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Abstract: Maritime transportation is the prevalent mode of transport for overseas freight, and
it is frequently recognised as a relatively environmentally sustainable means of transport. How-
ever, shipping is still a substantial source of greenhouse gas emissions. We investigate the ef-
fect on fuel consumption and emissions when container ships are sailing below the design speed
(i.e., slow steaming) as a strategy to minimise fuel consumption and costs. The estimation of ship
fuel oil consumption is commonly based on the cubic speed-power relation as a bottom-up approach.
Nevertheless, the cubic relation could overestimate the impact of slow steaming on fuel consumption
reduction and the emissions assessment. We compare real fuel consumption data and the consequent
emissions with the results of assessing these parameters with the mentioned bottom-up approach.
The analysis uses a set of container-ship slow steaming voyages, and the assessment is supported by
speeds obtained from the Automatic Identification System (AIS). The exponential values obtained
for the speed-power relation range between 3.1 and 3.5, finding an overrating over 20% in all the
cases analysed. Finally, we use a weather ship routing optimisation software to investigate additional
emissions savings in the framework of ship-specific measures when weather ship routing and slow
steaming are applied simultaneously.

Keywords: slow steaming; fuel consumption; shipping emissions; speed—power relation; weather
ship routing

1. Introduction

The greenhouse gas (GHG) emissions of total shipping have increased from 977 mil-
lion tonnes in 2012 to 1076 million tonnes in 2018 (a 9.6% increase). In 2012, there were
962 million tonnes of CO; emissions, while in 2018, this amount grew by 9.3% to 1056 mil-
lion tonnes [1]. Moreover, a growth in global seaborne trade is forecasted in the near future
because of the world’s growing population, which will translate into an increase in air
pollution from maritime transport. As a result, the International Maritime Organisation
(IMO) has developed and adopted over the years more stringent regulations aimed at dra-
matically abating emissions from vessels [2]. These air pollution regulations focus on the
reduction in CO,, NOy, SOx and PM since these are the main emissions from vessel engines.
Shipping companies have addressed several solutions for meeting the new standards of
cost efficiency, such as the use of ultralow sulphur fuels, scheduling, route optimisation or
the installation of scrubbers inter alia. However, the costs for technically adapting their
fleets to new fuels or affording the installation of abatement techniques are not feasible for
all ship owners. For a number of shipping companies, slow steaming (SS), understood as a
process of deliberately reducing speed in order to minimise fuel consumption (the largest
cost), has seemed to be the main strategy to reduce fuel consumption while preserving
the viability of a service route [3]. For instance, a reduction of 13% in a vessel’s speed
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could lead to CO, emission abatement around 30% [4]. SS led to a significant reduction in
shipping emissions as a consequence of the need to reduce costs after the world financial
crisis in 2008 [5]. Consequently, the IMO adopted SS as an important procedure to reduce
emissions [6]. Nonetheless, in some cases, either more vessels were used or larger vessels
were deployed in order to prevent an increase in transit times or cargo demurrage [7].

There are extensive and multiperspective ways to assess ship emissions based on
methodologies that either combine fuel sales data with emissions (top-down methods)
or are based on vessels’ technical and operating conditions (bottom-up methods) [8,9].
In this sense, bottom-up approaches are widely used because they are ship specific. In
that respect, [10,11] suggest a methodology for the evaluation of the exhaust emissions
of marine traffic by using the Automatic Identification System (AIS). The emissions are
computed based on the relationship between the instantaneous speed and the design speed
and take into account the detailed technical information of the engines installed on board.

This study goes on to analyse the cubic speed-power relation in the slow steaming
condition and to shed some light on the discussion of the suitability of the cubic value
of the exponent as a “universal” for fuel consumption assessments and its influence on
ship emission mitigation. The investigation is underpinned by using real data of the
fuel consumption on a set of container ship voyages in the Mediterranean Sea and then
comparing the results with those obtained when applying the cubic relation. Method-
ologically, the engine power assessment is based on [11], through the assumption that
hull-specific parameters are ship-specific constants. The emissions factors used to assess the
emissions derived from the fuel consumption are taken from [12], as will be detailed in the
methods section.

This paper is structured as follows: After the Introduction (Section 1), the Methods
and Tools section (Section 2) presents the methodology followed to assess the revision of
the speed-power relation exponent together with a description of the vessels and routes
used in the analysis. Section 3 shows the Results from the case study, including the
percentages of the overestimation of fuel consumption and emissions reduction by using
real data in comparison to the previously mentioned methodologies. Additionally, the
results of applying a weather ship routing to slow steaming routes are also presented in
this section. The Discussion section (Section 4) describes the feasibility and the limitations
of the assumptions made, including a simplified comparison of the result obtained with
the average data reported from vessels under annual regulation requirements. Finally, the
conclusions and future developments are underlined in the last section (Section 5).

2. Methodology
2.1. Literature Review

Several studies have analysed slow steaming in terms of CO, emission reduction
while minimizing operation costs. For instance, [13] studied the impact of slow steaming
in the container ship sector depending on bunker prices and concluded that SS reduces
emissions without the adoption of any new technology in a short-term time period despite
the fact that it remains frail in the long term. Additionally, [14] used a large dataset of noon
reports for 16 crude tankers to estimate the fuel consumption—speed curve when sailing
in SS conditions, and they concluded that the classical cubic law is valid only near the
design speed.

Furthermore, [7] warned that even though slow steaming seemed to be the solution
for cutting CO, emissions, this statement required a careful analysis. The aforementioned
study recalls the proportionality between the propulsion power and the speed raised to a
power of 1, pointing out that in some specific cases, this exponent can be up to a maximum
of 6 or 7, values far from the design conditions parametrised by the cubic speed—power law.

Other studies such as [15] used a model based on econometric and naval architectural
data to ascertain that the n exponent diverges from 3 at speed intervals below the design
speed, focusing attention to speed optimisation rather than a systematic reduction in speed
to mitigate emissions. From another point of view, [4] analysed the fuel consumption
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reduction in container ships using slow steaming based on the numerical simulations of
resistance and open water and self-propulsion tests using computational fluid dynamics.
This study concluded that the chosen approach was more reliable than using the assumption
that fuel consumption and the required power are proportional to the cubed value of the
ship speed.

All the studies mentioned above show that the tendency has turned to questions about
the adequacy of the application of the cubic speed-power relation, widely applied for
design conditions [16,17], to analyse the real impact of SS. Considering the cubic relation
(i.e., P = k-v3), the first conclusion would be that reducing speed would mean a straight-
forward reduction in power and thus fuel consumption. However, the aforementioned
studies suggest that maintaining the value of the exponent equal to 3 when the vessel is
not sailing at design speed could lead to inaccuracies when assessing the global benefits of
this operational technique.

2.2. Analysis and Strategic Objectives

The strategy of analysis is underpinned by real fuel consumption data (see Figure 1)
jointly with AIS information for the route and ship characteristics [18]. Firstly, the theoretical
fuel consumption for the routes analysed is calculated following the methodology explained
by Jalkanen [10,11]. As stated in former studies, the formula used to predict the engine
instantaneous power has been the speed-power relation proposed by the International
Maritime Organisation [1,17], using 3 as the exponent value (1). The methodology followed
to estimate emissions based [10,19] is detailed in the authors’ former study [20]. Afterwards,
the speed-power relation exponent is adjusted to the particularities of the operational
characteristics of the container ships under study (adj), thanks to the real fuel consumption
data provided (the names of the vessels have not been revealed following ship-owner
requirements). Finally, the results obtained from applying the cubic rule and the newly
adjusted one are compared with the real fuel consumption data. This comparison is used
to certify that the consumption calculated with the cubic relation (1 = 3) underestimates
the quantity of fuel consumed while the ship is sailing in the SS condition. Furthermore,
this investigation also includes an estimation of the effect of applying weather ship routing
(WSR) for slow steaming voyages in order to assess the savings in fuel consumption derived
from a combination of both operational techniques (i.e., SS plus WSR).

EMISSIONS
EMESIoNS METHODS STRATEGIC
TECHNIQUES OBIJECTIVES
FUEL
(i) IMPACT OF
CUBIC SPEED-
POWER RELATION
REAL FUEL EMISSIONS
— CONSUMPTION A T —
- DATA (FCoy) from real data

(ii) ACCURATE
ESTIMATION OF
SPEED-POWER

RELATION
FUEL

EMISSIONS
CONSUMPTION
n adjusted (FC,;) ASSESSMENT

’ n adjusted

VESSELS & ROUTES’ DATA
AIS, IHS Markit, engine manufacturer data

(iii) EMISSIONS

. REDUCTION
THROUGH
S5+ WSR

FUEL EMISSIONS
—y  CONSUMPTION iz
WSR WSR

-

Figure 1. Diagram of analysis including the data sources, the methods based on fuel and emissions
assessment and the strategic objectives.
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Figure 1 shows the strategy of analysis followed in this study according to the methods
and the strategic objectives described as follows:

(i) Impact of the cubic speed-power relation: Firstly, fuel consumption and emissions
are theoretically calculated by using 3 as an exponent value; secondly, real emissions
are assessed thanks to the availability of real fuel consumption data. The results are
compared in order to assess the impact of the cubic relation.

(if) Accurate estimation of the power relation by using real fuel consumption data
(i.e., the new n exponent adjusted): By using real fuel consumption data, the n
exponent derived from these real data is calculated (1,4;), and it is used afterwards
for the theoretic assessment of fuel consumption. The real data are compared with the
theoretical data obtained with the newly adjusted exponent.

(iii) Added enhancement of WSR for SS cases in terms of ship emissions reduction: the
potential additional reduction in emissions by using WSR on the routes analysed
is assessed.

2.3. AIS and Ships Technical Data

The initial data used to adjust the n exponent are taken from real Automatic Iden-
tification System (AIS) data. The AIS is an automated, autonomous tracking system for
ships’ identification operating in the VHF maritime band. AIS data reports, with static and
dynamic vessel information, were obtained from the marine traffic website (marinetraf-
fic.com) from July 2021 to December 2021. In this study, the required AIS data are the time,
position (latitude and longitude) and Speed Over Ground (SOG) for each of the particular
voyages analysed.

The ship’s technical data are required to estimate fuel consumption and emissions,
and they are obtained from the IHS Markit Sea-web database (installed engine power,
Pinstatied, and design speed, Viyesign). Also, real voyage data are obtained from the ship owner
(maximum continuous rating, MCR; engine load, EL,,,;; engine revolutions, rpm; and real
fuel consumption, FC,,;) and from the engine manufacturer (specific fuel consumption,
SFOCyan, and engine load, ELya1).

2.4. Formulation for Fuel Assumptions and Emissions Assessment
2.4.1. Theoretical Fuel Consumption through the Cubic Relation (n = 3)

First, the consumption for the routes analysed is calculated following the STEAM?2
emissions methodology explained by Jalkanen [11,12] (see Appendix A) by using 3 as the
exponent value (1) for the speed-power relation proposed by the International Maritime
Organisation:

P = ko® 1)

where k is a ship-specific parameter [11]:

k= | ELmanPrusatica @
(Vdesign)

where EL;4; is the engine load from the manufacturer data, Prys,764 is the installed power
per engine (in kW) and Vg, is the design speed (in knots).

With the SOG data assessed in 5 min intervals, the average power needed to maintain
the speed of the vessel over a voyage is calculated:

Pars = k-(vars)" 3)

where P 4 is the average power from the AIS data (in kW), v 4,5 is the average speed from
the AIS intervallic data (in knots) and 7 is an exponent that is equal to 3.
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At this point, the theoretical fuel consumed through the route when considering the
cubic relation can be calculated by

FCineo = Pp1s-SEOC,,p4°t 4)

where FCyy,, is the theoretical fuel consumption (in g), SFOC,,; is the Specific Fuel Oil
Consumption (in g/kWh) assessed from P 475 [9] and ¢ is the total time of the voyage from
the AIS data (in hours).

24.2. Assessment of the Speed-Power Relation Exponent Based on n Adjusted (n,q;)

The availability of real fuel consumption data provides the possibility to determine
an adjusted n exponent applicable per voyage. Firstly, the average power delivered from
engines (P,,,;) can be assessed as the real fuel consumption (FC,.;), SEFOC,,,; data and the
total time of the voyage are already known.

P,.,; would be the average power for the route with the condition of slow steaming:

F Creal

Prea = SFOC,,, -t ®)

where P, is the average power for the route (in kW), FC,,,; is the fuel consumption pro-
vided by the ship owner (in g), SFOC,,; is the Specific Fuel Oil Consumption
(in g/kWh) and t is the time of the voyage from the AIS data (in hours).
Taking into account the following expression, which also assesses the real average
engine power,
Prear = k'(QAIS)nadj (6)

the new speed-power relation exponent 7,; can be isolated given the following expression:

srodL
p lOg 7kmod'
l Zreal
987k _

= @)

~ log(vars) log(vars)

Mggj

Note that Equation (6) is equivalent to Equation (3), but instead of the cubic relation,
the n to be adjusted is considered.

In favour of accuracy, the modified Specific Fuel Oil Consumption (SFOC,,,;) was
assessed rather than using the design condition values, which are not maintained when the
engine runs out of its design conditions. Two different methodologies were considered to
estimate the Specific Fuel Oil Consumption. On the one hand, the formula used to assess
SFOC,;,4 is the one proposed by Jalkanen [12], who state that the assumption of a constant
linear relation between the fuel consumption, EL and SFOC is not certain, as derived from
the engine manufacturer’s data. Instead, there is an approximately parabolic dependency
between them. Using regression analysis from the engine manufacturer’s data [10] leads to
the following equation for a relative SFOC («):

real

a = (0.445-EL2 - O.71-ELWZ) +1.28 8)

where EL,,, is the real engine load average per trip obtained from the ship-owner data.
Equation (8) is also used by the IMO in its 3rd Greenhouse Gas Study to assess the
SFOC [17]:
SFOC,04 = a-SFOCan )

On the other hand, the proposal of [12] has also been used. The author stated that
SFOC,,y4 is not constant over the whole operation range as it depends on the engine load in
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percent of the maximum continuous service rating (% MCR). According to Kristensen [17],
the variation in the SFOC in % for two-stroke diesel engines can be approximated by

SFOCs, = 0.0028-MCR 452 — 0.41- MCR, o1 + 15 (10)
F o
SFOC,04 = SFOCoan + (spocmn-sl(;g") (11)

giving the MCR in % from the ship-owner data.

As per the above formulation, it has to be highlighted that besides taking into
account the Speed Over Ground, this approach also accounts for weather and oceano-
graphic conditions as the engine load used to obtain the results is the real value provided
from ships.

Once the value of n,4; is obtained from both methodologies (SFOC,,4 obtained
alternatively from Equations (9) and (11)), an averaged value is used to estimate the
fuel consumption.

2.4.3. Theoretical Fuel Consumption through Adjusted Speed—Power Relation Exponent

At this stage, the fuel consumed per trip can be assessed through the application of
Equations (3) and (4) recalled below, but taking into account the newly assessed exponent
(nadj):

Pagj = k-(vars)"™" (12)

Fcad]' = ud]"SFOCad]"t (13)

where P4 is the average power considering (”adj)/ 1,4j is the newly adjusted exponent,
FC,4; is the fuel consumption considering 1,4; A SFOC,; is the Specific Fuel Oil Consump-
tion considering the adjusted power.

Obviously, discrepancies between FC,y and FC,, emerge due to the fact that the
former is theoretically assessed, meaning that some assumptions are made, such as an
average engine load over the whole trip. Other factors could be critical, for instance, the
influence of the fuel temperature over the engine performance inter alia.

2.4.4. Emissions Assessment

The total emissions for each pollutant (Et,) per ship and per route can be obtained by
multiplying the fuel consumption by the emission factor for each pollutant analysed [12].
The formula shown in Equation (14) was applied, changing the emissions factor related to
one pollutant or another:

Er, = FC-EF) (14)

where FC is the fuel consumption (in g) and EF) is the emission factor of each pollutant
(units according to Table 1).

Table 1. Summary table of the EF for each pollutant [12].

Pollutant Emission Factor
Carbon dioxide (CO5) EFco, = 3.114(t CO, /t fuel) for HFO

EFsp, = 21-5 (kg SO/t fuel), S being the fuel
sulphur content in %

Sulphur dioxide (SO»)

EFno, =
17 when (rpm < 130)45-rpm =92 (when rpm 130 <
rpm <2000)9.8 (when rpm > 2000)
(in g/kWh)

Nitrogen oxides (NOx) threshold
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Table 1. Cont.

Pollutant Emission Factor

EFpy = 0.26 +0.081-S 4 0.103-52 (g/kWh)
S being the fuel sulphur content in %

(EF for a 2-stroke diesel engine)

EFco = 0.35 (g/kWh)
(EF for a 2-stroke diesel engine)

Particulate matter (PM)

Hydrocarbons (HC)

Carbon monoxide (CO)

2.5. Weather Ship Routing (WSR) Software

In order to investigate the enhancement of operational characteristics such as SS, a
weather ship routing software (SIMROUTE, Version 1; see Appendix B) was used and
applied to the routes described in the next subsection. SIMROUTE [21] is an open-source
software that uses an A* pathfinding algorithm and ship velocity penalisation due to the
waves and has been applied previously in different cases and scenarios [22-24]. The wave
information was obtained from MedSea Copernicus products (see specific procedures
in [20]). The open-source software (GPL Licence), jointly with support manuals, is available
in GitHub.com/ManelGrifoll /SIMROUTE.

The methodology used in the software requires the inclusion of several initial parame-
ters such as (i) the route characteristics (the port of departure and port of arrival) and the
period of study (day/month/year); (ii) the vessel characteristics (the length, deadweight
(DWT) and cruising speed); and (iii) the wave field for the sailing days, planned by the EU
Copernicus Marine Environmental Monitoring Service (CMEMS). Second, the minimum
and optimal routes are obtained for the selected period. Then, technical data from the IHS
Markit Sea-web database (the engine power, design speed, lowest possible Specific Fuel
Oil Consumption and the engine load) are used to estimate the emissions. Finally, the
percentage of fuel savings and emission mitigation are obtained. Daily wave information is
obtained from the Copernicus Marine Service (CMEMS). As the cases selected are routes
in the Mediterranean Sea, the MEDSEA product is used to provide wave information.
SIMROUTE also includes three different parametrisations of the wave effect on navigation:
Aertssen [25], Khokhlov (suggested by Lubkovsky) [26] and Bowditch [27]. As can be
seen in [20], these formulations consider different wave parameters (i.e., a significant wave
height and wave direction) and different ship characteristics, penalising ship speed as the
significant wave height increases.

2.6. Ship Dataset and Route Description

The dataset used in the present study consists of 19 voyages sailed by three Panamax-
type container ships during the second semester of 2021. These ships have similar charac-
teristics, and they follow routes that cover the whole Mediterranean.

Table 2 shows the ships” main particulars. The selected routes are described in
Figure 2A-C, each representing the trips of the container ships M/V “First” (F), M/V
“Second” (S) and M/V “Third” (T), respectively.

Table 2. Case study ships’ main particulars obtained from HIS Markit database (IHS Markit, 2021).

Tﬁ\rg:; C;{)::;:r. Length Breadth Draught ]i::)%\l, I: El;’lgaiirl;le Masxrlj?:;lgn
(GT) (m) (m) (m) (kW) rpm (kn)
M/V “F” 40,030 2009 24478 32.26 12.6 36,560 104 25.5/23.5
M/V “S” 40,452 2010 248.55 32.3 12.6 36,450 104 25/23.5
M/V “T1” 39,906 2007 246.04 32.25 12.63 36,560 104 24.5/23
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Figure 2. Routes considered in the analysis for vessels (A) M/V “F”, (B) M/V “S” and (C) M/V “T".
The red points correspond to the different ports.
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Figure 2 shows the routes followed by the aforementioned vessels and analysed in

this case study. These routes were plotted thanks to the AIS data obtained for each voyage.

Table 3 shows a summary of the main characteristics of the routes studied. Note that
the route IDs include information about the vessels shown in Table 2.

Table 3. Route characteristics for each vessel (F: M/V “First”, S: M/V “Second” and T: M/V “Third”).

Routes Ports Period (Dl\Ii:;?i?:l Ave. SOG Ave. Engine Time
ID (Origin—Destination) = (DD-DD/MM/YY) Miles) (Knots) Load (%) (Hours)
F1 Haifa—Mersin 20-21/11/21 241 20.8 66.8 11.6
F.2 Mersin-Ashdod 22-23/11/21 306 15.2 23.1 20.1
E3 Ashdod-Haifa 24/11/21 67 11.5 10.5 5.8
F4 Haifa-Aliaga 26-28/11/21 655 16.1 25.6 40.6
E5 Aliaga-Pireds 30/11-01/12/22 178 16.2 342 11.0
F.6 Barcelona—Valencia 12-13/12/21 163 12,5 14.0 13.0
S.1 Mersin-Ashdod 29-30/11/21 311 13.1 15.0 23.7
S.2 Ashdod-Haifa 01/12/21 71 10.1 15.0 7.0
S.3 Haifa—Aliaga 04-06/12/21 651 15.8 25.0 411
S.4 Aliaga—Pireds 07-08/12/21 186 14.8 28.0 12.6
S.5 Pireas—Genova 09-12/12/21 994 12.9 18.0 76.5
S.6 Genova-Barcelona 14-15/12/21 369 15.6 20.0 23.6
T.1 Valéncia-Tarragona 06-07/11/21 122 11.1 17.0 11.0
T2 Tarragona-Haifa 07-11/11/21 1716 19.9 67.0 86.0
T.3 Mersin—-Aliaga 15-16/11/21 615 19.2 47.0 32.0
T4 Aliaga—Pireds 17-18/11/21 182 11.0 8.0 16.5
T.5 Pireas—Genova 20-23/11/21 979 13.5 19.0 72.5
T.6 Genova-Barcelona 24-25/11/21 358 15.8 27.0 22.6
T.7 Barcelona—Valencia 26/11/21 160 18.2 45.0 8.8

3. Results

The results obtained with the new exponent value (”adj) compared to the ones ob-

tained by using the cubic exponent (1 = 3) and with the real fuel consumption data are
shown in Table 4 for each case studied (i.e., vessels and voyages). These results reveal an
underestimation of the fuel consumed of 33.6% (the averaged value weighted according
to the sailing speed), reaching values of more than 60% in cases where the vessel is under

very slow steaming sailing conditions.
Consistent with the strategic objectives drawn in Figure 1, the results section is struc-

tured with three different subsections. Firstly, the values related to fuel consumption are
presented. Secondly, a quantitative summary of the emissions assessment is included.
Finally, the benefit in terms of fuel consumption when weather ship routing is applied to

the case study routes is also evaluated.
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Table 4. Comparison between real fuel consumption (FC,,,) and the fuel consumption obtained
by using the cubic relation (FCy,,) and the same relation with the adjusted exponent n (FC,;;)
(per route).

Routes gy e e "o A
F1 20.80 52.70 34.04 3.19 57.67 —35.41% 8.61%
E2 15.20 33.70 26.40 3.14 37.04 —21.65% 9.01%
E3 11.50 4.30 297 3.19 4.59 —30.93% 6.35%
F4 16.10 79.00 62.30 3.12 84.28 —21.14% 6.26%
E5 16.20 26.60 16.43 3.23 29.18 —38.24% 8.83%
E6 12.50 13.50 9.47 3.17 14.26 —29.84% 5.30%
S.1 13.12 27.40 19.07 3.19 29.79 —30.39% 8.03%
S.2 10.10 6.20 3.09 3.37 7.05 —50.13% 12.03%
S.3 15.80 96.40 66.12 3.19 106.78 —31.41% 9.72%
S4 14.76 29.40 20.35 3.21 33.82 —30.77% 13.07%
S5 12.99 150.20 70.34 3.36 166.72 —53.17% 9.91%
S.6 15.63 45.40 35.21 3.12 46.94 —22.45% 3.28%
T.1 11.09 16.41 6.31 3.50 19.50 —61.56% 15.83%
T.2 19.95 431.68 258.30 3.20 448.19 —40.16% 3.68%
T.3 19.22 116.63 84.77 3.14 121.89 —27.32% 4.32%
T4 11.03 12.92 8.38 322 13.88 —35.12% 6.90%
T.5 13.50 113.59 74.56 3.20 119.21 —34.36% 4.71%
T.6 15.84 50.72 36.32 3.17 55.17 —28.38% 8.07%
T.7 18.18 28.48 19.85 3.20 33.60 —30.31% 15.25%

3.1. Fuel Consumption Assessment

Table 4 reveals significant differences in the quantity of fuel consumption assessed
when applying the cubic speed-power relation with regard to the real figures compared to
the values obtained with the newly adjusted speed-power relation. The analysis considers
the over- and underestimation from the real values (i.e., FCyjeo — FCreq and FCpgj — FCpegy)-

This table shows that when the vessels are under very slow steaming conditions
(i.e., sailing speeds of 10-11 knots), the percentages of value discrepancies when applying
the cubic exponent are in the range of 50-60%. A particular example of this assertion can be
seen in route “S.2”, which represents a trip between the Ashdod and Haifa ports that the
vessel nicknamed “Second” undertook in December 2021 (as per Table 3). In this particular
case, the reported fuel consumption was 6.20 tonnes. When theoretically assessing the fuel
consumed under the aforementioned sailing conditions, the values attained with the cubic
relation and the newly adjusted relation (FC,4;) were 3.09 t and 7.05 t, respectively. Even
though the newly adjusted relation overestimated the quantity of fuel consumed by 12%,
the results are almost 40% more accurate than applying the cubic speed-power relation
(FCtieo)- In very slow steaming conditions, when the newly adjusted relation is applied, the
discrepancies are limited to 6-15%.

However, the disparities also appear when the vessels are slow steaming closer to
their design speed, as can be deduced from the route T.2 data. This route represents a case
where vessel “T” sailed from the port of Tarragona to the port of Haifa between 7 and
11 November 2021 (see Table 3). In this specific case, the vessel was slow steaming only
4 to 5 knots below its design speed, and the reported real fuel consumption for that trip
was 431.68 t. When assessing the fuel consumption with the cubic speed-power relation,
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however, the quantity of the fuel obtained was 258.30 t, meaning an underestimation of
40%. This difference was reduced to a 3.68% overestimation when applying the newly
adjusted exponent for the speed-power relation.

In brief, the fuel consumption values obtained by using the adjusted speed-power
relation (1,4) show an average difference from the real fuel consumption data of
3-15%. When comparing the real values with the fuel consumption obtained by apply-
ing the cubic speed-power relation, the discrepancies range from 20% up to 60% of fuel
consumption underestimation.

3.2. Emissions Assessment

As the emission of pollutants is dependent on the quantity of the fuel consumed, it can
be stated that emissions are underestimated in all the cases analysed when the cubic speed-
power relation is used, whereas the results are more accurate when the newly adjusted
relation is applied. According to Equation (12), the disparities in under- or overestimation
percentages are the same as for the fuel consumption due to the proportionality between
fuel consumption and emissions. Table 5 summarises the results for the quantity of pollu-
tants derived from the real fuel consumption and the theoretical assessment of pollutants
when the fuel consumption was calculated by using the cubic (exponent n = 3) and the
adjusted (11,4;) speed-power relation.

Table 5. Summary of emissions assessment per route.

Route FC® Pollutant (t)
CO, SO, NOy PM HC CcO

Real 164.11 0.0055 3.3775 0.0517 0.0993 0.0695

F1 n=3 105.99 0.0036 2.1815 0.0334 0.0641 0.0449
Ny 179.57 0.0060 3.6958 0.0566 0.1087 0.0761

Real 104.94 0.0035 0.6986 0.0107 0.0205 0.0143

E2 n=3 75.99 0.0026 0.5058 0.0077 0.0148 0.0104
Nagj 115.33 0.0039 0.7678 0.0117 0.0226 0.0158

Real 13.39 0.0004 0.0391 0.0006 0.0011 0.0008

E3 n=3 9.25 0.0003 0.0270 0.0004 0.0008 0.0005
Nydj 14.29 0.0005 0.0417 0.0006 0.0012 0.0008

Real 246.01 0.0083 1.8266 0.0279 0.0537 0.0376

F4 n=3 194.01 0.0065 1.4405 0.0221 0.0424 0.0296
Nagj 262.43 0.0088 1.9486 0.0298 0.0573 0.0401

Real 82.83 0.0028 0.8381 0.0128 0.0246 0.0173

E5 n=3 51.16 0.0017 0.5176 0.0079 0.0152 0.0107
Ny 90.85 0.0031 0.9193 0.0141 0.0270 0.0189

Real 42.04 0.0014 0.1653 0.0025 0.0049 0.0034

E6 n=3 29.49 0.0010 0.1160 0.0018 0.0034 0.0024
Nagj 44.39 0.0015 0.1746 0.0027 0.0051 0.0036

Real 85.32 0.0029 0.3606 0.0055 0.0106 0.0074

S1 n=3 59.40 0.0020 0.2510 0.0038 0.0074 0.0052
92.77 0.0031 0.3920 0.0060 0.0115 0.0080

Nadj
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Table 5. Cont.

Pollutant (t)
Route FC (1)
CO, SO, NOy PM HC cO

Real 19.31 0.0006 0.0816 0.0012 0.0024 0.0017

S.2 n=3 9.63 0.0003 0.0407 0.0006 0.0012 0.0008
Nagj 21.94 0.0007 0.0927 0.0014 0.0027 0.0019

Real 300.19 0.0101 2.1734 0.0332 0.0639 0.0447

S.3 n=3 205.92 0.0069 1.4908 0.0228 0.0438 0.0307
Ny 332.51 0.0112 2.4074 0.0369 0.0708 0.0495

Real 91.55 0.0031 0.7479 0.0114 0.0220 0.0154

S4 n=3 63.38 0.0021 0.5178 0.0079 0.0152 0.0107
Ngdj 105.32 0.0035 0.8603 0.0132 0.0253 0.0177

Real 467.72 0.0157 2.3927 0.0366 0.0704 0.0492

S5 n=3 219.05 0.0074 1.1206 0.0172 0.0329 0.0231
Mg 519.16 0.0175 2.6558 0.0407 0.0781 0.0547

Real 141.37 0.0048 0.8081 0.0124 0.0238 0.0166

S.6 n=3 109.63 0.0037 0.6267 0.0096 0.0184 0.0129
Nagj 146.17 0.0049 0.8355 0.0128 0.0246 0.0172

Real 51.10 0.0017 0.2462 0.0038 0.0072 0.0051

T.1 n=3 19.64 0.0007 0.0946 0.0014 0.0028 0.0019
Ty 60.71 0.0020 0.2925 0.0045 0.0086 0.0060

Real 1344.25 0.0453 27.7512 0.4251 0.8162 0.5713

T2 n=3 804.35 0.0271 16.6052 0.2544 0.4884 0.3419
Nydj 1395.66 0.0471 28.8125 0.4413 0.8474 0.5932

Real 363.18 0.01224 5.1659 0.0791 0.1519 0.1064

T.3 n=3 263.96 0.0089 3.7546 0.0575 0.1104 0.0773
Nydj 379.57 0.0128 5.3990 0.0827 0.1588 0.1112

Real 40.23 0.013 0.0887 0.0014 0.0026 0.0018

T4 n=3 26.10 0.0009 0.0575 0.0009 0.0017 0.0012
Nydj 43.22 0.0015 0.0953 0.0015 0.0028 0.0020

Real 353.72 0.0119 1.9154 0.0293 0.0563 0.0394

T5 n=3 232.17 0.0078 1.2572 0.0192 0.0370 0.0259
Nagj 371.22 0.0125 2.0102 0.0308 0.0591 0.0413

Real 157.94 0.0053 1.2412 0.0190 0.0365 0.0255

T.6 n=3 113.11 0.0038 0.8889 0.0136 0.0261 0.0183
Nydj 171.81 0.0058 1.3501 0.0207 0.0397 0.0278

Real 88.69 0.0030 1.2042 0.0184 0.0354 0.0248

T.7 n=3 61.81 0.0021 0.8392 0.0129 0.0247 0.0173
104.67 0.0035 1.4208 0.0218 0.0418 0.0292

Nggj
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The emissions assessment shown in Table 5 reveals a substantial variability in the
quantity of the pollutants assessed, depending on whether the cubic or the adjusted
speed-power relation was used to assess the fuel consumption. In order to investigate
the emissions’ under- or overestimation pattern, Table 5 shows the amount of pollutants
theoretically generated through the routes under study, including the assessment of carbon
mono- and dioxide, sulphur dioxide, particulate matter, hydrocarbons and a threshold for
the nitrogen oxides.

A qualitative examination of the Table 5 data reveals, for instance, that the carbon
dioxide (CO;) for all voyages is equal to 4158.50 t. On the other hand, the total amount
of CO;, when applying the cubic exponent and the newly adjusted one is 2654.05 t and
4451.59 t, respectively. Consequently, it can be ascertained that the cubic speed-power
relation underestimates the total amount of CO; emitted to the atmosphere by 36%, while
the adjusted formulation overestimates the quantity of CO, by 7%, thus being five times
more accurate than the theoretical formulation.

Furthermore, when looking at the other pollutants, as the case of sulphur dioxide, the
percentage of underestimation rises to 41% when using the cubic relation, while there is
only a 2% discrepancy when the adjusted formulation is used. Finally, regarding particulate
matter, the figures are in the same order, with an almost 37% underestimation of emissions
when n = 3 and a 6% overestimation when using 71,;.

In consequence, as derived from the data shown in Table 5, the quantification of the
amount of pollutants is substantially underestimated when applying the cubic speed-power
relation, suggesting the significance of the application of a more accurate formulation for
fuel consumption.

3.3. Benefits of Combined Weather Ship Routing and Slow Steaming

The resolution MEPC.213(63) adopted the 2012 guidelines for the development of a
Ship Energy Efficiency Management Plan (SEEMP). A SEEMP provides a possible approach
to monitoring the ship and fleet efficiency performance over time, and some different
options could be considered when seeking to optimise the performance of the ship. Among
the best practices proposed by the guidelines for the fuel-efficient operation of ships, we can
find weather routing, among others [28]. Therefore, in terms of complying with the actual
and the upcoming emissions regulations, the combination of weather routing optimisation
in addition to slow steaming could be considered. The present study analyses all the routes
and vessels presented in Section 2.6 by using the weather ship routing (WSR) software
SIMROUTE briefly described in Section 2.5.

Figure 3 shows the percentage of time saved and the consequent fuel consumption
reduction when applying weather ship routing in parallel to slow steaming on the case
study vessels and AIS routes plotted in Figure 2. Figure 3 reveals that 15 out of the
19 routes would have saved time if a weather routing software had been used while
sailing. Furthermore, it has to be pointed out that more than 50% of the routes analysed
showed values of time saving above 5%, even though none of the vessels faced bad weather
conditions over the routes covered (only 3 out of the 19 routes occasionally showed waves
above 2 m high). As follows from Figure 3, the range of the time saved oscillates from 0.6%
up to 11.2%, and so does the fuel consumption reduction.

In consequence, as stated above, the simultaneous use of slow steaming and weather
ship routing could provide the targeted emissions reduction, becoming an option that
should not be neglected by stakeholders.
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Figure 3. Percentage of time saved (histogram) and fuel consumption reduction (orange line) when
applying weather ship routing for the study cases shown in Table 3. Blue colour’ bars are for M/V
“F”, green colour for M/V “S” and red colour for M/V “T”.

4. Discussion

Slow steaming is a well-known practice widely applied in the container ship sector as a
consequence of the need to reduce costs after the world financial crisis in 2008 [17,29]. In slow
steaming, the ship speed is deliberately reduced in order to minimise fuel consumption (the
largest cost), leading to a significant reduction in shipping emissions [30-32]. Consequently,
the International Maritime Organisation (IMO) adopted this speed reduction practice as an
important procedure to reduce emissions [17]. However, some studies reveal that sailing
at a reduced speed does not mean that consumption will be reduced according to the
well-known cubic relation [13,14,16,33]. In fact, it can be stated that sailing at less than
the design speed will consume more fuel than expected [13,16,34]. Our results agree with
previous studies discussing the appropriateness of applying the widespread use of the
cubic speed-power relation to evaluate the benefits of the application of slow steaming. For
instance, Ref. [14] reviewed the speed-power relation through the analysis of empirical data
from the examination of a fleet of 16 oil tanker ships to determine the fuel consumption
versus ship speed elasticity under real sea conditions. Their study concluded that the
cubic relation holds true near design conditions but can be substantially lower in smaller
speed ranges. Furthermore, Ref. [15] stated that when vessels sail below the design speed,
slow steaming will not be as beneficial as is often asserted. Their approach is based on a
data-driven model that combines economic analysis with naval architecture and is supplied
with operational data from 88 tankers. Additionally, references stating a value of the
speed-power exponent above five for container ships can be found in the literature [7,35].
Aligned with these studies, our analysis of container ships in the Mediterranean Sea also
suggests differences when the cubic relation is applied.

In order to further emphasise the correlation of the above literature with the results of
our research, Figure 4 shows the n exponent value in terms of the navigational speed. This
figure ascertains that the value of the exponent increases when the speed of the vessels
is reduced for the container ship voyages analysed. This assertion cannot be generalised
to any type of container ship and route as the quantity of data is critical to make more
categorical statements. However, regarding the case study vessels, the data analysed show
a correlation coefficient of 0.51, which means a moderate relationship between the variables
n and speed of navigation. As can be deduced from Figure 4, the value of the n exponent
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tends to three as the vessel’s speed approaches the design speed (23.5 knots). Nevertheless,
when the vessel is sailing in the slow steaming condition, the assumption based on a cubic
exponent for assessing fuel consumption clearly leads to an overestimation of the positive
effect of this operational technique. From the data used in this investigation, a new relation
of n as a function of ship velocity (vcryising € knots) may be found:

1= —0.016-Vcyyising + 345 (15)
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Figure 4. Value of assessed 1 exponent (i.e., 1,4j) in reference to average navigational speed.

Through the application of Equation (15), the parameter n can be approximated,

enabling the measurement of the sensitivity of fuel consumption to changes in speed. In
order to come up with the above expression, several sources were used, as stated in the
Methods section with specific limitations. In this sense, some points are highlighted below:

(i)

(i)

(iii)

A reliable data source is a cornerstone to investigating the reliability of ship emission
assessments. We draw attention to the fact that vessels’ performance data are normally
regarded as sensitive and either are not currently offered by stakeholders or are not
quantitatively significant enough. Therefore, empirical researchers may be forced to
focus on small samplings, and usually the source is from one ship owner only [14].

Several studies use vessels’ data from the AIS to estimate emissions in the same
manner as the present research [11,17]. However, there are limitations in that sense,
as occasionally the data have to be discarded due to excessively large blanks or due to
limitations related to human error that occurred during the data-input process [9,36].
Additional observations have to be highlighted when taking into account operative
considerations. For instance, considering the cubic speed-power relation, the instan-
taneous speed applied plays a very important role since it is a cubed factor, so the
variation in the power obtained by using this approximation is highly dependent on
the ship velocity. However, since the speed obtained through the AIS data is the Speed
Over Ground (SOG) of the ship, it does not manifest the influence of the weather on
the ship and, in turn, on the engine load. This consideration is relevant due to the fact
that most models in the literature assume a constant speed-consumption elasticity
across the expected range of the sailing velocity and for a specific vessel and contour
conditions [14]. However, in the present study, this potential limitation is overcome
thanks to the data provided from the vessels, which include the real engine load per trip.
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In order to emphasise the relevance of using an accurate formulation for fuel
consumption and emissions assessments, Table 6 shows the comparison between the
averaged values, in kg fuel/nmile units, of the real amount of fuel consumed and
the fuel consumption as estimated by using both the cubic relation and the adjusted
speed-power rule formulation. These values are also compared to the data reported
in the annual European Union report for Monitoring, Reporting and Verification (MRV)
(https:/ /mrv.emsa.europa.eu/#public/emission-report (accessed on 20 july 2022)). The
MRV report considers the annual average values provided by the ship owner under the
requirements of the European Union [37]. However, this report contains yearly averaged
data, and it also includes the consumption for auxiliary engines and boilers. In spite of
this, the values obtained when using the cubic relation underestimate the fuel consumption
by an order of 50%, while the nadj-based assessment overestimates consumption by an
average value of 8.5%. The values of the 1,4; also indicate less divergence with the MRV
report, being more reliable for container-ship fuel-consumption assessments. As per [17]
the fuel consumed in auxiliary engines is in the range of 5 to 15% of the main engine
consumption. Therefore, deducting an average 7% from the MRV figures, i.e., for vessel
M/V “T”, the difference between the reported consumption on MRV and the one assessed
with the adjusted n exponent is only 9%, a value that would be further reduced if data on
fuel consumption during manoeuvres were available and taken into account.

Table 6. Comparison among real quantity of fuel consumed and assessed values (i.e., fuel consump-
tion considering n = 3 and the 7,4; exponent).

Average FC (Cubic Average FC (Adjusted

Average Real FC Speed-Power Law Speed-Power Law FC Reported in MRV
Vessel . . . 2021 Report
(kg Fuel/nmile) Formulation) Formulation (ke Fuel/nmile)
(kg Fuel/nmile) (kg Fuel/nmile) grue €
M/V “F” 124.31 92.46 134.31 196.49
M/V “S” 125.95 80.34 139,31 198.81
M/V “T” 154.63 98.26 168.76 195.89

Several assumptions were made to obtain the adjusted exponent for the speed-power
relation. In our analysis, only fuel consumption from the navigation period was considered,
and average values of the power delivered by the engines over the route were used.
Consequently, a deeper analysis on the adjustment of the well-known cubic speed-power
relation should be carried out to set an n exponent threshold, thus making it possible to set
a classification of the ranges of # to apply when assessing fuel consumption on a particular
container ship sailing at a determined slow steaming speed. In order to set these ranges for
the n exponent, the collaboration of the stakeholders by means of providing real data is
crucial. In some cases, they are reluctant to provide large amounts of data for a scientific
analysis, which may introduce uncertainties to the analysis. Intercomparisons with the
literature provide consistency to our research. In our case, despite the scarce quantity of
data available, the values of the n exponent obtained range between 3.1 and 3.5, similar to
several studies, confirming that the outcomes are of the same order. For instance, ref. [38]
establishes an exponent value of 3.3 for container ships under the SS condition, ref. [16]
provides a range from 2.7 to 3.3 and ref. [7] sets a tier from 1.9 to 4.4 depending on the
container ship size and degree of slow steaming. Furthermore, values of the speed—power
law exponent between 3 to 4.2 are found in [17,39] for container ships with a DWT similar
to the case study ones.

Besides pursuing an accurate formulation for the speed-power relation in SS sailing
conditions, we also introduced an analysis of the combined benefits of adding weather ship
routing. The outcomes of these combined techniques (i.e., SS plus WSR) have pointed to
an optimisation of between 0.6% and 11.2% in terms of time over 78% of the cases anal-
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ysed. These percentages might increase when high energetic wave events are considered,
according to previous investigations (e.g., [21,40]).

The effect of applying weather ship routing in the SS routes analysed is particularly
observed in route S.4. In this particular route, the vessel sailed about 180 nautical miles,
maintaining an average speed close to 15 knots. If the route followed was the optimised
route proposed by the WSR software, the time saved would mean a 3.3 t (i.e., 11%) reduction
in fuel consumption in comparison to the real route.

Among other operational measures, slow steaming is noticeable due to its straightfor-
ward and obvious benefits to reduce energy usage, but its potentiality to further reduce
emissions is limited once a slow speed is already in practice. For the greatest emission
reduction potential, other operational solutions must be implemented into the energy-
management strategies of shipping businesses [41].

As noted by [42], research on WSR in world navigation will be a topic deserving
ever more attention in the coming years, in particular with the gradual introduction of
autonomous ships. In this sense, the simultaneous use of different operational techniques
could mean a step forward towards emission abatement and sustainable development in
the maritime industry.

According to [21,40], the savings in fuel consumption may increase when high ener-
getic wave events are considered. In that sense and as stated by Zis, Psaraftis and Ding
(2020), weather ship routing models could also be used in autonomous shipping to avoid
potential damages by avoiding bad weather. The aforementioned study also states that
autonomous vessels will sail at lower speeds, thus increasing the sailing time as there will
not be consequences for seafarers during board periods. As time will not be a constriction,
the optimum route can be optimised be searching for favouring currents to reduce fuel
consumption. Furthermore, ship operators can also utilise weather ship routing to establish
a time frame for a vessel’s arrival based on weather forecasts, particularly when anticipating
potential delays.

However, autonomous vessels will not allow high speeds or will adopt a changing
speed pattern to take time advantage at the beginning of the trip and to be able to adjust its
speed to meet a certain ETA later on. In that sense, engines will work in design conditions
partially as speed may be reduced in high-traffic areas or when having to meet a specific
time window. This fact could mean a reduction in emissions while sailing below the de-
sign speed, but it should be properly analysed, as proved in the present study. Slowing
down the speed is a multicriteria decision as it can be a consequence of overcapacity in de-
pressed market periods, a response to high bunker prices or it can also depend on decision-
making stakeholders.

5. Conclusions and Future Work

Our investigation focuses on the importance of using suitable factors when assessing
the benefits of using slow steaming as an operational technique. Furthermore, this study
includes the assessment of the theoretical fuel consumption abatement when combining
weather ship routing and slow steaming.

Based on 19 study cases of container ship voyages undertaken in the Mediterranean
Sea over the second semester of 2021, the assessed speed-power relation proved to be higher
than the cubic one in all the cases when the vessel sailed below the design speed. Our
results show that the application of this universal relation to assess the fuel consumption
(and emissions) for slow steaming led to underestimation by up to 60%. In consequence, the
validity of this relation when sailing far from design conditions is revised, and the results
show that the value of the exponent increases when the speed of the vessel is reduced for
these particular vessels and sailing conditions.

Additionally, an enhancement towards sustainability is highlighted through the pre-
sentation of the results of combining two operational techniques at the hands of ship
owners such as WSR and SS. The results show an abatement on emissions above 11% in
some cases and an emissions reduction in the 78% of the cases analysed, even though none
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of the vessels faced highly energetic wave events as the waves’ maximum height was below
2 m in all the routes.

To conclude, and as suggestions for future research, an assessment to evaluate the
advantages of maintaining a certain speed and a recommended engine load for low con-
sumption is considered as further work. That means focusing on the reduction in fuel
consumption, emphasizing the use of an optimum speed instead of a persistent use of slow
steaming in order to fulfil the cargo delivery on time.

Furthermore, for a broader perspective of the influence of the n exponent on fuel
consumption assessments, deeper and wider research on container ships is recommended,
as well as on other types of vessels such as tankers or Ro-Pax in order to provide an n
exponent calibrated with real data. In this sense, the collaboration of stakeholders providing
factual on-board fuel consumption figures is a key element in the future developments of
sustainable actions in the maritime industry.
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Appendix A. Emissions Calculation Methodology

The methodology used in this study to estimate emissions was inspired by a The-
oretical Based Method (TBM) with a bottom-up approach named STEAM?2 that obtains
results via modelling with no data recorded onboard [11]. This TBM, which includes input
variables such as the installed power per engine or engine load, was successfully applied
in Ro-Pax ships by Jalkanen et al. [10,11]. Furthermore, Zis et al. presented a case study by
using this methodology in the same type of ship operating in the Arctic Sea [43].

The STEAM2 methodology [10,11] allows for the evaluation of the exhaust emissions of
marine traffic based on the messages provided by the Automatic Identification System (AIS).
The evaluation of [10,11] on WSR was already discussed in Borén et al. [44], concluding that
this method uses ship-specific data to obtain more accurate calculations as it is a bottom-up
methodology. The required data for the emissions assessment and main assumptions for
the study cases are shown in Table A1.

Table Al. Required data for emission assessment methodology.

Input Data Acronym Assumptions
Installed power per engine (in kW) Pristatied From IHS Markit database
According to [10], EL’s
Engine load EL values are around 70% to

80%
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Table Al. Cont.

Input Data Acronym Assumptions

From the corresponding
SFOC manufacturer’s project
guide of the engine

Specific Fuel Oil Consumption
(in g/kWh)

Design speed (in knots) Viesign From IHS Markit database

Sulphur and carbon content of fuel

. SC/CC Depends on the fuel burnt
(in mass percentage)

If engine data are

Main engine revolutions per minute unavailable, the ship is

(in rpm) Rpm assumed to use a 500 rpm
P medium-speed diesel
engine by default
I\/.Iole}r mass of sulphur/su.lp}}ur M(S)/M(SO2)/M(C)/
dioxide/carbon/carbon dioxide
M(COay)

(in g/mol)

The total emissions for each pollutant (ET) per ship and per route is the sum of the
amount of the pollutant (p) emitted into the atmosphere and can be obtained by applying
the following formula, whereby [45] changed the emissions factor related to one pollutant

or another:
ETp = P-EL-EFp-t (A1)

where P is the average output power (in kW), EL is the engine load, EF is the emission
factor of each pollutant (according to Table A2) and t (in hours) is the total time sailed.

Table A2. Summary table of the EF for each pollutant.

Pollutant Emission Factor
Sulphur dioxide (50,) EF(SO;) = M(SO;)n(SO;) = M(SO;)n(S) = M(SOZ)-% (g/kWh)
Carbon dioxide (CO,) EF(CO,) = M(CO,)-n(CO») = M(CO,)-n(C) = M(COZ)-% (g/kWh)

17(rpm < 130)
Nitrogen oxides (NOy) EF (NOx) = 457" "*(130 < rpm < 2000)
9.8(rpm > 2000)
EF(PM) = SFOCRgL(EFsp4 + EF oo + EFocOCEL + EFpc + EF gsp)

Particulate Matter (PM) Where:

SFOCggr = 0.455EL% — 0.71EL + 1.28;
SFOC = SFOCRgL-SFOCMANUFACTURER

The total amount of each pollutant emission can be assessed by adapting Equation
(A1) to the pollutant analysed, as shown below:

n
ETP = ZPf“"-EL?ewEF(p)i-Ati (A2)
i=0

Whereby we obtain Py, with 1 being the number of intervals and f being the time
from node to node for each interval.

In order to estimate the impact of the engine load (EL) change on the Specific Fuel Oil
Consumption (SFOC), the EL for each interval was calculated (ELpew):

proee — P (A3)
P Installed
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As stated in [10], generally, it is assumed that there is a linear relation between fuel
consumption and the EL, and the SFOC is presumed to be constant. Through manufacturers’
data, it can be seen that the SFOC is a nonlinear function of the EL but that there is an
approximately parabolic dependency between them. STEAM?2 assumes a parabolic function
for all engines, giving as a result the following equations for the relative SFOC (SFOC "
and final SFOC (SFOC,,,;) by using a regression analysis:

SFOC!™®® = 0.445 * (new)? — 0.71 % EL"® +1.28 (A4)

rel

SFOC,,; = SFOC"®¥ x SFOC (A5)

rel

Afterwards, the absolute fuel consumption (FC) was estimated as follows:

n
FC =) P*“SFOCI*“At; (A6)
i=0

Appendix B. Weather Routing Software (SIMROUTE)

SIMROUTE is an open-source, versatile and computationally efficient software for
modelling optimal weather ship routes. SIMROUTE targets one of the aspirations of
weather ship routing by minimizing the time of navigation and, in consequence, fuel
consumption and emissions. SIMROUTE has been under active development since 2014 [22]
and offers modular functionalities including economic assessments, safety in navigation
and emissions estimations oriented to determine the benefit produced by the optimised
route, including pre- and postprocessing tools for direct and easy use. SIMROUTE is coded
in Matlab and Python, and the open-source code (GPL Licences), together with the support
materials, is available in GitHub.com/ManelGrifoll/SIMROUTE. Conceptual assumptions
were considered in the development of the SIMROUTE software. SIMROUTE assumes that
the weather effect increases the total resistance acting in a vessel. Therefore, avoiding bad
weather conditions will reduce the sailing time. In addition, it means that reducing the
sailing time will reduce the fuel consumption and the economic cost per voyage.

The computational mesh is established as a function of the grid resolution and the
boundary limits defined as input variables. Once the mesh is obtained, the nodal connection
possibilities are increased to enable smooth destinations composed from a sequence of
edges. Singular points on the mesh boundaries and corners are treated particularly to
avoid nondefined mesh points when node searching. The pathfinding algorithm used in
this work is the A* algorithm. To each connection (edge), a weight related to the distance
is assigned. The great circle (orthodromic) track is used for the spherical coordinates of
the grid nodes even though the navigations with short distances are usually conducted
through the rhumb line. A* solves problems by searching among all the possible paths to
the solution (the goal) for the one that incurs the smallest cost (the least distance travelled,
shortest time, etc.), and among these paths, it first considers the ones that appear to lead
most quickly to the solution. A* is formulated in terms of the weighted mesh: starting from
a specific node of the mesh, it constructs a tree of paths starting from that node, expanding
paths one step at a time until one of its paths ends at the predetermined goal node. At each
iteration of its main loop, the A* algorithm needs to determine which of its partial paths to
expand into one or more longer paths. It does so based on an estimate of the cost (in our
case, the travel time) to go to the goal node. Specifically, A* selects the path that minimises
the total cost function f(n):

f(n) = g(n) +h(n) (A7)

where 7 is the last node on the path, g(n) is the cost of the path from the start node to n
and h(n) is a heuristic that estimates the cost of the cheapest path from n to the goal. The
heuristic is problem specific. For the algorithm, to find the actual shortest path, the heuristic
function must be admissible, meaning that it never overestimates the actual cost to obtain
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to the nearest goal node. The heuristic function used in weather ship routing is the sailing
time associated with the minimum distance between the origin and destination.

SIMROUTE may be applied worldwide in order to estimate the emissions mitigation
through weather ship routing. As an illustrative example, Figure A1 shows an illustrative
case for coastal shipping in Japan between the ports of Hakodate and Kagoshima (route
HAK-KAG). This case test shows how the optimum route follows a path in the opposite
coast of the Honshu Island in comparison to the minimum distance route. In this case, the
time saving is equal to 6.36%.

Figure A1. Case test showing optimised and minimum distance routes from the port of Hakodate to
Kagoshima by using CMEMS products.

The period analysed, the distance sailed and the sailing time are shown in Table A3,
including the saving provided by the optimal route in comparison to the minimum distance
route. The emissions reduction percentage is also shown.

Table A3. Test case results. Time (in h) and distance (in nm) for the case test route Hakodate-Kagoshima.

Min. Dist. . s Opt. Hs max Emiss. Dates
Route Time Opt. Time Min Dist. Dist. Opt/Min (m) Savings % DD/MM/YY
HAK-KAG 66.48 62.25 98,493 986.47 5.26/5.34 13.25 13-14/01/21
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