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Abstract: All branches of industry as well as the maritime transport industry
are encountering the challenge of reducing greenhouse gas (GHG) emissions
to prevent hazardous climate change. The ratification of the Paris agreement
has set a restrain for global average temperature significantly lower than 2 °C
and preferably restrains the growth to 1.5 °C compared to preindustrial lev-
els. Therefore, International Maritime Organization (IMO) has imposed an
aim to decrease carbon dioxide (COz) emissions per transport work by a min-
imum of 40 % by 2030 and to 70 % by 2050 compared to 2008. IMO has pro-
posed various short-term, mid-term, and long-term measures for accom-
plishing this aim. Speed reduction i.e., slow steaming is a crucial short-term
measure, that can be effortlessly implemented, and does not depend upon any
supplementary infrastructure. Even a slight speed reduction will lead to sub-
stantial fuel reduction and therefore substantial CO2 abatement considering
the hypothesis that ship speed and fuel oil consumption are related with the
cubic function. The implementation of slow steaming leads to a larger voyage
time and consequently to a larger number of ships to attain yearly transport
work constant. Therefore, it is essential to analyse the increase in fuel oil con-
sumption and COz emissions due to the larger number of ships engaged in
maritime transport. This paper provides an extensive review of slow steam-
ing and GHG abatement potential and points out the disadvantages of its ap-
plication.

Keywords: ship energy efficiency, GHG emissions, fuel oil consumption, slow
steaming, maritime transport industry.

1. Introduction

Climate change represents one of the most important issues in the 21st
century and it consists of global warming caused by humans as well as the
large-scale impact of global warming on weather patterns. The main cause
of climate change is the emissions of greenhouse gas (GHG), mostly carbon
dioxide (CO2) and methane (CH4), and among other things, one can monitor

*An earlier version of this paper was presented at the 15t Kotor International Maritime Conference -
KIMC 2021, Kotor, Montenegro.
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climate change through the increase in the global average temperature. The
increase in the global temperatures increases the rate of evaporation, which
then leads to more severe storms as well as weather extremes [1]. Further-
more, changes in climate impact ecosystems through the relocation or bio-
logical annihilation of species due to changes of the environment, and it en-
dangers humans with food and water scarcities, floods, infectious diseases,
high temperatures, financial loss, as well as the forced movement of people.
These influences on people have forced the World Health Organization to
declare climate change an utmost danger to worldwide health in the 21st cen-
tury [2]. The increase in the global average temperature can be noticed in
Figure 1, where a simulated and observed change in annual average global
surface temperature is shown [1]. Currently, the increase in the global aver-
age temperature is about 1.2 °C in comparison to pre-industrial levels.

The need for climate action is increasingly emphasized and urgent. One
of the mostimportant documents related to climate action is the Paris Agree-
ment adopted in 2015. At the United Nations (UN) Conference on Climate
Change held in Paris in 2015, 196 members participated in the negotiations
on the Paris Agreement. The ratification of the Paris Agreement started on
22nd April 2016, and it became obligatory on 4th November 2016. Since Oc-
tober 2021, 192 members of the UN Framework Convention on Climate
Change are included in the agreement. It should be noted that the United
States retracted from the Agreement in 2020 but re-joined in 2021. The rat-
ification of the Paris agreement has set a restrain for global average temper-
ature significantly lower than 2 °C and preferably restrains the growth to 1.5
°C compared to preindustrial levels [3], which would substantially decrease
the effects of climate change. To achieve these aims, GHG emissions should
be reduced immediately and attain net-zero by 2050.

In 2016, 73.2 % of global GHG emissions are caused by the energy sector,
18.4 % from agriculture, forestry, and land use, 5.2 % from direct industrial
processes, and 3.2 % from waste. The energy sector is the leading GHG emit-
ter, and these emissions can be classified into several categories. Thus, 24.2
% of global GHG emissions are caused by energy use in industry, 16.2 % from
the transport sector, 17.5 % from energy use in buildings, 7.8 % from unlo-
cated fuel combustion, 5.8 % from fugitive emissions from energy produc-
tion, and 1.7 % from energy use in agriculture and fishing [4].

GHG emissions from the transport sector are very important and their
reduction is necessary. Maritime transport is the most important part of
globalized trade considering that more than 80 % of world trade is con-
ducted at sea by 98140 ships of 100 gross tons (GT) and above, having more
than 2 billion dead-weight tonnage (DWT) and sailing under flags of 150
countries [5]. The majority of the world’s fleet uses carbon-based fuels caus-
ing GHG emissions. The fourth International Maritime Organization (IMO)
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GHG study stated that the portion of emissions caused by ships in global an-
thropogenic emissions has raised from 2.76 % in 2012 to 2.89 % in 2018 [6].
Whatis more, it is predicted that emissions will increase from approximately
90 % of 2008 emissions in 2018 to 90-130 % of 2008 emissions by 2050 for
various possible long-term economic and energy scenarios. The reduction of
emissions growth can be accomplished with further steps regarding the ship
energy efficiency and its emissions [6]. Thus, IMO has proposed an aim to
decrease carbon dioxide (CO2) emissions per transport work by a minimum
of 40 % by 2030 and to 70 % by 2050 compared to 2008 [7]. In addition to
GHG emissions, the maritime transport industry significantly contributes to
the non-GHG emissions i.e., sulfur dioxides and nitrogen oxides, which are
detrimental to the environment [8].
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Fig. 1 - Change in annual average global surface temperature [1].

2. Measures for reducing GHG emissions in the maritime
transport industry

Various measures have been suggested by IMO from 2011 onward to
curb CO; emissions from the maritime transport industry. Thus, the Energy
Efficiency Design Index (EEDI) is introduced for new ships and keeping the
Ship Energy Efficiency Management Plan (SEEMP) onboard is obligatory for
both new and existing ships. Also, data regarding the fuel oil consumption
(FOC), and the other significant data must be collected for ships having 5000
GT and above. Furthermore, it was suggested that the operational perfor-
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mance of ships, which can be examined with the Energy Efficiency Opera-
tional Indicator (EEOI) or some additional indicators, should be monitored

[9].

To achieve a reduction in GHG emissions several possible short-term,
mid-term, and long-term measures were proposed. Thus, candidate
measures listed in Initial IMO Strategy [7] should be within the following
timelines: short-term measures should be completed and agreed by the
Committee between 2018 and 2023, mid-term measures between 2023 and
2030, and long-term measures beyond 2030. Possible candidates for short-
term measures are:

additional development of EEDI and SEEMP,

advancement of technical and operational measures for energy effi-
ciency of both new and existing ships,

introduction of an Existing Fleet Improvement Programme,

speed optimization/speed reduction,

addressing CH4 emissions as well as emissions of Volatile Organic
Compounds,

advancement of policies and strategies to address GHG emissions
from international maritime transport,

continuing and enhancing technical cooperation and capacity-build-
ing activities,

considering and analysing measures to stimulate port developments
and activities globally to facilitate the decrease in GHG emissions
from maritime transport,

R&D activities regarding marine propulsion, alternative low-carbon,
and zero-carbon fuels, as well as innovative technologies for enhanc-
ing ship energy efficiency,

motivations for first movers to develop and embrace new technolo-
gies,

development of robust lifecycle GHG/carbon intensity guidelines for
all types of fuels,

actively promoting the work of the Organization to the international
community, undertaking additional GHG emissions studies, and con-
sidering other studies to inform policy decisions.

Possible candidates for mid-term measures are:

a program for the efficient implementation of low-carbon and car-
bon-free alternative fuels,

operational energy efficiency measures for both new and existing
ships,
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e new mechanism for emissions reduction possibly including Market-
based Measures,

e additional continuation and enhancement of technical cooperation
and capacity-building activities,

e development of a feedback mechanism to enable lessons learned on
the implementation of measures to be collated and shared through
possible information exchange on best practices.

Finally, the potential candidates for long-term measures are pursuing
the development and supply of carbon-free or fossil-free fuels and stimula-
tion and facilitation of the general adoption of other possible new/innova-
tive emissions reduction mechanisms [7].

Usually, the measures for GHG abatement are classified into technologi-
cal and operational measures [9]. Additionally, alternative fuels and energy
sources represent a third category of mitigation measures, which can be con-
sidered the independent one [10]. However, mitigation measures can be
classified differently. Bouman et al. [11] presented a classification of mitiga-
tion measures in five categories including hull design, power & propulsion
system, alternative fuels, alternative energy sources, and operation. The au-
thors also presented the CO, reduction potential of each measure from a cer-
tain category, based on the detailed literature review. Eide et al. [12] con-
cluded that speed reduction, the utilization of natural gas as a marine fuel,
waste heat recovery, and contra-rotating propellers are measures with the
highest CO; reduction potential, among 25 analysed measures. The classifi-
cation of mitigation measures is shown in Figure 2.

As explained within [13], technological or technical measures achieve
CO2 reduction through the utilization of enhanced hardware, while opera-
tional measures achieve this aim through operational effort. Environmen-
tally friendly fuels and alternative power sources can be considered techno-
logical measures since they include modified hardware and new designs.
However, commercial and legal frameworks are also very valuable courses
for the encouragement of the implementation of mitigation measures. They
do not reduce ship’s emissions directly; however, they encourage ship own-
ers or ship operators to implement mitigation measures to fulfill these reg-
ulations.
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Fig. 2 - Mitigation measures within the maritime transport industry [13].
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Even though there are a lot of possible mitigation measures, questions
are being raised about which pathway could assist the maritime transport
industry to accomplish goals defined within the Initial IMO Strategy [7].
Namely, to adopt a particular measure of energy savings, shipping compa-
nies consider the return on the investment [14]. Consequently, only a several
of the listed measures are practically applied, and the most implemented
ones are bulbous bow, energy-saving devices, tuning, derating, and waste
heat recovery of ship engines [15]. A comprehensive review of mitigation
measures for CO, emissions in the maritime transport industry is presented
in [13], where the authors reviewed 268 studies. The authors demonstrated
that the economic and legal frameworks are so far major challenges for the
implementation of mitigation measures. Therefore, the CO; emissions reduc-
tion potential of certain mitigation measure must be observed from an eco-
nomic perspective as well. There are also additional parameters that should
be taken into account before applying certain mitigation measure. For exam-
ple, the application of slow steaming has already started, which can be no-
ticed from the obtained containership operating profiles [16]. However, it is
crucial to point out that due to the application of slow steaming, ships are
operating in conditions significantly different from those for which they
were designed and optimized [17]. Therefore, additional investigations re-
lated to ship hydrodynamic performance for slow steaming conditions, as
well as to the engine operation in such conditions would be beneficial.

3. Slow steaming as a mitigation measure for GHG abatement

To preserve and encourage the development of the maritime transport
industry, which was significantly affected in 2008 because of the worldwide
economic recession as well as reduced demands for maritime transport, sev-
eral measures were adopted by ship owners/ship operators. One of the pos-
sible measures is slow steaming i.e., sailing at a lower speed than the design
speed [18]. The adoption of slow steaming is directly related to saving fuel
costs and is introduced by almost all worldwide shipping companies if the
shipping market is slugged. The reduction of fuel costs arises from the fact
that required power and consequently fuel consumption is nearly related to
ship speed with a cubic function.

The reductions in fuel consumption as well as CO; emissions range from
20 % to 40 %, or even above 60 %, depending on the percentage of speed
reduction [10, 19]. Slow steaming has other benefits which are related to the
adaptability to increase the speed to prevent the detrimental effects of the
randomness of port times, which then improves the service quality [20]. The
selection of the optimal speed represents a dynamic process that includes
balancing advantages and disadvantages. Thus, the benefits of speed reduc-
tion largely depend on charter rates and fuel prices, and the highest savings
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are achieved if the fuel price is high, and charter rates are low [21]. Tillig et
al. [22] analysed the impact of speed reduction on a decrease in fuel con-
sumption and on the environment. The study is carried out for a container-
ship sailing on a Pacific Ocean trade route. The authors demonstrated that
an increase in fuel price will cause significant economic motivation for speed
reduction in liner traffic. Degiuli et al. [23] presented the benefits of slow
steaming for a containership on a sailing route through the Mediterranean
Sea. The authors estimated the decrease in fuel consumption and CO; emis-
sions both in calm water and in waves due to the application of this short-
term measure. Shipowners or ship operators will utilize speed reduction,
only if the saved fuel cost is higher than the incurred capital and operating
costs [24]. Therefore, it is worthwhile to analyse the critical fuel prices at
various speeds to determine the optimal speed.

Adland et al. [25] developed an adaptable framework for the assessment
of the relationship between fuel consumption and speed. The authors have
demonstrated that the cubic relationship between fuel consumption is accu-
rate only around the design speed. Furthermore, the speed exponent can be
significantly lower at the speeds which were noticed in noon reports.
Berthelsen and Nielsen [26] analysed the relation between speed and re-
quired power using a coupled econometric and naval architecture data-
driven model based on the operational data from noon reports. The authors
showed that the speed power exponent is substantially lower than three at
lower ship speeds. This is important for the discussions regarding the ad-
vantages of slow steaming since the introduction of slow steaming may not
be beneficial as commonly stated. Taskar and Andersen [27] investigated
fuel savings related to speed reduction using detailed modelling of ship per-
formance. The authors concluded that the classical cubic law can be a source
of a substantial error in the determination of fuel consumption. Further-
more, the authors demonstrated that savings in fuel consumption due to the
application of slow steaming depend on weather conditions. Medina et al.
[28] estimated the total resistance and the fuel consumption for container-
ships at full load, taking into account the impact of wind and waves according
to the Beaufort scale. Since added resistance in waves has a substantial effect
on fuel consumption, the authors presented the wind and wave hindcast cli-
mate information as well as the increases in added resistance for these con-
ditions to allow a more accurate “a priori” assessment of fuel consumption.

A very important review regarding the ship voyage optimization based
on the control of emissions is presented within [29]. In [29] a careful review
of the recent articles regarding the voyage optimization driven by emissions
is presented and the investigation of the state-of-art and additional identifi-
cation of possible future work are presented. Lashgari et al. [30] proposed a
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scenario-based stochastic linear integer programming model which consid-
ers routing, sailing speed, and bunkering policy under the uncertainty of fuel
price together. They demonstrated that the proposed model could achieve a
reduction in total costs and provide acceptable decisions regarding speed
and route optimizations. Ng [31] analysed the relationship between the sail-
ing speed and the number of ships required to attain yearly transport work
constant. The author demonstrated that there is only a limited choice re-
garding the number of ships to deploy.

Even though there are lots of benefits related to the introduction of slow
steaming, there are many concerns related to a mandatory slow steaming
policy. The most important concern is related to the fact that slow steaming
will result in an increased voyage time, weakened just-in-time delivery ser-
vice, and reduced yearly ship’s number of voyages, which could result in the
risk of distorting the market. The increase in voyage time is of particular im-
portance for cold chain logistics, such as fresh fruit, vegetables, and meats
since increased voyage time could lead to degradation of product quality and
higher energy consumption for refrigeration [32]. Furthermore, slow steam-
ing could alter transportbecause of increased voyage time, and traders could
choose air or road transport as an alternative, which is inopportune from an
environmental point of view [13]. Also, the world fleet could expand, and
capital investments could increase due to the mandatory slow steaming
since a higher number of ships would be necessary to attain the yearly
transport work constant [13]. Even though increased voyage time associated
with lower speeds means more ships or load is required to attain yearly
transport work constant, a 10 % reduction in speed may result in a total av-
erage emissions reduction of 19 % [33, 34]. Finally, ships would operate in
conditions that are significantly different from those for which they were de-
signed and optimized [17]. This is of particular importance for engine oper-
ation since the application of slow steaming causes the engine to operate at
lower loads. Guan et al. [35] demonstrated the significance of blower activa-
tion at lower loads, and the fact that without it, a significant increase in ex-
haust gas temperature and thermal loading would occur. Besides the opera-
tion of the main engine, which needs to be carefully investigated under the
lower loads, there is the requirement for optimization of auxiliary systems
to improve the energy efficiency [36].

Consequently, several technical, market, and economic factors including
voyage number, chartering time, customer demand, and additional opera-
tional costs will impact the slow steaming. Mandatory slow steaming would
resultin reduced CO; emissions from the maritime transport industry. How-
ever, the imposition of mandatory application of slow steaming would sig-
nificantly impair the sustainable growth of the maritime transport industry
in the longer term since the application of slow steaming does not encourage
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innovative novel technologies for emission mitigation [13]. On the other
hand, policies regarding speed reduction could be introduced within the reg-
ulatory framework based on fair markets and voluntary actions, without the
necessity of becoming a mandatory regulation [37]. To familiarize the appli-
cation of slow steaming, several future studies should be carried out. These
studies should be related to the investigations of off-design conditions,
firstly from a hydrodynamic point of view, but from an engine and structural
point of view as well.

4. Conclusion

One of the most important issues in the 21st century is climate change,
which is caused by the emissions of greenhouse gas and as a result has the
rise in the global average temperature. To preclude detrimental climate
change all branches of industry including maritime transport are dealing
with the challenge of reducing emissions. The important step regarding the
climate action is surely the ratification of the Paris agreement, which has set
a restrain for global average temperature significantly lower than 2 °C and
preferably restrains the growth to 1.5 °C compared to preindustrial levels.
Since the maritime transport industry produces 2.89 % of global anthropo-
genic emissions, it is very important that certain steps towards curbing ship-
ping emissions are made. Therefore, International Maritime Organization
(IMO) has imposed an aim to decrease carbon dioxide (CO2) emissions per
transport work by a minimum of 40 % by 2030 and to 70 % by 2050 com-
pared to 2008. Furthermore, several mitigation measures are proposed,
which can be classified into short-term, mid-term, and long-term measures.
[t should be noted that only a few of them are applied in practice since ship-
ping companies consider the return on the investment before adopting a
particular measure of energy savings. What is more, many mitigation
measures are in the early stage of development, and the maritime transport
industry accepts their application very gradually. Speed reduction i.e., slow
steaming is a crucial short-term measure, that can be effortlessly imple-
mented, and does not depend upon any supplementary infrastructure. This
paper provides an extensive review of slow steaming and GHG abatement
potential and points out the disadvantages of its application. Also, it includes
the discussion of whether the mandatory slow steaming policy should be in-
troduced. Finally, some proposals for further considerations of the slow
steaming policy are provided.
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