
energies

Article

Optimal Slow Steaming Speed for Container Ships under the
EU Emission Trading System

Nestor Goicoechea 1 and Luis María Abadie 2,*

����������
�������

Citation: Goicoechea, N.;

Abadie, L.M. Optimal Slow Steaming

Speed for Container Ships under the

EU Emission Trading System.

Energies 2021, 14, 7487. https://

doi.org/10.3390/en14227487

Academic Editors: Dalia Štreimikienė,
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Abstract: Slow steaming is an operational measure in ocean-going vessels sailing at slow speeds.
It can help climate mitigation efforts by cutting down marine fuel consumption and consequently
reducing CO2 and other Greenhouse Gas Emissions (GHG). Due to climate change both the European
Union (EU) and the International Maritime Organization (IMO) are analysing the inclusion of
international shipping in the EU Emissions Trading System (ETS) in the near future or alternatively
implementing a carbon tax. The paper proposes a methodology to decide the optimal speed of a
vessel taking into account its characteristics and the factors that determine its economic results. The
calculated cash flow can be used in valuation models. The methodology is applied for a case study
for any container ship in a range from 2000 to 20,000 Twenty-foot Equivalent Units (TEU) on a leg of
a round trip from Shanghai to Rotterdam. We calculate how speed reduction, CO2 emissions and
ship owner’s earnings per year may vary between a business-as-usual scenario and a scenario in
which shipping is included in the ETS. The analysis reveals that the optimal speed varies with the
size of the vessel and depends on several variables such as marine fuel prices, cargo freight rates and
other voyage costs. Results show that the highest optimal speed is in the range of 5500–13,000 TEUs
whether or not the ETS is applied. As the number of TEUs transported in a vessel increases emissions
per TEU decrease. In an established freight rate market, the optimal speed fluctuates by 1.8 knots.
Finally, the medium- and long-term expectations for slow steaming are analysed based on future
market prices.

Keywords: slow steaming; container ship; greenhouse gas emissions; bunker price; freight rate;
optimal decision

1. Introduction

The International Maritime Organization (IMO) is the United Nations agency respon-
sible for the safety and security of shipping and the prevention of marine and atmospheric
pollution by ships. In April 2018, the IMO agreed on an initial strategy on the reduction
of Greenhouse Gas Emissions (GHG) from ships [1]. Initial targets are to reduce CO2
emissions across international shipping by at least 40% by 2030 and aim for 70% by 2050
compared to 2008. This strategy is in line with the Paris Climate Agreement goals [2]. In
December 2019, the European Commission announced the European Green Deal [3], which
proposes to extend the EU ETS to the shipping industry.

In July 2020 the IMO released the fourth IMO GHG Study [4]. Figure 1 depicts the
estimated total shipping GHG emissions including international and domestic shipping,
and fishing. These GHG emissions include carbon dioxide (CO2), methane (CH4) and
nitrous oxide (NO2) expressed in carbon dioxide equivalent (CO2e), and the recognised
2008 base-line figure is 794 million tonnes. Current figures account for about 2.9% of
global anthropogenic CO2 emissions. If the maritime sector were a country, it would rank
sixth between Germany and Japan [5]. The authors acknowledge the importance of global
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warming potential (GWP) in the case of marine fuels. This paper focuses in CO2 emissions
which is consistent with IMO slow steaming reports as only CO2 emissions have price in
the valuation model. However, carbon reduction generates a proportional reduction in
the GWP.

Figure 1. Total estimated greenhouse gas (GHG) emissions from shipping and percentage of total
global emissions. Source: drawn up by authors with data from [4].

Future projections augur an increment in the range of 90–130% in emissions on the
2008 figure by 2050 if no measures are taken [4]. The main GHG producer is international
shipping, in which three types of vessel operate: tankers, bulk carriers and container
ships [6]. In 2018 they produced 147.1, 193.4 and 232.1 million tonnes of CO2, respec-
tively [4]. Faber et al. [7] assert that a short-term measure such as slow steaming could
reduce emissions from the three major ship types (container, bulk and tanker) by a third.
These three types alone account for 52% of global CO2 from ships. The European Union
(EU) [8] asserts that container ships accounted for the largest proportion of GHG in 2018
at over 30%, i.e., 44 million tonnes in Europe based on data from the European Union
Monitoring, reporting and verification THETIS-MRV. In this study we focus on container
ships since this is the type that emits most out of the three, and high sailing speeds in the
container fleet make its business more efficient. The relationship between fuel consumption
and vessel speed is exponential. As a rule of thumb, engine power follows the cube of
speed [9]. Meyer et al. [10] assert that this is an old admiralty formula dating from the times
when ships were operated by coal. Be that as it may, one short-term measure for meeting
GHG targets could be to reduce navigation speed in what is known as “slow steaming”.
Czermanski et al. [11] examine the 2018 global container shipping fleet using an energy
consumption approach and find total emissions of 282 million tonnes sailing at 14 knots
and 407 million tonnes at 18 knots. Mandatory speed limits seem to have a number of
shortcomings [12] and neither the IMO nor the International Chamber of Shipping (ICS)
favours this option.

The cost of a running a vessel breaks down into fixed and variable or voyage costs.
Voyage costs usually include bunker consumption, port costs, channel tolls and cargo
handling costs [13]. Bunkering is the largest cost item for shipping lines and often exceeds
40% of total costs [14]. Zanne et al., however, find that in the operating expenses of a
vessel fuel combustion accounts for 50–70% of the total [15]. Slow steaming is recognised
as an effective short-term measure for reducing GHG, yielding a total fuel saving of
approximately 19% if speed is reduced by 10% [16]. Cepeda et al. [17] carry out a simulation
using a discrete event model of a fleet of thirteen bulk carriers based on fuel consumption,
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emissions and cargo transported under three conditions: sailing at current speeds, in slow
steaming and in Ultra-Low Steaming (ULS). They find a reduction in fuel consumption of
51% for slow steaming and 85% for ULS and a drop in emissions of 22%. Gurning et al. [18]
use a Technique for Order of Preference by Similarity for Ideal Solution (TOPSIS) method
to determine optimal speed. Healy and Graichen [19] analyse slow steaming for different
types of ship and find that its impact is considerably less for smaller vessels.

The bunker price is not the only factor that can force slow steaming. Other factors may
include low freight rates and environmental pressure. Shortly before the financial crisis
sparked by the collapse of Lehman Brothers in 2008, the shipping sector was at the peak of
its economic cycle [20] and ship owners were still ordering ships. Ships designed around
2008 were built based on a scenario in which the bunker price was low and revenues were
high. Therefore, they were designed for high sailing speeds, consuming a lot of fuel. The
2008 global crisis led to a worldwide recession, a decline in global trade and low freight
rates, so ship-owners had to lower their operating costs [21]. They also had to face ship
overcapacity, so many companies decided to reduce speed in order to lower operating costs
and increase transport time to keep the whole fleet sailing.

Psaraftis and Kontovas [22] study the world fleet database to analyse statistics for total
emissions from shipping. They break down CO2 emissions per vessel category and find
that the category which emits the most GHG is the post-panamax container ship fleet with
110.36 million tonnes per year, nearly double the figure for the second highest category,
i.e., new-panamax. The estimated total for emissions from international shipping in 2007
was 872 million tonnes [23]. The life expectancy of a ship is between 25 and 30 years and
building one takes approximately 3 years. The container ships designed in 2008 are now
about 12 years old and have another 15 years of lifetime remaining.

When freight rates are high shipping companies have a high profit margin, so from
an economic perspective energy efficiency is relatively less important than completing as
many legs per year as possible. However, if freight rates are low shipyards compete for
clients [7] and if fuel costs are also high ship owners are more willing to build more efficient
vessels and opt for slow steaming as a very efficient measure [24]. Since the financial
crisis of 2008, the speed of Panamax containers and large containers has dropped from
25–27 knots to 20–22 knots.

Since 2018 the container ship industry has had to factor a new variable into its business
model: a GHG reduction target independent of freight rates and dependent on voyage
costs, which is mandatory to meet IMO and EU environmental regulations. In this re-
gard [25] analyses optimisation measures in a large fleet of Aframax tankers that reduce
fuel consumption and contribute to low-carbon shipping. The author finds that slow
steaming is the most promising strategy, including include propeller change and engine de-
rating. Izquierdo et al. [26] provide a theory on ocean wave mechanics and Vitali et al. [27]
calculate voluntary speed reductions for a number of container ships due to rough weather
conditions and their links to fuel consumption and GHG emissions. They find that there is
a gap between theory and results in practice. Taskar and Andersen [28] analyse fuel savings
from speed reduction in different weather and sea conditions and find that reducing speed
by a third gives fuel savings of 2–45% depending the vessel type and weather conditions.
Other studies analyse GHG emissions from maritime transport from wider viewpoints,
e.g., the life cycle perspective, distinguishing between two different systems: well to tank
and tank to propeller [29]. Lindstad et al. [30] investigate speed reduction, emissions and
costs and find potential for reducing CO2 in maritime transport.

Container ships can carry large volumes of containers more cheaply than other forms
of transport, and are the preferred mode for international trade. Specifically, 90% of the
transport trade is carried out by sea.

In this paper a complex optimisation model for calculating the optimal speed of a
vessel in each round trip sail is developed, the optimal speed depends on some variables.
The model is applied in a study case where vessels are in a range from 2000 TEUs to
20,000 TEUs sailing through the Suez Canal and obtains the optimal operation mode, the
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variable margin, the fuel consumption and the CO2 emissions. Its results depend on the
climate policy adopted to cut the GHG emissions. The proposed model can also be used
with other values because obviously the results depend on fuel consumption of a specific
engine at different speeds and other variables such as canal tolls that may vary due to
political decision from year to year. The results also depend on other circumstances in
each round trip such as weather conditions, unfavourable current or even a canal blockage.
All these situations can be evaluated using the proposed model; however, in this case
the evaluation is undertaken using average values because in a medium and long-term
unfavourable circumstances should be offset by favourable circumstances.

The rest of this paper is organised as follows: Section 2 analyses different method-
ological approaches to decarbonising the maritime industry. Section 3 describes the base
case and the economic model for slow steaming, which optimises the annual margin for
the container ship fleet considering voyage costs. Section 4 shows the valuation of the
optimal speed, variable margin, cost emission and emissions and their interpretation.
Section 5 concludes.

2. Methodological Approaches for Decarbonising Maritime Transport

The third IMO Greenhouse Gas Study predicts an increase in maritime GHG emissions
of 50–250% by 2050 [31] under a business-as-usual scenario, and the fourth IMO GHG Study
forecasts an increase of about 90–130% on 2008 emissions by 2050 depending on economic
growth [4]. Different pathways for decarbonising maritime transport have been are studied
in scientific literature and in the shipping community. They can be arranged into four
groups: alternative fuels, technological measures, operational improvements and Market-
Based Measures (MBM). Depending on their maturity they can also be classified as short-,
medium- and long-term measures. Bouman et al. [32] state that no single measure suffices
to attain GHG targets: various measures are needed as the profiles and interests of the
different fleets and stakeholders vary significantly. Balcombe et al. [6] analyse options for
fuels, technologies and policies, and [33,34] address solutions and policy recommendations
for decarbonising international shipping.

The actual international shipping fleet mainly consume Heavy Fuel Oil (HFO) and
Marine Diesel Oil (MDO). Liquefied gas tankers obviously also burn liquefied natural
gas (LNG) at an average LNG-HFO ratio of 50% [4]. 2015 also saw the start of methanol
consumption in chemical tanker categories. Developing zero CO2 fuels such as bio-fuels,
fuel cells, hydrogen and ammonia entails enormous technical challenges and must be seen
as a long-term measure [35].

Technological measures for improving energy efficiency such as hull and bulbous
bows design improvements, waste heat recovery, hull coating or power and propulsion
optimisation can lower emissions. An in-depth review of the literature on shipping tech-
nology measures for reducing GHG can be found in [32]. There are also mandatory global
regulations such as the Energy Efficiency Design Index (EEDI), which entered into force
in 2013. EEDI [36] measures CO2 emissions based on the performance of machinery and
electrical technologies incorporated into the vessel design [37,38] acknowledge that EEDI’s
impact in decreasing GHG emissions is modest as there are only marginal differences
between EEDI and non EEDI scenarios [39] state that EEDI measures should be applied
under realistic operational sea conditions.

An operational policy measure is addressed by Ship Energy Efficiency Management
Plans (SEEMP) for new and old vessels, requiring them to develop a plan to maximise
operational efficiency in accordance with best practices in bunker operation and voluntary
use of the Energy Efficiency Operational Indicator [36]. This measure does not set targets,
so it is unlikely to reduce emissions significantly [40]. Prill et al. [41] set out a methodology
for defining EEOI for specialised vessels, given that such vessels may find it hard to apply
the IMO recommended method. Other operational improvements such as slower ship
speeds, the use of larger, more efficient ships, weather routing and scheduling would
also help.
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Finally, MBM include tradable permits, pollution charges and ETS carbon prices. In
2015 the EU [42] published its regulation on the monitoring, reporting and verification
(EU MRV) of carbon emissions from maritime transport for ships calling into European
Economic Area (EEA) ports. In 2020 the European Commission presented the 2019 annual
report on CO2 emissions from maritime transport [8] within the scope of EU 2015/757.

In 2018, the IMO adopted an initial strategy for reducing GHG emissions from ships.
One of the objectives is to reduce carbon emissions by at least 40% by 2030 and 50% by
2050 compared to 2008 levels [1]. This strategy also amends the requirements for mandatory
collection of data on bunker consumption, distance travelled and service hours from 2019
for vessels with Gross Tonnages in excess of 5000 t and establishes the IMO Data Collection
System. More short-term measures are to be decided between 2020 and 2023, and proposals
for the mid and long term are to be considered. All this will help to revise the IMO strategy.

In 2019 the EU presented the European Green Deal [3]. This is a roadmap for making
Europe climate-neutral by 2050. The European Green Deal includes seaborne transport
and the EC is looking into extending the emissions trading system (EU ETS) to cover the
maritime sector. This work contributes in this MBM. An EU maritime ETS could result
in incompatibilities with world trade legislation and conflicts with flag states [43]. ECSA
and ICS [44] provide an in-depth analysis of the implications of EU ETS for international
shipping. Other countries such as China have introduced an ETS that extends to shipping
and aviation [45].

The basic idea of MBM is to encourage low-carbon vessels and penalise high carbon
emitters, so another measure proposed is a constant levy on bunkers [46]. This pricing is
not uncertain as it happens in the ETS. Kachi et al. [37] see the opposition of fuel suppliers
as an important barrier for implementing a levy. In any event, funds generated through
carbon pricing can be used for research and design, infrastructure development for zero
emission bunkering and to penalise high-carbon-emitting vessels [47].

3. Methodology
3.1. Case Study

The maritime fleet comprises different types of vessel. In fact, the EU MRV divides
them into 15 categories. This study focuses on the container ships segment because this
is the category whose ships sail most nautical miles per year and emit the most CO2,
(accounting for 30% of all maritime emissions), because the average service speed is the
highest of all categories [8]. This high-speed tendency is due to the business model, that is,
generate the maximum margin, the high-speed tendency is caused by the expectation of
more benefits with more round’s trips and whoever arrives first at port obtains better prices.
Specifically, we focus on five types of ocean-going container ship: panamax, post-panamax,
new-panamax, Ultra-Large Ship Containers (ULSC) and Very Large Container Ships (VLC).
Table 1 shows the main general features of each container vessel.

Table 1. Different types of container ship.

Parameter Panamax Post-Panamax New-Panamax ULSC VLC

Cargo capacity (TEU) 3000–4500 4000–8500 10,000–13,000 13,000–15,000 18,000–20,200
Tonnage (DWT) 58,500 85,000 133,000 156,900 192,670

Length (m) 286 333.9 366 397 400
Beam (m) 32.2 42.9 49 53.6 58.8

Draught (m) 12.0 13.0 15.2 16 16

A large proportion of the world’s containerised trade continues to be carried across
the major East-West containerised trade routes, namely Asia–Europe [48]. The hypothet-
ical vessel will make a round trip between the Chinese coast, Shanghai, the Suez Canal
and the Netherlands (Rotterdam), but the proposed methodology in this Section can be
applied to others round trips. In the relevant literature there may be inconsistencies in
distances between ports. Those differences in legs are due to sudden events such as bad
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weather, wind conditions or the state of the sea [49], and they affect journey distances
and routing decisions [50]. In this paper we develop a complex optimization model that
depends on some variables. The proposed model can be used with other values because
obviously the results depend on fuel consumption of a specific engine at different speeds
and other variables such as canal tolls that may vary due to political decisions from year to
year. The results also depend on other circumstances in each round trip such as weather
conditions, unfavourable current or even a canal blockage. All these situations can be
evaluated using the proposed model; however, an evaluation in a medium and long term
should be done with average values since unfavourable circumstances should be offset by
favourable circumstances.

At https://sea-distances.org/ (accessed on 15 July 2021) the distance between the
ports of Shanghai and Rotterdam via the Suez Canal is recorded as 10,525 nautical miles,
while the website http://ports.com/sea-route/ (accessed on 15 July 2021) shows it as
11,998 NM. Here we use the average of the two, which is in line with the distance reported
in from [33], i.e., 11,078 NM. Another route from Shanghai to Rotterdam is the Northern
Sea route [51].

3.2. The Economic Optimization Model

This Subsection describes the model that for optimising the annual margin. The annual
income of each class of vessel (classified by their size in TEUs) depends on the number of
round trips and on freight rates. Annual voyage costs depend on the variables described
below, such as fuel cost, emission allowance price, port costs for container loading and
unloading, port duties and in this case Suez Canal tolls. The objective is to find the optimal
speed that maximises the annual margin depending on the vessel size (TEUs) and the
corresponding cash flow generated by the variable income and costs.

Table 2 shows the principal variables used in the model, their acronym and its units,
these variables are used in the model as shown in the Equations (1)–(12). All variables used
are compatibles with the round trip (Shanghai–Rotterdam).

Table 2. Variables.

Acronym Description Value/Unit

SS Ship Size in Twenty-foot Equivalent Units (TEUs) 1 From 2000 to 20,000
VS Vessel Speed (knots) (nautical miles per hour) Variable to be optimised
D Distance (nautical miles) 11,078
TS Round trip duration, sailing time (days) TS(VS) = 2D/VS
TT Total duration (days), including time in port TT(VS, SS)
TP Time in port (hours) TP(SS)
NT Number of trips in a year NT(VS,SS)

FBX11 China/East Asia to Northern Europe freight rate ($/FEU) 2

FBX12 Northern Europe to China/East Asia freight rate ($/FEU) 2

CC Capacity Coefficient 0.90
LC Load Coefficient 0.42
C1 Rotterdam fuel cost per round trip C1(VS,SS)
C2 Shanghai fuel cost per round trip C2(VS,SS)

PROT Fuel price in Rotterdam ($/tonne)
PSIN fuel price in Shanghai ($/tonne)
FC Fuel consumption FC(VS, SS)

PCAR Emissions allowance price ($/CO2tonne)
1 20′ × 8′ × 8.5′. 2 Where 1 FEU = 2 TEUs Forty-foot Equivalent Units (40′ × 8′ × 8.5′).

Total duration (TT) is calculated as in Equation (1).

TT(VS, SS) = TS(VS) + 2× TP(SS) =
2D

24×VS
+

2× TP(SS)
24

(1)

https://sea-distances.org/
http://ports.com/sea-route/


Energies 2021, 14, 7487 7 of 25

The number of trips in a year is calculated using Equation (2).

NT(VS, SS) =
365.25

TT(VS, SS)
=

365.25× 24
22,156

VS + 2× TP(SS)
(2)

The income per round trip I(SS) is calculated as per Equation (3).

I(SS) =
1
2
× SS× CC× (FBX11 + LC× FBX12) (3)

where
FBX11 is the China/East Asia to Northern Europe freight rate ($/FEU).
FBX12 is the Northern Europe to China/East Asia freight rate ($/FEU).
CC is the capacity coefficient, with CC = 0.90 being assumed, i.e., the vessel sails with

90% of its maximum TEU capacity.
LC is the load coefficient, with a value of 0.42 calculated using data from [48] for the

2014–2018 for the leg from Rotterdam to Shanghai.
The Rotterdam fuel cost per round trip C1(VS,SS) is calculated as in Equation (4).

C1(VS, SS) =
D

24×VS
× PROT × FC(VS, SS) (4)

where PROT is the fuel price in Rotterdam and FC(VS, SS) is the fuel consumption as a
function of vessel speed and size.

The Shanghai fuel cost per round trip C2(VS,SS) is calculated as in Equation (5).

C2(VS, SS) =
D

24×VS
× PSIN × FC(VS, SS) (5)

where PSIN is the fuel price in Singapore, which is take as the fuel price in Shanghai, and
FC(VS, SS) is the fuel consumption as a function of vessel speed and size.

The port costs for container loading and unloading are assumed to be 44.48 USD (€51)
per loaded container and 35.75 USD (€41) per empty container [52]. That is the same price
for loading and unloading the vessel depending on whether the container is empty or
loaded. The vessel always sails with 90% of its container capacity (CC = 0.90).

When sailing from Shanghai to Rotterdam 90% capacity is loaded. When sailing from
Rotterdam to Shanghai 58% of containers transported are empty and 42% loaded.

Equation (6) shows the Rotterdam port costs per round trip, C3R(SS)

C3R(SS) = SS× CC× [44.48 + 0.58× 35.75 + 0.42× 44.48] (6)

Similarly, Equation (7) shows the Shanghai port costs per round trip C3S(SS).

C3S(SS) = SS× CC× [0.58× 35.75 + 0.42× 44.48 + 44.48] (7)

The total cost ports for loading and unloading per round trip are given by Equation (8).

C3(SS) = C3R(SS) + C3S(SS) = 167.7932× SS× CC (8)

The emissions costs per round trip C4(VS,SS) are calculated using Equation (9).

C4(VS, SS) = SU × 2× D
24×VS

× PCAR × FC(VS, SS)× 3.114 (9)

where PCAR is the emissions allowance price, FC(VS, SS) is the fuel consumption as a
function of the vessel speed and size, 3.114 is the conversion factor and SU is a dummy
variable with value SU = 1 if the round trip is subject to carbon prices and SU = 0 if not.
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The total port duties are calculated in Equation (10).

C5(SS) = 2× FP(SS) (10)

where FP represents port duties as a function of size (SS) (see Appendix A).
FS in Equation (11) gives the Suez Canal tolls for the round trip as a function of size

(SS) (see Appendix B).
C6(SS) = FS(SS) (11)

The annual margin M(VS, SS) is given by Equation (12).

M(VS, SS) = NT(VS, SS)× [I(SS)− (C1(VS, SS) + C2(VS, SS) + C3(SS) + C4(VS, SS) + C5(SS) + C6(SS))] (12)

The rest of the costs and revenues are considered as fixed, so they do not intervene in
the profit maximisation process. Equation (12) is the function to be maximised for each
size value.

TP(SS) is calculated with the Piecewise Cubic Hermite Interpolating Polynomial
(PCHIP) [53,54], using Table 3 values taken from [55] for the midpoint of each size interval
(see Appendix C).

Table 3. Port time (TP(SS)) as function of ship size (TEUs).

Acronym Size (TEUs)

Size (TEUs) 250 750 2000 4000 6500 9000 15,000
Port time (hours) 21.9 27.4 31.1 51.2 86.7 73.8 97.0

Figure 2 shows the original and interpolated values calculated from 2000 TEUs to
20,000 TEUs in steps of 100 TEUs. The data used are consistent with [56], who survey
different stakeholders in the shipping industry and find that marine engines operate 7000 h
per year on average. The shape of Figure 2 is caused because the port time depends on the
number of port cranes used in loading and unloading. The more TEUs the ship carries the
longer it is, so more cranes can be used. For example, at 6000 TEUs only one crane can
work and at 8000 TEUs two cranes would work at the same time.

Figure 2. Port time TP(SS) as a function of ship size (TEUs).
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A matrix 1 × 181 with port time values from 2000 TEUs to 16,000 TEUs with steps of
100 TEUs is calculated.

The fuel consumption of vessels depends on speed and size. Table 4 shows the fuel
consumption (tonnes/day) depending on two variables the vessel size (TEUs) and the
vessel speed (knots), it is a two dimension matrix. Using the figures in Table 4 [57] with
Piecewise Cubic Hermite Interpolating Polynomial (PCHIP), Figure 3 is obtained.

Table 4. Fuel consumption (tonnes/day) as function of speed and size.

Vessel Speed (Knots)
Mean Size (TEUs)

2530 3432 4385 5491 6505 7372 8293 9307 11,680

18 47.0 54.9 52.8 57.9 68.8 77.8 87.9 98.8 124.1
19 56.1 65.6 63.1 69.3 82.2 93.0 105.1 118.1 148.4
20 66.5 77.7 74.7 82.0 97.4 110.1 124.5 139.8 175.7
21 78.1 91.3 87.8 96.4 114.4 129.4 146.2 164.2 206.4
22 - 106.4 102.4 112.3 133.4 150.8 170.5 191.5 240.7
23 - - 118.5 130.1 154.5 174.7 197.5 221.8 278.7
24 - - 136.4 149.7 177.8 201.0 227.2 255.2 320.7
25 - - - 171.3 203.4 230.0 260.0 292.0 367.0

Figure 3. Fuel consumption (FC(VS,SS)) as function of size (TEUs) and speed (knots).

Figure 3 shows the increases in fuel consumption with speed and vessel size. A matrix
with 101 rows (values from 15.5 knots to 25.5 knots in steps of 0.1 knots) and 181 columns
(values from 2000 TEUs to 20,000 TEUs in steps of 100 TEUs) is calculated. Figure 3 shows
values compatible with those in Table 4 extrapolating from 11,680 TEUs to 20,000 TEUs.
This extrapolation is used due to the scarcity of public data availability, so it may be less
accurate for high TEUs values close to 20,000. Fuel consumption is influenced by many
factors such as ship’s geometrical shape, flow resistance, type of screw/thruster, etc. Even
for the same TEU size, depending on the auxiliary and main engines, there may be different
consumption values, which may depend on the cost of the investment. However, the
proposed model can be used for a specific vessel taking into account its characteristics.

Using Equation (2), a 101 × 181 matrix is calculated for NT(VS,SS). This matrix is
represented in Figure 4.
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Figure 4. Number of round trips as a function of size (TEUs) and speed (knots).

The Equation (12) to be optimised also depends on five variables shown in Table 5. For
each variable a daily time series is used with values from 1 March 2018 to 26 February 2021.
The source of marine fuel data for Intermediate Fuel Oil with viscosity 380 mm2/s (IFO380)
is https://shipandbunker.com/prices (accessed on 15 July 2021) the source for freight rates
is https://fbx.freightos.com/ (accessed on 15 July 2021) and the source for carbon prices
is https://www.sendeco2.com/ (accessed on 15 July 2021). The original carbon prices in
€/tonne CO2 were converted to $/tonne CO2 using the European Central Bank (ECB) rate
at https://www.ecb.europa.eu. (accessed on 15 July 2021).

Table 5. Statistics of the variables.

Item Units Mean Minimum Maximum Standard Deviation 90% Confidence Interval

PROT $/tonne fuel 369.66 155.50 593.50 86.292 203.57–496.35
PSIN $/tonne fuel 332.40 123.00 482.50 80.675 181.07–442.92

FBX11 $/FEU 1996.70 1029.10 8455.30 1508.4 1216–6992.3
FBX12 $/FEU 936.47 415.00 1500.60 285.37 602.25–1456.1
PCAR $/tonne CO2 26.688 12.134 48.335 6.5471 16.365–39.926

where:

(a) PROT = fuel price in Rotterdam.
(b) PSIN = fuel price in Shanghai.
(c) FBX11 = China/East Asia to Northern Europe freight rate.
(d) FBX12 = Northern Europe to China/East Asia freight rate.
(e) PCAR = emission allowance price if the round trip is subject to carbon prices.

These variables can be correlated as shown in Table 6:

https://shipandbunker.com/prices
https://fbx.freightos.com/
https://www.sendeco2.com/
https://www.ecb.europa.eu
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Table 6. Pearson correlations.

Variable PROT PSIN FBX11 FBX12 PCAR

PROT 1.000 − − − −
PSIN 0.947 1.000 − − −

FBX11 −0.089 −0.034 1.000 − −
FBX12 −0.652 −0.541 0.523 1.000 −
PCAR −0.183 −0.204 0.700 0.334 1.000

The two fuel prices are closely correlated, with a value of 0.947. This behaviour can
also be seen in Figure 5.

Figure 5. Singapore and Rotterdam IFO380 prices for three years (from 1 March 2018 to 26 February 2021).

The time series for freight rates is represented in Figure 6, showing a strong increase in
the China/East Asia to Northern Europe freight rate (FBX-11 index) since the end of 2020.

Figure 7 shows the trend in carbon prices, showing a strong increase since the middle
of the year 2020.

If shipping is subject to emission rights that must be acquired, this has an effect in
favour of slow steaming, especially in a scenario of high carbon prices.

Figure 8 shows the port duties as function of size. The price in Euros was converted to
US$ using the ECB rate for 26 February 2021 ($1.2121/€), (see Appendix A).

Figure 9 shows the cost of passing through the Suez Canal for a round trip for con-
tainer ships of different sizes in TEUs. These costs are estimated using the Suez online
calculator, https://lethagencies.com/egypt/calculator-suez (accessed on 15 July 2021),
(see Appendix B).

https://lethagencies.com/egypt/calculator-suez
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Figure 6. FBX11 and FBX12 freight rates for three years (from 1 March 2018 to 26 February 2021).

Figure 7. Carbon prices for three years (from 1 March 2018 to 26 February 2021).
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Figure 8. Port duties FP(SS) as function of size in TEUs.

Figure 9. Suez tolls for round trip as function of size in TEUs.

4. Results
4.1. Optimisation

Figures were initially optimised using the mean values from Table 5, so the function
to be optimised was Equation (12). Figure 10 shows the 101 × 181 values for the variable
margin obtained with CO2 allowance prices.

An optimal speed value VS*(SS) is obtained for each size (SS). Figure 11 shows these
optimal values with and without carbon prices. A possible impact of 50% for carbon prices
is also considered.
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Figure 10. Variable margin as a function of size (TEUs) and speed (knots) with CO2 allowance prices.

Figure 11. Optimal speeds as a function of size (TEUs).

For vessels from 13,000 TEUs upwards, it can be seen that as vessels become larger the
optimal speed drops steadily in all three scenarios (without ETS carbon prices and applying
100% and 50% carbon prices). Specifically, comparing the figures with no carbon price and
with a 100% carbon price, optimal speed drops from 19.6 to 17.9 for new panamax, from
19.3 to 17.8 for ULSC and from 18.3 to 17.4 for VLC.
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The highest optimal speeds can be found in the range of 5500–13,000 TEUs. For this
whole segment, if no emission price is applied then optimal speed is 19.6. That figure drops
to 18.7 for a 50% price and 18.0 for a 100% price

For the range from 3000 to 5500 TEUs optimal speed is found to increase exponentially
for all three cases: from 16.6 to 19.6 if no emission price is applied, from 16.2 to 18.7 with a
50% carbon price, and from 15.8 to 17.7 for 100%.

Figure 12 shows the differences in optimal speed between 100% and 50% carbon prices
on the one hand and no carbon price on the other as a function of size.

Figure 12. Optimal speed differences between operation with carbon prices (at 100% and 50% Emissions Trading System
(ETS)) and without carbon prices as a function of size (TEUs).

With a 100% ETS the maximum optimal speed difference for 5500 TEUs (post-panamax)
is 1.9 knots. From 3000 to 5500 TEUs the difference increases exponentially from 0.8 to
1.9 knots. For the panamax fleet the speed difference is 1.4 knots. For the Post-Panamax seg-
ment up to 7000 TEUs the speed difference has a decreasing tendency from 1.85 to 1.5 knots.
From 7500 to 13,500 TEUs (new panamax) the speed difference remains practically the
same at around 1.65 knots. The curve then decreases steadily for ULSC at 1.5 knots and
for VLC at 0.9 knots. In short, as vessels transport more TEUs their optimal speed with no
emission prices tends to converge to the 100% application of carbon prices.

With the application of 50% of ETS the curve follows a similar trend, except that opti-
mal speed difference is found to remain nearly constant from 5000 TEUs up to 15,000 TEUs
at around 0.9 knots. From 15,000 onwards the optimal speed difference does not decrease
as fast as in the 100% ETS scenario: it is 0.8 for ULSC and 0.6 for VLC.

4.2. Optimal Behaviour for Selected Vessels

This subsection outlines the optimal speeds that maximise the annual margin for
different container vessels. We also quantify variable margins, cost emissions and CO2
emissions in three different scenarios: with 100%, 50% and 0% ETS. Table 7 shows all these
variables per vessel and per TEU transported. This breakdown opens up the possibility
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of partial payment of carbon allowances, which could entail being given a percentage for
free. This is equivalent to transferring a percentage to freight rates, increasing the cost for
users. Also note that the total variable margin is the most relevant value because it can
be used with the fixed costs for determining the annual cash flows. These annual cash
flows can be used in financial models to calculate the value of the remaining vessel life,
also the calculated cash flows can be used in an investment valuation model to estimate
the profitability of investing in a vessel, using in this case its characteristics. The proposed
model can be used in each round trip to obtain different values depending on the value of
variables as freight rate, emission prices, fuel prices and others.

Table 7. Optimal behaviour for selected vessels.

Results Minimum Panamax Post-Panamax New Panamax ULSC VLC

2000 4500 8500 13,000 14,800 20,000

With 100% emission price
Optimal Speed (knots) 15.9 17.4 18.0 17.9 17.8 17.4

Variable Margin ($) 5,435,876 16,617,004 32,760,526 50,167,756 56,324,548 67,571,408
Cost of Emissions ($) 810,712 1,315,773 2,438,432 3,645,283 4,006,049 4,446,637
Emissions (tonnes) 30,377 49,302 91,368 136,589 150,107 166,616

Variable Margin ($/TEUs) 2717.94 3692.67 3854.18 3859.06 3805.71 3378.57
Cost of Emissions ($/TEUs) 405.36 292.39 286.87 280.41 270.68 222.33
Emissions (tonnes/TEUs) 15.19 10.96 10.75 10.51 10.14 8.33

With 50% emission price
Optimal Speed (knots) 16.1 18.0 18.7 18.7 18.5 17.8

Variable Margin ($) 5,847,938 17,306,443 34,056,482 52,120,091 58,459,748 69,874,931
Cost of Emissions ($) 416,965 732,825 1,377,294 2,096,556 2,266,558 2,383,289
Emissions (tonnes) 31,247 54,918 103,214 157,116 169,856 178,604

Variable Margin ($/TEUs) 2923.97 3845.88 4006.64 4009.24 3949.98 3493.75
Cost of Emissions ($/TEUs) 208.48 162.85 162.03 161.27 153.15 119.16
Emissions (tonnes/TEUs) 15.62 12.20 12.14 12.09 11.48 8.93

With 0% emission price
Optimal Speed (knots) 16.4 18.8 19.6 19.6 19.3 18.3

Variable Margin ($) 6,276,801 18,091,454 35,552,756 54,375,926 60,901,254 72,368,127
Cost of Emissions ($) 0 0 0 0 0 0
Emissions (tonnes) 32,688 63,144 119,897 182,526 194,593 195,067

Variable Margin ($/TEUs) 3138.40 4020.32 4182.68 4182.76 4114.95 3618.41
Cost of Emissions ($/TEUs) 0.00 0.00 0.00 0.00 0.00 0.00
Emissions (tonnes/TEUs) 16.34 14.03 14.11 14.04 13.15 9.75

With a 100% emission price the most profitable fleet segment is from 8500 to 14,800 TEUs,
where there is a variable average margin of around $3800/TEU, and a cost of emissions
of around $280/TEU, with around 10.5 tonnes/TEU being emitted. For VLC the margin
is $3378.57/TEU and emissions are 8.33 tonnes of CO2 per TEU. Vessels smaller than
panamax are not very profitable and pollute 50% more.

With a 50% ETS the most profitable segment is the 4500–15,000 TEU range at around
$3900/TEU with an average increase of CO2 emissions of around 20% on the above scenario.

If no emission prices are applied emissions increase by around 50% on the 100%
emission price scenario and the variable margin increases by 7% for the most profitable
vessel segment.

In all three scenarios, it is found that as the number of TEUs transported increases the
tonnes of CO2 emitted per TEU decrease. With a 0% emission price the figure drops from
16.34 tonnes for 2000 TEU to 9.75 for VLC and with a 100% emission price it drops from
15.19 tonnes for 2000 TEU to 8.33 for VLC.
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Table 8 shows the differences in optimal behaviour between 100% and 50% carbon
prices and no carbon prices as a function of size.

Table 8. Differences in optimal behaviour of selected vessels.

Results Minimum Panamax Post-Panamax New Panamax ULSC VLC

2000 4500 8500 13,000 14,800 20,000

0% Emission vs 50% emission prices
Optimal Speed (knots) 0.3 0.8 0.9 0.9 0.8 0.5

Variable Margin ($) 428,863 785,011 1,496,273 2,255,835 2,441,506 2,493,196
Cost of Emissions ($) −416,965 −732,825 −1,377,294 −2,096,556 −2,266,558 −2,383,289
Emissions (tonnes) 1441 8226 16,682 25,410 24,737 16,463

Variable Margin ($/TEUs) 214.43 174.45 176.03 173.53 164.97 124.66
Cost of Emissions ($/TEUs) −208.48 −162.85 −162.03 −161.27 −153.15 −119.16
Emissions (tonnes/TEUs) 0.72 1.83 1.96 1.95 1.67 0.82

0% Emission vs 100% emission prices
Optimal Speed (knots) 0.5 1.4 1.6 1.7 1.5 0.9

Variable Margin ($) 840,925 1,474,450 2,792,230 4,208,170 4,576,706 4,796,719
Cost of Emissions ($) −810,712 −1,315,773 −2,438,432 −3,645,283 −4,006,049 −4,446,637
Emissions (tonnes) 2311 13,842 28,529 45,938 44,486 28,451

Variable Margin ($/TEUs) 420.46 327.66 328.50 323.71 309.24 239.84
Cost of Emissions ($/TEUs) −405.36 −292.39 −286.87 −280.41 −270.68 −222.33
Emissions (tonnes/TEUs) 1.16 3.08 3.36 3.53 3.01 1.42

Table 8 shows that for both cases the margin losses are slightly greater than emission
costs in all segments. The difference is greatest for the 100% emission price and smallest
for the VLC segment, at $5.5/TEU for the 50% emission price and $17.51/TEU for the 100%
emission price.

A comparison of the results from applying 50% and 100% emission prices reveals that
the optimal speed difference decreases proportionally by around 50% for all segments to
0.5 for the VLC case in the 50% scenario and 0.9 in the 100% scenario. It is also found that
in the 100% scenario emissions fall by 40% less than in the 50% scenario.

4.3. The Influence of Freight Rates on Optimal Speed

As described in Equation (12), the annual margin depends on income, which is
correlated with the fluctuations in freight rates. Optimal speed is thus directly proportional
to the freight index. Figure 13 shows how optimal speed for all the container fleet varies
from March 2018 to December 2020 according to the monthly variance in freight rates.

Figure 13 shows that as the freight rate increases so does the optimal speed for any
container vessel. Surprisingly, the range of the optimal speed for any container ship
over those three years is around 10 knots. The high FBX11 rates from the beginning of
2020 onwards are unusual (see Figure 6) and are probably influenced by SARS-CoV-2
(COVID-19), as acknowledged in [58]. In an established freight rate market fluctuation, the
range of variation in optimal speed is 1.8 knots, as can be observed from March 2018 to
October 2019.

4.4. Analysis of Sensitivity to Future Emission Prices

Spot carbon prices have tended to rise, as can be seen in Figure 7. Futures prices also
have a growing shape (Table 9).
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Figure 13. Optimal speed for selected vessels depending on the month.

Table 9. Carbon emission futures prices.

Month Price (€/Tonne) Price ($/Tonne)

Mar-21 37.07 44.93
Apr-21 37.07 44.93
May-21 37.07 44.93
Jun-21 37.08 44.94
Sep-21 37.10 44.97
Dec-21 37.13 45.01
Mar-22 37.22 45.11
Jun-22 37.29 45.20
Sep-22 37.37 45.30
Dec-22 37.45 45.39
Dec-23 37.91 45.95
Dec-24 38.57 46.75
Dec-25 39.35 47.70
Dec-26 40.13 48.64
Dec-27 40.91 49.59

Source: www.barchart.com (accessed on 3 February 2021). Converted to $/tonne using a rate of $1.2121/€.

We next explore the impact of carbon prices of $50/tonne and $100/tonne for the
selected vessels. The results are shown in Tables 10 and 11, respectively. In all calculations
it is assumed that carbon prices are not passed on to freight rates.

www.barchart.com
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Table 10. Optimal behaviour of selected vessels with a carbon price of $50/tonne.

Results Minimum Panamax Post-Panamax New Panamax ULSC VLC

2000 4500 8500 13,000 14,800 20,000

With 100% emission price
Optimal Speed (knots) 15.6 16.6 17.1 17.0 17.0 16.9

Variable Margin ($) 4,742,205 15,555,854 30,806,880 47,223,953 53,062,085 63,840,905
Cost of Emissions ($) 1,460,704 2,132,958 3,887,872 5,805,717 6,501,504 7,664,857
Emissions (tonnes) 29,214 42,659 77,757 116,114 130,030 153,297

Variable Margin ($/TEUs) 2371.10 3456.86 3624.34 3632.61 3585.28 3192.05
Cost of Emissions ($/TEUs) 730.35 473.99 457.40 446.59 439.29 383.24
Emissions (tonnes/TEUs) 14.61 9.48 9.15 8.93 8.79 7.66

With 50% emission price
Optimal Speed (knots) 15.9 17.4 18.1 18.0 17.9 17.5

Variable Margin ($) 5,487,153 16,700,226 32,915,483 50,401,575 56,581,730 67,853,307
Cost of Emissions ($) 759,435 1,232,551 2,324,936 3,476,073 3,820,273 4,237,787
Emissions (tonnes) 30,377 49,302 92,997 139,043 152,811 169,511

Variable Margin ($/TEUs) 2743.58 3711.16 3872.41 3877.04 3823.09 3392.67
Cost of Emissions ($/TEUs) 379.72 273.90 273.52 267.39 258.13 211.89
Emissions (tonnes/TEUs) 15.19 10.96 10.94 10.70 10.33 8.48

With 0% emission price
Optimal Speed (knots) 16.4 18.8 19.6 19.6 19.3 18.3

Variable Margin ($) 6,276,801 18,091,454 35,552,756 54,375,926 60,901,254 72,368,127
Cost of Emissions ($) 0 0 0 0 0 0
Emissions (tonnes) 32,688 63,144 119,897 182,526 194,593 195,067

Variable Margin ($/TEUs) 3138.40 4020.32 4182.68 4182.76 4114.95 3618.41
Cost of Emissions ($/TEUs) 0.00 0.00 0.00 0.00 0.00 0.00
Emissions (tonnes/TEUs) 16.34 14.03 14.11 14.04 13.15 9.75

Table 11. Optimal behaviour of selected vessels with a carbon price of $100/tonne.

Results Minimum Panamax Post-Panamax New Panamax ULSC VLC

2000 4500 8500 13,000 14,800 20,000

With 100% emission price
Optimal Speed (knots) 15.5 15.6 16.0 16.0 16.0 16.3

Variable Margin ($) 3,297,326 13,607,750 27,313,231 41,962,346 47,125,122 56,543,639
Cost of Emissions ($) 2,886,546 3,590,512 6,404,877 9,720,684 10,932,893 14,004,003
Emissions (tonnes) 28,865 35,905 64,049 97,207 109,329 140,040

Variable Margin ($/TEUs) 1648.66 3023.94 3213.32 3227.87 3184.13 2827.18
Cost of Emissions ($/TEUs) 1443.27 797.89 753.51 747.74 738.71 700.20
Emissions (tonnes/TEUs) 14.43 7.98 7.54 7.48 7.39 7.00

Tables 10 and 11 show that the optimal vessel speed decreases as the spot carbon
price increases and/or a higher emission price percentage is applied, and consequently
CO2 emissions also decrease. For the container ship range from 4500–15,000 TEUs the
speed difference found is around 3 knots and for VLC it is 2 knots. Emissions savings are
around 3.2 tonnes/TEU for the 50% emission price and 4.8 for the 100% emission price if
the allowance price is $50/tonne, and 6.5 tonnes/TEU if the price rises to $100/tonne.

The variable margin decreases from around $4100, $3800 and $3600/TEU with carbon
at $50/tonne to $3200 at $100/ tonne.

A price increase in emissions or the application of a higher emission percentage would
not affect the variable margin per TEU as much as it lowers CO2 emissions, by nearly 50%
in the most severe ETS scenario, thus helping to meet environmental GHG targets.
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5. Discussion and Conclusions

The IMO has agreed to reduce GHG emissions across international shipping by at
least 40% by 2030 on 2008 figures, which means around 320 million tonnes. Forecasts
predict an increase of 90–130% on 2008 emissions by 2050 in a business-as-usual scenario.
Different measures can be applied to decarbonise the maritime industry. This study focuses
on an operational measure for reducing vessel speed known as slow steaming, which was
common practice 10 years ago when freight rates were low. This measure is related to other
recent proposed MBMs such as pollution charges and ETS carbon prices. The European
Green Deal is looking into extending the ETS to the maritime sector and countries such as
China have already done so.

This study focuses on the container ship fleet, as it accounts for the largest proportion
of GHG and its average service speed is the highest of any category due to its business
model. An economic model is proposed to obtain the optimal speed for any container
vessel from 2000 up to 20,000 TEUs, maximizing its annual economic margin with and
without carbon allowance prices under the EU ETS. We consider voyage costs such as
bunker costs, emission allowance prices, port costs for container loading and unloading,
port duties and canal tolls for a leg of a round trip from Shanghai to Rotterdam via the
Suez Canal. As income we apply the global container freight index.

The proposed model can be used for a specific vessel with its characteristics as several
boats of the same size may have different characteristics depending on ship structure, flow
resistance, engine power, type of screw/thruster and others.

The model calculates the total variable margin using the optimal operation mode what
is the most relevant value because it can be used with the fixed costs in the calculation
of the annual cash flows. These annual cash flows can be used in financial models as
the Net Present Value (NPV) to estimate the value of the remaining vessel life, also the
calculated cash flows can be used to estimate the profitability of investing in a vessel,
using in this case its characteristics. The proposed model can be used dynamically in each
round trip to obtain different values depending on the value of variables as freight rate,
emission prices, fuel prices and others. Optimal behaviour is analysed in three different
scenarios: with 0% emission price and applying 50% and 100% of the emission allowance.
The study also analyses the results from two different perspectives: per vessel and per TEU
transported. The model can be used to calculate the impacts of CO2 emission reduction in a
climate policy on the vessel industry such as the container ship sector. Using representative
input values of the vessel characteristics according to each TEU size range, it is possible
to calculate the effects of profitability and emission reduction in this sector. This model
enables us to know whether, if this MBM is implemented, how much helps to reach IMO’s
environmental targets. This climate policy can also contribute to the reduction of other
GHG proportionally generating a positive impact on GWP.

Our findings, in the case study, reveal that the highest optimal speeds are those of
vessels in the range of 5500–13,000 TEUs. From 13,000 TEUs onwards, as vessels get
larger the optimal speed drops steadily in all three scenarios and the optimal speed with
no emission prices tends to converge to that for 100% application of carbon prices. The
difference in optimal speed for the 50% scenario from 15,000 TEU onwards does not
decrease as fast as in the 100% ETS scenario.

For the 100% emission price scenario the most profitable fleet segment is from 8500
to 14,800 TEUs, where there is a variable average margin of around $3800/TEU and an
emission cost of around $280/TEU, with around 10.5 tonnes/TEU being emitted. For VLC
the margin is $3378.57/TEU and 8.33 tonnes of CO2 is produced per TEU. If no emission
prices are applied, emissions are around 50% higher than in the 50% and 100% emission
price scenarios and the variable margin is 7% higher for the most profitable vessel segment.

In all three scenarios, the tonnes of CO2 emitted per TEU are found to decrease as the
number of TEUs transported in a vessel increases. As freight rates increase so does the
optimal speed for all container vessels: in an established freight rate market the variation
in optimal speed range is 1.8 knots.
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Finally, we conduct a CO2 sensitivity analysis, as there may be considerable volatility
in future market prices. We assume that those prices are not passed on to freight rates.
Optimal vessel speed is seen to decrease as the spot carbon price increases and/or a higher
emission price percentage is applied. A price increase in emissions or the application of a
higher emission percentage does not affect the variable margin as much as it lowers CO2
emissions by nearly 50% in a $100/tonne and 100% application scenario, thus helping
considerably to meet environmental GHG targets.
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Appendix A. Port Duties

On arrival at a port, charges and dues are incurred. We calculate tariffs using the gen-
eral terms and conditions of the Port of Rotterdam for 2021 (https://www.portofrotterdam.
com/sites/default/files/general-terms-and-conditions-including-port-tariffs-2021.pdf (ac-
cessed on 15 July 2021) as shown in Table A1. The port dues calculated are consistent with
the figures proposed by [59] in a study of liner sailing costs (specifically, port charges are es-
timated to be in the range of $7–18/TEU). La Vissiere [60] analyses port dues and classifies
them in two categories: Gross Tonnage-based and cubic feet-based. Meersman et al. [61]
recognise that port pricing is a very complicated matter and sometimes lacks transparency.
Here, we assume that the port duties in Rotterdam and Shanghai are the same.

Table A1. Port duties at the port of Rotterdam in €.

TEU-s Port Dues (€)

2000 24,078.48
3000 35,679.48
4000 47,499.60
5000 59,100.60
6000 70,263.36
7000 81,426.12
8000 92,588.88
9000 104,409.00

10,000 115,571.76
11,000 126,734.52
12,000 137,897.28
13,000 149,060.04
14,000 160,222.80
15,000 170,728.20
16,000 181,671.84
17,000 192,396.36
18,000 203,778.24
19,000 213,845.40
20,000 224,350.80

https://www.portofrotterdam.com/sites/default/files/general-terms-and-conditions-including-port-tariffs-2021.pdf
https://www.portofrotterdam.com/sites/default/files/general-terms-and-conditions-including-port-tariffs-2021.pdf
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Appendix B. Suez Canal Tolls

Ships passing through the Suez Canal have to pay a toll. Toll costs are estimated
through the Suez online calculator, https://lethagencies.com/egypt/calculator-suez (ac-
cessed on 15 July 2021), based on various parameters such as vessel type, Suez Canal Net
Tonnage (SCNT), Gross Tonnage (GRT), draft, northbound or southbound, and laden or
ballast. We estimate that the toll for container ships ranges from 2000 to 20,000 TEU-s.
We calculate draft based on the draft/TEU ratio proposed by [62]. Dead Weight Tonnage
(DWT) is based on the DWT/TEU ratio reported by [63], SCNT is calculated as roughly
half the vessel’s DWT and GRT is calculated using an average GRT/DWT ratio based on
container ships reported in [64]. Entering all these parameters in the Suez online calculator,
the figures shown in Table A2 emerge.

Table A2. Suez Canal toll estimates in US $.

TEU-s Northbound (Shanghai–Rotter.) Southbound (Rotter.-Shanghai)

2000 119,088.36 65,601.04
3000 152,234.35 83,447.10
4000 181,495.07 103,058.41
5000 205,160.30 117,229.73
6000 225,049.74 129,080.32
7000 244,812.42 140,931.92
8000 263,848.82 152,783.01
9000 302,009.92 181,705.56

10,000 320,475.48 190,150.88
11,000 338,886.67 198,596.22
12,000 357,638.99 207,041.54
13,000 376,050.18 215,486.87
14,000 393,298.94 223,682.20
15,000 403,648.87 229,672.03
16,000 416,884.52 237,297.83
17,000 428,677.31 244,104.09
18,000 444,548.65 253,118.95
19,000 452,012.90 257,466.61
20,000 476,664.37 263,453.35

Appendix C. Average Port Time

On arrival in port there can be disruption related to congestion in docks, affecting
whether terminals can attend to a vessel or not. Operational efficiency also differs from port
to port, and there may be disruptions at sea which influence planned vessel schedules [65]
and affect the sailing days per year of a vessel. Wan et al. [33] use a figure of 10 days stopped
at port per loop for a post-panamax container ship. UNCTAD [48] reports a median time
spent in each port on single port calls of 23.5 h for container ships. Container handling
operations depend on the functionality of each port, and Ahmed et al. [66] report an
overall productivity rate for loading and unloading cargo on a quay crane of 61.68 TEUs/.
Obviously, the longer the vessel the more cranes that need to be employed.

In this study we use the data reported by [55], collected over three years (2014–2016)
from the Port Management Information System (PORT-MIS), which show the average
waiting time for berth allocation and average loading/unloading time to give the average
port time per TEU ship size classification (see Table A3).

Table A3. Average port time depending on ship classification.

Ship Classification (TEU) Average Waiting Time (h) Average Berthing Time (h) Average Port Time (h)

10,001–20,000 75.5 21.5 97.0
8001–10,000 54.0 19.8 73.8
5001–8000 69.6 17.1 86.7
3001–5000 36.6 14.6 51.2
1001–3000 22.4 8.7 31.1
501–1000 20.0 7.4 27.4

1–500 14.2 7.7 21.9

https://lethagencies.com/egypt/calculator-suez
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