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Introduction
The worldwide demand for electricity continues to rise. Coal is used to generate most electric power because it offers economic and reliability advantages over other fuels. The universal desire to reduce fuel costs remains strong and is a driving force in development of power generation technology, including plants that can fire low-cost “opportunity fuels.” These opportunity fuels include biomass, petroleum coke, low-grade coal, and even high-ash coal mining wastes. Circulating fluidized bed (CFB) combustion has become the technology of choice for firing a wide variety of fuels, including low-grade and waste fuels, while meeting stringent air emissions limits. From both a technical and an environmental standpoint, CFB technology is now a viable alternative for power generation applications in Asia, where population growth and economic expansion create a continuous demand for electricity.
CFB boilers have increased in size since their commercial introduction in the 1980s as demand for utility-size boilers capable of firing opportunity fuels has increased. CFB units have reached over 300 MW, and a 460 MW supercritical unit is currently under construction. The design of CFB boilers and their components has also evolved, offering improved availability and lower maintenance costs.
Opportunity fuels
Opportunity fuels that have been considered for use in CFB units are coal washing residue and other coal mining wastes, petroleum coke, processed municipal solid waste (known as refuse-derived fuel [RDF]), scrap tires, and various forms of biomass. Co-firing these waste fuels with coal in power plants not only reduces fuel cost, but decreases coal consumption and extends those reserves, along with reducing the total amount of waste needing disposal. Air emissions permits and limits should allow for this fuel flexibility. Power plant owners and operators should be aware; however, that use of opportunity fuels can be problematic, especially if they are fired in percentages too great for the design of the boiler.
The most difficult opportunity fuels to handle and to fire in a CFB boiler are coal mining wastes, petroleum coke, and biomass. These three fuels present boiler and power plant design challenges encompassing those associated with virtually all other opportunity fuels.
Coal Mining Wastes 

During mining operations, coal recovered along the upper or lower face of a seam frequently contains too much of the surrounding soil (burden) to meet the coal contract heating value. This “waste coal” is either returned to the mine or set aside (banked).

Coal is sometimes washed in a heavy media flotation separation device. The coarse sink fraction contains a large amount of rock or ash (“gob” for bituminous coal and “culm” for anthracite coal) that is a waste byproduct and is banked. After the fines are separated centrifugally from the heavy media fluid (usually water and magnetite powder), the resulting slurry is transported to settling/evaporation ponds, leaving the heavy media fluid to be returned to the process.

These coal-mining waste materials still contain a significant amount of coal, but have a calorific value too low to fire in conventional PC boilers. Waste coal may spontaneously combust and smolder, emitting a foul-smelling smoke. Rain water may leach sulfur and other contaminants from the coal into waterways. It can be costly to capture and treat this water. 

In the USA, state and federal programs provide incentives for power plants to consume these waste fuels to aid in returning mine sites to non-polluting, usable status.
Petroleum Coke

Petroleum coke is a byproduct of oil refining. It is a difficult-to-burn fuel, low in volatile matter and high in sulfur and other contaminants. Where more petroleum coke is produced than can be sold, it is simply banked in waste piles. In some locations, large waste piles of petroleum coke have been created that have no potential commercial value. As with waste coal piles, petroleum coke waste piles must have a stormwater runoff and neutralization system to prevent polluting waterways.
Biomass

Global warming and other environmental concerns as well as fuel costs are responsible for the greater attention being given to renewable biomass fuels. Biomass constitutes approximately 10 percent of fuel used worldwide for energy production and is derived from agriculture, forestry, and industry byproducts. Biomass fuels can be generally classified using the following categories:

· Wood residues (e.g., forestry, pulp and paper)

· Agricultural residues (e.g., bagasse, stover, rice hulls)

· Dedicated energy crops (e.g., sawgrass, bamboo, eucalyptus)

· Process wastes (e.g., furniture manufacturing, construction and demolition waste)

Biomass has been used as an industrial fuel in pulp and paper mills, sugar mills, iron mills, etc., for centuries and, more recently, has been used to produce electrical power. However, lack of a stable or continuous biomass supply makes it unreliable for use as a primary fuel for a large boiler. For effective use of biomass in energy production, a paper mill or similar industry that can serve as a stable source of supply must be located nearby. 
The growth of the pulp and paper industry in Indonesia and elsewhere in Asia makes these areas prime candidates for CFB units co-firing pulp and paper-making residue. Note that it is usually uneconomical to truck biomass more than 50 miles; therefore, a biomass-only-fired boiler is limited to roughly a 20–50 MW net output (industrial size).1 For utility units 100 MW net and greater providing steam or electricity for critical operations requiring high reliability, use of coal as the primary fuel is recommended, with biomass co-fired as a supplemental fuel. 
Another source of biomass, agricultural residues, is either burned off or plowed under for the next planting cycle unless it is harvested for use as fuel. Burning creates thick plumes of smoke that not only pollute the air, but can also pose a safety hazard. Where the residue is harvested along with the primary crop, the byproduct can be separated during processing and transported to the power plant for use as fuel. Such residues can include rice hulls, nut shells, fruit pits, corn and cotton stalks, and bagasse (sugar cane stalks). The biomass should be dried or dewatered before shipment to the power plant.
Energy crops can be divided into two groups: herbaceous crops and short rotation crops (SRCs). Herbaceous energy crops are mostly grasses that can be harvested, such as hay and switchgrass. SRCs such as willow, eucalyptus and bamboo are grown exclusively for energy production. Bamboo, for example, reaches maturity within 5 years, and some species can reach more than 20 meters in height. Approximately 38 percent of bamboo’s weight is lost during a 15-day drying period in the field, dropping the overall moisture level to about 35 percent. The higher heating value (HHV) is approximately 24.5 MJ/kg. The chlorine content of bamboo is low, making it a good SRC to use as a fuel. One drawback associated with growing bamboo and other dedicated energy crops is the fact that they compete for land with food and fiber crops. 
Biomass has low inherent ash content. When harvesting wood or other crops, however, “incidental ash” is often picked up in the process:  sand from dragging timber, dirt from roots, etc. Also, soil or coastal location may cause the plants to pick up alkalis, chlorine, etc., that may cause corrosion in the boiler. Chlorine can be picked up from salt in the soil or by floating logs in salt water or growing crops in brackish water. Some biomass has a very high chlorine content (1 percent or more), particularly new, green growth.2 It is imperative that a laboratory analysis be obtained for every representative fuel source rather than simply relying on a textbook analysis to identify constituents that may be detrimental to the boiler and may limit the amount that can be safely co-fired. See Figure 1.
Process wastes can be quite variable in content. Residue from furniture-making may be “clean wood” or may be painted and/or contain glue, nails, and screws. Demolition waste may come with door knobs and hinges, insulated wiring, metal trim, and certainly nails and screws.
Material Handling SYSTEMS
Each material handling system needs to be designed specifically for the properties of the targeted fuel. Flexibility can be incorporated into the design at marginal cost to accommodate future deviation from the design fuel or addition of co-firing opportunity fuel(s). 
The most economical method of using opportunity fuel is to simply blend it with the coal in the coal yard before feeding the mixture to the power plant fuel silos. Where fuel flowability testing results indicate that use of this approach is not feasible with the planned or existing coal handling system, a separate system should be used, as explained below.
Coal cleaning residue and other coal mining wastes can be very adhesive and can require chutes and hoppers with steep angles. High density polyethylene (HDPE) liners can also enhance fuel flowability. 
Petroleum coke can be composed of round shot that will roll, precluding use of steeply angled conveyors. Petroleum coke should also be pre-sized to minus 2 in. (50 mm) to avoid bridging and plugging in the material handling system.

The handling and flowability properties of biomass fuels are poor due to irregular particle size distribution and cohesiveness, along with high internal and external frictional coefficients. Biomass also has a tendency to decay, causing foul odors; therefore, storage duration is limited and seasonal variations in supply cannot be overcome. 
Solid biomass fuels are typically delivered by trucks or in truck containers. Due to the low bulk density, irregular shape, and high shear strength of the materials, the receiving hoppers are designed to be as open and as steep as possible, even diverging. Equipment for handling biomass has been derived from the agriculture industry through “blacksmith” evolution and includes the following major components:
· Hammermill grinder 

· Shredding and chipping equipment
· Screens

· Magnetic separator/metal detector (used to remove tramp materials)
· Pneumatic conveyors for small, lightweight material or variable-speed dual conveyors (primary feed and return) for long pieces or dense material3
· Drying or dewatering equipment for removing moisture

Particle sizing reduction and homogenizing—critical steps in improving the handling characteristics of biomass—can be achieved through use of a series of screens and crushers/cutters. Creating a more uniform particle size reduces the voids and gaps between particles, thereby increasing the bulk density and uniformity of biomass. Depending on the nature of the biomass in question, any or all of the size-reducing equipment listed above may be used. For a CFB boiler, 50 percent of the material should be less than ¼ in. (6 mm), with a maximum particle size of be 3–4 in. (75–100 mm).3 Magnetic separators are commonly included upstream and downstream of crushers/cutters to protect the system equipment from tramp iron, and metal detectors for other metals are also provided.
Variations in biomass bulk density also influence the capacity requirements of a conveying system and preclude reliable volumetric fuel feed. Belt scales and variable frequency drives should be installed to maintain fuel feed rate on a mass basis. 
Intermediate storage and reclaim of biomass is performed most effectively in a round, diverging silo with a live bottom and multiple screw reclaimer. 
Water-soluble constituents can be removed from some biomass by simple water leaching, either by rain washing in the field or mechanical washing after harvest. For example, 80 percent of potassium and 90 percent of chlorine can be leached from rice straw.4
Biomass should be allowed to dry before it is fired in a boiler, since moisture reduces boiler efficiency and can affect flame stability. In years past, the standard practice for removing sludge from pulp/paper plants involved deposit of the material in a landfill. With the advent of vacuum filter belts for use in dewatering sludge, moisture level in the sludge can be reduced to the 40–60 percent range, making it usable as a fuel.

Handling biomass can be a very dusty operation that can create fire and health hazards. Dust collectors and spray systems can be added to mitigate these conditions. 
In the usual CFB boiler arrangement, the fuel silos are located across the front of the combustor with feeders located to facilitate front-wall as well as rear-wall feed. If blending the supplemental fuel with coal would create a pluggage risk, the supplemental fuel can be fed through the top of the outlet end of the fuel feeders, eliminating the need to create additional openings in the boiler. One feeder supplier even provides a feeder with two inlets and two belt scales to facilitate co-firing of fuels in a prescribed ratio. The supplemental fuel feed train must be pressurized all the way back to a sealing device such as the fuel silo, similar to a coal feed train.

CFB BOILERS AND FEATURES

CFB boilers are well suited for firing difficult-to-burn fuels with low reactivity and high ash and moisture content because of the thermal flywheel created by the great circulating mass of ash, fuel, and limestone, and the long residence time of the particulate making up this mass. CFB boilers inherently emit low levels of emissions to the air and require only moderate fuel preparation. As with any boiler, however, CFB units work best with consistent fuel. The CFB designer must take into account complete ultimate, proximate, and ash analyses, with ranges for each constituent. See Figure 1. Other constituents may also need to be analyzed, such as chlorine and water-soluble alkalis that could cause corrosion. Alkalis also attack the refractory, condensing within cracks and expanding as they solidify, causing the refractory to spall. Where large amounts of corrosion-inducing constituents are present, a tube material that can withstand the corrosive attack may need to be selected. 
Utility-size CFB boilers firing coal are designed with high steam cycle efficiencies, with high main steam pressures and temperatures, and with reheat steam. Units that fire only opportunity fuels such as biomass may be limited in size and steam cycle efficiencies. When these opportunity fuels are co-fired with coal or waste coal in amounts up to 10–20 percent (depending on the concentration of corrosive constituents and other considerations), the same high efficiency steam cycle can be used, with little or no change to the boiler materials and design.5
A complaint related to older CFB units involves the large amount of refractory, particularly in the cyclone separators, which contain about 14–18 in. (350–450 mm) of refractory brick. Major CFB boiler suppliers now offer membrane tube cyclones that are cooled by either saturated steam or natural circulating water. The inside of the cyclone is covered with a thin layer (1–2 in. [25–50 mm]) of refractory that is applied by gunniting, similar to the combustor. This material is lighter than brick and can be applied more quickly (benefiting the EPC contractor). It also requires less maintenance and withstands faster load changes (benefiting the Owner). Water-cooled cyclones are top hung and grow down uniformly with the combustor, eliminating the need for large, expensive, and maintenance-intensive expansion joints at the cyclone inlet and loop seal return (benefiting both the EPC contractor and Owner).
Suppliers have also improved tube erosion protection in the combustor by use of “kickout tubes” to eliminate the abrupt flow disturbance where the refractory begins, weld overlay that is ground smooth, and plasma spray weld coatings. Other coatings have been developed for the bare tube waterwalls to protect them from erosion (though heat transfer may be slightly reduced).

In-combustor heat transfer surface allows improved upper bed temperature control. In some cases, however, heat transfer surface is installed in external fluidized bed heat exchangers (for example, in the loop seal returns or in the bed ash coolers). Although both of these approaches allow a reduction in convective surface area in the back pass of the boiler, a considerable amount of boiler external piping can connect the various heating surfaces. This piping can complicate the sequencing and schedule of boiler erection.
As mentioned earlier, CFB boilers perform best when the fuel is consistent. When co-firing opportunity fuels that vary throughout the year in quality and/or quantity, it is best to blend supplemental fuels that balance the calorific value to within as narrow a range of the design fuel as practicable. For example, if the CFB boiler is designed for mid-to-low-range calorific coal, the plant could also co-fire low calorific biomass with high calorific petroleum coke or shredded tires in proportion to keep parameters such as oxygen-to-fuel ratio, flue gas velocity, and ash split close to the original design criteria. 
The impact of fuel size distribution on the recirculating bed is often overlooked when blending or changing fuels. Too fine a fuel could cause combustion to occur high in the combustor, thereby creating elevated flue gas temperatures high in the oxidizing region and high levels of thermal NOx. Much of the fine particulate would escape the cyclones with the flue gas, depleting the bed and reducing heat transfer to the waterwalls. With fuel that is too coarse, more bottom ash must be drained to keep the bed level in check, but enough must break down into smaller particulate to maintain heat transfer to the waterwalls.
Various opportunity fuels can have other impacts on CFB boilers, as explained below.
Coal Mining Waste Impacts
By their very nature, coal mining wastes are variable and contain high levels of moisture, clays, fines, and processing substances such as magnetite, all of which make these wastes difficult to handle as a fuel. Not only are complete analyses needed, but “worst case” samples must be tested for flowability to support design parameters for silos and chutes. See Figure 2 for a typical testing program.6
Reclaiming from stockpiles using mobile equipment allows the operator flexibility in blending and the ability to set aside material too wet (or too dry) to reclaim at that moment. Blending may be based on heating value, size distribution, sulfur content, or ease of handling. Preferred crushed size distribution is minus ¼ in. (minus 6 mm); however, ease of handling may dictate size distribution as large as minus ½ in. (12 mm) at the sacrifice of carbon burnout and utilization of any inherent calcium in the ash. See Figure 3 for a fishbone diagram developed for assessing fuel flowability impacts to avoid pluggage problems.6
High ash, coarse crushed fuels may require a greater bottom ash rate to maintain bed level. Even with low ash coal, bottom ash still needs to be drawn to purge occasional oversized inerts or tramp material as well as accumulated alkalis. Alkali deposits can be very corrosive and can cause agglomeration of bed material. Bauxite or kaolin can be added to mitigate the agglomeration, but bauxite may also liberate chlorides.7
Petroleum Coke Impacts
Petroleum coke is mostly carbon with almost no ash. “Dirt” must be added to be able to maintain a bed in the CFB boiler. A bed of circulating material is necessary for heat transfer to the waterwalls. Often, additional limestone is used to make up the difference. Large amounts of lime can cause fouling deposits to form on the heat transfer surfaces and act as a catalyst for NOx formation in the boiler backpass. Low cost, low quality limestone can frequently provide enough inerts (ash) to be effective. Frequently, however, sand is added to maintain the bed. This sand should be low silica, high alumina content, since silica contributes to the formation of hard-to-remove fouling deposits on the heat transfer surfaces and can be very erosive. Petroleum coke burns hot, and the fluidizing air in the loop seal return can cause it to sinter and agglomerate. Additional ash and heat transfer surface in the loop seal return can mitigate the agglomeration. Coal can be co-fired with the petroleum coke in 10–90 percent proportions to become a source of the additional ash for bed material. 
Biomass Impacts
There are several approaches to firing biomass:

· Fire 100 percent biomass only

· Co-fire full range with coal (100 percent coal to 100 percent biomass)

· Co-fire a small amount of biomass with coal to minimize impacts

· Gasify or liquefy biomass to fire or co-fire in gas- or oil-fired boilers

These approaches can be evaluated in terms of lowest installed costs; however, a case-by-case examination is necessary when evaluating lowest total operating cost considering fuel costs. For firing 100 percent biomass, bubbling fluidized bed boilers are still recommended and have been designed up to 500,000 pph main steam flow capacity. CFB boilers can be designed to handle 100 percent biomass—though requiring features that increase cost—and can be designed at capacities as low as 100,000 pph steam. CFB boilers can also fire up to 10 percent biomass without noticeable impact. Co-firing is the least-cost approach to utilizing biomass for generating electricity.1 Gasifying or liquefying biomass is the approach with the highest capital cost. The price of natural gas or oil must be very high to economically justify gasifying or liquefying biomass.

The following impacts are associated with firing biomass:

· High moisture content increases evaporation losses, reduces boiler efficiency, and increases flue gas flow rate

· Sodium and potassium alkalis cause agglomeration and corrosion
· Chlorine causes fire-side corrosion on high temperature tubing (superheat or reheat)

· Lead and zinc combine with alkalis, chlorides, and sulfates to form corrosive, very-low-melting-temperature compounds8
· Incidental ash and added bed material lead to erosion
Biomass is inherently high in moisture and should be allowed to dry prior to firing. Some biomass byproducts, such as paper processing sludge, contain so much moisture that they will not sustain a flame and must be dewatered to less than 60 percent moisture. 
Biomass tends to be high in alkalis, sulfur, chlorine-forming potassium chloride, potassium sulfate, and other corrosive and fouling compounds. Any biomass that had fertilizer applied will have greater alkali and nitrogen content.3 High concentrations of alkalis decrease the ash melting temperature, leading to sticky deposits on waterwalls, on convective tubing, and in the bed material itself, causing it to agglomerate. Such deposits on heat transfer surfaces can be difficult to clean and can become corrosive. Although animal manure and other fuels high in alkalis and chlorine can be burned in a bubbling bed boiler, they are not suitable for a CFB, which tends to concentrate these constituents, increasing the corrosion effect. Locating superheater and reheater surfaces in the cyclone loop seal return dramatically decreases the effect of many of the corrosive compounds, since they are gaseous at the cyclone inlet and exit with the flue gas.7, 8
Demolition wood often contains nails, screws, hinges, etc., that are difficult to remove prior to combustion.  The fluidizing air grid of the CFB boiler must be designed to move these heavy objects so they exit with the bottom ash.2 

Co-firing biomass with coal allows the coal ash to mitigate the harmful effects of the biomass ash by diluting it and flushing it through the boiler, thereby reducing or preventing any slagging and fouling that could be caused by its harmful components.2 
AIR QUALITY CONTROL SYSTEMS
CFB boiler projects have demonstrated the ability to produce very low air emissions, well below the limits established by World Bank Standards. 
Over 95 percent of fuel sulfur is captured by reaction with limestone that is injected into the combustor. Since SO2 is captured almost as soon as it is formed, it has little opportunity to further oxidize to SO3.
Due to staged combustion air and controlled low combustion temperatures, little or no thermal NOx compounds are formed; most NOx compounds come from nitrogen in the fuel. NOx compounds can be further reduced with a selective non-catalytic reduction (SNCR) system that injects ammonia to react with nitrogen compounds, forming elemental nitrogen and water vapor, resulting in NOx emissions as low as 0.10 lb/MMBtu (43 g/GJ) with less than 5 ppm ammonia slip. Since sulfur capture takes place within the CFB combustor, very little sulfur is available to combine with ammonia slip to form ammonium bisulfate, which would have presented a concern regarding pluggage of the air heater.
With overfire air and controlled combustion temperatures, CO and volatile organic compound (VOC) emissions are also low (65 and 2.2 g/GJ, respectively), depending on the fuel. 

On CFB projects, particulate emissions are usually controlled with fabric filters (baghouses) installed downstream of the CFB boiler. The unreacted lime collects with the fly ash in the filter cake and continues to react, capturing more SO2 and other acid gases. Fabric filters are better at collecting fine particulate, as well as overall total filterable particulate, than are electrostatic precipitators (ESPs). The most commonly used fabric filter type is a pulse jet baghouse. Filterable particulate emissions levels have been guaranteed as low as 0.015 lb/MMBtu (6.5 g/GJ).

In the USA and Europe, especially with high sulfur fuels such as petroleum coke, SO2 and other acid gases in the flue gas have been further reduced by using a fluidized bed flue gas desulfurization (FB-FGD) system that hydrates and recycles a portion of the captured fly ash back into the flue gas upstream of the baghouse inlet. The residual lime in the fly ash is reactivated with water either before or immediately after it is injected into the flue gas, depending on the supplier. Sufficient residence time and temperature controls ensure the moisture is completely evaporated before the particulate reaches the filter bags. As much as 98 percent of the SO2 can be captured. There are several suppliers of proprietary FB-FGD systems, which offer as a side benefit lower limestone utilization, often offsetting the cost of the system. 
Role of the EPC Contractor 
An important ingredient for a successful plant is early involvement of an experienced EPC contractor in selecting major plant equipment. In this selection process, Bechtel remains technology neutral but proactive in identifying the best available technology meeting Owner requirements. Thus, before selecting the equipment, the EPC contractor must understand the Owner’s unique objectives for plant output, heat rate, reliability, availability, and emissions requirements. 
In addition to power output and heat rate, the major issue related to evaluating CFB performance is quantifying the technology in comparison with other technologies. 

To properly assess these impacts, Owners/Operators are well advised to engage an experienced and bankable EPC contractor in a purchase or reservation agreement for the major equipment. While such collaboration is always important, it is crucial for projects involving CFB applications. The EPC contractor can also verify that the terms and conditions essential to managing project design, construction, and commissioning are adequately covered in these agreements. An EPC contractor, with direct experience with the equipment being considered, can ensure that the scope is complete and all interfaces are well defined. Other areas in which the EPC contractor can add value to an Owner’s reservation agreement include the following:

· Ensuring adequate coverage of performance test tolerances and measurement uncertainty

· Addressing the impact of performance offsets 
· Ensuring consistency in pollutant levels and units included in the plant permits 
CASE HISTORIES
For over two decades, CFB technology has been used not only to fire waste fuels, but also to co-fire biomass and other opportunity fuels that would otherwise be difficult to utilize as a fuel source for reliable utility power supply. Bechtel provided engineering, procurement, construction, and startup services for the following lump-sum, turnkey (LSTK) CFB projects:
Table 1.  Bechtel CFB Experience 

	    Project
	    Size (net)
	  Fuel
	      Supplier
	 Year

	Greene Energy
	2 x 275 MWe(1)
	Gob
	Foster Wheeler
	2010

	Sandow 5
	2 x 280 MWe(1)
	Lignite
	Foster Wheeler
	2009

	Red Hills
	2 x 220 MWe(1)
	Lignite
	GEC Alsthom(2)
	2002

	Northampton
	1 x 98 MWe
	Culm/Other
	Pyropower(3)
	1995

	Colver
	1 x 104 MWe
	Gob
	Pyropower(3)
	1995

	Scrubgrass
	2 x 42 MWe(1)
	Gob
	Tampella-Keeler(4)
	1993

	Panther Creek
	2 x 42 MWe(1)
	Culm
	Pyropower(3)
	1992

	NISCO
	2 x 100 MWe
	Pet. Coke
	Foster Wheeler
	1992

	Morgantown
	2 x 29 MWe(1)
	Gob/Coal
	Pyropower(3)
	1990

	Montana I
	1 x 37 MWe
	Gob
	Tampella-Keeler
	1990

	Rumford
	2 x 43 MWe(1)
	Coal/Wood
	Pyropower(3)
	1990

	Mt. Poso
	1 x 49.5 MWe
	Coal
	Pyropower(3)
	1989

	Gilberton
	2 x 40 MWe(1)
	Culm
	Pyropower(3)
	1988

	Chester
	1 x 48 MWe
	Culm/Wood
	ABB-CE (Lurgi) (2)
	1986


(1)
Feeding a single steam turbine

(2)
Now Alstom

(3)
Now part of Foster Wheeler

(4)
Now Metso Power
Almost all CFB units have the capability of co-firing opportunity fuels in an environmentally manner, and many of those listed above have been doing so from the beginning. (Two examples are the Rumford and Chester plants, which have been co-firing paper mill waste materials.) New requests for proposals for such plants are received each year. In consideration of the space limitations of this paper, three CFB projects from Table 1 have been selected for description in the following case histories. The experience described regarding these projects may prove useful to the reader in configuring a power plant to co-fire opportunity fuels.
Northampton 108 MWe (net) CFB Generating Plant9
The steam generator at the Northampton Generating Plant is a single reheat CFB boiler by Foster Wheeler, designed to burn a blend of waste anthracite coal (culm) and silt (minus 100 mesh washery fines). A 2,400 psig (165 barg), 1,000 °F (538 °C), 1,000 °F (538 °C) condensing turbine is designed to supply up to 80,000 pph (36,287 kg/hr) of export steam to a neighboring paper reprocessing facility. 

The power plant was built on a brown​field site, north of Allentown, Pennsylvania, USA. The existing clinker building, 100 feet by 600 feet by 60 feet high, was converted to a fuel storage and preparation facility and is capable of storing 34,000 tons of fuel (20-day supply). The power plant receives 65 to 95 truckloads of fuel daily. The trucks return alkaline ash to the original waste coal sites as fill and as a neutralizing agent in land reclamation. 
The anthracite culm is received as 2 in. (50 mm) top size and is crushed to ¼ in. (6 mm) top size. The crusher product is screened with an oscillation-type urethane mat screen and the oversized material is returned to the crusher. Received fuels can be conveyed to the power block day silo or stocked out for storage under cover. Other opportunity fuels that are—or are planned to be—co-fired are coal silt, dewatered paper reprocessing sludge, petroleum coke, and shredded scrap tires. The scrap tires are to be received already chopped to 1 in. (25 mm) top size with the wire bead already removed. Two reclaim hoppers are used in addition to the truck receiving hopper to facilitate reclaim and blending, allowing high calorific fuels to be blended with low calorific fuels to keep the overall fuel higher heating value within an acceptable range. The fuel is then conveyed to a single 1,500 ton (1,360 tonne) fuel silo with four outlets that supply fuel to the boiler. The silo is lined with an ultra-high molecular weight (UHMW) polyethylene liner to improve flowability.
The fly ash collected by the ESP from a nearby pulverized-coal unit, rich in unburned carbon, is trucked to the Northampton Generating Plant and is pneumatically blown into the CFB as supplemental fuel.

SO2 emissions are controlled to 0.129 lb/MMBtu (52 g/GJ) by pneumatically injecting pulverized limestone into the CFB combustor. An SNCR system using aqueous ammonia sprayed directly into the CFB cyclone inlets maintains NOx emis​sions below the 1.2 lb/MMBtu (516 g/GJ) limit. A pulse jet baghouse filters fly ash from the flue gas to achieve an extremely low filterable particulate emission level of much less than the permit level of only 0.01 lb/MMBtu (4.3 g/GJ). 

A zero-discharge water treatment facility incorporates a raw water pretreatment system to supply clarified and filtered water to both the power plant and the paper reprocessing facility. Ash conditioning is the only outlet for wastewater from the plant and is nec​essary to control dust and to hydrate any calcined lime in the ash. 

Red Hills 440 MWe CFB Generating Plant10
The Red Hills Generating Plant is located in north-central Mississippi, USA. When completed in 2002, Red Hills was the largest CFB power plant in North America. Two GEC-Alsthom Stein (Alstom) lignite-fired CFB boilers generate steam at 2,625 psig (165 barg), 1,055 ºF (566 ºC), 1,005 ºF (538 ºC) for a single steam turbine. 
Lignite from the adjacent mine is relatively low grade, with moisture content up to 50 percent and a higher heating value as low as 4,448 Btu/lb (2,470 Kcal/kg). The lignite contains almost no rock, but is very adhesive and requires special liners in chutes and silos. Two Eurosilos®, each containing 2 days’ fuel supply, are alternately filled and reclaimed to provide surge capacity for the power plant. The lignite is crushed with roll crushers to minus ¼ in. (6 mm). Inherent calcium in the lignite removes roughly 70 percent of the fuel sulfur, requiring relatively little limestone to be added to remove over 95 percent of the total fuel sulfur. NOx emissions are controlled to 0.20 lb/MMBtu (860 g/GJ) with staged combustion and low combustion temperature. A pulse jet baghouse controls particulate emissions to 0.015 lb/MMBtu (4.3 g/GJ). 

Each boiler has four cyclones. The ash return loop seals incorporate fluidized bed heat exchangers (FBHEs) to make use of the relatively high heat transfer rate from the hot solids to the tube bundles for superheat and reheat duty. Since the fuel contains no hard, oversized rock material and the resulting ash fluidizes well, two of the FBHEs are used to cool bottom ash for disposal. The fluidizing air recovers the heat from the bottom ash and is used as secondary air in the combustor, improving the boiler efficiency. Fly ash and bottom ash are pneumatically transported to two storage silos, where they can be combined in each silo or segregated into separate silos. Ash can be unloaded dry for sale or wet-conditioned with brine from the zero discharge water treatment facility before use as a soil conditioner for mine reclamation.

The Red Hills Generating Plant was configured as an “Eco Park,” where wood chips and other logging and paper processing waste materials could be readily co-fired up to 5 percent of the boiler fuel heat input by adding a separate biomass handling system. An area was reserved for receiving and reclaiming prepared and sized biomass. A routing was reserved for the addition of conveyors where the biomass could be conveyed to the discharge end of the lignite feeders, where it would be fed to the CFB through the existing feed points. No other boiler enhancements were required to be able to co-fire the biomass.
Greene Energy Resource Recovery Project 525 MWe (Net) CFB Power Plant6
The Greene Energy Project is a mine-mouth power plant that will fire a combination of mining wastes:  60 percent silt, 20 percent gob, and 20 percent low-grade run-of-mine (ROM) coal. Two Foster Wheeler CFB boilers will generate steam at 2,625 psig (165 barg), 1,005 ºF (538 ºC), 1,005 ºF (538 ºC) for a single steam turbine. 
Gob not only contains rock, but also contains clay and magnetite from the coal washing process and is very adhesive. Fuel crushing and flowability testing were performed to support the conceptual design of the coal handling system. Testing indicates this fuel will plug in a crusher unless it is pre-screened so the smaller fraction bypasses the crusher. Due to the adhesive nature of the gob, the screen openings must be at least 7/16 in. (11 mm) and must have some positive means of remaining open, such as a flexible urethane screen. Since ½ in. (12 mm) top-size pieces of rock will not necessarily break down in the CFB, the ash handling system must be able to pass these larger pieces. Water-cooled screw conveyors will be used to cool the ash before conveying it to the combined bottom ash, fly ash silo. The alkaline ash will be used to remediate the adjacent coal mine site.
The limestone will be pulverized on demand by three mills using hot secondary air to pneumatically inject pulverized limestone into the CFB combustor to control SO2 emissions to 0.129 lb/MMBtu (52 g/GJ). An SNCR system using urea will be used to maintain NOx emis​sions below the 1.2 lb/MMBtu (516 g/GJ) limit. A pulse jet baghouse will be used to limit filterable particulate emissions to  0.015 lb/MMBtu (4.3 g/GJ). 
Fuel will be reclaimed with mobile equipment, screened and crushed, and conveyed to the boiler feed silos. This system will be set up to reclaim at least three different fuels in a pre-selected proportion on a weight basis and will be flexible enough to allow other opportunity fuels to be used without boiler or power plant modification as long as the fuel properties are taken into account and the proportions of corrosive substances held to acceptable levels.
CONCLUSIONS
CFB boilers can fire a wide range of fuels, but to keep both costs and problems to a minimum, co-firing of opportunity fuels is the best option. However, using opportunity fuels can prove problematic, since they contain constituents that cause corrosion and agglomeration; mitigating these effects when firing opportunity fuels alone can also be expensive. Co-firing biomass at 10 percent of the total fuel feed on a heat input basis can be accommodated with no changes to a CFB boiler designed to fire coal or waste coal. There are many examples of co-fired units in successful operation with high availabilities. Higher levels of opportunity fuels may be co-fired by balancing higher calorific supplemental fuels with lower calorific fuels to maintain the impact of the supplemental fuels as close as practicable to the original design fuel.
Co-firing opportunity fuels with coal in a CFB boiler allows the unit to be sized and designed for utility service, with better economy of scale and better steam cycle efficiency. Opportunity fuel can be co-fired in moderation (10–15 percent) to reduce fuel cost without detrimental effects on the boiler. When the opportunity fuel is not available due to seasonal or other reasons, the unit can still meet power demand by firing 100 percent coal. 
Co-firing opportunity fuels in a CFB boiler reduces the environmental impacts that would otherwise be presented by disposal of these materials. In addition, co-firing these fuels reduces CFB ash disposal cost, since the opportunity fuel usually results in less ash produced by the CFB boiler. Clearly, maximizing the use of opportunity fuels in CFB boilers can be viewed as a win-win scenario for Owners and EPC contractors as well as the environment and the communities in which we live. 
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Solid Fuel Analysis
(Complete for each component fuel before any mixing)

Parameter


	Fuel Type (Lignite, Bituminous, Other)
	

	Fuel Description
	

	Proximate (% wt)
	Nominal
	Minimum
	Maximum

	  Moisture
	
	
	

	  Ash
	
	
	

	  Volatile matter
	
	
	

	  Fixed carbon
	
	
	

	Total
	
	
	

	Ultimate (% wt)*
	Nominal
	Minimum
	Maximum

	  Carbon
	
	
	

	  Hydrogen
	
	
	

	  Nitrogen
	
	
	

	  Chlorine
	
	
	

	  Oxygen
	
	
	

	  Ash
	
	
	

	  Moisture
	
	
	

	  Sulfur
	
	
	

	Total
	
	
	

	Higher Heating Value, Btu/lb
	
	
	

	Fuel Particle Size Distribution
	Mean
	Minimum
	Maximum

	% passing through (top size) ½”, ¼”, #28, #70, #100, 150# and #200 Tyler mesh
	
	
	


Solid Fuel Ash Analysis:

	Ash Description
	

	Ash Mineral Constituents (% wt)
	Mean
	Minimum
	Maximum

	  SiO2
	
	
	

	  Al2O3
	
	
	

	  Fe2O3
	
	
	

	  CaO
	
	
	

	  MgO
	
	
	

	  Na2O
	
	
	

	  K2O
	
	
	

	  TiO2
	
	
	

	  P2O5
	
	
	

	  SO3
	
	
	

	  SrO
	
	
	

	  MnO2
	
	
	

	  BaO
	
	
	

	  Undetermined
	
	
	

	Total
	
	
	

	Ash Fusion Temperatures, Reducing
	Mean °F
	Minimum °F
	Maximum °F

	   Initial deformation
	
	
	

	   Softening
	
	
	

	   Hemispherical
	
	
	

	   Fluid
	
	
	

	Trace Element Analysis – Dry Whole Coal Basis (ppm by weight)
	
	
	

	Element
	Mean
	Minimum
	Maximum

	
Antimony
	
	
	

	
Arsenic
	
	
	

	
Beryllium
	
	
	

	
Chromium
	
	
	

	
Cobalt
	
	
	

	
Fluorine
	
	
	

	
Lead
	
	
	

	
Manganese
	
	
	

	
Mercury
	
	
	

	
Nickel
	
	
	

	
Selenium
	
	
	


Figure 1.  Coal Analysis Data Sheet  
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Figure 2.  Fuel Test Matrix
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Figure 3.  Bunker-to-Boiler Fuel Flow
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