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Abstract: With the increasingly strict international GHG (greenhouse gas) emission regulations, higher
requirements are placed on the propulsion system design of conventional ships. Playing an important
role in ship design, construction and operation, ship—engine—propeller matching dominantly covers
the CO, emission of the entire ship. In this paper, firstly, a ship propulsion system matching platform
based on the ship—engine—propeller matching principle and its application on WinGD 5X52 marine
diesel engine have been investigated. Meeting the energy efficiency design index (EEDI) regulation
used to calculate the ship CO, emission is essential and ship—engine—propeller matching has to be
carried out with EEDI into consideration. Consequently, a procedure is developed combining the
system matching theory and EEDI calculation, which can provide the matching results as well as
the corresponding EEDI value to study the relationship between EEDI and ship—engine—propeller
matching. Furthermore, a comprehensive analysis is performed to obtain the relationship of EEDI and
system matching parameters, such as ship speed, effective power and propeller diameter, reflecting
the trend and extent of EEDI when changing these three parameters. The results of system matching
parameters satisfying different EEDI phases indicate the initial value selection in matching process to
provide reference for the design of ship, engine and propeller under the EEDI regulations.

Keywords: marine propulsion; ship—engine—propeller matching; EEDI; energy efficiency

1. Introduction

Maritime transport is still the backbone of global transport over the entire world due to its large
trade volume (big ships) and low unit transportation cost. Around 80 percent of global trade by
volume and over 70 percent of global trade by value are carried by sea and are handled by ports
worldwide [1]. Over the last decade, there has been an overall increase in the number of vessels
of the world commercial fleet with more emissions laying the burden on the environment notably.
For example, the global warming caused by the greenhouse gas (GHG) emissions such as carbon
dioxide (CO,) brings negative impact on the global agriculture and trade [2]. To limit the GHG emission
of marine vessels, the International Maritime Organization (IMO) has put forward the energy efficiency
design index (EEDI) regulations. EEDI is an indicator of the ship energy efficiency, which is calculated,
based on a complex formula, as the ratio of the ship’s potential CO, emission to its available capacity
for transporting useful weight. As a result, higher requirements are placed on the propulsion design of
ships, especially for those conventional ones, in order to meet the EEDI regulations [3]. During ship
design, construction and operation, the propulsion system always plays an important role ensuring the
ship sailing safety, with the function of keeping the ship operating at a desired speed. To be specific,
the main engine drives the propeller through the ship’s shaft system to generate thrust to propel the
ship at the desired speed, thus making ship—engine—propeller matching a key problem in propulsion
system design. Therefore, the investigation on the influence of EEDI on the ship—engine—propeller
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matching is useful for the design of an EEDI-satisfying ship propulsion system by offering reference of
some key design parameters at the early ship design stage.

The matching of ship, engine and propeller determines the performance of ship sailing, and
further influences the ship economy and emissions. Some researches on the ship—engine—propeller
matching have been carried out to figure out the relationship of these three components and to improve
the basic matching theory. The world’s major marine diesel engine manufacturers, such as MAN
B&W, Wartsild, WinGD, Rolls-Royce, etc., have been developing their own business on it, seeing ship
propulsion system integration as a mainstream concept [4-7]. MAN B&W summarized the basic
principles of ship propulsion, explaining the complex calculation procedure of propulsion system and
clarifying some of the parameters pertaining to hull resistance, propeller conditions and the diesel
engine’s load diagram [8]. Wartsild developed Propac Packages based on the matching theory, which
enables the matching and selection of diesel engines, propellers, shafting systems, etc. [9]. On the other
hand, fundamental and theoretical research works have been carried out by some universities and
research institutes. Rawson et al. proposed the concept of spiral design regarding to the whole ship
design process, and indicated that the parameters in the design process are numerous and interrelated,
thus complicating the design procedure of the whole ship, and especially the propulsion system [10].
Stapersma et al. introduced the theory of the basic matching problem of a diesel engine to the
propulsor, by which the methods can evaluate both the ship design and off-design conditions [11,12].
Taskar et al. explored the interaction effects of engine and propeller under different sea conditions,
which is a step towards optimization of the overall propulsion system [13]. Besides the matching for
conventional power configuration, there are some researches on the new types of ship propulsion such
as hybrid propulsion. Ogar et al. analyzed performance of controllable pitch propeller (CPP), ship
hull and engine in both design and off-design conditions to design a control strategy for the optimal
matching of a combined diesel or gas turbine (CODOG) system [14]. Sasaki et al. introduced a design
method for hybrid CRP (contra rotating propeller) podded drive systems to achieve the best index for
transportation efficiency and avoid poor navigation operations [15].

The core of matching theory normally is based on the energy balance, but the process of using a
propeller diagram is somewhat different, which is the main contribution to the overall calculation time.
Since open water characteristics of series propellers or actual ones are commonly coded to polynomials
in the programs, the mathematics used in this procedure has an important impact on the system
calculation accuracy and time cost. With the rapid development of computer capacity and intelligent
algorithms application in engineering, some new methodologies and optimizations have sprung up in
order to make the system matching faster and more accurate. Genetic algorithm, which is used in the
matching program, takes the propulsive efficiency as the objective and the energy balance and propeller
cavitation as the constraints. Xie employed the non-dominated sorting genetic algorithm II (NSGA 1II)
to carry on an evolutionary optimized matching process with open water propeller efficiency as the
design objective for the best solution to ship—engine—propeller matching [16]. Qin et al. developed a
method to search for the optimal solution of matching based on the genetic algorithm (GA), which
greatly shortened the calculation time of ship—engine-propeller matching [17,18]. The neural network
algorithm, as a black box monitoring the relationship of inputs and outputs, is widely used in a complex
system calculation. Feng et al. applied the neural network to the matching theory to achieve the
advantages of simplicity, versatility and accuracy, compared with the traditional regression coefficient
method [19].

The basic matching mostly considers the propulsive efficiency, open water propeller efficiency
mainly, as the single design objective in the conventional or complex propulsion system. Recently
some other objectives and constraints have been considered in the system matching, taking not
only the energy conversion efficiency, but also the ship operating cost and environmental impact
into account [20]. Esmailian et al. developed the approach to optimize the propeller-hull system
simultaneously with two objective functions considered, i.e., lifetime fuel consumption (LFC) and the
cost function including thrust, torque and open water propeller efficiency, to design a hull-propeller
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system with minimum LFC and cost [21]. Koenhardono et al. established an engine—propeller matching
model based on the neural network algorithm to predict the best performance of main engines, and
to achieve minimum fuel consumption [22]. Meanwhile, with more concern on the environmental
impact, there are some researches on the relationship of the ship propulsion system and its emission
in order to meet the corresponding regulation requirements. Trozzi introduced the methodology to
estimate emissions of nitrogen oxide (NOx), non-methane volatile organic compounds (NMVOC) and
particulate matter (PM) during ship operation, in which the installed capacity and fuel consumption are
used to estimate the emissions of both the main and auxiliary engines [23]. Borkowski et al. proposed
a method to determine engine shaft power, fuel consumption and exhaust NOx emission based on the
vessel speed and automatic identification system (AIS) data [24]. Trodden investigated the primary
effects of the environmental conditions experienced at the early ship design stage to minimize the CO,
emission of the ship via a philosophy of improved efficiency by design of the in-service conditions [25].
Although CO; is not a harmful emission compared to the others from engines, it is considered to be the
first cause of the greenhouse effect. In order to restrict the CO, emissions from ocean transportation,
energy efficiency design index (EEDI) is proposed by the International Maritime Organization (IMO)
as a mandatory technical measure, which will certainly guide and change some key procedures during
ship design and operation. Some fundamental research work has been carried out in both theory and
applications. Stapersma et al. proposed that any pollutant index in principle is a ratio between the
penalties and benefits [26], laying fundamental of EEDI formula used today. For example, “Specific
Tractive Effort” [27] is a ratio of prime mover power used to mobility power. However, the heart
of any index is an energy conversion index (ECI) where the numerator sums up the penalties and
the denominator means the benefits to society delivered [26]. In order to make EEDI suitable for
different sail conditions and all ships with different fuels or energy efficient technologies, some relating
coefficients has been taken into account [28-31]. Kristensen et al. carried out a regression analysis and
found that the requirement of a maximum allowable EEDI for new ships will be a good design driver
for more efficient ships in the future [32]. Papanikolaou et al. analyzed the measure to lower attained
EEDI and its influence on ship operational performance in adverse conditions [33]. Sui et al. defined
the energy conversion effectiveness and fuel index and investigated these definitions under various
propulsion system control modes [34].

Since EEDI is mandatory, ships built after 2013 have to meet the requirements. Some regarding
researches of EEDI application on actual ships have been carried on. Norwegian Marine Technology
Research Institute investigated the application of existing analytical tools and methods to figure
out GHG emission reduction possibilities through different technical, operational and market-based
approaches, and according to these, EEDI indeed promotes the improvements on ships to decrease
CO; emission [35]. It can also be known from this report that ship hull optimization, alternative energy,
innovative energy efficient technologies and ship speed reduction are the popular methods to reduce
CO, emissions and meet the EEDI regulations. Ship hull optimization is mainly used to the new ships,
and knowing the influence of hull structure on EEDI restrictions, a reasonable evaluation criterion to
optimize the energy structure of ship hull under EEDI can be given [36]. Hou analyzed the relationship
between EEDI and vessel factors to realize the hull optimization for large shallow draft bulk carriers
based on EEDI requirement [37]. Liquefied natural gas (LNG) as a green fuel has been increasingly
used as the alternative energy for marine vessels to have a better environmental protection. After the
comparison between classical fuel type (heavy fuel oil, HFO) and LNG propulsion systems, it turned
out that LNG has a lower EEDI value under the same ship operating conditions [38,39]. Livanos et al.
investigated the techno-economic sustainability of four alternative propulsion plants, running either
on diesel or LNG fuel, equipped with or without waste heat recovery system to find the solution to
reduce GHG emission [40]. Regarding to innovative energy efficient technologies, the feasibilities of
wind propulsion power, air lubrication system, waste heat recovery system as well as their own EEDI
calculation methods were discussed by the Marine Environment Protection Committee (MEPC) [41-43].
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Although EEDI is a mandatory regulation to reduce GHG emissions, how to implement EEDI is
still a controversy. For example, Devanney criticized EEDI from the prospective of engine selection
and fuel consumption based on the calculation and analysis of VLCCs (very large crude carrier).
He proposed that the ship owner could meet the EEDI requirements by simply reducing the speed
of a new ship [44,45], which is an easy way but may cause the risk to the ship in terms of safety and
fuel pollution. Stefan Kruger found that EEDI actually results in a severe speed limit for some ships,
which can fulfill the EEDI only at physically impossible negative wave resistances for their desired
design speed. He pointed out that the installed power of large ships would not be able to provide safe
speed according to the current EEDI formula [46]. However, the ship speed reduction in some degree
to satisfy the EEDI is tolerant as long as the engine power under this speed can make the ship sail
safely, taking the engine margin and see margin into account.

There are some applications and researches of EEDI on ship hull optimization, alternative energy
and emission abatement techniques, but merely on the propulsion system matching. Since the GHG
emission of propulsion system accounts for more than 80% of the entire ship, it is necessary to do
some research on the effect of EEDI on propulsion system matching. In terms of EEDI study based
on the ship—engine—propeller matching, Li studies the impacts of the related parameters set on the
EEDI during the main engine selection and established a comprehensive evaluation model to have
a reasonable assessment [47]. Kristensen et al. built a generic model to conclude the reduction in
propulsion power and emissions by varying the ship speed and other main ship design parameters,
and finally get the relationship between EEDI and the parameters [32]. However, the influence of EEDI
on matching and its potential guidance on matching are still unclear.

In summary, most ship propulsion system matching applications care about propulsive efficiency
and fuel cost [16,48], ignoring the environmental impact. Consideration of EEDI or other emission
index should be added into matching process due to their negative impact on marine transportation [49].
On the other hand, EEDI value is only calculated as verification after the matching design to ensure the
ship meets the EEDI regulation requirements. With more and more stringent EEDI regulation [50],
the single goal of the propulsion system matching with propulsive efficiency would not be sufficient to
the ship design and operation. It would be necessary to involve EEDI at the early ship propulsion system
design stage, i.e., the potential guidance of EEDI on the design parameters during the system matching.

In this paper, a matching procedure combining the propulsion system matching theory and EEDI
calculation is developed to investigate the influence of EEDI on ship—-engine—propeller matching.
Based on the sea trial data of 38800 DWT (deadweight tonnage) bulk carrier, the ship—engine—propeller
matching platform is built and calibrated, and after both formula derivation and program calculation,
the inversely proportional relationship of EEDI and open water propeller efficiency can be found out.
In matching, ship speed, propeller diameter and ship effective power are the main inputs, thus by
varying these three parameters separately, not only the trend of EEDI, but also the extent that EEDI will
change can be predicted. It concludes that reduction of ship speed is still the most effective method
to meet the EEDI requirements. Last but not least, the system matching parameters satisfying the
EEDI requirements in different stages are discussed, providing a reference of the pre-selection of these
inputs at early stage for further design on ship—engine—propeller matching under the guideline of
EEDI regulations.

2. Methodology

2.1. Basic Principles of Ship—Engine—Propeller Matching

The propulsion system consisting of the main engine, shaft system and propeller is the focus
through the whole process of ship design, construction and operation. The engine transforms the
fuel chemical energy to the torque during the power stroke at a certain rotational speed, and then the
power is transmitted to the propeller by the shaft system to generate the thrust overcoming the ship
resistance, so that the ship can sail at a certain translational speed. The relationship of the ship, engine
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and propeller can be expressed by the framework [51] as shown in Figure 1, and the basic theory of
matching was introduced as follows.
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Figure 1. Framework of ship—engine—propeller matching.

From the aspect of ship, when it sails at the speed Vs (m/s), the power that overcomes the ship
resistance R (N) is called the effective power Pr (W), which is expressed by Equation (1):

Pp=R-Vs @

According to the dynamic relationship between the ship and propeller, at the same advance
velocity, the propeller thrust T (N; which is decreased by multiplying the thrust deduction factor) is
equal to the hull resistance R, as shown by Equation (2), where ¢ (<) is the thrust deduction factor.

R=T-(1-t) @

From the perspective of engine, engine brake power Pp (W) is transmitted to the delivered power

Pp (W) of the propeller considering the transmission loss, as shown in Equation (3), where nrrp (-) is

the transmission efficiency. While the delivered power Pp actually acts on the propeller in the form of

the torque Q (Nm) at a certain rotational speed 7 (r/s), as shown by Equation (4), where ng (-) is the
relative rotation efficiency.

Pp = Pp - nrrRM 3)

Pp=2n-n-Q-nr 4)

From a system engineering perspective, the hull and the engine are connected by a propeller.
According to the hydrodynamic characteristics of the propeller, the thrust T (IN) and the torque Q (Nm)
of the propeller are respectively represented by Equation (5) and Equation (6).

T =Kr-p-n®-D* (5)

Q=Kg-p-n*-D° (6)
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where K7 is the thrust coefficient (=), Kq is the torque coefficient (=), p is the density of sea water (kg/m3)
and D is the diameter of the propeller (m). Kt and Kg can be expressed as a function of the advance
ratio | (=), which is defined as shown in Equation (7), and w (-) is the wake factor.

Va _ Vs (1-w)

]:n'D: n-D

@)

Furthermore, empirical functions of Kt and K are expressed as propeller geometries. Taking
B-series propeller as an example, polynomials have been fitted to the Wageningen Kr and K data, as
shown in Equation (8) and Equation (9) [52].

39

Ky = Z Cu- ()™ - (P/D)" - (Ap/A))"™ - (2)™ ®)
n=1
47

Ko=) Cu- ()" (P/D)" - (Ap/Ao)"™ - (2)"" ©)
n=1

where P/D is the pitch ratio (=), A¢/A, is the area ratio (-), Z is the number of blades (-) and Cy,, Sy, ty,
uy and V), are the coefficient for the series separately (-).

When the propeller is selected, i.e., the area ratio and the blade number have been determined,
the thrust coefficient K1 and the torque coefficient K are functions of the pitch ratio and the advance
ratio, i.e., Kt = f(J, P/D) and Kg = f(], P/D).

Finally, the propeller open water efficiency 1o (-) can be calculated by Equation (10), which is
always considered to be the goal of matching.

0= (10)

However, the different combinations of inputs or outputs makes the ship—engine—propeller
matching complex, thus there are mainly three cases of matching in use, as Table 1 shows. Among the
inputs, wake factor, thrust deduction factor, propeller area ratio, shaft efficiency and relative rotation
efficiency are generally fixed, while ship speed, resistance, propeller diameter and engine brake power
can be changed by the designers.

Table 1. The combination of inputs and outputs in three matching cases.

Ship Data Propeller Data Machinery Data
Cases
w t Vs * R*  Ae/Ao 1R D* n P/D no Pg * NTRM
1 I I I I I I I @) (@) O (@) I
2 I I I @) I I I @) (@) @) I I
3 I I (@) 1 I I 1 @) (@) @) I I

1T represents ‘input’ and ‘O’ represents ‘output’. 2 *’ represents important and changeable inputs in matching.

In Case 1, ship resistance R (or ship effective power Pr) and ship speed Vs were given, which
means the ship information was known and the matching process was from outboard to inboard.
Since the resistance was known, the Equation (11) could be deduced from the above basic principles
eliminating the unknown propeller rotational speed. Therefore, K1//> was taken as a constraint,
as shown in Figure 2a. The crossing point where the corresponding efficiency was the largest in the
propeller open water characteristic was the design condition with K7/J? as a constraint. Once the open
water efficiency was determined, the brake power of engine could be calculated as well by the energy
chain of propulsion [11].
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T R R
Kr = = = J? (11)
' p-n*-D* V2. (1-w)? . p-Vi- (1-w)?- D2 (1-t)
P —mopr -D*- (1-t)

In Case 2, the engine brake power Py (or propeller delivered power Pp) and ship speed Vg
were given. Contrary to Case 1, the engine information was known and the matching process was
from the inboard to the outboard. Since the engine brake power was known, Equation (12) could be
deduced according to the basic principle of matching and the unknown propeller rotational speed was
eliminated. The ship speed however was still an input so the method was not truly “inboard’. Therefore,
Kq/]® was taken as a constraint, as shown in Figure 2b. Like the previous case, the crossing point with

the largest efficiency could be chosen as the propeller design condition. Similarly, the effective power
of the ship at that speed could be calculated by an energy chain.

Kn = Q = PD = PB : ]3 (12)
Q n2.D5 3 3 3 3 o
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= L e \ ! e~ ~o ) !
0.2F //‘/ RN S < \ ! 0.2 //,/ ~ ~J i
~ ~. / ~ .
Va >< ~o ! ! a ~< [ !
01 ~2 ~ie i 0.1 RS <!
~o ~ i S Sie
0 0 I N S 0 | | I~ :
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
J J
(a)

(b)

Figure 2. Water diagrams under two constraints. (a) Case 1 with Kp/J? as a constraint and (b) Case 2
with KQ/]3 as a constraint.

In Case 3, the maximum attainable ship speed was predicted when the brake power and resistance
curve (R-V;s curve) were given. That is to say, in this case the brake power and resistance curve
(R-Vs curve) were the inputs and the ship speed was to be designed. So, Case 3 was more complicated
starting at both the hull and the engine. To solve this matching problem, the looping could be used
Using the looping, an adequate set of ship speeds was assumed, and at each speed, combined with the
engine information, the ship effective power was calculated. Once the calculated ship effective power

was equal to the given one, the balance of propulsion system was met, see Figure 3, so the ship speed
was then the desired one.

/ No

Figure 3. Point of intersection of P'r—V'g curve and Pr—Vs curve is the desired speed.
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Attention should be paid that at each ship speed, the input values of Case 3 were exactly the same
as Case 2, so Case 2 could be regarded as a single step of Case 3 and it was performed at each speed to
obtain the pitch ratio, rotational speed and effective power of the ship at the highest efficiency. As a
result, the relationship of system matching parameters and ship speed could be known. In Figure 3,
the P’g-Vs curve and Pr—Vs curve represents the actual and calculated effective curve respectively and
the intersection of these two lines is the ship design condition. According to the ship speed of the point,
propeller parameters, such as pitch ratio, rotational speed and efficiency, were obtained as well. If the
calculation was based on the CSR (continuous service rating) power of engine, the speed obtained was
the service speed. If the MCR (maximum continuous rating) power was used for calculation, the speed
obtained was the maximum speed.

2.2. Basic Theory of EEDI

EEDI (energy efficiency design index) is a legislation proposed by the International Maritime
Organization (IMO) for calculating the energy efficiency of ships. EEDI is an estimate of the CO,
emissions generated per unit of ship transport during the ship design phase and the lower the
ship’s EEDI index, the less CO, emission. EEDI is based on a complex formula, taking the ship’s
emissions, capacity and speed into account. According to the ICCT’s (International Council on Clean
Transportation) definition of EEDI [3], it can be calculated as Equation (13) shows, and the power of
the equipment involved is shown in the Figure 4.

M \(nME
Hl fi ( '21 Ppieiy - Ceme() 'SFCME(i)) + (Pag - Crae - SFCaE+)
fw fi- fi- Capacity.Vys - fu
M nPTI neff nef f
Hlfj' '21 Ppry(iy = ‘21 fegf(iy " Paresfiy |- Crae - SFCag [— '21 feff(i)  Pefrtiy - ChmE - SFCME
= 1= 1= 1=
fo fi+ fi Capacity.Vyer - fo

In Equation (13), P is the individual engine power at 75% of MCR, (kW), C is the CO, emission
factor based on of fuel type used by the given engine, (t-CO2/t-Fuel), SFC is the specific fuel consumed
per unit of engine power, as certified by manufacturer, (g/kWh), f is the non-dimensional factors that
were added to the EEDI equation to account for some specific existing conditions, V. is the ship speed
at maximum design load condition, (kn), Capacity is the deadweight tonnage (DWT) for bulk ships, (t).

EEDI

(13)

Power included EEDI

! |
) |
1 Q Main engine Auxiliary engine :
: 0 P.VIE PAE 1
| 1
) Main engine pumps | |
I (2.5% Pyr) :
I Shaft motor Shaft generator Waste heat recovery, Y ot |
1 Por P etc. Page ccommodation

I = — — (250 kWh) :

Figure 4. The power involved in the calculation of energy efficiency design index (EEDI).

According to MARPOL Annex VI [50], the attained EEDI should be as follows:

Attained EEDI < Required EEDI = (1—%) -reference line value (14)
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where X is the reduction factor specified in Table 2 for the required EEDI compared to the EEDI
reference line.

Table 2. Reduction factors (in percentage) for the EEDI relative to the EEDI reference line.

Phase 0 Phase 1 Phase 2 Phase 3
Ship Type Size 1Jan 2013-31 1Jan 2015-31 1 Jan 2020-31 1Jan 2025
Dec 2014 Dec 2019 Dec 2024 onwards
Bulk . >20,000 DWT 0 10 20 30
WK Carmer:— 10,000-20,000 DWT n/a 0-10* 0-20 * 0-30 *
Tank >20,000 DWT 0 10 20 30
anker 4000-20,000 DWT n/a 0-10* 0-20 * 0-30 *
Containershi >15,000 DWT 0 10 20 30
P 10,000-15,000 DWT n/a 0-10* 0-20* 0-30*

1+’ is the reduction factor linearly interpolated between the two values dependent upon vessel size. The lower
value of the reduction factor is to be applied to the smaller ship size. 2 n/a means that no required EEDI applies.

The reference line values shall be calculated as follows:
Reference line value =a-b~°¢ (15)
where g, b and ¢ are the parameters given in Table 3.

Table 3. For determination of reference values for the different ship types.

Ship Type a b c
Bulk carrier 961.79  Capacity 0.477
Tanker 1218.80  Capacity 0.488
Containership 174.22 Capacity 0.201

For a new-built ship, the attained EEDI is calculated by Equation (13), and its required EEDI is
recommended by Equations (14) and (15). Only meeting the requirement that the attained <EEDI
required EED], can this ship get a EEDI license.

2.3. Relationship between EEDI and the Propeller Open Water Efficiency in Matching

For the direct-drive diesel engine propulsion system with only propulsion power considering,
EEDI can be expressed as follows and the detailed information on the parameters can be found in

Section 3.3:
fi - PmE - Ceme - SFCME + Pag - Crag - SFCAE

fC fl fl - Capacity - Vref ’ fw

In Equation (16), Psg, the required auxiliary engine power to supply the necessary power for
propulsion machinery and accommodation, can be defined as Equation (17) [50], and for a specific

EEDI = (16)

ship, it is regarded as a constant.

0.025 X MCRug +250  MCRy > 10000kW
P = (17)

0.05 x MCRymE MCRpg < 10000kW

In order to study the relationship between EEDI and propeller open water efficiency (the most
important target in matching), the SFC is normally regarded as a constant, and then the EEDI formula
is simplified as Equation (18) shows, and c;—c; represent the constants involved,

EEDI — fi-Pue - Cpme - SFCme + Pak - Crap - SFCAE — ¢1 - Py + 02 -
fC fl fl ! CaWCif]/ : Vref : fw c3 Capacity . Vref
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where 1 = f] . CFME . SFCME, C) = PAE . CFAE . SFCAE and 3 = fc fl fz . fw
According to the propulsion energy chain, Pyr can be calculated from the ship effective power
and some related efficiency, see Equation (19).

P P
Pye = L= L (19)
NTRM *1D  1TRM *TH - 10 * IR
Therefore, Equation (20) can be converted as follows:
EEDI — L PME+C
c3 - Capacity.Vys
c1-Pr 2
= _ + . 20
c3 - Capacity - Vyer -nTRM - NH N0 MR~ 3 - Capacity - Vs (20)
o Cyq- PE + C5
~ Capacity - Vyep-no ~ Capacity - Vg
where ¢y = a and c5 = C—z.
C3*NTRM " TH " TR &

If the Capacity, V. and Pg are given for a certain ship, the EEDI and open water efficiency satisfy
the following equation:

EEDI = — 4 ¢ (21)
no
¢y Pg cs
h = =
where G Capacity - Viey and ¢7 Capacity - Vief

It can be seen from Equation (21) that EEDI is approximately inversely proportional to the open
water efficiency of propeller, which means the process to achieve the maximum open water efficiency
can also get the minimum EEDI in general matching.

3. Results and Analysis

3.1. The Ship Bench Mark

The calibration is based on the data of the 38800 DWT bulk carrier. The relevant data, from trial
report of shipyard, are shown as follows in Tables 4 and 5.

Table 4. Bulk carrier’s key design characteristics (courtesy of Shanghai Merchant Ship Design and
Research Institute).

. Length between 179.95 Breadth molded (m) 3
Principal perpendiculars (m)
particulars Scantlin
g draught .
molded (m) 9.5 Ship Speed (kn) 14
Deadweight at
Scantling draught (t) 38800
Type WinGD 5 x 52 Maxm?lm a\o;l(t:lrguous 64;);3 kW at
Main engine ratmg pm
SFC at 75% MCR
(g/kWh) 160.75 Number of set 1
Fuel type Diesel Oil Cr (t-CO2/t-Fuel) 3.206
Kind of propeller Special Number of Blades 3

Propeller

Nominal Rotational
Diameter (m) 6.4 Speed 99

(rpm)
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Table 4. Cont.

Relative Rotation

Other Shaft Efficiency 0.99 Efficiency 1.046
coefficients ;
Wake Factor 0.342 Thrust Deduction 0.21
Factor
Sea Margin 15% Engine Margin 28.6%

Table 5. Ship effective power (courtesy of Shanghai Merchant Ship Design and Research Institute).

V (kn) 12.5 13 13.5 14 14.5 15 15.5
Pr (kW) 2220 2508.3  2840.1 32275  3687.0 42409 4918.8

In the matching process, the propeller characteristic is crucial due to the transfer of the energy
from engine to the ship hull. For this ship, the installed propeller was a special one with the open
water characteristics, which is from the ship design company as shown in Figure 5. As to the engine,
since the fuel consumption would be used in the calculation of EEDI, the fuel consumption of each
condition was obtained from the manual of the engine manufacturer.

0.8 ; : ; : .
—e—K

0.7F t 1
—e— 10K,

06 n, i

Figure 5. Open water diagram (courtesy of Shanghai Merchant Ship Design and Research Institute).

3.2. Results of Ship—Engine—Propeller Matching

Based on the principle of the ship—engine—propeller matching as discussed before, a system
matching platform (part of the interface is shown in Figure 6) was compiled to perform the matching
calculation with the data of 38800 DWT bulk carrier.

As the results shown in Table 6, the engine power and rotational speed errors at CSR were 2.89%
and 1.58% respectively, which could be explained by the difference between the sea trial data and the
system platform data, while the later one was provided by the hull designer or empirical formula.
In order to meet the actual power of MCR, the engine margin was set to 25% in this simulation, although
this value was not commonly selected during ship designing, compared with 28.6% of the actual value.
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4 Ship Propulsion System Matching Platform — [m] X
COVER MATCHING  PROPELLER CHARACTERISTIC INPUT
RESISTANCE PAREMETERS INPUT PROPELLOR SERIES START ‘
CASE 1 )
CASE 3 Brake power of CSR{kW) 4745 ‘ B Series . 36
CAVITATION _ L SLUEEIES 5
CTRENGTH Brake power o MCR(KW) | 6408 | Gawn Series .
PITCH ®) Others g = /
Sea margin 015 ‘ (o}
EFFECTIVE POWER 4
) ) >
) 6.4 -
Propeller diameter{m) ‘ Speed(kn) PEKW) B 15
11}
Wake factor 0342 | [ om0 | [ 2smes e
| 135 | | 28401
Thrust deduction factor 021 | 25
| a0 | | 3275 14 15 16
Relative rotation efficiency 1.046 ‘ " SHIP SPEED
TR B RESULTS
Shaft efficiency 0ss | [ 50 | [ 42400
Ship speed of CSR{kn) ‘ 15.2413 ‘
Gearbox reduction ratio 1 ‘ ‘ 0.0 ‘ ‘ 0
] [o0 | [ o Ship speed of MCR(kn) | 14.227 |
Blade
‘ 0o ‘ ‘ 0 Propeller efficiency of CSR ‘ 0.6274 ‘
Area ratio 0.43 ‘
[ oo | [ 0
Sea water density(kg/m?3) 1026 ‘ ‘ 00 ‘ ‘ P Propeller efficiency of MCR ‘ 0.6382 ‘

Figure 6. System matching platform interface and matching results (Case 3).

Table 6. The brake power and speed of continuous service rating (CSR) and maximum continuous
rating (MCR) by a system matching platform (Case 1).

Characteristic Actual Value Calculated Value Error

Power of Engine CSR (kW) 4575 4707 2.89%
Rotational speed of Engine CSR (rpm) 88.5 89.9 1.58%
Power of Engine MCR (kW) 6408 6276 2.06%
Rotational speed of Engine MCR (rpm) 99 103.1 4.14%

It can be seen in Table 7, compared with the actual ship speed (14.0 kn) at CSR, the error of ship
speed at CSR operating point (14.2 kn) was 1.4%, and the ship speed at MCR was not given by the
shipyard, while according to the matching results, the attainable maximum speed was 15.2 knots. In this
case, the attainable maximum speed was the ship speed at 100% utilization of engine power, which
means the engine margin (EM) setting for lower fuel consumption and a power reserve had turned to
an increased ship speed (about 1 knot) in order to be able to catch up delays for the scheduled ships.

Table 7. Ship speed of CSR and MCR (actual) by a system matching platform (Case 3).

Characteristic Actual Value Calculated Value Error
Ship speed of CSR (kn) 14.0 14.2 1.4%
Ship speed of MCR (kn) - 15.2 -

The system matching platform in this paper was based on the first principle of
ship—engine—propeller matching, and the matching errors between the sea trial data and calculated
ones were acceptable. Therefore, the calculation results of matching in this bulk carrier could be
regarded as sufficiently accurate and reliable, indicating that the matching investigation was reasonable
and feasible, laying the foundation of the research and application of EEDIL.
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3.3. Results of EEDI Calculation

The calculation of EEDI with the actual value (see Table 8) in the sea trial was conducted as shown
in Equations (22)—(24).

Py = 075 x 6408 = 4806 kW (22)
Par = 005 x 6408 = 3204 kW (23)
1 4806 3.206 160.75 + 320.4 3.206 215.0 0 -0
EEDI = x . X i . . )+ ) = 497 (24)

1 x 1 x 1 x 3800 x 14 x 1

Table 8. Values involved in EEDI calculation (courtesy of Shanghai Merchant Ship Design and
Research Institute).

Type of Ship Bulk Carrier
Basic val
asic vattes Capacity (DWT) 38800  Ship Speed (kn) 14
o MCRyE (KW) 6408  SFCyp (5/kWh) 160.75
M
ain engine Fuel type Diesel  Cp (+-CO2/t-Fuel) 3.206
o1s . Fuel type Diesel Pag 0.05 X MCRyg
Auxil
WALy engine o (+CO2/t-Fuel) 3206 SFCy (g/kWh) 215
Other coefficients  fj, fosi), fo fi, fir fw 1.0

While based on the results from system matching platform, the calculation of EEDI was conducted
with all the correction and adjustment factors set as 1.0, as shown in Equations (25)—(27), and the fuel
consumption was 160.64 g/kWh by means of interpolation from the fuel measurement in the engine
test bed.

Py = 075 x 6276 = 4707 kW (25)
Py = 005 x 6276 = 313.8 kW (26)
EEDI  — Lo x(@707 % 3206 x 1606443138 x 3206 x 2150) + 0 - 0 186 27)

1 x 1 x 1 x 3800 x 14 x 1

The relative error of EEDI based on the actual value from the shipyard and that of the calculated
value from the system matching platform was (4.97 — 4.86)/4.97 = 2.2%. From the previous analysis,
the error caused by that of the engine power of MCR was 2.06%, which would be transmitted to the
PAE and SPCME.

By adding the EEDI calculation formulas to the system matching platform, a new platform was
obtained that would display the corresponding EEDI value while outputting a matching result. From
the theory of matching, it was found that one set of open water characteristic curves with a certain pitch
ratio could only get one desired efficiency and its EEDI value. In order to investigate the relationship
between EEDI and propeller open water efficiency, the mature open water characteristic of B series
propellers was adopted to obtain the advance ratio, propeller efficiency and EEDI at different pitch
ratios. In this case, the fuel consumption was assumed as 190 g/kWh to be consistent with the formula
deduction previous, which was used in the calculation of EEDI reference line by IMO [50], thus
obtaining the EEDI-7p curve, as shown in Figure 7.
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8.5 ; . : : ‘ ‘ —— 0.65
EEDI
8 o 0.6
_75¢ 0.55
a ‘
w L
w
7 105
6.5 0.45
6 ! ! ‘ ‘ ‘ ‘ o4
0.4 0.6 0.8 1 12 14 1.6
P/D

Figure 7. The relationship of EEDI and open water propeller efficiency with different pitch ratios.

It can be seen from the figure that 7o was inversely proportional to EEDI. For the confirmation,
the regression analysis was performed, and the results are shown in Equation (28) (cg,cy in Equation (21)
was 3.505 and 0.2456 separately) and Table 9, which was consistent with the results of the previous
formula derivation.

EEDI = 3505 + 0.2456 (28)

Ule;

Table 9. Validation of regression.

SSE R-Square  Adjusted R-Square DFE RMSE
43x1078 1 1 119 1.9%x107°

3.4. Study of System Matching Parameters on EEDI

To study the influencing values of EEDI, the following assumptions were made [50]:

(1) The specific fuel consumption is constant for all main engines, i.e., SECyg = 190 g/kWh.

(2) The specific fuel consumption is constant for all auxiliary engines, i.e., SFC4g = 215 g/kWh.

(3) The power of the auxiliary machine is determined according to Equation (17).

(4) No correction factors are used.

(5) Innovative mechanical energy efficiency technology, shaft motors and other innovative energy
efficient technologies are all excluded, i.e., Pag,f = 0, Ppry= 0 and Ppy= 0.

(6) Pr is modified by the ship speed and deadweight tons according to the admiralty coefficient
method [53].

In the matching process of the ship—engine—propeller, the main inputs were ship speed, propeller
diameter and ship effective power, which had a strong impact on the engine selection, thus influencing
the following EEDI calculation. On the other hand, these three input parameters were not chosen
randomly at the beginning of ship propulsion system design. If EEDI is set up to be the optimization
target, their initial value in matching should be chosen with EEDI under consideration. Therefore,
the effects of these three factors on EEDI were studied separately in the following section.

As shown in Figure 8, for a ship with a certain DWT, the required engine power could be calculated
by the principle based on system matching platform with ship speed, propeller diameter and ship
effective power regarded as variables respectively, and other parameters were fixed with the benchmark
data. Combined with SFC, the EEDI value could be calculated by Equation (16). Finally, with the DWT
as the independent variable, a for-loop was programmed to repeat the above steps to achieve the EEDI
value under different DWTs, as shown in Figure 9. To be specific, if the ship speed was the variable
with the initial value as Vs (14 kn), any other inputs of matching was fixed as the benchmark data,
except for the ship effective power, which was highly influenced by the DWT and should be modified
with different DWTs. After the matching procedure, the MCR engine power as well as the auxiliary
power (see Equation (17)) could be obtained, thus the corresponding EEDI could be calculated with
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the assumed SFCyg, SFCap, DWT and other fixed values from benchmark. As a result, the red curve
in Figure 9a could be drawn with the initial ship speed and a group of curves could be obtained by

adjusting the ship speed.

Po = Po/ran

o X
1

D (] : i i

[Ke = 100,p/0) ] 1= Vim0 |—{ ko = f(1,p/0)|

= |
n = KJ/2nk,
C e Matching Framework Fig.1

EEDI
Calculation
Eq.(16)

(57 |

EEDI

Figure 8. The framework of the study on system matching parameters with EEDI under consideration.

1“a” dashed line means that not in all cases SFCy is obtained from SFC curve at a specific engine power.

2b’ dashed line means that the ship effective power optimization, i.e., the ship hull optimization, is

outside the scope of this paper.

EEDI

0.9Vs
1.0Vs
1.1Vs
O  Benchmark |

6.5

EEDI

55

0.9D
1.0D
1.1D

O Benchmark

5 I . |
2 25 3 35 4 45
DWT 4
x10 DWT
(a) (b)
7.5 T T T T T T T
D.QPE
7k 1.0P, d
1.1PE
6.5 O Benchmark | |

EEDI

x10*

Figure 9. EEDI varies with deadweight tonnage (DWT) under different situations of ship speed,
propeller diameter and ship effective power: (a) with ship speed as a variable; (b) with the propeller

diameter as a variable and (c) with the ship effective power as a variable.

The results indicate that reducing the ship speed, increasing the propeller diameter and reducing
the ship effective power could all reduce EEDI, in which, reducing the ship effective power was
mainly realized by the optimization of ship hull, i.e., not solidly related to matching. According to the
comparison between these three groups of curves, the ship speed seemed to be the most influential
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values. In order to observe the sensitivity of EEDI to the three parameters, further analysis on the
benchmark ship, i.e., with the fixed DWT as 38800, taking the 5 x 52 diesel engine fuel consumption
into account was conducted, as shown in Figure 10.

7.00 30% 5.20 6%
6.00 20% 500 4%
5.00 ’
4.00 10% 2%
4.80
3.00 0% 0%
2.00
10% 4.60 2%
1.00
0.00 -20% 4.40 -4%
0.9Vs 1.0Vs 1.1Vs 0.9D 1.0D 1.1D
= EEDI «=@== Increasing Rate mmmm EEDI === Increasing Rate
(a) (b)
6.00 14% 15%
4.86
5.00 10%
4.35

4.00 5%

3.00 0%

2.00 -5%

1.00 vy -10%

0.00 -15%

0.9PE 1.0PE 1.1PE
s EEDI === |ncreasing Rate

(c)

Figure 10. Extent of variation of EEDI under different situations of ship speed, propeller diameter and
ship effective power: (a) with ship speed as a variable; (b) with the propeller diameter as a variable and
(c) with the ship effective power as a variable.

It can be seen that if the ship speed decreased by 10%, EEDI could drop to 84% (Figure 10a),
implying the great potential of speed reduction to meet the EEDI requirements. On the contrary,
EEDI changes in less of an extent with the propeller diagram changing, in which when the diameter
increased by 10%, EEDI just decreased by 3%. Meanwhile, ship effective power also had a relatively
large influence on EEDI, when the ship effective power decreased by 10%, EEDI dropped by 10%.
However, reducing the ship effective power was mainly realized by hull optimization, which was out
of the area of propulsion system design. As a result, ship speed indeed had the most influence on
EEDI, when it came to reducing EEDI value, the sequence of these methods was reducing ship speed,
optimizing the ship hull and enlarging the propeller.

3.5. System Matching Parameters to Satisfy EEDI at Different Phases

According to the baseline in different EEDI stages, which is drawn based on Tables 2 and 3,
as shown in Figure 11, although the benchmark ship now meets the EEDI requirements, it would not
satisfy the EEDI standard in Phase 3. Therefore, in the aspect of ship—engine—propeller matching,
considerations should be taken to reduce the EEDI value by changing the speed or replacing a larger
propeller. The study of changing these two parameters in order to satisfy EEDI in all phases was
investigated to give reference for system matching.
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Phase0: 2013 - 2014
Phase1: 2015 - 2019
Phase2: 2020 - 2024
Phase3: 2025 onwards
Benchmark

[e)

EEDI

1 2 3 4 5 6
DWT x10*

Figure 11. EEDI baseline referenced by the International Maritime Organization (IMO) and the
attainable EEDI of the benchmark bulk carrier.

3.5.1. A Certain Ship at Different EEDI Phases

Based on Section 3.4, a series of ship speed values were set instead of DWTs, and the relation
of EEDI and ship speed could be obtained with the fixed DWT (38800 DWT) and SFC (190 g/kWh).
The reason why SFC was fixed was that the engine power varies in a large extent with changing ship
speed and as a result the 5 x 52 diesel engine was no longer applicable in some cases. Due to the
uncertainty of the engine and its SFC, a fixed fuel consumption recommended by IMO regulation was
used instead of the 5 x 52 diesel engine SFC curve [50]. After obtaining the EEDI values at different
ship speeds, the curve was drawn with the EEDI value of the 38800 DWT bulk carrier under different
phases marked, as shown in Figure 12a.

EED - D curve

EEDI - Vs curve

PhaseO: 2013 - 2014 4 7+ O Phase0: 2013 -2014 |+
Phase1: 2015 - 2019 Phase1: 2015 - 2019
Phase2: 2020 - 2024 | 651 O Phase2: 2020 - 2024 | |
Phase3: 2025 onwards ’ O Phase3: 2025 onwards
Y | 8T \_9‘
3F 1 5r 3

2 . L . . L 45 . . . . . . .
10 1" 12 13 14 15 16 4 5 6 7 8 9 10 " 12

(a) (b)

Figure 12. The value of key system matching parameters satisfying EEDI of different phases. (a) ship

oOo0o0O0

EEDI
o
EEDI
o

speed and (b) propeller diameter.

Similarly, the required propeller diameters of different EEDI phases could be obtained, as shown
in the Figure 12b. It could be found that the propeller diameter varied greatly from Phase 1 to Phase 2
(from 6.5 m to 11.2 m), and it could not satisfy the EEDI at Phase 3 within 12 m, which means it would
exceed the propeller limitation. On the other hand, the propeller diameter was limited by not only its
construction, but also the actual ship draught requirements. Therefore, there were certain limitations
of increasing the propeller diameter to reduce the EEDI value.

3.5.2. The DWT’s Changing at a Certain EEDI (Phase 3)

Since the propeller diameter is always limited by the ship draught when designing and it could be
seen from the previous analysis that enlarging the propeller to meet the EEDI baseline at Phase 3 had
enormous limitations. Therefore, the study of the speed reducing method to satisfy EEDI was mainly
concerned. Taking Phase 3 (see the purple line in Figure 11) as an example, EEDI under different DWTs
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and ship speeds could be calculated with the help of double-layer for-loop and those values at the
Phase 3 baseline were filtered as well as the corresponding engine power. Moreover, to predict the ship
speed of a specific engine power, matching Case 3 was applied and the results are shown in Figure 13.

6000 ; ‘ . 13.4
P
5500 - MCR g 13.2 1

== =Pcsr

max

== =Vesr

5000 F| O Benchmark B 13+ O  Benchmark | -
4500 - E 12.8 F
2 c N
< 4000 ¢ ! 1 S 126F T~ o
<
a i EM > ~<
rF 1 - -
3500 b oo---- 12.4 -
- i ~6
3000 o - ==="" ] 122 Ssa
=~ ~
=~ -~
2500 b 12 + =~ -
-
2000 : ‘ . 18 . . | =
3 35 4 45 5 3 35 4 45 5
DWT x10* DWT «10*
(a) (b)

Figure 13. The required engine power and ship speed to satisfy EEDI: (a) engine power and (b)
ship speed.

As shown in Figure 13, the ship speed at maximum attainable EEDI was obtained, as well as the
corresponding engine power, that is to say, any point below the red line could be chosen as Pyicr (Vinax)
under EEDI consideration. The difference between Pycg and Pcsg was caused by the engine margin
(EM), which was set for a power reserve and lower fuel consumption, especially for a low-speed diesel
engine. Attention should be paid that in Figure 13b, the blue line indicates the attainable service speed
calculated by Pcsr satisfying EEDI, which was more significant in ship design and sailing than V.

4. Conclusions

EEDI is a mandatory regulation of ship CO, emissions proposed by IMO. Regarding to the study of
EEDI, few attention is paid to the perspective of ship-engine-propeller design and matching. However,
since most of the CO, emission is from the ship propulsion system, this paper built a matching platform
based on the ship—engine—propeller theory, by which, the investigation on the influence of EEDI on
matching was carried out. The conclusions could be drawn as follows:

(1) The principle-based matching platform provided an efficient way on the designing of
ship—engine—propeller matching in particular for those traditional propulsion systems without shaft
generators or shaft motors. The accuracy of this platform verified by the benchmark data was larger
than 95%, which was sufficient in application.

(2) For a traditional marine propulsion system without emission abatement techniques, EEDI was
inversely proportional to propeller open water efficiency, and also the propulsive efficiency. For these
ships, the relatively low EEDI limiting CO, emissions means a trend of high propulsive efficiency and
eliminates the low-efficiency ships in force.

(3) From the perspective of ship—engine-propeller matching, the main methods of reducing EEDI
were decreasing the ship speed, optimizing the ship hull and enlarging the propeller. In this case, the
10% sacrifice of ship speed at design point resulting in the 16% reduction of EEDI made the ship speed
decreasing method a easy way to meet the EEDI requirement.

(4) The values of the relevant design parameters to satisfy the EEDI at different phases were
calculated, providing theoretical guidance for the selection of design parameters to satisfy EEDI
requirement at early stage of ship-engine—propeller matching.

The research investigated in this paper was the optimization and application of the
ship—engine—propeller matching with EEDI accounted. However, the work was mainly based
on the low-speed diesel engine direct-driven propulsion system, i.e., with the gear box ratio as 1.0, and
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the EEDI performance improved by some advanced gear boxes with the ship speed reduction function
could be studied in the following work. What is more, further work could be done on the matching
with other emission index considered, such as NOy or PM.
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Abbreviations

AE auxiliary engine

AIS Automatic Identification System

CSR continuous service rating

CO, Carbon Dioxide

CODOG  Combined Diesel or Gas Turbine System

CprpP Controllable Pitch Propeller

CRP Contra Rotating Propeller

DWT deadweight tonnage

EEDI Energy Efficiency Design Index

GHG Greenhouse Gas

ICCT International Council on Clean Transportation
IMO International Maritime Organization

LFC Lifetime Fuel Consumption

LNG Liquefied Natural Gas

MCR maximum continuous rating

ME main engine

MEPC Marine Environment Protection Committee
NMVOC  Non-Methane Volatile Organic Compounds
NOx Nitrogen Oxide

NSGA Non-dominated Sorting Genetic Algorithm

PM particulate matter

SEFC specific fuel consumption

Symbols

Capacity =~ deadweight tonnage rating for bulk carriers

Cr CO, emission factor

D diameter

feftiy availability factor of individual energy efficiency technologies
fi correction factor for ship specific design elements
fw coefficient indicating the decrease in ship speed
fi capacity adjustment factor

fe cubic capacity correction factor

fi correction factor to compensate deadweight losses
] advance ratio

Ko torque coefficient

Kr trust coefficient

n rotational speed

Pug power of auxiliary engine
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Pr ship effective power

Py power of main engine

R ship resistance

t thrust deduction factor

Vv ship speed

Vet ship speed at maximum design load condition

) wake factor

nH hull efficiency

1o open water propeller efficiency

MR relative rotation efficiency

NTRM transmission efficiency
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