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Abstract: The Energy Efficiency Design Index (EEDI) was introduced as a regulatory tool employed
at the ship design phase to reduce the carbon dioxide (CO2) emissions and increase the vessel’s
operational efficiency. Although it stimulated the greening of the shipping operations, its effectiveness
is considerably criticised from various shipping industry stakeholders. The aim of this study is to
investigate the EEDI effectiveness on accurately representing the environmental performance of the
next-generation ships power plants for two representative ship types, in specific, an ocean-going
tanker and a cruise ship. The performance of the optimal power plant solutions identified in previous
studies is analysed according to the existing EEDI regulatory framework and compared with the
lifetime CO2 emissions estimated based on an actual operating profile for each ship. The results
indicate that the EEDI underestimates the effect of technologies for reducing carbon emissions in
all the investigated cases. In this respect, it is concluded that EEDI is classified as a conservative
metric, which however can be used as an approximation to compare alternative solutions early in the
design phase.

Keywords: EEDI; carbon dioxide lifetime emissions; power plant alternative designs; comparative
analysis; ship energy systems

1. Introduction

Global shipping has a great impact on global carbon emissions as it accounts for approximately
3% of the global CO2 emissions [1]. The shipping industry is responsible for almost 11% of the CO2

emissions from the transportation sector [2], which, in turn, contributed to around 29% of the global
CO2 emissions in 2016 [3]. It is forecasted that the CO2 emissions from international shipping will
experience a significant rise between 50% to 250% by 2050 [4], and it might reach 17% of the global
emissions if no measures are taken [5]. A reduction of CO2 emissions around 90% is required from 2010
to 2050 [6] in order for the shipping industry to contribute to the global target of keeping the temperature
increase below 2 ◦C. The International Maritime Organisation (IMO) Marine Environmental Protection
Committee (MEPC), acknowledging the great contribution of the shipping sector to the global CO2

emissions, set a target to reduce the CO2 emissions from the shipping sector by 50% until 2050 [7].
For reducing the ships’ carbon emissions, regulations to improve the ship energy efficiency and

reduce the Greenhouse Gas (GHG) emissions have been introduced, and further pressure to reduce the
CO2 emissions is foreseen in the future. IMO introduced the first maritime energy efficiency regulation
in 2011 [8], which is highly related to the reduction of CO2 emissions. All new ships have to comply
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with the Energy Efficiency Design Index (EEDI) [9], and all new and existing ships are required to have
a Specific Ship Energy Efficiency Management Plan (SEEMP) [10]. In addition, a Monitoring, Reporting
and Verification (MRV) system for CO2 emissions was introduced by the European Union [11].

The EEDI regulation is considered one of the most significant measures taken by the IMO in
order to promote more environmentally friendly technologies that can improve the ships’ energy
efficiency and carbon footprint. According to the EEDI limits, the carbon emissions per nautical mile
and transported cargo unit need to be reduced by 30% until 2025 [12]. The existing and imminent
EEDI targets can be achieved by improving the ship energy efficiency employing energy efficiency
technologies, by reducing the hull resistance and by using renewable energy sources or low carbon
content fuels. Other solutions to comply with the EEDI targets is to install engines with smaller
power, which equivalently leads to the design speed reduction [13]. However, this may result in
underpowered ships that might affect safety during navigation or adverse weather conditions [14].

The implementation of the EEDI in different ship types was investigated in a number of studies.
A more realistic formulation of the EEDI that considers multiple operating points instead of a design
speed was proposed and investigated for bulk carriers in [15]. The analysis of the EEDI formula
for a Liquefied Natural Gas (LNG) carrier was presented in [16,17], concluding that the EEDI is
inadequate to promote improvements on the LNG carriers design. The effect of the ship size on the
EEDI was investigated for large container ships, and suggestions were provided for a more efficient
EEDI implementation [18]. The EEDI was estimated for a Ro-Ro passenger ship, and it was identified
that the use of renewable energy sources has a substantial impact on the carbon emissions, whereas
minor changes were observed on the EEDI [19]. The reduction factors of the EEDI for bulk carriers
were discussed in [20] for the forthcoming EEDI phases, concluding that the reduction factors imposed
by the IMO are either rigid or lenient; instead, a ‘market self-regulation policy’ was proposed that
would have a more positive impact on the ship energy efficiency.

As the ship machinery is the greatest contributor to carbon emissions, having a significant impact
on ship energy efficiency, its selection is a critical decision to improve the ship carbon footprint [21].
Several researchers have looked into alternative ship machinery configurations and how these could
affect the EEDI. Alternative power plant configurations for a research vessel were assessed by employing
the EEDI, as well as various other indicators [22]. The analysis of the power plant configuration
of a liquefied hydrogen tanker was performed considering economic, technical and environmental
criteria, as well as the EEDI [23]. The energy efficiency of a passenger ship with a waste heat recovery
system employing as criteria the EEDI was investigated in [24]. The techno-economic analysis and the
calculated EEDI of alternative propulsion systems for Ferries and Ro-Ro ships were presented in [25].
The impact of solar energy technology on the EEDI was investigated in [26], where it was concluded
that solar energy could address requirements of future EEDI phases. The compliance of a ROPAX
vessel and a containership with the forthcoming EEDI phases was investigated in [27]. A cost-benefit
analysis was performed in [12] for an Aframax tanker in order to propose alternatives that reduce the
EEDI under realistic operating conditions.

In the existing literature, there is a variety of studies that investigated and evaluated the EEDI
regulation effectiveness. The impact of the EEDI and SEEMP on the global carbon emissions was
investigated in [28], and it was identified that despite the positive impact of the regulations to reduce
the carbon emissions, it is not enough to reach the targets set. In [13], it was assessed whether the
EEDI could support the 50% carbon emissions reduction target and concluded that more realistic
operating conditions should be used when estimating the EEDI in order to reach the targets. A critical
overview of the EEDI was performed in [14], and it was supported that the insufficient implementation
of EEDI is highly based on political obstacles. The ineffectiveness of the EEDI compared to other life
cycle assessment methods regarding the environmental impact of ships was reported in [29]. Other
studies discussed problems associated with the EEDI implementation, especially on more complex
ships [30,31]. Along these lines, a new methodology was introduced in [32] to overcome the hindrance
of the EEDI applicability on complex integrated power systems of Ro-Ro ships.



J. Mar. Sci. Eng. 2020, 8, 61 3 of 21

In the existing literature, the effectiveness of the EEDI to improve the ship energy efficiency has
been criticised, and amendments of the existing regulatory instrument have been proposed. It has been
highlighted that the EEDI cannot capture the ship actual operation and promotes plants with lower
installed power rather than technologies that reduce the carbon emissions. It has also been suggested
that employing a life cycle indicator would be a more effective tool in order to reduce the shipping
operations carbon footprint [29].

This study focused on the investigation of the EEDI effectiveness to accurately represent the
environmental performance in comparison with the lifetime ships emissions. Two ships, an ocean-going
tanker and a cruise ship, were selected, for which optimal configurations for the ships next-generation
power plant designs are available from previous authors’ studies [33]. Based on this study results,
the following points were discussed: (a) assess whether the EEDI is a realistic representation of the
lifetime operational CO2 emissions; (b) identify the optimal ship configurations that can comply with
the current and forthcoming EEDI targets; (c) investigate whether the current configurations for ships
that form a great part of the global fleet will be able to comply with the future EEDI limits, and (d)
evaluate the impact of emerging and traditional technologies on the EEDI.

The remaining of this article is structured as follows. The investigated ships and power plants are
presented in Section 2. The method to calculate the EEDI and lifetime carbon emissions is described in
Section 3. The optimal power plants of the two investigated ships are discussed in Section 4. The EEDI
calculations for the considered power plant configurations of the two investigated ships and their
comparison to the life cycle CO2 emissions are outlined in Section 5, along with the cost-benefit analysis
of the proposed configurations. Finally, the findings of this study are analysed, and recommendations
regarding the EEDI are provided in Section 6.

2. Investigated Ships and Power Plants

The ships investigated in this study were an Aframax tanker and a cruise ship. According to the
information provided in Figure 1, which is taken from [34], the tankers emitted around 130 million
tonnes of CO2 emissions in 2012, which renders them the third larger polluter among the global fleet,
being responsible for 16% of the total CO2 emissions from ships. Although the bulk carriers and the
container ships are the heaviest polluters, tankers were investigated in this study; tankers have more
complicated power plants than bulk carriers and container ships due to the requirement to cover
considerable thermal power demand.

Figure 1. CO2 emissions in 2012 adapted by the IMO study [34].

On the other hand, even though the emissions from cruise ships are relatively low, the cruise
ships environmental impact is very high compared to the other passenger transportations means.
It is estimated that the cruise ships annual global fuel consumption is more than 30 million tonnes,
constituting almost 10% of the ships overall annual consumption and leading to 96 million tonnes of
CO2 emissions [35]. It is estimated that cruise ships have approximately 160 kg CO2 emissions per
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passenger per day [36], which corresponds to higher carbon emissions per passenger-kilometre than
the economy class aviation [37]. In addition, cruise ships sail the majority of their time on coastal
routes and spend more than 30% of their time in ports [38], which implies that they emit a significant
amount of emissions in the coastal areas, leading to serious health problems for their inhabitants [39].
Finally, ferries and cruise ships have more complex configurations than the ocean-going ships due to
the imposed safety and manoeuvering requirements.

2.1. Investigated Tanker Power Plants

The Aframax tanker ship characteristics and the baseline power plant configuration layout are
presented in Table 1 and Figure 2, respectively. The alternative technologies that are considered for the
ship power plant configurations are displayed in Table 2. In addition, the operating profile employed
to assess the power plants lifetime performance is presented in Figure 3. The operating profile for the
mechanical power was derived from existing data found in [40] and operational data for the thermal
and electric demand from shipboard measurements.

Table 1. Investigated tanker ship characteristics.

Characteristics Value

Size 115,000 DWT
Displacement 140,000 MT

Length 250 m
Beam 45 m
Draft 15 m

Propulsor Fixed pitch propeller

Figure 2. Aframax tanker power plant configuration layout.

Table 2. Technologies considered for the Aframax tanker.

Prime Mover Diesel Engine, Dual-Fuel Engine (2-Stroke Engine)

Electric auxiliary machinery Diesel generator sets, dual-fuel generator sets, fuel cells

Thermal boiler Oil fired, gas-fired

Fuels HFO, MDO, MGO, LSHFO, natural gas

Emissions abatement technologies Scrubber, SCR, EGR, carbon capture system

Technologies to improve energy efficiency WHR, shaft generator

HFO: heavy fuel oil, MDO: marine diesel oil, MGO: marine gas oil, LSHFO: low sulphur heavy fuel oil, SCR:
selective catalytic reactor, EGR: exhaust gas recirculation, WHR: waste heat recovery.
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Figure 3. Typical operating profiles for an Aframax tanker adapted from [40].

2.2. Investigated Cruise Ship Power Plants

The investigated cruise ship characteristics are displayed in Table 3, whereas the baseline power
plant configuration is presented in Figure 4. The technologies that are considered in the ship power
plant layouts are displayed in Table 4, whereas the operating profiles employed to assess the power
plants lifetime performance are shown in Figure 5. The profile was derived from operational data
acquired from a cruise vessel for a period of five years.

Table 3. Investigated cruise ship characteristics.

Characteristics Value

Size 140,000 GT
Length 300 m
Beam 40 m
Draft 10 m

Propulsor Azipods and bow thrusters

Table 4. Technologies considered for the cruise ship.

Generator Sets Diesel Generator Sets, Dual-Fuel Generator Sets, Fuel Cells

Thermal boiler Oil fired, gas-fired

Fuels HFO, MDO, MGO, LSHFO, natural gas

Emissions abatement technologies Scrubber, SCR, EGR, carbon capture system

Technologies to improve energy efficiency WHR
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Figure 4. Cruise ship power plant configuration layout.

Figure 5. Cruise ship operating profiles; (a) Total power (for propulsion and hotel load) demand;
(b) Saturated steam demand adapted from [41].

2.3. Economic Parameters for the Investigated Technologies

The parameters considered for the cost-benefit analysis of the investigated configurations are
presented in Table 5.

Table 5. Capital cost of technologies.

Technologies Capital Cost (€/kW) Adapted from

Carbon capture system 1,4 2600 [42]
Diesel engine (4-stroke) 493 [25]

Diesel engine 2 (2-stroke) 462 [43]
Dual fuel engine (4-stroke) 5 740 [44]

Dual fuel engine 2 (2-stroke) direct-injected 5 700 [44]
Dual fuel engine 2 (2-stroke) premixed 5 595 [45]

EGR 4 80 [46]
Molten carbonate fuel Cells 3 3485 [47]

SCR 4 39 [25]
Scrubber 4 135 [48]

Shaft generator 4 147 [49]
Thermal boiler 22 [50]

Waste heat recovery system 4 100 [25]
1 Tank storage of carbon included. 2 The storage and treatment of fuel are considered. 3 Technology with an internal
reformer. 4 Cost per kW of the main engine. 5 The energy required for operating the fuel gas feeding system is not
taken into account.
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3. CO2 Emissions Calculations

3.1. EEDI Calculation

The EEDI estimated the CO2 emissions per transport work (g CO2/ tonne-mile) for newly built
ships. A reference line was established for each ship type [9], which was produced by regression
analysis of a large number of data primarily provided by IHS Fairplay [51]. The reference line EEDI
was derived by employing the following equation:

EEDIref = a b−c (1)

where the parameters a and c depend on the ship type; b represents the ship deadweight (DWT) or
gross tonnage (GT). These parameters for tankers and cruise ships are provided in Table 6. For reducing
the future ships carbon footprint, three phases with stricter limits were introduced [9] by employing
the reduction factor X, the values of which are reported in Table 7. The required EEDI value for any
newly built ship was calculated by using the reference EEDI (Equation 1) and the reduction factor,
according to the following equation:

EEDIreq =
1−X
100

EEDIre f (2)

Table 6. Parameters for energy efficiency design index (EEDI) reference value equation.

Ship type a b c

Tanker 1218.8 DWT of the ship 0.488
Cruise ship with

non-conventional propulsion
170.84 GT of the ship 0.214

Table 7. EEDI reduction factor X.

Ship Type Phase 0
(1/1/13–31/12/14)

Phase 1
(1/1/15–31/12/19)

Phase 2
(1/1/20–31/12/24)

Phase 3
(1/1/25 onwards)

Tanker
(≥20,000 DWT) 0 10 20 30

Cruise ship with
non-conventional

propulsion
(≥85,000 GT)

no required EEDI 5 * 20 30

* for ships built after 1/9/2015.

For complying with the IMO regulations, the newly built ships needed to have an attained EEDI
less than the required EEDI:

EEDIattained ≤ EEDIreq (3)

The EEDI attained value for no ice-class ships was calculated according to Equation (4).

EEDIattained =
(PME CMESFOCME + PAE CAESFOCAE − fe f f PAEe f f CAESFOCAE)(1− fcc)

Capacity Vre f
(4)

where:
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PAEeff [kW] auxiliary power reduction due to the waste heat recovery
PME [kW] 0.75

(
PME, MCR − PPTO

)
; main engine power

PME [kW] main engine power at maximum continuous rating (MCR)
PPTO [kW] nominal power of the shaft generator (if installed)
PAE [kW] 0.025 PME, MCR + 250 + Pcc ; auxiliary engines power
PCC [kW] power penalty due to the carbon capture system operation
Vref [kn] nominal ship speed
feff [−] equals 1 if a waste heat recovery system is installed

fcc [−]
carbon capture system [52] and CO2 reduction potential (it is restricted by the constraint on
the ship available capacity for the CO2 chemicals and carbon by-products)

C [g CO2/g fuel]
carbon conversion coefficient (for dual-fuel engines, both the pilot fuel and the main gas
fuel are considered)

Capacity [t] DWT for tanker and GT for the cruise ship

SFOC [g/kWh]
specific fuel oil consumption at the design point (in case there is a dual fuel engine, both
the pilot fuel and the natural gas need to be accounted for)

In the case of cruise ships with an electric propulsion system, the following equation was adapted
for calculating the attained EEDI [53]:

EEDIattained =
(
(
PAE +

∑
PPTI) CAESFOCAE − fe f f PAEe f f CAESFOCAE

)
(1− fcc)

Capacity Vre f
(5)

PPTI [kW] 75% of the rated power of the installed shaft motors divided by the efficiency of the electric
generator (taken as 0.95) and the propulsion drive efficiency (taken as 0.92).

3.2. Lifetime CO2 Emissions Calculation

The lifetime CO2 emissions (ECO2) from the power plant systems were calculated for all the
ship energy systems (s), including the main engine, generators, and thermal boilers, according to the
following equation:

ECO2 =
∑

s
EFCO2 f cs (6)

where EFCO2 denotes the CO2 emissions factor in g CO2/g fuel that depends on the fuel type, and fcs is
the fuel consumption.

The fuel consumption of each system i was estimated by employing the following equation:

f ci = H
∑

j

FoO j P j

∑
f

SFOC f , j (7)

where H denotes lifetime operating hours; FoOj is the frequency of occurrence of each operating point
j; Pj is the power at the operating point j; SFOCf,j is the specific fuel consumption of each fuel f at the
operating point j.

The lifetime CH4 emissions (ECH4) from the power plant systems were calculated for all the ship
energy systems (s), including the main engine and the generator sets, according to the following
equation:

ECH4 = H
∑

j

∑
s

FoO j P j,s EFCH4 (8)

where EFCH4 denotes the CH4 emissions factor in g CH4/kWh that depends on the dual-fuel engine
type. The methane emissions (methane slip) was assumed to be 0.2 g/kWh of the Dual Fuel (DF) direct
gas injection engines [54] and 4 g/kWh for the DF pre-mixed [17,55]. It was assumed that the thermal
boilers operating with natural gas exhibited zero methane emissions. In addition, the methane release
due to leakages in the ship fuel storage and feeding systems were not taken into account.
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By considering that the equivalent carbon emissions were 25 times the methane emissions [56],
the equivalent lifetime CO2 emissions were calculated according to the following equation:

ECO2e = ECHO2 + 25 ECH4 (9)

The emission factors used to estimate the lifetime carbon emissions are displayed in Table 8.

Table 8. CO2 emission factors.

Fuels CO2 (kg/kg of Fuel)

HFO 3.021
LSHFO 3.075
MDO 3.082
MGO 3.082
NG 2.75

NG and MDO pilot fuel 1 2.77

1 EFCO2 = 0.94 EFCO2, NG + 0.06 EFCO2, MDO.

3.3. Cost-Benefit Analysis

The cost-benefit analysis of the various investigated power plant solutions was based on the
ratio of the cost difference and the CO2 emissions difference (from the ones of the baseline solution),
according to the following equation:

CB =
∆C
∆E

=
Csol −Cbas
Esol − Ebas

(10)

where the nominator represents the life cycle cost difference between the investigated solution and
the baseline, whereas the denominator is the lifetime equivalent CO2 emissions difference between
the solution and the baseline. The results from the cost-benefit analysis can be negative when the
solutions life cycle cost or emissions are less than the baseline, whereas they can be positive when both
differences are negative or positive.

4. Optimal Ships Power Plants

This section presents the power plant configurations along with their characteristics for the two
investigated vessels. These configurations were taken from the authors’ previous studies and represent
solutions that could comply with the current regulatory framework for CO2, SOx, and NOx emissions.

4.1. Optimal Tanker Power Plants

The alternative power plant configurations characteristics for the investigated tanker were taken
from [33]. Marine two-stroke engines that directly drive the ship propeller were considered for all the
configurations combined with after-treatment systems (exhaust gas scrubber, selective catalytic reaction
system, and carbon capture system), and energy efficiency increased technologies (waste heat recovery
system and shaft generator). These configurations were derived by employing a multi-objective
evolutionary optimisation algorithm with the lifetime of NOx, SOx, and CO2 emissions, as well as the
life cycle cost as objectives. Each objective was considered separately; hence, there was not a single
solution that manages to simultaneously optimise all the objectives. These solutions, along with the
baseline (existing power plant of the investigated tanker) configuration characteristics, are presented
in Table 9. In total, 13 configurations were identified. These solutions presented in Table 9 were ranked
in ascending order from lower to greater CO2 emissions (the solution No. 1 exhibited the lowest
CO2 emissions).
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Table 9. Investigated power plant configurations for the Aframax tanker.

Configuration No.

Main engine Emission
Reduction

Technology

Energy
Efficiency

Technology

Electric Auxiliary
Machinery Sets/Power (kW) Boiler

Type Fuel MCR Power
(MW) Type Fuel Type Fuel

1 DF direct gas
injection NG 15.5 EGR and CC WHR and SG FC NG 4 × 500 GFB NG

2 DF direct gas
injection NG 14 EGR and CC WHR and SG FC NG 4 × 500 GFB NG

3 DF direct gas
injection NG 14 EGR and CC SG DG LSHFO 2 × 1260 and 1 × 660 GFB NG

4 DF direct
gas-injection NG 14 EGR and CC WHR and SG DG LSHFO 2 × 1260 or 2 × 1260

and 1 × 660 GFB NG

5 DF pre-mixed
combustion NG 15.5 CC WHR and SG DFG NG 2 × 1280 GFB NG

6 DF pre-mixed
combustion NG 15 CC WHR FC NG 4 × 500 GFB NG

7 DF pre-mixed
combustion NG 14 CC SG DFG NG 2 × 1280 GFB NG

8 DF direct gas
injection NG 15 EGR none FC NG 4 × 500 GFB NG

9 DF direct gas
injection NG 15 EGR SG DFG NG 2 × 1280 and 1 × 660 GFB NG

10 DF direct gas
injection NG 15 EGR WHR DFG NG 2 × 1280 GFB NG

11 DF pre-mixed
combustion NG 15.5 none WHR FC NG 4 × 500 GFB NG

12 DF pre-mixed
combustion NG 15 none WHR and SG DFG NG 2 × 1280 GFB NG

13 DF pre-mixed
combustion NG 14 none SG DFG NG 2 × 1280 GFB NG

Baseline Diesel HFO and
MDO 14 SCR SG DG MDO 3 × 800 OFB HFO and

LSHFO

DF: dual fuel, NG: natural gas, HFO: heavy fuel oil, MDO: marine diesel oil, EGR: exhaust gas recirculation, CC: carbon capture, SCR: selective catalytic reactor, WHR: waste heat recovery,
SG: shaft generator, DFG: dual fuel generator, FC: fuel cells (molten carbon), DG: diesel generators, LSHFO: low sulphur heavy fuel oil, GFB: gas-fired boiler, OFB: oil fired boiler; MCR:
maximum continuous rating.
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It could be inferred from Table 9 results that the two-stroke dual-fuel engine operating in natural
gas was the dominant prime mover for the investigated Aframax tanker among the solutions identified.
In addition, the prevailing technology for covering the thermal power demand is the gas-fired boiler,
whereas the alternatives operating with natural gas are the dominant solutions for the electric auxiliary
machinery (although there are few cases where diesel generator sets are selected). Generally, it
is inferred that gas operating energy systems are highly preferred in the identified power plant
configurations. The optimisation method description, as well as a detailed analysis of the identified
optimal solutions characteristics and performance, are delineated in [33].

4.2. Optimal Cruise Ship Power Plants

The alternative power plant configurations for the investigated cruise ship were taken from [41].
The power plant is of the electric type with electric motors driving the ship propulsors; hence, generator
sets driven by reciprocating engines or fuel cells are used for covering the ship electric power demand.
These configurations characteristics, as well as the baseline (existing power plant for the investigated
cruise ship) configuration characteristics, are shown in Table 10. The configurations were derived by
employing optimisation with the lifetime CO2 emissions and life cycle cost as objectives. The solutions
presented in Table 10 were ranked according to their lifetime CO2 emissions with the No. 1 configuration
exhibiting the lowest CO2 emissions.

Table 10. Investigated power plant configurations for the cruise ship.

Configuration
No.

Sets/Nominal
Power/Type/Fuel

Emission Reduction
Technology

Energy Efficiency
Technology

Thermal Boiler

Type Fuel

1 138 × 500 kW FC (NG) CC WHR GFB NG

2
96 × 500 kW FC (NG)

and CC WHR GFB NG
3 × 7000 kW DFG (NG)

3
66 × 500 kW FC (NG)

and CC WHR GFB NG
3 × 12000 kW DFG (NG)

4
42 × 50 kW FC (NG) and

CC WHR GFB NG4 × 12000 kW DFG (NG)

5
3 × 11000 kW DFG (NG)

and CC WHR GFB NG
4 × 9000 kW DFG (NG)

6
3 × 12000 kW DFG (NG)

and - WHR GFB NG
3 × 11000 kW DFG (NG)

7
3 × 7000 kW DG

(LSHFO) and - WHR GFB NG
4 × 12000 kW DFG (NG)

Baseline 6 × 12000 kW DG (HFO
and LSHFO) SCR Economiser OFB HFO and

LSHFO

DG: diesel generator set, LSHFO: low sulphur heavy fuel oil, DFG: dual fuel generator set, NG: natural gas, FC: fuel
cells (molten carbon), CC: carbon capture system, SCR: selective catalytic reactor, WHR: waste heat recovery system,
GFB: gas-fired boiler, OFB: oil fired boiler, HFO: heavy fuel oil.

It could be inferred from the presented results that the technologies that are most prominent to
mitigate the CO2 emissions whilst reducing the life cycle cost are the technologies operating with
natural gas compared to the baseline configuration that consists of systems operating with heavy fuel
oil (HFO). It was identified that the most dominant technology for the electric power generation that
improved both the environmental and economic performance of the ship energy systems was the
dual fuel generator sets operating with natural gas or a combination of dual fuel generators and fuel
cells. The carbon capture technology was selected in the majority of the solutions along with the waste



J. Mar. Sci. Eng. 2020, 8, 61 12 of 21

heat recovery in order to improve the carbon footprint of the cruise ship energy systems. A detailed
discussion of these configurations characteristics can be found in [41].

5. Results and Discussion

In this section, the calculated EEDI values of the considered power plant configurations of the
two investigated ships were compared with the estimated lifetime CO2 emissions. The compliance
of each ship baseline (existing) power plant configuration to the forthcoming phases of EEDI was
also examined.

5.1. Tanker Ship

The results of the EEDI for the solutions of Table 9 were compared with the lifetime CO2 emissions.
The EEDI reference value for phase 0 for an Aframax tanker was estimated, as it was indicated in the
previous section.

The reference value for phase 1 until 2019, for Phase 2 until 2024 and for Phase 3 from 2025 and
onwards was estimated according to the regulations [51] and presented in Table 11. It was noted that
these values corresponded to newly built ships.

Table 11. Reference values for EEDI regulation for an Aframax tanker.

Phase Period Reference Value (g CO2/t NM)

1 till 2019 3.72
2 2020−2024 3.3
3 from 2025 2.89

The EEDI was estimated for each solution identified through the optimisation according to the
IMO guidelines [9], as it was presented in Section 3. The carbon capture was also considered in the
calculation of the EEDI since it was directly related to the CO2 emissions.

The attained EEDI for each optimal solution presented in Table 9 is displayed and compared with
the lifetime CO2 emissions in Table 12. The solutions were ranked according to the EEDI values in
ascending order. In addition, the last two columns present the percentage difference of the EEDI and
lifetime emissions from the EEDI values and the lifetime carbon emissions of the current configuration.
The respective values for the current configuration for the EEDI value and for the lifetime carbon
emissions are also displayed in Table 12.

It is evident from Table 12 that all the solutions complied with the EEDI phase 1 and 2, and, as
a result, they were considered green alternative configurations according to the imposed IMO EEDI
regulation until 2019. However, not all solutions could comply with the EEDI phase 3 value; in specific,
solution 11 was marginally above the reference value. Therefore, it is evident that after 2024, there are
configurations derived from the optimisation that cannot comply with the EEDI phase 3.

Table 13 presents the calculated lifetime methane emissions along with the corresponding
equivalent CO2 emissions and the total equivalent CO2 emissions for each investigated configuration
of the Aframax tanker. The EEDI could not be compared with the equivalent CO2 emissions since
it does not consider methane emissions. It could be inferred from these results that the methane
emissions in CO2 equivalent were relatively low for the configurations that did not include premixed
combustion DF engines (3, 2, 4, 1, 9, 10, and 8). In these cases, the total equivalent CO2 emissions were
almost the same with the lifetime CO2 emissions presented in Table 12. The total CO2e emissions were
increased (in comparison with the lifetime CO2 emissions presented in Table 12) for the configurations
that included premixed DF engines (7, 13, 5, 12, 6, and 22) due to the considerable lifetime methane
emissions in these cases.
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Table 12. Calculated EEDI values and lifetime CO2 emissions for the Aframax tanker power
plant solutions.

Configuration EEDI
(g CO2/t NM)

Lifetime CO2
Emissions (1000 t)

Percentage Difference
from the Baseline

Configuration EEDI

Percentage Difference
from the Baseline

Configuration CO2
Emissions

3 2.11 557 −30% −54%
2 2.15 551 −28% −54%
4 2.18 572 −27% −52%
7 2.29 601 −24% −50%
13 2.3 816 −23% −32%
1 2.31 550 −23% −54%
9 2.39 764 −20% −36%
5 2.51 584 −16% −51%
12 2.53 787 −16% −34%
10 2.56 777 −15% −35%
8 2.63 751 −12% −37%
6 2.65 593 −12% −51%
11 2.90 781 −9% −35%

Baseline
configuration 3 1201.1 (-) (-)

Table 13. Lifetime CO2 equivalent emissions for the Aframax tanker power plant solutions.

Configuration Lifetime CH4
Emissions (1000 t)

Lifetime CH4
Emissions in
CO2e (1000 t)

Lifetime CO2e
Emissions (1000 t)

Percentage Difference
from the Baseline

Configuration CO2e
Emissions

3 0.29 7.35 564 –53%
2 0.29 7.35 559 –53%
4 0.29 7.35 579 –52%
7 5.88 147.09 748 –38%
13 5.88 147.09 964 –20%
1 0.30 7.38 558 –54%
9 0.29 7.37 772 –36%
5 5.22 130.53 714 –40%
12 5.90 147.48 935 –22%
10 0.26 6.53 783 –35%
8 0.26 6.53 757 –37%
6 5.22 130.53 723 –40%
11 5.22 130.53 911 –24%

Baseline
configuration (-) (-) 1201.1 (-)

The cost-benefit analysis results (cost difference from the baseline over equivalent CO2 emissions
from the baseline) are presented in Figure 6. It was observed from this figure that the cost difference of
reducing the CO2e emissions for the configurations 9–13 was positive. As it was discussed previously,
this was due to the fact that the life cycle cost of these configurations was less than the baseline life
cycle cost due to the lowest price of the natural gas compared to the HFO, as well as the emissions of
the solutions were less than the baseline.

From the results presented in Table 12, it was evident that the EEDI and the lifetime CO2 emissions
indicated different solutions as optimal and worst-performing. According to the EEDI regulation, the
greener alternatives belonged to solutions 3, 2 and 4; however, the lifetime CO2 emissions indicated
that the solutions, which had the lowest carbon footprint, belonged to the clusters 1, 2 and 3. According
to the cost-benefit analysis results, the configuration 1 seemed to have a high cost, whereas it was a
very interesting solution when considering the lifetime CO2 emissions, a fact that was not reflected
equally to the EEDI values. However, among the solutions 3, 2 and 4 that had a good performance
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both according to the lifetime carbon emissions and the EEDI, the solution that had the most benefit
with the less cost was the solution 3.

Figure 6. Cost-benefit analysis results for the Aframax tanker configurations.

On the other hand, the solutions 11, 6 and 8 exhibited the higher EEDI values, whereas, the
solutions 13, 12 and 11 exhibited the greater lifetime CO2 emissions. The cost-benefit analysis indicated
that the three worst-performing solutions according to the lifetime carbon emissions exhibited a lower
life cycle cost compared to the baseline, and therefore were more cost-efficient. On the other hand,
two of the worst-performing solutions with the EEDI (6 and 8) criterion hade a higher cost than the
baseline. Therefore, in terms of worst-performing configurations, the EEDI provided a very different
view than when considering lifetime emissions.

A significant deviation was also observed for the values of the percentage difference from
the baseline for the EEDI and the lifetime carbon emissions for specific configurations. From the
configuration 3, it was identified that its performance regarding the EEDI was improved 30% from the
baseline, whereas for the equivalent carbon emissions, it was 54%. Therefore, even though the lifetime
CO2 emissions were reduced by half compared to the current configuration, the EEDI demonstrated a
much lower improvement that did not reflect the real emissions reduction. Another observation when
comparing the solutions 13 and 7 was that their EEDI values had only a 1% difference, whereas their
lifetime carbon emissions exhibited a difference of 18%. Furthermore, it was evident that the solution 11
had a minor improvement compared to the baseline regarding the EEDI, only 9%, whereas its lifetime
CO2 emissions reduced 35% compared to the baseline configuration. This misalignment, among others,
was based on the fact that the lifetime CO2 emissions considered also the emissions derived from the
thermal boiler, whereas the EEDI included only the main and electric auxiliary engines. However, for
ships like tankers, the thermal requirements were high, and therefore the thermal boiler’s emissions
had a significant impact on the ship carbon footprint.

The results derived from the EEDI regulation investigation indicated that after 2024, there are
some solutions derived from the optimisation that cannot comply with the reference value of EEDI
for phase 3. In addition, the baseline configuration will not be able to comply with the future EEDI
phases, which demonstrated the imminent need for greener technologies development. In addition,
there was a misalignment with the estimations of the lifetime carbon emissions and the EEDI for all the
investigated solutions. The EEDI underestimated the effect of the optimal configurations proposed to
reduce CO2 emissions. This was due to the fact that it is highly dependent on the nominal power of the
installed engine [27], as well as it is estimated according to design speed, and not the real ship operation.
However, the real mitigation of the emissions was highly dependent on the type of technologies and
the ship operating profile. From the preceding analysis, it could be inferred that the EEDI did not
manage to capture the real carbon impact of the Aframax tanker ship energy systems, and, as a result,
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as a policy, it could not have a significant impact on improving the carbon footprint of the tanker ship
energy systems. Furthermore, it could be inferred considering the presented results that EEDI seemed
to be a conservative measure as it underestimated the real CO2 emissions reduction, which however
could be used as a first approximation of comparing the ship performance at the design phase.

5.2. Cruise Ship

The EEDI reference values for the investigated cruise ship power plant configurations were
estimated according to Section 2. The reference values for phase 1 (till 2019), for phase 2 (2020–2024)
and phase 3 (2025 onwards) were estimated according to the regulations [51] and presented in Table 14.

Table 14. EEDI reference values for a cruise ship of 140,000 GT.

Phase Reference Value (g CO2/t NM)

1 12.85
2 10.82
3 9.47

The EEDI was estimated for each optimal configuration for non-conventional propulsion systems;
in addition, the carbon capture was included in the calculation of the EEDI since it is directly related to
the CO2 emissions. The derived EEDI values, along with the lifetime CO2 emissions of the investigated
solutions, are displayed in Table 15. The solutions were ranked according to the EEDI values in
ascending order. The EEDI and the lifetime carbon emissions for the baseline configuration are also
presented in Table 15. The percentage difference of the EEDI and lifetime CO2 emissions of each
solution from the baseline configuration is displayed in the last two columns of this table. The results
indicated that the baseline configuration complied only with phase 1, and in order to attain phases 2
and 3, a different solution was required.

Table 15. Calculated EEDI values and lifetime CO2 emissions for the cruise ship power plant solutions.

Configuration EEDI
(g CO2/t NM)

Lifetime CO2
Emissions (1000 t)

Percentage Difference from
the Baseline Configuration

EEDI

Percentage Difference
from the Baseline

Configuration CO2
Emissions

1 6.46 828 −45% −75%
2 7.12 832 −40% −75%
3 7.45 930 −37% −72%
4 7.80 1003 −34% −69%
5 8.45 1374 −28% −58%
6 8.80 1976 −25% −40%
7 9.13 2031 −23% −38%

Baseline
configuration 11.8 3284.1 (-) (-)

Table 15 shows that all the investigated solutions complied with the three EEDI phases. As a result,
they were considered green alternatives according to the imposed EEDI regulations. The estimated
EEDI and lifetime carbon emissions values concluded on the same ranking for the investigated
configurations. Therefore, both indicators were aligned with regards to the investigated configurations
potential to reduce the carbon footprint of the ship power plant.

However, differences were observed for the values of the solutions of the percentage difference
from the current configuration of the EEDI and the lifetime carbon emissions. The percentage
improvement of solution 1 from the current configuration according to the EEDI was 45%, whereas,
for the lifetime emissions, it was 75%. Generally, the EEDI range of improvement from the current
configuration was underestimating the lifetime carbon emissions reductions that could be achieved,
therefore not being a good proxy for the actual carbon emissions reduction. Similarly, with the tanker,
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the fact that the carbon emissions from the thermal boiler are not included in the estimations of the
EEDI had an important role in this misalignment. Therefore, even though the lifetime emissions were
reduced significantly, the EEDI indicated a much lower improvement and, as a result, did not manage
to accurately capture the carbon reduction benefits of using advanced configurations.

In addition, the lifetime methane emissions along with the corresponding equivalent CO2

emissions and total lifetime equivalent CO2 emissions for the investigated configurations are displayed
in Table 16. It was evident that methane emissions CO2e were much lower than the CO2 emissions.
However, compared to the tanker, the methane carbon equivalent emissions had a greater contribution
to the overall carbon equivalent emissions. Therefore, the estimated percentage difference from the
baseline configuration of CO2e emissions in some cases was more than 16%. This was due to the
fact that pre-mixed dual fuel generators were considered for the cruise ship that exhibited a higher
methane slip.

Table 16. Lifetime equivalent CO2 emissions for the cruise ship power plant solutions.

Configuration Lifetime CH4
Emissions (1000 t)

Lifetime CH4
Emissions in
CO2e (1000 t)

Lifetime CO2e
Emissions (1000 t)

Percentage Difference
from the Baseline

Configuration CO2e
Emissions

1 0 0 827.76 –75%
2 2.81 70.17 901.87 –73%
3 8.10 202.59 1132.64 –66%
4 12.92 322.92 1325.53 –60%
5 21.02 525.51 1899.23 –42%
6 21.02 525.51 2501.36 –24%
7 8.10 202.48 2233.34 –32%

Baseline
configuration (-) (-) 3284.1 (-)

The cost-benefit analysis results for the investigated configurations are displayed in Figure 7.
The results of the cost-benefit analysis in addition to the results from Table 16 indicated that solution 1
had the lowest carbon emissions and the highest life cycle cost. This solution had the lowest carbon
emissions according to Table 16, and since the ratio was negative, it could be inferred that the life cycle
cost of the solution was higher than the baseline. Therefore, according to the figure, it was evident that
it had the highest cost for the emissions reduced. On the other hand, the solutions 5, 6 and 7 had a
positive ration due to the fact that the life cycle cost of the solutions was lower than the baseline, due
to the lower price of the natural gas.

Figure 7. Cost-benefit analysis results for the cruise ship configurations.
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It was inferred that the baseline configuration complied only with phase 1 of the EEDI regulations;
thus, new greener alternatives need to be identified in future ship designs. The configurations proposed
in this study managed to comply with all the EEDI phases. It was evident from the presented results
that the EEDI was highly affected by the design speed compared to the lifetime carbon emissions that
were estimated according to an expected operating profile. Therefore, even though both the EEDI and
the lifetime carbon emissions ranked the configurations in the same order of preference, there was a
misalignment in estimating the magnitude of the improvement of the configurations compared to the
current configuration. As a result, the EEDI did not manage to capture the real carbon impact of the
cruise ship energy systems, as well as the great benefits of the greener technologies; thus as a policy
that aims to mitigate the carbon emissions, the EEDI was not accurate enough to support decisions in
improving the carbon footprint of the ship. Similar to the previous section analysis, it could be also
inferred for the investigated cruise ship power plant configurations that the EEDI was a conservative
metric as it underestimated the CO2 reduction.

6. Conclusions and Recommendations

In this study, the EEDI effectiveness on accurately representing the environmental performance
of the next-generation ships power plants for two representative ship types was investigated.
The performance of the optimal power plant solutions for two ocean-going ships, which were
identified in previous studies considering both environmental and economic objectives, was analysed
according to the existing EEDI regulatory framework and compared with the lifetime CO2 emissions
estimated based on an actual operating profile for each ship. The investigated power plants included
the traditional diesel engines, thermal fired boilers, emerging technologies and fuels like natural gas
and methanol, fuel cells and carbon capture technologies, as well as energy efficiency technologies,
such as the shaft generator and waste heat recovery. The methane slip was included in the calculations,
and the equivalent carbon emissions were identified. Finally, a cost-benefit analysis was performed for
each solution, and the difference of the life cycle cost and equivalent carbon emissions of each solution
from the baseline was estimated.

It was identified that the baseline configurations for both the investigated tanker and cruise ship
did not manage to comply with the forthcoming phases of the EEDI, and thus designs of reduced
carbon footprint are required. In addition, it was found that some optimal configurations for the
investigated tanker did not manage to comply with the EEDI phase 3, despite the fact that they adopted
greener technologies like fuel cells, dual-fuel engines, and waste heat recovery. Thus, it is inferred
that diesel engines and HFO operating systems would be prohibitive in future power plant designs
from a carbon emissions perspective. It was highlighted that the EEDI promoted configurations that
had lower installed nominal power, which had a negative impact on the safe operation of the ship.
Finally, it is inferred that the EEDI underestimated the effect of technologies for reducing the carbon
emissions, whereas the type of the technologies, as well as the power plant operating profile, were the
most significant factors for estimating the lifetime carbon emissions.

A misalignment between the EEDI and the actual lifetime carbon emissions was identified.
The percentage of improvement between the solutions and the baseline configuration for the EEDI and
the lifetime carbon emissions differed, and in some cases, the ranking of the solutions according to
the two indicators differed too. The following paragraphs expand on this misalignment between the
two metrics.

First, the lifetime carbon emissions of the main energy ship systems were estimated. This is
significant, especially for ships, such as the tankers and the cruise ships, that along with the electric
and mechanical load have high thermal power requirements and therefore high carbon emissions from
the thermal boilers. As a result, a more holistic approach is needed for the lifetime carbon emissions
estimations, which offers more realistic results regarding the carbon footprint of the ships.

Second, ships operate in variable operating profiles [40,57] that consist of different operating
phases. However, the EEDI is estimated according to one ship design speed that represents a small
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percentage of the ship lifetime, whereas the lifetime emissions take into consideration a realistic
operating profile. Therefore, the operating condition proposed by the EEDI does not accurately
represent the actual operating conditions in reality. This corresponds to the inability of the EEDI to
accurately capture the real lifetime carbon emissions. Hence, the EEDI cannot serve as an accurate
proxy of the difference in actual carbon emissions between different configurations. Therefore, it can
be inferred that the EEDI is not always consistent with the lifetime carbon emissions reduction. As a
result, implementing the EEDI metric can wrongly guide the ship designers, owners and policymakers
into adopting configurations that, in reality, are underperforming.

In addition, it was identified that the methane slip emissions had a considerable impact on the
total carbon emissions in the cases where DF engines of the premixed combustion type are used,
whereas, in others, their impact was negligible as on the tanker ship. Therefore, methane emissions
should be considered, especially when DF pre-mixed engines are introduced in the power plant design.

All the aforementioned issues negatively affect the global policies for the reduction of the carbon
emissions and, in specific, the IMO policies for 50% reduction by 2050. It was derived that the EEDI is
a conservative measure, underestimating the actual lifetime CO2 reductions in all the investigated
cases. In this respect, it could be inferred that the EEDI in its present form could be employed for
a quick approximation of the carbon footprint of the alternative power plant configurations in the
ship design phase. Therefore, it could not serve as a policy tool to support understanding the carbon
emissions reduction and could not be used in the early design phases to support the selection of the
most carbon-efficient power plants as it is not realistic.

Based on this study results, the following recommendations were proposed to the policymakers
for the EEDI improvement in order to express the real lifetime carbon emissions and more effectively
serve with the IMO targets.

As considering one design point is not sufficient, it is proposed that a more realistic operating
profile and more than one points of the engine performance are required in order to express the real
ship operation and more realistically estimate her emissions. Thus, as it is also discussed in the existing
literature, a lifetime operating policy is needed to achieve real results and have a positive impact on
developing effective emissions reduction policies. Therefore, indicative operating profiles for each ship
type should be derived from existing operating data with more operating points.

In addition, it was evident that in many cases, there was a misalignment of the EEDI with the
lifetime carbon emissions due to the fact that not all systems contribution are considered to the EEDI
calculation. As a result, it is recommended to include all the ship energy systems in order to have
realistic estimations of the ship performance and energy efficiency.

Furthermore, the optimisation identified as optimal configurations, power plants with dual-fuel
operating engines with natural gas. The IMO future targets do not consider only the carbon emissions
but also the greenhouse warming impact of ships. Therefore, methane and other equivalent carbon
emissions should be considered.

Finally, it was evident from the cost-benefit analysis that some configurations proposed by the
optimisation managed to reduce the carbon emissions, however, with a very high cost. Therefore, it
was evident that it would be hard for the ship-owners to select more environmentally friendly power
plants. As a result, complementary to the EEDI, a carbon trading scheme could be forced in order to
increase the incentives for more carbon-efficient technologies.
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