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Abstract

Marine vessels have traditionally employed some form of heat engine to provide an auxiliary electrical supply, with diesel engines coupled to electric alternators the most common method.  With the move toward Integrated Full Electric Propulsion systems (IFEP) these are likely to be superseded in specialist areas, such as naval applications, where the advantages offered by gas turbines are perceived to outweigh their additional costs and complexities.  With increasing limitations on emissions and a desire to reduce cost, the development of both diesel engines and gas turbines is continuing, but as these are relatively mature technologies, any improvement is expected to be gradual and of limited effect. 

Fuel cell technology is therefore increasingly seen as a logical progression in marine power generation due to its low emissions, noise and vibration, and part load performance characteristics.  As the development of fuel cells is in relative infancy when compared to the competing technologies, consideration of their limitations must be made before committing to it as the power generation solution for the future.  The few studies that assess the marine fuel cell market potential within commercial shipping have identified a market below the 2.5 MW power range.  The aim of this paper is to assess the application of fuel cells for naval use in auxiliary electrical generation or as part of an IFEP system.  

A literature search was conducted and companies actively engaged in fuel cell research were contacted to identify suitable technologies, their current state of development and highlight any difficulties as yet unresolved.  Using this information a naval market and application analysis was conducted with system dimensions and capabilities estimated to enable comparisons to be made.  This identified fuel cell systems to be a suitable alternative for power generation, given some allowances, and these are discussed with comment on possible solutions.  Marine Gas Oil derivatives are identified as suitable fuels as they offer the minimum impact to ship design and fuel supply infrastructure, despite increased system volume and technological difficulties.  The most suitable cell type depends on the specific application and operating philosophy considered.  For near term applications (10 to 15 years), Proton Exchange Membrane (PEM) and Solid Oxide Fuel Cells (SOFC) have the potential for use, yet systems designed around either type will require a compromise in performance when compared directly to the current technologies. 
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1 Introduction

1.1 Background

The marine environment offers significant challenges to the system designer that must be overcome when adapting machinery for use on board ocean going vessels.  These include the risk of shock impact and structural failure through collision, high cyclic loading from heavy seas and a corrosive atmosphere.  If a technology is to be used for ships service power generation or for main propulsive power in this aggressive marine environment it must be simple, robust and reliable.  The diesel generator and gas turbine alternator are established technologies within this industry that have been thoroughly marinised and have a proven record of use.  With ever more stringent environmental legislation coupled with the desire to reduce the through life costs of propulsion systems, significant improvements must be made to these technologies if they are not to be superseded in use.  
Invented in 1839 by William Grove the fuel cell is not a new concept, but it is only in the last 30 years that development has progressed, following application within space exploration and an increased interest within the automotive industry.  Fuel cells are in principle batteries, but unlike batteries that are storage devices, the fuel cell will continue to produce energy as long as fuel is supplied.  It generally consists of two electrodes that sandwich an electrolyte.  In all cells gaseous fuel is fed to the anode and an oxidant is fed continuously to the cathode.  Electro chemical reactions take place and an electric current is produced.  Different electrochemical reactions occur depending upon the type of cell, but all consume hydrogen and oxygen to produce water as the by-product.  The principle of operation is demonstrated in Figure 1 for a Phosphoric Acid Fuel Cell (PAFC).
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Figure 1:  The principle of Fuel Cell Operation (PAFC) [1]
Fuel Cells are increasingly seen as the future solution to heat engines as they offer significantly lower emissions, noise and vibration, with a higher net electrical efficiency than for the current technologies.  Their adoption is by no mean certain however, as there are a number of costs and technological difficulties associated with their marinisation that must first be overcome.

A report by John J McMullen Associates Inc.,[2] commissioned by the U.S. Coast Guard, assesses that the marine market potential for fuel cells (both commercial and naval) could be tens of thousands of units sold by 2015.  Of these a large fraction of the power demand is concentrated below 2MW.  It concludes that if the life cycle cost of the fuel cell can be made economically competitive with traditional sources of marine power, then they could potentially capture a substantial marine market.  However, as the naval market is only around 2 – 3 % of the total market, it cannot be considered a driver for investment, and therefore naval systems are likely to be driven by developments for the commercial sector.  

With the potential benefits offered by fuel cells, a number of countries are beginning to consider their use within naval vessels and have already initiated research and technology development programmes.  For many navies, it is unlikely that the development costs of such a system can be accommodated within a new build programme.  These costs must therefore be spread and to make it economically viable the system must be suitable for retrofitting into a number of current vessels.  Hence system architecture, volume and fuel supply are of critical concern, much more so than for a single class new build design.  It is for this reason the Electric Ship Project of the U.K. Ministry of Defence (MoD) were interested in sponsoring an investigation to determine whether fuel cell systems are a practical replacement for current diesel generators, and the proposed advanced cycle gas turbine alternator rated at 1.8 MW.

1.2 Aim

The aim of this report is to assess the feasibility of using a fuel cell system within naval surface vessels for power generation, whether as part of an Integrated Full Electric Propulsion (IFEP) system or as dedicated auxiliary power generation.  System needs were broadly determined from the statement of requirements for the 1.8 MW advanced cycle low-power gas turbine alternator (ACL), as they are the performance levels that the ACL must achieve to be commercially viable as a replacement for the current diesel generator set.  In addition a brief naval market and application analysis was conducted to assess the market potential for such a system.

A key factor in ship design is that engines come in a discrete number of sizes for the power required and this has resulted in a generalised standard auxiliary machinery compartment size.  The study will consider the ship impact of retro fitting such compartments with a fuel cell system by identifying volume penalties and modifications required to auxiliary systems.  The scalability of the systems and any application penalties will also be investigated.

1.3 Methodology

A literature search was conducted to determine the current technologies and future trends in the development of fuel cell systems.  A wider appreciation of the naval marine requirement was acquired using similar methodology to that of the US Coastguard market analysis report [2] and the DTI application of fuel cells report [3].  Given the application under investigation, system footprints and power densities rather than those of the individual cell stacks were considered.

This report only considers technologies considered transferable and available for use in the power range up to 2 MW, however, because of the modular nature of fuel cell systems, a number of these units could be used in larger power applications if there was a requirement and the technology was suitable.

1.4 Assumptions and Limitations

Available data has been used to establish performance estimates and characteristics for the fuel cell systems where possible, but direct comparisons are limited due to the developing nature of the technology and the limited data available from manufacturers and industry.  This is illustrated by the fact that of 11 companies approached only four responded, two of which are actively involved in MoD projects.  A number of company web sites were also reviewed, but with the exception of Fuel Cell Energy, which contains papers published by the company, few were of any real benefit.
A cost verses capability analysis should be completed for a comprehensive comparison, however this was unachievable as no real cost data has been published and current technology demonstrators are unrepresentative of a mass manufacture commercial unit cost.  Hence £/kW, where used, are illustrative at best and are only to allow limited comparison with other power generation technologies.  Any comparisons also rely heavily on estimations and scaling factors and cannot be assumed to be entirely accurate, however they permit rough system dimensions and capabilities to be calculated and therefore give a reasonable comparison of system limitations.

2 Naval Market and Application

2.1 Analysis

The DTI report [3] identified that in the commercial marine market the typical power requirement for ship service generation is less than 2 MW.  Similarly the naval market analysis identified that the majority of marine power generation is grouped in to two categories, namely units rated at 10s of MW for main propulsion power and the remainder rated at less than 2MW.  These are primarily for auxiliary power generation, but are also used as propulsion engines in smaller vessels.  For the majority of current naval surface vessels, the auxiliary load is divided between a number of individual generating units rated at between 600 kW and 1.5 MW.  

The Commercial market analysis discounted the use of fuel cells for direct propulsion in smaller vessels because of increased installation costs without any significant competitive advantage.  Although some of the benefits offered by fuel cells might seem ideally suited to vessels such as mine hunters, it is believed that the increased complexity associated with the adoption of electric propulsion, which would be required for fuel cell operation in these vessels, precludes them from consideration.

For auxiliary power generation however, the Royal Navy has in the order of 160 operational units and the US Navy is estimated at having over 1100 units alone.  If European navies are included, this becomes a significant market with the potential for transfer to the commercial sector and is therefore worthy of investigation and development.
The major technological issue for naval marinisation is the provision of the fuel gas.  Pure hydrogen is the ideal, however implications with its storage, supply infrastructure and availability all preclude it from use.  Similarly, light hydrocarbon fuels such as methanol are similarly undesirable in a naval vessel.  With a good infrastructure and common use, Diesel is the preferred option, but being a distillate and contaminated with sulphur it requires significant processing before it is a suitable fuel gas for use in a fuel cell.  This processing is achievable and reformer technology has been demonstrated, but it is commonly viewed as an unattractive solution as it adds system volume and cost.  However, with no real alternative, F-76 the naval distillate fuel remains the only real candidate of choice.

A recent trend for both the U.S. and U.K. navies has been toward Integrated Full Electric Propulsion (IFEP) systems in the interest of lower life cycle costs.  The advantages and disadvantages of IFEP are listed in Table 1.  With this move there is no longer a requirement for auxiliary ship’s service generation, as all running machinery is used to power both the propulsion and the ship’s service busbars simultaneously.  This has the effect of reducing the number of running machines and therefore the running hours and maintenance load required of individual machines.  The modular nature of fuel cells lends itself to this type of installation and offers many other benefits beside. 

	Advantages
	Disadvantages



	Increased system efficiency – Lower SFC achieved
	Increased initial cost

	Reduced Prime mover running hours
	Increased hazard form High Power Electric Systems

	Flexibility of location and installation
	Increased Electro-magnetic interference

	Reduced total installed power required
	More installed machinery for whole system

	Ease of integrating auxiliary propulsion systems
	Large cooling demand of converters

	Power fluctuations less significant
	


Table 1:  Advantages and Disadvantages of IFEP.

2.2 Summary

This brief analysis showed that there is a naval market opportunity for fuel cell systems, but one that is unlikely to generate all the required funding for a dedicated development program.  Parts of the system must therefore be taken from the commercial sector, with development monies reserved for naval specific requirements.  The most cost effective solution, with minimal impact to ship structures and design, is to purchase a commercial cell stack and fund the development of the advanced distillate fuel reforming technology. 

3 Fuel Cell Technology Review

A description of the various fuel cell technologies is given at Appendix A, from which the characteristics and attributes of the most developed are summarised in Table 2.

Even though Alkaline Fuel Cells (AFC) have been used for many years in the space industry, they are expensive and require high purity fuel and oxygen which is impractical for naval use.  Whilst the Phosphoric Acid Fuel Cell (PAFC), despite being near to commercialisation, is struggling to achieve the system efficiency and power required for this application.

Of the others, the U.S. has marine development programs centred on Molten Carbonate Fuel Cells (MCFC) and the U.K. is funding similar research into Proton Exchange Membrane Fuel Cells (PEMFC).  There are no marine development programs for the Solid Oxide Fuel Cell (SOFC) as yet, however the Siemens Westinghouse corporation is achieving significant progress with their SOFC design in the stationary and combined heat and power (CHP) market sector.  This sector spawned the development of MCFC and the SOFC can therefore be considered a suitable and transferable technology.

	Type
	Cell Temp

(ºC)
	Simple Cycle Electrical Efficiency (%)
	Fuel
	Contaminants

	AFC
	80 – 120
	< 40
	Hydrogen
	CO, CO2

	PEMFC
	60 – 80
	( 40
	Reformed methanol or natural gas, hydrogen
	S, CO

	PAFC
	160 – 220
	( 40
	Reformed natural gas, hydrogen
	S, CO

	MCFC
	620 – 660
	45 – 55
	Reformed hydrocarbon, natural gas, hydrogen
	S

	SOFC
	800 – 1000
	45 – 55
	Reformed hydrocarbon, natural gas, hydrogen
	S


Table 2:  Summary of Fuel Cell Types and Characteristics. 

It is unlikely that high power, i.e. 10’s MW systems will be developed for the marine industry as the power density and system response afforded by large advanced cycle gas turbines is far in excess of that considered achievable by fuel cells for a number of decades.  It is also unlikely that PEMFC systems will be developed at these powers as existing requirements are for land based stationary applications that are not limited by space, but want to maximise efficiency.  This can be achieved in high temperature cells by recovering the excess temperature from the exhaust and hence increase the overall system efficiency.  For ‘SOFC/micro gas turbine’ hybrid CHP plants, net system efficiencies of 70% are estimated.  

If the PEMFC is considered in isolation it has a power density around 2-3 times higher than other cell types, but when the extra fuel reformation equipment required for processing distillate fuels is included, overall system power densities become similar.  This extra reforming is required to remove the CO that is generated in the fuel processing as CO poisons PEMFCs, but is a fuel for higher temperature cells such as the MCFC and SOFC.  Despite this the PEMFC is in practice a proven technology, with reasonably defined routes to achieving the cost reductions required to achieve commercial acceptance.  For any cell type it is universally accepted that system costs must be between 800 and 1000 £/kW to make them competitive with existing technology and to therefore be commercially viable.

3.1 Start Up Times

The current start up time for both SOFC and MCFC is in the order of 10hours, but shorter times may well be achievable.  This is because the cells are still in development and the prototypes are not risked to trial limiting warm up and cool down rates.  PEMFC start up times are much faster but have not yet been demonstrated at the required automotive start time of 2 minutes.  Similar times, if not shorter, will be required for ship applications.  The main limitation for a PEMFC system is in warming the fuel processor up to its working temperature of between 450 and 800°C.  The use of packed bed reactors is the main reason for this warm up time and alternatives are required, such as the heat exchanger based reactor in development by Wellman Defence Ltd.  This offers greater energy transfer rates, and therefore faster start up, with a greater degree of temperature control.

The effects of regular load fluctuation and the thermal cycling caused within high temperature cells must also be considered.  Proposed high temperature stacks with integrated reforming may have various material components with different thermal expansion rates that could result in mechanical damage.  The risk and consequences of mechanical failure must be assessed, especially if the cell uses a toxic molten electrolyte.  It is known that rapid start up and shut down will increase cell degradation and reduce lifetime, however long term performance data is required to quantify the detrimental effects and to determine what implications this might have for naval marine application.

3.2 System response

These again have yet to be demonstrated, however it is anticipated that the fuel cell will be able to accommodate the most demanding transients, i.e. that of varying ship service loads.  Propulsion transients are much less severe and are limited more by the mechanical limits of the shaft and control of the power sharing during parallel operation of machinery.  A fuel cell can respond instantaneously to changing load as long as it is supplied with the necessary amount of reactants (fuel and oxidant), but it is the balance of plant, i.e. fuel reformer, that is slow to accommodate changes and provide the necessary fuel during both start up and transient response.  The response of a reformer subjected to a 10 kW transient load has been demonstrated at faster than 2 seconds, but to achieve the required response time for service load fluctuations an additional energy storage device or a fuel gas accumulator may be required to accommodate the initial reformer lag.  

3.3 Life Time

Life times of 40000 hours are considered the minimum required for commercial viability.  With current technology, SOFCs are expected to achieve these figures, but MCFC and PEMFCs may struggle.  Concerns have been raised [3] that these lifetimes will require extensive overhaul of the ship’s power plant every 5 years, including out of service time and substantial work to exchange major parts of the system.  This should not be the case with careful modular design of the system components and layout within the ship, i.e. thought toward shipping routes etc.

Trials assessing the effect of salt contaminated air by Ballard on their PEMFCs have indicated over a limited 10 hour test that there is no degradation in performance either during or after the increased salt ingestion.  Similar results have been published for MCFC but have not been conducted for SOFCs.[3]  Salt contamination was however found to have a detrimental effect when included in environmental tests conducted by QinetiQ, with degraded performance being evident.  Further long-term tests should be completed, but it is expected that existing salt filters will have to be retained for use with fuel cells.

3.4 System Volumes

The system characteristics summarised in Table 3 have been extracted from published manufacturers data.

	System
	Dimensions

(m)
	Volume

(m3)
	Volumetric Density (kW/m3)
	Weight

(kg)
	Gravimetric Density (kW/kg)

	A
	3.4 x 2.6 x 11.1
	98.1
	2.55

(0.392 m3/kW)
	27000
	0.00926

(108 kg/kW)

	B
	2.4 x 2.4 x 6.1
	35
	7.14

(0.014 m3/kW)
	12500
	0.02

(50 kg/kW)

	C
	3 x 2.5 x 9
	67.5
	3.7

(0.27 m3/kW)
	16000
	0.0156

(64 kg/kW)


Table 3:  Prototype System Characteristics.

Systems:

A:
250kW Siemens Westinghouse Atmospheric SOFC running on natural gas, 85% fuel usage

B:
250kW Ballard PEMFC running on natural gas, 80% fuel usage

C:
250kW MTU MCFC running on natural gas, >70% fuel usage

All the systems listed are fuelled by natural gas and include fuel processing for the PEMFC system only.  Conversion to distillate fuel will add a similar weight and volume to all three systems, although the PEMFC will require additional equipment as the internal temperature of the cell is not sufficient to generate the steam required for the pre processing, as it is in the higher temperature cells.  The limitations of applying prototype characteristics in evaluations is clearly demonstrated when these figures are compared to those required by the US Office of Naval Research for the ship service fuel cell programme, namely 0.057 m3/kW and 18 kg/kW.[2]
3.5 Efficiencies

In any system the efficiency of the power plant is the key component of system efficiency and for a typical heat engine alternator is around 35-40%.  Advances in engine design and gas turbine performance are pushing the target system efficiency toward 45 - 50%.  Typically fuel cell systems are estimated at having simple cycle system efficiencies of 40% or greater depending upon cell type.  These have been determined from prototypes and can be expected to improve with continued development, making them equivalent to the advanced cycle gas turbine.

Figure 2 illustrates how the high temperature fuel cell net system efficiency falls away at part load whilst the cell stack efficiency remains reasonably constant.  This is because there is insufficient heat generated at part load to pre heat the incoming air, and therefore further parasitic electrical heating is required.  As all the auxiliary systems are in constant use with the low temperature cells, the net system efficiency can be expected to follow the cell stack efficiency more closely, and may even improve at part load when there are less parasitic loads required. 
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Figure 2:  Part Load Efficiency 100kW Westinghouse SOFC Plant.[3]
As warships often operate at part load, this drop in net system efficiency associated with high temperature cells would be undesirable if the stack was used solely for propulsive power.  When used for auxiliary generation or as part of an IFEP system, it is anticipated that there will be a constant service load of at least 1MW and therefore the system will continue to operate with reasonable system efficiency.  

4 System Performance Criteria

A number of performance criteria are defined during selection of a propulsion system for marine vessels and are commonly:


Fuel Economy


- Specific Fuel Consumption


Reliability


- Operating time between Failures


Maintainability

- Man hours to rectify failure


Installation Flexibility

- Ease and Variety of Configurations


Operational Flexibility
- Variety of loads efficiently supplied


System Response

- Rapidity of system response to demand change


Power Density


- Power output per unit volume or weight


Emissions


- Gaseous emission per kWh


Noise



- Emitted noise of system


Vibration


- Emitted vibrations from system


Adaptability


- System’s Ability to handle different load

  profiles.

These criteria are used in the DTI report [3] to characterise the performance of a number of commercial vessels and of various prime movers, including fuel cells.  They are then compared to identify compatibility between the two with a score of 1 being a key design driver and 3 indicating a minimum level of compliance required.  This process has been repeated for naval surface vessels and the tables have been reproduced in part, Table 4 and Table 5, to permit some comparison with other vessels.  In this manner it can be seen that both types of fuel cell are suitable for use within naval surface vessels. 

	Ship Type
	Fuel Economy
	Reliability
	Maintainability
	Flexibility
	Rapid Response
	Power Density
	Availability
	Low Emissions
	Low Noise / Vibration
	Adaptability
	Cost

	Intercontinental Cargo Ship
	1
	1
	1
	3
	3
	3
	1
	3
	3
	3
	2

	Coastal Cargo Ship
	1
	1
	1
	1
	1
	2
	1
	2
	3
	3
	1

	Passenger Cruise Ship
	2
	1
	2
	1
	2
	3
	1
	1
	1
	1
	3

	Ferry
	1
	1
	1
	1
	1
	2
	1
	2
	2
	2
	1

	Fast Ferry
	3
	1
	3
	2
	1
	1
	1
	2
	2
	3
	3

	Research & Survey Vessel
	2
	1
	2
	1
	1
	2
	1
	3
	2
	1
	3

	Naval Surface Vessel (Frigate)
	1
	1
	1
	1
	1
	2
	1
	2
	1
	2
	3

	Naval Surface Vessel (Carrier)
	1
	1
	1
	2
	1
	3
	1
	2
	1
	2
	3


Table 4:  Performance Criteria – Marine Surface Vessels.
	Prime Mover
	Fuel Economy
	Reliability
	Maintainability
	Flexibility
	Rapid Response
	Power Density
	Availability
	Low Emissions
	Low Noise / Vibration
	Adaptability
	Cost

	Slow Speed Diesel
	1
	1
	1
	3
	3
	3
	1
	3
	3
	3
	3

	Medium Speed Diesel
	1
	1
	1
	1
	1
	2
	1
	2
	3
	3
	2

	High Speed Diesel
	2
	1
	2
	1
	2
	3
	1
	1
	1
	1
	1

	Simple Cycle Gas Turbine
	1
	1
	1
	1
	1
	2
	1
	2
	2
	2
	2

	Advanced Cycle Gas Turbine
	3
	1
	3
	2
	1
	1
	1
	2
	2
	3
	3

	High Temperature Fuel Cell
	2
	1
	2
	1
	1
	2
	1
	3
	1
	1
	

	Low Temperature Fuel Cell
	2
	1
	2
	1
	1
	2
	1
	3
	2
	1
	


Table 5:  Prime Mover Performance Criteria.

4.1 Environmental Legislation

Although currently exempt from international legislation, warships are expected to comply with emissions legislation where practical and hence a minimum level of compliance has been selected for warships emissions.  Increasingly stringent state legislation, although not of issue during periods of conflict, is an important consideration during peacetime as warships can be excluded from foreign countries if they fail to comply with state legislation.  

MARPOL Annex VI [4] defines the acceptable limits for gaseous emissions from marine vessels.  In summary these are that there will be no emission of any ozone depleting substance, NOx limits for diesel engines >130kW will be 9.8 g/kWh in the most limiting case and SOx limits are 6 g/kWh for both propulsion and auxiliary engines.  It is expected that the SOx limits will only be achieved thorough use of low sulphur fuels at less than 1.5% sulphur by weight, but fuel with levels far below this is currently used in naval vessels (F-76 naval distillate commonly achieves 0.18 – 0.2% sulphur by weight).  However, with increasingly restrictive state legislation and designated “special areas”, these limits are expected to reduce further and emission limits are unlikely to be achieved without additional treatment of the exhaust gases or pre-treatment of the fuel.  

Table 6 summarises the emissions achieved by current heat engines fuelled by low sulphur fuel.  With a further reduction in NOx limits expected and the impact of CO2 emissions being considered for inclusion as early as 2005, gaseous emissions must be a key consideration in the selection of any future propulsion system, especially for designs expected to operate over the next 50 years.

	
	NOx (g/kWh)
	SOx (g/kWh)
	CO2 (g/kWh)
	Typical Engine Room Noise (dB(A))

	High speed diesel
	9.8
	2
	650
	110

	Simple Cycle Gas Turbine
	3
	0.75
	750
	100

	Advanced Cycle Gas Turbine
	0.5
	0.3
	610
	100

	Low Temp Fuel Cell
	0.01
	trace
	720*
	70

	High Temp Fuel Cell
	0.01
	trace
	650*
	70


*Assumes the use of fuel reformer at 95% efficiency and 100% generator efficiency.  If a more realistic 95% generator efficiency is selected this will increase the emissions from the competing technologies and make the low temp cell CO2 emissions more competitive. [3]
Table 6:  Comparison of Heat Engine Emissions.

The impact of emissions is further demonstrated by the additional cost incurred when on engine techniques for NOx reduction are no longer adequate and exhaust gas treatment is required.  It is estimated that the use of exhaust gas treatment will increase the yearly engine running cost for maintenance and servicing (not including fuel) by a factor of three.  This may equate to £30000 per year for a 1.5 MW auxiliary diesel engine, with an additional cost of between 0.2 and 0.4 of the fuel cost for the catalytic reducer.[5]  The economic feasibility of fuel cell systems will be increased by the further reduction in SOx and NOx emission levels, which effectively make conventional technology more expensive.  However, it is important to note that existing technologies can still operate if sulphur is present, but this will cause significant damage to a fuel cell.  

Also, the SOx emission levels are quoted assuming no discharge from the desulphurising bed.  If a regenerative sulphur bed is used, which is considered likely to reduce consumable sorbent holdings, a SOx discharge equivalent to the sulphur removed from the fuel will be generated.  This will either be as a gaseous discharge entrained in the regenerative air, or aqueous if the air is water washed before discharge and must therefore be accounted for.

4.2 Consideration of Fuel used

The hazardous and toxic nature of methanol and the difficulties with storing hydrogen make them both undesirable fuel options in naval applications.  The use of more stable alcohol based fuels is limited by their low flashpoints and the complexities and expense of setting up a suitable infrastructure.  The use of natural gas cannot be considered due to the restrictive rules and regulations for its use, let alone the consequences of possible battle damage.  Also, as retrofit is a prime consideration of the sponsor for the adoption of fuel cells within the future vessels, minimal alteration to the fuel storage and supply system is desirable.  Therefore the only realistic choice of fuel for consideration with current and near future surface naval vessels is naval distillate fuel (F-76) or Marine Gas Oil (MGO).  Effective, compact, onboard fuel reforming technology will therefore have to be developed if this fuel is to be used with navalised fuel cell systems.

4.3 Distillate Fuel Reformation

A number of companies have successful achieved the reformation of hydrocarbon fuels, including gasoline, diesel and methanol, with Autothermal reformer efficiencies of around 85% achieved depending upon the fuel used.  High temperature fuel cells are often assumed to be more resistant to impurities and the effects of reforming heavy hydrocarbon fuels, but this has yet to be proven and they might still suffer from carbon deposition at these high temperatures.

When using reformers, and with power conversion, it must be remembered that a cell stack efficiency of 45% might result in a system efficiency of only 40% when all parasitic losses are considered.  Recovery of waste heat by heating water or air, as well as improving the conversion process can enhance the system efficiency, but has limited effect for low temperature cells.

5 Summary of Existing Technologies

5.1 Diesel

In general, as diesel engine speed increases the power density, Specific Fuel Consumption (SFC) and component wear increase whilst power per cylinder decreases.  Despite having a relatively flat SFC curve and good part load performance, operation below 20-30% Maximum Continuous Rating (MCR) can lead to carbon accumulation in engine cylinders and a reduction in the engine performance.  Naval vessels use medium to high-speed diesels (>1000 rpm), which run on high-grade fuel and give greater power density.  These operate at speeds that allow direct coupling to an alternator to provide the required 60Hz electrical supply.  Only diesels at these speeds are suitable for consideration at the power required by this study and in the proposed application.

Manufacturer’s investment is currently focused on improving emissions and power density through a variety of on-engine and off-engine methods, such as direct water injection and selective catalytic reduction.  The use of direct water / steam injection will improve efficiency and may also reduce NOx emissions by 4.  However, it is estimated that the cost of controlling SOx emissions may be as great as 10-20 £/tonne of fuel, which is equivalent to a 10-20% increase in fuel cost.  Similarly, off engine control of NOx might increase running costs by up to 40%.  The common cost of such a diesel would be 80 – 300 £/kW not including installation, operating or support costs.

5.2 Gas Turbines

Gas turbines outperform medium to high-speed diesels in many areas with greater power density, good environmental performance and lower maintenance loading, but they have a higher SFC and worse part load performance.  They are also susceptible to changes in the environmental condition with performance diminishing as the air density decreases.  To overcome some of these limitations gas turbines are traditionally used in cruise and boost configuration with the engines sized to match the most frequent operating powers and hence minimise part load operation.  With the move to IFEP and a desire to reduce the number of engines onboard, there is a drive to use a higher rated engine throughout the load range and hence the need for improved part load performance.  This can be delivered at additional complexity, volume and expense using an advanced cycle Inter-cooled and Recuperated engine (ICR), such as the Rolls Royce WR-21. 
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As for diesels, gas turbine development is focused on increasing efficiency whilst reducing emissions.  It is expected that use of steam/water injection alone may increase efficiencies to around 50%.  When considering advanced cycle turbines however, additional volume must be included for installation, shipping routes and maintenance envelopes.  Despite the continued improvement in these existing technologies, their part load performance and therefore average efficiency is still inferior to those projected for a fuel cell system.  Figure 3 illustrates the system efficiencies at part load for a typical diesel generator and simple cycle gas turbine generator set.  The part load efficiency for an advanced cycle generator set can be expected to be similar in shape to that of the diesel, and slightly higher in efficiency. 

Figure 3:  Ship Service Fuel Cell Power Plant Efficiency.[6]
For reference and comparison, some typical power densities were determined from manufacturer’s data for both diesel and gas turbine alternators and are:

2.5MW ship service DG
0.0085 - 0.0226 m3/kW and 5.08 - 15.06 kg/kW

Simple Cycle gas turbine
0.0025 - 0.0037 m3/kW and 0.454 - 1.034 kg/kW

ICR engines (approximately)
0.0187 m3/kW and 2.36 kg/kW

5.3 Comparison with Fuel Cells

Comparisons are drawn between different prime movers in Chapter 4 of the DTI report [3] for two scenarios, hotel load and propulsion power.  In these separate scenarios it was concluded that high temperature fuel cells are competitive with all technologies, but that low temperature cells can only really compete with high-speed diesels and simple cycle gas turbines, especially when considered for propulsion.  

These separate scenarios are not appropriate when considering an integrated electric propulsion system, as in the case of the Future Surface Combatant (FSC).  In this case all prime movers must have appropriate efficiencies added for the electric drive and alternator efficiencies included for the diesel and gas turbine.   Applying a typical 95% motor and converter efficiency gives a plot that is similar in form to that for the hotel load scenario, Figure 4, and suggests that low temperature fuel cells are reasonably competitive with advanced cycle gas turbines.  
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The plots are also drawn for design load efficiency.  When part load and low load efficiency is considered low temperature fuel cells become increasingly competitive with advanced cycle gas turbines.  Hybrid systems are not considered practical for marine applications at this time because of the significant volume penalty incurred for limited efficiency gain.
Figure 4:  Fuel to Efficiency – IFEP Scenarios.[3]
Similar plots are given in the DTI report, which compare the gravimetric and volumetric densities for the different prime movers.  These are for stationary power application fuel cells operating on natural gas and offer predicted densities for PEMFC and Planar SOFC that are higher than those for advanced cycle gas turbine.  However, when fuel processing equipment is included, the densities can be assumed to be at least half their projected values.  This makes the SOFC comparable to the advanced cycle turbine and high speed diesel and the PEMFC only slightly better.  These assessments also rely on significant improvements over the current power densities achieved by fuel cell systems.  However, as the fuel cell technology is relatively immature compared to that of heat engine systems there is large development potential and significant improvements can be expected.  

Availability, Reliability and Maintainability are all areas in which current technologies are striving to improve because of the direct consequences, such as less maintenance loading, reduced manning and fewer prime movers (no standby machinery required).  Fuel cells are expected to degrade in performance rather than fail and should therefore offer increased availability, even if at a reduced power.  With far fewer moving parts there will be a significantly reduced maintenance load and therefore a reduced manning requirement, which is highly desirable in the reduction of through life costs.  

Failsafe automatic shut down is currently used in land based fuel cell systems, but this is undesirable in the marine environment and the implication of cell stack failure, auxiliary system failure, monitoring or power conditioning systems failure must be fully assessed.  Consideration must be given to the effects of damage and systems should continue to operate when damaged through the design of isolatable redundant stacks, whilst containing the electrolyte if harmful or aggressive (as for the MCFC).  There are also concerns that flooding may lead to chlorine formation by the electrolysis of sea water and that exhaust gases must be shielded or treated in the event of leakage to remove potentially harmful constituents (i.e. unburnt fuel & CO).  These are all issues that must be addressed, but none of which should preclude the use of fuel cell systems onboard.

One area still to be investigated is the airflow rate required through the fuel cell system at the power levels considered, therefore intake and exhaust sizes cannot be estimated.  However, if the cell is to be used as a direct replacement for an existing generator (especially if a GTA) it is a safe assumption that the existing trunking will be more than adequate for the system requirements and that some of the trunking may be recoverable and used to house some of the auxiliary systems. 

Traditional engine monitoring equipment, such as for the fuel, exhaust and power management systems is still required.  In addition the heat generated by the cells, and provided on start up, will require some form of thermal enclosure, but this is no more challenging than for current acoustic and fire enclosures.

5.4 Comparison Summary

Fuel cells offer improvements in efficiency and SFC over all but advanced cycle turbines.  They have improved part load efficiency and emissions over both diesel and gas turbine, but cannot yet compete with either for power density or load response characteristics.  They will only begin to compete with continued improvement in the system design and through the use of fuel gas accumulators or energy storage devices to accommodate surge demands.
Fuel Cell systems are currently prohibitively expensive, but future development and commercialisation of the technology are expected to significantly reduce over all system costs.  In contrast the competing technologies will require further investment or auxiliaries if they are to meet future emissions legislation, and will have higher through life costs due to increased manning and higher maintenance loading.   All these factors combine to suggest that the fuel cell system will become financially viable and competitive in the future.

5.5 Barriers to Fuel Cell Use

Fuel cell technology is immature when compared to the competing technologies that are well understood, proven, reliable and with an established supporting infrastructure.  The performance data available is for prototype systems that have not been optimised for either manufacture or commercialisation.  Therefore system costs, dimensions and power densities for larger installations are often extrapolated from an inappropriate base line.  Commercial systems are therefore likely to be much cheaper and have improved characteristics simply through the iterations involved in the design process for commercialisation.

Despite the reservation of many marine operators to adopt low sulphur fuels, with the systematic reduction in emission limits, it is inevitable that there will be a move away from the heavy gas oil (HGO).  This is not of concern for naval vessels that already use low sulphur fuels, but desulphurisation in the fuel system may be required for current technologies with further reductions in emission limits.  It is unlikely that there will be any alternative fuel infrastructure available within the next 20 years and therefore the only suitable fuel for consideration is MGO or Naval Distillate.

It is often over looked that small quantities of pressurised hydrogen and nitrogen are required for start up and shut down purge respectively, but these quantities should be reasonably small with careful system design.  Common practices are already in place for the control and use of small quantities of compressed gas onboard and should therefore not preclude their use.

The high cost of catalysts and other cell materials will be reduced through development and bulk production.  Fuel reformation system volumes will be reduced through careful design, improved catalysts and production techniques.  System complexity, volumetric power density and endurance will be improved through continued testing and evaluation, redesign and improved materials. 

All these barriers are surmountable given investment and continued development, however, start up times, especially for high temperature cells will continue to be of issue and are subject more to the vessel’s desired operating profile, rather than the individual system characteristics.

6 Development Programme Review

Chapter 3 of the DTI report [3] gives a comprehensive state of the art review of the current military and civilian development programmes, including background on the development state of the technologies, systems and key components.  An updated summary of these with additional information is given in Appendix B.

Of the development programmes identified, the most advanced is the US office of naval research sponsored programme for a 2.5 MW ships service fuel cell operating on naval distillate F-76 fuel.  This initially investigated the use of both PEM and MCFCs systems and both were confirmed as suitable for use.  However the ONR chose to continue development of a full system with only the MCFC, because it was considered to have a higher net electrical efficiency at around 50% compared to the 40% predicted for the PEMFC.  Research is continuing in parallel into the fuel processing system required to fuel a PEMFC, with the possibility of developing a full system at a later date.

UK sponsored marine programs include the joint European pre-reformer development programme which has completed the feasibility study and is awaiting instruction to begin prototype construction and a 20kW applied research technology demonstrator programme for a reformer and gas clean up system which is fuelled by Avcat and supplies a PEMFC.  This has recently conducted its first system demonstration.

7 Applicability to Naval Applications

Naval vessels are required to operate in a number of different scenarios, from sustained open ocean passage at either part or full load, to loitering in restricted coastal waters.  The propulsion system must therefore be extremely flexible.   In addition the ship’s service load will fluctuate from light harbour and constant transit loads, to heavy and fluctuating loads during conflict.  When combined in an IFEP architecture, the system must be able to accommodate large power fluctuations caused by equipment operation or manoeuvring transients, without compromising system integrity.  

The main thrust of Europe and Canada has been toward PEMFC development whilst the USA has concentrated on MCFC technology.  This is more to do with the companies in these countries rather than either technology being more suitable for marine application.  Indeed, SOFC technology is as applicable as MCFC technology and the lack of investment in marine power generation is only as a result of the relative infancy and initial technical difficulties with this technology, rather than its suitability.  Whilst this report has assessed each technology for its suitability for use in the marine environment, a specific technology can only be recommended if the full requirements and constraints imposed by the proposed application are known.

In selecting fuel cells, the key design drivers must be compared to the beneficial characteristics that a fuel cell system offers, to determine whether such systems are economically and operationally acceptable.

The key requirements and design drivers for naval vessels are:

· High Installed Power.

· Good SFC throughout the range of operation.

· Flexibility in the propulsion and power generation systems.

· Rapid system response.

· High levels of reliability and availability (Especially if used in IFEP).

· Low maintenance for reduced manning.

· Low noise and vibration levels

Although the majority of the power required for these vessels is far in excess of that which can be provided by current technology fuel cells, use of fuel cells for low power operation and harbour load, when combined with Advanced Cycle Gas turbines at higher loads is worthy of investigation.

Whilst weight and volume are not significant design drivers for new build vessels, they are obvious limitations for retrofitting.   New build key drivers are efficiency, through life cost and reduction of manpower, all of which are advantages offered by fuel cells.

As previously mentioned, although not bound by environmental legislation, naval vessels must adhere where possible in the interest of public opinion and to comply with state legislation during visits to foreign countries.

The reliability required by a naval vessel has yet to be demonstrated by fuel cells, but initial trials such as the PAFC 25 with availability at over 88%,[3] combined with the lack of moving parts suggest that fuel cells should have no trouble meeting ARM targets set by the operator.  The flexibility of fuel stack assemblies also allows the system to be tailored to match frequent loads with efficient operating points and minimise the number of start up and shut downs for stacks, again improving reliability.

The low noise and vibration characteristics of fuel cells, achieved without additional acoustic enclosures and vibration mounting are obviously desirable features for naval applications.  This is not only in an operational sense, but also in increasing habitability standards for the ship’s company.  This is an important consideration as it becomes more difficult for navies to persuade potential recruits to join and go to sea.

A number of cruise liner requirements are similar to those for naval vessels, such as flexible power generation and installation, large load fluctuations and low levels of noise, vibrations and emissions.  Of the many marine industries, the cruise liner industry is also far more open to the adoption of novel technologies and is not as limited by initial purchase cost if other distinct benefits can be shown.  In this application, extrapolated fuel consumption figures suggest that high temperature fuel cells may offer significant benefit in terms of enhanced efficiency over diesels and advanced cycle gas turbines, and certainly over simple cycle turbines.[3]
The cruise industry must assess the implication of adopting fuel cell systems to the economic balance between the initial outlay for the vessel, the through life costs and the attractiveness to the passengers before they will commit to their use.  However, the perceived benefits are such that it is likely that the industry may become a leading force in fuel cell development funding, which will be similar in requirement to that needed for naval vessels.

It is clear that a number of the benefits, such as increased efficiency and reduced maintenance, emissions, noise and vibration are attractive, but the higher initial purchase cost, lower power density and unproven technology at the powers required make them a significant risk for incorporation in new vessel design.  However, with investment already committed to IFEP solutions and shore demonstrators, a significant proportion of the testing infrastructure will already be available and would not be a set up cost for any development program.  Also partnership with industry and collaborative programmes, such as with the ACL, will spread the development costs significantly and will help reduce the risk involved.  Having considered this, further investigation into fuel cell systems seems an increasingly attractive proposition.

The key development for any naval fuel cell system is for a competitive fuel treatment system in terms of cost, performance and volume.  If emissions tighten sufficiently, fuel cells become the future technology solution as emission compliant diesel engines become increasingly expensive to run and gas turbine fuel consumption rates remain relatively high when comparing thermal efficiency.  Where IFEP systems have been adopted then fuel cells are a strong contender, provided that the predicted fuel consumption figures and reliabilities can be achieved without significant increase in power plant volume.

8 Impact on Ship Design

It is difficult to assess the impact of a fuel cell system on the structure and layout without compartment dimensions, however an increased system volume has already been demonstrated.  A sense of the affect can be gained to a limited extent from consideration of previous studies, such as the USCGC Vindicator study, which assessed the impact of replacing the existing diesel engines with similarly rated MCFC modules, and investigations into the re-engineering of a number of U.S. destroyers and corvettes. 

8.1 Naval vessel studies

The U.S. Coast Guard used a dynamic simulation model to investigate the impact of replacing the 4 diesel engines of the U.S. Coast Guard Cuter (USCGC) Vindicator (an existing diesel electric cutter) with four 625kW MCFCs.[7,8,9,10]  This found that the proposed fuel cell modules, including fuel processing, cell stacks and inverters (individual module size 6 x 2.5 x 3.4 m) could be accommodated by the removal of void bulkheads on both sides and with only minor alteration to the existing auxiliary service systems within the compartment.  This released around 24 m3 of additional volume and further room was reclaimed by the removal of cooling water systems, exhaust stacks and sound isolation bedplates under the machinery.  Despite being considerably heavier than the diesel generators replaced, the ship stability characteristics were assessed as remaining acceptable and an insignificant change was identified in the manoeuvring performance.  

The short term transient response did not achieve the required military standard, but could be achieved with the addition of energy accumulators or capacitors.  This was identified as the only major limitation and was considered acceptable when compared to the additional benefits, such as improved thermal efficiency, part load performance and endurance, with reduced vibration, noise and emissions.  The report concluded that the conversion was technically and physically feasible, whilst some additional volume and footprint was required to accommodate the MCFC technology.

Additional studies in 1994 on new build corvettes and back fitting of a DDG-51 class destroyer [11] identified fuel and weight savings through the use of planar SOFC and PEMFC based systems.  These reclaimed significant volumes from the intakes and exhausts having assessed the PEMFC to require significantly less trunking than the current engines.  The report however appears to have been overly optimistic in the development of planar SOFCs, and tubular systems would require a larger volume than those estimated in the report.
8.2 Future Surface Combatant (FSC) Requirements

The Prime requirement from the sponsoring authority was for a fuel cell system that will be available in 2020 and be suitable for retrofitting into the first of class FSC and subsequent fit into future batches of FSC.  The possible use of the system in other new builds vessels such as the future carrier and for retrofit into current class vessels should also be considered.  As there is a requirement for retrofit into the FSC, footprint, power density and fuel used (therefore its storage and infrastructure) are of primary concern.  An unclassified summary of the technical specification requirements as envisaged for the FSC fuel cell system is at Appendix C.

9 Comparison of Possible Systems

9.1 PEM vs SOFC
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Figure 5 and Figure 6 show the simplified process diagrams that were proposed under the ONR's programme.  Both systems are fuelled by naval distillate F-76 and contain a desulphuriser and fuel reformer to reduce it to a light hydrocarbon.  This fuel is then suitable for use in high temperature cells that can partially internally reform hydrocarbon fuels and consume CO.  A SOFC system can be assumed to be of similar construction to the MCFC system shown. 

Figure 5:  Direct Fuel Cell™ Simplified Process Diagram [6]
The PEMFC system requires additional reformation and gas clean up processes to remove the CO from the gas and to increase the percentage concentration of hydrogen, the usable fuel.  This increases the system volume and reduces the advantage of the PEMs higher cell density. 
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Figure 6:  Simplified Process Diagram for PEMFC. [12] 

Good chemical reactions are achieved in the SO & MCFCs because of the high operating temperatures, whereas air compression up to 6 bar is required to improve the reaction efficiency in the low temperature cells.  This requires combustion of excess fuel in the exhaust gas to drive a turbine and compressor, which combined with a stack cooler further reduces the overall system efficiency.
A number of problems initially hindered the development of the SOFC, however, with their solution and the development of advanced tubular and planar designs, SOFCs are considered to have superseded MCFCs as the high temperature fuel cell of choice.  This is because of improved power densities, greater system efficiencies and a solid rather than molten electrolyte.

When comparing SOFC and PEMFC systems, the high temperature systems appear more desirable as they require less fuel reformation equipment, have higher system efficiencies and achieve greater stack life.  
However, PEMs currently have much higher current densities, significantly quicker start up times and are at less risk from mechanical damage and thermal cycling.  Fuel reformation equipment is also developing at a much increased pace and shall be less of a volume penalty to the PEMFC system in the near future.
9.2 Operating Profile Considerations

Before a suitable system can be determined careful consideration of the operating profile is required.  Of the two probable options, the SOFC system may offer slightly reduced through life costs due to its higher net system efficiency and longer stack lifetime, but the effect of high temperature operation and repeated start up and shut down cycles has yet to be assessed.

The relatively short start up times and low temperatures of the PEMFC improve operational availability, especially if the cell is left at idle.  This is not recommended for high temperature cells, because net system efficiency decreases as load reduces and the cell temperature falls.  However, with reduced parasitic loads at low power, low temperature fuel cell system efficiency should remain constant throughout the power range and could realistically not need shutting down.
Operating philosophy may be another reason why the U.S has pursued the development of MCFCs, rather than PEMFCs.  U.S. ships have 3 auxiliary generators, rather than 4 for the U.K and they operate with 2 constantly on load, with the third only used in the event of failure or emergency.  The U.K. routinely cycle their operating engines to allow maintenance and to balance running hours.  Therefore start up time is of greater importance to the U.K., whilst under the U.S. operating philosophy start up and shut down cycles are reduced and start up times are less important.

9.3 System Volume Comparison

A rough comparison of potential system volumes for the 1.8 MW plant was conducted using prototype dimensions, achieved current densities and suitable scaling factors accumulated from a number of sources.  A baseline diesel generator set rated at this power was considered in addition to both simple cycle and advanced cycle gas turbines.  Volumes for the diesel and simple cycle gas turbine were taken from manufacturers data, whilst the volume for a 1.8MW advanced cycle gas turbine has been assumed from the Rolls Royce WR21 engine, using direct scaling.

Volumes of the fuel cell systems have been scaled from existing prototype system demonstrators, where possible, such as the FCE 625kW MCFC and the QinetiQ/Wellman applied research technology demonstrator.  When cell stack volumes are unavailable, scaling from the MCFC stack has been taken using quoted current densities for the various cell types.  For laboratory systems, such as the applied research demonstrator, a packing factor of 50% has been included.  No packing factor has been included for either the MCFC system prototype or for the SOFC, which is assumed to have similar fuel processing requirements to the MCFC.  Having completed the assessment, the required volumes were compared to those needed to achieve the stated ONR limits.  The results are detailed in Table 7.

	Power Generation
	Volume (m3)

	Baseline 1.8 MW Diesel Gen
	88

	Simple Cycle Gas Turbine Alt.
	20

	Advanced Cycle Gas Turbine Alt.
	28

	MCFC System
	114.3 

	PEMFC System
	80.5 

	Planar SOFC System
	79.6 

	Tubular SOFC System
	92.4 

	
	

	ONR Target Values
	102.6      (32.5 tons)


Table 7:  Summary of Estimated System Volumes
However, none of the fuel cell systems described include power conversion machinery in their volumes, which is estimated to add in the order of an additional 17m3 to the total volume.   
It should also be remembered that figures are for current technology and it can reasonably be assumed that future development will decrease the system volume by at least half.  If this is the case, the PEMFC and SOFC, which are already reasonably competitive, will gain a significant advantage in terms of volumetric power density over the diesel generator.

10 Conclusions

Fuel Cell systems are suitable for use in the FSC where prior allowance for their future use can be made.  It is unlikely that the systems will be suitable for back fit into current surface vessels such as the Type 23 as the volume requirement would cause substantial segregation of the system and would have a detrimental impact on the system efficiency.  Similar systems would be highly desirable for use in the future carrier, principally through the anticipated reduction in intake and exhaust trunking required.  Use in the Type 45 will depend on compartment configuration as an IFEP architecture is already planned for the vessel.

The move away from HGO is the main barrier for the acceptance of fuel cells in commercial vessels, but this is not an issue for naval vessels that already use high quality, low sulphur naval distillate or MGO fuel.  As this is the only fuel feasible for naval use in the next 20 years, fuel reformation systems must be used to process the distillate in to a fuel gas that can be used by the fuel cell.  This increases the volume of the fuel cell system and will lower the overall system power density to below that of the competing technologies.

Cell stack efficiencies are generally acknowledged to be greater than for heat engines and remain competitive even when reformation systems and parasitic loads are included.  However, the main benefit of the fuel cell system is in its flat part load performance and hence improved average system efficiency when operating over a range of loads and away from the system design point.  As this is the common operating profile for most naval vessels, it offers substantial through life savings in fuel consumption.  This will only be the case if the projected 50% system efficiency figures are achieved.

Whilst current technologies continue to reduce their emissions and remain below predicted near term limits, levels are expected to continue to fall to such a point that off engine technologies will be required.  At this point an increase of up to 40% in the running cost of the engine can be expected, with additional initial purchase and installation costs.  There will also be difficulties with incorporation of the additional machinery in to existing vessels and the associated cost of any modifications.  The cost of these systems will therefore increase with an associated decrease in power density to such an extent that any advantage over fuel cells may be negated.

High power density is a desirable in naval vessels, however lower densities are acceptable if the additional benefits are of sizeable value.  The benefits offered by fuel cells certainly more than compensate for any reduction in power density seen by their use and in new build vessels the increased volume required can easily be accommodated.  When retrofitting fuel cells, power density is more critical and it is unlikely that the whole system will be accommodated in the existing space, especially if it is in replacement for a GTA.  However, these are issues that with forethought can be avoided, simply with the reserve of space or by designing oversized compartments.  Early assessment of the airflow required by the fuel cell will also identify excess space that can be recovered from intake and exhaust trunking in the future.

Transient response and start up times remain a concern and it is considered unlikely that fuel cells will ever approach the cold start and idle response times of a gas turbine.  Transient response can be overcome through the use of energy storage devices, although this will add an additional cost, but start up times and the operating profile must be considered fully before selection of a fuel cell system. This is especially true if the use of high temperature cells is considered.  If it is considered acceptable to have the fuel cell permanently on load then the use of a high temperature cell is less of a problem.  PEMFCs offer much more acceptable start up times, but the warm up time of the fuel processor will increase system start up times.  For lower temperature cells, the feasibility of leaving the cell at idle should be considered, in addition to including fuel storage accumulators for use during the reformer warm up period.  

Therefore when the costs associated with increasingly restrictive environmental legislation and the value of public opinion are considered, the use of fuel cell systems seems a sensible and cost effective solution, as long as the technology can be sufficiently proven.  It is believed that distillate fuelled SOFC and PEMFC demonstrators of around 650 kW, although un-marinised, will be a realistic possibility within the next 5 years and will be suitable building blocks for modularised systems up to the powers required in this report.
11 Recommendations for further work

System airflow and trunking requirements must be assessed for systems of this power range.  These must be compared with existing fittings to ensure that they will be adequate for future use.

The system response time in for load changes, especially that of the fuel processor must be investigated further.

The increased operational advantage promised by the use of low temperature fuel cells must be assessed against the increased system efficiencies offered by the high temperature cells, with both being compared to the advantages of remaining with current systems.

It is recommended that the UK continue to fund development of PEMFC systems, whilst fostering a program of information exchange with the U.S. ONR to monitor developments in the MCFC program.  Regular checks should also be made on the development of SOFCs as these are thought to be the most likely high temperature fuel cell to succeed in the future.
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Appendix A:  Fuel Cell Technology Review

What is a Fuel Cell?

Fuel cell operates in principle like a battery, but will not run down or require charging and will produce energy as long as fuel is supplied.  It generally consists of two electrodes that sandwich an electrolyte.  In all cells gaseous fuel is fed to the anode and an oxidant (air or Oxygen) is fed continuously to the cathode.  Electro chemical reactions take place and an electric current is produced.  Different electrochemical reactions occur depending upon the type of cell, but all consume hydrogen and oxygen to produce water as the by-product.
Fuel reformers are used in some systems to utilise the hydrogen from any carbon fuel (natural gas, methanol, gasoline etc) and remove sulphur, which is a poison to all types of fuel cell.  As this is a chemical rather than combustion process, there are much lower emissions and in general higher efficiencies are achieved as there is no conversion of mechanical to electrical energy required.

A fuel cell stack consists of a number of individual fuel cells stacked together to provide the required power.  The significant advantages of the fuel cell are that there are no moving parts, they produce little noise and in general only water and heat as by products.  If this heat is reused, system efficiencies in the order of 70% are envisaged with some types of cell.   Other benefits include lower operating and maintenance costs, modular construction and high quality electricity.

Types of Fuel Cell
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These are highly developed fuel cells that have been used in specialist applications such as the space industry for many years.  They are however expensive and intolerant to any gases other than hydrogen and oxygen.  CO2 is readily absorbed by the alkaline potassium hydroxide electrolyte, which can lead to severe performance degradation.  Operating between 50 – 200ºC they can achieve efficiencies of up to 70% but have relatively low power density.  These types of cell are unlikely to be commercially viable until hydrogen becomes widely available as a transport fuel.

Phosphoric Acid (PAFC):

This is highly developed and is commercially available with around 400 units sold to date.  It has been demonstrated in utility power generation for hospitals, hotels, office blocks and the bus sector. It is also now being marketed as and Uninterruptible Power Supply (UPS).  It operates in the range of 190 - 210ºC, uses phosphoric acid as the electrolyte and has a cell efficiency of around 40%. Using 85% of the steam generated for co-generation, system efficiencies of up to 55% are estimated.  Although commercially available, these are not yet competitive in price for the principle markets.
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Proton Exchange Membrane (PEMFC):

Also known as Solid Polymer Fuel Cells (SPFC) or Polymer Electrolyte Fuel Cells (PEFC), these cells have high power density and respond rapidly to changes in power demand.  They operate at relatively low temperatures, around 50 – 90ºC, which makes them suitable for quick start applications such as automotive, light duty vehicles and buildings.  They uses a thin plastic sheet at the anode, the proton exchange membrane, coated with an active metal alloy catalyst (mostly platinum) that encourages electron separation and lets the hydrogen ions pass through.  The sulphonic acid electrolyte is incorporated into the solid polymer membrane.  Estimated cell efficiencies are of the order of 45%, but operating at lower temperatures reduces the ability to increase system efficiency through co-generation.  This type of cell is sensitive to poisoning by CO and requires a high purity of fuel supplied.  Therefore substantial fuel processing is required for any fuel other than hydrogen.

A PEM can only tolerate up to 20 ppm before cell efficiency is dramatically reduced and levels of 4 -5% CO can be generated within the reforming process.  Water shift reactions followed by preferential oxidation are commonly used to convert the excess CO to CO2.  These reactions use catalysts to alter the equilibrium when the exhaust is mixed with steam and air and hence convert the CO to CO2. 

Initially restricted in application due to the quantity and cost of the platinum catalyst required (approximately £6300 for a 7kW cell), novel application methods, design and integration have reduced the cost of development cells to around £35 for the same size.  This continues to fall with the massive investment from the automotive industry into this type of cell and will be reduced further by mass construction.  The cost of demonstration units for stationary power systems is however still high, at around £4300/kW, and they are therefore some way from being competitive with other technologies.

Molten Carbonate (MCFC):

These cell types are candidates for stationary power and CHP applications.  They operate at around 630 - 650ºC and have achieved system electrical efficiencies of around 48 – 53%, with a combine cycle efficiency of up to 65%.  They can operate on a variety of fuels and offer a limited capacity for internal fuel reformation.  Using a molten lithium carbonate electrolyte and with no noble or rare earth metals they are cheaper than equivalent PEM technology, but have lower power densities. The fuel and water is initially reformed to produce hydrogen and carbon dioxide.  These react with carbonate ions at the anode to produce water, carbon dioxide and free electrons.  The carbonate ions are produced at the cathode by the reaction of the oxygen and carbon dioxide with the free electrons in the presence of the catalyst.  They are CO tolerant and have been demonstrated in stationary applications between 10kW and 2MW.
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These are most promising for large stationary power and combined heat and power (CHP) applications.  Limited development is also being conducted for use in auxiliary power units.  These use a hard solid oxide zirconia ceramic instead of the liquid electrolyte and operate at temperatures between 700 - 1000ºC.  They are able to reform fuel internally to a limited extent and consume carbon monoxide as a fuel.  Oxygen ions, produced at the cathode by the high temperature and catalytic material, pass through the electrolyte to the anode.  The ions then react electrochemically with the hydrogen and carbon monoxide to produce water and carbon dioxide.  Electrical cell efficiencies of 46% have been demonstrated and combined plant power generation system efficiencies are estimated at above 60%.  They can be tubular or planar in design, with the tubular requiring less complicated sealing arrangements. Tubular systems have been demonstrated up to 220 kW.  A significant amount of development is still required for this cell to achieve its commercial market potential. 

Operating characteristics include 8-10 hours for start up from complete shut down, 

0-50% load change in 3 seconds and emissions of <0.5 ppm NOx, with no SOx, CO or VHCs when run on natural gas.  Despite currently having lower power density that MCFC, SOFCs benefit from a more stable electrolyte and can achieve lifetimes, twice those of MCFCs and are estimated at approaching 70000 – 80000 hours.
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Direct Methanol (DMFC):

Using a polymer membrane and electrolyte similar to the PEM, the DMFC anode catalyst draws the hydrogen from the methanol itself eliminating the need for a reformer if supplied directly with methanol.  Efficiencies of up to 40% are predicted when operating between 50 - 110ºC, although this is only an estimate from initial prototype cells.  These are still at the R&D stage and require much fundamental research.

Regenerative Fuel Cells:

Currently under investigation by companies such as NASA, these cells use a solar-powered electrolyser to separate the hydrogen and oxygen from water, which are then fed to a fuel cell and recombine to form water.  This is then fed back to the electrolyser and is a closed-loop form of power generation.

The global value of fuel cell business has been estimated as up to £13 billion per year by 2025, although widespread uptake is unlikely before 2010.

Additional Sources:

· Wiens B, “The Future of Fuel Cells”, www.benwiens.com/energy4.html
· www.dti.gov.uk/renewable/fuelcell.html

· www.fuelcells.org - Fuel Cells 2000

· www.dti.gov.uk/renewable/cells.html
· www.plugpower.com/technology
· www.nfcrc.uci.edu/fcinfo/what/index.html
Appendix B:  Development and Program Summary

The following is a summary of National Departments and Companies involved in fuel cell research, their products and a review of current progress.

Sources:

· Bourne C et al., “Application of Fuel Cells in Surface Ships”, ETSU Report F/03/00207/REP, 2001 prepared by Rolls Royce Associates

· Siemens Power Journal 1/2001

· Figures courtesy of M Cervi, Naval Surface Warfare Centre, Carderock Division

· Technical Information supplied by the companies on request

· Company Websites

· Summary notes from CEST FC3.2 US Commercialisation visit by Ken Laurie, MoD 

US Office of Naval Research:

The US Office of Naval Research are currently engaged in a development programme for a 2.5 MW Ship Service Fuel Cell (SSFC) providing 450VAC, 3 phase 60 Hz from naval distillate fuel (NATO F-76).  Key design criteria include 40% minimum system efficiency at 50% of rated load, a size and weight comparable to marine diesel engines (i.e. 0.057 m3/kW and 18 kg/kW) and at an estimated cost of approximately £1000/kW.  It wishes to achieve this using commercial or near commercial technologies, be highly reliable and maintainable and be self-contained in respect to water and energy balance.

Two consortiums initially presented systems concepts, one based around a MCFC and the other around a PEMFC.  The ONR decided to pursue only the MCFC as a full system prototype, believing that it offered greater system efficiencies and offered the contract to Fuel Cell Energy.  They have also continued development of the fuel processing technology required to fuel the PEMFC system, with a view to future system integration if appropriate.

Fuel Cell Energy (FCE):

FCE are developing a Molten Carbonate Fuel Cell (MCFC) system for use as a Ship Service Fuel Cell (SSFC) under sponsorship of the US Department of Naval Research.  They are using technology developed for commercialisation in the stationary power application fuelled by natural gas that has run for 10,000 hours and has demonstrated a power density of 1200 W/m2 with a degradation of 0.2%/1000h.  Steam reformation of NATO F-76 has been demonstrated for over 1400 hours and has fuelled a sub-scale MCFC for 1000 hours. It has also demonstrated adequate tolerance to salt, shock and vibration.

The prototype SSFC system is housed in a 20x8x8 foot container and includes the 625 kW cell stack, reformer technology and the power conditioning electronics required to provide the required voltage.  It operates at 650ºC and uses the waste heat in the reformation of the F76, Naval Distillate Fuel.  The final 2.5 MW system will be comprised of four such units operating in parallel, providing 450 – 600V DC to the power conditioning system.  The proposed power module concept is illustrated in Figure 7.
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Figure 7:  Fuel Cell Energy 625kW, 50% Efficient SSFC Power Module Concept.

This system has a claimed net electrical efficiency of 45-50% as a combined unit and it is anticipated that a production unit would be in the region of $1500/kW (£1070/kW).   The project is split into 3 phases:

Phase I:  Complete ($4.6M) FY00

• 2.5 MW MCFC SSFC Conceptual Design

• Sub-scale risk reduction demonstrations

• Cell salt air tolerance

• NATO F-76 diesel fuel reforming

• Fuel contaminant removal and cell sensitivity (sulphur)

• Cell shock and vibration

• Analytical model

• Marine/Navy market surveys

Phase II:  (36 month, $12.6M ONR cost shared contract awarded May 00 to FCE

• 625kW SSFC module detailed design

• 625kW SSFC module fabrication

• Factory testing

• Dynamic simulation model

• IPS program transition planned – ship impact/cost studies underway

• LABEVAL (FY04)

Phase III:

• At-Sea demonstration (FY05)

Autothermal Reformer Demonstrator

Having completed the first phase of competition to develop a 2.5MW ships service fuel cell, the consortium reported the results of phase 1 at the Fuel Cells Seminar 2000 [12] and confirmed the suitability of PEMFC based electrical generation systems for ship borne applications.  In spite of the selection of a MCFC based system the ONR is continuing to fund the development of the fuel reformation equipment required for a PEMFC based system which uses an Autothermal (Partial oxidation) reformer (ATR) and gas clean up units.  Sulphur is removed using a regenerable sorbent bed and polishing non-regenerable sorbent bed, with CO removed by High and Low temperature water shift reactors and selective oxidation. The system was assessed for the effect of salt air on fuel cell operation, qualification for military shock and vibration standards and the effect of potential contaminants from the fuel processor.  
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Effluent sulphur concentrations of approximately 10 ppm were achieved from the regenerable sorbent bed and a final concentration of 1 ppm from the non-regenerable polishing bed.  Initial trials over 10 hours on air containing 50 ppm salt have had no adverse affects on performance and there was no performance degradation during shock and vibration testing.  A 20 kW ATR was demonstrated to operate under SSFC conditions achieving 100% conversion of the fuel into CH4, CO and CO2.  Current estimated costs are around £2150 /kW, when £700 /kW is considered competitive at this power.  Long term tests are yet to be reported but further volume, weight and manufacturing cost reductions are therefore essential before such a system becomes economically viable.

Figure 8:  500kW SSFC Autothermal Reformer (ATR) based NATO F76 Diesel Integrated Fuel Processor (IFP)
Phase I:  Completed ($ 4.5 M) FY00

• 2.5 MW PEM SSFC Conceptual Design

• Sub-scale risk reduction demonstrations

• Cell salt air tolerance

• NATO F-76 diesel fuel reforming

• Fuel contaminant removal and cell sensitivity (sulphur, CO,

  ammonia, amines)

• Cell shock and vibration

• Analytical performance model

• Marine/Navy market surveys

Phase II:  (36 month, $16.5M 50% cost shared ONR program.  

•  Initial $1.8M ONR contract award July 00 to MTI)

• 500kW IFP preliminary design

• 500kW IFP detailed design

• 500kW IFP fabrication

• 500kW IFP factory testing

• Dynamic simulation model

European Community:

A number of European countries are involved in funding research into the use of fuel cells within their navies.  

The German Navy has ordered four, Class 212 hybrid submarines to be supplied by HDW.  These will incorporate a fuel cell, diesel engine and lead acid batteries.  The fuel cell system will consist of nine 34 kW PEMFC modules supplied by Siemens and will run on Liquid Oxygen (LOX) and hydrogen stored in metal hydrides.  The net system efficiency is estimated at between 65 – 70% on H2/O2, with an anticipated lifetime of 40000 hours and a power density of 7 kW/m2.  A shore demonstrator has also been commissioned at 250 kW for a 500 kW system fuelled by the reformation of methanol with membrane separation.  

The Royal Netherlands Navy is testing a 1 kW DeNora PEMFC stack to investigate the feasibility for the future use of PEMFCs on their surface ships.  This stack delivers around 3.5 kW/m2 and is also being used by Renault in their demonstration car.  The Italian navy has proposed a 1 MW MCFC system for surface ship applications and 4 other NATO countries are supporting Distillate fuel reforming demonstrators, up to 100 kW.  The Spanish Navy is also showing interest in 650 kW ships service cell for sea trial by summer 03. 
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Siemens Westinghouse:

Have developed a Solid Oxide Fuel Cell of tubular design with a primary focus on land based stationary power generation.  They are intended to serve the distributed generation segment of the all electric and generation / cogeneration markets in the range of 250 kW to 5 MW.  They will operate at atmospheric pressure for combined heat and power (CHP) plants and between 3 and 4 bar when combined with a gas turbine in hybrid plants.  Operating at around 1800ºF (982ºC) with an exhaust temp of 250ºF, the current units are designed to run on natural gas and internally reform the majority of the fuel.


  Figure 9:  Siemens Cylindrical-Tube SOFC.

The 25kW test unit at the University of California, Irvine has been run on a variety of fuels, including diesel for over 10000 hours, and a similar unit has run for >13000 and demonstrated an availability of around 90%.  A simple 100kW cogeneration system run in the Netherlands demonstrated an electrical efficiency of >46% and delivered 64kW of heat to the district hot water system.  The first 220kW hybrid system prototype consisting of a SOFC and micro turbine/generator has run for 770 hours at the National Fuel Cell Research Centre at the University of California and has achieved an electrical efficiency of 52% whilst operating on natural gas.  The next prototypes planed are for demonstration of 250kW atmospheric and 300kW hybrid systems.
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The company is currently investigating a flat tube (oval) design for increased cross-sectional area.  This will increase power density by reducing the void space between individual cells, decreasing polarisation losses and reducing the internal cell resistance.  

Figure 10: Flat-Tube High Power Density SOFC 

The electrical efficiency of atmospheric plants is expected to be 45 – 50% with additional system efficiencies achieved through cogeneration.  When run at 3 – 4 bar as part of a hybrid plant, electrical efficiencies of 55 – 60% are anticipated with simple cycle gas turbines, and up to 70% with advanced cycle turbines.  With increased manufacturing automation and manufacturing volume, production costs of between $1000 - $1300/kW (£720 - £930/kW) are predicted. 

Wellman's Defence Ltd:

Wellman Defence Ltd are involved in the development and manufacture of fuel cell systems and reformers for defence and industrial applications.  Initial work in the 1990’s was completed using Ballard PEMFCs on methanol reforming and CO removal and then moved toward steam reforming and catalytic exhaust gas cleanup. Through these programmes they are now involved in logistic fuel processing and are using catalyst coating of metal substrates techniques to coat heat exchangers which can be used in place of packed bed reactors (MERCATOX program).  With better heat transfer characteristics this will improve catalyst reactor efficiencies over those of the traditional packed bed reactors, increase start up times and reduce the temperature gradient across the catalyst.  This is important as the temperature band for correct chemical reaction is narrow and packed bed reactors can suffer from local Hot spots that sinter the catalyst and reduce the beds efficiency.  Heat exchanger type reactors give better temperature control and also offer greater resistance to shock and vibration.  A proposed volume of such a reactor is 800 x 650 x 200 for 50 kW, or 0.021 m3/kW.

PEMFC performance is directly related to the quantity of hydrogen supplied.  Increasing the percentage hydrogen in the fuel supply will increase the performance; therefore they are also looking to developing a cheap membrane separator to give a higher percentage of H2.  They are also developing Selective CO oxidation systems (or PROX) for methanol reforming and use with stationary and automotive vehicles, based on the cheap membrane separator.

They are currently contracted by the MoD for a 20 kW demonstrator for pre-processing and desulphurising F-76 feedstock.  This will be used to provide a light hydrocarbon fuel that can then be processed in the primary fuel processor, steam reformer (defined as a Methane Reformer) and water shift reactors being developed by QinetiQ.  The system will also contain Wellman’s selective (preferential) oxidation gas clean up system (PROX), which is a mature technology.

Steam reforming, partial oxidation, Auto-thermal reforming and Hydrocracking are the three main fuel pre-processing options, however hydrocracking is not really practical due to the nature of the process.  Of the other two, steam reforming generates a higher % of H2, but requires a larger energy input. (Up to 75% H2 from steam reforming and 45% H2 from Partial oxidation)

Within the system development the company are also investigating sulphur tolerant catalysts that should help simplify the system. These are being investigated as Sulphur deactivates the catalyst in the initial Autothermal and steam reforming reactors beds, which allows carbon build up.  When the sulphur has to be removed for these beds, as recycled H2 is mixed at this stage, high pressures and temperatures are required.  If the catalysts at this stage were sulphur tolerant, lower pressures and temperatures could be used and the fuel desulphurised at a later stage.

The sulphur can be removed by a number of methods, such as Amine wash, hydrodesulphurisation, activated carbon, Zeolites, Purisol, Zinc Titanate etc.  The Hydrogen sulphide (H2S) generated has an unpleasant odour that can then be removed by absorption in zinc oxide, iron oxide or activated aluminas.  However all of these are exhausted and need replacing, which is a large additional volume requirement for both exhausted and replacement chemicals.  An alternative is to use regenerative compounds such as a zinc oxide mix that can be regenerated with air to produce SO2.  This can then be water washed and discharged. An American company, McDermott’s are looking at similar reformer technology and have systems capable of up to 250 kW. 

These systems operate around a standard 3 bar Air/O2 for both reformer and cell stack.  All demonstration reformer technology is expected to be directly scalable for use in higher power systems. However, larger system heat exchangers are expected to be more efficient.

The company are also hopeful that with the right choice of catalyst and reactor design in the pre-reformer, sufficient cracking of the heavy fuel may be achieved to negate the need for additional steam reformation. 

QinetiQ

Formerly DERA, QinetiQ have been contracted to develop the primary fuel processor and gas clean up system for the advanced technology demonstrator.  This will use an Avcat derivative fuel, supplied by the Wellman pre-processor and convert it to H2 for use in a PEMFC. 

Initially, partial oxidation (POX) reformation of the fuel was used which had been developed by Arthur D Little for use with an integrated reactor and gas clean up.  A number of difficulties with leakage and soot formation resulted in the company developing their own pre-cracking processor and POX.  However, trials showed that with heavy fuels, this combination burnt all the H2 generated by the pre processor in the POX reaction. Therefore it was decided to adopt steam reformation of the heavy fuel which generates a higher percentage of H2 and despite the parasitic load in generating the steam, is more efficient overall.

20 kW Prototype System Construction (Including Wellman Reactors):

Reactor Beds:

1 – Hydrodesulphurisation (HDS).  This is a 2-stage process.  The reaction of additional H2 with the fuel over a catalyst produces H2S, which is then removed over a zinc-based absorbent.  The reactor bed is layered to increase efficiency and operates at a temperature of around 450ºC.  This produces a fuel at outlet with <0.1ppm sulphur.

2 – Pre-reformer.  This takes the outlet from the hydrodesulphurisation and mixes it with steam over a catalyst bed to crack the heavy fuel, producing CO, methane, light fuel and a little H2.  The reactor operates at a temperature of 850ºC. 

3 – Steam reformer.  Steam is mixed with the outlet from the pre-reformer over a nickel catalyst at 750ºC and produces H2, CO and light Hydrocarbons.  This outlet is not suitable for use in a low temperature fuel cell and therefore requires further processing.

4 – Water Shift Reactor.  This is a 2-stage process that reacts the CO with steam over a catalyst to produce more H2.  It is an exothermic reaction and operates at 300-350ºC.  However, the lower the temperature, the higher the conversion rate.  Therefore as the process is adiabatic, it is not suitable for a single bed reaction.  Hence a High temperature shift is initially used before passing to a low temperature shift reactor operating around 100ºC less than the first reactor.  This results in outlets of less than 1% CO.  The outlet is then ready for final cleanup.

5 – Preferential Oxidation (PROX).  The outlet from the water shift reactors is mixed with an air bleed to convert the remaining CO to CO2.  This is again an exothermic reaction operating at between 60-80ºC that produces CO levels at < 20 ppm.  These temperatures are however critical as at higher temperatures the reactor begins to burn the H2.

Additional system requirements:

This system requires 2 bottled gases. H2 for the hydrodesulphurisation and N2 as a carrier, shut down purge gas and to pressurise the fuel to the delivery pressure of 3.5 bar.

The fuel is vaporised on entry by heater bands at 400ºC wound round the pipes and the water is filtered by a lime filter and is heater to 60ºC by a small boiler.  A float and switch circuit maintains the water level and all the reactors are of a stainless steel tubular design.  All have straight length heating bands wrapped around the shell of the reactor and then have three different layers of insulation

The system can achieve levels up to 80% H2, although the final levels are lower than peek as the PROX reactor consumes a small level of H2.  Overall CO outlet concentrations are in the order of 4 ppm, which is more than acceptable to a PEMFC.

Investigations have shown that stoichiometric reaction conditions of steam to carbon ratios of 2 are suitable, but the higher the ratio, the less carbon deposition that occurs.  However these higher ratios also require a significantly higher steam input, therefore a ratio of 2 is felt to give the best compromise of H2 production to parasitic steam usage.

The steam reformer works well with lower hydrocarbons, but it’s performance falls off if the pre-reformer lets a larger quantity of higher hydrocarbons through.  Its performance therefore depends heavily on the output of the pre-reformer.  This suggests that with an effective pre-reformer, the S:C ratio can be reduced further. Thereby reducing the steam demand and further increasing the overall system efficiency.

Of additional note is that as the water shift reactions are equilibrium reactions, if the inlet gas condition is of a high enough quality, the general atmosphere in the HTS and LTS reactors might not actually be as good as the inlet gas and a reverse reaction will result.  This is not beneficial and if the processor outlet is sufficiently good the 2 shift reactors might be redundant and only the PROX may be required for the final gas clean up.  These are assumptions that require highly efficient pre and steam reformers that have minimal CO levels in their output, and which are reliable enough to ensure a constant gas quality.

Again, regenerable catalysts are being investigated for the hydrodesulphurisation to remove the need for large quantities of zinc oxide that would otherwise be required onboard.  Sulphur tolerant catalysts are also being investigated in a small micro scale reactor.

The current test demonstrator fits in to half an ISO standard container, but is separated with individual lagging and has had no thought to packaging, overall system efficiency and temperature management.  A 250 kW demonstrator is planned for 2003.

Other issues considered are the effects of air contaminants entering the fuel cell on the cathode side.  Investigations have found that CO is ok as it oxidises to CO2, however SO2 causes permanent damage.  Benzene has a similar degenerative effect to the SO2 but is partially recoverable.  Battlefield contaminants without exception kill the fuel cell due to the active organic constituent, but conventional filter guards protect the cell, despite giving slightly reduced performance as they dry the air (fuel cells like 100% humidity).  

Chloride contamination was found to destroy the ion exchange membrane and therefore a chloride filter is required.  Some references have found no such effects from chloride contamination, but these are only trials of limited operational period.

Variations in temperature and pressure were also investigated and identified that some form of filtration would be required to maintain a constant output. 

The company currently consider PEMFCs to have a current density of 2A/cm @ 0.6V per cell.  This has been a 10x increase in the last 10 years and there is no reason that development should not continue, even if it is not at such a pace.  The power density for PEMFCs is greatest at 0.5V, but the SCF is higher, therefore using 0.75V per cell gives a more level efficiency and is the best trade off of power density to efficiency.  Currently cells cost approximately £0.46/cm, but this can be reduced significantly by minimising catalyst loading and if possible using a different catalyst to platinum.  

Operating at greater than 200ºC also reduces the problems with CO, therefore development is ongoing into electro-hydration to achieve operating temperatures of the order of 180ºC.  In addition the carbon bipolar plates that are used are heavy and expensive.  Investigations are ongoing into the use of composites and diffusion bonding that gives thinner, lighter plates and therefore an increased power density.  However the use of metals can bring corrosion problems and therefore materials such as titanium, stainless steel, crafoil and conductive plastics are being used.

To exceed the 200ºC tolerance limit for CO, QinetiQ have proposed a Proton Conducting Fuel Cell with an internal temperature of 250 to 500ºC.  This avoids the specialist high temperature material problems of the SOFC and MCFC and is also faster reacting, as the proton conducting ceramic electrolyte is faster than oxide ion conduction.  It is CO tolerant but does not benefit from CO also being a fuel.

The use of ceramic electrolytes are being investigated along with the use of noble metal cathodes such as nickel which will potentially allow internal reformation of methanol (CH4) and CO.  However, it has been so far been seen that the materials needed to increase power densities do not have the longevity required to make them commercially viable.

In the near term, PEMs have high power densities, are rugged and well proven and have a reformer that has been demonstrated.  In the long term, SOFCs are CO and CH4 tolerant and have reduced reformer complexity, however they are less well developed and are in need of more investment.  Novel technological ideas such as the PCFC are in the concept stage and require greater investment and development.  

However, looking at the system as a whole, the high-grade waste heat of a high temperature fuel cell is useable and will increase system efficiency.  The low-grade waste heat generated by the low temperature fuel cell is wasted and therefore despite the higher power density, reduces the system efficiency to the order of that achieved by the higher temperature cells.

Appendix C:  FSC Technical Specification Requirements

The sponsors requested that the use of a fuel cell system be investigated as a direct replacement for the Advanced Cycle Low-Power (ACL) Gas Turbine Alternator (GTA) currently under development for the FSC.  This project is itself the next generation replacement for the traditional Diesel Generators (DGs) to be put to sea around 2011.

The project requires similar Unit Production Cost (UPC) and lower Through Life Costs (TLC) than the diesel generator and is looking toward full electric propulsion and advanced cycle gas turbines to provide an integrated approach to marine engineering.  By combining the ACL with other multi MW advanced cycle GTAs it is intended to achieve a flat SFC across the entire power range of future platforms.

Studies have shown the harbour load required of future surface combatants will be in the order of 1 - 2 MW, a power range traditionally provided by diesel generator sets.  The increasingly stringent environmental operating limits will increase the operating cost of DGs substantially through the inclusion of many emission-reducing technologies such as direct water injection and Selective Catalytic Reduction (SCR).  As already mentioned, inclusion of off engine techniques are anticipated to add £30000 per year on to running costs and for 160 engines this would equate to £4.8M with an introduction cost assessed as £112M [13].  It should be noted that these figures do not include manpower and maintenance costs for maintaining the additional equipment.  The ACL aims to add recuperator technology to a marinised aero engine and so provide a compact, power dense, low maintenance, low noise and emission engine coupled with the low procurement cost and fuel consumption of a DG.

The specified goals of the ACL, when compared directly to the DG, are to achieve:

· UPC 70 – 130% 

· SFC equivalent 

· Lower TLC 

· Reduced Footprint

· Environmentally compliant with future emission limits

· Reduced Maintenance requirement, more reliable

· Reduced manning levels.

All these aims are advantages that are stated for the fuel cell, with the current exception of UPC and reduced footprint.  However, UPC is expected to reduce significantly when the technology is commercialised and mass production begins.  The ACL project hopes to offer the technology to the commercial power generation and traction markets once developed.  This is also a possibility for a fuel cell system if a similar development project is adopted.

It is intended to incorporate the ACL in an All Electric Ship (AES) with IFEP, and to de-risk the technology it is planned to conduct shore demonstration of the system.  This facility will be set up and funded through current projects, but could easily adapted to incorporate any future fuel cell system if developed.

The GTA will be rated at 1.8MW and when coupled to a High Speed Alternator (HAS) will produce 800V DC, envisaged for industrial market, however this may change for commonality of systems across the British and French Navies.  The base line SFC figures to be achieved are 0.23 kg/kWh (electrical) at maximum power and not more than 0.25 kg/kWh at half power at ISO conditions.  The exhaust gas exit temperature from the boundary must be less than 300ºC with no visible smoke throughout the power range.  Full compatibility with all ship’s systems to which it directly interfaces is required, using electrical supplies for auxiliary systems where practical.

Required performance

1.5 – 1.8MW rated output and capable of continuous operation throughout the stated operating conditions.

Estimated usage

2000 to 4000 running hours per year

Mission length 60 days

Up to 200 starts per year, 30% hot.

Use profile:
0-30

5%

30-50

15%

50-80

40%

80-100

40%

It is to run on F-76 dieso (LCV 42.5MJ/kg) and be capable of using MGO without any alterations, but must also be able to operate exceptionally on F44 “Avcat” aviation fuel.

Even with improvements in reformer response it is likely that any fuel cell system will require additional power electronics and energy storage to meet the required start up and load following characteristics defined for the ACL.

It must be self-protecting against fault currents, capable of continuous stable parallel operation and be able to accept sudden application and removal of load without damage.  Availability, Maintainability and reliability figures as yet to be determined but to be improved over DG.
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