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Abstract

Ships navigating in ice require structural reinforcement, which significantly af- fects their
performance and efficiency in open-water conditions. This study inves- tigates the im-
pact of ice strengthening on the Energy Efficiency Design Index (EEDI) by considering
two scenarios: fixed deadweight and fixed displacement. A series of bulk carriers were
analyzed, incorporating additional steel weight and machinery weight changes associated
with ice-class requirements. The results show that ice strengthening leads to increased
displacement or reduced capacity, both resulting in higher Attained EEDI. When account-
ing for added weight, the analysis indicates that its effect is better represented through
changes in hull di- mensions, particularly length and block coefficient, which increase re-
sistance and power demand. The findings further reveal that the resulting EEDI increase
is not proportional to the correction factors currently specified in regulations, suggest- ing
that these factors may underestimate the performance penalty of ice-class ships. Eventu-
ally, the operation in icy waters impose significant disparities between Finnish-Swedish
Ice Class Rules (FSICR) power requirements and EEDI regulations, as ice-class strength-
ening (e.g., thicker propeller blades) and ice-optimized hull forms increase resistance,
reduce hydrodynamic efficiency, and ultimately demand higher installed power despite
reduced transport capacity.

Keywords Energy Efficiency Design Index, Ice-going Ship, Ship Lightweight, Power
Requirements, Ice-Going Propeller
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Nomenclature

Table 1: Nomenclature and definitions of symbols used in the study.

Symbol Description

B Breadth of the ship [m]

Cy Block coefficient

Cr Frictional resistance coefficient

Cn Machinery coefficient

C, Outfit coefficient

DwWT Deadweight [tons]

EEDI Energy Efficiency Design Index

FSICR Finnish-Swedish Ice Class Rules

fi Capacity correction factor

Jivse ship-specific voluntary structural enhancement correction factor
fio Preliminary calculated power correction factor
fjmin Minimum required power correction factor

H, Superstructure height [m]

e Ice-class condition

L Length of the ship [m]

Liw Length of the waterline at full load [m]

Lpp Length between perpendiculars [m]

LWT Lightweight [tons]

MCR Maximum continuous rating of power [kW]

ME Main Engine

ow Open-water condition

Pg Engine power [MW]

Paver, owpwr)  Average power of open-water (DWT) [MW]
Pistalled Installed power of the ice-class ship [MW]

Ry Total resistance [N]

Re Reynolds number

RES(L) Residual function for determining ship length [m]
S Wetted surface area [m?]

T Draft of the ship [m]

% Ship speed [m/s]

Wi Increase in lightweight due to ice strengthening [tons]
W Machinery weight [tons]

Wo Outfitting weight [tons]

Wy Steel structure weight [tons]

A Displacement [tons]

« Fractional increase in lightweight from ice strengthening
6] Ratio of displacement to lightweight

€ Tolerance for convergence criteria in numerical methods
0 Dynamic viscosity of water [Pa-s]

p Density of water [kg/m?]




1 Introduction

Ships operating in ice-covered waters are subjected to unique environmental conditions that
impose significant structural and propulsion requirements. In regions such as the Baltic Sea,
where sea ice persists from late autumn to early spring, vessels must be designed to withstand
ice-induced loads while maintaining safe and reliable operation. This is particularly critical for
countries like Finland, where more than 95% of imports and exports are transported by sea,
making maritime transportation essential for both economic activity and security of supply [1].
However, interactions between sea ice and the ship hull generate substantial global and local
loads that challenge the structural integrity of the vessel. To ensure safe operation, ships are
reinforced through thicker hull plating and additional structural members, while propulsion sys-
tems are strengthened to maintain maneuverability in ice-covered conditions. Although these
measures improve resistance to ice-induced loads, they also increase the vessel’s lightweight
and propulsion power requirements, which can negatively affect open-water performance and
overall transportation efficiency.

Previous studies have shown that ice-class requirements significantly increase the structural
weight of ships. For example, Alanko [22] demonstrated that compliance with Finnish—Swedish
ice class rules increases hull steel weight by approximately 1-10% for ships in different ice
classes. These standards, originally developed for vessels operating in the Baltic Sea, have
influenced ice-class regulations worldwide. Higher ice classes, particularly those intended for
Arctic operations, typically require substantially greater structural reinforcement [19]. Simi-
larly, Avellan [17] investigated the influence of structural design choices on hull steel weight
and showed that ice-class upgrades can significantly increase structural mass, particularly due
to thicker shell plating and reduced frame spacing. More recently, Blasig [13] analyzed the
effect of ice class selection on lightweight variations, demonstrating that reducing the ice class
from IA Super to IC may decrease the total steel weight by approximately 1.57%. However,
such reductions may lead to operational limitations, including an increased risk of vessel immo-
bilization during severe ice conditions. A systematic comparison between open-water vessels
and ice-going ships was conducted by Aker Arctic [14], showing that ice-strengthening leads
to both increased lightweight and higher installed propulsion power.

In parallel with structural considerations, environmental regulations have introduced new
constraints on ship design. In 2011, the Marine Environment Protection Committee (MEPC) of
the International Maritime Organization introduced the Energy Efficiency Design Index (EEDI)
under MARPOL Annex VI to reduce C'O, emissions from ships. The regulatory framework
was later expanded to include the Energy Efficiency Existing Ship Index (EEXI) and the Carbon
Intensity Indicator (CII) [2, 3]. These regulations aim to improve transportation efficiency by
limiting installed propulsion power relative to transport capacity. However, vessels designed
for ice navigation typically require increased propulsion power to maintain safe operation in
ice-covered waters, which may complicate compliance with these efficiency regulations.

Although previous studies have quantified the structural weight increase associated with ice
strengthening, the influence of ice-class requirements on the open-water performance of ships
remains insufficiently understood. In particular, the combined effects of increased lightweight
and propulsion requirements on compliance with the EEDI framework have received limited
attention. This study investigates how ice-class requirements influence the open-water perfor-
mance of a representative vessel, with a particular focus on changes in lightweight and power
demand under the EEDI framework. To achieve this, the effects of structural reinforcement
and increased propulsion power are evaluated using two analytical approaches: a fixed dis-
placement method and a fixed deadweight method.



The analysis is conducted using reference ship data presented in Table 15. Methods for esti-
mating the changes in lightweight and propulsion power are described in Secs. 2. The resulting
impacts on EEDI capacity and power demand are analyzed using both fixed displacement and
fixed deadweight approaches, followed by the implications of bow design and propeller char-
acteristics for ice-going vessels in Sec. 3. Finally, the study concludes with a discussion and
concluding remarks in Secs. 4 and 5 respectively.

2 Methodology

This section presents the methodology used to evaluate the impact of ice-class requirements on
ship performance. First, the Energy Efficiency Design Index (EEDI) framework is introduced
based on the relevant regulatory guidelines [4]. Next, correction factors proposed in the litera-
ture [14] are applied to estimate variations in transport capacity and propulsion power between
ice-going and open-water vessels. Building on these elements, a systematic approach is de-
veloped to quantify how ice-class modifications influence the performance of a reference ship
originally designed for open-water conditions.

2.1 Energy Efficiency Design Index (EEDI)

This study evaluates ship performance using the Energy Efficiency Design Index (EEDI), which
is defined by regulations for vessels built and delivered since 2015 [4]. The EEDI quantifies
carbon emissions relative to transport work by relating propulsion power and capacity to the
resulting C'O, output. In this framework, the Attained EEDI must remain below the Required
EEDI, which is determined from a regulatory reference line. The mathematical formulation of
these parameters is given in Eqgs. 1 and 2, forming the basis for the performance assessment
used in this study.

X
Required EEDI = (1 — m) - Reference line (1)

. CEyg + CEsp + CEprr — CErgpr
Att d EEDI = 2
e fcorrection -DWT - V;‘ef ( )

Here, X (%) denotes the reduction factor required to improve energy efficiency relative to the
reference line, which is established using statistical regression based on ship data, typically
as a function of vessel capacity [4]. In Eq. 2, the terms C'Ey;p, CE g, and C Epp; repre-
sent the C'O, emissions from the main engines, auxiliary engines, and power take-in systems,
respectively. In contrast, C'E;ppr accounts for emission reductions achieved through inno-
vative energy-efficient technologies. Furthermore, the denominator represents transport work
by combining deadweight tonnage (DWT') and reference speed (V,.r). The correction factor
feorrection accounts for differences between open-water and ice-class vessels, particularly in
terms of propulsion power and capacity [5]. The more detailed version of Eq. 2 is presented in
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Here, Pyg;) and Psp denote the power of the main and auxiliary engines, respectively. In
addition, Ppri(), Pesi(s), and Pag,, ) Tepresent the contributions from shaft motors and innova-
tive energy-efficient technologies. The coefficients C'ry,r and C'r 4 g correspond to fuel carbon
factors, while SF'C denotes the certified specific fuel consumption. Furthermore, the factors f;,
fj> fesii), and f,, account for capacity correction, power correction, the influence of innovative
technologies, and speed reduction effects, respectively.

2.2 Correction Factors

The literature proposes various methods to estimate capacity and power correction factors for
ice-class vessels, each based on different assumptions regarding ship performance and operat-
ing conditions.

2.2.1 Capacity Factor [ f;]

To account for reductions in ship capacity associated with ice-class reinforcement, capacity
correction factors have been introduced in the literature and are commonly expressed as f; [14],
and defined in Eq. 4.

fi - fi(ice class) * ficb “4)

The factors fjice class) and f; ¢, Tepresent the effects of hull ice strengthening and hull-form char-
acteristics associated with ice-going performance. The factor ficb is applicable to slow-speed
ship types such as tankers, bulk carriers, and general cargo vessels. Ice-class ships typically ex-
hibit lower block coefficients due to their more slender bow forms, which reduce cargo-carrying
capacity compared to equivalent open-water designs [15]. Therefore, its value is constrained to
be not less than 1.0, as shown in Eq. 5, and the average block coefficients for bulk carriers and
tankers are given in Table 2.

ficb _ Cb Reference Design Z 1 (5)
C'b Ice-Class Design

Table 2: Average block coefficients for bulk carriers and tankers for five size categories

Ship type Small Handysize Handymax Panamax Aframax
10000 25000 55000 75000
<10,000 DWT 25000 DWT 55000 DWT 75000 DWT 120000 DWT
Bulk carrier 0.78 0.80 0.82 0.80 0.83
Tanker 0.78 0.78 0.86 0.86 0.83




The factor fjice class) 18 derived through regression analyses tailored to reflect the impact
of different ice-class requirements [14] and is presented in Table 3. This factor is therefore
directly related to changes in both lightweight and deadweight. Consequently, the reduced
cargo-carrying capacity of ice-class vessels, compared to open-water ships of similar dimen-
sions, leads to a reduction in deadweight. This effect is illustrated in Fig. 1, which compares
deadweight for ships of equal length, as presented by Mazanikov [18].

Table 3: Capacity correction factor, f;, representing additional steel used for ice hull strength-
ening across different ice classes, in relation to deadweight [14].

Ice Class Capacity Correction Factor f;ce class)
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Figure 1: Decrease in deadweight due to ice strengthening of hull for different ice-class ships
(adapted from [14], [18]).



To quantify the reduction in capacity due to ice-class reinforcement, the ship-specific vol-
untary structural enhancement correction factor, f;i sg, is introduced. This factor represents
the structural modifications required for an ice-class vessel to achieve performance comparable
to an open-water ship. It is defined as the ratio of the deadweight of an open-water vessel to
that of an ice-class vessel with the same displacement and steel grade, as shown in Eq. 6.

D WTOpen Water _ A—L WTOpen Water ( 6)
D Wﬂce—Class Design A—L WT’Ice—Class Design

Where A is the ship Displacement, LW Topenwaters LW Tice—ciassDesign 1S the ships lightweight
in open water and ice class conditions, respectively. Building on this research [14], which sug-
gests that ice-class reinforcement leads to an approximately linear reduction in deadweight,
Mazanikov [18] employed the rule-based Eq. 6 together with data from [14] to demonstrate the
loss in deadweight resulting from a proportional increase in lightweight required to maintain
constant displacement, as illustrated in Fig. 2. However, this represents an idealized scenario,

and in practice, the increase in lightweight may exceed or fall below the corresponding reduc-
tion in capacity.
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Figure 2: Weight increase for lightships as a result of ice strengthening for every kind of ship,
taken from [18].

2.2.2 Power Correction Factor (/)

The significant power requirement for ice navigation requires the application of correction fac-
tors tailored to different ship types. These correction factors are calibrated based on average
engine power. In more recent approaches, this power has been shown to correlate more consis-
tently with deadweight tonnage (DW'T') rather than the length between perpendiculars (Lpp),
which was commonly used in earlier methods based on open-water ship designs [14].



The power correction factor f; is defined by two limiting cases: the preliminary factor f;o
and the minimum required factor f; i,. The basic form is given by f;o, defined as the ratio of
the average open-water power to the actual installed power of the ice-class ship. This represents
the upper limit of the correction, as shown in Eq. 7. However, the final value of f; is governed
by both fjo and f;min, the latter setting a lower bound. This ensures compliance with the
minimum engine power requirements for the assigned ice class under the Finnish-Swedish Ice
Class Rules, as given in Eq. 8.

Pa'uer, ow(DWT)
fio=—F—— (7)
Pinstalled
P, aver, ow(DWT)

fijmin = —5—"—""—= (8)

P, aver, ice(DWT)

Where Pjyer, owpwr) and Pyyer, icepwT) denote the average engine power for non-ice-class (open-
water) and ice-class ships, respectively, expressed as functions of the ship’s deadweight. The
term P;pqaneq refers to the actual installed propulsion power. For higher ice classes, significant
differences in required engine power are observed, as these are typically determined through
model testing rather than regression-based methods. In contrast, for lower ice classes, regres-
sion relationships derived from open-water ship data are generally considered sufficient. To
address these discrepancies, EEDI guidelines were extended to include power correction fac-
tors for specific ship types such as reefers, in addition to conventional approaches based on
ratios between open-water and ice-class propulsion power. These updated correction factors
were introduced in Resolution MEPC.308(73) and are summarized in Table 4.

Table 4: Tllustration of empirical equations for f;o and f; min for different ship types [16].

Ship type  fjo fjmin
IAS 1A 1B IC
17.207 - DWTO-5705 ; e
Bulk carrier ———————  0.2515-DWT*?!  (.3918 - DWT*% 0.8075 - DWT*®™  0.8573 - DWT" %
Zi:1 MCRJLIE(“
17.444 - DWTO-5766 . i )
Tanker ——m————— 0.2483-DWT®"% 0.4541 - DWT*%** 0.7783 - DWT?'*>  (.8741 - DWT*™
thl MCRME“)
1.974 - DWTO7987
Cargo ship 9E— 0.1381 - DWTO13  0.1574 - DWT*10  0.3256 - DWT*%22  (0.4966 - DWT®0%%3
>ie1 MCRyg,

2.3 Developed Method

The methodology adopted in this study for evaluating the capacity correction factor is based
on estimating the increase in ship lightweight due to ice-class reinforcement. To assess its
impact on the Attained EEDI, two approaches are considered: fixed displacement and fixed
deadweight. These approaches are used to determine the resulting dimensional changes, which
are subsequently applied to update the propulsion characteristics and recompute the Attained
EEDI, as illustrated in Fig. 3.
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Figure 3: Flowchart of the two calculation methods used to account for the lightweight increase
of ice-going ships, showing the resulting dimensional changes, updated power characteristics,
and recalculated Attained EEDI.

According to Fig. 3, the methodology aims to quantify the impact of increased lightweight,
due to ice-class reinforcement, on the ship’s performance and Attained EEDI. The lightweight
is first estimated using analytical approaches and validated against available reference data to
ensure consistency. To evaluate its effect, two alternative approaches are adopted: the fixed
deadweight method and the fixed displacement method. In the fixed deadweight approach, the
displacement increases with added lightweight, whereas in the fixed displacement approach, the



deadweight is reduced accordingly. In both cases, the resulting changes in principal dimensions
are used to update the hydrodynamic characteristics of the vessel, including resistance and
required propulsion power, which are subsequently used to recompute the Attained EEDI.

2.3.1 Estimation of Lightweight

The total weight of a ship, referred to as its displacement (A), comprises two main components:
deadweight (DWT) and lightweight (LWT). The lightweight is further divided into three pri-
mary components: steel structure weight (Ws,), outfitting weight (1/), and machinery weight
(W), as expressed in Eq. 9.

A =DWT + LWT = DWT + [Ws, + Wo + Wi 9)

The contribution of these components to the total lightweight varies depending on the ves-
sel type, as illustrated in Table 5. Among them, the steel structure weight generally constitutes
the largest share and therefore has the greatest influence on variations in lightweight. This is
particularly relevant for ice-going ships, where additional steel is required for hull strength-
ening. It is therefore essential to assess the impact of increased steel weight when analyzing
design adaptations for higher ice-class vessels.

Table 5: Percentage of various weight groups relative to light ship weight [21].

Ship type and size DWT/A %] Wsi/AL %] Wo/Ap %l Wi/ArL (%]
Careo shi 5000-15 000 tdw 60-80 55-64 19-33 11-22
& p Coastal cargo ship 499-999 GT 70-75 57-62 30-33 9-12
Bulker 20 000-50 000 tdw 74-80 68-79 10-17 12-16
50 000-150 000 tdw 80-87 78-85 6-13 8-14
Tanker 25000-120 000 tdw 65-83 73-83 5-12 11-16
>200 000 tdw 83-88 75-83 9-13 9-16
Containershi 10 000-15 000 tdw 60-76 58-71 15-20 9-22
P 20000-50 000 tdw 60-70 62-72 14-20 15-18

The present methodology focuses on bulk carriers, for which empirical relationships for
lightweight estimation are well established in the literature. The analysis aims to evaluate how
increase in ice-strengthening requirements influence lightweight, and consequently displace-
ment and propulsion power. Although in principle, changes in main dimensions such as ship
length may compensate for reduced cargo capacity, empirical length—weight relationships de-
rived from open-water vessels are not directly applicable to ice-class ships. This limitation
necessitates a more careful treatment of lightweight estimation. As summarized in Table 5, the
lightweight is composed of distinct components that must be evaluated separately. These com-
ponents are estimated using established empirical formulations presented by Schneekluth [21].

1. Outfitting Weight:

The outfitting weight (W) includes shipboard systems and auxiliary components such
as electrical installations, auxiliary machinery, and deck equipment. This category also
accounts for non-structural elements required for vessel operation and accommodation,
which in this study is estimated using the empirical formulation proposed by Watson and
Gilfillan [31].
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W,=C,- L- B (tons) (10)

Where B, L are breadth and length, and the outfit coefficient, C,, is chosen based on the
ship type and length as detailed in [24]. For bulk carriers, this coefficient varies between
0.19 and 0.25, depending on the specific length of the vessel.

2. Machinery Weight:

The machinery weight can be estimated using engine power and speed, using the max-
imum continuous rating (M C'R) and a coefficient C,,,, which for bulk carriers is 0.72.
The calculation method is detailed in [21].

W, = C,, - MCR""®(tons) (11)

3. Structural Weight:

The calculation of steel weight across different ship types is one of the most debated
aspects of lightweight estimation, as various methods and researchers present differing
approaches.

(a) Murray [26] :

0.026 - L' . (B4+ D+ L) (0.5-Cy +0.4)

WMurray —
s 0.8

(tons) (12)
(b) DNV [28]:

L L
WPNY = 4274 W02 . [, <1.215 —0.035 - E) . <0.73 +0.025 - E)

L — 200 L L
(1 (242 -007-2) - (1.146 — 0.0163 - =
( + 1800 ) (2 2—-0.07 D> (1 6 —0.0163 D) (tons)

(13)
Where W is the section modulus of the midship area.
(c) Watson and Gilfillan [31]:
E=LB+T)+0.8L(D—T)+ 0.85LsHj (14)
pySifilan — g g3t (1 40.5(C, — 0.7)) (tons) (15)

Where L, and H, are the length and height of the superstructure and F is a weight
coefficient based on the dimensions as shown in Eq. 14.

(d) Harvald and Jensen [32]:

Cy = 0.07 + 0.064 - exp (— (0.5u + 0.1u**)) (16)
u is a weight coefficient based on the dimensions mentioned in [32].

WSHarvald —L-B-D- C’s(tons) (17)

To assess the effect of increased lightweight on hull length, the lightweight estimation methods
are first validated. For this purpose, a set of bulk carriers listed in Table 15 is selected. The

12



lightweight of each vessel is estimated using the selected methods and subsequently compared
with the corresponding actual values. The relative error is presented in Fig. 4. Among the
evaluated methods, the approach proposed by Watson and Gilfillan [31] provides the most
accurate estimates, with an average error of 12% and a standard deviation of 16% across the
range of ship sizes considered.
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Figure 4: Estimation of Lightweight based on different methods.

2.3.2 Estimation of Added Weight

As mentioned, ice-going ships typically have a higher lightweight due to additional steel rein-
forcement and heavier machinery. This increase must be properly accounted for in the analysis.
The added lightweight is expressed as a fraction of the original lightweight, denoted by .. Since
the increase arises from two distinct sources, it is decomposed into «; for the additional steel
and a» for the increased machinery weight.

* Added Steel Weight

Steel weight increase is expressed as the ratio of added steel, including voluntary structural
enhancement as shown in Eq. 6, to the original lightweight, while the corresponding dead-
weight increase is derived from the capacity correction factor in Fig. 1.

o LW,-rice _ (Aow - [g%%ﬁj X (AO’LU - LWTDHJ)]) (18)

VLW, LWT,,
where DWT,,,/ DWT,.. is presented in Fig.1. Also, according to [14], analysis of numerous
ships comparing open-water and ice-going vessels of similar size and deadweight indicates
these values are approximately 106.40% for IA Super, 105.23% for 1A, 103.53% for 1B, and

102.36% for IC.

* Added Engine Weight
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