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50,000 noon reports obtained from 88 tankers. It is shown that the speed-power exponent is
significantly lower than 3 at speed intervals below the design speed. This finding, including the
study itself, affects the environmental discussions related to slow steaming, since it implies that
slow steaming will not be as good as often stated. As such, the study imparts attention to speed
optimisation, rather than reduction, in the political and environmental debate focused on the
reduction of carbon emissions from shipping.

1. Introduction
1.1. Background and motivation

In the shipping industry, the focus on fuel consumption and vessel performance — driven by the present green and sustainable
mindset — has lead to many initiatives in order to minimise emissions. One of them is slow steaming; in simple terms achieved by
reducing the speed of the vessel, thus leading to a reduction of the main engine demand, even down to 10-20% maximum continuous
rating (MCR) according to MAN Energy Solutions (2012) and Psaraftis and Kontovas (2014). As there is a simple linear relationship
between fuel consumption and emissions as well as a nonlinear relationship between power and fuel consumption through the specific
fuel oil consumption (SFOC) curve, there is a direct relationship between power and emissions; that is, reduced power leads to reduced
emissions. Due to the nonlinear relationship between speed and power, a relatively small reduction in speed will lead to a significant
reduction in power. The relationship between power P and speed V is often described with P ~ V* where c is a constant exponent with a
value of at least 3 (MAN Energy Solutions, 2018), noticing that the relationship generally is applicable to relative high speed intervals
around the design speed (Psaraftis and Kontovas, 2014). On the other hand, it has been argued that at lower speed intervals, the
relationship will underestimate the power and thus fuel consumption, which means that the effect of slow steaming is overestimated,
as reported by Adland et al. (2020), Taskar and Andersen (2020), Tillig et al. (2018) among others.

In the past, the reduction of speed has been considered as a low-hanging fruit towards lower emission levels (Eide et al., 2009;
Corbett et al., 2009; Fagerholt et al., 2010; Lindstad et al., 2011; Faber et al., 2012; Lindstad et al., 2013; Norlund and Gribkovskaia,
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T074-02: Noon Reports vs Speed-Power Curves
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Fig. 1. Illustration of the operational profile of a group of sister ships with respect to corrected speed, corrected power and draught compared to the
associated model test curves for different but given draughts. This is data for two tankers of 74,000 DWT. Note that the colour scale (draughts) is the
same for noon report data and model test curves.

2013; Woo and Moon, 2014), primarily focused on CO- but also affecting other emissions (NOx, SOx, etc.). On a policy-level, the effect
of speed reduction has called for the use of operational measures as well as market-based measures assuming that an increase in bunker
price through tax will lead operators to reduce speed. However, it is clear that if the cubic law does not hold, it impacts one of the main
policy recommendations by the International Maritime Organization (IMO) to reduce carbon emission through speed reduction.
Nevertheless, it is a fact that the environmental discussions in IMO are based on the assumption that ships’ main engine power is
proportional to the speed cubed (IMO, 2014, 2020); although the assumption is not necessarily accepted as the universal truth by all
members of the IMO.

It is beyond doubt that the amount of CO, reduces, as measured for the single transported unit, when ships slow steam. However, as
reported by Kristensen (2018), if the total amount of transported units should remain constant, the effect of slow steaming is degraded,
as more ships are needed. This point is as important to consider as that of the physics related to speed-power modelling, introduced
above and being the main research topic of the present study, when discussing the future environmental policies and regulations for
ships and shipping.

Sea trials and ship resistance model testing, typically used as benchmark in ship power performance monitoring, are often done
around the design speed and therefore at fairly high speed intervals, not necessarily matching the actual operational speed of the ships.
The problem can be seen in Fig. 1 where real operational noon report (NR) data is plotted together with speed-power curves derived
from resistance model tests. In the figure, the reported NR power has been corrected for added resistance due to wind and waves and
the speed is corrected for current. In order to do vessel performance monitoring, a benchmark that covers the whole speed interval is
needed; while it can be appreciated that the results from model test curves only extend down to the higher speeds of the NR-reported
speeds. This problem is often encountered by shipping companies, or by third party vessel performance companies monitoring the
performance and providing voyage optimization as a combined service. One specific example of the latter is the company COACH
Solutions' that has provided the data for the present study, see Section 3. The problem with traditional extrapolation of model test data
is also discussed by, e.g., Kauffeldt and Hansen (2018).

1.2. Objective and novelty

The main objective of this study is to investigate ship’s speed-power relationship at speed intervals below the design speed. Due to
the physical nature of the problem at hand, as indicated above, this boils basically down to investigating the speed-power exponent,
also denoted the elasticity in the literature (Adland et al., 2020). In the study, this is done by analysing operational data consisting of
noon reports from tankers through a data-driven approach combining principles from naval architecture and an econometric
framework. The speed-power exponent is itself dependent on speed; hence, speed intervals are introduced (for practical reasons) in
such a way that the speed-power exponent is constant within a given limited interval, noticing that in reality the speed-power exponent
is expected to vary continuously with speed.

The paper brings emphasis to the slow steaming debate in shipping (Maloni et al., 2013; Psaraftis and Kontovas, 2015; Psaraftis,
2019a). Notably it questions the often imposed assumption ("misconception™) about a constant power exponent equal to 3 (IMO, 2014,
2020); potentially leading to an overestimation of the positive effects of slow steaming with respect to fuel consumption and associated
emissions. Next to this, the paper documents the problem often faced in vessel performance monitoring; namely that the observed
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speeds in operational data do not match the model test curves upon which the monitoring and benchmarking are based.

The novelty of the study compared to the existing literature (Adland et al., 2020) is the consistent use of methods from naval
architecture in combination with econometric models, while Adland et al. (2020) rely on an econometric framework exclusively. The
introduction of naval architectural models, especially for the correction of measured power with respect to wind and waves, in
accordance with reports by the International Towing Tank Conference (ITTC) and ISO 19030 (ISO, 20164a,b,c), is considered a means
for reducing uncertainties related to manual choices and decisions necessary in the pure econometric framework. Furthermore, the
present study puts the findings in a context of practical vessel performance monitoring by comparing all data and modelled outcome
with available resistance model test curves. This can be considered a way to emphasise the credibility of the present study; and to some
extent also the previous similar study (Adland et al., 2020) which did not include such a comparison.

1.3. Literature review

There is a wide and increasing literature dealing with modelling and evaluation of the performance of ships sailing at sea, e.g.
Kristensen (2010), Pedersen (2014), Lu et al. (2015), Trodden et al. (2015), Tsujimoto and Orihara (2018), Coraddu et al. (2019),
Karagiannidis and Themelis (2021), Hiiffmeier and Johanson (2021), Spandonidis et al. (2021) to mention just a few earlier and more
recent ones. The increasing set of studies is largely explained because of ease of data access; thus, most of today’s ships are monitored
with sensor systems, either relying on the ship-board crew to read data on a daily basis in terms of noon reports, or the data is
continuously logged and stored on local hard disks, and subsequently sent to shore manually or via internet. Three noteworthy ref-
erences about general use of ship performance data are Bazari (2007), Aldous et al. (2015), Dalheim and Steen (2020). The specific
literature about slow steaming is also large, with both older existing studies and newer ones coming in, e.g. Corbett et al. (2009),
Cariou (2011), Meyer et al. (2012), Woo and Moon (2014), Ferrari et al. (2015), Tillig et al. (2020), Degiuli et al. (2021) to add on what
has already been mentioned in the beginning of the introduction (Kristensen, 2018; Tillig et al., 2018; Taskar and Andersen, 2020). The
background literature for the econometric framework of the present study has been mentioned (Adland et al., 2020). The particular
framework has itself been applied previously to other interesting, similar problems; mentioning that, on a general level, the framework
has been developed to study the local effects of an innovation (Gobillon and Wolff, 2017; Gobillon and Wolff, 2020), while Adland
et al. (2018) used the framework to study the effect of periodic ship hull cleanings. The combined naval architectural framework used
in the present study is based on the ISO standards: ISO (2016a,b,c). In addition, detailed readings about the correction of wind and
waves (Liu et al., 2020; Nielsen et al., 2021) as well as readings about the use of hindcast wave data (Copernicus Climate Change
Service (C3S), 2018; Hersbach et al., 2020; Hersbach et al., 2021; Nielsen, 2021) could be worth to consult.

1.4. Article structure

The article contains six sections. Section 2 presents the fundamentals and basic concepts of the study. Section 3 describes the data
used in the study. Section 4 presents the results from the study, and Section 5 discusses the results and brings forward their relevance to
the slow steaming debate. Finally, Section 6 concludes on the study.

2. Fundamentals and basic concepts

The basis for ship power prediction is from the International Towing Tank Conference (ITTC) 1978 ITTC Performance Prediction
Method (ITTC, 2017a), upon which the standard ISO 19030 (ISO, 20164a,b,c¢) is based. The fundamentals of the linear regression models
are taken from Pardoe et al. (2021) and Neter et al. (2003).

2.1. Speed-power exponent

The speed-power relationship of a sailing ship can be approximated with P ~ V* as described in Section 1.1. In fact, the relation is
based on the still water resistance, dependent on the density of (sea) water p,,, the wetted surface area S, and the total resistance
coefficient C;. In this case, the effective power P, is modelled with,

1
Pe=5p,S:C v? @

where (1/2p,, Sy C;) often is assumed to be constant which, however, is not true. This term is both speed, draught and temperature
dependent. The speed is included through the Reynolds number in, respectively, the frictional resistance coefficient, the roughness
allowance and correlation allowance. The draught is included through the wetted surface area, and temperature is included through
the density of water but also through the viscosity in the Reynolds number, and through the density of air in connection with the air
resistance coefficient.

It is important to note that, in this study, the speed-power relationship is modelled, instead of modelling the relationship between
speed and fuel consumption, like studied by Adland et al. (2020). The present study is thus independent of the engine type which is
considered an advantage compared to the models in Adland et al. (2020) that require the nonlinear SFOC curve to be modelled into the
problem.

In the following, two models are given for the relationship between speed and power. First, a simple model is introduced to define
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the problem and, subsequently, an extended model is developed.

2.2. Simple model

The starting point for the model generation is the most simple power law model describing the relationship between power P and
speed V reported in the noon reports:

P=x V2 2

where x; and x, are the unknown variables. Here x, is the speed-power exponent that is the focal point of this study, and it is
emphasised that both variables, x; and x2, must be determined from the analysis of data. The nonlinear model is made linear by taking
the logarithm:

In(P) = In(x;) +x, In(V) 3

As shown subsequently, the model can be extended in order to take other relevant variables into account. First, however, note that in
practice, the model is given by:

ln(Pl) 1 lIl(Vl)
ln(Pz) 1 ln(Vz) |:

Py | = 1 In(v:) '“(’“)} @

. . xz
In(P,) 1 In(V,)

when a set of corresponding observations {P;, V;}, i = 1,2, ---,n exist from n noon reports. This means that the unknown coefficients
X1,X2 can be easily determined by formulating a least-squares problem.

2.3. Extended model

The simple model is the basis for an extended model that take the draught and speed intervals into account. The simple model is
therefore gradually extended.

2.3.1. Draught

One of the most important parameters regarding the speed-power relationship is the draught. As realised from speed-power curves,
e.g. Fig. 1, the ballast curve (smallest draught) and scantling curve (largest draught) will differ relatively much. It is therefore necessary
to introduce the draught as an independent parameter in the model:

In(P) =In(x;) +xIn(V) +x3T 5)

noticing that T is the mean of the reported fore and aft draughts. This extended model, with draught as a parameter, implies that speed-
power curves at different draughts will be parallel but shifted when studied in a log-log plot. Qualitatively speaking, draught is thus an
additive effect. In order to take into account that the resistance model test curves are not parallel in log-log domain, an interaction term
is introduced since the exponent x; must be dependent on the draught when studying speed-power curves from model tests:

In(P) = In(x;) +x In(V) +x3 T+ x4 In(V) T 6)

Hereby the slope of the linear equation becomes dependent on the draught:

In(P) =In(x;) + (2 + x4 T) In(V) +x3 T )
When transformed back into the nonlinear form the speed-power relationship becomes:

P =x, Votul) exp(x; T) 8)

2.3.2. Speed

A speed dependent exponent is introduced through piecewise linear regression. This is done by introducing a dummy variable
assigning the noon reports to different speed intervals, hence introducing a “breakpoint” separating different speed intervals. As an
example, the speed-power regression model with one breakpoint B, reads:

In(P) = In(x;) +xIn(V) +x3 T +x4In(V) T + x5 (In(V) — B,) V4 9
In practice, the MATLAB function findchangepts (MathWorks, 2016) is used as a simple implementation to find breakpoints. The
function is used by sorting the noon reports after speed, and use the function on the power in the speed-sorted noon reports. The

implementation then finds where the mean slope changes the most abruptly according to the specified minimum threshold. Hereby the
index is found and the speed from the associated noon report is then the breakpoint B,,.

4
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Table 1

Vessel parameters for the MR1 segment which includes 2 vessel groups and 9 vessels in total.
Vessel Group Ly, [m] B [m] Ty [m] T4 [m] Ts [m] Vs [m®] MCR [kW] Year
T035-03 162 27.42 6.5/6.5 9.75 11.8 42659 7150 2005
T039-06 176 27.4 7.0/6.4 9.8 11.9 47137 7290 2015

Table 2

Vessel parameters for the MR2 segment which includes 5 vessel groups and 48 vessels in total.
Vessel Group Ly, [m] B [m] Ty [m] T4 [m] Ts [m] Vs [m®] MCR [kW] Year
T050-04 175 32.2 7.3/6.3 11 13.1 59619 8310 2019
T050-09 178.5 32.26 6.9/6.5 11 129 59706 7628 2015
T050-10 174 32.2 7.3/7.2 11 13.29 59280 7660 2014
T050-12 174 32.2 7.5/6.5 11 13.29 59197 7240 2013
T053-13 176 32.2 7.7/6.7 11 12.6 56608 9480 2009

Table 3

Vessel parameters for the LR1 segment which includes 6 vessel groups and 23 vessels in total (only 2 vessels in T075-04).
Vessel Group Ly, [m] B [m] Ty [m] T4 [m] Ts [m] Vs [m®] MCR [kW] Year
T074-02 218 32.2 8.1/5.9 13.2 14.37 85273 13560 2006
T074-04 219 32.24 8.2/6.2 12.2 14.35 86450 11230 2017
T075-02 219 32.24 8.1/6.3 12.2 14.45 87113 10215 2016
T075-04 218.9 32.2 8.1/5.9 13.2 14.37 88972 12270 2006
T075-05 224.5 38 8.5/5.5 11 12.9 86651 10850 2019
T075-08 219 32.26 7.7/5.2 12 14.55 88945 12240 2007

2.3.3. Other predictor variables

It could be relevant to include time as a variable since the vessel performance will decrease over time when the hull gets fouled. To
implement this it would be necessary to distinguish between different vessels as the performance over time would be individual for
each vessel. By distinguishing between vessels the model would thereby capture vessel specific variations which can be caused by
different crew, variations in hull construction and more. This could be implemented with a categorical predictor similar to the dummy
variables introduced in the piecewise linear regression with speed. The current study does however not include time as a predictor
variable, partly justified by the fact that the vessels undergo periodic hull cleanings. Besides, the study by Adland et al. (2020) left little
evidence about the importance of time as a predictor variable. Similarly, it is left as a future work to consider other parameters such as
trim, water salinity, water temperature and water depth as predictor variables.

As already mentioned, this study relies fundamentally on principles from naval architecture (ITTC, 2017a,b; 1SO, 2016a; ISO,
2016b; ISO, 2016c¢) in combination with econometric models. Inclusion of knowledge from naval architecture makes it possible to
correct the studied data (i.e., the noon reports) for wind and waves before introducing the econometric framework in terms of Eq. (9).
As introduced, this is the central difference compared to the study by Adland et al. (2020). Thus, were it not for the introduction of the
correction procedure outlined by ISO (2016a,b,c), it would be necessary to include the information about wind and waves directly in
the (extended) econometric model. This can be done, as shown by Adland et al. (2020), by introducing the wind and sea state variables
as a lot of categorical parameters. Ultimately, this leads to an extended econometric model where manual choices become important.
The present approach, on the other hand, is not affected by such manual choices and selections, which is considered a means to reduce
uncertainty in the modelled output/ results.

3. Data

Data for this study was kindly provided by COACH Solutions. The dataset contains noon reports, vessel data and speed-power
curves from model tests for 88 ships divided into 15 vessel groups. All the ships are tankers, and all the data is from the same ship-
ping company. Roughly, the noon reports cover a five year period (2016-2020) with vessels operating worldwide. In total, 51,826
noon reports are available after filtering, cf. Section 3.4.1.

3.1. Vessels

Data from 15 vessel groups are considered, with each group consisting of between 2 and 13 sister vessels. In order to work with
these vessels and vessel groups and keep them anonymous, a naming convention has been introduced, e.g. TXXX-YY where XXX in-
dicates the deadweight and YY indicates the number of vessels in each vessel group. This means that T035-03 is a 35,000 DWT vessel
group consisting of 3 vessels.
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Table 4

Vessel parameters for the LR2 segment which includes 2 vessel groups and 8 vessels in total.
Vessel Group Ly, [m] B [m] Ty [m] T4 [m] Ts [m] Vs [m®] MCR [kW] Year
T105-02 234 42 7.3/6.3 14 14.56 120243 13560 2009
T110-06 242 44 8.5/6 13.6 15.2 112812 13450 2019

T050-12: Noon Reports vs Speed-Power Curves
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Fig. 2. Illustration of the operational profile of a group of sister ships with respect to corrected speed, corrected power and draught compared to the
associated model test curves for different but given draughts. This is data for T050-12, i.e. twelve tankers of 50,000 DWT. Note that the colour scale
(draughts) is the same for noon report data and model test curves.

The 15 vessel groups can be seen in Tables 1-4 where the vessel groups are divided into MR1, MR2, LR1 and LR2 deadweight
groups.2 There are 9 MR1, 48 MR2, 23 LR1 and 8 LR2 vessels. As a reference (Adland et al., 2020) analyses 10 aframax tankers and 6
suezmax tankers, making it 16 vessels in total, compared to 88 in this study. In the present work the LR2 segment would correspond to
aframax tankers and suezmax tankers would be even larger than LR2. So this study is working with relatively smaller tankers than
Adland et al. (2020).

In Tables 1-4 the length between perpendiculars L,,, breadth B, ballast draught Tj, (written as Tp o/ Tp or), design draught Ty,
scantling draught T, volume displacement at scantling draught V;, MCR of the engine and year of construction are given. The design
draughts and scantling draughts are from the general arrangements for the vessels and these draughts are mostly also corresponding to
the draught for the model test curves. The ballast draughts are here describing the lowest draught with a corresponding model test
curve. Therefore the vessels can in reality operate at a lower draught than the ballast draught indicated, but it does not happen that
often. Onwards, the aft and for draught for ballast will not be stated but the mean of these two will be used instead as Tj.

3.2. Speed-power benchmark curves (model test curves)

For each vessel group, COACH Solutions has provided speed-power curves at minimum three draught conditions (ballast, design
and scantling). This applies for 11 of the vessel groups, and for some of the groups there are speed-power curves at five draughts. The
curves are derived from towing tank tests. As introduced in the following subsection, the model test curves are included in plots with
NR data in the appendix.

3.3. Noon reports

The noon reports from the ships are reported and sent to COACH Solutions via the reporting programme COACH Onboard.® The
ship master reports the fuel consumption, logged speed, weather etc. This set of data is then validated in COACH Onboard before being
sent to shore in order to secure high data quality and prevent faulty entries. The noon reports are then populated with hindcast data
describing current, wind and wave conditions. Specifically, the hindcast data assigned to the noon reports is a weighted average of how
the weather has been during the duration of the noon report by use of AIS-data.

The noon reports and speed-power curves for one vessel group can be seen in Fig. 2, which is similar to Fig. 1 but for another vessel

2 MR = medium range and LR = large range.
3 https://coachsolutions.com/noon-reporting/.
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Table 5

Number of noon reports for each vessel group when
filtered as described in Section 3.4.1. Total number
of filtered noon reports is 51,826.

Vessel Group No. of NR
T035-03 1813
T039-06 6753
T050-04 1076
T050-09 6759
T050-10 4126
T050-12 5359
T053-13 10233
T074-02 1570
T074-04 1932
T075-02 1149
T075-04 2173
T075-05 1667
T075-08 4571
T105-02 327
T110-06 2318

group. The figure clearly shows that all the vessels, most of the time, sail relatively slow compared to the model test curves which are
used as benchmark for performance analysis. For completeness, the noon reports, including model test curves, for all vessel groups are
presented in Appendix D.

3.4. Preprocessing

3.4.1. Filtering
The data has been filtered to remove outliers that makes no physical sense. The applied filters are:

e Mean draught > T, —1 [m] where T;, is mean of Tj 4 and Ty g, in Tables 1-4.
Mean draught < T; +1 [m].

Corrected speed > O [kn].

e Power corrected > 0 [KW].

e Power corrected < 1.1 - MCR [KW].

e Hindcast data: Data is considered only if hindcasts (waves and wind) are available.

3.4.2. Speed corrections

The noon reports contain information about the speed over ground (SOG), calculated from the GPS position, and the speed through
water (STW), obtained from the speed log onboard the vessels. In addition, a corrected speed is included. The corrected speed is the
speed over ground from GPS corrected for current obtained from hindcast current data (Oikonomakis et al., 2019; Oikonomakis et al.,
2021). This study makes use of the corrected speed.

3.4.3. Power corrections

As introduced previously, the measured power is corrected for added resistance due to wind and waves. The procedure is fairly
technical and contains many details, but it is a standardised method (ITTC, 2017a,b) and it will be beyond the scope to report the
procedure here.

4. Results
4.1. Descriptive statistics

In order to give an overview of all the noon report data, descriptive statistics have been prepared. As the data set is comprehensive,
with many vessel groups with many single vessels within, the presented statistics will just be a glimpse of the larger picture. In Table 5,
the number of noon reports (NR) after filtering can be seen for each vessel group. The total number of filtered noon reports is 51,826,
while the number of unfiltered noon reports is 53,017 which means around 2.5% of the noon reports are filtered out from the provided
noon reports. The focus will be on speed, power, and draught, as these parameters are considered the most important factors in power
prediction. The vessel group T050-09 is considered somewhat representative and will be covered in the following subsection, while a
summary of the descriptive statistics for all vessels and vessel groups is given in Section 4.1.2. It is noteworthy that the vessel group
T050-12 is almost similar to T050-09, and further remarks about the similarity are given later.
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Fig. 3. Descriptive statistics for the vessel group T050-09.
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Fig. 4. Draught distribution for all the T050-09 vessels where similar distributions are seen for each vessel.

4.1.1. Vessel group T050-09

Vessel group T050-09 has many vessels with many noon reports for each vessel. This can be seen in Fig. 3 where the number of
reports and reporting periods are shown. It is seen that the vessels have not been reporting every day. This can be seen for Vessel 06
which has been reporting to COACH Solutions for more than five years and only has 1010 noon reports, with reports “missing” because
the vessel does not sail every single day due to port stays, idle periods, drydocking, etc. The draught and corrected speed distributions
can also be seen for all 9 vessels. It is seen that the vessels sail mostly at 2 draughts where the first is a ballast draught at around 7 [m]
and the second is a laden draught at around 11 [m] which agree with the design draught seen in Table 2. The draught distribution can
be seen for every single vessel in Fig. 4 which shows that the vessels have individual draught distributions that agree well with the
draught distribution for the group as a whole. A similar observation is seen from the speed distribution in Fig. 5 which shows that the
vessels primarily sail at 12-13 [kn]. It is seen that Vessel 1 deviates, relative to the other vessels, in both figures as the vessel only has
30 noon reports compared to the other vessels that have 600-1000 noon reports. Overall it can be concluded that the vessels operate
relatively similar with regard to draught and speed which means that similar power levels are expected for the vessels as they are



F.H. Berthelsen and U.D. Nielsen Transportation Research Part D 99 (2021) 102996

T050-09: Speed distribution
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Fig. 5. Speed distribution for all T050-09 vessels where similar distributions are seen for each vessel.

T050-12: Noon reports vs Regression vs Model test
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Fig. 6. Speed-power models from simple regression plotted together with the draught-grouped noon reports and the model test curves for T050-12
at the three draught conditions: ballast, design and scantling.

identical.

As indicated above, the descriptive statistics for the vessel group T050-12 are almost identical to what has been shown for vessel
group T050-09. The plots corresponding to T050-12 are included in the appendix, see Figs. A.14-A.16. It is noteworthy that similar
plots have been prepared also for all the other sister groups; although not shown they were used for initial investigations.

4.1.2. Summarised statistics for all vessels and vessel groups

Tables B.11-B.15 present descriptive statistics of average speed, power and draught in ballast and laden conditions for all vessels
and all vessel groups. Ballast and laden conditions are here defined as (T4 —1 [m]) for the MR1 vessels, (T; —2 [m]) for the MR2 and LR1
vessels and (T; —3 [m]) for the LR2 vessels. This is done based on the specific draught distributions, cf. Fig. 4. For T050-09 the ’sep-
aration draught’ would be at T = 9 [m] which is the green part in Fig. 4 and at a "valley” in the draught distribution for all vessels in
Fig. 3.

The descriptive statistics reveal that the mean speed and draught are relatively similar for vessels within the same deadweight
segments. This especially apply to the MR2 vessels (see Tables B.11 and B.12) and LR1 vessels (see Table B.15) since the vessels in those
vessel groups almost have the same dimensions and deadweight. But it is clear that the power differ within the deadweight segments.
T050-09 and T053-13 in the MR2 segment both use much more power at the same average speed and draught than the 3 other vessel
groups in the segment which all are around 3150 [kW] (mean across all vessels and all draughts). T050-09 has a mean power of 3961
[kW] for all draughts and T053-13 has 4301 [kW] for all draughts. A similar “consistency” is not observed between T050-09 and T050-
12. In Table B.13 it is seen that the average speed for T050-09 and T050-12 are 12.2 [kn] and the average draught is 9.7 [m] for both
vessel groups. But there are 734 [kW] difference in average power which is about 20%. The statistics are based on 6759 and 5359 noon
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Table 6
Speed-power exponent for all single vessels as well as vessel groups at ballast, design and scantling draughts, denoted by Ty, Ty, and T, respectively.

Vessel | Ty ‘ Ty ‘ T, Vessel | Ty ‘ Ty ‘ T, Vessel | Ty ‘ Ty ‘ Ts
T035-03 T050-12 T075-02

Vo1 1.79 | 1.83 | 1.85 Vo1 1.73 | 1.27 | 1.01 Vo1 2.25 [ 1.09 | 0.56
V02 1.19 | 1.66 | 1.95 V02 211 | 1.93 | 1.82 V02 212 [ 1.79 | 1.64
V03 2.54 | 2.05 | 1.74 V03 2.30 | 2.45 | 2.54 Group | 2.10 | 1.59 | 1.35
Group | 2.24 | 1.95 | 1.77 V04 2.59 | 2.89 | 3.06 T075-04

T039-06 V05 1.79 | 1.80 | 1.81 VOl 2.53 [ 1.61 | 1.43
Vo1 2.02 | 1.54 | 1.22 V06 1.58 | 2.31 | 2.72 V02 248 | 1.39 | 1.19
V02 2.35 | 1.95 | 1.68 Vo7 1.72 | 2.27 | 2.58 Group | 2.50 | 1.50 | 1.32
V03 1.85 | 1.66 | 1.53 V08 2.44 | 1.88 | 1.56 T075-05

V04 2.23 | 1.80 | 1.51 V09 1.74 | 2.28 | 2.59 V01 1.84 | 164 ] 1.55
V05 2.13 | 1.85 | 1.66 V10 1.62 | 1.34 | 1.18 V02 2.81 | 2.06 | 1.71
V06 237 | 1.45 | 0.84 V11 094 | 1.38 | 1.63 V03 1.58 | 1.72 | 1.78
Group | 2.17 | 1.72 | 1.42 V12 1.59 | 1.73 | 1.81 V04 226 | 1.88 | 1.70
T050-04 Group | 1.81 | 1.82 | 1.83 V05 220 | 1.69 | 1.45
Vo1 1.76 | 2.39 | 2.71 T053-13 Group | 1.97 | 1.82 | 1.75
V02 1.52 | 2.12 | 2.42 Vo1 1.04 [ 1.34 | 1.46 T075-08

V03 1.85 | 2.25 | 2.44 V02 1.84 | 1.92 | 1.95 V01 1.49 | 1.06 | 0.86
V04 1.52 | 1.40 | 1.33 V03 1.55 | 2.85 | 3.40 V02 1.59 | 1.64 | 1.66
Group | 1.70 | 1.77 | 1.80 Vo4 1.52 | 1.00 | 0.79 V03 235 | 2.03 | 1.88
T050-09 V05 1.25 | 0.95 | 0.83 V04 1.62 | 1.25 | 1.09
Vo1 3.46 | 2.37 | 1.88 V06 141 | 1.15 | 1.04 V05 202 [ 1.48 | 1.23
V02 1.91 | 1.38 | 1.14 Vo7 2.23 | 1.53 | 1.24 V06 2.11 | 1.34 | 0.98
V03 2.04 | 1.42 | 1.14 Vos 1.18 | 1.42 | 1.51 Vo7 2.38 | 2.09 | 1.96
V04 2.23 | 1.35 | 0.96 Vo9 0.88 | 0.95 | 0.98 V08 279 [ 1.77 | 1.31
V05 1.21 | 1.38 | 1.46 V10 141 | 1.17 | 1.07 Group | 1.99 | 1.38 | 1.10
V06 1.92 | 1.56 | 1.40 Vi1 1.33 | 0.80 | 0.57 T105-02

Vo7 2.32 [ 1.47 | 1.09 Vi2 2.73 | 2.33 | 2.16 Vo1 -2.21 [ 2.07 | 2.40
V08 1.74 | 1.19 | 0.95 V13 1.44 ] 1.02 | 0.84 V02 1.82 | 1.16 | 1.11
V09 1.78 | 1.73 | 1.70 Group | 1.33 | 1.11 | 1.02 Group | 1.83 | 1.19 | 1.13
Group | 1.98 | 1.43 | 1.19 T074-02 T110-06

TO050-10 Vo1 2.30 | 0.66 | 0.35 Vo1 221 | 217 | 215
Vo1 1.94 [ 1.91 [ 1.89 Vo2 2.30 | 1.65 | 1.52 V02 1.91 | 1.83 | 1.81
V02 2.51 | 1.83 | 1.42 Group | 2.22 | 0.97 | 0.73 V03 2.01 | 1.45 | 1.31
V03 219 | 1.72 | 1.44 T074-04 V04 1.97 | 1.48 | 1.36
V04 1.70 | 1.87 | 1.98 Vo1 2.31 | 1.64 | 1.36 V05 2.38 | 1.46 | 1.23
V05 1.68 | 1.99 | 2.17 V02 225 | 1.61 | 1.34 V06 249 | 1.86 | 1.70
V06 1.94 | 2.41 | 2.69 V03 2.06 | 2.00 | 1.98 Group | 2.13 | 1.74 | 1.64
V07 1.57 | 1.86 | 2.05 V04 2.62 | 2.35 | 2.23

V08 1.54 | 2.17 | 2.55 Group | 231 | 1.79 | 1.56

V09 2.19 | 2.25 | 2.28

V10 1.49 | 1.93 | 2.20

Group | 1.89 | 1.97 | 2.02

reports respectively.

A significant variation in the LR1 segment is seen in Table B.15. Thus, the power varies between 3870 [kW] and 5026 [kW] for all
draughts for the 6 vessel groups. It can be concluded that T074-02 and T075-08 are similar, T074-04, T075-02 and T075-05 are similar
and T075-05 is by itself in the middle with 4430 [kW] (all draughts).

There is in general larger speed and power in laden than in ballast which apply to almost all vessels - only 12 out of 88 vessels have
larger speed in ballast than in laden. Only Vessel 1 in T050-09 has larger power in ballast than in laden but it is based on only 30 noon
reports as described in Section 4.1.1. The larger speed in laden condition agrees with the fact that time constraints and contracts have
to be complied with when sailing with cargo (Adland et al., 2020). The larger power in the laden condition agrees with the larger speed
for the laden condition but also the general fact that increased draught increases power.

10
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Speed-power exponent for all vessel groups
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Fig. 7. Speed-power exponent from the simple regression model for all vessel groups at three draught conditions and the average over all vessel
groups for three draught conditions.

T050-12: Breakpoints (index) for speed dependent model
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Fig. 8. Plot generated by findchangepts in MATLAB where the power (log) from the speed-sorted noon reports are plotted as function of noon
report index for T050-12. The function then finds the breakpoints (changepoints) based on changes in slope and mean shown by the red lines. The
breakpoints are based on a threshold manually set.

4.2. Simple model for each vessel and vessel group

Initially, the simple model extended with the draught as additive and interaction effects, see Eq. (6), is used for all the vessels on an
individual basis to determine the speed-power exponent when it is not considered as speed-dependent. At the same time, the analysis is
done to study the draught dependency. As such, the outcome is three regression-based speed-power curves, cf. Fig. 6.

In Table 6, the exponents can be seen for all vessels at ballast (T}), design (T;) and scantling (T;) draughts, where the draughts are
from Tables 1-4. The exponents are determined with the simple speed-power model with draught as both additive and interaction
effects (Eq. 6). The speed-power exponent for each vessel group is also determined when the model considers noon reports for all
vessels collectively in a given vessel group (denoted by “Group”). This means that the exponent for the individual vessel groups is not an
average of the vessel specific exponents of ships in a given group but independently modelled on all ship-specific data from the given
group. Thereby the regression is based on much more data which makes its outcome more reliable. This group-wise regression is
justified by the descriptive statistics presented earlier, where it was observed that the vessels within given groups are sailing with
relatively similar draught, speed and power. The speed-power exponents of the individual groups has been included in Table 6 and
they are presented graphically in Fig. 7. In all of the remaining, including Section 4.3, only outcome from a group-wise regression
analysis is considered.

It is clearly seen that the exponent is significantly smaller than 3. It is also seen that the speed-power exponent is in general

11
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. T050-12: Breakpoints (index) for speed dependent model
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Fig. 9. Speed from the speed-sorted noon reports plotted as a function of noon report index for T050-12. The breakpoints from findchangepts are
then marked in order to find the associated speeds.

Table 7
Coefficients used in Eq. (10).
X1 X2 X3 X4 Xs X6 X7
4.1170 1.2940 0.0662 —0.0026 0.8273 0.0103 1.3334

decreasing with increasing draught for a given vessel group. Thus, the exponent is dependent on draught but for some of the vessel
groups there are less dependency, e.g. T050-12. From Table 6 it also appears evident that some vessels are outliers due to the exponent
being based on too few noon reports, e.g. Vessel 01 in T050-09 which has only 30 noon reports, and Vessel 01 in T105-02 that has just
two ballast noon reports. Fig. 7 also shows that there is no size dependency, as the plot reveals no trend in the data, noticing that
deadweight increases going from left to right on the x-axis. Similarly, when comparing with year of construction, no age dependency is
observed for the speed-power exponent.

In general, the simple model shows that the speed-power exponent cannot be assumed to be 3 when considering all speed intervals.
Taking the vessel group T050-12 as an example, the simple regression model is plotted together with the noon reports and speed-power
curves from model test in Fig. 6, where the noon reports have been grouped based on draught for clarity. It is clear that the regression
model does not capture the relationship for the higher speeds, but it does for the bulk of the noon reports; noticing that about 75-90%
of the reported speeds generally are in the range 11-13 [kn]. It is appreciated that the model test curves follow the steeper path
exhibited by the noon reports at the higher speeds.

4.3. Speed dependent speed-power models for all vessel groups

As presented by Eq. (9), speed can be included as a variable in the extended speed-power model. In practice, a number of speeds
(breakpoints) is added to the model depending on the vessel group, and for each interval, the data is modelled. As introduced, the
MATLAB function findchangepts is used to determine the breakpoints, based on the speed-sorted noon reports.

In the following, the vessel group T050-12 is used as an example. As observed from Fig. 8, four breakpoints are detected using
findchangepts. However, for practical reasons it is decided that a speed interval must contain at least 150 noon reports, similar to
Adland et al. (2020), and the first breakpoint occurring at the NR index of about 50 (i.e. less than 150) is therefore removed. It is
interesting to note the variation, or scatter, in power which makes it a quite noisy signal. The scatter exists in spite of the fact that a
smooth curve could be expected; keeping in mind that an increase on the horizontal axis represents a gradual increase in speed in terms
of a speed-sorted NR index. Basically, the scatter could be a sign that more aggressive filters in preproccesing of the data might be
necessary to reduce uncertainty in the output from the model. However, this is outside the scope of the present investigation.

In Fig. 9, the noon report speed-sorted indices are translated to speed which means that the associated speeds to the breakpoints can
be seen. The breakpoints are at 10.8 [kn], 12.4 [kn] and 13.2 [kn]. From this plot it is clear that most of the noon reports are in the
interval 11-13 [kn]. Even though the breakpoints look very spread out in the two figures, they will not be in a speed-power plot
because the data is so centred around the average speed which is 12.2 [kn] for T050-12, as found in the descriptive statistics.

The speed dependent speed-power regression model is using the determined breakpoints. The breakpoints apply to all draughts as
all data for the specific vessel group is used when determining the breakpoints. In the following, the resulting speed-power curves at
just the ballast, the design and the scantling draughts are generated, thus enabling a comparison with the model test curves, but it is

12
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T050-12: Noon reports vs Regression vs Model test - Ballast draught
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Fig. 10. The speed dependent speed-power model plotted together with noon reports, model test curve and the simple regression model for ballast
for TO50-12.
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Fig. 11. The speed dependent speed-power model plotted together with noon reports, model test curve and the simple regression model for design
for TO50-12.

possible to generate speed-power curves at any given draught with the regression model. Specifically, the speed-power curve as a
function of draught T and speed V for T050-12 is modelled as:

and with the coefficients listed in Table 7. And the dummy variables are defined as:

In(P) =

ln(xl) + X2 ln(V) + X3 T+ X4 ln(V) T+ X5 (ln(V) - 108) le

4 (IN(V) — 12.4) Vi + x5 (In(V) — 13.2) Vi

v, = {0 if v<ios
M0, if V>10.8

v, [0, if v<i24
271, if V>124

)

v {0 if V<132
BTN, i V>132

10

an

(12)

13)

From Eq. (10) the speed-power exponent for the ballast draught T, = 7 [m] at V = 14 is, cf. Eq. (9):

13
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T050-12: Noon reports vs Regression vs Model test - Scantling draught
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Fig. 12. The speed dependent speed-power model plotted together with noon reports, model test curve and the simple regression model for
scantling for T050-12.

Exponent = xy +7x4 + X5 +x¢ +x7 = 3.45 14

In Figs. 10-12, the speed dependent regression model is plotted at ballast, design and scantling draughts together with the draught-
grouped noon reports; noticing that the vessel group T050-12 is considered. The single plots also include the outcome of the simple
regression model and, in addition, the model test curves. It is seen that the speed dependent model estimate the power better at the
higher speed intervals compared to the simple model which was underestimating the power, cf. Fig. 6. This means that the speed
dependent regression model looks more similar to the speed-power curves from model test; emphasising that the model test curves are
given only in the (high-speed) interval 12-16+ [kn]. Albeit the speed-power curves from the speed dependent regression do not exactly
coincide with the model test curves, the set of curves are nearly parallel which means that the exponents are relatively close to each
other in their numerical values. At lower speed intervals the speed dependent regression model deviates only slightly from the simple
model, capturing the speed-power relationship well.

The numerical values of the speed-dependent exponent, as determined for the single vessel groups, are presented in Tables 8 and 9.
The main observations from the tables, including Figs. 10-12, are the following: (a) Only a very few cases reveal a speed-power
exponent equal to or larger than 3; in the majority of cases, the exponent is smaller. (b) Three out of fifteen speed-power expo-
nents at the scantling draught are above 3 at the highest speed interval. These three vessel groups are T050-04, T050-10 and T050-12
which have been shown to be very similar. In the ballast condition, for the highest speed interval, seven out of fifteen speed-power
exponents are above 3. (c) For the particular case of T050-12, it is seen that the exponent is 3.45, 3.44 and 3.43 for the ballast,
design and scantling conditions, respectively, when the speed is above 13.2 [kn]. The exponents for the model test curves for the same
draughts are 3.57, 3.44 and 3.31, cf. Table C.16. (d) Generally, it is seen that the speed-dependent regression with two or more speed
intervals increase the exponent at the high speed intervals compared to the simple regression model only taking draught into account,
cf. Table 6. At the same time, it is seen that the exponent is significantly higher for the ballast draught than for the scantling draught for
many of the vessel groups.

4.4. Coefficient of determination (r*) for the simple and extended model

In Table 10, the r? (R-squared) for the simple model and extended model for each vessel group can be seen. Most of the vessel
groups have an r? of 0.60-0.80 for both models. This agrees well with the findings in Adland et al. (2020). It is noted, though, that
T053-13 is an outlier, with 7> = 0.376 and r?> = 0.381 for the two models, although a lot of noon reports are available for this group.
The explanation for this odd behaviour was introduced previously and is a result of the fact that the group consists of older vessels
installed with relative large engine power, thus designed to go at a higher speed than what they have been actually sailing during the
considered reporting period. In turn, this means that the performance varies significantly depending on encountered conditions;
altogether making the outcome of this group much more scattered than for the other vessel groups.

Overall, the r? values increase for all vessel groups when the speed-dependent, extended regression model is considered. This was
observed also by visual inspection of the plots in Figs. 10-12. Indeed, the piecewise model did capture the trend of the NR data, and, at
the same time, the modelled output matched the model test curves at the higher speed intervals. Although not shown in the paper,
similar visual observations can be made for the other vessel groups considered in the study.
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Table 8
Speed-power exponent and speed intervals from the speed dependent regression model for all vessel groups at three draughts: ballast (T}), design (T4)
and scantling (T;). (Continues in Table 9).

Vessel Group Speed [kn] Exponent No. of NR- [-]
Ty Tq Ts
T035-03 (Threshold = 2)
Interval 1 V<9.1 1.38 1.13 0.98 208
Interval 2 9.1<V<11.0 3.48 3.23 3.08 223
Interval 3 11.0<V <131 1.83 1.58 1.42 1207
Interval 4 131<V 2.77 2.52 2.37 175
T039-06 (Threshold = 3.5)
Interval 1 V<11.3 1.90 1.34 0.95 1881
Interval 2 113 < V122 3.26 2.69 2.31 1682
Interval 3 12.2 < V<13.2 1.93 1.36 0.98 2310
Interval 4 13.2<V 3.38 2.81 2.43 880
T050-04 (Threshold = 2)
Interval 1 V<11.9 1.08 1.10 1.11 277
Interval 2 119<V 3.01 3.04 3.05 799
T050-09 (Threshold = 2.5)
Interval 1 V<10.0 1.46 0.85 0.58 425
Interval 2 10.0 < V<11.4 2.50 1.89 1.62 807
Interval 3 11.4 < V<13.0 2.23 1.62 1.35 3762
Interval 4 13.0<V 1.98 1.37 1.10 1765
T050-10 (Threshold = 1.5)
Interval 1 V<9.8 1.11 1.12 1.12 222
Interval 2 9.8 < V<11.8 2.10 2.11 2.11 1239
Interval 3 11.8 < V<131 2.38 2.39 2.39 2148
Interval 4 131<V 3.17 3.18 3.19 517
T050-12 (Threshold = 2)
Interval 1 V<10.8 1.28 1.27 1.26 570
Interval 2 10.8 < VK124 2.10 2.09 2.09 2016
Interval 3 12.4 < V<13.2 2.11 2.10 2.10 1911
Interval 4 132<V 3.45 3.44 3.43 862
T053-13 (Threshold = 6)
Interval 1 V<10.6 1.05 0.81 0.70 922
Interval 2 10.6 < V<12.0 1.63 1.39 1.28 2518
Interval 3 12.0 < V<13.2 1.36 1.11 1.00 5192
Interval 4 132<V 211 1.87 1.76 1601

4.5. Model validation

In order to validate the speed-dependent regression model, the regression can be setup using the NR data for a given vessel group
but leaving out one vessel. Subsequently, the established model can be tested on the vessel left out. Such a validation has been made
with the vessel group T050-12; noticing that Vessel 03 has arbitrarily been selected as the vessel not included. The result of this analysis
can be seen in Fig. 13, where it is seen that the regression model agrees nicely with the NR data from Vessel 03. It can further be noted
that speed breakpoints are the same as when Vessel 03 is included, and the regression model is very close to the previous one seen in
Figs. 10-12.

5. Discussion
5.1. Data

Noon reports are fundamentally based on averages over 24 h which means that the data will be describing how the vessels — on
average — sail during a given 24-h period. Even though the dataset in this study is based on weighted averages of data by use of AIS-
data, which improves the data, the data is still being defined by the speed that the vessel sails at most of the time. This implies that the

higher speed intervals, which the vessel rarely sails within, will be more difficult to capture, if the vessel does not sail at high speeds in
the majority of the given 24-h period. Thereby, a noon report, where a vessel sails relatively fast in a good amount of time, will still be a
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(Table 8 continued) Speed-power exponent and speed intervals from the speed dependent regression model for all vessel groups at three draughts:

ballast, design and scantling.

Vessel Group Speed [kn] Exponent No. of NR [-]
Ty Tq Ty

T074-02 (Threshold = 2)

Interval 1 V<11.6 1.91 0.57 0.31 490

Interval 2 116<V 2.76 1.42 1.17 1080

T074-04 (Threshold = 4)

Interval 1 V<11.5 1.85 1.23 0.96 404

Interval 2 115<V 2.98 2.35 2.08 1528

T075-02 (Threshold = 3)

Interval 1 V<10.7 1.09 0.50 0.23 170

Interval 2 10.7 <V 2.64 2.05 1.78 979

T075-04 (Threshold = 7)

Interval 1 V<11.7 2.32 1.18 0.96 626

Interval 2 11.7<V 2.93 1.79 1.58 1547

T075-05 (Threshold = 2)

Interval 1 V<115 1.33 0.81 0.57 460

Interval 2 115<V 3.28 2.76 2.51 1207

T075-08 (Threshold = 3)

Interval 1 V<10.9 1.60 0.93 0.63 711

Interval 2 109 <V <140 2.28 1.61 1.30 3498

Interval 3 140<V 3.76 3.09 2.79 362

T105-02 (Threshold = -)

Not enough data. Only 327 NR in total.

T110-06 (Threshold = 1.5)

Interval 1 V<115 1.70 1.20 1.08 504

Interval 2 115<V <135 2.89 2.40 2.27 1570

Interval 3 135<V 3.25 2.75 2.63 244

Table 10
R-squared (r?) for the simple and extended model for each vessel group.

Vessel Groups % - Simple model r? - Extended model No. of NR
T035-03 0.694 0.704 1813
T039-06 0.681 0.687 6753
T050-04 0.662 0.722 1076
T050-09 0.609 0.616 6759
T050-10 0.668 0.693 4126
T050-12 0.652 0.675 5359
T053-13 0.376 0.381 10233
T074-02 0.751 0.760 1570
T074-04 0.776 0.791 1932
T075-02 0.699 0.716 1149
T075-04 0.725 0.727 2173
T075-05 0.719 0.757 1667
T075-08 0.665 0.678 4571
T105-02 0.824 - 327
T110-06 0.790 0.812 2318

lower speed data point if the vessel also sails at a lower speed in a fair amount of time. If the study instead had been based on
continuous monitoring data, the shorter periods where the vessel sails fast will be better captured, as also discussed by Themelis et al.
(2018). Similarly, it is expected that the uncertainty associated with the modelled results could be minimised by using continuous

monitoring data (Aldous et al., 2015).

5.2. Existing literature

To the knowledge of the authors, there is just one similar study available in the literature. In the study by Adland et al. (2020),
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T050-12: Noon reports vs Regression vs Model test (Vessel 03 excluded from model)
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Fig. 13. The speed dependent regression model for group T050-12 without Vessel 03. The model is plotted together with noon reports from Vessel
03 at three draughts. The plots also include the corresponding model test curves and the curves based on the simple regression model.

7,600 noon reports for a group of aframax tankers and 4,325 noon reports for a group of suezmax tankers are considered; that is,
11,925 noon reports in total. As such, the 51,826 noon reports in the present study seems like a large extension, but when it is divided
between 15 vessel groups and half of the vessel groups only consists of 2,000 or less noon reports, the vessel groups with more data are
comparable with the vessel groups in Adland et al. (2020). If it was possible to combine similar vessel groups and consider it as one
collective group, there would be a lot more data available for the regression. In fact, it was an initial thought to combine similar vessel
groups but as has been shown in the descriptive statistics there can actually be a lot of variation between vessel groups that, on paper,
look quite similar. Nonetheless, the combination of three vessel groups has been investigated. In the particular case, albeit not shown,
three MR2 vessel groups were combined in order to have 10,562 noon reports in total, but the speed dependent model did not change/
improve much from the three vessel group specific models.

This study also differs from Adland et al. (2020) in regards to tanker sizes since the vessels are significantly smaller in this study.
This difference, however, is not considered to have a large affect on the outcome of the respective regression models. On the other
hand, Adland et al. (2020) is only considering ballast and laden conditions by defining models for each loading condition resulting in
different speed breakpoints for each loading condition. In the present study, the data is divided into ballast, design and scantling
draughts when plotting, but the actual model is using all data where draught is defined as both an additive and interactive term in the
model definition. Thereby, the regression is based on more data and, at the same time, is taking the speed-power exponent as function
of draught into account. In this sense, it is expected that uncertainty in the modelled results is reduced.

Based on the comparison of the R-squared values, which to some extent can be considered a measure of the uncertainty of the
modelled results, the present study is in line with Adland et al. (2020). In the strict sense, it is thus not part of the (direct) findings that
uncertainties are reduced by combining principles from naval architecture with an economic framework, repeating that Adland et al.
(2020), in contrast, rely completely on the latter. On the other hand, it is difficult to compare on a 1-to-1 basis since the underlying
datasets are not the same. Moreover, from a perspective of ship motion dynamics in relation to wave-ship interactions and the related
physics, it is anticipated that the (many) manual choices and decisions, necessary in the pure econometric framework, for describing
and defining wind and waves could/should have a large influence on the modelled results. Unfortunately, however, this was not
investigated by Adland et al. (2020) and it would therefore be interesting to set up a direct comparative study based on the same
dataset, but this is left as a future exercise.

5.3. Slow steaming debate

Based on the results from this study, it is clear that the speed-power exponent is (significantly) below 3 at lower speeds, while it has
been more difficult to show/ prove that the exponent is above 3 at the higher speeds. In consequence, it will definitely lead to
overestimation of the effect of slow steaming if an exponent of 3-4 is assumed at lower speed intervals, which in turn means un-
derestimation of the needed power and thereby fuel. This means that slow steaming at even lower speeds is necessary to achieve the
desired minimisation of fuel. All of this is relevant for the slow steaming debate which can be described as speed optimisation versus
speed reduction (Psaraftis, 2019b). In the present study, the regression-based speed-power exponent is also draught dependent which
means that the exponent for scantling draught is lower than for the ballast draught. Together with the speed dependent speed-power
exponent this makes it more feasible to slow steam on a ballast voyage than a laden voyage. There is therefore better potential for slow
steaming at ballast draughts than for laden draught conditions where speed optimisation would be a better alternative.

This study has been made with data from tankers and the results will therefore not apply to all vessel types but, since bulk carriers
are relatively similar to tankers, similar conclusions could possibly be drawn for bulk carriers. Container ships, on the other hand, differ
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a lot in hull shape, vessel parameters and operational speed, and the current results cannot be transferred to this ship segment. The
literature often states that the speed-power exponent is higher for container vessels than for tankers and bulk carries, reaching values in
the region 4-5 or maybe higher (Psaraftis and Kontovas, 2013; Kristensen, 2010; Kristensen, 2018). However, in the light of this study,
it is possible that the speed-power exponent for container vessels are just as dependent on speed as has been seen for tankers. This could
be relevant to study further with operational data, and, in fact, planing of such a study has been initiated.

As a final comment, it is important to note that fuel consumption and emissions always will be reduced when reducing the speed
and thus power. So, even if the speed-power exponent is lower than expected at lower speeds, the fuel consumption will be lower if the
transport work is kept constant. But it will just not be as rewarding when the increased sailing time is taken into account compared to
an exponent above 3 (Kristensen, 2018). Therefore speed optimisation could be a better solution than just blindly implementing speed
reduction in order to decrease emissions.

6. Concluding remarks and future work

This paper has studied the relationship between attained speed and used power by ships sailing at sea. Notably the paper presented
results focused on the speed-power exponent, or elasticity, of this relationship. A data-driven analysis was made on the basis of a model
established from principles of naval architecture and an economic framework.

Based on noon report data from 88 tankers in the 35,000-110,000 DWT segment, and the development of a draught- and speed-
dependent regression model, it can be concluded that the speed-power exponent for this vessel type is significantly lower than 3 at
speed intervals below the design speed. The study showed that the amount and quality of data can be influential. In order to have
enough data, vessel groups consisting of sister vessels have been studied instead of individual vessels. This choice was based on
descriptive statistics where the operational profile in terms of draught, speed and power was used as metric(s). It has been shown that
the regression model yields results in good agreement with the reported operational data. As part of the investigation, it was observed
that it is more difficult to show an exponent of 3 or above at high speed intervals than it is to show that the exponent is (much) smaller
than 3 at low speed intervals. As such, in a context of practical vessel performance monitoring, the study showed that resistance model
test curves, often used as benchmark, cannot blindly be extrapolated to the full operational speed range by assuming a constant speed-
power exponent.

A speed-power relationship with a constant speed-power exponent will clearly underestimate the needed power when slow
steaming. This means that the effect of slow steaming with respect to fuel consumption is overestimated. It is therefore not as good an
option to slow steam as sometimes stated in the literature. Furthermore, the exponent is almost always stated in literature to be at least
3, and the International Maritime Organization reports (IMO, 2014) "to ensure simplicity of analysis, the speed-resistance relationship
is held as a cubic and no uncertainty is applied”. This gives — erroneously — a good reason for slow steaming when the fuel consumption
is to be decreased. However, since the assumption about a constant speed-power exponent is not valid, speed optimisation is a better
alternative to speed reduction in order to sail more sustainable.

6.1. Future work

The established regression model is kept fairly simple for clarity. At the same time, it is easier to combine it with physics and first
principles; in this case from naval architecture. As has been mentioned, additional terms, both additive and interactive, could be
included in the regression model. Thus, it could be interesting to study the effect of, say, trim, water salinity, water temperature and
water depth. In particular, trim is known to be important in general resistance modelling; especially during sailing in relatively calm
water (small waves).

Added resistance in waves is a complex topic (Strom-Tejsen et al., 1973; Salvesen, 1978; Faltinsen et al., 1980), and a lot of work is
ongoing to improve existing empirical formulas and computational methods for its prediction; noticing that in relative terms the added
resistance in waves become more important for ships sailing at reduced speeds. Although the ISO standards (ISO, 2016a,b,c) include a
method to correct for the added resistance, it could be interesting to apply more advanced methods (e.g., Lang and Mao, 2020; Liu and
Papanikolaou, 2016, 2020; Mittendorf et al., 2021), possibly including one relying on machine learning. At this point, it is noteworthy
that the overall framework itself could be replaced by a machine learning method. In fact, this was attempted by Adland et al. (2020),
finding that the performances of two machine learning techniques (boosting and neural network) were comparable to the ordinary
regression model. However, the details in the purely data-driven approaches are not reported and further investigations, pursuing
machine learning, should be interesting.

Next to what is listed above, the paper has already mentioned a number of other points deserving future considerations, and the
following list summarises these potential future works:

e Conduct a study based on continuous monitoring data, and compare with findings based on noon report data.
e What findings apply to container vessels, where the speed reduction, in absolute numbers, is larger compared to tankers.
e A study should look into how to determine a general relationship between speed and the speed-power exponent as obtained from
towing tank tests conducted around the design speed.
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Appendix A. Operational profile of Vessel Group T050-12

Figs. A.14-A.16
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Fig. A.14. Descriptive statistics for the vessel group T050-12.

T050-12: Draught distribution
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Fig. A.15. Draught distribution for all the T050-12 vessels where similar distributions are seen for each vessel.
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T050-12: Speed distribution
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Fig. A.16. Speed distribution for all T050-12 vessels where similar distributions are seen for each vessel.

Appendix B. Descriptive statistics of all vessels and groups

Tables B.11-B.15

Table B.11

Descriptive statistics for the MR2 vessels and vessel groups.
Vessel Speed [kn] Power [kW] Draught [m] No. of NR [-]

All Ba. La. All Ba. La. All Ba. La. All Ba. La.

T050-04
Vo1 12.3 12.0 12.5 3020 2544 3460 9.3 7.2 11.3 231 111 120
Vo2 12.6 12.4 12.7 3212 2869 3496 9.3 7.2 11.0 395 179 216
Vo3 12.3 12.2 12.4 3124 2723 3482 9.3 7.1 11.3 286 135 151
Vo4 12.2 12.4 12.1 3271 2922 3383 10.2 6.8 11.3 164 40 124
All 12.4 12.2 12.5 3156 2754 3463 9.4 7.1 11.2 1076 465 611
T050-09
Vo1 13.2 13.6 12.8 3749 3909 3567 9.4 7.5 11.6 30 16 14
Vo2 12.1 12.0 12.2 4069 3323 4452 9.9 7.1 11.4 919 312 607
Vo3 12.5 12.7 12.4 4158 3829 4375 9.6 7.3 11.2 946 375 571
Vo4 12.1 119 12.3 3752 3192 4114 9.5 7.3 11.0 812 319 493
Vo5 12.1 12.1 12.1 3790 3294 4049 9.7 7.3 11.0 595 204 391
Vo6 12.4 12.2 12.5 4055 3378 4424 9.7 7.2 11.1 1010 356 654
Vo7 12.1 12.2 119 3851 3430 4087 9.8 7.4 11.2 956 344 612
Vo8 12.2 12.0 12.3 3922 3267 4426 9.4 7.2 11.1 770 335 435
Vo9 12.3 12.0 12.5 4002 3300 4532 9.5 7.3 11.2 721 310 411
All 12.2 12.2 12.3 3961 3394 4308 9.7 7.3 11.1 6759 2571 4188
T050-10
Vo1 11.9 11.6 12.1 2997 2387 3417 9.8 7.5 11.4 454 185 269
Vo2 11.9 11.5 12.2 3142 2755 3493 9.4 7.4 11.1 377 179 198
Vo3 12.0 11.8 12.1 3226 2855 3517 9.7 7.7 11.3 453 199 254
Vo4 11.9 12.1 11.8 3238 3113 3359 9.5 7.7 11.4 404 199 205
Vo5 12.1 119 12.2 3380 2884 3708 9.8 7.6 11.3 434 173 261
Vo6 12.2 11.8 12.5 3152 2520 3603 9.6 7.6 11.1 408 170 238
Vo7 11.8 11.6 12.1 2911 2588 3211 9.3 7.3 11.2 389 187 202
Vo8 11.7 11.2 12.0 2980 2336 3413 9.7 7.6 11.1 316 127 189
V09 12.1 11.7 12.4 3305 2745 3727 9.8 7.7 11.3 428 184 244
V10 12.2 12.2 12.2 3150 2853 3401 9.6 7.6 11.2 463 212 251
All 12.0 11.8 12.2 3154 2722 3494 9.6 7.6 11.2 4126 1815 2311
T050-12
Vo1 12.2 11.7 12.5 3186 2656 3548 9.5 7.4 10.9 446 181 265
Vo2 11.9 11.5 12.2 3212 2623 3660 9.7 7.7 11.3 472 204 268
Vo3 12.2 119 12.4 3075 2545 3470 9.7 7.4 11.4 480 205 275
Vo4 12.1 11.8 12.3 3241 2718 3619 9.6 7.5 11.0 448 188 260

(continued on next page)
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Table B.11 (continued)

Vessel Speed [kn] Power [kW] Draught [m] No. of NR [-]
All Ba. La. All Ba. La. All Ba. La. All Ba. La.
V05 12.3 11.9 12.6 3279 2774 3767 9.4 7.5 11.3 456 224 232
V06 12.3 11.2 12.7 3281 2385 3623 10.3 7.5 11.3 427 118 309
Vo7 12.3 12.3 12.3 3079 2769 3275 9.7 7.6 11.0 476 184 292
Vo8 12.4 12.2 12.4 3162 2764 3421 9.9 7.6 11.4 444 175 269
V09 121 11.8 12.2 3209 2802 3528 9.5 7.7 11.0 455 200 255
V10 12.0 11.8 12.1 3303 2804 3657 9.6 7.5 11.0 361 150 211
Vi1l 12.2 11.8 12.5 3371 2757 3717 9.9 7.5 11.2 433 156 277
V12 12.2 12.2 121 3363 2970 3608 9.9 7.6 11.4 461 177 284
All 12.2 11.9 12.4 3227 2720 3570 9.7 7.6 11.2 5359 2162 3197
Table B.12
Descriptive statistics for the MR2 vessels and vessel groups (Table B.11 continued).
Vessel Speed [kn] Power [kW] Draught [m] No. of NR [-]
All Ba. La. All Ba. La. All Ba. La. All Ba. La.
T053-13
Vo1 12.4 12.4 12.4 4529 4069 4737 9.7 7.4 10.8 835 261 574
Vo2 12.0 11.0 12.3 3744 2972 3961 10.4 7.4 11.2 32 7 25
Vo3 12.7 13.1 12.5 4153 3913 4300 9.7 7.8 10.8 58 22 36
Vo4 12.2 12.0 12.4 4326 3903 4592 9.3 7.1 10.7 1367 527 840
Vo5 12.2 12.2 12.1 4045 3750 4293 9.2 7.3 10.8 858 392 466
V06 12.3 12.3 12.3 4488 4240 4630 9.5 7.2 10.8 1318 482 836
vo7 12.5 12.6 12.4 4334 3999 4559 9.5 7.2 11.0 1066 427 639
Vo8 12.1 12.1 12.1 4175 3813 4394 9.4 7.0 10.8 1107 416 691
Vo9 11.8 11.8 11.8 4446 4103 4715 9.2 7.0 11.0 958 421 537
V10 12.1 12.2 12.1 4066 3727 4301 9.3 7.0 10.9 998 409 589
V11 12.1 12.0 12.2 4247 3693 4577 9.5 7.1 10.9 1060 396 664
vi2 12.2 11.3 12.5 4666 3612 4980 10.4 7.6 11.2 48 11 37
V13 12.1 11.7 12.4 4329 3748 4810 9.2 7.0 10.9 528 239 289
All 12.2 12.1 12.2 4301 3911 4552 9.4 7.1 10.9 10233 4010 6223
Table B.13
Descriptive statistics for the MR1 vessels and vessel groups.
Vessel Speed [kn] Power [kW] Draught [m] No. of NR [-]
All Ba. La. All Ba. La. All Ba. La. All Ba. La.
T035-03
Vo1 11.7 11.4 12.0 3561 3130 4046 8.7 7.0 10.6 499 264 235
Vo2 11.0 10.8 11.3 3028 2612 3455 9.1 7.2 111 241 122 119
Vo3 11.5 11.0 11.9 3178 2716 3584 8.9 6.8 10.6 1073 502 571
All 11.5 11.1 11.8 3264 2825 3685 8.9 6.9 10.7 1813 888 925
T039-06
Vo1 11.8 11.3 12.2 2969 2455 3394 9.1 7.0 10.8 1176 533 643
Vo2 12.0 11.6 12.3 2964 2584 3292 8.9 7.0 10.5 1145 530 615
Vo3 11.6 111 12.0 2793 2365 3215 8.9 7.1 10.6 1200 595 605
Vo4 11.6 11.2 11.9 2652 2306 2937 9.0 7.0 10.7 1074 485 589
Vo5 11.6 11.0 12.2 2821 2271 3253 9.0 7.1 10.6 1168 514 654
Vo6 11.6 11.1 12.1 2792 2265 3278 8.8 6.8 10.7 990 475 515
All 11.7 11.2 121 2835 2378 3230 9.0 7.0 10.6 6753 3132 3621
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Table B.14

Descriptive statistics for the LR2 vessels and vessel groups.
Vessel Speed [kn] Power [kW] Draught [m] No. of NR [-]

All Ba. La. All Ba. La. All Ba. La. All Ba. La.

T105-02
Vo1 11.9 119 11.9 6368 5874 6387 12.8 7.5 13.0 53 2 51
Vo2 11.6 11.1 11.9 5435 4072 6436 10.4 7.2 12.8 274 116 158
All 11.6 11.2 11.9 5586 4103 6424 10.8 7.2 12.8 327 118 209
T110-06
Vo1 12.0 11.8 12.1 4882 4312 5256 11.1 7.7 13.2 490 194 296
V02 12.1 11.8 12.3 4804 4105 5359 10.7 7.4 13.3 479 212 267
V03 12,6 12.6 12.6 5366 4910 5698 10.7 7.5 13.1 425 179 246
V04 11.9 11.6 12.0 4756 3904 5139 11.7 7.7 13.5 348 108 240
V05 12.1 11.8 12.2 4935 4126 5270 11.6 7.5 13.3 287 84 203
V06 12.1 11.5 12.3 4824 3723 5231 11.8 7.5 13.3 289 78 211
All 121 11.9 12.3 4935 4262 5328 11.2 7.5 13.3 2318 855 1463

Table B.15

Descriptive statistics for the LR1 vessels and vessel groups.
Vessel Speed [kn] Power [kW] Draught [m] No. of NR [-]

All Ba. La. All Ba. La. All Ba. La. All Ba. La.

T074-02
Vo1 11.6 11.4 11.8 5107 4307 5678 10.3 7.4 12.3 742 309 433
Vo2 12.3 11.9 12.7 4870 4007 5732 10.2 7.7 12.6 828 414 414
All 12.0 11.7 12.2 4982 4136 5704 10.2 7.5 12.5 1570 723 847
T074-04
Vo1 12.2 12.1 12.2 4103 3600 4524 10.3 7.4 12.7 500 228 272
Vo2 12.1 11.8 12.3 3851 3075 4338 10.8 7.4 129 529 204 325
Vo3 11.9 11.4 12.2 3812 2783 4302 11.0 7.4 12.7 440 142 298
Vo4 12.6 12.5 12.6 4148 3535 4525 10.7 7.3 12.8 463 176 287
All 12.2 12.0 12.3 3978 3287 4417 10.7 7.4 12.8 1932 750 1182
T075-02
Vo1 12.3 12.1 12.4 4036 3249 4513 10.6 7.8 12.3 363 137 226
Vo2 12.2 11.5 12.6 4180 3028 4894 10.7 7.8 12.5 786 301 485
All 12.2 11.7 12.5 4134 3097 4773 10.7 7.8 12.5 1149 438 711
T075-04
Vo1 11.9 11.2 12.6 4349 3296 5331 10.2 7.6 12.6 1133 547 586
Vo2 12.3 11.9 12.6 4518 3858 5120 10.4 8.2 12.5 1040 496 544
All 12.1 11.6 12.6 4430 3564 5229 10.3 7.9 12.6 2173 1043 1130
T075-05
Vo1 11.8 11.3 12.3 3730 3289 4283 9.0 7.1 11.3 320 178 142
Vo2 11.9 11.4 12.3 3590 2863 4179 9.8 7.1 11.9 369 165 204
Vo3 12.1 11.5 12.4 4105 3394 4603 9.6 6.8 11.6 432 178 254
Vo4 12.2 11.5 12.6 3996 3045 4517 10.1 6.9 11.9 464 164 300
Vo5 12.4 12.9 12.0 3730 3483 3953 9.2 6.7 11.5 82 39 43
All 12.0 11.5 12.4 3870 3173 4406 9.7 7.0 11.7 1667 724 943
T075-08
Vo1 12.2 11.7 12.4 5325 4189 5905 10.2 6.8 11.9 385 130 255
Vo2 12.5 12.1 12.8 4988 4027 5675 10.2 7.3 12.3 525 219 306
Vo3 12.6 12.6 12.6 4996 4278 5485 10.4 7.1 12.6 397 161 236
Vo4 11.5 11.7 11.4 5343 4883 5557 10.7 6.9 12.5 723 229 494
V05 12.4 12.0 12.6 4759 3804 5451 10.1 6.9 12.5 723 304 419
Vo6 12.1 11.9 12.2 4940 3970 5442 10.8 7.1 12.7 639 218 421
Vo7 12.3 11.9 12.6 4940 4030 5638 10.5 7.5 12.7 636 276 360
Vo8 12.8 12.4 13.1 5012 4051 5703 10.3 7.2 12.6 543 227 316
All 12.3 12.0 12.4 5026 4131 5589 10.4 7.1 12.5 4571 1764 2807
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Appendix C. Speed-power exponents for model test curves

Table C.16

Table C.16

Transportation Research Part D 99 (2021) 102996

Speed-power exponent for the model test curves for each vessel group at the associated draughts. Some vessel groups have up to six speed-power

curves from the model test but most of them have three curves.

Vessel Groups Ballast Design Scantling
T035-03 T=65m T=98 T=11.8m
3.80 3.69 3.65
T039-06 T=67m T=98m T=119m
3.49 3.49 3.44
T050-04 T=68m T=11.0m T=131m
4.06 3.71 3.47
T050-09 T=67m T=11.0m T=129m
3.65 3.29 3.24
T050-10 T=72m T=11.0m T=133m
3.54 3.40 3.24
T050-12 T=70m T=11.0m T=133m
3.57 3.44 3.31
T053-13 T =7.2m T=80m T=99m T=11.0m T=121m T=132m
3.45 3.38 3.25 3.12 3.06 3.04
T074-02 T=70m T=107m T=122m T=130m T=138m T=144m
3.86 3.65 3.56 3.43 3.44 3.48
T074-04 T=72m T=122m T=144m
3.86 3.27 3.22
T075-02 T=72m T=122m T=145m
3.74 3.31 3.06
T075-04 T=70m T=119m T=132m T=144m
3.94 3.70 3.64 3.48
T075-05 T=70m T=11.0m T=129m
3.81 3.56 3.22
T075-08 T=64m T=12.0m T=14.6m
3.9 3.73 3.65
T105-02 T=68m T=102m T=140m T=15.6m
3.80 3.46 3.24 3.13
T110-06 T=73m T=136m T=152m
3.42 3.02 2.98
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Appendix D. Noon reports vs speed-power curves

T035-03: Noon Reports vs Speed-Power Curves
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T050-09: Noon Reports vs Speed-Power Curves
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T053-13: Noon Reports vs Speed-Power Curves
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T075-02: Noon Reports vs Speed-Power Curves
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T075-08: Noon Reports vs Speed-Power Curves
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