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Abstract 

4 

Co-firing tests were conducted in a pilot-scale reactor at Sandia National Laboratories and in a 
boiler at the Hawaiian Commercial & Sugar factory at Puunene, Hawaii. Combustion tests were 
performed in the Sandia Multi-Fuel Combustor using Australian coal, whole fiber cane including 
tops and leaves processed at three different levels (milled only, milled and leached, and milled 
followed by leaching and subsequent milling), and fiber cane stripped of its tops and leaves and 
heavily processed through subsequent milling, leaching, and milling cycles. Testing was 
performed for pure fuels and for biomass co-firing with the coal at levels of 30% and 70% by 
mass. The laboratory tests revealed the following information: (1) The biomass fuels convert 
their native nitrogen into NO more efficiently than coal because of higher volatile content and 
more reactive nitrogen complexes. (2) Adding coal to whole fiber cane to reduce its tendency to 
form deposits should not adversely affect NO emissions. ( 3 )  Stripped cane does not offer a NO 
advantage over whole cane when co-fired with coal. During the field test, Sandia measured 0 2 ,  

C02, CO, SO2, and NO concentrations in the stack and gas velocities near the superheater. Gas 
concentrations and velocities fluctuated more during biomass co-firing than during coal 
combustion. The mean 0 2  concentration was lower and the mean C02 concentration was higher 
during biomass co-firing than during coal combustion. When normalized to a constant exhaust 
0 2  concentration, mean CO concentration was higher and mean NO concentration was lower for 
biomass co-firing than for coal. The SO2 concentration tracked the use of Bunker C fuel oil. 
When normalized by the amount of boiler energy input, the amounts of NO and SO2 formed 
were lower during biomass co-firing than during coal combustion. The difference between NOx 
trends in the lab and in the field are most likely a result of less effective heat and mass transfer in 
the boiler. Particles were sampled near the superheater tube using an impaction probe and were 
analyzed using scanning electron microscopy. Particle loading appeared higher for biomass co- 
firing than for coal combustion, especially for the smaller particle diameters. Laser-induced 
breakdown spectroscopy (LIBS) was used to detect silicon, aluminum, titanium, iron, calcium, 
magnesium, sodium, and potassium concentrations near the superheater. LIBS provided an 
abundant amount of real-time information. The major constituents of the fuel ash (silicon and 
aluminum) were also the major measured inorganic constituents of the combustion products. 
The combustion products were enriched in sodium relative to the fuel ash during all tests, and 
they were enriched in potassium for the biomass co-firing tests. Alkali metals are enriched 
because compounds containing these elements are more readily releasable into the combustion 
products than refractory components that remain in large particles such as silicon, aluminum, and 
titanium. Relative to the measured deposit chemistry, the combustion flows were enriched in 
iron, sodium, and potassium, constituents that are known to form fumes laden with fine particles 
and/or vapors. The LIBS results yield insight into the deposition mechanism: Impaction of 
larger particles dominates over fume deposition. The present application of LIBS reveals its 
potential to provide real-time field information on the deposition propensity of different fuels 
and the effects of different fuels and boiler operating conditions. 

f 
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1 Introduction 

Hawaiian Commercial & Sugar Company (HC&S) has been growing cane to produce sugar for 
more than a century. The company uses bagasse, the fibrous residue left after the sugar 
extraction process, as a biomass boiler fuel to provide steam and electricity for the sugar factory. L. 

The excess electricity generated is sold to the local utility. Since sugar cane is seasonal, 
expensive fossil fuels such as coal and residual fuel oil must be purchased and used during the 
off season to allow year-round power generation. 

In recent years, HC&S and other companies have begun looking for ways to maintain profits in 
the face of declining revenues from sugar production. One potentially profitable pathway is to 
use cane as a dedicated energy crop to produce biopower directly, bypassing the sugar-making 
process entirely. Another possibility is to use cane to produce new bioproducts such as 
fiberboard or ethanol. The biopower option will potentially decrease the HC&S fuel cost by 
displacing expensive fossil fuels not native to Maui. Additionally, the use of an alternative fuel 
will displace some of the bagasse currently burned in the boilers, making it available for other 
uses such as fiber board production. Furthermore, a cane that bypasses the sugar mill has the 
potential to be used as a feedstock for ethanol production in the future. Finally, well-known 
environmental benefits motivate the increased use of energy crops around the world. 

With partial support from the U.S. Department of Energy, HC&S undertook a project to select, 
grow, and demonstrate the use of “fiber cane” as a closed-loop biomass fuel for power 
generation. Fiber cane is defined as a cane optimized for fiber recovery instead of sugar 
recovery. Fiber cane is more economical than sugar cane because it requires fewer soil inputs 
(fertilizer and water) and it has morphology suitable for forage chopping and harvesting. 
Additionally, fiber cane can be garnered in its entirety, with stalks, leaves, and tops all used for 
fuel. This is in contrast to the usual HC&S procedure of harvesting only the stalks and has the 
potential to reduce the amount of open field burning of leaves and tops. 

In the ideal (and least expensive) case, fiber cane would be harvested, chopped, and injected into 
the boiler for direct combustion without further processing. In reality, fiber cane straight from 
the field will contain chemicals such as potassium that may cause slagging in the boiler 
superheater and convection passes or on the fuel bed. This is not a usual concern with bagasse 
partially because its alkali metals are heavily leached away during sugar extraction. Hence, fiber 
cane may require some level of processing before it is ready to combust. Processing adds cost, 
so it is desirable to find the minimum level of fuel handling that can be used. An additional way 
to minimize the risk of boiler problems is to co-fire the fiber cane with coal, although this raises 
other concerns such as a greater potential to form oxides of nitrogen (NOx). Both fuel 
processing and co-firing of fiber cane were examined by HC&S. A fiber cane variety (B52298) 
was grown and harvested, and full-scale co-firing was performed in January 2002. 

Few papers addressing fundamental bagasse combustion have been published. The only archival 
literature review on the topic was published in 1977; since little scientific work had been done ‘. 

, 
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with bagasse at the time, the review focused on cellulose chemistry (cellulose is a component of 
bagasse) and fire spread through fuel beds.' Several papers describe improvements made to 
practical large-scale bagasse-fired boilers to improve Computational models of 
varying complexity are being developed for bagasse combustion systems such as grate furnaces, 
suspension-fired boilers, and fluidized bed comb~stors .~- '~  These models rely on fundamental 
kinetic data measured for bagasse pyrolysis and oxidation under low and high heating 

Two laboratory studies published in the mid- and on measured bagasse particle properties. 
1980s addressed fundamental bagasse combustion. Stubington and Fenton studied the effect of 
bagasse particle type (e.g., loose and densified fibers and small and large compressed pellets) 
and observed clinker formation in cases where combustion temperatures were high.22 Cundy and 
coauthors reported successful and complete combustion of pulverized bagasse in a specially- 
designed laboratory swirl burner.23 To the present authors' knowledge, no papers have been 
published describing fundamental experiments on NOx formation during bagasse combustion, 

Additionally, no although a few applied papers have featured information on these topics. 
papers demonstrating combustion of unprocessed or minimally processed cane have appeared, 
and there is a dearth of information about co-firing of bagasse or cane with coal. 

7,19-2 1 

2,6,24,25 

In support of the co-firing demonstration project, laboratory-scale experiments were performed 
at Sandia National Laboratories with the objective of helping HC&S identify the least amount of 
processing and/or the ideal co-firing ratio necessary to minimize boiler damage and curtail 
emissions. Sandia also participated in the field demonstration of fiber cane co-firing in January 
2002 by deploying a laser-based diagnostic along with several more conventional measurement 
techniques. The purpose of this report is to document the methods, results, and conclusions from 
the Sandia laboratory and field testing. 

2 Sandia Multi-Fuel Combustor Measurements 

Four cane-derived fuels and one Australian coal were burned in the Sandia MFC. All cane- 
derived fuels were hand-harvested from small plots of B52298 fiber cane planted at HC&S. 
Table 1 lists the fuels used and the processing methods employed, while Table 2 contains 
important fuel properties. All fuels were reduced in size to about 1 mm and air-dried to a 
moisture content of less than 10 % to facilitate their use in the MFC. A detailed comparison of 
the different fuels employed in this effort was previously published.26 

Table 1. Summary of fuels for pilot scale testing. WC = whole cane; SC = stripped cane; 
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Table 2. Pronerties of MFC test fuels. 

Higher Heating Value (MJkg, dry ash free) 
As-fired Moisture (% wet basis) 
Proximate Analysis (“A dry matter) 
Fixed Carbon 
Volatiles 
Ash 
Ultimate Analysis (“h dry matter) 
I 

0 (bv difference)* 
N 
S 
Ash Elemental Analysis (% ash, 600°C) 
Si02 

A1203 
Ti02 
Fe203 
CaO 
MgO 
Na20 
K20 
P205 
SO3 
C1 

c 0 2  
iccounts for C, C1, and S also include 

2.1 Methods 

AC I l l  WCU WCM WCMLM SCMLM 
34.1 19.3 20.9 19.5 19.2 
6.95 8.63 8.42 8.18 7.54 

44.5 14.4 14.6 13.5 12.4 
41.0 77.4 79.2 81.7 85.7 
14.5 8.19 6.27 4.82 1.94 

i in ash. 

Experiments were performed using the Sandia Multi-Fuel Combustor (MFC), a 15-cm diameter, 
4.2-m long, silicon carbide, turbulent down-flow r e a ~ t o r . ~ ~ - ~ ~  The reactor consists of seven 
independently heated 0.6-m long sections. For the present tests, exhaust gases were continuously 
extracted from the seventh (bottom) section of the reactor using a 110 “C heated probe and 
sampling line. Chemiluminescent and paramagnetic analyzers were used to analyze for NOx and 
0 2  concentrations, respectively, just after the sample was cooled for water removal. 

4 



The MFC was operated with a wall temperature setting for each section of 1100 "C. In practice, 
the wall temperature can vary, especially in the upper two sections of the reactor. The upper 
sections can either be cooler than 1100 "C as a result of cold reactant heat transfer or warmer 
than 1100 "C owing to combustion heat release. This behavior depends on the rates of air and 
fuel flow into the reactor, but it was not documented as part of the present work. 

Each biomass fuel in Table 1 was thoroughly mixed with coal at as-fired mass percentages of 0% 
(pure coal), 30%, 70%, and 100% (pure biomass). The as-fired mass percentages approximately 
equal the dry mass percentages since all fuels contained 7-9% moisture. For each fuel mixture, a 
single screw feeder was calibrated using a receptacle and stopwatch. MFC combustion tests 
were performed for each mixture. Primary air preheated to 500°C was injected into the first 
(top) reactor section. Additionally, 25°C transport air conveyed the solid fuels into the same 
reactor section. The rate of cold transport air flow was about 30% by mass of the total rate of air 
flow. The rates of primary and transport air flow were estimated using mass flow meters. 

For each fuel, the rate of air flow into the reactor was held constant, while the rate of fuel flow 
was varied to obtain target dry exhaust 0 2  concentrations between 0% and 15% by volume. 
Each 0 2  concentration was maintained for several minutes until the NOx concentration achieved 
a steady state value. The total rate of air flow was predicted assuming complete conversion based 
on the rate of fuel flow, the fuel composition, and the measured exhaust 0 2  concentration. 

Table 3. Important parameters determining operating conditions during MFC tests. The 

For each fuel, Table 3 shows the air meter reading (the approximate rate of flow based on the 
sum of the primary and transport air meter readings), the average rate of predicted air flow, the 
range for which the fuel feeder was calibrated, and the range of fuel flow rates employed. The 
table shows that, for two of the tests (WCU30 and WCM3O), the predicted rates of air flow are 
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much lower than the estimated rates and the range of fuel flow rates falls well below the range of 
fuel feeder calibration. Thus, the results from the WCU30 and WCM30 tests were discarded. 

The theoretical heat release rate, the product of the fuel mass flow rate and the higher heating 
value of the fuel, was kept relatively constant independent of fuel type for a given exhaust 0 2  
concentration. Figure 1 depicts the variation of this parameter for all experiments. The heat 
release rate varied approximately linearly from 47 f 9 kW at 0% 0 2  to 14 f 4 kW at 15% 0 2 .  

Heat release rate was thus constant to within f 20% for each exhaust 0 2  concentration. Figure 2 
depicts the variation of the approximate reactor residence time for all experiments. The 
residence time was constant to within * 20% of the mean of 1.1 s for all fuels except for pure 
coal. The coal combustion reactants and products had a longer residence time of 1.5 s. The 
relatively constant heat release rate and residence time for a given 0 2  concentration provide 
justification for comparing NOx results for different fuels at constant 0 2  concentrations. 

0 S i o  i s  16 
-n C o n m m  h Exhrt ( Yv, W )  

Figure 1. Range of heat release rates, calculated from measured rate of fuel flow and higher 
heating value, as a function of O2 concentration for all MFC tests. 

Q S i o  15 20 2s 
cxvonr con-* Exh*at( %v, *) 

Figure 2. Range of reactor residence times, estimated using the measured rate of fuel flow, the 
predicted rate of air flow, and the reactor geometry, as a fbction of exhaust 9 concentration. 

. 



2.2 Results 

2.2.1 Pure Fuels 

Figure 3 depicts the emission indices of NOx (EINOx) as a function of 0 2  concentration for the 
pure coal and pure biomass fuels. The emission index is defined as the mass of pollutant formed 
per unit mass of fuel burned. The NOx is assumed to appear entirely as NO for the EINOx 
calculation. For a given fuel, EINOx increases slightly and then remains constant or decreases as 
0 2  concentration increases. EINOx increases because the relative amount of 0 2  available to 
oxidize the fuel nitrogen increases; eventually, either the lower heat release rate or the cooling 
associated with the diluent N2 from the air may lower local temperatures and thus NOx 
formation rates. Coal has a higher EINOx (-6 g/kg at 8% 0 2 )  than any of the biomass fuels. 
The EINOx for the whole cane fuels has a similar value (-4gikg at 8%02)  regardless of 
processing level. The heavily processed stripped cane (SCMLM) has a lower EINOx (-2 g k g  at 
8% 0 2 )  than any of the whole cane fuels. On a mass basis, these trends in NO production are 
consistent with the mass-based fuel nitrogen concentrations in Table 2. 

* 

e 
m 

0 

0, . v.0 P 

1 
0 2 4 8 8 1 0 1 2 1 4  

Oxygm Ccmntntlon In Exhausl( %v, dty ) 
Figure 3. Emission indices of NOx for MFC testing with pure fuels. 

As seen in Fig. 3, biomass fuels form less NOx than pure coal when the pollutant amounts are 
normalized by the mass of fuel consumed. However, biomass fuels have heating values lower 
than those of coal. To transfer an equivalent amount of thermal energy to steam in a boiler, more 
biomass than coal would be needed. To account for this effect, the “energy emission index,” 
defined as the mass of pollutant formed per unit theoretical energy released, is examined in 
Fig. 4. The energy release rate is defined as the heat release rate in Fig. 1. In the figure, the coal 
and all of the whole cane fuels generate similar amounts of NOx (-0.21 g/MJ at 8% 02) .  Only 
the stripped cane shows a lower value of Energy EINOx (-0.12 g/MJ at 8% 0 2 ) .  Figure 4 shows 
that the presumed NOx benefit associated with using biomass is minimal for all but the most 
heavily processed fuel. To understand this trend, it is useful to examine the NO trends in yet a 
different way. 



0 
V . 

I 
0 2 4 a 8 1 0 1 2 1 4  

awn Commtbn In waust  ( %v, dry ) 

Figure 4. Energy-based emission indices of NOx for MFC testing with pure fuels. 

Figure 5 depicts the percentage of fuel nitrogen converted to NOx as a function of exhaust 0 2  

concentration for each pure fuel. Surprisingly, the coal converts the lowest percentage of its 
nitrogen to NO (-20% conversion at 8% 0 2 ) .  This happens in spite of the fact that the coal 
combustion products have the longest expected residence time in the reactor (Fig. 2). In 
comparison, the pure biomass fuels release 30% to 40% of their nitrogen as NO at 8% 0 2 .  

Hence, in the MFC, the biomass fuels appear to form NOx more readily than the coal. This can 
be explained by the fact that biomass forms very little char. Thus, nitrogen is released entirely 
during devolatilization. If oxygen is present, either from the combustion air or from the biomass 
volatiles themselves, NO is likely to form. On the other hand, coal releases some nitrogen as 
volatiles and retains some nitrogen in char. The char nitrogen can either form or reduce NO. 
Coal has more fixed carbon than biomass (Table 2) and is known to reduce NO on its surface 
during char ~xidation.~' Since biomass produces very little char, this effect is not expected for 
the cane-derived fuels of this study. An additional factor is that nitrogen exists in biomass in 
reactive amines, while it exists in coal attached to more stable ring strucmes. 

Figure 5 .  Conversion 

*L 0 
0 2 4 6 8 1 0 1 2 1 4  

Oxygen Conanbltbn h €xhau& ( %v, dry) 
efficiency of N to NO for MFC testing with pure fuels. 
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In summary, Figs. 4-5 demonstrate that, in a pulverized combustion system such as the MFC, 
whole cane with any level of processing makes as much NOx as coal. To achieve a NOx benefit, 
one must strip the cane of tops and leaves and process it heavily to make a fuel like SCMLM. 
This is effectively the process experienced hy normal bagasse before it is burned. . 
2.2.2 Co-$ring 

Figure 6 shows co-firing effects. Energy EINOx are depicted as a function of exhaust 0 2  

concentration for different co-firing levels for each biomass fuel. In Fig. 6 ,  the differences 
between the amount of NOx produced during co-firing and that formed during pure biomass 
combustion are minimal. The only exception is the stripped cane (SCMLM): When fired alone, 
SCMLM fuel forms half as much NOx as when it is co-fired with coal in any amount. Hence, 
adding coal to the whole cane fuel to minimize deposition tendency should not affect NOx. 

0.0 1 I 
0 5 10 15 20 

Ohygen Comnhtbn In Exhaud ( %v, dry ) 
Figure 6 .  Energy based emission indices of NOx (NO equivalent) for MFC co-firing of biomass 
with Australian Coal (AC). 



2.2.3 Differences between MFC and HC&S Boiler 

The Sandia MFC is an entrained flow reactor. Fuels are reduced in size and dried before 
combustion. Devolatilization, volatiles combustion, and char reactions can take place 
sequentially or simultaneously throughout a cloud of suspended particles as the reactants and 
products traverse the reactor together. All of the fuel ash is entrained and emitted from the 
reactor. 

For the HC&S stoker-fired grate boiler, on the other hand, fuels have relatively large particle 
sizes and are very wet when introduced. The grate boiler contains a moving fuel bed through 
which combustion air is passed. The fuel accumulates in piles on the bed. Drying and 
devolatilization take place on the bed, and volatiles combustion and char burnout occur in 
separate regions of the bed or downstream of the bed. Only the lightest ash and fuel particles 
and gaseous combustion products are entrained and carried toward the convection pass. Heavy 
ash falls off the grate as bottom ash and is not entrained into the flow. 

Using the designations of Smooe’, the MFC can be considered a pulverized fuel or suspended 
combustion device, while the HC&S boiler is designated a stoker or moving bed device. 
Accordingly, in the MFC, the fuel particle sizes are smaller, particle heating rates are higher, and 
peak particle temperatures are higher than in the HC&S boiler. The small particles (high surface 
area) and higher burning rates (rapid release of all fuel components) in the MFC enhance the rate 
of nitrogen release. In addition, oxidation of the released nitrogen occurs readily in the MFC 
because of the intermingling of air with fuel in the suspended combustion and the (generally) 
overall fuel-lean conditions. In contrast, nitrogen release in the HC&S boiler is limited by slow 
heat and mass transfer at the cooler surfaces of the larger fuel particles. Nitrogen oxidation to 
NO is limited in the HC&S boiler because of the more physically separated zones of 
devolatilization and combustion (is., air is available in limited supply in the devolatilization 
zone so some fuel nitrogen makes Nz). 

An additional complication is that the MFC fuels are dried before combustion to facilitate 
feeding, while the HC&S boiler fuels are not. Also, fuels are fed continuously into the MFC 
while they are fed in batches into the HC&S boiler. The repeated fuel feeding-drying- 
devolatilizing-combusting cycle of the HC&S boiler leads to the well-known puffing instability 
of bagasse boilers! This dynamic and somewhat sequential behavior is not present for the 
relatively dry fuels in the continuously fueled MFC. 

Hence, the MFC should be considered an “ideal heat and mass transfer” case for the release of 
fuel constituents into the combustion space and their subsequent oxidation. This caveat must be 
considered when using the MFC gaseous pollutant results to guide fuel type, fuel processing, 
and/or co-firing choices for the HC&S boiler. Nonetheless, the basic research performed in the 
MFC can be useful as an idealized limit of combustion behavior. 
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2.3 Summary and Conclusions of Laboratory Tests 

Combustion tests were performed in the Sandia MFC using Australian coal, whole fiber cane 
including tops and leaves processed at three different levels (milled only, milled and leached, and 
milled followed by leaching and subsequent milling), and fiber cane stripped of its tops and 
leaves and heavily processed through subsequent milling, leaching, and milling cycles. Testing 
was performed for pure fuels and for co-firing of biomass with the coal at levels of 30% and 70% 
by mass. 

For pure coal and biomass fuels, NO was formed in amounts that trend with the relative fuel 
nitrogen concentrations. However, when NO amounts were normalized by fuel energy input, 
only the stripped cane produced less NO than the coal. The biomass fuels converted their native 
nitrogen into NO more efficiently than the coal, presumably because of higher volatiles content 
and more reactive nitrogen complexes. Independent of fuel processing level, co-firing whole 
cane with coal produced about as much NO per unit of energy input as that produced by pure 
coal or pure whole cane. Hence, adding coal to whole fiber cane to reduce its tendency to form 
deposits should not adversely affect NO emissions. Also, while stripping fiber cane of its tops 
and leaves reduces its tendency to form NOx when burned alone, stripped cane does not offer a 
NOx advantage over whole cane when co-fned with coal. 

3 Sandia Field Measurements 

This section highlights the application of multiple diagnostic tools featuring laser-induced 
breakdown spectroscopy (LIBS). LIBS was used for detecting multiple elements in the boiler 
during field testing, including sodium and potassium. The specific objectives of this section are 
to (1) demonstrate the use of LIBS as a real-time monitor of inorganic species in a boiler, and (2) 
use LIBS results to examine the differences in slagging potential between tests performed with 
different fuels. Major combustion products were also monitored by Sandia in the stack. Gas 
velocity was measured and particles were collected on impaction coupons. This section supports 
the overall project objective of determining the feasibility of using fiber cane as a closed-loop 
biomass fuel for power generation. 

3.1 Introduction 

Full scale testing was performed in a stoker-fired traveling grate boiler January 14-24, 2002. 
Figure 7 shows a boiler schematic. The demonstration consisted of three test segments (termed 
Test 1, Test 2, and Test 3) of about 60 hours apiece with different solid fuels. The boiler was 
operated such that the rate of steam flow remained constant at 45,360 kgihr (100,000 lbdhr) at 
6.23 MPa (900 psig) and 400' C (750' F), resulting in about 10MWe of power generated. 
Bunker C fuel oil was used in varying amounts at all times to maintain boiler stability. The 
boiler has three adjacent solid fuel feeders. For Test 1, the solid fuel in all three feeders was 
crushed Australian bituminous coal. For Test 2, bagasse was fed from each of the two outer 
feeders while coal was fed from the central feeder. For Test 3, a mixture of -20% fiber cane by 
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weight with bagasse was fed from each of the two outer feeders while coal was fed from the 
central feeder. For Test 3, chopped fiber cane was stacked in the bagasse house in the desired 
proportion and mixed with bagasse by the reclaiming system before being conveyed to the 
boiler. Table 4 depicts estimates of the rates of fuel flow used during each test. 

Test 

I 

2 

3 

Figure 7. Schematic of HC&S boiler. The black star near the superheater tubes shows the 
approximate location of the Sandia measurements. 

Rate of Fuel Flow in kgihr ( lbmh)  ~ % thermal 
Coal Bagasse Fiber Cane Bunker C Oil 

626 (1,379) - 17% 

755 (1,663) ~ 13% 

1,012 (2,231) - 16% 

5,169 ( I  1,395) - 83% __- -__ 
2.520 (5,555) - 25% 16,905 (37,268) - 62% --- 
3,551 (7,830) - 33% 13,033 (28,732) - 46% 2,774 (6,116) - 5% 
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3.2 Methods 

3.2.1 Stack Gas Concentrations 

Combustion gases were extracted from the stack and analyzed for 0 2 ,  COz, CO, NO, and SO2 
concentrations using a Horiba PG-250 stack gas analyzer. Gases were extracted from one of the 
ports used for traditional stack testing through an uncooled, 1.3 cm (0.5 in) diameter, blunt 
silicon carbide probe connected using a 0.4 L/min pump within the PG-250 analyzer. The gases 
were filtered to remove particles and then cooled and dried in an ice bath before analysis. 
Signals from the analyzer were recorded once every five seconds using a data acquisition system. 
Calibrations were performed once every 24 hours using certified span gases. Measured 
concentrations of CO, NO, and SO2 were corrected to reflect those concentrations that would 
exist if the dry, volumetric concentration of 0 2  were three percent. Representative four-hour 
corrected concentration traces for each test are presented and discussed. Because of a data 
acquisition system malfunction, only about two hours of data were collected during Test 2. 
Stack testing was also erformed by a contractor using standard EPA methods during each of the 
three fuel test periods! and some results are included here for comparison. 

3.2.2 Gas Velociq 

A water-jacketed S-type pitot tube (Dwyer series 160s) was used to determine the bulk gas 
velocity near the LIBS measurement location. The pitot tube, the tip of which is shown in 
Fig. 8(a), is a Darcy bi-directional probe manufactured from 0.79 cm stainless steel tubing. 
Velocity measurements were made for Tests 1,2, and 3 at seven equally spaced insertion depths 
from 0.3 m (1 ft) to 2.1 m (7 ft) from the wall. At each measurement location, the pitot tube was 
rotated to different orientations representing 0", 45", 90", 135", and 180" from the vertical to find 
the dominant flow direction (defined as the direction for which differential pressure was 
maximum). The flow was found to move upward at 45' from the horizontal. One to two 
minutes of differential pressure data were collected at a rate of five data points per second using 
an electronic pressure transmitter at each insertion depth. The flow velocity is proportional to 
the square root of the ratio of the differential pressure and the gas density.33 The gas was 
assumed to be air at 9OO0C, and the differential pressure was multiplied by the pitot tube flow 
coefficient of 0.84 in accordance with manufacturer recommendations. Pitot tube measurements 
were made for Test 1 on 1/17/02 from 4:OO p.m. until 5:30 p.m., for Test 2 on 1/20/02 from 
11:OO p.m. to 12:30 a.m., and for Test 3 on 1/24/02 from 10:30 p.m. to 12:OO a.m. 

3.2.3 Particle Impaction Sampling 

Uncooled 2.5 cm (1 inch) diameter stainless steel impaction coupons fastened to the end of a 
metal rod, shown in Figure 8(b), were manually inserted into the flow for one-minute exposures 
during each test. The coupons were oriented normal to the dominant flow direction during 
sampling. Qualitative information about particle loading for each test was determined by 



Scanning Electron Microscope (SEM) analysis of the coupons after the tests. 
representative images are provided in this report. 

A few 

. 

(a) (b) 
Figure 8. Photographs of (a) tip of S-type pitot tube, and (b) impaction coupon after brief 
exposure near the superheater tubes. 

3.2.4 Laser-Induced Breakdown Spectroscopy 

For LIBS, shown schematically in Fig. 9, a laser beam is focused into a tiny volume (inside the 
boiler for the present work). The resulting optical breakdown creates a plasma containing atoms 
in electronically excited and ionic states. The spectrum of light emitted by the high-energy 
plasma is measured on a spectrometer. Elements are identified by the wavelength of their 
emitted light, and their concentrations are determined from the intensity of the light. LIBS as it 
is applied here cannot distinguish between particles and gases; the concentrations obtained herein 
are thus total concentrations in the particles and gases combined. 

The specific LIBS unit deployed has evolved over the past several years, as reviewed in a recent 
publication and the references therein.34 The system consists of a Q-switched Nd:YAG laser, a 
cooled and purged optics probe, an optical fiber, and detection hardware. The pulsed laser 
delivers 350 mJ of energy with a IO ns pulse width. The laser is abutted to a rugged collection 
optics assembly and a stainless steel optics probe. The probe is 7.9 cm (3.1 in) in outer diameter 
and 91 cm (3 ft) long. Inside the probe, the beam is expanded to 12 mm and then focused to 
create a 2.5 x IO4 cm3 measurement volume spark using a 75 mm focal length, 50 mm diameter 
quartz lens. The plasma-emitted light is collected by the same lens, diverted by a mirror, focused 
onto a fiber optic, and delivered to the detection system. The use of fiber optics allowed the 
spectrometer and detector to be kept cool and clean in the control room. The detector consists of 
an intensified charge-coupled device camera coupled to an echelle spectrometer for light 
dispersion. This relatively new technology allows detection of ultraviolet, visible, and near- 
inffared light between 200 nm and 900 nm with high spectral resolution in a single measurement. 
The probe was inserted through a knife gate port installed in the boiler casing near the fourth 
bank of superheater tubes, as shown in Figs. 7 and IO. 



combustion 
PrOdUCtS 

Figure 9. Schematic of LIBS system. 

i 
Figure IO. Photograph of LIBS laser with optical probe inserted into boiler wall. 

Because the refractory wall is -30 cm (12 in) deep, the LIBS probe volume was positioned about 
61 cm (2 Et) from the wall. The boiler duct is 4 1 0  cm (20 ft) wide at this location. The mean 
gas temperature measured using a thermocouple was -900 "C for all three tests. Plant utility 
water was circulated through the probe water jacket at 10.4 L/min (2.8 gal/min). Nz was used to 
purge the lens at a rate of flow of about 18 L/min. 

Spectra were collected at 5 Hz with a delay time of 20 ps and a gate width of 50 ps. Spectra 
were ensemble averaged for 1000 shots, so each recorded spectrum represents about three 
minutes of data. It was found that the wavelength calibration of the spectrometer drifted over the 
course of several hours on a given day (see Jan. 20 and Jan. 22 results in Appendix B). The drift 
affected both the wavelength and the signal intensity in unrelated ways, so spectra could not be 
corrected. Hence, a procedure of performing spectrometer wavelength calibrations using a fiber- 
coupled Hg lamp once per hour was implemented. Further details about the LIBS system, the 
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field hardware, the optics, and the electronic settings are published elsewhere.34 Typical spectra 
from each test are shown in Figure 11. 

am Ip 4on8mmm?m 
Wvelmglh (nm) 

Figure 1 1 .  Near-superheater LIBS spectra for Test 1 (coal), Test 2 (bagasse), and Test 3 (fiber 
cane). Species’ peak locations are identified with numbers expressed in nanometers. 

In Fig. 1 1 ,  for clarity, only the spectral region between 260 nm and 790 nm is depicted with the 
section between 480 nm and 590 nm omitted. The eight elements targeted during data reduction 
were silicon, aluminum, titanium, iron, calcium, magnesium, sodium, and potassium, and their 
emission lines are marked by arrows in the figure. Close examination of these spectra (see 
Appendix A) reveals that, except for iron during Test 1 ,  the lines of interest were well isolated 
from interferences for quantification. The iron results from Test 1 were discarded. The three 
spectra in Fig. 11 are qualitatively similar, although the signal levels for the targeted elements 
vary. The molecule CN is responsible for the relatively broad features near 360 nm and 390 nm. 



The peaks near 656 nm, 745 nm, and 780 nm result from H, N, and 0 emission, respectively. 
Quantification of H, N, and 0 concentrations is not straightforward because of their tendency to 
form molecules such as CN and OH rapidly after plasma initiation. 

Post-field-test calibrations were performed in the laboratory using a nebulizer system arranged to 
deliver a known concentration of each element to the LIBS probe volume?5 Three-point 
calibration curves of mass concentration (pg / m3 at 300 K and 101 Wa) versus integrated peak 
area were generated for each element and were used to quantify the signals. The line-center 
wavelengths used during peak integration are shown in Table 7. For sodium and magnesium, the 
line-center wavelength was taken as the average of the two line-center wavelengths shown in the 
table. Integration intervals are also shown in the table. The area under the signal within the 
integaiion interval centered symmetrically around the line-center wavelength was calculated. 
The areas under two baseline regions, each half as wide as the integration interval, were 
subtracted from the integrated signal. The detailed spectra in Appendix A. provide a visual 
representation of the signal and baseline intervals. To eliminate complications associated with 
integrating occasional negative signals generated by the manufacturer-provided spectrometer 
software, 1000 counts were added to each data point before integration was performed. Because 
these counts were added to both the “peak” data points and the “baseline” data points, the 
addition had no net effect on the calculated difference in areas. Integration was performed using 
the tabular integration function of Interactive Data Language. Linear interpolation was used to 
calculate function values at the endpoints when the integration limits did not coincide exactly 
with a pixel wavelength. Calibration spectra are provided in Appendix A. 

Figure 12 depicts the calibration curves used for the present work. Table 7 depicts the maximum 
concentration of each element used during calibration and the average concentrations from each 
of the field tests. The averages marked with asterisks are larger than 130% of the maximum 
calibration concentrations and required dramatic linear extrapolation of the calibration curves to 
obtain quantitative results. The validity of linearly extrapolating the calibration curves has not 
been proven, so absolute concentrations should be interpreted with caution. LIBS calibration 



system improvements are ongoing. Concentrations are reported in mass-based parts per million, 
calculated from the calibrated concentrations (in &m3, 300K and 101 Wa) using the ideal gas 
law and assuming the surrounding gas is atmospheric-pressure air at 1200 K. 

Figure 12. LIBS 
P e a k h a  

calibration curves for eight targeted elements. 

The LIBS data were collected several hours every day between Jan. 15 and Jan. 24,2002. Real- 
time data are presented for Jan. 17 (Test 1, coal) and Jan. 23 (Test 3, fiber cane + bagasse). Data 
for other days are in Appendix B. Average concentrations and their standard deviations were 
computed using the intervals shown in Table 8 The intervals were selected as those not affected 
by spectrometer wavelength calibration drift (see Appendix B for details) or unsteady boiler 
operation. The LIBS averages account for 12 hours of operation (156 points) during Test 1 ,  four 
hours (61 points) during Test 2, and 16 hours (231 points) during Test 3. 
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Table 

3.3 Results 

3.3.1 Stack Gas Concentrations 

Figures 13 to 17 depict four-hour traces of exhaust stack 0 2 ,  C02, CO, NO, and SO2 
concentrations for during each test. At the beginning of the time interval depicted for Test 2, 
fuel was being switched from coal firing to bagasse co-firing. 

Concentrations of all five gases fluctuated more during biomass co-firing (Tests 2-3) than during 
coal combustion (Test 1). The mean 0 2  concentration decreased from 13.3 % for Test 1 to 
about 12 % for Tests 2 and 3. The mean COZ concentration increased from 6.4 % for Test 1 to 
about 7.7 % for Tests 2 and 3. The higher COZ concentration for Tests 2 and 3 are consistent 
with their higher rates of carbon flow into the boiler depicted in Table 6 (-6400 k g h  C for Tests 
2-3 compared to -3800 kghr C for Test 1). Little can be deduced about the combustion process 
from these 0 2  and COz concentrations because air is known to leak into the boiler. The air leak 
may be affected by ambient temperature, boiler temperature, pressure fluctuations caused by 
puffing, and many other variables. Air inleakage is evident from the differences in measured 0 2  

concentrations at the superheater ( e g ,  -9 % for coal) and in the stack (e.g., -13% for coal). 

v 
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8 

Figure 13. Sample records of stack 0 2  concentration for (a) Test 1, (b) Test 2, and (c) Test 3. 

20 



12:W 1:W 2CIO 300 4 W  5:W 6:W 7:W 8:W SW 4:W 5W 6 W  700 600 

Time ( p m )  Tim ( p.m. ) Tim(a.m.) 

(a) (b) (c) 
Figure 14. Sample records of stack COZ concentration for (a) Test 1, (b) Test 2, and (c) Test 3. 

Fig. 15 demonstrates that the mean CO concentrations (normalized to 3 % 0 2 )  were higher for 
biomass co-firing than for coal. The higher CO concentrations and greater fluctuation levels are 
consistent with the use of fuels with high moisture concentrations. 

Figure 16 shows that normalized NO concentrations were lower for biomass co-fuing than for 
coal combustion in spite of the fact that the rates of fuel nitrogen flow into the boiler (44,43, and 
51 k g h  for Tests 1, 2, and 3, respectively) do not follow the same trend. The biomass 
combustion may create less NO because locally rich conditions (Fig. 15) exist where volatiles 
are released. Additionally, NO can form fiom NZ in air. The comparison of these numbers 
should be made with caution because the rates of air flow into the boiler, either through normal 
entry ports or through inleakage, are unknown. 
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Figure 15. Sample records of stack CO concentration for (a) Test 1, @) Test 2, and (c) Test 3. 
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Figure 16. Sample records of stack NO concentration for (a) Test 1, (b) Test 2, and (c) Test 3. 

The SO2 concentration, shown in Fig. 17, varies irregularly and does not correlate with solid fuel 
type. The comparison of measured SO? concentrations with hourly information from the power 
plant data historian shown in Fig. 18 reveals that increases' and decreases in stack SO2 
concentration sometimes correlate with increases and decreases in Bunker C fuel oil use. 
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(a) (b) (c) 
r'igure 17. Sample records of stack SO2 concentration for (a) Test 1, (b) Test 2, and (c) Test 3. 

I 

Figure 18. Hourly fuel oil usage from the plant data historian (arbitrary units) along with hourly 
averages of measured stack SO2 concentration for eight hours on Jan. 22 (Test 3). 
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Table 9 compares the Sandia (SNL)-measured stack gas concentrations and those measured 
during official plant stack testing. Agreement is reasonable. For comparison with laboratory 
testing, Energy EINOx from the official stack testing are provided. These values were obtained 
from the official stack testing results (originally provided in Ibm/MMBtu). The field Energy 
EINOx values (0.12-0.18 gMJ) are within the range of values ( 0 . 1 4 3  g/MJ) measured in the 
laboratory. 

Table 9 Comparison of average Sandia-measured exhaust concentrations with those 
r four-hour traces in Figs. 13-17. 

3.3.2 Near-Superheater Gas Velocity 

Figure 19 shows pitot tube differential pressure for the dominant flow direction at 0.3 m from the 
inner surface of the boiler wall for Test 1 and Test 3. As with the major gas concentrations, the 
level of data fluctuation for biomass co-fuing was higher than that for coal combustion. As can 
be seen in the figure, the differential pressures occasionally exceeded the maximum measurable 
differential pressure (0.93 mm Hg or 0.5 inches of water) during biomass co-firing. Average 
velocities for the biomass cases may thus be biased toward lower velocities. 
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Figure 19. One minute of pitot tube differential pressure measurements for the dominant flow 
direction 0.3 m from the wall the during Tests 1 and 3. 



Figure 20 shows profiles of the average and standard deviation of velocity in the dominant flow 
direction for all tests. For Tests 1 and 2, velocity increases, levels off, and then decreases as 
distance from the wall increases. This behavior may indicate the presence of large scale flow 
structures. Test 3 velocities increase or remain constant with distance. The LIBS-measurement- 
location (0.6 m from the wall) velocity is about 16 m/s for each test. A jet-in-crossflow analysis 
revealed that the effect of the 18 L/min nitrogen purge flow on the concentrations at the location 
of the L B S  spark was minimal. The influence of the purge on measured concentration was 
found to be significant only for crossflow velocities below about 1.5 m/s. 
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Figure 20. Average velocity for (a) Test 1, (b) Test 2, and (c) Test 3 . Open symbols show data 
for which differential pressure exceeded maximum measurable value (horizontal lines). 

3.3.3 Near-Superheater Particle Loading 

. 

Typical SEM images with two levels of magnification of particles are shown in Fig. 21. The 
coal-produced particles are relatively uniform in size with a maximum size of about 3 km. In 
contrast, the size distributions for the biomass co-firing cases appear more broad, with 
agglomerates and particles as large as 5 pm to 10 pm appearing. Co-firing of biomass appears to 
produce more ultrafine particles (less than 1 pm in size) than coal, in agreement with previous 
findings.” Particles a few microns in size can be vaporized using 
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Figure 2 1. SEM images of particles collected d&ing (a) Test 1, (b) Test 2, and (c) Test 3 .  

3.3.4 Near-Superheater Inorganic Concentrations 

Figures 22(a) and 22(b) show daily LIBs-measured concentration traces for Test 1 and Test 3, 
respectively. The figures demonstrate typical concentrations and their variations with time. The 
ordinate range of the bottom panels is 10% of those of the other panels. Concentration 
fluctuation levels are higher for the biomass co-firing test, consistent with the gas concentration 
and velocity measurements reported above and with fluctuations known to occur during 
combustion of wet biomass fuel? The concentrations of silicon, titanium, calcium, magnesium, 
and sodium are similar for the two tests. The concentrations of aluminum and potassium are 
higher for the fiber cane test than for the coal test. At about 4 p.m. on January 23, because of 
irregularities in loading the bagasse house, it was observed that fiber cane began feeding into the 
boiler at a rate greater than the average rate shown in Table 4. Resulting increases in aluminum, 
iron, and potassium concentrations are noticeable in Fig. 22(b). The exact rate of fiber cane flow 
could not be determined, but the LIBS signals confirmed the feed rate enhancement. The data in 
Fig. 22 show that LIBS can track fuel or boiler chemistry changes in real time. An infonnation- 
rich and continuous stream of data can be obtained using LIBS in the field, which has advantages 
over collecting physical fuel samples at discrete time intervals and waiting days or weeks for 
results from traditional analyses. 
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Figure 22. LIBS-measured concentrations during Test 1 and Test 3. 

Figure 23 shows the average LIBS-measured concentration of each element for the three tests. i 
I 
I 
I 

The vertical bars show standard deviations. For coal combustion, silicon and aluminum are the 
major components, consistent with the usual prevalence of aluminosilicates in bituminous coal 
ash. Tests 2 and 3, the two biomass co-firing cases, exhibit similar chemical distributions at the 
measurement location. The major biomass-formed constituents are also silicon and aluminum, 
but iron and potassium also play major roles. All of the fuels exhibit similar concentrations of 
titanium, calcium, magnesium, and sodium. The LIBS measurement may be biased toward 
fume-forming components such as alkali metals, alkaline earth metals and even iron; this is 
because refractory fly ash components such as silicon, aluminum, and titanium may not be 
completely vaporized in the LIBS spark and thus may be underestimated. i 
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Figure 23. Average element mass concentrations measured by LIBS. The vertical bars represent 
standard deviations in the LIBS measurements. 

Figure 24 shows the rate of flow of each element into the boiler estimated using fuel flow rate, 
proximate analysis, and ash chemistry. A complete mass balance would consider the rate of 
bottom ash loss, but this was not measured. Additionally, using fuel ash analyses to estimate 
inorganic concentrations in the fuel may underestimate these uantities because atomically 

and aluminum are predicted to be the major inorganics. The LIBS results agree. The predicted 
chemical compositions for the two biomass co-firing cases are similar; the similarity between the 
two biomass blends is also captured by the LIBS measurements. Silicon, aluminum, and iron are 
predicted to be the major constituents of the co-firing combustion products. The LIBS 
measurements reflect this trend too, although potassium is measured to also play an important 
role. The fuel-chemistry predictions do not support the important role that sodium is measured 
to play for all fuels using LIBS. Hence, the combustion products are measured to be enriched 
relative to the parent fuels in potassium for the biomass tests and in sodium for all three tests. 

dispersed elements are undercounted using standard ash analyses. 3 9  For coal combustion, silicon 
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Figure 24. Predicted rates of element flows into the boiler. 

The LIBS-measured enrichment in potassium for biomass and sodium for all three fuels can be 
further analyzed by comparison to fuel ash and bottom ash chemistry. Figure 25 shows element 
concentrations-expressed as mass percentages for the eight elements of interest-for the fuel 
ash and the bottom ash from each test. If the concentration of a given element is higher in the 
fuel ash than in the bottom ash, the element can be expected to be enriched in the combustion 
products. The figure shows that the Test 1 fuel ash and bottom ash are virtually identical, 
suggesting that the bottom ash inorganics are derived from coal ash. It follows that the 
inorganics released into the boiler will similarly come from coal ash. This suggests that the eight 
elements should not be enriched in the Test 1 combustion products relative to the fuel. Sodium, 
a minor component of the fuel ash, is observed to be enriched for Test 1. For Tests 2-3, the fuel 
ash has higher concentrations of iron and potassium than the bottom ash. An enrichment in iron 
is difficult to distinguish in the LIBS measurements, but the enrichment in potassium is apparent. 
The fuel and bottom ash chemical compositions do not explain the LIBS-observed sodium 
enrichment results. This may be because of the aforementioned uncertainty in fuel ash analysis 
for atomically dispersed elements, such as potassium, sodium, magnesium, and calcium. 

Compounds containing sodium and potassium and to a lesser extent calcium and magnesium are 
more readily volatilized into the combustion space than those in more refractoly or mineral 
forms such as silicon, aluminum, and titanium. The alkali metals and even iron are likely to 
form fume particles during and after combustion, while the true minerals should form larger fly 
ash particles. Bituminous coal is expected to contain inorganics in mostly mineral forms, while 
biomass is expected to be more populated by atomically dispersed or ionic forms of some 
species.37 The apparent enrichment in sodium concentration for all fuels and in potassium 
concentration for the biomass fuels may be caused by atomically dispersed alkali metals not 
measurable using ash analyses. To minimize bias in ash measurement toward refractory metals, 
future tests should be performed using low-temperature ash evaluation. 
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Figure 25. Mass concentrations of eight targeted elements in the fuel ash and bottom ash for each 
of the three tests. 
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Figure 26 compares the LBS-determined combustion product concentrations with the mock 
superheater tube deposit compositions determined from ash analyses. Sodium (for all tests) and 
potassium (for the biomass tests) have higher concentrations in the flowing combustion products 
than in the deposit. This is consistent with the presence of volatilized alkali metals in a vapor or 
a fume with deposition dominated by inertial impaction and eddy impaction of larger ash 
particles. Iron also appears to have higher concentrations in the flowing combustion products 
than in the deposit; iron is known to form a fume under certain conditions during coal 
combustion, so this is also consistent with impaction as the dominant mechanism of ash 
deposition at this location. 

3.3.5 Comments on LIBS 

The present work represents the first application of LIBS in the high-temperature region of a 
boiler.34 Many challenges were overcome successfully, including the design and deployment of 
a cooled and purged optics probe. The concentrations of eight elements were detected 
simultaneously for the first time using a relatively new and powerful detector, the echelle 
spectrometer. Lessons were learned about the operation and maintenance of this instrument in a 
harsh field environment. The present LIBS measurements and results do raise some important 
questions about the technique that should be resolved in future research. Several LIBS issues are 
delineated here: 

The smallest particles and gases will be fully detectable by LIBS. However, larger fly ash 
particles may not be fully vaporized in the LIBS spark. Hence, the relative concentrations of 
elements such as silicon, aluminum, and titanium may be underestimated by the LIBS 
measurements. As a result, relative concentrations of calcium, magnesium, sodium, 
potassium, and/or iron may be overestimated using LIBS. Determining the range of sizes of 
boiler particles fully vaporizable by LIBS is a good future research topic. 
Another important consideration is that the LIBS measurement is made close to the boiler 
wall, although species and temperature gradients undoubtedly exist in the boiler. 
Determining whether or not the point measurement is representative of the entire cross 
section is another excellent future research topic. 
The current Sandia LIBS calibration rig was developed for lower concentrations than those 
that appeared in the biomass boiler. While the existence of large signals is desirable and 
shows the potential of LIBS for this type of application, the applicability of the linear 
calibrations for large concentrations in the present report is unclear. Development of a 
calibration rig applicable for the current conditions is a goal of future Sandia LIBS work. 
It was assumed that the LIBS instrument responds to elements in the field the same way it 
responds to the laboratory aerosol. Experiments were not performed to verify this 
assumption. Examination of the effects of field conditions such as high temperature and high 
particle loading on calibration is an important future research topic. 
More detailed analyses to determine minimum detection limits and shot-to-shot variations in 
the LIBS signals should be pursued in future efforts. 
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Figure 26. Mass concentration of each element expressed as a percentage of the total amount of 
the eight targeted elements for LIBS and for the mock superheater deposit. 
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3.4 Summary and Conclusions of Field Tests 

Measurements were made of stack gas concentrations, near-superheater velocities, near- 
superheater particle loading, and near-superheater inorganic concentrations during coal 
combustion and biomass co-firing in a full-scale boiler. The techniques employed were 
conventional stack gas analysis, pitot tube probing, impaction coupon collection, and laser- 
induced breakdown spectroscopy. The levels of fluctuation of stack gas concentrations, 
velocities, and inorganic concentrations were higher for biomass co-firing than for coal 
combustion. Stack 0 2  and C02 concentrations were lower and higher, respectively, for biomass 
co-firing than for coal combustion. Mean normalized CO and NO concentrations were higher 
and lower, respectively, for biomass co-firing than for coal combustion. Stack SO2 concentration 
correlated with Bunker C fuel oil use and did not reflect changes in solid fuel use. Velocity 
measurements revealed a spatially non-uniform velocity distribution across the duct. The LIBS 
measurement location velocity was about 16 m/s for all fuels. Qualitatively, particles at the 
LIBS measurement location originating from coal combustion had a more narrow size 
distribution than those from biomass co-fuing. The biomass tests appeared to produce more fine 
particles. LIBS produced an information-rich and continuous stream of data consisting of strong 
signals from silicon, aluminum, titanium, iron, magnesium, calcium, sodium, and potassium. 
Changes in fuel makeup were successfully detected. The major inorganic constituents of the fuel 
ash were also the major measured constituents in the combustion products. The combustion 
products were enriched in sodium relative to the fuel ash during all tests. For biomass co-firing, 
the boiler flow was enriched in potassium relative to the fuel ash. The sodium and potassium 
enrichments indicate that the alkali metals exist in dispersed forms more readily releasable into 
the combustion products than refractory components such as silicon, aluminum, and titanium. 
Relative to the measured deposit chemistry, the combustion flows were enriched in iron, sodium, 
and potassium, constituents that are known to form fumes. This indicates that particle impaction 
is the dominant deposition mechanism at the superheater and that fume material deposition is 
less important. 

4 Overall Summary and Conclusions 

Laboratory (pilot) scale testing and full scale testing were performed to assess the effects of co- 
firing fiber cane with coal. The laboratory tests revealed that, because biomass fuels convert 
their nitrogen to NO more readily than coal under entrained flow conditions, fiber cane/coal co- 
firing produced the same amount of NO per unit energy input as coal combustion. In the hll-  
scale boiler, biomass co-firing produced less NO per unit energy input than coal combustion. 
Several differences between the laboratory and boiler tests were delineated; key differences 
included higher temperatures, better mixing, higher heating rates, smaller fuel particle sizes, 
different oxygen concentrations, and lower moisture in the MFC than in the boiler. 



LIBS showed that the combustion products at the superheater were enriched in sodium for all 
tests and potassium for the biomass co-firing tests relative to the fuel ash. Compared to mock 
superheater deposits collected during testing, the combustion products were enriched in sodium, 
potassium, and iron. The enrichment in the alkali metals and in iron is consistent with the 
formation of fumes containing these constituents in the boiler. Ash deposition appeared to be 
dominated by impaction at the superheater. 
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Figure A. l .  Silicon signals for the tbree spectra in Fig. 11 and the calibration spectra. Dashed 
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of the peak area is equal to the combined width of the baseline regions. Baseline area is 
subtracted from peak area before constructing calibration curves or quantifying signals. 
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Figure A.3. Titanium signals for the three spectra in Fig. 11 and the three calibration spectra. 
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H . 
Figure B.l. LIBS-measured concentrations for Jan. 15 and Jan. 16 during Test 1. Spectrometer 
wavelength calibrations were performed before 8:OO a.m., at 11:40 a.m., at 5:30 p.m., and at 6:30 
p.m. on Jan 15; they were performed before 8:OO a.m., at 8:48 a.m., at 9:41 a.m., and at 5:31 p.m. 
on Jan 16. 
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Figure B.2. LIBS-measured concentrations for Jan. 18 during Test 1 (Test 2 after 2 p.m.) and 
Jan. 16 during Test 1. Spectrometer wavelength calibrations were performed before 8:OO a.m. 
and at 5:47 p.m. on Jan. 18 (accounting for the increase in signals at that time). A wavelength 
calibration was performed at 9:35 a.m. on Jan. 19. 
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Figure B.3. LIBS-measured concentrations for Jan. 20 during Test 2 and Jan. 22 during the 
beginning of Test 3 (beginning at 2:OO p.m. with coal burned earlier in the day). Dramatic 
decreases in signal over time were caused by spectrometer wavelength calibration drift. 
Spectrometer wavelength calibrations were performed before 8:OO a.m. and 1:36 p.m. on Jan. 20 
and before 8:OO a.m. and at 6:23 p.m. on Jan. 22. Data corrupted by spectrometer wavelength 
calibration drifts were not included in the averages for this report. For all days after Jan. 22, the 
spectrometer was calibrated for wavelength once per hour. 
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Figure B.4. LIBS-measured concentrations for Jan. 21 (coal only) and Jan. 24 during Test 3. 
Spectrometer wavelength calibrations were performed once per hour. At about noon on Jan. 24, 
the boiler was switched from fiber cane co-firing to coal because of biomass feeder 
malfunctions. At about 4 p.m. on Jan. 24, fiber cane flow into the boiler was restarted. The 
LIBS signals reflect this fuel switching sequence. 
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