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SECTION 1
INTRODUCTION AND SUMMARY

1.1 ‘;INTRODUCTION

As more and more air quality data are becoming available from monitoring stations through-
‘out the nation, it is becoming increasingly evident that the National Ambient Air Quality Standards
for particulate matter have not been attained in many Air Quality Control Regions'and will not be

maintained in others, under provisions of existing control strategies.

According to the Monitoring and Air Quality Trends Report (Reference 1;1), 205 of the 247
AQCRs in the United States reported valid ambieﬁt particulate measurements for at least one sta-
tion in 1973, gﬁd 128 of these regions exceeded the primary annual NAAQS for particulate (designed
to protect health). Even more regions, name]y 168, exceeded the secondary standard for the protec-
tion of welfare (animal and vegetable life, mater1als and aesthet1cs, etc }. The 24-hour pr1mary
standard was exceeded in most regions of the country, as depicted in Figure 1-1. Among the indi-.
vidual monitoring stations which reported valid data for 1973, over one-quarter exceeded the pri-
mary annual standard and nearly one-half violated the secondary limits. Similarly, for the 24-
hour standard, about 10 and 40 percent exceeded the primary and secondary standards, respectively.

Although progress has been made in reducing ambient particulate concentrations in many areas
of the country, both through the apptication of controls and the introduction of improved equipment,
further reductions are still reduired in some regions. Inadequate regulations and prog;ams for
the control of particulate emissions from oil burning furnaces and boiler$ may be one of the more
important reasons that areas where large amounts of oil are used cannot meet current ambient air
qaa1ity standards féf particulate, More importantly, economic and population growth will caﬁse
emissions of all po]]utan%s, including particulates, to increase with time unless controlled be-
yond the qurrenf Jevel. Therefore, it may be necessary to control sources which are not regulated
now and/or to increase the deérée of control (i.e., reduce the allowable emission Timits) fo}
sources that are already regulated at a moderate level. It will certainly be necessary to do so

in some AQCRs to maintain the ambient air concentrations below the NAAQS through the next 10 to

25 years.

1-1




*(1-1 9ousua43Y) £L6L SLA3| B3e[NdLlded papusdsns Jo sniels |-l aunb L4

vivaon &

QUYONVLS ASVIINd MOT36 JYV YLVO 63140434 1Y (]
(IVNNNY 4O 1nok-4z) G30ITONT GUYONVLS AUV ]

o

1-2




For }hese reasons the Control Programs Development Division, Office of Air Quality Programs
and Standards, U.S. Environmental Protection Agency (EPA), has sporfsored the preparation of this
document for the use of local, state, and federal governmental air pollution control agencies in
the design and operation of programs for the control of particulate matter emissions. This qocu-
ment is limited to particulate emissions from oil-fired boilers that are used to generate hot water
or steam and furnaces that are used to ‘provide warm air for space heéting. These sources are fre-
guently called indirect heating fuel combustion sources. Gas turbineé, reciprocating internal com-
bustion engines, process furnaces that use oil for direct‘heating of materials (e.g., kilns, glass
melting furnaces, open hearth furnaces, metal heat treating units, etc. ), and furnaces which burn

various waste oils are excluded.

The importance of particulate emissions from oi]-firéd‘boiiers and indi;ect heating furnaces
varies from region to region. This fact is clearly demonstrated in Table 1-1, which shows the per-
centage contributions from this source category to the total particulate emissions in each of the
AQCRs. As one might expect, oil-fired units contribute significant fractions to the total in the
northeast — e.g., Bé“percent in the Boston AQCR — but relatively 1ittle in areas like Los Angeles
where natural gas is, or was, the predominate fuel.: In eight AQCRs thfs'source category now accounts
for more than 10 percent of the fota] particulate emissions. Not only are there regional differ-
ences in total emissions from oil-fired units, but also in the distribution of emissions among the
various categoriés (user groups) within each AQCR. For example, emissions from oi]-fired units in
Niagara Frontier (AQCR 162) are dominated by industrial boilers, those in‘Southeast Florida (AQCR
050) by utility boilers, and those in Boston by all four categories. Particulate emissions from
residential units can amount to 3.4 percent of the total emissions in any one AQCR, those from com-
mercial and institutional systems up to 9.5 percent, from industrial boilers up to 9.5 percent, and

from utilities up fo 19 percent.

1t should be noted, however, that Table 1-1 shows only where of]-firedlboilers and space
heating furnaces contribute significantly to the total particulate emissions; it does not neces-
sarily provide an indication of where particulate air quality standards are being excéeded. A case
in point is Los Angeles, whose ambient air particulate concentrations are above the standard, but
where indirect heating oil-fired ﬁources account for only 5 percent of the regionfg total particu]até
emissions. Nationwiae, other major sources of particu]afe'emissions are coal-fired boilers, a variety
of industrial processes, and transportation, depending on the region of the counfry. Moreover, in
some areas, fugitive dust and natural sources of particu1atés can account for a non-negligible frac-
tion of the measured particulate. These sources are not included in tﬁe NEDS data from which Table

1-1 was developed.
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The importance of particulate emissions from oil-fired sources, in general, has recently
been estimated for several northeast metropolitan areas (Reference 1-7). High volume sampler filters
(used to measure ambient concentrations) collected dufing 1974 were examined by optical microscope
to provide a semiquantﬁtative estimate of the oil soot present. Filters in these areas (Washington,
D.C., Providence, Philadelphia, Baltimore, Chatianooga) showed that oil soot particles were'esti-
mated to comprise from 8 - 13 percent by weight of the total mass visible under the optical micro-
scope. This represented the average estimated perﬁent visible mass of from 20 - 30 filters per

area. They were selected to represent several seasons of the year.

While‘thi; is net a quanfitative technique, it does provide some perspective on the extent
of the problem — a significant though not overwhelming fraction of thevmass was believed to be o1l
soot. One should realize that over half of the typical ambient concentration in these areas is not
amenable to traditional controtl strafegies (i.e., resuspended street dust, natural background, auto-
mobile exhaust particles, and particles formed by transformation of gases in the atmosphere). Thus,

the importance of identifying the impact of controllable emission categories is most important.

It is important to note that this same study found that while all of these areas are violating
the primary standard at one or more sites, the reasons for these violations are varied and in some.
cases identifiable as localized problems such as resuspended dust or construction activity. The
control agency has the responsibility of weighing thése factors in the development of a new control

strategy.

The control techniques and regulatory programs discussed here are directed towards the main-
tenance and attainment of current NAAQS for particu]ate.' Compliance with these‘émbient air stan-
dards is based on measurements by High Volume Samplers (Hi Vols) that are placed at strategic loca-
tions throughout the region. Therefﬁre, this report deals mainly with efforts to reduce mass emis-
sions as measured in the conventional manner — i.e., either by opacity, Smoke Spot Number according
to ASTM Procedure D2156-65, or'pérticulate toading according to EPA Method 5.* The EPA recognizes.
that these standards may not be sufficient to protect health and welfare from particulate poliution
and is currently evaluating the need for an additional air quality standard for fine particulates.
Some of the potential shortcomings associated with the current standard are attributed to the fol-

Towing concerns:

*The Smoke Spot Number is frequently reported as the Bacharach-Shell Smoke Spot Number, the
Bacharach Smoke Spot Number, or simply the Bacharach Number. All four descriptions refer to
the same measurement technique. ;




e Heavy particles contribute most of the mass measured by the Hi Vols although they
account for only a few percent of the material collected on a number basis. According
to the results of one analysis of an ambient sample by microscopic count, 60 percent of
the particles by number were under 3 microns in diameter (i.e., {n the respirable range)
and accounted for about 4 percent of the total mass; in contrast, 4 percent by number
were over 11 microns in diameter and contributed nearly 80 percent of the total weight

(Reference 1-4).

particles (Reference 1-5). Hence, reductions in mass emissions of particulates to the

point where the NAAQS are not exceeded may not be sufficient.

e Secondary particulates (those generated in the atmosphere) may be more hazardous than
primary ones (those emitted into the atmosphere from combustion, industrial, transpor-

tation, and natural sources). .

Although a standard for fine particulates would probably require the implementation of additional
controls beyond those required to meet the primary standards, many of the controls that can be

used to meet the primary standard also reduce the emissions of submicron particles.
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e There is some evidence to indicate that toxic materials tend to concentrate on the small i
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The body of this report lays the groundwork for the final chapter, which presents control g
strategies that could be used by air pollution control authorities in the metropolitan areas 5
and the States to reduce particulate emissions from oil-fired boilers and furnaces. Thus, in Sec- 5
tion 2, we present descriptions of the equipment under consideration and inventories of their in- §
stalled capacity, by region within the United States. In that discussion, as in the remainder of ;
the document, boilers and furnaces are subdivided further into four user categories based on size:
residential, commercial (e.g., apartment buildings, institutions, and public buildings), 1ndustr%a1
and utility.* The equipment descriptions will include a discussion of the particulate emissions from i
these units and the factors which affect those emissions. Next, in Section 3, we consider the ques-

tion of fuel, such as the effects of fuel properties on emissions, the costs of various fuels, and

the effect of fuel additives or water/fuel emulsions on particulate emissions. A1l techniques other

than fuel switching and fuel additives which can reduce particulate emissions from oil-fired burners

are discussed in Section 4. These techniques tend to fall into one of the following categories.

*These categories are distinguished by size because it is easier for enforcement purposes to sub-
divide sources on that basis. The NEDS system, for which Table 1-1 was developed, theoretically
identifies sources on the basis of their application; thus the "Electric Generation" category may
contain steam power plants that are Tocated in an industrial facility and supply electricity only
to that facility.
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¢  Operation and maintenance procedures
e Design changes to the burnér and/or combustion chamber
o Flue gas treatment

A brief review of industry standards for the construction and performance of boilers and
furnaces is then presented in Section 5 to show the‘relationships, albeit 1imited, between these
standards and particulate control strategies. Since any control program that is recommended should
take past experience into accognt, Section 6 is devoted to a summary and réview of existing regula-
tory programs for the control of particulates from oil-fired units. This summary includes a compila-
tion of pertinent regulations thrqughout the United States and a more detailed review of the regula-
tibns and enforcement procedures used by nine metropolitan or Stéte control authorities to reduce
particulate emissions from indirect heat fuel burning combustion sources. Based on this review of
the characteristics of the sources, their utilization patterns, existing particulate control tech-
nologies for these sources, and current regulatory pfactices, we then Tist and rank control measures
(by user group) in Section 7 that local authorities could adopt to reduce particulate emissions with-

in their areas of jurisdiction.

Thus, this material is discussed in detail in Sections 2 through 7; it is summarized in the
following three subsections of this Introduction and Summary.* Appendix A contains recommendations
for research and development programs aimed at reducing particulate emissidns from oil-fired boilers
and space heating furnaces. Suggested topics include equipment redesign, demonstration tests on
;uggested improvements, development of new monitoring systems, etc. Appendix B presents a brief
comparison of the various methods used to measure smoke and particulate emissions, and Appendix C
lists 'the conversion factors between engineering and SI {System International) units. Appendix D
presents sample calculations analyzing costs. Appendix E 1ists the members of the Ad Hoc Advisory

Commi ttee.

*Since the fo110w1ng subsections merely summarize the remainder of this document, detailed refer—
ences are given only in the main body of text.
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1.2 SUMMARY OF EXISTING CONTROL PROGRAMS

This subsection presents a summary of existing control programs for particulate emissions
from oil-fired boilers and furnaces. The summary begins with tabulation of the emission limits
by state and then continues with a discussion of the regulations and enforcement procedufes used
by nine control authorities which are believed to have active control programs forud%l-fired sour-
ces. A summary of these regulations as they specifically relate to each user category is pre- 7
sented in the next subsection at the end of the summary of technical background information for

each category.

Before proceding to the discussions of regulatory programs, we note that certain nonregulatory
programs exist which aim to reduce particulate emissions. Chief among these are the various priVate,
industry, and trade association sponsored training programs for burner servicemen and boiler opérators/
maintenance staff. Voluntary operational changes that result in energy conservation are‘indirecf
particulate control programs since they cause a reduction in fuel consumption. This category of -
activities includes the ‘use of more building insulation, more attention to energy efficient opera-
tion, the installation of energy recovery devices such as waste heat recovery units, and a shift to
greater recycling of metals, glass, and paper products. And, finaily, 1nformatién campaigns ("PR")
can educate both the public and the owners of commercial or small industria1‘boilérs about the vaiue
of proper, periodic maintenance programs. Such campaigns seem to be most effective if they stress
the fuel savings that come from correct maintenance practices in addition to describing en?ironmenfa1

benefits.

Table 1-2 presents the particulate 1imits by each State for new oil-fired indirect heating
fuel burning sources.* This table shows that there is considerable variation among the regulations
from State to State. Some States do not place emission limitations on smaller units} and where all
the States restrict emissions from a given size source, these restrictions can sometimes differ by
an order of magnitude. Typically regulations range from about 0.6 1b/MBtu (258. ng/J) for units
with a heat input of 10 MBtu/hr (2.93 MW) (in those States which regulate uﬁits of that size) to values

1-

of 0.1 to 0.2 1b /MBtu (43 to 86. ng/J) for the very large utility boilers.’ Some States are more re-

stricting, with 1imits as Tow as 0.06 1b/MBtu (25.8 mg/d) for 10 MBtu/hr (2.93 MW) boilers and

E R R ‘ s ‘
Tables 1-2 through 1-4 are identical to Tables 6-2 through 6-4, respectively, except that the foot-
notes for Tables 6-2 and 6-4 are not repeated here.

+Throughout this report the letter M represents 10° in accordance with System International practices.
Thus MBtu = 10° Btu.




TABLE 1-2. STATE REGULATIONS FOR PARTICULATE EMISSIONS FROM
OIL-FIRED INDIRECT HEATING SOURCESZ, 1b/MBtu

£a
“
- % Source Heat Input Rate, MBtu/hr

S

Sl a | a0 |>0] 20 [ 50 | 100 <200/ >200] <250 | >250 | <500 [ >500 | 1000 | 2500 { 5000 | 7500 | 10000 |>10000( s0000 | >10%
Aladama B 0.5 |=—~q—=—=pF—=-q4—-—=}~—-m0.12 -
Alaska » | 0.083 1 — - -
Arizona * 0.6 |-—-m0.51 |0.4 0.35 | —~p+0.30 |—-m0.28 ——m:0.243(0.21 [0.17 0.3 |0.11 {0.09 }— —mp0.036] 0.025
Arkansas { - ——t0.15 | -——~——-—~—-—_—-‘——D-0.10 Femd === — =B 0,025 - = — o~ = == = ]
Catifornia * I 0.167 - : - L
Colorado 0.5 0.21 —-®40.23 [0.18 {0.15 | —-®0.13 - ~-mm0.12 F—-emo0.1 g
Connecticut * 10 T
Delaware *103 - g Lot
0.c. » 0.13 -—--~— F—~m0.06 F-—q——~f~—d———F -~ =B 0.035 |~~~ o = =~~~ ~Br0,02 -
Florida *} o1 = - - -
Georgla . 0.50 F-—--—— F-—q-——F=—a—=—1—-8r0.10 - -
Hawaii ¢ - ' : 5
Idaho *| 0.6 pe—-f—~—— |- —m0.35 F——d———t——d-———}——-— or0.2] p——d-—~—F—-B0.12
Ilinois 1 0.10 — -
Indfana * 6.6 0.1 3 -
Towa * i *] 0.6 - - - —
Kansas 0.6 ——»=0.51 |0.41 }0.35 —~®0.30 ~——~8=0.28 [0.24 |-——-8#0.21 |0.17 {0.14 |0.13 [0.12 o
Kentucky * ) 0.56 p——-—— »0.38 {0.33 F———4————-80.10
Loufsiana 0.6 - .
Maine. . *| . ]0.60 F——4-—- F-———-—®0.3 — - -
Maryland * 0.06 |0.05 . 0.03 0.02 - :
Massachusetts | * 0.1 » 0.05
Michigan ' s 0.3 .
Minnesota *) 0.4 > = -
Mississippi 0.6° | 0.6 : ——®0.19
Missouri * 1 0.6 0.6 0.19 |0.18 Lt
Montana * 0.6 et m e - B20.20 - ——— L — 0,12 - ’
Nebraska 0.6 F——4——90.24 -—-8»0.21 {0.17 [0.14 [0.13 }0.12 F——4———|——-p=
Nevada et 0.5 == ~=q-- #0.20 f—=—A———|-—-B£0.09 [~——-—— 0,02
New Hampshire | * 0.6 - ——0.10 - P
New Jersey . |} { 0.6 (0.6 -
New Mexico * 1o.005 - -
New York 0.1 - o
North Carolina | * | 0.6 [0.6 - Fr——4--—-F-—1-—-#{0.18 |——-4———|-—-»0.10
North Dakota * 0.6 b ————#t0.359 - — ~»-0.328 | 0.291 | 0.266 | 0.252 | 0.242 |- — -m0.197( 0.180
Ohfo * 0.4 Fe——~ == 1—— 8010 . -
Oklahoma * 0.6 === == —-—®0.20 [-~— ]~~~ [~ — —#&r0.12
Oregon * 1 0.33
Pennsylvania * 0.4 0.4 r——4-———fpF——-—-——-—-F-—-1~---"0.1
Rhode Island 0.20 0.])
South Carolina | * | 0.60 10.60 F——d-——~bF=edmmef e e e e e~ el 0.60 [~ P02 [-—-B0.12 |0.]
South Dakota 0.3
Tennessee * 0.6 |-—-»r0.41 |0.24 {037 |~—o4———1—-®0.10
Texas * 0.1 -
Utah * X -
Vermont * 0.5 0.1 »10.02 -
Virginia %1 0.4 I It miae s B e B e B e e el Bt TR L e B el
Washington * 10,33 - - 0.33
West Virginia 0.34 |- ~m0.28 [-——Br0.166 F——d— -~ ~—d-m—f et 010 F—— - — === — -~ =
Wisconsin * 0.5 : 0.15 | 0.10 d : 0.70 '
Wyoming * 101
A. Samoa LR I St Rl el Eabebl iy kel nlek Rtk nlbk £k R aiatad Attt bl B o B e R e
Guam *
Puerto Rico 0.3 —
Virgin Islands | 06 fommofm ==l eBp0352 o m o — L m — e — - — - - W 0.207 [~~~ o~~~ — — -~ 8] 0.09 -
a’hmFootnotes — See Section 6. Limits are for new units if state has separate 1imits for l

new and existing sources. See Appendix C for conversions to SI uni

1-9




0.02 1b/MBtu (8.6 ng/J) for utility boilers in Maryland. 'New Mexico currently limits oil-fired
boilers even further to 0.005 1b/MBtu (2.15 ng/Jd) for a]i units greater than 10 MBtu/hr (2.93 MW)
heat input, but they are considering revising these limits upwards. Conversion factors between

SI and the more familiar engineering units are presented in Appendix C. New boilers greater than
250 MBtu/hr (73.25 MW) must also comply with an NSPS of 0.1 1b/MBtu (43. ng/J). Since the regula-
tions differ so much from State to State, a condensed version of this large table has been prepared
to facilitiate comparisons among the states (Table 1-3). In this abbreviated version of the State
regulations, each column approximately represents one of the four user categories discussed in this
report. A quick review of this table shows, for example, that 29 states and territories (i.e.,
slightly more than half of the 55 states and territories included on the table) do not restrict par-
ticulate emissions from residential and small commercial units (<1 MBtu/hr or 0.293 MW). Limitations
for large commercial and industrial units (nominal 10 and 100 MBtu/hr or 2.33 and 29.3 MW, respec-
tively) range from 0.06 to 0.6 1b/MBtu (25.8 to 258. ng/J) and those for utility boilers (nominal
1,000 MBtu/hr or 293 MW) range from 0.02 to 0.6 1b/MBtu (8.6 to 258 ng/J) (excluding New Mexico,

which may revise its limits soon).

Opacity limits are presented in Table 1-4 for fuel burning sources. Many states now Timit
opacity to 20 percent (Ringelman #1), a1though‘some restrict visible emissions to 10 percent and
three even permit no visible emissions. Frequently a more lenient 1imit is placed on existing
sources than on new sources. In addition, sources are allowed to emit more than the Timits shown
on this table for short periods of time, e.g., 3 to 6 minutes during each 1-hour period. In some
states there is no restriction on the opacity of the plume during these exception periods, whereas
in other states the plume can obscure no more than 40 or 60 percent of the transmitted light. Some

states apply these opacity limitations to all sources, irrespective of their size.

More detailed information on the regulations and enforcement pfocedures used by local author-
ities was obtained by direct contact with personnel in nine agencies which were believed to have
active control programs. The enforcement procedures in eight of the nine districts visited ap-
peared to depend heavily on the use of construction and operation permits. These permits are used
to identify sources of emissions. The applications for construction permits are generally reviewed
by the engineering and/or enforcement staff in the éontro] agency to determine whether the equipment
and the proposed operating procedures will enable the source to comply with local regulations. After
the new source has been installed, the control district inspects the facility to check its perfor-
mance with the application and to observe the procedures used by the operating personnel. If the
inspector's report is favorable, an operating permit is then issuéd to the installation. Enforce-
ment through the use of permits is generally supplemented by roaming inspectors who look for viola-

tions of the visible emission 1imits, by stack testing upon the request of the control district if
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TABLE 1-3. PARTICULATE LIMITS AT SELECTED HEAT RATESA, L»/MBru

" Source Input Heat Rate, MBtu/hr
State - -
<1 <10 100 1000
Alabama -« 0.5 0.5 0.5 0.12
Alaska 0.083 0.083 0.083 0.083
" Arizona : 0.6 " 0.35 0.21
Arkansas . ) 0.25 . 0.15 . 0.10 .
California 0.167 0.167 0.167 0.167
Colorado 0.5 0.21 0.15 - 0.10
Connecticut 0.1 0.1 0,1 0.1
Delaware 0.3 o3 0.3 0.3
D.C. o 0.13 .. .« 0.06 0.035
Florida 0.1 0.1 0.1 0.1
Georgia ’ ) ©0.50 - - 0.16 0.10
) Hawai i® ‘_ )
Idaho 0.6 0.35 0.21
Mlinois o 0.1 0.1 0.1 0.1
Indiana 0.6 0.6 0.1
Towa L 0.6 0.6 0.6 0.6
Kansas 0.6 0.35 0.21
Kentucky 0.56 - 0.33 0.10
Louisiana . 0.6 0.6 ) 0.6 © 0.6
Maine 0.6 0.32 0.3
Maryland 0.06 0.03 ©0.02
Massachusetts 0.1 0.1 0.05
Michigan - 0.3 0.3 - 0.19
Minnesota 0.4 0.4 0.4 0.4
Mississippi © 0.6 0.6 0.41 0.26°
Missouri 0.6 . 0.6 0.28 0.14
Montana ‘ ‘ 0.6 0.35 0.2
Nebraska - 0.6 0.35 . 0.21
Nevada 0.6 0.35 0.20
New Hampshire ~ 0.6 0.35 0.10
_ New Jersey . . 0.6 0.6 0.15 0.10
New Mexico 0.005 0.005 0.005
New York 0.10
North Carolina 0.6 0.6 0.33 0.18
North Dakota 0.6 " p.44 0.33
Ohio 0.4 0.2 0.1
Oklahoma 0.6 0.35 " 0.20
Oregon 0.33 0.33 10.33 0.33
Pennsylvania 0.4 0.27 © 0.1
Rhode Island . . 0.2 0.2 0.1
South Carolina 0.6 0.6 0.6 0.6
South Dakota 0.3 0.3 0.3 0.3
Tennessee 0.6 0.17 0.10
Texas 0.1 0.1 0.1
Utah? ‘ )
Vermont 0.5 0. 0.02
Virginia 0.4 0. 0.29 0.7
Washington 0.33 0.33 ~0.33 0.33
‘West Virginia 0.34 0.166 0.0
Wisconsin - 0.15 0.15 0.15 | 0.15
Wyoming 0.10 0.10 0.10 0.10
Samoa 0.10 .10 | "0.10 0.10
Guam )
Puerto Rico 0.3 0.3 | - 0.3 0.3
Virgin Islands 0.6 | 0.352 0.21

8pbstracted from Table 6-2. Limits are for new sources whenever a state
has different regulations for new and existing sources. For further
detail see Table 6-2 and accompanying footnotes.

bNo limits on particulate emissions from oil fired sources in state
regulations.
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TABLE 1-4. VISIBLE EMISSION LIMITATIONS FOR OIL-FIRED INDIRECT HEATING SOURCES? '
‘ |
State Opaiity State Opa%ity
Alabama 20 Nevada 20 l
Alaska 20 New Hampshire 20J !
Arizona 40 New Jersey 20 é
Arkansas ' 20° New Mexico 20 é
California 20°¢ New York 20% é
Colorado 20 North Carolina 20 |
Connecticut 20 North Dakota 20" |
Delaware 20 Ohio 20 %
D.C. 0 OkTahoma 20 ;
Florida 20d Oregon 20" §
Georgia 20° bennsy]vania 20 %
Hawvaii 20f Rhode Island 0
Idaho 209 South Carolina 20" %
I114nois 30" South Dakota 20 ;
Indiana 40 Tennessee 20 |
Iowa 40 Texas 20
Kansas 20’ Utah 20° 3
Kentucky 20 Vermont 20P %
Louisiana 20 Virginia 20
Maine 40 Washington 209
Maryland 0 West Virginia 10
Massachusetts 20 Wisconsin 10"
Michigan 20 Wyoming 20°
Minnesota 20 A. Samoa 20
Mississippi 40 Guam 20
Missouri 20 Puerto. Rico 20
Montana 20 Virgin Islands 20t
Nebraska 20
Footnotes: See page 6-10.




a problem is suyspected, by permanent installation of continuous opacity monitors in units which
exceed a certain size or which use residual fuel, and, in the case of Connecticut, by annual stack

tests for all units which emit more than 100 tons -per year (TPY) total pollutants.

, The regulations were generaily stringent in these ninevregions by comparison with many of
therstates. For example, two of the regions prohibiteq all visible emissions, and the other seven
only allowed up to 20 percent obscuration; whereas seve;a1 of the other states permitted plumes to
have opacities as great as 40 percent (Ringelman #2). With respect to particulate emissions the
regulations were strict in that they imposed relatively low 1imits on all sources, and that limits
were applied even to the smaller units in the district. Thus, in some regions all units had to con-
form with the particulate loading limits, irrespective of size. In all regions which were studied

in detail, burners that were larger than 5 MBtu/hr (1.5 MW) had to comply.

Most of the regions contacted also had stringent restrictions on the allowable sulfur content
of the fuel. Since desulfurization also results in the removal of some of the solid matter in the
fuel and in a decrease .in weight (increase in API gravity), the sulfur restriction has a beneficial
side effect by reducing sources of particulate emissions. Three of the nine control districts also

prohibited the use of residual oil in small units.

Different regions need different control strategies because of differences in the distribu-
tion of sources. For example, New York City needs to stress emission reductions in commercial sized
units as a result of the larger number of apartment buildings in that area, whereas a less densely

populated, more industrialized area would emphasize emissions from industrial and utility boilers.

The major differences between the control programs in the metropolitan and in the state agen-
cies visited during the course of this study appears to be in the stringency of the limitations,
especially those for sulfur in the fuel. As one would expect, the metropolitan regions, with their
high concentration of sources and human receptors, generally place tighter restrictions on the sul-
fur content of the fuel and lower emission limits on the sources than do the states. There is also
a tendency within metropolitan control agencies to place greater emphasis on the control of emissions
from commercial size units than is the case in the states. And finally, the size of the enforcement
staff in the metropolitan control districts is generally 1arger than it is in the state regions.

For example, Philadelphia had approximately the same number of inspecfors as did the State of Con-

necticut. The need for a large staff is a consequence of the need to control the many smaller units,

along with large units, which exist in the metropolitan areas. Beyond these three areas, the major




differences are individual and probably due to the approaches preferred by the people who establish
the programs. That is the use of an equipment standard in Maryland and a performance standard in

New York City is probably not at all related to the fact that one is a state and the other a metro-

politan area.

1.3 SUMMARY OF BACKGROUND INFORMATION

1.3.1 Residential Units — 0 - 0.4 MBtu/hr (0 - 0.12 MW)

1.3.1.1 Usage and Emissions’

0il-fired units in residences tend to be nearly equally divided between warm air and hot
water or steam systems. Together they account for slightly over one-quarter of all residential
heating units in the United States, and their marketAshare may increase in the future as oil be-
comes less expensive than electricity (total life cycle costs) and more avai1ab1é than gas. Four
times as much energy (all fuels, including electricity) is used for space heating as for the gen-
eration of hot water for washing. The most common units are 1ined with refractory brick and use
conventional high pressure burners. The average age of residential oil-fired furnaces and boilers

is about 15 years, and about one-quarter of these have had the original burner replaced.

Mechanical atomization is the primary atomization method used in domestic sized furnaces.
Other methods used are wall flame rotary, vaporizing and low pressure burners, but the combined

usage of these types account for only about 10 percent of the total.

Filterable particulate emissions from currently installed, well mafntained residential
furnaces average around 0.018 1b/MBtu (7.74 ng/J), and those for boilers 0.013 1b/MBtu (5.56
ng/Jd). The current recommended emission factor for all residential units, as a group, is 0.017
1b/MBtu (7.31 ng/d). This factor applies to areas where the units receive periodic inspection and

maintenance service by qualified personnel.

Particulate emissions from newer burners are lower than those from older ones, primarily
due to improved design practices in recent years. However, particulate emissions from properly

maintained oil burners should not increase as the burner ages.

1.3.1.2 Fuels and Fuel Additives

Virtually all oil-fired residential units burn distiilate oil. No. 1 distillate is used
in burners which prepare the fuel for burning solely by vaporization, while No. 2 oil is used in

burners which prepare the fuel for burning by a combination of vaporization and atomization. The

majority of residential units are fired with No. 2 oil.




' According to one study no significant differen;e in particulate measurements was found by
firing a wide range of No. 2 oils. The API gravity of the oils ranged from 30 to 37,vsu1fur con-
tent from 0.05 to 0.3 percent, and carbon residue from 0.1 to 0.3 percent. The influence of fuel
gravity on emissions varied, depending on whether the unit was tested in an as-found or tuned con-
dition. In we]]-tuned‘units, a change to a heavier fuel of the same grade (i.e.,'increasing
specific weight within the allowable 1imits for No. 2 6il) did ndt aufomatica]]y cause an {ncrease

in smoke or solid particulate emissions.

Baged on one study only metallic additives containing cobalt, iron or manganese appreciably
decrease particulate emissions from distillate oil-burning units. Another study found that certain
proprietary organic additivies reduced particulates but only when the weight added, approached one
percent of the weight of the fuel. The known toxicity of the metallic emissions produced from all
but the iron-based additives makes their use questionable. Moreover, there is‘some concern that
the iron oxides which are discharged when iron-based additives are used may interact with hydro-

carbons in the atmosphere to become potentially carcinogenic.

1.3.1.3 Particulate Control by Improved Burner Servicing

Since the main fuel used in oil-fired residential heating units is Ndé 2 distillate, and

- not residual oil, high smoke readings in the exhaust are due mostly to improper air-to-fuel ratios,
inadequate draft, or worn-out burner components. Therefore, an effective and practical technique
to reduce particulate emissions from residential oil burners is to keep serviceable units well
maintained an& to replace worn-out components or the entire burner. Significant improvements can

also be obtained through the use of new, well designed burners and combustion chambers.

Average smoke emissions from a number of properly adjusted burners can be at mean Smoke
Spot Numbers as Tow as 1.1 to 1.3. ' These levels were reported by two separate teams who inves-
tigated representative samples of currently installed units. Individual systems had Smoke Spot
Numbefs as low as 0. They were able to obtain smoke reductions of 40 to 60 percent through
proper servicing. Moreover, all units in one of these samples éou]d have.complied with a
standard of Smoke Spot No. 3 when tuned acéording to commercial practices, and nearly 90 per-
-cent could have complied with a level of No. 2. Alternatively, over 90 percent of the units
could achieve a level of 3 at exhaust gas CO2 concentrations of at least 8 percent (correspond-
ing approximately to a thermal efficiency of 77.5 percent) and three-quarters even could achieve

Smoke Spot No. 1 at 8 percent 002 or No. 2 at 9 percent 002 (about 79 percent efficiency).




Tuning produced little change in NO,, while filterable paﬁticuTates were Eeduced 24 percent, from
0.021 to 0.016 1b/MBtu (9.03 to 6.88 ng/J). The results also indicated that some 71 percent of
the reduction in particulate emissions came from the replacement of malfunctioning units. These
burners accounted for 10 percent of the units tested, a condition indicating the desirability of
a periodic (e.g., yearly) inspection of all burners by a qualified servjceman.' In both samples
the thermal efficiency increased an average of 1.7 percent, to about 79 percent, when the burner

was tuned for minimum smoke.

The value of a sjstematic, district-wide burner maintenance progrém for some areas is demoﬁ-
strated further by the results of a study in the Maryland and Washington, D.C., areas. Qere inves~
tigators found that less than 42 percent of the units teéted (over 400 total) complied with the Tocal
Bacharach No. 2 standard. Moreover, thermal efficiency ranges from 54 to 80 percént. However, per-
sonnel who surveyed the particulate emissions problems in the Boston region concluded residential
and commercial burners were already well maintained in that area, and, therefore, no further improve-
ment could be obtained by a regulation that mandatedeeriodic inspection. This conclusion was based
on discussions with oil suppliers and burner servicing comp&nies, which réported that most domestic
and commercial units were serviced at least annually in an effort to conserve energy. No emission

tests were conducted to substantiate this belief.

The importance of annual servicing is not so evident if one just lpoks at burner performance
before and after a tune-up of one unit that customarily receives yearly maintenance. Burners which
do not receive yearly maintenance will begin to perform progressively worse during the second, third,
and succeeding years. Thus, periodic service is preventive maintenance; it genefa11y does more to
keep burners from becoming high emitters than to actually reduce emissions from these burners.
Usually, burner maintenance service can be obtained from an oil supplier on a contractual basis.

The cost for such service is approximately $30 to $35 per year, exc]uding‘parts. Although peri-
odic replacement of the filter for the house air or cleaning of the boiler surfaces does not di-

rectly affect particulate emissions, it does so indirectly by maintaining the system's efficiency.

In light of the importance of proper burner maintenance in reducing air pollution, upgrading
the competence of servicemen and supplying them with good diagnostic instruments can be considered
a particulate control technique. Guidelines have been published recently by EPA to aid servicemen
in maintaining burners for high efficiency and low emissions. Training programs for maintenance

personnel are available in some localities where o0il is in heavy use. These programs are usually

offered in community colleges or trade schools. A few private or trade organizations in the Uni ted




States also specialize in setting up training programs and preparing textbooks for 0i1 burner ser-
L

vicemen. A typical course takes 3 days and-costs $45. Diagnostic instrumentation to measure COZ’

€O, Smoke Spot No., stack temperature, and draft are commercially available. Kits that include

units to measure.all five of these parameters cost about $300 to $500.

1.3.1. 4 Part1cu1ate Contro] by Equ1pment Des1gn Changes

Nearly a11 of the design variables for warm air furnaces or bo11ers affect part1cu1ate
emissions to somé degree. The more significant effects are associated with the burner, specifical-
1y,‘its dééign and‘nozz1é typé. Additionally, tun1ng, usage patterns, and combustion chamber
materia]s can cause significant variations in part1cu1ate emissions. The burner design features

wh1ch most strongly affect particulate emissions include:
e Fuel atomization techniques

e Combustion aerodynamics (including the use of flame retention devices, swirl, and/or

recirculation)
- @ ~ Combustion chamber shape as it affects residence time
¢ Combustion chamber materials (and hence wall temperatures)

New burner deve]bpments center mainly on the improvement of o0il atomization and vaporiza-
tion schemes and onxtﬁe optimfzation of the combustion aerodynamics, particularly by adaptation
of the internal or flue gas recirculation concepts. According to one source (Reference 1-6),
“Commercié]]y dséd atomization nozzles which are available at 1ow cost (1e$s than about $1.00
pér nozzlé, nominally) do an excellent job of atomization". Therefore, most development work in
atoﬁization s directed at improvements which reduce maintenance requirements for the nozzle or

a]]ow optimization of the fuel spray pattern for given combust1on aerodynamlcs.

0pt1m1zat1on of combustion aerodynamics is cons1dered by many experts in the field to be )
the best approach toward achieving the triple goals of Tow part1cu1ate, Tow NO » and high thermal
eff1c1ency. Such an optimization attempts to control mixture (i.e., flow patterns and turbulence
1eve1s) and residencé time to achieve complete combustion at a temperature that, locally or through-
outtthé combustfon chémber, never falls below the level required to Sustain combustion nor rises
above the level at which NOX formation beéomes sign%fiqént. “Although most of the research in this

area has been directed at NOX reductions, with smoke merely a limiting factor, several burners have

been deve1opéd which reduce smoke concurrently with lowered NOX.




One such unit is a "blue-flame" burner, which has just become available commercially for
sing]e-fami]} warm air furnaces. Because this burner has to be matched to the combustion volume
to obtain the desired (internal) recirculation pattern, it can be purchased only as a burner-
furnace package. In laboratory tests on this uﬁit, a tHerma] efficienc} of over 80 percent was
achieved simultaneously with a Bacharach Smoke Number close to zero and NO, emissions just over
20 ppm (typical distilliate burners emit about 75 to 99 ppm). Its only drawbatks are high CO emis-
sions for 3 to 4 seconds during ignition and 10 percent higher initial costs than for a furnace
with a conventional burner. Because of its high efficiency, this first cost difference would pay

back in a fairly short time.

Another new "optimized" burner is nearing commercialization. It produces negligible quanti-
ties of smoke (less than Bacharach No. 1) and nitric oxide emissions that are about one-half to
two-thirds the amount generated in typical, new commercially available burners. This is accom-
plished while operating at only 10 percent excess air (in laboratory tests) instead of typical
values of 25 percent for other new burners. This burner was designed as a retrofit (see next
paragraph) and is expected to be available from several manufacturers within 1 to 3 years. A
matched burner and combustion chamber that operates on the same principle but can achieve still
Tower NOx emissions and higher thermal efficiency with no increase in smoke is expected to be

deVe1oped within the next 3 to 6 years.

Retrofitting of existing units which are difficult to maintain or defective in design is
another method of reducing particulate émissions. These retrofits generally involve replacement
of malfunctioning burners at a cost of approximately $300. In the future they may also involve
the replacement of operational burners, with the "optimized" burners just mentiored above. An-
other presently used retrofit is to add one of the commercially available combustion-improving
devices to an existing burner for the purbose of improving the mixture of air and fuei. One such
add-on, a retention head device, was tested on a standard, high pressure atomizing burner and
found to reduce smoke emissions almost 60 percent (average Bacharach No. of 1.2 with the reten-
tion head versus 2.9 without it). In addition, thermal efficiency was nearly 10 percent higher
for the retention head unit (83 versus 76 percent). Data from other tests on retention heads

showed an average particulate emission rate of 0.0056 1b/MBtu (2.39 ng/J) for a burner with a

flame retention device versus 0.012 1b/MBtu (5.16 ng/Jd) for one with a conventional head




(i.e., a 54 percent reduction). The flame retention burners also produced lower CO, HC, and
NOX emissions than did the conventional types. However, laboratory experiments have shown that
not all flame retention burners simultaneously reduce particulates and NOX. These combustion

improving devices cost about $30 installed.

One of the major factors contributing to high particulate emissions from domestic burners
is on-sff cycling. The high emissions during the transients are caused ma1h1y'by variations in
the combustion chamber temperature. Since a-cold chamber wall will not assist the combustion,
peaks of CO, HC, smoke and particulate are produced just after fgnition. Moreover, the oil nozzle
may dribble during ignition and shutdown, and the Targe droplets which then fall out result in high
particulate emissions. Modulation and underfiring have been suggested as methods of reducing the
significance of the startup transient. When a system is controlled by modulation, the burners are
run continuously during peak heating periods at firing rates that vary between a low level and the
rated one, rather than alternating between operation at rated condition and shutdown. 'Underfirihg
consists of using a -smaller (undersized) unit which has to stay on longer and, therefore, cycles
less. However, no data are available on the effectiveness, cost,,snd public acceptability {more
complex system or inability to heat house as comfortably during very coid periods) of these pro-

posals.

To summarize, commercially available burners, add-on devices, and/or optimized combustion
chamber geometries can be used in distillate-fueled residential furnaces and boilers to achieve
lTow smoke emissions. New units can opeFate with Smoke Spot Numbers of less than 1 at steady—‘-
state thermal efficiencies of more than 80 percent. Based on a sample of unitsApresently in- -

stalled in the field, most furnaces and boilers can ahieve a Smoke Spot Number of 2 at an ef-

ficiency of 79 percent, or better, after being tuned according to normal practices. Signif-
sicant reductions in area-wide particulate emissions (about 20 percent of those due to residential
units) can be obtained by replacement of malfunctioning burners. Reductions of over 50 percent
in particulate mass emissions from residential units should be achievable by installing a pro-
perly selected flame retention head {one that is suited for the burner in question and has been

shown to reduce particulates without increasing NOX). Such devices usually also decrease fuel

consumption.




1.3.1.5 Particulate Control by Conservation

Conservation measures, and especially improved building insulation, reduce particulate emis-
sions indirectly by reducing fuel consumption. In the long run — i.e., after most of the homes in
an area have been properly insulated — particulate emission reductions of up to 1.4 percent of the
area total could be achieved in northeastern U.S. areas with cold climates and heavy reliance on

oil-fired home furnaces.

1.3.1.6 Industry Standards

Residential and small commercial boilers and furnaces are generally designed and fabricated
to meet Underwriters Lab (UL) and/or American National Standards Institute (ANSI) standards. Al-
though the primary aim of these standards is consumer protection, several features impact emis~ -
sions. Distillate fired units will soon be required to emit no more than a Smoke Spot No. 1,
concurrently with a 002 concentration of at least 10 percent to obtain UL and/or ANSI certifica-
tion, and the burner ignition and control system must satisfy certain reqdirements designed to

minimize "ignition puffs" and particulate emissions caused by misaligned or malfunctioning units.

1.3.1.7 Existing Regulatory Programs

Most States do not limit mass emissions from boilers or furnaces that are classified resi-
sidential. Usually control is imposed on units which are in'1 to 2 family residences.or rated at
iess than 0.35 MBfu/hr (0.10 MW), but some states imposed no mass 1imits on systems which are
smaller than 1.0 MBtu/hr (0.29 MW). However, most areas require that all sources, including resi-
dential boilers and furnaces, obey the visible emission limits. Residential units should have
no trouble satisfying even a "zero visible emissions" Timit, as in the Maryland, Washington, D.C.,
and Rhode Island areas, but units which are not well maintained may not meet Maryland's stringent
smoke spot Timits (Smoke Spot No. 2). Several areas prohibit the use of residual oil in resi-
dential and commercial units smaller than about 3 to 5 MBtu/hr (0.88 to 1.5 MW) and place limits
on the sulfur content of the distillate oil (e.g., 0.2 to 0.3 percent by weight). None of the
air pollution control authorities contacted required mandatory service of maintenance procedures
for residential units. However, several of the staff members in the control districts believe
such a requirement would be a good one, especially if it were also combined with a mandatory

Ticensing and certification program for servicemen.
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1.3.2 Commercial Units 0.4 to 12.5 MBtu/hr (0.117 to 3.66 MW)

1.3.2.1 Usage, Fuels and Emissions

Commergia] 0il-fired furnaces and boilers are used for space heating énd hot water in
aparthent bui]dings, public offices, and commercial areas. Warm aif furnaces are used mainly
in moderate climates if comfort heating is the only requirement. Elsewhere, boilers which can
supply hot water or steam for multiple purposes are used. Nationwide, in this size category about
one-sixth as much energy is consumed to generate hot water for washing as is used to provide space

heating.

Warm air furnaces are generally upgraded, roof mounted versions of residential units. Al-
through the burners tend to be more versatile than the ones used in residential units (i.e., can
operate properly over a much wider rénge of firing rates), burner and combustion chamber modifica-

tions generally have the same effect on emissions and efficiency in both size ranges.

Boilers can be cast iron or packaged firetubé (watertube boilers comprise only 5 percent of
this category). Smaller units tend to be cast iron, whereas larger ones are most often firetube.
The most popular firetube boilers now are the compact, efficient Scotch and firebox designs. Com-
mercial boilers are approximately equally distributed between 0il1 and gas firing, regardless of
size. The trend is strongly toward dual fuel (oil and gas) capabilities. Among the oil users,
approximately 95 percent'of the smaller units burn distillate, whereas 50 percent of the larger
ones use preheated Nos; 5 and 6. Overall, fuel grades Nos. 2 through 6 are used with distillates
and residuals beihg almost equally in demand. No. 4 0il can be a distillate or a mixture of dis-
tillate and residual oils. It is used in some schools and apartment buildings and in situations

where the equipment cannot handle higher viscosity oils such as Nos. 5 or 6.

Filterable particulate emissions from commercial boilers in steady-state operation range
from an average of 0.0086 1b/MBtu (3.70 ng/J) for those fired on No. 2 oil to an average of
0.24 1b/MBtu (103 ng/J) for those on No. 6 o0il. Discharge rates as low as 0.0036 1b/MBtu
(1.54 ng/Jd), and as high as 0.38 1b/MBtu (163 ng/J) were measured during the tests from which the
above averagés were derived. Recently revised EPA emission factors for commercial units range
from 0.014 1b/MBtu (6.02 ng/J) for distillate fired unité to 0.053 Th/MBtu (22.9 ng/3) for units
fired on No. 6 with 0.5 percent sulfur content aﬁd 0.22 1b/MBtu (94.6 ng/J) for those using 3
percent sulfur resid. These factors assume the burners receive proper maintenance. Ash content

increases as the fuel becomes heavier (lower API gravity), but not enough to account for the
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higher particulate levels when these heavier fuels are used. A 1 percent suifur residual oil (LSR)
was also investigated in the above-mentioned tests and found to yield filterable earticulate Tevels
about equal to those from No. 4 oil and only one-third of those from No. 6 oil. In units which are
correctly designed for their intended fuel, the single most important fuel property influencing
filterable particulate is carbon residue. API gravity and sulfur content also have a significant

effect.

The sulfur content of domestic No. 6 oil ranges from 0.2 to 3.5 percent, depending on the
crude source and the method of processing it. With the advent of oil desulfurization processes
the ﬁ%fining industry can now make low sulfur residuals, but not yet in un]imited quantities.
Moreover, a 1 percent su]fur resid costs about 13 percent more than a h1gh sulfur resid (i.e.,
unspecified sulfur content about 1 percent), and an 0.3 percent su]fur res1d costs 16 to 24 per-
cent more than the high sulfur fuel. In addition, the energy requirements of the desulfurization
process are about 3 to 10 percent of the refined fuels heat content, depend1ng upon the process,

the sulfur content of the crude oil, and the desired sulfur content of the refined products.

Particulate emissions from commercial units may depend upon atomizing methods (as .in industrial
and small utility boilers). The trend in small commercial units is towards mechanical atomizing
(for simplicity) and in large units towards air atomization. Both types are gaining in popularity

as the more difficult to maintain rotary burners are phased out.

1.3.2.2. Particulate Control by Improved Burner Servicing

The most commonly proposed techniques for the control of particulates for commercial oil-
fired furnaces and boilers are the widespread implementation of, and adherence to, proper operating
and maintenance procedures for existing units, the use of new improved burners or combined burner/
combustion chamber designs, and the prohibition of residual oil as an allowable fuel. Although
particulate collectors can be used in the exhaust system:of commercial units, they are generally
not used for this purpose because of their cost (about 12 percent of the initial cost of the boiler
or, when annualized, 11 percent of the fuel costs) and need for greater attention by operators than

is normally given to boilers in commercial applications.

Several studies have shown that smoke emissions can be reduced by as much as 40 percent in
existing units by proper burner tuning, c]eensing of dirty burner cups or nozzles, and/or replace-
ment of work or damaged components. Thermal efficiency is generally improved by these adjustments,

in some cases significantly, but on the average slightly less than 2 percent. After adjustment
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boilers fired on Tow sulfur residual (No. 6) can achieve Smoke Spot Number 3 at steady-state
thermal efficiencies of at least 80 -percent whereas those burning No. 6 0il of unknown sulfur
. content (presumably greater than 1 percent) can achieve No.4 at the same efficiency (based on
data from a sample of furnaces and boilers that was selected to be representative of the in-
stalled population). Distillate units can be tuned tp emit Tess than Bacharach No. 2 at the‘

same thermal efficiencies.

The cost for proper burner maintenance is slight compared with the cost of annual fuel
usage. Normally, this service requires 4 to 8 hours of labor at approximately $25 an hour.
At a median cost of $150, this woh]d represent about 5vpercent of the annual fuel bill for a
10 gph burner (assumed to use 10,000 gal/yr) neglecting any credit for improved fuel consump-
tion. The effective cost would be reduced by about 2 percent, on the average, due to fuel.

savings.

Proper training is essential for boiler operators and maintenance'personnel in order to
realize the potentia]lreductions cited earlier.- Guidelines have been published recently by EPA‘
to aid servicemen in maintaining burners for high efficiency and low emissions. A few local
agencies have done the same and/or have instituted brief courses for boiler operators. Training
programs for maintenance and operating personnel are also offered by community colleges, trade
schools, or private trade organizations in some localities wpefe 0il is in heavy use. The same
diagnostic instrumentation can be used on commercial boi1érs as on residential units. Kits that
contain instruments {o measure COZ; CO, Smoke Spot Number, draft préssure, and stack temperature

are available commercially at a cost of $300 to $500.

1.3.2.3 Particulate Control by Equipment Design Changes.

Proper 0il1 atomization is essential for complete, smoke-free combustion. Conventional
atomizers can perform satisfactorily to give low smoke and high thermal efficiency. However,
one manufacturer claims that solid particulate emission reductions of 90 percent and combustion
efficiencies of over 83 percent can be realized with the use of an acoustic nozzle. Unfortun-

ately, no quantitative emission data are available to substantiate this claim.

Researchers have attempted to optimize the combustion aerodynamics in commercial burners as
well as in residential ones. These efforts have led one team of investigators to the development
of a 9-gph distillate oil burner that can operate "smoke-free" (i.e., Bacharach No. 1) with as

little as 2 percent excess air (typical new commercial burners require up to 25 percent excess

air). In addition, this burner produces about one-half as much NOX as do commercially available




units. It should be on the market within three years. ~Another group has developed a new burner

for No. 6 oil which uses swirl, recirculation, and a multistage atomizer to operate qver a wide
range of oil viscosity and at excess air levels as low as 2.4 percent without exceeding Bacharach
No. 4 or emissions of 0.2 1b/MBtu (86 ng/J). Although this burner does not achieve lower smoke
levels than other commercially available units, 1£ reduces fuel consumption {and, hence, pari
ticulates indirectly) and, therefore, could be used in areas that do not need to achieve significant
particulate reductions.

The retrofitting of existing units which are difficult to maintain or defective in design
is another way to reduce the particulate emissions. Such retrofits usually consist of bufner con-
trol replacements, minor modifications to the combustion chamber, changes to the draft system, or
even burner replacement. Both new burners described above are designed to be used on existing

boilers.

At present one commonly practiced retrofit is replacement of rotary cup burners with pres-

sure or air atomizing units. Experience has shown that rotary burners usually emit more particulates

than other types, especially when burning residual oil. Therefore, at least one regulatory agency
has prohibited the use of these burners. The cost to replace a rotary cup burner with an air
atomizing type varies with burner size from about $1500 installed (parts and labor) for a 10 gph
(10.5 cm®/sec) burner to about $5200 for a 50 gph (52.5 cm®/sec) unit. These costs are equal to
about 10 to 14 percent of 1 years total annda1ized costs (amortized initial cost, fuel, and main-
tenance) and would be repaid in 3 to 4 years if the new unit reducgs fuel con;umption by 10Iper-

cent, as expected {through operation at lower excess air without violating smoke regulations).*

Another potential retrofit is the addition of a modulating unit to eliminate cyclic, or
on-and-off, operation in furnaces and boilers that provide mainly space heating. 1t has been well
documented that the transient nature of cyclic operation contributes significantly to total par-
ticulate emissions because the emission rates are very high during the starting transient. The
modulating operation should eliminate the peak particulate, smoke, HC, and CO‘emissions associated
with on-and-off or step turn down controls (the effect on NO, emissions is minimal). Unfortunately,
data to substantiate this claim are not available (i.e., comparison of total particulate emis-
sions from one days operation). Most new burners over 10 gph (10.5 cm®/sec) can be ordered with’
modulating control at an additional cost of about $500. Labor charges to retrofit a modulating

control to an existing burner add an additional $300 (for a total of $800).

e
Based on fuel consumption of 10,000 gal/yr at a cost of 40¢/gal.
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Improperly designed combustion chambers can also contribute to particulate emissions, and
some of these problems can be corrected in the field (especially if they were caused by an ad hoc

field modification, as is often the case).

1.3.2.4 Part1culate Control by Fuel Additives and Emu]s1ons

Add1t1ves for d1st111ate oil are covered under res1dent1a1 burners Add1t1ves for res1dua1 fue]s
have been studied by a number of investigators.* One study found that chelates of iron and cobalt,
and also hydrazine, reduced smoke in heavy fue1 o11s The add1t1ves were used in rather h1gh con-
centrat1onsf rang1ng from 0.01 to 0.1 percent Iron che]ate was most effect1ve At a concentrat1on
of 0.01 percent it reduced Bacharach Smoke Number from 2.6 to 0.6. Other additives achieving varying
degrees of smoke reductiens'Wefe manganese cohpeuhds‘and copper, iron, manganese inorganic salts and
some orgaﬁic compounds (at concentrations approaching 1 percent). Even though additives may decrease
smoke emissions, some (especially the metallic-based ones) might create potentially harmful new emissions.
Moreover, -additives which are compatible with one fuel may be incompatible with fuel of the same grade
that comes from a different crude. ~Sludge which can form due to interactions between the additive and

the fuel can cause burner plugging.

Both water/d1st1]1ate and water/res1dua] 0il emu]s1ons were tested on a packaged commercial
boiler us1ng (1) Tow pressure air atomization and an ultrasonic energy emu1s1f1er and (2) high
pressure mechanical atom12at1on and a high pressure emulsifier. In the distillate case, an emul-
sion with 25 percent water allowed the first unit to be rr‘un”with approximate'lyr 4 percent less
excess airvwithout'increaﬁing smoke emissions, but the resulting gaiﬁ in thermal efficiency wasv
offset by heat lost to vaporization of the water, water supply problems, and emulsifier energy
requirements firing residual. The results depended significantly on the emulsifier used, and base-
line oil-only results varied'significantly due to the difference in atomization technique used.

In the firétvof the two systems tested the smoke density of the boiler with oj] only and 0.9
percent sulfur content in the fuel tended to stabilize at about Bacharach No. 6 beyond 40 per-
cent excess air. It could achieve the same smoke level with only 15 percent excess air or it.
could achieve Bacharach No. 3 with 32 percent excess air-if it burned a 25 percent water emulsi-

fication. Particulate emissions at a stoichiometric ratio of 1.47 were cut in half, from about

Add1t1ves for use with distillate fue] were discussed in Subsection 1.3.7. 2, under res1dent1a1
systems.

The iron oxides which are emitted when iron chelate is added to the fuel are not thought to be
harmful by themselves. However, recent studies suggest that they may combine with polycyclic
organic matter in the atmosphere to become potentially carcinogenic substances.
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0.064 to 0.032 lb/MBtu (27.5 to 13.8 ng/J). With the other system, smoke with 0il only was

No. 3.5 and could not be reduced much below No. 3 by the addition of water. Baseline particulate
emisssions of 0.12 1b/MBtu (51.6 ng/J) (at a stoichiometric ratio of 1.35) Were reduced to 0.042
1b/MBtu (18.1 ng/d) with 25 percent emulsification. These baseline (0i1 only) variations were
attributed to the different atomizer used in each test; one resulted in unusually high smoke,

even with 0il only and the other in unusually high particulate mass emissions — 0.127 1b/MBtu
(54.5 ng/d) as compared with the EPA emission factor of 0.08 1b/MBtu (34.4 ng/d) for this 0.9 per-
cent sulfur resid. In both cases, the thermal efficiency first-increased 1 to 2 percent when 15
percent water was added and then decreased as more water was added reaching a loss of 4 to 5 per-
cent with a 25 percgnt water emulsion. In conclusion, emulsions were optimized with approximately
15 percent water, had little effect on thermal efficiency, and reduced particulate mass emissions

significantly.

1.3.2.5 Particu]afe Control by Conservation

Just as in residential units, energy conservation practices can reduce particulate emissions

by reducing fuel consumption.

1.3.2.6 Industry Standards

Both_the Hydronics Institute and the American Boiler Manufacturers Association (ABMA) rate
boilers in an attempt to provide a uniform method of determining boiler capacity. In order to be
Tisted with the ABMA, a boiler must be capable of continuous operation at its stated»capacity with-
out violating smoke ordinances. The Hydronics Institute specifically requires compliance with
Bacharach No. 2 for distillated-fired boilers and No. 4 for residual-fired units. The American
Society of Mechanical Engineers (ASME) publishes detailed maintenance and testing procedures
which, if followed, lead to optimized combustion for that system dnd, hence, minimum particulate
production. These procedures are in addition to the design standards (structural, electrical,

etc.) which were developed for safety and do not impact particulate emissions.

1.3.2.7 Existing Regulatory Programs

A1l but three states Timited mass emissions from units that were rated <10 MBtu/hr
(2.9 M{). These limits ranged from 0.06 to 0.6 1b/MBtu* (25.8 to 258 ng/Jd). All the control dis-

tricts contacted during this study had both opacity and particulate limits which applied to at

K3 3 ) - 0] . - .
Excluding New Mexico which may soon revise its Timits upwards.
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least some boilers and.furnaces in this user category. In a few regions units which were smaller
than 1 to 5 MBtufhr (0.29 to 1.46 MW) were not subjected to the particulate loading regulations.
New York City requires commercial, boilers to pass a Bacharach smoke test with a rea&ing of No. 3
or less and a stack thermal Toss no greater than 20 percent of the heat input. This joint
stipulation of a smoke reading and a thermal efficiency is important because many people else-
where satisfy Bacharach 1limits by the use of excess air. Most of the regions contacted also.

restricted the sulfur contént in the fuel to 0.3 to 0.5 percent by weight.

Maryland is the only region of the nine studied in detail which attemptg to 1imit emissions
by "an equipment standard. They recently bannéd the installation of rotary cup burners in new units
in the 1 to 13 MBtu/hr (0.29 to 3.8 MW) size category, and required that all units throughout the
state¥phase out rotary cup burners by 1976. This equipment standard was based on their observa-
tions that rotary cup burners require more maintenance to insure low particulate emissions than
do other burners, and that the operators of commercial size boilers are not likely to give these
units the required maintenance. Therefore, they decided to so1vé the problem by simply prbhibit—vx
ing the use of these burners. New York City also requires that new and upgraded boilers meet

performance specifications and installation criteria.

The enforcement procedures used in these nine control districts for commercial boilers and
furnaces varied from no activity after the granting of the permit to equipment restrictions to
periodic inspections. Generally, districts which use periodic inspections restrict their review
to operating procedures and equ%pment. They only resort to stack tests if they suspect a problem
with the installation. Only New York City requires a test for smoke, temperatufe, draft, and COy

for every permit renewa]_ (3 years).

In order to supplement the enforcement program, which relies heavily on the skill of boiler
operators, New York City offers a basic boiler operator course to all boiler operators.. Erie

County requires the operators of the boilers in the public school system to attend a similar class.

1.3.3 Industrial Boilers — 12.5 MBtu/hr to 250 MBtu/hr (3.7 to 73 MW)

1.3.3.1 Usage and Emissions

Industrial boilers cover the size range from commercial units on the small side to utility
boilers on the large side. Therefore, the smaller industrial boilers are similar to large commer-
cial units, and the large industrial boilers have much in common with small utility boilers. Thus,

steam generators in this size category are either of firetube or watertube construction.
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The former design predominates the market among the smaller size units, whereas the latter prevails
among larger boilegs (above 70 MBtu/hr or 20.5 MW). Units that produce steam above about 150 psig
(1.03 MPa) are generally also watertube boilers. Although most insta11ea anits are designed to
burn only one fuel, the trend is toward a dual fuel design (e.g., o0il and gas). The smaller in-
dustrial boilers are now distributed about equally between gas and oil (90 percent residual),
whereas the larger units are distributed evenly among coal, gas, and residual oil. Overall, in this
size range, more than 60 percent of the fuel 0il used is residual. Air and rotary cup atomizing
predominate among the Tower capacity boilers in use today, although steam atomizing is also com-
mon. Rotary cup type burners are expected to be replaced by air or steam atomizing types in the
near future. Steam is, and apparently will remain, the major atomizing medium in the Targe units.
Air atomization produces about one order of magnitude less particulate than does mechanical atom-

ization. Moreover, particulates from an air atomized unit contain proportionally Tess combustible

matter than those from the other unit.

Although many industrial boilers were field erected in the past, projections suggest that
by 1990 over 90 percent of ;he industrial units sold will be packaged boilers. Boilers greater
than about 30 MBtu/hr (8.8 MW) are equipped with soot blowing equipment to clean the heat transfer
surfaces. Soot blowing procedures (e.g., frequency and duration of each blow) are known to affect
visible and particulate emissions, at least during the blow. However, data are not available to
show the effects of different soot blowing procedures on particulate emissions averaged over com-

plete operating cycles.

As with commercial boilers, particulate emissions from heavy oil-fired industrial boilers
are higher than those from units burning lighter oils. Thus, uncontrolied industrial boj]ers emit
0.0186 to 0.0371 1b/MBtu (8.0 to 15.9 ng/J) when burning No. 2 o0il, 0.037 to 0.112 1b/MBtu‘(15.9
to 48.2 ng/Jd) when burning No. 5 0il, and 0.042 to 0.103 1b/MBtu (18.1 to 44.3 ng/J) when con-
suming No. 6 oil (0.10 1b/MBtu corresponds approximately to 43 ng/J which is the maximum allow-
able 1imit in many states for large boilers — see Tables 1-2 and 1-3). Emission rates decrease
with increasing size for steam atomized No. 6 fired boilers. However, for units that burn No. 2
or No. 5, the emission rates appear to be more a function of atomizing type than of size. Re-
‘cently revised emission factors for industrial boilers depend upon the fuel used, ranging in
value from 0.013 1b/MBtu (5.6 ng/J) for distillate fired boilers to 0.220 1b/MBtu (94.6 ng/J)

for units which burn No. 6 oil containing 3 percent sulfur.
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Particulate emissions increase with iﬁcreasing carbon residue in the fuel oil. The 1imited
data available on particule size distribution suggest that over 90 percent of the number of particles
emitted from correctly adjusted No. 6 oil-fired industrial boilers are less than 6 microns in di-
ameter. The open literature does not contain any reportsAon tests with additives specifically for
particulate control from industrial boilers but an EPA sponsored study in this area will be com-

pleted soon by Battelle Columbus Labs.

1.3.3.2 Particulate Control

Large industrial boilers are generally well maintained to minimize fuel consumption. There-
fore, particulate collectors have been viewed as the only method of controlling particu]gte emis-
sions from these sources. However, a recent study has suggested that the maintenance procedures
designed to minimize costs (labor for maintenance versus fuel penalty) do not minimize emissions.
This study concluded that particulate emission reductions of up to 30 percent could be obtained by
reducing intervals between successive shutdowns for system inspection and cleaning (i.e., quarterly
instead of annually). Since the smaller industrial boilers are similar to the large commercial ones,
control strategies for the latter, such as improved maintenance procedures and operator/serviceman

training, could be applied beneficially to these industrial units, too.

When low sulfur oils are used, smoke is frequently eliminated by the use of high excess air
(e.g., 15 percent instead of the 3 to 5 percent desired for minimum fuel consumpfion). New, better
designed burners or closer combustion control should be used in these boilers to improve thermal
efficiency by operating with less air. Moreover, when high sulfur fuels are used, Tow excess air is
necessary to minimize the formation of 503. This effluent not only leaves the gtack as a visible
plume but also accumulates on the heat transfer surfaces, causing reduced heat transfer and tube wall

corrosion.

Electrostatic precipitators are the most common collectors. When properly designed and
maintained, the electrostatic precipitators can capture up to 95 percent {by weight) of the solid
particulates emitted from oil-fired boilers. At this efficiency smut fallout and plume visibility
can be eliminated. ESP's are limited more by their inability to reduce emissions below about 0.01
1b/MBtu (4.3 ng/J) than by their maximum collection efficiency. The cost to own and operate preci-‘
pitators designed to capture 90-95 percent by weight is less than 2.5 percent of the cost to fuel
an industrial boiler rated at 150 MBtu/hr (44 MW) heat input (about 120,000 1b/hr steam output).

Draft losses across the precipitator are only about 2 inches of water (498 Pa).
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Mechanical cyclone collectors are the other type of cé]]ectors used for oil-fired boilers,
but they are not effective for particles smaller than 10 microns. However, this type of collector
is useful to control acid smut emissions during soot blowing, and the large particies that are
emitted from units wihich do not receive adequate maintenance or careful combustion control.* Total
annual costs for mechanical collectors are about one-fifth those for precipitators, and draft losses

are only slightly higher.

The other two types of collectors, bag filterhouses and wet scrubbers, have been rarely used
in oj1-fired bojlers. However, particulate or combined particulate and SOx scrubbers are being de-
veloped and prototype units have recently been installed. Although some prob]ems‘remain to be
solved, including disposal of the spent scrubber solution, these preliminary results suggest that
wet scrubbers can remove 99 percent of the particulate (by weight) at costs which are comparable to
those of a precipitator with 90 percent collection efficiency. Bag filterhouses for oil-fired units
also await the solution of some difficult problems, but it is believed that they could collect 99

percent of the particulate emissions at about the same cost as a 90 percent efficient precipitator.

Virtually all watertube boilers greater than 30 MBtu/hr (8.8 MW) and some large firetubg
boilers are equipped with soot blowers to remove ash and slag deposits which accumulate in the heat
transfer surfaces. There is no reason to believe that equipment characteristics or medium used
(steam or air) affect the particle emissions since all systems are designed to remove the deposits
effectively. Soot blowing frequency can alter the plume visibility, grain loading, and size dis-
tribution during the blow. Therefore, it can affect the impact of the particulate emissions on the
ambient air if the boiler is uncontrolled. If the boiler is equippéd with a sufficiently large

precipitator, the outlet grain loading will be the same during a blow as during other periods.

Opacity monitors are available commercially for the continuous checking of particulate emis-
sions from stacks. Units which satisfy EPA specifications for in-stack continuous monitors on
boilers smaller than 250 MBtu/hr (73 MW) cost $1000-1500 installed. They have generally been con-
nected to alarm systems and/or continuous recorders but not to automatic burner shut-off systems.
(It is also not clear that automatic shutdown of an entire boiler is necessary every time exces-
sive smoke appears.) Oxygen meters (flue gas concentration) have also been relegated to a mon-

“jtoring funétion in most cases, but as they now are quite reliable, more and more will probably

be used in closed-loop burner control systems.

*This can be a problem with units smaller than 25,000-100,000 1b steam/hr (25-100 MBtu/hr, or
7 to 29 MW, heat input), especially when the facility has only one boiler. Usually plants
with many boilers maintain them well, even if each individual boiler is small.
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Opacity monitors which cost only about $500~600 are available for the smaller industfial

boilers and can be used as an alarm system to notify the operator of a problem.

Industrial boilers typically operate at between 60 and 100 percent of their design capacity,
depending on the load requirement. However, information about the effect of boiler load on particu-
late emissions is scarce. The limited avai]ab]é data suggest, for example, that a 40 percent re-
ducation in particu]até emissions could be realized by decreasing the boiler load to 50 or 60 per-
cent of rated conditions. However, the capital expenditure penalties of prohibiting boilers from
operating above 60 percent of their design capacity are significant and most probably would not
be acceptab]e given current shortages in both capital and electric generation capacity. If addi-
tional tests confirm the 1imited data which show decreasing particulate emissions with reduced

load, mandatory output restrictions could be used during air pollution episodes.

Although there have been claims of up to 50 percent reduction of 503 in the exhaust system
' by the use of flue gas additives (e.g., limestone, dolomite, magnesium oxide, or ammonia), total
mass emissions actually increased when these additives were used. - The difference was that the
particulate was now in the form of dry,:powdery so]id sulfates instead of acid smut. In genera1,
post-combustion additives are used only to reduce cold-end corrosion and smut deposits inside

the furnaée. When resids with high vanadium content must be burned, flue gas additives have to

be used to protect the superheater tubes.

1.3.3.3 Industry Standards

The industry standards that were summarized under the section on commercial boilers also

appTy to units in this size category.

1.3.3.4 Exist{ng Regulatory Programs

Virtual]y‘a1] the states regulate mass emissions from industrial boilers, with 1imits ranging
from 0.04 to 0.6 1b/MBtu (17.2 to 285 ng/J) for a 100 MBtu/hr (29.3 MW) boiler (or equivalent
grain loading expressed in terms of grains/scf.)* Maryland also requires the use of a dust col-
lector on all resid-fired units greater than 13 MBtu/hr (3.8 MW) heat input and specifies the
collection efficiency for the. dust collector. Nétura]]y &11 boilers in the size group are
a]]owed to burn residual 051, but the sulfur content in the fuel is generally restricted to less

than 1 percent by weight except for heavily impacted regions. In Massachusetts the allowable

*Excluding New Mexico, which expects to relax its limits.
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limits were 0.5 percent in nonmetropolitan areas and 0.3 percent in metropolitan areas such as
Boston. In 1975 tﬁese limits were temporarily relaxed to 2.2 and 1.0 percent, respectively, for
boilers that could satisfy certain conditions (see Table 6-5)}. The issue may be reexamined in
mid-1976. Four of the nine districts contacted require the installation of continuous monitoring
smoke meters in all industrial (and utility) boilers, and one additional region requires it
only for utility boilers. One state, New Jersey, prohibits any visible emissions from boilers
with heat input less than 200 MBtu/hr (58.6 MW) or with a stack whose diameter is less than 60

inches.

The enforcement procedures for industrial and utility boilers were génera]]y'the same in
all the regions contacted. Units in this size are the relatively few, easily identified ones.
Any differences in enforcement procedures between the various regions are probably more subtle
than in the other user groups because the practices used for large sources tend to depend mainly
on the specific experiences gained by the enforcement staff in their dealings with industrial or

utility boiler operators.

1.3.4 Utility Boilers — over 250 MBtu/hr (73 M)

1.3.4.1 Usage and Emissions

Boilers in the utility size range are all of the watertube type. Tﬁey are c1assified by
their firing type — i.e., the particular way in which the oil is injected into the boiler. The
three primary firing types for oil-fired units are single wall (or front face) firing, in which
a bank of burners mounted on a plane wall ejects fuel in one direction on]y;Aopposed firing, in
which two banks of burners eject fuel toward one another from opposiné walls; andvtangential firing,
in which the burners are located at the corners of a square and impart a rotatioﬁal motion to the
combustible mixture. Three others, vertical, turbo-fired, and cyc10né firing, are primarily used
with coal, but can be used with oil. The majority of the oil-fired utf1ity boilers in use today
are opposed or tangential fired, although approximately one-half of the smaller ones emp]oy‘single
wall firing. Coal is the primary fuel, especially in the very large units (>600 MWg). Approxim-
ately one-half of phe boilers which‘are not restrict;d to coal are éon?igured to burn gas and
.011. Virtually all of the power Qenerated in 1973'by uti1fties in New England came from'oi]-fiféd
boilers. %he Middle Atlantic and Pacific regions also depend upon oil to a large extent. Some
of this oil-fired capacity is beiﬁg shifted to coal in response to 0il shortages. Approximately
96 percent of the 0il used by utilities is residual oil, and over half of this fuel (55.5 per-

cent) is burned in units which are equipped with particu]éte control devices.
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Particulate emissions from utility boilers are a function of boiler size more than anything
else.- Measurements indicate that particulate emission TeyeTS from uncontrolled boilers range from
0.01 to 0.26 1b/MBtu (4.3 to 112 ng/J) for 10 to 100 MWe units (approximately 100 to 1000 MBtQ/hr)
but only from 0.03 to 0.06 1b/MBtu (12.9 to 25.8 ng[d) for 300 to 600 MW, units (3000 to 6000 MBfu/
hr). The average emission rate for these uncontrolled boilers is about 0.07 1b/MBtu (30.1 ng/d)
for the smaller units (<100 MWg) which account for about 40 percent of the fuel consumed, and approxi-

mately 0.047 to 0.053 1b/MBtu (29.2 to 22.8 ng/Jd) for the.larger units (350 to 600 Mwe).

EPA has proposed emission factors for utility size boilers that depend upon fuel grade and,
in the case of No. 6 oil, sulfur content. For a boiler firing a No. 6 oil with 0.5 percent sulfur
content (by weight), the emission factor is 0.053 1b/MBtu (22.8 ng/J); if the oil contain§ 3 per-
cent sulfur, the emission factor is 0.22 1b/MBtu (94.6 ng/dJ).

1.3.4.2 Particulaté Control

The techniques that were described for the control of pafticu]ates from industrial boilers,
especially the large ones, can be applied equally well to utility boilers. The only difference is
that utility boilers can generally reach lower emission levels {per unit heat input) than industrial
units fired on the same fuel becau;e of the size effect. The most promising control techniques are
frequent cleaning of the fuel and air handling équipment, the use of e]ectfostatic prédipitators
designed for oil-fired boilers, matching of soot blowing procedures with the pérticu]ate co]]ection
equipment, continuous (or at least frequent) flue gas measurements (COp or 02) to maintain optimum
combustion conditiﬁné; and the use of opqcity monitors to warn the operétor of abnormal combustion
conditioné thatvresu1t‘in smoke and other particulate emission. The effectiveness of the last three

approaches are not known.

it has been suggestgd that emiésion reductions of up to 30 percent could be achieved by re-
ducing the interva] between major cleaning and inspections from one year to three months. Electro-
static precipitators have béen shown to be capable of reducing mass emissicns by 50 to 99 percent,
on the average, and e]iminafing any visible plume. Reduction of over 90 percent (bvaeight)‘can
be obtained with correctly sized precipitators that are designed spécifica]]y for 0il1 or converted
Vfrom a coal system to an 0il system. ‘Such precipitators would add‘about 0.5 percent to the charge

for electricity.

Emissions from controlled units (at an estimated 50 percent collection efficiency) range
from about 0.07 1b/MBtu (30.1 ng/J) for small units to 0.0T 1b/MBtu (4.3 ng/Jd) for the largest

units when no additives are employed to reduce cold-end corrosion and slagging. Additives must
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be used when fuels with high vanadium and sodium content are burned, but they result in con-
trolled emissions which are approximately twice as large as they are from boilers which do not
need additives. An average emission factor of 0.025 1b/MBtu (10.8 ng/J) has been suggested for
controlled utility boilers of all sizes. This average factor is based on existing units, many
of which were designed and first installed on the boiler when it was firing coal. Since the
precipitator was not changed when the boiler was converted to 0il, its collection efficiency

is only about 50 percent. If one specifies instead-an efficiency of 90 percent, all utility
boilers (>100 Md.) should be able to meet a 1imit of 0.01 1b/MBtu (4.3 ng/J).,.THe large

(>300 MHg) units should even reach levels as low as 0.004 to 0.006 1b/MBtu (1.7 to 2.6 ng/d).

1.3.4.3 Industry Standards

It is believed that the only industry standards that apply to utility boilers are the ASME
design codes, which do not impact emissions. These large boilers are generally custom built to

the utility's own specifications.

1.3.4.4 Existing Reguiatory Program

State regulatory programs for utility boilers are very much 1ike those for industrial
units, except that the mass emission limits are frequently lower for the utilities. Thus 1000
MBtu/hr units (approximately 100 Mwe) and larger are limited to values as low as 0.02 1b/MBtu
(8.6 ng/d) in some states.* New steam generating units greater than 250 MBtu/hr (73 MW) must
also comply with a federal standard of performance of 0.1 1b/MBtu (43 ng/Jd} or, where more
stringent, the applicable state or local agency standard. Since many uncontroiled boilers emit
less particulate, the federal standard does not represent the best available control technol-

ogy for particulate from oil-fired units.

1.4 SUMMARY CONTROL MEASURES

This subsection presents a summary of control measures which local or state air pollu-
tion control authorities can implement to attain and maintain particulate national ambient air
quality standards (NAAQS) in their region. These control measures are expected to be applicable
mainly in major urban centers where the need for control of particulate emissions is more de~
manding.

Since the contribution of any source category to the total emissions in an area varies from
region to region, and since the seriousness’of the problem (e.g., the current and aniicipated

ambient air concentrations of particulate matter) also varies from region to region, a cqntro]

* . R " -
Excluding New Mexico, which expects to reduce ‘its Timits.

1-34




program should be area specific. That is, the user categories which need to be controlled and
the degree to which each of these need to be controlled will depend upon the specific problems

of a given areéa. Therefore, we shall present séparate1y controls for each user category (resi-
dential, commercial/institutional, industrial, and uti]fty). Within each category, we shall then -
rank the control measures in order of increasing effectiveness, taking into account the emphasis

on future sources of emissions, cost, and public acceptance.

The control measures afe presented here in tabular form only (text to éxp]ain and justify
these accompanies the tables in Section 7). A sepafate table is used for each size category}
For regu]afory purposes the class cf boilers and furnaces is divided into four categories based
on size; the names residential, commercial, etc., are used here merely to facilitate reference

to a particular size category.

The format of the tables which are used to present the control measure is shown and ex-
plained by Table 1-5. The tables themselves are repeated here as Nos. 1-6 through 1-9. .In most
cases, the control measures would be applied cumulatively. That is, if a local air pollution
control agency decides that measure No. 1 is not sufficient to solve its ambient air problem,
it should consider next the use of both measures No. 1 anc 2. If these two still did not re-
duce emissions enough the agency should then investigate the simultaneous implementation of
measures No. 1, 2, and 3, etc. Where measure No. 2 is simply a more stringent version of

measure No. 1, the second one automatically includes the first one.

Air pollution control authorities are encouraged to engage in public information campaigns

{*PR") which stress the value to individual home’owners of having their oil burner serviced an-
nually. Periodic burner servicing can be a useful way to reduce emissions because tuned‘and

well maintained burners emit less than those just left by themselves. This is esbecia]]y true
if burners which are foqnd to be damaged or worn out are replaced. 'Despité the general aware-
ness of increasing air po]]ution, individuals still seem to be reluctant to spend funds vo1—
untarily to reduce their own contr1but10n therefore, programs which stress econom1c gains and
treat pollution reductions as a side benef1t will more likely be accepted than those wh1ch do
not. A11 publicity campaigns for improved burner maintenance shou]d be accompan1ed by exhorta-
tions to conserve energy. Energy conservation is a valid control strategy because part1cu1ate

emission rates are generally a direct function of fuel consumption.
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TABLE 1-5.
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3see Appendix C for conversion to SI unit.

bSSN = Smoke Spot Number

CRelative to area-wide emissions from all sources in this category only; impact on

region depends on relative importance of this source category.
dSample calculation of cost impact on annualized basis given in Appendix D.

(Increase) or decrease in efficiency.
udgement; no data to substantiate.
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SECTION 2
SOURCE ﬁLASSIFICATION

One of the essentials of an effective air pollution control plan is an‘appreciation of the
sources to be controlled..” It is necessary .to understand which types of equipment are partic01ar1y
1arge contr1butors to area—w1de em1551ons in order that regu]atory act1on can be: proper]y applied.
By "large.contributor" is meant not only those units wh1ch have h1gh em1ss1on factors but also
'those which may have moderate emission factors, but compr1se a large fract1on of the source popula-
“tion. Th1s chapter, therefore, presents both a popu]at1on d1str1but1on for 011 f1red units and a

descr1pt10n of each unit type cons1dered

A 1970 report on part1cu1ate em1ss1ons from stationary sources (Reference 2-1) 1nd1cates
that .0i1 combustion accounts for 1ess than 1 percent of the tota1 nationwide part1cu1ate emissions
from industry and utilities, and slightly more than 2 percent of the em1ss1ons from all 1ndustr1a1
and utility sized combust1on sources. Table 1-1 also shows that all oil- f1red 1nd1rect heat1ng com-
bustion sources account for about 1.percent of the tota] 1975 part1cu1ate em1ss1ons However, this
nat1ona1 average does not apply to individual regions. In the northeast United States oil is a
primary fuel, and the contribution of 0il combustion to the total part1cu1ate em1ss1ons is consid-
erably higher than the national average. In the New Jersey-New York-Connecticut area, for example,
oil combustion accounts for nearly 20 percent of the combustion generated particulate, and about
one-half of this oil generated pollution is produced by domestic and commercial sized units which
are located in or near high population density areas. On the other hand, in the southeast Florida
AQCR, utility boilers account for about 20 percent of the particulate emissions from all sources
and 90 percent of those from oil burning boilers and furnaces. Nationwide, most of the particulate
emissions from oil-fired sources come from commercial and small industrial boilers, up to about

50 MBtu/hr or 14.6 MW* (Reference 2-27).

Convers1on tables between conventional engineering and SI (System International) units are con-
tained in Appendix C. Throughout this document the prefix M represents million in accordance
with SI practices. Also watts, W, or megawatts, MW, refer to heat input rates unless subscr1pted
with an "e" to designate electric output.
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What is indicated here is that effective control programs for particulate must be sensitive
to geographical variations in emission sources. Consequently, this chapte? gives population dis-

tributions in terms of geographical location for the cases where data are available.

Size Categorization

EPA classifies boilers and furnaces by application, independent of size, for their emissions
jnventory. However, for the purposes of regulatory programs, oil-burning units are commonly divided

into the following four categories depending on their size (based on heat input).
e Residential — 0 - 0.4 MBtu/hr {0 - 0.12 MW)
o Commercial — 0.4 - 12.5 MBtu/hr (0.12 - 3.66 MW)
e Industrial — 12.5 - 250 MBtu/hr (3.66 - 73.25 M)
o Utility — Over 250 MBtu/hr  (over 73.25 MW)

Although this categorization suggests a distinct transition from one group to another, a fraction

of the units which belong to one category on the basis of application fall in the size range of
another group. Moreover, in the course of this study, it was discovered that an excellent source

of information exists on the population distribution of the boiler community for two size ranges:
0.3 - 10 MBtu/hr (0.088 - 2.93 MW) and 10 - 250 MBtu/hr (2.93 - 73.25 MW). In light of the small
differences between these size ranges and the ones selected for the present document on the basis
of common usage patterns, the boiler population given for the 0.3 - 10 MBtu/hr (0.088 - 2,93 MW)
group was used for the commercial category and that given for the 10 - 250 MBtu/hr (2.93 - 73.25 MW)
class for the industrial group. The remainder of this chapter presents population distributions

and emission characteristics separately for each one of these four user categories.

2.1 RESIDENTIAL UNITS

Residential units are those boilers and furnaces whose rated heat input (fuel consumption)
is less than 0.4 MBtu/hr (0.12 MW). Equipment in this size range is primarily warm air furnaces.
and small cast iron or steel boilers, although about 19 percent of the oil-fired units consist of
stoves, firep]aceé, and miscellaneous homemade units (see Reference 2-17 and Figure 2-1). Due to

the diversity in the design of these units and to the uncertainty in their number, they will not

be discussed here.
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2.1.1 Residential Equipment Description

2.1.1.1 WHarm Air Furnaces

A warm afr furnace is a se]f—enc]osed apﬁ]%éﬁce uged fbr heating air for a house or build-
ing. It discharges hot air direct1y intofthe.space'being heated or more commonly through ducts
which transport the warm air to the area to‘be heated. Some furnaces operate by gravity (buoyancy
forces), but the majority are forced air systems, using a blower to move the air through the ducts

and back to the furnace.

The furnace consists of a burner with related piping and controls, a heat exchanger, and a
blower for forced air systems. The furnace péckage is enclosed in a steel casing and the heat ex-
changer compartment is insulated to improve efficiency and to limit the outer casing temperature
for personnel safety. The combustion takesyp1ace in the primary combustion space of the metal-
walled or refractory-lined heat exchanger, and the combustion prodﬁcts pass through secondary flue
gas passageways of the heat exchanger to exit thfough a flue to the atmosphere. The air to be
heated circulates over the outside of the heat exchanger to the warm air discharge, where it leaves
at a temperature of 100°F to 150°F (38°C to 65°C). Furnaces are fired by natural gas and distil-

late o0il1 and (rarely) by coal.

Domestic or residential warm air furnaces are available in capacities under 0.4 MBtu/hr

(0.12 M) and are generally classified into four types:

e Downflow, in which the,b]ower is mounted abdve the heat exchanger, the flue gas dis-
charges at the side of top, and the warm air discharges from the bottom of the unit

(counter-flow).

e Upflow or "high-boy," which is similar to downflow except that the biower is mounted
below the heat exchanger and both the warm air and flue gas discharge from the top of

the unit (co-flow). Figure 2-2 shows a typical oil-fired dpfiow furnace.

e Horizontal, in which the blower is mounted next to the heat exchanger, the flue gas

discharging at the top, and the warm air at the end, of the unit.

s Basement or "low-boy," which is very similar to the horizontal unit except that the
flue gas discharges at the side and the warm air from the top. In addition, the heat

exchanger may be higher and narrower than for a horizontal furnace.

A1l of these units are available in a wide range of capacities. The choice of the appro-
priate type is based most often on available installation space. For example, horizontal units

are intended for use in situations where headroom is limited, such as in attics or crawl spaces.
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Flue

Burner

Direct drive blower

Figure 2-2. Forced warm air oil-fired furnace — upflow
(Courtesy: Llennox Industries). '
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Two types of blowers are found on modern forced warm air furnaces; direct drive and belt

drive. Direct drive blowers are of the multiple speed type and usually are found on combination

heating and cooling furnaces. However, they are also found on units used for heating only. When -

properly connected electrically, the blower will run at slower speeds in the winter months and at

a faster speed during the summer months.

Belt drive blowers operate at one speed, which is dependent on the adjustment of the pulley
system. This speed is sét by the serviceman during furnace installation and can have a major im-

pact on efficiency if done improperly.

The heat in a typical warm éir furnace is supplied by an 011‘burner of the type pictured in
Figure 2-2. These burners consist of a combustion air blower, motor, fuel pump, spark ignition
system, main air tube and swirlers, and fuel nozzle. The fuel flow rate {s determined by the oil
nozzle orifice size, and the total air flow rate by the blower and a damper in the exhaust flue.
The proper air-to-fuel ratio is obtained by adjusting the damper until the optimum 002 and smoke

levels are achieved.

The burner is mounted in a refractory or refractory-felt Tined combustion chamber which is
cooled by air drawn from the house. From the combustion chamber the flue 'gas passes through a
heat exchanger and out the stack. The burner blower may supply the full pressure to exhaust the
gas from the stack or it may just assist the buoyancy forces in the stack; Table 2-1 Tists typi-

cal operating condjtions for this type of furnace.

The procedure for the design of a warm ajr furnace is empirical and relies on prototype
development, experience, and testing. Standards for construction and thermal efficiency are set
by Underwriters Laboratory and American National Standaards Institute'(ANSI).

TABLE 2-1. CHARACTERISTICS OF A TYPICAL 0.1 MBtu/hr (29.3 kW)
WARM AIR OIL-FIRED FURNACE

Excess Ajr: 10 - 100 percent

Flue Exit Diameter: 5" to 7" (130 - 180 mm) )

Heat Exchange Area; 20 ft2 to 30 ft® (1.8 - 2.8 m?) v
Overall Heat Transfer Coefficient: 2 to 3 Btu/hr-ft2-°F (11 - 17 watts/m?-°C)
Exit Flue Gas Temperature: 500°F - 900°F {260°C - 482°C)
‘Combustion Chamber Pressure: 0.05" W.G. to 0.2" W.G. (12 - 50 Pa)
Recirculating Air Flow: 800 to 1300 scfm (0.38 - 0.61 m*/sec)
Temperature Rise on Air Side: 75°F to 80°F (41°C - 45°C)

Overall Steady State Efficiency: 70 to 80 percent

Common Operating Mode: on/off

Ignition System: Spark

Draft System: Forced
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Nearly all of the design -variables for a warm-air furnace affect particulate emissions to
some degree. As will be discussed below the more significant effects are associated with the burner,
specifically, Yits design and nozzle type. Additﬁona11y,‘combustion chamber materials, usage pat-

terns, and tuning can cause significant variations in particulate emissions.
The burner design features which most strongly affect particulate emissions include:
e ~ Fuel atomization techniéues
(] “Rélative fuel drop]ét/air velocity
. Flame retentidn deviceg
(] Combustion‘chamber.materia]
e Combustion chamber wall temperature'

" 'These design parameters will be discussed briefly in the order presented. Throughout the
discussion, it should be noted that the adjustment of a burner parameter to obtain low particulate
emissions often results in a corresponding increase in NOX due to improved and qotter combustion,
or a decrease in efficiency due to the use of too much excess air. Consequently, a burner designed
for low total emissions may involve a compromise among individual species emissions. The desirable
situation is one 1in which combustion takes place over a long enough time in, a hot enough environ-
ment to completely oxidize all hydrocarbons to 002 and water with Tittle CO produced, and yet one
in which the temperature is not so high as to provide significant amounts of nitrogen oxides. In

other words, a Tong, slow (but complete) combustion is called for.

Fuel Atomization Techniques

Mechanical atomization is the primary method used in domestic sized furnaces. Other methods
used are wall flame rotary, vaporizing, and low pressure burners, but fhe combined usage of these
types accounts for only about 15 percent of the total. For a complete discussion of fuel atomiza-

tion in domestic and commercial burners, the reader is referred to Reference 2-3.

High pressure mechanical atomization accounts for by far the majority of doﬁestic and com-
mercial fuel atomization systems. These units'opérate by supplying oil at high pressure (100 psig
or 690 kPa, nominally) to one or more orifices in the nozzle. The design of the orifice influences
the spray pattern and, to some degree, the droplet size. The flow channel to the orifice is routed
in such a way as to impart a high dégree of swﬁri to the exiting oil. Combustion air, which flows
in an annular reéion around the gun, is also given swirl before it mixes with the fuel spray out-

side the nozzle.




In general, a higher atomization pressure leads to a more finely atomized spray which should
lead to cleaner combustion. However, Sjorgren (Reference 2-4) has shown thét although higher fuel
pressures achieve better atomization, the relative droplet/air velocity may decrease resulting in
inferior combustion (see internal recirculation, Section 4.1.4.2). Dickerson, et al. (Reference
2-5) determined that “commercially used atomization qozz]es which are available at very low cost
(1ess than about $1:00 per nozzle, nominally) do an excellent job of atomization," and particulate

emissions from these nozzles can be very Tow.

The firing rate of a high pressure gun burner is determined by the oil pressure and the
orifice size. The firing rate in turn dictates the air flow rate through the burner and, conse-
quently, the residence time (i.e., the time during which a volume of fuel is subjected to a com-
bustion environment). Short residence time is a major cause of high CO, unburned hydrocarbon,
and particulate emissions (as shown again by'Reference 2-6). Underfiring the burner by insta]-
lation of a smaller orifice nozzle {at the nominal cost of one dollar) represents an elementary
way of increasing the residence time and reducing emissions, provided the heat load can be carried.
Underfiring also reduces emissions in another way. Particulate emission rates are higher immedi-
ately after ignition, due to the poor combustion which occurs at low femperatures; Underfiring
causes the burner to remain on longer to provfde a given total heat outpﬁt and, consequently,
the burner is turned on and off fewer times, . resulting in a reduction in the number of high emis-

sion periods.

Low pressure mechanical atomization systems account for oniy about 8 percent of all burners
in the residential section, and there is a continuing trend toward their e]iminatién. Low pressure
guns are unique with respect to other domestic burners in that oil and a portion of the combustion
ajr are mixed inside the nozzle. Once this mixture is ejected from the nozzle, it contacts a
highly turbulent supply of oxidizing air and combustion coﬁmences. The operation of this burner
requires a supply of éir at 1 to 15 psi (6.9 - 103 kPa) and oil at 1 to 5 psi (6.9 - 35 kPa}. The

need for pressurized air is an additional complication compared to high pressure nozzles.

Vaporizing burners are becoming rare although they are still common in the Southeast and
some other regions with mild climates. They consist of a small container ih.which a fuel is heated
to a highly volatile condition. The resulting vapor is mixed with air and burned. A small, con-
tinuously burning pilot flame is generally utilized for igniﬁion purposes, and this flame can be a

source of smoke.
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Flame Retention Devices

Many small combustors use flame retention devfces in the form of plates, grids; or cones
to produce local recirculation zones and thus reduce smoke emission.  These devices also allow
the bufner to be run on much less excess air than would.otherwise be required. -Operation at Tow
excess air improves thermal efficiency (less heated air is-discharged out the stack) and, there-
fore, reduces fuel consumption. In a study by Beach and Siegmund (Reference 2-11)-a typical home
heater oil burner required 85 percent excess air to achieve a Bacharach No. 2 Smoke reading, where-
as with the flame retention device the burner required less than 10 perceﬁf excess air to achieve
the same smoke number. Other studies alqng these same ]ines include those by Walsh and by Howekamp
and Hooper (References 2:12 and 2-13). Howekamp and Hooper studied five combustion improving de-
vices for domestic home heaters which produce either a swirling fTow or regircu]ation zones with a
flame retention device. Not all of these devices were effective in reducing smoke over the whole
range of air-to-fuel ratios. These results are also summarized in Reference 2-6. A paper by T. D.
Brown (Reference 2-14), whiéh also compares a flame retention head to a swirl head in a domestic
0i1 burner supports the theory that there exists an optimum amount of swir1 to achieve minimum

smoke for a given excess air level (see Section 4.1.4.2).

Barrett, et al. (Reference 2-15) measured particulate emissions from several oil burners in-
stalled. for domestic and commercial use. The data indicated an average particulate emission rate
of 0.012 1b/MBtu (5.16 ng/J) for a burner with a conventional head, versus 0.0056 1b/MBtu (2.39
ng/3) for one with a flame retention device.* The flame retention burners also produced lower CO,
HC, and NOy emission§ than did the conventiona1vtypes. Laboratory experiments (References ?;5 and
2-6) have shown that not all flame retention burners simultaneously reducé‘partiéqlates and NOX,
-and in fact, some showed marked increases in NOX. Therefore care should bg exercised in extrapo-

lating the average reductions measured by Barrett, et al., to a special flame retention device.

Combustion Wall Temperature

Cool walls in a combustion chamber increase particu]até emissiohs due to poor combuétion in
Tow temperature regions. The coupled effects of cool walls and a short residence time result in the
incomplete combustion of carbon particles. A typical increase of 1 to 2 Bacharach smoke numbers is
found to occur when the wall temperature is decreased from 2600°F to 1600°F (1430°C - 870°C) (Ref-

erence 2-10).

*These numbers are for tuned units and are inferred from measurements made by the "Modified EPA"
{MEPA) method of Barrett, et al., using an average correlation factor of 1.67 to relate MEPA data
to that obtained by the standard EPA sampling train.
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While hot walls promote complete combustion of particulates (and at the same time reduce
€O and unburned hydrocarbon emissions), they result in an increase in NOx emissions. Again, a com-

promise must be made.

Combustion Chamber Material

Combustion chambers of domestic oil burners are usually cylindrical and are made of hard
(noninsu]ating)}refractory, soft (insulating) refractory, felt ceramic, or steel. Light materials,
such as the soft refractory or felt ceramic, with low conductivity are preferrable, especially 1in
burners which see cyclic operation, because their surface temperature reaches equilibrium with com-
bustion gases faster than does that of a hard refractory or steel combustion chaﬁber. As previously
mentioned, a high combustion chamber wall temperature is essential to low particulate combustion.
During the time in which the chamber temperature is Tow, excess air Tevels must be increased to
counteract the poor combustion due to low temperature: Since it has not been practical to allow
for altering the amount of excess air during a heating cycle, the initial high air level is main-
tained throughout, resulting in decreased efficiency. However, in units larger than 20 gph (21 cm®/
sec), combustion volume temperatures‘genera11y exceed 3000°F (1650°C) and, therefore, hard ceramic

must be used.

Burner Use Pattern

The on-off cycling of an oil burner has a serious effect on particulate emissions as well as
other pollutant species. Particulate produced during the incomplete combustion which occurs during
jgnition and shut-down contribute a large percentage of the total from a complete cyc1e. Therefore,

short cycles, which turn the burner on and off many times a day, should be avoided

The dependence of emissions on cycling is discussed more completely in Section 4.2.2.7.

Burner Age

Barrett, et al. (Reference 2-15) measured emissions from a set of older oil burners and com-
pared the results with those from newer units. They concluded that particuiate emissions from newer
burners are lower than from older ones, and they attribute this not to an aging effect, but to the
improved design practice of recent years. Particulate emissions from a properly maintained oil

burner should not increase as the burner ages.




Tuning
The importance of tuning as a means of controlling particulate emissions is witnessed by
References 2-15 and 2~16 in which particulate emissions were measured for a number of o0il burners

in domestic and commercial installations.

The oi1 burners used were chosen as typical of the national distribution of equipment types,
and particulate emissions were measured both inlthe “as found" condition and after tuning. (The
tuning procedure was directed toward reduction of both CO and particulate while maintaining a high
efficiency.) Results show an average emi;sion of 0.021 1b/MBtu (9.03 ng/J) in the “"as found" con-
dition as compared to 0.016 1b/MBtu (6.88 ng/J) in the tuned condition. Tuning resulted in a 24
percent overall reduction, a condition indicating the desirability of a periodic (e.g., yearly)

inspection of all burners by a qualified serviceman.

Tuning an oil burner consists primarily of cleaning and inspeéting the pump, nozzle, and
combustion chamber and readjusting the air flow to the optimum air/fuel ratio (i.e., excess air
level). The.variation of emissions as a function of excess air is shown in Figure 2-3. As in-
dicated, low excess air is required for max{mum efficiency. However, reduction of excess air be-
Tow about 60 percent (for the burner whose characteristics are given in Figure 2-3) causes a marked
increase in smoke and, to a Tesser degree, CO and HC. The tuning must then be a compromise between
emissions and efficiency, the determination of which involves several measurements (e.g., CO, COZ’
stack temperature; draft). The need for qualified service personnel is indicated. Tuning is dis-

cussed more fully in Chapter 4.

2.1.1.2 Steam and Hot Water Units

Approximately 36 percent of the residential heating in this country is supplied by steam or
hot water units using a boiler. Heat for the production of steam or hot water is transferred from
the combustion products to the boiler in the firebox. The boiler heat transfer .surfaces usually

consist of steel or cast iron tubes that are exposed to, or carry, the hot combustion gases.

Cast Iron Boilers — Capacities up to 13.5 MBtu/hr (3.95 MW)

Many domestic and small commercial boilers in use today have heat exchangers that are con-
structed of cast iron. They are designed for supplying low pressure steam at about 15 psig maxi-

mum (103 kPa) or hot water at 160 psig maximum (1.1 MPa) and 250°F (121°C) and are used primarily

for hydronic heating systems. These boilers consist of an assembly of cast iron sections. Generally
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cool water enters at the bottom of the sections, and hot water or steam exits at the top. The pro-
ducts of combustion are conducted through labyrinth passages cast into the sections. The capacity

of a sectional boiler may be varied by the addition or deletion of sections.

Figure 2-4 shows an oil-fired cast iron boiler, typical of those quite common in older homes'
in the Northcentral and Northeast states. These boilers are similar in some respects to oil-fired
warm air furnaces in that they may employ a refractory-lined combustion chamber followed by the heat

exchange surface.

It has been reported that pbor matéhing of burner and combustion chamber requirements occurred
frequently. in the past, partly because the burner and the furnace manufacturers did not work to-
gether to avoid this problem (Reference 2-5). However, the recent emphasis on emission reductions
has induced burner and furnace manufacturers to coordinate tﬁeir'designs; and mismatching is no
1onger a problem. Typically, because of care1éss installation ;oﬁsiderable 1eakagevof secondary
air into the firebox is allowed, wﬁich serves to 1bwer the flame temperature. Leakage probably
results in overall 1owef boiler efficiency. Typical operating conditions and design characteris-

tics for an oil-fired system are given in Table 2-2.

Cast iron boilers are rated by the Hydronics Institute (IBR ratings). They must be  designed
and constructed in acco}dance with the ASME Code, Section IV, Heating Bojlers. The IBR festing and
Rating Code specifies the test conditions and such things as minimum efficiency, percentage of car-
bon dioxide in the flue gas, flue gas temperature, and smoke reading. The rating; cerr a range of
0.048 MBtu/hr’(O.b]4 MW) to 13.5 MBtu/hr (3.9 MW). Many of the design features associated with fur-
naces are also directly applicable to 5011ers. For instance,vf1ame retention heads are used on
burners in boilers as well as‘%n furnaces, and they are as effective in boilers as in furnaces as
a means of red&cing‘particulate emissions. In fact; because of their re]ative]y high noise level,
flame retention head burners are less common on furnaces than on boilers. Similarly, considera-
tions of nozzle type, residence time, Eombustion wall material Aﬁd temperature, éyc]ing patterns,

tuning, etc., are equally applicable.

2.1.2 Emissions

Emission measurements frbm 15 residential cast iron boilers are reported in Referen;e 2-15
and compared to similar measureménts on 11 warm air furnaces. These tests showed that mean CO and
particulate emissidns for the furnaces (0.018 1b/MBtu (7.74 ng/J)) were consistently and appreciably

higher than for the boilers; however, the mean CO levels for the furnaces were not considered exces-

sive. The higher CO level with furnaces could not be explained in view of higher combustion chamber




Heat
Exchanger

Burner

Figure 2-4. 0i1-fired cast iron boiler (courtesy of the
Utica Radiator Company).




TABLE 2-2. CHARACTERISTICS OF A TYPICAL 0.1 MBtu/hr (29.3 kw)
OIL-FIRED CAST IRON BOILER

Recirculating Water Flow
ExcessAir -
Flue Exit Diameter -

Exit Flue Gas Temberat@re
{Upstream Draft Control)

“Combustion. Chamber Pressure

Temperature Rise on Water Side -

Overall Steady State Efficiency

3 - 15 gpm (189 ~ 945 cm?/sec)

’ ?'30 - 100 percent

3.5 - 5 dinch (89 - ]271mm)

: 400°F '~ 600°F (204°C - 315°C)

0.02 inch W.G. (4.98 Pa)

10°F - 40°F (5.5°C - 22°C)

.80 - 85 percent'




temperatures generally expected in furnaces. Mean Noxremissions for the furnaces were slightly, but
consistently, higher than for the boilers, probably reflecting the i.igher combustion chamber tempera-

tures in the furnaces.

2.1.3 Population Distribution (Residential Units)

The population of oil burning residential units is categorized in the following subsections
in terms of unit type, burner type, combustion chamber material, and average age with size and geo-
graphic location as parameters. According to data obtained from the Gas Appliance Manufacturers
Association (GAMA), the trend in the last 10 years had been toward gas-fired forced warm air sys-
tems. The 1970 U.S. Census data substantiated this finding by 1ndicating that almost 30 percent
of the warm air furnaces were oil-fired in houses built prior to 1939 compared to approximately
15 percent in houses built during the period 1960 to 1970. Increasing gas shortages are expected

to reverse this trend.

2.1.3.1 Population Distribution by Unit Type

Of the 53.7 million residential heating units in operation in the United States in 1970, 26.3

coal, and wood (Reference 2-17). The generation of water for washing consumes about one-quarter the
energy used for space heating (Reference 2-25). The population distribution of the primary types of

oil-fired residential heating units in use in the United States is shown in Table 2-3.

TABLE 2-3. RESIDENTIAL OIL BURNING UNITS (1970) (SOURCE: REFERENCE 2-17)

Type of Unit Percent of Total
Steam or hot water 36
Warm air furnaces 45 %
Other 19

In computing these percentages from census data, the following two assumptions were made:

8 A1l steam units and central warm air furnaces listed as servicing buildings containing
more than five residential housing units were assumed to have capacities over 0.4 MBtu/hr

(0.12 MW), and were therefore not included in the residential category.

e A1l direct space heating systems used in residences of any size were assumed to have a

capacity of less than 0.4 MBtu/hr (0.12 MW).

I
l
i
percent were oil-fired, 57.7 percent were gas-fired, and 14 percent used other fuels such as propane,
I
|
|
|
|
I
|
|
|




Some comment -is necessary concerning:the-category denoted as "other."- Statistics from the -
United States Census (1970) show this category to include approximately 19 percent of all.oil burn-
ing units, and it therefore comprises a significant fraction of the total population. Units in '
this category include stoves, fireplaces and a variety of homemade units. Due to the unavailability

of data on the population of units of this type, they<have‘been omitted in the breakdown by size.

Table 2-5 shows.the population distribution for oil-fired residential units by unit type for
three size ranges. Since some of this information is based on 1970 sales data, which are not neces-
sarily identical to sales in previous years, this table provides only a reasonable estimate of the

”
current distribution. Gas burning units are included for comparison.

2.1,3.2 ‘Population Distribution by Burner Type

Table 2-6 shows the population distribution of oil-fired units categorized by burner tybe;
with size and geographic location as parameters. Unfortunately, published data are not available
in the same size subcategories as were used in Section 2.1.2.1. However, the data. here indicates

the differences in the type of burner used in the "large" and "small" categories.

Approximately 10 percent of the burners now in use are of the low pressure type, 5 percent
are rotary, and 1 percent are of the vaporizing variety. The major‘i‘ty‘of the burners are of the

high pressure atomizing type.

Recent sales statistics (Table 2-4 below) indicate a significant trend toward the more effi-

cient high pressure gun burners with a marked decrease in the rotary and vaporizing types.

TABLE 2-4. SALES TRENDS FOR RESIDENTIAL OIL BURNERS BY TYPE
(SOURCE: REFERENCE 2-16)

0i1 Burner Type 1969 Percent 1941 Percent
High-pressure 95.0 ‘ 71.7
Low-pressure 3.4 6.2
Wall flame rotary 0.4 ~11.0
Vaporizing 1.2 10.8
Misc. types —_— 0.3
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TABLE 2-6. POPULATION DISTRIBUTION OF RESIDENTIAL OIL BURNERS BY BURNER TYPE*

High Pressure Low
: Shell** | Retention Rotary Vaporizing
Conventional Head Head Pressure

Percent of Total

[ ]
Less than 0.120 MBtu/hr (35 kw)

New England 44.9 7.2 14.7 26.4 5.8 - 1.0
Mid-Atlantic 66.3 8.4 3.8 10.6. 8.5 2.4
South Atlantic 8.8 1.9 13.0 0.8 0.1 9.4
Midwest . 63.0 9.4 13.1 5.6 8.6 0.3
West 80.3 - 0.6 5.2 8.1 0.5 5.3
A1 Sections 63.1 7.2 9.1 11.5 6.6 2.5

0.120 < 0.360 MBtu/hr (35 - 105 kw)

New England 61.4 7.9 . 13.6 9.0 7.6 | 0.5
Mid-Atlantic _ 69.0 5.2 8.2 10.7 6.8 0.1
South Atlantic  89.4 2.3 7.3 0.8 | 02 | —
Midwest 73.3 13.1 6.2 6.0 1.3 0.1
West . 80.3 0.6 2.9 13.2 1.8 1.2
ATl Sections 71.2 6.9 8.3 8.6 4.7 0.3

A11 0i1 Burners up to 0.360 MBtu/hr (105 kw)

—_
.
—_

A1l Sections 68.3 . 7.0 8.6 9.6 5.4

*Source: Reference 2-15.

*k : ‘ - }
A combustion improving device which utilizes swirl
mixing to promote clean combustion.




The majority of wall flame rotary burners and vaporizing burners now in service are installed in
older units; they are expected to be almost nonexistent (in residential equipment) in the future

unless newly designed vaporizing burners for No. 2 oil gain widespread acceptance.

2.1.3.3 Population Distribution by Combustion Chamber Material

The type of material which Tines the combustion chamber of an 0il burner has been shown to
have an effect on flame properties, and consequently, on emissions (see Section 2.1.1.1). For this
reason, Table 2-7 is included showing the population distribution of 011 burner combustion chamber
material in two size ranges and several geographic areas. A majority of the chambers are con-
structed from firebrick (hard and soft), but new ceramic materials with improved characteristics
are expected to gain a larger share of the market in years to come. The rate at which this dis-

tribution is changing due to current sales trends is unknown.

2.1.3.4 Average Age of 0i1-Burning Equipment

The average age of various types of residential oil-burning equipment is shown in Table 2-8
with geographic location as a parameter. It should be noted that in constructing this table, a

distinction has been clearly made between burners and furnaces or boilers (i.e., complete units).

The age of a unit is related to emissions in the usual sense of increasing discharge due to
nozzle clogging, pump wear, etc. Moreover, since many residential units are seldom serviced, the
age of a burner is often coincident with the length of time to the last maintenance. The small

average age of retention head burners is due to their rather recent inception.

2.2 COMMERCIAL UNITS — 0.4 - 12.5 MBtu/hr (0.12 - 3.66 MW)

Commercial oil-fired systems are used mainly for space heating and hot water just as with
residential equipment. Therefore, this category can also be subdivided into warm air furnaces
and boilers. Unlike residential units, however, several different kinds of commercial boilers

are manufactured {see Figure 2-5).

The distribution of equipment types for heating commercial buildings varies around the
country. On the West Coast, or in other moderate climates, about 85 percent of the heating units
are warm air furnaces. Nationwide, 11 percent of the housing units Tisted in the 1970 U.S, Census
and estimated to be heated by units of commercial size utilize warm air furnaces. Warm air fur-
naces have a lower initial cost than boilers, and the latter require more elaborate piping systems.

Therefore, if comfort heating is the only requiremeni, and if mildly fluctuating delivered air

2-20
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Furnaces - Tubeless
Coil
Packaged
— Watertube
(wali-fired) .
. ’ Firebox
Commercial
Heating
Equipment
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Horizontal Return Tube
L Boilers — |~ Firetube

(wall-fired) Firebox

VYertical

— Cast Iron

Figure 2-5. Commercial heating equipment types.
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0

temperatures can be tolerated, warm air furnaces are chosen over boilers. High rise and spread-

out buildings, however, almost always requfre boilers due to a demand for both hot water and warm
air, to space limitations for ducting, and to equipment size limitations. jWarm air furnaces are
available in sizes up to approximately 5 MBtu/hr (1.46 MW) while boilers theoretically can be as
large as central station power plants. Commercial warm air furnaces and boilers are fired pri-
marily with distillate fuel oil and natural gas, although some boi]grs in this size group burn
residual fuel oil and, to a small degree, process gas. Nationwide, about one-sixth as much energy
is used to generate hot water for washing in commercial facilities as is used to provide Space'héat-

ing (Reference 2-20).

The type of boiler chosen for a given commercial heating application depends mostly on the
size of boiler required or its function. Generally speaking, cast iron sectional boilers are used
for supplying most Tow pressure steam or hot water in small to medium size projects. Firetube
boilers, most of which are packaged, are available in sizes up to 50 MBtu/hr (14.65 MW), whfle
packaged* watertube boilers are available in capacities between 0.4 MBtu/hr and 250 MBtu/hr (0.12 -
73.25 MW).

2.2.1 Commercial Equipment Description

Commercial size heating equipment is available as warm air furnaces, cast iron boilers, fire-
tube boilers, and watertube boilers. Commercial size cast iron boilers are identical to residential
units except for size, Since cast iron boilers were discussed in Section 2.1.1.2, they will not be
described here. Watertube boilers, typical of operations larger than commercial size, comprise
only about 5 percent of all commercial boilers and will be described in Section 2.3.i.1. Therefore,

the remainder of this subsection is restricted to firetube boilers and commercial furnaces.

2.2.1.1 Commercial Warm 0i1 Furnaces

The commercial warm air furnace design concept resembles that used for residential heating
purposes except that the larger scale equipment dictates that the unit usually be mounted on the
roof of the building. The designs of these units vary considerably among manufacturers, unlike
the domestic sector. The apparent standardization of the latter is due mainly to the Targe sales
volume as well as the extremely competitive marketplace. These conditions differ sufficiently in

the commercial heating sector to allow some design innovations, especially in gas-fired units.

s

® . . . < . .
A packaged boiler is a unit which is engineered, built and warranteed by one manufacturer. Thus,
the unit is assembled (packaged) at the manufacturers plant and fire tested before shipment.
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The burners in these units tend to be inherently more versatile than in residential units. -
For example, many have the ability to operate at a greatly reduced load (large turndown capability).
Novel heat exchangers are also more common in these unitg. These may include finned heat exchanger
tubes, different heat exchanger materials, and more f]exibi]ity in design. Higher quality con-.
struction materials and larger fnterior volumes are other factors that distinguish commercial-size
from domestic-size furnaces. In general, burner and combustion chamber design modifications have
the same effect on emissions and efficiency in commercial furnaces as they do in the smaller .domes-
tic units discussed earlier. Therefore, that entire discussion applies to commercial size units

and will not be repeated here.

2.2.1.2 Firetube Boilers — Capacities up to 25 MBtu/hr (7.3 MW)

In a firefube boiler the products of combustion are directed through tubes whiéh are sub-’
merged in water. The tubes are normally straight and may be horizontal, inclined, or vertical,
with one or more passes. They ére held in place inside the boi]eF shell by tubesheets at eithér
end of the bundle. Excebt for small domesfic units, many of which are vertical, most Qnits have
" horizontal tubes. Firetube boilers have larger water storage capacity than cast iron boilers which
effectively dampens wide fluctuations in steam demand. In addition, they are more efficient than

simple shell boilers because heat is absorbed by the tubes as well as the shell.

Firetube boilers are used where steam demands are relatively small. The principal uses
of firetube boilers are for heating systems or industrial process steam. The heating boilers are
restricted to 15 psig (0.1 MPa) steam pressure or 30 psig (0.2 MPa) hot water pressure. . Power

boilers in this class are usually limited to about 350 psig (2.4 MPa) steam pressure,

Most Scotch and firebox firetube boilers are now constructed with an internal furnace, which
is substantially surrounded by water-cooled surfaces. The internal furnace in a firebox firetube

boiler, described below, is surrounded by water-cooled surfaces except at the bottom.

There are many firetube boilers in operation which have been constructed with an external
furnace, usually of brick construction. The brickset type is not very suitable if water scale or

silt is to be expected.

. The following types of firetube boilers-are now commercially available or installed in exist-

ing buildings:
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o Horizontal return tubular — Capacities up to 22 MBtu/hr (6.4 Mw)

The horizontal return tubular (HRT) is a two-pass (one under the shell and one through the
tubes) power boiler. It was formerly the most popular type of firetube boiler. At present, approxi-
mately 10 percent of all commercial-size boilers are HRT. Water circulation tends to be sluggish,

contributing to a relatively Tow boiler efficiency.
e Firebox — Capacities up to 20 MBtu/hr (5.8 MW)

The two major types of firebox boilers are the short and the compact, the former employing

water-jacketed firebox. Since the furnace size is limited, proper matching of burner flame length
and combustion volume is a critical factor. The greatest advantage of this type of boiler is its

efficiency and the minimum floor space required for installation.

two passes and the latter three. These units are constructed with an internal, steel encased, !5
[
|
|
e Vertical — Capacities up to 3.5 MBtu/hr (1.02 MW)
i
i

Vertical boilers are normally single-pass boilers and are used for'power boiler apb]ications
or as commercial hot water and steam boilers. Power boilers are designed for up to 3.5 MBtu/hr
(1.02 MW) and high head room is required for these units. They have a limited steam release sur-
face, are restricted to a maximum pressure of 150 psig (1.0 MPa) and, since the upper ends of the

tubes are steam-cooled, require a slow startup to prevent tube damage by overheating.

e Scotch — Capacities up to 25 MBtu/hr (7.3 MW)

since become one of the most popular firetube boilers. The trend toward increased use of this

boiler type continues.

!

!

|

]

This type of boiler was developed 30 years ago based on the Scotch marine boiler and has

[
Figure 2-6 shows a typical oil-fired Scotch boiler. Its design emphasizes compactness and g
limited head room. It is capable of gas, 0il, or combination firing. Inside shell diameters are |
normally limited to about 95 inches (2.4 m) and operating pressures to 350 psig (2.4 MPa) although

some units are designed for 600 psig (4.1 MPa).

I
Characteristics of a typical Scotch boiler are given in Table 2-9. They can have either i;
two, three, or four passes. The burner flame is contained in an elongated, water-cooled combustion tr
chamber which also acts as the first pass. This charactéristic is unique to this fype of boiler. !
The rear wall of the furnace is either refractory-lined ("dry-back") or water-cooled ("wet-back")
in the later versions. Due to the relatively small diameter firetubes and concomitant large pres-

sure drop, three and four pass units generally require provision for mechanical draft.
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Flue Firetubes, showing flue gas
directions

Burner

Four-pass scotch firetube boiler (courtesy of the

Figure 2-6.
Cleaver Brooks Company).

2-27




TABLE 2-9. CHARACTERISTICS OF A TYPICAL 3.2 MBtu/hr (0.94 MW)
PACKAGED SCOTCH FIRETUBE BOILER

Heat exchange area: 400 ft2? (37 m?)

n

1 to 2 feet (0.3 - 0.6 m)
10 to 12 feet (3 - 3.6 m)

Combustion chamber dimensions: D
L

1}

Excess air: 5% to 40% l '
!

Firetube diameter: 1 to 2 inches (25 - 50 mm)
Common operating mode: . Hi/Low fire modulation

Ignition system: Spark

Maximum gas side heat exchanger temperature 900°F (482°C)
Overall steady state efficiency: 80%

Exit flue gas temperature: 450°F to 650°F (232°C - 343°C)
Natural gas fuel consumption: 3350 ft3/hr (0.03 m3/sec)
Light fuel 011 consumption: 24 gal/hr (25 cm®/sec)

I
Draft system: Forced




Most Scotch boilers are designed with as little heat1ng‘surface as is practical for firetube
boiler construction. Typically, 5 square feet of heating surfaces are required to produce 1 boiler

horsepower. Improved‘heat transfer ¥s obtained by one or more of the following design features:

e High flue gas velocities throughout the boiler due to the use of ‘a steadily diﬁiﬁishing

number of constant-diameter firetubes in each subsequent pass
o Turbulators in the firetubes
e Improved water-side circulation by internal baffling and other means

Due to. their compact design and multiple tube passes, the packaged Scotch boiler is more

difficult to clean than other firetube bof]ers.

A1l firetube boilers must be designed in accordance with the ASME PoWer Boiler Code (Section I)
or Heating Boiler Code (Section IV). They are rated by the American Boiler Manufacturers Associa-

tion.

2.2.1.3 Atomization Methods

As was the case with domestic sized furnaces, a variety of burner types are used for com-
mercial sized boiler applications. The main distinguishing feature is the method of atomizing the

oil. Four techniques can be used:
e Air atomization
] Steah atomization
e Mechanical atomization (01l pressure atohizétion)
® Rotary cup burners

Most air atomizing oil burners used in commercial sized boilers are high pressure units.
These are similar to the low pressure mechanical burners used in domestic furnaces, the oil flow-
ing through a central tube in the nozzle and the atomizing air flowing in an annular tube around
the oil passageway. The difference is that the mixing of oil and atomizing air is more violent
than in the mechanical burners in order to atomize the oil into fine drops. This mixing can take
place either outside or inside the nozzle, though a lower air pressure can be used if the former

method is chosen.

Steam atomized burners are identical to high pressure air atomized burners except that steam

is used in place of the pressurized air. The use of steam is often desirable since a supply of
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high pressure steam is readily available at the boiler. Steam atomization is limited to use in

boilers which attain steam pressurés in excess of 100 psi (690 kPa),

Mechanical (pressure) atomizing oil burners have been discussed previously (see Section
2.1.1.1). Rotary cup burners utilize a rapidly rotating cup to which oil is supplied. The rotary
motion of the cup causes the oil to form a thin film on its sides. Centrifugal force pusﬁes the
0il to the 1ip of the cup at which point it is flung off in the form of tiny droplets. The mean
droplet sizé decreases as the rotary speed is increased. O0lder rotary Burners are being phased out
at present, primarily because of their high maintenance requirements (see Section 4.1.2), a]though

some new designs may be able to operate cleanly with no more than normal maintenance.

A11 four types of atomization can be used with fuels ranging from distillate to No. 6 resid-
ual oil as long as proper oil preheat is applied to reduce the viscosity of the heavier oils before

they enter the nozzle.

2.2.1.4 Tuning

The tuning of commercial units is no less important than it is for domestic burners, and the
procedures and effects are similar in both cases. In addition, o0il preheat must be adjusted in com-

mercial units which use heavy oil.

2.2.1.5 Cycling and Modulation

The operation of a boiler differs from that of a warm air furnace in that control of water
temperature and steam pressure can be achieved by modulation of burner output as well as by cyc1ingl
the burner in an on/off mode. The modulation method is preferable, especially in thé case of resid-
ual oil firing. Data from Reference 2-16 indicates that particulate emissions from some boilers
firing No. 6 0il can decrease by a factor of two as the load is reduced from 80 percent of rated

conditions to normal low-load firing.

2.2.2 Emissions from Commercial 0il Burners

Particulate emissions from oil-fired commercial boilers vary over a wide range due to the
variety of fuels burned. Barrett, et al. (Reference 2-15) have related carbon residue, carbon con-
tent, viscosity, and API gravity to particulate emissions. Since the first three properties are
all related to the API gravity, particulate emissions are too. The net result is that as API grav-
ity decreases, particulate emission increases. Average emission factors for the sample of commer-

cial boilers tested in Reference 2-15 are given as:
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L R B I e
: 1b/MBtu (ng/J)
No..2 35 | 0.011 (4.7) .
No. 4 22 0.047 (20.2)
No. 5 19 - | 0.087 (37.4)
No. 6 16 0.25 (107.5)
LSR* - 23 0.087 (37.4)

Larger conmercia]’boi]efs than those tested in Referenée 2-15 will have emission characteristics

similar to industrial size boilers. -

The efféct of boiler load on particulate emissions is shown in Figure 2-7. In general, in-
creasing load does not significantly affect filterable particulates except for firing of No. 6
fuel o0il. Increases in partfcu]ate emissions for four boilers fired on No. 6 ranged from 0.001 -

0.008 1b/MBtu (0.43 - 3.44 ng/J) for each 1 percent increase in load.

Barrett, et.al. (Reference 2-15) .have suggested appropriate emission factors based on emis-
sions datg from 27 boilers in steady operation at 80 percent load and 12 percent CO2 in the flue
gas. These numbers listed below represent a second degree curve fit to a plot of emission data

versus API gravity.

Suggested
Fuel Emission
. Grade Factor
1b/MBtu (ng/J)
No. 2 0.0086 {(3.7)
- No. 4 0.093 (40.0)
No. 5 0.18 (77.4)
No. 6 0.24 (103.2)
No. 6 0.08- (34.4)
(1% 3)

*Low sulfur residual typical of that marketed on the East Coast in 1971-72. Most heavily impacted
regions already require residuals to contain no more than 0.3 or 0.5 percent S.

2-31




100

80

A-12364

60

40

20

Filterable Particulate Emissions, 1b/1000 gal

Boiler load, percent

Figure 2-7. Effect of load on filterable particulate emissions
from commercial boilers (particulate emissions by
Battelle Modified EPA Procedure, Reference 2-15).
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They represent an improvement over the customary method of assigning one emission factor to resid-

ual oils as a whole in that the considerable effect of API gravity on emission is included.

2.2.3 Population Distribution

In this section, the population of commercial boilers are characterized with respect to
boiler type, fuel capability, and burner type. Recent and estimated future trends in boiler and

burner type and fuel capability are also presented.

2.2.3.1 Population Pistribution by Boiler Type

Table 2-10 shows the population distribution by boiler type for all commercial boilers cur-
rently in use. A review of the design features of the boiler types listed is giéen in Section

2.1.1.2, 2.2.1.2, and 2.4.1.1.

It is evident from Table 2-10 that watertube boilers comprise only a small fraction of the
total commercial boiler population. A large fraction of the smaller size units are cast iron

boilers, whereas most of the larger commercial ones are firetube boilers.

The sales data from 1975 (Reference 2-28) show that a large percentage of the commercial’
size boilers sold in that year were Scotch firetube units. This would indigate‘§hat Scotch boil-
ers account for a larger fraction of the 1975 population than indicafed in Tab]e'2—10.‘ This
growing popu]arity of Scotch boi}ers is jndicated in Table 2-11 which shows past and estimated
future trends in the number of commerci§1’bpi1ers=in’service for the years noted. Thus, pack-
aged Scotch boilers appear to'havé Féb]aéed horizonta]'peturn tupu1ar boilers in the two larger

size ranges. Other than thié‘historical shift, no major changes have occurred since the 1950's

v

nor are any predictéd‘forvfheknéxt 15'ye5r5:5

2.2.3.2 Population Distribution by Fuel Capa5i1ity

Table 2-12 shows thé-popdlatibn dﬁstribﬁtion 6% commercial sized units in terms of fuel
capabilities. The majorityhof the unifs ére fueled witH 0i1 orrgas, coal being used in only
1 or 2 percent of the systems. Less than 10 percent of the units have multiple fuel (oil/gas)
capability, though 1975 sales data indicates a large number of oil/gas units sold in that year

(Reference 2-28).

In the oil-fired units listed, the fraction of residual oil burned increases from 5 to
50 percent as the size of the unit increases from 0.3 - 10 MBtu/hr (88 kW - 2.93 MW). The rela-
tive amounts of the various types of oil used is important because particulate emissions are a

strong function of fuel characteristics.
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TABLE 2-10. POPULATION DISTRIBUTION OF COMMERCIAL BOILERS BY BOILER TYPE (1972)*

Rated Capacity MBtu/hr 0.33 - 1.7 1.7 - 3.3 3.3 - 10.0
Size Range (MW) (0.096 - 0.50) | (0.50 - 0.96) | (0.96 ~ 2.93)

WATER TUBE

Coii 2 3 2

Firebox 1 1 1

Other 3 4 2
FIRE TUBE

Packaged scotch 16 20 30

Firebox 25 25 30

Vertical 1 0.5 nil

Horizontal Return Tubular (HRT) 5 10 15

Misc. (locomotive type, etc.) 2 3 5
CAST IRON 45 33 15
MISC. (TUBELESS, ETC.) 1 0.5 nil
TOTAL 100% 100% 100%

*Source: Reference 2-20
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Table 2-13 shows the past and estimatéd future trend in commercial boiler fuel capability.
In response to recent gas and oil shortages, many units which now burn only gas are being replaced
by dual fuel (oil and gas) systems, and same of'these which now use only 0il are being'replaced
by coal-fired boilers. This trend is projected for all commercial boiler sizes, although in vary-
ing degrees. Sales data for 1975 show that almost one-third of all units sold have mu]fip1e‘fue1

capabilities (Reference 2-29).

2.2.3.3 Population Distribution by Burner Type

Table 2-14 gives the population distribution of .commercial sized units in terms of burner
type. Mechanical atomization predominates in the smaller size boilers, while air atomization and

rotary type burners comprise a large fraction of the bigger units.

Classification of oil-fired units inh terms of burner type is particularly important in any
study dealing with particulate emissions. The size of the atomized 0il droplets, which is a func-
tion of the type of atomization employed, has a direct effect on the amount of particulate emis-

sion, as discussed previously.

Table 2-15 shows past and estimated future trends in burner types in terms of the number of
units of a particular type in service for a given year. The past trend away from rotaryrburners
is projected to continue until they disappear entirely in the near future. In large units the
rotary burners have been replaced mainly by air atomizing types whereas in the smaller boilers and

furnaces they have been replaced by both air and mechanical atonizers.

2.3 INDUSTRIAL SYSTEMS — 12.5 - 250 MBtu/hr (3.7 - 73.25 MW)

Industrial size heating units are composed entirely of firetube and watertube boilers.

Firetube boilers were discussed in Section 2.2.1.2, and,watertube boilers are described below.

2.3.1 Equipment Description

2.3.1.1 Design Features of Watertube Boilers

Abave a capacity of 30 MBtu/hr (8.8 MW), industrial boilers are almost exclusively of the
watertube type. They also dominate the market where design pressure exceeds 150 psig (1.0 MPa).
As the name implies, watertube boilers are designed to flow water throuéh the heat transfer tubes,
instead of combustion products as in the firetube design. Because of the smaller diameter of the

pressurized components and the ability of tubes to accommodate expansion, watertube boilers are
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better able to contain the high pressure than are firetube units, and, hence, they are an inher-
ently safer design. Efficiencies attained in watertube boilers are about 80 percent without heat

recovery.

Watertube boilers can bé either field-erected or packaged. Common sizes for the former type
fall between 50 and 500 MBtu/hr (14.6 and 146 MW) while the capacity range for the latter is 10 to
350 MBtu/hr (2.9 - 102 MW).

Since the industrial-sized watertuEe packaged boiler was first introduced in the eariy 1940's
they have become very.popular. In the period of 1930 - 1950, almost 95 percent of the units between
10 and 100 MBtu/hr (2.9 - 29 MW) were field-erected. However, it is anticipated that by 1990 about
99 percent of this class will be packaged. Similarly, until 1950 all of .the watertube boilers in
the range of 100 to 500 MBtu/hr (29 - ]46AMW) were field-erected. Forecasts indicate that by 1990
about 90 percent of the sizes up to 250 MBtu/hr (73.25 MW) will be packaged.

‘Field-erected boilers are usually balanced draft* and, thérefore;.require both forcedldfaft
and induced draft fans. Field-erected boilers are commonly fired with coal, gas, oil, and/or waste
fuels. Many ,such boilers exisf today, but very few new applications have capacities lower than
200 MBtu/hr (58.6 MW), except for solid fired uhits. The paékaged boiler's domination of the oil-
and gas-fired market below 200 MBtu/hr (58.6 MW) is due to their Tow capital cost.

Packaged watertube boilers are used for gas and oil-firing app]iéations. They are not used
for coal-firing because they have much smaller furnace volumes than are ﬁermissib]e. They are de-
signed to be rail-shipped as a complete, single package with minimumvfiéldwork. The furnaces are
also designéd to operate under positive pressure versus the balanced or s]ight]y negative ﬁressure

found in larger field erected units.

The two general types of watertube boilers are horizontal, straight and bent tube boilers.
Straight watertube boilers are no Tonger manufactured, having been completely supplanted by fire-
tube boilers in the smaller sizes and bent watertube boilers in the intermediate sizes. There are,

however, a large number of straight tube boilers sti]]rin operation.

Straight Tube Boilers

The straight tube boiler (Figure 2-8) oWed its early popularity to its low draft 1oss, good

tube visibility for inspection and cleaning, design that facilitated tube replacement, and Tow

*Balanced draft refers to a boiler where static pressure at a specified location is equal to atmos-
pheric. The top of these boilers is at a slightly subatmospheric pressure.
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headroom requirements. However, it is often subject to leaks around the handholes, considerable
labor is required to open a sectional header for inspection, and it has poor water distribution

and low circulation rates.,

These boilers are normally baffled to create two or three flue gas passes across the water-
tubes. The tubes are grouped into sections and expanded at the ends into headers. The headers
are connected to the drum by downcomers for supplying water to the tubes and by risers for dis-
charging water and steam from the tubes. Thé “horiéonta]" tubes are inclined at an angle of
5° to 15° for natura1'c%rcu1at10n of the water. The flue gas is normally moved by a forced cir-

culation fan.

Horizontal straight tube boilers can be subdivided by type of header and/or type of drum.
One variation of this type of boiler is a straight watertube boiler built with a steel encased,
brfcklined firebox with water cooled walls. The water and steam are contained in an enclosure
above the crownsheet. It is designed for 1 to 18 MBtu/hr (0.293 - 5.3 MW) and 15 psig to 250 psig

pressure (0.1 -~ 1.7 MPa).

Horizontal Bent Tube Boilers

Horzontal bent tube boilers, the other major type of watertube boiler, are classified by.fhe
number of drums, headroom, and tube configuration, the latter of which is thevmost important dis;
tinguishing factor. In the boiler each tube is connected to the steam drum and to at least one
Tower drum or header (see Figures 2-9 and 2-10). The tubes enter a drum radially and are designed
"to allow for the anticipated expansion. The furance is of the waterwall type backed uplwith re-
fractory. The tubes, which form the furnace waterwall, are an integral part of the boiler. The
sﬁeam drum contains internals, such as séparators and cyciones, to facilitate steam-water separa-
tion. Bent tube boilers havé thé advantage of great design flexibility, making them readily adapt-
able to space Timitations by either extending their length or, more practically, the wdith. They
_provide good accessibility for 1nspectionvand cleaning, which normally entails mechanical cleaning

from inside the steam drum.

Most packaged units are 0il-, gas-, or combination-fired, although there are some coal-fired
packaged units. The furnace wall cooling tubes are usually oriented vertically. Vertical furnace

tubes are particularly desirable in coal-firing since they are less susceptible to slag adherence.

Heat recovery from the flue gas is practical and often desirable with bent tube boilers,
particularly in the intermediate and large sizes. The recovery unit may consist of an economizer

which preheats feedwater, an air preheater to heat combustion air, or both.
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A-type has two small lower drums
or headers. Upper drum is larger
to permit separation of water and
steam. Most steam production
occurs in center furnace-wall
tubes entering drum.

D-type allows much
flexibility. Here

the more active
steaming risers enter
drum near water line.
Burners may be lo-
cated in end walls or
between tubes in
buckle of the D, right
angles to drum.

0-type is also a com-
pact steamer. Trans-
portation Timits
height of furnace, so,
for equal capacity,
longer boiler is
often required.
Floors of D and O
types are generally
tile-covered. -

1\
AL/
P o

Figure 2-9. Types of bent tube packaged watertube boilers.




Figure 2-10. D-type bent-tube configuration (courtesy of the
Cleaver Brooks Company).
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The larger industrial-size, field-erected watertube boilers, that is, Targer than 25 MBtu/
hr (7.3 MW), are identical to utility boilers used for generating electrical power. These multi-
burner facilities are available in the tangentially-fired design as well as the wall-fired type

found in the smaller units.

2.3.1.2 Atomization

The type of atomization employed in a given unit has been shown to affect both the total
amount of particulates emitted and their size distribution. McGary and Gregory (Reference 2-19)
compared particulate data for steam, air, and mechanical atomization techniques- from the effluent
of three large industrial boilers. They showed that air atomization produced an order of magnitude
less particulate than the mechanical approach (Table 2-16). In addition, analysis of the particu-
Jate for combustibles showed that the Tower emitters also produced particulate with proportionally
less combustible content. Both these results indicate that air atomization leads to more compiete

combustion than steam, which is already much better than mechanical atomization.

Further evidence of the superiority of air to steam atomization is found in Reference 2-22
where a single boiler fueled with No. 5 o0i1 was alternately fired using both types of atomization.
Air atomization produced 32 percent less filterable particulates than did steam (total particulates

were reduced by 16 percent.

2.3.1.3 Soot Blowing

In large boilers which see continuous operation, it is necessary to periodically remove the
soot which accumulates on the heat exchanger tubes. This soot layer effectively decreases the heat
transfer to the working fluid and, consequently, the overall boiler efficiency. In addition, it
can cause "hot spots" or corrosion which eventually will cause the boiler tubes to fail. Nearly all
industrial watertube boilers that produce more than about 30 MBtu/hr heat input (8.8 MW) are equipped
with soot blowers, and occassionally units that are oﬁe-ha]f this size also have them. Some fire-
tube boilers that burn residual oil use soot blowers, too, but this practice is not common. Onev
jmportant reason is that firetube boilers generally do not produce the high pressure steam needed

by the blowers.

The soot blowing operation is accomplished by activating a high pressure nozzle which travels
the length of the boiler and directs a high pressure stream of air or steam onto the boiler tubes,
thus dislodging the soot. The operation generally consumes less than 1 percent of the boiler's
thermal output and lasts for 2 -5 minutes, depending upon the size of the boiler, its design, the

fuel, and the soot blowing procedure used. Frequently a boiler operator will clean one section
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of his boiler with .a 2-minute blow and then the other section about 1 hour later with another 2-
minute blow. Another approach is to use frequent 10 - 20 second puffs. Both air and steam can

be used, and they are equally effective (when measured by effectiveness per unit energy input).

The choice depends upon the economics of the situation at the facility where the boiler is located.
If high pressure‘steam is réadfiy avai1a5{e,‘as 1h awutf1ity Bﬁileé;lthfé médfum will be used. If
however, the boiler is relatively small, so that an ample steam supply is not available, and if

the plant already has air compressors to supply "shop air" or processes which need high pressure
air, then the boiler operator will probably opt for an air soot blower system. fn any case, the
system is always designed to effeﬁtive]y remove the accumuiated deposits from the heat transfer sur-
faces. Therefore, there is no reason to suspect ﬁhat differencés in soot blowing equipment or con-

figurations will affect the mass of particulate emitted during the c]eéning cycle.*

Small oil-fired boilers may have only two soot-blowing heads, each servicing half the boiler
heat exchanger section. When.one of these blowers is activated, it cleans ay]arge fraction of the

total surface being blown and, consequently, the smoke emanating from the stack may have an opacity

operate sequentially. In such a system, only a small fraction of the total blown surface is being
cleaned at a given time, and, consequently, a less severe change in Ringelmann number is seen at the
stack. In very large utility boilers, the soot-blowing operation may take place cyclically, with

operation of the last blower in the sequence being followed by the first, again.

2.3.1.4 Emissions

There appears to be little availaﬁ]e data on %i]teraﬁ]évbartiéulate emissibn Tevels from
industrial size boilers. However, emission levels have been measured for some of the smaller
boilers in this category operating at baseline conditions (Reference 2-22). These data are shown
in Figure 2-11. Industrial units in the size range 15 - 120 MBtu/hr (4.4 - 35h1.Mw) fueled with
distillate have emissions comparable to that of commercial units, that is 0.01 -10.03 1b/MBtu

(4.3 - 12.9 ng/d). As boiler capacity increases, this level appears to decrease:

A similar trend is seen in the case of those units tested which burned residual o0il, for
the mass emissions decreased from 0.1 to 0.04 1b/MBtu (43 - 17.2 ng/Jd) as boiler capacity increased
from 50 to 130 MBtu/hr (14.7 -'38.1°Mu).

*Since there is not data to substantiate this statement several boilers should be tested to deter-

mine how total emissions and particulate size distributions vary with time, both during and be-
tween soot blowing operations, and with soot blowing equipment and frequency.
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of 80 to 100 percent (Reference 2-21). ' Large boilers can have as many as 25 soot b]owing‘ﬁeads which
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The larger industrial boilers, which are similar to the smaller size utility boilers, ex-
hibit lower emissions than the smaller industrial boilers for two primary reasons. Due to the
large quantity of fuel consumed in these units, any reduction in efficiency due to substandard
combustion becomes very expensive. Therefore, the larger units often receive better maintenance
and are operated under more carefully controlled conditions than the smaller units. Secondly,
there is a certain degree of custom engineering involved in the design of utility and large in-
dustrial boilers, including expensive control systems. This often results in reduced emissions.
Therefore, particulate emission concentrations from large industrial®boilers are comparable to
those from utility boilers and significantly lower than those from commercial and smaller indus-

trial units.

EPA has recently revised the emission factors for particulates from oil-fired boilers and
furnaces (Reference 2-26). These new factors recognize the effect of fuel on particulate emissions
by specifying a separate factor for each residual fuel grade and, further, by relating emissions

to sulfur content in No. 6 oil. Table 2-17 presents the new factors and also shows the old ones

for comparison. The new emission factors are averages for each fuel grade and do not distinguish

among different size units. Thus, they do not show that emissions decrease as the boiler size

increases (see Reference 2-23).

2.3.2 Population Distribution

This subsection presents the population distributions of industrial size oil-fired firetube
and watertube boilers. Separate tabulations are given for population by boiler type, fuel capa-

bility, and burner type.

2.3.2.1 Population Distribution by Boiler Type

Table 2-18 shows the population of industrial boilers classified in terms of boiler type.
Firetube boilers account for more than three-quarters of the population in the size range below
16 MBtu/hr (4.7 MW), while nearly all boilers over 100 MBtu/hr (29.3 MW) are of the watertube
type.

As shown in Table 2-19, firetube boilers have become increasingly popular in the smallest
size range, and this trend is expected to continue. There is also an increasing preference for

packaged, as opposed to field-erected, watertube boilers in the large size categories.




9 XLpudddy 895 S4030v4 UOLSASAUOD ;ou++
mmwp*_wp: Burpn|ox3
X%
$51111L1N 404 BUO P[0 BY3} Sjenba 4030B4 PBSLASL Y] ‘960 2y (2ubiem £q) [8n} ui Jngins JuadJad = m+

. ‘ gZ-7 9JUa4348Y nmogzom*

8'¢e | €50°0 ‘ - | - - . A3LLLAN mw f
9°'8 + S X 8°82 020°0 + S X £90°0 9 "ON A3LL130 + dA0qY
#8769 <] %x€GL°0 o e8| £90°0 g oN : 3LLLAN + OAOQY
| ¢°0¢ | ) [y0°0 ¥ "ON L1130 + ahoqy
L , _ . LeL43snpug
0°9% L0L°0 20°9 _ ¥10°0 aje||listd ¢ LRUOLINLISUT ¢ LELOJSUMO]
§°0¢ - 1070 eﬂwN 810°0 aje|[11siq leLjuoptsay

p/6u . mgn/qL p/6u ) n1gW/qL
PLO o LPISLASY ‘ {any juswdinb3 -
1 SH030Rd uoisstug

xS32UNOS NOILSNAW0D TYNYILXI (IYI4-110 ¥04 SY0LOv4 NOISSIWI G3ISIAR “LL-2 318Vl




TABLE 2-18. POPULATION DISTRIBUTION OF INDUSTRIAL-BOILERS BY

BOILER TYPE (1972)*

Rated

Capacity MBtu/hr 10-16 17-100 101-250
Size Range () (2.9-4.7) |(5.0-29.3)(29.6-73.3)
WATER TUBE ;

Packaged 15 55 25

Field erected 7 24 75
FIRE-~TUBE

Packaged scotch 30 10 -

Firebox 25 10 .-

Horizontal return‘tubular (HRT) 20 1 -

Misc. (locomotive type, etc.) 3 nil -
TOTAL 100% 100% 100%

*Source: Reference 2-20.
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2.3.2.2 Population Distribution by Fuel Capability

Table %-20 shows the population distribution of industrial boilers in terms of fuel capa-
bility. 0i1 and gas are the Erimary fuels for the-smaller size units. However, coal is of almost

equal importance in the larger sizes.

0f the oil-fired units smaller than 16 MBtu/hr (4.7 MW), approximately 30 percent ﬁse dis-
tillate, No. 4, or unpreheated No. 5. Boilers in the larger size ranges, however, are fired almost

exclusively on prehedted residual.

Table 2-21 shows past and estimated future fueling trends. Until recently, coal experienced
a decrease in popularity, while at the same time, distillate use had been on the rise. Ever tight-
ening air pollution regulations caused both trends, but oil and gas shortages are expected to stimu-

late a shift back to coal in all size ranges.

The types of fuel used depends to a large extent on the geographic region in which the user
is located. Table 2-22 shows the'nationa1 distribution of fuel usage for industrial éized boilers
(Reference 2-21). The data is in terms of percentages of total fﬁe1 consumed in a particular geo-
graphic region based on the conversion of all fuel consumption into units of "ton equivalent coal.'*

A map showing the related geographic regions is presented in Figure 2-12. -

The regions using the largest percentage of oil to fuel their industrial boilers are the
Atlantic Section (AT), where oil accounts for over 92 percent of the total fuel usage, and the
Rural North (RN), where 0il accounts for 84 percent of this total. This reliance on 011, coupled
with the large amount of industry Tocated in those areas, makes them a particularly 1akge source

of oil-derived particulate emissions.

2.3.2.3 Population Distribution by Burner Type

4

As indicated in Table 2-23, all burner types are employed to a significant degree in small
sized boiler applications. In the larger boilers, where production of sufficient quantities of
high pressure atomizing air is a problem, steam atomizing burners predominate in spite of evidence

(Reference 2-19) that air atomization produces signifiantly lower particulate levels. Rotary type

*The conversion was based on a heat content of 12,776 Btu/1b (29.7 MJd/kg) for coal, 19,570 Btu/1b
245.5 MJ/kg) for distillate oil, 19,050 Btu/1b (44.3 MJ/kg) for residual oil, and 20,000 Btu/1b
46.5 MJ/kg) for gas.
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TABLE.2-20. POPULATION DISTRIBUTION OF INDUSTRIAL BOILERS BY FUEL CAPABILITY (1972)*

| Rated Capacity MBtu/hr 10-16 °| 17-100 | 101-250 251-500
“'" Size Range - - “(MW) (2.9-4.7) | (5.0-29.3) |(29.6-73.3) | (73.5-146)
s .
011 only 35 35 30 22
Gas only | I 35 22 2
Coal only 3 10 ~ 18 % 22
0il & gas and gas & oil L 16 18 - 26 : 23
0i1 & coal and coal & 0il - - | - 0.5 | 3
Gas & coal and coal & gas - - 0.5 | 3
Misc. fuels 1. K 2 . 3 5
(alone or with alternate fuels) |
TOTAL , 100% 100% 100% 100%
OIL .
Distillate, No. 2 ‘ 10 2 | 2 2
Resid (90) (98) (98) (98)
No. 4 and Tight No. 5 (no preheat) 20 2 il nil
Heavy No. 5 and No. 6 (preheated) 70 96 98 98
TOTAL OIL 100% 100% 100% 100%

*Source: Reference 2-20
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TABLE 2-22. .DISTRIBUTION OF FUEL USAGE IN INDUSTRIAL BOILERS
BY REGION PERCENT ON A "TONS EQUIVALENT COAL"
BASIS (Reference 2-21)

Région Coal Dist()i11]1ate Resoiid]ual Gas
AT 5.7 25.9 66.9 1.5
GL 24.5 125.3 38.3 11.9
WS 0.9 5.4 62.7 30.9
cu 22.1 9.1 32.5 36.4
SE | 29.2 13.5 43.8 13.5
RN 10.9 26.6 57.8 | 4.7
Total | USA 11.9 20.9 57.3 10.8
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TABLE 2-23. POPULATION DISTRIBUTION OF INDUSTRIAL BOILERS BY BURNER TYPE (1972)*

Rated Capacity MBtu/hr 10-16 17-100 101-250
Size Range (MW) (2.9-4.7) {(5.0-29.3) | (29.6-73.3)

OIL BURNERS

Air atomizing 40 15 5
Steam atomizing 20 70 85
Pressure or mechanical atomizing - 10 10 10
Rotary . 30 5

TOTAL OIL 100% 100% 100%

*Source: Reference 2-20
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burners are expected to be replaced by air or steam atomizing types in the near future (see

Table 2-24).

A description of the various types of o0il burners presently in use was given in Sections

2.1.1.1 and 2.2.1.3.

2.4 UTILITY — OVER 250 MBtu/hr (73.25 MW)

2.4.1 Equipment Description

Boilers in the utility size range are all of the watertube type, previously described in

Section 2.3.1.1. Utility boilers are é]assified by their firing type — i.e., the particu]ar way !
in which the oil is injected into the boiler. The three primary firing types for oil-fired units g
are single wall (or front face) firing, in which a bank of burners mounted on a plane wall ejects |
fuel in one direction only, opposed firing, in which two banks of burners eject fuel toward one ‘
another, and tangential firing, in which the burners are located at the corners of a square and

eject o1l in such a direction as to give a macroscopic rotational motion to the combustible mixture. l

These firing types are shown schematically in Figure 2-13.

In addition to these firing methods, two others, vertical and cyclone firing, are primarily

|
|
' N
used for coal firing but can be used with oil. These are included in the population distribution !
for completeness. ;

2.4.2 Emissions

Particulate emissions from(uti1ity boilers are a function of boijér size more than anything
else. Measurements made in a recent study (Reference 2-23) indicate that the average particulate
emission levels from a sample of uncontrolled boilers decreased from 0.085 to 0.045 1b/MBtu (36.6 -
19.4 ng/J) as the boiler size increased from 1 to 500 MU, (see Figure 2-14). This sample includes
boilers which emit between 0.01 and 0.26 1b/MBtu. Emissions from large boilers (>200 Mwe) are rela-

tively Tow becauée these boilers tend to be new and equipped with sophisticated combustion controls.

the case of No. 6 0il, sulfur content (see Subsection 2.3.2 and Table 2-17). For a boiler burning
No. 6 oil with 0.5 percent sulfur content (by weight), the emission factor is 0.057 1b/MBtu (24.5
ng/d); if the oil contains 3 percent sulfur, the emission factor is 0.235 1b/MBtu (101 ng/J).

2.4.3 Population Distribution

Population data for utility boilers were obtained mainly from the Edison Electric Institute

|

i

!

|
EPA has proposed an emission factor for utility size boilers that depends upon fuel grade and, in EE
‘ [

i

|

l

[

%

which maintains a data bank containing information on approximately 900 power plants. A total g

i
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Figure 2-13. Standard firing types for oil-fired utility burners.
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sample of 650 utility boilers was considered, 307 of which were fired on 0il or oil with an alter-
nate. Additional data came from the Electric World Magazine (principal design features of elec-
tric utility boilers under qpnstruction), the Electric World Directory of Electric Utilities {a
list of power plants operating in the U.S.), and Moody's Public Utilities Manual {annual data on
regional fuel consumption). The .population distributions are presented by firing type and fuel

capability.

2.4.3.1 Population Distribution by Firing Type

Table 2-25 shows the population distribution in terms of firing type. The majority of
these oil-fired boilers use opposed or tangential firing, though approximately half of the

smaller ones emp]by single wall firing.

%

2.4.3.2 Population Distribution by Fuel Capability

Table 2-26 gives a population distribution of utility boilers by fuel capability. No dis-
tinction is made between primary and secondary fuel in the case of multifuel plants.. As one might
expect coal is the primary fuel, especially in the very large units (>600 MW). 'Approximate1y one-

half of the boilers which are not restricted to coal are configured to burn gas and oil.

A geographical distribution of 1973 fuel consumption by type is given in Figure 2-15. The
source of the data, Moody's Public Utilities Manual, also includes annual data of this type for
the last 25 years. Some mild trends are evident in that data, but they are not presented here

because they will be altered by "the need to rely more on coal.

What should be noted in the chart is the high percentage of 0il 'used in New England. Ref-

erence to NEDS data (see Table 1-1) indicates that oil combustion does in fact, account for a sig-

nificant fraction of the particulate emissions in some AQCRs within that area.

2.4.3.3 Population Distribution by Fuel Usage and Particu]ate‘Control

Table 2-27 shows how many oil-fired utility boilers are equipped with Qérticu]ate control
devices (usually electrostatic precipitators). These data were taken from the NEDS system and
include only those units that satisfied at least 10 percent of their fuel demands’with oil (Ref-
erence 2-23). Nearly 60 percent of the residual oil is burned in units whose heat input rate is
larger than 1000 Mwe). Only about one-half (55.5 percent) of the residua] 011 consumed by utili-
ties for the generation of electricity is burned in units that are equipped with particulate con-
trols. Apparently many of these boilers were converted from coal, and, therefore, the electro-

static precipitators were designed for coal flyash. As noted in Section 4.3.1, precipitators
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that are built for coal, and are later used on ofl, lose much of their efficiency. It is esti-
mated that the average collection efficiency of the precipitators on these boilers is 40 - 55

percent.

2.4.4 Effects of NOx Control Modifications on Particulate Emissions

Since Targe utility boilers are major contributors to the total nationwide emissions of NOX
newly installed units are required to meet stringent NOX Timits,* and many older units are also
being régulated by local air pollution control authorities. Therefore, boiler manufacturers and
operators are modifying their units to aqhieve the required Noxvreductions: and many of these
modifications have an impact on particulate emissions. The following approaches are currently

receiving the most attentjon in NOX control programs for oil-fired uti]jty,boi]ers:
e. Optimum combustion aerodynamics (especially turbu]énce level and swirl)
® Low excess air
e Off-stoichiometric combustion
° F1ue gasarecircu1ation
® ‘:Reduced wall temperatures

The flow patterns in the firebox determine how the air and fuel mix and how Tong the gages
remain in the high temperature region of the boiler. That is, the aerodynamics affect the tem-
perature-time history of the gases and, along with the primary and secondary air flow settfngs,
dictate the amount of oxygen locally available to the combusting mixture. These are precisely
the parameters which control the production of NOx and particulate. Unfortunately, however, the
optimum conditions for 1oW particulates, namely intense, high temperature flames, as produced by
high turbulence and rapid air-to-fuel mixing, are not the optimum conditions for low NOX produc-
tion. The latter pollutant is minimized in cooler, longer flames that come from Tow turbulence
levels and slow mixing of the air with the fuel. Therefore, most attempts to reduce NOx emissions
through a redesign of the combustor aerodynamics have had to devise a flow patternh that resulted
in“a well-controlled flame whose temperature was high enough to avoid smoke and Tow enough to

minimize NOX generation.

Swirl is one of the most important variables in determining the aerodynamics of the com-

bustor, but the effect on particulate emissions of optimizing swirl for low NOX is unclear. Since

*New Source Performance Standards for boilers >250 MBtu/hr (40 CER 60.42), which also limits par-
ticulate emissions to 0.1 1b/MBtu (43.0 ng/d).
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every burner has an optimum swirl ratio (a measure of ratio between circulatory and throughput veloc-

ticulate depends upon the swirl ratio in the "uncontrolled" burner and the relationship between the

ities) for minimum NOx and one for minimum particulate, the impact of NOX reduction efforts on par-
two optima. !
|

Since smoke and particulate emissions tend to increase as the available oxygen is reduced,
the degree to which the excess air can be Towered to control NOX is usually limited by the onset
of smoke. The Timiting excess air value depends upon the burner, and many modern systems can oper-

ate with as 1ittle as 3 to 5 percent excess air.

Off-stoichiometric combustion can be used to control NOx from large boilers with multiple
burners arranged in rectangular matrices. In general, this method employs locally fuel-rich com-
bustion in the burner region. Combustion is then completed as the bulk gases rise to lower tem-

perature regimes and are mixed with additional air.

Off~stoichiometric combustion for NOX control has been variously achieved through (1) oper-
ation of all burners fuel rich with injection of additional air through overfire air ports, (2)
operation of the lower array of burners fuel rich with upper burners operated on air only (bdrners
out of service), (3) operation of burners in a fuel-rich or air-rich mode in a staggered pattern
(biased firing). The degree to which off-stoichiometric combustion can be employed is frequently
T1imited. by particulate emissions which increase as the air supply %o the primary fuel-rich stage
decreases. To suppress particulate emissions it is crucial that the second stage air be well mixed
with the primary stage products and that the residence time following mixing of second stage air E;
be sufficient for carbon and CO burnout prior to quenching. It is particularly important to main- |
tain the burners in good condition when operating them fuel-rich to avoid smoke and high particu-

late emissions.

Flue gas recirculation tends to decrease both NOX.and particulate emissions; hence, the use
of this technique to comply with a NOX Timit should not interfere with attempts to reduce particu-
late emissions. The last technique, reduced wall temperatures, is probably the least 1ikely to

be used, which is fortunate because it increases particulates as it reduces NOX.
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. SECTION 3 -

i

FUEL OIL UTILIZATION AND IMPACT. ON EMISSIONS

In order to properly assess the problem of particulate emissions from 0il-fired furnaces and
bo%]ers,,it is necessdhy to look at the typeS and quantities of oils used tpday;and,the,impdct'bf
their utilization on particulate emissjons. Thérefore,lwe discuss below the avai1abi1ify and costs
of various fuel oils, their properties and property variations, their'impactfoh'particuiate émfssions

and the potential effects of fuel oil additivgs and pretreatment.

3.1 FUEL OIL PROPERTIES, AVAILABILITY, AND COSTS

The Qarious grades of fuel oil available today are No. 1; Nb;'Z; No. 4, No;fé:(iiéht) No. 5
(heavy), and No. 6. The first iwo are disti]iates; ‘the last three, residual oi]év~ Grade No. 4 oil
can be a distillate or a mixture of distillate and residual oils.(Reference 3-24). These 0ils are
classified according to their physical characteristics by the specifications in ASTM standard D-396.
These specifications are presented in Table 3-1. Even though fefiners and suppliers have agreed to
conforin to these specifications (see footnote g in Table 3-1), there are sti}] wide variations in
the properties of U.S. fuel oils. Table 3-2 shows the ranges of some selected fuel oil properties.
These ranges change only siight]y from year to year. From Table 3-2 it is evident that fuel oil

properties can vary from below the minimum to above the maximum Timits set forth in Table 3-1.

The amount of sulfur in fuel 0ils is related to the crude oil from which they are derived
and to the additional processing they receive. These factors are responsible for the rather wide
variation in the sulfur content of available fuel oils (see Table 3-2). Although the sulfur limit
proposed by ASTM for Nos. 1 and 2 0i1 is 0.5 percent unless local regulations specify a lower level
(see Table 3-1), the sulfur content of the distillate oils burned in most states is well below 0.5
percent. From Table 3-2, in 1975 an average sulfur content for No. 2 0il, for example, was 0.23

percent.

With the advent of 0il desulfurization processes, the refining industry can produce low sul-
fur residuals at some increase in cost but not in unlimited quantities. Desulfurization to a level
between 0.3 and 1.0 percent requires an equivalent of 3 to 6 percent of the quantity of oil desul-

furized as energy for the desulfurﬁzation process (References 3-26 and 3-27). O0ils with such Tow
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TABLE 3-2. RANGES OF SELECTED FUEL OIL PROPERTIES*

Fuel 0il1 Grade
No. 2 No. 6
Gravity, °API | 30.0 - 46.8 2.4-- 25.7
Viscoéity at 100°F, cST 1.3 - 3.6 . 32 - 750
Sulfur Content, wt. % 0.004 - 0.51 0.23 - 3.15
Carbon Residue?, wt. % 0.005 - 0.31 0.35 - 18.0
Ash Content, wt. % — | 0 - 0.15

8carbon residue on 10 percent bottoms for No. 2 and on 100 percent
for No. 6.

*Source: Compiled from data for 1975 in References 3-23 and 3-25.
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sulfur content are used, for example, in some areas of the northeast. Boiler operators are re-
quired to burn these Tow sulfur oils to reduce SO, emission; as will be discussed later (subsection

3.3.1), there is no unique relation between sulfur content and particulate emissions.

Approximately 70 percent of the U.S. domestic crude is Tow sulfur (less than 1 percent).
Venezuelan and Middle Eastern crudes, on the other hand, are generally sour (greater than 1 percent
sulfur). The Bureau of Mines publishes monthly statistics on fuel avai1qbi1%ty by surface level

(Reference 3-31).

Recent prices for various grades and sulfur levels of fuel oils are presented in Table 3-3.
The No. 6 0il price ranges in this table were used to produce the curve shown in Figure 3-1. It is
clear from this figure that the prices for No. 2 and No. 6 0il are comparable only for residuals
with a sulfur content less than about 0.5 percent. In order to show delivered fuel prices, we pre-
sent in Table 3-4 recent tank wagon prices in Chicago. Note that the disti1]até 0il prfces in this

table are higher than those presented in Table 3-3.

Owing to the increasing scarcity in some areas (e.g., New Jersey, Boston, etc.) of naturai]y
Tow sulfur resid and the greater cost of desulfurized residual oil, 1imits on the sulfur content

of this o0il could be relaxed in the near future.

According to the most current data on U.S. annual fuel consumption, use in oil-fired furnaces
and boilers comprises approximately two-thirds of the domestic demand (4.5 x 10'° gal/yr) for dis-
tillate oil and virtually all of the demand (4.0 x 10'° gal/yr) for residual oil (References 3-2
and 3-3).* Tpe remaining demand for these fuel oils consists of on-highway, off-highway, railroad,
vessel bunkering and miscellaneous uses {Reference 3-4). Table 3-5 shows the ahnua] fuel consump-

tion for the four user categories of oil-fired furnaces and boilers in the U.S.

The following subsections present data on the grades of fuel oil burned in each of the four
user categories, and discuss for each category the effects of fuel oil properties, additives and

pretreatment on particulate emissions.

3.2 RESIDENTIAL UNITS

Virtually all oil-fired residential units burn distillate oil. (Residual-fired residential
units are classified as commercial for this study.) No. 1 distillate is used in burners which pre-
pare the fuel for burning solely by vaporization, while No. 2 011 is used in burners which prepare
the fuel for burning by a combination of vaporization and atomization. The majority of residential

units are fired with No. 2 0il (see Table 3-6).

*Distillate is used in this study to mean ASTM Grades No. 1, No. 2 and No. 4. Residual refers to
ASTM Grades No. 5L, No. 5H and No. 6.
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TABLE 3-4. CHICAGO TANK WAGON PRICES (IN CENTS
'PER GALLON) FOR FEBRUARY 27, 197Ga

Minimum Size Price
Shipment (gallons) (cents/ga]]on)

No. 150 ' 39.5

No. a0 | 37.2

No. 5 - 1500 31.9 (1.0)
No. 6000 30.0 (1.0)
No. 6000 29.5 (1.0)
No. ) 6000 - 29.0 (1.0)

8The numbers in parentheses correspond to the
maximum percent sulfur in the fuel at the.
quoted price.

. bThe prices quoted for these o0ils are truck
. transport prices.

Source: Reference 3-5.
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TABLE 3-6. CONSUMPTION OF ASTM FUEL OIL GRADES FOR HEATING IN
RESIDENTIAL AND COMMERCIAL UNITS?

: . s Residential +
Residential Commer1ca1 Commercial
10*%gal/yr 10 °gal/yr 10 %gal/yr
No. 1 0.037 (25)° -~ | 0.37 (12)
No. 2 1.1 (75) 0.67 (45) - 1.78 (60)
No. 4 : -- _ 0.10 ( 7) 0.10 { 3)
Total Distillate - 0.15 (10) 0.15 ( 5)
No. 5 - 0.15 (10) 0.15 ( 5)
No. 6 -- 0.58 (38) 0.58 (20)
Total Residual —— 0.73 (48) 0.73 (25)
Totals 1.48 (100) 1.50 (100) ~2.98 (100)
35ee Appendix C for conversion to SI units.
bNumbers in parentheses are approximate percent of totals.
Source: Compiled from data in References 3-2 and 3-5.

3-9




The latest particulate emission factor for distillate fired residential units (Reférence'3-1)
is 0.018 1b/mBty (7.74 ng/J).* Using the distillate fuel oil consumption given in Table 3-6 for

residential units, the total particulate emission rate amounts to 18.5 x 10° tons/yr.

3.2.1 Impact of Fuel 0il Properties on Particulate Emissions

The impact of fuel on emissions from oil-fired residential systems was studied in detail by
Barrett, et al. (Reference 3-6) for the E.P.A. and A.P.I. The program covered emissions from 33

residential heating units and included the effects of various fuel oil compositions.

No significant difference in particulate measurements was found by firing a wide range of
No. 2 oils. The A.P.I. gravity of the oils ranged from 30 to 37, sulfur from 0.05 to 0.3 percent,
and carbon residue from 0.1 to 0.3 percent. The influence of fuel gravity on emissions varied,
depending on whether the unit was tested in an as-found or tuned condition. For units in the as-
found condition, lighter fuels produced lower smoke and total particulate, but heavier No. 2 fuels
produced lower filterable particulate emissions. For tuned units, however, the heavier fuels pro-
duced less smoke and filterable particulate but more total particulate. Thus, if a unit is well-
tuned, a change to a heavier No. 2 will not automatically cause an increase in smoke or solid par-

ticulate emissions.

3.2.2 Impact of Fuel 0i1 Additives and Pretreatment on Particulate Emissions

The effect of additives to distillate oils on po11utaht emissions has been investigated in
numerous studies {cf, References 3-7 to 3-11). Fuel 0il additives have aroused considerable interest
as they provide one expeditious remedy to the problem of smoke emissions. Martin, et al. (Reference
3-8) screened and tested over 200 distillate oil additives and found that only 17 reduced particu-
late emissions. Of these 17, only 7 were identified as substantially reducing total particulate
emissions. In these cases, total particulate was reduced by 30 to 50 percent (see Table 3-7).

From this study it was concluded that only metallic additives containing cobalt, iron or manganese
appreciably decrease particulate emissions from distillate oil-burninc units. However, the unknown
toxjcity of the metallic emissions produced from these additives makes their use questionable.
Although the iron oxides which are emitted when iron based additives are used are not considered

to be toxic by themselves, "recent study suggested that these oxides may combine with POMs in the

ambient air to form a potentially carcinogenic substance" (Reference 3-28).

¥ .
Assuming 140,000 Btu/gal distillate
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The influence of additive concentration {s also very important. For example, the effect of
concentration on particulate emissions for the Ethyl CI-2 additive is shown in Figure 3-2. From
this figure we see that total particulate emissions can decrease with increasing additive concen-
tration up to a point. Beyond this point, even though the carbon particulate continues to decrease,

the total particulate emissions increases as a result of the increasing concentration of additive.

Other tests on the effects of distillate additives on particulate emissions produced simi-
lar results (cf, References 3-7, 3-10, and 3-12). At a given operating condition, the use of cer-
tain metallic additives can reduce the amount of particulate emitted from a di;ti]]ate 0il burner.
However, burner modifications can produce an even greater reduction in particuiate. The unknown
toxicity of the new emissions which these metallic additives create makes their immediate and wide-
spreag use questionable. The cost of the additive required to achieve a 35 percent reduction is
0.3 to 3 cents per gallon. This corresponds to a 0.7 to 7 percent fuel cost increase to the con-
sumer (based on additive costs ranging from $0.60 to $10 per pound) or about $3.00 to $30.00 per

year (Reference 3-8).

In addition to additives for improving combustion and reducing pollutant emissions, other
additives are frequently used to improve noncombustion functions, e.g., storage stability, handling
characteristics, etc. In most cases, however, these additives do 1ittle to influence particulate

emissions from distillate oil-burning residential units (cf, Reference 3-8).

In a recent study conducted by Hall (Reference 3-11), the effect of water/distillate oil
emulsions on poliutants from residential heating systems was investigated during tests on a resi-
dential sized warm air furnace, When firing the water in oil emulsion, slightly higher Bacharach
smoke numbers were measured, whereas the furnace heating efficiency remained unchanged and NOy dé—

creased as the water percentage increased. The percent water in the emulsion varied from 0 to 32.

3.3 COMMERCIAL UNITS

Both distillate and residual oils are fired in commercial systems (see Table 3-6). Fuel
grades No. 2 through No. 6 are used, with distillates and residuals being almost equally in demand.
No. 4 oil is used in some schools and apartment buildings and in situations where the equipment

cannot handle higher viscosity oils such as No. 5 or No. 6.

The latest particulate emission factors for commercial units and the corresponding total

emission rates using the data of Table 3-6 are presented in Table 3-8.
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TABLE 3-8. PARTICULATE EMISSION FACTORS AND TOTAL EMISSION
RATES FOR COMMERCIAL UNITS?

ASTM Emission Annual
Fuel 0i1 Factor Emission Rate
Grade 1b/MBtu {(ng/dJ) . 10%tons/hr
No. 2 0.014 (6.02) 6.7
No. 4 0.050 (21.5) 3.5
No. 5 0.067 (28.8) 7.5
No. 6 © 0.067S + 0.02 37.74

(28.8S + 8.6)C _—
Total - 55.4

qEmission factors assume 140,000 Btu/gal
distillate and 150,000 Btu/gal residual.

bThese values were obtained by multiplying the

emission factors by the fuel consumption data
in Table 3-6. See Appendix C for conversion
to SI units. '

Cs = percent by weight sulfur in fuel.

dFor purposes of illustration, S was chosen as

1.0 percent o _ v‘ ‘>
: , : |

|

|
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3.3.1 Impact of Fuel 0il Properties on Particulate Emissions

Commercial units were included in the recent study by Barrett, et ail. (Reference 3-6) men-
tioned during the discussion of residential burners. Five types of fuel oils were fired in the com-
mercial boilers, No. 2, No. 4, No. 5, No. 6 and a low su]fun (1 percent) No. 6 (LSR). Significant
effects of fuel properties were observed in the commercial boilers. Particulate emissions and
smoke increased with increasing fuel grade when the above oils were fired at the same operating
conditions. Figure 3-3 111ustrates typical curves of smoke versus excess air for one commercial
boiler fired at 80 percent 1oad with three o0ils and natura] gas. This. figure shows that for existing
units ne1ther of the No. 6 o11s can reach the low smoke levels obtainable with No. 2. Moreover,
even if the goal were to comply with a smoke reading of Bacharach No. 3, residual-fired units would
have to use much more excess air than.distillate ones and, hence, would operate less efficiently.
Since residual oils contain greater amounts of micellular clusters of true organic molecules, one
would expect them to tendlto burn less efficiently. In addition, heavier oils are higher in molecu-

lar weight, have 1ower§percentages of hydrogen and would, fherefore,‘have a greater tendency to coke.
§

Residual oil tyﬁica]]y has an ash content of 0.1 percent. The pafticu]ate emissions result-
ing from highly efficient.combuétion of residual il are constituted almost entirely of inorganic
ash which occurs as oxides, chlorides or sd]fateé. Residua1'oil combustion products, however, are
more often found to contain about 50 percent by weight of sooty organic material. Frequently, this
material consists of unburned carbonaceous so11ds which tend to be sticky and hygroscopic. The
latter condition probably arises from the presence of ca1c1nat1on products and condensed sulfuric

acid (Reference 3-19).

The effects of fuel grade on filterable. and total particulate emissions are summarized in
Figures 3-4 and 3-5 for all the commerc1a1 boilers tested Ash content tends to be higher for fuels
of low API gravity but is not sufficient to account for h1gher part1cu1ate levels with heav1er fuels.
The band of ash content for the fuels is shown in Figure 3-4. The 1 percent sulfur residual oil
(LSR) was closer in performance to a No. 4 or No. 5 oil; it yielded filterable particulate levels
about equal to those from No. 4 oil and only one third of those fnom the No. 6 oil. Low sulfur
residuals tend to produce less particulate than straight residual oils, since they form less sul-
fates, are typically lower in ash content, and have a lower viscosity (thus, better atomization).

However, no quantifiable relationship exists between fuel sulfur content and particulate emissions

when a wide variety of fuels are considered (see below).
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A regression analysis performed in this study indicated that the single most important fuel
property influencing filterable particulate was carbon residue.* API gravity also had a signifi-
cant effect, but viscosity at firing temperature was relatively insignificant. An index combining'
carbon residue, viscosity at firing temperature, carbon content and API grévity yielded a good cor-
relation with filterable particulate (see Reference 3-6). Since carbon residue cannot be‘reduced
by filtering or centrifuging, the only method which can decréase the carbopaceouﬁ content of re-

sidual oils is mixing or blending with an o0il which has a lower carbon residue.

A brief review of the No. 6 fuel oil analyses presented in Reference 3-25, however, Shows
that there is no direct relationship between sulfur content and carbon residue. Some low sulfur
fuels have higher carbpn residues than those with higher sulfur content; fuels with essentially

the same sulfur content may vary widely in carbon residue, etc.

Desulfurization of a specific high sulfur fuel oil to a lower sulfur level will Tower its
carbon res%due. However, it should be remembered that two high sulfur fue]s (of the same sulfur
content) will not necessari]y’have the same carbon residue and thus, even though they are desul-
furized to the same sulfur level, there may be an appreciable difference in their final carbon

residue contents (Reference 3-29),

Making a residual oil to a specified carbon residue would be unfeasible with current refining
practices and equipment. Doing so would require the addition of another process (e.g., vacuum dis-

tillation, de-asphalting, etc.) and would result in a product much like a héavy No. 2 oil.

3.3.2 Impact of Fuel 0i1 Additives and Pretreatment on Particulate Emissions

"Fuel washing" has been sqggested as a potential method of reducing particulate emissions
from oil-fired furnaces and boilers (Reference 3-18). This process has been developed mainly to
pretreat residual oils before firing them in gas turbines. As such it reduces turbine blade dam-
age by removing ash and sediment in the oil (by approximately 70 percent in a typical one
percent sulfur residual 0i1) without altering the viscosity or gravity. However, fue] washing does
not remove carbon residue, which is the main source of particulate emissions from well maintained

residual oil fired burners. Moreover there are no data (especially in stack emission test results)

*Carbon residue is the amount of carbonaceous residue left after burning a sample of oil in the
absence of air (Conradson or Ramsbottom carbon test). The percentage carbon residue does not give
an actual value for the formation of carbon or coke in actual practice, but only a relative value
of this formation in an improperly designed or inefficiently operated oil burner installation. No
trouble should be experienced if .the correct grade of 0il is used. However, if the oil is causing
carbon trouble, this condition can be eliminated by decreasing the carbon residue with blending.
Mixing and blending with a No. 2 oil, which has very little carbon residue, or with any oil that
has less carbon residue than the troublesome fuel, will reduce the total carbon residue.



that demonstrate the effectiveness of the washing technique in reducing particulate stack émis-

sions.

The effects of additives on smoke and particulate emissions from distillate oil-fired units
were discussed in the section on residential boilers and furnaces, Additives for residual fuels
also have been studied by.a number of investigators (e.g., References 3-10, 3-12, 3-14, 3-17). ‘One
study found that chelates of iron and cobalt, and also hydrazine, red;ced smoke in heavy fuel oils.
The additives were used in rather high concentrations, ranging from 0.01 to 0.1 percent. Iron
chelate was most effective. At a concentration of 0.01 percent it reduced Bacharach smoke number

from 2.6 to 0.6. Other additives achieving varying degrees of smoke reduction were manganese com-

pounds, copper, iron, and maganese inorganic salts, and organic compounds.

Fuel oi1 additives can produce additive-fuel interactions resulting in the formation of solids
which could plug up the system. These interactions are so sensitive to the fuel properties that
when one simply changes to a different refiner's product of the same grade or when different sources
of crude are refined by the same refinery, these interaction problems can easily occur. It therefore
seems necessary for the fuel supplier to demonstrate the compatibility of a particular additive with

his fuel before adding the additive to the fuel.

A study on the effectiveness of additives in reducing particulate emissions from commercial
boilers was recently performed by Battelle (Reference 3-30). It was observed that additives con-
taining certain alkaline-earth and transition metals in concentrations in the range 20 to 50 ppm in
residual oil were effective in reducing carbon particulate by as much as 90 percent. While similar
Tow carbon particulate performance can be achieved with good burner design and adjdstment, these
results suggest that additives might be considered as a candidate control technique of the "insur-
ance type" for the many commercial and small-industrial boilers operating in the field that are

marginal in design or do not get the needed service adjustment. Thus, it may be possible for addi-

Even though smoke-reducing additives may decrease visible emissions and, at the same time,
not cause any adverse side effects on operation, environmental health considerations make the use
of additives in commercial boilers questionable at this time. Further studies on these problems
are needed and are currently underway. Thus, the use of these additive materials might create po-
tentially harmful new emissions (even though total emissions might décrease); and therefore, none
of the additives can be recommended as a means of controlling particulate emissions without further

investigation.

3-20

l
{
|
I
]
[
tives to give some tolerance to "sloppy adjustments."”
[
!
!
|
l
[
i
i




Ir two recent studies by Hall (References 3~11 and 3-15), the effects of water/distillate
and water/residual oil emulsions on pollutants from commercial heating systems were investigated.
In general, both types of emulsions reduced smoke (see Figures 3-6 and 3-7) and total particulate
from a packaged commercial boiler using (1) low pressure air atomization and an u]trasonic energy
emulsifier and (2) high pressure mechanica] atomization and a high pressure emulsifier. * The energy
requirements for emulsification are generally less than one percent of the energy content of the

fuel to be emulsified.

In the distillate case, an emulsion with 25 percent water allowed the first unit to‘run with
approximately 4 percent less excess air without increasing smoke emissions, but the resulting gain
in thermal efficiency was offset by heat lost to vaporization of the water, water supply problems
and emulsifier energy requirements. Nhen firing residual oil, the emulsification results depended
significantly on the emulsifier used, and baseline {oil only) results varied due to the different
atomization technique used. Only the 25 percent emulsification test data reached as low a. smoke
Tevel as Bacharach No. 3, and this only at about 40 percent excess air. The boiler's smoke inten-
sity tends to stabilize at about Bacharach No. 6 beyond 40 percent excess air when firing only re-
sidual oil (no water); it could achieve the same smoke level with only 15 percent excess air if it
burned a 25 percent emulsification. If the burner were operated on oil only at thisvlasf air-to-fuel
ratio, its smoke level would be near Bacharach No. 8, which is mafgina11y visible, depending upon
the character of the plume. In conclusion, emu1sificatioh of a residual oil can enable a unit to
achieve a significantly lower Bacharach No. than it could without emulsification, or to achieve an

equivalent Bacharach No. with significantly less excess air.

3.4 INDUSTRIAL UNITS

Over 60 percent of the fuel oil used in industrial boilers is residual. Of the residual oils,
No. 5 (1ight) usua1iy does not need preheat; whi1é No. 5 (heavy) and No. 6 do require it. Virtually
all the distillate used in the industrial sector (see Table 3-5) is No. 2. The éPA particulate
emission factors for industrial boilers are jdentical to those for commercial units and are given

in Table 3-8.

3.4.1 Impact of Fuel 091 Properties on Particulate Emissions

The effects of fuel on particulate emissions from uncontrolled®* oil-fired industrial boilers

were investigated in a comprehensive field testing study {Reference 3-16). Industrial boilers firing

*No particulate control dev{ces
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a variety of Nos. 2, 5 and 6 fuel oils were inciuded in the sample. The emission tests with No. 2
011 resulted in particulate levels of 0.02 to 0.04 1b/MBtu (8.6 to 17.2 ng/Jd), those with No. §

oil 0.04 to.0.12 1b/MBtu (17.2 to 51.6 ng/Jd), and those with No. 6 oil 0.045 to 0.11 1b/MBtu (i9.3
to 47.3 ng/Jd). Emission rates decreased with increasing size for steam atomized boilers fired with
No. 6 011 (from about 0.1 1b/MBtu (43 ng/J) at 50 MBtu/hr (14.6 MW) to 0.05 1b/MBtu (21.5 ng/J) at
130 MBtu/hr (38.1 MW)). However, for units that burned No. 2 or No. 5 oil, the emission rates
appeared to be more a function of atomizing type than of size. Particulate emissions were alsc

found to increase as the carbon residue of the oil increases (see Figure 3-8).

A 1imited amount of particle size classification was also performed in these tests. For No.

6 fuel oil, over half the number of particles were less than 4 microns in diameter, and about 90

percent of the particles had diameters less than 6 microns. A1l particles were less than 50 microns.

Thus, most of the particulate is in the respirable range, 0.5 to 5.0 microns..

3.4.2 Impact of Fue] 011 Additives and Pretreatment on Particulate Emissions

The impact of additives on particulate emissions from industrial boilers has been investi-

gated only to the extent that other distillate and residual oil-fired units have been studied. Some.

of these studies were discussed in the two sections on residential and commercial units.

Magnesium oxide, manganese, and combinations of the two have been used as fuel oil additives
to prevent corrosion and slagging in industrial and utility boilers. The specific choice of addi-
tive depends upon the needs of the particular boiler, as well as environmental considerations. These
additives are used when required to control corrosion even though they generally cause total partic-

ulate emissions to increase.

Fuel washing may offer one possible solution to the problem of corrosion (thus, no metal
containing additives would be necessary and no new emissions would be created). Vanadium, one of
the primary substances in oil responsible for corrosion, is slightly water soluble. Thus, it may
be possible to decrease the vanadium content of oils by fuel washing. This, of course, remains to

be tested. Fuel washing was discussed in more detail in Section 3.3.2.

3.5 UTILITY UNITS

The major grade of fuel oil burned in utility boilers is No. 6, with lesser quantities of
No. 5, No. 4 and No. 2 used (see Table 3-5). A few utility boilers today burn crude oil instead of

the refined products.
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Agproximate1y 55 percent of the oil consumed by utility boilers is burned in units that are ’
equipped with particulate control devices (Reference 3-19). The EPA particulate emission factors i

i

for utility boilers are identical to those for commercial systems, and are presented in Table 3-8.

These, of course, are average uncontrolled emission rates that assume some mix of controlled and

uncontrolled units; emission rates from controlled boilers will of course, be less.

3.5.1 Impact of Fuel 0il Properties on Particulate Emissions

Since the o0ils fired in utility boilers are the same as those fired in industrial boilers,
one might to expect to find the same dependence of particulate emissions on API gravity as that dis-
cussed in Section 3.4. One recent study (Reference 3-1;) investigated the effects of fuel ash and
sulfur and fuel additives on particulate emissions from utility boilers. It has been postulated
that increased sulfur in the fuel can lead to increased SO; adsorption, and hence, a greater mass
accumulation on particulate sampling filters. The net result would appear as an increased solids
emission rate. However, no positive correlation between sulfur content and particulate emissions
was found in the data taken from both controlled and uncontrolled power plant boilers in the size
range over 70 Mwe.* In addition, no correlation was found between fuel ash content and particulate

emissions from controlled boilers. This was partly due to the fact that organic material (carbon

unburned carbon from this residue can be an important constituent of particulate emissions.

3.5.2 Impact of Fuel 0il Additives and Pretreatment on Particulate Emissions

The effects of fuel oil additives on particulate emissions were also investigated in this
study (Reference 3-19). Magnesium and calcium additives are commonly used to improve boiler heat
transfer characteristics and reduce corrosion problems, especially when the fuel contains large
concentrations of vanadium and sodium (References 3-20 and 3-21). In these cases, additives are
the only known means of avoiding serious corrosion problems (other than switching to a Tower vanadium
fuel). Since desulfurization also reduces the vanadium concentration, low su1fdr residual oils can
usually be burned without additives. Also, it may be possible to decrease the vanadium concentra-

tion by fuel washing (see Section 3.4.2).

By virtue of the fact that they are ash-forming substances, these fuel additives were found
to increase the solid particulate emissions from residual oil-fired utility boilers included in
Reference 3-19. It was found that sulfates consituted approximately 35 percent of the filterable

i
I
|
[
!
l
I
l
residue) may have constituted a large fraction of the total emissions. As noted in subsection 3.3.1,
l
solids generated by the combustion of high sulfur (>2.5 percent) residual oil using Mg0 additives.
|
!

*A controlled boiler is used here to mean one having a particulate control device (e.g., ESP, scrub-
ber, fabric filter, cyclone, etc.).
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If no additive is used, the total sulfate decreases due to SO3 penetrating the sampling filter,
and the sulfate which is captured occurs as sulfuric acid. Figure 3-9 shows the amount of solid
particulate as a function of boiler size for both controlled and uncontrolled systems. If one
assumes that the efficiencies of the electrostatic precipitators used to control particulate emis-
sjons from oil-fired systems are essentially constant, the higher effluent concentrations shown

in Figure 3-9 for systems using Mg0 additives are readily expiained.
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SECTION 4
EXISTING CONTROL METHODS FOR PARTICULATE EMISSIONS

‘A vafiety ef ﬁethods are known te reduce particulate emissions from oil-fired boilers and
furnaces. - For economic, technical, or institutional reasons some of these are not aeplicab1e to all
the categories of users. For example, since fuel accounts for 80 to 90 percent of the anﬁua]ized
costs of owniﬁg andioperafﬁng a‘boiler, these units are nearly always well-maintained in order to
minimize the consumption of costly fuel. On the other hand, fuel costs may represent only 5 to 10
percent of a homeowner S 11v1ng expenses (in a co]d climate). Therefere many individuals do not
give high priority to activities such as maintenance, which may reduce this cost by 5 to 10 percent'
Hence a mandatory periodic inspection and maintenance program could be an effective part1cu1ate con~

trol tactic if applled to residential, commerical, and small industrial units, but would be Tess.

effective for 1arge 1ndustr1a1 or ut111ty boilers than are particulate co]]ect1on dev1ces -

The organization of this section takes these differences into account by discussing sepa-
rately the controls that have been suggeeted for each user category. Becau;e we feel that greater
emphasis and interest will be placed on control of commercial systems than on residential unfts;
and because the same control techniques are generally recommended for boilers and furnaces in both
size categories, we have chosen to discuss particulate controls for commercial systems first. That
discussion will be followed by a description of possible controls for residential units, with fre-
quent re%erence being made to the material just presented for commefcia] systems. Then we will
present a summary of potential control techniques for 1ndustria1‘and-ut111ty boilers. Since many
of the same techniques are used in both categories, ;he_discussion has been combined in'one‘sub-'

section.

The discussion of each control technique will start with a description of the system and its
operating principles. We will then present its reported effectiveness. Any problems that may be
associated with the use of this control system and the cost of owning and operating it will be sum-

marized too.
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The effectiveness and cost of many, but by far not all, of the control techniques discussed
in the literature are well known. For example, some sources claim significant reductions in partic-
ulate emissions from specific control techniques, but they do not réport emission levels, boiler
types on which the unit has been tested, boiler types which cannot accommodate the system, etc.
Therefore, we do not have sufficient data to recommend such systems as a particulate control tech-
nique. To clearly separate these potentially valuable systems from the currently demonstrated
techniques, we include only demonstrated and thoroughly documented technologies in the first sub-
sections under each user category (commercial, residential, and industrial/utility); the last sub-
section is then devoted to emerging technologies, which includes both these existing, but not fully

tested, systems as well as ideas that are currently being developed.

4.1 COMMERCIAL FURNACES AND BOILERS

The most commonly proposed techniques for the control of particuiates from commerical oil-
fired furnaces and boilers are the widespread implementation of, and adherence to, proper operating
and maintenance procedures and the use of new improved burner or combined burner/combustion chamber
designs. In the following three subsections, therefore, we discuss the methods and results obtained
with proper operation and maintenance procedures (Subsection 4.1.1), with the use of redesigned
burners and/or combustion chambers (Subsection 4.1.2), and with dust collectors (Subsection 4.1.3).
Subsection 4.1.4 deals with emerging technology. The effects of fuel oil grade variations on par-

ticulate emissions have already been discussed in Section 3.

4,1.1 Operation and Maintenance Procedures

Interest in proper operation and maintenance procedures as a particulate control strategy
for commercial oil-fired units has received renewed emphasis as a result of recent surveys of the
condition of these units in selected northeastern areas (New York — Reference 4-2; Maryland — Ref-
erence 4-1). These investigations concluded that many units were not maintained, but that those
which were did not emit excessive quantities of particulate. The following three subsections
describe the strategy of periodic inspection and proper maintenance as it relates first to the
operation of the burner, then to the rest of the system (fuel handling as well as firebox), and

finally to the administrative aspects of such a strategy.

4.1.1.1 Burner Tuning or Replacement

Smoking fires, or those with high smoke spot number in the absence of a visible plume, are

usually caused by jmproper burner adjustment, dirty burner cups or nozzles, or damaged burner
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components (Table 4-1). Several studies have shown that smoke emissions can be reduced significantly

by proper burner tuning and replacement of worn or damaged components.

In one of these studies (Reference 4-1) 400 tests were conducted on 310 burner units. Of
these, 160 were in residential units that burned distillate, 48 wére in commercial units fired with
distillate, and the remaining 102 were in commercial units that used residual oil. Measurements
were taken of smoke emissions (Bacharach Number),.flue gas composition, and temperature before and
after the burner units were adjusted. The adjustments included any of the following: replacement
or repair of burner nozzle or cup, adjuétment of priméry or secondary air, repair or replacement of
burner parts affecting oil distribution, and repair of the combustion chamber. Of these, nozzle

replacement and air flow adjustment were found to have the greatest impact on smoke emissions.

According to this study, the service procedures described above reduced smoke emissions
nearly 40 percent. The average Bacharach smoke ﬁumber for all units was reported to be 2.8 before
adjustment and 1.7 afterwards. This post-adjustment figure includes lower values for residential
units, an average number of 2.2 for all commercial units (distillate and residuai), and a mean
reading of 2.6 for all residual fired commercial systems. As mentioned in Section 3, residua]-
fired units genera11yﬁgmit more particulate matter than do distillate fired burners because of the

higher solid carbon content in the oil.

Thermal efficiencies were also determined for each burner unit before and after adjustment.
The results from all the units showed that, on the average, only slight improvements were obtained

(from 78.2 to 79.2 percent).

Another study (Reference 4-3), undertaken by the City of New York, found similar results.
Twenty-seven residual oil burners were tested during this program, and all but three were able to
attain stack therma] Tosses of Tess than 20 percent and a Bacharach Number no greater than é4with
only minor adjustment. The problems with the remaining three units were attributed mainly to de-
sign flaws, such as flame impingement on combustion chamber walls, overfiring of the boiler, or

improper combustion chamber modifications.

The effect of excess air on smoke emissions from six commercial boilers was reported in
another study (Reference 4-17). These results will be mentioned here briefly even though they come
from units tested in the "as found" condition because adjustment of excess air is part of the tuniné
procedure. They show that all of the units could achieve'a level of Bacharach No. 2 at an excess
air setting of no more than 30 percent when burning No. 2 oil. Four of the six units could even

achieve Bacharach No. T at excess air levels below 30 percent.



TABLE 4-1. COMMON OIL BURNER OPERATIONAL PROBLEMS IN COMMERCIAL AND
RESIDENTIAL BOILERS AND FURNACES (Reference 4-54)

Burner Type

0i1 Type

Defects Which May Cause
Odors and Smoke

Commercial & Industrial (steam boilers)

0i1 preheat too low or too
high; nozzle wear; nozzle
partly clogged; impaired
air supply; clogged flue
gas passages; pobr draft;
overloading

Horizontal Rotary Cup

0i1 preheat too low or too
high; burner partly clogged
or dirty; impaired air sup-
ply; clogged flue gas pas-
sages; poor draft; over-
Toading

Steam Atomizing

0i1 preheat too Tow or too
high; burner partly clogged
or dirty; impaired air sup-
ply; clogged flue gas pas-
sages; poor draft; over-
Toading; insufficient
atomizing pressure

Air Atomizing

0i1 preheat too Tow or too
high; burner partly clogged
or dirty; impaired air sup-
ply; clogged flue gas pas-
sages; poor draft; over-
loading; insufficient
atomizing pressure

Domestic (residential furnaces, water
heaters)

Viscosity of oil too high;
nozzle wear; clogged flue
gas passages or chimney;
dirt clogging air inlet;
0il rate in excess of de-
sign; loose or bad flue
pipes; poor mixing of air
& fuel; flame impinging on
firebox or boiler surfaces;
absence of, or faulty baro-
metric damper

Rotary Cup

Viscosity of o0il too high;
clogged nozzle or air sup-
ply; 0il rate in excess of
design

Vaporizing

Fuel variations; clogged
flue gas passages or
chimney; clogged air
supply

Usually Used
No. 4,.5
No. 4, 5, 6
No. 5, 6
No. 5

. No. T or2
No. 1 or 2
No. 1
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These studies, therefore, lead one to conclude that proper maintenance proceaures can produce

the fo]]owihg results:
1. A decrease in smoke emissions per unit of fuel consumed

2. An additional decrease in annual particulate emissions because of the Tower fuel con-

sumption that comes from improved efficiency
3. A consequent cost saving to the users by the slightly improved thermal efficiency

It is important to note that while it is desirable to keep the excess air to a minimum, the
efficiency gained (only a few percent) is small compared to'the efficiency (10-15 percent) that can
be Tost due to fouling of heat transfer surfaces by soot. Consequently after cleaning the CO2 con-
centration should be set 1-2 percent lower than the minimum attainable from the burner to avoid

sooting with time.’

4.1.1.2 Additionaﬁ Maintenance Reguirement

There are other operation and/or maintenance practices that can reduce smoke emissions and

increase thermal efficiency. These include:

1
1. Cleaning soot from the boiler tubes to improve heat transfer effectiveness (i.e., with

vacuum cleaner)
2. Adjusting oil preheat system to give correct oil temperatures for optimum atomization

3. Ensuring that combustion chamber is in correct working condition; there should be no

flame impingement or cold surfaces
4, Sealing all oil or air leaks
5. Ensuring that proper maintenance is performed on any dust collectors

6. Verifying that burner controls are providing correct primary air-to-fuel ratio with

changing load

7. Cleaning sludge from 0il storage tanks to reduce burner plugging, and, consequently, in-

creased emissions from poor atomization

Neg]igénce in some of these practices contributed to the failure of many burner units tested
in'the New York City study to meet the minimum thermal efficiency and maximum Bacharach Smoke Number

criteria when tested in the "as found” condition.

The cost for proper burner maintenance is slight compared with the cost of annual fuel usage.

Normally, this service requires 4 to 8 hours of labor at approximately $25 an hour.
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4.1.1.3 Procedures and Training for Boiler Operators_and Maintenance Personnel

The investigations discussed above have shown that significant reductions in particulate
emissions can be obtained by sound maintenance practices. In order to realize this potential,

proper training is essential for boiler operators and maintenance personnel.

The New York City Department of Air Resources, in 1971, developed an air pollution control
guidebook for boiler and incinerator operators (Reference 4-4). This guidebook is used in class-
room training for the boiler operators as well as in the field for day to day guidance. It clearly
presents the precautions to be taken to prevent excessive smoke, and the steps to be taken when ex-
cessive smoke does occur. ‘

The EPA currently is also developing guidelines for use by service technicians when maintain-
ing and adjusting oil burners to minimize pollutant emissions, especially particulates. A separate
guideline is being prepared by a contractor to the EPA for each user category, including commercial

oil-fired boilers (Reference 4-5).

4.1.2 Burner and Combustion Chamber Redesign and Retrofit

Continuing research efforts into both the fundamentals of combustion and the operation of
boilers and furnaces have uncovered the relationships between various combustion parameters and the
emission of air pollutants. Of these parameters, oil atomization method, excess air, combustion
chamber temperature, flue gas recirculation, residence time, and air-fuel mixing have been found to
affect the formation of particulates. In addition, investigators have noted that somé burners, such

as the rotary cup, need to be maintained daily to operate at high efficiency and low smoke.

Therefore, the use in new installations of burners, combustion chambers, and/or associated
systems which are designed on the basis of these recent findings could reduce particulate emissions.
Retrofit with new burners of boilers or furnaces found to have high emissions could have an impor-

tant impact also. New systems and retrofits are discussed separately in the next two subsections.

4.1.2.1 Burner and Combustion Chamber Redesign

In this subsection we describe the state-of-the-art in combustion system design practices
for low emissions. Atomization and combustion chamber size are treated here, while a discussion

of more recent innovations is deferred to Section 4.1.4.
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0il Atomization Methods

Proper oil-atomization is essential for complete, smoke-free combustion of oil. The.oi]
droplet reswlting from atomization must be vaporized.before the oil is burned. Since large droplets
will not be completely vaporized by the time they have traveled through the flame, they will leave
as intermediate products, such as coke particles. Very large oil droplets could even pass‘comp1ete]y
through the flame.in the liquid stage and spatter on the re]ative1y cool heat Fransfer sqrfaces caus-
ing smoke (Reference 4-7). Therefore, fine oil drop]efs from the atomization process are a prereq-

uisite to.smoke free combustion.

Conventional burners employ one of four different methods to produce fine oil droplets: high
pressure air or steam atomization, low pressure air atomization, mechanical (or oil pressure) atom-

ization or'rotary cups. These methods are described in Sections 2.1.1.1 and 2.2.1.3.

‘Conventional atomizers can perform satisfactorily to give Tow smoke and high thermal gffi-
ciency. However, frequent maintenance is necessary to ensure this condition. New methods of atom-
ization being developed to minimize the cost associated with these maintenance requirements should -
also be beneficial in 1imiting smoke emissions. Presumably, smoke emissions are reduced and high
thermal efficiency is maintained by these new burners because they remain tuned longer. Several

new sdccessful methods of atomization are described in Section 4.1.4.

Combustion Chamber Size

Residence time also has been shown to affect the amount of pollutants emitted. Investigatqrs
(e.g., Reference 4-13) have found that the longer residence time obtained by increasing the size of
a combustion chamber has resulted in lower particulate emissions. The effect of residence time on
particulate and gaseous emissions from residential units will be discussed qqantitative]y in Sub—

section 4.2.2.1.

4.1.2.2 Retrofit of Existing Burners and Combustion Chambers

Improved burner maintenance has already been shown to be an effective particulate reduction
technique {see Section 4.1.1}). Retrofitting of existing units which are difficult to maintain or
defective in design is another way to réduce the particulate emissions.‘ Such retrofits usually
consist of burner or control replacements, minor médifications to the combustion chamber,‘changes

to the draft system, etc.

One commonly practiced retrofit is replacement of votary cup burners with pressure or air

atomizing units. Although the rotary cup burner can function well when it is properly maintained,



experience has shown that this burner usually emits more particulates than other types, especia]iy
when burning residual oil (Reference 4-14). The burner is very sensitive to changes in viscosity
and is difficulf to adjust (Reference 4-15). When No. 6 o0il is used,_ the rotary'cup usually must -
be cleaned daily (Reference 4-16). Therefore, at least one regulatory agency (Maryland) has pro-

hibited the use of these burners.

The cost to rep]ace,a rotary cup burner with an air atomizing type varies with burner size.

A 10 gph (10.5 cm®/sec) burner costs about $1000, and the;1abor‘to install it adds approkima£e1§:

$500. If such a unit consumes 10,000 gal/yr at 40¢ gal, and if fuel éosts account for about 40 per-

cent of the total annualized costs for the boiler (fde], operating, méintenance, and amortization),
these parts and labor charges amount to 15 percent of one year's total costs. In practice this‘cost
jmpact will be less because many rotary cup users are now adjusting their boilers to high excess

air settfngs in order to insure compliance with smoke Timitations. It has been estimated that a

10 percent fuel saving could be realized by replacing the rotary cup, which would make it pay off
in nearly 4 years at today's fuel prices (Reference 4-15). For a 50 gph (52.5 cm®/sec) burner re-
placement costs are estimated to be $4000 for parts and $1200 for labor. If one uses the same
assumptions as above and-scales the fuel consumption directly on burner capacity, the cost of the
new burner would equal 10 percent of one year's total costs and be repaid in less than three years.
Since the replacement burners require Tess maintenance for smoke free operation than do rotary cup

units, the savings in labor costs would further reduce the cost impact of the new burner.

As noted earlier, improperly designed combustion chambers can also contribute to particulate
emissions. Reference 4-2 showed that the combustion chambers on the commercial units which exceeded
the smoke limits (Bacharach No. 3) were improperly sized for the burner at the réquired 0il delivery
rate. This probiem manifested itself either in the form of flame impingement accompanied by the
deposition of carbonaceous matter on the walls and/or floor of the combustion chamber or in incom-
plete combustion as a result of the failure to provide the necessary reflected heat and/or heat re-

lease per unit furnace volume to vaporize the oil and combust it completely.

For example, in the case of one unit, an uncommon arrangement was encountered where the
burner was placed in the back of (instead of in the front of)} the boiler. Additional excess air
was being provided so as to permit operation without smoke. In another unit, there was copsiderab1e
deposition of carbonaceous matter on the combustion chamber floor. A new layer of refractory had
been installed on top of what was previously the combustion chamber floor. This had effectively
reduced the height of the burner above the combustion chamber resulting in flame impingement and

depositioh of carbonaceous matter. Therefore, retrofit or repair of improperly designed combustion




chambers could frequently reduce particulate emission and increase thermal efficiency of otherwise
well maintained units. Presumably, ‘such alterations would bring the emissions and efficiency into

line with those ‘achieved by well designed existing boilers and furnaces.

4.1.3 Dust Collectors

Although dust collectors can be used-in the exhaust system of commercial units, they are
genera11y not used for thfs perpose because of their high cost relative to the rest of the system and
their need for greater attent1on than the boiler usually rece1ves Ohe stdﬁy eas shown that they
can be effect1ve in reducing emissions from some commercial boilers, but the 1nvest1gat1on d1d not
report on the cond1t1on of these burners, or on the attention paid by the operator to the collector
(Reference 4-14). The same,report suggests that dust collectors on commerciai boilers and furnaces
may be a 11ab111ty rather than an asset in many cases because of insufficient or 1mproper mainten-

ance (collection bag or hopper not emptied and cyc]one not washed).

The cost of a cyclone collector (see Subsection 4.3.1.2 for a description of a cyclone collec-
tor) is about $4000 installed for a 20 gph unit (about 3 MBtu/hr or 0.88 M{) and $5800 for an 80 gph
one (10.4 MBtu/hr or 3.05 MW). These figures are for systems that are designed to collect 80 per-
cent (by weight) of the particles over 10 microns. If one annualizes the cost of the co11ectorvby_
using a carrying charge of 20 percent (which might be appropriate to cover interest, maintenance,
and related costs for an amortization over 10 years), and if one assumes that the 20 gph (0.88 MW)
boiler consumes 20;000 gal/yr at $0.40/gal, then the cost of the collector represents about 10 per-
cent of the annual fuei bill. Alternatively, the cyclone wou]dAadd neefly 12 percent to the capita1
cost of the boiler (about $35,000, including installation, fuel supb]y.systems, and controls, but 7
excluding the building). | 7 o ‘

Electrostatic precipitators are not available in this size range, wet scrubbers have waste dis-
posal problems that make them unsuitable for typical commercial boiler applications, and fabric fil-
ter baghouses have a tendency to become plugged or damaged by corrosion when used to capture particu-
late emissions from oil-fired boilers (all four kinds of particie collectors are discussed in greater

detail in Subsection 4.3.1).

4.1.4 Emerging Technology

Several oil burners using improved atomization techniques or optimized flow patterns have re-
cently been marketed. Some data are available for many of these, but not enough to determine their

applicability to general service or their effectiveness if included in a regional control strategy.
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4.1.4.1 Novel Atomization Techniques

One novel method of o0il atomization makes use of pressure oscillations at ultrasonic fre-
quency. Simple atomizers that are based on this principle have been developed by attaching ceramic
piezoelectric crystals to a stepped horn amplifier containing a fuel feed tube which discharges at
the tip of the horn. The unit is tuned to its resonant frequency with the vibration amplified by
the horn. The liquid fuel at the tip then breaks into drop]ets. Extremely fine particles can be
produced at ultrasonic frequencies with low-level power supplies. These designs use }éiatively‘1ar9e
o0il passages, even at Tow flows, which exp1ains the improved maintenance characteristics shown in
several long-term tests. The same approach has been applied to larger atomizers. Fuel rates up to
approximately 20 gph (equivalent to approximately 3 MBtu/hr or 0.9 MW heat input) have thus- far

been attained (Reference 4-9).

Progress also has been made in the field of acoustic nozzies by units incorporating cavity
resonators. Steam or air is used as the'driving medium which, in conjunction with the resonant
cavity, generates an intense sound field that shears the fuel into atomized particles. A wide
range of spray patterns and flame types result, depending on the cavity and fuel-nozzle configura-
tion. In several applications such nozzles have achieved rates in excess of 1000 gph (1050 cm?/sec)
with appreciable turndown. Manufacturers claim that, when compared to conventional nozzles, reso-
nant-cavity nozzles permit the use of lower excess air, have reduced clogging tendencies, and can
operate stably over a wider heat release range (Reference 4-9). One manufacturer claimed that
solid particulate emissions were cut by 90 percent and combustion efficiencies raised to over 83 per-
cent with the installation of an acoustic nozzle (Reference 4-8). Unfortunately, quantitative data
on particulate mass emission rates or smoke spot numbers could not be obtained to substantiate this
claim. The approximately 3000 units which have been sold to date, in the range of 50 to 1000 gph
(52.5 - 1050 cm®/sec) have been marketed on the basis of their higher thermal efficiency (83 to 87
percent) and reduced maintenance (one-third to one-half the effort required for normal burners) at

“no smoke" conditions. These atomizers cost about $1400 for parts and labor when installed as a

retrofit.

When considering any new nozzle, including a sonic one, care must be exercised to insure that
the flame pattern produced by the nozzle does not cause flame impingement on the walls of the fur-
nace and, therefore, poor combustion.

A third novel atomization technique s incorporated in an experimental burner, the Babington

Burner, which is discussed in Section 4.2.3.
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4.1.4.2 Combustion Aerodynamics

An important parameter in controlling particulates is the amount of swirling (circulatory)
motion given the gases in the combustion region (Reference 2-7 to 2-10). In general, there is an
optimum value of swirl which yields low particulate emission for a given combustion system, as shown

in Figure 4-1. Swirl can also influence the particle size distribution in the following ways:
e Increasing swirl reduces the quantity of‘1arge particles

¢  Overswirling increases the production of submicron soot and reduces the burnout of the

largest particles.

Other aerodynamic factors influencing particu]éte emission are recirculation in the gas flow
and relative air/fuel droplet velocity. The combustion of an atomized 1iquid fuel occurs in the
homogeneous mixture of fuel vapor and combustion air; however, partial combustion, or cracking of
the Tiquid fuel droplets can also occufl Such droplet combustion results in soot production; but it
can be avoided if.the relative velocity between the air and the fuel droplets is above a threshold
value known .as the "extinction velocity." This threshold velocity 1ncreases with both increasing
droplet diameter and oxygen concentration. Internal recirculation of the combustion gases reduces
the local oxygen concentration and, consequent]y, the extinction velocity, and so promotes soot-free

combustion.

The investigator who obtained the results that have been reproduced in Figure 4-1 also found
that at optimum swirl the fuel spray angle had little effect on particulate emissions. The swirl is
a part of the whole aerodynamic flow pattern of the burner/combustion ;hamber configuration and gener-
ates recirculation into the 0il jet. As the swirl is increased both the internal and external entrain-
ment to the jet increases. However, at excessive swirl the external recirculation between the jet and
the wall of the furnace decreases (Reference 2-9) due to the influence of the wall, and soot production

is increased.

While astute selection of the swirl rate in a burner (by the manufacturers) can result in low
particulate emissions, increasing swirl in general causes a corresponding increase ‘in NOX. Therefore,

this parameter must be determined with low total emissions in mind.

Optimization of combustion aercdynamics is considered by many experts in the field to be the
best approach toward achieving the triple goals of low particulates, low NOX, and high thermal
efficiency. Such an optimization attempts to control mixture (i.e., flow patterns and turbulence

levels) and residence time to achieve complete combustion at a temperature that, locally or globally,-
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never falls below the level required to sustain combustion nor rises above the level at which NOX
formation becomes significant. Although most of the research in this area has been directed at NOx
reductions, with smoke merely a limiting factor, several investigators have been able to reduce smoke

concurrently with lowered NO, .

One such study began by investigating the pollution characteristics of high-pressure atomized
distillate oil burners when fired coaxially into cy]indrica] combustion chamber; (Rgference 4-117.
The results of these tests were analyzed and the findings used to design an "optimized" 9 gph'(9.45
cm3/sec) burner (approximately 1.3 MBtu/hr or 0.4 MW). fhe objective was to make minor changes in
the burner blast tube end which would result in a reduction in emissions and improvement in efficiency.
These changes were intended to be of a kind that could be retrofitted onto existing burners without

requiring the use of new or special servicing requirements.

The resulting "optimized" burner employs peripheral swirl vanes oriented at 25° relative to the
blast tube axis.  This swirl vane angle gave the best compromise between smoke emissions and nitric
oxide emissions. A flame retention device was not used because the pollution characterization tests
had indicated that these devices promoted mixing and recirculation in the flame zone which was con-

ducive to NOX formation under efficient, near-stoichiometric combustion.

Nitric oxide emissions from this burner were found to be very low, at a level of about 0.6 mg
NO/g fuel (approximately 35 ppm), compared to 1.2 mg NO/g fuel for similar sized representative com-
mercial burners when fired into the same cool wall combustion chamber. The test burner also was
found to be capable of operating smoke free at as low as 2 percent excess air, whereas the commer-
cial burners reguired from 5 to 25 percent excess air to eliminate smoke. Simulated field testing
of the burner for a tbta] of 112 hours showedllittle variation in performance and no noticesble de-
- gradation in emissions. When fhe burner was fired into a hot wall (refractory lined) chamber, NOX
emissions rose to about 1.0 mg/g fuel during smoke free operation. Conventional burners generated
over 1.5 mg NO/g fuel under similar conditions. This burner should be cqmmercia1]y available with-

in 3 years.

The above burner was designed only for the lower size range of commercial boilers, which
nearly all use distillate. However, another new burner has been developed for residual fired units.
It uses both swirl and recirculation, as shown on Figure 4-2a. This burner has a multistage atomizer,
utilizing shear forces in the first atomizing stage, and vibrational or acoustic energy in the final
stage (see Figure 4-2b). Field performance has shown that the burners are able to operate.over a

wide range of oil viscosity and at excess air levels as low as 2.4 percent (for No. #6 o0il).



Recirculating eddy. Air leaving

Combustign air \Stagnation .c?mbustion block

Burner
housing
[,
|
. / _.!...d N e g - ;
Atomizer —F — | ;
i

/ \
Backflow (if any) Recirculating
. centre core

Figure 4-2(a). Typical flow patterns in vortometric
burner (Reference 4-12).

g

|

Steam <;:;.__...__:F._ ~ Generator |
) | |

‘ i

\ Annulus
\

0il1 tube

a——— Steam inlet

<@\_ -~ Annulus

~
N 0i1 tube
Cross-section XX

Figure 4-2(b). Atomizer is key component of vortometric
burner (Reference 4-12).

4-14




The particulate emissions at full load were under 0.14 1b/MBtu (60.2 ng/J) for a 2 MBtu/hr
(0.59 MW) unit, a1thougﬁ thé'Bacha}ach Number was slightly above 4. At 85 percent load, the par-
ticulate loading was about 0.22‘1b/MBtu (94.6 ng/J) while Bacharach Number was between 3 and 4
(Reference 4-12). Both these emission rates are slightly below the emission factor of 0.24 1b/
MBtu (103 ng/J) proposed in Section 2.2.2 to describe existfﬁg commercial units fired on No. 5 oil.
Thus the advantage of this burner is that it can achieve higher efficiencies than most other designs

without increasing particulate emissions. It is also a relatively Tow NOX emitter.

4.1.4.3 Modulation

A potential particulate control ﬁeéhnique, which cahfbe added to new units dr retrofit to
existing ones, is a modulating unit to eliminate cyclic on45nd-off operation. It has been well docu-
mented that the transient nature of cyclic operation contribufes to particulate emissions (e.g.,
Reference 4-17). When a burner is turned on, a few minﬁtes are required for it to attain steady
state conditions (see Section 4.2.2.1), and-investigations have shown that particulate emissions,
modulating burner control can be utilized. With modulating control, the burner is adjusted con-
tinuously to meet changing boiler or heat load requirements. The system never cools because the
burner is always on. Thus, the modulating operation eliminates the peak particulate, smoke, HC, and
CO emissions associated with on-and-off or step turn down controls and, coincidentally, prolongs
system life. The effect on NOx emissions is expected to be minimal. Unfortunately, no quantitative
data are available on the difference in particulate mass emissions over-an extended period of time

(e.g., one day) between a standard unit and one equipped with a modulator.

Most new burners over 10 gph (10.5 cm®/sec) can be ordered with modulating control. Therefore,
when an existing burner needs to be replaced, a unit with modulating control should be considered.
The cost involved is about $500 more per burner for the modulatiﬁg unit. If the modulating unit is
to be installed on an existing burner in the field, the extra labor charge is approximately $300

(i.e., total cost to retrofit is $800).

4.1.4.4 Retrofit Combustion Chamber Liners

Particulate emissions from some existing commercialvand residential boilers can be reduced by
placing a Eeramic felt liner just inside the ex{stiﬁg inner surface of the combustion chamber. This
liner surrounds the combustion volume with a thin 1ayervof insulation whose inner wall reaches tem-
perature equilibrium wﬁth the combustion gases more rapidly than the older insulation, thereby re-

ducing the particulate emissions during the start-up transient. However, the felt cannot withstand
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very high temperatures —'i.e., those corresponding to combustion volume temperature above 2600°F
(1427°C). Moreover, no specific data are available to show how much this retrofit reduces mass

emissions.

4.2 RESIDENTIAL

The main fuel used in oil-fired residential heating units is No. 2 distillate oil. Since par-
ticulate emissions from the burning of this grade of oil are small compared to those from units fired
with residual oil, high smoke readings are mostly due to improper air-to-fuel ratios, improper draft,

worn-out burner components, or poor burner and combustion chamber design.

As with commercial units, an effective and practical technique to reduce pérticulate emis-
sions from residential oil burners is to keep them well maintained. Procedures and programs direc-
ted toward this goal are discussed in Section 4.2.1, below. Significant improvements can also be
obtained through the use of new, well designed burners and combustion chambers. These, and other

potential control methods are discussed in subsequent sections.

4.2.1 Burner Maintenance

4.2.1.1 Burner Tuning or Replacement

Several investigators have shown that particulate emissions can be reduced significantly by ad-

Justing, or tuning, existing burners and by replacing worn out components or the entire burner.*

One team of investigators studied the emissions from 33 residential units during the 1970 to
1972 heating seasons (Reference 4-17). Pollutant emissions were measured in the "as found" condi-

tion and then after proper tuning, which included:
e Cleaning and adjusting the ignitor electrodes
e Cleaning the blast tube and blower shell
¢ Cleaning or replacing the nozzie
e Cleaning or replacing the oil filter

¢ Sealing air leaks at the inspection door, around the blast tube, or at other easily acces-

sible locations

*The relation between smoke level, gaseous pollutants and CO, concentration in the stack are shown
in Figure 2-3. Al1 these levels are affected by tuning.




Changing the draft regulator setting (replacing regulator if necessary)f
Three of the 33 units tested were found to be in such poor condition that they had to be replaced.

Table 4-2 summarizes, the reduction in mean pollutant emissions that could be acéomp]ished by
the following steps (assuming a typical distribution of 3 units in poor condition out of each sample

of 33 units):
s« 1. Identifying and replacing the units obviously in poor condition
2. Completing Step 1 and, in addition, tuning the remaining units

Tuning of the serviceaﬁle units reduced the mééh values of Bacharach Number considerably as
" indicated by Figure 4-3. For the "as-found" condition, the mean Bacharach Number was 3.2. After
tuning, tﬁis number was reduced to 1.3. Moreover, all of the serviceable units could have complied
with a standard of Bacharach No. 3 and nearly 90 percent could have even complied with a level of 2.
Tuning produced iittle change in NOX, while filterable particulates and HC emissions decreased only
slightly (see Table 4-2). The relationshop between smoke emissions and CO2 concentration in the
exhéust gas is shown in Figure 4-4. This plot shows that 11 of the 12 units tested could achieve
a smoke level of Bachérach No. 2 with 002 concentration greater than 8 percent (Bachéréch No. 2 is
the Maryland regulation, and they recommend that it be achieved at CO2 Tevels of 8 to 10 percent -
see Chapter 6). Similarly, three-quarters of the units (9 out of 12) could achieve either a Bacharach
No. 1 at 8 percent 002 or a No. 2 at 9 percent COZ' Since thermal efffciency is directly related to
excess air (and, hence, indirectly to COZ) and stack temperature, the CO2 concentrations can be
viewed as a measure of efficiency ff one assumes constant stack temperature. On thisvbasis, 8 percent
002 represents about 77.5 percent efficiency and 9 perﬁent, 79.1 percent for a tybi;al stack tempera-

ture of 500°F (260°C).

Two other studies also concluded that burner tuning produced a marked reduction in smoke emis-
sioné (Reference 4-1, 4-18). 1In one of these studies, the mean Bacharach Number of 200 burners was re-
duced s]ight]y more than 40 percent from above 2.0 before adjustment to 1.1 afterwards (Reference
4-1). Reference 4-17 also showed that tuning increased the overall thermal ef%iciency for 8 of the
13 units tested. The average increase for all 13 units was 1.7 percent. This average increase is
similar to the one reported in Reference 4-1 (from 78.2 to 79.2 percent) and discussed earlier

(Section 4.1).

*Periodic replacement of the filter for the air that is circulated through the house will affect
particulate emissions indirectly by reducing the loss in furnace efficiency due to the restricted
air flow.
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The value of a burner maintenance prbgram is shown by the experience of the Maryland Bureau
of Air Quality Control, which conducted q.survey'of over 400 residential burner units in the Ba]ti—
more and Washington Metropolitan Areas during 1972 to 1973 (Reference 4-10). They found that only
42 percent of the units had Bacharach Numbers less than 2 (the standard according to their regula-
tions), and that the average thermal efficiency was about 70 percent. The poorest burners were
only 54 percent efficient, whereas the best achieved 81 percent thermal conversion. However, in-
vestigators who studied the problem of particulate emissions in the Boston area concluded that most
residential and commercial units in that area received good maintenance service (Reference 4-55).
This conclusion was based on contacts with oil suppliers and burner servicing companies, who repor-
ted that most residential and commercial systems in the Boston area were serviced at least once each
year (References 4-60 and 4-61). The adherence of a large number of home-owners and building land-
lords to a periodic service program %s attributed to public relations compaigns by the oil suppliers .
that stressed burner maintenance for energy conservation. Since energy conservation was the criterion
used to adjust the burners, some reductions in smoke emissions are still possible by requiring that

boilers and furnaces be tuned to both a smoke spot number and a CO2 concentration.

These results agéin show the value of proper maintenance both in directly reducing emissions
and in indirectly reducing them as a by-product of decreased fuel consumption. In fact, since they
showed that all properly operated and maintained units could achieve a Bacharach Number of 3, and
nearly all could reach 2, theée results imply that particulate emissions from residential sources
could be reduced to an acceptable level in many regions by a control strategy that relies on mainte-

nance procedures to identify units in need of replacement and on proper tuning'fbr the remainder.

Usually burner maintenance service can be obtained from 0il suppliers on a contractual basis.

The cost for such services is approximately $30 to $35 per year.

In order +o determine how rapidly burner performance deteriorated after a burner adjustment,
follow-up measurements were made by the investigators who studied the 33 units described at the
begining of this subsection (Reference 4-17). These later tests were performed twice during the
heating season at 2-month intervals for four units. They showed that in only one unit did smoke,
€O, and HC increase. In another unit, CO and HC increased, while the other pollutants remained
constant. Emissions remained nearly constant for the other two units. However, results of tests
in a laboratory burner unit (Reference 4-20) indicated that smoke emissions increased from a
Bacharach Number of 1 to nearly 6 while NOX, €0, and HC remained essentially constant over a 10-
week period. The inconsistent results demonstrate the need for further stﬁdy of the effects of

time on emissions.
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One other study (Reference 4-63) was conducted to determine how smoke and efficiency vary
between burner servicings. Tuning resulted in an average reduction of smoke from Bacharach No. 1.9
to 0.9 and a 1.9 percent increase in efficiency. When the burners were next serviced, 3 months

later, efficiency had not deteriorated, but the average smoke number had increased to 1.8.

The study just referenced above also concluded that the importance of annual maintenance is
not so apparent if one only looks at emissions and effiéienqy of a well maintained burner before
and after a given servicing. However if the unit is not serviced annually, the annual decrease . in
performance becomes additive until very poor operation is experienced. One reason is that smoke‘
implies the presence of soot, some of which adheres to the heat transfer surface. After a boiler
has operated for some time with even a moderately low level of smoke, the accumulation of soot will

reduce its efficieny.

beriodic servicing is, therefore, a type of preventative maintenance that keeps the equip-
ment operating near its optimal level and, hence, minimizes emissions. It also avoids system failures

during the heating season.

4.2.1.2 Training of Servicemen

In Tight of the importance of proper burner maintenance in reducing air pollution in many
areas, up-grading the competence of servicemen and supplying them with good diagnostic instruments
can be considered a particulate control technigue. Unfortunately it is difficult to assess the
effectiveness of a program which requires that all o017 burner servicemen receive a certain training
and/or use specified instruments to adjust the burners. However, it is the unjform opinion of air
pollution control authorities that the quality of service currently available varies from very good
to very poor; therefore, they all believe such a control strategy would help. However, they con-
sider it to be either unenforceable or not cost-effective, and none of them have instituted such

a program,

Training programs for maintenance personnel are available in some localities where 0il is in
heavy use. These programs are usually offered in community colieges or trade schools. A few pri-
vate or trade organizations in the United States also specialize in setting up training programs and
preparing textbooks for oil burner servicemen. One such'organization, the Petroleum marketing
Education Foundation, based in South Carolina, conducts training programs throughout the United
States. These programs are usually sponsored by trade organizations. Class durations run from two
days to one week. Tuition is approximately $15 per day per student, including textbooks. The most
popular program run by this organization is a 3~day course in which the servicemen are trained to

adjust burners for high efficiency and Tow smoke.
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The trainees in the above'program are encouraged to utilize proper instruments when adjusting
burners instead of meré]y “eyeballing the flame" (Reference 4-21). Instruments that can be used to
measure COZ’ C0, Bacharach No., stack temperature, and draft pressure are available commercially at

a cost of $300 to $500 for the set.

One of the documents in the burner maintenance and adjustment guide1ine series currently being
developed by EPA'is concerned with residential oil burners (Reference 4-29). This guideline is in-

tended to be both a service guide and a training guide.

4.2.2  Burner and Combustion Chamber Redesign and Retrofit

Fundamental combustion research has stimulated new developments in small oil burning equip~
ment, especially as applied to residential space heating using No. 2 distillate. Both the govern-
ment and industry have sponsored programs to develop low pollution and high thermal efficiency re-
sidential oil burners. Some of the development efforts have resulted in commercially available units,

while others are still in the experimental stage.

Improved systems designed for new installations will be described below; possible retrofits

to existing systems will be discussed in the following subsection.

4.2.2.1 Burner and Combustion Chamber Redesign

New burner developments center mainly on the improvement of oil atomization and on the optimi-
zation of the combustion aerodynamics, particularly by adaptation of the flue gas recirculation con-

cept.

© Combustion Aerodynamics

" Reductions in smoke and other pollutants have been achieved by improved design of the flow
patterns in the burner and combustion chamber (see Section 4.1.4.2). Most of these systems rely on
optimal choices for swirl air velocity to obtain the desired turbulence level and residence time. In

addition, many use either internal or external flue gas recirculation (References 4-24 and 4-25).

One such development is now available commercially from the Blueray Company. This "blue
f1ame burner" is sold in a warm air furnace in two firing ranges, 0.6 gph and 0.75 gph (0.63 - 0.79
cm®/sec). Combustion gases amounting to 50 percent of the stoichioﬁetric air requirément are re-
circu]éfed internally to produce sﬁoke-free, blue-flame combustion with essentially zero excess air.
Most of the incandescent carbon particles are eliminated during the reburning. Because this burner
has to be matched to the combustion volume to obtain the desired (internal) recirculation pattern,

it comes only as a burner-furnace package.
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About 300 units have been sold so far (Reference 4-26),. but they are expected to be widely
available by mid-1976. 1In laboratory tests, the thermal efficiency of the burner has been shown to
be over 80 percent (Reference 4-27). A Bacharach Smoke Number close to zero, and NOx emissions just
over 20 ppm were achieved over a range of 11 to 14 percent‘COZ. In addition it is purported to be

quieter and smaller than comparabie forced air heating systems.

—

The CO concentrations during ignition were 1200 to 1300 ppm (Reference 4-28). These high €O
levels occur for about 3 to 4 seconds. After this initial ignition period, €O emissions drop down
to about 30 ppm, which is normal for o0il burneés. Although these high peak CO‘emissions are not
desirable, the benefits of reduced NOx and particu]ates? increased efficiency, quieter operation,

and reduced size far outweigh this disadvantage.

The cost for the burner package is about $550 excluding installation, or approximately 10 per-
cent more than a conventional oil-powered warm-air furnace (Reference 4-27). This cost differential
is quickly recovered through fuel savings and, in a new home, through Tower costs for sound insula-

tion and bui]ding space to house the unit.

The utilization of a flame retention device to create.a more stable, compact, and intense flame
is another area of development. Many such units are available currently. Studies have shown that
most flame retention burners perform better — i.e., at higher efficiency with Tower smoke and/or NOX
emissions — than do those with a conventional burﬁer geometry. One of the flame retention units
tested in Reference 4-20 emitted almost 60 percent less smoke than the conventional unit (average
Bacharach No. of 1.2 for the retention head versus 2.9 for the others). In addition, therma]
efficiency was higher for the retention head unit (83.0 percent versus 75.0 percent). A set of field
test results (Reference 4-17) also showed that smoke, particulate, CO and HC emissions were lower
for retention head burners than conventional oﬁes, while NOx emissions were essentially the same (see

Table 4-3).

4.2.2.2 Retrofit of Existing Burners

Proper burner maintenance has aiready been shown to be effective in reducing particulate emis-
sions from residential burners (see Section 4.2.1). As with the commercial sector (Section 4.1.2.2),
the retrofitting of existing units which are difficult to maintain or defective in design is another
method of reducing particulate emissions. These retrofits generally involve replacement of the
burner units and controls at a cost of about $300, including parts and labor. However, sometimes
commercially available combustion improving devices are added to the existing burners for the purpose

of improving the mixture of air and fuel.
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The ability of combustion-improving devices to reduce emissions and increase thermal efficiency
has been investigated (Reference 4-20). When added to existing burners, these devices modify the
combustion aerodynamics in the furnace. Of the five devices tested on a standard, high-pressure EZ
atomizing burner, only one, the flame retention head, was found to reduce smoke emissions significantly %
in comparison with the standard burner (see Figure 4-5). At a stoichiometric air-to-fuel ratio of
1.6 (minimum smoke for the retention head), the reduction was from slightly more than Bacharach No. 1
to almost 0, while the NOx emissions were unchanged. More importantly, the retention head could
achieve a smoke reading of No. 1 at an air-to-fuel ratio of Tess than 1.2 and No. 2 at 1.06, where-
as the standard burner could only reach these levels at 1.64 and 1.5, respectively. Therefore,
efficiency could be increased from 76.6 percent to 83.0 percent with this flame retention head.

However, none of the other four devices gave the same encouraging results.

4,2.3 Emerging Technology

Current research directed toward reduction of particulate emissions from residential oil bur-
ners is aimed primarily at the following areas (excluding modifications to the fuel): improved
atomization, optimization of the combustion aerodynamics, system use patterns, and modifications to

the combustion chamber length and material. These are discussed below.

Improved 0i1 Atomizers

The high-pressure air atomizing gun-type burner is the most common one used for residential

marked advances have been made recently in gun burners. These improvements have resulted in ﬁore
compact burners, having improved efficiency and flame stability. The improved efficiency reduces
fuel consumption, which in turn, should reduce the total annual particulate-emissions, The improved
flame stability allows more uniform burning and, hence, fewer localized cold spots or temporary fuel

rich zones where smoke or particulates are formed.

Ultrasonic and acoustic atomization, as discussed in'Subsecfion 4.1.4.1, are two schemes
presently under development. Another is the system used in the "Babington Burner" (Reference 4-62),
financially backed in part by the National 0il1 Fuel Institute (NOFI), the trade association for
home heating oil dealers. In this novel atomizer, liquid fuel washing over the outside surface of
a small glass or plastic bulb forms a thin surface film. Air forced through one or more slots
in the bulb breaks the Tiquid into a fine spray. Proponents of the burner claim uniformity of par-
ticle size, elimination of clogging, and ability to burn a variety of fuels (e.g.: diesel, distillate,
kerosene, etc.) as advantages over conventional burners. Fifty of the units have been field tested

and reportedly produced low smoke levels, but no numerical emission data are available.

4-26

I
i
I
|
|
!
heating. Even though the basic principles and component functions have generally remained the same,




10 T . — "
’“‘ - DEVICE ' B S g;
.\\ Standard ABC N
\\ ‘ « emeo= Monarch Combustion Head <
8 ! {  =—-——=—Delavan Flamecone - —
‘ \- ‘; '——~-Shell Head
2 \i —.—-. Gulf Econojet
i X eesessse. Union (Pure) Flame Retention Head
6

-3

Bacharach Number

Stoichiometric Air/Fuel Ratio

Figure 4-5. Average smoke emissions of combustion improving
devicses ‘versus stoichiometric ratio (Reference
4-20).

4-27




Vaporizing Burners

Vaporizing burners have been used with kerosene and No. 1 heating oil for many years. How-
ever, with No. 2 oil vaporization may not be complete leaving oil1 deposits on the metal surfaces.
The deposition rate can sometimes be as high as 200 grams qf carbonaceous matter per cubic meter of
oil consumed, and this material can later be emitted as particulate. A vaporizing burner for No. 2
oil that could overcome this problem would be of considerable interest because of its potential ad-

vantages: simplicity, quiet operation at low-capacity, low smoke, and high efficiency.

A prototype vaporizing burner for No. 2 distillate oil has been developed and tested (Refer-
ences 4-22, 4-23). 011 is introduced into a hat cast steel chamber where it vaporizes quickly. The
vapor is then conducted to a combustion chamber, where it is mixed with air in a swirl-type burner.
Such burners have performed satisfactorily on No. 2 oil for periods equivalent to a heating season,
firing 0.5 gallon per hour (0.53 cm®/sec) on an intermittent basis. Installed in a storage type
water heater, one of these units logged over 1000 hours firing time, and gave satisfactory combus-

tion performance of 12 percent 002 with 0 to 1 Bacharach Smoke Number.

Combustion Aerodynamics

An improved burner design for residential units evolved from the study discussed in Subsection
4.1.4.2 to design an optimum distillate oil burner for retrofit into existing warm air furnaces (Ref-
erence 4-10). In addition to the 9 gph (9.5 cm®/sec) burner described there, a 1 gph (1.1 cm®/sec)
was also designed on the basis of the tests with existing units. The burner was fired in a refractory
Tined, coaxial combustion chamber. Smoke emissions were less than Bacharach No. 1 and only negligible
quantities of unburned hydrocarbons and carbon monoxide were produced. Mass particulate emissions
were not measured. Nitric oxide emissions were about 1 mg NO/g fuel burned (about 50 to 60 ppm),
compared with nominal Tevels of 1.5 to 2 mg NO/g fuel from typical new commercial burners fired into
the same combustion chamber. The NO emissions increased to 2.0 mg/g fuel at a smoke level of Bach-
arach No. 1 when the burner was positioned at right angles to the combustion chamber. This geometry
is commonly found in residential furnaces. Other commercially available burners either smoked or
emitted about 3 mg NO/g fuel when fired in the same facility. Additionally, the “optimum geometry”
burner was capable of operating (in the Téboratory) at only 5 to 10 peréent excess air without smoke,
whereas typical new commercial burners required up to 25 percent excess air to achieve smoke free
operation.* Simulated field tests were conducted in a commercially available furnace for a total of

128 hours of cyclical on and off operation. The burner performed over the entire test period with

*Burners in the field usually need to be set at 10 to 20 percent more excess air than in the labo-
ratory to avoid sooty operation due to dirt accumulation on air blower fans and the like. Never-
theless, the optimized burner can still run with less excess ajr than other currently available
units, and these, in turn, are an improvement over the home heating systems that were installed in
the past, which require up to 60 percent excess air for smoke free combustion.
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1ittle variation in performance and no noticeable degradation in emissions. -The stoichiometric ratio
was -about 1.10, Bacharach No. 0, and NOX emissions 0.95 mg/g fuel.- This burner should be available

commercially within 1 to 3 years.

Results from this study aiso suggested that an optimally designed burner which was specifi-
cally matched with a combustion chamber could achieve even lower NOX levels at higher thermal effi-
ciency with no increase in smoke. This new system is being designed with a seated combustion air
and draft control system that uses outside air'instead of previously heated indoor air. The result-
ing conservation of heated indoor air—shou]d reduce fuel consumption. Work is currently underway to

develop this matched system. Such a system may be commercially avajlable within 6 years.

Burner Use Pattern

One of the major factors contributing to high particulate emission, particularly in domestic
burners, is cyc]ing. The on-off mode is a dominant characteristic of warm air furnaces, and its

jmportance as a cause of increased emissions has been well documented (References 2-6 and 2-15).

A typical furnace cycle is éhown-in Figure 4-6. The burner is ignited at a point off the
chart and after a minute or so, the blower starts circulating air over the heat exchanger. Four
minutes later the burner is extinguished, and about 5 minutes after that the blower stops. Inves-
tigations on a model residential heating system indicated that the sizeable peék emissions measured
during ignition and shutdown can account for most of the total emissions. Figure 4-7 shows qualita-
tive emission traces from an oil burner during a typical cycle. €O and HC emissions peak at ignition
and shutoff. HC concentration drops to insignificant levels between thg peaks; while CO emissions
tend to flatten out at a measurable level. Particulate emissions continuously taper off after the
ignition-induced peak, whereas NO emissions first rise rapidly for a short period and then continue
to rise at a more moderate rate as the combustion chamber temperature increases. The operating time

of most domestic burners seemingly is not Tong enough for NO to reach equilibrium levels.

The transient emissions are caused mainly by variations in the combustion chamber temperature.
At ignition, a cold refractory will not assist complete combustion and, therefore, peaks of CO, HC,
and smoke can occur. In o1def units the 011 nozzle tended to dribble dufing ignition and shutdown
due to momentary Tow atomization p?essure. This dribble fs composed of large droplets which result
in high particulate emissfons. The prdb]em has been min{hizéd in néw systems by the use of so1énoid
valves in the fuel tube (de]ayed on — instant ovf), the p1abement of this valve nearer to the burner

tip, and the use of smaller diameter tubes.
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Figure 4-6. Temperature rise across an oil-fired warm air
furnace heat exchanger during a typical cycle.
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It should also be mentioned here that cycling has a deleterious effect on overall efficiency.
As indicated in Figure 4-6, the fire is extinguished at the peak temperature rise across the furnace,
and it is at this point that the maximum certified efficiency is probably achieved. For the remainder
of the cycle the air blower remains on, but the flue gas temperature and flow rgtés through the
burner have dropped to zero. Perhaps what is more important, and not shown on this curve, is that
the burner has been firing for 1-3 minutes prior to blower start-up. Again, this means that there
is a significant period of time when there is very 1little flow on the air side, imp]yiﬁg ineffec-
tive heat exchange. Of course, some of this heat is stored in the furnace structure to be recov-

ered eventually, but much of it escapes out the stack under inefficient conditions.

Peak smoke emissions resulting from the on and off cycle of boiler and furnace operations is
a more serious problem for the residential sector than for other sectors (see also Subsection 4.1.2.2).
Nev&rtheless, modulating burners are rarely used in residences because the peak oil consumption rate
is usually less than 3 gph (3.15 cm®/sec). To modulate these burners, they would have to perform
effectively at the extremely Tow o0il consumption rates characteristic of low load firing. Much more
work would be needed to make burner modulation applicable to residential burners. Hopefully, the
continuous development of the newer burners, such as the blue-flame (Reference 4-27) and optimum

burners (Reference 4-10), could winimize the cyclic emission probiem.

Combustion Chamber Size and Material

Residence time affects particulate and NOx emissions from residential boilers and furnaces

just as it does commercial units (see Subsection 4.1.2.1). Figure 4-8 shows particulate emissions
as a function of excess air from two refractory-lined combustion chambérs, one a 15-inch (380 mm)
chamber and tﬁe other a 27-inch (680 mm) chamber. The longer chamber was created by adding a 12-
inch (300 mm) refractory-lined section between the end of the ]S-inch combustion chamber and the
metal heat transfer surfaces. The increase in chamber size effectively increases the residence time.
This figure shows that particulate emissions can be reduced substantially if a short residence time
unit is enlarged. For example, at an air-to-fuel ratio of 1.6 the reduction is ten-fold, from 0.20
to 0.02 mg/g fuel. The emission rate from the long chamber is less than one-quarter the rate from

a well maintained currently installed unit which has. been retrofitted with a flame retention device
to improve combustion and reduce particulate emissions (see discussion of flame retention devices
above). The curves on Figure 4-8 also indicate that the particulate emissions f?dm the long chamber

at typical stoichiometric air-to-fuel ratios (i.e., between 1.45 and 1.85) are below the Towest

levels attained by the short chamber, even when the latter is operated under very lean conditions.
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Figure 4-9 shows the NOX emissions from the two chambers. At a stoichiometric air-to-fuel ratio of
1.6 (i.e., minimum smoke for the Tonger unit), the NOx emissions are slightly higher for the larger
chamber {1.25 mg/g fuel) than for the shorter one (1.1 mg/g fuel). Due to space limitations in homes,
it may be difficult to apply this technique to commercially available systems. Moreover, data on

emissions under cyclical operation are not availabie.

The material used in the combustion chamber has been shown to affect smoke emissions (Refer-
ence 4-20). When a burner was fired into two chambers which were similar except for liner material,
the refractory-lined chamber gave lower smoke readings than the steel-lined one. It was assumed that
the steel created a cold wall effect which quenched the flame before combustion was complete, thus
producing excessive amounts of CO, HC, and smoke. Hence, refractory-lined combustion chambers are
preferred for lower pollutant emissions, at least in steady-state operation. The potential use of

ceramic liners as retrofits to existing units is discussed in the commercial section (4.1.2).

4.3 INDUSTRIAL AND UTILITY

In the industrial and utility sectors fuel accounts for 80 to 90 percent of the annual opera-
ting and maintenance costs. Therefore, the large boilers in these Sectors are generally well-maintained
to minimize fuel consumption, and state-of-the-art burner/combustion chamber design is used in new sys-
tems. Hence, particulate emissions from these sources are generally controlled by collection devices

in the exhaust stream.

A recent study on particulate control strategies for the Boston area, however, has concluded
that reductions of up to 30 percent could be achieved on industrial and uti]ify boilers by more fre-
quent inspection and improved maintenance procedures for boilers Targer than 30 MBtu/hr (8.79 MW)
(Reference 4-55). This strategy was chosen over fuel switching, fuel washing, and the purchase of
steam from a central station for residential and commercial space heatihg on the basis of its techni-
cal feasibility, acceptable capital and operating cost increases, projected fuel availability, and
enforcement requivements. The basis of this strategy is the set of procedures Tisted in Table 4-4.
This table was an attachment to a compliance schedule submitted by the Boston Edison Company to the
Metropolitan Boston Air Pollution Control District in support of their claim that their boilers were
in compliance with particulate loading Timitations.* The key, unique features of this program dre

their commitment to continuous sequential operation of soot blowers (Item IV) and their program to

*They stipulated frequent testing of the oxyger concentration in the flue gas rather than continuous
monitoring (see Item I) because they felt the oxygen monitors which were available at that time
were not reliable enough to use (Reference 4-57). Many large boilers, however, are equipped with
automated air-to-fuel ratio controllers which respond to stack measurements of oxygen concentration
and smoke.
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TABLE 4-4. PROCEDURES FOR CONTROL OF PARTICULATE EMISSIONS
FROM THE STACKS OF THE BOSTON-EDISON COMPANY

I. Frequent testing to maintain proper fuel/air
ratio for combustion.

II. Purge cleaning of fuel-oil burning guns at
each ;hutdown.

E
|
i
i
|
|
|
|
A. Routine disassembly and cleaning of !
fuel oil burning guns to determine |
possible plugging of orifices. E
B. Renew worn parts of fuel oil burning i;
guns as soon as wear is noted. ‘
III. Complete overhaul and repair of all fuel oil . !
burning equipment and all flue gas passages of ;
l
t
|
|
|
|
9
{

the boiler, during every annual outage for
inspection.

IV. Continuous 'sequential operation of soot
blowers.

V. Fire sides of boilers, boiler duct work and
ash hoppers are to be cleaned at periodic
intervals during the year.

The frequency of cleaning will be de-
termined by the results of the test
program described in Item VI.

VI. A program of periodic testing of particulate
emissions for representative Boston Edison
boilers is under development. The object of
this program is to determine the frequency
of cleaning necessary to maintain particu-
late emissions in compliance with the Bureau
of Air Quality Control's regulations.
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develop a maintenance schedule designed to maintain all units in compliance (Item VI). Soot blowing
is discussed in Subsection 4.3.2.1 below. Since the submission of this plan, they have adopted a
schedule of boiler cleaning (especia11y.1tems‘II and V) every 3 months (Reference 4-56). This inter-
val is based on"tests of emissions versus time since the last cleaning. These measurements showed
that the particulate emission rate increased with time and approached the regu]atory Timit about 3

months after the previous cleaning.

In general, some control over particulate is available by adjusting the air-to-fuel ratio, but
other factors constrain the use of this technique. If low sulfur fuels are burned, the particulates
consist mainly of ash (noncombustibles in the fuel) and smoke (partially burned fuel). Boilers which
are fired with such a fue] are generally adjusted to the Towest air-to-fuel ratio at which norvisib1e
smoke is produced. This practice has the dual benefit of minimizing both fuel consumption and NOX
emissions. A]though it is desirable to operate at an air-to-fuel ratio that represeﬁts about 3 per-
cent excess air, many industrial and some utility boilers still require up to 15 percent excess air.

New, better designed burners would have to be used in these boilers to permit the use of less air.

When high sulfur oil is used, the particulate can take on a different character with the pres-
ence of significant quantities of 503. These sulfates not only increase the rate of deposit accumu-
lation on the heat transfer surfaces but also leave the stack as a visible plume (References 4-6 and
4-12). Virtually all ‘the sulfur in the fuel is converted to SO2 or 503, and the ratio of 503 to SO2
increases with available oxygen. Therefore, low exceés air firing is a necessity when high sulfur
fuels are used. This requirement, more than the desire to reduce NOX and increase thermal efficiency,
was, in the past, responsible for the development of burners that could éombust fuel with only 3 per-

cent excess air.

Burners for packaged boilers have undergone almost continual refinement in the past 15 years
to narrow the flame further for higher-capacity furnaces and to optimize efficiency and re11a511ity.
These burners now provide for complete burnout of combustibles with Tow excess air. (In addition to
optimizing boiler performance, low-excess-air operation helps maintain emissions of nitrogen oxides
at low levels.) However, high boiler efficiencies cannot be achieved without close control of the
combustion process. Vendors generally recommend maintaining excess air in packaged oil-fired steam
generatoré between 10 and 15 percent. Although efficiency can be increased by dropping excess air
further, operation at lower levels requires extremely close attention on the part of operators to
prevent incomplete combustion, and the release of substantial quantities of soot, during rapid changes

in boiler Toad. Industry's drive to conserve fuel and minimize pollution control problems also has

4-37




led to the development of burners that can handle a wide variety of waste fuels — tar, pitch, hydro-
gen, naphtha, coke-oven gas, carbon monoxide, sander dust, refinery gas, sewage sludge, etc. (Power

Special Report, Power from waste, February 1975).°

To summarize, when low sulfur oils are burned, excess air can be used to eliminate any visible
emissions. However, this is not a useful approach because it also causes NOX emissions and fuel con-
sumption to increase. Moreover, when high sulfur fuel is used, low excess air combustion (e.g., 3-5
percent) is necessary to minimize particulate. Therefore? boilers should be equipped with burners
that are capable of operating at low excess air to minimize simultaneously particulates and fuel con-

sumption.

Since the smaller industrial units span the same size range as the larger commercial ones,
they show many of the same operational characteristics. Therefore, control strategies suggested for

the commercial units, such as improved maintenance procedures, could be applied to these industrial

units. In the following subsections, only the control techniques for the Targer boilers are discussed.

4,3.1 Particulate Collectors

Four basic types of particulate collectors are available for industry and utility applications:
electrostatic precipitators, mechanical collectors, bag fi]terhbuses, and wet scrubbers. Of these,
the electrostatic precipitator and the multicyclone, which is one type of mechanical collector, are
used in oil-fired facilities. Bag filterhouses and wet ﬁcrubbefs are generally not used at this

moment.

Particles that are emitted from large oil-fired units range in size from 0.1 to over 10 microns.

If the burner is well maintained and properly adjusted, toté] particulate emissions should be low, but
a substantial portion §f those emitted will probably be less than 1 micron. However, it is common to
find oil-fired sources which are not serviced frequently enough and whose emissions, therefore, are
dominated by the larger particles. The plume from such a boiler would normally not be visible unless
it was the discharge from a very large boiler with a correspondingly 1arge‘diameter stack. Fine par-
ticles can cause the sfack discharge to be visible because their size approaches the wavelength of
visible Tight, and hence enables them to scatter light effectively. Particulate collectors hﬁve been

used to minimize this problem (References 4-30 and 4-31).

Since particle size is an important factor in assessing the impact of emissions on various
receptors, one needs to consider the relationship between collection efficiency and particle size when
one discusses a control system. As shown on Figure 4-10, this efficiency decreases rapidly as the

particle size approaches the submicron range.
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The following subsections describe each of these particulate, or dust, collection devices,

give their control effectiveness, and present some. cost information.

4.3.1.1 Electrostatic Precipitators

Electrostatic precipitators have been used by the electric power industry for coal flyash
collection since 1923. Their use in this application has increased rapidly since 1950, from about
80 x 10% cfm (3.8 x 10* m*/sec) installed capacity then to over 500 x 10 cfm (2.3 x 10° m%/sec) in
1970 (Reference 4-35). Although they are now the most common collectors on oil-fired boilers, this
application accounts for Tess than 10 percent of the total installed capacity.* Their predominance
among control devices for oil-fired units can be attributed partly to the fact that many boilers "
which were at one time coal-fired have since converted to fuel oil. They originally were equipped
with a precipitator to abate coal flyash and have kept it in operation after the conversion, with
certain modifications to increase collection efficiency. In general, it is conceded that electro-

static precipitators are the most effective collectors in use today.

The operating principle consists of electrostatically charging the particulates by a corona
discharge and then passing these charged particles through an electrical field which drives them to
collecting plates. These plates are rapped periodically to dislodge the collected particulates,

which then fall into a hopper.

The efficiency of electrostatic precipitators has been described quantitatively by simplified
equations (Reference 4-30). These relationships are useful for preliminary design and systems analy-
ses purposes, for they show the impact of the significant parameters. Among thesé, the‘most impor-
tant are the effective collecting electrode area of the precipitator (A), the gas flow rate through
the precipitator (Q), the strength of the two electric fields (charging and collecting), and the
particle diameter, The A/Q ratio must be large for high collection efficiency; thus velocities
should be Tow and collection plates large. In addition, the collection efficiency is proportional.
to the strength of the electric fields. However, experience has indicated that the effect on collec-
tion efficiency of particle size above the submicron range is small. Other factors that influence
the precipitator performance are the gas viscosity, particle resistivity, sulfur content of the fue1;
flue temperature, carbon content of the particulates, particulate Toading and ability to get particles

off collecting plates and into the hoppers (Reference 4-30).

*Based on Reference 4-35 for total installed capacity and Reference 4-36 for quantity of fuel burned
annually in utility boilers that are equipped with precipitators.
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For 0il firing, field experience has shown that collection efficiencies between 50 and 95 per-
cent by weight can be obtained. Normally, the precipitators are designed to remove about 90 percent
of the particulate emitted (by weight) (References 4-31, 4-32, 4-33). However, it is not entirely
meaningful to talk about efficiency alone because it is a function of particulate loading, increasing
as the input particle toncentfation rises. Reference 4-31 claims that the outlet loading from a pre-
cipitator is nearly constant at 0.02 to 0.05 1b/MBtu (8.6 - 21.5 ng/d) independent of the inlet con-
ditions (0.05 to 0.33 1b/MBtu (21.5 - 142 ng/d) in this case, including periods of soot blowing).

One precipitator vendor states, further, that control performance is 1imited morelby a lower bound
of 0.005 gr/scf (0.009 - 0.011 1b/MBtu, depénding-on the excess air used) than it is by collection
efficiency (Reference 4-68). For example, precipitators are in use which collect over 99 percent
of the large amounts of nyash emitted by some coal-fired power plants; equivalent units designed
for oil-fired units,'whose-dncontro]]ed emissions are much lower,.can only achieve 90 to 95 percent
collection. However, the out]etbloading can be the same in both cases. At these typical efficien-
cies, well-maintained and correctly operated units should not emit a visible plume from the stack,
given the ash and sulfur content of most oils. If one uses 0.01 to 0.26 1b/MBtu (4.3 - 112 ng/d)
as representative data (Reference 4-36) for uncontrolled emissions from utility boilers and speci-
fies a 90 percent efficient precipitator, then these boilers should emif less than 0.03 1b/MBtu
(12.9 ng/Jd). The larger boilers (>300 MW) only emitted 0.04 to 0.06 1b/MBtu (17.2 - 25.8 ng/J) un-
controlled; therefore, they should be able to aqhieve the 0701 1b/MBtu (4.3 ng/d) 1ower‘bound from

precipitators.

Precipitators that are originally designed to collect coal flyash can experience a drop in
efficiency down to 45 percent when-used on oil. -Apparently the changes in particle resistivity,
size distribution, and surface properties are the primary reasons for this reduction. Therefore,
units which were installed on coal-fired boilers should be modified if the plant is converted to
oil. With proper modifications, efficiencies approaching 90 percent can be achieved. However,
once a precipitator which was designed for coal has been used on an oil-fired source without modi-

fication, its efficiency is reduced even when switched back to coal (Reference 4-36).

Costs of precipitators in 1973 are shown on Figure 4-11(a). These figures are for new units
to be used on 611-fired Sourceé and for the modification to change from coal to oil firing.
Erécted costs are highly variable, especially on existing installations. For new installations,
the erected, or installed, costs run about 1.7 times the FOB costs. Installed 1975 costs for both
medium and high efficiency precipitators (a1l applications, not just oil-fired boilers) are shown

in Figure 4-11(b). According to Figure 4-11(a), the puréhase cost of ESP's designed for oil-fired
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units is about 50 percent more than that for ESP's used on coal units; hence the installed costs

shown on Figure 4-11(b), which are heavily weighted by the preponderance of units sold to coal-fired
boiler operators, shbuld also be multiplied by 1.5 when used to calculate costs for oil-fired units.
Jperating cost is very low for electrostatic precipitators, amounting to about $0.03 to 0.05/yr/cfm
(Reference 4-31). Likewise, maintenance costs are about $0.03/yr/cfm, Thus as shown by the calcula-
tions in Appendix D (page D-3), costs for high efficiency units are about $0.8 x 10'4/1b steam ($1.8

X 10'4/kg steam) for an industrial boiler with 125 MBtu/hr (36.6 MW) heat input (lower 1imit of data

on Figure 4-11 and corresponding to about 100,000 1b steam/hr) and 0.008¢/kw-hr for a utility system.*
Some recent data suggest that these costs may be as high as 0.02¢/kw-hr for large oil-fired boilers

(see Appendix D). This means that the high efficiency precipitator cost represents nearly 2.5 percent
of the fuel costs for the industrial boiler and 0.4 to 0.8 percent of the typical charge for electricity
to a consumer (5¢/kw-hr). For a properly designed precipitator, only a very nominal draft loss of about
2 inches of water pressure is required (Reference 4-32). Precipitators reﬁuire some ground space; there-
fore:existing uncontrolled boilers would only be able to retrofit their bojlers with such a device if

they have the space available to expand.

Precipitators for oil-ash collection are faced with problems not normally encountered by pre-
cipitators for coal flyash collection. Some of the typical problems and solutions are noted below.

None of them present insurmountable difficulties.

1. 0i1 ash contains a high percentage of unburned and uncombustible carbon (e.g., 50 percent).
These particles have low electrical resistivity, especially when compared with most coal
flyash. The low resistivity permits re-entrainment of the collected material. To solve
this re-entrainment problem, the precipitators have to be enlarged, the electric controls
have to be modified to increase power level, and the rapping frequencies have to be opti-

mized.

2. 0i1 ash is hygroscopic. If this ash is allowed to cool, it wou]d form a “"cement." There~
fore, the collector plates and hopper must be well insulated and heated to prevent this

condition.

3. The whole system must be well insulated to prevent 503 condensation.

4.3.1.2 Mechanical Collectors

Mechanical collectors achieve particulate removal by means of centrifugal, jnertia], and grav-

itational forces. These forces are developed in a vortex separator. The flue gas is admitted either

*See Appendix D for the method of computation. Based on 20 percent excess air for the industrial
boiler and 3 percent for the utility system; cost increases by about 1 percent for each percent
excess air.
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tangentially or axially over swirl vanes (see Figure 4:-12) thué creating a high velocity inAthe cylin-
drical portion of the device. Pérticu]afe métter, whicﬁ is forced to the outer wall by the centrif-
ugal forces, drops to the bottom df the cyclone and into‘thelhoﬁper. Axial collectors and centrifugal
separators are both variations of mechanical cyclone collectors. These devices can also be built as
mu]tip]e-c&c]ones, which consist of a number of small-diameter cyclones operating in paraliel with a

common gas inlet and outiet.

Typical efficiencies of the mechanical collectors are 75 to 85 percent by weight for pgrticles
10 microns or larger (Reference 4-32). This efficiency is much Tower for small particles. Therefore,
the cyclones would be ineffective in oil burning installations if all burners were proper]y maintaingd
and adjusted because small particles account for more than one-half of the particulate emissions by
