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National stack emission limits for new stationery sources of
greater then 250 MY Biu/hr inpul were promulgeted by the IEnvironmental
Protectlon Agency in 1971 (2)1/. The standards Include limits for 30

] : ]

articulate matier and are zpplicable

ct

o all plents constructeu

}'Of. ana
or sign cantly modified after Avgust 17, 19T71. In addition, there
-]

2
r signifi

zre state, aand sometimes local, regulations pertaining to emission
o

-

cml new and existing powerplants.,

-+
ps

t*le informziion is available in the literature on the guan?

ty of stack enissions from boilers burning North Dakota

ity
gaite,
reason NO, limits for lignite-fired plants were not specified
National Em ssion Stendards., Lignite from the Northern Great
rovince is currently used in plants totalling adout 1,200 MY
> and plants now under construcvion will 1ﬁC“ ase the uo*ﬂ’
ﬁ”l_gg_iLLgm;;gjs. During the past © years, but most act;ve;v ince
the Bureau of Mines hras conducted field %tests in which data on
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sracce exly and stack emissions from llgnlge-fired plants has been
ned. This report presents data on S0, SO3, NO,. ﬂnd solid

ulate emissions obtained in these field tests. Thesec data should
value to those responsidble for the design, procurecment or opcration

r pollution control devices for l_bnlte—b’rni g plants.
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POVERPLANTS TESTED

Tests were conducted at three pulverized cosl (pe)-fired plants,
one cyclone-~fired vplant,-and onc gprecder-stoker-fired plaent, each
burning lignice from a different mine in North Dakota. Information
on each of the plants tested and the source of lignite burned is given
in tadle 1. This report includes data from a total of 46 test deys,
39 of which werc with pe-firing.

1/ Acting chiefl.

2/ Cremical engineer.

3/ lechanical engineer. .

4/ Underlined numbers in parentheses reéfer to items in the 1ist
of references at the end of this report.
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Ln¢ cuthors wish o aclmowledre the cooperation of Otter Toil
3z B ie Coop., Cenvroi Power Hloctric Coon., and
permitUingg s to conduct Yhese tesis ot thcir
support Tt teois would not have been possible.
CALCULATION METHC.w [..D 23T »iCCIDURES
Gencrol
»
c¢ipal emphasis of the tests reporied here was on the
i SO? erissions and thelr rclationshin to sullur lovel
rned.  For such a study o compliute ash and sulfur bolonce
vested would nave bewn desireble. lowvever, the Gifficul:
nvolved in collecting, weirniag and scmpling large
asn (15-20 tons per heowr Jor a 200-137 unit) mokes o
o < > balance guite impraciical These 80p ziudies are,
tnerefore, based solcly on swnpling of the coal feed to the boilew
and analysis of S0, in the flue gas. ‘
Calculaticn Method
The oO emlss;cn per million Btu input, and the pet orf input
suifur in the iignite that is amitied oo 80,, can be c“lcu.u cd from
the coal and the Tlue gas wnulyscs withous Knowins the we irhits of
coal vurned or the fluc gas produced. Given the os arovon, su;.ar, aud
heoting value of thc coal ond the Orsat enalysis of the flue r~os,

& belance on the carbon, acoowning that z2ll of the carbvo

. M T . ﬁnm
1b 30,/M Btu = 5.33 % e o C-—)- .;:’:‘7)
0, *
c

('O")m )

t
[

aw o= n -3

where:

Ppm = maris per mi

1
on a dry basis

e -
s

CO2 + CO = pet in flue gas from Orsat anelysis,
C = pet carbton f rom the ultimate analysis;

HEV = nigher heating value of the coal:

n

n

in

input sulfur in the cozl emitted as S0,.

the coal
arpears as 302 ana CO in the fluc gas, yields the following equa

tioas

ca of SO, in the flue gas, volume per volum
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forth Dokota lignite (3) hes 55 pet carbon, 10 pet ash,
and 10,000 3w on & dry basiz. Uging “hasse wvalucs he 1b §0,/121 Btu
an ve ¢ cd for various sullfur levels., These daia along with
corresnon pa 505 in the flue gas, bosced on 3C pet excess alr, have
tzen PLo Tigure L. Tor cach sulfur level the nerceniaze of S05
renoval d te mect the 1.2 1»/M7 Btu naticnal emission limit
iz given iizes of pel removel. For exemple, {illustreted
by the dashed lines on the chart) a Iignite having 1 pet sulfur content
on & Gry y would have an eguivalent SCp in the flue gasz of
1.85 2b/¥f ltu oor 837 pzm. A 37-pet reduction in 802 would be
recuired to meet thne national emiszion limit.
The JC, emission rate reporied as NO, can be calculated by ihe

sare method as for S0p, as given below:

1b NOX/MM Btu = 3.83 x Thv

(Co, = Co)
where:

Py = pares ver nillion of NOx in the flue gas, volume per volume
on & dry basis. ' :

Coal Semmling o2nd Analysis

©

In sampling the lignite feed to the boilers during these tests, the

objective was to collect & representaiive sample which would give an
eccurate value of the sulfur input during the S

n
The coal hendling equipment and the faci
from plant to plant. The ususl sampling
grad samples from each coel fezder at 1/2-hour intervals end

corbine these samples for determinziion of average sulfur conten:.

Special tests were run at voth the Leland Olés and Milton R.
s Lo determine the variability of sulfur content in the lignite.
—Ne—ehe Lelend Olés plant, grab samples were collected at four 1 ute
intervels simultaneously from the 4wo sitorage silos that were ohysically .
arthest apart. Each sample was split into four aliquots, two of which
were a2nelyzed by one laborstory and two by another. The results of
the sulfur determinctions ot the two laboratories are shown in itable 2
and the averzcge of {the four determinctions for each sample are plotted
in figure 2. The relative differcnces in sulfur contents of ligrite between
feeders a2t any given time or Ifrom a given feeder in a2 l5-minute interval
approached 100 oct. Within- and between-ladboratory resulis were usuaelly
within the ASTM tolerances of 0.05 and 0.10 percentage points,
;?spfctively. Simiiar results were found for the Milton R. Young
LENC .

-t



These results show the difficulty in obteining a representative
coal sample. for sulfur balandes. This is & factor which is too cften
overlooked in powerplant testing. Variations in results for the SO
tests reported herc could be attributed, in part, to non-representative
coal samples despite the emphasis placed on coal sampling in all tesis.

50+, SO0, Sampling Procedurc

Sulfur trioxide and sulfur dioxide determinations were made by
single point sampling in the flue gas ducts in each of the boilers
tested. Usually the samples were collected in the duct between the
boiler exit and the air heater, although some were collected after
the air heater, and in one case samples were collected from the stack.

The apparatus used for SO, and S50, determination was similar to
that described by Lisle and Sefsenbaugh (3). The flue gas is drawn
through & condenser maintained at 1L0° to 194° F where the SO, is
selectively condensed and collected. The flue gas then passes through
a bubbler containing a 3 pct H209 solution. The resulting sulfuric
acid is titrated to a methylpurple endpoint using a standard NaOl solution.

Orsat analyses were usually taken before and after each 30-minute
test for SOZ' All of the SO,, SO3 and Noﬂgyalugs have been normalized
to a 30-pct excess air basis_for ease of comparison.

NO., Sampling Procedure

The NO_ sampling was usually done at or near the S50, sampling location.
The procedure used was the Phenoldisulfonic acid method, specified as
"Method T" by the EPA in the Federal Register (2). Because the test
is more difficult to perform than the SO2 test, fewer determinations
were made,

Particulate Sampling and Study

During most of the tests, samples of fly ash were collected for
determination of chemical analysis, particle size distribution, and,
in later tests, for electrical resistivity. The fly ash samples were
obtained from mechanical dust collector hoppers, pilot or commercial
electrostatic precipitator hoppers, or from aspirated flue gas sanmples.
Particle size analysis was done by the Bahco method and laboratory
electrical resistivity measurements were by a method similar to that
given in ASME PTC-28 (1). In the later tests two "in-situ" methods
were used for resistivity studies., Details of these test procedures
have been published (L). ‘ '

9
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Cumnrys of 50, Tesulis <
<
A to%ial of 51 determinations of 30,5 content were mede ot the -
ericus lignite-burning olonts. In mosi of “hese tests g trace of
Squwws ceteeted but in no case &id it cxceed 1 ppm, even with SUé“
“bWGWS os high ez 1,365 vonm. These reculis differ considerably Irom v
hose published Tor Iastc o vhere it is normal for
the 504 content to be 1-2 pet tent. The lack of Iree
807 in “the fiue gas I Lign fired Doilers is believed to be due 1o
5 /tNG presence of reactl R Ly_asa. "Any 803_nrouacec
rrapidly reacts with th che fly ash to produce sulfates.
e N - B
Summary ol S0s Resulis
Dat n the coal analysis, ash analysis and 802 in the flue gas
for 211 hn 46 test deys covered in this report are given in table 3.
chlucea are datz collectzd cduring 39 test Qayg with pc firing, 5 days
with c¢yclone firing, end 2 days with spreader-stoker firing. Figure 3
shows a freguency distridution of pounds of SO2/NM tu input for tae
test days which include =21l variations in coal Gnalv51s, asn anelysis,
end firing method. For 17 of the test days, the 50, ssions levels

were between 1.0 and 1.5 1b/134 Btu and for another 16 hcy were

between 1,5 and 2.0 1b/1

were below the 1.2 1b/121 Btu nastional 11‘"

" v
in wh

éays hich the 802 was
reduction would be require

Figure L4 shows a freque

)

vercentage of sulfur in the lignite emiited as S0y (referred to as S.E.) -~
was in a given range. Results are shown separately for each method of

firing. In 29 of the 39 test days Wit4£E§Z§Z:§§§E7S-~- was in the .
rang 60. to 90 pct. The minimum value was bet and the maximum %

the

Some of

Btu. TFor 13 test days, the SOp emissions
There were only 7 test
ebove 2 Tb/au a%t which level a 40-pct
d to meet the l 2 ’b/MM Biu level.

Uh;n -

ncy distribution of the test days

recsons for these variations will be discussed:

Wi was in the 80-100 pct range for L days
and in 20 1 de Other things bc1nﬁ equal, one.
would expect less retention of the ou_f"* with the ash™in & cyclone i

Turnzee becouse—of the smae
through the boiler =2

d
(IINS
Y

ller percentage of ash vhldh is car*leu

- ash. Thot portion of the ash that is melted

to slag contains ver tle sulrur.
"'\—__—___—,‘—-
" Tyo test days were on

test, S.E. was 29 pct and

burned during these tests were very low in sulfur,

a dry basis, and the ash h

8.6 pCv-

a [zpreader-stoker-fired plant] In one
in the other it was 42 pct. The lignites =
0.59 and 0.56 on =

2@ high sodTw o¥Lide contents of 10.9 and = 7

.These TactoFs ¢omoined to produce the very low emission '

frie.

A
the
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wec waich cannot be assumed spreader-stoker-Iiring.
gra%érash frem @ spreacer rot be expected to

ain much sulfur aad the perceutame of ash carried over is less than
pe-Tiring, so less sullur reteifion would-pe expected.
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Prediction of SO0, Emiscions

The retention of sulfur in lignite fly ash is due to the presence
of alkelT constituents celcium, magnesium, sodium end potassium in
reactive form.  Celeium and sodium sulfetes have been identified
'iﬁdifgﬂite fiy ash by ZX-ray diffraction in significent emounts. Water
solubility stoichiometric data sugpests ell soluble sodium and potassium
in the fly ashes are present as sulfates, while only a portion of the
soluble ccleium is as sulfate. The weter solubility of magnesium in
the fly ash is highly pH sensitive and sulfate in solution does not increase
as magnesium dissolution increeses with lowered pH, suggesting there is
little MgSO), in a typical lignite fly ash. Since potassium is generally
present in lisnites in very small amounts, the hlkalis most responsible
for 80, retention_ in lignite fly ash are celcium and sodftm:

Not all calcium and sodiun is avalleble for reaction with S50,e
Electron microprobe analyses of individual fly ash particles has
indicated a significant Ca0 and Na20 content in most glassy silicate
and aluminum silicate particles appearing in lignite fly ash. These
particles results from intimate contact of very fine silica and clay
with orgenically-bound calcium cnd sodium in burning coal particles.
This type of particle accounts for the significant fraction of calcium
and sodium which remains insoluble in water, even in solutions having
low pH. It is believed that the alkali appearing in these insoluble
glessy particles is not reactive towards SO,. Thus inherent silica
and clay could be expected to reduce the fraction of the ash that is

active in SO, pickup.

Field test data fromwere examined using statistical
regression to determine whether corrélations existed between ash composition,
suifur content, and the pct sulfur emitted as SO,. The bivariate
relationships between individual constituents sodium, caleium, silicon,
aluminun, total ash and sulfur contents in the coal, and pet sulfur
emitted as SO, are shown in figure 5. The most clearly discernible trends 5
are the increased pct emitted with increased SiOp and Al50, in the coal
on a dry basis, The effects of increased sodium and calcium are to
decrease pct emitted, however, the correlations are very voor, being
practically non-existant for calcium, No correlation between sulfur
and pct emitted is sgen. A slight increase in pet emitted with
increased ash content is indicated, perhaps relatable to increased
silica and clay contents in high ash coals.

To improve on the prediction of pct sulfur exitited, multiple
linear regression was cxployed. The basic model tested was of the
form: '



... ——emphasized that sulfur was con

" Y
¢ A)° X (Element B)" + ¢, (Zlement €)Y X (Eiement D)% 4 o

Dy == wore Siog, A120 ,'Fe203, Cal, Mg0,
maltiplicity of comdinitions.
were exponents ranging from -2 to +2, tested

The most useful correlation developed for the pe~Tired test date

combined good predictability and simplicity.

" Nan0
(2) S.E. = -12.7 Af“g ~48.1 £22~ » 130.1 .
203 <0,
R® = 0.711

A plot of actuel versus Predicted pet emission is shown in
figure 6. :

The RZ indicates Tl pet of the variance in the data is expleined
by tge correlation, a significent improvenent over individual predicters.
An R of 100 pet would indicete perfect agreement between the data
anéd the equation. ' '

The effect of each variable on S.E. can be illustrated oy
considering tae change in S.E. with a 1 pct inecrease in each ash ,
component on a dry coal basis. This would be roughly equivalent to : j%,@
a .0 pet increase on a pct of ash basis. A 1 pet increase in Nazo\v/?ﬂ’g y
(ary coal vasis), or a 10 pet increase in the ash, would cause e < A

decrecse of 20 pct in S.E. A 1 pct increase in Cad would cause a N

20 vct deereaze in S.E.,"a 1 pct decrease in SiO? would cause z l -0

6 pct ineresse in S.Z., and a 1 pet increase in £1.0. would cause R AN
2 10 pct inecrease in S.XZ. % should be noted thet“in other regression ;‘”v;~
relations developed, the effect of sodium relative to caleium may be |, -~

increased to 2 3:1 retio. The generally greater effect of sodium
reflects its greater reactivity toward SO2.

Thus, one mey conclude that the Prediction formula confirms .
quantitatively the evidence presented initially thet alkalis are
responsible for 802 removel and silicates and clays would retard
removals by tying up zlkalis. The ratio of Ca0 to AL,0, sugmests
that Cal reacts preferentially with clay, while Na,O wollld react

<

rore readily with silica as mechanism for decreasing alkeli reactivity.

The fact that the model suggests that S.E. is not a function

of sulfur level deserves some discussion, Tirstly, it should be
sidered in all possible combinations
in the model, as were the other elements. In no_instance did <he

inclusion of sulfur in the prediction incresse R™ more than a trivial
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emount, Secondly, If one considers “hos S.E. nas coal sulfur content
= Pum 80o emitted ). end

o in coal >
ultinplies both sides of equation (2) by pct S dry coal, the

. .o vt - P -
&3 o civisor methenaticaelly (thact is, S.E.

a t dilemne is resolved. S.E. “hen becomes absolute

1fur emitted, expressed as e function of the ratio of the alkali
ciey silica ratio and sulfur. It caz then been seen that the model
suggesvs sulfur retention is relatable to a first order alkali sulfur
recction schene.

In Tigure 6 some data not included in the regression are included
&S a basis for eveluation. These are data for 1972 Hoot Lake, Beulah
lignite tests, All other points on the plot were used to develop the
relationship. The correlation expleins the Hoot Leke points gbout as
well as those originally included in the regression.

Effect of Sodium on SCsr Emiscsions

Sodium hes been shown to have the greatest effect of any element

.
o (‘Qn“pgt_§u;§ggagmitiadwfromhligniteziiged’ESilefs; ‘This was d&momsr=csed

r

l//

e

{
S\

— —_

by tests run &t the Hoo%t Lake plant in 1972 in which low and high s.. ...
lignites from one mine were tested for succeeding weeks. The sodiun
content was the only substantiasl varieble in the tests (see Anelysis

in tsble 3) and eny effect can be clearly sttributed to the sodium
change. The results from three test days on each coal is shown in
figure 7. The ppm SO0, decreased from about 800 prm to about 590 ppm
when the sodium was increased from 0.9 to 6.1 pct. The disadvantage

of the high sodium content is, of course, the greatly increased ash
fouling rate. ‘

Effects of Boiler Load on S0» Emissions

Sulfur balance studies conducted on plants burning German Brown’
coals have shown that the pet of sulfur retained in the ash is greatly
influenced by boiler load end gas Fesidence time (). Most tests
reporied in this study were at 85 to 110 pet of rated load as shown
in table 3. The one exception is at the Leland Olds plant where load was
reduced to 55 pct for two test days. The results show no significant
chenge in SO2 emission as compared to the higher load tests, - :

Sulfur Retention in Various Ash Fractions

During most of the field tests, samples of ash were collected from
various locations in the boiler for chemical and physical analyses.,
Results of chemicel analysis of selected ashes from the various boilers
ere shown in table 5, Fly ash samples from both the Leland 0Olds and
Hoot Lake plants were coll cted during spzcisl tests in which a pilot
electrostatic precipitate. was operating cn & side stream of flue gas, -
In both cases the electrostatic Precipitetor dust i considerably

bl €
> enriched in SO3 &5 compared to the cyclone dussh cezlector sample,



In ©2sts conducted ab the Hoot Lade plant in 1965-36, four sodium
levels in the lignife were studied on fly esh somples aspirsied from
the flve o2 of the eir hester in cach test. As shown in table 5,
The 30 o ash renzed from 6.8 pet with the lowect sodiunm lignite
to 28. 2 shest sodiwn lignite. During the high sodium -
tests, consideradhle Sh was being retained in the furnace because

n

The results for the cyclone-fired plent show that again the
aspirated fly ash from the furnace exit coniained considersebly more
803 Then the fly ash caught in the mechanical dust collector, The
botiom slag had only 0.2 pet 803. '

Tests conducted on e spreacer-sioker-Iired boiler during
eration on high sodium lignite shoved “hat the dust collector ash
ad 2.9 pet S0, but thot the aspirated dust at the dust collector
outlet had 38.5 pet S0z and 30.5 pet Kan0. The grate ash had 1.0 pct

SO‘}. !
]

e To summarize these date, the results show wide variation in the amount
/ of sulfur retained with the ash, depending upon alkeli content and
~  temperature history of +the ash. The fine fly ash fractions are most
// enriched in S04, however, without ash balance data one cannot determine
the quantity of input sulfur retained in the various fractions. Bottom slag
from a cyclone and grate ash from a spreader-stoker retain little
{ sulfur.

\‘

Summary of NO_ Results

Figure 8 shows the results of NO determinations at the various
plants. Shown are the daily averages corrected to 30 vct excess air,
The levels for the pe-fired plants varied from about 300 to 520 Phm.
"For the cyclone-fired plent, the levels varied from 570 to 690 PPN,
significantly higher, as would be expected from the higher combustion
temperatures, The value of 230 vem for the spreader-stoker plant is
surprisingly low. 'These values can be compared With a ITHET-gF - —
00T IB/MT 3% {8bout 550 ppm) for bituminous coal-fired boilers as
specified by the national emission standards. At the present time
lignite-fired boilers are specifically exempted from an NO, limit
in the national cmissions standerds.

Fly Ash Size Distribution

Two of the most important factors affecting design of fly ash
control equipment are the fly ash loading and particle size distribution
in the flue gas exiting from the boiler. Determination of dust loading
wes not a part of these studies, but size distribution was determined on

Fly ach samples espirated from boiler exit ducts during some of the tests.



c? £l ash extrzcted from the boiler
¢ ond sprecder-sicker-fired

stcker fly esh was coarsest, having a

vith I8 pet below 10 microns. It zas

ing that cyclone-

re¢ cn Zrown coal Tirin
iner fly esh thon pe-Tiring. Tais was not contizmed
By teésts run at ton R. Young and Hoot Lake plents in 1672 as shown
in fizure 9., The mass ian size for the cyclone~-fired boiler was
18.5 microns with 33 pet below 10 microns and for the pe~fired boiler
the mass medion size wes 7.8 microns with Sh pct below 10 microns.

It should be noted that the cyclone-fired boiler was burizing a very
low sodium coal during these tests and it is possible thet increased
velatilization nmight increase the fine fraction if high alkeli lignites
were used., ' ) )

~Electricel Resistivity of Fly Ash .

One of the most important factors affecting the electrostatic
precipitation of fly ash is the electrical resistiviiy of the ash.
A series of laboratory resistivity tests was run on the fly ash from
a nunber of low sulfur Western coals, The results are described in
en earlier paper (L). A computer study of the results in that work
indicated thet the ratio (Cal + Mg0)/(Nay0 + SO;) in the fly ash
was the best indicator of resistivity for those samples, with
resistivity varying directly as the ratio.

In more recent work, the emphasis has been on "in situ" field
resisitivity determinations. The effect of sodium in the fly ash
is demonstrated further by data from the 1972 Hoot Lake tests, shown
in figure 10. The low sodium ash showed a significantly higher
(100 X at 350° F) resistivity than the high sodium ash for both the
lzboratory and "in situ" results. The results also confirm the i
applicability of the ratio described above, &as the higher resistivity
, Tly esh shows the higher value for (Ca0 + Mg0)/(Na 0 + S03). _The
}values determined fall within the range for satisfactory precipitator
. operation despite the low sulfur content of the lignite burned.
(ﬁhis is confirmed by the satisfactory performance of the ESP units
son the Hoot Lake plant since their startup in the spring of 1972,

SUMMARY AND CONCLUSIONS

Over the past few years, the Buresu of Mines has collected
data on stack emissions from various lignite-fired powerplants.
Included were tests on pe~fired, cyclone-fired and spreader-stoker-
fired boilers operating on lignites having considerable varsation
in ash content and ansalysis. Most :zphasis was on the study of S0
emissions and how they relate to input sulfur level, firing method,
ash analysiz end othicr foctors. Limitcd date wes cocllected on NO,
emissions from the verious plants. Chemical end physical properties
of fly azh oz o funcuicn of firing method were determined and electrical

10
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TLILIULVLLY sUudics ol the IZr nshes were mode., A method is shovn
- il il . 2 b - P = - S o P 4 ol
for coleulotins 30, and =0, CA"SJ;OH ~evels cnd pet of input sulfur
ot - ol

R S . ] o I P O] b PRl e de -~ =~

emitted 2 O0s witiout lmoiing the weighis of cozl burned or fiue zas
2

The »rincivel conelusions are:
1. The —b/XY 2tu SOO eni was exceeded in 33 of the

on mostv of the tests would

of sulfr were retained by the ash in rnost
sulfur reteined varied Trom 73 to 0 pct
ing devween 10 and L0 pet. By comparison
tention for bituminous coals rarely

ot
o
(A

3. Insufficienrt data are ava*ldble to cdefinitely establish a
difference in sulfur retention between firing methods, although %here
are some indications that the retention is less with cyclone firing
than with pe firing.

L. The percentege of sulfur retention on zsh was not closely
reproducible and some of the variation is probably a result of

. veriabilily in the irnut_:g;in:. The results show the extreme

importance of adacuate coal samp11ng if the sulfur balance deta is

Lo oe meaningful, v o

+

n i1s strongly influenced by the sodium content
the sodium from 0.9 to 6.1 pct in the ash
vo 590 ppm. ;

5. The SO2 emiss
the cozl. Inereas

OCQ (o}

The computer-
inereasing Ca0 and Na,0 inereases
silica in the ash tend to decrease

@ O
151
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T. D2oiler load does not greetly influence SO emissions, based
on two tests at 55 pet of rated load on & pe-fired“unis.

8. , cmissions are greater for cyclone-fired o
then for pe-fired wnits., ™ ~ ——— ‘ b

pa ticle size at the boiler outlet when dburning
onsiderably greater for cyclone-firing than for

10. As predicted by a2 correlation developed in laboratory tests
increcesing the sodium content of the ash from 0.9 to 6.1 pect reduced
resistivity by a factor of 100 in field tests.
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TABLE 2. -~ Sulfur verietions at Leland 0lds plant

1

Time, -~
minutes Silo Lab. G Lab., P, Av.
0 A 1.k9 1.3k 1.33 1.h1 1.39
0 X 0.76 0.82 - 0.93 . 0.82 0.83
15 A 0.79 0.77 0.82 0.85 0.81
15 K 1.k2 1.25 1.55 1.56 1.45
30 A 0.96 0.9% 0.96 0.96 0.95
30 K 0.91 0.91 0.95 0.9% 0.93
45 A 0.90 0.94 0.97 1.01 0.95
L5 K 1.37 1.37 1.46 1.46 1.42
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TABLE 4, - Partinl analysis of selected ash
.

semnles fronm

field tests of lignite-fired bdoilers

Component, pect

Ca0l MmO Nas0 S04
2C-Tired Plants
Hoot Lake plant, 8/12/70:
Mechanical dust collector 28.8 9.1 L,2 4.5
Pilot ESP 26,4 8.9 5.3 8.7
Leland Olds plent, 8/28/70: :
Mechanical dust collector 19.9 6.0 6.9 2.3
Pilot ESP 20.1 ‘5.8 7.9 6.0
Hoot Lake plant, 1965-1966:
Samples espirated from boiler
exit duct:
Test No. 1 32,9 10.3 2.3 6.8
Test No. 2 28.5 8.6 7.2 11.6
Test No. 3 26,2 9.1 9. - 1k.1
Test No, L 20,1 9.3 16.3 28.3
Cyclone~Fired Plent
Milton R. Young Plant, 1970:
Mechanicel dust collector 32,4 8.8 1.4 3.9
Aspirated from gas to dust collector 31.5 8. 1.k 6.7
Bottom slag 31.8 9.5 0.3 0.2
Spreader-Stoker—~Fired Plant
Franklin P. Wood Plant, 1971:
Mechanical dust collector 23.5 6.4 11.8 2.9
Aspirated from dust collector exit ges 3.8 0.9 30.5 38.0
Grote ash 19.3 4.8 8.8 1.0
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FIGURE 9, -« Size analysis (by Bahco wethod) of fly ash samples
aspirated from boiler exit duct. (Spreader-stoker data
courtesy of Otter Tail Power Co.)



Loy gt

Low sodium, ESP iniet 7

/_ hopper, ASME 7

)
O

Lo ium o
o sodum 5
- in-situ

100k .
- 2
i -
] ]
‘ q
L 4
£ 109 §-
° =
£ ‘ High sodium
S - “in-situ"
N
= - High sodium, ESP inlet
> ’,CF—'TT~\~
= . h r, ASME
= o~o oppe
@ 10°% | -
. yi D\\ 1
» / Fly ash analysis, percent \ a 2
_ / low sodium high sodium \ ’
c/ Si0, 21.7 21,1 \ ]
o7 b Al,O;  14.5 13.0 N\
. Fe,03  11.8 5.6 \
. Ca0 29.3 25.4
B MgO 3.8 8.9 h
- Na,0 1.4 6.9 4
- S0, 5.1 9.9 1
B Ca0 + MqO 6.6 2.0 i
Na,0 + SO4 ) )
Ios L 1 1 | | | L ] } { L ! i
100 200 300 400 500 600 700 800

TFMPERATURE, °F

FIGURE 10. - Effect of sodium content on electrical resistivity

~.zalte fly ash,



Na2 © Emission Factor
Ash % by weight 1lb SOx /ton coal
S = % sulfur wet basis

0.4 33.6 82
0.4 33.7 86
0.7 29.2 73
0.7 39.9 100
0.8 36.6 91
0.8 R 35.6 89
0.9 36.5 91
0.9 29.5 74
0.9 34.2 86
0.9 32.8 82

1 30.2 75
1.1 29.3 74
1.6 '36.5 92
1.7 33.4 84

2 34.2 86
2.1 37.4 94

3 40 100
3.1 33.2 83
3.5 35.5 89
3.8 28.4 71
3.8 27.2 69
4.8 29.1 73
5.1 PR 25.6 64
5.1 SRl 27.9 70
5.3 23.1 58
5.4 25.9 65
5.5 30.2 76
5.6 25.4 63
5.8 27.1 68
5.8 39.7 99

6 35.3 89
6.1 24.8 61
6.1 26.3 66
6.1 22.4 59
6.2 31.7 79

7 31.9 80
7.5 26.4 66
7.7 35.3 89
7.8 22.2 59
7.8 32.1 81

8 33.5 84
8.2 18.4 48
8.6 v s 16.9 43
8.8 et 31.2 78

9 21 52

10.9 10.9 27



Regression Output:

Constant

Std Err of Y Est

R Squared

No. of Observations
Degrees of Freedonm

X Coefficient(s)

35.80859
5.004715
0.375080
46
44

-1.30198



where S is the percent sulfur in the coal, 40 S is seen as 100% conversion
of fuel sulfur into SO,. This conversion did not vary significantly between
different boiler types or boiler loads. Rather, a correlation was clear
(See Figure 1) between sulfur conversion and Na20 content in the ash. Con-
sequent]y,vthe results for SO, emissions (regardless of boiler) were calcu-

lated to be the following:

Nag0 < 4% of ash 89.6% conversion of S into S04(36 S)
4% o Nag0 < 8.5% 68.6% | . (27 s)
Nas0 > 8,5 38.7% (15 9)

Note that-while a high Nap0 content coal will have lower S0, emissions,

it will also have greater ash fouling tendencies.

1.3 NOy Emissions

Nitrogen Oxides are formed by two basic processes: thermal fixation
of atmospheric N2 and combustion pf.fue]:hound nitrogen. In thermal fixation,
the Ny from the combustion air is cpnverted to the atomic species (heat
dependent), which in turn reacts w1th ava11ab1e oxygen (excess air dependent)
. to form NO The combustion process 1nv01ves the reactlon of fuel nitrogen
with oxygen in the air (excess air dependent). It is believed that the thermal
fixation process is predominant at high:temperatures, while the combustion
process can be sdgnificant at lower temperatqres. In this respect, the‘]arge

. NOx emissions associated with the cyclone boiler (17 Too) can be traced to the

tO“
high heat of combustion. For PC fired boilers the emissions were greater for
Front and Opposed Nall fired (14 ) than for tangent1a11y f1red boilers (8 ton
This is obv1ously due to dlfferences in the flame configuration; tangentially
fired f]ames do not interact as much rather they radiate outwardly to the
cooling surfaces of the b011er.' Due - to lack of data for Other Stokers, these
were assumed to be similar to spreader stokers (6 ]b

3



DATA SUMMARY FOR ALL PLANTS — — 77 .
PULVERIZED COAL-FIRED (1b/ton)

Na,0
Plant Control Particulates Ash (%) SOY (% of Ash) NOX Referencs

ig Brown ESP /.47 .8

faton ... W Cyclone 5.8A 7.5 38.S ‘ 17.2

n K
2land 0lds |, Cyclone , K 11.2 8
\

7.5 32.55 7.1°" 14.3 2
n. J. Neal| Cyclone 9.1 32.8S 0.86 13.2 2
ot Lake Cyclone, 26.0S 6.3 10.3 2
- ESP 33.75 2.2 2
5 A 6.5 25 S 8.2 6
8 A 6.5 46.8S 1.6 6

/erage X 6.3A 33.5 12.3

CYCLONE BOILER (1b/ton fuel)

Plant Control Particulates Ash (%) SOX (%Ng?OAsh) NOx Reference
.R. Young | Cyclone . 9.8 34.6S 0.6 17.4 2 U
12.2 8¢
34.0S 1.2 18.6 5
6.5 A 7 34.3S 1.2 18.8 5
2land 0lds II 2 5.59A 9.13 12
£.%  5,21A 9.13 | 12
. 508 925 . 7 12
iTton Young T 6.46A 7.47 12
6.2 6.27A 7.89 12
5.89A 9.59 12
1ton Young IT 9.7 A T 7152 12
b 9.9 A 6.31 12
6.07A 7.48 12
erage {1 6.66A 34.35 16.8

C-3



//‘f oo«
J
(l - (f/l" <
_/
4
{‘7‘ SPREADER STOKERS (1b/ton)
N
. '\,s\»’icv\ Na20
Plant \V' Control Particulates | Ash (%) SO0x |(% of Ash) NO, | Reference
7 Ot .
Heskett 1 “ B cycione # 6.2A (o 5
. o . ’
Heskett #2 L/Zg Cyclone * 7.8A% e 5
{ I K
F.P. Wood Cyclone ¥ @f 7 12.45| 9.8 0 5
7.5 145 | 9.8 6.4 2
. i D D
James town L/27 Mech. Coll. 10.9 Adbp 5.4 208 11.6 5.6 5
' 9.7 AL 6.1 5
Devil's L. #2 L Cent. coll. 4.7 8" | 8.7 5
North Dakota .~ > ])
P C § é;é:
//’Average >;’ 6.8 A 15.58 6
/ c lBased on one test assuming an ash content of 8% 57
R S yntiS
‘ OTHER STOKERS (lb/ton)
Na20
Plant Control Particulates | Ash (%) | SO, |[(% of Ash) | NOy | Reference
~»~Dev41lS_L_il_ii:;-CQnt‘_Collv-——~ 2.9 ALD“ 6.59 5
. #*
Beulah #1 «~ No Control 2.5A 8.6 5
. B t 4
Beulah #3 [ No Control, 3.6 A 8.6 5
North Dakoiq 254
J
Average 2.9 A

/ 2Average of two test assumin

g an ash content of 8%

/ (Reports have been requested August, 1981)

c
v

\ |20 90 O S T £ ¥

/

C-3

in lieu of unavailable test reports.




1.1 Particulate Emissions

Particulate emissions were directly related to the ash content of
the coal, and were thus given in terms of percent ash content. From
this calculation:

A 1b ash x 2000 1b - 20 A 1b ash
100 1b coal ton ton coal

Where A is the percent ash in the coal, 20 A is seen as 100 percent
emission of the ash as particulates. Due to lack of data, flyash reinjection

was not given as a d1st1nct category. This undoubtedly 1n§nguced some —

error, because of the 1ack of un1form firing practices. O0f the particular
boiler types, the greatest particulate emissions were from PC and Spreader

Strokers (7 A-lg) This is  believed to be due to the fact that a lot of
ton

coal is burned in suspension, and thus, there is a considerable amount
of flyash of air contact. Cyclones exhibited slightly lower particulate
emissions, based on 10 tests. Other stokers had the least emissions,
(3 A)y probably because of their smaller boiler size and because the ash
is stationary with respect to the bed. Most particulates were controlled
by cyclone collectors. Although most of these had 80 to 90 percent
design efficiencies, a typical value of 63 percent was assumed when
actual tested efficiencies were not given. This latter efficiency
represents a measured efficiency of several existing cyclones and is
felt to be a better estimate of the control potential of this kind of
col lector.
1.2 SO, EMISSIONS

Sulfur Oxide emissions result from the oxidation of sulfur in the

coal. From this calculation:- .

S1bs sulfur x 2 1bs SO, x 2000 1b = 40 S 1bs SO
: Tb SuTtlir

3 coa ulttr ton ton coa
'_; 2
%u ~, r -, r ~— \SS Sai
55 ?‘ Sy S U = I - G

R {1
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% sodium oxide E.F. lb SOx/ton = Value x S % sulfur

in ash S = % sulfur wet basis to SOx.
0.6 34.6 86.5
0.86 32.8 82
1.2 34.3 85.75
1.2 34 85
1.6 46.8 117
2.2 33.7 84.25
6.3 26 65
7.1 32.5 81.25
8.2 25 62.5
9.8 12.4 31
9.8 14 . 35
11.6 20 50

Regression Output:

Constant 96.77185
Std Err of Y Est 14.24715
R Squared 0.692548
No. of Observations < 12
Degrees of Freedom 10
X Coefficient(s) -4.89600

Std Err of Coef. 1.031585





