Table 37

Oil condensing warm air furnace with flame retention head burner
Fuel Type ULS ULS
Fuel Sulfur ppm 11 11
Fuel Flow gph 0.45 0.45
Btu /minute 1015 1015 Steady State
kJ /minute 1071 1071
Oxygen % 5.2 6.5
PM 2.5 sample mass mg 4.1 2.2
Run time minutes 5400 4330 |Average| STDEV
PM 2.5 mg/dscm 0.07 0.04 0.06 0.02
PM 2.5 mg/dscm @ 3% O, 0.08 0.06 0.07 0.01
PM 2.5 mg/MJ 0.013 | 0.015 0.014 0.00
PM 2.5 mg/kg 0.98 0.72 0.85 0.2
0 310.0 0.00003 | 0.000003
0.01 0 0.006 0.001
Table 38
Oil condensing warm air furnace, with flame retention burner with ULS fuel
Reading Number 1 2 3 4 5 6 | Average 3% O,
Stack Temp.°F | 86.3 | 835 | 85 | 84.6 |91.6|87.4 86.4 R
Oxygen % 6.3 4.4 5 5 53 ]59 5 R
CO, % 11 124 |11.9] 119 [11.7]11.3 11.70 R
CO ppm 4 3 2 2 0 1 2 3.9
Efficiency 935 | 93.5 [93.4]| 93.5 |193.5(93.5 93.5 R

H. Oil-fired cast iron boiler with combustion gas recirculation burner (blue flame)

The combustion gas recirculation (blue flame) burner (see Figure 11) was evaluated in a
conventional cast iron sectional hydronic unit, the same boiler as shown in Figure 10. The
tests results are presented in Tables 39 and 40. The particulate emissions were very
similar to those obtained for various units equipped with flame retention head burners
(yellow flame). The gaseous emissions data reflects a decrease in NOx when compared to
the conventional yellow flame burner used in the United States. This unit was tested
using ULS fuel only. Further testing was not warranted based on budget constraints and
the extremely small installed inventory of this type of oil burner technology in the United

States. Projections for future sales are also very small in the U.S. market.
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Table 39

Cast iron boiler with combustion gas recirculation burner with ULS

Measurement 1 2 3 Average | Avg, @ 3% O,
Stack Temperature °F | 337.4 328.8 317.3 327.8 o
Oxygen % 4.14 3.89 3.85 3.96 o
CO, % 12.6 12.79 12.82 12.74 e
CO ppm 1.6 3.1 3.3 2.7 3.3
INOx ppm 45.2 45 455 | 452 55.8
SO, ppm 0 0 0 0 0
Efficiency % 88.2 88.5 88.8 88.5 o
Table 40
Oil-fired cast iron boiler with combustion gas recirculation burner and ULS

Fuel Type ULS ULS ULS

Fuel Sulfur ppm 37 37 37

Fuel Flow gph 0.67 0.65 0.68

Btu /minute 1535 1485 1563 Steady State

Kj /minute 1619 1567 1649

Oxygen % 4.0 4.0 4.0

PM 2.5 sample mass mg 7.3 7.6 71

Run time minutes 4518 5751 4674 Average | STDEV

PM 2.5 mg/dscm 0.14 0.13 0.13

PM 2.5 mg/dscm @3%0O, 0.15 0.1 0.14 0.14

PM 2.5 mg/MJ 0.043 0.035 0.040 0.039 | 0.004

PM 2.5 mg/kg 1.9 1.6 1.8 1.8

Lbs /MMBtu 0.00010( 0.00008 0.00009 |0.00009 |0

Lbs. /1000 gallons 0.014 0.011 0.013 0.013 | 0.001

Figure 11. Combustion gas recirculation (blue flame) burner
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I. Wood pellet stove; drop down over fed, open burner grate, and electric ignition

The first wood pellet stove evaluated was rated for a maximum input of 4.5 pounds per
hour (~38,000 Btu/hr), see Figure 12. The hot components and heat exchanger were
constructed primarily out of heavy gauge steel sheet metal with an outer casing of lighter
gauge metal. The design included several motors driving the fuel fed auger, air
circulation blower and power draft blower. The unit was equipped with a control board
that included an adjustment knob that varied the fuel input rate by changing the auger
on/off cycle. Another knob on the control board was used to control the air blower speed
that provides the forced convective heat transfer from the stove by circulating room air
through the heat exchanger back into to the room. The unit’s design incorporated a pellet
feed auger that fed fuel pellets to the top of a downward chute that then dropped the
pellets onto the top of the burner grate. The burn grate was open on the bottom allowing
the major portion of the forced combustion air to flow upward through the burning bed of
fuel. The burner grate also had eight air inlet holes across its front surface (direction
facing the stove’s glass door) and three larger holes on the backside with the center one
being the inlet for the very hot air jet that provided for automated ignition. This air jet
flowing over an electric hot surface igniter heats the air and pellets to the point of
ignition. The unit was also equipped with forced combustion airflow supplied by yet
another blower with an adjustable damper for draft control. It could be sidewall or
vertically vented. The unit was only tested at the maximum input rating determined to be
4.3 pounds per hour based on the settings used during the tests. The stove was operated
under near steady state conditions. The auger pellet feed control actually cycles on for 1
second and off for 1.15 seconds resulting in a somewhat cyclic burn pattern. This was
most evident in the wide swings in CO measured, which is a result the changing air-fuel
ratio changing over short time periods. The NOx level range on the other hand was
relatively narrow most likely reflecting the fact that the largest portion of combustion
NOx emissions are related to thermal NOx versus those portions related to fuel bound
nitrogen and prompt NOx formation. Particulate emission rates were determined in two
size categories, smaller than 2.5 microns and those larger than 2.5 microns. The results
are presented in Table 41 and the gaseous emissions data recorded are presented in Table
42,

Figure 12. Pellet stove with drop down over fed, open burner grate, electric ignition
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Table

41

Wood pellet stove, drop down over fed, open burner grate, electric ignition

Fine Particulate (PM 2.5)

Lbs /hr 43 43 43
Btu /minute 569 569 569 Steady State
Kj /minute 601 | 601 | 601 Operation
Oxygen % 13.25 13.25 13.25 (8001 Btu/lb)
PM 2.5 sample mass mg 111 15.8 14.8
Run time minutes 75 60 90 Average STDEV
PM 2.5 mg/dscm 16 22 15 18 4
PM mg/dscm @ 3% O, 84 123 77 95 25
PM 2.5 mg/MJ 28 39 24 30 8
PM 2.5 mg/kg 519 718 447 562 140
Lbs /MMBtu 0.065 | 0.090 | 0.056 0.070 0.018
Lb /Ton 1.04 1.44 0.89 1.12 0.28
Gram particulate /hr 1.00 1.03 0.93 0.99 0.05
Larger Particulate (>PM 2.5) Cyclone Catch
PM > 2.5 sample mass mg 6.1 7.5 5.1 Average STDEV
PM > 2.5 mg/dscm 14 21 16 17 4
PM > mg/dscm @ 3% O 71 112 81 88 21
PM > 2.5 mg/MJ 24 35 26 28 6
PM > 2.5 mg/kg 444 655 475 524 114
Lbs /MMBtu 0.056 | 0.082 | 0.059 0.066 0.014
Lb /Ton 0.89 1.31 0.95 1.05 0.23
Gram particulate /hr 0.86 1.27 0.92 1.02 0.22
Table 42

Wood pellet stove, over feed, open grate, electric ignition

Measurement Range Average Avg. @ 3% Oxygen
Temperature °F 387.1-420.5 403.1 i
Oxygen % 16.70-18.10 17.5 i

CO; % 2.72-4.06 3.29 ok

NOx ppm 18.3-27.6 221 116.4

CO ppm 60.7-187.4 117.7 619.7

SO, ppm 0-2 1 5.3
Efficiency % 48.7-64.4 58.5 bl
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J. Pellet stove, over fed burner, enclosed self-clean burn grate, electric ignition

The second wood pellet stove was similar in form and function to the first including
automatic ignition based a on very hot air jet using a hot surface igniter. It was fabricated
from cast iron as well as heavy gauge steel sheet. It incorporated a self-cleaning feature
that required yet another electric motor. The second unit had an input range of 14,600 to
60,200 Btu/hour or about 1.8 - 7.5 pounds of fuel per hour. This unit was operated at
about the same fuel input as the other wood pellet stoves to make a more direct
comparison of performance. The actual test runs were conducted in the range of 34,400 —
38,400 Btu/hr. The major design differences being the self-cleaning ductile iron firepot
(fire grate) and a microprocessor control that allowed for customizing the stoves
operation to the fuel type. In addition to premium wood pellets (< 1% ash content) this
unit was designed to burn standard grade and high ash content wood pellets, shelled field
corn (kernels), and other biomass fuels with higher ash contents like wheat and black oil
sunflower seeds. Like the previous unit, the pellets are again transferred from the fuel
storage hopper in the back of the unit to the top of an internal fuel delivery chute. The
fuel drops by gravity down the chute that ends behind and slightly above the burn pot.
Once the pellets drop from the chute they fall onto the top of the burning fuel bed.
Combustion air is forced through the fire bed from below, fed through a series of inlet
holes in the bottom plate of the burn pot. The bottom plate of the burn pot is hinged.
Periodically the control stops the burn process and once the fire is no longer detected the
bottom plate of the burn pot drops away on its hinge and a motor driven scarper bar
cleans any clinkers by moving across the bottom of the open burn pot. This is all
controlled by the microprocessor and occurs on a predetermined schedule based on the
type of fuel and the firing rate selected. Once the cleaning cycle is completed the unit
feeds more fuel and automatically re-starts the burning process.

Particulate emission rates were again determined in two size categories, smaller than 2.5
microns and those larger than 2.5 microns. The results are presented in Table 43 and the
gaseous emissions data recorded are presented in Table 44.

Figure 13. Stove, overfed burner, enclosed self-clean burn pot/grate, electric ignition
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Table 43

Pellet stove, over fed burner, closed self-clean burn grate, electric ignition

Fine Particulate (PM 2.5)

Lbs /hr 4.3 4.6 4.8
Btu /minute 567 | 620 | 633 Steady State
Kj /minute 598 | 653 | 668 Operation
Oxygen % 13.25 | 13.25 | 13.25 (8001 Btu/lb)
PM 2.5 sample mass mg 23.9 19.6 17.2
Run time minutes 90 62 60 Average | STDEV
PM 2.5 mg/dscm 24 28 26 26 2
PM mg/dscm @ 3% O, 71 85 77 78 7
PM 2.5 mg/MJ 20 24 22 22 2
PM 2.5 mg/kg 377 450 409 412 37
Lbs /MMBtu 0.047 | 0.056 | 0.051 0.051 0.005
Lb /Ton 0.75 | 090 | 0.82 0.82 0.07
Gram particulate /hr 0.73 0.95 | 0.88 0.85 0.11
Larger Particulate (>PM 2.5) Cyclone Catch
PM > 2.5 sample mass mg 10.1 8.1 4.7 Average | STDEV
PM > 2.5 mg/dscm 10 12 7 10 2
PM > mg/dscm @ 3% O, 30 35 21 29 7
PM > 2.5 mg/MJ 9 10 6 8 2
PM > 2.5 mg/kg 159 186 112 152 38
Lbs /MMBtu 0.020 | 0.023 | 0.014 0.019 0.005
Lb /Ton 0.32 | 0.37 | 0.22 0.30 0.08
Gram particulate /hr 0.31 0.39 0.24 0.31 0.08
Table 44

Pellet stove, over fed burner, closed self-clean burn grate, electric ignition

Measurement Range Average Avg. @ 3% Oxygen
Temperature °F 377.6-395.4 386.4
Oxygen % 13.77-16.40 14.76 o

CO, % 4.35-7.02 5.91 Ex

NOx ppm 28.3-45.7 38.6 131.4

CO ppm 34.9-91.1 57.7 196.4

SO, ppm 0 0 0
Efficiency % 68.1-76.6 73.5 o
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K. Wood pellet stove, horizontal under feed, open grate, with manual gel ignition

The third pellet stove (see Figure 14) was fabricated from heavy steel plate and included
a few cast iron components as well. It was designed for a fuel input range of 0.75 to 5.5
pounds per hour (6,000 — 44,000 Btu/hr). During the test run it was fired from a low of
4.9 to a high of 5.2 pounds of fuel per hour. The burner pot (grate) on this unit can best
be described as a rear under-fed design with front side combustion air inlets
(approximating an under fed burner type). Pellets from the integrated storage bin dropped
down into the feeder body weldment where an auger transferred the pellets forward into
the base of the burner pot (grate). The unit was not equipped with an automatic start
feature and required the use of a fire starting gel. The gel was spread out on top of the
fuel bed in the burn pot and ignited with a match to start the unit. The front face of the
burn pot had a series of holes for combustion air. First, the pellets are fed by the fuel
auger into the bottom of the burner grate. Then by the design of the grate they are forced
upward towards the open burner face where the pellets are burned. As the burning
process proceeds the ash produced then falls off the outer edge of the burner grate. As
with all three stoves this unit had a fuel feed rate adjustment and an air circulation blower
adjustment on the control board. It also was equipped with an induced draft blower as
were the other stoves.

Particulate emission rates were again determined in two size categories, smaller than 2.5
microns and those larger than 2.5 microns. The results are presented in Table 45 and the
gaseous emissions data recorded are presented in Table 46.

3/ : i h £

Figure 14. Pellet stove, side feed burner, open burner grate, and manual gel igniion
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Table 45

Wood pellet stove, horizontal under feed burner, open grate, manual gel ignition

Fine Particulate (PM 2.5)

Lbs /hr 49 5.5 5.2

Btu /minute 653 | 728 | 696 Steady State

Kj /minute 689 | 768 | 734 Operation

Oxygen % 13.25 13.25 13.25 (8001 Btu/Ib)

PM 2.5 sample mass mg 33.7 38.4 35.7

Run time minutes 91 112 110 Average STDEV

P 33 30 29 31 2

P 77 71 67 72 5

P 24 22 21 23 2

P 451 417 393 421 29

Lbs /MMBtu 0.056 | 0.052 | 0.049 0.053 0.004

Lb /Ton 0.90 0.83 0.79 0.84 0.06

G 1.00 1.03 0.93 0.99 0.05
Larger Particulate (>PM 2.5) Cyclone Catch

PM > 2.5 sample mass mg 6.1 7.5 51 Average STDEV

PM > 2.5 mg/dscm 6 6 4 5 1

PM > mg/dscm @ 3% O 14 14 10 13 3

PM > 2.5 mg/MJ 4 4 3 4 1

PM > 2.5 mg/kg 82 81 56 73 15

Lbs /MMBtu 0.010 | 0.010 | 0.007 0.009 0.002

Lb /Ton 0.16 0.16 0.11 0.15 0.03

Gram particulate /hr 0.18 0.20 0.13 0.17 0.04
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Table 46

Wood pellet stove, horizontal under feed burner, open grate, manual gel ignition

Measurement Range Average Avg. @ 3% Oxygen
Temperature °F 410.9-424.1 419.7 xx
Oxygen % 11.69-14.43 13.23 o

CO, % 6.22-8.84 7.36 fle

NOx ppm 34.8-44.5 38.8 105.7

CO ppm 53.5-500+ 2 569.5

SO, ppm 0-15 4 10.9
Efficiency % 71.4-78.2 7 bl

+ Three readings were off scale (>500 ppm CO), taken as 500 ppm in average.
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VI. Conclusions

This project has provided a compilation of emission data for residential heating
equipment used in New York State. The results update gaseous emissions as well as
provide a detailed gravimetric determination of fine particulate emissions for a broad
comparison of oil, gas and wood pellet emissions including liquid fuels of various sulfur
contents. The oil-fired systems results will be reviewed first, followed by those for gas-
fired heating appliances and then wood-fired pellet stoves. Then a comparison of results
between the different fuel options will be presented. All of the equipment tested was
manufactured and available for installation in the United States. The determination of
fine particulates was based on a dilution tunnel measurement following a conditional test
protocol developed by the US-EPA, Conditional Test Method 39 (CTM-039).

A. Results for Oil-fired Heating Appliances

The gaseous measurements of O,, CO,, CO, NOx and SO, are presented in the previous
chapter of this report for each test series. The results are basically as expected and as
reported in prior studies on emissions. Based on excess air levels and ultimate analysis of
the fuel’s chemical composition the emission results are as expected and fall within the
range of emission factors contained in the US-EPA AP 42, Emission Factors Volume 1,
Fifth Edition. One area of the work that does expand on prior knowledge is the
documentation of gaseous emissions for heating systems fired with biodiesel. Since were
no unexpected findings the bulk of this report discussion will be centered on the
emissions of fine particulates, or PM 2.5.

The results for fine particulate (PM 2.5) indicate a very strong linear relationship between
the masses of fine particulate for the different fuel oils as a function of the sulfur content
of the fuel in question. This is illustrated by the plot contained in Figure 15 which clearly
illustrates the linear relationship between the measured mass of fine particulate per unit
of energy expressed as mg/MJ versus the different sulfur contents of four different
heating fuels when used in the conventional cast iron boiler equipped with a flame
retention head burner. The fuels included a typical No. 2 fuel oil with sulfur below 0.5
percent (1520 average ppm S), a No. 2 fuel oil with very high sulfur content (5780-ppm
S), low sulfur heating oil (322-ppm S) and an ultra low sulfur diesel fuel (11-ppm S). The
bar chart in Figure 16 is a summary of results for three fuels (No. 2, LS and ULS) again
when fired in the conventional cast iron boiler with a flame retention head burner. Three
different emission rate units with each bar labeled with the value given to two significant
figures. Three additional heating system types were also tested with normal heating fuel,
low sulfur and ultralow sulfur fuel. These included an oil-fired warm air furnace of
conventional design, a high efficiency condensing warm air furnace, a condensing
hydronic boiler and the conventional hydronic boiler as discussed above. The linearity in
the results was observed with all of the different oil-fired equipment types as shown in
Figure 17. In this plot only the three fuels were included which explains the difference in
the formula for the trend line and R? factor (the coefficient of determination which is an
indicator of goodness of the fit) of the linear regression analysis. In all four cases the r-
squared for the linear regression was 0.99 or better.

49



PM 2.5 mg/MJ

70

Cast Iron Boiler, Flame Retention Head Burner

With Four Distillate Fuels, Sulfur Range 11-5780 ppm

1000 2000 3000 4000
Sulfur ppm

5000 6000

Figure 15. Cast iron boiler, PM 2.5 as a function of sulfur content
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Figure 16. Cast iron boiler PM 2.5 mg/MJ, mg/kg, mg/dscm for three fuels
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Conventional and Condensing Oil Fired Heating Appliances
With Middle Distillate Fuels, Sulfur Range 11-1520 ppm
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Figure 17. PM 2.5 for conventional and condensing, boilers and furnaces
B. Discussion of Biodiesel Blends

As discussed in Section VI, F, the results obtained while testing with a soy biodiesel were
quite unexpected. The first test was with biodiesel fired into a condensing oil-fired
hydronic boiler. The result was a fine particulate emission of 1.7 mg/MJ that was only
slight lower then the level found in the same boiler, which was 2.5 mg/MJ when fired
with No. 2 fuel with a typical sulfur content of 1900-ppm sulfur. The uniqueness of the
condensing oil-fired boiler which had been used in a prior field demonstration caused
concern that either the condensing mode might be exhibiting an unknown phenomenon or
that the nature of the biofuel was so radically different as to cause a major difference in
the particulate emissions even though it was very low in sulfur content. In an attempt to
resolve this, a conventional oil-fired boiler was tested with the same fuel. The result was
an emission rate of 0.3 mg/MJ, still higher than one would expect based on a fuel that is
supposed to be nearly sulfur free. This level is about 60 percent of the average value
found when using LS (500-ppm S) fuel as determined during this project equivalent to a
fuel with approximately 300-ppm sulfur. Based on the measurable levels of sulfur
dioxide and prior fuel analysis that found sulfur content in soy based biodiesel at a level
of 340-ppm the result from the conventional boiler seems reasonable. However the level
in the condensing boiler is still about five times greater. It would appear that there is
something unusual occurring with the condensing boiler. Whether this was an artifact
from prior use in the field and possible particulates from the boiler being washed up in
the flue gas stream or some other particulate generation phenomenon is unknown.
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Unfortunately this was the last oil-fired boiler tested during the project. Limited funds
remained for completing the reporting and information dissemination tasks and the
budget would not allow for any additional tests to further investigate this question.

C. Results for Gas-fired Heating Appliances

Again, the gaseous measurements of O,, CO,, CO, NOx and SO, are presented in the
previous chapter of this report and the results are basically as expected and reported in
prior studies on emissions. Based on excess air levels and ultimate analysis of the fuel’s
composition, the emission results are as expected and fall within the range provided for
emission factors contained in the US-EPA AP 42, Emission Factors Volume I, Fifth
Edition. Since there were no unexpected findings, the bulk of this discussion will be
centered on the emissions of fine particulates, or PM 2.5.
PM 2.5 Emission Factors for Several Natural Gas Fired Appliance

2
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Figure 18. PM 2.5 emission factors for gas furnace, boiler and condensing boiler

Three different gas-fired heating systems were tested. These included a conventional in-
shot induced draft warm air furnace, an atmospheric fired hydronic boiler and a high
efficiency hydronic boiler. The particulate (PM 2.5) measured ranged from 0.011 to
0.036 mg/MJ as shown in Figure 18. Tests included both steady state and cyclic
operation. These were very low emission rates and to obtain these values sampling
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occurred over long periods of operation. The actual sample size collected ranged form 2 —
12 mg. Although there appears to be a difference in the level of emissions based on the
heating system type the actual difference is well with in the range expected for gas-fired
equipment based on prior studies. In a 1993 study done by the California Institute of
Technology using one of the first original dilution tunnel designs, the value determined
was 0.046 mg per MJ +/- 0.017 for the residential heating units evaluated in the field
which closely matches the values obtained in the current study.

D. Results for Wood Pellet Stoves Manufactured in the United States

Three pellet stoves were included in this study. Wood pellet properties vary greatly
depending on the raw material source used in their manufacture. All three stoves were
fueled with wood pellets obtained in a single batch to provide for uniformity in the test
fuel. Unlike the oil and gas fired systems the wood pellet stoves had measurable amounts
of particulates sized above the 2.5-micron size that defines fine particulates (less than 2.5
microns). The fine particulate emissions rates ranged from 22 to 30 mg/MJ as indicated
in Figure 19, also included in the graph are emissions expressed in milligrams per
kilogram mg/kg and emission concentration as mg per dry standard cubic meter
(mg/dscm). Although “Stove I” had larger emissions than the other two they are still
within the same order of magnitude relative to each other. In addition to the particulate
emissions being so high it is important to note that these stoves had significant levels of
carbon monoxide in their flue products and so special attention should be followed to
venting requirements to avoid human exposure as with any combustion system in a home.
Carbon monoxide levels in the exhaust flue averaged between 200 and 600-ppm.

Three Pellet Stoves Evaluated for PM 2.5 and PM > 2.5 Microns

OStove I W Stove J O Stove K
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Figure 19. Three stoves evaluated for PM 2.5 and PM > 2.5 Microns
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E. Comparison of Results for all Residential Heating Appliances

A summary comparison of results averaged by fuel types is shown in Figure 20 for the
equipment included in this study. This summarizes the basic conclusions of the study
with regard to fine particulate emissions.
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PM 2.5 mg/MJ
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Gas-fired equipment has the lowest current particulate emissions averaging 0.014
milligram per mega-Joule (mg/MJ).

Oil-fired units currently have emissions averaging 1.7 mg/MJ with typical sulfur
levels and this is approximately 120 times greater when compared to those for
gas-fired units; reductions of 71% can be accomplished by using low sulfur fuel
oil (500 ppm limit).

In the near future when fuel oil will be required to meet Ultra Low Sulfur limits of
15-ppm sulfur, the particulate emissions will be of the same order of magnitude as
those found for gas fired units. In parts of New York this may happen by 2011.
Wood pellet stoves have emissions averaging 25 mg/MJ and this is approximately
15 times greater than those of oil-fired units or approximately 1800 times greater
than gas fired units.

Wood pellet stoves are considered to have the lowest level of all wood fueled
heating systems in the United States.

Comparison of Average PM2.5 for Five Heating Fuel Types
for Hydronic Boilers and Warm Air Funaces

OBoiler BFurnace
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Figure 20. Comparison of average PM 2.5 emissions for five heating fuel options
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VII. Recommendations

This report has identified the emissions to be expected from a wide range of heating
equipment based on liquid fuel options, utility supplied gas and wood pellet resources.
The greater part of effort was placed on generating a database for the mass emission rate
of fine particulates (PM 2.5) for the various fuel types studied when fired in residential
appliances.

Discussion:

Homeowners currently have many choices to heat their homes. These choices include
burning natural gas, heating oil, wood. Natural gas use results in very low levels of PM
2.5 emissions but being a hydrocarbon fuel it emits substantial levels of carbon dioxide.
ASTM No. 2 fuel oil fired heating appliances produce PM 2.5 levels that are about 130
times higher than natural gas and higher emission levels of carbon dioxide. Wood pellet-
fired heating appliances made in the Untied States produce PM 2.5 levels that are
approximately 15 times higher than ASTM fuel oil and from about 590 to 1850 times the
levels possible with either utility gas or ultra low sulfur oil fueled appliances. Wood
pellet heating fuel is often selected over other forms of wood fuel choices based on EPA
and DOE guidance. This guidance suggests that the use of wood pellet appliances is a
good choice because they are considered to be the lowest emitters of particulates when
compared to other type of wood burning appliances. Wood pellet fuel is a renewable
resource that absorbs carbon dioxide during the natural growth cycle. This is considered
to be a benefit in helping to mitigate global climate changes by effectively reducing the
carbon dioxide emissions that otherwise would be attributed to the use of wood pellet
fuel. Like wood, biodiesel is also a renewable fuel and also absorbs carbon dioxide in the
growth cycle of the crop plants used to produce the raw materials for biodiesel
production, for example soybean or other seed crops. Biodiesel can be blended with
ASTM heating No. 2 or ultra low sulfur heating oil. In either case it would effectively
reduce the emissions of carbon dioxide based on its renewable nature. The extent of the
carbon dioxide reduction would be proportional to the amounts of biodiesel used in the
blends.

To summarize, natural gas has low PM 2.5 emissions but moderate carbon dioxide
emissions. Wood pellet fuel has much higher PM 2.5 emission levels (based on current
technology) but effectively lower carbon dioxide emissions due the renewable nature of
trees that absorb carbon dioxide as they grow. ASTM No. 2 fuel as currently used has
higher emissions of PM 2.5 than natural gas, much lower PM 2.5 emissions than wood
pellet fuel and higher levels of carbon dioxide emissions than both alternatives.
Transitioning the sulfur content of fuel oil to ultra low levels (less than 15 ppm) results in
PM 2.5 emissions are on the same order of magnitude as natural gas but still emits higher
levels of carbon dioxide. Natural gas produces about 30 percent less carbon dioxide per
Btu when compared to ASTM No. 2 or ultra low sulfur heating oil. Blending of ultra low
sulfur with biodiesel in the future is anticipated as a alternative fuel choice and the
resulting fuel blend would have very low PM 2.5 emissions as well as low net carbon
dioxide emissions when the renewable nature of the fuel is taken into accounted. This
report presents carbon dioxide data as it was measured but the analysis of the net carbon
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dioxide reduction based on the use of renewable fuels is beyond the scope of the current
project

The question of how to reduce PM 2.5 emissions in areas that currently do not meet the
criteria for EPA attainment is complex and is not part of the scope of this project. This
project does however provide important data that should be useful to the overall decision-
making process with regard to residential heating technology in New York State as well
as the other New England and Mid-Atlantic States where a majority of home heating is
based on fuel combustion technologies.
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Appendix A: Examples of Fuel Analysis Results

Liquid Fuels Performed by Outside Testing Laboratories

CHEM-BAC .Zaﬂamz‘am Tuce.

P.O. BOX

TEL:

704-394-6381

19198 CHARLOTTE,
FAX:

28219
T04-394-63812

Certificate of Analysis

Client: Brookhaven National Lab Client Number: 9999
P.O. Box 5000 Building 526 Work Order: 2508-08
Upton, NY 11973 Sample Date: 11-04-08
Attn: Roger McDonald Report Date: 12-09-08
Analyses of il Samples
Brookhaven National Lab PO # BNL-0000141212
Sample ID
1) Biodiesel 10/31/08
2) #2 Diesel Fuel - Ultra Low Sulfur 10/31/08
3) #2 Heating Oil 10/31/08
Parameter Test Method Sample #1 Sample #2 Sample #3

Giross Heat of Combustion
Density (@ 15 C

Nitrogen

Carbon

Hydrogen

Sulfur (Biodiesel & USL Diesel)
Sulfur (#2 IHeating Oil)

ASTM D 240
ASTM D 4052
ASTM 3228

ASTM D 5291
ASTM D 5291

EPA 3051/ICP-OES
ASTM D 4294/XRF
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40.614 MJ/kg
876.2 kg/m”

44.969 Mlkg
8515 ke/m”

44.694 Ml/ke
865.0 kg'm’

< .03 % <.03 % .04 %
78.31 % 85.86 % 85.02 %
12.33 % 13.07 % 12.70 %

164 ppm (016%)  36.8 ppm (004 %)

2385 ppm (.238 2%0)

Respectfully Submitted,
Chem-Bac Laboratories, In

James T. Ward MM/
Supervising Chemist




Utility Supplied Natural Gas Analysis

T R TR,
VF ‘ 287 Maspeth Avenue, Brooklyn, NY 11211
A ‘ W4 Phone: (718) 963-5421, Fax: (718) 963-3026

Lab Report # BL0G605044
ELAP Number: 11173

KeySpan Laboratory Services
Certificate of Results

Customer Information

Company Name: Laboratory Operations-Brooklyn

Phone Number. 718-963-5421

Customer Contact: Amy T. Drogalis Fax Number:
Address: 287 Maspeth Avenue Customer PO: 244 CS0505 0731
Brooklyn, NY 11211 Project ID Gas LI
Laboratory Information
Receive Date:  05/03/2006 3:38:52 PM Approved By 2832 Report Date:  05/12/2006

SAMPLE CONDITION RECORD

Are samples submitted with a chain of custody? Yes Are the number of samples the same as stated on the chain of custody?  Yes
Are bottle caps tight and securely in place? Yes Were samples within the holding time for the requested test(s)? Yes
Were all containers intact when received? Yes Is the volume of sample submitted sufficient for the requested test(s)? Yes
Were samples submitted in an ice chest? N/A Are all samples for volatile organic analyses free of headspace? N/A
Were samples received cold? MN/A

Sample 1D BL0605044-02 Matrix: Gas Customer Sample # South Commack Gate

Collect Date and Time: 04/27/2006 1130 A

Location. South Commack Gate Station

Station

Collector: Edward Connaughton

Test Parameters

Result Qualifier DF Comments

Method: ASTM D-5504-98

Analysis Date: 05/02/2006

Total Sulfur Analysis Hydrogen sulfide
Methyl mercaptan
Ethyl mercaptan
Dimethyl sulfide
iso-Propyl mercaptan
tert-Butyl mercaptan
n-Propyl mercaptan
Total Mercaptan
Total Sulfur
Sulfur

1.3142 ppm 1 By8991
0.1644 ppm 1 By8991
ND ppm 1 By:8991
0.0038 ppm 1 By:8991
0.9847 ppm 1 By:B8991
34798 ppm 1 By8991
00169 ppm 1 By8991
1.0155  Ib/MMcf 1 By8991
03416 grains/100 S 1 By:8991
0.001045 % by wt 1 By:8991
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Utility Supplied Natural Gas Analysis

e # BLOBOS044
V" 287 Maspeth Avenue, Brooklyn, NY 11211 Lab Report #  BL0G0304
1 ‘ w4 FPhone: (718) 963-5421, Fax: (718) 963-3026 ELAP Number: 11173

KeySpan Laboratory Services
Certificate of Results

Method: GPA 1272 Analysis Date: 05/02/2006
Natural Gas Components Nitrogen 15478 % 1 By:8991
Methane 96,5592 % 1 By:8991
Carbon Dioxide 05943 % 1 By:B8991
Ethane 12247 % 1 By:B8991
Propane 0.0679 % 1 By8991
iso-Butane 0.0019 % 1 By:8991
n-Butane 00042 % 1 By:8991
iso-Pentane ND % 1 By:B8991
n-Pentane ND % 1 By:B8991
Hexane ND % 1 By:8991
Heptane ND % 1 By:8991
Octane ND % 1 By899
Nonane ND % 1 By:8991
Decane ND % 1 By8991
Ibs. H20 / MMCF 069 1 By:8991
Specific gravity 057367 1 By:8991
Dew point @ STP -8 °F 1 By8991
Dry Heating Value 10032 BTU 1 By 8991
BTU/b (Dry) 228510 BTUNb 1 By:8991
Wet Heating Value 986.7 BTU 1 By8991
BTU/b (Wet) 224398 BTUMb 1 By:8991
Temperature 210 °C 1 By:B8991
Pressure 318 psi 1 By8991
Method: Lab Method (by GC) Analysis Date: 05/02/2006
BETX Benzene ND  ppm 1 By:8991
Ethylbenzene ND ppm 1 By#8991
Toluene ND  ppm 1 By:B991
o-Xylene ND  ppm 1 By8991
m,p-Xylene ND  ppm 1 By8991
Cycloparaffins Cyclopentane ND  ppm 1 ByB8991
methyl-Cyclopentane ND  ppm 1 By:8991
Cyclohexane ND ppm 1  By8991
methyl-Cyclohexane ND  ppm 1 By:8991
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Wood Pellet Analysis Performed by Outside Testing Laboratory

Twin Ports Testing, Inec. <

o> gy 1301 N, 3rd St « Superice, W 54880 « 7153807114 « BQ-373-0562 » FAXTISMOTIE]
- PO, Bow 16246 « Dukah, MIN 35816-0046 « 2187221011
PO Box 2 + Vinginia, MN 55782 + 218 741-5785

‘e inportsiaing com

Brookshare Nation Date Received: Mar 19, 2007
t

30""’3:';';:3.”’“'"“ Lab Date Tested: Mar 28, 2007

Uptown, NY 11973-5000 PO Number: BNL-118938

Attm: Roper McDonald

Sample Log No:  07C0445
Sample Designation: Pellet 03/14/07

PROXIMATE / SHORT PROXIMATE ANALYSIS REPORT

MOISTURE & MOISTURE AS
ASH FREE FREE RECEIVED
Moisture Total % 6.27
Ash % 0.40 0.37
Volatile Maiter %o 84.08 76.82
Fixed Carbon By Difference % 15.51 14.54
Sulfar % 0.01 c.01
Heating Yalue BTU/LB 8569 8535 8001
Chlorine ug/g
Floorine  ugig
Mercury ug/g
Carbon  ugig
Sodium Oxide in Ash:
Hardgrove Grindability Index:
Remarks: Dry As Received
Carbon 50.02 % 46.89 %
Hydrogen 6.17 % 578 %
Nitrogen < 0.20 % <0.19 %
Oxygen >4319% > d40.48 %

Methods: Moisture: ASTM D3173; Ash: ASTM D3174, Biulb: ASTM DS8GS; Sulfur: ASTM D4235;
Volatiles: ASTM D3175

Prepared By: %’/}J WM\, Date: 5/ Q@[f —
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Appendix B: List of Abbreviations and Symbols

SO;
SO4

N
NH;
NO
NO;
NOx
Pb
Avg
AFUE
ASHRAE

ASME

ASTM

ASTM International
ASTM No. 2
ASTM No. DI

ASTM No. D2

BART
Btu
CANMET

CT™™

dep

dcf

DOE
DOE-EIA
dscm

EPA, US EPA
ETV

ft

less than

greater than

approximately

carbon

carbon monoxide

carbon dioxide

oxygen

molecular oxygen

hydrogen

sulfur

sulfur dioxide

sulphur trioxide

sulfate

nitrogen

ammonia

nitric oxide or nitrogen monoxide

nitrogen dioxide

NO + NO,

lead

average

Annual Fuel Utilization Efficiency (US DOE rating)
American Society of Heating and Refrigeration and Air-
conditioning Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

Current official designation of ASTM

petroleum middle distillate fuel oil used as a heating fuel
petroleum middle distillate diesel fuel (kerosene) used as a
transportation fuel with less than 15-ppm sulfur content
petroleum middle distillate diesel fuel used as a transportation fuel
with less than 15-ppm sulfur content

best available retrofit technology

British thermal unit

Canada Centre for Mineral and Energy Technology, CANMET
Energy Technology Centre

contingency test method (as in EPA CTM-039)

dry combustion products

dry cubic foot (combustion products)

United States Department of Energy

United States Department of Energy - Energy Information Agency
dry standard cubic meter

United States Environmental Protection Agency

US EPA Environmental Technology Verification Program
foot
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NY
NYS
NYSERDA
dscm

J

Lb

LS

kJ

MJ
MMBtu
PFI
ppm
PM 2.5
PM 10
SIP
TSP

cubic foot

gallons per hour

gram

microgram

milligram

kilogram

hour

micrometers (microns)

meter

cubic meter

New York

New York State

New York State Energy Research and Development Authority
dry standard cubic meters (combustion products)
Joule

pound

low sulfur content fuel oil, less than 500-ppm sulfur
kilo-Joule

mega-Joule

million British thermal unit

Pellet Fuel Institute

parts per million

particulates less than 2.5 microns

particulates less than 10 microns

state implimentation plan

total suspended particulates
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