
 
Table 37 

Oil condensing warm air furnace with flame retention head burner  
Fuel Type  ULS ULS 
Fuel Sul m  fur pp  11 11

 gp 0.45 0.4
ute 1015 101  

 
%  5.2 6.5

Steady State 
Fuel Flow h  5 
Btu /min  5
kJ /minute 1071 1071 
Oxygen  
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% O2 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 
Lbs /MMBtu .0000 0004
Lbs. /1000 gallons 0.01 .01 

Note: Two runs only, fuel availa onstr he nbility c ained t umber of tests 

 condensing warm ith fl tent rner ith ULS f
Number  1 2 3 4 6 Avg. @
mp. 0 F 86.3 84.6 91.6 87.4 86.4 * *

 6.3 5 5.9 .32 * * * * 
11 11.9 11 7 11.3 11.70 * * 

 4 2 1 2 3.9 
93.5 93.5 93.4 93.5 93.5 93.5 93.5 * 

0.85 0.2 
0 3 0.0 0.00003 0.000003 

0 0.006 0.001 

 
 
 

Table 38 
Oil  air furnace, w ame re ion bu  w uel 

Reading  5 Average   3% O2 
Stack Te 83.5 85  * * 
Oxygen % 4.4 5 5.3 5
CO2 %   12.4 11.9 . * * 
CO ppm 3 2 0 
Efficiency  * * * 

 
 
H. Oil-fired cast iron boiler with combustion gas recirculation burner (blue flame) 
 
The c  in a 
conventional cast iron sectional h roni nit, as shown in Figure 10. The 
tes esented in Tables nd 4 e particulate e ns were very 
similar to those obtained for various units equipped with flame retention head burners 
(ye ). The gaseous em ns  reflec  decrease in NO  compared to 
the conventional yellow flame burne  the United States.  This unit was tested 
using ULS fuel only. Further testing was not warranted based on budget constraints and 
the small installed in ry is ty oil burner tech  in the United 

tates. Projections for future sales are also very small in the U.S. market.   
 

 
 
 

ombustion gas recirculation (blue flame) burner (see Figure 11) was evaluated
yd c u the same boiler 

ts results are pr 39 a 0. Th missio

llow flame issio  data ts a x when
r used in

 extremely vento  of th pe of nology
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Table 39 

Cast iron boiler with combustion gas recirculation burner with ULS 
ement 2 3 

emperature OF 317.3 
 % 3.89 3.85 3.96 

2.79 12.82
 3.1 3.3
m 45.2 45 45.5

m 0 0 0 
cy % 88.2 8.5 88.8 88.5

fired cast iro bustion gas recirculation b rner and U
Type  UL S 

lfur ppm 37 37 37 

Measur 1 Average Avg, @ 3% O2

Stack T 337.4 328.8 327.8 *** 

Oxygen 4.14 *** 

CO2 % 12.6 1  12.74 *** 

CO ppm 1.6  2.7 3.3 

NOx pp  45.2 55.8 

SO2 pp 0 0 

Efficien 8   *** 

 
Table 40 

Oil- n boiler with com u LS  
Fuel ULS S UL
Fuel Su
Fuel Flow gph 0.67 0.65 0.68 
Btu /minute 1535 1485 1563 
Kj /minute 1619 1567 1649 
Oxygen %  4.0 4.0 4.0 
P

Steady State   

M 2.5 sample mass mg 7.3 7.6 7.1 
Run time minutes 4518 5751 46  74 Average STDEV 
PM 2.5 mg/dscm 0.12 0.13 0.01 
PM 2.5 mg/dscm %O @3 2 2 0.14 0.01 
PM 2.5 mg/MJ 0.043 0.035 0.040 0.039 0.004 
PM 2. 0.2 
Lbs /MMBtu 0.00010 0.00008 0.00009 0 .00001 

0.14 0.13 
0.15 0.1 0.14 

5 mg/kg 1.9 1.6 1.8 1.8 
.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 pe gnition    
 
The  ev  wa  for im ut of 4. unds per 
hou  F 12. t co nts eat exchanger were 
constructed primarily out of heavy gauge steel sheet  wit uter cas of lighter 
gau l. The design in  sev otors driving the fuel fed auger, air 
circ wer and power  blowe e unit  equi  with a control board 
that included an adjustment knob that varied the fuel input rate by changing the auger 
on/o nother knob on ntrol d was  to control the air blower speed 
that he forced convec e heat tr m he stov y circulat  room air 
thro xchanger ba  to th m. T t’s d  incorpo d a pellet 

ed 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 maj bed of 
fuel. Th ection 
facing the stove’s glass door) and large ter one 
being  very hot air jet that pr ed for automated ignition. This air jet 
flowing over an electric hot surface ignite ts the d pellets to the point of 
ignition. The unit was also equipped with  com n air by yet 
anothe with an adjustab per raft c . It could be sidewall or 
vertically vented. The unit was only tested at the maximu put rating determined to be 
4.3 po the s gs us ring th ts. The stove was operated 
under conditions uge ol  for 1 
second 5 seconds r ng in mewh lic b atte is was 
most evident in the wide swings in CO meas  which esult han air-fuel 
ratio changing over short time periods. The NOx level range on the other hand was 
relativ ost likely refle  the that the est po n of bustion 
NOx e  related to th O tho n ound 
nitrog x format rtic missi s w er 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. 

llet stove; drop down over fed, open burner grate, and electric i
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ff cycle. A  the co boar  used
 provides t tiv ansfer fro  t e b ing
ugh the heat e ck into e roo he uni esign rate

fe

or portion of the forced combustion air to flow upward through the burning 
e burner grate also had eight air inlet holes across its front surface (dir

three r holes on the backside with the cen
the inlet for the ovid

r hea air an
forced bustio flow supplied 

r blower le dam  for d ontrol
m in

unds per hour based on ettin ed du e tes
near steady state . The a r pellet feed contr actually cycles on
 and off for 1.1 esulti  a so at cyc urn p rn. Th

ured,  is a r  the c ging 

ely narrow m cting fact  larg rtio  com
missions are ermal N x versus se portio s related to fuel b

en and prompt NO ion. Pa ulate e on rate ere det mined 

  
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      4.3 4.3 4.3 
Btu /minute 569 569 569 
Kj /minute 601 601 601 
Oxygen %  13.25 13.25 13.25 
PM 2.5 sample mass mg 11.1 15.8 14.8 

Steady State 
Operation 

 
(8001 Btu/lb) 

Run time minutes 75 60 90 Average STDEV 
PM 2.5 mg/dscm  16 22 15 18 4 
PM mg/dscm @ 3% O2 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% O2 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 OF 387.1-420.5 403.1 **** 
Oxygen % 16.70-18.10 17.5 **** 
CO2 % 2.72-4.06 3.29 **** 
NOx ppm 18.3-27.6 22.1 116.4 
CO ppm 60.7-187.4 117.7 619.7 
SO2 ppm 0-2 1 5.3 
Efficiency % 48.7-64.4 58.5 **** 
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J. Pellet stove, over fed burner, enclos an burn grate, electric ignition   
 
The ing 
automatic ignition based a on v urface igniter. It was fabricated 

iron as well as heavy gauge steel shee inco ted a self-cleaning feature 
d yet another electric motor.  sec nit n input 00 to 
/hour or about 1.8 - 7.5 pounds of fuel per hour. This unit was operated at 
same fuel input as the ot ood pellet stoves to make a more direct 
 of performance. The actual ns co d in th 400 – 

e s eaning ductile iron firepot 
a microprocessor control tha lowed r c g es 
uel type. In addition to emium ood ets (< 1% ash content) this 

urn standard grad d high ash content wood pellets, shelled field 
 and other biomass fuels with higher ash contents like wheat and black oil 
ds. Like the previous uni  pe are  trans d from fuel 

 the back of the unit  to  l fue ery c he 
ps by gravity down the chute t ds d a ightly e the pot. 

Once the pellets drop from the chute they fall onto the top of the burning fuel bed. 
orced through the f d f elo d thro a serie nlet 

holes in the bottom plate of the burn pot. The bottom plate of the burn pot is hinged. 
Periodically the con  longer detected the 

 pot drops aw n its ge a  mo n s ar 
s by moving across the bott

processor and o s on edete ned sc le base  the 
 the firing rate selected nce t leani ycle is mpleted 
and automatically re-starts the bu  pro .     

mission rates were again d maller than 2.5 
 and those larger than 2.5 microns. The results are presented in Table 43 and the 

ata recorded are pre d in e 44
 

ed self-cle

 second wood pellet stove was similar in form and function to the first includ
ery hot air jet using a hot s

from cast t. It rpora
that require  The ond u had a  range of 14,6
60,200 Btu
about the 
comparison

her w
 test ru  were nducte e range of 34,

38,400 Btu/hr. The major design differences being th elf-cl
(fire grate) and t al  fo ustomizin the stov
operation to the f  pr  w pell
unit was designed to b e an
corn (kernels),
sunflower see t, the llets again ferre  the 
storage hopper in  to the p of an interna l deliv hute. T
fuel dro hat en  behin nd sl  abov burn 

Combustion air is f ire be rom b w, fe ugh s of i

trol stops the burn process and once the fire is no
bottom plate of the burn ay o  hin nd a tor drive carper b
cleans any clinker om of the open burn pot. This is all 
controlled by the micro ccur  a pr rmi hedu d on
type of fuel and .  O he c ng c  co the unit 
feeds more fuel 
 

rning cess

Particulate e etermined in two size categories, s
microns
gaseous emissions d sente  Tabl .  

 
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 
Kj /minute 598 653 668 
Oxygen %  13.25 13.25 13.25 
PM 2.5 sample mass mg 23.9 19.6 17.2 

Steady State 
Operation 

 
(8001 Btu/lb) 

Run time minutes 90 62 60 Average STDEV 
PM 2.5 mg/dscm  24 28 26 26 2 
PM mg/dscm @ 3% O2 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 0.90 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% O2 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 OF 377.6-395.4 386.4 **** 
Oxygen % 13.77-16.40 14.76 **** 
CO2 % 4.35-7.02 5.91 **** 
NOx ppm 28.3-45.7 38.6 131.4 
CO ppm 34.9-91.1 57.7 196.4 
SO2 ppm 0 0 0 
Efficiency % 68.1-76.6 73.5 **** 
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 K. Wood pellet stove, horizontal unde en grate, with manual gel ignition 
 
The third pellet stove (see Figur  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 
poun r (6,000 – 44,000 Btu/hr). ing tes  it wa  low of 
4.9 to a high of 5.2 pounds of fuel per ho he er grate) t can best 
be described as a rear under-fed design with front side combustion air inlets 
(app an under fed burner type) t th
dow eldment where an a ra ed the pellets forward into 
the base of the burner pot (grate). The unit was t eq ed au  start 
featu he use of a fire star  gel e ge as spread out on top of the 
fuel bed in the burn pot and ignited with a match star
burn pot had a series of holes for combustion ai irst,  pelle re fed b the fuel 
auger into the bottom of the burner grate. e of the grate they  forced 
upward towards the open burner face where ll  b As rning 
proc eeds the ash produced then falls off u ge o  burn  
with  unit had a fuel feed rate adjustm d an ircula lower 
adjustment on the control board. It also was equipped with an induced draft blower as 
were the other stoves
 
Part es were again dete ed o si  catego , smaller than 2.5 
microns and those larger than 2.5 microns e re s ar esente  Table  and the 
gase ded are presen  in T e 46
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Figure 14. Pellet stove, side feed burner, open burner grate, and manual gel ignition 
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Table 45 
Wood pellet stove, horizontal under feed burner, open grate, manual gel ignition 

Fine Particulate (PM 2.5)  
bs /hr      4.9 5.5 5.2 
tu /minute 653 728 696 
j /minute 689 768 734 
xygen %  13.25 13.25 13.25 
M 2.5 sample mass mg 33.7 38.4 35.7 

Steady State 
Operation 

 
(8001 Btu/lb) 

un time minutes 91 112 110 Average STDEV 
M 2.5 mg/dscm  33 30 29 31 2 
M mg/dscm @ 3% O2 77 71 67 72 5 
M 2.5 mg/MJ 24 22 21 23 2 
M 2.5 mg/kg 

L
B
K
O
P
R
P
P
P
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 

ram particulate /hr 1.00 1.03 0.93 0.99 0.05 
  

G

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  6 6 4 5 1 
PM > mg/dscm @ 3% O2 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 OF 410.9-424.1 419.7 **** 
Oxygen % 11.69-14.43 13.23 **** 
CO2 % 6.22-8.84 7.36 **** 

5 38.8 
CO ppm 09 
SO2 ppm 0-15 4 10.9 
Efficiency 5.9 **** 

+ Three readings were off scale (>500 pp , t s 5  in avm CO) aken a 00 ppm erage. 
 

NOx ppm 34.8-44. 105.7 
53.5-500+ 2 569.5 

 % 71.4-78.2 7
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VI. Conclusions 
 
T  
e d in New tate. The resu te gaseou l as 
p d gra rmination of fine particulate emissions for a broad 
c  of oil, gas llet emissions including liquid fuels of various sulfur 
c . The oil-fired s ults will be reviewed first, followed by those for gas-
fired heating appliances and then wood-fired pellet stoves. Then a comp  of results 
between the different fuel options will be pres f the equip ested was 
m red and avail stallation in the United States. The ination 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).      

. Results for Oil-fired Heating Appliances 
 
The gaseous measurements of O2, CO2, CO, NOx and SO2 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 I, 
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 R2 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. 
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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, m
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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 
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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 f wn. lue gas stream or some other particulate generation phenomenon is unkno
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0.9

0

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 O2, CO2, CO, NOx and SO2 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 
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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 

on tunnel designs, the value determined 
as 0.046 mg per MJ +/- 0.017 for the residential heating units evaluated in the field 

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 ra  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.  

Technology using one of the first original diluti
w
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 

tes ranged from
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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.  
 

• Gas-fired equipment has the lowest current particulate emissions averaging 0.014 

h typical sulfur 

 
Figur tions 

milligram per mega-Joule (mg/MJ). 
• Oil-fired units currently have emissions averaging 1.7 mg/MJ wit

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
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e 20. Comparison of average PM 2.5 emissions for five heating fuel op
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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 

f fine particulates (PM 2.5) for the various fuel types studied when fired in residential 
applian
 
Dis s
 
Homeo
burning natural gas, heating oil, wood. Natural gas use results in very low levels of PM 
2.5
ASTM
times h t-
fire h
approx
levels possible with either utility gas or ultra low sulfur oil fueled appliances. Wood 
pel
and DO
good c e 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 

sulting fuel blend would have very low PM 2.5 emissions as well as low net carbon 
di s 
report presents carbon dioxide data as it was measured but the analysis of the net carbon 

o
ces.  

cus ion: 

wners currently have many choices to heat their homes. These choices include 

 emissions but being a hydrocarbon fuel it emits substantial levels of carbon dioxide. 
 No. 2 fuel oil fired heating appliances produce PM 2.5 levels that are about 130 
igher than natural gas and higher emission levels of carbon dioxide. Wood pelle

d eating appliances made in the Untied States produce PM 2.5 levels that are 
imately 15 times higher than ASTM fuel oil and from about 590 to 1850 times the 

let heating fuel is often selected over other forms of wood fuel choices based on EPA 
E guidance. This guidance suggests that the use of wood pellet appliances is a 

hoice because they are considered to b

re
oxide emissions when the renewable nature of the fuel is taken into accounted. Thi
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dioxide reduction based on the use of renewable fuels is beyond the scope of the current 

roject       

ess with regard to residential heating technology in New York State as well 
s the other New England and Mid-Atlantic States where a majority of home heating is 

l combustion technologies. 

p
 
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 proc
a
based on fue
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Appendix A: Examples of Fuel Analysis Results 

 
 

Liquid Fuels Performed by Outside Testing Laboratories 
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Utility Supplied Natural Gas Analysis 
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Utility Supplied Natural Gas Analysis  
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Wood Pellet Laboratory   

 
Analysis Performed by Outside Testing 
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Appendix
 
<    less than 
>   greater than 
~   approximately 
C carbon 
CO  carbon monoxide 
CO2 carbon dioxide  
O oxygen  
O2 molecular oxygen 
H hydrogen 
S sulfur 
SO2 sulfur dioxide 
SO3 sulphur trioxide 
SO4   sulfate 
N  nitrogen 
NH3 ammonia 
NO nitric oxide or nitrogen monoxide 
NO2 nitrogen dioxide 
NOx NO + NO2 
Pb   lead 
Avg   average 
AFUE Annual Fuel Utilization Efficiency (US DOE rating)  
ASHRAE  American Society of Heating and Refrigeration and Air- 

conditioning Engineers 
ASME   American Society of Mechanical Engineers 
ASTM    American Society for Testing and Materials 
ASTM International  Current official designation of ASTM 
ASTM No. 2  petroleum middle distillate fuel oil used as a heating fuel 
ASTM No. D1 petroleum middle distillate diesel fuel (kerosene) used as a 

transportation fuel with less than 15-ppm sulfur content   
ASTM No. D2 petroleum middle distillate diesel fuel used as a transportation fuel 

with less than 15-ppm sulfur content 
BART best available retrofit technology 
Btu British thermal unit 
CANMET Canada Centre for Mineral and Energy Technology, CANMET 

Energy Technology Centre 
CTM contingency test method (as in EPA CTM-039) 
dcp dry combustion products 
dcf dry cubic foot (combustion products) 
DOE United States Department of Energy 
DOE-EIA United States Department of Energy - Energy Information Agency 
dscm dry standard cubic meter 
EPA, US EPA United States Environmental Protection Agency 
ETV US EPA Environmental Technology Verification Program 
ft foot 

 B: List of Abbreviations and Symbols 
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ph  gallons per hour 

 and Development Authority 
tion products) 

ess than 500-ppm sulfur 

tu ish thermal unit 
nstitute 

 
 

SIP  

 

 

ft3 cubic foot 
g
g gram 
µg microgram 
mg  milligram 
kg kilogram 
hr hour 
µm  micrometers (microns) 
m meter 
m3 cubic meter 
NY New York 
NYS New York State 
NYSERDA New York State Energy Research
dscm dry standard cubic meters (combus
J Joule 
Lb pound 
LS low sulfur content fuel oil, l
kJ kilo-Joule 
MJ mega-Joule 
MMB million Brit
PFI Pellet Fuel I
ppm parts per million
PM 2.5 particulates less than 2.5 microns 
PM 10 particulates less than 10 microns 

state implimentation plan
TSP  total suspended particulates 
 
 
 
 

 

 
 
 




