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changed significantly enough. Above this size, a reduction in speed and power can
be observed, as predicted by many scholars.

Abstract

Keywords: Shipping, Newbuilding, Benchmark, Energy efficiency, EEDI

Introduction

In the MEPC 72 (Marine Environment Protection Committee, meeting 72) of the IMO
(International Maritime Organisation) (IMO 2018), the agreement was reached to re-
duce Green House Gas (GHG) emissions in 2050 by 50% for shipping. In the same
meeting, the extension of the EEDI (Energy Efficiency Design Index) was discussed es-
pecially the speed of reduction of its value and a potential phase 4 in its implementa-
tion. The current EEDI has an introduction, phase 0 for 2013-2014, where the size
dependant EEDI has to be achieved, followed by three phases, each requiring an extra
10% reduction in the EEDI value. The timing of the phases was set to 2015-2019 for
phase 1, 2020-2024 for phase 2 and phase 3 thereafter. The phase 4 reduction would
lead to the 40% reduction already mentioned. The EEDI, which is mandatory for new
vessels since 2013, has been criticized extensively in the literature (Devanney 2010a,
2010b; Dulebenets 2016; Papanikolaou 2014; Randers 2012; Stevens et al. 2015) as it
singles out speed reduction as a preferred measure to comply with the index. This may
lead to dangerous situations in the future where underpowered vessels run aground in
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a storm. With bulkers and tankers being the slowest ships currently, the chances are
higher for these segments than others. Besides this, it is often stated that a speed reduc-
tion across the entire fleet will increase the number of vessels required to supply the
same transport capacity, although this does depend on more aspects, such as the activ-
ity rate of the ship as vessels do not sail continuously. Stevens et al. (2015) use a model
based on physics of the ship’s drive train to show that EEDI targets fuel consumption,
rather than emissions. The focus is on installed power, not on efficiency at a certain
sailing speed, while engines outside of the optimal load, could be a lot less efficient.
The main cause for the focus on speed lies in the relation between fuel consumption
and speed known as the Admiralty constant, speed is included here to the third power.
This may cause EEDI to miss its intended effect in the end, as demonstrated by Devan-
ney (2010a); a VLCC with a lower EEDI, used more fuel in practice. All this makes it
rather uncertain if a reduction of 50% on emissions for all shipping by 2050 will be
achieved.

Nevertheless, the goal of the IMO is important and warrants investigation. Bouman
et al. (2017) did extensive research on 150 papers, suggesting improvements to the en-
ergy efficiency of ships. In many cases, there was a significant spread in the potential of
the solution. Especially the higher reported values rely on a combination of one or
more measures with an alternative fuel. Such a group of improvements were often
studied together, not individually. This requires complex models (Calleya et al. 2015;
Chatzinikolaou and Ventikos 2015) to be estimated correctly in the early stages of de-
sign. Bouman et al. (2017) further identified 14 papers that compared the total reduc-
tion in CO, emissions for shipping to the Business As Usual (BAU) scenario such as
first extensively researched by Buhaug et al. (2009). The averages come close to the de-
sired 50% reduction in emissions. Even though many studies (Crist 2009; Eide et al.
2009; Eide et al. 2011; Faber et al. 2011; Longva et al. 2010) show that several GHG-
abatement options are even profitable when applied, uptake seems low (Pruyn 2017).
This may be because of too high fuel price in the research (Alvik et al. 2009; Buhaug
et al. 2009; Eide et al. 2011; Faber 2012), hence later researchers implemented large
ranges (Bouman et al. 2017; Lindstad 2013). Research (Rehmatulla et al. 2017; Rehma-
tulla et al. 2013) also showed the reluctance of industry to implement seemingly benefi-
cial measures. In their study measures with significant negative marginal costs were
only applied to about 50-60% of the fleet, instead of an expected 90—100%. Access to
capital, pay-back uncertainty, lack of incentives and lack of reliable information on the
costs and savings are named as excuses for not implementing them. The lack of incen-
tives was further elaborated by Rehmatulla et al. (2013) and Kosmas and Acciaro
(2017). Finally Armstrong and Banks (2017) describe a mismatch in priorities, interpre-
tations of data and incentives for different stakeholders involved in the finance, oper-
ation and commercial exploitation of the vessel as a possible cause for this.

In this paper bulkers are investigated, although the same approach could be used for
tankers or container ships, bulkers were selected for two main reasons: it is the largest
fleet in numbers, so more data points are available. It is also the most accessible fleet,
which means more data is available on these ships then e.g. containerships, which are
operated by a small group of large companies. Finally, but not a key factor, almost all
vessel designs are yard designs. So many ships are comparable and show slight im-
provements/adjustments over the years. On the other hand, these yard designs can lead
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to ship owners, not particularly interested in Green House Gas (GHG) emissions, over-
looking measures that have been implemented to improve the performance. This is also
demonstrated by e.g. Frouws (2018) and Chen et al. (2010), who showed that ship
owners tend to overlook important physical qualities of the ship when selecting a ship
to buy. This may result in surprises for the performance after delivery. Both papers
have therefore recommended several indicators to involve when considering the quality
of a ship. Pruyn (2017) did something similar in his research into the visibility of eco-
bulkers in the qualities of the bulk fleet.

This paper will identify and expand on the number of measures used in these papers,
as well as identify which efficiency improvements the indicator can measure in the next
section. It is the intention to use these measures to further identify the improvements
realised through the introduction of the EEDI. In Section three the data openly avail-
able will be discussed and the suggested adjustments to the measures to make them ap-
plicable to almost all vessels in the world. Section four will then apply this set of
benchmark indicators to the dry bulk vessels delivered between 2000 and 2017 and
present the results of the benchmarks. Finally, section five will contain conclusions on
the usefulness of the selected benchmarks.

Indicators for ship efficiency

The first measure of a ship’s efficiency was already discussed in the text above; the
EEDI. It measures the relation between CO, emissions, through installed power (main
and auxiliary engines) and the cargo transportation capacity. It therewith only accounts
for the consumption under sail and does not address port consumption directly. The
basic formula for this is represented in Eq. 1 in Table 1. As discussed, this ratio is very
sensitive to the design speed, however, it should react to other improvements as well,
such as waste heat recovery or lower resistance of the hull. To broadly and quickly
apply the full EEDI calculation is difficult, as it required detailed information on all en-
gines and their data. Therefore, it is not uncommon to use a simplified version, which
only focusses on the installed power and transport capacity. This version is presented
as Eq. 2 in Table 1. With the loss of the specific fuel consumption and carbon factor,
this formula also loses quite some sensitivity. It will still be able to establish if the vessel
design is efficient, but improvements in engine performance, as well as the use of alter-
native fuels, are not identified.

A second, much older, relation between installed power and the size of the ship is
Admiralty constant (Eq. 3), developed by the British Admiralty in the early nineteenth
century (Papanikolaou 2014). It divides the displacement to the power of 2/3rd multi-
plied by the speed to the third power by the installed engine power. The first term
translates a volume to a surface which relates the friction. The second term expresses
the relation between speed and power for vessels. This means that the admiralty con-
stant is an efficiency value. The nominator values express a clear relation with expected
power installed and the denominator is the actual installed power. The lower the value
of the resulting constant, the more efficient the ship is. In this formula the size of the
vessel is taken into account, however, the auxiliary power is not considered, which
means that the efficiency measures not directly related to the propulsion of the vessel,
are not monitored by this indicator.
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Table 1 Overview of indicators their formula and which improvements are considered

Factor Formula Considers
EEDI (O (PuaSFCueCrre)+ Y (PaveSFCan+CFre)) — Hull Shape, Lightweight materials, Air Lubrication, Hull
DWTV gesign Coating, Other Resistance Reductions, Waste Heat

M Recovery, Hybrid power, Power system,Propulsion
efficiency devices, On Board Power Demand, Design
Speed, Solar Power, Wind Power, Fuel Cells, Biofuels, LNG

EEDI O Pyt > Pa) ) Hull Shape, Lightweight materials, Air Lubrication, Hull

(Simplified) DWTV gesign Coating, Other Resistance Reductions, Waste Heat
Recovery, Power system,Propulsion efficiency devices,
Design Speed

Admiralty VAV o Vessel Size, Hull Shape, Lightweight materials, Air

Constant > Puei Lubrication, Hull Coating, Other Resistance Reductions,
Power system,Propulsion efficiency devices, Design
Speed, Wind Power

Power Ratio > Pus Hull Shape, Air Lubrication, Hull Coating, Other Resistance

Pestimated(Hean) Reductions, Power system,Propulsion efficiency devices,
Design Speed, Wind Power
Block_ . Cp = ﬁ = WAM) = %/BT#*ZZT (5)  Hull Shape
Coefficient
Lightweight i or CLbD*TL*B*T*P*DW (6) Hull Shape, Lightweight materials
(LDT) Ratio Estimated(Watson) Estimated(Watson)
Speed Ratio  __Vdesn 7)  Vessel Size, Hull Shape
(v/g*Lx Foag) ?)
Froude Veesign @) Vessel Size, Hull Shape
Number Vo
Length over £ (9)  Hull Shape
Width Ratio
Length Ratio # (10)  Hull Shape
Area to WeA (11)  Hull Shape
volume ratio v

V= Displacement of the vessel in m>

A= Displacement of the vessel in ton can be found by adding LDT and DWT

p = Density of seawater in ton/m>

B = Moulded width of the vessel

CFe1 = Carbon Factor, the amount of grams (new) CO, produced on combustion of a gram of fuel

DWT = Deadweight, the carrying capacity of a ship, it includes all weights that are not fixed on to the ship

g = Earth’s gravity, 9.81 m/s’

L = Length of the vessel (commonly the length between perpendiculars, as overall length is too inaccurate)
LDT = Lightweight, the total weight of the empty vessel

LDTestimatedwatson) = Lightweight estimated making use of Lloyd’s E numeral as demonstrated by Watson (1998)
Pmei = Power of each (i) main engine

Pauxi = Power of each (i) Auxiliary engine

Pestimated(am) = Propulsion power estimated with the use of Holtrop and Mennen (1982)

SFC, = Specific fuel consumption of an engine in g/kWh

T=Moulded draft of the vessel

Vgesign = the design speed of the vessel

WSA = Wetted Surface Area, the total area of the submerged vessel, responsible for the frictional resistance of the vessel

Both Chen et al. (2010) and Frouws (2018) evaluate the design of the vessel by con-
sidering three other indicators: A power or consumption ratio (Eq. 4), a block coeffi-
cient (Eq. 5), a lightweight (LDT) ratio (Eq. 6) and a Speed ratio (Eq. 7). Each will be
shortly discussed here. The first indicator discussed is the power or consumption ratio.
The admiralty constant discussed before, showed a clear link between size, design speed
and installed power. However, this primarily concerns low-speed resistance. Using a
large number of towing tank tests, Holtrop and Mennen (1982) were able to come up
with statistics for the total resistance. This estimation of the resistance is translated to a
required installed power (or consumption, using a fixed specific fuel consumption).
This can then be compared to the actual installed power of the vessel. This way it can
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be made clear if a vessel is above or below this estimation, independent of size and
speed. This in turn makes comparing trends easier. This ratio does therefore capture
all improvements related to the propulsion of the vessel, be it on the weight or shape
side or on the engine side.

The block coefficient is an expression for the shape of the vessel, if the vessel would
be a rectangular pontoon, this coefficient would be one. For each reduction of volume,
compared to the full block formed by length, width and draft, this value will become
smaller. In general, the smaller the block coefficient, the more streamlined a vessel is.
This means that at the same speed it will generate smaller waves. This relation has
given rise to the correlation between speed and the block coefficient; a higher design
speed requires a lower block coefficient. To calculate this ratio either the displacement
or the LDT of the vessel is required. The displacement is the total volume of water dis-
placed by the weight of the fully-loaded vessel. The displacement can be subdivided in
lightweight (LDT) and deadweight (DWT). DWT is the carrying capacity of the ship,
LDT is the total weight of the empty ships, it includes all structures, machinery and
none consumables. The lightweight ratio also uses LDT of the vessel in combination
with an estimation of the LDT used often by designers and described by Watson
(1998). It uses an estimation of the block coefficient to estimate the LDT. This does
mean that the outcome is based on two approximations, potentially increasing its un-
certainty. Further inputs required to calculate these are the length, width, draft and
depth of a vessel as well as main engine power and rotations per minute (rpm) of the
engine. This last element may also require significant detail in the investigation, though
can perhaps also be estimated based on common engine characteristics for that period.

A ratio that is introduced by Chen et al. (2010) and Frouws (2018) is the speed ratio.
In this case, the actual design speed of the vessel is compared to the speed the vessel
would have at the average Froude number of the fleet (Eq. 8). Vessels with the same
Froude number will have the same wave pattern (not the same wave resistance). This
pattern is a relation between the speed of the vessel and the length of the vessel.
Smaller ships, at the same speed, have a higher Froude number. The speed ratio is a
correction on the average wave-making resistance of the fleet, compensated for speed
and length. Both Eq. 7 and 8 rely on the Froude number, Eq. 7 could easily be rewritten
to the ratio between the actual Froude number and the average Froude number. This
means that the values are different, but the trends that may be discovered are identical.
With Eq. 7 giving a more easily interpreted output, this will be used in this paper.

Finally, in his investigation Pruyn (2013) further checked on the shape of the vessel
using two other indicators than the block coefficient and the Froude number, which
were already mentioned; Length over width (Eq. 9) and Length ratio (Eq. 10). In gen-
eral, it can be said that a slenderer vessel (longer length, compared to width and draft)
has a lower wave-making resistance. A downside of a longer, slenderer vessel is that the
total wetted surface will increase. This means that this lower wave-making resistance
comes at the cost of higher frictional resistance. Therefore, at lower design speeds a
more voluminous vessel is preferred. On a side note, this also implies that slow steam-
ing fast vessels are not as energy efficient as fuller vessels designed for the lower speed,
as their frictional resistance is lower. This trade-off between frictional resistance and
wave-making resistance has led to the introduction of a final ratio to consider, namely
the wet surface ratio, a formula for such a ratio is already in use for a long time (Lewis
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1988) and links the wetted surface area to the displacement and length of the vessel
(Eq. 11). The lower this value, the lower the frictional resistance of the vessel
should be.

From the discussion above and the summary in Table 1, two elements should become
clear; first of all, it will not be possible to benchmark vessels or a fleet using one factor.
A combination of several, if not all, of the ten factors discussed, should be used to pin-
point developments over time or sources of differences between individual vessels. Sec-
ondly, two improvements to a ship mentioned in Bouman et al. (2017) will not be
measured by these factors at all. These are ballast water reduction and cold ironing. All
formulas consider the design condition, which is the laden condition of the vessel. For
the conditions of an empty trip, there is not enough information available. Yet this is
exactly one of the most heard considerations in the design of vessels; vessels should not
be optimized for one condition, but for the combination of all prevalent conditions
during their lifetime (Andrews et al. 2018; Duchateau and Hopman 2016; Olger 2008;
Papanikolaou 2010). Perhaps this change in insight will increase the information re-
quested and provided in the future. Until then such considerations cannot yet be moni-

tored for large groups of ships, as is the main consideration here.

Considering data availability in relation to the selected factors

The set of ten equations presented in section two require specific data of the vessels to
be calculated correctly. This section checks the availability of this data with the Clark-
son World Fleet Register and discusses solutions to issues found before continuing with
the actual benchmark. Not all particulars are required, as Eq. 4 shows relations do exist
between several variables, which reduces the total number of inputs required. This
leads to the following data being required, based on the formulas in Table 1: Length
(L), Width (B), Draft (T), Deadweight (DWT), Design Speed (V), Main Engine Power
(PME), Auxiliary Engine Power (PAUX), Wetted Surface Area (WSA) and if the full
EEDI is considered, Specific Fuel Consumption (SFC) of the engines. Besides these par-
ticulars, one of the following is needed as well: displacement (volume or weight), block
coefficient or lightweight (LDT).

Furthermore, for the estimations of power and LDT, another set of extra inputs are
required. Especially the method of Holtrop and Mennen (1982) requires the knowledge
of the prismatic coefficient, which can be calculated using the block coefficient and the
midship coefficient. The last one is the midship area divided by the width times the
draft. Besides these coefficients also the length centre of buoyancy, entrance angle at
the bow and depth of the vessel are required. As for the lightweight estimation (Watson
1998), both the block coefficient and the rpm of the engine are extra inputs that are
required.

As already mentioned lightweight or block coefficient is not readily available, in the
database by Clarkson (2019) about 5% of the ships include this information. The other
two coefficients (prismatic and midship) are not taken up in the vessel database at all.
The same goes for the wetted surface, entrance angle and length centre of buoyancy.
Besides these particulars, if the engine type is known, both for the main and the auxil-
iary engines, the rpm and SFC could be looked up in the datasheets of the engine pro-
vider. However, looking up data for thousands of vessels may be rather cumbersome.
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The only factor for the estimations of power and LDT readily available is the depth
(D).

In summary, the introduction of the estimations poses some issues with data
availability. Chen et al. (2010) solve this by fixing values for the unknown particu-
lars, such as the midship coefficient, rpm, length centre of buoyancy and entrance
angle. This may introduce small biases, but in bulk ship design, no major varia-
tions of these values are expected, or their influence on the outcome can according
to them be considered small enough. However, for the block coefficient, this is not
possible. Fortunately, the work of Watson (1998) also provides an estimator for the
block coefficient. LDT can be determined as DWT is readily available to us. This
block coefficient estimator only requires the Froude number as input, the data to
calculate this variable is readily available, and the second estimation can thus be
skipped. With lightweight available as an absolute value, the next step can be
taken, as the ratio between lightweight and cargo carrying capacity is of more
interest from an efficiency perspective than lightweight by itself. When dimensions
and block coefficient are equal, a lighter ship can carry more cargo. One should
consider that this value is in the range of 0.10-0.30, with the higher values for
smaller vessels, due to the different relations for size and weight. Finally, with the
estimation of the block coefficient, this value is lost as an indicator for efficiency,
as it is fully dependent on design speed and length, which are also individually
investigated.

A similar discussion can be held for the power estimation of the ship. The esti-
mation of power links inputs for the form of the ship (both wetted area and shape)
to estimations for frictional and wave-making resistance. However, at the design
stage required power is an unknown. Once build, installed power is known. The
main reason for Chen et al. (2010) to use these estimators, is to make power and
lightweight dimensionless over a wide range of vessels sizes and design speeds.
This, however, is not strictly necessary. It will make a comparison over years more
susceptible to variation in size and design speed, but in a detailed benchmark com-
parison, this will be corrected for. So for this research, the actual power is used
not a dimensionless value.

Auxiliary engine power is still required for one of the equations but can generally not
be found in the data available. However, this is not a real issue as the IMO (2012) has
set a fixed calculation for this aspect for their formula in the MEPC 62. This means
that this value is also not required and that this element can be replaced by a formula
based on vessel size (in DWT) and main engine power.

Finally, the wetted surface area (WSA) remains to be determined. This requires the
drawings to be done precisely, which of course is not an option at the fleet level. Sev-
eral formulas exist, the most popular being the Denny-Mumford estimation and that of
Holtrop and Mennen (1982), as part of their power prediction equations. The latter has
been discussed and cannot be used. The Denny-Mumford formula only requires length,
displacement and draft, yet is seemingly just as accurate as Holtrop and Mennen
(Moser et al. 2016). This estimation of the wetted surface will, therefore, be used in the
benchmark study. This means that several factors will be replaced or dropped, these
changes are summarized in Table 2 below, except for the fact that Eq. 1 will be

dropped completely.
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Table 2 Overview of the updated factor formulas

Factor (old eqg. nr.) (source) New Formula
EEDI (Simplified) (2) = 10.000 DWT (1:025% >~ P +250) (12)
(IMO 2012) DWT*V gesin
EEDI (Simplified) (2) < 10.000 DWT (1.05 5" Pus) (13)
(IMO 2012) DWT #V gesign
Power Ratio (4) S Py (14)
Block Coefficient (5) (Watson 1998) 0.70 +%* arctan(%) (15)
Lightweight (LDT) Ratio (6) % (16)
A 1 | tio (10 1.7%L«T+V/T
rea to volume ratio (10) e a7)

Data validation

Before performing the benchmark, the data was extensively checked. Missing data and out-
liers were cross-checked with other available sources (Fairplay 2015; Shipvault 2015; Traf-
fic, Marine 2019; Vesselfinder 2019), to identify if this peculiar value was persistent or
more likely an entry error. The checks included also a visual inspection if photos were
available. If the value was suspected to be an error, the value was adjusted accordingly. To
check the data the Length (L), Width (B) and Draft (T) were checked against the dead-
weight (DWT), Main Engine Power (PME), Froude number (Fn), lightweight (LDT), length
over width (L/B), the EEDI and the area ratio to check for any outliers. The resulting data
and graphs can be found in the Additional file 1 online Benchmark Data and Graphs.

Benchmark results

After the data validation, the final step is the benchmark. For each of the ten variables
the values and trend over the years 2010-2016 will be presented first. This should give
a first indication if the value of the indicator has improved over time or not. Most rela-
tions between DWT, Length or Speed (Fn) and the selected indicators are in the form
of a power relation, Y = a*X", however, the idea is to use trendline comparison, requir-
ing a linear form. To convert these relations to the linear form the natural logarithm is
taken for both the indicator and the explaining variable, Y =In(a) + b*X. If the relation
between the indicator and the explaining variable is relevant for most years, the signifi-
cance of the difference can be tested. This is done in two steps; first, the analysis of co-
variance (ANCOVA) is used to test the hypothesis of equal slopes and equal elevation.
This test is relatively strict and only allows the testing for all years at the same time.
The test compares the individual results with the pooled results (all data in one pool)
to see if the group should be considered equal. If it rejects equality, it does not indicate
which year(s) are not equal. However, if both the slope and elevation are equal, there is
no difference between all trend lines. If the slope is not equal, a Student-Newman-
Keuls (SNK) test is executed to find the location of the differences. With SNK there is
a risk of falls positives and Tukey could also be selected for a stricter approach, losing
some power in the process. It was decided to accept the chance of creating extra
groups within the results, over the risk of missing a significant difference. The SNK test
provides pairwise insight into the equality of either slopes or elevations Pruyn (2013).
This grouping progress is arbitrary to some extent. For this paper, the goal is to form
as large as possible a group with consecutive years. Section 4.1 will discuss the first
phase of the benchmark, the check on yearly trends. Section 4.2 will continue with the
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trend line estimation and significance discussion. This is followed by the ANCOVA
and SNK test results in section 4.3. Where section 4.4 will discuss the outcome of the
benchmarks.

Phase 1: discussion of yearly trends in indicators

The following trends will be discussed, DWT, EEDI, Admiralty constant, Installed
Power, LDT fraction, design speed fraction, Length over Width, Length ratio and Area
ratio. For each year the average and median are presented in Table 3, as well as the co-
efficient of the trend line. The fitness value R? is not provided here, as the trend line is
only used to indicate direction, significance and fit will be investigated in phase 2 and 3
of this benchmark. Also, the graphs of the data have been studied, but these are not
presented here, to not overly clog the paper. The difference between the median and
the average can indicate a difference in the spread of the values, while the trend line co-
efficient helps identify the trend in the data. This trend line is based on all data points
not just on the averages, but of course, a similar trend should be visible in the averages
as well.

Both DWT and building time shows a decrease over time, especially the average de-
livery time reduces from almost 40 months in 2010 to about 30 months in 2016. Of
course, the 2009 crisis (Chen et al. 2018; Merika et al. 2019) plays a big role in this pic-
ture. Before 2009, yards were getting fuller and fuller, while since the crisis, owners are
not ordering many ships, reducing the building time significantly as order books are de-
pleted. A small test was performed by sorting the data sets also by year of contract
signing instead of delivery of the vessel; however, the results were similar and as vessels
tend to be known for their year of delivery and not their year of ordering, it was de-
cided to stick with the delivery date for this research. Finally, for DWT the decrease is
only minimal and most likely due to the decline in the number of deliveries of vessels
over 300,000 DWT.

Table 3 Development in ship quality variables over time

Average / Trend line 2010 2011 2012 2013 2014 2015 2016
Median Coefficient n=478 n=590 n=558 n=406 n=380 n=430 n=345
DWT —1530 792216/ 79,551/ 78456 / 75274/ 73420/ 70,235/ 73,466 /
57,999 57,981 58,470 58,096 61,291 61,309 63,314
Building -1.58 36 /37 38 /41 37/32 37/33 31/26 27 /24 31/30
Time
EEDI —0.0003 00161/ 00162/ 00164/ 00155/ 00151/ 00149/ 00146/
0.0163 0.0163 0.0165 0.0153 0.0147 0.0145 0.0134
Admiralty 154 378 /367 379/365 394/370 420/39 447 /435 449/443 455/ 449
Constant
Power —409.8 15,083 / 15,249 / 15,028 / 14,047 / 13,435/ 13,052 / 13,380/
13,542 13,542 13,542 12,710 11,326 11,277 11,557
LDT Ratio —0.0024 1055/ 1.053/ 1.043 / 1.068 / 1016/ 0978/ 0.955 /
1.039 1.018 0.99 1.019 0.959 0924 0.881
L/B 0.00116 6.252 / 6.232/ 6.283 / 6.275/ 6.266 / 6.273/ 6.344 /
6.18 6.18 6.19 6.19 6.19 6.19 6.19
L-Ratio 00111 4926 / 4927/ 496/ 4985/ 4983/ 4979/ 4982 /
491 493 498 5.01 499 497 497
Area-Ratio 0.0003 2624/ 2625/ 2626/ 2628/ 2627/ 2627/ 2624/

2621 2621 2621 2622 2621 262 2619
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EEDI and the Admiralty constant show an improvement over time. The average EEDI
is declining over time, meaning less power is consumed per ton*mile. The admiralty
constant is increasing, which indicates that the same volume and design speed is ob-
tained with lower installed power, or a higher design speed with the same installed
power. Also, it is important to realise that the trends displayed by both EEDI and Ad-
miralty constant go against the trend of a decline in DWT. Larger vessels are more
power-efficient in general, so an increase in size, would result in an improvement, with-
out there being an improvement on vessel level. The current trends indicate that there
is potentially an improvement at vessel level.

The improved performance could be related to more efficient conversion of energy
from the engine to forward speed, but also to a decrease in lightweight (LDT), reducing
the total weight to move. Or with the same volume increasing the cargo weight. This
will be further investigated in the next phase. The trend in lightweight suggests a de-
cline over time. As stated before this fraction would be higher for smaller vessels, so it
seems a genuine improvement over time. This will also be further investigated.

Besides the impact of (extra) weight and installed power, speed is also an important
factor in the performance. All of the above could simply be the result of a speed reduc-
tion, rather than clever designs. The speed ratio, which increases over time, contradicts
this. Therefore, in combination with the variables discussed above, vessels seem to have
become more efficient in the past 7 years.

This greater efficiency can be achieved in several ways, besides those already men-
tioned, there is the option of lowering the losses in the conversion from engine power
to propulsion and lowering the resistance, through a different shape. The first element
cannot be checked with the current benchmark information. For the second option, it
would be expected that the vessels are slenderer. To check on this both the Length over
Width (L/B) and the Length ratio indicators are consulted. Both trend lines are rather
flat. The values of the formulas indicate a total 1.5% increase in both values in 7 years.
These trends will be further investigated, but even if differences turn out to be signifi-
cant, their absolute impact is minimal. In other words, the fleet did not get slenderer
over time, so other factors most likely played a role in the potential increase in
efficiency.

The Area ratio spread is very small and the trend line is very close to horizontal. In
this case, the increase over time is only 0.2% in 7 years. Of course, the fact that the wet-
ted area is estimated and not measured may play a role in this. At least it will make lit-
tle sense to further investigate this value in this research. Even a significant trend, will
not result in an absolute difference that helps identify quality.

In conclusion of this first phase, improvements have been observed for almost all in-
dicators identified, except for slenderness and area. In the second phase trend lines will
be obtained for each delivery year against two indications of size, DWT and Length,
and one for speed, the Froude number.

Phase 2: OLS estimation of trend lines for each year of delivery

In Table 4 information on the OLS regressions per year against DWT, Length and
Froude number are given for all variables. For each input variable the number of obser-
vations (N), the fitness value R? and the coefficients ‘a’ (elevation) and ‘b’ (slope) are
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Table 4 Estimation results for all variables

2010 2011 2012 2013 2014 2015 2016
DWT - N/R? 478 /0841 590/ 0.831 558 /0.781 406 /0.7 380/ 0607 430/052 345/ 0.558
EEDI a/b 0987/-0464 1.203/-0482 1307/-0493 0642/-0438 0425/-0423 0561 /-0436 0983 /-0475
Length - N/R® 478 /0773 590/ 0823 558 /0.742 406 / 0.665 380/ 0.546 430/ 0493 345 /0499
EEDI a/b  3396/-1414 3946/-1515 4254/-1574 3259/-1397 2664 /-1294 3074/-1374 3474/-1451
Fn - N/R® 478 /0533 590/ 0414 558 /0329 406 / 0.155 380/0.126 430/ 0.109 345/ 0.154
EEDI a/b 0117/235 -0087/2237 -0475/204 -2185/1.118 -2521/0959 —-2439/1009 -2057/1238
DWT - N/R* 478 /0151 590/ 0.229 558 /0.178 406 / 0.055 380/ 0015 430/ 0018 345 /0039

Adm.const. a/b  4622/0117 3951/0177 4028/0173 4792/0.11 5362 /0064 5207/0078  4847/0.112
Length - N/R? 478/0.157 590/ 0.269 558 /0.192 406 / 0.061 380/ 0013 430/ 0.024 345/ 0034
Adm.const. a/b 3897/0378 2679/0605 2795/059 3981/038 5038/0.193  4487/0297  4.282/0337
Fn - N/R? 478 /0005 590 / 0.002 558 /0.008 406/ 0.175 380/0216 430/0.158 345/0.103
Adm.const. a/b  5685/-0.129 5.745/-0094 6362/0228 7936/1068 8222/1206 8188/1.186  7.706 /0904

DWT - N/R? 478/089 590/ 0.879 558 /0822 406 / 0.831 380/0.778 430/ 0682 345/ 0627
Power a/b 3305/0563 3312/0563 3501/0546 2.858/0599 2827/0599 2946/0587 3393 /0546
Length - N/R? 478/0832 590/ 0.792 558 /0779 406 / 0.794 380/0.772 430/ 0655 345/ 0617
Power a/b 029 /1733 054571688 0243/1742 —0747/1915 -0844/1928 -0491/186 0086/ 1.752
Fn - N/R® 478 /0634 590 / 0467 558 /043 406 /033 380 /0.381 430/ 0.348 345/0.263
Power a/b  4047/-3027 4661/-2698 5007/-2517 5787/-2049 5701/-2086 5622/-2122 6293/-1.759
DWT - N/R* 478/0731 590/ 0.593 558 /0.561 406 /0433 380 /0482 430 /0488 345/ 0474
Speed a/b 1458/-0133 1275/-0117 1.294/-0117 1.335/-0121 1.55/-0.139 1.53/-0.138 1.538 /-0.138
ratio

Length - N/R* 478/0797 590 / 0.646 558 /0587 406 / 0455 380 /0498 430/0488 345/ 0.505
Speed a/b 2345/-0443 2034/-0384 2095/-0393 2166/-0406 2453/-0458 2383/-0445 2473/-0461
ratio

DWT - N/R? 478/0358 590 / 0.346 558 /0.349 406 / 0328 380/ 0.294 430/ 0.337 345/0335
LDT a/b 1.117/-0268 0958 /-0254 1.195/-0278 1415/-0297 1.114/-0274 1417/-0304 1579/-0321
Length - N/R?> 478/0211 590 /0219 558 /0244 406 /0226 380 /0206 430/ 0235 345/0.233
LDT a/b 164/-0656 1.546/-0638 2181/-0762 2437/-0805 205/-0743 2444 /-0822 2654 /-0867
Fn - N/R? 478/0122 590 / 0.044 558 /0.09 406 / 0.04 380 /0023 430/ 0.032 345/ 0.021
LDT a/b  —0043/1 —0.778 /0599 —-0.267 /0898 —0.845/0.565 —1.228/0.383 —1.085/0476 —1.256/0403
Length- N/R? 478/0861 590/ 0.884 558 /0865 406 / 0.863 380 /0853 430/083 345/ 0.791
Width a/b 41770141 3.006/0.147 -0025/0.16 —0524/0.162 1967 /0.151  299/0.145 4.542 /0136

given for each year. Due to a large number of observations, a very good fit cannot be
expected, as ships are a rather heterogeneous group of elements. However, a very bad
fit should still not be accepted. As a group of estimations needs to be considered and
some variation is to be expected, the average of R is set to be above 0.5, with no indi-
vidual values below 0.4. These values are to some extent arbitrary and based on experi-
ence in ship design. For the reader to consider; an R* of 0.8 is already quite high in
design trend line analyses.

With the limits set, it is clear from Table 4 that the relation between DWT and EEDI
as well as Length and EEDI meets the requirements, however, the Froude number does
not hold enough explanatory power. In Fig. 1 the resulting lines for both relevant com-
binations are given. For readability, the data points are omitted. Both graphs clearly
show the later years resulting in the lower lines over the entire range of ships. This is
of course in line with the trend observed in Section 4.1. The additional input the graph
provides is that this is the case over the entire range.
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Fig. 1 OLS estimated lines for EEDI based on DWT (left) and Length (right)

To not overly clog the graph the data points are not displayed. To give some insight
into the presence of data for Length and DWT, the input to draw the lines is based on
steps of 5000 DWT and steps of five meters of length. If in a certain step range no ship
was delivered, no point on the graph is calculated either, for each range with one or
more vessels a point is placed on the graph.

The second indicator is the admiralty constant, details provided in Table 4. The fit-
ness values here are very low, a maximum of only 0.269 is found with an average of
about 0.1. This means that the variations in admiralty constant are not explained prop-
erly by any of the values. This is unexpected and not easily explained. It most likely is
caused by large variations in design speed for smaller vessels (10—18 knots), combined
with the cubic power in the formula. In any case, the admiralty constant is unsuitable
to function as a benchmark indicator for bulk ships for the current selection of years.

The third indicator is the installed power. The overview is provided in Table 4. Again
the overall picture is similar to that of the EEDL; both DWT and Length are relevant,
however, the Froude number is not a very relevant input. Although in this case, it does
come closer to the set boundaries. If the graphs of installed power against DWT and
length are considered (Fig. 2), the trends of lower power for the same sized ship is
visible for the larger vessels (above 125.000 DWT). In case of a 200,000 DWT vessel,
the difference is for example about 15% between the lowest and highest line value. As
already mentioned earlier, a good way to reduce required power is to reduce design
speed as it has a cubic relation to installed power.
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Fig. 2 OLS estimated lines for power main engines based on DWT (left) and Length (right)
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As the design speed of the vessel may be a good explanation for the observed trends
in reduced power, it is considered first, instead of LDT, which will follow afterwards.
Table 4 shows the results for the speed ratio (actual speed divided by the speed ex-
pected based on the average Froude number). Of course, it does not make sense to use
the Froude number as input here, as it is also part of the output directly. For both
DWT and length and with the current limits for fitness both results will be considered
for further investigation. In Fig. 3 it becomes clear that design speed is not lowered, it
is increasing over time, though primarily for the range till 125.000 DWT. This means
that the reduction in power is an even greater achievement, though the design speed
increase is only in the range of 2-3%, the cubic relation would indicate a further in-
crease in power required of about 5-10%.

Lighter ships can carry the same amount of cargo at a higher speed for lower power.
Unfortunately, the fitness values for LDT are all on the low side. Especially the relation
between the Froude number and LDT is very low. This is strange as in essence the
Froude number (the dimensionless speed) is used as input for the estimation of the
block coefficient (Cb). This coefficient, in turn, is used to estimate the displacement,
which leads to LDT. So a stronger link between LDT and Fn was expected. Both DWT
and length do not have the required fitness. However, their lines run rather parallel
(see Fig. 4), which was not the case with other low fitness results.

An explanation for the loss of fitness between Fn and LDT described above could be
a significant change in dimensions of the vessel (e.g. caused by higher design speeds),
either an increase in DWT for similar-sized vessels or a change in the relation between
length and width for vessels of similar DWT. In phase 1 no clear trend over the years
in slenderness was found and the expectation is therefore that the trendlines will not
differ from each other. However to be certain the relation of length to width will still
be investigated here. Table 4 presents the estimation results, while Fig. 5 presents the
estimated lines beside a graph showing the averages for each size step. To explain the
patterns seen, the important port and canal limits are added to the right-side graph. All
relations are highly significant, with R* almost always above 0.8. The estimation in
Table 4 is based on the real values, not the natural logarithms of length and width as
this is a known linear relation. Slopes differ slightly but confirm the steady-state from
phase 1.

Both the length ratio and area ratio showed similar behaviour and are therefore ex-
cluded from further investigations. This leaves only the EEDI, installed power and the
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Fig. 3 OLS estimated lines for Speed ratio based on DWT (left) and Length (right)
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Fig. 4 OLS estimated lines for LDT ratio based on DWT (left) and Length (right)

speed ratio to be considered for testing of significance of the differences. Given the
trends in Fig. 4, LDT will also be considered for this, though the low R* values will
make the results most likely disputable to some extent.

Phase 3: ANCOVA and SNK investigation of significant differences

Out of the original ten indicators, only four remain to be tested for significant differ-
ences and thus significant improvements in a period of 7 years. For this section, first,
an analysis of covariance (ANCOVA) test is performed to see if all slopes and eleva-
tions should be considered equal. Thereafter, if the ANCOVA thesis fails, the SNK
pairwise comparison is used to see which lines are equal and which lines are not. This
results in groups of years that can be considered equal in their performance for that
particular indicator. Of course, for each group, an ANCOVA test is performed once
more to make sure the results of the slightly less strict SNK-test are valid. For details
on these tests please refer to Pruyn (2013).

From Table 5 it should be clear that the ANCOVA test for equal slopes is rejected
for all variables except the LDT-ratio. The lower R? for the LDT-ratio indeed allowed
the ANCOVA test to confirm all slopes to be equal. In all other cases, the period
2014-2016 shows a clear break from the rest. It seems that 2013 is a transition year,
the lower regions are close to the improvements of 2014-2016, yet the larger vessels
are closer to the state of 2010-2012. This split is not consistent for all variables, some
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Fig. 5 OLS estimated lines for Width based on Length (left) and the pattern of averages for Width against
Length (right)
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Table 5 Results for significant difference testing of EEDI over the years

ANCOVA: ANCOVA: Group 1 Group 2 Group 3 Group 4
Slopes Elevation
DWT-EEDI Reject Reject 2010, 2011,2012 2013 2014, 2015,
2016
Length-EEDI Reject Reject 2010, 2013 2011, 2014, 2015,
2012 2016
DWT-Installed Reject Reject 2010, 2011,2012 2013 2014, 2015,
Power 2016
Length-Installed Reject Reject 2010, 2011, 2012 2013 2014, 2015,
Power 2016
DWT-Speed Ratio  Reject Reject 2010 2011 2012, 2013 2014, 2015,
2016
Length-Speed Reject Reject 2010 2011 2012, 2013 2014, 2015,
Ratio 2016
DWT-LDT Ratio Accept Reject 2010, 2011 2012, 2014 2015, 2016
2013
Length-LDT Ratio  Accept Reject 2010, 2011, 2012, 2014, 2016
2013 2015

variables show more groups than the two mentioned. These differences in the split
may be caused by the choice for SNK rather than Tukey, a false positive might
result in extra groups being formed. However as the break around 2013 is con-
sistent for all cases, Tukey might reduce the number of groups, but is not expected
to alter this aspect of the conclusions drawn. The impact was therefore not further
investigated.

Benchmark conclusions

Consulting the figures of the trend lines from phase 2, the following conclusions can be
drawn: it is proven that for both situations the years of 2014—2016 have delivered ships
with a significantly lower EEDI value and higher propulsion efficiency. This coincides
with the introduction of the EEDI in 2013, as ships designed in 2013 are commonly not
delivered before 2014. Many researchers (Devanney 2010a, 2010b; Dulebenets 2016;
Papanikolaou 2014; Randers 2012; Stevens et al. 2015) predicted EEDI would result in a
design speed reduction, however, the data seems to indicate a design speed increase.
Taking a closer look at the data the following stands out. 2014—2016 does have a higher
design speed for the smaller vessels, at the largest sizes, above 125,000 DWT 2011—
2013 build vessels have a higher speed. So, the conclusions drawn before about the in-
creased design speed is only true for the vessels below 125,000 DWT. It could very well
be that for these smaller vessels, there was a margin in the propulsion installed. Rather
than installing less power, the reported design speed was increased, resulting also in a
significant EEDI reduction, at least on paper. This does not mean speed reduction will
still be a major part of the solution, it only means they may only be implemented later.
The decrease in lightweight was not significant, however with the suspicion of the in-
crease in design speed being only there on paper, the fact that the block coefficient was
estimated based on the design speed, would make this apparent reduction susceptible
too. To prove the suspicion of higher reported design speeds, would require comparing
actual speeds of ships using their AIS-data. This is something for further research.
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Conclusions

The implications of this paper are twofold; Currently, the main considerations when
buying a vessel are DWT, price and perhaps EEDI, due to regulations. However, con-
sidering the goals of the IMO (2018), this is not sufficient. These measures do not focus
on energy-efficient vessels, nor promote the implementation of CO, reducing measures.
As a policy recommendation, it would be beneficial for shipping to focus on true im-
provements of the fleet as well as the individual vessels. The indicators identified in this
paper can be of use, especially those concerning the weight of the vessel and the im-
provements in the speed-power relations. A stronger focus on these values for individ-
ual vessels will lead to more efficient ships, but still, leave the design speed open to be
selected based on route qualities.

The second implication of this paper is the unmasking of a trend to report higher de-
sign speeds for vessels up to 125.000 DWT. To the author’s knowledge, this was not
foreseen in any of the papers dealing with the EEDI, however, from a practical point of
view, it makes sense. There is always a margin for error taken up in the design and in a
time of crisis, yards would be willing to reduce this margin, especially as new regula-
tions will provide some legitimacy to the effect it brings, a lower EEDI, with no loss of
design speed or performance and most importantly at no extra costs.

The identified benchmark indicators can also be used to identify differences between
yard designs, when used by yards, or to check individual vessels by ship owners com-
paring the performance of their vessel with others or with a fleet average. In both de-
scribed situations the user would have access to more detailed data and may be able to
use all ten original indicators in the phased test. The relevance of the test would im-
prove with this more accurate data, eliminating the requirement for calculated values.

Finally, the recommendations for future research are to research if it is possible to
identify further improvements with new indicators representing some form of efficiency
or efficiency contribution. It will be of great help if propulsion types, hull performance
and other contributing factors can be easily identified for large groups of vessels, allow-
ing to pinpoint improvements further. Secondly from a policy point of view, the avail-
ability of more detailed data may help policy-making as well. This will allow for a
better focus on the true targets of the policy, which should be CO, emissions reduction.
Also, yards could be challenged to improve their in-house design as less efficient as-
pects of their design can be indicated using these indicators.
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