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ABSTRACT
This paper portrays the scope of fuel cell on ship, generic to all ships and this paper also portrays that if fuel cell is proposed in the near future for ships then which type of fuel cell will be relatively more viable to employ. In this paper the probability of fuel cell on ship to meet any requirement prescribed for future has been discussed. Study of fuel cell on ship has been conducted for the ship MT-Gulf Mist which has oil+chemical tanker, options feasible have been discussed and most suitable has been recommended.
KEYWORDS
Fuel Cell
Solid Oxide Fuel Cell(SOFC)
Auxiliary Power
Hybrid System
Recuperator

MAIN TEXT
1.0 INTRODUCTION
Shipping Industry is a highly commercial industry which required to maintain a balance with respect to regulations related to pollution, safety etc. One of the most important aspect of shipping industry is, it is never steady in terms of change, at same time it is not very easy to bring a change in the outlook of shipping industry. One of the upcoming technology is Fuel cell, it is difficult to forecast if fuel cell will be able to shadow the current system in use but a study can always be made that if feasible and required, which fuel cell will be appreciated, for which kind of load and will it stand individual or shall come in combination with other systems. This paper has proposed some answers in relevance to it.



2.0 HISTORY OF FUEL CELLS
The principal of fuel cell was discovered by German scientist Christian Friedrich Schonbein in 1838 and published in one of the scientific magazines of the time. Based on his work, the first fuel cell was demonstrated by Welsh scientific and barrister Sir William Robert Grove in the February 1839 edition of the Philosophical Magazine and Journal of Science and Later sketched, in 1842, in the same journal. The fuel cell he made used similar material to today’s phosphoric-acid fuel cell.
In 1955, Thomas Grubb, a chemist working for the General Electric Company(GE), further modified the original fuel cell design by using a sulphonated polystyrene ion-exchange membrane as the electrolyte. Three years later another GE chemist, Leonard Niedrach, devised a way of depositing platinum onto the membrane, which served as catalyst for necessary hydrogen oxidation and oxygen reduction reactions. This became known as ‘Grubb-Niedrach fuel cell’GE went on to develop this technology with NASA and McDonnell Aircraft, leading to its use during project Gemini. This was first commercial use of fuel cell. IN 1959, a team led by Harry Ihrig built a 15KW fuel cell tractor for Allis Chalmers, which was demonstrated across the U.S. at state fairs. Later in 1959, Bacon and his colleagues demonstrated a practical 5KW unit capable of powering a welding machine. In 1991, the first hydrogen fuel cell automobile was developed by Roger Billings.
United Technologies Corporation’s UTC Power subsidiary was the first company to manufacture and commercialize a large, stationary fuel cell system for use as a generation power plant in hospitals, office buildings, etc.
3.0 CONCEPT OF FUEL CELL
Fuel cell systems are composed of three basicelements, the heart of which is the fuel cell itself(figure 1). The fuel supply subsystem, usually aprocessor for producing hydrogen gas, and anelectrical converter, for providing electrical powerin a form acceptable to the user, make up the two other elements. Fuel cell characteristics and performancetypically vary depending on the materials used for electrodes, electrolytes, and catalysts. Because the performance of a fuel cell is not restricted by the Carnot Law constraints that limit heatengine efficiencies, the fuel cell will be likely to be the core of a high efficiency hybrid power cycle.
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3.1 FUEL CELL STACK
Fuel cells are composed of two electrodes, acathode and an anode, separated by an electrolyte(see figure 2). The fuel (ahydrogen-rich gas reformed from natural gas oranother fossil fuel) is delivered to the porousanode element. The anode is coated with a catalyst which causes the hydrogenmolecules to dissociate into hydrogen ions andelectrons. The hydrogen ions pass through the electrolyte to the cathode. A currentis created as the electrons, unable to movethrough the electrolyte, pass instead through aconductor attached to both electrodes. When a load is attached to this circuit, electrical work is accomplished. At the cathode, oxygen (generallyin the form of air) is introduced. The oxygen combines with the hydrogen ions, which have migratedfrom the anode, and with the electrons arrivingvia the external circuit to produce water. The nitrogen and carbon dioxide components of the air are discharged.
The main electrochemical reactions occurring at the anode and cathode sides are as follows:
Anode side : H2 + CO2-3>H2 + CO2 + 2e-                       (1)
CO + CO2- ->2CO2 + 2e-                                            (2)
Cathode side : O2 + 2CO2 + 4e-->CO2-3                    (3)
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                       Figure2- Schematic Representation of How a Fuel Cell Work
Unlike a battery, a fuel cell does not have a fixed amount of chemical supply, and thus does not run down. It continues to operate as long as fuel and oxidant are supplied to it and an adequate level of electrolyte is maintained. The voltage produced by a single cell is low, between 0.6 and 0.85 volts, after allowing for losses within the cell. However, these small voltages add up when cells are connected in series a high voltage output is created by stacking the individual cells. A typical 200 kW “stack” of 500 fuel cells would result in about a 325 volt output, each cell producing about 400 watts of power. Stacks may then be connected in parallel to provide the desired total power. The current produced is proportional to the rate at which the electrochemical reactions proceed and to the surface area available for the reactions.
[image: ]
                                     Figure-3 A typical fuel cell stack




3.2 STUDY OF TYPES OF FUEL CELL

There are various types of fuel cell depending on their operating temperature, electrolyte and catalyst used. A fuel cell’s operating characteristics help to define its application, these include:
1.Proton Exchange Membrane Fuel Cell (PEM)
Electrolyte:  Solid polymer membrane
Catalyst:  Platinum is the most active catalyst for low-temperature fuel cells
Operating Temperature:  Around 175-200⁰F
Electrical Efficiency:  40-60 percent

· Operate at low temperatures
· Have high power density
· Can vary output quickly to meet shifts in power demand
· Suited to power applications where quick start up required
· Fuelled with hydrogen gas, methanol,  or reformed fuels
2.Direct Methanol Fuel Cell (DMFC)
Electrolyte:  Solid polymer membrane
Catalyst:  Platinum is the most common
Operating Temperature:  Around 125-250⁰F
Electrical Efficiency:  Up to 40 percent
· Used for transportation
· Small distributed generation
3.Alkaline Fuel Cell (AFC)
Electrolyte:  Potassium hydroxide solution in water
Catalyst:  Can use a variety of non-precious metal catalysts
Operating Temperature:  Around 225-475⁰F
Electrical Efficiency:  60-70 percent
· Used on space missions to provide both electricity and drinking water.
4.Phosphoric Acid Fuel Cell (PAFC)
Electrolyte:  Liquid phosphoric acid ceramic in a lithium aluminium oxide matrix
Catalyst: Carbon-supported platinum catalyst
Operating Temperature:  350-400⁰F
Electrical Efficiency:  36-42 percent
· Used in combined heat and power(CHP)
· Commercially used in hospitals, schools, manufacturing or processing centres, and wastewater treatment plants.
5.Molten Carbonate Fuel Cell (MCFC)
Electrolyte:  Typically consists of alkali (Na & K) carbonates retained in a ceramic matrix of LiHO2
Catalyst:  High MCFC operating temperature permits the use of lower-cost, non-platinum group catalysts
Operating Temperature:  Around 1,200 ⁰F
Electrical Efficiency:  50-60 percent
· Electrical utility
· Large distributed generation

6.Solid Oxide Fuel Cells (SOFC)
Electrolyte:  A solid ceramic, typically yttria-stabilized zirconia (YSZ)
Catalyst: High SOFC operating temperature permits the use of lower-cost, non-platinum        group catalysts
Operating Temperature:  About 1,800⁰F
Electrical Efficiency:  50-60 percent
· Auxiliary power
· Electrical utility
· Large distributed generation


4.0 FUEL CELL TYPES AND COMPARISON FOR SHIP APPLICATION
The most basic classification of fuel cell can be made with respect to temperature as low (0- 250⁰) and high temperature (600-1000⁰C) fuel cell.
Low temperature fuel cell requires very pure H2 due to which it becomes necessary to incorporate reformer, gas clean up system to remove CO from gas synthesis. The only difficulty is the complexity and volume of these systems for these to be employed on ship. On ship space is a major issue as cargo carrying capacity must be maximum hence low temperature fuel cell are not likely to be used on ship.
Thus from ship application view high temperature fuel cell appears to be most feasible as a far as space is considered. SOFC and MCFC are the two fuel cell technology competing in the category in the category of high temperature fuel cell. Shipping being commercial initial cost and running cost are important factors. A brief comparison table has been listed, thus the fuel cell application also depends on the load which it has to supply.
Due to flexibility of fuel in high temperature fuel cell, they are more likely to be employed where fuel availability is a major problem. Other advantage of fuel cell is it being produced by screen printing on low cost bathroom ceramic type material. Present scenario portrays the future scope of technological development in the field of fuel cell specially PEMFC as a result of latest development of catalytic materials having lesser cost.









                       Table1: COMPARISON OF FUEL CELL TECHNOLOGY
	FUEL CELL TYPE
	COMMON ELECTROLYTE
	OPERATING TEMP
	SYSTEM OUTPUT
	ELEC.
η
	COMBINED HEAT AND POWER(CHP)
EFFICIENCY
	APPLICATION
	ADVANTAGES

	Polymer
Electrolyte membrane
(PEM)
	Solid organic polymer  polyperfluorosulfonic acid
	50-100⁰
122-212⁰
	<1KW-250KW
	53-58%
(t@)
23-25%
(s#)
	70-90%(low grade waste heat)
	-Portable power
-Small distributed generation
-Transportation
	-Solid electrolyte reduces corrosion & electrolyte management problems
-Low temperature
Quick start up

	Alkaline
(AFC)
	Aqueous solution of potassium hydroxide soaked in a matrix
	90-100⁰C
194-212⁰F
	10KW-100KW
	60%
	>80%(low-
Grade waste heat)
	-Military
-Space

	-Cathode reduction faster in alkaline electrolyte, leads to higher performance
-Can use a variety of catalysts

	Phosphoric
Acid(PAFC)
	Liquid phosphoric acid soaked in a matrix
	150-200⁰C
302-392⁰F
	50KW-150MW
(250KW module type)
	>40%
	>85%
	Distributed generation
	-Higher overall efficiency with CHP
-Increases tolerance to impurities in hydrogen

	Molten Carbonate
(MCFC)
	Liquid solution of lithium,
sodium, and/or potassium carbonates, soaked in a matrix
	600-700⁰C
1112-1292⁰F
	<1KW-1MW
(250KW
Module type)
	45-47%
	>80%
	-Electric utility
-Large distributed generation
	-High efficiency
-Fuel flexibility
-Can use a variety of catalysts
Suitable for CHP

	Solid Oxide
(SOFC)
	Yttria stabilized zirconia
	600-1000⁰C
1202-1832⁰F
	<1KW-3MW
	34-43%
	<90%
	-Auxiliary power
-Electric utility
-Large distributed generation
	-High efficiency
-Fuel flexibility
-Can use a variety of catalyst
-Solid electrolyte reduces electrolyte management problems



*DMFC are subset of PEM typically used for small portable power application with a size range about a subwatt to 100W and operating at 60-90⁰C
t@ Transportation
s#  Stationary






4.1 RECOMMENDED SELECTION CRITERIA FOR FUEL CELL TO BE USED ON SHIP

It is required that whichever type of fuel cell is employed on ship it must have the following attributes:
1. Safety-This issue arises as most of the fuel cell uses hydrogen as the fuel. So saving hydrogen is the issue as it has to be stored in non-hazard area where as Diesel Engine has no such issue. Techniques have been developed to use hydrogen in non-hazardous area and can be used as fuel for production.
2. Efficiency-The amount of money invested is more than getting the power output. This is presently under developing phase.
3. Power density-Volume of fuel cell is greater than the power generated.
4. Costs-Initial cost is high and running cost is coming down but still cost is high.
5. Availability-This is still an issue as techniques has not picked up.
6. Reliability-Fuel Cell is being used from past 7-8 years and now is controlled using modern techniques.
7. Future technological innovation potential-It has increased as performance of a fuel cell is not restricted by the Carnot Law constraints that limit heat engine efficiencies.
8. Start up and response time-It is not as good as Diesel Engine but is good enough to be accepted on board.
9. Ease of operation-It is less in comparison to Diesel Engine
10. Regulation conformity-Still no regulation has come into picture as technology is still being developed.


4.2 MOST PROBABLE SHIPS TO ENTERTAIN FUEL CELL IN NEAR FUTURE
The advantage of having fuel cells on ships is clear: reduction in emissions, low operating cost, noiseless and vibration free, high efficiency.

Studies suggest that fuel cells are particularly suitable for:
1. Power generation on passenger ships for noiseless, vibration free environment on ships.
2. Power generation on LNG carriers, due to availabilty of boil off gas.
3. For ships belonging to category other than above two, it is only logical to provide fuel cell if the ship is required to meet some regulation, at least till the time significant development in technology results in less weighing and more compact design of fuel cell are employed on vessel they will first be tried out with auxiliary power requirement.

The only disadvantage of fuel cell is its power to weight ratio and its relatively high initial cost which is 5-15% higher than conventional systems, but life cycle cost analysis show that fuel cells have least in comparison to other methods used on ship.




5.0 STUDY FOR EMPLOYING FUEL CELL ON “MT GULF MIST”- OIL+CHEMICAL TANKER

    Table 2: SHIP PARTICULARS
	Name of vessel
	MT GULF MIST

	IMO number
	9335147

	Call sign
	C6VP8

	Length
	184m

	Breadth
	27m

	Dead weight
	37434 MT

	Gross Tonnage
	23656

	Type of vessel
	Oil and Chemical Tanker

	Port of Registry
	Nassau

	Built
	Oct 02,2007

	Type of Hull
	Double Hull

	Owner
	Gulf Mist Shipping Ltd



 
            Table 3: LOAD ON GENERATORS FOR VARIOUS OPERATING CONDITIONS
	
	LOADS ON MAIN GENERATOR
	EMERGENCY GEN. LOADS

	          CONDIT-
              IONS
LOAD
TYPE
	AT  SEA
“SEA GOING”
	AT  SEA
“TANK CLEANING”
	PORT
IN/
OUT
	CARGO
OPERATIONS
	HARBOUR
	BLACK OUT
	FIRE

	CONTINOUS
	705
	1097
	1660
	1806
	356
	
	

	INTERMITTE-NT
	196
	196
	212
	264
	177
	
	

	GROUP DIVERSITY FACTOR
	
0.4
	
0.4
	
0.4
	
0.4
	
0.4
	
	

	ACTUAL INTERMITTENT
LOAD
	
78
	
78
	
85
	
105
	
71
	
	

	DECK MACHINERY
	
	
	
	39
	13
	
	

	TOTAL
	783.5
	1175
	1745
	1952
	439
	76.5*
	93.5#


* When there is a black out on ship then Emergency generator will cut in and bear a                                       minimum load of 76.5KW.
# In case of fire on board, emergency fire pump will also cut in and now emergency generator bears a minimum load of 93.5KW



Table 4: SPECIFICATIONS OF GENERATORS
	
	MAIN GENERATOR
	EMERGENCY
GENERATOR

	CAPACITY
	1050KW
	120KW

	NO. OF SEATS
	3
	1

	VOTAGE/FREQUENCY/PHASE
	450V,60HZ,3PH.
	450V,60HZ,3PH

	PRIME MOVER
	DIESEL ENGINE
	DIESEL ENGINE




Above table tells us about the load on Main and Emergency generators installed on MT GULF MIST, number of generators installed, there voltage ratings
NOTE- in addition to above information-
· 2 additional diesel engines for hydraulic power pack system about 970KW
· 2 motor of hydraulic power pack system included above contribute total load of 840KW
· Load common under all load conditions which can be stated as obvious load is about 240KW
· Load related to main engine auxiliaries and steering system is about 550KW.

The above mentioned details are specified to MT GULF MIST. There are various permutation and combinations in which fuel cell can be employed on the vessel but while employing, care must be taken such that:
1. The fuel cell system shall not rely for electric supply or any other support existing system and from the main propulsion system.
2. The electric power generated shall match with the existing requirements.
3. A small back up system shall maintain the system operation or facilitate shut down procedure as per safety requirements and regulations.
4. The system shall be able to withstand conditions on the present system.(weather)
5. As the system is being chosen for particular load, choice must consider reasonable effect on emissions, cost and space.
6. Also while choosing the load for fuel cell care must be taken that life of fuel cell is considered so that replenishing the fuel cell stack at end of life preferably coincide with dry dock.
7. In this case we assume that fuel cell system will be used separately and not in parallel with other generators because part load efficiency of fuel cell is poor.

After in depth research consultation with experts and taking into consideration their subjective opinions following conclusions have been drawn and various options for which fuel cell system can be employed are listed below (table-5) and reason for most feasible solution are listed.









Table 5: RECOMMENDED USE OF FUEL CELL FOR DIFFERENT OPERATING CONDITIONS
	OPTION
	RESPONSE
	REASON

	For small loads like lighting/navigation loads/control loads about 60kw
	No use
	Very small load less than 15% of total electric generation capacity. It will hardly effect emissions moreover the generator capacity also cannot be reduced.

	Maximum sea going load about 1.175kw
	Not a good option
	This would also include intermittent load, fuel cell perform better at full load. Part load operation of fuel cell results in corrosion of fuel cells.

	Maximum port load or cargo operation load
	Not a good option
	Over dependency on fuel cell, it is as good as replacing all generators by fuel cells.

	Emergency load
	No use
	Emission regulations are not applicable to emergency generator

	Obvious load about 250 Kw
	Yes may be
	As it is continuous load fuel cell will operate continuously at full load and its running hours being 40000hrs are likely

	Continuous sea going load about 750Kw
	Yes may be
	This option is better than above stated options as the load is substantial and continuous but the generator cannot be reduced as maximum load is required at port and during cargo operations.

	Main engine auxiliary and steering system load about 555Kw
	Yes quite possible
	This load is totally independent ie no overlap, substantial and continuous when ship is moving at sea load requirement of generators will reduce, thus less capacity of generators is required. Emissions reduction will be considered in this case.

	Hydraulic power pack load of about 1800Kw
	Yes quite possible
	3 fuel cell units of 600KW will be required, as hydraulic power pack motor which adds a load of 840KW is taken over by fuel cell only 2 generators will be required in addition to this as power pack running hours are very less it is obvious that no maintenance or fuel cell replacement will be required for at least 10years. Moreover power pack is used mainly near land, thus less emission reduction during that time but in total the emission reduction contribution will be very less.



There can be various other permutations and combinations but only few have been discussed. From above stated options it should be wise if fuel cell 2 fuel cell units are installed one rendering service to obvious load and toe other to main engine auxiliary, thus one unit of 250KW and other of 555KW would be wise to reduce emissions considerably as well as to coincide the maintenance of fuel cell with dry docking. As load of about 805KW has reduced two generators of 1175KW each or three generators of 785KW each shall be required.

6.0 HYBRID FUELL CELL SYSTEM FOR SHIPS:

Present technology of fuel cell is efficient, and guarantees less emissions but the major disadvantage is its large size and power to weight ratio.
Technological innovation in fuel cell technology has resulted in hybrid system which offer even higher efficiency. To assist this information one hybrid system is discussed below.
[image: ]
                                             Figure-8 SOFC Hybrid Configuration
During normal operation air enters the compressor and is compressed to approximately three atmosphere. This compressed air is passes through the recuperator where it is preheated and then enters SOFC. Pressurised fuel from the fuel pump also enters also enters the SOFC and the electrochemical reaction take place along the cells. The hot pressurised exhaust leaves the SOFC and goes directly to the expander section of the gas turbine, which drives both the compressor and the generator. The gases from the expander pass into the recuperator and then are exhausted. At about 400F the exhaust is hot enough to make hot water.

Electric power is thus generated by SOFC (DC) and the gas turbine generator (AC) using the same fuel /air flow. Analysis indicate that with such SOFC/GT hybrids an electrical efficiency of 58% can be achieved at power plant capacities as low as 250KW, and 60% as low as 1MW using simple small gas turbines. At the 2-3 MW capacity level with larger, more sophisticated gas turbines analysis indicates that electrical efficiencies of 70% or more are possible.




7.0 CONCLUSIONS

Fuel cell are being given greater importance in this race of technological development as the future needs of resources and the environment have been well understood, Fuel cell technology which is still a very young technology has long way to mature. In the present scenario, the advantages and the limitations which fuel cells offer are only feasible for passenger ships and LNG carrier. SOFC and MCFC are most likely fuel cells as of today but PEM are strong competitors due to its fast developments. However if ever the fuel cells are introduced on other ship types they must be used for continuous load and while selecting the load care must be taken that the life of fuel cell or the replenishment time matches with dry dock to have least expenses. The load for which the fuel cell is used must be substantial enough so that one of the generators can be completely removed and also because one of the major advantage of fuel cell is reduction of emissions, by employing fuel cell for a considerable load the contribution to emission reduction shall also be considerable.

The disadvantage of fuel cell which is its large size and weight is the only hurdle for fuel cell to stand alone as complete propulsion system. However the studies have proved that hybrid system of fuel cell are far more efficient thus it can be contemplated that any loss due to its large size and weight may be taken care by the efficiency of the system.

Hence it can be concluded that as there is a very large potential of development in the area of fuel cells it is difficult to predict the future scope in depth but as of now study shows that fuel cells on ship may be appreciated with hybrid systems.
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