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An Empirical Study on Greenhouse Gas Emission Reduction
of Fuel Cell-Battery Hybrid Ships

Kyoung Wook, Kang

Department of Marine Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In this paper The goal of Korea’ s green house gas reduction target is set
at 37% of the emission estimate by 2030. The international Maritime
Organization aims to reduce the total annual green house gas emissions of all

vessels by more than 50%.

In this paper, in order to demonstrate the advantages of fuel cell-battery
hybrid electric propulsion system in reducing greenhouse gas emissions and
reducing fuel consumption, a diesel propulsion system was constructed as a
test bed, the characteristics of exhaust emission and fuel consumption were
compared and analyzed through the load operation environment setting and

verification experiment of the ship.

The emission reduction of nitrogen oxides and carbon dioxide, which are
regulated by the international Maritime Organization, is measured by
measuring the emission gas and fuel consumption of ships using diesel
engines, and the hydrogen unit price consumed in the ship using the fuel
cell-battery hybrid system and compared the economics of the two propulsion

systems.

In addition, a hybrid electric propulsion system using a fuel cell and a



battery was designed to verify the stability of the load power system of the
ship.
KEY WORDS: PEMFC, Lithium-ion battery, NOx, SOx
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Green house gas
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Table 2.1 Project Processing of fuel cell for vessel

Nationality JAPAN NORWAY EU AMERICA
Green Ship of the
NYK Super Eco _ .
PROJECT Shi Future e4Ship ZEMShip Methapu SSFC
P (FellowShip)
Fuel cell hybrid Development of fuel Puel cell vessel Development of Development of Development of
u \%
GOAL vessel cell for ship auxiliary . fuel cell for ship fuel cell for ship fuel cell for ship
commissioning , . .
development power main power auxiliary power auxiliary power

Fuel cell type

400[W] Fuel cell
(LNG gas used)

320[W1, MW MCFC
(LNG gas used)

3500k W1~500[k W]
MCFC

100[kW] PEMFC
(50[kW] 2 unit)

20[kW] SOFC

2.5[MW]
MCFC(Liquid fuel :
JP-5, NATO-F76)

Business More than 100 About 20 billion About 85 billion About 100 billion About 30 billion
expense billion won won(Steps 1 and 2) won won won
2003~2010
Business term 2009~2030 (1, 2step) 2009~2016 2006~2010 2006~2010 2003~2009
2010 ~(3step)
320[kW]class MCFC
system 10 hours of Completed 10 300[kW]class
. : 20[kW] SOFC
marine demonstration months of MCFC 1000hours
Research and , 2009~2010 1000hours o
Result completed marine , _ liquid fuel
development ) Operation vessel demonstration ) )
MWclass MCFC system | demonstration(Sc completed evaluation(Athletic
development hIBZ Project) P s)
(3 step)




Table 2.2 Kind of fuel cell and specification of fuel cell

PEMFC PAFC AFC MCFC SOFC
Electrolyte Polymer Membrane Liquid H3PO4 Liquid KOH Molten Carbonate Ceramic
Catalyst H+ H+ OH- CO32- 02-
Operatin
perating 80[C ] 2000C ] 60(<C 1~220(C ] 650(C ] 600[C 1~1000(C ]
temperature
Cell
, , Carbon based Carbon based Carbon based Stainless based Ceramic based
configuration
Natural gas
. Hydrogen Natural gas Natural gas
Main fuel Hydrogen LPG
Methanol Methanol Coal gas
Coal gas
For transportation Local installation /
Distributed type Distributed type
Portable generator Cogeneration Small A special Distributed type Distributed type
Usage Transportation power plant For purpose(Ship Cogeneration Large | Cogeneration Large

(Passenger cars,
buses, ships, etc.)

transportation
Hospital, Hotel, bus
MW or less

power, submarine)

power plant MW

power plant MW
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Table 2.3 Suitable Fuel Cell Types

Fuel cell type Temperature(‘C) Electric efficiency(%)
Proton Exchange
30 - 100 > 50
Membrane (PEM)
High Temperature
160 - 200 ~ 45
PEM(HT-PEM)
Molten Carbonate (MCFC) ~650 > 50
Solid Oxide (SOFC) 500 - 1100 > 50
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Fig 3.1 Hansol No. 2 photo and navigation route

Table 3.1 Specifications of the Hansol No. 2 passenger vessel

Content Parameter
Capacity 230 passengers
Length 33.80[m]
Breadth 6.00[m]
Depth 2.40[m]
Draft 1.90[m]
Displacement 109[ton]
Top speed 13[Kn]
Powering at Top speed 500(kW] X 2EA
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Fig 3.2 Analysis of target vessel navigation route for creating load profile

Hansol No.2 Load Profile
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Fig 3.3 Hansol No. 2 Load profile
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Fig 3.4 Fuel Cell-Battery Hybrid Electric Propulsion System Basic Block
Diagram

_14_



332 AEAA A 2H

sholnel e 2753

Al
(3.3 Zo] yed 4 St

Hy 2H "+ 2¢ (3.D
%02 + H' +2¢ —H,0 (3.2)
1 . -

5 O, +2H" + 2¢~ — H,O0+ electricity + heat 3.3

PEMFCe] Asjd2 1A dEAZAM Fig 3.59 L3 +=2E 7L 3l
5

ojgo] B F QYA F& oL} A B AL B WL
o o
= =

= 9

L
o B

Load
Electron Current
flow - _ flow
e
Fuel In q Oxidant In
450
H,
H,O
. Negative __
Excess lon Water and

Fuel

Heat Out

A nodc—T T LCathodc

Electrolyte

Fig 3.5 Basic structure of fuel cell

Asjdo] TA WA A olA %] WEe] P27} BAA R Beshn, o
g A Fagd IS A8T 5 AAT T #5458 Fart AEHE Ao
ARAX Y Ao 2¥sl=d 714 o2 MATLAB/SMulinkE o] £3le] <
5% 45 AR st dudA xR TASYT,

_15_



Table 3.2 Fuel cell stack parameters

Content Parameter
Number of cell 470
Initial temperature of Stack 320[K]
VOC[Open Circuit Voltage] 614[V]
Air flow rate 2,500[1/m]
Normal stack efficiency 55[%]
Coefficient of heat transfer 4,000[W/K]
Stack operation temperature set point 345[K]

Fuel flow rate (Ipm)
<Utilization (%) [O2(Yellow), H2(Magenta)]= :D

[ <Stack consumption (lpm) [Air(Yellow); Fuel(Magenta)}= :
<Stack Efficiency (%)= i

Scope

| 0

bo <Vohage> D
=(urrent>

Fuel flow rate[lpm] - 4
II’_yamp Ramp_Fr

Sw b -pFusiFr Scope2
— B{Frreqin  Frreq out F
ramp:10secs Flow rate selector . T 3 :

irFr A

Air flow[lpm]

Yy

i

£+ FC

P LA
i+
-
(average value)

Air flow[lpm]1 Fuel Cell Stack

Flow rate regulator

Fig 3.6 Fuel cell power converter
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Axr consumption Stack ennsumpian (Staddard iioy) Exchange current i0 (A) 7
Break Algebraic > o [Air{Yellow); Fuel(Magentaj] Nerst voltage En (V) T
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Current
1 p| fumis Fuel consumption
den(s) Current
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p Temp
(2D T
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Fig 3.10 Lithium-ion battery system configuration

Table 3.3 Lithium-ion battery parameter

Content Parameter
Number of cells[Series] 104
Nominal voltage 3.7[V]
Capacity[Typicall 5.4[Ah]
Maximum charge current 4.2[A]
Maximum recommended charge current 5.4[A]
Charge temperature range -20[C] ~ 60[C]
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Fig 3.11 DC-DC converter system configuration
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Table. 3.4 Parameter of induction motor

Content Parameter
Stator winding resistance 0.0045[ 2]
Stator winding leakage inductance 0.0957[H]
Rotor winding resistance refer to the stator side 0.00075[ 2]
Rotor winding leakage inductance refer to the stator side 0.1486[H]
Magnetizing inductance 2.75[H]
Number of poles 6
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4) F3} 374 2, 673t (Fuel Cell + Battery Mode)
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Table 5.1 Equipment used for gas measurement

‘ @® 4 stroke engine for marine
- Model : 5L.23/30H

- Maker : STX engine

- Cylinder no. : 5

@ Dynamometer

- Model : DT-3000

- Maker : GO-POWER
- TYPE : Water Brake

@® Flow meter
- Model : Promass 80F
- Maker : Endress+hauser

- TYPE: Integrated mass flowmeter

@® Gas analyzer

- Model : DX-4000

- Maker : GASMET

- Measuring method : FT-IR

@ Heat Sample line

- Model : H340A-030-04-B3B2BL
- Maker : GASMET

- Spec. : Max. temp. 200C

@ Heated sample pump

- Model : Protable

- Maker : GASMET

- Spec. : 41 /min, Opt. temp.180C

@ Sample probe

- Model : PSP400-H

- Maker : GASMET

- Spec : Max. temp. 600C
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Table 5.2 Comparison of exhaust emission

CO; [kgl NOy [kgl
Load profile Fuel Fuel
Diesel | cell-battery | Diesel | cell-battery
hybrid hybrid
1 1.30 X 0.02 X
2 172.80 X 7.50 X
3 1.30 X 0.02 X
4 22.40 X 0.37 X
5 1.30 X 0.02 X
6 172.80 X 7.50 X
7 1.30 X 0.02 X
8 22.40 X 0.37 X
9 38.80 X 0.76 X
One way 434.40 X 16.58 X
Round way 868.80 X 33.16 X
1 day (2 round way) 1737.60 X 66.32 X
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Fig. 5.8 Measuring fuel consumption by flow meter
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Table 6.1 Comparison of fuel consumption

= 1}
A Table 6.1 Zo] +& & it}

Fuel consumption [kg]l
, , Fuel cell-Battery
Load profile Diesel propulsion hybrid
Diesel oil / Fuel Price H2 / Fuel Price
1 1.20 0.23
2 69.10 12.96
3 1.20 0.23
4 8.80 1.65
5 1.20 0.23
6 69.10 12.96
7 1.20 0.23
8 8.80 1.65
9 18.00 3.38
One way 178.60 / 204,300[] 33.49 [ 209,925[ ]
Round way 357.20 / 408,601[¥] 66.98 / 419,850[ ]
1 day (2 round way) 714.40 | 817,202[¥] 133.95 / 839,700[ ]
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