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ABSTRACT 
A team comprised of the Energy and Environmental Research Corporation (EER). the Will-Burt 
Company, and the Ohio Agricultural Research and Development Center (OARDC) designed, 
installed and tested a pilot scale atmospheric fluidized (bubbling) bed combustion (AFBC) system 
to heat hot water. Following testing, a commercial prototype unit was installed at Cedar Lane 
Farms (CLF), near Wooster. Ohio. The unit was started up in January. 1995 and is currently 
in operation. It provides hot water for greenhouse heating, requiring about two hours per day 
of operator attention. The development was funded by the Ohio Coal Development Office, the 
U.S. Department of Ene re  and the team members. Based on the success of the prototype 
operation. a commercial size unit was recently designed for hot water heating use. 

This small scale AFBC system can be designed not only to produce hot water or steam but also 
to efficiently generate elecmcity (60 kWe to 3.5 W e  size range). Most small scale fluidized 
bed systems use in-bed heat transfer tubes to generate saturated steam which can then be 
superheated and fed to a steam turbine for electrical power generation. This AFBC has no 
internal heat transfer surfaces. It can be combined with an air heater that is integrated with a 
recuperated Hot Air Gas Turbine (HAGT), to yield a more efficient power plant than that 
possible with small steam plants of comparable size that have optimal gross efficiencies of about 
12% (29,060 BtdkWhr). Depending on ambient air temperature, this AFBC-HAGT power 
cycle can reach efficiencies of 28% +(12,200 Btu/kWhr) without auxiliary diesel fuel oil firing. 
The system is ideally suited for rural communities that are not tied into an electric power grid. 
It is low tech, easy to operate. provides approximately double the efficiency of small steam cycle 
power plants, and can be used in areas where water is scarce. When firing local coal and/or bio- 
mass it can be very cost effective compared to diesel power generation. Capital and operating 
costs for a nominal 1.5 MWe power plant for Tok. Alaska are presented. 
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B7TRODUCTION 
A small scale coal fired atmospheric fluidized bed combustion system was tested at the pilot 
scale, and a 2.2 million Btu/hr unit is currently being operated (') at CLF, a commercial nursery 
in Wooster, Ohio. This type of fluidized bed system may be designed in sizes from 1.5 to 50 
million Btu/hr and higher. Agricultural/forestry waste/municipal and industrial wastes, and 
waste oil may also be fired separately or co-fired with coal. 

Most small scale fluidized bed combustion systems use in-bed heat transfer tubes to generate 
saturated steam, which can then be superheated and fed to a steam turbine for electric power 
c generation. Such fluidized bed power plants overall gross thermal efficiencies of up to 12%''). 
This fluidized bed combustor has no internal heat transfer surfaces. It can be combined with an 
indirect fired air heater that is integrated with an industrial recuperated gas turbine, to yield a 
more efficient power plant than that possible with relatively simple Rankine steam cycles. The 
AFBC-HAGT power cycle can reach efficiencies of 29 'IC + . This small scale power generation 
system is ideally suited for rural communities, such as exist in Alaska (3), Canada, Hawaii, etc., 
that are not tied into an electrical power grid. In remote locations, where water is scarce, the 
system can be designed to generate electricity without the need for water. It is also applicable 
for use in applications to provide electrical power plus waste heat for space heating or process 
applications. 

AFBC DEVELOPMEST 
The AFBC system is designed with simplicity as the primary principle. It was recognized that 
small scale operators would not have the resources to employ the large staff necessary to operate 
and maintain a complex fluidized bed combustion system. The combustor is a refractory lined 
unit with no internal heat transfer tubes. It operates under a slightly negative pressure (-0.2" 
WC). The only maintenance requirement is periodic refractory repair. 

A 1.5 Million Btu/hr AFBC pilot unit was designed, installed and started up at the OARDC in 
Wooster Ohio, in mid-1992. Over 100 operational runs were completed from startup through 
the end of 1993 (4). The AFBC was configured with flue gas recycle to control bed temperature. 
The flue gas recycle technique is applied in applications where hot water or steam is produced 
and it has the added benefit of increasing the overall thermal efficiency of this particular AFBC 
system. Sand was used as the fluidized bed media. The pilot combustion system produced hot 
water, and proved its operability for small scale industrial-commercial-institutional applications 
for process use and space heating. This same design was used for the CLF installation. 

The firing of coal, with a particle size of lh'' x 0" has been successfully demonstrated in the 
AFBC. Simple grinding of run-of-mine coal is all that is required to prepare the feed for 
introduction into the fluid bed. Coal washing is not required and the system can process coals 
with very high ash content (up to 50%). An inert bed material such as sand or crushed refractory 
( -  6 to 20 mesh) may be used as the fluid bed heat transfer media. Limestone may be fed with 
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the coal to reduce SO, emissions. Another interesting facet of this fluidized bed is that the only 
place that ash and spent sorbent exit the system is from the downstream baghouse. Two coals, 
one from Ohio and one from Alaska, and two limestones were tested in the pilot unit. Coal and 
limestone properties are shown in Table 1. 

TABLE 1. COAL A h 9  LIMESTOhX SORBENTS TESTED 

coals: 
Wayne Mine Coal - Bituminous 
(3.3 wt% S) Ohio Coal, HHV @ 12,600 Btu/lb 
Little Tonzana Coal - Sub-Bituminous 
(1.1 wt% S) Alaska Coal. HHV @ 7,600 Btu/lb 

Sorbents: 
National Lime and Stone 
80 wt% CaC03 Calcitic Limestone 
Ohio Lime Company 
54.5 wt% CaCO, Dolomitic Limestone 

During pilot testing, sulfur capture was as high as 88.6%. yielding a flue gas emission rate of 
0.59 lb of SO,/MM Btu when firing high sulfur Ohio coal. This level was accomplished with 
a dolomitic limestone being fed at a rate to yield a Ca/S ratio of 4.26. The ratio included the 
coal ash alkali components (Ca, Na, K). Test results indicated that the regulated emission level 
of 1.2 lb of SO,/MM Btu of coal fired could be met by using limestone at a rate to yield a Ca/S 
ratio of 2.5 to 3.0. The pilot operation also confirmed the results of others, showing that 
regardless of limestone type, the smaller the panicle size, the greater the calcium utilization. 
The calcium utilization, when using a 6 x 16 mesh limestone sorbent was 2470, and for the 20 
x 80 mesh size range was 30%. Since silica sand is used as a bed media, rather than limestone 
as in many fluid bed systems, the size of the limestone is not critical to bed fluidization 
characteristics. Therefore, this system can take advantage of a smaller size limestone to achieve 
a higher calcium utilization. 

A sorbent recycle system was not included in the pilot testing; however, this technique is being 
used at the CLF facility. The sorbent recycle technique yields better utilization of the limestone 
and this result is now being observed in the CLF operation. The recycle technique improves 
sorbent utilization by recycling the large sorbent particles back into the fluidized bed of sand. 
The reaction, CaO + MO, + SO, + CaSO,, is primarily a surface reaction and sorbent particle 
attrition exposes unreacted calcium to improve calcium utilization. Through the use of this 
technique. in combination with under bed coal/limestone feed, the emission level of 1.2 lb of 
SO,/MM Btu of high sulfur Ohio coal fired was met at CLF by using limestone at a rate to yield 
a Ca/S ratio of approximately 2.0, bringing the utilization of sorbent up to 50%. 
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Whereas dolomitic limestone performed better than the calcitic limestone for the capture of SOz 
based on calcium utilization, on a weight ratio (pounds limestone/pounds SOz removed), both 
limestones performed similarly. This is because the calcitic limestone has a higher percentage 
of calcium carbonate than the dolomitic limestone. When selecting a limestone, the best option 
will be the lowest cost limestone. 

No limestone was fed into the combustor during the pilot testins of the Little Tonzana Alaska 
coal: however, the alkali components (Ca, Na. K) in the coal ash yielded an alkali/S ratio of 
1.19. The AIaska coal sulfur would be expected to translate into an SO, emission rate of 2.78 
lb/MM Btu of coal fired. As a result of the alkali in the ash capturing sulfur, the SOz emission 
to the atmosphere was only 1.33 Ib/MM BN of coal fired, a fifty-two percent reduction. 

With limestone bed media based systems that include in-bed heat transfer surfaces, particle 
c growth occurs in the bed, and these large particles must be removed. With this AFBC, 
throughout the pilot plant operation at OARDC and the commercial prototype operation at CLF. 
there were never any large particles of ash-sorbent found in the combustor after draining the 
sand bed, even after hundreds of hours of operation. This was true for the Ohio bituminous coal 
and the Alaska sub-bituminous coal. It is believed that the fluidized bed media of sand, acts as 
an attritor to reduce particle size and prohibit particle growth in the bed. The hot refractory 
walls may also play a part in precluding particle growth on the walls. Since no hot ash is 
removed from the bed, increased operator safety is obtained and this feature also simplifies the 
operation of the system. The fine fly asNspent sorbent may be used as a fertilizer, soil 
conditioner, or as a soil cement. 

In addition, because sand is used as the fluid bed media and there is not an excess of alkali like 
that for limestone bed based systems, sulfur dioxide capture can be controlled by controlling the 
Ca/S rate. This provides for lower utilization of limestone (lower operating cost) to meet SO, 
emission limits. 

AFBC-HAGT SYSTEM 
The AFBC-HAGT system has not been demonstrated as an integrated cycle, but all of the 
component parts are proved. The operation at CLF has proved the fluid bed system technology. 
This unit was designed with programmable logic control (PLC) in such a way as to minimize 
operator attention. Afcer initial startup on natural gas. the unit will start up, shut down and bank 
itself automatically. Because this AFBC has no internal heat transfer tubes to cool off the bed, 
the bed can stay banked for five to six hours without the need for added fuel to maintain bed 
temperature. If fuel is required during extended outages. the coal feed will start up periodically 
to maintain bed temperatures and then will shut off. The greenhouse heating demand load is 
quite variable, but the automatic control system has perfomed well even under the extreme 
cyclical operating conditions. 
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This same type of automatic control system will be designed into the AFBC-HAGT system. The 
startup of the AFBC at CLF has been very successful and demonstrations of commercial scale 
AFBC hot water systems and AFBC-HAGT power cycle systems are now being investigated. 
The AFBC-HAGT system for electrical power generation will use the same fluidized bed 
combustor design as that used for the CLF demonstration. 

The other main components of the system are the flue gas to air heat exchanger and the hot air 
c gas turbine. The flue gas to air heat exchanger is state-of-the-art technology which can be 
supplied by several heat exchanger manufacturers. Low technology industrial recuperated gas 
turbines that will be integrated with the AFBC are also state-of-the-art and are commercially 
available. 

AFBC-HAGT Power Plant for Tok 
The State of Alaska is interested in the use of coal to replace diesel fuel in rural communities 
for three important reasons: 1) many existing diesel fuel storage tanks in these communities are 
leaking and the environmental cleanup is going to be costly, 2) the State would rather use 
indigenous coal mined by local labor than import diesel fuel, and 3) the State would like to 
reduce its power cost equalization subsidies. Rural Alaskan villages will only have an interest 
in small scale coal fired power plants if they are economically attractive compared to diesel 
I generator electricity production. 

Two power generation options are available with the AFBC-HAGT system; 1) generation of 
electricity only, and 2) generation of electricity plus steam/hot water for process or district 
heating. A preliminary investigation of applying the AFBC-HAGT for power generation u7as 
made for the Village of Tok. Alaska. Since Tok has a need for district heat, the power 
c generation option that includes a district heating system was chosen. 

Sub-bituminous coal from the Jarvis Creek Mine (see Table 2), located some 15 miles away 
from Tok, will be mined and transported to a coal storage pile at the power plant. This coal is 
very reactive and has a low fuel nitrogen content. It is a very good AFBC feedstock and carbon 
conversion will be high and NOx emissions low. It would also be possible to design separate 
feed systems to handle the fuing of waste oil and wood waste, should a village desire this 
option. 

From a storage pile, coal is transported to a receiving hopper by a front end loader. Coal from 
the hopper is fed into a small crusher to reduce the coal to a minus ’h inch size (see Figure 1). 
It is then conveyed to a coal feed bin. Limestone from a separate storage pile is transported to 
one of two limestone bins. Coal along with limestone is then fed into two 7.5’ wide x 15’ long 
atmospheric fluidized (bubbling) bed combustors. 
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TABLE 2. JARVIS CREEK COAL ANALYSIS 
Sub-bituminous C Coal 

Proximate Analysis (as received) Weight % 

Fixed Carbon 35.14 
Volatile Matter 36.56 
Moisture 21.19 
Ash 7.11 
Total 100.00 

Ultimate Analysis (as received) Weight c/o 

Carbon 53.91 

Oxygen 13.03 
Nitrogen 0.68 
Sulfur 0.95 
Moisture 21.19 
Ash 7.11 
Total 100.00 

Hydrogen 3.43 

HHV = 8,764 Btullb Coal Sulfur = 2.16 lb/RGl.I Btu 

The total coal feed rate, at full load, is approximately one ton per hour. The coal feed rate is 
controlled to maintain the fluidized bed of sand at a temperature of 1550 OF. Limestone may not 
be required, depending on the alkaline content of the Jarvis Creek Coal, but a modest amount 
(Ca/S =1) was added here IO be conservative. Limestone is added at a rate to limit sulfur 
dioxide emissions to 1.2 lb SO,/MM BN or less, sulfur dioxide capture taking place in the fluid 
bed. 

Coal and limestone are metered into pneumatic eductors that transport the mix into the bottom 
of each of the two fluidized beds. Small air blowers will be used to provide the transport air 
media to convey the mix through pipes that pass up through the windboxes, through the air 
distribution grid plates and into flow splitters that equalize the feed throughout the fluid bed. 
Sand is used as the fluid bed media. 

Startup of the AFBC-HAGT system will be accomplished with a turbine startup motor and by 
firing diesel fuel into the turbine combustor that exhausts into the inlet. of the gas expansion 
turbine. A startup burner that fires directly into the fluid bed windboxes will provide additional 
heat to the turbine gas exhaust to heat the bed up to approximately 1400"F, a temperature that 
is suitable for good coal combustion so that coal feed into the units may be initiated. 
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The flue gas from both fluid bed combustors enters the shell of a flue gas/hot air heat exchanger. 
Air from the gas turbine compressor enters a humidifier where conditioned water may be 
sprayed into the air stream to increase mass flow and reduce air temperature. The hot flue gas 
flowing through the shellside of the heat exchanger, heats the tubeside compressed air from the 
air humidifier. The air humidification technique is applied to increase the overall thermal 
efficiency of the gas turbine power cycle by providing more mass flow through the hot gas 
expansion turbine. 

The pressurized hot air from the heat exchanger, at some 1450°F, enters an industrial 
recuperated gas turbine expander that is nominally rated at 1.5 MWe. It is necessary for the 
AFBC-HAGT system to use a recuperated gas mrbine. because it includes piping connections 
to and from a recuperator. The recuperator, in this case, is replaced by the flue gadair heat 
exchanger. The gas turbine operates at a 3.9:l compression ratio with a maximum turbine 
expander inlet temperature of 1600°F. The work done by the hot gas expansion through the 
turbine supplies power to compress air and also to generate electricity. 

The hot air exiting the expansion turbine at 950 to 1050°F. depending on load, enters the AFBC 
windbox to supply hot air for coal combustion and to fluidize the beds. Temperature control 
in the fluid bed is maintained by controlling the coal feed rate. By introducing the hot turbine 
exhaust into the fluid bed, less coal is required to bring the bed up to operating temperature and 
the net result is increased overall thermal efficiency. It is similar to the reheat system used on 
steam cycles to increase overall efficiency. In addition. the cooling of the air from the gas 
turbine compressor via water saturation results in a reduction of flue gas temperature exiting the 
heat exchanger. 

The AFBC-HAGT system may or may not include the option of adding a district heating unit. 
This system includes district heating, so a hot water/glycol heat exchanger is inserted into the 
flue gas stream from the flue gadair heat exchanger to provide district heat to the Village. The 
flue gas from the hot waterlglycol heat exchanger is drawn, with an induced draft fan, into a 
baghouse and is then vented to an atmospheric stack. 

Mass and Enerey Balances The Village of Tok has some 1,100 permanent residents and is 
located in east-central Alaska (the Yukon Area). The Alaska Power & Telephone Company 
(AP&T) manages the electrical power generation and distribution system for the Village. The 
average electrical demand load for Tok in 1993-94 was 1.119 kWe, with an absolute minimum 
load of 760 kWe and an absolute maximum load of 1,640 kWe. The Village also has a need for 
district heating, up to 15 million Btu/hr if all commercial and residential units used such a 
heating system. The AFBC-HAGT using a Kongsberg KG2-3R with a 3.9:l compression ratio 
can be used to follow the full gamut of these load demands. The existing diesel generators could 
be used to supply incremental power during peak load conditions if required. 

8 



14th International FBC Conference 
May 11-14, 1997 
Vancouver, B.C. 

Mass and energy balances were developed for the Tok Power Plant to supply electricity and 
district heat to the Village at the various electrical demand loads delineated above. Electrical 
demand set the energy output from the system, and also dictated the energy available for district 
heating. The results of those calculations are shown in Table 3. 

TABLE 3. 

AFBC-HAGT w/DISTRICT HEAT CAPABILITY 
Efficiencies and Power Outputs @ Various Conditions 

TOK Absolute Average Maximum Average Average Absolute Absolute 
L0.4D Minimum bfinimum Loadwl Load Maximum Maximum Maximum 

DEhlANDS Load Load 59'F Air Load Load Load 
~ - ~~ 

Operating Conditions: 

Coal Feed, lbkr LO00 2,019 2.176 2,187 2,378 1,917 2,459 

Diesel Oil, lo6 Bru/hr 0 0 0 0 0 4.43 0 

Ambient Air Temp. 59°F 59°F 59'F 20°F -19°F -19°F -30°F 

HumidificationRate 1 2 g m  I 2.9 gpm I 10.8 gprn 1-3.7 g m  I 4.3 gpm 1 0 gpm I 5.6 gpm 

Gross Power: 

kWe 913 947 1230 1266 1628 1794 1780 

Heat Rate, BtukWhr 19,193 18,684 15.510 15,137 12,805 11,835 12,108 

Net Power: 

kWe 760 796 1097 1119 1484 1640 1640 

Overall Efficiency 14.8% 15.4% 19.6% 19.9% 24.3% 33.3% 26.0% 

I I I I 

Overall Effjciency 17.870 18.370 22.0% 22.5 70 26.7% 36.4% 28.2% 

Gross Power: 

kWe 913 947 1230 1266 1628 1794 1780 

Overall Effjciency 17.870 18.370 22.0% 22.5 70 26.7% 36.4% 28.2% 

Heat Rate, BtukWhr 19,193 18,684 15.510 15,137 12,805 11,835 12,108 

Net Power: 

kWe 760 796 1097 1119 1484 1640 1640 

Overall Efficiency 14.8% 15.4% 19.6% 19.9% 24.3% 33.3% 26.0% 

Heat Rate, Btu/kWhr 1 23,069 I 22,232 1 17,382 I 17,129 I 14,041 I 12,943 I 13,140 

Max. District Heat: 1 I I I I I I 
HW/Glycol, 106Btu/hr 1 6.07 I 5.53 1.09 3.94 2.28. 4.76 1.15 
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The operating conditions selected were somewhat arbitrary but were geared to reflect 
performance based on the average low ambient air temperature in January ( -19°F) and the 
average high ambient air temperature in July (59°F). Gas turbines are more efficient when low 
temperature air is used for they are constant volumetric devices, so the lower the air temperature 
the greater the mass throughput and the more power output. In the Yukon region where Tok 
is located, the demand is greatest in the winter. This type of seasonal demand fits in nicely with 
the characteristic of beins able to produce more power at higher efficiencies during cold weather 
conditions. 

Increased water spray humidification rates and lower ambient air entering the gas compressor 
both increase power output and overall thermal efficiency. The AFBC outlet flue gas 
temperature can also be varied to change power output and efficiency, the higher the outlet gas 
temperature, the higher the power output and efficiency. In addition, diesel fuel may also be 
co-fued to increase power output and efficiency. As a result, there are several variables or 
combinations of variables that may be controlled to meet a flucmating load demand. The 
maximum power output possible with the Kongsberg turbine is 1.8 MWe (gear box mechanical 
limit) and that level can be reached with the AFBC-HAGT system during cold weather 
conditions. This AFBC-HAGT system can supply the power output demand for the total load 
range at Tok. Further, some power output is available for future growth in the Village. 

The district heat rates shown above in Table 3, in all but one case, reflect the maximum district 
heat available for the various electrical load demands based on coal only as the fuel to the 
system. The use of auxiliary diesel fuel oil firing inro the gas turbine, to increase power output 
rather than using water spray humidification, can provide a higher district heating capability (see 
the next to last column in Table 3). Further, very high overaIl thermal efficiencies may be 
achieved with diesel fuel co-firing in cold weather, 36% gross efficiency (1 1,835 Btu/kWhr) and 
33% net efficiency (12.943 BtuIkWhr). During t h i s  cold weather condition, if auxiliary diesel 
fuel is co-fired, then the AFBC-HAGT could provide approximately one-third of the total 
(currently 15 million Btu/hr) district heat load for Tok. The overall thermal efficiency of a 
system that excludes a district heating unit is slightly higher than that for the system that includes 
district heating. However. an economic advantage may be obtained with the district heat option 
if district heat sales more than offset the increased capital and operating costs associated with 
this option. 

Economics Capital and operating costs were developed for the Tok AFBC-HAGT Power Plant. 
Capita1 costs were based on vendor quotes and an in-house cost estimating computer software 
program called Questimate. Construction labor was based on Alaska construction labor rates 
and includes cost of living allowances for outside construction personnel that may have to be 
brought into Tok to install the system. The capital cost estimate is an order of magnitude 
estimate (+35 %/-lo%). The operating costs were developed based on cost information obtained 
for coal, limestone and operating/maintenance personnel. 
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The installed capital and operating costs for the system with a district heating unit are shown in 
Table 4. The total plant investment is estimated at $5.84 million, see Table 5. The gross annual 
operating cost is projected at $1.59 million, with district heat sales of about $300,000, resulting 
in a net operating cost of producing power of $1.28 million or $0.154/kWhr. Excluding the 
fixed charge operating cost to payoff capital, the cost of power generation is $0.084/kWhr. The 
average cost of power to Tok electricity users based on diesel generator power was $0.208/kWhr 
in 1994(5) and $0.20/kWhr in 1995(6). 

Based on this economic assessment, the AFBC-HAGT appears to be a promising technology to 
replace diesel-fired generators for electrical power generation in remote villages. It is low tech, 
easy to operate, and can provide over double the efficiency of a small scale fluidized bed/steam 
cycle power generation system (60 kWe to 3.5 W e ) .  It can also be used in areas where water 
is scarce. Further, the use of indigenous coal will provide jobs to village residents in Tok. 

The next step in the development of the AFBC-HAGT power system is to build a commercial 
demonstration plant. Although all of the component parts of this system have been proved, since 
the system components have not as yet been integrated together, the best approach 10 eliminate 
risk to Tok would be to seek funds from the U.S. DOE and Alaska research and development 
agencies for the commercial demonstration of the technology. 

TABLE 4. TOK POWXR PLANT CAPITAL COST 

1 Major Equipment $ 2,560,200 
~ ~~~ ~ 

Instruments S 103,700 

Piping/Insulation/Painting Supplies $ 308,108 

Electrical Supplies $ 199,100 

Building (incl. Labor) $ 192,600 

Construction Labor $ 1,013,200 

Engineering $ 472,500 

Freight $ 227,000 

Sub-total $ 5,076,400 

Contingency $ 761,640 

Total Plant Investment $ 5,837,860 
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