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Abstract

The International Maritime Organization (IMO) announced that maritime transport share by 2.89% in global greenhouse gases.
Electric propulsion system appears as a promising option for reducing ship emissions, especially for high-powered vessels. The
aim of the current paper is to investigate the environmental and economic impact of using electric propulsion systems. Simple
eco-environmental model was presented to assess the best propulsion system for passenger ships. A comparison between diesel
electric (DE) and combined gas turbine electric and steam (COGES) propulsion systems is conducted. As a case study, one of the
cruise ships is selected. The results showed specific environmental benefits of COGES over DE propulsion option. From the
design and operational viewpoints, COGES propulsion system is more energy efficient than DE by 9.3% and 27.55%, respec-
tively. Economically, the values of the life cycle costs are 5,013 and 6,042 $/kW for DE and COGES systems, respectively.
Finally, COGES seems as a greener option with a life-cycle cost-effectiveness of 612, 1970, and 6 $/ton for NO,, SO,, and CO,
emissions, respectively.

Keywords Passenger ships - IMO regulations - Diesel electric propulsion - COGES propulsion - Ship emissions -
Cost-effectiveness analysis

Introduction Michail and Melas 2020). Recent statistics show that ships are

responsible for emitting 932 million tons of global CO, emis-

The maritime industry faces many challenges, whether at the
level of legislation set by the International Maritime
Organization (IMO) (Ammar and Seddiek 2020a; Lee 2019)
or the economic crises that appear from time to time as that
arising now from the Covid-19 virus (Doumbia-Henry 2020;
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sions, which account for 2.6% of the total annual global emis-
sions (Olmer et al. 2017; Seddiek 2016). Moreover, IMO (2020)
reported that the share of shipping emissions in international
anthropogenic emissions has increased from 2.76% in 2012 to
2.89% in 2018. Consequently, IMO has issued some legislations
to reduce the adverse environmental impact (Halff et al. 2019;
Ammar and Seddiek 2018). Mohseni et al. (2019) pointed that
the highest percentage of ship emission mainly comes from
propulsion systems. In most traditional ships, the emitted ex-
haust gases result from two main elements: auxiliary engines
with low consumed power, such as diesel generators; and pro-
pulsion system, which are called main engines with high con-
sumed power. Therefore, the highest percentage of ship emis-
sion is mainly coming from the ship propulsion systems.

In order to meet IMO emission regulations and achieve
efficient ship operations, researches are focusing on substitut-
ing conventional propulsion drives with more efficient sys-
tems (Geertsma et al. 2017; Curley 2012). Electric propulsion
system is one of the alternative drives for mechanical ones
adapted to different ship types providing more efficient
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operation at low speed (Nuchturee et al. 2020; Lim et al.
2019). Many researchers studied the effect of applying electric
propulsion to commercial, cruise, and naval vessels (Hong
et al. 2012; Koo 2009). Kim (2007) and Koo (2009) showed
that electric propulsion system can be considered an efficient
system with low nitrogen oxides emissions to comply with the
new greenhouse gas emission regulations from ships. Kim
(2013), Bassam et al. (2016), and MAN (2018) displayed that
Azipod propulsion can be used with electric propulsion sys-
tem for some ships, like offshore support vessels, LNG car-
riers, cruise, and passenger ships and ferries, which improves
their maneuverability. Prempraneerach et al. (2009) studied
the prediction of power consumption and modeling of the
dynamic characteristics of ship electric propulsion system.
Zahedi and Norum (2013) and Kwak (2014) presented a sim-
ulation for the electric system components and validating the
design and mathematical models. Kwak (2014) and Lim et al.
(2019) analyzed a modeling of the ship electric propulsion
based on the shipping and load flow characteristics.
Furthermore, Dedes et al. (2012) and Bassam et al. (2017)
discussed the applicability of using electric concept as a part
of hybrid propulsion system for a certain ship type. From the
previous literature, electric propulsion system is considered a
rich concerning research point due to its environmental and
economic effects. Statistics reveal that the number of electric
propulsion vessels in global ship contracts has increased over
the years from 2000 to 2017 as shown in Fig. 1, most of which
are installed onboard passenger ships (Clarksons Research
2020; Jeon and Kim 2020). As a specific ship type,
UNCTAD (2019) showed that passenger ships present 4%
of the total world ship number with 3% of the world gross
tonnage. Statistics reveal that although the dead weight
of passenger ships sailing worldwide account for only 0.35%
of the total world ships’ dead weight, they share by 11.4%
of total ships’ value in dollars.

The aim of the present work is to highlight the necessity of
shifting from conventionally powered passenger ships to al-
ternative propulsion systems with an emphasis on electric
ones. The objectives are giving a brief description regarding
the systems’ technicality, in addition to reaching the best
ships’ characteristics with respect to the environment and eco-
nomic issues. The present paper discusses the technical, envi-
ronmental, and economic issues in case of applying an electric
propulsion system for passenger ships. Diesel electric (DE)
and combined gas turbine electric and steam (COGES) are
selected to evaluate the corresponding environmental and eco-
nomic benefits. Based on previous work (Benvenuto et al.
2011; Haglind 2008), it is difficult to present reliable cost
figures of marine combined gas and steam power plant. One
ofthe main scopes of the current paper is to find a detailed cost
ofthe combined cycle. As a case study, one of passenger ships
with a sailing route between Vancouver and Tokyo ports is
examined.
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Description of alternative electric propulsion
systems for passenger vessels

One of the clean cost-effective propulsion options for passen-
ger vessels is the electric propulsion system. Its opportunity to
replace the conventional propulsion systems is increased, es-
pecially with the new IMO regulations for reducing exhaust
gas emissions and improving the operational energy efficien-
cy of ships. There are three available electric propulsion op-
tions for passenger vessels: diesel electric (DE), combined gas
turbine electric and steam (COGES), and hybrid propulsion
systems. The first option is the diesel electric propulsion op-
tion operated either by fixed pitch, or by controllable or
Azipod propellers (Peng et al. 2020; Nuchturee et al. 2020).
Figure 2 shows an example for the diesel electric propulsion
system illustrating the different components. In diesel electric
propulsion system, the electric motors are used to drive the
ship propellers with high efficiency at different ranges of
loads. Three to eight sets of diesel generators with synchro-
nous generators can be used in this system. The main busbar is
supplied by electric power from the generators. It is divided
into different sections to guarantee redundancy. High voltage
(HV) levels (11 kV) are normally used in electric propulsion
systems especially for high output power (more than 20 MW).
The HV systems are used mainly for ship propulsion and
thrusters using synchronous or asynchronous motors.
Synchronous motors are used for high power rating while
asynchronous drives are used for thrusters. The auxiliaries
and hotel loads are operated using low-voltage distribution
network (MAN 2018; Jeong et al. 2018).

The second electric propulsion option is the combined gas
turbine electric and steam (COGES). In COGES plant, the
steam turbine is powered by steam produced from the gas
turbine lost heat as shown in Fig. 3. In this plant, the recov-
ered heat energy reduces the specific fuel consumption of the
combined cycle. The produced exhaust gases from gas tur-
bine (1) are used in waste heat recovery boiler (3). The pro-
duced steam from the steam turbine (2) is used for driving the
steam turbine and for vessel heating applications (12). The
main busbar is supplied by electric power from both gas (1,4)
and steam (2,4) turbo generators. This electric power is used
to operate the electric motor (5) which drives the ship pro-
peller (7) and vessel electric network (11). COGES system
differs from further combined marine power plants that it is
not designed to operate on gas or steam turbine alone. For
example, combined steam and gas (COSAG) system uses
steam turbine for running ship propeller during cruise, and
gas turbine complements it at high speeds (Benvenuto et al.
2012; Ibrahim et al. 2011). One of the main advantages of
this system over conventional propulsion system is that at
low gas turbine loads, the steam turbine recovers the lost
heat, and this leads to constant fuel consumption over a wide
range of operational loads. In addition, the exhaust gas boiler
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eliminates the need for auxiliary boiler. This will conse-
quently decrease the exhaust gas pollutants from the propul-
sion system (Mrzljak and Mrakovc¢i¢ 2016; Haglind 2008).
Gas turbine with mechanical drive is favored for fast ferries
to satisfy the required weight and space restrictions. On the
other hand, the COGES power plant is preferred for cruise
ship to cope with the part load operations and large steam
quantities required for the auxiliary systems (Haglind 2008;
Rivera-Alvarez et al. 2015). Recently, the main restrictions
for using GOGES propulsion systems onboard ships are re-
lated to economic issues.

The third propulsion option is the hybrid propulsion sys-
tem. It is a combination of the conventional and electric pro-
pulsion systems (Xiao et al. 2020; Capasso et al. 2019). This

Fig. 2 Diesel electric propulsion
system (1, diesel engine; 2,

type is considered effective when the electrical load required
from generators can be provided from the propulsion system
as shown in Fig. 4. The figure shows that the hybrid propul-
sion system may appear in two options. The first one is me-
chanical hybrid system. In this configuration, the propulsion
depends mainly on the energy derived from the main engine,
which is a two-stroke diesel engine, while the electric gener-
ators are relied upon to obtain the electrical load required for
the ship (Jaurola et al. 2019; Geertsma et al. 2017). In case of
high-speed mode, the power needed for propulsion is obtained
mechanically. However, in the case of low speeds, this can be
obtained through electric generators. The second option
shows the possibility of providing the energy required for
propulsion through a group of batteries that give a high
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capacity of direct current (DC), and then this energy could be
reserved in energy storage (ES) before converted into alterna-
tor current (AC) through a DC-AC inverter (Magdalena and
Wojciech 2019; Lee et al. 2014).

Besides the abovementioned options, there are several elec-
tric propulsion systems that are worthwhile to mention such as
dual fuel diesel electric and hydrogen fuel cell-based propul-
sion. Dual fuel engines use natural gas as an alternative fuel
with environmental and economic advantages (Su et al. 2020;
Ammar 2019). Hydrogen fuel cell is an electrochemical de-
vice that converts hydrogen energy directly into electricity

Fig. 4 Options of hybrid electric r Hybrid Power Supply System
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with negligible exhaust gas emissions (Welaya et al. 2014;
Ouyang et al. 2020). Due to the difficulty of natural gas bun-
kering, which is needed for dual fuel engines, and the high
initial and operating costs of fuel cell, these options face chal-
lenges to be applied for passenger ships.

Methodology for performance evaluation

This section includes the different related issues
concerning applying electric propulsion systems onboard

propulsion system | (option 2) !_AEJ AE3 AE2
| |
| PS | @) @)
| @® @]
| o| |o
! I o| |o
I
I
. © 6O ©
: L { { a8
| : !
| I
I
|
B
I | N, @
| [
! | L
| A 3
| |
|
| |
| |
| Lo
e e o i St ) e ] e . e it
ME Manin Engine PM  PropulsionMotor T  Transformer PS  Power Source
AE  Auliary Engine BT  Bow Thruster C.C  Cyclon Converter ES Energy Storage
G Electrical Generator CB  Circuit Breaker L Electricrical Load GB Gear Box

@ Springer



Environ Sci Pollut Res (2021) 28:37851-37866

passenger ships. The first part displays the main equations
that can be used to assess the environmental aspects of a
certain electric propulsion options. The second part deals
with the economic aspects of the DE and COGES propul-
sion systems. Furthermore, the section ends by the evalua-
tion of the life cycle cost-effectiveness for the proposed
electric propulsion options.

Environmental modeling

The total passenger ship emissions every trip (my,) are the
summation of ship emissions during cruise (Cr.), hoteling
(Hot.), and maneuvering (Man.), as illustrated in Eq. (1).

Myt = Mot + Mpan, + M. (1)

Passenger ship emissions per trip (i) can be estimated
depending on the main and auxiliary engine powers as shown
in Eq. (2).

Mtrip,n‘m.,ft = Z

mod.

Hmod. %: (OPC X LPC X FC,n‘m,ft‘mod) (2)

where mod. refers to the cruise, maneuvering, and hoteling
modes of each trip; C is the selected engine category; OP
and LP are the output power of the selected engine (kW)
and its load percent, respectively; H is the working hours
during each mode of the ship; n is the category of exhaust
gases, m is the type of the used engine diesel engine, gas
turbine...etc.; ft is the used fuel; and F is the fuel emission
factor in grams/kilowatt hour. The emission factors for NO,
SOy, and CO, are 13, 0.4, and 620.62 g/kWh, respectively, for
medium speed marine diesel engine operated with ultra-low
sulfur heavy fuel oil (ULSHFO 0.1%S). These factors are 14,
0.0, and 590 g/kWh, respectively, for COGES propulsion sys-
tem powered by marine diesel oil (MDO 0.1%S) (Ammar and
Seddiek 2020a; Ammar 2019).

In addition, the reference values for CO, emissions can be
calculated using the reference energy efficiency design index
(EEDI,.s) (Ammar 2019; GL 2013). This is the maximum
allowed value for the calculated energy efficiency design in-
dex (EEDI.,) set by IMO for a specific ship type JACS
2016). EEDI,¢ can be evaluated using Eq. (3).

170.84 X
EEDIref. = (W) <1—m> (3)

where GT is the passenger ship gross tonnage; X is the reduc-
tion percentage set by IMO, 5% in 2015, 20% in 2020, and
30% in 2025 (ABS 2013; Ammar and Seddiek 2020b).

The EEDI, in gCO,/GT-NM for a passenger vessel, op-
erated with electric propulsion, can be calculated using Eq. (4)
(IMO 2014; TACS 2016).

37855
HL " (0.75.MPP(i
max. + 21:1( (l)) . (CF . SFCAE)
Tgen. TP " Mgen,
EEDIcaL = GT - v £
ref.

(4)

where HL ., is the auxiliary electric power consumption dur-
ing ship cruise in kW; 1., is the average efficiency of the
diesel generators, which can be assumed in the range of 95 to
98%; MPP is the rated output power in kW of an electric
propulsion motor (i); npry is the electric propulsion systems’
efficiencies including transformer, converter, and propulsion
motor at 75% of the electric motor output rated power; Ck. is
the fuel conversion factors of the consumed fuel to CO,,
SFC 4 is the average specific fuel consumption for all engines
at 75% of the MCR power in g/kWh; V.. is the operational
vessel speed in knots.

Finally, the energy efficiency operational indicator (EEOI)
can be estimated in ton CO,/GT.NM as illustrated in Eq. (5)
(Acomi and Acomi 2014; Nuchturee et al. 2020).

Y X FCjj - Cyj)

_ ! ‘]
o Y GT;-D; (5)

EEOIavetage
where i and j are the vessel trip number and the fuel used
during ship cruise, respectively; FC is the amount of fuel
consumption each trip. GT is the gross tonnage for passenger
ships; D is the traveled distance in nautical miles.

Economic modeling

To evaluate certain propulsion systems from the economic
point of view, both the life cycle cost (LCC) and the corre-
sponding gains should be calculated. The value of life cycle
cost could be estimated as follows (European commission
2014):

LCCps = Y™ CAPEX
L OPEX, + RISKEX,

+E‘O (1+1)

-D&D, (6)

where CAPEX is the capital expenditures, OPEX is the oper-
ating expenditures, RISKEX is the risk expenditures, » is the
discount rate in percent, L is the expected time span in years,
and ¢ is the working years range from 0 to L, respectively
(Banawan et al. 2010). n is the propulsion system, and
D&D,, is decommissioning and disposal price.

The value of the capital expenditures depends mainly on
the power consumed by the prime mover and auxiliary ma-
chinery, and could be calculated as follows (Sadek and
Elgohary 2020):

CAPEX = P;.Ug; .( 1+ ins) (7)
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where P; is the power of each system’s component in kW, Ug; is
the system power’s unit cost in $/kW, and ins,, is the percent of
installation cost. However, the value of operating expenditures is
divided into five main elements as shown in Eq. (8).

OPEX = CM + CCrew + CP + CTech4 + CCOZ (8)

where C); is the maintenance cost, C..., is the labor cost,
C, is the fuel costs, Crecn, is any other technical costs
such as classification societies and insurance, and is the
carbon tax cost. The fuel cost sharing by a high percent-
age of the total operating cost and could be determined as
follows (Ammar and Seddiek 2017; Elgohary et al. 2014):

Cp = Zi\E:l anzl Lem-Tpm.

where Lg is the engine load factor, T, is the operation
time of the propulsion system expressed in hours/year,
F¢ is the fuel consumption in ton/hour, Cr is the specific
fuel price in US$/ton, and k is the number of working
diesel electric generators (m) in ship mode: 1=standby,
2=maneuvering, and 3= cruising. Fc, ,, is the fuel con-
sumption. It can be presented as a function of specific fuel
consumption and the rated power. Maintenance and repair
costs can be estimated as a percent of the construction
costs of the ship or a function of power-time rate
(Ammar and Seddiek 2020a).

With reference to crew cost, for passenger ships, it could be
calculated as a function of ship gross tonnage (GT), as follows
(Ros Chaos et al. 2020):

Fem .Cr 9)

Cw= 111.85GT+ (1 x 10°) (10)

The previous cost elements are considered internal costs;
however, there is an external cost that appears in the form of
carbon tax, which is related to GHG emission. The external
costs of carbon emission were added to the LCCs to demon-
strate to what extent they would affect the economic viability,
and may be estimated as follows:

Ccoz = mC02~RTax~Tp,m (11)

where mco, is the carbon dioxide generated per round trip in
ton/hour, and Rty is the specific charge of carbon dioxide in
US$/ton.

The latest cost component is RISKEX in USD, which pre-
sents the cost that could be depleted, as follows (Ahn et al.
2017):

RISKEX = Rpp + Rpr  + Rpaad. (12)

where Rpp is the fright damage cost due to propulsion failure,
Rpg is the repair cost due to propulsion failure, and Rp,qq is
any other non-determined cost due to propulsion failure.

The freight damage cost due to propulsion failures con-
siders the non-reliability, shipping, and freight charge. This
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value depends mainly on the number of trips that will be
canceled as a result of propulsion failures (Eq. (12A)).

Rpp = (1-B) x Npassenger X Cicight (IZA)

where 3 is the percent of propulsion system reliability,
Npassenger 18 the passengers that could not be transported due
to canceled trips, and Cieigny is the freight charge of one pas-
senger in USD.

The repair cost due to propulsion failure considers the non-
reliability, criticality, man-hour, and labor cost for each failure
component, as shown in Eq. (12B).

Rer = Yj_o(1-B) X Npaiwres X MPrig*Lc (12B)

where Npgiiures 18 the number of propulsion system failures,
MPry is the man-hour for repairing the propulsion in hour,
and L. is the labor cost of repair in US$/h. This value depends
mainly on the nature of the specific failure (k), such as gener-
ators, turbines, and pumps.

Finally, Rpa.qq is any other non-determined cost due to pro-
pulsion failure, such as survey inspection regarding the failure
items, port facilities cost, and spar part cost.

Finally, to reach an environmental propulsion system, the
value of cost-effectiveness (Cg) in ($/ton) should be estimated
(Mohseni et al. 2019), where Agpissions» 10 ton, is the reduction
of exhaust gas emissions when a certain propulsion system is
applied.

_ Profityegs

(13)

k=

AEmissions
where the term profity,s refers to the annual ship’s economy
loss due to applying a certain propulsion option that targets an
environment benefit. This loss may appear as a result of using
expensive marine fuel, cost of specified equipment, or other
costs.

Passenger vessel case study

A new sister ship for the Holland America line passenger vessels
is designed with a total gross tonnage of 82,897. The new ship
sisters include MS Westerdam, MS Oosterdam, MS Zuiderdam,
and MS Noordam with IMO numbers of 9226891, 9221281,
9221279, and 9230115, respectively (Marine Traffic 2020;
CruiseMapper 2020). The main ship’s particulars of the selected
case study are displayed as shown in Table 1. The total installed
electric power for the ship is 51,840 kW, which covers both the
electric propulsion and auxiliary/hotel power requirements for
the ship. The propulsion system is composed of two ABB
Azipod propellers operated with two electric motors with an
output power of 17,200 kW for each. The maximum hotel loads
required are 4,000 kW during ship cruise.
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The selected propulsion system for the current case study is
electric propulsion configuration that can be achieved from
two options. The first option is diesel electric propulsion sys-
tem and the second option is combined gas turbine and steam
turbine system as shown in Fig. 5.

Diesel electric propulsion option is composed of six electric
generators that provide the electricity to the propeller through
step down transformer to reduce the voltage by the way that
provides enough starting torque. Cyclone convertor (C.C) reg-
ulates the frequency according to the required propulsion motor
speed (P.M). The total installed power that could be provided
by generator sets is 51,840 kW. On the other hand, the second
option is composed of gas turbine and steam turbine. The steam
turbine is working by the exhaust gases of gas turbine (Mrzljak
and Mrakov¢i¢ 2016; Szymon 2018).

With reference to the ship’s route, generally, most passenger
ships seek to choose the best route through which they can
attract the largest number of passengers, which will have a good
effect on the ships’ economies. The choice of route for a pas-
senger ship is affected by some factors, including the ports to be
visited and the distance the vessel sails. As a case study, the ship
under study takes a sailing route from a port in Vancouver,
Canada, to a port in Tokyo, Japan, as shown in Fig. 6.

The ship travels a distance of 10,560 nm for the 20 day trip
(Holland America Line 2020); through this route, the vessel
passes through several ports as it stays for a certain period at
each port. The average number of trips per year is five. The
main ports that the ship will call are Vancouver, Ketchikan,
Sitka, Icy Strait, and Hubbard Glacier in Canada; Vaidez,
Seward, and Kodiak, Dutch Harbor, in the USA;
Petropavlovsk in Russia; and Sapporo and Tokyo in Japan.
This route is considered for the famous passenger ship lines
as it attracts millions of passengers yearly, not only from the
mentioned countries but also from worldwide.

The passenger vessel is assumed to be operated by electric
propulsion system using diesel electric (DE) or combined gas
and steam (COGES) with a total power of 51,840 kW. The total
output power and average specific fuel consumption for the DE
propulsion system are 51.84 MW and 155.6 g/lkWh (Wartsila
2020). The nominal engine efficiency is of 41.3%. The proposed
COGES engine (LM2500 general electric) specific fuel consump-
tion, net power, and efficiency are 155.6 g/kWh, 43.9 MW, and

Table 1 The main ship’s particulars of the selected case study

Owner Holland America line
Total gross tonnage 82,897 gt

Length, beam, draught 285m,32m,7.8 m
Ship speed (service/maximum) 22/24 knots

Number of passengers 2,366

Number of crew 820

Total installed electric power 51,840 kW

54.2% (General Electric 2019). In order to cover electric power
requirements in ship ports according to IMO regulations, COGES
propulsion system is provided with two diesel generators with
output power of 400 kW, each with specific fuel consumption
and nominal efficiency of 204 g/kWh and 41.3% (CAT 2012).
The proposed fuels for the diesel generators and COGES engines
are ULSHFO (0.1S) and MDO (0.1%S), respectively, with en-
gine load during cruise of 90%. With reference to the economic
issue, the crew cost will be the same as the number of crew will
not be affected by the propulsion system (Ros Chaos et al. 2020).
Accurate figures and values of the specific cost parameters men-
tioned in Egs. (12A) and (12B) were difficult to collect through
this study. But depending on the study carried out by Ahn et al.
(2017), the risk values are assumed to be 1% and 1.5% of the life
cycle cost for DE and COGES propulsion systems, respectively.
These values could be supported by the following facts. Three
main elements play a role in estimating the RISK costs of the
current case study: the prime mover reliability, repair time, and
power redundancy. Boiler and steam turbines have relatively high
failure rates than diesel engines. COGES reliability is about 0.979
and for DE, which equals 0.999. The repair time of any prime
mover will vary according to the nature of failure. Finally, with
reference to power redundancy, a diesel generator does not take
any time to restart; however, a steam turbine takes not less than 2
h. All the previous factors will lead to increasing the RISK cost
values for the COGES propulsion option.

Results and discussions

In this section, an environmental and economic assessment for
(DE) and COGES electric propulsion options for the case
study is presented, highlighting the most benefits and draw-
backs of each option.

Environmental comparison

Three main types of air pollutants from ship prime movers are
considered in IMO regulations. These exhaust gases are nitro-
gen oxides (NOy), sulfur oxides (SOy), and carbon dioxide
(COy,). Figure 7 shows the different exhaust gas emissions
from DE and COGES propulsion options. NOy emissions
are presented from the two options as a result of the presence
of nitrogen content in both atmospheric air and sometimes in
the fuel. These emissions are strongly affected by the combus-
tion temperature inside the engine (Mrzljak and Mrakovc¢ic¢
2016). Therefore, the diesel engines produce higher NO, rates
than gas turbines as a result of their increased peak tempera-
tures of combustion. In addition, the combustion of ULSHFO
produces higher NOy rates than MDO (0.1%S). On the other
hand, the SO, emission is highly affected by the sulfur content
of the used fuel. DE propulsion option operated by ULSHFO
produces higher SO, emissions than COGES propulsion
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Fig. 5 Proposed options for
electric propulsion arrangements
for the case study

Fig. 6 Ship route for the case study
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option operated by MDO (0.1%S). Finally, the production of
CO, emissions is affected by the engine efficiency and the
hydrogen-carbon ratio in the combusted fuel. As the percent
of carbon by mass of combustion ULSFO is more than the
percent of carbon by mass of combustion MDO, DE propul-

X

sion option will produce higher CO, emissions than that of the
COGES propulsion option.

The International Convention for the Prevention of
Pollution from Ships (MARPOL) annex VI determines the
acceptable NO, and SOy emission rates from marine engines.
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Fig. 10 Reference EEDI values 45 4
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These rates are determined based on engine rpm and the sulfur
content of the used fuel, respectively. For the current case
study, these rates are 2.008 and 1.152 kg/min for NO, emis-
sions from DE and COGES propulsion options, respectively.
Besides, the accepted SO, emission rates are 1.555 and 1.317

Diesel Electric Propulsion

0.22

COGES Propulsion

kg/min, respectively. Figure 8 shows the NO, and SO, emis-
sion rates from DE and COGES propulsion options compared
with IMO 2016 Tier III and IMO 2020 limits, respectively.
Both propulsion systems complied with IMO SO, limits be-
cause of the used ultra-low sulfur fuel contents (0.1%S). On
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Fig. 13 Life cycle cost per power
unit for propulsion options
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the other hand, the two propulsion options NO, emission rates
are higher than those of the accepted IMO rates. This is due to
the used ULSHFO and MDO (0.1%S) for DE and COGES
propulsion options, respectively. Both fuels produce higher
NOy emission rates than IMO accepted limits. One of the most
common after treatment systems for reducing NO, emissions
is the selective catalytic reduction (SCR) technique.

In order to comply with IMO NOy limits, SCR system is
proposed to be installed in the exhaust gas system for both DE
and COGES propulsion options. SCR system can reduce NO,
emissions by up to 90% (Ammar and Seddiek 2020b; Ammar
and Seddiek 2020a). The operation of SCR system depends
mainly on urea mixing, reactor temperature, and the perfor-
mance of the used soot blowers. The system uses urea as a
reducing agent. NO, reduction is achieved within a catalyst
system. The catalysts are typically made of vanadium
pentoxide (V,0s)/tungsten trioxide (WO3) maintained on
titanium dioxide (TiO,). Nitric oxide is reduced by the NH3
injected in the SCR catalyst bed at high temperatures above
300°C (Monterroso et al. 2011; Romero and Wang 2019;
Miller 2011). The efficiency of the SCR system decreases at
low engine loads compared with its efficiency at maximum

Fig. 14 Life cycle cost elements 180
for DE and COGES propulsion
systems

Life cycle cost per unit power ($/kW)

continuous rates. The correct operation of SCR system should
include 30- to 40-min warming for the reactor in order to make
sure that the catalyst surface is clean (Christensen 2018).
Figure 9 shows the reduction of NO, emissions at various
engine loads compared with IMO 2016 Tier III limits. It is
noted that COGES and DE propulsion options are complied
with IMO limits after using SCR system.

On the other hand, the IMO reference values for CO, emis-
sions for passenger vessels can be calculated using MARPOL
convention under annex VI. These values are based on the
gross tonnage of the passenger vessel and the reduction ratios
in three phases. Figure 10 shows the reference EEDI values
for the passenger vessels expressed in gCO,/GT-NM. The
baseline value for the case study vessel with 82,897 gross
tonnage is 15.14 gCO,/GT-NM. This value is reduced to be
14.38, 12.11, and 10.6 gCO,/GT-NM with reduction percent-
ages of 5%, 20%, and 30% for the first, the second, and the
third phases, respectively.

The case study actual values for the EEDI are calculated
using attained EEDI at ship speed of 22 knots and 82,897
gross tonnage. Regarding the CO, emission calculations, the
carbon conversion factor of the used fuels plays a role and its
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Fig. 15 Contribution percentage of OPEX elements for DE and COGES systems

values are 3.114 and 3.206 t-CO»/t-fuel, for DE and COGES
propulsions respectively. From the operational point of view,
the average EEOI is calculated for the ship route. Figure 11
shows the relative attained to the reference EEDI values and
the average EEOI for the case study selected DE and COGES
propulsion options. It can be noted that both systems achieve
the required EEDI values, with higher EEOI values for the DE
propulsion system. The percentages for the relative attained to
the reference EEDI values are 94.6% and 85.8% for DE and
COGES propulsion options, respectively. The average EEOI
values are 0.32 and 0.23 kg CO,/GT-NM based on average
trip distance of 10,560 nautical miles for the case study oper-
ated with DE and COGES propulsion options, respectively.

Economic comparison

Given that obtaining results related to ship economics is a
very complex process due to its being affected by many
factors that are difficult to determine with high accuracy,
the research adopted its methodology, with regard to the
economic aspect of propulsion systems, in addition to es-
timated life cycle cost (LCC) values and the equivalent
annual cost (EAC). EAC presents the value that determines
the annual cost of the propulsion system as one of the
economic measures that can depend on it. Moreover, based
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Fig. 16 SCR NO, emission-reduction cost-effectiveness and its annual costs
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on the power rating, sailing time, ship’s age, and different
elements of ship’s life cycle for each propulsion system,
the values of life cycle cost for both diesel and COGES
systems are estimated. For calculation, the following pa-
rameters are taken into consideration: the unit costs of
installing power plant are 400 and 560 USD for both diesel
and COGES systems, respectively (Pauschert 2009;
Altosole et al. 2017; Haglind 2008; EIA 2017); the interest
rate is 10% (Banawan et al. 2010); fuel prices are 350 and
510 USD per ton for ULSHFO and MDO, respectively
(Bunkerworld 2020). Due to the complexity of the cost
elements of the economic study, there are some elements,
such as maintenance and CO, tax costs, that were assumed
to be fixed during the ship life cycle period due to the lack
of real expected values and to facilitate the calculations.
The maintenance cost is assumed to a rate of 5.2 USD/
kW (Altosole et al. 2017). The cost of CO, tax is assumed
32%/ton (Ahn et al. 2017). By referring to the data on the
ship subject to this search, the values of EAC are 2.72 and
3.29 million USD per year, for both diesel and COGES
electric propulsion system, respectively, as shown
Fig. 12. This reveals that the annual cost of DE option is
less than that of COGES by 20.9%.

Depending on the collected data related to operation and
maintenance activities of each propulsion system, the values of
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Fig. 17 Emission-reduction life

cycle cost-effectiveness
2000

2
o

1600
1400
1200
1000

o ®
8 8

Life cycle emission-reduction
oy
8

cost-effectiveness ($/ton)

8

1,970.8

612.1

6.0

Lz

o

LCC are estimated to be 251.902 and 278.788 million dollars for
DE and COGES propulsion system, respectively. Moreover, the
values of life cycle per power unit are 5,013 and 6,042$/kW for
both diesel and COGES electric propulsion system, respectively,
as shown in Fig. 13. From the figure, it is noticed that the value of
LCC per kilowatt for diesel electric system is less than the same
specification of COGES electric propulsion system by 9.34%.
The previous results disclose that using diesel engines as a prime
mover for electric propulsion passenger ships will be more effec-
tive from the point view of economic side.

Figure 14 presents the LCC components in million dollars
for DE and COGES systems. The figure shows that the
OPEX, CAPEX, and RISK percentages are 14.2%, 84.3%,
and 1% for DE system and 84.0%, 14.5%, and 1.5% for
COGES system of the total LCC. It can be said that both
CAPEX and OPEX play an effective role in determining the
extent of the possibility of implementing the selected system.

Figure 15 shows the contribution of OPEXs elements in
MUSS. It can be noticed that DE system fuel cost presents the
highest value, and the maintenance cost is the lowest value
with 75.31% and 4.95% of the total OPEXs cost, respectively.
On the other hand, for COGES system, the fuel cost has the
highest sharing value by 81.77% followed by the CO, cost of
14.14% and the maintenance cost of 4.1%.

The previous results prove that COGES is an environmen-
tal option for passenger ships; however, it is more costly than
DE system propulsion engines which appear more economi-
cal. Therefore, a cost-effectiveness study is necessary to eval-
uate the different propulsion options. Figure 16 shows the
annual cost-effectiveness for reducing NO, emissions using
SCR system and the annual cost for capital cost recovery over
ship life cycle. The initial capital costs for installing SCR is
50$/kW with an operating and maintenance costs of
0.00375$/kWh and 0.0009$/kWh, respectively (Ammar and
Seddiek 2020a). The annual costs for using SCR system is
very important in the economic evaluation for the selected
propulsion option in order to be complied with IMO NO,
emission regulations. The annual capital recovery costs for

NO S0, o,

X

using SCR system are 0.183, 0.285, and 0.40 million
dollars/year at the end of the ship life cycle, assuming annual
interest rates of 5%, 10%, and 15%, respectively. Finally, the
annual NO, emission-reduction cost-effectiveness values for
SCR system are 30.13 and 33.44$/ton with annual emission
reductions by 28,860 and 25,866 ton/year for DE and COGES
propulsion options, respectively.

However, for a long run, the value of emission-reduction
life cycle cost-effectiveness (ELCCE) could be used as a mea-
sure with regard to this point. Figure 17 presents those values
for the most effective ship’s emissions.

It can be remarked that there is a possibility of using
COGES propulsion system with emissions life cycle cost-
effectiveness of 612, 1970, and 6$ per ton emission reduction
of NOy, SOy, and CO, emissions, respectively. Although this
may seem costly, it is considered to be a step on the right way
to get green ships and reduce the risks that may affect human
beings, especially in the ports where the passenger ships’
visits are close to the residential areas.

In addition to the abovementioned results, the limitations of
the COGES plant for passenger ships, apart from the econom-
ic reason, include the following points. The main problems of
COGES system are its complexity, the large machinery space
required, and waste heat recovery arrangement systems
(MAN B&W 2015; Allevi and Collodi 2017).

Conclusions

Two electric propulsion options are investigated for a passenger
ship. A comparison between diesel electric (DE) and combined
gas turbine electric and steam (COGES) propulsion systems is
presented from the environmental and economic points of view.
The main conclusions from the current study are as follows:

*  From the environmental point of view, DE and COGES pro-

pulsion options operated by ULSHFO and MDO (0.1%S)
comply with IMO SO, and NO, emission limits after
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installing selective catalytic reduction system (SCR) onboard.
COGES propulsion option shows better environmental ben-
efits than DE system. It produces less NO, emission rates by
8.81% and negligible SO, emissions. In addition, both the
energy efficiency design index and the operational indicator
are improved using COGES propulsion system by 9.3% and
27.55%, respectively, compared with DE system.

*  From the economic point view, the values of equivalent an-
nual costs are 2.72 and 3.29 M$, for both DE and COGES
propulsion systems, respectively. The values of the life cycle
costs per unit power are 5,013 and 6,042$/kW with total life
cycle costs 0f 251.902 and 278.788 MUSS$, respectively. The
OPEXs, CAPEXSs, and RISK percentages are 14.2%, 84.3%,
and 1% for DE system and 84.0%, 14.5%, and 1.5% for
COGES system of the total life cycle costs.

*  To sumup, COGES propulsion system can be proposed as
an upgrade option for ships that use gas turbines as their
main propulsion. It appears as a greener propulsion option
with extra cost more than DE system by 20.9%. COGES
propulsion system can be used for the selected passenger
ship with life-cycle cost-effectiveness of 612, 1970, and
6%/ton for NO,, SO, and CO, emissions, respectively.
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