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TECHNICAL PAPER

Emission factors of fine particulate matter, organic and elemental carbon,
carbon monoxide, and carbon dioxide for four solid fuels commonly used in
residential heating by the U.S. Navajo Nation
Wyatt M. Champion, Lea Connors, and Lupita D. Montoya

Department of Civil, Environmental, and Architectural Engineering, University of Colorado Boulder, Boulder, CO, USA

ABSTRACT
Most homes in the Navajo Nation use wood as their primary heating fuel, often in combination with
locally mined coal. Previous studies observed health effects linked to this solid-fuel use in several
Navajo communities. Emission factors (EFs) for common fuels used by the Navajo have not been
reported using a relevant stove type. In this study, two softwoods (ponderosa pine and Utah juniper)
and two high-volatile bituminous coals (Black Mesa and Fruitland) were tested with an in-use
residential conventional wood stove (homestove) using a modified American Society for Testing
and Materials/U.S. Environmental Protection Agency (ASTM/EPA) protocol. Filter sampling quantified
PM2.5 (particulate matter with an aerodynamic diameter ≤2.5 μm) and organic (OC) and elemental
(EC) carbon in the emissions. Real-time monitoring quantified carbon monoxide (CO), carbon dioxide
(CO2), and total suspended particles (TSP). EFs for these air pollutants were developed and normal-
ized to both fuel mass and energy consumed. In general, coal had significantly higher mass EFs than
wood for all pollutants studied. In particular, coal emitted, on average, 10 times more PM2.5 than
wood on a mass basis, and 2.4 times more on an energy basis. The EFs developed here were based
on fuel types, stove design, and operating protocols relevant to the Navajo Nation, but they could be
useful to other Native Nations with similar practices, such as the nearby Hopi Nation.

Implications: Indoor wood and coal combustion is an important contributor to public health
burdens in the Navajo Nation. Currently, there exist no emission factors representative of Navajo
homestoves, fuels, and practices. This study developed emission factors for PM2.5, OC, EC, CO, and
CO2 using a representative Navajo homestove. These emission factors may be utilized in regional-,
national-, and global-scale health and environmental models. Additionally, the protocols devel-
oped and results presented here may inform on-going stove design of the first EPA-certified wood
and coal combination stove.
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Introduction

Household air pollution (HAP) is the leading environ-
mental health risk factor worldwide (World Health
Organization, 2016) and is responsible for 2.8 million
premature deaths each year (Forouzanfar et al., 2015).
Residential solid fuel combustion is the primary contri-
butor to HAP (Smith et al., 2014) and the second largest
contributor to ambient black carbon, an important cli-
mate forcer (Bond et al., 2013). Solid fuels range from
agricultural and animal waste to fossil fuels such as coal.
Their use in the United States is closely linked to socio-
economic status and the “energy ladder” model, which
suggests that households transition from biomass to clea-
ner-burning fuels as income increases (Hosier and Dowd,
1987; Smith, 1990). Acute and chronic exposures to wood

and coal smoke are associated with adverse health impacts
through a significant body of epidemiologic and toxico-
logic evidence (Naeher et al., 2007). Use of unprocessed
coal in homes has been strongly discouraged by the
World Health Organization (2014), citing evidence of
links to lung cancer (International Agency for Research
on Cancer, 2010).

Between 500,000 and 600,000 low-income
Americans are exposed to HAP from solid-fuel use
(Rogalsky et al., 2014), 12–15% of whom reside in the
Navajo Nation (NN) (U.S. Census Bureau, 2014, 2015).
Wood is the most common heating fuel in the NN,
used in 62% of all Navajo homes and 89% of those in
rural areas (Arizona Rural Policy Institute, 2010; U.S.
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Census Bureau, 2015). Wood is affordable, widely avail-
able within the reservation, and culturally significant to
the Navajo (Champion et al., 2017). High-volatile bitu-
minous coal (Kirschbaum and Biewick, 2000) is pro-
vided at no cost to residents near mines (Hickmott
et al., 1997; Bunnell et al., 2010). Many Navajo homes
burn wood and coal in combination using homestoves
(i.e., residential noncatalytic wood stoves) that are old
and/or leaky (Bunnell et al., 2010), impacting indoor air
quality in many Navajo homes.

Bunnell et al. (2010) found that 19 coal-burning
homes in Shiprock, New Mexico, had a mean indoor
24-hr fine particulate matter (aerodynamic diameter
≤2.5 μm; PM2.5) concentration much higher than one
propane-burning home studied (38 vs. 0.29 µg/m3).
Previously, Robin et al. (1996) reported higher median
PM10 concentrations in wood-burning Navajo homes
compared with homes that used gas or electric heating
(101 vs. 22 µg/m3). Their reported sampling period was
overnight (15 hr).

Studies in Tuba City, Arizona (Morris et al., 1990),
and Ft. Defiance, Arizona (Robin et al., 1996), found
homestove use to correlate with higher odds of acute
lower respiratory illness (ALRI) among Navajo children
below the age of 2. Similarly, Bunnell et al. (2010)
found higher hospitalization rates for respiratory illness
in the winter compared with other seasons, likely due
to indoor heating practices.

Wood and coal combustion in a homestove pro-
duces a complex mixture of health-damaging pollu-
tants, including carbon monoxide (CO) and PM2.5

(Chen et al., 2005; Bäfver et al., 2011). This PM2.5 is
composed mostly (>60% by mass) of organic and ele-
mental carbon (OC and EC, respectively) (Obaidullah
et al., 2014; Shen et al., 2014; Chen et al., 2016).

Emission factors (EFs) of these pollutants are used to
model environmental and health benefits from modifica-
tions in residential wood combustion practices in ambient
regional- (Reddy and Venkataraman, 2002) and global-
(Junker and Liousse, 2006) scale applications. Reported
EFs of particulate matter (PM) from conventional home-
stoves sold in the United States vary greatly among stove
and fuel types, ranging from 3 to 30 g/kg for wood (Houck
et al., 2008). Data from bituminous coal combustion for
residential heating are limited, but previous studies
reported EFs for PM from coal stoves between 2 and 15
g/kg (Butcher and Ellenbecker, 1982; Zhi et al., 2008; Shen
et al., 2014; Chen et al., 2016).

Improved indoor air quality in Native American homes
using U.S. Environmental Protection Agency (EPA)-certi-
fied homestoves has been measured in Idaho, where
24–48-hr mean indoor PM2.5 concentrations decreased
from 39 to 19 μg/m3 following a stove change-out program

(Ward et al., 2011). Controlled emission testing was not
performed on the homestoves evaluated in that study;
therefore, EFs for representative stoves in that Native
American community are unavailable. Currently, there
are no published EFs for in-use homestoves in Native
Nations, including the NN.

Variability in EFs of PM from homestoves and cook-
stoves (i.e., cooking stoves) has been the primary source of
uncertainty in emission inventories from these units
(Streets et al., 2003; Bond et al., 2004). Homestove age
(Houck et al., 2008), design (EPA, 1986), and operation
(e.g., burn rate) (Jordan and Seen, 2005) strongly affect PM
emissions. Older conventional homestoves are less effi-
cient, larger homestoves emit more PM, and lower burn
rates increase emissions. Many homestoves in the NN are
old (Bunnell et al., 2010) or self-fabricated (Hickmott et al.,
1997), and their emissions (from the practice of combined
wood and coal combustion) are largely uncharacterized.

In this study, EFs for two wood types and two coal
types commonly used in the NN were determined using
an in-use Navajo homestove. Experiments were con-
ducted at the University of Colorado emission standar-
dization and testing (CUEST) facility. To the authors’
best knowledge, there are no published EFs for these
fuels using a representative Navajo homestove.

Materials and methods

Homestove

A residential wood homestove (King Martin Stove and
Range Company, Florence, AL) was used in this study
(Figure 1). This cast iron unit was designed for wood
combustion but had been used in Navajo homes to
burn both wood and coal. This particular homestove
unit was primarily used for heating, although some
Navajo homes use wood and coal for both heating
and cooking (Robin et al., 1996). The firebox is 33 cm
(13 in) tall, 51 cm (20 in) long, 24 cm (9.5 in) wide, and
had an internal firebox volume of 40 L (1.4 ft3). The
homestove weighs 45 kg (99 lbs). Fissures are visible on
the sidewalls (labeled in Figure 1) and likely affect its
efficiency. A schematic of the homestove showing com-
bustion air and flue gas flows is provided in Figure S1
in Supplemental Materials.

Solid fuels

A total of four fuels commonly used in the NN were
included in this study. Two softwood types that are easily
available to Navajo residents (Robin et al., 1996) were
tested: ponderosa pine (Pinus ponderosa) and Utah juniper
(Juniperus osteosperma). Notably, some types of juniper are
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referred to as “cedar” according to local growing and
harvesting customs. In addition, two high-volatile bitumi-
nous coal types commonly distributed by coal mines in the
NN (Brown et al., 1996; Hickmott et al., 1997) were tested:
Black Mesa (Grade C) and Fruitland (Grades B and C).
Fuels were obtained from roadside vendors or delivery
services in the NN. Characterization information about
the fuels reported in the literature is presented in Table 1.

Wood logs were cut into approximately 40 × 8 × 5 cm
pieces. The average dry-basis woodmoisture content (MC)
was determined with a resistance-type moisture meter 15
min prior to each test. The average MC for ponderosa pine
was 12% (SD = 3.5) and for Utah juniper was 5.7% (SD =
0.1). Coal was sorted into 5–10 cm in each dimension, and
the MC values were assumed from the literature: 11.5% for
Black Mesa (Affolter, 2000) and 8.3% for Fruitland
(Arizona Bureau of Mines, 1977).

Experimental setup

The CUEST facility (Figure 2) was designed for total-
capture emission testing of solid fuels. The closed test
chamber was built with aluminum and glass and sealed

with high-temperature resistant silicone (Rutland Fire
Clay Company, Rutland, VA). Stove plus fuel weight
was measured throughout the test with an Accu-weigh
scale (301TDX/A-54; Metro Equipment Corporation,
Sunnyvale, CA) to determine the beginning and end
of testing phases. In-line isokinetic sampling was
accomplished through three sampling ports located
241 cm (95 in) downstream of the test chamber, follow-
ing EPA (1984) guidelines and allowing for a residence
time of approximately 2.5 sec. Sampling lines were
0.64 cm (0.25 in) inside diameter (ID) Tygon tubing
(Courbevoie, France). Lines leading to filter holders
were 31 cm (12 in) long. A line leading to a portable
emission monitoring system (PEMS) (Aprovecho
Research Center, Cottage Grove, OR) was 305 cm
(120 in); the additional length of sampling line was
needed to allow the PEMS to be securely positioned
and connected to a computer. Temperatures in the
firebox (labeled T1 in Figure 2) and stove flue (T2)
were measured with K-type thermocouples, and in the
exhaust flue (T3) with an internal PEMS thermocouple.
The PEMS was initially developed for field testing of
cookstoves, where generally higher magnitude and

Figure 1. Navajo homestove with firebox dimensions.

Table 1. Reported characterization and heating values of fuels tested (% dry-basis and BTU/lb).
Volatile matter Fixed carbon Ash Higher heating value Lower heating valuea

Fuel Mean SD Mean SD Mean SD Mean SD Mean SDb Source(s)c

Ponderosa pine 82.2 0.42 16.8 0.64 1.0 1.0 8630 26 6430 50 1, 2
Utah juniper 82.8 na 15.1 na 2.0 na 8660 na 6430 10 3
Black Mesa 43.3 2.3 48.8 1.2 8.0 2.5 11,100 380 8880 10 4, 5
Fruitland 39.3 2.7 43.6 2.8 17.3 5.2 10,620 790 8420 10 4

aThe relationship between lower heating values (LHVs) and higher heating values (HHVs) was defined by the Intergovernmental Panel on Climate Change
(2006) and based on reported fuel hydrogen and oxygen contents (Table S2) and measured moisture contents.

bThe variability (i.e., standard deviations) reported for LHVs was from variation in measured fuel moisture contents. LHV standard deviation (SD) was lower
than HHV SD for the coal types, since LHVs were based on reported mean HHVs. That is, the mean HHVs were from numerous sources and varied for coal,
whereas LHVs varied solely on the moisture contents determined in this study.

cSources: 1, Gaur and Reed (1998); 2, Overend et al. (2012); 3, Chen et al. (2012); 4, Affolter (2000); 5, Arizona Bureau of Mines (1977).
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variability in emission data are reported compared with
laboratory results (Roden et al., 2009). It has also been
used to determine EFs from laboratory settings
(MacCarty et al., 2010; Medina et al., 2016), where
high-emission episodes found in the field may not be
reproduced well.

Sampling

PM2.5 was sampled with personal impactor filter packs
(2000-25F-4-2.5; URG, Chapel Hill, NC) loaded with
25 mm filters. One pack (labeled “A” in Figure 2)
contained a Zeflour polytetrafluoroethylene (PTFE) fil-
ter (Pall, Port Washington, NY) (0.5 μm pore size),
selected for gravimetric and elemental analyses as well
as in vitro studies (results not included here). Two
packs in-series (labeled “B1” and “B2” in Figure 2)
each contained single TissuQuartz quartz fiber filters
(QFFs) (Pall), selected for analysis of OC and EC. Filter
B2 was used to quantify positive artifacts from adsorp-
tion of semivolatile and volatile organics. Filter flow
rate (4.0 liters per minute [lpm]) was maintained with
MOA diaphragm vacuum pumps (Gast, Benton
Harbor, MI) and measured with FL-series rotameters

(OMEGA, Stamford, CT); adjustments to filter flow
rate were made every 5 min if necessary. Following
sampling, filters were transported in PTFE-sealed
acid-washed Petri dishes on ice in a cooler and then
stored at −20 °C until analyses.

Mean air dilution ratios (by mass) were 869:1 (SD =
231:1) for wood and 1680:1 (SD = 339:1) for coal
during homestove testing, and sampling temperatures
were near ambient conditions (Table S1). Lipsky and
Robinson (2006) determined that a dilution ratio of
100:1 was sufficient to reduce homestove exhaust tem-
peratures to ambient conditions but may condense
semivolatile organics and overestimate OC emissions
(Pankow, 1994). A previous cookstove study used dilu-
tion ratios as low as 24:1 (Roden et al., 2009), below the
expected real-world conditions for combustion systems
(Zhang and Wexler, 2004). Kortelainen et al. (2015)
tested a wood chip burner at dilution ratios as high as
2000:1. High dilution ratio can affect air velocities near
the combustion chamber of the stove and impact its
performance, with higher velocities promoting convec-
tion but potentially increasing ignition time (Bilbao
et al., 2001). In this study, homestove testing utilized
a closed door to minimize this effect.

Figure 2. Schematic of CUEST experimental facility.
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Monitoring was conducted at 4.8 lpm using the
PEMS for real-time (0.5 Hz) concentrations of CO,
carbon dioxide (CO2), and total suspended particles
(TSP). PEMS sensor types are electrochemical for CO,
nondispersive infrared (NDIR) for CO2, and optical
light-scattering for TSP (MacCarty et al., 2010). Room
CO2 concentration was measured continuously (1 Hz)
with a TelAire 7001 NDIR monitor (GE, Billerica, MA)
correlated to the PEMS CO2 sensor. Co-integration
(i.e., ability of one time-series data set to predict
another data set) was determined with the Engle-
Granger test (Engle and Granger, 1987).

It is important to note that although flue oxygen
(O2) concentration is useful for comparing concentra-
tions observed in emission studies, flue O2 was not
monitored in this study. McDonald et al. (2000)
assumed 19% O2 concentration for fireplace and home-
stove emission testing, with dilution ratios ranging
from 20 to 70. The dilution ratios in this study were
much higher (summarized in Table S1); therefore, O2

concentrations would be expected to be closer to ambi-
ent conditions (i.e., 20.9% v/v).

Prior to each test, filter packs and sampling lines
were washed for organics analysis. PTFE filters and
Petri dishes were washed for trace metals analysis
(Majestic et al., 2012). Calibrations for filter flow
rates, gas sensors, and thermocouples were performed
every 10 tests. Washing and calibration protocols are
provided in Supplemental Materials.

Filter analyses

Gravimetric analysis (PM2.5) was performed on the
PTFE filters following conditioning for 24–36 hr at
75–81 °F and 25–50% relative humidity (RH) based
on published protocols (Dutton et al., 2009). PM2.5

mass was determined using a LabServe microbalance
with 10 μg precision (model BP210D; Sartorius
Corporation, Göttingen, Germany).

Organic and elemental carbon contents in PM2.5

samples were determined using a Dual Optics OCEC
Lab Instrument (Sunset Lab, Tigard, OR). Punches
(1.5 cm2) of QFFs were analyzed using National
Institute for Occupational Safety and Health
(NIOSH) method 870 (Karanasiou et al., 2015),
which is based on Birch and Cary (1996). OC is
reported as the sum of five distinct values (OC1,
OC2, OC3, OC4, and OCp), corresponding to tem-
perature steps of 310, 475, 615, and 870 °C and the
pyrolized portion of OC, respectively. EC is reported
as the sum of six distinct values measured at 550, 625,
700, 775, 850, and 870 °C. PTFE filters were used to
prepare aqueous extracts of the sampled PM2.5 for

each fuel. These extracts were analyzed for soluble
metals using an inductively coupled plasma mass
spectrometry (ICP-MS) (model 7700; Agilent Corp.,
Santa Clara, CA) and following published protocols
(Cartledge and Majestic, 2015).

Test protocols

The homestove test protocol was based on the
Cordwood Annex from the American Society for
Testing and Materials (ASTM) E-2780 Standard Test
Method for Determining Particulate Matter Emissions
from Wood Heaters (ASTM, 2010). The ASTM test was
based on EPA method 28 using cribwood (i.e., standar-
dized test loads of 2–4 in × 4 in nominal lumber nailed
into a rectangular prism approximately 5/6 the length
of the firebox) (EPA, 1988); however, the ASTM test
also includes an annex for testing cordwood, or split
logs. The use of cordwood is considered more repre-
sentative of real-world practices compared with crib-
wood. Consequently, the EPA is presently developing
regulatory test methods based on the ASTM Cordwood
Annex to be promulgated in 2018 (EPA, 2016a).
Currently, there exist no standardized protocols for
testing coal in homestoves.

Figure 3 shows the homestove testing phases uti-
lized. In both ASTM and EPA methods, newspaper
and kindling is used to ignite a Pre-burn load to
bring the stove to operating temperature and establish
a hot charcoal bed. In this study, a propane torch was
used for 30 sec instead of a butane lighter for ignition
of the Pre-burn load. Coal testing used ponderosa pine
as the Pre-burn fuel for two reasons: (a) test protocols
under development for current wood/coal combination
stoves use a wood Pre-burn load (Bob Ferguson, perso-
nal communication), and (b) establishing a wood char-
coal bed prior to coal addition is common practice in
the NN (Bunnell et al., 2010).

The Pre-burn was directly followed by the Test,
wherein a Test load was added onto the hot charcoal
bed and allowed to ignite with air controls fully open
(5.0 min). The Test phase continued when air controls
are lowered to maintain a fuel burn rate within a
specified range (low = 0.60–1.15, medium = 1.16–
1.75, or maximum >1.75 kg dry fuel/hr). Emissions
from different burn rates are averaged to report EFs,
unless burn rate cannot be controlled. The Test phase
ended when the mass of the Test load was consumed
(determined gravimetrically).

The Cycle shown in Figure 3 combined the Pre-burn
and Test phases and is intended to represent one wood
ignition and burn event with a wood or coal addition to
the hot charcoal bed. This protocol is similar to
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European standards for homestove testing (EN
13240:2001), wherein emissions are determined for a
Cycle including both Pre-burn and Test phases (Ozgen
et al., 2014).

Test phase conditions are listed in Table 2. Five
individual Pre-burn and Test phases (i.e., five Cycles)
were conducted for ponderosa pine, and four (n = 4)
for Utah juniper, Black Mesa, and Fruitland. Mean
mass fuel loading for the Test phase was 1.3 kg for
wood and 0.65 kg for coal. This corresponds to 20%
and 10% of the fuel loading as specified by the ASTM
Cordwood Annex (defined as 162 kg per 1 m3 of fire-
box volume). This load reduction was due primarily to
limitations of CUEST facility to evacuate emissions at
full loading. Tissari et al. (2007) tested residential wood
stove emissions using fuel loads similar to this study
(20–30% of maximum firebox capacity, compared with
10–20% in this study).

The mean Test phase duration was 35 min (SD = 11)
for wood and 87 min (SD = 21) for coal. The measured
firebox volume of the homestove (0.04 m3; 1.4 ft3)
equated to a nominal heat load (i.e., input) of 4.1 kW
(14,000 BTU/hr) based on a relationship by Kreider
and Kreith (1982). Dividing the heat load by the heat
content (lower heating value [LHV]) of ponderosa pine,
this is equivalent to a nominal fuel burn rate of 2.2 kg/
hr for this homestove.

The stove flue temperature (Tflue), measured at the
flue exit, was significantly higher for wood (424 °C,
SD = 94) compared with coal (184 °C, SD = 41). Coal
Tflue remained above the recommended value of 120 °C

to prevent formation of creosote (i.e., semivolatile pro-
duct of incomplete combustion) (Baker, 1993). The
Test phase was deemed complete when two rearrange-
ments of the charcoal bed and coal (each 10 min apart)
produced negligible fuel consumption (as defined in the
Cordwood Annex). The Test load for wood was com-
pletely consumed, while approximately half remained
for coal tests (Table 2).

Emission factors

The “hood method” (Butcher et al., 1984; Ballard-
Tremeer and Jawurek, 1999) was used in this study
because it is common for controlled emission testing;
Jetter et al. (2012) reported 14 studies using it. In
addition, this method does not require measuring
methane and nonmethane hydrocarbons to fulfill the
“carbon balance” assumption (Zhang et al., 2000;
Roden et al., 2006). Figure 3 shows the overall equa-
tions used to determine EFs.

First, the flue volumetric flow rate (Qflue) was multi-
plied by the mass concentration measured for each
pollutant to determine an average mass flow rate of
the pollutant (ṁi). This mass flow rate was then multi-
plied by the duration of the phase (e.g., Pre-burn or
Test) to determine the mass of pollutant emitted during
that phase. This mass was then divided by (a) mass of
fuel consumed during the Test phase or (b) the amount
of energy in the fuel (based on LHV) consumed during
the Cycle. These values are reported as mass EFs or

Figure 3. Overview of phases and equations for mEFi and eEFi, where i = PM2.5, OC, EC, CO, and CO2.

Table 2. Test phase conditions.
Ponderosa pine Utah juniper Black Mesa Fruitland

Parameter Mean SD Mean SD Mean SD Mean SD

Replicates (n) 5 na 4 na 4 na 4 na
Fuel load (kg) 1.29 0.01 1.29 0.01 0.65 0.01 0.64 0.01
Duration (min) 28 6 44 10 98 20 77 19
Stove flue temperature (°C) 480 94 353 90 165 65 202 91
Fuel load remaining at end (%) 0 na 0 na 52 20 55 20

JOURNAL OF THE AIR & WASTE MANAGEMENT ASSOCIATION 1025



mEFs (g/kg) and energy EFs or eEFs (mg/MJ),
respectively.

The parameter mEF is useful for comparison with
previous studies and has been used to determine emis-
sion limits by many entities, including tribal agencies
(EPA, 2016b). All EFs reported include ignition and
wait periods and were blank-corrected for PM2.5, OC,
and EC and background-corrected for PM2.5, OC, EC,
and CO based on 45-min background sampling periods
prior to each test. EFs for CO2 were corrected using
real-time background measurements. EFs were com-
pared between fuel types (i.e., wood vs. coal) using a
one-tailed Student’s t test at a significance level (α)
of 0.05.

Carbon balance

Carbon balances (Cbal = Cfuel/Cemissions) were conducted
for each trial as indicators of quality control. Detailed
information about these analyses is included in
Supplemental Materials (Figures S2, S3, and S4).
Carbon balances were approximately normally distrib-
uted, and no trials were eliminated. The carbon con-
tents of the fuels studied were estimated using
published values (Table S2); however, it is likely that
the actual values varied from those in the literature.
Additionally, methane and nonmethane hydrocarbons
were not measured and may account for roughly 3% of
the carbon balance uncertainty (Smith et al., 1993).

Results and discussion

Mass emission factors

The homestove tested was leaky and burned wood at
2.2 kg dry fuel/hr (SD = 0.61) and coal at 0.26 kg dry
fuel/hr (SD = 0.055) regardless of air control settings;
therefore, only “maximum” rates are reported here.
Mass emission factors (mEFs) were determined for
both the Pre-burn and the Test phases. Those from
the Pre-burn phase are presented here for complete-
ness, but they are not usually reported.

Pre-burn phase mEFPM2.5 were 1.7 g/kg (SD = 0.7)
and 3.1 g/kg (SD = 0.5) for ponderosa pine and Utah

juniper, respectively. Pre-burn phase mEFCO were 26.5
g/kg (SD = 8.8) and 39.6 g/kg (SD = 15) for the two
fuels, respectively. This suggests that for these two
wood types, ponderosa pine provided a hot charcoal
bed (for further fuel addition) with significantly lower
PM2.5 and CO emissions. Pre-burn EFs were not
reported for coal tests because ponderosa pine was
used as the Pre-burn fuel load.

Mass EFs (mEFs) from the Test phase for PM2.5, OC,
EC, CO, and CO2 are presented in Table 3. Wood types
had significantly lower mEFs compared with coal for all
pollutants. Fine particulate matter mEFs (mEFPM2.5)
ranged from 1.09 to 1.68 g/kg for wood compared
with 13.3 to 14.1 g/kg for coal. Shen et al. (2014)
found bituminous coal mEFPM2.5 to be 7-fold higher
compared with cordwood using similar residential
stoves, agreeing closely with this study.

Previously, mEFPM2.5 from combustion in homestoves,
ranging from 2.0 to 13 g/kg, were reported for loblolly pine
(Fine et al., 2004) and maritime pine (Alves et al., 2011;
Gonçalves et al., 2011). McDonald et al. (2000) reported
mEFPM2.5 ranging from 4.7 to 5.8 g/kg for ponderosa pine
combustion in a fireplace, which is less efficient and
expected to emit more pollutants compared with a home-
stove. mEFPM2.5 for juniper combustion in a homestove is
unavailable, but a value of 4.6 g/kg was reported for con-
trolled open burning (i.e., without a stove) (McMeeking
et al., 2009). Table S3 summarizes publishedmEFs for fuels
tested in this study. Generally, themEFPM2.5 for wood types
determined in the present study were lower compared with
published values.

The lowermEFPM2.5 for wood observed in this study are
likely due to several factors. First, different pine species can
vary in their chemical composition and emissions. Second,
cutting the wood into smaller pieces would likely improve
combustion, leading to lower emissions. Lastly, this study
used less wood (1.3 kg) compared with those studies (3–6
kg), thereby reducing compaction and increasing airflow to
the fuel surface.Moisture contents ranged from8% to 9% in
previous studies (Fine et al., 2004; Alves et al., 2011;
Gonçalves et al., 2011) and 6% to 12% in the present
study; therefore, differences in moisture content are not
expected to be a contributing factor to the lower
mEFPM2.5 observed here. Increased moisture content of a

Table 3. Mass emission factors, mEFi (in g/kg), for PM and other compounds emitted during the test phase.
PM2.5 OC EC CO CO2

Fuel Mean SD Mean SD Mean SD Mean SD Mean SD

Ponderosa pine 1.09 0.578 0.538 0.325 0.206 0.178 27.2 13.1 1470 234
Utah juniper 1.68 0.207 1.04 0.278 0.183 0.072 40.4 10.9 1540 131
Black Mesa 14.1 7.08 9.30 5.09 0.471 0.366 226 67.8 2424 368
Fruitland 13.3 2.18 7.07 0.757 0.451 0.285 204 22.7 2484 210

Notes. Bold indicates statistically higher mEFi (i = PM2.5, OC, EC, CO, and CO2) for coal fuels (Black Mesa and Fruitland) compared with wood (Ponderosa pine
and Utah juniper) at a significance level (α) of 0.05.
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solid fuel increases time of ignition, cools devolatilization
and combustion gases, and generally increases homestove
emissions.

The homestove utilized in the present study was old and
not designed for coal combustion; therefore, the coal com-
bustion process in this unit was likely not optimized.
However,mEFPM2.5 for coal reported here agreewith values
reported by previous studies on combustion in residential
coal stoves (Shen et al., 2014; Chen et al., 2016).

The mEFPM2.5 variability observed in this study is
common in homestove testing and within the ranges of
previous published work. For residential coal stove
testing, for example, Chen et al. (2016) reported high
variability (i.e., SD >mean) for mEFs of PM2.5, OC, and
EC. Similarly, an assessment of the EPA Accredited
Laboratory Proficiency Test Program found that
reported PM emission rates varied up to ±112%
among laboratories due to the “random nature of burn-
ing wood” (Curkeet and Ferguson, 2010).

Here, the PM2.5 emissions from each fuel were also
extracted in cell-grade water and analyzed for soluble
metals. A summary of the results of the elemental analysis
is included in Table S4. This elemental analysis determined
that potassium (K)was themost abundant solublemetal for
both wood (0.37% w/w) and coal (0.42% w/w). These
extracts were also used to determine oxidative stress and
inflammatory responses in a separate study.

Table 3 also includesmass EFs of fine particulateOCand
EC (mEFOC andmEFEC, respectively). In the present study,
mEFOC ranged from0.54 to 1.0 g/kg forwood and 7.1 to 9.3
g/kg for coal. Coal had 11-fold higher mEFOC compared
with wood, similar to Shen et al. (2014), who found bitu-
minous coal to have 7-fold higher mEFOC than wood in
residential stoves. Previously, pine mEFOC from home-
stoves were reported to range from 0.87 to 6.8 g/kg (Fine
et al., 2004; Alves et al., 2011). Those studies found that OC
constituted between 44% and 49% of pine PM2.5, closely
agreeing with the value of 50% for ponderosa pine in this
study. For bituminous coal combustion in residential coal
stoves, published mean mEFOC range from 3.0 to 5.9 g/kg
(Zhang et al., 2008; Shen et al., 2014). Those studies found
that OC constituted between 40% and 47% of PM2.5, com-
pared with 61% for the coal types tested here. The higher
fraction of OC in the PM2.5 here may be due to design
differences betweenwood and coal stoves (i.e., less air above
the fuel to promote combustion of devolatilized OC). Also,
the smoldering that occurred during the testing likely con-
tributed to the higher emissions (discussed in more detail
below).

In the present study, mEFEC ranged from 0.18 to 0.21 g/
kg for wood and 0.45 to 0.47 g/kg for coal. On average,
mEFEC for coal were 3-fold higher than wood; Shen et al.
(2014) found coal to have 8-fold higher mEFEC than wood.

EC is primarily produced by flaming combustion
(Frenklach, 2002), which occurred more frequently during
the testing of wood compared with coal here and may
explain this discrepancy. Pine and bituminous coal
mEFEC from residential wood and coal stoves previously
reported ranged from0.3 to 0.7 g/kg (Fine et al., 2004; Alves
et al., 2011) and 0.5 to 2.8 g/kg (Zhang et al., 2008; Shen
et al., 2014), respectively. Therefore, mEFEC for wood and
coal in this study agreed well with previous studies.

In the present study, mEFCO ranged from 27 to 40 g/
kg for wood and 204 to 226 g/kg for coal. Previously
reported mean mEFCO for combined pine, birch, and
spruce combustion in homestoves ranged from 21 to
137 g/kg (Pettersson et al., 2011). Residential coal com-
bustion data are limited, but Butcher and Ellenbecker
(1982) measured a lower mEFCO (116 g/kg) for bitu-
minous coal in a residential coal stove. That stove was
designed with high over-fire airflow to promote mixing
and combustion of volatile compounds, thereby result-
ing in the lower observed mEF for CO compared with
the present study.

mEFCO2 ranged from 1470 to 1540 g/kg for wood
and 2424 to 2484 g/kg for coal in this study. Chen et al.
(2007) measured mEFCO2 at 1760 g/kg from controlled
open combustion of ponderosa pine. The higher
mEFCO2 for coal compared with wood is in agreement
with coal’s higher carbon content (Table S2).

Energy emission factors

Energy emission factors are often used to compare fuels
with different energy contents on a more equal basis.
Energy EFs (eEFs) for PM2.5, OC, EC, CO, and CO2 from
the Cycle (Figure 3) are presented in Table 4. Wood types
compared with coal had significantly lower eEFs for all
pollutants expect EC, which may be explained by higher
prevalence of flaming conditions during wood tests com-
pared with coal, since EC is produced in the flame
(Fitzpatrick et al., 2008).

In the present study, eEFPM2.5 for wood ranged from
105 to 163 mg/MJ and 320 to 323 mg/MJ for coal.
There are fewer published homestove eEFs compared
with mEFs for PM2.5 for the fuel types tested; therefore,
published mEFs summarized in Table S3 were con-
verted to eEFs and are presented in Table S5. Alves
et al. (2011), however, reported an eEFPM2.5 for mar-
itime pine of 906 mg/MJ and cited four references with
values for different wood types between 50 and 2110
mg/MJ of PM of varying particle size. The International
Energy Agency reported a standard PM10 eEF of 400
mg/MJ for homestoves (Nussbaumer et al., 2008). For
bituminous coal, Chen et al. (2016) reported an
eEFPM2.5 of 290 mg/MJ (SD = 290).
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In the present study, eEFCO ranged from 2108 to 2849
mg/MJ for wood and 5123 to 5195 mg/MJ for coal.
Previously reported homestove eEFCO were 1800–3200
mg/MJ for cordwood (Bäfver et al., 2011) and 3600 mg/
MJ (SD = 720) for bituminous coal. Generally, the eEFs for
PM2.5, OC, and CO in this study agreed well with those in
Table S5.

Correlation of PM2.5 and CO emission factors

In a review of stove intervention programs in low- and
middle-income countries, CO was the most commonly
measured pollutant (Thomas et al., 2015). Statistically sig-
nificant correlations of indoor PM2.5 and CO concentra-
tions have been observed in homes using wood-burning
cookstoves (Naeher et al., 2001; Siddiqui et al., 2009;
Northcross et al., 2010). Studies have not explored CO
concentrations as a proxy for PM2.5 concentrations from
homestoves. In this study, correlations between the mass
and energy emission factors of PM2.5 and CO were deter-
mined and are presented in Figure 4a and b, respectively.
These relationships may be useful to relate PM2.5 and CO
emissions in studies of homestoves burning wood and coal.

The natural log–transformed linear relationship for
mEFPM2.5 versus mEFCO (calculated as mEFPM2.5 = e(ln
(EFCO) × 1.17 − 3.74)) is plotted in Figure 4a and shows a strong
positive correlation (r2 = 0.94). Previous studies found
similar correlations for natural log–transformed linear

(McCracken et al., 2013) and linear relationships (Naeher
et al., 2001; Pollard et al., 2014) of indoor PM2.5 and CO
concentrations. Other studies, however, have found low
correlations for these factors (Yamamoto et al., 2014;
Klasen et al., 2015), especially at lower concentrations.
Although the relationship between PM2.5 and CO devel-
oped in this study may allow the prediction of mEFPM2.5

using mEFCO, it is likely limited to the specific stove and
fuel types tested here.

Figure 4a also shows the EPA-suggested mEFs for PM10

and CO for a representative U.S. homestove as the shaded
region (EPA, 1996). In this study, wood types had mEFs
below these suggested values, whereas all but one of the coal
tests exceeded these values. Figure 4a also shows the range
of mEFPM2.5 reported from previous homestove emission
studies of these fuel types as vertical dashed lines, which are
also summarized in Table S3 for comparison purposes.

Figure 4b shows the linear relationship for eEFPM2.5

versus eEFCO (calculated as eEFPM2.5 = 0.063 × eEFCO −
0.014; r2 = 0.83). The eEFPM2.5 and eEFCO were about 2.5
times higher for coal compared with wood; however, on a
mass basis, this differencewas 10-fold higher for coal versus
wood. This difference may be explained by two factors.
First, coal types have 25% higher energy content compared
with wood (Table 1). Second, the eEFs reported here
include a Pre-burn phase using ponderosa pine, which is
a cleaner-burning fuel compared with coal, effectively low-
ering the total Cycle emissions.

Table 4. Energy emission factors, eEFi (in mg/MJ) for cycle.
PM2.5 OC EC CO CO2

Fuel Mean SD Mean SD Mean SD Mean SD Mean SD

Ponderosa pine 105 50.3 54.5 28.5 15.5 8.8 2108 897 105,710 8760
Utah juniper 163 12.5 100 10.8 11.6 3.1 2849 567 105,040 6660
Black Mesa 320 89.4 201 66.6 18.3 6.8 5195 813 117,740 8800
Fruitland 323 13.6 174 20.5 18.2 5.6 5123 871 122,860 6040

Note. Bold indicates statistically higher eEFi (i = PM2.5, OC, EC, CO, and CO2) for coal fuels (Black Mesa and Fruitland) compared with wood (Ponderosa pine
and Utah juniper) at a significance level (α) of 0.05.

Figure 4. PM2.5 and CO EFs for (a) Test phase with natural log–transform and linear fit for mEFs, and (b) Pre-burn and Test phases
combined (Cycle) with linear fit for eEFs. The shaded region in (a) is EPA-suggested PM10 and CO mass emission factors for a
conventional residential wood stove (EPA, 1996). The vertical dashed lines represent mEFs and eEFs previously reported for these
fuels and summarized in Tables S3 and S5.
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Carbon profiles

Figure 5 shows the OC volatility profiles for each fuel
during the Test phase. High-volatile organics (OC1) were
the largest OC fraction in all fuels: 37%, 45%, 55%, and 51%
for ponderosa pine, Utah juniper, Black Mesa, and
Fruitland, respectively. OC1 includes compounds that are
less polar, less oxidized, and have generally lowermolecular
weights compared with the other OC fractions. Emissions
from wood and coal combustion have been characterized
by their OC1 fraction previously (Chen et al., 2007; Jeong
et al., 2008). In this study, the emissions were sampled
directly during combustion; therefore, the OC had less
time to age compared with other studies (Lim et al., 2012)
andwould be expected to bemore volatile than compounds
with lower molecular weights.

Real-time parameters

Real-time CO and TSP concentrations and modified com-
bustion efficiency (MCE) for the Test phase are plotted in
Figure 6. MCE is defined as ΔCO2/(ΔCO2 + ΔCO), where
ΔCO2 and ΔCO are the increases in concentrations (ppm)
of CO2 and CO above background levels. The means and
standard deviations are presented for these data (i.e., min-
utes elapsed following fuel addition) for all trials of each
fuel. No standard deviations are reported for single trials.

Data were not normalized because Test phase durations
had low variability (shown in Table 2).

All fuels showed an immediate increase in CO con-
centration following fuel addition. CO concentrations
from ponderosa pine and Utah juniper also increased
towards the end of the Test phase. This is typical of
wood smoldering (Andreae and Merlet, 2001) when
remaining char is incompletely oxidized (Turns,
1996); increasing CO as smoldering proceeds has been
observed for wood (Roden et al., 2006; Vicente et al.,
2015) and wood chip (Kortelainen et al., 2015) com-
bustion. Ponderosa pine and Utah juniper showed no
significant co-integration for real-time CO concentra-
tion during the Test phase, suggesting the wood types
emit CO at different levels as combustion proceeds.

The decay in CO concentration was modeled for
Black Mesa (COppm = 83.5e−0.0121·t; r2 = 0.93; t = min
following fuel addition) and Fruitland (COppm = 61.8e-
−0.00785·t; r2 = 0.77; t = min following fuel addition). CO
concentration for all coals peaked following fuel addi-
tion and then declined until the end of the Test phase,
differing from wood. This trend was observed by Shen
et al. (2010) for coal combustion in residential stoves.
The two coal types showed a strong co-integration (P =
0.0001) for real-time CO concentration, suggesting that
CO emission rates may not vary significantly between
the two coal types during combustion.

Figure 5. Elemental and organic carbon profiles during Test phase for (a) ponderosa pine, (b) Utah juniper, (c) Black Mesa, and (d)
Fruitland.
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Similar to CO, all fuels exhibited a peak in TSP concen-
tration following fuel addition. Butcher and Sorenson
(1979) also observed TSP concentration to increase rapidly
following fuel ignition from eastern white pine combustion
in a homestove. Zhi et al. (2008) observed real-time con-
centrations of black carbon peakedwithin 5–15min follow-
ing addition of bituminous coal in residential coal stoves.
All these studies suggest that exposures are highest imme-
diately following coal addition to a hot charcoal bed.

During the Test phase, the MCE was the lowest imme-
diately following fuel addition, corresponding to temporary
fuel-rich conditions and lower combustion temperatures.
WhenMCE is greater than 90%, combustion is considered
to be predominantly flaming (Lee et al., 2010), as indicated
by the dotted horizontal line in Figure 6. In this study, the
Test phase MCE averaged 97.8% for wood and 92.0% for
coal, and combustion was predominantly flaming for over

80% of the time. Wood combustion was more efficient
overall compared with coal.

Conclusions

Four solid fuels commonly used for residential heating in
the NN were tested using a representative Navajo home-
stove. Of these fuels, ponderosa pine had the lowest mEFs
and eEFs for PM2.5, OC, CO, and CO2 during the Test
phase. Ponderosa pine also produced about 50% fewer
PM2.5 emissions than Utah juniper during the Pre-burn
phase; therefore, it is recommended for their use indoors.

Overall, coal compared with wood produced signifi-
cantly higher emissions on both mass and energy bases.
Black Mesa coal had the highest mEFs and eEFs for PM2.5,
OC, and CO. It is recommended, therefore, that the use of
coal be discouraged, in agreement with the call by the

Figure 6. Real-time Test phase (a, b) CO and (c, d) TSP concentrations and (e, f) MCE: mean concentration (solid line) or percent
efficiency (dashed line). Standard deviation of all Test phases for each fuel is plotted as shaded region. Dotted line in each MCE plot
represents transition from flaming to smoldering combustion (90%).
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World Health Organization (2014). More recently, the
World Health Organization (2016) also acknowledged
that household heating interventions “must take the
whole picture into account.” By using a representative
stove and relevant fuels and practices, this study provided
the first direct comparison of emissions from the combus-
tion of wood and coal types relevant to the Navajo Nation.

This study also determined that CO may be used as a
proxy for PM2.5 emissions for these specific fuels using a
representative homestove. Therefore, current PM2.5 emis-
sions may be estimated using low-cost CO monitors.
Additionally, all fuels emitted the highest concentrations
of CO and TSP directly following fuel addition to the hot
charcoal bed. This suggests that for a stove that is leaky or
lacking proper exhaust, theminutes following fuel addition
represent the highest risk exposure to these residents.

The pollutants measured in this study have been linked
to negative health effects (Naeher et al., 2007; International
Agency for Research on Cancer, 2010). Both homestove
and home characteristics play important roles in minimiz-
ing these exposures. Fissures in the stove or flue may result
in leaks into the home and higher exposures for the resi-
dents. A nonweatherized home with high infiltration rate,
as is typical on the NN, requires more heating (and more
fuel use) but may allow the pollutants to escape to the
outdoors. Therefore, assessment of current exposures
affecting Navajo residents requires an understanding of
their burning practices, fuel preferences, and home char-
acteristics. Since most Navajo homes burn solid fuels
indoors, further investigation into these topics is
recommended.
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