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ABSTRACT sulfur Powder River Basin coal. Ali gaseous emissions
Ahlstrom Pyropower has designed and built a 10 MW_ (34 during testing with Illinois No. 6 coal and Powder River

MMBtu/hr) pressurized circulating fluidized bed (PCFB) pilot Basin coal are well within the projected limits for the DMEC-

plant in Karhula, Finland. The unit is now operating. Data 1 project. Emission data from tests with Illinois No. 6 coal
from this unit supports the design of a nominal 80 MW, Des and Powder River Basin coal are presented in the paper.

Moines Energy Center 1 (DMEC-1) PCFB Repowering

Project. INTRODUCTION
The pilot plant PCFB combustor is of square cross-section. In 1986, Ahlstrom Pyropowcr embarked on the developmentof

lt is housed in a 3.6 m (11.8 ft) diameter pressure vessel, theAHLSTROM PYROFLOW PressurizedCirculating Fluidized

A high pressure high temperature gas cleaning unit Bed (PCFB)technology for utility power generation. In 1989 a
downstream of the PCFB exhaust is installed in a separate 10 MW= PCFB Test Facility was commissioned in Karhula,

2.6 m (8.5 ft)diameter pressure vessel. The maximum plant Finland. AhlstromPyropower has designed the componentsfor
operating pressure is 16 bar (232 psia). The fuel is fed in the Karhula PCFB Testing Facility basedon the experiencein
slurry form; sorbent is also fed along with the fuel. A designingCFBs for various typesof fuels andcapacity rangesand
separate, dry sorbent feed system is also installed for on PCFB componenttesting durir,_ the mid 1980's. The facility
trimming the sulfur oxides emissions during load swings, is a key tool tor verifying the design and scale-upparametersof
The plant has provisions for start up with gas and/or oil. At the Des Moines Energy Center l PCFB Repowering Project,
the end of October 1992, the unit has operated for about awarded under Round3 of the Departmentof Energy Clean Coal

3,000 hours. TechnologiesProgram. The main objectivesof theKarhula PCFB
The net heat input per unit cross section of the combustor Testing faciliw programare:

is the highest of any known combustion mode. The heat
release can go up to 40 MW/m 2 (12.6 MMBtu/ft= hr). Many To generate process data for the design of
types of coals including high sulfur, bituminous Illinois No. commercial size PCFB units
6 coal and Western sub bituminous, low sulfur Powder River To develop engineering data for in-house and
Basin coal were tested. Combustion efficiencies in the vendor engineering of PCFB systems and

range of 99.5 to 99.9=/=have been consistently observed, plant auxiliaries suchas fuel feeding and ash
Emissions of various gases such as NO,, SO2, and CO at handling

different operating pressures and loads were monitored. To generate a data base for auxiliary

The gas emissions have been lower than expected based equipmentperformancewhich canbe usedfor
on atmospheric circulating fluidized bed boiler experience, other advancedcoal utilization technologies
The sulfur retention is over 95 % with a Ca/S molar ratio of To demonstrate a commercial scale high-

1 tO 2 for high sulfur Illinois No.6 coal. A Ca/S molar ratio pressurehigh-temperaturetilter under PCFB
of 2.5 to 3.5 was observed to retain 95 % of sulfur with low conditions.
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Shake-down tests on the facility were started in mid 1989. Tests DESCRIPTION OF THE FACILITY

have been performed to evaluate key subsystems and relevant The pilot plant PCFB combustor is of square cross-section, lt
process parameters. The novel subsystems which are being is housed in a 3.6 m (11.8 ft) diameter pressure vessel. A high
studied include the PCFB combustor, the ceramic high pressure pressure high temperature gas cleaning unit downstream of the
high temperature (HPHT) filter, fuel, sorbent and ash handling PCFB exhaust is installed in a separate 2.6 m (8.5 ft) diameter
systems, and process controls, pressure vessel. The maximum plant operating pressure is 16 bar

The total number of operating hours logged since the summer of (232 psia). The fuel is fed in slurry form, sorbent is also fed
1989 to October of 1992 stands at about 3000 hours. Illinois No. along with the fuel. A separate, dry sorbent feed system is also
6 coal, Powder River Basin coal, Wilbur dolomite and Iowa installed for trimming the sulfur oxides emissions during load
Industrial Lime No.l are among the many fuels and sorbents used swings. The plant has provisions for startup with gas and/or cii.
in the PCFB combustor. A detailed description of the facility is given in earlier papers

The pressure to reduce gaseous pollutants has resulted in the (lsaksson et al. 1990 and Sellakumar et al. 1991). However, to

enactment of regulations in industrialized countries. Acceptable provide a quick reference to the reader, a summary of design
levels of SO2, and NO_ emissions from coal burning plants have conditions is given in Table 1. Figure 1 shows the schematic of
been reduced significantly in the last few years and there is no the facility.
sign for this trend to level off. Hence, any new technology that

j is developed must address these issues and show potential for FACILITY OPERATION

meeting the challenge. The facility has operated for about 3000 hours with typical bed
Experience with Illinois No.6 coal and Powder River Basin coal materials including ashes from various coals, limestones and fine

I combustion and the capability of PCFB technology to meet sand. The PCFB combustor has performed remarkably well inw stringent emission control requirements well beyond the terms of process characteristics such as combustion efficiency,

i immediate needs are described in this paper, gaseous emissions, and response to load changes. The combustor
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FIGURE 1. AHLSTROM PCFB TESTING FACILITY PROCESS FLOW DIAGRAM



components, solid circulation systems, water wall, in-furnace measure regulated (SO s and NOx) and some of usually
surfaces, grid, start up burners and refractory havealsoperformed unregulatedgasessuch asNzO and CO.
weil. This has demonstratedto be a soundplatform to prove
Ahlstrom's design philosophyand confidently apply data for the
DMEC-I plantcomponentdesign. Thereare,however,a few TABLE 2. AHLSTROM PCFB PILOT PLANT - FUEL AND

parameters/operatingconditionswhichneedfurtherimprovement SORBENT DATA
suchaslongdurationoperation.

A. Coal

TABLE !. PCFB PILOT PLANT DESIGN PARAMETERS Element/ Rawhide Illinois

Compound Minec1_ No. 6(2_

Heat Input 10 MW_ (34 MMBtu/hr)
C 69.5 68.04

Fuel Feed Rate (max) 2 kg/s (15870 lb/hr)
H 4.92 4.71

Air Flow Rate (max) 5.5 kg/s (43650 Ib/hr) S 0.49 3.7
-=_- Operating N 1.07 !.23

i Temperature 1153 K (1616°F) Ash 6.8 14.83" Operating O (by diff) 17.2 7.49

I Pressure (max) 16 bar (232 psia) Total 100 100

H20 30.9 9.3

Fuel and Sorbent Data HHV, MJ/kg 19.3 25.7

Electric Power Research Institute (EPRI) and Dairyland Power (Btu/lh) 8,300 11,070
have cooperatively supplied 1500 tons of Illinois No.6 coal and
300 tons of Wilbur dolomite; EPRI and Midwest Power have sent
500 tons of Powder River Basin coal and 100 tons of Iowa B, Limestone

Industrial Lime No.l. The analyses of Illinois No. 6 coal and
Wilbur limestone are given in Table 2 with those of Powder River Element/ Iowa Ind. Lira©°) Wilbur 12)
Basin coal, and Iowa Industrial Lime No. 1. For the DMEC-I Compound

plant, the main fuel is Powder River Basin coal and other likely
fuel is Illinois No.6 coal. CaCO 3 95 53.4

MgCO_ 0.2 (max) 36.7
Heat Release in the Furnace H20 - 0.08

Heat release rates per unit volume of the combustor were about Others 4.8 9.82
an order of magnitude higher than those used in ACFB units or
in other modes of coal combustion. Table 3 provides a

comparison of furnace plan area heat release rates in PCFB Notes:
combustors with other types of combustion systems. Because of
high heat release rates in PCFB, one might anticipate 1. Powder River Basin (Western sub-bituminous coal) and
agglomeration of ash in the furnace. The excellent mixing of the Iowa Industrial lime No.l are the main fuel and the sorbent
fuel, and controlofcombustion airand temperature have provided respectively for the Iowa Power DMEC-I PCFB
trouble free operation of the system without agglomeration, demonstration project.

2. Illinois No.6 coal and Wilbur dolomite are provided by
Heat exchanger surfaces in the pilot-plant combustor were EPRI and Dairyland Power.

visually examined for any metal wastage after the operating runs.
No abnormal wear as indicated by polishing of the surfaces was
observed. Any abnormal metal wastage might have showed up Thus, first the limestone is calcined to form lime, and next the
within a short run time, for example 1000 hours. This is a very lime reacts to absorb SOs. The effectiveness of the limestone in
positive result of the research outcome from the pilot-plant, removing sulfur at atmospheric pressure is then limited by the

formation of a calcium sulfate (CaSO_) layer on the exposed
EMISSION PERFORMANCE surfaces of the limestone particle and inside the pores deactivating

One of key objectives of the testing is to monitor the PCFB the sorbent. Once this layer is formed, it is difficult for sulfur
combustor's capability to meet stringent emission regulations. To dioxide molecules to penetrate for reaction. Additional limestone
prove the PCFB technology's superior emission reduction must be injected to continue with the sulfur removal process.
characteristics, the test facility is provided with instruments to Thus, for example, for a reasonably reactive limestone with high



porosity, a calcium to sulfur ratio in the range of 2.5 to 4 may be
required in an atmospheric CFB to achieve 95 percent SO2
removal on high sulfur coal. 100

80

TABLE 3. PLAN AREA HEAT RELEASE RATES IN CO I_mvd 60 •
ii

COMBUSTORS (0 6%0"2) 40 -

20 ,,
• • II

• " ,I ' "."1 _ ,IllCombustor Heat Release, 0 "
MW/m_ 4 5 6 7 8 9 0 11 12

(MMBtu/ft 2 br) Load (MWth)

Stoker (traveling grate) 1.3-2.2 FIGURE 2. CO EMISSION FROM PCFB PILOT PLANT
(0.4-0.7)

Pulverized Coal (Bit) 4.4-6.3
(1.4-2.0) to the improved effectiveness of limestone for sulfur absorption.

Bubbling Fluidized Beds This offers the potential for even better levels of sulfur removal
Atmospheric 0.7-2.1 and for a reduction in the costs of limestone and waste disposal

(0.2-0.7) compared to that required for scrubbers, bubbling beds, or
Pressurized (15 bar) up to 10 atmospheric CFBs.

(up to 3.1) The chemistry of sulfur absorption in the PCFB is different from
that occurs in an ACFB. In atmospheric CFB boilers, collection

Circulating Fluidized Beds of sulfur with limestone occurs by a two step reaction mechanism,
- Atmospheric 2.8-3.3 as follows.

(0.9-1.1)
- Pressurized(15 bar) up to 40 CaCO 3 ....... > CaO + CO2 (Calcination) .......... (1)

(up to 12.6)
CaO + SOa + 1/2 02 .... > CaS04 (Sulfation) .. (2)

In the PCFB. sulfur dioxide generated ,luting the combustion
process will also be captured by reaction with limestone, but the

Combustion Efficiency reaction appears to occur by an entirely different and more
The pressurized CFB boiler is a highly efficient system where efficient mechanism. The mechanism for sulfur removal under

virtually complete oxidation of combustible species and highly pressurized conditions occurs in one step by the reaction:
efficient reaction of limestone with sulfur dioxide is achieved.

This has been confirmed by repeated testing at Ahistrom's Karhula CaCO 3 + SO2 + !/2 02 ---> CaSO( + COa ..... (3)
PCFB Testing Facility. Under the pressurized conditions present
in the boiler, mass transfer and gas/solids contacting are enhanced, This is because the calcination reaction does not occur under the

resulting in substantially better performance than is observed higher partial pressure of CO a present in the pressurized boiler. In
under atmospheric conditions. Because of the high partial pressure fact, if calcium oxide is injected into the PCFB under pressurized
of oxygen in a pressurized boiler and the efficient contacting conditions it will carbonate and absorb CO 2 to form calcium
achieved in a PCFB, highly efficient carbon conversion is carbonate. The direct sulfation of CaCO_ to CaSO4 has been
achieved. This is evidenced by testing results at Karhula which demonstrated by many researchers; under pressurized conditions
show carbon conversion in the range of 99.8 to 100 percent with without combustion by Dennis and Hayhurst (1984); under
excess air levels as low as 10 percent. Very low CO levels have pressurized coal combustion up to 6 bar (87 ps•a) by Bulewicz et
also been demonstrated during such testing and no ash sintering al. (1986).
has been observed. CO has been within 60 ppmvd at various

loads (Fig. 2). This is below that achieved using ACFB units, lisa and Hupa (1990) studied the direct sulfation of 125-180 pam
limestone and dolomite in a pressurized thermobalance at 1 to 25

Sulfur Retention bar (14.7 to 362 ps•a), 1020 to 1120 K (1376 to 1556 °F) and gas

The sulfur capture reactions in the PCFB differ from those (COa, SO2,O0concentrations typical for fluidized bed conditions.
observed in atmospheric fluidized beds because of the effects of Under atmospheric conditions, absorption of sulfur by limestone

pressure on process chemistry. The reduced furnace size and leveled off in the test. Testing with the same limestone sample
enhanced contactingwhichresultfrom pressurization contribute under pressurized conditions [15 bar (217 ps•a)] showed



continuing sulfur absorption beyond the end of the test. The
limestone particles did not show any evidence of deactivation
such as occurs under atmospheric conditions.

In a thermogravimetric test, it was shown that CaO used in the 100
test is first carbonated to form CaCO_ due to the high partial

90 ..

pressureof COs. lt is after this conversion the majority of sulfur Sulfur 80_ ..absorption and conversion to CaSO 4 occurs,confirming that the Retention

reaction occurs primarily with CaCO 3. They concluded that: (%) 7o .......
60

the degree of sulfation was up to 50 percent 50 L
higher in conditionsof pressurizedcombustionthan 1 1.5 2 2.5 3 3.5 4

at atmospheric Ca/S Molar Ratio (sorbent only)
the sulfation rate increased as the temperature was ]

increased over 1020 to 1220 K (1382 to 1742°F) • Illinois Coal • PowderRiver Basin Coal [Jrange.

The simultaneoussulfationand recarbonationas well as direct FIGURE 3. SULFUR RETENTION VS CA/S MOLAR RATIO

sulfation were studied by Tullin and Lungstrom(1989)and lisa
et al. (1991) at atmospheric conditionsusing thermogravimetric
analyzers, lisa et al. (1991) also studied these reactions at NO= Formation and Destruction Under Pressure
elevated pressures [8 to 20 bar (i 16 to 290 psia)]. Research The heterogenous decomposition of NO x over limestone and
findings confirm that direct sulfation reaction is possible in PCFB char surfaces has been proved by many researchers including
and sulfur capture by limestone is not limited by total pressure, those at the Ahlstrom R&,D Center. Though the findings were at

The implications of this direct sulfation mechanism are atmospheric conditions, the validity can be confidently extended
significant, lt appears that following the absorption of SOs by the to pressurized combustion conditions. The solids concentration in

limestone particle, a COs molecule is emitted, continuing to a PCFB combustor is many times higher than in an ACFB. The
fracture the particle as sulfur is absorbed and continuously char concentration in the vicinity of the fuel feed point is higher
opening new pores in the particle. Thus, in the PCFB, with than that could be obtained in a PFBC. This is possible because
adequate residence time and efficient contacting, nearly complete PCFB operates at a higher superficial velocity resulting in a
utilization of the limestone can be achieved. The result is high higher fuel throughput per unit area of cross section and hence
removal efficiencies at low calcium to sulfur ratios. This has been plan area heat loading than in a PFBC as shown in Table 2. This
confirmed repeatedly during testing at Karhula, where during environment in a PCFB provides larger surface area per unit
many tests sulfur removal efficiencies in the range of 95 to 99.5 volume of gas for gas-solid interaction. The high fuel
percent have been achieved at calcium to sulfur ratios 30 to 70 concentration in the lower furnace region has low O z. and high
percent below what is required in the atmospheric CFB. CO. lt aids NO_ reduction to molecular nitrogen.

Another important aspect of the absorption of sulfur with

limestone in the boiler is that unlike atmospheric applications The general forms of the reactions which contribute to NO,
where there is a peak in the effectiveness of limestone at a reduction are given below:
temperature of about 1140 K (1592°F), limestone reactivity
continues to improve with increasing temperature under C + 2 NO .... > CO2 + N_ ..................... (4)
pressurized conditions. C + NO .... > CO + 1/2 Nz ..................... (5)

SOs emission characteristics were studied by varying the Ca/S CO + NO .... -'-,CO 2 + 1/2 N 2 ................. (6)
molar ratio, bed temperature etc. Initial results show that the (catalyzed)
sulfur retention in PCFB combustor is higher than expected. A
Ca/S ratio of less than 2 for a sulfur retention of about 95 % The effect of operating variables was studied for Illinois No. 6
appears to be adequate for high sulfur coals. SO2has been found and Rawhide coals. The excess air was found to have the
to be less than 200 ppmvd for an O: level of 3 % in the flue gas maximum influence on the NO_ emission. Similar observation
(Fig. 3). The figure does not provide trends explicitly: This is has been reported on NO, emission from PFBC systems
because the process parameters for each data point var), (Minchenerand Kelsall, 1990). In the PCFB pilot-plant, theNOx
significantly, emission was lower than 200 ppmvd at oxygen levels less than 3

For low sulfur Powder River Basin (Powder River Basin) coal, % (Fig.4). However there is an increase in NO, if the oxygen
the Ca/S ratio is higher as expected to achieve the same level goes above 3 %. lt is also possible to reduce the NO,
percentage of sulfur retention as with the high sulfur lllinois_o.6 emission levels below 100 ppmvd, if necessary with Ahlstrom

coal. Variations in operating conditions were intentionally appl_¢_ NO_ control technology.

on the system to test the limits of significant operating parameters._
\



150 _ _ 1 Powder River Basin Coal

I • 1143 K 1117 K
100 _ -= " "" 100

_"--(1597 F)_'_ (1551 _) '_

Na< "= -=

• ' " " NOx 80 l- 1106 K _i I 11141
(mg/MJ) 50 = ,-.,_ Reduction 1545 F)

i, , ,i i i- (1532 ' F) --1'079 K _( 1 1 ]I (:'_; ;:/0 1 2 3 4 5 6 40 -

Oxygen in Dry Flue Gas (% by vol.) I 1.5 2 2.5 3 3.5 4 4.5
I

•lllinois Coal • Powder River Basin Coal I

NH3/NOx Molar Ratio

FIGURE 4. NO x EMISSION VS OXYGEN CONTENT IN FIGURE 5. NOx REDUCTION BY AMMONIA INJECTION
FLUE GAS

NO: Control by Ammonia Injection

To improve further on NO x emissions, Ahlstrom's patented NOz

reduction process was used. The process uses ammonia injection Powder River Basin Coal
at selected locations of the hot gas stream from the combustor. 6 1143 K -

This Selective Non-Catalytic Reduction (SNCR) was used to (1597 F)

reduce NO x emissions from the PCFB boiler. SNCR works by the NH3 Slip 4 i_
reduction of NO x at about 1 170 K (1646 °F) by the following (ppmvd @

reactions. 6%02) 2 -- 1079 K __ 1117 K __ 1079 K --
(1482 F) (1551 F) (1482 F) •

4NO + 4NH 3 + 05 --> 4N_ + 6H20 ................... (7) 0 1 = I ,

6NO + 4NH_ ....... > 5N_ + 6H=0 ..................... (8) 1 1.5 2 2.5 3 3.5 4 4.5
NH3/NOx Molar Ratio

A set of tests were conducted to minimize the NO x emissions

keeping most of the operating parameters constant. Ammonia was FIGURE 6. AMMONIA SLIP VS NH/NO x MOLAR RATIO

injected to maintain a molar ratio of NHjNO_ from 0 to 5. The

findings are presented in Fig. 5. lt has been demonstrated that the

NO x emission can be brought down to any desired level, well PowderRiver BasinCoal
below 30 ppm, probably 1/10th of what is allowable by EPA
standards of 1990. The ammonia slip was also measured and it 80

was found to be very low, less than 5 ppmvd (Fig. 6). Even at •60 ....
higher molar ratios of ammonia/NO x, the ammonia slip is less N20

than 5 ppmvd. (ppmvd @ 40 lt

6% 02) 20 .-
N=O •

N20 emissions from combustion sources has gained a lot of o a
attention recently because they may be associated with greenhous© 1370 1400 1430 1460 1490 1520 1550 1580

effects. Ahlstrom's in-house research efforts have shown that the (1016 K) Furnace Temperature ((:leg. F) (1133 K)
two most important parameters which influence N_O formation
and destruction are combustion temperature and gas residence FIGURE 7. NiO EMISSION FOR POWDER RIVER BASIN

time. The relative influence of combustor operating pressure is COAL

still not clear and it is being _'¢searched.

N20 emission from PCFB pilot-plant is shown in Fig. 7. lt is can be disposed by conventional means or can be used as a filler.

always less than 30 ppmvd at 3 *,4 O 5 in the flue gas. lt is Because of the efficient combustion which occurs in the boiler,

expected to be lower when the gas residence time increases in the unburned carbon in the PCFB ash is very low, typically 0.5 to

large size combustors where the combustor will be about three 3 percent oi'the asi: depending on conversion rate and the amount

times taller than that of the pilot-plant, of ash in the coal. These levels are about one-third of the level
found in bubbling bed PFBs. Also, because the unreacted

limestone in the ash is present as calcium carbonate (CaCO3)

PCFB BOTTOM ASH AND FLY ASIt rather than calcium oxide, the pH of the ash is lower and the ash

The bottom ash and fly ash produced in the boiler are inert and is less basic. This chemical consistency has a lower pH (<< 12.5)



value for the ash Icachate and hence handlingand utilization of June 1990.

the ashbecomes easier. This propertyis achievedby the direct Sellakumar,K.M., ct al. "Ahlstrom PYROFLOW Pressurized
sulfationof the sorbentCaCO3to CaSO4 and not via calcination. Circulating Fluidized Bed Technology Development," Conf. on

Fluidized Bed Combustion,London, IOP Publishing, pp.373-380.
1991.

SUMMARY OF FINDINGS Tullin C., and Ljungstrom, E., "Reaction Between Calcium
The PCFB pilot-plant test experience with Western sub- Carbonate and Sulfur Dioxide," Energy and Fuels, 3, pp 284-287,

bituminous Powder River Basin and Midwest¢m bituminous 1989.

Illinois No.6 coals has been covered. Tests are continuing. The
results have demonstrated the capability of the PCFB technology
to meet current levels of allowable pollutant levels as well as
potential to meet the requirements well below the immcdiat=
needs.

SO: and NOz emissions were well below the U.S. EPA
allowable limits of 516 mg/MJ (1.2 Ib/MMBtu) and 258 mg/MJ
(0.6 Ib/MMBtu)respcctivcly; The emissionvalueswere lessthan
100 mg/MJ (0.23 Ib/MMBtu) for SO2 and 120 mg/MJ (0.28
Ib/MMBtu) for NO x. Th_ sulfur retention values were in the
range of 90 to 98 %.

CO values were lessthan 30 mg/MJ (0.07 Ib/MMBtu). N20
emissionswere also measuredand foundto bemuch lessthan20

ppmvd at 3 % O5and 1060 K.
The pH of the ash leachatewas foundto be lessthan thoseof

atmospheric units and less basic. This is due to the difference in
the mechanism of sulfation of limestone particles.
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