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SECTION 1
EXECUTIVE SUMMARY

This report describes emission results obtained from laboratory
testing of flue gas and liquid streams from a residential hot water heater
burning distillate oil. This work was performed for the Industrial
Environmental Research Laboratory (IERL) of the Environmental Protection
Agency (EPA) under the Combustion Modification Environmental Assessment
(CMEA) program, EPA contract No. 68-02-3188. The primary objective of the
tests was to measure flue gas and liquid emissions and to evaluate the
operating efficiency of the heater under simulated domestic operation in
the laboratory.

1.1 RESIDENTIAL HEATER

The residential heater tested in this program represents an
innovative European design utilizing a condensing flue gas system and a
high efficiency 1ow-NOx burner. The heater, illustrated in figure 1-1, is
targeted for the commercial and residential North American market through
Karlisons Blueburner Systems Ltd. of Canada. The burner, illustrated in
figure 1-2, is manufactured by Maschinenfabrik Augsburg-Nurnberg (M.A.N.)
of West Germany. The burner utilizes a finely atomized 0il and recirculated
hot combustion gases mixed with fresh air to complete combustion of the
fuel in the burner pipe. The combustion of the fuel in the mixing tube

produces a stable "blue flame" which has become the trademark of this
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Figure 1-1.

Residential Hot Water Heater Equipped With Low-Emissi
Distillate 0il-Fired Burner (reference 1-1) w-Emission
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Figure 1-2. Schematic of the M.A.N. Residual 0il-Fired
Burner
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burner design. The recirculation of the combustion gases also causes

NOx emissions to be 40 to 50 percent lower than those from a
conventional high-pressure atomizing burner widely used for residential
oil-fired furnaces.

The firebox is completely immersed in water. Combustion products
pass over the tank water surface and through a series of baffles and heat
exchanger tubes before they exit the furnace exhaust duct. The cooling
water, which serves to absorb the heat from the furnace and carry it to
the residence, enters through a heat exchanger tube located near the top
of the furnace and then goes through the immersed copper coils before it
exits. Condensation of the flue gas moisture begins when cool water meets
combustion products on their way out of the tank, condensing practically
all the water produced by combustion of the fuel.

1.2 FURNACE OPERATION AND TEST ARRANGEMENT

The test program called for the analysis of discharged water as
well as flue gas samples. Therefore, prior to the start of the test, the
interior surfaces of the water tank and cooling coils were subjected to
rigorous cleaning to remove all traces of solid organic and inorganic
material which might contaminate the initial water charge and lead to
erroneous conclusions. Following the cleaning, the tank was filled with
municipal tap water. A tap water sample from the tank was then collected
and used as a blank for all analyses of water discharge samples.

The tank water was then subjected to approximately one week of
conditioning to simulate as-found heater operation. Conditioning took
place by operating the heater in a cyclic mode (approximately 10 min

burner on, 20 min burner off), similar to the cycle that was implemented

during the test. After a week of cyclic firing, the pH of the tank



reached a constant value of about 3.0. At that point, a tank water sample
was collected to be analyzed for anions, trace elements, and organic
concentrations.

An electronic data logger (Autodata 8) was used to record minute-by-
minute temperature readings of ambient air, stack flue gas, inlet water,
outlet water, and tank water during both burner-on and burner-off periods.
Table 1-1 summarizes heater settings and operating conditions during the
test. Figure 1-3 illustrates temperature profiles recorded during a typical
burner-on/burner-off cycle. The entire test period included 19 such cycles
for a total test time of 242 min.

The thermal efficiency of the heater calculated from the heat output
(the area in figure 1-3 between water-out and water-in temperatures), water
flowrate, and heat input (total fuel used during the test) measured 101 per-
cent. Because measurements of water flowrate and total fuel used are not
considered accurate to three significant figures, the efficiency of the unit
may have been slightly overestimated, as the greater than 100 percent would
indicate. However, it is safe to say that the thermal efficiency of this
condensing system is essentially 100 percent as indicated by measurements
of flue gas temperatures which were often lower than combustion air tempera-
tures.

1.3 EMISSION MEASUREMENTS AND RESULTS

Flue gas measurements were made at the exit of the furnace at

approximately Im (3 ft) from the base of the uninsulated exhaust pipe as

shown in figure 1-4. Flue gas measurements included:



Table 1-1. Hot Water Residential Heating System
Test Operating Conditions

o M.A.N. burner operating conditions:

Burner 01l pressure 1.03 MPa (150 psig)

0il temperature ambient

Burner on-time 11 to 14 min

Burner off-time 22 to 25 min

Distillate oil flow 0.45 ml/sec (0.49 gal/hr)
water heating system initial settings and operating conditions:
Tank water capacity 56.8 1 (15 gal)

Tank water at start of test 53.0 1 (14 gal)

Cooling water flow 107 m1/s (1.7 gal/min)
Tank water thermostat setting 54 to 55°C (129 to 131°F)
Average inlet water temperature 13% (560F)

Average rise of outlet water temperature 199¢ (350F)
Average rise of tank water temperature 329 (58°F)

pH of tank water 2.7
Approximate tank water discharge rate 0.47 m1/s (0.43 gal/hr)

Flue gas temperature 16.7 to 27.8°C (62 to 82°F)
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High Volume Stack

Sampler (HVSS) for

particulates and
modified HVSS for
S0,-503 emissions

| Exhaust duct extendina approx. 3m (9 ft)
above the furnace

F—— Source Assessment Sampling System (SASS) train

1 _ Gas flow anemometer

—1— Bacharach smoke spot and sample
probe for gas chromatography
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gas temperature y
thermocouple

Furnace
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Figure 1-4. Gas Sampling Location
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e Continuous monitoring for NOX, NO, CO, C02, 02, and TUHC

o Source Assessment Sampling System (SASS) for trace elements and
organic emissions

e [EPA Method 5 for solid and condensable particulate mass emissions

e EPA Method 8 for sulfur species (SO,, SO

2° 3)

e Grab sample for onsite analyses of C] - C6 hydrocarbons by

gas chromatography

e Bacharach smoke spot

Water samples at the end of the test were collected for laboratory
analysis of trace elements, organics, and anions. Bioassay tests were
also performed on the extract of the organic sorbent in the SASS and for
the water sample at the end of the test to estimate the potential toxicity
and mutagenicity to mammalian organisms.

Table 1-2 summarizes both fiue gas and water emissions measured in
the test program. Emissions are presented in nanograms per Joule heat
input (ng/Jd) and in terms of their respective potential health hazard. The
potential health hazard is given by the Discharge Severity (DS) which is
defined as the ratio of the concentration of a pollutant to an appropriate
Discharge Multimedia Environmental Goal (DMEG). DMEG values were developed
by EPA for use in Environmental Assessment programs. They correspond to
maximum pollutant concentrations considered safe for short term exposure
(reference 1-2, 1-3). A DS greater than 1.0 suggests a potential hazard,
and more refined chemical analysis may be required to quantify specific
compounds present. Table 1-2 lists criteria emissions measured in the gas

stream and trace elements in both gas and liquid streams for which the

health-based DS exceeded 0.1.



Table i-2.

Summary of Flue Gas and Water Emissions

Flue Gas Waste Water
Compound
Average Average
Concentration DS Concentration DS
(ng/d) (ND) (ng/J) (ND)
Criteria Pollutant and
Other Vapor Phase
Emissions
co 1.9 7.7 x 1070 | --c --
NO (as NO,) 37.1 1.1 x 10t -- --
NO 0 -- 3 -- --
TURC (as C3Hg) 1.5 1.2 x 10] -- -
50, 106.3 1.0 x 10 -- --
S07 (vapor) 0 == 4 -- --
So?id particulate 1.3 NA -- -~
Condensable particulate 1.4 NA -- --
Smoke 0 -- -- --
Organic Categories
Aldehydes 3.8 x 1072 | 0.40 -- --
Carboxylic acid 7.6 x 10 0.20 -- --
Trace Elements & Anions
Copper, Cu 2.2x10°% | 3.0x 1072 | 1.1 x 10, 100
S04 (condensed) -- -- 2.2 x ]0_1 67 -2
NO3 (condensed) -- -- 1.5 x 10_2 9.3 x 10
Chioride, CI° -- 3 -- 2.2 x 1023 1.7 x 1071
Chromium, Cr 1.3 x 10_3 3.4 -2 1.1 x 104 2.8
Iron, fe 5.9 x ]0_3 2.1 x 10_2 1.6 x 10_3 6.7 1
Lead, Pb 1.1 x 10_4 1.9 x 10_4 1.3 x 10 3 2.8 x 10-]
Manganese, Mn 5.2 x 10 3 2.8 x 10 1 2.2 x 107 7.6 x 107
Nickel, Ni 3.3 x 107 5.7 x 107 1.6 x 1072 4.4
Selenium, Se 9.6 x 1072 1.3 x 1073 2.2 x 1073 2.0
Sodium, Na >8.0 x 1072 | >1.1 x 10° -- -
Sulfur, S 1.8 x 1071 4.8 x 10°1 -- -
Zinc, In 2.9 x 107 1.9 x 107 >2.2 x 1071 [>4.0 x 107!
Total Discharge -- 27.0 -- 185
Severity (TDS)
Weighted Discharge -- 2,600 -- 8.7
Severity (WDS), g/s

bND nondimensional

CDpashes indicate that pollutant was not sought in the analysis or was below

detectable limit

d not applicable

NA

10

—

3 1ue gas 0p and C0p concentrations are 1.9 and 12.9 percent respectively, dry basis



For the flue gas stream, NO and SO2 emissions were responsible
for the highest DS values, both exceeding unity by nearly a factor of 10.

CO0 and total hydrocarbons were present at concentrations posing less concern
(DS less than 1.0). Four elements with DS greater than 0.1 were found in
the flue gas. These were chromium, nickel, sodium, and sulfur, with only
chromium having a DS exceeding unity. Both chromium and nickel can be
introduced as contaminants in sample preparation procedures prior to Spark
Source Mass Spectrometry (SSMS) analysis.

Total organic emissions in the flue gas measured 3.5 mg/dscm. Infrared
spectrometry (IR) and Low Resolution Mass Spectrometry (LRMS) indicated that
the organic matter consisted primarily of aliphatic hydrocarbons (about
90 percent), alcohols (about 4 percent), and carboxylic acids, esters, ketones,
or amines (about 5 percent). Table 1-3 summarizes these organic emission
results for the flue gas. The DS values shown in table 1-2 were calculated
assuming the levels shown in table 1-3 consisted entirely of the compound
with the Towest DMEG potentially present in the respective MEG category. In
this respect, the organic category DS values in table 1-3 represent conserva-
tive upper bounds.

Organic matter in the waste water was found to be at concentrations
less than detectable. Gas Chromatography/Mass Spectrometry (GC/MS) analysis
of the organic sorbent extract showed the presence of anthracene/phenanthrene
and naphthalene in nonhazardous concentrations ranging from 2 to 36 ug/dscm.

Trace elements in the tank water for which DS exceeded unity were
copper, chromium, iron, nickel, and selenium. Copper levels significantly

exceeded those of any other trace element. This was probably caused by

11
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Table 1-3. Organic Extract Summary -- XAD-2 Sorbent Extract

]
LCT LC2 LC3 LC4 LCS LC6 LC7 ES
Total Organics, 75 2 <3 <2 <Z 2 4 85
mg
TCO, mg 52 0.2 <0.85 <0.1] <0.02 <0.02 <0.02 54
GRAV, mg 23 2 <2 <2 <2 2 4 31
4
Assigned Intensity -- mg/dscm !
|
Category i
LC1 LC2 LC3 LC4 LC5 LC6 LC7
Aliphatic HCs 100--2.6 2.6
Aldehydes 100-<0.11 .11
| Carboxylic Acids 100--0.14} 0.14
? )




leaching of copper coils immersed in the warm acidic water. Concentrations
of copper in the 480 to 505 mg/1 range were detected using the more accurate
rate AA analysis versus greater than 10 mg/1 reported using the SSMS analysis.
Concentrations of 1,000 mg/1 of SOZ and 7 mg/1 of NO& caused by
dissolution of SO3 and NO2 in condensed water in the flue gas, resulted in
acidic tank water with a pH of about 3.0. The DS for SOZ
the second highest after copper. MNitrate concentrations, however, are not

(as HZSO4) is 67,

sufficiently high to pose an environmental concern.

Total Discharge Severity (TDS), defined as the sum of all DS, for the
liquid stream exceeded that of the gas stream due primarily to the copper
and sulfate concentrations in the water. However, based on the total flow-
rate of each stream, the exhaust gas still poses a higher environmental risk
relative to the waste water as indicated by the Weighted Discharge Severity
(WDS) which is defined as the TDS times the mass flowrate of the stream.

Bioassay tests were performed on the organic sorbent (XAD-2) extract
and the tank water discharge -- bioassay results reported here are for health
effects tests only. These tests are (1) the Ames assay. based on the property
of Salmonella typhimurium mutants to revert due to exposure to various
classes of mutagens; (2) the cytotoxicity assay (CHO) of mammalian cells in
culture to measure cellular metabolic impairment and death resulting from
exposure to soluble and particulate toxicants; and (3) acute toxicity tests
in Tive rodents (RAT) to identify in vivo toxic effects of unknown compounds.
The results of these assays are summarized in table 1-4 for both the flue gas
sample (organic sorbent extract) and a liquid sample (tank water discharge
recovered at the end of the test). The responses recorded in the biological

tests varied from nondetectable to moderate toxicity and mutagenicity.

13



Table 1-4. Bioassay Analysis Results

Evaluation®
Sample CHOb Ames © RATD
Organic sorbent XAD-2 L/ND MC --
Tank water discharge M ND ND
ND = nondetectable toxicity/mutagenicity
L = low toxicity
M =

moderate toxicity/mutagenicity
broxicity test
CMutagenicity test
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SECTION 2
INTRODUCTION

This report presents results of and describes environmental tests
performed for the Industrial Environmental Research Laboratory (IERL) of
EPA under the Combustion Modification Environmental Assessment (CMEA)
program, EPA contract No. 68-02-3188. The CMEA started in 1976 as a three-
year study, NOX EA, EPA contract No. 68-02-2160, having the following five
objectives:

o Determine multimedia environmental stresses from stationary

combustion sources and combustion modification technology

e Develop and document control application guidelines to minimize

these stresses

o Identify stationary source and combustion modification R&D

priorities

e Support environmental assessment methodology development

e Disseminate program results to intended users

During the first year of the NO, EA, data and methodologies for

the environmental assessment were compiled. Furthermore, priorities for
the schedule and level of effort for the various source/fuel/contro]
combinations were identified. This effort revealed major data gaps

particularly for noncriteria pollutants (organic emissions and trace

16



elements) for virtually all combinations of stationary combustion sources
and combustion modification techniques. Consequently, a series of seven
environmental field test programs was undertaken to fill these data gaps.
The results of these tests are documented in seven individual reports
(references 2-1 through 2-7) and in the final NOX EA report summarizing
the entire three-year effort (reference 2-8).

The current CMEA program has, as major objectives, the continuation
of multimedia environmental field tests initiated in the original NOx EA
program. These new tests, using standardized Level 1 sampling and
analytical procedures (reference 2-9) are aimed at filling the remaining
data gaps and addressing the following priority needs:

e Advanced NO, controls

-- Evaluation of controls with regard to the impending New
Source Performance Standard (NSPS)

-- Evaluation of controls designated Best Available Control
Technology (BACT)

o Alternate fuels

e Secondary sources

e EPA program data needs

-- Residential o0il combustion

-- Wood firing in residential, commercial, and industrial
sources

-- High interest emissions determination (dioxins,
radionuclides, etc.)

o Nonsteady-state operations

Residential distillate oil-fired heating systems have in recent

years been the subject of intensive investigation to assess the thermal

17



etficiencies as well as their emissions. Results of these studies,

summarized in a NOX EA report (reference 2-10), have shown that
conventional residential warm air and hot water heating systems in the
field often have relatively low thermal efficiencies and that their
emissions, although small on a unit-by-unit basis, can often contribute
significantly to ambient air guality deterioration in urban areas during
the winter season. Furthermore, laboratory analyses of flue gas samples
have shown that total organic emissions measured on a heat input basis
from distillate oil-fired residential heaters operating in cyclic mode can
be significantly above organic emissions from other major stationary
combustion source categories (reference 2-11).

A number of low-emission, high-efficiency residential heating
systems/burners have been developed in recent years. In the NOX EA
program, flue gas emissions from one such low-emission, high-efficiency
residential warm air furnace were evaluated (reference 2-4). During the
current CMEA, two other residential heating systems have been investi-
gated. This report presents results of a hot water domestic furnace
in which the exhaust gas temperature is well below the water dew point
and thus the latent heat of water in the flue gas is recovered. This
condensing hot water furnace is equipped with a low emission distillate
oil-fired burner developed by Maschinenfabrik Augsburg-Nurnberg (M.A.N.)

and a subject of recent investigations by the IERL of the EPA. The
objectives of this test program were to assess multimedia emissions in gas
and liquid streams from the heater and to evaluate the operating
efficiency of the unit under simulated domestic operation in the

laboratory. Since this innovative domestic furnace design has not been

18



installed in the United States, field tests under actual field operation
could not be pursued.

As mentioned earlier, concurrently with this test program, a second
residential low emission and improved efficiency furnace was also tested.
This furnace, developed by the Rocketdyne Division of Rockwell
International under EPA sponsorship, uses a conventional design
incorporating a state-of-the-art warm air furnace with modified low
emission burner and firebox designs. Results of the tests on the
Rocketdyne/EPA furnace are presented in a separate report (reference
2-12). Table 2-1 Tlists all the tests performed to date in the CMEA effort,
outlining the source tested, fuel used, combustion modification controls
implemented and the level of sampling and analysis performed in each case.
Results of these test programs are presented in separate reports available

through EPA.
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Table 2-1. Completed Tests During the Current Program
Test Points )
Source Description Unit Operation Sampling Protocol Test Collaborator

Spark ignited natural
gas-fired reciprocating
internal combustion
engine

Large bore, 6 cylinder,
opposed piston, 186 kW
(250 Bhp)/cyl, 900 rpm
Mode1 387DS8-1/8

-~ Baseline {pre-NSPS)

-- Increased air-fuel
ratio aimed at
meeting proposed
NSPS of 700 ppm
corrected to 15
percent 0p and
standard atmospheric
conditions

Engine exhaust:
-- SASS
-- Method 5
-- Gas sample (Cy - Cg HC)
-- Continuous NO, NO,, CO,
€05, 0p, CHg, TUHC
Fuel
Lube oil

Fairbanks Morse
Division of Colt
Industries

Compression ignition
diesel-fired
reciprocating internal
combustion engine

Large bore, 6 cylinder
opposed piston, 261 kW
(350 Bhp)/cyl, 900 rpm
Model 38TDD8-1/8

-- Baseline (pre-NSPS)

-~ Fuel injection retard
aimed at meeting pro-
posed NSPS of 600 ppm
corrected to 15 per-
cent 0p and standard
atmospheric conditions

Engine exhaust:
-- SASS
-- Method 8
-- Method 5
-- Gas sample (Cy - Cg HC)
-- Continuous NO, NO,, CO,
C0,, Op, CHg, TUHC
Fuel
Lube 0i}

Fairbanks Morse
Division of Colt
Industries

Low-NOy residential
condensing heating
system furnished by
Karlsons Blueburner
Systems Ltd. of Canada

Residential hot water
heater equipped with
M.A.N. Tow-NOy burner,
0.55 ml/s (0.5 gal/hr)
firing capacity, con-
densing flue gas

Low-NOy burner design
by M.A.N.

Furnace exhaust:
-- SASS
-- Method 8
-- Method 5
-- Gas sample (Cy - Cg HC)
-- Continuous NO, NO,, CO,
C0p, 05, CHg, TURC

i Fuel

| Waste water

-

I Rocketdyne/EPA Residential warm air Low-NOy burner design Furnace exhaust:
low-NOy residential furnace with modified and integrated furnace -- SASS
forced warm air furnace high pressure burner and system -- Method 8

! firebox, 0.83 ml/s -- Controlled condensation

' (0.75 gal/hr) firing -- Method 5

capacity

-- Gas sample (Cy - Cg HC)
-- Continuous NO, NO,, CO,
€0y, 02, CHg, TURC
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Table 2-1.

Continued

Source

Description

Test Points
Unit Operation

Sampling Protocol

Test Collaborator

Pulverized coal-fired
utitity boiler,
Conesville station

400 MA tangentially
fired - new NSPS
design aimed at
meeting 301 ng/J
NOy limit

ESP inlet and outlet -
one test

ESP inlet and outlet
-~ SASS
-- Method 5
-~ Controlled condensation
-- Gas sample (Cy - Cg HC)
-- Continuous NO, NOy, CO,

€0z, 0y

Coal

Bottom ash

ESP ash

Exxon Research and
Engineering (ER&E)

Industrial boiler

1.14 kg/s steam

(9,000 1b/hr)

fired with a mixture
of coal-oil-water (COW)
1.89 kg/s steam

-- Baseline (COW)

-- Controlled S0»
emissions with
limestone injection

Boiler outlet
~- SASS
-~ Method 5
-- Method 8
-- Controlled Condensation
-- Gas sample (C1-Cg HC)
-- Continuous 07, COp,
€0, NOy
Fuel

Envirocon

Industrial boiler

1.89 kg/s steam
(15,000 1b/hr)

hot water

firetube fired with a
mixture of coal-o0il-
water {COW)

-- Baseline (COW)

-- Controlled SO
emissions wit
NapC03 injection

Boiler outlet
-- SASS
-- Method 5
-- Method 8
-- Controlled Condensation
-- Gas sample (Cj - Cg HC)
-- Continuous 07, CO» NOy
Fuel

Adelphi University

Industrial boiler

3.03 kg/s steam

(24,000 1b/hr) watertube
fired with a mixture of
coal-oil (COM)

-- Baseline test only
with COM

Boiler outlet
-- SASS
-- Method 5
-- Controlled Condensation
-- Continuous 0y, COp, NO,
TUHC, CO
-- N20 grab sample
Fuel

PETC and General
Electric (GE)
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Table 2-1.

Continued

Test Points

Sampling Protocol

Test Collaborator

draft process heater
burning oil/refinery gas

using air injection
lances

-- Controlled condensation
-- Gas sample (C] - Cg HC)
-- Continuous 07, NOy, CO,

€0», HC

NZS grab sample
Fuel oil
Refinery qgas

Source Description Unit Operation
0il1 refinery vertical 2.54 M1/day -- Baseline Heater outlet KVB
crude oil heater (16,000 bbl/day) natural -- Staged combustion -- ::Eg §s
- 0

Industrial boiler

8.21 kg/s steam

(65,000 1b/hr)
watertube burning
mixture of refinery gas
and residual oil

-~ Baseline

-- Ammonia injection
using the noncatalytic
Thermal DeNOy
process

Economizer outlet
-- SASS
-- Method 5, 17
-- Controlled condensation
-- Gas sample (C} - Cg HC)
-- Ammonia emissions
-- N0 grab sample
-- Continuous 0y, NO,,
co, Co,
Fuels (refinery gas and
residual oil)

i

Industrial boiler

2.52 kg/s steam
(20,000 1b/hr) watertube
burning wood waste

-- Baseline (dry wood)
-- Wet (green) wood

Boiler outlet
-- SASS
-- Method 5
-- Controlled condensation
-- Gas sample (Cy - Cg HC)
-- Continuous 0p, NO,, CO
Fuel
Flyash

North Carolina
Department of
Natural Resources,
EPA IERL-RTP

Industrial boiler

3.16 kg/s steam
(29,000 1b/hr)
firetube with refractory

firebox burning wood waste

-~ Baseline (dry wood)

Outlet of cyclone particulate
collector
-- SASS
-- Method 5
-- Controlled condensation
-- Gas sample (Cy - Cg HC)
-- Continuous 0y, NO,, CO
Fuel
Bottom ash

North Carolina
Department of
Natural Resources,
EPA TERL-RTP
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Table 2-1. Concluded

Source

Description

Test Points
Unit Operation

Sampling Protocol

Test Collaborator

Enhanced oil recovery
steam generator

6.31 kg/s steam

(50,000 1b/hr)

equipped with MHI low-NOx
burner firing crude oil

-- Emissions performance
mapping

-- Extended tests at
"optimum" emissions
performance

Exhaust duct
-- SASS
-~ Method 5
-- Method 8
-- Gas sample (Cj - Cg HC)
-- N20 grab sample
-- Continuous 02, NOx, CO
€02, TUHC
Fuel
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SECTION 3
SOURCE DESCRIPTION

The residential hot water heater, illustrated in figure 3-1,
combines a low-emission, high-efficiency distillate oil-fired burner with
a condensing heat exchanger. The burner, manufactured by M.A.N., utilizes
blue flame combustion technology developed by Professor Buschulte of the
German Research and Testing Laboratory for Air and Space Travel (DFVLR).
Its design produces NOx emission levels which are normally 40 to 50
percent below those from conventional residential oil-fired high-pressure
atomizing burners.

The burner, illustrated in figure 3-2, utilizes finely atomized oil
and recirculated hot combustion gases mixed with fresh air to complete the
combustion of the fuel in the burner pipe. The fuel o0il can be
pressurized to 2.1 MPa (approximately 300 psi) and is atomized by a 60°
hollow cone nozzle delivering about 0.53 ml/s (0.5 gal/hr). The
combustion of the fuel in the mixing tube produces a stable blue flame
which has become the trademark of this burner design. Because the M.A.N.
burner recirculates the combustion gases internally within the burner pipe
where combustion is completed, retrofit installation on existing
residential heating systems is possible. Although other blue flame burner
designs have been developed and implemented in the United States

(reference 3-2), the retrofit capability of the M.A.N. design has made it
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Figure 3-1.

Residential Hot Water Heater Equi i
Low-Emission Distillate 011-F1;Ld %ﬁﬁguﬁjth
(reference 3-1)
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Figure 3-2. Schematic of the M.A.N. Residential Qil-Fired Burner
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attractive as a potential technique for reducing N0 emjssions from
X

existing residential units.

Figures 3-3 and 3-4 illustrate the hot water tank and heat
exchanger assembly, respectively. The firebox, shown in figure 3-3 is
completely immersed in water. The water level reaches approximately 2 cm
(less than one inch) below the top of the three exhaust pipes. This water
level is controlled by positioning the condensed water drain spout.

Before the combustion products exit the furnace exhaust duct, they pass
over the water surface and through a series of baffles and heat exchanger
tubes. The baffle and heat exchanger tubes configuration is illustrated
in figure 3-4.

The cooling water, which serves to absorb the heat from the furnace
and carry it to the residence, enters through a heat exchanger tube
located near the top of the furnace and then goes through the immersed
copper coils before it exits. Condensation of the water in the flue gas
begins when cool water meets combustion products on their way out of the
tank, condensing practically all the water produced by combustion of the

fuel.

Condensing heating systems for domestic hot water or warm air have

been proposed as a means of reducing residential fuel consumption
(reference 3-4). The Hadwick 105 furnace tested during this program
represents one such condensing heating design where combustion
efficiencies exceeding 95 percent under normal cyclic operation can be
achieved. This high thermal recovery represents a significant improvement
over cyclic efficiencies of existing residential heating systems which are

normally at about 75 to 80 percent (references 3-4, 3-5),
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Figure 3-3. Schematic of the Hot Water Tank (reference 3-3)
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Figure 3-4. Heat Exchanger Assembly (

reference 3-3)
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SECTION 4
EMISSIONS RESULTS

The objectives of this test program were to measure exhaust
emissions during normal cyclic operation and to quantify the pollutant
concentrations in the water stream leaving the furnace. This section
describes the test arrangement and presents emissions results measured in
the exhaust flow gas duct and condensed water leaving the tank.

4.1 FURNACE OPERATION AND TEST ARRANGEMENT

The condensing hot water residential furnace tested in this program
has just recently been introduced to the North American market. Although
in widespread use in some countries in Western Europe, there are no known
domestic installations in the United States or Canada. Therefore, a new
unit was obtained by the Danish Aircraft Systems A/S in cooperation with

the Karlsons Blueburner Systems Ltd. of Canada. This unit was set up in

the Acurex combustion laboratory where access to emissions monitoring
equipment was relatively straightforward.

Since the test program called for analysis of water samples
collected during and at the conclusion of the test, the interior surfaces
of the water tank, exhaust duct, and cooling coils were subjected to
rigorous cleaning prior to the test. The objective of the cleaning
procedure, which included water with soap wash followed by distilled water

rinse, methyl alcohol, and methylene chloride in that order, was to remgve
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all traces of solid organic and inorganic material which might contaminate
the initial water charge and lead to erroneous test conclusions.

Following the cleaning procedure, the tank and coils were rinsed
with an initial charge of tap water poured into the tank through the
exhaust flue gas duct. The tank and heat exchanger coils were rinsed by
first fi1ling the tank to its capacity, approximately 56.8 1 (15 gal),
then draining the water through the drain plug. After the tap water
rinse, approximately 41.6 1 (11 gal) were poured into the tank. This
water served as the initial charge used for the test program. A tap water
sample and a sample obtained from the water in the tank were collected to
establish the initial contaminants in the water by laboratory analysis at
the start of the test.

In order to obtain water samples representative of "as-found"
furnace conditions, it was necessary to condition the initial charge of
tap water in the tank by operating the furnace over a period of a few days
under normal domestic operating practices. Thus the furnace was left
operating in a cyclic mode (approximately 10 min on, 20 min off) for about
one week. The condensed flue gas water raised the level of the tank water
to the overflow setting. Any water collected from the overflow drain was
then monitored intermittently for its pH level. After the week of
preconditioning the water, the pH level reached a constant value of about
3.0. At that point, another water sample was taken from the tank drain
valve to be analyzed for anions, trace elements, and condensed organic
concentrations. This sample, together with the water sample collected at
the end of the test, served to establish the steady state reached through

the conditioning period of the tank water. An electronic data logger

33



(Autodata 8) was used to record temperatures of ambient air, stack flue
gas, inlet water, outlet water, and tank water on a 1-min interval during
both burner-on and burner-off periods.

Table 4-1 summarizes burner and furnace operating settings
throughout the test program. Cycle frequency of the burner was controlled
by adjusting the setting of the tank water thermostat and the cooling
water flow rate. A thermostat setting of approximately 549¢ (129°F)
and a cooling water flow rate of 107 ml/s (1.7 gal/min) resulted in
burner cycle frequencies of 11 to 14 min on, 22 to 25 min off. These
settings were maintained nearly constant throughout the test period.
Figure 4-1 illustrates the temperature profiles measured with the data
logger during a typical on-off burner cycle.

The following section presents emissions measured in both gaseous

and liquid streams leaving the furnace.

4.2 FLUE GAS AND WATER EMISSIONS

The sampling and analysis procedures used in this test program
conform to the EPA Level 1 protocol (reference 4-1) for gas and liquid
streams. Flue gas measurements were made at the exit of the furnace at

approximately 1Im (3 ft) from the base of the uninsulated exhaust pipe,

as shown in figure 4-2. Flue gas measurements included:
e Continuous monitors for NO, NOX, co, C02, 02, TUHC
e Source Assessment Sampling System (SASS) for trace elements and

organic emissions

e EPA Method 5 for solid and condensable particulate mass

emissions

e FPA Method 8 for sulfur species (302, 803)
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Table 4-1. Hot Water Residential Heating System
Test Operating Conditions

M.A.N. burner operating condition:

-- Burner 0il pressure 1.03 MPa (150 psig)

-- 0il1 temperature ambient

-- Burner on-time 11 to 14 min

-- Burner off-time 22 to 25 min

-- Distillate oil flow 0.45 m1/s (0.49 gal/hr)

Hot water heating system initial settings and operating conditions:

-~ Tank water capacity ~56.8 1 (15 gal)

-- Tank water at start of test ~53.0 1 (14 gal)

-- Cooling water flow 107 m1/s (1.7 gal/min)

-- Tank water thermostat setting 54 to 55°C (129 to 131°F)
-- Average inlet water temperature 13° (56°F)

-- Average rise of outlet water temperature 19°¢ (35°F)

-- Average rise of tank water temperature  32°C (58°F)

-- pH of tank water 2.7

-- Approximate tank water discharge rate ~0.47 ml/s (0.43 gal/hr)

-- Flue gas temperature 16.7 to 27.8°C (62 to 82°F)
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Figure 4-1. Hot Water Residential Heater Temperature Profiles
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® Grab sample for onsite analysis of C] - C6 hydrocarbons by
gas chromatography
® Bacharach smoke spot
Appendix A describes this equipment, and the sampling and analytical
procedure used.

4.2.1 Criteria Pollutant and Other Vapor Phase Emission Results

Table 4-2 lists emissions of CO, C02, NO, N02, TUHC, particulate,
sulfur oxide, and smoke in the flue gas during the period of firing.
During the test there were peaks of CO and hydrocarbon emissions at the
start and end of burner-on times. The peak emissions at the start of each
cycle are included in the reported levels; however, the effects of burner
shut-off were not evaluated. Since the blower and the fuel pump were
shut off at the same time, there was no forced air when the burner was
shut off. Thus, the combustion air flowrate is unknown, and the CO and
hydrocarbon emission rates at the end of the firing cycle cannot be
evaluated.

Burner startup peak emissions averaged 150 ppm for CO and 15 ppm
for hydrocarbons. The NO started at zero and reached approximately 70 ppm
on the average, at 1.9 percent average 02. Smoke emissions measured with
the Bacharach hand pump kit were zero during the entire burner-on period.
Figure 4-3 is a copy of a portion of the strip chart recorder depicting
emission traces for CO, 002, NO, and O2 during one typical burner on-off
cycle operation of the furnace.

NO emissions averaged 37.1 ng/J, as N02, over the duration of the
test. This level, although significantly higher than NO emissions measured

for a Blueray warm air furnace (reference 4-2), represents a 40 percent
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Table 4-2. Flue Gas Emissionsa

Species Range Average
02 (percent dry) 1.4 - 2.4 1.9
C0o (percent dry) 12.6 - 14.0 12.9
Ho0 (percent) 2.7 - 3.0 2.9
C02 (ppm @ O percent 02) 15 - 51 40
(ng/3d) 4.5 - 15.2 11.9
NO (ppm @ O percent 0») 68 - 79 76
(ng/Jd as NO»2) 33.2 - 38.6 37.1
NO> ob 0
TUHC (ppm @ O percent 02) 0.5 -9 3.3
(ng/J as C3Hg) 0.2 - 4.1 1.5
SO2 {ppm @ O percent 02) -- 156
(ng/J) -- 106.3
503 ob 0
Solid particulate (ng/J) - 1.3
Method 5
Condensable particulate (ng/J) - 1.4
Method 5
Solid particulate (ng/J) -- 1.2
SASS
Smoke (Bacharach) 0 0

4ncludes peak emissions at the start of burner-on cycle

bNO2 and SO3 were absorbed in the condensing water
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emissions reduction from conventional residential heating systems burning
distillate 0il (reference 4-3). The effect of condensation of flue gas
moisture on NO2 emissions was obvious in that apparently any NO2 present

in the flue gas was absorbed by the condensed moisture and eventually ended
up in the tank water. Analysis of anions in the tank water and condensate
drain collected during the test shows, in fact, that nitrates were present
in the water. Results of water analysis are presented in section 4.2.2.

It should be noted that the level of NO measured during this test
program may not be fully representative because of the relationship between
fuel nitrogen and NO emissions. Table 4-3 summarizes the ultimate analysis
of the distillate 0il used in the program. As indicated, the nitrogen
content of the oil averaged 0.04 percent making it a relatively high nitro-
gen distillate. Assuming 100 percent conversion of fuel nitrogen to NO,
its contribution to total NO emissions could account for nearly 80 percent.
Thus, for lower nitrogen distillate oils, NO emissions from this furnace
may be lower than the 37.1 ng/J (as N02) measured during the current tests.

Sulfur species (SO2 and 503) in the exhaust gas were analyzed by
EPA Method 8, and sulfate on particulate by turbimetric methods. As
expected, SO2 was the only sulfur species found in the exhaust gas. Both
gaseous SO3 and sulfate were apparently absorbed in the condensing water;
sulfur leaving the furnace as SO2 accounted for 118 percent of the total
fuel sulfur input based on a fuel o0il analysis of 0.2 percent sulfur and
44.6 MJ/kg (19,190 Btu/1b) heating value.

Particulate emissions were measured by both EPA Method 5 and SASS

techniques. Solid particulate matter collected on the filter and inside
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Table 4-3. Ultimate Fuel Analysis of Distillate 0i1 (Percent by Weight)

Carbon (C) 86.94

Hydrogen (H) 13.23

Sulfur (S) 0.20

Nitrogen (N) 0.04

Oxygen (0) --

(by difference)

Heating value 44.6 MJ/kg (19,190 Btu/1b)
Gravity OAPI @ 600F 33.75
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the probe were very consistent between the two sampling techniques: 1.3
versus 1.4 ng/J. Particulate matter condensed in the impinger section of
the Method 5 train accounted for about 50 percent of the total particulate
matter emissions.

Bacharach smoke emissions were measured throughout the test program
at various time intervals after fuel light-off. Smoke numbers were
consistently zero throughout each firing period. The absence of smoke and
relatively low CO emission peaks during burner light-off are attributable
to the fuel oil delay valve of the M.A.N. burner which prevented ignition
for approximately 15 sec after the burner blower went on.

4.2.2 Trace Element Analyses

The fuel sample from the inlet to the furnace, the SASS train
samples from the furnace gas outlet, and water discharge samples were
analyzed for 73 trace elements using Spark Source Mass Spectrometry (SSMS)
and Atomic Absorption (AA) techniques. Once the trace element concentra-
tions were determined by laboratory analysis, trace element flowrates
for fuel inlet, flue gas vapor and condensed phases, and water discharges
could be computed. Trace element concentrations and flowrates are presented
in appendix B.

Distillate fuel oil is relatively free of mineral matter, thus
inorganic emissions from combustion of this fuel are generally very
small. Table 4-4 summarizes trace element levels above the detection
1imit of the analysis in the fuel oil, exhaust gas and water discharge
samples. As shown, the concentration of most of the elements in all input
and output streams is well below the ng/J level. Of all trace elements
in the fuel oil, chlorine, aluminum, calcium, potassium, titanium, silicon,

and iron were found at the highest concentrations (0.112 to >2.24 ng/J).
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Table 4-4.

Trace Element Emissions (pg/J)

Element Fuel 011 Flue Gas Water %iﬁiﬁﬁf
Aluminum >2200 >21 11 >0.017
Antimony _.b 0.019 0.44 .-
Arsenic 0.45 0.065 0.20 <0.59
Barium 6.7 1.5 -- 0.22
Boron 0.90 >21 0.66 >24
Bromine 67 0.66 -- 0.0098
Cadmium 0.45 -- 0.13 0.29
Calcium >2200 >21 -- >0.0092
Cereium -- 0.058 -- --
Cesium -- 0.016 -- --
Chlorine 1600 -- -- --
Chromium 9.0 1.3 11 1.4
Cobalt 0.90 0.42 1.5 1.8
Copper 1 2.2 11000° 1000
Fluorine 22 5.3 2.2 0.33
Gallium 0.45 0.034 -- 0.076
Iron 220 5.9 150 0.71
Lanthanum -~ 0.42 -- -
Lead 4.5 1.1 1.3 0.53
Lithium 0.45 0.090 -- 0.20
Magnesium 45 14 33 1.1
Manganese 4.5 0.52 2.2 0.61
Mercury <2.2 0.18 -- <0.082
Molybdenum <2.2 1.1 2.2 1.5
Neodymium -- 0.0021 -- -
Nickel 22 3.3 15 0.83
Phosphorus 22 0.85 8.8 0.43
Potassium 160 16 22 0.24

|
— Continued —
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Table 4-4. Concluded

Element Fuel 011 Flue Gas Water %iﬁ;%;f
Rubidium 0.22 0.016 -- <0.071
Scandium <0.22 -- 0.2 <0.99
Selenium -- 0.096 2.2 --
Silicon 560 >30 88 >0.21
Silver -- 0.0021 -- --
Sodium 90 >85 -- >0.94
Strontium -- 0.085 -- --
Sulfur 4.5 18 >220 >53
Tantalum -- 0.19 0.88 --
Tellurium 4.5 0.16 0.13 0.065
Tin 0.67 0.042 <0.13 <0.26
Titanium 110 5.0 2.2 0.064
Vanadium 0.45 0.42 -- 0.94
Yttrium 0.45 0.11 <4.4 <10
Zinc 16 2.9 >220 >14
Zirconium 0.90 -- 0.22 0.25

a5sMs analysis resulted in a less accurate value of about
>0.22 ng/J instead of value obtained with AA analysis
shown here; leaching of copper coils is suspected.

bDashes indicate levels below the detection limit.
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No traces of chlorine were found in the flue gas suggesting that it also
was absorbed into the tank water. For the other elements only a fraction of
the fuel o011 concentration was accounted for by the flue gas and the tank
water discharge.

Copper, molybdenum, zinc, cobalt, chromium, and boron show outlet
concentrations higher than accounted for by the fuel oil. With the excep-
tion of boron, the contribution of these elements in the tank water was
significantly higher than that from the flue gas. This is true especially
for copper which had the highest concentration of any element in the waste
water. This copper concentration suggests that leaching of heat transfer
copper coils may have occurred. Leaching of other metal surfaces may have
contributed to high concentration of other metallic elements. Nickel,
however, also an element found in the stainless steel tank, did not show an
outlet concentration higher than that in the fuel o0il. Cobalt and boron
results are questionable.

The sulfur content of the fuel oil by SSMS is significantly lower
than sulfur content measured by the ultimate fuel analysis. This is due
to oxidation of the sulfur to 502 during pretreatment of the fuel oil sample
prior to SSMS analysis.

Measurement of the anions in the tank water discharge shows the
presence of chloride, nitrate, and sulfate. Chloride is most likely due
to conversion of chlorine in the fuel to hydrochloric acid (HC1) and sub-
sequent HCl1 absorption in the condensing water. Nitrate and sulfate anions
are due to the absorption of NO, and SO;, respectively. by condensed flue

gas water vapor, which drops into the tank water and is then discharged by

the furnace.
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4.2.3 Qrganic Analyses

Organic analyses were performed on selected flue gas samples accord-
ing to the EPA Level 1 protocol outlined in appendix B (reference 4-1).
Gaseous C] to C6 hydrocarbon compounds in the flue gas having boiling points
nominally less than 100°C (212°F) were analyzed onsite by gas chromatography.
Samples collected in the SASS train were extracted with methylene chloride
in a Soxhlet apparatus. The extracts were then subjected to Total Chroma-
tographable Organic (TCO) and gravimetric (GRAV) analyses which determine
species with boiling points nominally in the ranges of 100 to 300°¢C (212 to
572°F) and greater than 300°C (572°F). Infrared (IR) spectra of the total
sample extracts were also performed. Liquid column chromatography (LC)
separations of the organic sorbent extract was performed followed by IR
analyses of organics eluted in each LC fraction and Low Resolution Mass
Spectrometry (LRMS) of those fractions containing organic matter in excess
of 0.5 mg/dscm. In addition, Gas Chromatography/Mass Spectrometry (GC/MS)
analysis of total sample extracts was performed to identify specific poly-
nuclear aromatic and other organic compounds. A discussion of the analytical
results follows.

4.2.3.1 Cy_to Cg Flue Gas Hydrocarbon Analysis

Onsite analysis of C] to C6 flue gas hydrocarbons was conducted
during the test. The grab samples were taken at different times during
the duration of a cycle: at startup of the burner, 5 min into the cycle,
and at the end of the cycle. The results of these analyses are presented
in table 4-5. As shown, the concentrations of C] to C6 hydrocarbon

emissions were less than the ppm level.
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Table 4-5. Cy to C, Flue Gas Hydrocarbon Analysis (ppm, dry)

Beginning 5 Min into End of
Test Time of Burn Cycle Burn Cycle Burn Cycle
C1 (methane) 0.4 <0.2 <0.2
Co2 (ethane) <0.2 <0.2 <0.2
C3 (propane) <0.5 <0.5 <0.5
C4 (butane) <0.5 <0.5 <0.5
C5 (pentane) <1.0 <1.0 <1.0
Cg (hexane) <1.0 <1.0 <1.0

43




These results contrast with the total hydrocarbon emission data measured
with continuous Flame Ionization Detector (FID) data. The FID data reported
in section 4.2.1 indicated levels ranging from 0 to 9 ppm and an average of
3.3 ppm. In light of the Gas Chromatography (GC) analyses reported here, the
continuous FID analyzers are not sensitive to hydrocarbon levels in the range
of 1 to 5 ppm.

4.2.3.2 Total Chromatographable Organic (TCO) and Gravimetric
Analyses of Organic Extracts

TCO and gravimetric analyses were performed on the filter, XAD-2 sorbent,
and organic module condensate extracts. The results of the analyses for both
flue gas and waste water samples are presented in table 4-6. The flue gas re-
sults indicate that 74 percent of all the organic emissions were of compounds
in the TCO range and collected in the XAD-2. The total concentration of
organic matter in the flue gas measured only 3.5 mg/dscm. This organic emis-
sion concentration compares to an average of 5.0 mg/dscm measured from five
conventional residential warm air furnaces (reference 4-4) and 26.3 mg/dscm
for one low-NOX furnace design (reference 4-2), all burning distillate oil
and operating in a cyclic mode. The water analysis results indicate that
some organic matter condensed in the water; however, the total concentration
measured less than 0.1 mg/1 of waste water discharge, corresponding to an
emission rate significantly lower than that of the flue gas stream.

4.2.3.3 Infrared (IR) Spectra of Total Extracts

The results of the IR spectra determinations for the total extract
samples are summarized in table 4-7. IR spectrometry is used to identify
the organic functional groups present in the sample. The spectra suggested
the potential presence of aliphatic hydrocarbons and alcohols in all samples.

The XAD-2 extract and the tank discharge contain many more organic categories.
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Table 4-6. Results of TCO and Gravimetric Analyses
of Total Extract Samples
Gravimetric { Total Organic | Concentration
Stream Sample TCO Results Results in the Sample | in the Sample
(mg) (mg) (mg) (mg/dscm)

Flue Filter -- 3 3 0.1
gas

XAD-2 extract 74 18 92 3.2

Organic module

condensate

extract <0.02 5 5 0.2

Total flue 74 26 100 3.5

gas sample

1

Water Tap water <0.02 <2 <2 (T%{lj

Tank water

blank <0.02 <2 <2 <0.1

Tank water

discharge 0.5 <2 0.5 <0.1




Table 4-7. Summary of Infrared Spectrometry Analysis
of Total Extract Samples

Stream Sample Type Compound Categories Potentially Present

Flue gas | XAD-2 extract | Aliphatic hydrocarbons, carboxylic acids,esters,
alcohols, ketones, aldehydes, amines

Organic module | No peaks

condensate
extract
Filter No peaks
Water Tap water No peaks
Tank water No peaks
blank
Tank water Aliphatic hydrocarbons, sulfonamide
discharge
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4.2.3.4 1Liquid Chromatography Fractionation

The XAD-2 sample extract was separated via liquid chromatography to
fractionate the organic matter into seven polarity fractions. Results of
TCO and GRAV analyses of each fraction are summarized in table 4-8.

Table 4-8. Gravimetric and TCO Results of Column
Chromatography of the XAD-2 Sampled

feaction | TCO | Gravimetric Total
(mg) (mg) (mg) |(mg/dscm)
LCT 52 23 75 2.6
LC2 0.2 2 2 0.07
LC3 0.85 <2 <3 0.1
Lca 0.1 <2 <2 <0.07
LC5 <0.0M <2 <2 <0.07
LC6 <0.01 2 2 0.07
LC7 <0.01 4 4 0.14
Total 53 31 84 3.0

3results are based on total organics recovered
in each fraction corrected to total organics
in the original sample.
Results indicate that 90 percent of the organic matter eluted in the first
fraction, which typically contains aliphatic hydrocarbons. Lesser amounts
eluted in fractions 2, 3, 6, and 7, which generally contain aromatics (LC2
and LC3) and oxygenates (carboxylic acids, alcohols, esters, ketones, etc. --

LC6 and LC7).

4.2.3.5 Infrared and Low Resolution Mass Spectral (IR and LRMS)
Analyses of Fractions from Column Chromatography

Samples from column chromatography fractionation of the organic sorbent

extract were analyzed using Level 1 infrared and Low Resolution Mass Spectral
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(LRMS) techniques. Table 4-9 summarizes the IR results. Only LC1 and LC3

(which contained most of the organic matter) show interpretable spectra.

Table 4-9. Infrared Analysis of Column
Chromatography Fractions

. Frequency, -1 Possible

Fraction cm‘? Intensity Assignment

LC] 2920--2840 S CH aliphatic

LC2 -- -- No peaks

LC3 3500--2940 S OH alcohols

LC4 2920--2840 S CH aliphatic

LC5 -- -- No peaks

LC6 -- -- No peaks

LC7 -- -- No peaks

a

S = strong intensity

LRMS analysis was performed only on LC1 because this fraction alone exceeded
the 0.5 mg/dscm threshold established in the Level 1 protocol. Results

of this analysis confirmed the presence of aliphatic hydrocarbons as the
major organic category present.

Table 4-10 summarizes organic analysis results for the exhaust gas
stream from the residential heater. The top portion of the table summarizes
the Total Chromatographable Organic (TCO) and Gravimetric (GRAV) analyses of
the organic sorbent XAD-2 extract eluted in the seven liquid chromatography
fractions (LC). The bottom portion of the table summarizes the organic
categories found in each sample using infrared spectrometry (IR) and Low
Resolution Mass Spectrometry (LRMS) and their estimated concentrations

based on the total organic level in the sample. In summary, aliphatic
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Table 4-10. Organic Extract Summary -- XAD-2 Sorbent Extract

LCT LC2 LC3 Lca | Les LC6 LCT >
Total Organics, 75 2 <3 <2 <2 2 4 85
mg
TCO, mg 52 0.2 <0.85 <0.1] <0.02 <0.02 <0.02 54
GRAV, mg 23 2 <2 <2 <2 2 4 31

-
Assigned Intensity -- mg/dscm
Category

LCl LC2 LC3 LC4 LCS LC6 LC7
Aliphatic HCs 100--2.6 2.6
Aldehydes 100-<0.11 0.11
Carboxylic Acids 100--0.14 0.14




hydrocarbons account for nearly 90 percent of all the organic matter while
alcohols and carboxylic acids, esters, ketones, or amines account for the

remaining 10 percent.

4.2.3.6 Gas Chromatography/Mass Spectrometry Analysis of POM Compounds

Gas Chromatography/Mass Spectrometry (GC/MS) analyses of gas sample
extracts were performed to detect and quantify specific polycyclic organic
matter and other organic compounds. The compounds sought in the analysis
and their respective detection limits are listed in table 4-11. The results
of the GC/MS analyses are summarized in table 4-12. As shown, naphthalene
and phenanthrene were the only POM's found to be in concentrations above the
detection 1imit of the analysis. The concentrations of these compounds in
the exhaust gas are two orders of magnitude lower than the total organic
concentration of 3.5 mg/dscm.

4.2.3.7 Summary of Organic Emissions

Most of the organic compounds detected in the exhaust gas of the
Hadwick/Karlsons furnace are aliphatic hydrocarbons (about 90 percent).
These hydrocarbons are probably directly attributable to unburned fuel oil
in the flue gas which is often the result of frequent burner startups. Small
amounts of oxygenated compounds (carboxylic acids, alcohols, ketones, esters,
etc.) were also apparently present. They can be attributed to partially
burned fuel. Some POM compounds in low concentrations were found, but these
make up a small portion of the total hydrocarbon emissions; their concentra-
tions are significantly below hazardous guideline levels used by EPA to
establish the need for further testing. A discussion of these hazardous

guideline levels in given in section 5.
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Table 4-11. Compounds Sought in GC/MS Analysis and
Their Detection Limits (ng)

g8 4-bromophenyl phenyl ether 402 indeno(1,2,3-cd)pyrene

18 bis(2-chloroisopropyl)ether 24 pyrene

2% pis(2-chloroethoxy)methane 20 2,3,7,8-tetrachlorodibenzo-p-dioxin
8% hexachlorobutadiene 28 acenaphthene
402 hexachlorocyclopentadiene 1002 benzidine

12 isophorone gd 1,2,4-trichlorobenzene

18 naphthalene 82 hexachlorobenzene

82 nitrobenzene 82 hexachloroethane

42 N-nitrosodiphenylamine 3% bis(2-chloroethyl)ether
402 N-nitrosodi-n-propylamine 23 2-chloronaphthalene

3%  bis(2-ethylhexyl)phthalate 43 1,2-dichlorobenzene

32 butyl benzyl phthalate 82 1,3-dichlorobenzene

12 di-n-butyl phthalate 4% 1,4-dichlorobenzene

28 di-n-octyl phthalate 202 3,3-dichlorobenzidine

23 diethyl phthalate 102 2,4-dinitrotoluene

22 dimethyl phthalate 102 2,6-dinitrotoluene

52 benzo(a)anthracene 12 1,2-diphenylhydrazine (as azobenzene)
7% benzo(a)pyrene 2% fluoranthene

g2 3,4-benzofluoranthene 42 4-chlorophenyl phenyl ether

82 benzo(k)fluoranthene 40 anthanthrene

52 chrysene 40 benzo(e)pyrene

13 acenaphthylene _-b dibenzo(a,H)pyrene

12 anthracene --P dibenzo(a,i)pyrene

40% benzo(ghi)perylene 40 dibenzo{c,g)carbozole

22 fluorene 40 7,12 dimethyl benz(a)anthracene
14 phenanthrene 40  3-methyl cholanthrene

408 dibenzo(a,h)anthracene 40 perylene

40 benzo(c)phenanthrene

dputhentic standard run
bMolecular weight too high for direct analysis by base/neutral run
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Table 4-12.

Results of Quantification of POM Compounds

Quantity (ng)

Total Emissions

Molecular
Compound Weight
Filter | XAD-2 | OMC | Tank Flue gas Water
Water (ng/dscm) (ug/1)
Naphthalene 128 <1 94 <1 9 36 0.4
Phenanthrene/
anthracene 178 <1 4 <1 2 2 0.08
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SECTION 5
ENVIRONMENTAL ASSESSMENT

This section presents the potential environmental impact for the
source tested and discusses the bioassay testing of flue gas and water
discharge samples collected from the furnace. The environmental impact is
quantified using a Source Analysis Model (SAM) developed for general use
within all IERL EA programs. Bioassay analyses are conducted for testing
the toxicity and mutagenicity of waste streams. Both the SAM and bioassay
analyses are aimed at identifying problem areas and providing the basis
for ranking streams for further consideration in the environmental
assessment.

5.1 SOURCE ANALYSIS MODEL EVALUATIONS

The model used to evaluate the Level 1 data obtained from the M.A.N./
Hadwick residential furnace system is the rapid screening model, SAM IA
(reference 5-1). SAM IA includes no treatment of pollutant transport or
transformation, so evaluations employ effluent stream concentration goals,
termed Discharge Multimedia Environmental Goals (DMEG's, reference 5-2, 5-3)
A compound's DMEG corresponds to a concentration considered safe for acute
exposure.

The SAM IA model defines two indices of potential hazard. The
first, termed Discharge Severity (DS), is defined as the ratio of the

concentration of a poliutant to its DMEG. In Level 1 evaluations, the
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discharge concentration used is that determined for each MEG category of
components analyzed in the effluent sample, while the DMEG used is that for
the most toxic species potentially present for the MEG category. A stream
Total Discharge Severity (TDS) is also defined as the sum of the DS's cal-
culated for the discharge stream. When a DS exceeds unity, more refined
chemical analysis may be required to quantify specific compounds present.

The second SAM IA hazard index, termed Weighted Discharge Severity
(WDS), is defined as the product of DS with the discharge stream mass flow-
rate. The WDS is an indicator of the magnitude of a potential hazard and
can be used to rank the needs for controls for waste streams.

SAM IA evaluations were performed on each set of test data reported
in section 4 using health-based DMEG's. Results are summarized in table 5-1.
Only discharge severities for those species with a DS greater than 0.1 are
listed.

In the flue gas stream, NO and SO2 emissions were responsible for
the highest DS values, both exceeding unity by nearly a factor of 10. The
DS for CO and total hydrocarbons (primarily aliphatic) suggest that these
were present in nonhazardous concentrations (DS <1.0). Four elements with
DS greater than 0.1 were found in the flue gas. These were chromium, nickel,
sodium, and sulfur, with only chromium having a DS exceeding unity. Both
chromium and nickel emissions, however, are suspected contaminants in sample
preparation prior to the Spark Source Mass Spectrometry (SSMS) analysis.

The only organic categories of potential concern in the flue gas
emissions are aldehydes, with DS of 0.4 and carboxylic acids, with DS of 0.2.
These DS values were calculated assuming that the organic matter eluting in

LC3 (for aldehydes) and in LC6 and LC7 (for carboxylic acids) of the XAD-2
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Table 5-1.

Flue Gas and Water Discharge Severities (Health-Based)

Greater than 0.1 for the Hadwick Furnace Equipped with
Low-NO, M.A.N. Burner

Pollutant MEG Category Flue Gas Tank Water
Discharge

Copper, Cu 78 3.0 x 107 100
Sulfate, SO, 53 -- 67
NO 47 11.0 --
50, 53 0.0 --
Iron, Fe 72 1.5 x 10 6.7
Nickel, Ni 76 0.57 4.4
Chromium, Cr 68 3.4 2.8
Selenium, Se 54 1.3 x 1073 2.0
co 42 0.77 --
Manganese, Mn 71 2.8 x 107° 0.76
Sulfur, S 53 0.48 --
Zinc, In 81 1.9 x 1073 >0.4
Aldehydes 7A 0.40 --
Lead, Pb 46 1.9 x 107 0.28
Carboxylic acids 8A,B 0.20 --
Sodium, Na 28 >0.11 --
Total Discharge Severity -~ 27.0 185
(TDS)a
Weighted Discharge -- 2,600 8.7

Severity (WDS)b, g/s

TDS = Z; DSi

1

WDS

grams per second.
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extract consisted entirely of the compound with the lowest DMEG in the
respective organic categories potentially present. Table 4-10 noted that
aldehydes were possibly present in LC3. The DS for this category was cal-
culated assuming the LC3 organic content consisted entirely of acrolein,

the aldehyde with the lowest DMEG. Correspondingly, table 4-10 noted that
carboxylic acids, alcohols, esters, ketones, or amines were potentially
present in LC6 and LC7 fractions. In addition, IR data suggest that none
of these are aromatic. Thus the compound with the lowest DMEG consistent
with the above is a carboxylic acid (saturated long chain acids of molecular
weight between 228 and 285). The DS noted in table 5-1 assumes the entire
amount of LC6 and LC7 organics in the XAD-2 extract consisted of this compound.
Thus, these DS values represent conservative estimates of the potential
hazard posed by organic emissions from the furnace.

Trace elements in the tank water for which DS exceeded unity were
found to be copper, chromium, iron, nickel, and selenium. Copper levels
significantly exceeded those of any other trace element in the waste water.
The high concentration of copper in the waste water is attributed to leach-
ing of heat transfer copper coils immersed in the warm acidic water. In fact,
concentrations of most other metallic trace elements including iron, chro-
mium, lead, nickel and zinc can also be attributed to leaching of metal
surfaces in contact with the water. Sulfates, nitrates and chloride

concentrations of about 1,000, 7 and 3 mg/1 resulted in DS values of 67,

0.093, and 0.17, respectively. Sulfuric acid in the waste water represents

the greatest potential environmental concern, second only to copper.

Total discharge severity for the liquid stream exceeded that of the

gas stream due primarily to the high concentrations of copper and sulfates.
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Table 5-2. Bioassay Analysis Results

Evaluation®
Sample CHoP ames€ | RATP

Organic sorbent XAD-2 L/ND MC -
Tank water discharge M ND ND
4ND = nondetectable toxicity/mutagenicity

L = Tow toxicity

M = moderate toxicity/mutagenicity
b

Toxicity test
CMutagem’city test
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However, based on the total flowrate of each stream, the exhaust gas still
poses a higher environmental risk relative to the waste water as indicated
by the Weighted Discharge Severity (WDS).

5.2 BIOASSAY ANALYSIS

The Level 1 bioassay protocol includes testing for both health and
ecological effects (reference 5-4). Bioassay results presented here are
Timited to health effects tests. These tests consist of (1) the Ames assay,
based on the property of Salmonella typhimurium mutants to revert due to
exposure to various classes of mutagens; (2) the cytotoxicity assay (CHO)
of mammalian cells in culture to measure cellular metabolic impairment and
death resulting from exposure to soluble toxicants; and (3) acute toxicity
tests in live rodents (RAT) to identify in vivo toxic effects.

The results of these assays are summarized in table 5-2 for both
the organic sorbent extract from the train and a tank water discharge

sample. The responses varied from nondetectable to moderate toxicity and

mutagenicity.
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APPENDIX A

TEST EQUIPMENT AND PROCEDURES

A.l CONTINUOUS MONITORING SYSTEM AND CALIBRATION GASES

The residential heating system was set up in the Acurex combustion
laboratory where hookup to the continuous air emissions monitoring system
could easily be accomplished. A schematic of the gaseous emission
monitoring system used for the test program is shown in figure A-1. In
most applications, a sample from the flue gas is pulled through a heated
filter where the particulates are removed. From the heated filter, the
sample flows through a heated Teflon Tline to an oven. Additional filtra-
tion is performed in the oven and the sample is split into three streams.
Calibration or zero gas is added at this point. From the heated oven, the
three sample lines pass through a refrigerant dryer where the sample is
condensed to a dew point of 2°C (35°F) and condensed water is
removed. From the dryer, each sample gas passes through a pump and
another filter prior to entering the continuous gas analyzers. Table A-1
lists the analyzers and the principle of operation for each of the gaseous
emissions measured.

Because the exhaust gas of the furnace tested is already below its
dew point, 24 to 32°C (75 to 900F), a heated sample line and filter were
not necessary. However, no modification to the sample conditioning system

was made since the impact of heating the sample gas to approximately 121°¢

66



L9

Heated

3 { , Filter
Sample Heated filter Oven Cal gases
probe line VINIIVIIIVY FID
Z L
i l l y 4 H/C
Furnace 7 v :
exhaust Cal gases 117 ©J  paramagnetic &
ipe A
PP Dryer 02 ®
‘ \vg
o,
Cold filters NDIR
—(C— —5 co
v
o
— NDIR
—5 2
v
| ::::}______ [ O] Chemiluminescent
‘ NO
Pumps
P L v
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Table A-1.

Gaseous Emissions Monitoring Equipment

Principle of Instrument
Instrument Operation Manufacturer Models Range
NO Chemiluminescence | Air Modeling 32C 0-5 ppm
0-10 ppm
0-100 ppm
0-250 ppm
0-1000 ppm
0-5000 ppm
co Nondispersive ANARAD 500R 0-1000 ppm
Infrared (NDIR)
co Nondispersive ANARAD AR600R 0-15 percent
0, Infrared (NDIR) 0-20 percent
02 Paramagnetic Ethyl Intertech | Magnos 5T | 0-5 percent
0-21 percent
UHC Flame Ionization Ethyl Intertech | FID 0-100 ppm
Detection (FID) 0-300 ppm
0-1000 ppm
0-3000 ppm
0-10000 ppm
0-30000 ppm
Samp!e_gas Refrigerant Hankison E-4G-SS 10 scfm
conditioner | dryer-condenser
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(250°F) on the concentration of water insoluble pollutants, such as CO
and NO, was considered negligible.
A.2 PARTICULATE TESTS
Particulate mass emission tests were conducted in accordance with
EPA Methods 1 through 5 of the Federal Register. The following sampling
equipment was used:
o A 316 stainless steel sampling nozzle properly sized for
isokinetic sampling
¢ A O0.9m (3 ft) heated stainless-steel-lined probe was used to
isokinetically extract samples from the stack. The probe was
kept at 121% (250°F) as required by the EPA Method 5 and
was equipped with a thermocouple to measure stack temperature
and a calibrated S-type pitot tube to measure velocity
pressure. However, because the gas velocity was extremely low
for this source, a gas flow anemometer was used instead.
e A Teflon-coated stainless steel 142 mm (5.6 in.) filter holder
e An impinger train containing four glass bottles to collect
moisture and condensable material escaping the filter
¢ A 4.7 1/s (10 cfm) carbon vane pump modified for very low
leakage around the shaft
¢ A control module to monitor temperature, pressure, and flowrate
throughout the sampling train. For this test, the orifice AH
js indicated on a 0 to 1.5 kPa (0 to 6 in. W.G.) magnehelic
gauge where the smallest division is 25 Pa (0.1 in. W.G.). The

control module contains a Rockwell Model 415 dry gas meter to

69



measure the total volume of gas sampled to the nearest 0.14 1
(0.005 ft3). An orifice meter {after the dry gas meter) is used
to measure the instantaneous flowrate through the sampling train
to ensure sampling is done isokinetically.
Figure A-2 illustrates all these components of the High Volume Stack
Sampler (HMVSS) used for conducting the test program. The cyclone shown in
the figure was not used in this test program.

A.2.1 Sample Collection

Sample collection took place on the 10 cm (4 in.) diameter uninsulated
stack at approximately Im (3 ft) from the furnace exit. Once the sample
train was assembled, Teak checks were performed before and after the test.
Upon completion of the test, the probe and nozzle were cleaned and the
impinger solutions were measured and recorded. The filter holder was
sealed and brought to the cleanup laboratory for reclaiming. The particu-
late test was performed at a fixed location along the diameter of the
stack because of its small size.

A.2.2 Sample Recovery

Figure A-3 illustrates the Method 5 sample recovery utilized to
measure total particulate mass collected with the HVSS train. Solid
particulate matter is defined as all particulate mass collected ahead of
the filter impinger section: the filter, the probe, and the nozzle.
Condensable particulate matter is obtained from gravimetric analysis of
impinger 1iquids and impinger rinses. The impinger solutions are treated

with ethyl ether to separate the organic matter from the liquid and solid

samples.
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A.3 SULFUR EMISSIONS

SO2 and SO3 emissions were measured using a modified HVSS sampler
in accordance with EPA Method 8 procedures. In this procedure, a gas
sample is extracted from a single point in the stack. In the impinger
train for this method the first bottle contains isopropanol and the second
contains hydrogen peroxide. A filter is placed between the two impinger
bottles. Sulfuric acid mist and any vapor phase 503 is trapped in the
isopropanol impinger. The backup filter traps any carryover mist. SO2
is absorbed in the H202 impinger. After completion of a test the filter
is rinsed with isopropanol; the rinse solution is added to the isopropanol
impinger solution. Absorbed SO3 and H2504 in the isopropanol and SO2 in
the H202 are determined separately by barium-thorin titration.
A.4 TRACE ELEMENTS AND ORGANIC EMISSIONS

Emissions of inorganic trace elements and organic compounds were
sampled with the Source Assessment Sampling System (SASS). Designed and
built for EPA's Industrial Environmental Research Laboratory for Level 1
environmental assessment, the SASS collects large quantities of gas and
particulate samples required for subseauent analyses of inorganic and
organic emissions as well as particle size measurement.

The SASS system, illustrated in figure A-4, is similar to the High
Volume Stack Sampler (HVSS) system utilized for total particulate mass
emission tests described in the previous section with the exception of:

e Particulate cyclones heated in the oven with the filter to

232°¢C (450°F)
e The addition of a gas cooler and organic sampling module
o The addition of necessary vacuum pumps

The cyclones were not employed in these tests.
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Schematics outlining the sampling and analytical procedures using
the SASS equipment are presented in figures A-5 and A-6.

Inorganic analyses of salid and liguid samples from the SASS train
and fuels were performed by Spark Source Mass Spectroscopy (SSMS) for most
of the trace elements. Atomic Absorption Spectrometry (AAS) was used for
analyses of mercury (Hg), antimony (Sb), arsenic (As), and additional
elements (nickel and copper) for which results by SSMS were deemed question-
able. Anions were determined by ion chromatography. Quantitative infor-
mation on total organic emissions was obtained by Total Chromatographable
Organics (TCO) and by Gravimetry (GRAV) analyses. Gas Chromatography/Mass
Spectroscopy (GS/MS) was used by Polycyclic Organic Matter (POM) and other
organic species analysis of sample extracts. Figure A-7 illustrates the
organic analysis methodology followed during the current program.

Passivation of the SASS train with 15 percent by volume HNO3
solution was performed prior to equipment preparation and sampling to
produce biologically inert surfaces. Detailed description of equipment
preparation, sampling procedures, and sample recovery are discussed in
reference A-1 and will not be repeated here. These procedures were
followed in the course of the current test program.

A.5 Cl - Cg HYDROCARBON SAMPLING AND ANALYSIS

Acurex used a grab sampling procedure in order to obtain a sample
of flue gas for C1 - C6 hydrocarbon analysis. Samples of the flue gas
were extracted using a heated glass probe (figure A-8). The probe was
attached to a heated 250-ml1 gas sampling bulb. The probe was maintained
at 150°C (302°F) and the gas sampling bulb at 130°C (266°F). A

diaphragm pump was used to pull samples through the probe and sampling
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bulb. This purge was continued until all visual signs of condensation had
disappeared. At that time, the back stopcock of the sampling bulb was
closed and the pump was disconnected. Once the sampling bulb pressure had
come to equilibrium with the stack pressure, the sample was sealed and
transported to the onsite laboratory for analysis.

The gas sampling bulbs were equipped with a septum port. A
gas-tight syringe was used to extract a measured amount of sample. Samples
were analyzed on a Gas Chromatograph (GC) with a Flame Ionization Detector
(FID). Both methane and nonmethane hydrocarbons were measured with each
injection using a Varian Model 3700 GC with FID, automatic injection loop,
and an automatic linear temperature programming capability, located at the
Acurex laboratory in Mountain View, California. Table A-2 details the
instrument specifications.

The GC was calibrated before and after each test in order to determine
instrument drift. Blank samples were also run in order to quantify any
sampling equipment interferences.

Sample data were recorded continuously on a strip chart recorder.
After the detection of the methane peak, the column was back-flushed to
the detector for analysis of the remaining nonmethane hydrocarbons. Each

gas sampling bulb was analyzed several times to ensure a representative

sample analysis.
REFERENCES FOR APPENDIX A

A-1. Lentzen, D. E. et al., "IERL-RTP Procedures Manual: Level 1 Environ-
mental Assessment (Second Edition)," EPA-600/7-78-201, October 1978.
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Table A-2. Gas Chromatograph Specifications

Varian Model 3700 Gas Chromatograph:

1 x 10-12 A/mV at attenuation 1 and

Sensitivity range 10-12° A/mv

-10-11 to0 10-9 A (reversible with

Zero range :
internal switch)

Noise (inputs capped) 5 x 10-15 A; 0.5 uV peak to peak

Time constant 220 ms on all ranges (approximate 1 sec
response to 99 percent of peak)

Gas required Carrier gas (helium), combustion air,

fuel gas (hydrogen)
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APPENDIX B
TRACE ELEMENT CONCENTRATIONS

Symbols appearing in the tables:
DSCM Dry standard cubic meter at 1 atm and 15%
MCG Microgram

PPM Part per million by weight

SEC Second
< Less than
> Greater than

Trace elements having concentrations less than the detectable limit
or having a blank value greater than the sample value were given an arbitrary

concentration of zero.

Detectability limits for the various SASS samples were the following:

e 10 + 3 um cyclones -- <0.1 v9g/g
e Filter -- <0.1 pg9/g
o XAD-2 -- <0.1 pg/g
e Impinger and organic -- <0.0071 pg/ml

module concentrate

e Tank water -- <0.0071 pg/ml
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SECTION B.1
TRACE ELEMENT CONCENTRATIONS
(ppm)
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BARIUM «6T3E-02 «0 FE+00 «1485-02
BORON «897E~03 «661E-03 > «207E-01
BROMINE «673E-02 +0 E+00 «662E-03
CADMIUM «449E-01 «132€6-03 «0 FE+00
CALCIUM J +224F+01 +0 E+00 > «207€-01
CERTUM «0 FE+00 .0 E+0O e 4264E-04<X<,593F~04
CESIUM <0 F+00 «0 E*00 < «160E-04
CHLORINE «157€+01 «0 E+00 «0 E¢O0
CHROM UM «897F-02 .110E-01 e129E~02
COBALY «B9TE-03 «154E-02 «424F-04
CCPPER «112E-01 «106€E¢00 «223E~0"
FLUGRINE «224E-01 «22Q€E-02 +526E=02
GALLIUM «449E-03 «0 E*00 «340E~04
GERMANTUM «0 E+00 «0 E+00 < o126F-04
TRON «224E+400 «154F+400 «584F-02
L ANTHANUM «0 FE+00 «0 E+00 e 4?24F=~04
LEAD «449F-02 +132€-02 «1046E-02
LITHIUM «449€E-03 «0 €400 +3026-04
MAGANESE »449E-02 «220€-02 «424F 402
MAGNESIUM «449E-01 «321E-01 «144E-01
MERCURY < «224E-02 <0 E+00 < «176E-03
MOL YBDENUM «224E-02 «220E-02 «107E-02
NEDDYMIUM «0 E*00 «0 F+00 «207E-05
NICKEL «224E-01 «154€-01 «326E-02
NIOB UM «0 E+00 «0 E+00 «0 F+00
PHOS PHORUS «224E-01 «882€-02 «848F-03
POTASSIUM «157E+00 +220€E-01 «160E-01
RUBIDIUM < «224£-03 «0 E+0O0 < «160E-04
SCANDIUM < 2224E-03 «220E-03 «0 E+00
SELENTUM «0 E+00 «220€-02 «95BE-04
SILICON «561E +00 +882E-01 > «303E-01
SILVER .0 E+00 «0 E+00 «207€E~-05
SO0 TuM +897€~01 «0 E+00 > A46E-01
STRONTIUM «0 F+00 «0 E*00 «B4RE-04
SUL FUR «449E~02 > «220E+00 > «1R2F+00
TANTALUM «0 E+00 < .882E-03 e 160E-03<X<.192F-03
TELLURIUM »449E-02 «132E-03 «160E~-03
THUL TuM «0 F+00 «0 E+00 «0 F+00
TIN «6T3E-03 < +132€-01 e 424E~04
TITANTUM «112E+00 »220F-02 «500E-02
TUNGSTEN «0 F+00 «0 E+00 «0 E+00
VANAD[UM «449E-03 -0 £E¢00 «424E-03
YTTRIUM 2449 E-013 < «44l1E-02 «105€F-04
ZINC +157€E~01L > «220E+00 «314E-0?
LIRCONIUM «397E-03 «220E-03 «0 Fe+00
CHLORIDE «0 F+00 «220E-01 «0 E#00
NITRATE +0 E¢0O «154E+30 «0 E+00

SULFATE «Q F+00 «220€+02 «0 E+00



88

MeAoMs RESIDENT AL

MASS/HEAT INPUT LOW NOX
NG/ J
ELEMENT FILTER ¢ WASHES XAD~2 1ST IMPINGER 2NN & 3IRD [MPINGFR FUSMACFE FUTL T
ALUMINUM > «207E-01 .0 F+00 3 W633E-02 .0 F+00 > LT -0t
ANT[MONY .0 F+J0 .0 E+00 .0 E+00 < .193%-07 < ,T94F-NT
ARSENIC «0 E+00 <0 E+00 .0 F+00 < Jb648E-07 < ohbntT=n7
BARIUM «14B8F~0Q2 .0 £+00 +0 €400 .0 F+00 . 1648F-07
BORON > J207E-01 <0 F+00 « 31 9E-04 .0 E+0D > 4207F-M
BROMINE «2L1E=04 «641F-03 «0 F+400 «0 EF¢DO o€ £75=02
CADMJUM .0 E+00 <0  E+0D «0 E+00 <0 F+0D .0 F+0)
CALCIUM > .207€-01 «0 E+d0 <0 F+00 .0 FenQ > J20T7F-0}
CER [UM +424F-04 .0 E+00 < «160F-04 .0 E+O0 L424F-04C X<, 5817 - 04
CESIuM +0 E+00 .0 F+00 < +160F-04 .0 F£+00 < L16IT D4
CHLOR INE 0 F+00 .0 E+00 0 FeON .0 £400 .0 F409
CHKOM UM «170F-03 .0 £+00 el12F-02 .0  E+0DN W1 POF (2
COBALT «424E-00 .0 F+00 .0 Fed)) .0 F+0N W&24F-06
COPPER «635E-03 +0 E+00 «160E-02 «0 F+00 $223F=0?
FLUCRINE «207E-02 .0 E+00 «319E-02 .0 E+00 «526F-02
GALLIUM +207E-05 «0 E+00 «319E-04 .0 £+00 «140F=N4
GERMAN [ UM < .126E-04% .0 E+d0 «0  E+DO «0 E+00 < JIDEE-064
IRCN «1056-02 «0 E+00 24 T9F-02 .0  E+00 W5R4F=0?
LANTHANUM «424F-04 «0 E+00 «0  £400 .0 Fe00 4P 4E-0G
LEAD «424E-03 «Q E+00 «638€-01 .0 E+39 L1 06F=0?
LITHIUM «424E~ 0k «0 E+00 «4T9E- 04 «0 E+0) «903F-06
MAGANESE ©426E+02 +0 E+00 % 79€-03 .0 E+70 «424F 02
MAGNES TUM «640E-02 .0 €400 « 798E-02 .0 E+00 o 144F=01
MERCURY <0 E+00 < «160E-03 < +160E-04 < L648€~08 < J176F-03
MOLYBDENUM .L0SE-03 «962E-03 .0 E+00 .0 E+00 10702
NECDYM{UM .207E-05 «0 E+00 «0 E+00 .0 E+0D «2075-058
NECKEL «635E-064 <0 E+00 «319€-02 .0 E+0N «326F- 02
NINBIUM .0 E+00 .0 F+930 «0  F400 «0  Fe00 .0 F¢00
PHC SPHDRUS +348E-03 «0 E+00 «0 €400 <0 E+00 «RGRF=Q3
POTASSIUM «0 E+0Q0 «0 E+00 «160E-0OL <0 Ee00 oV EQF=0F
RUBIDIUM .0 E+00 «0 E+00 < J160F-04 <0 E¢00 < LTenc-04
SCANDIUM .0 E+00 .0 E+00 .0 FE+00 .0  F#+0N .0 F+DO
SELENITUM .0 E+00 «0 E+00 +958F-04 «0 F40D «95RF=04
SILICCN > +207E-01 «0 E+0n «958F-0? <0 E+00 > L2970
SILVER .207E-05 .0 €400 <0  E+00 <0 FenO 20TF=05
SODIUM > +207E-01 <0 F+00 > #638E-)] .0 E+N0 > JALKE-0"
STRONTI UM +84BE-04 <0 E+00 .0 Fe00 .0 E¢00 LB4RF=04
SUL FUR .147E-01 «B801€-02 > «160F+00 .0 €430 3 .187E400Q
TANTALUM .0 E+00 ¢ 160F-03 < «319F-04 0 F400 160F=-03¢X< 1 92F~0"
TELLURIUM .0 E+00 .0 F+00 « 1 HNF-01 .0 E+00 < 160E=-03
THULLUM .0 F¢00 .0 E¢CO .0 E#DO <0 E+00 .0 Fe00
TIN 424E-04 <0 FE+0D .0 E#0DO .0 FE+00 «eP4F-04
TITANTUM L211E-03 .0 Fe0D «4T9F -2 .0 E+00 LEQNr-n"
TUNGSTEN .0 F+00 .0 F#0D <N E+00 .0 FeDO .0 FeOD
VANAD UM W424F-03 +0 FE+DO «N  FeaDO «0 [Ce0D «4?24F-01
YTTRIUM «1056-04 «.0 F+00 .} T+ 00 O] r+00 RN LSSV
7 INC «127€-02 .0 E+00 0 .?0RF-0? «0 FeDO <3460
ZIRCONIUM .0 E+DO .0 E+0D .0 F+0D <0 Fe00 W6 Te0D
CHLORIDE .0 E+00 «0  E+0N .0 F+00 .0 [+00 «0 Fan0
NITRATE .0 E+0O <0 E+00 .0 FeOD .0 Ee0D .0 F400

SULFATE .0 E¢Q0 «0 E¢00 «0 E+00 «0 F&30 <0  F+00
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MASS/TIME
ELEMENT

. ALUMINUM
ANTIMONY
ARSENIC
BARTUM
BORON

BRAOMINE
CADMIUM
CALCIUM
CERTUM
CESIUM

CHLCRINE
CHROMIUM
COBALY
COPPER
FLUCRINE

GALL IuM
GERMANIUM
IRON
LANTHANUM
LEAD

LITHIUM
MAGANESE
MAGNESIUM
MERCURY
MOLYBDENUM

NEOQDYMIUM
NICKEL
NIOBIUM
PHGSPHORUS
POTASSIUM

RUBIDIUM
SCAND UM
SELENTUM
SILICON
SILVER

SCOIUNM
STRONTIUM
SULFUR
TANTALUM
TELLURIUM

THULIUM
TIN
TITANIUM
TUNGSTEN
VANADIUM
“YTTRIUM
ZINC
ZIRCONIUM
CHLORIDE
NITRATE

SULFATE

MaA.N. PESIDENTIAL
LOW NOX
MCG/SEC
FUEL OIL FURNACE H20 OUTLET
> J461F+02 «22TF+00
«0 E+Q0 «907E-02
«923E-02 < +408E-02
+138E+00 -0 E+QL
.185€-01 «136E-01
«138E+00 «0 E¢00
2923E-02 «2T2E-02
J J461E+02 «0 E+00
+0 E+00 +0 E+00
.0 E+0Q <0 E+00Q
«323E+02 «0 E#00
<185€¢00 «22TE+00
+185€~01 «318E~01
«2315¢00 «218E+01
«461E+00 «454E-01
«923E-02 +0 E+00
.0 E+00 «0 E+00
«4861E+01 «318E¢01
+0 E+00 <0 E+Q0
«923E-01 «2T2E~01
«9235-02 +0 FEe00
«923E~-01 o« #54E-01
«923E+00 «681 E+00
< 461E-01 «0 E+00
«461E-01 «454€E-01
«0 E+00 «+0 Ee¢00
«461LE+00 «318€400
«0 E+0Q «0 E+«00
«4b1E+00Q +181F+00
«323E+01 «454E+00
< J461E-02 «0  F#00
< +461E-02 »454E-02
«0 E+00 0 454E-01
«115€E+02 «181€+01
«0 E+00 «0 E+00
«185€+01 «0 FE+00
.0 E+00 «0 E+00
«923E-01 > «454FE+01
«3 E¢00 < .,181€E-01
«923E-01 «272E-02
<0 E+00 «0 £+00
« 138E-01 < 4272E-02
«231E+01 «454F-01
«0 E+00 <0 E+0O0
«923E-02 0 Fe00
«97?3E~-02 < «.90TE-O1
«323E+QQ > 4454E+0L
«185E-01 «%54E-02
«0 E+OO «454E+00
«0 F+00 «318E+01
«0 E+Q0 e454E+0)

FURNACE QUTLET

+558E4+00
. 400E-06
«133E-05
«INSE-01
> «42TE+00

AAV

«136€E-01

«0 F+00

) J4726E+00
+872E-03<X<.120E-02

< +328€E-013

«0 E+00
«265€E~01
+872E-03
«499E-01
»108E+00

«699E~03
< +260F~03
.120E¢00
+872F-03
«219€~01

«186E-02
«BT2E+03
«296€+00
< +363F-02
«220€E~-01

e 426E~04
«6TOE~D1
«0 E+00
o1 T4E~01
«328E+Q0

< +328F-03
«0 E+00
«197€~02
> .623E400
«426E~04

> J174E+01

«176E-02

> J3TS5E+01
«330F-02<X<.395E~02

«328E-02

«0 E*OO
«RT25~-03
+103E#00
«0 E+00
«8T2E~02
« 21 TE=01
+6RAE~-01
«+0 E*00
«0 E+00
«0 E+O00

«0 E¢00



06

MASS/TIME
ELEMENT

ALUNTINUM
ANTI{MONY
ARSENIC
BARIUM
BORCN

BRCMINE
CADMIUM
CALCIUM
CERIUM
CESIUM

CHLORINE
CHROM UM
cosaLy
CCPPER
FLUCRINE

GALL JUM
GERMANIUM
IRON
LANTHANUM
LEAD

LITHIUM
MAGANESE
MAGNES JUM
MERCURY
MOL YBDENUM

NEOQDYM]I UM
NICKEL
NICBIUM
PHOSPHORUS
POTASSIUM

RUBIDIUM
SCANDIUM
SELENIUM
SILICCN
SILVER

SODIUM
STRONTIUM
SULFUR
TANT ALUM
TELLURIUM

THUL TUM
TIN
TITANTUM
TUNGSTEN
VANADIUM
YTTRIUM
ZINC
LIRCONITUM
CHLORIDE
HITRATE

SULFATE

M.A N, RESIDENT [AL

LCW NOX
MCG/SEC

FILTER ¢ WASHES

>

«%26F+00
+0 F+00
«0 E+00
« 305E-01
«426E+00

«434E~-03
«0 E+00
«426E+00
«872E~-03
«0 E+00

«0 E+00
«349E~02
«8T2€E~03
«131E~-01
«426E~01

«426E~04
«260E~03
«217E~01
«872£~03
«872E~02

«B72€~03
«872E+03
«132E+00
<0 E+00
«217E~02

«426E~04
«131€~02
«0 E+00
«174€6~01
«0 E+0C

«0 E+00
«0 E+00
«0 E+00
«426E+00
«426E~-04

«426E+00
«1 74€E~02
+302E+00
+0 E+00
«0 E+00

«0 E+QO0
«B8T2E~07
o434F-02
«0 F+00
«872F-02
«217€~03
«261E-01
«0  F+00
«0 [+00
<0 E+00

<0 FE+00

XAD-2

.0 E+00
«0 E+00
«0 E+00
«0 E+00
«0 E+00
«132E~01
.0 E+30
«0 E+00
«0 E+00
«0 E+0O
«0 E¢0O
«0 FE+0O0
«0 E+00
«0 E+00
«0 E+00
«0 E+00
«0 F+00
«0 E+00
«0 E+00
+0 E+00
«0 E+00
«0 E+00
«+0 E+Q0
«330E-~02
«1986-01
«0 E+00
«0 E«00
.0 FEe¢DO
«0 FE+00
«0 E+00
«0 E+00
«0 F¢00
«0d FE+00
«+0 E¢00
«0 E«00
«0 E+00
0 FE+00
+165F4+00
«330E~02
«0 E+00
.0 E¢00
+0 F+00
+«0 E+00
+0 E+00
«0 FE¢00
«0 E+#00
o0 E+00
+0 FE+¢00
«0 E+00
0 E*00
«0 E+00

15T

>

AN

IMP INGER

«131E¢N0

.0
.0
« 0

E+00
E+00
E+00

«65TE-03

0
.0
0

E+00
E¢00
E+00

»328€-03
«328E-03

.0

E+00

«230F-01

«0

E+00

«328E-01
«657€-01

«65TE-03

.0

E+00

»985F~01

0

£+ 00

«131E-01

«985€E-013
«985€E~-02
«164E+00
«328F-03

.0

»0

€+00

E+00

2 65TE-01

«0
«0

E+00
E+00

«378E+00

«329€-03

.0

E+ 00

«197F=02
«197E+00
.0 E+00

«131E+01
«0 FE+00
+«328E+01
«65TE-03
«328€-02

.0
«0

E+00
E¢00

+985F-01

0
.0
.0

E+00
£+00
E+00

«427E-01

.0
.0
X

.0

E+NO
€+00
E+DO

E+NO

2ND & 3RD IMPINGER

«0 E+00
< +400E-06
< «133F-05

«0 F+00

«0 E+0D

+0 F+00

«0 E+00

«0 E+0O

«0 E+0O

«0 E+00

«0 E+00

«0 EX0D

«0 E+00

«0 E+00

«0 E+00

«J E+0O0

«) E#00

+0 E+00

«0 E+ON

«0 F+00

«0 E+0O

«0 E+00

«0 E+00
< +133E-06

«0 E+0O

«0 E+00

«0 E+00

«0 E+00

«0 E+00

0 E+N0

.0 E+00

+0 FE+00

«0 F+00

«0 E+00

«0 E+CO

«0 E+DO

«0 E+00

+0 E+00

«0 E+00

«0 E+0O0

«0 E+DO

«0 E+00

«0 F+00

«0 E+DO

+0 E+CO

«0 E+NO

«0 E+00

.0 E+00

«0 E+00

«0 F+00

<0 E+00

FURNACF CUTYLET

> 5SRF+00
< L400F-06
< J122£-05

L INEF-Q"
I L42TE+DD

eV AKF=01
«0 F+00
> +426F¢00
e 8T2F-03<X<.120F-02
< +32A3F- 013

<0 E+00
<265F- 0!
SRTPE-02
«4598=0"
«108F+00

+699E-01
< +260F-03
<1 20E400
.872F-03
<219€-01

«V8&E-0"
«BT2F+ 03
e 296F+00
< «36IF-02
«220€--01

«426F-06
«6 T0E- 01
0 FE+00
«174F-07
«3?RE+D0

< J2PAE-N3
<0 F+00
el A7F-02
> +623F+00
«426F~-04

> 1 T4F400

e T4F-02

> LATS5F+O1
«330F-02< X<, 395 ~02

«32RF- 02

«0 F+00
+BT2F 03
<1 03E+00
<D  E#0ON
«BT2E--02
W21 1F=-01
o FRRF-N)
) F409
«N  F4p)
0  F+00

0 FeND



L6

M,A.N, RESIDENTIAL

LOW NOX
FURNACE MASS BALANCE
IN = FUEL OIL NUT = EXHAUST GAS ¢ FURNACE WATER

ELEMENT TGTAL IN TaTAL OUT MASS BALANCE(NUT/IM}
ALUNINUN «461E+Q2 <X « 784 F+00 <X -
ANT INONY +90TE-02 -
ARSENIC «923€-02 X<.408F-02 of)  FHO0KX<L443F4N0
BAR UM «138E+00 «30SE-01 «220%+00
BCRON «185€E~01 «%41FE+00 <X «239€402 <X
BROMINE «138E+00 «136E-01 «985E~-01
CADMIUM «923E-02 «272€-02 «295 £+00
CALCIUN «&h61E+Q?2 <X «426E4+00 <X -
CERIUM «BT2F-03<X<,120E-0N2 -
CESIUM X<e32BE-03 .
CHLORINE +323E+02 0 Fe0
CHROM UM «185E+00 «252F+00 «13TE+NI
coBaLY «185€~01 «226E-01 «YTTE+OL
COPPER «231E+00 «222E+01 «964E+01
FLUORINE «461 E+Q0 +1S4E+0Q «132F+00
GALLIUNM «923€-02 «699F-03 « 758F - Ot
GERMAN[ UM X<a260F-03 *
I RON «461E+01 «330E+01 «T15E+00
LANTHANUM «872F-03 L
LEAD «923E-~01 «491E-01 «532E+00
LITHIUN «923E~02 «186€E-02 «201F+00
MAGANESE «923E~01 «8T2E+013 «945 €404
MAGNES IUM «923E+00 +9TTESQ0 «106E+01
MERCURY X< 461E-01 X<<363F-02 *
MOL YBDENUM «%61E-01 «5T3E-01 «V46F+ 01
NECDYMIUM «426€-04 -
NICKEL «461E+00 « 385E4090 «A34E+00
NIOBIUM .
PHOSPHORUS «461E+400 ¢ 199E+00 «%421 E4+00
POTASSIUM «323€+01 ¢ 782E+00 «2642E+00
RUBIDIUM X<s461F-02 X<,328%-03 -
SCANDIUM X< 461LE-02 «%54E-02 298% E+00 <X
SELENIUM «473E~-01 .
SILICON e L15E+D2 «244F 401 <X «211E+03 <X
SILVER «426F~-04 L4
SGDIUM +185F+01 ¢ 1T4E+01 <X «943F+00 <X
STRONTIUM e LT4E~-02 .
SULFUR «923F-01 «829E401 <X «B9IBF+02 <X
TANTALUM » 330F~-N24 XL 221F~-01 ' L]
TELLURIUM «923E-01 «601E-02 « 651 F-01
THULIUM .
TIN +13R8F-01 « BT?E~03< X< I59E=-Q2 «hI0F -01CXC, 2605400
TITANIUM «231F¢01 +14AE+00 «643F-01
TUNGSTEN *
VANAOTUM «923F-02 «872F-0" «945F +00
YTTRIUM «923€-02 «21 TF~03<X<.910F-01 «235F~01 <X IBEF 40T
2INC «323E400 e 46LF#01CXCP b0 0se «143F+02<X(CPS000sae
ZIRCONIUM «185€E-01 +454E~02 «246F+00
CHLOR IDE +454E+00 .
NITRATE o 31BE¢O! *

« 454E+03 *

SULFATE



APPENDIX C
CONVERSION FACTORS

MULTIPLIERS TO CONVERT EMISSION FACTORS FROM
g/kg TO OTHER UNITS FOR NO. 2 QILAQ

To obtain emission factor Multiply emission factor in
in these units g/kg fuel by

Gaseous pollutants and particulate:

kg/1000 1 fuel 0.862
9/106 cal input 0.092
+ 1b/1000 gal 7.194
1b/106 Btu input 0.051

Gaseous pollutants:b

ppm at 3 percent 0y, dry 1770

MW
ppm at 0 percent 0p, dry 2065

M
ppm at 12 percent CO» 1597

M

Particulates:

1b/106 scf flue gas at 3 percent 0o 4.58
16/106 scf flue gas at O percent 0o 5.27
10/106 scf flue gas at 12 percent CO» 4.13

a Typical no. 2 fuel 0il having 33 API gravity
b Md = molecular weight of pollutant

92
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inorganic trace elements, including chromium, copper, iron, and nickel, in the
waste water were attributed to leaching of heat transfer metal surfaces by the warm
acidic water. Bioassays were also performed to evaluate the potential health hazard
of the streams. Results indicate nondetectable to moderate toxicity and mutagenicity.
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