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A Study on Economic Efficiency of MR Tanker Using
Liquefied Natural Gas Fuelled Propulsion System

Kim, Sun Tae

Department of Marine System Engineering

Graduate School of Korea Maritime National University

Abstract

To prevent air pollution caused by ships, through a long term review
and discussion process by the IMO(International Maritime Organization),
the MEPC(Marine Environment Protection Committee) 2008 made a
decision to implement Tier III for ships navigating through ECAs

(Emission Control Areas) starting in 2016.

In this research when the diesel fuel propulsion system of medium
range tankers that navigate the seacoasts that fall under ECAs or the
governance of the EPA (US environmental protection agency) is changed
to a liquefied natural gas fuelled propulsion system that satisfies SOx
emissions regulations or when a hybrid scrubber system is additionally
installed to the diesel fuelled propulsion system, according to oil price
prediction scenarios by analyzing the CAPEX(capital expenditures) and
the OPEX(operating expenses), the economic impact and the profits of the

two propulsion systems were examined.

- vil —



As a result, when changing the medium range tanker to a liquefied
natural gas fuelled propulsion system or when additionally installing an
additional hybrid scrubber system to the diesel fuelled propulsion system,
it was confirmed that the liquefied natural gas fuelled propulsion system

was sufficed to be an economic alternative.

When constructing ships that have liquefied natural gas fuelled
propulsion systems implemented in the future, it is considered that this
research can be wused by shipping firms as relevant materials for
proposing rational solutions and for proposals on environmental

regulations.

KEY WORDS : LNG fuelled propulsion system 43}dd7}»~ Ag3z A 2H; MR
tanker 4]$-3}8kA|ZA; Economic efficiency ZAAA; Capex Z7]FAH]-&; Opex -
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Table 2.1 Emission quantity of air pollution from ship!?

Lloyd’s MARINTEX
Exhaust gas emission Exhaust gas emission | Annual emligsion of
(kg/Ton) (8/kW) L)
NOx 57-87 12-17 10.1-114
CO 74 1.6 0.7-11
HC 24 0.5
CO, 3170 660 436-438
SO, 20xsulphur content(%) 4.2xsulphur content(%) 52-7.8
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+ Closed loop works with freshwater
to which NaOH is added for the
neutralization of SO,

* Closed-loop means zero discharge

~10 m*MWh in enclosed area.

« Parasitic losses approx. 0.1% of
the fuel consumption.

~ 0.1 m¥MWh

NaQH unit
& Fresh water

i Water Treatment
: | Halding tank

P=

4~ 04 miMWh

1
1
Sludge tank|
~0.1-0.4 kgiMWh

Seawater

Fig. 2.6 Close loop scrubber system"
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Fig. 2.8 EGR process diagram with one turbocharger of MAN Diesel & Turbo™
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& 1~45 %, A& 1~1.75 %, A4 03~1 %, 3]+ 0.02~01 % ©|H,

0.86~1.00, L& 4187 MJ/kg HFolty. LNG HEZF2 7I=E Ast=
Zbzel met EebA T QA= £ 10~15 Al
Tl A

g AHgEE 3T AHEshe
N9 E 71d 4 gtk Table 232 IPCC 2006 7}o]
AP A5z 18] AP g Ug

Eo #F&4d H

A A8 AT D (AR 7] 29

ek
Table 2.3 2006 IPCC guidelines for national GHG inventories
Energy Lower
IPCC fundamental unit calorific
law(korea) value
crude oil crude oil MJ/kg 42.3
gasoline(motor gasoline) gasoline MJ/L 31.0
shale oil MJ/kg 36.0
diesel fuel oil MJ/L 35.4
gas/diesel oil
B-A MJ/L 36.6
B-B MJ/L 38.1
resident fuel oil
B-C MJ/L 39.1
natural gas liquids MJ/kg 44.2
MJ/kg 49.2
natural gas natural gas
MJ/m’ 40.0
) ) liquefied petroleum
liquefied petroleum gases MJ/kg 46.3
gases
ethane MJ/kg 46.4
bitumen asphalt MJ/kg 39.1
lubricants lubricants MJ/L 36.2
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Ao, LNG7} Ajof s=mA shajel Fubo] 9ol LA Fig. 211
7 o] LNGE F8 AEE WgoZ Aol YriA =4 7|sstaAs &7
T HolAl H Ik mgrt2rt Hole Aol whek 7h=e) HiFo] 5 %
n) ko] LEL(lower explosion level)Z 23 ®$] olgj7} EH L 5 ~ 15 %ollA]
+ UEL(upper explosion level)2 23} 9|7} drh. 7P A2 AdA7l2s
371 9 %7F He AAolth. LNGZF Aojurtd w24 S¢E1 EolAH

%

AoE QoAWR AT e Aol Fwo] st o ASolE AE
e au Re} g HAHE o] ohd Aol ARG Eko] UrhiAE
[e)

d}
gtk Oy 5~15 % W9 W 7k27F EFE FU|dAE EFEol 91 LNG
=

H7kA Eol & Aot

0% Gas LEL UEL 100% Gas

100% Air 0% Air

> Mixing ratio
5% 9% 15%

Fig. 2.13 Check and stability of LNG(fire point 5~15%)"
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Ao AHgEE A8 AEHS £43IW HFOE HlIFo] 098 =4 1.0
oo, B 7}1Zo] MGO, MDO Ht}t A #Hsle] Agn] Hito] mojyr}
T ME AEE A AAFCRE 71 ol &HlEY] wZd o] wE Qlxe}
7F & FEEol Jlou, B w7t FEEAR A tide] Ha Atk
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MARPOL Annex VI S7AFRQI & H3F ASHA 01%HETF 2 0.004% =

T w2 FAHIEe] dasts @Ao] Anh ol AudmE AT

Table. 242 A7 3ty

Table 2.4 Comparison of LNG vs. traditional fuels™!

Advantages Disadvantages

® low fuel cost

¢ increased demand from road transportation
may lead to higher price of distillates

HFO | e berefits from existing fuel supply infrastructure

e high emissions - will require scrubbers
(80 and SCRs (NOx) in ECAs
e scrubbers could add ~USR2VM to capital

- ertial costs
and shiy T.]. ; flect ( factar) ® market may not accept exhaust abaterment
® user f ty technologjes

¢ standardized and widely available fuel supply
®Jow emissions

o1o treatment required on board for SOx . .
MDO ghest fuel cost, especially post-
e potential for reduced demand from road * h ’ ally post-2015

MGO | tion, meking price more " ® S(Rs required to meet NOx limits
ve as bunker fuel

® energy density of LNG is 60% that of
diesel fuel, requiring at least a doubling

® least environmental impact of storage tank capacity
returl | e highest efficiency ¢ Jack of existing LNG supply, distributio
gas | ® improved engine technology promotes n and refueling infrastructure
acceptance of LNG as ship fuel e requires engine and fuel tank modificat
ions, making retrofitted vessel an unlike
ly market
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Fig. 3.1 Bit viking with LNG fuel
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Confirmed orderbook

Year
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014*
2014
2014
2014
2014
2014*
2014
2014
2014
2015
2015
2015
2015
2015

Type of vessel
Ro-Ro

Ro-Ro

Patrol vessel
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
Tug

PSV

pSV

PSV

PSV

Gas carrier

Gas carrier

Product tanker
General Cargo
General Cargo

PSV

Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
Ro-Ro

Ro-Ro

PSV

PSV

PSV

PSV

PSV

Owner

Norlines

Norlines

Finish Border Guard
Soclety of Quebec
Soclety of Quebsc
Soclety of Quebec
Buksér & Berging
Harvey Gulf Int.
Harvey Gulf Int.
Harvey Gulf Int.
Harvey Gulf Int.
SABIC

SABIC

Bergen Tankers
Egil Ulvan Rederi
Egil Ulvan Rederi
Remoy Shipping
AGEms

AG Ems

Samsoe Municipality
Sea-Cargo
Sea-Cargo

Siem Offshore
Siem Offshore
Simon Mokster
Harvey Gulf Int.
Harvey Gulf Int.

Class
DNV
DNV
GL
(R
R
R
DNV
ABS
ABS
ABS
ABS
BV
BV
LR
DAV
DNV
DNV
GL
GL
DIV
DIV
DNV
DAY
DNV
DAY
ABS
ABS

Year
2015
2015
2015
2015
2015
2015
2015
2015
2015
2016
2016
2016
2016
2016
2016
2016*
2016*
2016
2016
2016
2016
2017
2017
2017
2018
2018

Type of vessel
LEG carrier

LEG carrier

LEG carrier
Bulk ship
Container Ship
Container Ship
psy

PSY

Container Ship
Container Ship
Icebreaker

PSV

PSV

Chemical tanker
Chemical tanker
Ra-Ro

Ro-Ro

Car carrier

Car carrier
Car/passenger ferry
Car/passenger ferry
RoPax
Container Ship
Container Ship
Container Ship
Container Ship

Owner Class

Evergas BY

Evergas BY

Evergas BY

Erik Thun LR

Brodosplit DNV GL

Brodosplit DNV GL

Siem Offshore

Siem Offshore

TOTE Shipholdings ~ ABS

TOTE Shipholdings ~ ABS

Finnish Transport A, LR

Siem Offshore

Siem Offshore

Terntank

Terntank

TOTE Shipholdings ~ ABS

TOTE Shipholdings ~ ABS

UECC R

UECC R

Boreal Transport

Boreal Transport

Brittany Ferries BV

Crowley Maritime DNV GL

Crowley Maritime DNV GL

Matson Navigation DNV GL

Matson Navigation DNV GL
Updated 07.03.2014

Fig. 3.3 Confirmed LNG fuelled new-builds of DNVGL"!
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Ships in operation

Year
2000
2003
2003
2006
2007
2007
2007
2007
2008
2009
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2011
2011
2011
2011

Type of vessel
Car/passenger ferry
PSv
PSV
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
pSv
=1
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
Patrol vessel
Car/passenger ferry
Patrol vessel
Car/passenger ferry
Patrol vessel
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
PSV

* Chemical tanker
Car/passenger ferry
psv

Owner

Fjordi

Simon Mokster
Eidesvik

Fjord1

Fjord1

Fjord1

Fjord1

Fjordi

Eidesvik Shipping
Eidesvik Shipping
Tide Sjo

Tide Sjo

Tide Sjo

Remoy Management
Fjord1

Remey Management
Fjord1

Remoy Management
Fjordi

Fjordi

Fosen Namsos Sjo
DOF

Tarbit Shipping
Fjordi

Solstad Rederi

Class
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DAV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
GL
DNV
DNV

Year

2012
2012
2012
2012
2012
2012
2012
2012
2012
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2014
2014
2014

Type of vessel

2012% Car/passenger ferry

psv

Psv

PSV

General Cargo

PSV

PSV

Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
PSV

RaPax
Car/passenger ferry
Harbor vessel
General Cargo
RoPax

High speed RoPax
Tug

Tug

Car/passenger ferry
Car/passenger ferry
Tug

RoPax

Owner Class
Fjord1 DV
Eidesvik DNV
Olympic Shipping DNV
Island Offshore DNV
Nordnorsk Shipping DNV
Eidesvik Shipping DNV
Island Offshore DNV
Torghatten Nord DNV
Torghatten Nord DNV
Torghatten Nord DNV
REM DNV
Viking Line LR
Terghatten Nord DNV

Incheon Port Authority KR

Eidsvaag DNV
Fjordline DNV
Buguebus DNV
CNooC Ccs
CNoocC CCs
Norled DNV
Norled DNV
Buksér & Berging DNV
Fjordline DNV

Updated 07.03.2014

Fig. 34 LNG fuelled ships in operation worldwide of DNVGL™"!
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LNG d8E& Agste A¥dxda= Fig. 359 #Zo] As2A% AU (fuel
decision support), N'FAHE(concept review), HAZF<(approval in
principle), $1 3 7}(risk assessment)®} 4155 <l (class approval) &= UEHH,
o] }4& FH3IH LNG dEE AREste] &3o] 7hssie), M

1. FUEL DECISION SUPPORT
Operational profile

Concept design (tank size & location)
Financial assessment (CAPEX, OPEX,
pay-back time and sensitivity analysis)
Fuel availability

2. CONCEPT REVIEW
=+ Review of engine and tank type selection

g s C i i
Basis for investmeit ancept Design Rovicw

decision.and outline = Rules and regulations
specification = it for purpose and best practice
» Concept HAZID

‘ Basis for
3. APPROVAL IN PRINCIPLE yard/designer
* For novel designs negotiations

« For LNG Ready designs

Basis for contract
4, RISK ASSESSMENT
= Assessment of safety level of LNG fuel

system (mandatory by IMD)

Basis for acceptance
by administration

Decision Points. Proceed

with the LNG option or not.

CLASS APPROVAL
(after vessel is 'LNG Ready’) <>

Fig. 3.5 Four steps to become LNG ready of DNVGL!""
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Fig. 3.6 Dual-Fuel apphcatlons ships of DNVGL[15]
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Table 4.1 Specification of 2 stroke engine ™

Engine specification

Al Engine A2 Engine
Type of engine 6550 ME 6550 ME-GI
Output 10,320 kW 10,320 kW
Speed 100 rpm 100 rpm
Cylinder bore 500 mm 500 mm

Table 4.2 Specification of 4 stroke engine™

Engine specification

A3 Engine A4 Engine
Type of engine V51/60DF W12V50DF
Output 12,000 kW 11,700 kW
Speed 514 rpm 514 rpm
Cylinder bore 510 mm 500 mm

3) CEAS : Computerised Engine Application System
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Table 43% MDTAFA Al &3+ V51/60DF-ME 7] 7txwe A A5zt
go|t}h o] AZA Tk ATRAHELS 85 % F3tolA 14712 g/kWhE 7+
A2HlES YElgor, 100 %9 H3lol = 147.86 g/kWh o]t} E3h
BARHES B3 100 %olAH 20 g/kWhZ dA54H & 73 von,
o
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Table 4.3 Specification fuel consumption in gas mode™

Load 100% 85%7 75% 50% 25%

g/kWh 147.86 147.12 149.84 156.32 174.78
Natural gas

kJ/kWh 393 7,356 7,492 7,816 8,739

g/kWh 2.0 2.4 2.7 4.1 12.6
Pilot fuel

kJ/kWh 86 101 114 172 540
Total = a + bV kJ/kWh 7,479 7,457 7,606 7,988 9,279

* Based on reference conditions, see table Reference conditions.

e Tolerance for warranty +5 %.

« Gas LHV 50,000 kJ/kg

« Pilot fuel LHV 42,700 kJ/kg

Note!

The additions to fuel consumption must be considered before the tolerance is taken
into account.

1) Gas operation (including pilot fuel).

2) Warranted fuel consumption at 85 % MCR.




2) gARE
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Table 4.4 Specification fuel oil consumption with diesel mode™
Load 100% 85%" 75% 50% 25%
g/kWh 18188 180.4 187.1 188.7 209.3
Main fuel
kJ/kWh 7,740 7,706 7,991 8,059 8,939
g/kWh 2.2 2.6 2o9) 4.3 8.7
Pilot fuel
kJ/kWh K] 109 124 186 371
g/kWh 183.5 183 190 193 218

Total = a + bV
kJ/kWh 7,835 7,815 8,115 8,245 9,310

* Based on reference conditions, see table Reference conditions.

» Tolerance for warranty +5 %.

» Main & Pilot fuel LHV 42,700 kJ/kg

Note!

The additions to fuel consumption must be considered before the tolerance is taken into
account.

1) Diesel oil operation (including pilot fuel).

2) Warranted fuel consumption at 85 % MCR.
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Table 4.5 WartsilaAtoll A A &3+ W12V50DF-ME 1719 7tA~2E Al A%

Azolth. o] dzleA 7k A
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Table 4.5 Specification fuel consumption in gas mode™

HAHEE 100 %o H3tAE 14627 g/kWh

i
=

55 F7sHE S Ze FASAT. E=9, A H3k 100 %
2

& 7258 kJ/kWh, Jd8lds IS 420 kJ/kWh ©]H,

Load 100% 75%° 50%

g/kWh 146.27 149.71 155.86
Natural gas

kJ/kWh 7,258 7429 7734

g/kWh 1.0 15 2.4
Pilot fuel

kJ/kWh 42 61 96
Total = a + bV kJ/kWh 7,300 7,490 7,830

* Based on reference conditions, see table Reference conditions.

* Tolerance for warranty +5 %.

« Gas LHV 49,620 kl/kg

« Pilot fuel LHV 42,700 kJ/kg

Note!

The additions to fuel consumption must be considered before the tolerance is taken
into account.

1) Gas operation (including pilot fuel).
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Table 4.6 WartsilaAtoll A A &3 WI12V50DF-ME dlzle] dalwe A 4%
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Table 4.6 Specification fuel oil consumption with diesel mode®

Load 100% 75% 50%
g/kWh 189.0 194.5 197.6
Main fuel
kJ/kWh 8,070 8,305 8,438
g/kWh 1.0 1.5 2.4
Pilot fuel
kJ/kWh 42 61 96
g/kWh 190.0 196.0 200.0

Total = a + bV
kJ/kWh 8,112 8,366 8,534

* Based on reference conditions, see table Reference conditions.

» Tolerance for warranty +5 %.

* Main & Pilot fuel LHV 42,700 kJ/kg

Note!

The additions to fuel consumption must be considered before the tolerance is taken
into account.

1) Diesel oil operation (including pilot fuel).
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Table 4.7 Specification fuel oil consumption with 6G50ME and 6G50ME-GI

SFOC SGC Cal. value’ Efficiency Oper.
Maker d
(g/kWh)  (g/kWh)  (kJ/kWh) (%) rmode
6G50ME 168.0 - 7,173.60 50.18 Diesel
MDT 5.0" 138.3 6936.35 51.19 Gas
6G50ME-GI
168.0 4 7,173.60 50.18 Diesel

1) SPOC : Specific Pilot 0il Consumption (LCV: 42,700 kJ/kg)
* including calorific value of pilot fuel

442 4347 A3 5 B7t

Table 4.8 MDTAMS] V51/60DF-ME <171 3 WartsilaAt®] W12V50DF-ME
AXEs &4 A3E Ut

Table 4.8 Specification fuel oil consumption with V51 60DF-ME and W12V50DF-ME

SGC SPOC Cal. value* Efficiency Oper.
Maker d
(g/kWh)  (g/kWh) (KJ/KWh) (%) fmode
147.86 2.0 7,479.00 48.14 Gas

MDT  V51/60DF-ME
181.30V 2.2 7,835.00 45.95 Diesel
146.27 1.0 7,300.00 49.32 Gas

Wartsila  12V50DP-ME
189.002 1.0 8,112.00 44.38 Diesel

1) & 2) SFOC : Specific Fuel 0il Consumption (LCV: 42,700 kJ/kg)
* including calorific value of pilot fuel
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Table 5.1 Detailed data for four future scenarios.)

Scenario

A

B

C

D

full steam ahead

knowing the ropes

sink or swim

in the doldrums

western world

4%

4%

2%

2%

china/india

8%

8%

5%

5%

sulphur

global sulphur
limit of 0.5%
postponed till
2025

ECA in all
coastal areas
worldwide.
Re—enforced
ECA

in EU

ECA in all
coastal areas
worldwide.
Re—enforced
ECA

in EU

global sulphur
limit of 0.5%
postponed till
2020

carbon price

No regulation

$50—100/tonne

$30—50/tonne

No regulation

high high moderate high
HFO(2020) ($1,150/tonne) | ($1,150/tonne) ($750/tonne) ($1150/tonne)
MGO(2020) 130% of HFO price | 150% of HFO price | 200% of HFO price | 150% of HFO price
. 30% of HFO price . 70% of HFO price
LNG(2020) 110% of HFO price (decoupled) 110% of HFO price (decoupled)
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Table 5.2 Ship’s particulars of MR tanker

Specifics

L.O.A. 183.0 m
Dimensions Breadth M.L.D. 32.2 m

Depth M.L.D. 19.1 m

Maker / Model MDT / 6S50 ME-GI

Maximum continuous rating 10,320 kW at 100 rpm
Main engine

SGC(load 85%),(LCV:50 MJ/kg) 135.3 g/kWh

SPOC(load 85%), (LCV:42.7 MJ/kg) 5.6 g/kWh
Fuel oil & gas oil Fuel oil tanks 1531.906 m’
tanks capacity Gas oil tanks 58.362 m

429 133 T F718e] 42 33, A 9 Buke 94, sl mhd2 10,390
P FEEH 2 185 knots®E YENS O™, 11 k& Table 53 A#]stiit
B AFdMe Azt 83A v|Fog AMubed AdFE 264Y, I mpdS
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Table 5.3 Overview of trade route(Chiba, Rosarito, LA, Ulsan)

Operational profile

Total distance
(round-trip) 10,390 nm

Average Speed 13.5 knots

Completed
round-trip voyage 42 days
time

B® | Total sailing time 33 days
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Fig. 5.4 Possible LNG tank locations™"
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Table 5.4 Detailed data for future six scenarios

o2 oA HAEATM

Bt AL=E 20159 FE 2040
HA Ay s

21 HFO 7143 2013

&g 4

= =

s

A

#4, obAlel, HFe] LNG

Year
Scenario 2015 2020 2025 2030 2035 2040
HFO USD/ton 297 297 297 297 297 297
' ING UsDion 503 503 503 503 503 503
HFO USD/ton 600 600 600 600 600 600
° NG USDhon 503 503 503 503 503 503
HFO USD/ton <297 697 1097 1647 1897 2297
> NG USDfon 327 767 1207 w1497 2087 2527
HFO USD/ton 297 697 1097 1647 1897 2297
* NG USD/ton 89 209 329 449 569 825
HFO USD/ton 297 497 697 897 1097 1297
° NG USD/on 327 547 767 987 1207 1427
HFO USD/ton 297 697 1097 1647 1897 2297
° NG USDfion 208 488 768 1048 1328 1608

* Economic
scenario 3, 4 : western world 4 % |,
scenario 5, 6 @ western world 2 % ,

growth

* Regulations

1) sulphur
scenario 3, 6 :

china/india 8 %
china/india 5 %

global sulphur limit of 0.5% postponed till 2040

scenario 4, 5 : ECA in all coastal areas worldwide. re—enforced ECA in EU
2) carbon price

scenario 3, 6 :

no regulation

scenario 4 : $50-100/tonne
scenario 5 : $30-50/tonne
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Table 5.5 Scenario with full steam ahead

Economic western world china/india
growth: 4% 8 %
sulphur carbon price
Regulations AV
global sulphur limit of 0.5 % .
postponed till 2040 no regulation
HFO0(2020) LNG(2020)
Fuel prices p 110 % of HFO price
high ($697/tonne) (decoupled)
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Fig. 5.10 Base fuel oil price scenario 3 (2015~2040)
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Table 5.6 Scenario with knowing the ropes
Scenario 4
. western world china/india
Economic
growth: 1% 3 %
sulphur carbon price
Regulations ECA in all coastal areas
worldwide. re—enforced ECA $50—100/tonne
in EU
HFO0(2020) LNG(2020)

Fuel prices

high ($697/tonne)

30 % of HFO price

(decoupled)
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Fig. 5.11 Base fuel oil price scenario 4 (2015~2040)
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Table 5.7 Scenario with sink or swim

Scenario 5
western world china/india
Economic growth:
2 % 5 %
sulphur carbon price
Regulations ECA in all coastal areas
worldwide. re—enforced $30—50/tonne
ECA in EU
HFO(2020) LNG(2020)
Fuel prices
moderate ($497/tonne) 110% of HFO price
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200 A e i
600 — —_
400 = —_—
B 2015 2020 2025 2050 2035 2040

Fig. 5.12 Base fuel oil price scenario 5 (2015~2040)
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Table 5.8 Scenario with in the doldrums

Scenario 6

western world china/india
Economic growth:
2 % 5 %
sulphur carbon price

Regulations global sulphur Timit of 0/5%

postponed till 2040

no regulation

HFO(2020)

LNG(2020)

Fuel prices
moderate ($697/tonne)

70 % of HFO price
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Fig. 5.13 Base fuel oil price scenario 6 (2015~2040)
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Table 5.9 Total additional cost of the HFO system[M$]

HFO Engine + Yard cost

propulsion system?

37 [M$]

Table 5.10 Total additional cost of hybrid scrubber system[M$]

bt g Equipment Yard cost Total cost

system

+ 2.8 [M$] + 0.50 [M$] + 3.30 [M$]

Nl

2) LNG 922 AH83l= MR 7] Au AxHl &

ING 488 AHg3hs Fx14 |54 8- HFO A28 A183)
= /\li‘%ﬂ‘ﬂl FTEE = A9y S0 A e wE7t: A ZA A
AH] & ALstA HFO A8E Argdts A Brh F FAMELS 58 M$=E
O ol FAEojok g} EZF FEAH S AlE3ste] Table 511, 5122 1
EF ATt
Table 5.11 Total additional cost of the LNG system[M$]

NG Engine and GAUs | ING system Yard cost Total cost

Isi t
PIOPHISION SYSEE 1 L 0.9 (M3 cA4MS] | 05 MS] | + 58 M3

Table 5.12 Total additional cost of HFO + hybrid scrubber & LNG system[M$]

HFO propulsion system + LNG fuel
CAPEX Hybrid scrubber system Propulsion system
40.3 [M$] 42.8 [M$]

4) 41K~51K+# MR #©# 21z 714[2014. Clarksons]
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Table 5.13 Annual HFO cost of MR Tanker

Case A Case B
HFO price USD/Ton 297V 600?
Output kW 10,320 10,320
Running hours hr/day 24 24
SFOC¥ g/kWh 165.0 165.0
Annual sailing time Day/year” 264 264
Annual fuel cost M$[USD] 3.20 6.47
1) HFO price (2015.01.30.)
2) prediction of HFO price
3) SFOC with load 85% of 6G50-ME engine
4) 1 year=365 day




Table 5.14+= 20134 7¢

o 370, oFAlo} 370, v]= LNG

‘?r
< 272 F43F LNG 7143 MDTARS] 6G50ME-GI 9] &
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Table 5.14 Annual LNG cost of MR Tanker

@

Case A Case B
HFO price USD/Ton 297" 600%
LNG price USD/Ton 503 503
Output kW 10,320 10,320
Running hours hr/day 24 24
SGC? g/kWh 135.3 135.3
SFOC” g/kWh 5.6 5.6
Annual sailing time Day/year” 264 264
Annual fuel cost M$[USD] 4.56 4.67

1) HFO price (2015.01.30.)

2) prediction of HFO price

3) SGC with load 85% of 6G50ME-GI engine
4) SFOC with load 85% of 6G50ME-GI engine
5) 1 year=365 day
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Table 5.15 Total cost of scenario 1 [HFO and LNG]
HFO LNG

Year | ship’s fuel cost total cost ship’s fuel cost total cost
price A B A B price A B A B

0 403 | 2.72 | 3.10 272 | 310 42.8 387 | 440 | 637 | 6.90
1 389 | 272 | 310 | 413 | 451 41.3 387 | 440 | 537 | 590
2 375 | 272 | 310 | 4.08 | 446 39.9 3.87 | 440 | 532 | 585
3 362 | 272 | 310 | 4.04 | 441 38.5 387 | 440 | 527 | 5.80
4 349 | 272 | 310 | 399 | 4.36 37.1 387 | 440 | 522 | 575
5 337 | 272 | 3.10 395 | 432 35.8 387 | 440 | 517 | 5.70
6 325 | 272 | 3.10 390 | 4.28 34.6 387 | 440 | 513 | 5.66
7 314 | 272 | 3.10 3.86 | 4.23 334 3.87 | 440 | 5.08 | 5.61
8 303 | 272 | 3.10 382 | 419 32.2 387 | 440 | 5.04 | 557
9 29.2 | 272 | 3.10 3.78 | 4.16 31.1 387 | 440 | 5.00 | 553

10 282 | 272 | 3.10 375 | 412 30.0 387 | 440 | 496 | 549

11 272 | 272 | 3.10 3.71 4.08 289 387 | 440 | 492 | 545

12 263 | 272 | 3.10 3.68 | 4.05 279 387 | 440 | 489 | 542

13 254 | 2.72 | 3.10 3.64 | 4.01 26.9 387 | 440 | 485 | 5.38

14 245 | 272 | 3.10 3.61 3.98 26.0 387 | 440 | 482 | 535

15 236 | 2.72 | 3.10 358 | 3.95 251 387 | 440 | 478 | 531




16 228 | 272 | 310 | 355 | 392 242 3.87 | 440 | 475 | 5.28
17 220 | 272 | 310 | 352 | 3.89 234 387 | 440 | 472 | 525
18 212 | 272 | 310 | 349 | 3.86 22.5 387 | 440 | 469 | 522
19 205 | 272 | 310 | 347 | 3.84 21.8 3.87 | 440 | 466 | 519
20 19.8 | 272 | 310 | 344 | 3.81 21.0 387 | 440 | 464 | 516
21 191 | 272 | 310 | 342 | 3.79 20.3 387 | 440 | 461 | 514
22 184 | 272 | 310 | 339 | 3.76 19.5 3.87 | 440 | 458 | 511
23 178 | 2.72 | 3.10 | 337 | 3.74 18.9 387 | 440 | 456 | 5.09
24 171 | 2.72 | 310 | 335 | 3.72 18.2 387 | 440 | 454 | 5.06
25 165 | 272 | 310 | 332 | 3.69 17.6 3.87 | 440 | 451 | 5.04
Table 5.16 Total cost of scenario 2 [HFO and LNG]
HFO LNG
Year | ship’s fuel cost total cost ship’s fuel cost total cost
price A B A B price A B A B
0 403 | 550 | 625 | 550 | 6.25 42.8 397 | 451 | 647 | 7.01
1 389 | 550 | 625 | 691 | 7.66 413 397 | 451 | 547 | 6.01
2 375 | 550 | 625 | 6.86 | 7.61 39.9 397 | 451 | 541 | 596
3 362 | 550 | 625 | 682 | 757 38.5 397 | 451 | 536 | 591
4 349 | 550 | 625 | 6.77 | 7.52 37.1 397 | 451 | 532 | 586
5 337 | 550 | 625 | 673 | 748 35.8 397 | 451 | 527 | 581
6 325 | 550 | 625 | 6.68 | 743 34.6 397 | 451 | 522 | 576
7 314 | 550 | 625 | 6.64 | 7.39 33.4 397 | 451 | 518 | 572
8 303 | 550 | 625 | 6.60 | 7.35 32.2 397 | 451 | 514 | 5.68
9 292 | 550 | 625 | 656 | 7.31 31.1 397 | 451 | 510 | 5.64
10 282 | 550 | 625 | 653 | 7.28 30.0 397 | 451 | 5.06 | 5.60
11 272 | 550 | 625 | 649 | 7.24 28.9 397 | 451 | 5.02 | 556
12 263 | 550 | 625 | 646 | 7.21 27.9 397 | 451 | 498 | 552
13 254 | 550 | 625 | 642 | 717 26.9 397 | 451 | 495 | 549




14 245 | 550 | 625 | 639 | 7.14 26.0 397 | 451 | 491 | 545
15 236 | 550 | 625 | 636 | 7.11 251 397 | 451 | 488 | 542
16 228 | 550 | 625 | 633 | 7.08 242 397 | 451 | 485 | 539
17 220 | 550 | 625 | 630 | 7.05 23.4 397 | 451 | 482 | 536
18 212 | 550 | 625 | 6.27 | 7.02 225 397 | 451 | 479 | 533
19 205 | 550 | 625 | 625 | 7.00 21.8 397 | 451 | 476 | 5.30
20 198 | 550 | 625 | 622 | 697 21.0 397 | 451 | 473 | 527
21 191 | 550 | 625 | 619 | 6.94 20.3 397 | 451 | 470 | 5.25
22 184 | 550 | 625 | 6.17 | 6.92 19.5 397 | 451 | 468 | 522
23 17.8 | 550 | 625 | 6.15 | 6.90 189 397 | 451 | 465 | 519
24 171 | 550 | 625 | 6.12 | 6.87 18.2 397 | 451 | 463 | 517
25 165 | 550 | 625 | 6.10 | 6.85 17.6 397 | 451 | 461 | 515
Table 5.17 Total cost of scenario 3 [HFO and LNG]
HFO LNG
Year | ship’s fuel cost total cost ship’s fuel cost total cost
price A B A B price A B A B
0 403 | 272 | 310 | 272 | 3.10 428 255 | 290 | 5.05 | 540
1 389 | 346 | 393 | 487 | 534 41.3 324 | 368 | 473 | 5.18
2 375 | 419 | 476 | 555 | 6.12 39.9 392 | 446 | 537 | 590
3 362 | 492 | 560 | 624 | 691 38.5 4.61 524 | 6.00 | 6.63
4 349 | 5.66 | 643 | 693 | 7.70 371 530 | 6.02 | 6.64 | 7.36
5 33.7 | 639 | 7.26 762 | 849 35.8 598 | 680 | 728 | 8.10
6 325 | 713 | 810 | 831 9.28 34.6 6.67 | 7.58 792 | 8.83
7 314 | 786 | 893 | 9.00 | 10.07 | 334 736 | 836 | 857 | 957
8 303 | 859 | 9.76 | 9.69 | 10.86 | 32.2 804 | 914 | 921 | 1031
9 292 | 9.33 | 10.60 | 1039 | 11.66 | 31.1 873 | 992 | 986 | 11.05
10 28.2 | 10.06 | 11.43 | 11.08 | 12.46 | 30.0 942 | 10.70 | 10.50 | 11.79




11 272 | 10.79 | 1227 | 11.78 | 13.25 | 289 | 10.10 | 1148 | 11.15 | 12.53
12 263 | 11.53 | 13.10 | 1248 | 14.05 | 279 | 10.79 | 12.26 | 11.80 | 13.27
13 254 | 1226 | 1393 | 13.18 | 14.85 | 269 | 11.48 | 13.04 | 12.45 | 14.02
14 245 | 1299 | 14.77 | 13.88 | 15.65 | 26.0 | 12.16 | 13.82 | 13.10 | 14.76
15 23.6 | 13.73 | 15.60 | 14.58 | 1646 | 251 | 12.85 | 14.60 | 13.76 | 15.51
16 228 | 1446 | 1643 | 1529 | 1726 | 242 | 1354 | 1538 | 14.41 | 16.26
17 220 | 1520 | 17.27 | 1599 | 18.07 | 234 | 14.22 | 16.16 | 15.07 | 17.01
18 212 | 1593 | 18.10 | 16.70 | 18.87 | 225 | 1491 | 16.94 | 15.73 | 17.76
19 20.5 | 16.66 | 1894 | 1741 | 19.68 | 21.8 | 1560 | 17.72 | 16.38 | 18.51
20 19.8 | 1740 | 19.77 | 18.11 | 2049 | 21.0 | 16.28 | 18.50 | 17.04 | 19.26
21 191 | 1813 | 20.60 | 18.82 | 21.29 | 203 | 1697 | 19.28 | 17.70 | 20.02
22 184 | 18.86 | 21.44 | 19.53 | 2210 | 195 | 17.66 | 20.06 | 18.36 | 20.77
23 17.8 | 19.60 | 22.27 | 20.24 | 2291 18.9 | 18.34 | 20.84 | 19.03 | 21.53
24 171 | 2033 | 23.10 | 2095 | 23.73 | 182 | 19.03 | 21.62 | 19.69 | 22.28
25 16.5 | 21.06 | 23.94 | 21.66 | 2454 | 17.6 | 19.72 | 22.40 | 20.35 | 23.04
Table 5.18 Total cost of scenario 4 [HFO and LNG]
HFO LNG
Year | ship’s fuel cost total cost ship’s fuel cost total cost
price A B A B price A B A B
0 40.3 2.72 3.10 2.72 3.10 428 0.76 0.87 3.26 3.37
1 38.9 3.46 3.93 4.87 5.34 413 0.97 1.10 247 2.60
2 375 | 419 | 476 | 555 | 6.12 39.9 117 | 133 | 262 | 2.78
3 36.2 492 5.60 6.24 6.91 38.5 1.38 1.57 2.77 2.96
4 349 | 566 | 643 | 693 | 7.70 371 158 | 1.80 | 293 | 3.15
5 337 | 639 | 726 | 7.62 | 849 35.8 1.79 | 2.03 | 3.09 | 3.33
6 32.5 7.13 8.10 8.31 9.28 34.6 1.99 2.27 3.25 3.52
7 314 | 786 | 893 | 9.00 | 10.07 | 334 220 | 250 | 341 | 3.71
8 303 | 859 | 976 | 9.69 | 10.86 | 32.2 241 | 273 | 357 | 3.90




9 29.2 | 9.33 | 10.60 | 1039 | 11.66 | 31.1 261 | 297 | 3.74 | 4.09
10 282 | 10.06 | 1143 | 11.08 | 12.46 | 30.0 282 | 320 | 390 | 429
11 272 | 10.79 | 12.27 | 11.78 | 13.25 | 289 3.02 | 343 | 407 | 448
12 263 | 1153 | 13.10 | 12.48 | 14.05 | 279 323 | 3.67 | 424 | 4.68
13 254 | 1226 | 1393 | 13.18 | 14.85 | 269 343 | 390 | 441 | 4.88
14 245 | 1299 | 14.77 | 13.88 | 15.65 | 26.0 3.64 | 413 | 458 | 5.08
15 23.6 | 13.73 | 15.60 | 1458 | 16.46 | 25.1 384 | 437 | 475 | 5.28
16 228 | 1446 | 1643 | 1529 | 17.26 | 242 405 | 460 | 493 | 548
17 22.0 | 1520 | 17.27 | 1599 | 18.07 | 234 425 | 483 | 510 | 5.68
18 21.2 | 1593 | 18.10 | 16.70 | 18.87 | 225 446 | 507 | 528 | 5.88
19 20.5 | 16.66 | 1894 | 1741 | 19.68 | 21.8 466 | 530 | 545 | 6.09
20 19.8 | 1740 | 19.77 | 1811 | 2049 | 21.0 487 | 553 | 563 | 6.30
21 191 | 1813 | 20.60 | 18.82 | 21.29 | 203 508 | 577 | 581 | 6.50
22 18.4 | 18.86 | 21.44 | 19.53 | 2210 | 195 528 | 6.00 | 599 | 6.71
23 17.8 | 19.60 | 2227 | 20.24 | 2291 | 189 549 | 623 | 617 | 692
24 171 | 20.33 | 23.10 | 2095 | 23.73 | 18.2 569 | 647 | 635 | 7.13
25 16.5 | 21.06 | 23.94 | 21.66 | 24.54 | 17.6 692 | 786 | 756 | 850
Table 5.19 Total cost of scenario 5 [HFO and LNG]
HFO LNG
Year | ship’s fuel cost total cost ship’s fuel cost total cost
price A B A B price A B A B
0 403 | 272 | 310 | 272 | 3.10 428 255 | 290 | 505 | 540
1 389 | 3.09 | 351 | 450 | 492 41.3 289 | 329 | 439 | 478
2 375 | 346 | 393 | 482 | 529 39.9 324 | 368 | 468 | 512
3 362 | 3.82 | 435 | 514 | 5.66 38.5 358 | 407 | 497 | 546
4 349 | 419 | 476 | 546 | 6.03 371 392 | 446 | 527 | 580




5 33.7 | 4.56 5.18 5.78 6.40 35.8 427 | 4.85 5.56 6.15
6 325 | 492 | 5.60 6.10 6.78 34.6 4.61 524 5.86 6.49
7 314 | 529 6.01 6.43 715 33.4 4.95 5.63 6.16 6.84
8 30.3 | 5.66 6.43 6.76 7.53 32.2 5.30 6.02 6.46 7.19
9 29.2 | 6.03 6.85 7.09 791 31.1 5.64 6.41 6.77 7.53
10 282 | 6.39 7.26 7.42 8.29 30.0 5.98 6.80 7.07 7.89
11 272 | 6.76 7.68 7.75 8.67 28.9 6.33 7.19 737 | 8.24
12 26.3 713 8.10 8.08 9.05 279 6.67 7.58 7.68 8.59
13 254 7.49 8.51 8.41 9.43 26.9 7.01 7.97 7.99 8.95
14 245 7.86 8.93 8.75 9.82 26.0 7.36 8.36 8.30 9.30
15 23.6 8.23 9.35 9.08 | 10.20 | 251 7.70 8.75 8.61 9.66
16 22.8 8.59 9.76 942 | 10.59 | 24.2 8.04 9.14 8.92 | 10.02
17 22.0 896 | 10.18 | 9.76 | 1098 | 234 8.39 9.53 9.23 | 10.38
18 212 | 933 | 10.60 | 1010 | 11.37 | 225 8.73 9.92 9.55 | 10.74
19 20.5 9.69 | 11.02 | 1044 | 11.76 | 21.8 9.07 | 10.31 | 9.86 | 11.10
20 19.8 | 10.06 | 11.43 | 10.78 | 12.15 | 21.0 942 | 10.70 | 10.18 | 11.46
21 191 | 1043 | 11.85 | 11.12 | 1254 | 20.3 9.76 | 11.09 | 1049 | 11.82
22 184 | 10.79 | 12.27 | 1146 | 1293 | 195 | 10.10 | 11.48 | 10.81 | 12.19
23 17.8 | 11.16 | 12.68 | 11.80 | 13.33 | 189 | 1045 | 11.87 | 11.13 | 12.55
24 17.1 | 11.53 | 13.10 | 12.15 | 13.72 | 182 | 10.79 | 12.26 | 1145 | 12.92
25 16,5 | 11.89 | 13.52 | 1249 | 1412 | 176 | 11.13 | 12.65 | 11.77 | 13.29




Table 5.20 Total cost of scenario 6 [HFO and LNG]

HFO LNG
Year | ship’s fuel cost total cost ship’s fuel cost total cost
price A B A B price A B A B
0 403 | 272 | 310 | 272 | 310 428 1.66 1.88 | 416 | 4.38
1 389 | 346 | 393 | 487 | 534 41.3 210 | 239 | 3.60 3.89
2 375 | 419 | 476 | 555 6.12 39.9 255 | 290 | 399 | 434
3 362 | 492 | 5.60 624 | 691 38.5 299 | 340 | 439 | 4.80
4 349 | 5.66 6.43 6.93 7.70 37.1 344 | 391 479 | 5.26
5 33.7 | 6.39 7.26 762 | 849 35.8 389 | 442 | 518 | 571
6 32.5 713 | 810 | 831 9.28 34.6 433 | 492 | 559 | 6.18
7 314 | 786 | 893 | 9.00 | 10.07 | 33.4 478 | 543 599 | 6.64
8 303 | 8.59 976 | 9.69 | 1086 | 322 522 | 594 | 6.39 7.10
9 29.2 | 933 | 10.60 | 10.39 | 11.66 | 31.1 567 | 644 | 6.80 7.57
10 28.2 | 10.06 | 11.43 | 11.08 | 12.46 | 30.0 612 | 6.95 720 | 8.04
11 272 | 10.79 | 1227 | 11.78 | 13.25 | 28.9 6.56 7.46 7.61 8.51
12 263 | 11.53 | 13.10 | 1248 | 14.05 | 279 7.01 796 | 8.02 | 8.98
13 254 | 1226 | 13.93 | 13.18 | 14.85 | 26.9 745 | 847 | 843 9.45
14 245 | 1299 | 1477 | 13.88 | 15.65 | 26.0 790 | 898 884 | 9.92
15 236 | 13.73 | 15.60 | 14.58 | 16.46 | 25.1 835 | 948 9.26 | 10.39
16 22.8 | 1446 | 1643 | 15.29 | 17.26 | 24.2 879 | 999 | 9.67 | 10.87
17 220 | 1520 | 17.27 | 15.99 | 18.07 | 23.4 924 | 10.50 | 10.09 | 11.34
18 21.2 | 1593 | 1810 | 16.70 | 18.87 | 225 9.68 | 11.00 | 10.50 | 11.82
19 205 | 16.66 | 1894 | 1741 | 19.68 | 21.8 | 10.13 | 11.51 | 10.92 | 12.30
20 19.8 | 1740 | 19.77 | 18.11 | 2049 | 21.0 | 10.58 | 12.02 | 11.34 | 12.78
21 19.1 | 1813 | 20.60 | 18.82 | 21.29 | 203 | 11.02 | 12.53 | 11.76 | 13.26
22 184 | 18.86 | 21.44 | 19.53 | 22.10 | 195 | 1147 | 13.03 | 12.18 | 13.74
23 17.8 | 19.60 | 22.27 | 20.24 | 2291 | 189 | 1191 | 13.54 | 12.60 | 14.22
24 17.1 | 20.33 | 23.10 | 20.95 | 23.73 | 182 | 1236 | 14.05 | 13.02 | 14.71
25 16.5 | 21.06 | 23.94 | 21.66 | 2454 | 17.6 | 12.81 | 1455 | 13.44 | 15.19
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Fig. 5.14 Payback time of LNG compared to scrubber+HFO for scenario 1(264 Day)
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Fig. 5.15 Payback time of LNG compared to scrubber+HFO for scenario 1(300 Day)
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Fig. 5.17 Payback time of LNG compared to scrubber+HFO for scenario 2(300 Day)
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