact vessel stability and displacement could
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be crucial, given that such additions can indeed affect the vessel's dynamics. Additionally, the assumption that
all rotors are non-operational under headwind conditions could significantly influence the efficiency and
operation of the FR system in real-world conditions. Furthermore, the assumed propulsion system efficiency
of 56% may have a notable impact on overall energy consumption and vessel performance, with real-world
efficiencies likely to fluctuate based on operational conditions. In real exploitation conditions, changes in
these adopted assumptions, such as the variability of wind speeds, the performance of the FR model across
different wind velocities, the impact on vessel stability, and the actual propulsion system efficiency, can
significantly affect the operational conditions and results when utilizing the FR system in practical maritime
operations.

5. Conclusions

The current paper studies three propulsion engines for LNG carriers integrated with FR systems. These
integrated systems are diesel engines (DE-FR), dual fuel engines (DFE-FR), and combined gas and steam
turbine engines (COGAS-FR). The analysis is performed from technical, environmental, and economic
perspectives.

From a technical viewpoint, increasing ship and true wind speeds will lead to a gradual increase in the
output power of FR. Higher spin ratios also increase power output due to increased thrust force. The average
net output power for one FR, considering the chosen case study, vessel route, and FR model, will be 209
kW/hr, resulting in a total power of 1254 kW for six Flettner rotors. The maximum reductions in emissions
occur when facing wind directions of 120 degrees and 240 degrees for the selected rotor model. The
implementation of six FRs will lead to fuel consumption reductions, with the DE, DFE, and COGAS
propulsion engines achieving reductions of 963.1 tons per year (3.67%), 1251 tons per year (3.67%), and 1222
tons per year (2.86%), respectively.

From an environmental viewpoint, the COGAS-FR system emerges as the most favorable option,
reducing NOx emissions by 4.82 tons per year and having no SOx emissions. On the other hand, the DFE-FR
system is the second-best choice, achieving reductions of 16.72 and 0.98 tons per year in NOx and SOx
emissions, respectively. Moreover, the COGAS-FR and DFE-FR propulsion systems will improve EEXI value
by 4.68% and 3.6%, respectively. To meet the reference EEXI value, minimum ship speeds of 17.5 knots and
19.8 knots are required for the COGAS-FR and DFE-FR systems, respectively. When considering CII values,
the COGAS system offers a wider range of compatible operational ship speeds, aligning with the IMO
recommendations compared to the DFE system. The minimum ship speeds that achieve the highest carbon
intensity rating scores, aligning with the IMO recommendations until 2026, are 15 knots for COGAS and 17
knots for DFE.

From an economic perspective, the research presents an economic comparison among the proposed
propulsion systems. Neither the DFE-FR nor the COGAS-FR system will be an economical option when
compared to the DE(HFO)-FR system. However, the DFE-FR system will achieve an economic benefit when
compared to the DE(LSF), resulting in cost savings of $78.1 million. Conversely, the COGAS-FR system will
remain a non-economic choice. The lowest values of LCOE (Levelized Cost of Energy) for the different
systems are 0.16, 0.16, and 0.24 $/kWh for the DE-FR, DFE-FR, and COGAS-FR systems, respectively.
These values increase to reach 0.35, 0.32, and 0.45 $/kWh, over the ship's lifetime. Moreover, the DFE-FR
system demonstrates greater cost-effectiveness at a lower cost when compared with the DE(LSF)-FR system.
However, the COGAS-FR system proves to be effective in reducing emissions at a higher cost.

Finally, future studies stemming from the research paper's findings could delve into the long-term
performance and durability of the different propulsion configurations identified, assessing their reliability and
maintenance requirements over extended periods of operation. Additionally, investigating the scalability of
integrating NG fuel with FR technology across diverse vessel types and sizes within the maritime industry
could provide insights into the widespread applicability of these sustainable solutions. Addressing the
limitations of the current study, future research could focus on conducting field trials or pilot projects to
validate the model predictions in real-world conditions, enhancing the robustness and practical relevance of
the findings. Moreover, global contributions of this research could involve comparative analyses with similar

17



N. R. Ammar and L.S. Seddiek Brodogradnja Volume 76 Number 1 (2025) 76102

studies in different regions to understand the contextual factors influencing the adoption of alternative
propulsion systems and to highlight best practices for promoting sustainable practices in the international
maritime sector. By exploring these future research avenues, bridging existing gaps, and building upon the
study's outcomes, the maritime industry can further progress toward achieving its sustainability goals and
reducing environmental impact.

Nomenclature Abbreviations

Ar Effective rotor area, m> CO; carbon dioxide

ARE Annual reduction in emissions, ton/year COGAS  Combined gas and steam
ASF Annual fuel saving, ton/year DE Diesel engine

Cy Annual cost, $ DFE Dual fuel diesel engine
Ccocas Cost of COGAS engines, $ FR Flettner rotor

Cp Drag coefficient HFO Heavy fuel oil

Cor Cost of dual fuel engines, $ IMO International Maritime Organization
Cr Fuel conversion factor to CO, emissions LNG Liquefied natural gas
Crr Costs of Flettner rotors, $ LSF Low sulfur fuel

CL Lift Coefficient NOx Nitrogen oxides

Cr Total costs, $ SO« Sulfur oxides

CII Carbon intensity indicator, gCO»/ton-NM

D Drag force, N

DWT Ship deadweight, ton

EEDI Energy efficiency design index, gCO»/ton-NM

Er Engine emission factor, kg/kWh

i Annual interest rate, %

L Lift force, N

LOCE localized cost of energy, $/kWh

N Ship working years

Pprod Flettner rotor produced power, kW

Peons Flettner rotor consumed power, kW

Pi Fuel price increment/reduction percent, %

SFC Specific fuel consumption, g/kWh

Vaw Apparent wind speed, m/s

Viw True wind speed, m/s

Vs Ship’s speed, knots
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