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A STUDY OF NITROGEN OXIDES EMISSIONS FROM
WOOD RESIDUE BOILERS

I INTRODUCTION

The United States Environmental Agency has designated nitrogen
dioxide (NO.,) as a criteria pollutant. Reliable estimates of oxides
of nitrogen® (NOx) cmissions are also required for carrying out the
modelling of combustion source emissions required for sa;;sfylng.
prevention of Significant Deterioriation regulations.’ Slnce'avgll—
able information is limited relative to the potential for emission
of oxides of nitrogen (NOX) from combustion processes associated
with the manufacture of pulp and paper and power generation from
boilers fired on wood residue, the establishment of a larger data
base is desirable. '

The NCASI is currently conducting a national program in cooper-
ation with individual member mills designed to provide information
on oxides of nitrogen emissions from kraft recovery furnaces, lime
kilns, and wood residue-fired power boilers. This particular bul-
letin will discuss the emission rate of NOx from wood-residuc firced
boilers. The boiler sites sampled in the northwestern United States
included four conventional spreader-stoker fixed grate boilers, one
fluidized bed boiler and one modificd spreader-stoker boiler capa-
ble of burning dried wood residue, wood fines and oil. A wood re-
sidue-fired cyclone burner in the Northwest was also tested. The
Southeastern test sites represented two traveling grate spreadcr-
stoker boilers, one conventional spreader-stoker boiler and a re-
covery boiler that had been converted to a bark boiler.

II 'BACKGROUND AND LITERATURE REVIEW

A. General

The emission of oxides of nitrogen (NOx) from combust ion
sources is influenced by a number of factors which include combus-
tion temperature, »instantaneous" flame temperature, fuel bound
nitrogen and operational parameters such as excess oxygen and the
method of fuel firing. An extcnsive secarch of recent and signifi-
cant literature pertaining to NOx formation in a combustion process
and the measurement and subsequent ambient effects of oxides of
nitrogen was made and will be reported on in this section.

While man made NOx has accounted for only 10 percent of the
total found around the world, approximately half of this amount
was estimated to be attributable to the United States. Stationary
combustion sources have been noted as responsible for about one-
half of the United States total (43).



Aghassi et al (1) reported that world wide NOx emissions were
roughly 53,000,000 tons per year. Stationary boilers in the United
States accounted for 10,000,000 tons per year in 1969 and 1970.

The residence time of NOx in the atmospherc was given as only a few
days which defined source emissions as a regional rather than

global concern. Critical parameters affecting NOx preduction rate
were noted as furnace and boiler geometry, flame temperature,
nitrogen content of the fuel and the guantity of excess air. A
model to estimate the actual furnace flame temperature was presented
as an aid in predicting the anticipated level of nitric oxide (NO)
production. Common control techniques to reduce flame temperature
were also discussed hy the authors.

Percentages of NOx from mobile and stationary man-made sources
in the United States based on a 1970 survey indicated norms of 51
percent and 46 percent, respectively. Motorized vehicles represented
almost 80 percent of the mobile NOx sources reported. The contribu-
tion of oxides of nitrogen from sources connected with electric
power generation alone could by 1990 evolve levels two to four

tjges the 1972 estimated total for this classification of 3.95 x
10° tons NOx per year (46).

One author (46) stated that roughly 90 percent of the world's
oxides of nitrogen was attributable to natural sources with the
predominate species nitrous oxide (N,0). This naturally occurring
compound was not considered a signifgcant pollutant such as NOx
compounds since it has only been found to be present in low ambient
concentrations. There is a relatively high portion of combustion
generated or man-made NOx which, contrary to Ngo, does enter into

photochemical reactions and acts to form several sccondary pollutant
products,

B. NOx Formation Characteristics

(1) General - Bartok et al (11) estimated thag us ing the year 1968
as an example, 60 percent of the total 16 x 10 tons of NOx emitted
in the United States were accountable by stationary sources. Of
this total roughly 29 percent was attributable to industrial boilers.
NOx emissions based on fossil fuel combustion were shown to have
coal and gas responsible for forty percent each of the total con-
tribution for this type of source with o0il corresponding to 15
percent of the total for industrial boilers. Refuse and other
minor fuels were responsible for the remaining five percent. This
last designation included wood residue-fired boilers and indicated
the contribution from this type of source was low.

An explanation was given (11') for the presence of nitric oxide
in the emission from combustion sources. These were said to be
formed from fuel nitrogen at low temperatures and fixed from atmo-
spheric nitrogen at relatively high temperatures. A short residence
t ime in the combustion zone was found to inhibit NO, production
which conversely was the most thermodynamically stagle NOx speccies
1t low temperatures., Only about 5 to 10 percent of NO was judged
to oxidize to NO, within the combustion exhaust gases before exit
to the atmospherg.
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A general review (28) of nitric ox ide control options present.
the equil ibrium NO concentration as about 2 percent in air under
controlled conditions with a small enclosed volume at temperatures
of 3800°F. If the NO produced was cooled slowly to amb ient tempcera
tures, it was suggested that most would return to'N, and O,.

Rapid cooling of NO from 4000 to 3000°F was responsgble fog what
was termed by the author as "nitrogen fixation."

MacKinnon (71) reported on the mechanism of formation of NO
from gas mixtures of N, and O,. A peak temperature of 3860°F was
found to produce the maximum ﬁo formation with a residence time of
five seconds. Above five seconds no further increase of NO forma-
t ion was noted. The formation of NO was found dependent on percent
N. to the first power and percent O, to the one-half power. Keep-
ifig all other parameters equal, incfeasing the combustion process
excess air (or more specifically the oxygen content of the exit
gas) will enact an increase in the rate of formation of NO. '

(2) Nitric Oxides (NO) Kinetic Theory - An interesting finding
(7) related to the fate of nitric oxide in flue gas plumes indi-
cated that with less than one minute of plume transport time the
lovel of NO. in the exhaust gas was found to increase by an order
of magnitudg. Diffusion effects in the plume were considered to

predominate with kinetic theory suggesting higher than measured NO.,
conversion rates.

Nitric oxide was presented by Hardison (51) as non-toxic
before conversion to NO.. The conversion was understood to ocou
casily at high concentr&tions. An NO level between 1 to 5 ppm
suggested that the reaction proceeded very slowly and would be
insignificant with the exception of photochemical effects.

Shahed et al (93) delved into the kinetics of nitric ox ide
formation and arrived at the conclusion that for high pressurc
hydrocarbon flames, NO was produced in the post-flame combustion
zone. The investigators also discovered that temperature and the
presence of inerts affect NO formation the most in the area just
following the flame front.

Kinetic gas phase behavior of nitric oxide (NO) in air was
studied by Morrison et al (80). The oxidation of nitric oxide to
nitrogen dioxide under atmospheric conditions at the ppm concentra-
t ion level was the primary mechanism of intecrest. The rate of the
reaction of 2 to 75 ppm NO with 3 to 25 volume percent oxygen was

determined in a constant voluyme batch reactor at amb ient tempera-
tures,

(3) Mcchanisms Involved in the Conversion of Fuel and Thermally
Fixed Nitrogen - NO. was described (99) as a pollutant based on 1its
toxic nature and itg role as a reactant for other pollutant pro-
ducts such as photochemical oxidants and/or smog. The mechanism
through which combustion process NOx can be produced was descr ibed
as thermal fixation of nitrogen and the conversion of fuel bound




nitrogen for fuels such as coal and heavy oils. Gascous fuel
combustion was said to evolve NOx through .the thermal fixation
pathway only.

Reduct ion techniques for oxides of nitrogen through combust ion
modification like flue gas recirculation, water injection and the
lowering of utilizable oxygen by maintaining low excess air levels
to the extent of staged combustion were considered practical for
control of thermally fixed NOx (99). The amount of usable oxygen
and the quantity of nitrogen present in the fuel were fqund to
govern fuel nitrogen conversion. The presence of NO as the pre-
dominate nitrogen oxide combustion product was explained as a
consequence of the short residence time in the combustion zone.
Subsequent conversion of NO to NO in the combustion gas was judged
possible after introduction into %he atmosphere. :

Thermal fixation was stated (99) as a process which predomi-
nately occurred at high peak temperatures in conjunction with high’
excess air levels. The critical condition was the dependence of
the reaction on excess air. If the combustion occurs under fuel
rich conditions the carbon will preferentially recact with available
oxygen rather than nitrogen and the reactions below would not occur.

N2 + O T”XNO + N

N+02:iN0+0
The production of fuel nitrogen based NOx has been shown (99)
to be of equal significance but having a lower act ivation energy
than thermal fixation from combustion air for both coal and oil
combustors. The quantity of such conversion was related to flame
type, configuration- and percentage of nitrogen in the fuel.

Nitric oxide production from fuel nitrogen by both diffusion
and premixed flames was postulated (38) for pulverized-coal combus-
t ion. The efficiency of conversion was depicted as greater for
premixed as compared to diffusion flames. The premixed flames act
to volatilize the fuel nitrogen before combustion and promote
burning in the flame. Fuel nitrogen was also professed as the
major cause of nitric oxide formation in fluidized bed combustors.
In the usual low temperature fluid bed operation, high oxygen
concentrations exist at the particle surface enabling combustion
cither before or during fuel-nitrogen-devolatilization.

Glassman (47) described premixed flames as those which consist
of fuel and air which are "homoggneously distributed." When the
fuel and air come into contact in a reaction area based only on
molecular and turbulent diffusion, a diffusion flame situation
occurs. The combustion rate is controlled in this case through
the degree of mixing. This conforms to an instance where mixing 1s
slow with respect to reaction rates.

The major contributor of NOx emissions from pulverized and
fluidized bed coal combustors was discussed in an article by Vogt



ct al (108) as predominately from fuel bound nitrogen. The separa-
tion of coal combustion into the two regimes of volatile and char
burning has resulted in the dectermination that 60 to 80 percent of
the NOx is produced by the volatile component. The usc of a chemi-
luminescent monitor enabled the authors to conclude that: "(a) with
furnace wall temperatures of 800 to 1100°C a 10 to-25 percent fuel
nitrogen conversion to NO was possible, (b) at low tempcratures, or
below 750°C, coal fuel nitrogen based NO levels were temperature
dependent, (c) above a wall temperature of 750 to 950°C there was a
large increase in the fuel nitrogen to NO conversion, (d) .above a
940°C wall temperature higher conversion efficiency wds dependent
on an increasc in excess air, (e) NO formation from coal volatiles
was found to be important at temperatures as low as 750°C."

(4) Miscellaneous Formation Characteristics - A special case of
low temperature NOx formation was theorized by Martin et al (74).
The occurrence of an inequality between calculated and “measured

NOx levelg for certain low temperature sources was found. Burners
producing average temperatures below 2000°F were determined to

have 150 ppm NOx at 3 percent excess oxygen instead of a calculated
level of 25 to 50 ppm. This difference was explained through high
instantaneous peak flame tempcratures which were judged to form the
excess nitrogen radicals preceding NO production. The peak values
were located in what was termed "molecular energy levels" rather
than in the flame zones. On a molecular scale, temperatures as
high as 5500°F were judged to be possible. The NOx fraction pro-
duced through such instantaneous flame peaks were considered
significant only for low temperature burner situations.

Krumwiede ct al (64) explained the purpose of NOx testing of a

175 MW utility boiler firing gas fuel. A majority of nitric oxide
was found to be produced "within six to ten feet from the burner
face." The formation rate was determined as greatest within the
flame zone located only two to three feet from the burner facc.
This conclusion was based on both fuel rich and fuel lean firing
conditions with the maximum level of NO lower and closer in proxi-
mity to the burner for the fuel rich situation. The measured NO

levels in the flame zone approximated 80 percent of the total
exhaust gas NO concentration.

C. Oxides of Nitrogen Measurement Methodology

(1) General - An article (17) which served to summarize recent
developments in instrumentation for combustion source measurement
also described the basis for EPA's "Standards of Performance." For
that connotation, the definition of NOx entailed "all oxides of
nitrogen except nitrous oxide &8s determined by the phenoldisulfonic
acid method." While the regulatory standards have been specified
in terms of nitrogen dioxide, the limits clearly include nitric
oxide as well. The author indicated that most of the NOx contained
in exhaust gases from solid and liquid fossil fuel combustors was,
in fact, NO with some NO, found in emissions from gaseous fuel-
sources. This lnformatlgn has, reportedly, caused the EPA to



cons ider a new source performance standard in terms of NO for units
which utilized solid or liquid fuel.

Bambeck (9) discussed field work conducted with nitric oxide
cont inuous monitors which were found to operate with a minimum of
maintenance and with an uptime or accurate data availability in
cxcess of 99 percent of the operational interval.

A summary (81) of stack sample collection and analysis methods
included mention of those appropriate for oxides of nitrogen. The
phenoldisulphonic acid method was presented as appropriate in the
15 to 1,500 ppm NOx concentration range with a sensitivity of 1.5
ppm. Continuous photometric NOx and spectroscopic NO analyzers
were also described. An electrochemical method capable of NOx
measurement at the 5,000 ppm level was noted, as was a chemi- |
uminescent detector for determination of NO concentrations to
1,000 ppm.

Measurement methodology for nitric oxide and nitrogen dioxide
was summarized by Allen (3). Wet chemical methods were explained
as being NO, specific. The NO, content may be determined directly,
or upon samBle ox idation for cgnversion of MO to NO2, total NOx can
be obtained. Nitric oxide levels can then be found by difference.
The phenoldisulphonic acid (PDSA) procedure was described as long
and tedious with potential error from the "incomplete absorption
and conversion of NO and NO, to the nitrate ion." The Griess-
Saltzman reagent procedure.%as suggested due to the case and speed
of the analysis which was noted as having few interferences. The
chemiluminescent NOx monitoring principle was praised for "high
sensitivity, specificity and reliability." Electrochemical NOx
devices were presented as prone to interferences with aas chromato-
graphy generally dismissed as unsatisfactory for this application.

Guidel ines were enumerated (40) for the use of continuous
monitoring systems (CMS) for new source compliance testing. EPA
personnel structured this commentary for those individuals inter-
csted in using continuous monitoring systems for field measurement
applications. Monitors appropriate for the measurement of NOx, 02,
COZ' and 302 were mentioned. )

The use of confidence intervals to statistically interpret the
accuracy of gas monitoring instruments through the analyses of
calibration procedures and the examination of typical calibration
data was proposed by Feigley ct al (36). Instrumentation such as
that required for NO2 measurement was one area dealt with in the
paper.

Temperature profiles of a combustor were accompl ished in one
study (43) with a Leeds and Northrup optical pyrometer. These
dovices have allowed thermal measurements to be taken in the
hottest portions of a combustion zone. Such measurements may be
utilized in NOx formation investigations related to the thermal
t ixat ion mechanism. '



(2) Instrumental Continuous Monitoring - The application of
instrumental NOx measurement systems as an alternative to wet
chemical techniques were analyzed by Shen (95). Human errors wverc
cons idered the most important criteria to switch to what was
referred to as "simple, reliable, reproducible, quick result,

cont inuous data output and low cost"” instrumental monitors.
Although such monitors were not accepted technology, the author
predicted their widespread use in the future after demonstrated
reference method equivalence and the development of chemilumines-
cent and fluorescent techniques. -

-

An evaluation of four respresentative HNOX monitoring systcms
was conducted by Shen ct al (96). Chemiluminescence, ultraviolet
spectrophotometry, electrochemical transducer, and dispersive
infrared spectrometry were selected and compared to the current
phenoldisulfonic acid (PDSA) reference mecthod. The PDSA method wau
described as suitable under laboratory conditions, but not as
appropriate as a continuocus monitor for field applications. The
method was said to be a "nonrepresentative sampl ing technique”
since an instantaneous NOx concentration was measured. The report:
ed reproducibility of field tests has been poor "due to human crrov
in handling the tedious sampling and analytical procedures." In
addition, one to two days following sampl ing are required for
complete sample analysis.

_The above report (96) also presented EPA test data for the
PDSA method which indicated that a statistical determined inaccu-
racy existed with the method as the measured NOx concentration fell
below 650 ppm. Of the four cont inuous monitors compared to the
PDSA method, the chemiluminescent method was termed the most accu-
rate and free from interference with a small sacrifice in portabil-
ity. Losses of NO in the condensate trap were shown to be ins ig-
nificant ‘-based on that compound's low solubility. While NO, was
determined to be less soluble than nitric oxide and would tgurc101w
represent a potential condensate loss, only about 3 percent or Yo,
of the total oxides of nitrogen from combust ion sources has been
measured as N02.

A treatise (107) on chemilUminescent analyses pinpointed
"seven possible sources of error" in the use of the devices. Thesue
involve "(a) non-linearity, (b) inefficiency in NO, to NO conver-
sion, (c) unequal flows in the NO and NOx channels; (d) inter-
forences, positive or negative, {¢) spurious (false) responsc to
4O. in the NO determination, (f£) holdup and reduction of NO, 1in
thé gas handling systems, and (g) inaccurate cal ibration pr3CL~
dures. All of these sources bf error may be eliminated by follow-
ing certain procedures. Monitors designed on the chemiluminescent
principle applied to NOx measurement displayed no effect or inter-
ference from moisture, hydrocarbons, carbon monoxide or sulfur
dioxide. Carbon dioxide can result in depletion of the ozonc
supply if the monitor is operated under low excess ozone condi-
tions.



shen (94) proposed the use of emerqging electronic instrumenta-
t ion for NOX measurement such as the chemiluminescence technique
over the traditional wet chemical phenoLdisulfonic (PDSA) proce-
dure. The author specified the importance of portability, setup

L ime, operation simplicity and ma intenance minimization.

Chemiluminescent monitors were described (83) as incorporating
the collection of a gas sample containing oxides of nitrogen and
employing int imate contact with ozone to produce .a resultant glow
that could be optically and electronically measured. This type of
monitor was found by Allen et al (4) to produce an woxtremely
stable, accurate, sens itive, linear and fast responsc method of
measur ing NO in combustion exhaust gases."

‘he use. of an instrumental chemiluminescent technique was
rof ined by Black and Sigsby (14). The method utilized the "photo-
lectric amplification of the signal produced by the chemilumi-
Loscent reaction of nitric oxide (NO) and ozone." Similar to the
Above reaction, NOx can be determined through the reaction of
atomic oxygen, produced by the thermal decompos it ion of ozone with
ox ides of nitrogen in the form of MO and NO.,. The latter react ion
{5 an alternative to the traditional procedire of converting the
NO. to NO through a thermal catalytic converter allowing subsequent
chémiluminescent analysis.

Wwolf (110) described the chemiluminescent NOx measurement
Lffoct as utilization of the absorption of visible light cnergy
produced by a gas reaction. A photomultiplier tube was the usual
cnergy transducer employed in these systems. The significant
reaction involved a combination of nitric oxide in the sampled gas
combined with ozone produced by the monitor. The react ion of ozone
and nitric oxide cauges a release of measurable light energy at
wavelengths of 6000 A and higher. NOx monitors that employ this
principle usually include a thermal-catalytic converter to convert
411 oxides of nitrogen to nitric oxide. This enables the deter-
mination of total NOx while just NO is measured without the con-
verter engaged. ’

Gas phase chemiluminescent methods were used by Stevens et al
(102) for the measurement of amb ient levels of nitrogen oxides
(NOx). As a conseqguence of the study, NO chemiluminescent mon i-
tors were shown to provide exccllent zero and span stability. 1In
Addit ion, good agreement was found for 24 hour NO., data developed
by scveral measurement methods which included che%iluminescent and

the Jacobs-Hochheiser and the Salzman techniques.

The use of several NOx chemiluminescent cont inuous monitors
adapted for a portable amb ient measurement system was described by
Altshuler cbt al (6). Difficulty with temperature stabil ity was
nent ioned as a problem for one of the chemiluminescent monitors
ecmployed for this study.



The use of a chemiluminescent reactor cell at atmospheric
pressure was demonstrated as capable of NO detection by several
investigators (55). The device employed utilized the chemilumi-
nescent reaction between nitric oxide and ozone. The four study
areas in which work was conducted included: (a) atmospheric pres-
sure chemiluminescent NO detector development, (b) the thermal
conversion of NO, to NO over gold wool, (c) field measurements of
NO, and NO in St! Louis, and (d) the chemiluminescent detection of
atmospheric NH, by oxidation to NO. Sensitivity of the system was
reported as 0.605 ppm. ‘

(3) Wet Chemical NOx Measurement - A modification of the EPA NOx
reference measurement Method 7 was the focus of a presentation by
James et al (59). Flue gases were sampled with a "volumetrically
cal ibrated glass flow through type bomb." By injection of hydrogen
peroxide into the collected sample, oxides of nitrogen were con-

verted to-nitrate ions which were measured by the phenoldisulfonic
acid technique.

A review of available wet chemical methodology was presented
by Berger et al (13). A specific study on the phenoldisulfonic
acid method concluded that statistically interpreted precisions of
t3 percent and t19 percent were considered appropriate for 1000 and
100 ppm NOx concentrations from a coal fired boiler.

Levaggi et al (67) expressed criticism with the phenoldi-
sulfonic acid grab sampl ing method for NOx determinations. The
inadequate representation of flue gas NOx concentration at the 100
ppm level with the use of grab sampl ing techniques was documented.

Work conducted with the phenoldisulfonic acid EPA Method 7 by
one sct of investigators (43) determined that there was no signifi-
cant operational interference apparent from the presence of
reduced sulfur compounds or particulate.

Another laboratory evaluation (78) of the EPA Method 7 or
phenoldisulfonic acid method for NOx determinat ion indicated
no interference effects with the.procedure. The method was pre-
sented as unbiased and accurate within the limits of its precision.

An attempt to shorten the analysis time for the phenoldi-
sulfonic acid NOx measurement procedure was discussed in an article
by Margolis ct al (73). The authors discovered that the usoc of
pure oxygen could shorten the standing time of a sample containing
400 ppm NO from 24 hours to about five hours at atmospheric pressur:
and to roughly 10 minutes at a pressure of 10 atmospheres.

The Saltzman NOx method was studied by Halstead et al (49)
and favored over the phenoldisulfonic acid method for flue gas
analysis from combustion sources firing natural gas. The authors
advised rapid field sampling rates with silica or silica 1ined
probes in order to avoid the possiblity of sample NOx alteratiou.
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A critical review of the Saltzman technique for batch analysis
of flame produced NOx was undertaken by Fine (37). He indicated
that if the oxygen content was greater than 20 percent in the
collection vessel the Saltzman method would be more accurate than
the phenoldisulfonic acid (PDSA) procedure for NOx determinations.
This could occur during sample processing if pure oxygen is used
as the oxidizer. The PDSA method was Judged to give low results
under high oxygen conditions (>20%). '

An investigation into the sodium arsenite method for nitro-
gen dioxide determination in the ambient air was described by
Margeson et al (72). The authors found the method to have greater
than 80 percent collection efficiency for nitrogen dioxide with
relative insensitivity to variations in sampl ing parameters. - Posi-
tive and negative interferences were indicated with the method
for nitrjc oxide and carbon dioxide, resgectively. A bias of

9.9 ug/m~ for ambient levels of 100 ug/m~ was determined for the
interferents.

An extremely accurate and automatic 24 hour NOx sample ana-
lyzer was described by Jacobs et al (58). Through absorption of
the NO, in an alkali solution the content can be determined colori-
metrically at ambient concentrations as low as parts per hundred
million.

The incorporation of "a new time integrated sampling method
and rapid analysis technique" that esscntially sums or totals NOx
cmissions over a specified time interval and allows quick NO2
determinations was descr ibed by Dee et al (26). peficiencies in
other manual methods such as the phenoldisulfonic acid procedurc
which were circumvented by the new technique were stressed. The
new method .utilized heated crystalline PhO. to absorb NOx. The
resultant lead nitrate was extracted with water and measured with
a nitrate liquid ion exchange electrode.

(4) Sample Conditioning Systems - A treatise (111) on continuous
stack gas monitoring included guidance for the construction and
maintenance of extractive sample handling and conditioning systems.
The essential components to the system were listed as "sampling,
cleaning, precipitation of condensate, elimination of interfering

components, and transporting." The System components were pre-
sented as: “Sampling probe, dust filter, cooler, adsorption or
absorption filter, flowmeter, and pump." The solubility of scveral

gases were presented with respect to the condensor system. Nitrouen
and nitric oxide solubil ities were given as 0.015 and 0.047 volume
absorbed per volume of water, respectively. The absorption of NOx
molecules noted on PVC tubing made teflon the most highly recom-
mended material.

A sample conditioning system utilizing "precision dilution of
flue gas with clean dry air" was represented (89) as useful for
continuous NOx monitoring. One month of unattended operation was
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accompl ished with the system which opefated through the reduction
of the dewpoint of the sampled gas to a lower level.

Lusis (70) concluded that Teflon was the most highly recom-
mended material for the construction of gas handl ing systems HNOx
montoring measurement sample lines. Losses in NOx were observed
with polyethylene tubing but relative humidity was not found to
affect the measurement.

Sample line losses and transformations of oxides of nitrogen
were studied by Samuelsen et al (90,91). The reduction of nitrecgen
dioxide to nitric oxide was observed at temperatures exceeding
300°C when transported through 316 or 321 stainless steel tubing.
Similar NO. reduction was noted with the use of 304 stainless stcel
at temperagures higher than 100°C. However, no loss in total NOX
were measured with the use of probes ar sample lines constructed
of the above materials. Additional investigations into teflon
constructed sample line losscs produced mixed results. Experi-
mental work conducted by scveral investigators have concluded that
TFE teflon was both a passive (109) and an absorption (52,106)
medium for NO. to some degree. The degree of NO., loss was Jjudged
to be depende%t on the concentration of NO2 and %he sample line
total pressure.

‘Allen (2) supported the theory that a catalytic reduction ot
NOx caused by metallic probes also existed with noncatalytic or
silica probes. These reactions were judged to present abnormally
high ratios of NO,/NO while maintaining the appropriate total Nox
level in the gas gample. These results were indicated through the

use of an uncooled probe which sampled emissions from premixed
methane-air flames.

In work (27) related to sampling probe NO losses, catalytic
reduction effects were noticed for quartz and stainless stecl
probes when sampling fuel rich flames. The loss of NO was held to
minimal levels through the use of cooled quartz probes. Sampling
of fuel lean flames with probes of stainless steel construction wa.
judged acceptable. '

The use of a glass lined probe was suggested (43) as appro-
priate for oxides of nitrogen sampling based on the possible
catalytic effects of stainless steel in combination with carbon
monox ide in hot stack situations.

A unique sample conditioning system preceding a chemilumi-
nescent measurement device was described by Lucero (69). A "dif-
fus ion interface module" was employed (which el iminated the need o
a condensate trap) along with the use of unheated TFE or FEP one-
cighth inch 0.D. sample lines. Interferences from CO, and NH, were
virtually nonexistent with the system. Particulate wgs removgd It
the probe assembly.
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(5) Oxides of Nitrogen Measurement Calibration Procedugcs - A dis-
cussion (82) presented on developmental work by the Natlona} Burecau
of Standards (NBS) with standard reference materials (SRM) 1n;ludeq
comments on the establishment of cylinder gas containing pitrlc oxidc
in nitrogen. The prepared cylinder gas was noted as applicable for
monitor span calibrations.

Low storage stability of nitric oxide (NO) in nitrogen (N,)
SRM's when contained in steel cylinders was reported on,by'Robgrtson
et al (88). A drop in NO of 3.3 percent over a ’'six to ten month
t ime period has been found for the steel cylinders with no testing
conducted with NO in N2 when stored in anodized aluminum cylinders.

Cylinder gas calibration standards of NO in nitrogen werée
reported (107) as having small NO. impurities. The use of a tri-
cthanolamine scrubber was suggestgd as helpful in removing the NO
in order to“have an instrument response corresponding to the "trug"
NOx level, or in this case the NO span value.

A unique calibration technique for NOx monitors utilizing the
Saltzman principle was developed by Higuchi et al (54). The method
used NO, in nitrogen as a primary standard with concentrations
verifieg through the phenoldisulphonic acid method. The primary
standard was diluted with prepurified air to form a secondary
standard for use in the field calibration system,

The calibration technique employed to estimate sampl ing accuracy
in a health related study (97) involved the use of NO, permcation
tubes. The constant temperature system used prefilteged dryed com-
pressed air as a dilution medium at carefully controlled flow rates
to produce a specific concentration of NO,. The NO, calibration
stream was then sent to a bubbler analysig system. “In this way
sampl ing accuracy could ke approximated through comparison of known
NO2 concentrations with sampling results. The possibility of the
NO. calihration gas being slightly different than an ambient level
"cbntrol" was mentioned. This was reportedly due to the ambient
air characteristics not conforming to the specifications of the
span gas (i.e. particulate-free, constant temperature and dry).

D. Source NOx Emissions and Control Strategies

(1} General - EPA's continuing involvement in stationary source NOx
cmissions control regqgulation was the focus of a review by Ricci (87).
Mention was made of new EPA data relating low concentrations of NOx
with "adverse health effects, high-nitrate rains, photochemical smog
and ozone depletion.” Japan was noted as the leader in the field of
add-on NOx emission control technology for gas and oil fired boilci:.
However, since the United States utility boiler growth has been di-
rected toward coal, the Japanese experience may not be considercd use
ful. The 1977 Clean Air Act Amendments called for EPA to examinc

Lthe need for a short term (<3 hr average) primary ambient NO., stan-
dard and, if necessary, promulgate such a standard by August©1978.
EPA had not proposed any short term NO2 standards at the end of 197y



13

A 1976 listing (87) of the 24 highest NOx emitting industrial
operations depicted coal fired steam utility generators as numbe
one with roughly 3.5 million metric tons of NOx per year (or 30.
percent of stationary source NOx emissions). Coal-fired industrial/
commercial boilers ranked sixth with about 735,000 tons (6.5 per-
cent) as contrasted to wood residue incineration at eighteenth with
about 24,000 tons per year or approx1mate1y (0.2 percent). The
expected growth in NOx emissions was given as a 66 percent increasc
by 1985 over the 1975 levels. Inefficient NOx control technology
was blamed for the tremendous estimated rise in the quantity of
NOx. Current combustion control methodology was noted for gas, oil
and coal firing with staged combustion suggested one of the most
cffective. Expected reductions in NOx of 55 percent for gas, and
40 percent each for o0il and coal were indicated. The EPA NDx best
available control technology (BACT) for coal fired industrial
boilers was presented as 450 ppm. Goals for 1980 and 1985 were
stated as°150 and 100 ppm NOx for this type of source, respectively.

Control strategies for NOx emissions were reported by Clarenbu:.,
et al (20). Various aspects of plume dispersion requirements and
the impacts of stationary source and automobile produced oxides of
nitrogen on ambient receptors were noted.

A review of coal firing NOx control technology with the
inclusion of significant environmental and economic considerations

was detailed by Giammar et al (45). The smallest practical pulver-
ized coal boiler size was given as 100,000 pounds of steam per
hour. Since this is larger than about 98 percent of the currcntly

operating industrial boilers, there was cause to favor stoker fire:d
units in the design of future installations with the associated NOx
control strategies.

A technique was established by Woolrich (112) to approximatc
NOx contributions from various combustion sources. Nomographs and
equations have been developed to estimate nitrogen oxides in pounds
per hour for various firing conditions and rates. The results were
based on the temperature or heat input of the combustion process
being a function of the exhaust gas volume and the gas carbon
dioxide content. Since the NOx produced has been found to be a
derivation of the combustion process heat input, two sets of
relat ionships were shown to be applicable for oxides of nitrogen
determination calculations having as a basis cither heat input or
cxhaust gas volume and exhaust gas carbon dioxide content.

(2). Oxides of Nitrogen Emission Rates and Control Stratecgics for
Combustion Sources - Several control techniques were proposed for tl,
control of the NOx emission rate from combustion sources by Siddigi
et al. (99). These included lowering peak flame temperatures and
combustion zone residence time, lowering the oxygen level in the con
bustion zone and restricting fuel nitrogen content. Procedurcs cum-
ployed to enact these control techniques have involved flue gas
recirculation, staged combustion, reduced combustion excess air
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gquantities, the lowering of air preheat temperatures, the addition
of water or steam to the flame zone as cooling mediums and the use
of alternate fuels.

Combustion modification techniques were described (99) as
follows. Flue gas recirculation has been accompl ished by directing
exhaust gas to the primary combustion zone at levels of normally 15
to 20 percent and as high as 35 percent the total combustion air.
Staged or off-stoichiometric combustion can be applied to existing
boilers through replacement of existing burners -with air ports in
the fuel rich primary combustion zone, thereby introducing air for
complete combustion into a secondary combustion zone and enacting
a lower flame temperature. The use of lower excess air levels in
combination with staged combustion was found to reduce NOx emis-
sions. Control of excess oxygen to minimum combustion levels has
been found to increase the emission rate of carbon monoxide indicat-
ing the necessity for maintaining a balanced system. Boiler effi-
ciency losses have formed the major criteria for negating steam or

water additions as peak flame temperature controls as an aid in the
reduction of NOx emissions.

Several NOx combustion control techniques were studied by
Blakeslee et al (16). Conclusions from this study include: (a) flue
gas reccirculation must be introduced to the primary combustion zone
for optimum NOx reduction, (b) fuel nitrogen effects were only
apparent with coal and oil firing, (c) load reductions accounted
for reductions of up to 50 percent in NOx emissions for gas fired
units with the nitrogen fixation mechanism the parameter most
affected, (d) elimination of or a reduction of air preheating was
found to lower NOx levels with significant sacrifice in boiler
efficiency, (e) water injection reduced NOx emissions on one gas
fired boiler accompanied by a loss of boiler efficiency, (f) tan-
gential fired units have reduced NOx emissions through the creation
of the entire furnace as a burner without air addition at each of
the fuel ports and enhancing internal recirculation of the bulk gas
(having local fuel rich or fuel lean conditions) which produces
slower mixing of fuel and air.

The mechanisms of nitric oxide formation in several combustion
systems were studied by Takagi et al (103). The effectiveness of
exhaust gas recirculation, water injection and two stage combustion
systems on NO reduction was evaluated through "chemical-kinetic
calculations." These calculations pinpointed the success of exhaust
gas recirculation at levels of about 15 percent. The total air
input would reduce combustion temperature and result in a decreased
reaction rate and equilibrium nitric oxide concentration. Water
injection was judged to restrict nitric oxide formation by lowering
flame temperatures. The utility of staged combustion for NO reduc-
tion was suggested to center on the release of a large quantity of
heat in the primary fuel rich combustion zone which ‘decreases the
temperature of the secondary fuel-lean combustion zone.
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A summary of NOx control practices was offered for boiler
systems incorporating pre-mixed air and fuel burners (104). Effec-
tive control modifications, in their order of success, included
staged combustion, water addition, flue gas recycle, pre-heat
combustion air temperature reduction and lowering of excess combus-
tion air levels. The minimal loss in boiler efficiency combined
with relatively large decreases in NO production was said to favor
staged combustion. The use of control procedures on boilers not
featuring fuel and air pre-mixing was noted as having adverse
effects on boiler efficiency and residual percent combustibles.

\

The relationship between NOx emission rate from stationary
sources and flame temperature and quench rate was shown to -be
related to the type of fuel being fired (30). Representative
pounds of emitted NOx were reported for each fuel type. A range o!
27 to 34 pounds NOx per ton of oil fired and 14 to 16 pounds per

ton of natural gas fired were indicated as an average for all
boiler designs.

Reed (86) acknowledged the methodology available for NOx
reduction and its impact on industrial boiler performance. The
conveyance of cold flue gas to the primary combustion zone was
labeled as uneconomical and plagued with problems. A guide to
distinguish increases in NOx as a function of combustion air tem-
perature was organized as follows:

Air @ 60°F X ppm NOx

Air @ 400°F

X x 1.4 ppm NOx

Air @ 600°F X x 2.0 ppm NOx

Air @ 800°F

X x 3.0 ppm NOx

The dependence of fuel type on potential NOx production indicated
the highest NOx emissions corresponding to No. 6 o0il with natural
gas next, while No. 2 0il was the lowest. Data suggested

the use of a large number of small burners in a boiler rather than
a few large burners, since a high individual burner heat release
would tend to promote higher NOx emissions from the higher localiz. .
combustion temperatures.

The author (86) traced lower NOx production to instances wher
rapid cooling occurred after maximum temperatures were reached.
This can be seen as a consequence of lower NOx levels in a water-
wall furnace as compared to just a bare-wall furnace. The water
wall acts as a heat sink or guide to provide an increased cool ing
rate. Less NOx formation was also apparent from the flat flame
versus a round flame. 'This was due to the slower. cooling rate fo.
the round flame with its conical flame structure.

A composite of NOXx emissions related to boiler design speci-
fications and function was included in a report by Barrett ct al
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(10). For only those boilers falling in - the range of less than 107
Btu per hour (those hoilers classified as residential and commer-
cial boilers), the sum of the NOx emissions were 14 percent of the
tofal boiler NOx emissions. The boilers firing at g rate of over
107 Btu per hour amounted to 54 percent of the total hoiler NOx
emissions. The cumulative NOx emissions for all 250 million Btu
per hour rated boilers and under was determined as approximately
30,000 tons NOx per year for coal fired boilers, 220,000 tons per
yvear for gas fired boilers, 300,000 tons per year for oil fired
boilers and 600,000 tons per year total for all fuel types.

(3) Pulp and Paper Mill Sources - In sampling conducted on kraft
recovery furnaces, combination fossil fuel and bark fired boilers,
sulfur burners and lime kilns, very low emissions of oxides of
nitrogen were found (43). Kraft recovery furnaces were decmed
representative of good NOx control practices with their use of
essentially off-stoichiometric operation, fairly low combustion
temperatures and two-stage air input design strategies. A kraft
recovery boiler sampled was rated at 256,000 lb/hr of black 1iquor
operated at a 103 percent excess air level and a combustion tem-
perature range of 1850 to 2250°F. The average NOx concentration
measured was 32 ppm with a range of 0 to 53 ppm.

- A kraft mill lime kiln sampled for NOx was rated at "250 tons
per day" (assumed to be CaO product) and operated at 23 percent
excess air with combustion temperatures ranging between 2300 to
2530°F. NOx testing was conducted before and after a venturi
scrubber. The measurements were similar at each location and
averaged 188 ppm NOx (157 to 213 ppm) and 200 ppm NOx (113 to 260
ppm) for the inlet and outlet of the scrubber, respectively (43).

To control the operation of an NSSC recovery furnace, scveral
investigators (42) suggested that a compromise must he attained
between at least eight parameters: (a) acceptable combustion
cfficiency, (b) chemical recovery as Na.S and Na.CoO,, (¢) minimi-
zation of Na SO4 formation, (d) low alkgli dust foaa, (e) elimina-
t ion of sulfgde emissions, (f) low SO, emission, (9) control of CO
in flue gas and (h) control of nitroggn oxides. One procedure
ment ioned that could represcnt a 50 percent decreasc in NOx cmis-
sions was two-stage combustion. Normal operation of the furnace
required this procedure to insure adequate inorganic chemical
reccovery. Lower operating temperatures (below 2100°F) were also
noted as influencing the level of NOx produced in the furnace
through nitrogen fixation (N, + O, ;=" 2NO). Since the rcaction is
endothermic the nitric oxide “prodict can be enhanced with higher

temperatures. The NSSC furnace sampled was reported as having NOx
emissions between 10 ppm and 50 ppm.

(4) Bark Boiler Sources - Data gathered from power boilers burning
e¢ither all or a portion bark fuel indicated an average of 205 ppm
NOx for a pulverized coal and bark boiler rated at 70,000 1lb/hr
(43). A range of 150 to 280 ppm NOx was noted with combustion
temperatures varying from 2200 to 2600°F. A second power boiler
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reported on was sampled when burning solely bark at a rate of
270,000 1lb/hr and averaged 123 ppm NOx with a range of 101 to 145
ppm at 89 percent excess air. The measured combustion temperaturcs
ranged from 1900 to 2080°F. EPA publication (114) earlier reportcd
a value of 10 1b NO,/ton wood-fired. EPA has also recently publish
an updated assembly“of NOx cmissions from wood-fired boilers. Theo
contents of this document are discussed in more detail later in this
bulletin (119). '

(5) Coal Fired Boilers - Research efforts (48) tailored to the
reduct jon of NOx emissions from coal fired boilers have centered on
tangential firing with overfire air. These specially designed
units were considered capable of meeting the proposed EPA NOx
limitations of 0.5 pounds NOx as NO, per million Btu for subpitu-
minous coal firing and 0.6 pounds NOx as NO per million Btu for
bituminous coal or lignite firing. Parametgrs such as excess air
levels and burner and overfire air port tilt were studied with
respect to various aspects of coal firing.

Spreader-stoker coal fired boilers have been found to result
in 30 to 60 percent lower NOx emissions than pulverized coal fired
units. It was postulated that this may have been due to the
tendency toward staged combustion in spreader-stoker units (45).

The effects of two stage combustion on NOx emissions from
pulverized coal furnace systems was studied by McCann et al (77).
Approximately 95 percent of the stoichiometric air requircment was
applied to the first stage or primary combustion zone. The addi-
t ion of more air to the seccond stage resulted in 330 ppm of NOx
measured by the phenodilsulphonic acid method with 20 percent
overall excess air operation and only 260 ppm NOx at an 11 percent
overall excess air level. The carbon combustion efficiency was
determined to be greater than 98 percent for the 11 percent excess
air mode.

A coal fired power boiler, described (43) as a 190,000 1b/hr
front fired pulverized coal unit, was found to average 375 ppm NOx
(310 to 445 ppm) with combustion temperatures of 2600-2700°F.

(6) 0il and Gas Fired Boiler Sources - Bagwell et al (8) remarked
on data showing the success of lower peak flame temperature and
off-stoichiometric combustion to limit emission of oxides of nitro-
gen from boilers. Custom designed burner-air port arrangements for
oil and natural gas firing were found to minimize NOx emissions
without increasing the smoke and carbon monoxide exhausted. Changu
in furnace and burner parameters were shown to be responsible for
as much as 200 to 300 ppm NO. The type or grade of oil was indi-
cated as a potential cause for a 100 to 200 ppm NO differential 1n
total emissions.

Two gas fired power boilers rated at 100,00 lb/hr and 200,000
1b/hr were surveyed (43) and found to average 436 ppm NOx (325 to’
ppm) and 190 ppm NOx (161 to 232 ppm), respectively. No combustion
temperatures were noted for the first boiler which was operating a!
33 percent excess air. The larger boiler was operated at 46 per-
cent excess air with combustion temperatures of 1600 to 1800°F.
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The use of combustion modifications te facilitate reductions
in NOx was discussed by Siddigi et al (99). The economic util ity
of in-process changes over add on control devices was detailed for
fixed firebox combustion systems. Data has been obtained establ ish-
ing reduction in NOXx emission levels of as much as 70 ‘percent for

natural gas fired sources originally operated with high peak flame
temperatures and excess air.

An enumeration of power boiler NOx control strategies indicated
the effectiveness of low excess air and off-stoichiometric opera-
tion (19). Flue gas recycle was termed as a possible approach for
new boilers, but uneconomical as a retrofit option on existing
units. Lowering the excess air level from 4 percent to 2 percent
on oil and gas boilers has been found to result in an average of 30
percent lower NOx emissions. Coal fired units were judged to
require more excess air for effect ive combustion and thus possess
less flexibility. Instrumentation requirements were noted as more
extensive under low excess oxygen firing conditions. Monitoring
and control of excess oxygen, air flows, distribution quantities,
and exhaust gas combustibles were considered critical under these
conditions. Off-stoichiometric or two-stage combustion has shown
potential NOx reductions of 30 to 50 percent for oil or gas fired
units. These techniques reduce peak flame temperatures through
operation of the primary combustion zone under fuel rich conditions
with the secondary zone having fuel lean characteristics. The end
result is heat transfer between the two zones and lower overall
temperatures in the firebox. Coal fired boilers were not con-

s idered to be easily adapted to this procedure. Although limited
in application, the most successful flue gas recirculation strategy
was described as mixing flue gas and precombustion air before
routing to the primary flame zone.

Industrial/commercial boiler NOx emissions were discussed with
respect to suitable control strategies (100). Conclusions indi-
cated from the data presented included: (a) for liquid fuel firing
combustors, the NOx contribution from fuel nitrogen amounted to a
conversion of 40 to 50 percent. The contribution attributed to
thermal NOx or nitrogen (N.,) fixation of the combustion air was
dependent on the furnace désign, (b) keeping excess air to a
minimum was found to reduce NOx levels by 10 to 15 percent if the
normal excess air averaged less than 50 percent, (c) the uyse of
flue gas recycle does appreciably limit NOx formation from fuel
nitrogen but cannot decrease that portion attributable to thermal
fixation, (d) both thermal and Ffuel nitrogen produced NOx were
controlled through the staged combust ion procedurcs, (¢) the
authors suggest that flue gas recycle and two stage combustion
techniques would be difficult to apply to industrial boilers, since

many modifications and new design technology would be required.

Testing was conducted on a newly installed incinerator to
establ ish NOx reduction criteria (62). The surprising results
included an increased NOX emissions with an increase in stcam flow
directly to the system's burner. This occurred even though lower



19

primary and sccondary combustion zone tecmperatures werc produced.
The lowest NOx values were obtained thrdugh use of a minimal steua
flow rate to the burner with the maintenance of the highest pessil .
primary combustion zone temperatures. A decrease in NOx was showu
with a 10 to 25 percent excess natural gas flow rate which creatc.d
fuel rich conditions in conjunction with an increase in combustion
temperatures and combustible fraction in the exit gas. The cause
for this behavior was postulated as the "secondary recombination
and formation of NCx in the presence of greater than 100 percent
combustibles." - o

(7) oOxides of Nitrogen Add-On Control Devices - The impracti-
cability of add-on control devices for NOX emissions already below
200 ppm was expressed by First et al (39). Absorption technique
success was shown to be basically dependent on the oxidation of NO
to NO2 and el imination of unnecessary dilution.

The bBasics of a catalytic system which removes NOx without
suffering SOx poisoning was described by several authors (75,76).
The process used ammonia as a reactant with nitrogen and water as
end products. A flue gas stream was treated for scveral months
with the system with 90 percent NOx removal achieved. The initial
pollutant levels were 110 to 150 ppm NOx, 660 to 750 ppm so, and 40
to 90 ppm SO

3°
A dry catalytic NOx reduction system was successful using
ammonia as a reducing agent (84). The mechanism utilized involved

ammonia injection into the exhaust gas stream prior to passage
through the dry catalyst. The operational temperature range was
given as 250 to 400°C. The dry catalytic bed was described as an
"intermittent moving bed reactor." The bed was found to have a
working life of over 4000 hours. The NOx control was suggestoed as
aiding in .the meeting of Japan's ambient standard of 0.2 ppm»NO2
based on the daily average of hourly levels.

(8) Miscellaneous - Blakeslee ct al (15) indicated that the
occurrence of furnace slagging might actually increase the NOx
emission levels since higher furnace gas temperatures would result
as the wall surface heat transfer efficiency is decreased.

The effect of electrostatic precipitation on nitrogen oxides
was studied (23) with one pulp and paper industry source chosen.
Although not stated, the furnace is thought to be a DCE kraft
recovery furnace. The use of two Dynascience electrochemical nitro-
gen oxide monitors indicated that the electroststic precipitator
(ESP) had no significant effect on the NOx content of the flue
gases. The reduction in NOx from roughly 130 ppm at the inlet to
40 ppm at the outlet was judged to be attributable to caustic
sprays within the flue gas ducts between the ESp outlet and the N
sample location. The possibility was also expressed by the author..
of NOx catalytic decomposition in the precipitator by what was
termed the "organic flyash and salt cake" contained within the g
stream. 1In any case, the trials conducted on the effects of



20

«lectrostatic precipitation on NOx emissions indicated no signifi-
cant change across the ESP.

E. Ambient Effects of Oxides of Nitrogen

1. General - Several authors (97) related that through the heat
of combustion, atmospheric nitrogen can be fixed to oxygen to form
nitrio oxide. The oxide can then be transformed to nitrogen
dioxide (NO,) in the atmosphere. The ambient annual average level
of NO, to bé expecied in rural areas is 0.0l ppm or less. Concen-
trati%ns in large urban areas normally range between 0.02 to occa-
sionally over 0.05 ppm.

The relationship between NOx concentration and ozone format ion
in the ambient air was indicated by Sickles et al (98). The measured
level of NOx emissions in 1970 was presented as twice the amount
produced in 1960. This was tied to the rise in ambient ozone
concentrations in nonurban locations. The interdependence of
hydrocarbons and sunlight for ozone formation was also described.
Ozone background levels were described that suggested nonurban air
qual ity was hydrocarbon rich with deficient levels of NOx. Ambient
levels of ozone were found to be directly dependent on increases in
NOx rather than hydrocarbons for nonurban locations.

Paskind et al (85) determined that ambient oxidant levels were
not directly related to oxides of nitrogen emissions. At the loca-
t ion studied, oxides of nitrogen ambient levels were actually shown
to increase, while average ambient oxidant concentrations declined.
The data did indicate, however, that both oxides of nitrogen and
hydrocarbon emissions would have to decrease to lower overall
oxidant concentrations. ‘

A discussion on the importance of oxides of nitrogen in the-
ozone production mechanism was offered by Jeffries et al (60).
Controlled experiments undertaken with oxides of nitrogen and
hydrocarbons in a specially designed outdoor chamber indicated the
dependence of NO to NO2 conversion on the hydrocarbon concentration.

The environmental impact of coal combustion in power boilers
was detailed in a document explaining a study funded by the EPA (46).
As reported in the document, nitrogen oxides can be expected to
increase in the year 2000 by 61 percent over 1975 levels. The
hazard stressed by this increase was most apparent with respect to
acid precipitation which was noted as already significant in the
Northeastern and North Central United States. However, a higher
percent increase of NOx emissions‘was projected for the Western
United States over any other region with the contribution increas-
ing from 31 to 39 percent of the total for the United States.

(2) NOx Contributed Photochemical Effects -~ The traditional smog
reaction was modeled (101) through data resulting from a closed
laboratory system. Almost all of the initial NOx was traced to
teaction products which included peroxyacetyl nitrate (PAN),
residual nitrogen dioxide (N02) and nitric acid (HNO3). Trace
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amounts of alkyl nitrates were also in evidence. Nitric oxide (NO)
and NO, were monitored by chemiluminescence and automated Saltzman
techni§ues, while methyl, ethyl and peroxyacetyl nitrate were
mcasured by a gas chromatograph.

A paper by Altshuller (5) presented selective eye irritation
studies conducted in smog chambers filled with hydrocarbon—nitric
ox ide mixtures. He concluded from the experimental woxrk that
neither carbon monox ide, sulfur dioxide, ozone oOr nitrogen oxidcs
cause eye irritation at the concentrations studied. The concentrat-
jons investigated were judged representative of. levels present on d
smoggy day in Los Angeles.

The factors affecting differences potween smog chamber facil-
ities used in studies conducted on oxides of nitrogen evolution
were presented py Wright et al (113). The factors noted include:

"the spectral distribution and intens ity of the 1ight source, the
temperature range and the extent of chemical cquil ibr ium among
nitrous acid, nitric oxide, nitroygyen dioxide and water” It was
shown that two smog chambers could be des igned that could duplicate

exper imental results if the above parameters were held constant.

Nitrate and sulfate fractions from hi-vol filters were deter-
mined by Sandberg et al (92) for the 3an Francisco Bay Area. The
nitrate salts analyzed were primarily ammon ium nitrate and judged
to be the chief products of the photochemical smog reactions. The
high nitrate levels measured were said to be related to excess ive
ox ides of nitrogen and were termed a representative guide of photo-
chemical activity.

The open burning of wood refuse and undergrowth was the focus
of a laboratory investigation (12) on photochemical activity. The
NOx levels were measured with a chemiluminescent monitor and found
to average 70 percent NO with the rest NOZ'

(3) oOxides of Nitrogen Morphological Fffect Studies - The results
of a study determining the impact of nitrogen dioxide on a populated
site which intersected Tennessce and Georgia was authored by Shy et
al (97). The four areas chosen within the site included two con-
trols or clean sectors, one high NO, exposure section near a tri-
nitrotolucne (TNT) plant and one scgtion with a high suspended
particulate level. Inhalation responsc from second grade school
children was found to be lower in the *high-NO scection" when
compared to the two control scgtions. Adverse - inhalation responses
wore noted only when an NO. threshold was exceeded. Beyond this
threshold no further effecgs were detected.

The effects of indefinite or long-term human contact to low
NOx levels of 0.12 ppm and less have becen cons idered jnconclusive
(97). Higher levels of NO, have been found to causc irritation of
mucous membranes. Nitrogeg diox ide concentrations above 500 ppm
have been known to cause "pulmonary edema" and even death to
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workers in industrial accidents. The application of NO_, concen-
trations as low as 0.5 to 5.0 ppm to experimental animafs has
resulted in injury to the "epithel ium of respiratory bronchioles”
and lowered the animal's resistance to pathogens. Human airway
resistance has also been shown to increase upon exposure to levels
of 3 to 40 ppm NOZ'

The community health effects studied (37) in connection with
NO, exposure indicated: (a) impaired ventilatory functian in elemen-
tary school children, (b) higher predominance of” acute respiratory
illness, and (c) restricted host resistance during epidemic influ-
enza. The health effects were related to nitrogen dioxide concen-
trations measured by 24 hour integrated samples collected by gas
bubblers and analyzed by the Jacobs-Hochheisser method.

The investigators of an NOx exposure study (97) explained
that a standard technique for monitoring NO,, such as the Saltzman
method, could not be employed in this type gf study due to manpower
and economic constraints. 1In addition, limitations in the data
collection suggested the use of fewer but better trained techni-
cians to perform the ventilatory function test. A personnel
change was indicated as affecting the results by appreciably shift-
ing the dose-response gradient within the high—NO2 section.

The study indicated (97) that the average NO, level of 0.083
ppm measured in the study's high-NO, section was gimilar to that
found previously in the Chicago arog during the summer months of
1966 which was attributed to high-density automobile traffic.

Irradiation experiments (50) in specially designed chambers
noted a correlation between the peak nitrogen dioxide concentra-
t ions produced and human eye discomfort. A second "discomfort
interval" was found for the secondary time period when certain
rcaction products were formed. These products included peroxyacyl
nitrate, ozone and aldehydes. The first irritation interval cor-
responded to the conditions in many large urban locations while the
second irritation interval was judged to be a photochemical smog
response. The relative merits of the preferential reduction of
hydrocarbons or oxides of nitrogen were weighed against each other

with the investigators leaning toward NOx as the most important
overall criteria.

Chapman (18) offered commentary on scveral health effect
related articles dealing with NOx exposure. The articles were
noted on the whole to be inconclusive and contradictory. It was
felt that no determination of adverse effects from current ambient
NOx concentrations could be concluded.

An extensive NO, exposure study was the subject of a paper by
Gardner et al (44). “The response characteristics of several animal
species WErE_investigated with respect to various NO_ exposure
concentrations and intervals. Enhanced mortal ity was“found with
lncreased NO2 level. The conclusion was formulated that long-term
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low level exposure caused significantly different physical damage
than high level short-term exposure.

The effects of oxides of nitrogen on animals was used as a
gauge for possible effects of the compounds with humans (46)
Positive as well as negative results have occurred with similar M.
doses on different animal species. The authors concluded that th.
data from a number of animal exposure studies did not indicate
conclusively that the highest current ambient levels of .NOx would
adversely affect animal populations. - ’

The harmful effects of nitrogen dioxide were related in a
study to the mortality of mice to selected levels of NO. (65,66).
A mortality of 4.6 percent was determined for ambient cofcentra-
tions of 0.115 ppm over a year's time interval. This level of Nu
was representative of that in downtown Los Angeles. Mice werce ‘
cons idered an overly susceptible host for human comparison studi:
The direction of future work by the authors emphasized the need t. .
a host similar to man such as monkeys.

Evans et al (29) studied the effects of nitrogen dioxide
exposure on the lungs of elderly animals. The medium used for
testing was aged rats. The results hinted that while age had no
effect on the actual condition of the lungs, the lung repair was
delayed for a significant time interval in older rats.

The effects of NOx on vegetation were given (59) as secondat,
to other compounds involved in the photochemical complex. The
vegetation injury caused by NOx compounds appeared to be through
indirect mechanisms involving oxidants such as ozone and peroxyacy .
nitrates. The actual symptoms of plant NO exposure have been
known to consist of metabolic changes, ultgastructural alteration.
and lowered photosynthesis. These can lead to what was termed
"premature senescence, chlorosis, necrosis, or abscission of lcawv

leading to a lower growth rate and even reduced reproduction or
plant death.

Concentration of NO, was by itself not considered sufficiecut
to obtain a threshold limit or'plant dose response (59). The
concentration level in conjunction with the time of incident
exposure has been the usual method of reporting the action of NO,
on vegetation. For instance, a NO, level of 1.0 ppm has becen
suggested as causing metabolic and“growth effects for an cxposui
period of close to one hour. The samc 1.0 ppm concentration woul.
require about 10 hours for "Foliar Lesion." Death of vegetation
might be manifested with 300'ppm of NO., for one hour.

2
Ermenc (28) discussed the importance of controlling nitric
oxide (NO) from combustion sources. Aspects of NO such as its =l

conversion or oxidation in the atmosphere to the brown hued nitr.
gen dioxide and its contribution to the formation of aldehydes,
ketones and organic nitrates were mentioned. Nitrogen dioxide w.
described as an irritant which can injure lung tissue through
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nitric acid formation in the lungs. Nitric acid formation in the
atmosphere was described as a potential product of nitrogen di-
oxide, water vapor and rain. Atmospheric nitric acid could lead to
vegetation and construction material damage.

The effects and acceptable limits of NO2 on vegetation werce
evaluated in a study by Thompson et al (105). The investigators
determined that the lowest reported NO, concentrations affecting
vegetation has been two to four weeks gf contact at 0.15 to 0.26
ppm. The criteria followed invovled "chronic injury and associated
physiological effects on sensitive plants." The synergistic effect
of SO, with NO, at levels within 5 to 25 pphm was noted as poten-
tia11§ harmful “to field qgrown crops and forested areas near urban
sites. Crops such as tobacco, radish, soybean, ocat, and pinto bean
have displayed adverse effects from exposure to 0.1 ppm NO2 plus
0.1 ppm 802 for a contact time of four hours.

F. Nitrogen Oxide Ambient Air Standards

The 1971 ambient air nitrogen dioxide standard was criticized
by Heuss et al (52) as based on unverified data from a "questionable
cpidemiological study." The main faults found with the epidemi-
ological or "Chatanooga Study" (97) were the interpretation of the
medical results and the use of the Jacobs-Hochheiser NO, measure-
ment method. The authors recommended that the study shguld not be
the only basis for a nitrogen dioxide standard. In addition, the
‘Greliss-Saltzman measurement method was suggested as the appropriate
rooference method until chemiluminescent NO, analyzers become avail-
able. The inherent interferences and lack “of precision were
described as reasons why the Jacobs-Hochheiser method was un-
acceptable. :

The details of possible EPA proposed short term NOx stan-
dards was the subject of a paper by Creekmore et al (24). This
standard was stated as being necessitated by the effect of short-
term NO, excursions on moderately or highly sensitive individuals.
Nitroge% dioxide was considered a secondary pollutant with its
formation dependent on the presence.of nitric oxide. Point sources
of NO, for urban areas were defined as those that release over 100
tons pPer year, while point sources in less urbanized areas were
noted as those emitting over 25 tons NO, per year. Source monitor-
ing requirements similar to those currently existing for other
criteria pollutants were predicted to accompany the new short-
term NO2 standard.

Jordan et al (61) expressed a concern with respect to the
establishment of a short-term and revised annual standard for nitro-
gen dioxide (NO,) based on mathematical models of nitric oxide (NO)
data. The slow“conversion of NO to NO, was the basis of their con-
cern. They discovered lower conversion of NO at night versus the
daytime and in the winter as compared to the summer.

Ferris (35) questioned the necessity of a 24 hour

NO, standard on the basis of limited additional public health
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protection and questionable results from previous studies. He
suggested that the present standard of 0.05 ppm NO, on an annual
average of 24 hour values was adequate based on a Study applying
similar levels to an asthmatic population. If such a short-term
standard was promulgated, a level of 0.26 ppm for one hour not to
be exceeded more than two to threce times a year was considered

appropriate by the author. At the end of 1979 EPA had not proposed
a short term NO, standard.

2

A comparison was drawn by Kiyoura (63) on nitrogen, dioxide
standards in Japan and the United States. Reference was made to
the Japanese standard of 0.02 ppm NO, per 24 hours as much stricter
than the United States level of 0.05 ppm per year. The author noteu
that while population density was similar in both cauntries, Japan
had a vehicle density only 20 to 25 percent that of the United Stat.
A conclusion stemming from this comparative work indicated that the
Japanese standard was too low to be attained.

III DESCRIPTION OF OXIDES OF NITROGEN MONITORING
SYSTEM USLD IN THIS STUDY

A. .General

The basic monitor used was the Monitor Labs Nitrogen Analyzcer
Model 8440E. The unit is a gas phase device utilizing the chemi-
luminescence principle for continuous detection of Nitric Oxide
(NO), Nitrogen Dioxide (NO.), and Oxides of Nitrogen (NOx) on a ppm
dry basis. The operation %f the monitor is based on the chemi-
luminescence of an activated NO species (NO,*) that is produced by
a chemical reaction between ozofie and NO (41?.

The monitor is unique in that dual subatmospheric reaction cel|
resulting in minimizing measurement error (117,118) or detector
systems are incorporated into the design with an independent cell
for the measurement of both NO and NOx. Thus, the data produced by
the monitor is spontaneous and not averaged. Optical and electroni.
stability is insured through température controls and an optical
chopper. An ISOFLO pneumatic system controls each gas stream's flow
rate to the respective rcaction cells. These flow controllers sy
Lo transport the gas sample through the reaction cells with the chen
iluminescence emission from the recaction chambers halted and trans-
mitted alternately to the photomultiplier tubes at the rate of 3%
times per second by the optical chopper. A phase sensitive ampliti
processes the photomultiplier signal which is then converted to a
voltage output for recorder utilization.

The monitor is packaged as two separate modules connected
electronically and physically with pneumatic flow lines. The
analyzer module consists of the reaction cells and photomultiplicr t
(PMT) assemblies, the ISOFLO flowrate control assembly, PMT power,
signal processing electronics, the front panel readout display and
readout display and recorder outputs. The sample conditioner
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module includes the prel iminary pneumatic network cmploying a sam-
ple filter, sample and ozone scrubber, a reaction cell vacuum
regulator, and vacuum pump. A schematic diagram of the two modulc
monitor is presented in Figure 1 (57).

B. Principle of Operation of the Model 8440E NOx Monitor

The dual channel chemiluminescence analysis system includes
twe detection assemblies, each of which employs a reaction cell,
optical chopper, and a PMT unit. The reaction cell itself consists
of three functional subsystems. These subsystems correspond to
first, the concentric ozone and sample nozzles, second, the reac-
t ion chamber, and third, the exhaust ports. The operation of theu
monitor is dependent on the chemiluminescence of an activated
molecular nitrogen dioxide species which is produced by the reac-
tion between'NO and O, in an evacuated reaction chamber (21). Gas
containing the nitric oxide molecules enters the reaction chamber
by way of a concentric nozzle while the ozone is directed to the
rcaction chamber via the center nozzle. A small portion of the NO
molecules react with ozone to form the activated NO_* species. A
broad-band radiation, from 500 to 3000 nm with a maXimum intensity
at approximately 1100 nm, is emitted as activated NO_* molecules
decrease to a lower energy state (22). The manufactlrer (57)
indicated that the current produced by the photomultiplier tube is

directly proportional to the intensity of the chemiluminescent
emission.,

The use of a MOLYCON (68) converter to chemically reduce the
NO, fraction in the sample to NO was util ized in the monitor. This
alfows a determination of the total oxides of nitrogen through a
sample and detector system which is, except for the converter,
tdentical to that used for the NO measurement. The NO, content may
be obtained by electronically subtracting the NO response from the

total NOx response which represents the sum of the NO and NO2 in
the sampled gas.

C. Monitoring System Adaptation tb Source NOx Mcasurements

The apparatus used for source NOx sampl ing is depicted in
tigurc 2. Several of the components noted as "optional" in the
schematic were not found to be required for accurate sampling of
cwome of the sources. The system was des igned for consistent opera-
ti1on for vacuum or pressure source gas conditions through the use
of a high sampling flow rate and a vented "buffering chamber."
This was necessitated by the sensitivity of the monitor to swings
in sampling pressure. A constant two inches water pressure was
maintained in the inlet line to the Sample Conditioner module of
the monitor through the use of the two valves depicted. The in-
line filter located after the condensor eliminated the problem of
prarticulate which might foul cither valve No. 1 or the stainless
stcel pump.  An additional pump was located on the cyclone con-
densor drop-out line to insure minimal water/gas contact and to
protect the monitor against possible moisture carry-over. The two
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NOx monitor modules and a two-pen recorder were housed in a heated
pPlexiglas enclosure to minimize dirt infiltration into the circuit:r
and to maintain monitor operation within the manufacturer specified
temperature constraints of 50 to 104°F. The two-pen heat writing
recorder allowed unattended data collection for both nitric oxide
(NO) and total oxides of nitrogen (NOx).

tance from the stack at all sites tested, no NO., to NO catalytic co:.
version was judged to occur at the stainless stéel 304 condensor.

handling system served to minimize the potential for NO. absorption
within the system. The stainless steel incorporated ingo the
sample system after the condensor was limited to the No. 1 valve,
air-tight pump and three fittings. The balance of the transport -
system was teflon instead of stainless stcel for convenience in
making adjustments to the sampl ing network. :

D. Calibration of Source NOx Monitor

cylinders. Two standards were used, one at 100 and the other at
500 ppm nitric oxide (NO) packed in dry nitrogen. These gases werc
considered equivalent to primary standards or standard reference
materials (SRM's) by the National Bureau of Standards (NBS). 1If
desired by the purchaser, three verification tests, which included
chemiluminescent detection and the phenoldisulfonic acid method
were performed by Airco to determine the exact nitric oxide con-
centration in each cylinder.

Full sampling system calibration Spans were conducted through ¢
use of cylinder gas cquipped with a two-stage regulator connected to
valved flowmeter. Although the monitor operated with a one-second
time constant, the total time interval required for the system to
burge and respond to the full calibration gas concentration was app:
imately 15 minutes. For purposes of quality assurance, the sample o
tem calibration was also augmented with spiking trials at some timc
during the testing at a majority of the sites. These trials were c.a.
ried out by only pulling approximately half the usual combustion .
sample flow measured by the monitor with the balance of the flow sy
Plied by calibrated cylinder span gas. Through careful attention te
Sample line pressures and the chronological measurement by the NOx .
itor of (a) undiluted stack gas, (b) stack gas diluted with ambicnt
(c) stack gas diluted with calibrated standard span gas, (d) undilu-
calibration span gas and (e) undiluted stack gas, the spike trials o

In all cases the difference was less than ten percent of the highe

vialue between the combined stack and Span gas mixture NOXx measurciuw:.

and that value of NOx Calculated from undiluted stack and span gas
centrations by knowing the percent flow rate of each.
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Iv DESCRIPTION OF INDIVIDUAL WOOD RESIDUE POWER
BOILER SYSTEMS SURVEYED

A total of ten wood residue fired boilers and one wood residuc
fired cyclone burner were investigated as part of the oxides of
nitrogen survey. Six of the boilers were located in the Northwest
United States with the remainder in the Southeast. One of the
boilers was a fluidized bed unit while the others were either
normal spreader-stoker or a modified spreader-stoker configuration.
The cyclone burner site did not have a boiler section. The pre-
dominate fuel fired in all of the boilers during the study period
was wood residue, although a portion of the data for some of the
sources was collected while limited guantities of fossil fuel were
fired with the balance of fuel wood residue. The occurrence and

quantity of .fossil fuel fired were noted for each site, where
applicable.

Limited operational and design characteristics found for the
ten wood residue fired boilers are presented in Tables 1 and 2.
This information includes the type of boiler at each site sampled
for NOx. The mean steam production rate, temperature, and pressure
was determined during the test interval. The rated source capacity
or design values for these parameters are shown in parenthesis
dircctly below each average representative of the sampl ing time
period. The type and amount of auxiliary fuel fired is given with
the percent of the total fuel on a Btu heat input hasis noted.
Combustion chamber volume was estimated from design drawings and
presented for several of the boilers as shown. The particulate
control device in service at each site is indicated with the pos i-
tion of the sample site with respect to the control device also
specified for each of the wood residue boiler systems.

Wood residue boilers Nos. 1, 2, 3, and 6 were spreader-stoker
in design. Unit NoO. 1 is a type "VO" bent tube boiler manufactured
by Riley Union and installed by the Bumstcad and Woolford Company
in 1975. Pin-hole steam grates wege incorporated into the system
design. The moisture content of the wood residue fired in this unit
ranged from 45 to 50 percent with an estimated fuel value of 9,000
Btu per pound wood fuel on an oven dry basis. The boiler identifiocd
as No. 2 was manufactured by Foster Wheceler, installed in 1975 and
began operation on wood residue in 1976. The average fuel moisture
level was 55 percent (%5 percent moisture) with a fuel value of
roughly 8,900 Btu per pound of oven dried fuel. Boiler No. 3 was
manufactured by Bumstead and Woolford and began operation on wood
residue in 1970. This unit was of pin-hole grate design. The pre-
dominate fuel cmployed was wood residue with 50 percent moisture
(+5 percent moisture) and a fuel value of 8,900 Btu per pound of
oven dried fuel. The No. 6 boiler was nearly identical to No. 1
being of Riley Union manufacture and installed by Bumstead and
Wool ford Company in 1976. The type "VO" bent tube boiler with pin-
hole steam grates fired 90 percent wood residue, while natural gas
and waste sludge accounted for 10 percent of the total heat input
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on a Btu basis. Wood residue approximated at 9,000 Btu per pound

of oven dried fuel and 50 percent (#5 percent moisture) was com-
busted in the boiler.

Wood residue boilers Nos. 4,5,7, and 8 utilized spreader-
stoker traveling grate systems. Boileér NO. 5 was & converted
(1977) fEEGVé%;ﬂBgTTEF'FﬁEE“ﬁEacticed flyash reinjection. Both
boilers Nos. 4 and 5 were manufactured by Babcock and Wilcox in
1952 and 1954, respectively. Combustion Engineering installed the

boiler designated as No. 7 in 1952 with No. g placed in operation
in 1954. : '

The boiler installation labelled No.9 was originally
manufactured by Babcock and Wilcox in 1945 and was subsecquently
modified to burn dried wood residue in 1974. The spreader-gtoker
design employed an air swept spout to introduce the bark to the
combination zone. The boiler had fixed pin-holc grates and water
walls. Auxiliary oil fuel supplemented the wood residue on a con-
tinuous basis. A circular burner, which scrved to supply the oil
fuel to the boiler, was located above the wood fuel chute and in
the center of four Babcock and Wilcox burners formerly used for
firing pulverized coal. The former coal burners were employed to
convey one-eighth inch minus dried wood fines at 10 to 15 percent
moisture which were blown from metering bins through a diffuser
plate. The primary fuel used was dried wood residue at roughly 30
percent moisture. The estimated fuel value of this material was
9,100 Btu per pound of oven dried wood residue.

Site No. 10 was a fluidized bed combustion system that was
manufactured and installed by Encrgy Products of Idaho and began
operation on wood residue in 1978. The boiler section was manu-
factured by Nebraska Boiler Company. The fuel employed was wood
residue which was pneumatically del ivered above the combustion zone
through use of a blower system which utilized ambient air. The
wood residue fuel was estimated to be in excess of 60 percent
moisture with one sample analyzed at 62 percent moisture. The fucl
value was about 8,900 Btu per pound of oven dried wood residue
fuel.

The boiler sites listed in Table 2 include Nos. 5B and 6B
which corresponded to the outlet side of each boiler's wet scrubbe:
particulate control device as contrasted to NOx sampl ing done at
the scrubber inlet represented by Nos. 5A and 6A. The boilers
designated as Nos. 7B, 8B, and 9B indicate the use of oil as
auxiliary fuel while nos. 7A, 8A, and 9A in Table 1 represent
operation at these sites solely on wood residues.

Boiler exhaust gas conditions which were measured during the
NOx wood residue sampling interval are presented in Table 3. Thio
information includes the number of hours sampled which averaged 46
hours for all of the sites. The boiler exit temperature represent .,
the highest temperature preceding the air preheater which could be
measured and recorded at each boiler installation. Exhaust gas
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TABLE 3 BOILER EXHAUST GAS PARAMETERS MEASURED DURING
SAMPLING INTERVAL

Mcan
NOx Testing Boiler Exit Excess Mean
Interval Temperature, Gas Flow, Oxygen, COZ’
hours °F SDCFM % ¥ -
1 98 553 64,800 9.3 9.9
2 48 738 126,000 5.2 15,1 ~
3 45 520 40,800 8.6 11.1
4 38 NA 52,0000 10.02 12.07
5A 21 7103 89,5001 4.8  Na
5B 18 7103 86,700% 4.8  Na
6a 43 684 67,300 7.3 11.7
6B - 50 668 67,300 4,2 15.5
7A 36 7833 72,000 12.0  Na
78 15 7833 62,100 12.0  NA
8a 27 . ma 61,3000  11.7 N
8B 39 NA 72,0001  11.7  nNa
9 93 609 27,100 10.5 8.1
9B 50 619 - 47,100 10.5 8.1
10 28 538 14,760 9.3  11.2
11+% 37 NA 10,040 18.1 2.8
1. Calculated values from steam, production, excess oxygen and
combustion gas factors.
2. Estimated operating conditions for site due to equipment

malfunction during the sampling interval.
3. Average for entire testing interval of A and B.
4, Calculated from steam production rate based on wood.
* Cyclone burner without boiler section.
NA Not available.



flow, percent excess oxygen and percent .excess carbon dioxide are
noted for the majority of the installations. In some cases the
combustion exhaust gas flow was not measured which necessitated t!
use of estimated values. These values as shown were basced on stcan
production, percent excess oxygen level, a bhoiler efficiency
approximation and a standard boiler factor for bark firing taken

from The Federal Register (33) of 9,640 DSCF per million Btu heat
input at 0% excess oxygen. '

An additional wood fired burner site was sampled 'to determinc
the influence of firing low moisture wood residues on oxides of
nitrogen emissions. The location selected employed a 1974 cyclonc
burner with wood fuel and air entering a cylindrical combustion
chamber tangentially which produced what was described as a-"vorte.-
flow pattern." The burner was' installed in 1978 on a top duct
feed, single zone Northwest United States veneer dryer rated at
27 million Btu per hour. Dry wood "dust" at less than four percent
moisture was used as fuel with a heating value of approximately
8,500 Btu per pound of dry dust. Since wood use was monitored
continuously at the site, an accurate rate of fuel heat input was
determined for the testing interval.

Nitrogen oxides (NO,) "emission factors" for wood and bark
waste combustion in boil%rs were presented in an U.S. EPA public.a-
tion (114) based on NOx Method 7 sampling. A factor of ten pounds
Nox per ton of wet wood fuel (5 kg/mt) was specified for the wood
waste boiler combustion sources.

\'4 PRESENTATION AND DISCUSSION OF RESULTS FROM
OXIDES OF NITROGEN FIELD MEASUREMENTS

A. Measured NOx Emissions from Wood Residue-Fired Boilers

The cxides of nitrogen emission results for the ten wood
residue fired boilers sampled are presented in Table 4. As speci-
fied in the Federal Register (34) the data was compiled into first,
hourly averages and then into three hour averages. The mean and
range for each site are noted in the table. The NOx concentration
in parts per million, unadjusted for excess oxyen, 1is dircctly
above the NOx concentration mean at 0% excess oxygen or stoichi-
ometric conditions. Both the three hour mcan and range are given
in Table 4 with units of pounds NCx per million Btu heat input and
nanograms NOx per Joule heat input for each of the ten sites.

These NOx emission values correspond to the time interval noted i
Table 3. The NOx mean and upper range found for each site in unit:
of pounds NOx per million Btu is depicted in Figure 3. All of tho
boiler sources represented in this figure except 6A corresponded t.
100 percent wood residue fuel tiring. That particular site aver-
aged 90 percent wecod residue with natural gas and waste sludgc
contributing only 5 percent the total Btu input each.
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TABLE 4 OXIDES OF NITROGEN FIELD MEASUREMENTS FOR WOOD RESIDUE
FIRED BOILERS SAMPLED '

Location NOx NOx
and Boiler {3) Houpwﬁgerage Mcan 1 (3) Hour Average Range |
_ Type (ppm)  (1b/10° Btu) (ng/J) (ppm)  {Ib/10 " "Btu) (ny/a)
l: s.s. 53.5 0.111 47.6 41.0- 0.085- s 36.5-
(96.4)* 80.5 0.167 71.6
2: S.S. 93.1 0.142 61.2 70.0- - 0.107- 46.0~
(123.9)* 104.7 0.160 68.6
3: S.s. 37.0 0.075 32.1 25.3- 0.051- 22.0-
(62.8)* 47.3 0.095 "41.0
4: S.S. 60.4 0.133 57.2 38.0~ 0.084- 36.1-
(115.8)* . 82.0 0.179 77.0
5A: S.S. 133.0 0.200 86.0 124.0- © 0.190-~ 81.7~
(172.7)* 136.0 0.221 95.0
5B: S.S. 112.0 0.168 72,2 104.0~ 0.152- 65.4-
. (145.4)* 123.0 0.184 79.1
6A: S.S.  95.0 0.168 72.1 83.3~ 0.147- 63.2-
(146.0)* 106.5 0.188 80.8
"“: SoSo 75.7 00109 46.8 61.0- 0.087" ]7./
(94.7)* 88.7 0.128 54.8
7A: S.S. 67.5 "0.182 78.3 55.1- 0.149- 64.1~
(158.5)* 73.8 0.222 95.5
8A: S.S. 8l.4 0.214 92.0 74.0~- 0.190- 81.7-
(184,9)* 87.0 0.232 99.8
9A: S.S. 87.9 0.218 93.9 42.1~ 0.105- 45.0~
(£) (176.6)* ’ 116.7 0.290 124.6
10: F.B. 109.7 0.225 96.6 81.7-  0.167- 71.9-
(196.8) * 134.7 0.276 118.5
11: C.B,. 16.9 0.111 47.8 9,7~ 0.084- 36, 2
(122.4)* 22.2 0.140 60.0
] 1 1b/106,Btu = 430 nanograms/Joule heat input.
* Adjusted to 0% excess oxygen.
5.8. Spreader stoker bhoiler

[4p]
wn

(f) Spreader stoker boiler with fuel dryer and fines injection
in overfire air. (These results were based on bark fuel
only from multiple regression analysis of NOx total {y).,

steam from bark (X1), and steam produced from oil (x,).

LB, Fluidized bed boiler.
2.B, Cyclone burner w/o boiler section.

—
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The dashed line at 0. 30 pounds NOx per million Btu in Figurc
3 indicates the current standard for oil fired utility boilers. I..
three hour average measured at the ten wood residue sites was foundu
to be below this standard. The use of wood residue as fuel, then,
represents lower oxides of nitrogen emissions than that which woul !
be expected from ojl firing. The partial or total conversion of o,
burning facilities to wood residue firing would be expected to fav. .
ably address the overall reduction botential of NOx emissions basc:d
on alternative fuel use. ' o

A level of 0.25 bounds NOx per million Btu was judged to be .o
representative value for wood residue boiler Ooperation as signifi...
by the lower dashed line in Figure 3. The two exceptions which ox-
ceeded this criteria as shown in the figqure correspond to a boilc:
fed with dried fuel indicated as site 9a and site 10 which represe
ed a fluidized bed wood residue boiler.

The data set labelled No. ga encompassed 93 hours of monitor-
ing and was adjusted to reflect the firing of wood residue onlyi
During this study a total of 137 hours of data was collected whil.
firing both wood and oil. The total NOx bascd upon wood residuc
and 0il firing was related through multiple regression techniques
to the steam produced from wood and the steam produced from oil.
The -hourly averages for each of the parameters were utilized to
establish a general trend for NOx based on stcam production by « .l
of the fuels. a moderate ccrrelation was found that enabled thec
0il contributed NOx to be subtracted from the total NOx mcasured
from each of the 93 hourly averages. The resulting values for NOx
emissions corresponded to that for wood residue firing only.
Comparison of this .calculated NOx contribution from bark firing to
the total NOx measured suggested average oil based NOx levels of
0.4 pounds per million Btu. This level was Judged to be reasonablc
based on literature values reported (19) and for the quantity of
0il fired in the boiler over the study interval.

Each of the sites Nos. 9a, 10, and 11 was the only one of it
type sampled for oxides of nitrogen. A greater number of fluidize:
bed and dried wood residue fuel boiler installations must be studie :
further in order to adequately determine appropriate NOx "emission
factors" for these combustion source systems.,

B. Wet Scrubber Influence on NOx Emissions

An attempt to address the oxides of nitrogen reduction poten-
tial of wet scrubbers in wood residue fired boiler operations was
carried out at two sites. The three hour average means and upper
ranges for the inlet and outlet of the wet scrubbers at the two
source are depicted in Fiqure 4. Additional details of each
boiler's operating conditions during the sampl ing period can be
found in Tables 1, 2, 3, and 4. The NOx measurements for site No.

averages for the venturi scrubber outlet as compared to the inlet



[J (3) HOUR AVERAGE UPPER RANGES
B (3) HOUR AVERAGE MEANS

(1) WET SCRUBBER INLET
(0) WET SCRUBBER OUTLET

STANDARD FOR OIL FIRED BOILER
0300t - m L __

=
>
a.
E -
- 025 t——-———— - — o L __
Wi
I
juw |
._
© 020+
&
3 |
3

b9

2 1‘5 0.15 +
o,
(72 ]
Q
5
3 0l0+
Q.

0.05 +
0

S5A (1) 58 (0) 6A (1) 68 (0)

WOOD RESIDUE BOILER SITES

FIGURE 4 NOx MATERIAL BALANCE FOR SCRUBBER EQUIPPED
‘ BOILERS SAMPLED




40

lower boiler steam production as related to the wood residue firing
conditions during the NOx outlet sampling interval. As shown in
Tables 1 and 2, the stcam production during scrubber inlet NOx
tosting averaged 263,000 pounds per hour while the stcam load
during scrubber outlet NOx measurements was 255,000 pounds per
hour. A lower steam load on the boiler should reflect in lower
flame temperatures with potentially lower NOx emissions.

The boiler designated as site No. 6 in Figure 4 also displayed
a decrease in oxides of nitrogen emissions across the wet impinge-
ment scrubber. The 35 percent lower NOx mean emission rate at the
scrubber outlet when compared to the scrubber inlet was judged to
be, in part, a consequence of changes in normal boiler operating
conditions between the two sampling intervals. Higher flame tem-
peratures during sampling at the scrubber inlet was judged to be
the probable tause of the higher mean NOx concentration found at
that location. As indicated in Tables 1 and 2 the mean steam rate
was 132,600 pounds per hour and 128,300 pounds per hour during the
testing at the scrubber inlet and outlet, respectively. The mean
boiler exit gas temperature immediately preceding the air preheater
was 684°F for the scrubber inlet and 669°F for the scrubber outlet
testing interval as noted in Table 3. The lower combust ion air
preheater inlet temperature for the scrubber outlet testing inter-
val indicated a lower overall furnace combustion temperature than
that representative of the scrubber inlet sampling period. In
order to determine the significance of the difference in scrubber

inlet and outlet NOx levels, supplementary and very short-term

measurements taken at each of the sample locations were found to
result in identical NOx concentration levels. '

C. Wood Res.idue and 0il Fuel Fired Combination Boiler NOx Emissions

Several boiler sites provided the opportunity to investigate
the effect of oil firing in combination with wond residue fuel on
total oxides of nitrogen emissions. Three sites were studied with
respect to combined wood residue and oil fired boiler NOx emission
levels. As noted in Table 2, sites 'Nos. 7B, 8B, and 9B represcented
2 percent, 15 percent, and 35 percent oil firing on a Btu basis
with the balance of the fuel wood residue. The results of field
NOx measurements on these sources were compiled into three hour
average means and ranges as shown in Table 5 with the means and
upper ranges depicted in Fiqurce 5. The usec of 0il as an auxiliary
fuel did not have a large effect on the mean NOx emissions for
sites nos. 7B and 8B when compared to the data in Table 4 which
represented 100 percent wood residue firing at these sources.

While the NOx mean increascd 3.8 percent for site no. 7B and 3.3
percent for site no. 8B, the values for the upper ranges increascd

by 25 percent and 7.8 percent, respectively. <The increased level ot I
emissions could not be directly related to the gquantity of oil

{ired as a percentage of the total fuel heat input for these two
sources. It was greater as would be anticipated however.

The cxides of nitrogen measurements for site No. 9B corre-
sponded with a dried wood residue fuel at 30 percent moisture with
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to 15 percent Moisture fines injected into the ovetfire air portsl
in addition to the auxiliary oil fye] fired. an 01l firing rate o;

was roughly 27 percent higher than firing wood residue fuel alone.
Inspection of Tables 4 and 5 allows a comparison.of the two modes
of boiler Oberation (iI.e. w/ ang w/0 auxiliary oil). The upper
range of NOx emiss ions increased by 22 percent with the quantity o
auxiliary oil fired. Thisg increase approximates that anticipated

from this Proportion of oil combustionf

The 59 hourly averages chosen and analyzed ag the woo
and oil data Set designateg as No. 9B yere based on the foll
criteria, Only those hours of boiler Operation with

Ce2s e
OWing
total steam

r 50 percent the total Steam
This Criteria

£ nitrogen dat.,
during only relatively maximum normal boiler product ion intervals

and not during vVery low boijler "swing” time periods. Sipce the
ox ides of nitrogen contribution based upon wood residue firin wasy
the bPrimary concern of thijg investigation, 1t was desirable to

the combustion of»wood-residue (119). This report, issued in 197y
used information generated by Regional Office sampling teams, a
Omﬂlacﬂuféburce sample, and EPA Contractors, The Population of b
©I'sS  upon which data were denerated were for the most part small }.
Crs, the largest burning woog alone when tested, being a boiler Wit
Capacity of 50,000 lbs Steam/hour. Of the boilers from which NOx
cmission data were available, 7 or 1/2 were less than 10,000 1bs

The EPA report is devoid of information on the duration of th
monitoring Period from which the data were drawn or the number ¢
grab samples used in the compilation of the data. ror those boil..,
where wood alone was used asg fuel, NOx emission rates were obSvryw
to be a function of boiler sjize, NOx emission increased with bouii.
size, although there were e€xceptions to thjig rule. NOx was moro
closely related to pPercent excess ajr in the flue gas. The autho; .
concluded that increasing amounts of excess air pProbably resulted
in lower firebox temperatures, hence less NOx generation.

It was concludeq that the NOx emissions from wood burning in
smaller boilers (< than 100,000 1bs steam/hour), was considerahily |
than fossgijl fuel boilers of Comparable sjze and probably not ag g



ln gas fired utility boilers (0.2 1bs/10® Btu) less than the stan-
dard for oil fired utility boilers (0.3 lbs/10® Btu) and substantiall,
less than the standard for bituminous coal fired utility boilers,

(0.6 1bs/10% Btu).

reference publication. Where boilers burning wood alone were sam-
Pled, the NOx emissions ranged from < 0.1 to 2.4 l1b/ton fuel or 1
to 24% of the emission factors for wood of 10 1b/ton fuel cited in
AP-42 (114). ' -

VII CURRENT NOx COMBUSTION SOURCE EMISSION STANDARDS
AND THEIR RELATIONSHIP TO FINDINGS OF THIS STUDY

A, Current Standards

(1) Steam Generation - The New Source Performance Standards for ste.
generators firing fossil fuel at a rate of greater than 250 (10)® Bruy
hour were amended to Permit the use of wood in calculating allowablc
»0, emissions (120). At the time this amendment was made the NOx i,
510n standard for boilers burning combinations of wood and fossil fuc |
were left the same as those for fossil fuel alone. The change in thi..
legulation was made to encourage the substitution of wood as an altc:
lhate energy source for fossil fuels. The issue of NOx emission limit
Wdas not examined in detail since limited information indicated NOx fro,
wood residue combustion was about the same or less than the standard
for burning gas (0.2 1b/1g°® Btu) and less than the standard for oil or
coal, 0.3 and 0.7 1bs/10° Bty respectively.

{2) Utility Boilers - The recently promulgated regulation for utility
boilers firing fossil fuels at a rate over 250 (10)68 Btu/hour carry

NOx emission standards for the individual fossil fuels, gas, 0il and
bituminous coal of 0.2, 0.3 and 0.6 lbs/10% Btu respectively. These
standards apply only to fossil fuel or fossil fuel derivatives, and

are included here only for illustration and comparison of NOx emission.
from wood and fossil fuel (3121).

3. NOx Emission Rates from Burning Combinations of wood Residue and
Fossil Fuel

crs designed for minimal NOx emissions from fossil fuel were not avail
able where wood was also burned. Such installations are now beingy

* built and this issue can be studied in more detail later.
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The issue of how to estimate NOx emissions from the combust i«
of various combinations of wood residue and fossil fuel is not re¢-
solved. The findings of thisg study where NOx emissions were measu;
ed when wood residues were burned in conjunction with modest amoutr, :
of 0il (about 35% of the total being the maximum) , showed that bui
ing this combination does not result in any exaggeration of NOx cm .
sions from wood residue when compared to when jt is 'burned alone..

propgr NOx emission rate from wood combustion ig used. As illust;
ezrlier, the mean of 3 hour average NOX emission rates found in t},
study varied but for boilers With the highest NOx emission rate it
about 0.2 to 0.25 1bs NOx/10% Bty when b&rning wood alone. -

- VIII SUMMARY

(1) The information contained in this bulletin includes oxides of
nitrogen emission data geénerated at 11 wood residue fired combusti..
sites in the Northwest and Southwest United States. A comprehensi-.
literature search was carried out which covered recent publication.,
associated with NOx, (a) formation kinetic theory, (b) measurcmont
techniques, (c) field sampling methodology, (d) source control sit;..
tegies, (e) Previously reported field results, and (f) the cffects
of these gases on the ambient.

contrast to the widely accepted phenoldisulphonic acid grab sampli.
method. The details of a 9as handling system for use with existin.
but slightly modified, chemiluminescent ambient NO/NOx monitors W
also presented. The 100 percent (10 percent) recovery of nitric
oxide gas spiked into sampled combustion exhaust gas during the f
trials was found to reaffirm that NOx sample line losses can be lne
nificant in Properly designed systems.

(3)  Summarization of the data compiled in this study is presentcd
in a tabular format in Table 6 which is 2 Synopsis of NOx "emissio,
factors" for the sites sampled. The mean and range found for the

various combustion Sources are indicated in this table bascd on .

three contiguous hour average criteria. Some pertinent observat o
can be made. NOx emissions fromp wood combustion when compared to

emission standards for NOx in utility boilers were (a) in the ran.
those for gas, 0.2 1bs/106 Btu, less than o0il, g.30 lbs/10° Btu, ..
(c) substantially less than those for bituminous coal, 0.06 1lbs/10
Btu. The use of wood a5 a substitute for fossil fuel is thercfor..
a favorable tradeoff for not only 502 emissions but for NOx emissi
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(4) sSites Nos. 5B and 6B represented NOx sampling conducted at lo-
cations following wet Scrubber particulate control systems. Altho.,
not taken simultaneously Nos. 5A and 6a correspond to wet scrubber

let measurements for the respective sources. The reductions in NO»:
emissions across the wet scrubbers noted fronm the inlet and outlet

data were judged to be, in part, , consequence of boiler operat in

conditions during the Ssampling interval at each location. Lower o.
all furnace combustion temperatures were noted for the wet scrubbeo:
outlet sampling interval when compared to the inlet sampling inter:
at each site. The benefits of wet Scrubbing were found. to-be nomii.
if present at all insofar as NOx reduction was toncerned.

at three sites, The locationsg labelled as Nos. 7A, 8A, and 9a repr
sent 100 percent wood residue fuel, Values given in Table 6 for ti.
sites can be used as baseline numbers to be compared with increasod
NOx emissidns resulting from oi}l addition rates. Sources designat.. .
breviously as Nos. 7B, 8B and 9B represented 2 percent, 15 percent,
and 35 percent ojl firing on a Bty basis. pata generated during t|.
study indicated that ©il additicns of up to 15 percent did not hav.
significant effect on NOx emission levels, The firing of oil at
rate of 35 percent the total heat input with the balance dried woo
residue having a Moisture content of roughly 30 percent produced
calculated increased NOx emissions of over 20 percent over those fr
burning wood alone at one Site studied.

(6) Based on Mmeasurements while firing 100 percent wood residue at
proximately 50 percent moisture, the NOx emissions on a three cont |
ous hour average basis ranged from 0.05 to 0.23 pounds NOx per mil ),

ton of wet wood. This range represents the absolute minimum and ..
imum values found from the sampling at eight sites. These NOx cmis
rates are about 5 to 20% of those in the EPA AP-42, a widely used

of emission estimates (114). The values for NOx generation from b,
ing wood residues in combustion devices was similar but generally |,

¢r than those reported in more recent EPA reports for smaller boi]. .
(119).

(7) Source No. 9 represented in Table 6 utilized dried wood residu
as fuel that was considerably lower in moisture content than the o
Sources. Higher NOx emissions were found for this location as g [ri
sible consequence of this mode of operation. A level of 0.29 pound
of NOx per million Btu heat input or 1.9 pounds NOx per tone of we i
wood fuel was the highest three hour average determined for thjy: .
An additional combustion Source was tested in order to address the
wood fuel/NOx emission relationship. The results from this testin.,
are denoted as site No. 11 in Table 6. Oxides of nitrogen ranged .
high as 2.3 Pounds per ton of wet wood fuel or 0.14 pounds per mi! |l
Btu heat input at thisg burner source. The effect of fuel drying po

tices on NOx emission production cannot be completely defined at tii

time, but may represent a pPotential for modest but not significant
emissions.
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(8) A fluidized bed wood boiler designated as No. 10 was samp led
when firing wood residue with over 60 percent moisture content.
The boiler generated 1.5 pounds NOx per ton of wet wood or 0.23
pounds Per million Btu heat input which did not differ signifi-
cantly from other sources sampled.

(9)  Many boilers burn wood residues in combination with various

ratios of foussil fuel. These ratios may be reasonably well fixed
Oor may vary widely.

This study did not address in detail the NOx- emissions from
combinations of wood and fossil fuel. Measurements made while
burning wood residues in conjunction with oil during this study
and those reported by EPA when burning wood with coal or gas sug-
gest that NOx from wood combustion is not increased when wood is
combusted in conjunction with fossil fuel. There is question, how-
cver, whether the changes made in emission standards for steam
gernierating units ( ) burning more than 250 (10)® Btu/hour fossil
fuel in conjunction with wood residue incorporated an appropriate
NOx emission standard for gas and wood combbinations. If an NOx
cmission factor based on fuel proportions fired and using the emis-
sion factor of 0.2 1lbs NOx/10® gas fired called for in the existing
calculation procedure, the standard is somewhat low based on NOx
cmission factors for wood combustion observed in this study. The
opportunity to remedy this situation now exists during formulation
Of new source performance standards for industrial boilers and re-
presents' no real deterrent to the substitution of wood as an enerqy
source for fossil fuels.
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