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ABSTRACT: In recent years, the environmental and economic sustainability of the shipping sector has gained
great attention due to the imposed environmental legislation and the uncertainty on fuel prices. The extant literature review acknowledges the importance of the operational profile in the improvement of ship systems energy efficiency. However, there has not been a complete study to identify and measure the impact of the operational profile on the environmental and economic performance of ship energy systems. In this paper, the
influence of the ship operational profile on the sustainability performance of the main ship energy systems is
investigated. Different operational profiles are implemented and the resulting economic and environmental
impact of the main engine, the thermal boilers and the auxiliary engines of an Aframax tanker ship are analysed over the ship’s operational life cycle. Varying the speed distribution affects both the transportation time
for a specific voyage as well as the number of voyages per year. Considering these parameters a complete estimation of the emissions emitted, the fuel consumption, the operational costs and the profits from the cargo
transportation are estimated for each profile. The results show that even with small shifts in the speed distribution the differences on the sustainability indicators are significant. Therefore, the operational profile needs to
be considered in the early design phases when the synthesis of the energy systems takes place, in order to
achieve significant improvement on the systems environmental and economic sustainability performance.
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1. INTRODUCTION
1.1 Motivation
Seaborne operations have a major role in today’s
economy, with 90% of the world trade carried by the
international shipping sector (Sherbaz et al., 2015).
However, the shipping sector has recently been facing challenges due to environmental legislations and
bunker’s prices fluctuations. Thus, environmental
and economic sustainability in shipping operations
has gained great interest (Mansouri et al., 2015).
1.2 Literature Review
In recent years, the environmental regulations imposed in the shipping industry by the International
Maritime Organisation (IMO) have significantly increased, due to society’s efforts to reduce global anthropogenic emissions, because of their adverse effect on health and ecosystems. Regulations have
been imposed, which set limits on the emissions of
NOx, SOx and particulate matter PM from ships’

exhausts and prohibits deliberate emissions of ozone
depleting substances (IMO, 2011). Two areas are
acknowledged, the global areas and the Emission
Control Areas (ECA). In the latter, more stringent
limits are imposed to SOx and NOx emissions from
ships (IMO, 2011).
In addition, the shipping industry is responsible
for a great proportion of the global climate change
problem and it is estimated that the CO2 emissions
from marine bunkers in 2013 were 64% higher than
1990 (IEA, 2015). However, the IMO has not yet
taken actions for establishing limits for the CO2 exhaust emissions, but the EU is discussing whether
shipping should enter the EU emission trading
scheme (EU ETS) (Eyring et al., 2010).
Although limits have not yet been set for the CO2
emissions, on the 1st of January 2013 IMO introduced the first maritime energy efficiency regulation,
because energy efficiency is a prerequisite for the reduction of the greenhouse gas emissions (Lu et al.,
2015). According to the regulation all new built vessels have to comply with the Energy Efficiency Design Index (EEDI) (IMO, 2014) and all new and ex-

isting ships need to have a specific Ship Energy Efficiency Management Plan (SEEMP) (IMO, 2012).
Even though these measures will bring improvements, it is not feasible with only these two
measures to reach the global objectives (Bazari and
Longva, 2011). As a result, the EU adopted a monitoring, reporting and verification system (MRV) for
carbon dioxide emissions on April 2015, which will
enter into action on January of 2018 (EU, 2014).
In light of the environmental legislation, uncertainties on fuel prices and the fact that bunker fuel
prices can account more than 50-60% of the vessel’s
operating costs (Wang and Teo, 2013) there has been
extended literature investigating solutions. Scholars
focused on the operational phase, in order to minimise the fuel consumption of merchant ships and
therefore reduce fuel-related costs and emissions
(Armstrong, 2013; Diakaki et al., 2015; Lu et al.,
2015; Psaraftis and Kontovas, 2014).
Hence, there have been studies focusing on slow
steaming, which has as consequences reduction in
fuel consumption and emissions. However, the ship
speed is related to the load conditions, sea states,
current and wind, as well as, any existing constraints
on estimated time of arrival (ETA) (Diakaki et al.,
2015). Thus, shipping companies that adopt slow
steaming have the disadvantage that their vessels
complete fewer roundtrips for a given route, which
has therefore lower revenues per vessel for the shipping company. On the other hand, adding vessels to
a route leads to an increase in operating and capital
costs (Wang & Teo, 2013). Other researches, emphasise on voyage optimisation, where an optimal
route is chosen according to weather forecast, vessel’s performance characteristics, energy consumption and finally environment (Lu et al., 2013), in order to achieve energy and cost efficiency.
Both techniques consider the operational profile
of the ship in providing solutions to achieve energy
efficiency with the given vessel’s system design.
Few researchers have focused on including the operational profile of the ship in the early design phases
before irreversible decisions are made and the system becomes operational, so that the opportunities
for optimal environmental and cost efficiency are
maximised.
Besides the early design phase is a critical time in
order to achieve better environmental performance
(Winnes & Ulfvarson 2006). In this phase, the environmental, economic and technical requirements
need to be defined, along with other important parameters concerning constraints from international
regulations, design codes, mission of the vessel and
layout. Thus, all these requirements and expectations
can be equally evaluated and trade-offs between
them can be assessed in order to achieve the most
sustainable and efficient solution.
Furthermore, the operational profile of the vessel
should be included in the early design phases with

the aim of improving the energy efficiency of the
ship. Depuis & Neilson (1997) have stressed how
significant it is to consider the complete operational
profile of the ship, even though it can be complex
since it is affected by many parameters. Motley et al.
(2012) suggested later that in order to improve the
energy efficiency of the vessel for its life cycle operation it is important to include a real operational profile of the vessel and not just a single design point.
Baldi (2013) in his thesis with subject the improvement of ship’s energy efficiency included the complete operational cycle of the ship and concluded that
for a 4-stroke engine there is a small improvement
when the operational cycle is considered.
In addition, Sciberras and Norman (2012) identified the importance of the operational profile and included it in sizing the system with respect to the reduction of fuel consumption and installation’s
weight. In that respect, Baldi et al., (2013) in their
research used the engine’s load occurrence to optimise the carbon footprint of the system. As a result,
they proved that the use of the whole operational
profile for the evaluation of the propulsion arrangement has impact on multi-engine arrangements, like
in 4-stroke engines. Also, Baldi (2016) concluded
that the operational profile needs to be taken into
consideration during the optimisation of ship energy
systems, with respect to improving the ship energy
efficiency.
From the literature, the importance of the ship
operational profile in the improvement of the ship
energy efficiency is highlighted as well as the consequential carbon footprint. However, there has not
been any research including the operational profile
of the ship while evaluating the life-cycle sustainability performance of the ship critical energy systems.
Thus, the purpose of this paper is to investigate
the influence of the real operational profile of the
ship on its life-cycle environmental and economic
performance.
2. METHODOLOGY
2.1 Introduction to the method
The influence of the vessel’s operational profile in
the operational life cycle sustainability of the ship
systems is going to be investigated through a case
study in this paper. A specific type of ship is chosen
and real data of its main energy systems performance
(main engine, oil-fired boiler, auxiliary generators)
are provided by the engine’s manufacturer and sea
trials performed after the construction of the vessel.
The operation of each energy system according to
the operational mode and profile of the ship is defined. The environmental impact and fuel consumption of each system are also identified. Thus, by im-

plementing different case scenarios of operational
profiles (speed, % of time), the environmental and
economic performance of the main ship energy systems can be estimated.
2.2 Ship propulsion power requirements
According to data that are provided from the sea
trials of the vessel the propulsion power requirements as a function of the speed are available both
for ballast and laden conditions for specific loads.
Using these measured results and the Equation 1
provided from Man Diesel & Turbo (2011), the propulsion power requirements are calculated:
P  c V a

(1)

where P is the propulsion power requirement in
kW, c is a constant, V is the speed in knots and a is a
constant that depends on the ship type.
In the estimations of the power requirements, a
sea margin of 15% is added to simulate the environmental conditions.
2.3 Sustainability indicators
The environmental indicators used in this paper to
evaluate the influence of the operational profile in
the systems sustainability performance are SOx,
NOx, CO2 and Particulate Matter (PM) emissions.
These emissions are according to the literature the
most significant in shipping and they are strictly regulated. Other indicators used in the study are VOC
emissions, according to Annex VI, about regulations
for prevention of air pollution from ships. VOC are
to be regulated from tanker ships at loading and unloading. Another indicator, used in the study is the
amount of fuel, which is highly important in order to
estimate the fuel costs of the ship. These indicators
are indicative and in future studies, more indicators
can be introduced for the assessment of the environmental and economic impact of the ship systems.
In Table 1 the Emissions Factors (EF) that are
used to calculate the environmental indicators for the
main systems are shown. The CO2 EF follow the latest IMO GHG Study and depend on the fuel used.
For the SOx emissions indicator the assumption is
that when the ship sails in ECA area the Sulphur
contentis 0.1% and when it sails in non-ECA the
sulphur content is 3.5%, according to IMO regulations (IMO, 2011). The oil fired boiler VOC, NOx
and PM emissions are calculated according to the EF
estimated by the U.S. Environmental Protection
Agency (1999). The other EF in Table 1 are estimated by Entec UK and can be found in Trozzi et al.
(2006).

Table 1 Emissions Factors for critical energy systems.
CO2

Emissions Factors
NOx
PM

Main En3.021
14
0.6
gine
tn/tn fuel g/kWh
g/kWh
Oil Fired
3.021
5.63
4.24*
Boiler
tn/tn fuel
kg/m3
kg/m3
Auxiliary
3.082
13.5
0.3
Engines
tn/tn fuel
g/kWh
g/kWh
*When ship is sailing inside ECA areas PM EF for
0.5 kg/m3, because it depends on the Sulphur content.

VOC
1.7
g/kWh
0.12
kg/m3
0.4
g/kWh
boilers is

For the main engine, the NOx emissions are estimated according to the EF given from the EIAPP
certificate of the engine for various loads. When the
ship sails in the ECA areas the NOx are considered
3.4g/kWh to comply with the Tier III regulations.
As a result, for each operational profile given, the
emissions and fuel consumption per unit of cargo
can be calculated. Adopting this methodology, an integrated evaluation of the environmental impact of
the ship systems can be performed for each operational profile.
Another important aspect of the sustainability
performance of the ship systems is the economic dimension. The first indicator that is used for the economic evaluation of the systems performance is the
amount of fuel consumed during the operation and
consequently the cost of fuel.
This is a comparative study, thus for the evaluation of the economic sustainability the costs that are
going to be considered are those that change due to
the different operational profiles. As a result, the fuel
costs, the harbor dues and the operational costs for
crew wages and maintenance are included in the assessment, since they are related with the number of
voyages and the duration the ship sails. Installation
costs of the engine and machinery and depreciation
of the ship and systems, as well as, the insurance and
the building cost are not included since they are independent of the changes on the operational profile
and a full life cycle costing of the vessel is out of the
scope of this paper.
In addition, the freight rate for the cargo transportation is considered and a time chartering is assumed
for costing calculation purposes, were the charterer
pays only a freight rate per day of the voyage (laden
conditions). In this paper the same assumption as in
Psaraftis and Kontovas (2014) is adopted, where it is
stated that the freight rate is independent of the charter duration within a narrow range. As a result, the
freight rate of the transportation of the cargo from
port A to port B is going to be estimated for the average duration of the voyage and not for its specific
operational profile, as it is assumed independent of
the duration and as a predetermined value.

2.4 Main energy systems performance
The critical systems included in this paper, are the
main engine, the auxiliary engines and the oil fired
boilers and were chosen because they are the main
energy producers and have the highest fuel consumption among the energy systems (Baldi et al., 2015).
For the purpose of this study, it is important to estimate their performance.
The shop trials of the energy systems provide the
specific fuel consumption for various loads of the
systems. These data are elaborated in order to estimate the fuel consumption for all loads. Thus, with
the particular percentage of time spent in each load,
which is given as an input from the operational profile of the ship, the fuel consumption is calculated.
Another important step is to relate the energy systems’ performance with the operational mode of the
ship. In the specific case, the following modes are
identified:
 ballast
 laden
 port loading
 port unloading
From the ship and sea trials, the thermal and electricity power needs for each of those modes are estimated. However, even if those data are not available it is possible to make some initial estimations on
the electrical and thermal power demand (SNAME,
1990). Thus, by changing the operational profile the
time that the ship spends in every operational mode
changes, as well as the systems’ parameters, like the
fuel consumption and the emissions. For the main
engine as it was previously stated, the power requirements arise directly from the ship’s operational
profile according to Equation 1.

For the specific case study, it is assumed that the
tanker is sailing from King Abdul Aziz Port
Dammam at the Persian Gulf to Port of Atlantic City
in North America. The distance of the one-way voyage is 9129nm. The area of the Port of Atlantic is
regulated as an ECA area. It is thus assumed that,
when the ship is approaching or leaving the Port of
Atlantic, it spends 10% of the distance in an ECA
area, as well as when it is unloading the cargo.
The ship is considered to operate only 80% of the
calendar year due to maintenance issues (Livanos et
al., 2014), so it is assumed that the tanker operates
292 days of the year. The life span of the vessel is
considered to be 20 years. In addition, it is assumed
that the ship tanker spends 4 days on average at each
port for loading and unloading.
3.2 Operational Modes
For the different operational modes previously
mentioned, the thermal and electrical power needs
were provided from the ship trials and the average
values are shown in Table 4.
Table 4 Thermal & Electrical Needs.
Operational Modes
laden
ballast
unloading
loading

Thermal Needs
7020 kg/h
500 kg/h
23400 kg/h
1050 kg/h

Electrical Needs
800 kW
800 kW
800 kW x 2
800 kW

These needs are considered constant at every operational profile, however the amount of time on
each operational mode changes due to the change of
the speed distribution of the ship, thus the actual fuel
consumption and emissions are different.
3.3 Operational Profiles

3. CASE STUDY
3.1 Ship specifics
The ship investigated in this paper is a crude oil
Aframax tanker, which main characteristics are presented in Table 2 and 3.
Table 2 Tanker main characteristics.
Characteristics
Size
Displacement
Length
Beam
Draft
Propulsion

Value
115000 DWT
134356 MT
249 m
44 m
15 m
Fixed Pitch Propeller

The scope of the paper is to investigate the influence of the operational profile in the environmental
and economic impact of the vessel. Thus, different
case scenarios of speed distributions are introduced
and the aforementioned economic and environmental
indicators are calculated for the main energy systems.
The data for the operational profiles in ballast and
laden conditions are taken for an Aframax tanker
from Banks et al. (2013). The data refer to the year
of operation 2011 and the speed distribution for the
first case scenario are according to Figure 1 and 2.

Table 3 Tanker main systems.
Systems
Main Engine
Auxiliary
Gen Sets
Oil Fired Boiler

Sets
1

Capacity
14400 kW

Fuel
HFO, ULSFO

3

800 kW

MDO

2

3000 kg/h

HFO, ULSFO

Figure 1. Speed distribution on ballast conditions, Aframax
2011 data (Banks et al., 2013).

Figure 2. Speed distribution on laden conditions, Aframax 2011
data (Banks et al., 2013).

In this paper, the speed distribution of the ship on
ballast conditions is considered the same in every
case scenario, as a simplification. In future studies a
different distribution of the speed can be introduced
on ballast conditions, even though according to
Banks et al. (2013) the speeds are evenly distributed
to lower speeds the last years. In addition, ballast
conditions do not offer economic value since the
ship has no cargo to transport and the emissions as
well as the fuel consumption are lower since the ship
sails at the ballast draft.
However, a sensitivity analysis was performed on
the operational profile on laden conditions. Three
profiles were investigated: a) Base Case (Banks et
al., 2013), b) Lower speeds and c) Higher speeds.
The shift in the distribution of speeds was derived
from the data provided by Banks et al. (2013) for the
operation of Aframax tankers on 2011 according to
the following process. On the second case scenario
the speed distribution profile was calculated with
1kn shift to lower speeds and on the third case scenario the profile was calculated with 1kn shift to
higher speeds. Figure 3 shows the operational profiles that are used for the sustainability assessment of
the ship energy systems.

The fuel prices are an average price of bunker
prices online on the period September 2016
(http://shipandbunker.com/prices). The operating
costs are according to Počuča (2006) for an Aframax
tanker. The freight rate price is according to Psaraftis
and Kontovas (2014) and finally the harbour dues
are an average price according to ship markets
(Konovessis, 2011).
4. RESULTS
The aim of this paper is to investigate the influence of the operational profile of the ship on the sustainability performance of ship systems. The different case scenarios of operational profiles shown in
Figure 3 were used to calculate the duration the ship
needs to sail in each case (a, b, c) for the specific
voyage Table 6.
Table 6 Duration of voyage for the different profiles.
Operational Profile

Duration of VoyPercentage
age (hours)*
a
1443
b
1481
+2.68%
c
1424
-1.31%
*In the duration of the voyage the laden, ballast time as well as
the time spend in the port are included.

The results are divided in three parts. First, the
outcomes of the emissions, fuel consumption and
cost per tonne of cargo transported are presented,
secondly the operational lifetime estimations of the
indicators are shown and finally the differences in
the profits and emissions per year due to the different case scenarios are depicted. During the calculations, it was noticeable that the major impact on the
emissions and the fuel consumption comes from the
main engine. The only exception are the PM emissions, were the major contributor is the oil fired
boiler, since according to Table 1 the EF is 35.4gal/h
outside ECA areas.

Figure 3. Operational profiles.

4.1 Indicators per tonne of cargo transported
3.4 Economic data
In order to evaluate the influence of the operational profile of the tanker to the economic sustainability
of the ship systems, the data shown in Table 5 were
used.
Table 5 Data for economic investigation.
Economic data
Values
MDO
450 $/mt
IFO380 (S% =3.5%)
258.3 $/mt
ULSFO (S%<0.1%)
400.4 $/mt
Harbor Dues
12000 $/visit
Operating costs*
5605 $/day of operation
Freight Rate
15000 $/day of operation
*Includes crew costs, ship’s stores costs, repairs and maintenance, administration costs.

In Tables 7, 8 and 9 the estimated environmental
and economic indicators per tonne of cargo transported for the three case scenarios are displayed.
It is evident from the results of the environmental
indicators (Table 7, 8) that the energy systems emit
fewer emissions per tonne of cargo transported on
the profile with lower speeds. PM emissions per
tonne of cargo are higher on lower speed. This is because the biggest contribution for PM emissions
comes from the oil fired boilers (almost 60% of PM
emissions) instead of the main engine. The calculation of the PM emissions from the oil fired boilers is
dependent from the hours of operation of the boiler,
because the emissions depend on the steam flow

(kg/h) produced. Thus, since the second scenario operates for more hours (38 hours more than the base
case) due to the lower speed, the result of the PM
emissions is justified. Accordingly, it is expected
that the PM emissions on the third scenarios, which
operates for fewer hours (19 hours less than the base
case), are going to be less. However, the PM emissions on the base case and the higher speed scenario
are almost equal, due to minor difference of the voyage hours between the base case and the third scenario and the fact that the PM emissions from the
main engine are higher on the third scenario.

nomic impact it has on the human and ecosystems.
Another important aspect in these results is that the
number of voyages per lifetime, which is consequence of the voyage duration of each profile, is incorporated.

Table 7 Tonnes of emissions per tonne of cargo
transported.

Figure 4. Operational Life time Fuel expenses.

Profiles
a
b
c

NOx
(x10-3)
1.73
1.71
1.81

SOx
(x10-3)
1.40
1.37
1.43

CO2
(x10-2)
7.78
7.69
7.91

PM
(x10-4)
3.82
3.86
3.83

VOC
(x10-5)
7.27
7.10
7.45

Table 8 Percentage of difference of emissions per
tonne of cargo transported.
Profiles

NOx

SOx

CO2

PM

VOC

a
b
c

-1.05%
+4.54%

-1.66%
+2.11%

-1.21%
+1.71%

+1.05%
+0.28%

-2.33%
+2.61%

The following Table 9 depicts the economic impact per tonne of cargo of the different operational
profiles. The results show that when the speed is
lower the fuel consumption and consequently the
fuel cost are lower.

Figure 5. Operational Life time CO2 emissions.

Figure 6. Operational Life time SOx & NOx emissions.

Table 9 Tonnes of fuel and $ of fuel costs per tonne
of cargo transported.
Profiles
A
B
C

Tonnes of
fuel
2.57x10-2
2.54x10-2
2.62x10-2

Percentage
-1.22%
+1.72%

Fuel costs
($)
7.13
7.05
7.24

Percentage
-1.06%
+1.57%
Figure 7. Operational Life time VOC emissions.

From the results of the economic indicators like
in the environmental indicators it is noticeable that
the shift to lower speeds reduces the fuel consumption as well as the fuel costs per tonne of cargo. The
percentage of reduction on the tonnes of fuel and
cost of fuel is not the same due to the mix of fuels,
since it is assumed that the ship while sailing on
ECA areas consumes ULSFO.
4.2 Indicators per operational life time

Figure 8. Operational Life time PM emissions.

In the following section the operational life time
economic and environmental sustainability of the
energy systems is investigated (Figures 4, 5, 6, 7, 8).
Since the ship has a 20 years life span of operation,
it is important to study the environmental and eco-

The previous figures contain the absolute numbers
of the tonnes of emissions and fuels from the operational life time of the ship energy systems. The results show that the more environmental profile is
more cost efficient too. In addition, PM emissions

for the ship lifetime are lower when sailing at lower
speed, even though in reality the PM emissions per
tonne of cargo transported are higher (Table 7). Due
to the fact that PM emissions are highly dependent
on the hours of operation and in the last case the ship
sails for more voyages than the other cases.
4.3 Indicators per year of operation
In the following Tables 10, 11 and 12 the economic and environmental indicators per year of operation were calculated. In the scenario with the
lowest speed, the vessel completes fewer journeys
than in the other cases so the income from the cargo
transportation is lower. However, it is noticeable that
the profits per year are exceeding the other cases due
to the lower operational costs. In addition, the
amount of emissions are much lower, so the second
scenario is the most economic and environmentally
sustainable option among the three cases.
Table 10 Percentage of difference of emissions per
year of operation.
Profiles

NOx

SOx

CO2

PM

VOC

a
b
c

-3.34%
+5.76%

-3.93%
+3.31%

-3.49%
+2.90%

-1.29%
+1.45%

-4.59%
+3.81%

Table 11 Percentage of difference of fuel tonnes and
fuel costs per year of operation.
Profiles
a
b
c

Tonnes of fuel
-3.50%
+2.90%

Fuel costs ($)
-3.34%
+2.76%

Table 12 Percentage of difference profits, income
and operating costs per year.
Operating
Income
Profit
Costs*
a
b
-2.28%
-2.31%
+2.26%
c
+1.89%
+1.17%
-2.34%
*Includes crew wages, maintenance, fuel costs and harbor
dues.

sions and costs decrease more than proportionally
when the speed of the vessel is decreased.
5. CONCLUSION
This paper aimed to investigate the impact of the
ship operational profile on the environmental and
economic sustainability of its energy systems. A
specific case ship was investigated for the transportation of crude oil from the Persian Gulf to North
America. Three scenarios of speed distributions were
compared with focus on the aspects that are affected
by different operational profiles.
The sustainability analysis of the scenarios
showed that changes in the operational profiles affect the emissions as well as the fuel consumption
and costs. Generally, the emissions and fuel costs
per tonne of cargo are reduced when sailing with
lower speed, except the PM emissions. However,
when measuring the emissions per year or per lifetime it is noticeable that all emissions are reduced
when the ship sails on lower speeds. In addition,
from the calculations of emissions per year of operation, it is evident that the shift to lower speeds has a
higher absolute percentage on the decrease of emissions and costs than the shift to higher speed has on
the increase. Furthermore, it is evident that a winwin situation exists: the lower speeds scenario is the
most environmental and economic efficient, even
though the voyages of the vessel per life cycle are
less.
In conclusion, the broad range of the vessel’s operation and not only the design conditions should be
considered on the synthesis of the ship energy systems, in order to assess and to improve their sustainability, since the operational profile influences the
systems sustainability.

Profiles

The analysis has as a result that the operational
profile influences both the economic and the environmental sustainability of the ship energy systems.
Lowering the speed leads to emissions as well as operational costs decrease, however the profits are increased.
In addition, it is worth to note that the shift of the
speed distribution to 1kn less has a bigger impact in
percentage absolute values on the decrease of emissions and costs than the operational profile with the
shift of the distribution to 1kn more has. According
to the simulation carried out, it results that the emis-
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