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ABSTRACT

In the current work, we provide measurements of size-resolved particle number concentration
(PNC), particle mass concentration (PMC), lung-deposited surface area (LDSA), and black carbon
(BC) concentration for three biomass fired hydronic heaters during operation in four different
combustion conditions. The appliances include one woodchip-fueled hydronic heater and two
outdoor cordwood-fueled hydronic heaters. The operating conditions included startup, low output,
high output, and burnout. Measurements were made using a custom dilution sampling system and
a suite of commercially available, time-resolved, ambient aerosol measurement instrumentation.
The PNC, as measured using an Dekati Electrical Low Pressure Impactor+ (ELPI), had operating
condition mean values ranging between 4.1 and 52 million particles per cubic centimeter (#/cm?3).
The highest reported PNC occurred during the startup condition in all cases. Calculating the particle
size distribution measured across each operating phase for the same instrument gave geometric
mean diameters (d,) in the range of 0.080-0.256 um. The largest d, per appliance was nearly always
attributable to the startup condition (for hydronic heater 1, startup d, ranked second).

We did not observe the same trends when we transformed the ELPI PNC to PMC and
particle surface area concentration estimates across operating conditions, suggesting PNC and
dg are highly variable. Furthermore, simultaneous measurements of PNC, PMC, and PSAC using
instrumentation with different working principles gave varying results, potentially suggesting
that particles of different composition and morphology are produced under different combus-
tion conditions.

Implications: In this work we compare the results from testing of 3 biomass fired hydronic
heaters including one chip-fired appliance and two cordwood-fired appliances. The emissions
from these appliances were made across four operating conditions and using three different
non-regulatory emissions metrics. This work: describes the difference between chip and cord-
wood fired units and the effect of operating condition on emissions across the three emissions
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metrics.

Introduction

The use of wood as a fuel for heating has become increas-
ingly popular and up to 30 million United States (US)
residents are impacted by woodsmoke each year
(Noonan, Ward, and Semmens 2015; Rogalsky et al.
2014). Net residential energy consumption of wood in
New York State (NYS) in 2016 was 670 million cords or
13.5 trillion British thermal units (Btu) (New York State
Energy Research and Development Authority 2019). Many
of the wood burning appliances installed in NYS are uncer-
tified resulting in significant emissions due to incomplete

combustion. Use of wood for heating in NYS accounts for
2% of heating, but 90% of the fine particulate matter (with
diameters that are 2.5 pym and smaller, PM,s) emissions
attributable to residential heating. In 2012, 15,968 tons of
PM, s were attributed to residential heating in NYS
(New York State Energy Research and Development
Authority (NYSERDA) and Northeast States for
Coordinated Air Use Management (NESCAUM 2016). In
winter between 2008 and 2012, wood combustion sources
produced up to 30% of PM, s measured in Rochester, NY
(Rich et al. 2018). Additionally between 2014 and 2015,
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mobile and fixed-site air monitoring in NYS’s Adirondack
Park indicated local woodsmoke sources were responsible
for observed increases in PM, 5 (Allen and Rector 2020).

Wood combustion produces high concentrations
of harmful air pollutants including ultrafine particles
(UFP, <100 nm), fine (PM,;5) and coarse (<10 um,
PM;) particulate matter (PM); volatile organic com-
pounds (VOC); and hazardous air pollutants (HAP)
(Bolling et al. 2009; Obaidullah, Bram and Verma,
et al. 2012; Trojanowski and Fthenakis 2019).
Adverse health effects associated with woodsmoke
PM include changes in blood pressure, episodes of
arrhythmias and ischemia, myocardial infarction
(heart attacks), increase in cardiovascular emergency
room visits, cardiac biomarkers, an increase in cardi-
ovascular mortality (New York State Energy Research
and Development Authority (NYSERDA) 2008), and
premature mortality (Naeher et al. 2007; Penn et al.
2017). Exposure to PM near or at ambient levels
could increase systemic oxidative stress in humans
(Danielsen et al. 2008; Forchhammer et al. 2012;
United States Environmental Protection Agency
2009; United States Environmental Protection
Agency 2019). A study conducted by Rich et al.
(2018) examined the association between black car-
bon (BC), delta C (a marker for wood smoke) and
ST-elevation myocardial infraction (STEMI) in
Rochester, New York. No statistically significant asso-
ciation was found, but non-statistically significant
associations were observed between interquartile
increases in Delta C in the previous 3 days and
increased rates of STEMI. Weichenthal, et al. (2017)
found a similar association between each 5 upg/m’
increase in mean PM, s concentrations and the risk
for myocardial infraction in individuals over 65 years
of age on lag day 0 or 3. A recent review of con-
trolled, acute human exposures to wood smoke pro-
duced by different appliances, fuel types, and
combustion conditions reported more consistent air-
way inflammation effects than systemic inflammation
effects, oxidative stress, or cardiovascular endpoints
(Schwartz, Belling and Carlsten 2020). Particle char-
acteristics will influence the health effect profile of
woodsmoke (Corsini, Marinovich, and Vecch 2019).
Characterization of woodsmoke emissions is thus
critical to not only understand their emissions but
also study health effects associated with different
emission profiles.

Studies have shown that biomass combustion produces
PM mainly in the sub-micron range from the number
concentration perspective (Obaidullah et al. 2012).
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Particles of this size are especially important from
a health perspective as their small size potentially magni-
fies their toxic effects. Several factors might modify the
toxicity of such small particles including where particles
deposit in the respiratory tract, with larger particles being
more effectively deposited in the upper airways (Cohen,
Sussman, and Lippmann 1990; Annals of the ICRP 1994).
Smaller particles also have larger surface area per volume
than large particles, which can enhance their solubility
and provide additional area for adsorption of toxic com-
pounds (Oberdorster, et al. 1992). Additionally, small
particles may enter cells more readily than coarse particles
and can be translocated or transported to other organs
due to their small size (Gunter et al. 1992). These findings
have been discussed in numerous review articles and in
the US EPA’s PM Integrated Science Assessment as part
of the periodic review of the National Ambient Air
Quality Standards for particulate matter (United States
Environmental Protection Agency 2019; Lighty, Veranth,
and Sarofim 2000; Bolling et al. 2009; Nacher et al. 2007).

Lung-deposited surface area (LDSA) is being evalu-
ated as a potential health-relevant exposure metric for
health effects related to alveolar deposition, since it
measures the surface area of particles in the respirable
size range. Kuula et al. (2019) found that LDSA mea-
surements were sensitive to wood combustion, where
average LDSA was lower in areas mainly impacted by
wood combustion relative to urban locations and LDSA
peaks were observed in the evenings during the winter
(Kuula et al. 2019), suggesting residential wood combus-
tion as a potential source. Black carbon (BC), a soot-like
carbonaceous aerosol of non-regulatory metric for mea-
suring wood smoke, is also well correlated with ambient
and indoor PM concentration (Hoek and Meliefste, et al.
2002; Hoek and Kos, et al. 2008; World Health
Organization 2012) and PM health effects (Janssen
et al. 2011; World Health Organization 2012), making
a good surrogate measure for PM.

Regulatory emission testing protocols for wood com-
bustion appliances in the US and Europe test only under
steady-state but not during other operating conditions
such as startup or burn out. New integrated-duty-cycle
protocols that better represent all phases of the burn as
well as fueling and operational parameters closer to in-
use conditions are being developed (New York State
Energy Research and Development Authority
(NYSERDA) and Northeast States for Coordinated Air
Use Management (NESCAUM 2020). The morphology
and composition of woodsmoke aerosol also have been
found to change with a variety of factors including the
fuel type used, fuel moisture content, the wood-burning
appliance design, the different operating conditions, and
the behavior of the operator (Chandrasekaran et al.



722 (&) J.LINDBERG ET AL.

2013; Lillieblad et al. 2004; Obernberger, Brunner, and
Barnthaler 2007; Bari et al. 2011). Particulate mass con-
centration, PNC, and particle size distributions are
affected by appliance type, fuel properties, and operating
condition (Obaidullah et al. 2012; Kinsey et al. 2012;
Johansson et al. 2004; Obernberger, Brunner, and
Barnthaler 2007; Boman et al. 2004; Gaegauf, Wieser,
and Macquat 2001; Bari et al. 2011; Lillieblad et al. 2004;
Wiinikka and Gebart 2005; Obernberger, Brunner, and
Joller 2001). In general, startup periods produced the
highest PNC and mean particle diameters compared to
steady state, shut down, and burnout phases, which
produced lower PNC and smaller mean particle dia-
meters. The PNC varied, especially during the burnout
phase, depending upon appliance type and combustion
parameters (Hueglin et al. 1997; Chandrasekaran et al.
2011).

It is vital to improve the collective understanding of
academic, manufacturing, regulatory, and policy-
making groups regarding the mixture of particulate
emissions associated with the operation of biomass-
fueled appliances, and the changes the particulate pollu-
tants may bring to indoor and outdoor air quality. The
purpose of this study was to characterize emissions from
multiple biomass-fueled hydronic heaters (HHs) under
operational modes that better reflect residential use and
to compare different emission metrics. The particle
emission metrics evaluated in this study rely on different
technologies, require instrumentation with differing
amenability for field measurement, and differ in the
extent to which they have been associated with health
effects. Determining the best metric, the best instru-
ment, and the best test protocol to appropriately char-
acterize health and environmental concerns is
challenging. However, by comparing several metrics
here, we offer data to inform test protocol development,
and to inform future research seeking to characterize
biomass combustion particulate emissions using non-
regulatory metrics.

Materials and methods
Sampling approach

Measurements of appliance operating parameters and
emissions were made during each test. Appliance oper-
ating parameters including heat output, thermal effi-
ciency (by the stack-loss method), temperatures,
concentrations of gaseous pollutants in the flue gas,
and particle mass and emission rates were measured as
per Test Method 28 WHH for Measurement of
Particulate Emissions and Heating Efficiency of
Outdoor Wood-Fired Hydronic Heating Appliances

(United States Environmental Protection Agency 2017)
by Brookhaven National Laboratory (BNL) and are
summarized in other works (Trojanowski et al. 2022).
Coincident with the BNL test, this group measured in-
flue particulate concentration, size, and character from
a sampling port mounted in the flue stack a few feet
above the appliance (upstream of the dilution tunnel
used for the BNL measurement). The in-stack measure-
ments of flue emissions directed through the custom-
made dilution system are the subject of this paper.
Efforts were made to minimize experimental errors
throughout testing, including calibration of instrument
flow rates prior to testing, strict time keeping measures
for calculation of period means, and exclusion of data
points where extreme conditions or calibration proce-
dures could impact data quality.

Dilution system

Aerosol particulate emission measurements were made
using a custom-built dilution sampling system. The
dilution system consists of a sampling probe and pri-
mary and secondary dilution sections. In all tests, a one
liter per minute (LPM) critical flow orifice was installed
in the dilution system to limit sample flow rate and to
provide a point to monitor the inlet flow for occlusion
via pressure drop. The dilution ratio of the system was
set to 108:1 using the primary and secondary dilution air
controls. Clean, dry dilution air was provided by a dual
compressor system (two 20 horsepower reciprocating
compressors with 20-gallon storage tanks) to avoid
flow variability due to compressor cycling. The air was
conditioned by filtration (Motor Guard M30 particle
filter with M-723 filter element) and drying (Puregas
VSA3 Heatless Air Dryer) before mixing with the flue
sample air. The dilution factor was maintained through-
out testing by periodic measurements of sample and
dilution air gas flow rates, and consequent replacement
of the critical flow orifice when sample flow rate deviated
noticeably from the initial value.

The aerosol measurement instruments were con-
nected to the outlet of the dilution system as shown in
Figure 1. A broad suite of instrumentation was used for
this purpose. Specifically, a Dekati Electrical Low-
Pressure Impactor + (ELPI) and TSI Nanoscan
Scanning Mobility Particle Sizer Model 3910 (SMPS)
were used to measure real-time, size-resolved PNC.
The ELPI PNC data was also used to estimate particle
mass concentration (PMC) and particle surface area
concentration (PSAC), using the standard methods for
transforming size-resolved number concentration mea-
surements to different relevant distributions. The
assumptions used for the transformations are described
below. A Thermo Scientific personal Data Ram Model
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Figure 1. Schematic of combustion test setup featuring locations of instrumentation, instrument flow requirements, and instrument

groupings.

1500 (pDR) was used to measure PMC and a Magee
Scientific Aethalometer Model AE33 (AE33) was used to
estimate the BC component of the aerosol mass.
Simultaneous measurements of LDSA were also made
using a TSI Nanoparticle Surface Area Monitor Model
3550 (NSAM) in the case of Appliances 1 and 3. No
NSAM measurements were collected for Appliance 2,
due to equipment malfunction, instead measurements
from a different set of test periods using a Naneos
Partector are given. The pDR mass and NSAM/
Partector LDSA results were compared with the ELPI
estimates of PMC and PSAC, respectively.

Electrical-Low-Pressure Impactor+

The ELPI is a 15-stage cascade impactor capable of
measuring the concentration of particles with aerody-
namic diameters between 6 nm and 10 pm in size. The
ELPI was operated according to manufacturer’s recom-
mendations for all experiments using standard settings
for flow rate (10 LPM), corona charger voltage (4500
kV), current (1 pA), and trap voltage (20 V). The impac-
tor stages were loaded with either 25 mm conditioned
quartz fiber filter (Sunset Laboratories) for carbon ana-
lysis, or greased aluminum foil filters (Dekati). The ELPI
data were collected at 1 Hz resolution and converted to
1-min averages during data analysis.

Nanoscan scanning mobility particle sizer

The SMPS is a scanning mobility particle sizer, which can
measure the concentration of particles with electrody-
namic diameters between 10 and 420 nm. The SMPS
was operated using an aerosol inlet flow rate of 0.75
LPM and working fluid of 99.5+% pure spectroscopic

grade isopropyl alcohol in scanning mode. Size-
segregated particle concentrations were collected continu-
ously on a 1-min time basis throughout each experiment.

Personal dataRam-1500

The pDR measures light scattering at a wavelength of
880 nm. This wavelength is also commonly used for
aethalometer-based BC measurements. The pDR was
operated with the 2.5 um sharp-cut “blue” cyclone
(BGI SCC 1.062 cyclone) at 1.8 LPM and without cor-
rection for relative humidity, as the relative humidity of
the diluted sample was less than 20% consistently
throughout operation of each appliance. One-minute
average PMC measurements were collected throughout
each experiment.

Magee scientific model 33

The AE33 is a multiwavelength aethalometer that uses
seven wavelengths ranging between 370 and 950 nm to
measure the light absorption characteristics of an
aerosol. BC data corresponding to the 880 nm light chan-
nel of the AE33 will be discussed for the three appliances.
The data shown include the standard correction factors
applied by the AE33 software including multiple scatter-
ing and Drinovek dual-spot correction (Drinovec et al.
2015). Typical settings for the AE33 during these experi-
ments are a sample flow rate of 2 LPM and an averaging
time of 1 min. Due to the high concentration of emissions
during some operating conditions tape advances occur
periodically throughout the experimental run, resulting in
periods where no data are collected as the tape advances
and the instrument re-zeroes.
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Nanoparticle surface area monitor and partector

The NSAM utilizes a corona charger, electrostatic trap,
and Faraday cage in series to charge particles of interest,
remove excess ions, apply an approximate International
Commission on Radiological Protection (ICRP) deposi-
tion curve to the particle sample, and to measure the
surface area of the particles. The NSAM measurement
range is for particles with diameters between 10 nm and
1 um. The upper size cut-point is achieved by using the
1-um cyclone filter and an instrument inlet flow rate of
2.5 LPM. The result is an estimate of LDSA in square
micrometers per cubic centimeter (um?*/cm’), which is
a measure of the particle surface area that the ICRP
model would predict to be deposited in the lung. By
controlling NSAM trap voltage, the lung deposition
prediction can be tuned to report results for the tracheo-
bronchial or alveolar regions of the respiratory tract. For
this study, we used the alveolar region trap voltage
setting.

The Partector is a portable, battery operated instru-
ment that uses diffusion charging and a Faraday cage to
estimate LDSA in the alveolar region according to the
ICRP deposition probability curve. The Partector mea-
surement range is for particles with diameters between
10 nm and 10 pm.

Particle size distribution calculations

The size-segregated particle count instrumentation,
including the ELPI and SMPS, were used to determine
an aerosol particle size distribution (PSD) during each
operating condition. The PSD was calculated by assum-
ing a log-normal distribution and calculating the
descriptive parameters N, d,, and 0, using 1-min average
measurements, where N is referred to as the scale para-
meter indicating distribution height (concentration), d,
is the geometric mean diameter of the distribution, and
0, is the geometric standard deviation of the distribu-
tion. Period mean values for each operating condition
were then calculated from the 1-min average para-
meters. For more information on the specifics of this
technique, please refer to Chapter 4 of Hind’s primer on
aerosols (Hinds 1982). The ELPI results were limited to
include stages with median diameter (Ds,) values less
than 420 nm to compare with the SMPS results. Notably,
the ELPI outputs aerodynamic diameter nominally,
while the SMPS reports the electrical mobility diameter,
due to the different sizing technologies employed by
each instrument.

ELPI transformations

The ELPI data were transformed from size segregated
PNC to PMC and PSAC using standard calculation
procedures, to compare the ELPI estimates of PMC

and PSAC with the pDR and NSAM results. The PNC
measurement was transformed to PSAC and PMC esti-
mates using the assumption of spherical particles with
diameter equal to the D5, of each stage.

In the case of the PSAC estimate, ELPI stages 1
through 10 were used to limit the reported PSAC to
particles with D5y < 1 pm to match the size range of
the NSAM. It should be noted that these metrics are
slightly different, namely the ELPI PSAC is an estimate
of total particle surface area concentration, while the
LDSA measured by the NSAM is an estimate of the
exposure surface, i.e., the fraction of total particle sur-
face area capable of reaching the alveolar region of the
lung.

In the case of the PMC estimate, an estimated particle
density of 1.0 g/cm® was applied to the calculated parti-
cle volume to determine particle mass. The ELPI data set
was then limited to PMC, 5 by including stages 1
through 11, to correspond to the particle size range
mass estimate of the pDR.

Appliances

The three appliances featured in this study are repre-
sentative of HH technology in the United States (US)
and are compliant with the Step 2 emission limits of
the 2015 New Source Performance Standards (NSPS).
All three units include internal water volumes and were
tested without external thermal storage. Some basic
descriptive information about each appliance is
shown in Table 1 (United States Environmental
Protection Agency 2015). All three units feature rated
maximum heat outputs between 100,000 and 125,000
Btu/hr (29-37 kW) and are typical for residential use.
Appliance 1 can be fueled using wood pellets or chips,
in this study chips were used. The HH is of European
design and US manufacture. This unit incorporates
a forced draft airflow system with primary and

Table 1. Comparison of the US EPA certification and design
parameters for the wood chip/pellet and cordwood hydronic
heaters featured in this study.

Parameter Appliance 1 Appliance 2 Appliance 3
Emission Rate 0.02 Ib/ 0.07 Ib/mmBTU  0.07 Ib/mmBTU
mmBTU

Maximum Rated 120,000 BTU 102,408 BTU 125,000 BTU
Output (35 kW) (30 kw) (36.6 kW)

Overall Efficiency 85% 67% 68%

Water Jacket 15 gallon (56.7 55 gallon 100 gallon
Volume Lr) (2273 L) (3785 L)

Fuel Type Chips/Pellet Cordwood Cordwood

Catalyst No Yes No

NSPS 2015 Yes Yes Yes
Compliant

NSPS 2020 No Yes No
Compliant




secondary air controls based on an exhaust gas lambda
sensor. Appliance 2 is an outdoor cordwood-fueled HH
manufactured in the US. This unit features temperature
and lambda sensors in conjunction with primary and
secondary airflow dampers, as well as a catalytic sec-
ondary combustion system. Appliance 3 is also a US
manufactured outdoor cordwood-fueled HH. This
appliance also features a forced draft airflow system;
however, this unit has only a single air damper, as it
relies on a two-stage gasification-combustion technique
to achieve low emission combustion.

Fuel

The fuel used in each experiment was red oak. For
Appliance 1, the wood was processed into roughly one-
inch square chips, dried to approximately 30% moisture.
For Appliances 2 and 3, red oak cord wood was custom
cut to size, with length approximately 80% of the fire-
box’s depth, and dried in accordance with the proce-
dures documented in Smith et al. 2014 (Smith 2014).
Specifically, the cut wood underwent partial kiln drying
and moisture measurement. The moisture content at the
end of the process was between 19% and 25%.

Testing protocol

Data from four operating conditions will be presented
for each HH: (1) startup, (2) low-output, (3) high-
output, and (4) burnout.

In this study, we define the startup condition as the
time period immediately following the addition of a fuel
load into a hot firebox or coal bed. The definition of a fuel
load is determined by the device. In the case of
a Appliance 1, the fuel load is the amount of chips fed
into the firebox by the device. For batch-fired appliances,
such as Appliances 2 and 3, fuel loads are designated as an
amount of cordwood corresponding to 120-160 kg/m’
firebox loading density. The exact test start time is deter-
mined by feed-screw actuation in the case of the chip unit,
and by door closure following a fuel load addition in the
case of the cordwood appliances. The startup period ends
for a chip appliance when the unit indicates steady-state
operation, and for a cordwood unit is defined as the
period where the initial fuel charge burns down by 20%.

Low-output is defined based on heat output.
Whenever a heat-load of <15% of the HH’s maximum
rated output is applied to the HH, the HH will be
considered in low-output. The low-output condition in
this study is similar to a Category I heat load as
described in EPA Method 28 OWHH (United States
Environmental Protection Agency 2017).
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High-output is also defined based on heat output.
When the heat load applied to the HH is 100% of the
maximum rated output, the HH will be operating in
high-output. This output level is similar to an EPA
Method 28 WHH Category IV (United States
Environmental Protection Agency 2017).

The burnout condition is defined specifically for each
appliance type. Burnout for a chip unit is defined as the
period after initiating the shutdown procedure for the
appliance, and for cordwood appliances as the time
period within which the fuel charge mass decreases
from 40% to 15% of the initial fuel charge.

For Appliance 1, the high- and low-output tests were
performed explicitly according to EPA Method 28
WHH (United States Environmental Protection
Agency 2017). The startup and burnout test periods
were captured by measuring during the startup and
posttest periods of the low-output experiments as pre-
scribed by EPA Method 28 WHH (United States
Environmental Protection Agency 2017). For
Appliance 2 and 3 startup, low-output, high-output,
and burnout data were collected, while the HHs were
being tested using “A Test Method for Certification of
Cord Wood-Fired Hydronic Heating Appliances Based
on a Load Profile: Measurement of Particulate Matter
(PM) and Carbon Monoxide (CO) Emissions and
Heating Efficiency of Wood-Fired Hydronic Heating
Appliances” (Northeast States for Coordinated Air Use
Management 2021). Each test condition was captured in
duplicate for each appliance.

Results and discussion

The three biomass-fueled HHs, operated under four dif-
ferent operating conditions, revealed differences in each
particle instruments’ response even when reporting
metrics overlapped. Different instrument response patterns
emerged when comparing specific operating conditions for
each appliance. Therefore, each appliance’s results will be
discussed separately. However, a summary of PNC, PMC,
and PSAC results are shown for each appliance in Table 2,
and a summary of the PSD results is given in Table 3.

Appliance 1

Operation

Appliance 1 was the only chip-fueled HH in our study.
The operation condition-specific (startup, low-output,
high-output, or burnout) means of all measured quan-
tities for Appliance 1 can be found in Tables 2 and 3, and
comparison-related metrics are illustrated as scatter
plots in Figure 2(a-d).
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Table 2. Summary of operating condition mean PNC (units of: C (concentration #/cm?)/dlog (particle size (dp)), PMC (units: milligram
per cubic meter), and PSAC (units: square micrometers per cubic centimeter) results.

PNC, C/dlogd,, PMC, mg/m? PSAC, um?/cm?

Appliance # Condition ELPI SMPS ELPI pDR ELPI NSAM

1 Startup 3.45E+07 2.54E+08 190 6 1.46E+06 8.59E+04
Low 3.08E+07 2.45E+08 154 2 1.21E+06 7.26E+04
High 3.09E+07 1.81E4+08 575 2 1.67E+06 8.21E+04
Burnout 2.16E+07 1.05E+08 108 25 1.03E+06 4.97E+04

2 Startup 5.15E+07 1.44E+08 358 732 3.56E+06 -
Low 4.64E+06 1.14E+07 9 10 1.45E+05 -
High 2.32E4+07 8.89E+07 49 25 7.07E+05 -
Burnout 2.51E+07 9.79E+07 24 2 4.23E+05 -

3 Startup 1.89E+07 6.80E+07 88 87 9.80E+05 8.33E+04
Low 8.03E+06 6.75E+07 18 3 2.34E+05 4.70E+04
High 1.75E+07 9.40E+07 50 6 6.21E+05 6.13E+04
Burnout 4.11E+06 2.79E+07 9 3 1.16E+05 2.36E+04

Table 3. Summary of PSD results from ELPI and SMPS for all three
appliances across each of four operating conditions.

ELPI SMPS
Appliance N, dg, N, dg,
# Condition dC/dlogd, um o, dC/dlogd, um o,
1 Startup 3.35E+07 0.200 1.73 254E+08 0.109 1.44
Low 3.00E+07 0.190 1.78 245E+08 0.102 1.43
High 2.03E+07 0224 1.65 1.81E+08 0.112 1.45
Burnout  2.10E+07 0.158 1.94 1.05E+08 0.128 1.56
2 Startup 5.15E+07 0.256 1.69 1.42E+08 0.190 1.66
Low 4.64E+06 0.180 1.91 T1.11E+07 0.178 1.78
High 2.32E+07 0.178 177 8.85E+07 0.125 1.66
Burnout  2.51E+07 0.186 1.82 8.92E+07 0.094 1.59
3 Startup 1.77E+07 0.155 2.51 6.80E+07 0.178 1.60
Low 781E+06 0.086 2.34 6.75E+07 0.097 1.64
High 1.69E+07 0.148 2.19 9.40E+07 0.139 157
Burnout  4.00E+06 0.080 298 2.79E+07 0.158 1.61

To provide context for the summary statistics pre-
sented, a set of timeseries plots of PNC measured by
ELPI during duplicate testing of Appliance 1 during the
four operating conditions of interest is given in Figure 3.

The main features observed in the time series are as
follows: (1) the PNC was in the 10 range throughout
the duration of each of the four conditions; (2) there
is a notable ramping up of PNC during startup pre-
sent in the first 10 min of both startups; (3) the low-
output phase showed relatively constant PNC; (4) the
high output condition exhibited decreasing PNC emis-
sions throughout test one with a constant PNC during
test 2, reaching a stable concentration approximately
equivalent to the low output phase; and (5) a notable
decline in PNC as the burnout phase progressed.

Particle number and size

A comparison of the SMPS PNC and ELPI PNC results is
illustrated by the scatterplot in Figure 2, panel A, and is
shown explicitly as operational period means in Table 2.
The combined SMPS PNC indicates a PNC between 10
and 10® #/cm’. The ranking of highest to lowest PNC by
phase, as measured by both the ELPI and SMPS, is

startup>low-output  >high-output> burnout. In
Figure 2a, it is apparent that a portion of the results during
the burnout period deviates from the linear trend
observed for most of the sample time points during burn-
out. Due to this observation, a linear regression analysis of
all periods, excluding the burnout period was performed.
This analysis showed that for most of the test (startup, low
output, and high output) the trend line y = 6.88x —
1.7 x 107 relates the two measurements with an * = 0.772.

We analyzed the PSD for Appliance 1 during each
operating condition using both ELPI and SMPS mea-
surements (detailed in Table 3). The ELPI results gave
similar PSD parameters across operating conditions.
The fraction of size-resolved PNC data used for PSD
calculations for Appliance 1 is greater than or equal to
0.97 for startup, low-output, and burnout, and equal to
0.65 for high-output. The low fraction for the high-
output condition is potentially due to overcounting in
the smallest size bin. The ELPI calculated d, ranged
between 0.158 and 0.224 um while the o, ranged between
1.65 and 1.94. Appliance 1 operating condition results
for ELPI d, ranked from highest to lowest yields: high-
output>startup>low-output>burnout. However, it
should be noted that while the mean d, during high-
output was larger than during startup, both values are
larger than 0.200 um. A o, around 1.8 is typically indi-
cative of a polydisperse aerosol with values between 1
and 2 being common to many combustion processes.

The SMPS derived d, ranged between 0.102 and
0.128 um, indicating a smaller d, than reported by the
ELPI. The SMPS results produce the ranking: bur-
nout>high-output>startup>low-output, which differs
from the ELPI d, ranking. The o, range for the SMPS
PSD was very small for Appliancel with values between
1.43 and 1.56.

From the scatterplot given in Figure 2b, we observed
that during startup, low-, and high-output conditions
the ELPI d, results reflect a wide range of values, while
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Figure 2. Scatterplot comparisons of data collected during testing of Appliance 1 over four different operating conditions: startup, low-
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data. (C) Comparison of PMC, s between the ELPI and pDR. (D) Comparison of PSAC results, specifically comparing the ELPI PSAC

estimate versus the NSAM LDSA.

the SMPS derived d, is relatively constant across those
operational periods. In contrast, during burnout there is
considerably more variation in d, as measured by both
instruments, but the variation in both measures tend
toward a linear relationship.

To further explore this behavior, the mean dg from
both instruments for each operating phase were com-
bined as a ratio. This analysis shows that during startup
the d, ratio was 1.8, with similar values of 1.9 and 2.0

during low-output and high-output. In contrast, during
burnout the calculated ratio was much lower with a value
of 1.1. It follows, based on the calculated ratio and the
trend apparent in Figure 2a,b, that for Appliance 1 the
physicochemical properties of the particles are changing
across a spectrum spanning from high-output type to
low-output type particles and that the particles generated
during burnout may fall outside that spectrum. Further,
the nearly linear relationship between the ELPI and
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SPMS d, during burnout suggests that for this condition,
the particles produced have characteristics approaching
an idealized spherical and non-porous particle (i.e., con-
forming to the default assumptions used by both instru-
ments to calculate particle diameter).

Particle mass and black carbon
Measurements of PMC, 5 in the flue emissions were
made using the pDR and the ELPI following a PNC
to PMC transformation as outlined in the methods
section. These results are shown in detail in Table 2
and compared in Figure 2c. The ELPI PMC estimate
was drastically higher than the pDR measurement.
Using the ELPI data, PMC ranged between 108 and
575 mg/m’. Ranking the mean PMC, 5 calculated for
each operating condition yields: high-output> startu-
p>low-output>burnout. The pDR-based PMC, 5 ran-
ged between 2 and 31 mg/m’ with a ranking of:
burnout>startup>high-output = low-output. The
notable difference in PMC, and the reversed trend
in terms of the rankings, indicates that the different
detection and measurement techniques used in the
ELPI and pDR influence particle mass estimates.
Further, the very large PMC, 5 estimated by the ELPI
relative to the pDR, and to literature values for wood
chip and pellet boilers (Obaidullah et al. 2012) indicate
that a density assumption of 1 g/cm® may be an over-
estimate. Notably, nephelometer-based instruments
have been found to overestimate PMC relative to

gravimetric Federal Reference Methods by as much as
three-fold for some instruments, further indicating that
the ELPI may overestimate in-flue measurements of
PMC (Trent 2006).

It is also notable in Figure 2c that high-output con-
ditions generate a separate grouping of points in the
scatterplot compared to startup, low output, and burn-
out. High output as measured using the ELPI has the
largest PMC, while the pDR PMC is lower or in the same
range as the low output and startup conditions. This
suggests some deviation in particle physicochemical
characteristics, such as density, fractal shape, or light
scattering behavior during high output.

Assessments of the BC concentration of the flue
emissions were made using the AE33 measurements in
tandem with ELPI PNC, and ELPI and pDR PMC mea-
surements. The Appliance 1 BC concentration was rela-
tively low compared to the PMC estimates across all
operating conditions. The BC concentration ranged
between 0.03 and 0.48 mg/m’. Ranking the operating
conditions by mean BC concentration during each con-
dition yields: burnout>startup>low-output>high-
output. Comparing the pDR PMC and the AE33 BC
concentration offers a relative idea of particle composi-
tion. This analysis indicates that during startup and low
load, BC accounts for approximately 7% of the PMC, s,
while for high-output BC is 1% and for burnout 2%
indicating that optically, BC comprises a small fraction
of the overall PMC for this appliance.



Surface area

In addition to measurements of aerosol number and
mass concentration, we collected aerosol particle surface
area concentration data. This data was derived from the
ELPI measurements using the PNC to PSAC transfor-
mation, and the NSAM instrument measurement of
LDSA. PSAC data are shown explicitly in Table 2 and
appears in Figure 2d. The ELPI PSAC estimate ranged
between 1.01 x 10° and 1.67 x 10° um*/cm’ with an
operating condition ranking of high-
output>startup>low-output>burnout, which is the
same as the ELPI PMC for this boiler. The NSAM
LDSA estimate ranged between 4.97 x 10* and
8.59 x 10* um*/cm’, two orders of magnitude lower
than the total PSAC estimate. The corresponding rank-
ing of the average LDSA result was startup>high-
output>low-output>burnout, which is like the PNC and
d, results.

Appliance 2

Operation

Appliance 2 was a cord wood fueled outdoor wood
boiler outfitted with a catalytic combustion system
designed to improve PM emission performance.
Measurements for Appliance 2 were performed with
the same instrumentation and instrumental procedure
as Appliance 1. However, the operational protocol of the
boiler was different due to batch fuel feeding as
explained in the section on the testing protocol. The
period mean measurements for all measured parameters
for Appliance 2 can be found in Tables 2 and 3, and
comparison-related metrics are given as scatterplots in
Figure 4(a-c).

Particle number and size

The PNC emissions measured from Appliance 2 were
comparable to Appliance 1, but lower on average. The
ELPI PNC ranged between 0.46 and 5.15 x 107 #/cm?,
while for the SMPS the PNC ranged between 0.11 and
1.44 x 10® #/cm’. Results from both instruments pro-
duced the ranking: startup> burnout> high-output>low-
output. While the SMPS concentration count was higher
than that of the ELPI, the ELPI and SMPS PNC results
were well correlated. The two instruments’ results are
related through the line y = 2.57x + 1.4 x 107 with an
r* = 0.737. This slope is roughly half that calculated for
Appliance 1, which suggests differences in the physio-
chemical properties of particles generated by Appliance
1 versus Appliance 2, perhaps due to the difference in
appliance feed/fuel strategy, i.e., continuous/chips ver-
sus batch fed/logs.
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The fraction of size-resolved PNC data used for PSD
calculations for Appliance 2 is greater than or equal to
0.99 for all operating conditions, thus resulting in the
same rankings as PNC for both instruments. The ELPI
calculated d, ranged between 0.178 and 0.256 pm,
slightly larger than the results for Appliance 1. The ELPI
0, was between 1.69 and 1.91, indicating relatively poly-
disperse particulate emissions across all operational con-
ditions, again similar to the Appliance 1 result. Ranking
the Appliance 2 operating phase data by ELPI d, results
gives: startup>high-output>low-output>burnout. This
ranking indicates larger particles were produced during
startup than during high-output for Appliance 2.

The SMPS derived d, ranged between 0.094 and
0.190 pm, indicating a smaller mean particle diameter
on average than the ELPI. The SMPS derived o, ranged
between 1.59 and 1.78 suggesting a tighter distribution
than the ELPI results. The SMPS d, results ranking was
startup> low-output> high-output>burnout. Notably,
this ranking has high- and low-output reversed from
the ELPI rankings.

A comparison of the SMPS d, and ELPI d, for
Appliance 2 is given in Figure 4b. While the d, values
calculated for Appliance 2 were very similar to those
calculated for Appliance 1, overall the observed trends
between the ELPI and SMPS results were not similar.
For Appliance 2 in general, the SMPS d, was smaller
relative to ELPI d,, consistent with the findings for
Appliance 1. However, the calculated d, is much closer
in magnitude for Appliance 2, specifically during low
output, where the calculated d, for Appliance 1 and 2 are
nearly the same. For Appliance 2, the span of SMPS d, is
much larger than that of the ELPI dg, rather than nar-
rower as was observed for Appliance 1. This indicates
that Appliance 2 produces particles with larger and more
variable mobility diameters relative to Appliance 1,
again possibly due to the different feeding/fuel strategies
of the appliances.

The aerodynamic diameter range measured by the
ELPI is similar between the two appliances, but larger
than we observed for Appliance 1. The SMPS to ELPI d,
ratio analysis gives values between 1.01 and 1.98, similar
to Appliance 1, but with a different ranking order of:
low-output>startup>high-output>burnout. This may
suggest idealized particles are emitted during low-
output for Appliance 2, whereas for Appliance 1 the
ratio was at a minimum during burnout.

Particle mass and black carbon

Measurements of PMC were made for Appliance 2 in the
same manner as for Appliance 1. The ELPI PMC esti-
mate was again higher than the pDR measurement. The
ELPI PMC ranged between 9 and 358 mg/m’. Ranking



730 J. LINDBERG ET AL.

SMPS dj, um

le8
(<] © Startup
3.0 A Low Output
¢ High Output
A Burnout
3 2.51
S
=
3 g o
(@) 2.0 ® ¢ O @
© ®9 o
g O @ @, ®
= 0o OO ’
5 154 o0 Y
= 0
5 L
c P ¢
]
S o
& 107 o
o
=
0
0.5 A s & ¢
o0 9
& o
P o
0.04 @™ o ® @ 3
0 1 2 3 4 5 6 7 8
ELPI+ Concentration, dC/dIn(dp) le7
© Startup
103 4 Low Output
0 High Output
A Burnout
ME 102_
)
S o
4
S
<
o it
& 10
o
100_
o
10° 10! 107

ELPI+ PMC,.5, mg/m?

© Startup . ¢
Low Output o ¢ v
0251 4 High Output s ° o
A Burnout g % 5
" &
o
(g
0.20 1 ®
0.15 A
o
0.10 A
A
o
0.05 A ®
o b
0.10 0.15 0.20 0.25 0.30 0.35

ELPI+ dg, um

Figure 4. Scatterplot comparisons of data collected during testing of Appliance 2 over four different operating conditions: startup, low-
output, high-output, and burnout. (A) PNC comparison between ELPI and SMPS. (B) Comparison of d as calculated from ELPl and SMPS
data. (C) Comparison of PMC, s between the ELPI and pDR. (D) Comparison of PSAC results, could not be performed due to

a malfunction of the NSAM during this experiment.

the Appliance 2 mean PMC results from the ELPI yields:
startup>high-output>burnout>low-output. The pDR
PMC ranged from 2 to 732 mg/m’ with identical rank-
ings. A comparison of the PMC measured using the pDR
and ELPI for Appliance 2 is given in Figure 4c. There is
more overlap of points across operating conditions for
the two instruments for Appliance 2 when compared to
Appliance 1. The estimated mass during startup and low-
output correlated fairly well for the two instruments,
however their results diverged in the burnout and high-
output conditions, suggesting changes in the physical and

optical properties of particles emitted during these opera-
tional conditions led to a disparity in the results across
measurement techniques.

The BC concentration measurements in the flue
emissions were made using the AE33 in tandem with
PNC and PMC measurements. Appliance 2 BC concen-
trations were higher than the BC concentrations mea-
sured for Appliance 1. The BC concentration range for
Appliance 2 was between 0.5 and 8.1 mg/m”. Using these
results to rank each operating condition yields: low-
output> startup> high-output>burnout. Combined



with the PMC estimates, BC accounts for 82% of PMC
during low-output and for 32% during burnout, while
accounting for only 1.3% and 8.2% during startup and
high-output, respectively. The BC fraction is notably
higher during the low-output and burnout conditions
as compared to Appliance 1.

Surface area

Due to an issue with the NSAM’s corona charger, LDSA
data was not collected for this appliance on the same
test day as the other measurements. We used the
Partector, which operates on similar principles to the
NSAM, for tests of Appliance 2 on two other test days.
For those tests, the Partector collected data during three
operating conditions (startup, low-output, and high-
output) for Appliance 2. When we used the NSAM and
Partector instruments concurrently during tests of other
appliances, the instruments demonstrated overall agree-
ment (data not shown).

The ELPI PSAC data for the main test day for
Appliance 2 is shown in Table 2. ELPI PSAC for
Appliance 2 was between 0.15 and 3.56 x 10° um*/cm”.
Ranking the PSAC estimates by operating condition
yields: startup>high-output> burnout>low-output,
which is the same as the ELPI PMC, s for this appliance.
ELPI PSAC for Appliance 2 on the test days with con-
current Partector data was between 3.8 x 10° and
2.8 x 107 um*/cm’ The Partector LDSA data ranged
between 1.1 x 10> and 3.7 x 10° um®/cm’ overall.
There were no linear relationships between Partector
LDSA and PSAC for the three operating conditions.

Appliance 3

Operation

Appliance 3 was a cordwood fueled outdoor wood boiler
with a two-stage combustion system. This two-stage
system was designed to gasify the fuel prior to secondary
combustion, to produce low emissions during all oper-
ating conditions. Measurements for Appliance 3 were
performed with the same instrument appliance operat-
ing procedures as for Appliance 2. The operating con-
dition means for all measured quantities for Appliance 3
can be found in Tables 2 and 3. Comparisons of related
metrics are presented as scatterplots in Figure 5.

Particle number and size

The measured PNC was comparable to the previous
appliances. Appliance 3 had the lowest PNC of all
three appliances. The ELPI PNC ranged between 0.41
and 1.89 x 107 #/cm”’. Ranking the operating conditions
based on ELPI average PNC yields: startup>high-
output>low-output>burnout. The PNC measured by
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the SMPS ranged between 2.79 and 9.40 x 107 #/cm’
the resultant ranking was: high-output>startup>low-
output>burnout. In the case of Appliance 3, the PNC
rankings are not the same across the two instruments.
As with the other appliances, the SMPS PNC was higher
than that measured by the ELPI, but for Appliance 3 the
ELPI and SMPS results were closer in magnitude.

Appliance 3 results produce two distinct groupings.
Burnout and low-output follow the line y = 3.19x+1.5 x
107 with an 7* = 0.906. High-output and startup follow
the line 8.90x - 5.8 x 10° with an r* = 0.977. The clear
delineation between phases was not seen in the other
appliances’ data and could be due to the unique gasifica-
tion-combustion process used in Appliance 3. Further,
the slope of 8.90 calculated for the low-output and
burnout conditions is much larger than the calculated
results for Appliance 1 and 2, with values of 6.88 and
2.58, respectively. A comparison scatterplot of the SMPS
PNC and ELPI PNC results collected during testing of
Appliance 3 is given in Figure 5a.

The fraction of size-resolved PNC data used for PSD
calculations for Appliance 3 is greater than or equal to
0.93 for all operating conditions. The d, results derived
from ELPI data for Appliance 3 ranged between 0.80 and
0.155 um, indicating particles with slightly smaller aero-
dynamic diameter are produced by Appliance 3 relative
to Appliance 1 & 2. Ranking Appliance 3 ELPI d, results
yields: startup>high-output>low-output>burnout. The
ELPI o, ranged from 2.19 to 2.98, higher than
Appliance 1 and 2.

The SMPS d, for Appliance 3 ranged between 0.097
and 0.178 um, which is higher than the ELPI d,, repre-
senting a different trend than for the previous appli-
ances. The SMPS o, was between 1.57 and 1.68,
comparable to results for the other two appliances. The
SMPS d, ranking was startup>burnout>low-
output>high-output.

A comparison plot of the ELPI and SMPS d, results
for Appliance 3 is given in Figure 5b. The d, comparative
analysis for Appliance 3 shows some features in com-
mon with Appliance 2 and some unique features. The
SMPS to ELPI d, ratio analysis yields values between
0.51 and 1.06, the lowest ratios observed of the three
appliances. The ranking of these results with respect to
operating conditions is high-output> low-output> star-
tup>burnout. Appliance 3 data gave ratios near one
during the startup, low and high-output conditions,
similar to Appliance 2. However, with the exception of
high-output, the ratios are less than 1, which is unique to
this appliance. Furthermore, during the burnout condi-
tion the ratio was 0.51, well below 1. Figure 5b illustrates
that during burnout and periods of low-output, similar
particles with low d, ratio were produced. During
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estimate versus the NSAM LDSA.

startup, high-output, and a portion of low-output, par-
ticles of higher d, ratio were produced. By inspection,
this bivariate particle nature is somewhat similar to
Appliance 1, where burnout exhibited one trend for d,,
separate from the other conditions. For Appliance 3, this
trend extends to low-output as well as burnout.

Particle mass and black carbon

The mean PMC for Appliance 3 was between 9 and
88 mg/m’. Ranking the mean PMC results for
Appliance 3 based on the ELPI estimate yields:

startup>high-output> low-output> burnout. The pDR-
based PMC ranged from 3 to 87 mg/m’, with the same
ranking as the ELPI data. A comparison of the PMC
measured using the pDR and the ELPI for Appliance 3 is
given in Figure 5c. In the figure, the PMC data appear to
form an S-shape, indicative of dynamic combustion
processes and particle properties. Startup and high-
output particles appear to form one grouping, indicating
particles with similar properties are produced during
these operating conditions. Specifically, during these
conditions, it seems that the ELPI PMC estimate, and



by extension the PNC and PSD which the estimate is
derived from, is relatively stable, but the optical proper-
ties of the particulate vary.

The ELPI PMC range was smaller for Appliance 3
than for Appliances 1 and 2. During burnout and por-
tions of low-output, both the ELPI PMC estimate and
the pDR PMC measurement seem to vary cyclically for
Appliance 3. This cyclic behavior could be due to the
difference in design between Appliances 2 and 3. The
catalytic unit (Appliance 2) achieves low emissions using
a catalyst, whereas Appliance 3's gasification-
combustion technique approach may necessitate addi-
tional airflow adjustments to achieve the same effect.

The BC concentrations measured during testing of
Appliance 3 were similar to those of Appliance 2.
The BC concentration range for Appliance 3 was 0.67—
12.4 mg/m’. Listing the results by decreasing BC con-
centration yields: startup> high-output> low-
output>burnout. The relative BC composition during
each operating condition was 14% during startup, 18%
during high-output, 32% during low-output, and 20%
for burnout. The BC was an important contributor to
PM during all operating conditions for Appliance 3.

Surface area

The PSAC data are shown explicitly in Table 2, and
Figure 5d. For Appliance 3, the ELPI PSAC estimate
ranged between 1.16 x 10°> and 9.80 x 10°> ym*/cm’,
with an operating condition ranking of startup> high-
output>low-output>burnout. This is like the ranking of
PSAC for Appliance 1, with startup and high-output
reversed. The NSAM LDSA estimate ranged between
2.36 x 10° and 8.33 x 10* um?/cm’, less than the total
PSAC estimate, but with a smaller difference between
results than was observed for Appliance 1. The LDSA
ranking is the same as the Appliance 3 PSAC ranking.
The ELPI PSAC and NSAM LDSA form two linear
groupings of points with the same separation as in the
PNC analysis, making Figure 5a,d similar in appearance.
Consistent with Appliance 1 results, the operating con-
dition with the largest d, (startup) for Appliance 3 does
not correspond to the smallest LDSA, suggesting the
influence of emission characteristics in addition to size
on LDSA estimates.

Conclusion

In this study, we evaluated the performance of three
biomass-fueled HHs using a suite of particle measure-
ment instrumentation. The goal of these experiments
was to characterize particulate emissions from the HHs
in different phases of burn to determine if instrument

JOURNAL OF THE AIR & WASTE MANAGEMENT ASSOCIATION & 733
response differences might suggest additional informa-
tion about the character of particulate from each appli-
ance using instruments outside the scope of regulatory
testing. Overall, this study found differences in PNC, d,,
and PMC as well as evidence of different particle com-
position in terms of optical BC concentration, and dif-
ferences in respirable particle fraction during different
combustion conditions and for different appliances.

We measured the PNC emitted by the three appli-
ances and found values between 0.41 and 5.15 x 10
#/cm’ using the ELPI and values between 0.11 and
2.54 x 10° using the SMPS overall. PNC was highest
during the startup and high-output phases, indicating
sensitivity of PNC to fuel load condition and heat output.
Appliance 3 had the lowest PNC. Appliance 2 had lower
on average PNC emissions compared to Appliance 1. The
unique feed/fuel requirements contributed to differences
between Appliance 1 (chip-fueled HH) and the
Appliances 2 and 3 (cordwood-fueled HHs).
Specifically, the chip-fueled appliance had a higher PNC
during low-output than the cordwood fueled appliances
as measured using the ELPI, and higher PNC for all
operating conditions when measured using the SMPS.

The PSD of the aerosol emitted from these appliances
was also dependent on operating condition, showing
a wide range of results. The calculated ELPI d, and
SMPS d, of the particles differed during most operating
conditions. The aerodynamic d, measured by the ELPI
instrument ranged between 0.080 and 0.256 pm, while
the d, measured by the SMPS ranged between 0.094 and
0.190 um. The ratio of the calculated d, was found to be
dependent on operating condition, and different trends
in d, ratio and operating phase were found for each
appliance. Both Appliances 1 and 2 had relatively poly-
disperse particulate emissions across all operating con-
ditions. Appliance 2 produced particles with larger and
more variable mobility diameters compared to
Appliance 1. Appliance 3 produced particles with
slightly smaller aerodynamic diameter compared to
Appliances 1 and 2.

The ELPI and pDR PMC estimates also showed oper-
ating condition-dependent differences. The ELPI esti-
mate ranged from 9 to 358 mg/m’, while the pDR
estimates ranged from 2 to 732 mg/m°>. The ELPI PMC
range was smaller for Appliance 3 than for 1 and 2.
However, the ELPI measurements were consistently
one to two orders of magnitude larger than the pDR
measurements, with minor exceptions (e.g., startup con-
dition for Appliances 2 and 3). These findings suggest
that the particle composition and morphology during
startup for Appliances 2 and 3 were such that the optical
and aerodynamic properties of the particles aligned to
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produce a correlated measurement, while in all other
conditions the particle properties produced very differ-
ent instrument responses and results.

Generally, the aethalometer-based BC mass com-
prised a small fraction of nephelometer and ELPI
estimated particle mass measurements. The BC con-
centrations for Appliances 2 and 3 were similar and
higher than the BC concentrations measured for
Appliance 1. BC was an important contributor to
PM during all operating conditions for Appliance
3. BC contributed mainly to PM during low-output
and burnout for Appliance 2. BC comprised a small
fraction of the overall PM for Appliance 1.

Particle surface area estimates using the ELPI, and
lung-deposited surface area measurements using the
NSAM, also demonstrated meaningful trends. The ELPI
PSAC measurements ranged between 0.12 x 10° and
3.56 x 10° um?*/cm’ overall, while the NSAM LDSA
measurements ranged between 2.36 x 10* and
8.59 x 10* um*/cm’ for the two tests where NSAM
LDSA was measured. The ELPI PSAC measurement was
significantly higher than the LDSA measurement for all
operating conditions for appliances where the NSAM was
used. For Appliance 1, the LDSA and PSAC comparison
showed a single grouping of points indicating little differ-
ence in particle properties regarding deposition efficiency
with operating condition. For Appliance 3, however,
burnout and low-output conditions were distinguished
from high-output and startup conditions as having
a higher LDSA per given PSAC measurement value.
Generally, particles formed during startup, low-output,
and burnout were reported as having higher potential
for alveolar deposition than particles formed during high-
output. The LDSA/PSAC; , ratios were 2 to 6 times higher
for Appliance 3 than Appliance 1. These findings show
that operating condition, appliance type, biomass fuel
type, and loading type are likely to affect the fine particle
fraction of emissions for some appliances.

In comparison, laboratory testing of a residential pellet
stove using an ELPI to measure PNC, PSD, and PMC (PM,
and PM, 5) also observed varying concentration and parti-
cle size during three combustion phases (startup, combus-
tion, and burnout) over a total of six experiments under two
partial (2.5 kW) and four nominal load (5.0 kW) tests. The
experimental variation was attributed to differences in fuel
consumption and burner configuration with different fan
speeds regulating air flow into the combustion chamber.
PNC measured during the phases varied with values ran-
ging from 2.98 x 10° to 9.90 x 10”. The peak PNC was
found for all the experiments between 0.025 and 0.070 um
for startup, 0.070 and 0.100 pm for combustion, and 0.020
and 0.080 pum for burnout. Maximum PMC was obtained at

approximately 0.320 pm for startup and combustion and at
0.300 pum for burnout. The combustion phase in nominal
load output produced considerably higher PM; and PM, 5
emissions compared to startup and burnout. The startup
phase in partial load output produced the highest PM; and
PM, 5 emissions compared to combustion and burnout
(Obaidullah, Bram, and DeRuyck 2019).

Current certification test methods are largely focused on
test integrated, mass-based metrics. Moreover, most regu-
latory methods use gravimetric filter-based methods. This
study demonstrates that the most numerous particles
emitted by the biomass hydronic heaters are in the 0.080
to 0.256 pm size range, which is within the trough in
capture efficiency of most filter media. Currently, PSD is
not evaluated during regulatory testing for residential com-
bustion units but is a component of testing for other sta-
tionary and mobile sources. If regulatory testing moves
toward more sophisticated protocols to better capture the
types and changeability of particulate emissions emitted, it
will be important to recognize that biomass combustion
particles will have different aerodynamic and mobility dia-
meters and optical properties, and that differences in those
metrics are dependent on appliance operating condition,
heat output and fuel load. Regulations that do not distin-
guish the magnitude and type of emissions from biomass
fueled appliances for different operational conditions dur-
ing normal use cannot fully capture the potential for emis-
sions from these types of sources to contribute to
community particulate air pollution over health-relevant
time frames. This work provides support for the impor-
tance of fully assessing emissions during operational con-
ditions representative of the intended use of the appliance.
Research in this field can inform policy decisions at local,
state, and federal levels to help manufacturers design and
market cleaner burning appliances, and to help home-
owners to burn biomass cleanly and efficiently, thus redu-
cing heating costs and environmental and health risks.
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