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INVESTIGATION RELATED TO FUEL CELLS

1. DEFINITION OF DISTRIBUTED GENERATION AND SMALL SCALE CHP

A number of parameters that include the liberalisation of the energy market, environmental concerns and security of supply have increased the interest in the concept of Distributed Generation (DG). This interest has been boosted by the spreading of the Natural Gas networks and by the fact that power transmission losses are avoided if power is produced locally. The possibility to exploit on-site the heat produced further increases the benefits of the DG concept. 

Suitable technologies have been developed for such distributed generation applications that are characterised by low investment costs, small size/footprint, relatively high efficiency and short payback times. Such technologies would be:

· advanced internal combustion engine-based CHP systems

· microturbines

· Stirling engines

· fuel cells

· flow batteries or regenerative fuel cells

· flywheels

· renewable energy technologies like photovoltaics, wind energy converters, geothermal energy technologies, solar thermal, etc

These technologies can be grouped as “spinning mass based” including IC engines, micro-turbines, variable speed small hydro- and wind-turbines or “inverter based” including PV, fuel cells, batteries. These two groups are sometimes referred to as “mechanical-electrical converters” or “direct converters” respectively. The recent rapid development of power electronics and microcomputer technology has led to considerable efficiency gains and cost reductions [Schmidt, 2002]. Thanks to modern inverters it is possible to generate sinusoidal voltages with synchronous phases (active power) but also to compensate for reactive power and harmonics. 

The strengths of DG can be summed up as:

· low investment costs

· high efficiency, that can be up to 80% for CHP

· small times for installation

· installation close to load, avoiding transmission losses and power line refurbishment or extension

· low emissions

· capability to utilise a variety of fuels

The following points can be considered as the weaknesses of DG:

· relatively high cost of kWh, depending on fuel used

· need for attention on electrical issues like control of voltage, frequency, reactive power

· non-technical issues for connecting to the electricity grid

· installation cost can be high for the case of existing buildings that need a retrofit

Densely populated areas that, for the case of Europe accommodate 80% of the population, offer major opportunities for the development of such distributed small-scale cogeneration schemes since the demand for power and heat concentrates there. The ideal fuel for these applications would be city gas or natural gas. However rural areas also constitute an interesting market [Loffler 2002]. In such rural areas the benefits of reduced transmission losses become more obvious, while the investment in electricity transportation infrastructure is avoided. Such systems would allow commercial activities to take place, contributing in rural development programmes.

Potential users of such small-scale cogeneration systems in rural areas are:

· pig farms

· greenhouses

· sewage treatment plants

· saw mills

· hotels, refuges and resorts

· small industries

· military bases
2. FUEL CELLS OVERVIEW

Fuel cell technology is one of the most promising new electrical power technologies currently undergoing development. Fuel cell power systems have attracted attention because of their potential for high efficiency, low emissions, flexible use of fuels, and quiet operation. The state-of-the-art has advanced to the point that fuel cell manufacturers hope to begin marketing fuel cells in just a few years. Full-scale demonstration plants are currently being designed.

Stationary applications of fuel cells are being targeted for every sector of the world energy market, from small residential co-generators to large central power generating stations [Dunbar, 1993]. The application range includes:

· On-site systems from some Watts to MW´s. 

· Distributed and substation systems ranging from kW´s to MW´s.

· Central stations of several hundred MW´s.

Despite their advantages, fuel cells will receive the toughest competition from new generation gas turbines, which can obtain nearly as high efficiencies with relatively low emissions at capital costs in the range of 600 to 800 €/kW. Due to lower capital costs of turbines for systems greater than 10 MW, fuel cells are believed to have the best initial market penetration in the 30 kW to 10 MW range.

2.1. Typical characteristics

The principle of fuel cells was discovered by Grove and Bossel in 1839, but remained undeveloped until the late 1950s. Presently, six different fuel cell types are in varying stages of development. In general, fuel cells are categorized by the type of electrolyte used and the operating temperature. The following is a list, in order of increasing operating temperature, of the most appropriate fuel cells for stationary power generation : 

· proton exchange membrane fuel cell (PEMFC) (30-90 °C)

· alkaline fuel cell (AFC) (50-90 °C)

· phosphoric acid fuel cell (PAFC) (150 – 200 °C)

· molten carbonate fuel cell (MCFC) (650 °C)

· solid oxide fuel cell (SOFC) (800 – 1000 °C) 

Another fuel cell type is direct methanol fuel cells (DMFC). DMFC are in a phase of early development. Each fuel cell type has its advantages and disadvantages. Given the prospectively large power generating markets anticipated in the near future, it is very possible that all types could find a substantial market niche in the 21st Century. 

Proton exchange membrane (PEM) fuel cells and alkaline fuel cells are considered suitable for off-grid stationary applications in the range of a few hundred kW due to their fast response times and the fact they run on pure hydrogen. PAFCs, MCFCs and SOFCs use natural gas or other hydrocarbons as a fuel. 

Proton Exchange Membrane Fuel Cells (PEMFC)

The electrolyte of a PEMFC consists of a layer of solid polymer that allows protons to be transmitted from one face to the other. It requires hydrogen and air as its inputs, and these gases must be humidified to enable the electrolyte to function. Pressurising the air increases performance. It operates at a temperature of about 80 oC (much lower than the fuel cells mentioned so far) because of the limitations imposed by the thermal properties of the membrane. The PEMFC can be contaminated by CO, resulting in a reduction of performance by several per cent for contaminant in the fuel in ranges of tenths of per cent [Prater, 1994].

There are many companies involved in manufacturing PEMFCs. Ballard is considered to be the leader in the field, though companies such as DeNora in Italy are making substantial progress. It also appears that there is a strong possibility of using the PEMFC in small-scale localised power generation as the PAFC is being used, where the heat could be used for hot water or space heating. There is also the possibility of using a heater/chiller unit for cooling in areas where air-conditioning is popular. If it does prove possible to use this type of fuel cell for both transport and power generation, the advantages generated by economies of scale and synergy between the two markets could make the introduction of the technology easier than in other cases, though the operating conditions are substantially different. This technology seems ideal for Stand-Alone Power Systems driven by renewable energy sources, mainly because of its fast response times and the fact they run on pure hydrogen, which may be produced through water electrolysis.

Alkaline Fuel Cells (AFC)

The alkaline fuel cells have been described since at least 1902, but they were not demonstrated as viable power units till the 1940s and 1950s by FT Bacon at Cambridge, England. Although PEM fuel cells were chosen for the first NASA manned space aircraft, there were Alkaline fuel cells that took man to the moon with the Apollo missions. The success of the alkaline fuel cell in this application and the demonstration of high power working fuel cells by Bacon, led to a good deal of experiment and development of alkaline fuel cells during the 1960s and early 1970s. Demonstration alkaline fuel cells were used to drive agricultural tractors, power cars, provide power to offshore navigation equipment and boats, drive forklift trucks etc.

Although many of these systems worked reasonably well as demonstrations, other difficulties, such as cost, reliability, ease of use, ruggedness and safety were not so easily solved. When attempts were made to solve these engineering problems, it was found that, at that time, fuel cells could not compete with rival energy conversion technologies, and research and development scaled down. The success of PEM fuel cells developments in recent years has furthered the decline in interest in alkaline fuel cells, and now very few companies or research groups are working in the field. The space program remained the one shining star in the alkaline fuel cell world, with the Apollo system being improved and developed for the space shuttle Orbiter vehicles. However, the fact that the new fuel cells for the space shuttle Orbiter vehicles will be PEMFCs only serves to further underline their decline in importance. Nevertheless, because of their success with the space program, alkaline fuel cells played a hugely important role in keeping fuel cell technology development going through the later half of the 20th century. Also, it could well be that the problems of this technology can be solved. For example, if the major source of hydrogen is electrolysed water from the use of solar panels, then alkaline fuel cells could well become more attractive, which is the case for Stand-Alone Power Systems power from renewable energy sources.

The major advantages of alkaline fuel cells are that the activation over-voltage at the cathode is generally less than with an acid electrolyte. Also, the electrodes can be made from non-precious metal electrodes, and no particular exotic materials are needed. The main problem with AFCs for non-space applications is the problem of carbon dioxide reactions with the alkaline electrolyte. This occurs with the carbon dioxide in the air, and would happen even more strongly if hydrogen derived from hydrocarbons (such as natural gas) were used as the fuel. These reactions result in:

· Reduction of the rate of reaction at the anode

· Increase of the viscosity which reduces the diffusion rates

· Reduction at the electrolyte conductivity leading to an increase in the ohmic losses

· Possible degradation of the electrode performance

The best possibility to confront these problems is to incorporate the cells into a regenerative system. Electricity from renewable energy sources is used to electrolyse water when the energy is available, and the fuel cell turns it back into electricity when needed. This way the AFCs disadvantages would be largely removed, since both hydrogen and oxygen would be generated on-site. Therefore, AFC’s advantages of low cost, simplicity, lack of exotic materials, good cathode performance, and wide range of operating temperatures and pressures, might bring them to the fore again [Larminie et al, 2001]. 

Phosphoric Acid Fuel Cells (PAFC)

The PAFC is not the most efficient fuel cell for power generation (efficiencies around 37-42% LHV). Nevertheless it has been under development since 1960s and is being used in demonstration applications all over the world. It uses phosphoric acid as an electrolyte and has the advantage of being tolerant of CO2 in its feed. PAFC stacks, like other planar fuel cell types, consist of repeating fuel cell units, each comprised of an anode, cathode, electrolyte (retained in a matrix) and a ribbed separator plate (either of substrate or bipolar type) between cells. One additional repeating stack element is the cooling plate which removes the heat generated from the cell reactions and, depending on design and cooling fluid, may be spaced every 4-7 cells. The PAFC has been running in Japan in installations from tens of kilowatts to 11 MW. 

The PAFC is normally fuelled by a natural gas feed, which must be then processed to a hydrogen-rich reformate with no CO (a poison to the catalyst) though it is tolerant of CO2 in the fuel. It has an electrical efficiency in the field of 35-45% and produces waste heat at about 200 oC, suitable for small scale cogeneration applications, but not for industrial cogeneration applications or additional turbine cycles.

Onsi, a division of International Fuel Cells (IFC), has sold over 100 of its 200 kW PC25 systems at a price significantly higher than that charged for competing forms of technology. It is hoping to be able to reduce the price to about $1,500/kW from its current level of $3,000/kW over the next few years. The Japanese manufacturers have done extensive testing and analysis with Toshiba, Fuji Electric, Mitsubishi Electric, in collaboration with utilities such as Osaka Gas and Tokyo Electric. Fuels used by these organizations have been varied, with propane, naptha, methanol and others among the supplies [Hart D, 1997]. 

Solid Oxide Fuel Cells (SOFC)

Fuel cells of this type show higher electrical efficiencies than PAFCs and operate at much higher temperatures (up to 1000 oC); therefore their heat output can be used not only in small scale CHP applications but also in industrial processing and for producing steam to run a turbine in a bottoming cycle. Their development is being pursued by companies such as British Gas and Mitsubishi Heavy Industries, but Westinghouse, with a slightly unusual form of the technology, seems to have the advantage. SOFCs are capable of internally reforming a hydrocarbon gas, meaning that they require a much less expensive and inefficient balance of plant than PAFCs, and are able to use CO as a fuel. Their efficiencies are estimated approximately in the 55-60% range with the possibility of introducing a gas turbine bottoming cycle to increase efficiency still further.

There are three fundamental designs of SOFC – the tubular, planar and monolithic types. The first of these was designed by Westinghouse Electric Corporation and operates with the fuel on the outside surfaces of a bundle of tubes, and the oxidant on the inside, the tube itself being composed of the electrolyte and electrode “sandwich”. Westinghouse is bullish about the technology and has made extensive plans for production of a system that incorporates an SOFC with a gas turbine burning some additional fuel in the high temperature, high-pressure exhaust of the fuel cell. There are 3, 5 and 10 MWe plant designs being considered.

If cost targets can be obtained, the potential commercial market sector for SOFCs is also large. A market analysis of commercial building applications indicated that there were over 500,000 potential sites for SOFCs with capacities ranging from 10 – 500 kW and operating in either stand-alone or cogeneration modes. Most probable early customers are hospitals, health care facilities, hotels, educational and office buildings that require premium power service.

Planar SOFCs are under development by a number of companies, Siemens and Fuji Electric being among them. In this technology the cells are flat plates bonded together and placed one on top of the other to form a stack. The advantages of this system over the tubular system are its relative ease of manufacture and a lower ohmic resistance of the electrolyte, resulting in reduced energy losses. Monolithic and low temperature SOFCs are currently at an early stage of design [Hart D, 1997].

Molten Carbonate Fuel Cells (MCFC)
MCFCs use a molten alkali carbonate mixture retained in a matrix, as an electrolyte. Their operating temperature is approximately 650oC, therefore useful process heat is produced. In this case, in addition to the fuel provision the cathode must be supplied with CO2, which reacts with the oxygen and electrons to form carbonate ions that carry the ionic current through the electrolyte. At the anode these ions are consumed in the oxidation of hydrogen, also forming water vapour and CO2 to be transferred back to the cathode. The fuel consumed in an MCFC is usually natural gas, though this must be reformed in some way to create a hydrogen-rich gas to feed to the stack. An MCFC produces heat and water vapour at the anode, which can be used for the steam reformation or methane. This means that it is inherently more efficient than a cell requiring external fuel processing. Again, the MCFC can use CO at the anode as a fuel.

The MCFC is seen by many as an ideal source for large scale power generation. One reason for this is the necessity for large amounts of ancillary equipment that would render a small operation uneconomic. There is also no requirement for expensive catalysts as in low temperature fuel cells, and a third reason is that the heat generated can be used for internal reformation of methane, a bottoming cycle and for fuel processing and cogeneration. This increases the efficiency of the fuel cell system.
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