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Abstract: Maritime or inland transportation is one of the essential elements of the global supply
chain, contributing to over 85-90% of international trade. Although sea transportation remains
one of the most important and feasible choices of goods transportation for most international
trade routes, the impact on the environment is one of the major issues that need to be addressed.
The maritime industry is facing high demands to find solutions to operate in a more sustainable
way, to find feasible and viable decarbonization solutions. To comply with IMO regulations, the
shipping industry must develop and invest in future technologies. The paper proposes a method
of monitoring the voyage of a container ship, having different characteristics, to determine the
impact of vessel’s activity on the environment. The research method was applied to various
means of operation, such as vessel’s speed, the constructive characteristics of the ship (including
those of the propulsion system), or the type of fuel used. For each case, the following are
performed: monitoring of fuel consumption, calculation of emissions from ships (with an
emphasis on greenhouse gases), evaluation of energy efficiency indicators. From this
perspective, the article offers an environmental impact assessment solution for merchant ships,
to support the management of companies in the decision-making process, to promote
environmentally friendly maritime transport and sustainable development of maritime
transportation.
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The below abbreviations will be used in this article:

AIS
Bf
ClI
CO
CcOo2
DTU
DWT

Automatic Identification System
Beauford

Carbon Intensity Indicator
Carbon Monoxide

Carbon Dioxide

Denmark Technical University
Deadweight



EEDI Energy Efficiency Design Index

EEOI Energy Efficiency Operational Indicator
EEXI Energy Efficiency for Existing Ships
EGCS Exhaust Gas Cleaning System

EPL Engine Power Limitation

GHG Greenhouse Gases

GRT Gross Tonnage

FOC Fuel Oil Consumption

HC Hydrocarbons

HFO Heavy Fuel Oil

IMO International Maritime Organization
LNG Liquefied Natural Gas

LSFO Low Sulphur Fuel Oil

MCR Maximum Continous Rating

MDO Marine Diesel Oil

MGO Marine Gas Oil

NO Nitrogen Oxides

PM Particulate Matter

SEEMP Ship Energy Efficiency Plan

SFOC Specific Fuel Oil Consumption

SOy Sulphur Oxides

TEU Twenty-foot Equivalent Unit

vVOoC Volatile Organic Compounds

1. Introduction and literature review

Maritime transportation is one the essential element of the global supply chain, with over 11 billion
tonnes of freight in 2020, compared with 4.3 billion tonnes in 1990 [1]. For the past 20 years, the
International Maritime Organization's (IMO) annual reports show that shipping is a major contributor
to global greenhouse gas pollution. Therefore, the post-pandemic analysis of international shipping by
Simpson Spence Young [2] shows that CO2 emissions from maritime transport are at alarming levels,
accounting for over 3% of global CO2 emissions: 800 million tonnes in 2019, 794 million tonnes in
2020, and 833 million tonnes in 2021. The International Maritime Organization states that in 2020, 27
723 ships were in operation compared to 27 221 ships in 2019. Over 99.91% of the fuel used was
represented by Heavy Fuel Oil (HFO), Low Sulphur Fuel Oil (LSFO), Marine Diesel / Gas Oil
(MD/GO), or Liquefied Natural Gas (LNG). Maritime transportation is also responsible for the emission
of 13% of all greenhouse gases in the entire transport area. Likewise, the CO2 emissions increased by
4.9% from 2020 [3]. The IMO report states that in 2020 the total amount of fuel used was over 203
million tons compared to 213 million tons consumed in 2019 and LNG consumption increased in 2020
to 11 974 761 tons compared to 10 482 472 tons in 2019. In the same context, studies show that
specialized vessels (containers, bulk carriers, Roll-on Roll-offs, oil tankers, and passenger ships) are the
main contributors to air pollution, with a share of 71% of total emissions [4]. Based on the existing
situation, the IMO has set itself the objective of reducing the environmental impact of maritime
transportation by reducing greenhouse gas emissions by more than 50% by 2050 compared to 2008 [5].



The maritime industry is facing high demands to find solutions to operate in a more sustainable way,
to find feasible and viable decarbonization solutions. The maritime industry will have to examine
alternative fuels, retrofit solutions, invest in new technologies, adapt shipyards, train specialists and ship
personnel, etc. In the current climate change conditions as well as the growing awareness of the need
for change in the maritime industry, energy-efficient vessels can contribute substantially to decreasing
greenhouse gas (GHG) emissions. To this are added the determined limits of the IMO and the general
interest of shipowners, charters, and ship operators to reduce costs. Shipping can slightly decrease GHG
emissions using current and improved operational and technical solutions, but to achieve the tough IMO
restriction and full decarbonization, the shipping industry must develop and invest in future
technologies.

The technical solutions that can lead to this goal (changing the type of fuel, retrofitting the propulsion
system, more energy-efficient engines, systems that use energy from renewable sources, etc.) are already
available on the market and classified by IMO as viable means to decrease the greenhouse gas emissions
from ships [6], [7], [8], [9]. Given the very high implementation costs, a measurable assessment of the
relationship between the technical condition of a ship and the quantity of emissions in operation is
required. For the reasons set out above, estimating the impact of maritime transport on the environment
is an objective for the attention not only of scientists but also of shipping companies, governments, or
international organizations.

Subsequently, emissions from ships are an important issue for the medium and long-term
sustainability of maritime transportation. Numerous studies and research highlight both the quantities
of pollutants and the contribution of each type of emission to the deterioration of air quality [10], [11],
[12], [13]. The maritime industry has recognized the necessity to reduce shipping air pollution by the
fact that maritime transportation is becoming one of the most important sectors in terms of transferring
cargo with the constantly increasing number of ships [14].

Scientists have constantly emphasized the negative impact that human activity has on the
environment. Based on the results obtained, in existing studies and research in the field of marine
protection, international organizations have adapted and developed the regulatory conditions in support
of the protection of the marine environment [15], [16], [17], [6].

Emissions from ships are mainly represented by: carbon oxides (CO and CO,), particulate matter
(PM), volatile organic compounds (VOCs), nitrogen and sulphur oxides (NOx and SOy), etc. Numerous
papers propose algorithms that can calculate these emissions, and the data can be used to determine the
effect that each ship has on the marine environment [18], [19], [20], [21].

Estimating emissions from ships based on data provided by the automatic identification system (AIS)
is a step forward in determining the footprint associated with a ship's activity [22]. The proposed
methods for estimating Energy Efficiency Operational Indicator (EEOI) are based on available data
(ship details, environmental data), independent of the actual fuel oil consumption (FOC) [23], [24].

Scientists say that emissions from shipping contribute to both the deterioration of human health and
climate change, by changing the structure of the atmosphere in large areas, especially in coastal areas
[25], [26], [27]. From the same perception, studies and analyses of the activity of maritime transportation
and port operation show that between 65-75% of emissions from ships occur in coastal areas and in
ports with heavy traffic [10], [28], [29]. Measurements show that the affected areas can extend up to
350-450 km from the coastline to inland territory. Consequently, emissions from ships create air quality
issues through the formation of ground-level ozone, emissions of sulphur and aerosol precursors, etc.
Even if emissions from ships are produced in the marine environment, they can be transported into the
atmosphere hundreds of kilometres away, contributing to continental air quality issues [30], [31], [32].

Current technical and operational solutions such as weather routing software, propeller polishing,
hull cleaning, air lubrification system, high-performance coating, ballast management, voyage planning,
alternative propulsion, solar power, or speed optimization could be measures for emissions reductions
[8]. Advanced software solutions have made it possible to optimize the voyage of ships by thoroughly



analyzing all factors affecting fuel consumption and cargo operation, with the possibility of monitoring
emissions from merchant ships. Proper use of a voyage monitoring system can reduce pollution of the
marine environment, and in addition to the economical benefits, can make shipping more sustainable
[33], [34], [35]. The voyage planning/optimization software assists the vessel’s crew in finding the
optimal routes in the given hydro-meteorological conditions [33], [36]. [36] is proposing algorithms
with potential fuel oil savings of 7.6%, as well as a reduction in voyage times by 8.4%. The optimal
solution involves meeting the optimal conditions from the following perspective: the performance of the
voyage from an economical and safety point of view and the reduction of pollution of the marine
environment [37], [38]. The experience has shown that within the same shipping company an efficient
voyage planning system contributes to increasing the competitiveness and sustainability of shipping.
Solutions based on dynamic 3D programming, the isochrone method, different algorithms, dynamic
programming, or artificial intelligence, find the optimal route and speed, based on the hydro-
meteorological conditions [39], [40], [41].

All the above show that the matter associated with the impact of maritime transportation activities
on the environment and especially air pollution, is diverse and complex, and some of the identified
technical and operational issues are being investigated and rectified.

Therefore, the decarbonization of maritime transportation has become a viable solution, which will
definitely contribute in the future to the sustainability of maritime transport [42]. Consequently, the
current literature allows the identification of measures to reduce and control greenhouse gas emissions
from ships [6], [43], [44], [45].

To reduce the level of greenhouse gases by ships, many studies suggest the use of alternative marine
fuels having low carbon content [46]. However, this solution will also require substantial technological
changes to the architecture of the propulsion system [47], [48].

The sulphur content of the fuel used in maritime transport is another problem of air pollution, which
cannot be neglected [49], [50]. The research identified a number of technical solutions that could be
implemented in the near future [51], [52], [53].

The topics highlighted above show that the issue of the impact of maritime transportation on air
pollution is extremely important and is analyzed in numerous publications. An important direction of
research is the development of models for the determination of emissions from ships. The second
direction of research is the development of technical solutions to reduce the impact.

In addition to the two directions of research, the experience of international shipping shows that the
reduction of emissions from ships can be achieved through proper voyage management, such as reducing
the ship’s speed or route optimization [54], [55], [56], [57].

The practicality of such research is obvious, the results obtained can be adapted to the hydro-
meteorological conditions in which the voyage takes place, to the design characteristics of the ship
(including those of the propulsion system), to the type of fuel used.

From this perspective, the paper proposes the combination of the specialized software solution
proposed by the University of Denmark (DTU) and the University of Southern Denmark with an
algorithm developed by the authors in order to assess the environmental impact associated with merchant
ships.

The paper proposes a method of monitoring the voyage of seagoing ships to determine the impact of
their activity on the environment. The authors present in an organized way the results obtained according
to the variants of operation corresponding to the conditions in which the voyage takes place, the
characteristics of the ship (including those of the propulsion system), the type of fuel used. For each
case, the fuel consumption, the gas emissions from the ships (with an emphasis on greenhouse gases)
were determined. The research was carried out within the project POC/163/1/3 SMIS /2014 +/120201-
2022-2024. An innovative integrated maritime platform for real-time intervention through simulated
disaster risk management assistance in coastal and port areas (PLATMARISC). The authors believe that
the results of the research can be used by company management in both decision-making and crew
training through modelling and simulation in order to promote the concept of environmentally friendly
shipping and the sustainable development of maritime transportation.



2. Research Methodology

The Technological University of Denmark (DTU) and the University of Southern Denmark developed
a tool that can calculate ships' gas emissions, fuel consumption, and energy efficiency. The calculation
method can be used for the analysis of CO; and other emissions from ships, in order to comply with the
IMO Energy Efficiency Limits (EEDI). By entering a ship's size, service speed, engine type, and
technology, the calculation model will return the approximate figures for CO, emissions, fuel
consumption, NOy (nitrogen oxides) and SOy (sulphur oxides), CO, hydrocarbons, particulate matter
emissions [58].

2.1. Calculation methodology
2.1.1. Emission calculation. The simplified general formula for calculating emissions is [59], [60]:

Emission = Fuel consumption X Control factor X Emission factor

Where:
Control factor is referring to technologies that permit reduction of emissions

2.1.2. EEXI calculation. The simplified formula for EEXI is [61], [57], [62]:

(Pygz X ME SFOC X Cr) + (Pyz X AE SFOC X Cz)  gCO,

EEXI =
DWT X Vyer ton mile

Where:

EEXI — Energy Efficiency for Existing Ships Index

Pme — Main engine power;

ME SFOC — Main engine specific oil consumption;

Cr - the conversion factor between fuel consumption and CO; emissions;
Pae — Auxiliary engine power;

AE SFOC - Auxiliary engine specific oil consumption;

Vet — Reference speed at 75% or 87% MCRjim

MCRin — Limited Maximum Continous Rating

2.1.3. CII calculation. CII formula is presented below [63], [64]:

Annual fuel consumptionXCO; fqctor

CIll = X Correction factors (to be developed)

Annual distance travelledxCapacity

Where:
CII — Carbon Intensity Indicator

2.2. Emission types
Most of the emissions from marine engines consist of nitrogen, oxygen, carbon dioxide and small
quantities of carbon monoxide, sulphur oxides, nitrogen oxides. There are as well non-combusted



hydrocarbons and particulate matter. The main characteristics and adverse effects of main pollutants are

mentioned in [59], [65].

2.3. Case study

The case study is focused on the calculation of different types of emissions, EEXI and CII for a container
vessel, using different technologies. The ship’s main characteristics are indicated in Table 1:

Table 1. Ship’s specifications

Ship data Value

Capacity (TEU) 13 000

Length overall (m) 381.1

Length between pp (m) 363.71

Breadth mld. (m) 49.41

Depth (m) 30.20

Draught design (m) 13.69

Draught maximum (m) 15.33

Deadweight (t) 145 600

Displacement at design draught (t) 168508

Displacement at maximum draught (t) 194 446

Speed Maximum (knots) 25.7

Coefficient block at design draught 0.668

Coefficient block at maximum draught 0.689

Main engine type Slow speed

Main engine power (MCR) (kW) 84 814

Auxiliary power at sea at designed draught (kW) 2370

Propeller type Conventional

There will be considered the following cases:
Table 2. Case studies

Conditions Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Hydro-meteo 3Bf/f6m/s 3Bf/6m/s 3Bf/fom/s 3Bf/6m/s 3Bf/6m/s 3Bf/6 m/s
conditions
Vessel’s speed 24 knots 18 knots 20 knots 20 knots 20 knots 20 knots
Fuel type HFO HFO HFO HFO LSFO LNG
Sulphur content 1.5 1.5 1.5 1.5 0.5 0
SO« reduction - - EGCS - -
technology

Cases 1 and 2 will be studied together, vessel is navigating in good weather, she is using the same type
of fuel (HFO), with a sulphur content of 1.5%. The difference between the cases is only the speed, 24
knots in the first case and 18 knots in the second case.



The following 4 cases will be analyzed in favourable weather conditions, 3Bf, constant ship speed of 20
knots, using different technologies, as follows:

Case 3 - the case when HFO type fuel will be used, 1.5% sulphur content

Case 4 - the case when HFO type fuel will be used, 1.5% sulphur content. An EGCS (Exhaust Gas
Cleaning System) is fitted onboard the ship.

Case 5 - the vessel will use LSFO (Low Sulphur Fuel Oil), having a sulphur content of 0.5%.
Case 6 - LNG (Liquefied Natural Gas) fuel with a sulphur concentration of 0% will be used.

The results will then be compared, and conclusions will be drawn on the results obtained.

3. Results
For each case the following pollutants (per hour and per mile) will be calculated:

¢ CO; (carbon dioxide) emissions

* NOy emissions (nitrogen oxides)

* SOx (sulphur oxide) emissions

* CO (carbon monoxide) emissions

* HC (hydrocarbon) emissions

* PM emissions (particulate matter)

In addition, there will be calculated: fuel consumption (per hour and per mile), EEXI, and CII indicators.

3.1. Results and interpretation

3.1.1. Fuel consumption and emission calculation

Table 3. The fuel consumption per case

Fuel consumption Casel Case2 Case3 Cased4d Case5 Case6

Per hour (t/hr) 9.94 4.61 6 6.18 5.72 5.17
Per mile (kg/NM) 414 256 300 309 286 258
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Figure 1. Graphical representation of fuel consumption

It is observed in Section A that the fuel consumption decreases by about 40% per mile, at a speed
reduction of 6 knots.

In Section B, the fuel consumption is comparable, irrespective of the technology used. There is a
slight decrease in Case 6, when the vessel is using LNG fuel.

Table 4. CO, emissions per case

CO; Emissions Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Per hour (t/hr) 31 14.4 18.7 19.3 18.3 1.1
Per mile (kg/NM) 1291 800 937 965 916 54

Table 5. NOx emissions per case

NOy emissions Casel Case2 Case3 Cased4 CaseS5S Case6
Per hour (kg/hr) 742 338 443 443 443 3
Per mile (kg/NM) 30.9 18.8 22.2 22.2 22.2 0.2
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Figure 3. Graphical representation of NOy
emissions

It is observed in Section A that both CO, and Nox emissions decrease with speed and fuel

consumption.

In Section B, CO, and NOy emissions are reduced only by the use of LNG-type fuel, while the use
of fuel with a sulphur content of more than 0.5% increases significantly the amount of CO, (NOy)

emissions.

Tabel 6. SO« emissions per case

SOx emissions Casel Case2 Case3 Case4 CaseS Case6

Per hour (kg/hr) 308 140 184 4 60 0

Per mile (kg/NM) 12.8 7.8 9.2 0.2 3 0
Tabel 7. PM emissions per case

PM emissions Casel Case2 Case3 Case4 Case5S Case6

Per hour (kg/hr) 33.5 53 20 9 10.9 1

Per mile (kg/NM) 1.39 0.85 1 0.45 0.54 0.05
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emissions emissions

It can be observed that SOx emissions decrease with speed reduction and with low sulphur fuel type,
as well as installation of Scrubber (EGCS) technology.

PM emissions decrease with the sulphur concentration in fuel and decrease with the ship’s speed and
fuel oil consumption.

Tabel 8. CO emissions per case

CO emissions Case 1 Case2 Case3 Case 4 Case 5 Case 6
Per hour (kg/hr) 19.7 9.3 12 12 12 12.5
Per mile (kg/NM) 0.82 0.52 0.6 0.6 0.6 0.63

Tabel 9. HC emissions per case

HC emissions Case 1 Case2 Case3 Cased Case 5 Case 6
Per hour (kg/hr) 27.6 12.8 16.7 16.7 16.7 16.7
Per mile (kg/NM) 1.15 0.71 0.83 0.83 0.83 0.83
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Emissions of CO and HC are not influenced by the technology used and they are decreasing only
with speed reduction and fuel oil consumption.

3.1.2. EEXI calculation
EEXI regulates CO, emissions relative to engine power, the transport capacity of the vessel, and speed.

EEXTI attained for the specified ship is calculated as below [66]:

Y
EEXI attained = (1 — W) X EEDI reference

Where:
Y - reduction factor specific for the vessel’s type. For a 13 000 TEU container vessel, Y = 12% [57]
EEDI reference = 15.97 g/DWT/NM
EEXI attained = 0.88 x 15.97 = 14.05 g/DWT/NM
For Case 3-6, EEXI is indicated in Table 10.
Table 10. EEXI by case, by different technologies

Case 3 Case 4 Case 5 Case 6
EEXI (g/DWT/NM) 14.59 15.07 14.05 11.13

It can be observed, from 1 January 2023, the vessel will have an EEXI compliant only if it changes
HFO fuel to either LSFO or LNG fuel.

The vessel may take the following measures:
* Limiting engine power

* Improvements in vessel’s performance

* Fuel type change



3.1.3. CII calculation

CII is the operational factor that measures how efficient the ship is and it is expressed in g CO» emitted
on transport capacity and nautical miles. CII is an operational indicator, whereas EEX]I, is a technical
indicator. The CII will be calculated annually, and its value will indicate how efficient the ship is in
relation to a reference value. The vessels will receive an efficiency indicator, from ‘A’ to ‘E’, an
indicator that will become stricter by 2030. A vessel ranked ‘A’ will be the most efficient, while ‘E’ will
be the least efficient vessel.

Cll reference = a X DWT ¢

Where:
a and c values are based on vessel type and capacity [67]

CII reference = 1984 x 101920%4% = 1984 x 0,0035 = 7,05
CII required is calculated in Table 11.

Tabel 11. CII required
2023 2024 2025 2026

CII required 6.69 6.55 6.41 6.27

Assuming the distance travelled in one year is 89000 NM, CII for Case 3 and Case 6 is:

83393 ¢t
Cllz: = =9.19
89000 NM * 101920 t

Clls = 19001 =3.85

89000 NM % 101920 ¢

With the current technology and HFO used, the vessel cannot comply with IMO regulations from 1st
January 2023.

4. Conclusions
In the decarbonization process, there can be short-term, medium-term, and long-term possible measures
and actions to be implemented.

The short-term measures are mainly based on operational measures, reducing the speed which leads
to decreasing the fuel oil consumption or using fuel with low sulphur content.

At the operational/logistical level, a possible outcome of the measures could be an increase in travel
time.

The following potentially negative impacts can be identified:

* The increase in travel time can have a negative impact on the quality of the goods transported

* Higher shipping rates. Any change in the supply-demand chain has the consequence of increasing
transport fees

* Higher greenhouse gas emissions. In the long run, more ships (or modes of transport) will be needed
for the rapid transport of goods between the world's ports.

In the medium term, the measures will focus on the implementation/introduction of low carbon fuels
as well as zero-carbon fuels. This will increase the efficiency of new and existing ships. But the potential
adverse effects include huge costs for modernizing old ships or investing in new ships and new
technologies.

In the long term, after 2030, the strategies will focus on the development, supply, and improvement
of new technologies and fuels. This will also include changes to vessels’ design. In addition, there is
already the issue of the availability of these fuels, the price, storage, supply, and all that logistics means.



Hydrogen and ammonia are currently considered the most efficient in the decarbonization process,
with high energy density and low emissions. However, the most important obstacles are the high
investment costs and the uncertainty in the supply of these types of fuels. Electric ships, which can be
powered by land and have both economic and environmental benefits, also have great potential.

This case study was presented to determine the values of the main pollutants in different navigation
situations and different fuel types used, having HFO as a reference. It is noticed that the use of low
carbon fuels is the first step towards decarbonizing the maritime industry and achieving the increasingly
strict IMO targets for the coming years in an attempt to halt global warming.

EEXI and CII are indicators that clearly show that existing ships that use high sulphur fuel, are
extremely polluters and can no longer meet the regulations that will come into force in the coming years.

Switching to alternative fuels is a challenge now and, as mentioned above, involves huge costs in
research, implementation, change in the supply chain, and finally the design of new ships, shipyards
modifications, training of specialists, etc.
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