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The hea t-generation sources
ranged in size from heavy

power plant boilers {o 1 c::denim heaters
and employed the following firing
methads: (1) pulverizes coul, chain

grate stokers, spreader siokers, under-
feed stokers, and hand-stoked conl
burners; {2) steam- atornized, air-atom-
ized, renirifugal-atomized, and vapor-
izedd oil burners; and (9 premix gas
urners.  The  incineration  sources
tested ranged from largs muzmzpan
incineralors to smell mlnn,m-:a! in-
cinerators, Cpen-burning ources were
,‘J,l:\u tcaft‘d.

Sampling ond Analytical
Techniqgues

Sampling of flue gases was performed
\'}nle the combustion processes were
operated at their normal burning con-
dition. Sampling points were located -
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wiilcle fraction of the semylos was Takle !—-—Dcsign and Operctione!
dare h'\.‘ erhiimn n]’;.:\mnfnrn ’xnhv end -
) ——— - Design Data <
the sralysis was made by Wiraviolet- » &n Rated Capa
vig#iie apectrophotomntn 3 4 The in-
dividual polynucler: compounds thst Source  Fuel . ) Cai Utilizatd qcr L’5 \iﬁluc‘m
were quantitatively analyzed include No. Used Firing Method Type of Unit Otilization esm tu }9_
benzo(a)pyrene, snthracene, phenan- 1 Coal  Pulverized (dry  Water-tube Eleetrie 1080
3 > .
threne, pyreae, fluorsnthene, bepz(a)- bottom ©.7A boiler P_EEDGMUOD 206
anthracene, benzo(e)pyrene, perylene, 2 furnaces) 5 ype =g 5, Y. - ‘g::i?ng -
benzo(ghi)perylene, anthanthrene, and - i
corvoene. As indicated in Table I!I, 3 Chrtvn grate .S Water-tube Li;ggrégmon 125
’ . od i oc, stoker boiler ,
taese compounds can be placed in twe 4 Spreader stoker ‘/ L:,J Process ™\ 70.5. fooso-r«nw/k
groups corresponding to the relative (with reinjec- 5 " ,/ P hea.tmg 7 450 .=
reliability of the analytical determi- Y “tor) .—»ash @zcie -
nation for t.’he m dividual c-\?mpouna.s. 5 ,6\<\' Underfeeﬁ Fire-tube Process 3.6A 7.2
Because of interierences thut occur in \5 stokers boiler heating
the spectrophotonietric curves, vaiues 6 Q- : o School Ly A 3.8
for the compounds in Group 2 of Table PR Castir H }"ia“ng'. : S gon
3 may be of lower reliability than those e eonal boder })}l:tmg, ->3.1A it
in Group 1. Collection cfiiciency of o \3 74
the sampling train was 999 or better 8~ ..a.nd-s.okeu l Hc;t—au- 'h?met\ 0.20 o
for all of the polynuclear compounds f’\“ﬁ\wv»’-~~\\_.£§ﬂe___,_\fijl§”’- G 1
studicd. 9 Oi Steam-atomized ~ Water-tube Process 22 237
. B _ boiler - heating -
Carbon. Dioxide, Oxygen, Carbon 10 ’ r 36 20
Monoxide and Toto! Gaseous . :
Hydrocarbons* . .
4 11 Low-pressure Seotch-marine  Hospital 4.2
C0,,0,, CO and total gaseous hydro- 2ir-atomized bailer heating
carbon ('oncentrratxo s were mcasured 12 Centyifugal- Cast-iron see- Home - 0.25
by collecting a 50- to 100-liter sample of alomized . tionel botler heating
the combustion’ gases in & Mylar plastic 13 Rot-air furnsce 0.14
bag and subjecting this sample to )
individual analyses. Integrated “zmplm 14 Vaporized Hoteair ome 0.09
were obtained by maintaining a flow of furncce heating
one liter per winute or lower of sample 15 Gas  Tremix bumers " Firetube | Prowm T T T 72 ,zzw
gas to the bag over 2 one-to three-hour boiler heating %
period simultancous with the poly- 16 Scotch-marine  Hospital 4.2
naclear hydrocarbon sampling.  Where boiler heating
dificrent modes of operation vielded 1 Double-shell Homne 0.18
more than one f‘ue~"a< flow rate in the boil‘erf : heating 0.91
stack, the sample flow rate to the bag 18 Hot air furnace 21
R . all ace hester (G
was adjusted proportionately. 19 Wall epace heat - 0.
a (3-oss heat input.
;T)‘cffynt‘b(’l ENOLT s u“gd to denote” o). was analyzed by Orsat and tubes. Toia! gaseous hvdroc:ubf)“
1(3:@0‘3‘(\))2 mirogen determined us cquiva-, checked with 2 nondispersive infrared measurec by a flame 10n1zation ans:yvzer.
—— ’ " avalyzer; O, was measured by Orsat —=————= —
b * The w"‘:] ‘;:;Otél gascous hydrocar-  and a paramagnetic type O, analyzer; Oxides of Nitrogen
ons’’ is use enote those organic s yqr Jispersiv N * trations w DT
compounds remaining in the gas plmse .CO was mea,Sl'xrf%‘c‘l ')“ﬁ 33 !)015&(:1;]{:]":]‘\“8 NOx colnceu.uratlon.s were ‘r.,ﬂ:..J."ed
at room temperature in a Mylar plastic nfrared analyzer and gas detecter from two-liter integrated samples sna-
bag. ]\.,e1 by—tither the Saltzman® or the

Table ll--Dosicn aud Cperetiensl Summary, Incineretion and Cpen-Burning Sources

——Design S ( enditions l‘umr Tors ———m
. Rated Grate 1ixcess
ﬁogrcc N . Cupacity,  Atcs, Thist : . r E Sif,
No. Type of Unit Tous/Day  }i® Cliector ‘oo L G Teus Dey : o
Muricipal ucinerstors °
20 Moultirde chamber. 250 288 Kettling Feaideniisl refose a5 260 I3V 185
traveiing grate {con- chamber {14 to 269¢ non-
tinuous foed) comnbustible)
21 Multiple chemiber, brtch 56 85.5 Witer Residential and corr- 24 49 50-60 1082 14700
cherged, reciprocuting sprey 1ercinl refuse .
stoker grates scrubber (14 to 207 non-
(ummusn'ur 7
Commerdinl incinergtore :
22 Sinrle chainber 5.3 3 None Cardhonrd, pack- 20 4.7 [d 485 1307 C-20
ing <rates .
25 ¢ ¢lmmber with 3 9.7 Nons CO% raper 1£4] 2.3 1850 L5l
>  frg burner in 409, wet garbare
prizuary chamber :
24 Oped Buraiug Muzicipz} refuse 23
25 Automobile tires
206 Clase elipninas, 4
lefwnr tree
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- Scn‘m:":";l;--ﬁom Goneration Sour:es

- Trenl TV s

e . Fue Dotz -~ — Opesnting Cundiitvus Duriug Tesi————
. . as-received basis Gross Btu  Steam i
Vola- . Fuel Rate Input Rate Steam . Smoke,
Duat tile, Adl, S, er Hr - Pressure Opacity,
Collecter o % % Lbs Million Btu 10* Lb Psig %
Me hanical 31 20.2 2.3 132,000 1560 1120 2000 3040
ciectrical
Multiple 56 4.3 0.9 9,420 130 106 397 60
cyclone :
None 44 7.0 3.8 12,400 147 111 450 2040
Multipie 3 L7 08 4,290 59.2 49 160 0-20
cyclone, s e - ‘
None 36 4.9 0.7 317 4.4 110 2040
19 5. 0.8 214 3.0 37 0-20
38 3.9 1.0 4.8 0.066 9 0-20
38 2.7 0.5 8 0.115 4620
None No.2Fuel Ol  3.2¢ 1,110 21 17.9 250 5
., (28.5° API) ;}#. U
. No.6Fuel Ol 0.7 & 769 14.4 10.3 125 5
i (13.5° ARI) ' L '
No. 1 Fuel Uil 35 0.70 95 0
(43.5° 4PI)
No. 2 Fuel il 8.8 0.17 0
(31.5° API) : ‘
No. 2 Fuel Oil 4.4. 0.085 4]
(31.5° API) - .
No. 1 Fuel Qil  0.05 1.2 0.025 0
(43° API) . e _
None ~Naturs! gas (94.2% 402 9.3. 108 0
methane 3.6% - .
cthane) 42 0.98 6 0-20
7.9 0.18. 0
7.4 0.17 0
0.52 0.012 0

phenoldisulfonic acid technique.® The
Saltzman  technique was not satis-
factory for analyzing samples from units
that burn fuel with significant sulfur
content because of serious interference
from sulfur dioxide.
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Oxides of Sulfur

Samples for SO, 1 analysis were col-
lected by passing the gas stream through-
a series of three 500-ml Greenburge
Smith. impingers containing a three
percent solution of hydrogen peroxide.

L

T

BYPASS

VALVE /’

-

TR

! -:::::_xJ A\

[ s e

U-TUBES IN DRY ICE
ALCGHOL BATH

Fig. 1. Polynuddiur uydrocarson sampling troin,

MANOMETER

A sample collection rate of one cfm
was maintained over a neriod of 20 45
40 min. Analysis was done -either
gravimetrically by precipitating the
sulfute as barium stlfate or by titration
of an aliquot with harium chioride with
thorip a3 an indicator.”

Formaldehyds Canet W)

Formaldehyde was determined colori-
metrically with the chromatropic acid
techunigque by bubbling 2 sample of flue
gas through a series of midget impingers
containing cither chromatropic acid or
water.® Samples were collected at
one liter per minute over a period
of 20 to 30 min.

Pesults

Polynuciear Hydrocorbons

Dats on polynuclear hydrocarbon
emissions from heat-generation sources
are summarized in Table 1V, Data on
emissipns from incineration and open-
burning sources are summarized in
Tables V and V1.

Coal-Burning  Units.—The  poly-
nuclear hydrocarbon emissions obiained
from cosl-burning units varied widaly,
depending on the quality of combustion
achicved. Small domestic furnaces
used for individual home heating pro-
duced the highesi emission rates.
For example, tests on hand-fired and
underfeed stoker-fired domestie upis,
with esseatially no combustion controls,
showed emissions ranging from 4500
to 400,000 micrograms of BaP* per
million Btu gross heat input. Inter-
mediate-sized units employing chain-
grate stokers and spreader siokers
achieved better combustion and pro-
duced appreciably less polynuciear
compounds (26 to 37 micrograms of
Ba?P per million Btu gross heat input).

t Thc:,_symbol “S0x" 1s used te denote
ogdes of sulfur determined as equivalent
80, -

* Benzo{a)pyrene, hereafter referred to
as-BaP.
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The large, fully instrumented, pul-
verized-coal-fired steam power plant
(1.06 X 108 of steam/hr) showed the
lowest emission rate (19 micrograms of
BsaP per million 51y gross heat input).

In Fig. 2, BaP emission rates have
been plotted against size of unit for
the coal-, oil, and gas-fired units
studied. Because of the many vari-
ables affecting the formation of this
compound, a wide range of emissions
can be expected from g given size of
unit, and the results obtained do not
lend themselves to s straight-line re-
latioxlsbip. - In units operating with
relatively good combustion conditions,
BaP emissions would be expected to fall
hear the lower boundry of the rabge,
while in Jess efficient, combustion proc-
esses emission rates would be expecled
to fall near the upper boundary. Al-
though it is constructed with a limited
amount of data from oil- and gas-
burning sources, the plot in Fig. 2
serves to emphasize that higher emis-
sions are to be expected from coal-
burning units than from gas- or ¢jl-
fired units of comparable sizes,

The lower ploynuclear hydrocarbon
emission rates from the larger coal-
fired units can be attributed to the more
c¢ificient combustion of fuel attzinahle
with  closely regulated air-fucl ratios,
unifurmly  high combustion-chamber
t.(empf:ratures, and relatively long reten-
tion times in the high-temperature
zone, :

Among the seven polynuclear hydro-
carbons for which the analyticul tech-
Bique was most relishle (Tahle 11D,
Pitene and BaP wore the only com-
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Ronge of benzo {a) pyrene emissions from coal, oil, and aatural ges heot-generction processes,

pounds detected in sll coal-fired units
studied (Table IV). In. each case,
the ratio of pyrene to BsP was greater
than -one, varying from 1.5 to 23,
Ratios of BaP to benzo{ghi)perylene
ranged from 1.3 to 6.5, and ratios of
BaP to coronene racged from 1.0
to 30. These results tend to confirm
the data reported by Sawirki® regarding
the ratios of these compounds in partic-

ulate samples collected from the gt-

mosphere.  Sawicki states that partica-
late pollution from coal-burning sources
(as opposed to auto exheust) might he
characterized by ratios of BaP to benzo-
(ghi)perylene greater than 0.6 and
ratios of BaP to coronene greater than
one. He further suggests that the ratio
of pyrene to BaP might be an indication
of the “age” of the partizulate pollution,
since pyrene is less stable in the at-
mosphere than is BaP and has g greater
tendency to be lost by volatilizatios.
This interpretation is substantiated by
the finding that ratios of pyrene to
BsP in particulate matter collected
from the atmosphere in cities through-
out the United States have heen re-
ported' {o be less then one in most
cases.

A comparison of polynucicar hydro-
carbon emissions with other products of
incommplete combustion indicates that
polynuclear emission rates gre generally
high when carbon monoxide and total
gaseous hydrocarbons are high, The
relationship between carbon monoxide
ad polviulesar hydrocarhons was not
consistont enough to show a good cor-
relation. Figure 8 hews fair correig-
tan between totel sesecus hydrocarhons

and the compounds pyrene and BaP.

Oid-Burning Units—Polynuciear hy-
drocarbon emissions rates for oil-burning
sources were generally much lower thay
from coal-burning sources of equivaient
size (see Table IV). Detectable BaP
concentrations were found in only two
of the six oil-burning units tested, but,
byrene was present in all sources,
Ratios of pyrene 1o BaP for the two
BaP-emitting units averasged 6.6. Ra-
tios of BaP to benzo(ghi)perylene were
>2 and 3.0, and ratios of BaP to coro-
hezne ranged from 0.4 to >3, The
highest BaP emission rae from oil
burning occurred in g unit empleying
&n air-atomized burner.

Low BaP emissicns from liquid-
petroleum-fired units have 2is0 been
reported by Howe! [n 4 study of
household-sized units (12,000 to 250,000
Btu per hour) and smali industrial-
sized units (6000 Ib of steam per hour),
no BaP was detected in the samples

coliected. Two of the small household-
sized units produced smoke during
{esting.

Gas-Burning Units.—Polvnuclear hy-
drocarbon emission rates from gas-
fired units tested were generaliyv lower
than from coal-fired units and were of
sbout the same mzagnitude a3 emissions
from oilfired units. For three of the
four gas-fired sources the only com-
nound of consequence wa- pyTene
(Tsble IV), which occurred at rather
consistent levels in 2!l but one souree.

ce gas-fired source (No. 16) was more
proeductive of polynuclear hydracarbons
thzn the others, apparently because of
Imyroper adjustment of the air-fuel
ratis as evideneed by high concentra-
tions of CO and total ga=cous hyvdro-
carbons (See Table VII). The ratio of
bxrene to BaP for this source was 90,
The ratios of BaP to benzu{ghi}perylene
and BaP to coronene were 0.1 and 0.04,
respectively; these values contrast with
the higher ratios obtained from coal-
fired upits and are similar to the lower
ratios for auto exhaust.?

Tneinerators and Open-Burning Sources.

Commercial end 1f unicipel Ineinera-
tore—Results of the polynuciear hy-
drocerbon emissions produced by mu-
nicipsl and commercial incinerators
are summarized in Tables V and VI,
BaP snd benzo(e)pyrene, both of which
Lave demonsiruted carcinogenic quali-
ties, were detected in the fue goany
from every incinerator stud The
eencentrations of pyvene frow each unii
were higher than those of any of the
other polinuclear hydroearban  com-
peusds detecied, and ratios of pyrene
to BsP ranged from 6.0 to 128, Fol-
lowing the yattern of the cosl-firad
sources,  the  sanall-sized COlLmereing
Ineinerators with relatively yoor come
busticn produced farger eimisdion rofes

fer pelinuclens hvdroeebor.
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Table 11

I—Properties of Polynuclear Hydrocarbons

Mo-
. Empirieal lecular Melting Boiling Biological
Compound Formula Structure Weight Point, °C Point, °C Activitys
Group 1
Pyrene CiHyo (?6) 202 150 >360
Renzo(a)pyrene CxH,, (I%) 252 178 =500 +4++
Benzo(e)pyrene CxH,q (:(g) 252 178 ~500 +
Perylene CxHy, (EEE) 252 275 =500
Benzo(ghi)perylene CeH,, @ 276 273
Anthanthrene CwnH,, : (%) T 276 257
Coronene CyuH,, @ 300 435 =600
Group 2
Anthracene CiHy, : Co:j 178 217 340 Not reported
Phenantlirene C.H,, (35) 178 101 340 Not reported
Fluoranthene CisHyo ()% 202 110 393
Benz(a)anthracene CisHi. EIISJ 228 160 Sublinies +

. l_%e]at.iv_e activity of meuse epidermis: Code ++ 4 active, + 4 moderate, + weak, ... inactive. Sym osium on the Analysis f
Carcmogemg Air Pollutants, Hoffman, D., and Wynder, E, L. Analytical and Biological Studies on Gasoline Engine Exhaust, Nationa:
Cancer Institute Monograph No, 9, August, 1963,

intermediate- and large-sized municipal
units. The largest municipal unit
studied (Source No. 20), operating at
relatively constant temperatures in
excess of 1600°F and with longer gas
retention times in the high-{emperaiure
zone, was the least productive of these
compounds in terms of emissions per
pound of refuse charged.

A water-spray scrubber in the flue-
gas exhaust duct for control of fly ash
from the smaller municipal unit (Source
No. 21) proved highly cfective in re-
ducing the level of polynuclear bydro-
carbons emitted to the atmosphere.
The emission rate of BuP, for example,
was reduced 989 by usc of the scrubber.

Opcn—Buming Sources—TRefuse burn-
ing rates and combustion gas flow rates
were not obtained from the open-burm-
ing sources tested because of the dif-
ficulty in making these messurcinents
on an unenclozed fire, Henee, the aniy

Juiy 1964 / “jolume 14, No. 7

comparisons possible with regard to
polynuclear hydroearbons were on the
basis of the amount of such compounds
in the particulate matter collected.
Table VI summarizes the results oh-
tained from the open-burning sources.
The comparatively high levels of all
polynuelear hydrocarbon compounds
detected in the particulate material
collected from open burning of auto-
mobile tires and automobile bodies ix
consistent with the gencral pattern that
has developed for other combusticn
processes; i.c., the inadequate combus-
tion conditions typical of uncontrotled
burning processes consistently produce
the highest levels of these compounds.
Particulaie emission rates from open

burning hgve heen estimated at 22 .

pounds per ton of combustible refuse
burned.'? This estimate would appear
tn be a very conservative figure for the
particulete inaterial  that might  bhe

~Generalizations concerning the<e resulit<

produced from open-burning sources-
The yiarticulate emission rates reported
in Table IX and the polynuclear hi-
drocarbon emission rates reported i
Table VI indicate that the smount of
polynuclear hydrocarbons per pound !
refuse burned are greater from opern
burning and commercial incineration
than from municipal incineration. YVeryv
high emissions are indicated from the
open burning of automobile hadis<
and tires.

Particulate Matter
Coal-Burming Units—TParticulate

emivwsions from the coal-burning unit.
are  summarized in @ Table VII.

are not appropriste, since the partisu-
late emission for each individual enal.
Lurning unit is affected by a combina-
tion of four highly varishle factors:
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Fig. 3. Relationship between total gaseous hydrocarbon
ond pyrene from coal-fired heal-generation sources

(1) Type of firing equipment

(2) Amount and type of ash in the
cosal

(83) Quality of combustion

(4) Type and suitability of fly-ash-
control equipment

In Fig. 4 the particulate emissions
for different types of coal-burning units
arc expressed as a percentage of the
total ash content of the corl. The qual-
ity of combustion in the larger units was
generally hetter than in the smaller
units. Particulate emissions from the
large units were primarily of the non-
combustible type and amounted to less
than 25%, of the ash in the coal. Source
No. 2, which was a pulverized-coal-
fired unit, emitted particulate equiva-
lent to 729, of the ash content in the
coal because the mechanical fiy-ash
collector on this unit was not funetion-
ing properly. By comparison, Source
No. 1, which is a pulverized-coal-fired
unit equipped with properly operating
mechanical and electrical fiy-ash col-
lectors, emitted particulate equivalent
to less than four percent of the ash
content in the coal. Although spreader
stokers equipped with reinjectors are
capable of producing unusually high
particulate emissions, Source. No. 4,
which is equipped with a multicyelone
dust coilector, emitted particulate equiv-
alent to only 249 of the ash content of
the coal. - C

The emission values shown in Tig. 4,
include hoth combustible and noncom-
bustible portions of the particulate
mavter emitted. The 699 emission
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jons and of benzo (o) pyrene

rate produced by the hand-fired unit
(Source No. 8), can be explained in
terms of the poor quality combustion
typical of these small units, which
emit large amounts of unburned carbon
and tarry organics. The benzene-
soluble portion of the particulate
(Table VII), which is a measure of the
organic cortent, ranged from 0.3 to
179%,. In general, it is Ligher for the
smaller units; the hand-stoked do-
mestic hot-air furnace (Source No. 8)
yielded the highest percentage. By
comparison, particulate samples col-
lected from the atmosphere have an
average benzene-soluble content of
8.4% for urban areas throughcut the
United States and 5.6% for nonurban
areas.!?

Oil-Burning Units.—Particulate emis-
sions from the oil-fired units, sum-
marized in Table VII, are generally
lower than emissions from cosl-fired
units. The factors of fundamental
importance that affect emissions from
oil-fired units gre:

(1) Type of firing equipment

(2) Quality of combustion

(8) Buildup and/or erosion of boiler
deposits

(4) SO;emission

The ash content of the oils burned in
this study was too low to be a major
factor in contributing to perticulate
emissions. The highest ssh conient
ciucouniered was 0.0259, {or the residual
fuel eil fired in Source No. 10. The
ash content of the distilleie fucls was

“gas.
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content of coal.

well below this, amounting to only a
trace in most cases. Additional factors
that affect emissions from oil-fired units
include the deposition of particulate
malerial in the boiler as well as the
erosion of boiler deposits. !4

Particulate emissions were three to
six times higher on the basis of pounds
per million Btu input in the two largest
oil-fired boilers tested (23 and 30 million
Btu gross heat input per hour) than in
the smaller units (0.09 to 4.2 million
Btu gross heatinput). Both of the large
units employed steam atomization and
were operated under conditions that
produced good combustion. Typical
of S0, sources, plumes from both
units had a bluish-white appearance
with about five perceni obscuration.
A possible explanation for the com-
paratively high emissions from these
furnaces can be made on the basis of
the sulfur content of the fuels (Table
1). Both units had relatively high
oxides of sulfur emissions (Table VII),
and 80, could account for a good portion
of the ‘particulate weight. This pos-
sibility was not substantiated, however,
since S0; concentrations were not
measured. The total oxides of sulfur
measurements did not differentiate
between SO, and SO,.

The benzene-soluble content of partic-
ulates from cil-fired sources was ap-
preciahly higher than that from coal-
fired sources, ranging from 9.4 to 609,
for the small units and from 1.0 to 2.79,
for the large units.

Gus-Burning Units.—Particulate emis-
sions from gas-fired units are sum-
marized in Table VII. These emissions
are lower than from either coal- or cil-
fired units. Quality of combustion is
the key factor affecting the particulate
emissions from the burning of natural
Source No. 16, operated with an
improper air-fuel ratio, produced the
highest particulate emissions.

Ax was the case with oil firing, the
organic portion of the particulate wes

bzl ol b A Pt s Aol by i A
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relation coefficient of 0.98 (significant
at the 0.19% level). Plotted on the
same graph are curves reported by other
investigators for oil- and gas-fired
units.®® Each of these curves indicates
that the rate of NO, emission is a
power function of the gross heat input
with an exponent greater than 1.0;
hence the larger units are more produc-
tive of NO, on a pound-per-Btu basis.
This effect is to be expected since
higher temperatures in these larger
units are a major factor in producing
increased NO, cmissions. Lower-than-
average emissions for the majority of
the gas-fired units (Fig. 6) are also
in agreement with the results reported
by the other investigators.

Incinerators.—NO, emissions from
the incinerators tested are summarized
in Teble VIII. Higher emissions per
unit of fuel were produced by the large
municipal incinerators. This trend is
analogous to that found for the heat-
generation sources,

A more detailed cvaluation of NO,
emissions from the municipsl incinera-
lors was previously reported in the
literature.®

Oxides of Suifur
Coul-, Oil-, and Gas-Buirning Unis.--

0.01

0.1

SO, emission data for the heat-geners-
tion sources are presented in Table VII.
Flue gases from all of the coal- and oil-
burning units tested contained sulfur
oxides. No SO, was found in the
effluents from the natural-gas-burning
units tested.

In Fig. 7, SO, emissions are plotted
against sulfur content of the fuel.
Although the data obtained for sulfur
content of the fuels are not precise
values, the graph indicates that roughly
80 to 1009, of the sulfur in the fucls
burned was converted to sulfur oxides.

Formaldehyde

Coal-, Oil-, and Gas-Burning Units.—
Formaldehyde emissions from heat-
generation sources are sumnmarized in
Table VII. Since formaldehyde is an
oxvgenated hydrocarbon, emissions of
this compound might be expected to
correlate well with total gaseous hydro-
carbon emissions.  Formaldehyde, how-
ever, is more susceplible to oxidation
and decomposition et the high tempera-
tures encountered in combustion than
are-some of the lower hydrocarbons,
such as methane, and thus the Jevels of
formaldehyde emissiol Weroeonsstont v
low, TANEINE TTOM: © ¢ 10 ' eg OF £he niorie
Widely varying emissions of Lota] 2eser s

Fydiocarbons

10 10

POUNDS CO PER MILLION Btu GROSS HEAT INPUT

Relationship between emissions of carbon monoxide ond total gaseous hydrocorbons—heat generation sources.

For cach fuel the smaller units tend
toward higher emissions; the highest
emission (0.66 ppm) occurred in the
flue gas of the small gas-fired space
heater (No. 19).

Incinerators—Formaldehyde  emis-
sions from the incinerators are reported
in Table VIII. The 50-ton-per-day
incinerator, although it produced no
formaldehyde at the conditions re-
poried here, did produce 0.021 pound
ver ton of refuse when operated with
a higher amount of excess air. Oper-
ation at this latter condition resulted
in  jurnace-gas temperatures 400°F
lower than those that occurred in the
first test. This effect corresponds to
results: obtained previously with an
experimental incinerator, which demon-
struted that formaldehyde concentra-
tions in the flue gas increase rapidly
with decreasing temperature. ¥

Additional tests’® on the 250-ton-
per-day unit show that formsaldchyde
emissions increase as underfire air
decreases. This trend alwo was in-
fluenced by furnace temperatures.

Summery

A source-surupling program has been
conducted to determine the pellatant
emissions to the atmosphere from meny
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common types of combustion processes.
Emission levels of polynuclear hydro-
carbons, particulate matter, carbon
monoxide, total gaseous hydrocarbons,
oxides of nitrogen, oxides of sulfur, and
formaldehyde have heen measured for
(1) beat-generation sources that burn
coal, fuel oil, and natural gas and (2)
incinerators that burn municipal-type
refuse. Also, the polynuclear hydro-
carbon concentrations in particulate
matter emitted from open fires burning
household refuse, automehile ures, grass
and hedge clippings, and automabile
bodies have been determined. Emis
sion levels of benzo{a)pyrene have been
given particular consideration because
of the demonstrated carcinogenic ac-
tivity of this compound.

In the burning of conventional fuels
for heat-generation processes or in the
disposal of solid waste materials by
incineration, the quality or degree of
combustion atltlained is a major factor
affecting the release of organie-type
pollutants  to the atmosphere. Rel-
atively complete combustion of fuel, as
measured by the flue-gas comiposition, is
commonly achieved with gas- and oil-
fired heat-gencrating units of any rize.
A lesser degree of combustion is char
acleristic of small- and intermediate-

July 1964 / Volyma 14, No. 7

TO FURNACE - Bty PER HOUR

Relationship of oxides of nitrogen emissions to furncce heat input.

sized coal-fired units and solid-waste-
burning incinerators.

The polyvnuelear hydrocarbon emis-
sion rates from coal burning are higher
than from oil or gas burning. BaP
emission rates for the coal-burning upits
ranged from 19 to 400,000 microgranis
per million Btu gross heat input and
decreascd as unit size increased. Among
the coal-burning units the highest
emission rates were produced by a
hand-stoked residential coal-fired fur-
nace. A pulverized coalfired electrie
power generation plant, the largest
source tested, had the lowest poly-
nuclear hydrocarbon emission rates,

BaP emission rates for incinerators
ranged from 0.075 to 260 micrograms
per pound of refuse charged. The
highest emission rates oceurred in the
small commercial-sized  units, Open
burning of wasle material produced
particulate mnatter containing from 11
to 1100 micrograms of BaP per gram
of particulate.

Coal burning and refuse burning are
more productive of solid particulates
than either fuel oil or gas burning.
The extent to which these particuintes
zre formed and released to the at-
masphere is dependent, on the aqusline

of combustion achieved, the nsh can-

POUNDS 56, (AS $O,)EMITTED PER TON OF FuEL BUINED
o
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Fig. 7. Sulfur axides emissions compared with
suffur content of fusl,

tent of the fuel, the type of firing, and
whether partizulate control equipment
is used.

Oxides of nitrogen are produced by
the burning of all fuels and waste
materials regardless of the quality of
the combuszion process; these com-
pounds are {ormed in greater amounts
in the larger heat-gererating and in-
cineration u=its. Emission rates for
the heat gen:zration units caleulated on
a peund per Liour basis inerease xs the
1.14th power of the gross heat input to
the furnace. Gas-fired units produced
lower emissicos than did equivalent-
sized coal-or ¢ -fired units.

Oxides of sulfur emissions are 2 funce
tion of the sulfur content in the fuel
burned. Mnre than 809 of the sulfur
in the fuel wus converled {0 oxides of
sulfur,
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