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A B S T R A C T   

Regulations that standardize the evaluation of wood-fired hydronic heaters (WHH) use mass loss as an important 
variable to compute energy input. Generally, mass loss is measured by placing the entire appliance on a scale and 
measuring the system mass change. This method suffers from resolution problems since the change in mass of the 
fuel during a run is much smaller than the total mass of the empty appliance. This experimental study provides a 
higher-resolution measurement of mass loss by measuring the concentration of flue gas emissions in addition to 
the flow rate of air into the WHH. Three fuels (red oak, cherry, and pine) are independently tested, and mea
surements of the emissions are made using both a Testo gas analyzer and tunable diode laser absorption spec
troscopy. A simultaneous direct measurement of the mass loss is performed using a hanging basket inside the 
WHH, and the average percent difference between the two methods are 5.4% for red oak, 5.4% for cherry, and 
8% for pine, indicating that the emissions-based method is suitable for mass loss measurements.   

1. Introduction 

Biomass fuels are an important renewable source of energy for 
people worldwide; it has been estimated that over three billion people 
rely on biomass and other traditional solid fuels for cooking and heating 
[1]. The advantage of using biomass for these applications has been 
widely discussed [2–6], with many developing nations relying exclu
sively on biomass for energy production. Increasingly, individual 
households in Europe and North America are turning to single residen
tial heaters as a means of heating and storing water, particularly in more 
rural regions. It is expected that the number of residential heaters will 
continue to increase, as in many cases, countries are providing subsidies 
or other incentives for their use [7–9]. Wood stove replacement cam
paigns, where older non-certified stoves are replaced with newer certi
fied stoves, have had wide success in the US and Canada. Much effort is 
being placed into the expansion and improvement of the biomass heater 
industry; for example, in 2019 the U.S. Department of Energy awarded 
$3 million for research and development of wood stoves. 

As home appliance use increases, two major concerns have arisen 
related to the burning of biomass fuels in residential heaters: health and 
air pollution. Particulate matter with diameters up to 10 μm are an in
dicator of poor air quality, and particulates with diameters up to 2.5 μm 
can have substantial impacts on respiratory and cardiovascular health as 

they can penetrate into the lungs [1,8]. Thousands of premature deaths 
per year in Europe and North America alone are attributed to heating 
with wood and coal. To reduce the harmful effects of using residential 
heaters, regulatory measures have been enacted in the EU and North 
America to limit particulate (and CO) emissions and increase heating 
efficiency. To provide stricter guidelines on the certification of 
biomass-burning appliances in the United States, the Environmental 
Protection Agency (EPA) has defined specific new regulations for wood 
burning appliances including wood stoves, masonry heaters, 
pellet-burning stoves, and hydronic heaters [10,11]. 

The EPA Method 28 (EPA M28) guidelines for wood-fired hydronic 
heaters (WHH) was instituted as a method of certifying these appliances 
in regards to particulate emissions and overall efficiency, and providing 
guidelines and comparisons for buyers to have access to when pur
chasing a new unit [11]. When searching for approved/certified heaters, 
potential buyers can compare metrics such as efficiency, emission rates, 
and carbon monoxide values. The efficiency in this method is defined as 
the percentage of the heat transferred to the space when a load of fuel is 
burned (or the energy output divided by the energy input). This is very 
similar to the Canadian standard CSA B-415, which includes many of the 
same measurement techniques and required resolution/accuracy limits 
[12]. Particulate matter emissions are measured from a wood heater 
burning a prepared sample of fuel in a regulated test facility. Specific 
procedures for determining the burn rates and particulate emission 
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rates, and for reducing data are provided in the standards. The burn rate 
is the rate at which the test fuel is consumed in a wood heater, and is 
measured in kg of wood per hour on a dry basis. In EPA M28, a platform 
scale is used for monitoring the fuel load weight change, and should be 
capable of measuring weight to within ±0.05 kg or 1% of the initial test 
fuel charge weight, whichever is greater. The same resolution is dictated 
in the CSA B-415 standard, but does not specify the device to make the 
measurement, leaving a door open for other methods of mass mea
surement [12]. Data is recorded at intervals no greater than 10 min, and 
runs are considered completed when the scale measures 0 kg for 30 s. In 
a review of the EPA M28 standard, it was suggested to increase data 
acquisition to an interval of less than 15 s [10]. One reason for the re
view was that many of the tested (and previously certified) appliances 
were obtaining efficiencies greater than those allowed by a thermody
namic analysis of the systems. The efficiency is partly based on the en
ergy input, which is calculated using the heating value of the wood and 
the amount of wood consumed based on the change in mass of the 
appliance during a test. After noticing efficiency discrepancies, the 
current measurements were compared to the stack loss method, which 
uses the flue gas temperature, CO2 concentration, and fuel burn rate 
during each reported time interval (time step) to calculate a 
thermodynamic-limited efficiency value. Another use of the fuel burn 
rate in these standards is to group the appliances into categories for 
testing various control settings under different loads [11,12]. 

Fuel mass is generally measured with two different methods. The 
first method is to calculate the carbon emitted by the fuel, and to then 
convert this value to the mass of fuel burned by using the fuel compo
sition determined from an ultimate and proximate analysis [13]. This 
method is only feasible if the ultimate and proximate analyses of the fuel 
can be performed, and with knowledge of the mass flow rate of the 
emissions. The second method is to simply place the entire appliance on 
a scale or load cell [10–12,14,15]. While simpler than the first method, 
the appliance must be completely isolated from any fixed connections, 
including flexible connections that can expand and contract with the 
heating cycles, which can increase the complexity of the setup. A third 
method is proposed in this study, which uses mainly emissions gas 
measurements to infer mass. When measuring the mass using emissions 
measurements, the appliance can be fixed to the ground, with rigid 
connections to pipes, tubing, and the exhaust flue. In order to avoid 
affecting the flow of the gases in the chambers of the appliance, it is 
desirable to have a non-intrusive measurement. By probing the gas in the 
flue (after gases have exited the appliance), any influence of the mea
surement on the flow in the appliance is minimized. Using a truly 
non-intrusive diagnostic such as absorption measurements ensures that 
there is no interference of the flow. While some recent studies have used 
hydronic heaters to analyze particulate matter and overall heating 
benefits, to the authors’ knowledge there has been little research 

conducted on non-intrusive measurements of fuel mass and burn rate of 
hydronic heaters [13,16–18]. 

This study describes a method of obtaining the instantaneous fuel 
mass and fuel burn rate by non-intrusively measuring flue gas emissions 
and the air flow rate introduced into a WHH. The emission concentra
tions are measured in the flue using two devices: a hand-held Testo gas 
analyzer measures CO, NO, and O2, while an absorption spectroscopy 
system measures CO2 and H2O. A global, single-step reaction is used to 
compute the carbon-normalized fuel composition at a rate of 2 Hz over 
the duration of a multi-hour run for three different fuels. By also 
measuring the air flow rate introduced into the WHH, the fuel mass loss 
rate (burn rate) is calculated. After integrating the burn rate curve in 
time, the instantaneous fuel mass at any point during the run can be 
obtained. This fuel mass is then compared to the results from a hanging 
basket resting on a load cell (discussed later and shown in Fig. 3), which 
directly (but intrusively) measures the fuel mass. The time derivative of 
the fuel mass from the hanging basket measurement is used to obtain the 
fuel burn rate, and to compare to the emissions-based measurement. The 
methods outlined in this study can be used to supplement the existing 
fuel mass and burn rate measurements in use. 

Section 2 presents a global, single-step reaction that can be used to 
compute the instantaneous carbon-normalized fuel composition, and 
thus the fuel mass and burn rate. Section 3 details the WHH and the fuels 
used, along with measurements of the direct fuel mass, emissions, and 
air flow rate. Section 4 discusses the results of the three fuels tested, 
culminating in a comparison of the direct and measured fuel mass and 
burn rate. Finally, Section 5 summarizes the major conclusions. 

2. Fuel mass loss rate model formulation 

A global, single-step reaction model is proposed to calculate the real- 
time, carbon-normalized fuel composition, shown in Eq. (1). The model 
uses in situ measured concentrations of emission species in the flue gas. 
NOx emissions have been found to be directly related to fuel nitrogen 
content, so in this study the nitrogen originating in the fuel is assumed to 
only be converted to NO in the products [19–21]. The moisture bound in 
the fuel is included in the fuel composition, and the ambient air is 
assumed to consist of 21% O2 and 79% N2 by volume, with trace ele
ments ignored due to their negligible contribution to the calculated burn 
rate and mass loss (e.g. ambient CO2). Note also that the apparent fuel 
takes into account both bound and unbound hydrogen. 

C1HxOyNz + a (O2 + 3.76 N2 + γ H2O)→
c H2O + d CO + eCO2 + 3.76 a N2 + g O2 + z NO (1) 

The atom balances and measured-value equations are detailed in Eq. 
(2). A Testo gas analyzer is used to measure the concentrations of CO, 
NO, and O2, while tunable diode laser absorption spectroscopy (TDLAS) 

Nomenclature 

ai Saturation pressure equation constants 
Pc Reference pressure [MPa] 
Ps Saturation water vapor pressure [MPa] 
t Time [hr] 
tn Normalized time 
T Ambient temperature [K] 
Tc Reference temperature [K] 
ṁa Blower air flow rate [kg⋅hr-1] 
mf (t) Fuel mass at time t [kg] 
ṁf Fuel mass loss rate [kg⋅hr-1] 
MW Molecular weight [kg⋅kmol-1] 
N Moles 
X Mole fraction 

γ Moisture coefficient 
μ Mean release ratio 
τ Temperature ratio 

Acronyms 
BRM Burn rate monitor 
DAS Direct absorption spectroscopy 
EPA Environmental Protection Agency 
HITRAN High-resolution transmission molecular absorption 

database 
LBL Line-by-line 
TDLAS Tunable diode laser absorption spectroscopy 
WHH Wood-fired hydronic heater 
WMS Wavelength modulation spectroscopy  
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is used to measure the concentrations of CO2 and H2O. 

(a) Atom balance for C : 1 = d + e (2)  

(b) Atom balance for H : 0 = x + 2γa −2c  

(c) Atom balance for O : 0 = y −z + a(2 + γ) −c −d −2e −2g  

(d) Measured using Testo : 0 = XCONtot −d  

(e) Measured using Testo : 0 = XNONtot −z  

(f) Measured using Testo : 0 = XO2 Ntot −g  

(g) Measured using TDLAS : 0 = XCO2 Ntot −e  

(h) Measured using TDLAS : 0 = XH2ONtot −c  

(i) Molar conservation : 0 = Ntot −c −d −e −3.76a −g −z 

Equations (a) through (c) are the atom balances for carbon, 
hydrogen, and oxygen. Equations (d) through (f) are the Testo-measured 
CO, NO, and O2 concentrations in the flue. Equations (g) and (h) are the 
TDLAS-measured concentrations of CO2 and H2O, and equation (i) is a 
molar conservation equation. Equations (d) through (h) constitute the 
five emissions measurements. In total, nine equations are solved and are 
expressed in matrix form in Eq. (3). 
⎡

⎢
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⎢
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⎢
⎣
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1 0 0 2γ −2 0 0 0 0
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0 0 0 0 0 −1 0 0 XCO
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0 0 0 0 0 0 0 −1 XO2

0 0 0 0 0 0 −1 0 XCO2

0 0 0 0 −1 0 0 0 XH2O
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(3) 

The variable γ is the moisture coefficient, which describes the ratio of 
mole fractions between water and oxygen in humid air. The ambient 
temperature (T) and relative humidity are first measured in the labo
ratory. The saturation water vapor pressure (Ps) is calculated using Eq. 
(4) from Wagner and Pruss [22], where the reference temperature and 
pressure are Tc = 647.096 K and Pc = 22.064 MPa, and the values of the 
constants are: a1 = − 7.85951783, a2 = 1.84408259, a3 = −

11.7866497, a4 = 22.6807411, a5 = − 15.9618719, and a6 =

1.80122502. The variable τ is defined as 1 −TT−1
c for convenience. 

ln
(

Ps

Pc

)

=
Tc

T
[
a1τ + a2τ1.5 + a3τ3 + a4τ3.5 + a5τ4 + a6τ7.5] (4) 

The saturation water vapor pressure is multiplied by the relative 
humidity to give the actual water vapor pressure, and the mole fraction 
of H2O is equal to the water vapor pressure divided by the laboratory 
atmospheric pressure. The “dry” O2 mole fraction is equal to 4.76−1, and 
the “wet” O2 mole fraction is (1 −XH2O)XO2 ,dry. 

The solution of the system of equations results in H/ C (x), O/ C (y), 
and N/C (z) atomic ratios (carbon-normalized) of the non- 
homogeneously decomposing fuel. The H/O atomic ratio is computed 
with x/y (see discussion in Section 4.2). By measuring the blower air 
flow rate, ṁa, the fuel burn rate (ṁf ) can be computed using Eq. (5), 
which incorporates the time-dependent atomic fuel composition (x, y, z) 
that was solved for in the previous step, along with reactant air values of 
a and γ. 

ṁf = ṁa
MWC + xMWH + yMWO + zMWN

a(MWO2 + 3.76MWN2 + γMWH2O)
(5) 

Note that this model is predicated on the unit being well-sealed; that 
is, the only air entering the unit is from the blower with a known mass 

flow rate. The fuel mass loss rate is then integrated over time to calculate 
the instantaneous fuel mass at time t (see discussion in Section 4.3). 

mf (t) =

∫ t

0
ṁf dt (6)  

3. Experimental setup and diagnostics 

3.1. Wood-fired hydronic heater 

The tests are performed using an Econoburn EBW-200 wood-fired 
hydronic heater (211 MJ), a schematic of which can be seen in Fig. 1. 
These types of appliances are generally used to heat water which is then 
stored in a separate insulated tank. The water is circulated around the 
outer walls of the appliance (water jacket), exchanging heat with the hot 
gases inside. The heated water can then be used later for heating, 
cooking, and cleaning. For convenience, the WHH is considered in terms 
of three distinct sections: the primary chamber, the secondary chamber, 
and the water circulation loops. The fuel in the upper chamber un
dergoes pyrolysis and partial oxidation. While the term “pyrolysis” is 
used here, there is in fact air present in the upper chamber, but at levels 
well below stoichiometric, and so it is heavily fuel-rich. These fuel-rich 
products are then forced down through a rectangular orifice from the 
primary to the secondary chamber, mixing with secondary preheated air 
that is forced in through the orifice orthogonal to the downward product 
flow direction. The secondary chamber is used to oxidize the remaining 
products of combustion through turbulent mixing. The turbulent mixing 
of the primary-secondary jet increases the flame area resulting in more 
efficient burning. Before exhausting out of the WHH through the flue, 
the gases are further mixed through swirl-tubes on the back side of the 
unit that run from the secondary chamber (bottom of the WHH) to the 
flue exit (top of the WHH). As the gases pass from the primary chamber, 
through the secondary chamber, and up through the swirl-tubes, they 
are constantly exchanging heat with the walls that separate the cham
bers from the water jacket. 

The WHH has two main water flow loops, shown in dashed (loop 1) 
and solid (loop 2) colored lines in Fig. 1. Hot and cold water are indi
cated with red and blue lines, respectively. Early in a run, the hot water 
flows around loop 1 to circulate the relatively cold water until its tem
perature reaches 339 K. Once this temperature is reached, loop 2 is 
activated by turning off pump P1 and turning on pump P2. The hot water 
leaving the WHH now circulates through an 87.9 kW counter-flow heat 
exchanger, transferring heat to the city-side cold water supply before 
cycling back into the water jacket. The heat rate is monitored using the 
water inlet and outlet temperatures using K-type thermocouples and 
water flow rate meters (Dwyer Instruments). When the WHH is used in a 
residential setting, the heat exchanger is replaced with a water storage 
tank. 

Three criteria are defined to initiate the run shutdown procedure, all 
with measurements in the flue exhaust gases: the gas temperature falls 
below 366 K, the O2 content is greater than 19%, and the CO concen
tration is less than 1000 × 10−6 m3m−3 (1000 ppm). When these con
ditions are met, the flow rate of the city-side cold water is increased to 
remove as much heat as possible from the circulating water. 

3.2. Fuels 

Three types of fuel are used in this study in order to sample a range of 
chemical compositions to test the non-intrusive diagnostic method: red 
oak (BIOBLOCKS manufactured by Summit Wood Industries), pine, and 
cherry. The red oak wood comes in bricks that are made from 100% 
hardwood chips, and contain an average 8% dry-basis by mass moisture 
content (measured in accordance with ISO standard 3130). The 
approximate composition of red oak is C1H1.7O0.72N0.001 [23], and after 
including the moisture content is C1H1.94O0.83N0.001. The pine wood is 
obtained from a local lumber supplier and kiln-dried to 14% dry-basis by 
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mass moisture content. The cherry wood is locally sourced and 
kiln-dried cordwood with a 15% moisture content. A Testo 606-1 
moisture meter is used to measure the moisture content of the pine 
and cherry by averaging measurements of both end- and center-cut lo
cations of a random sample of 20 pieces for each. While cherry is not a 
commonly used feedstock, it was used in these experiments to study a 
different fuel with a much different geometry (cherry cordwood vs. red 
oak/pine blocks). The testing of a wider variety of feedstocks with this 
method is outside the scope of the study. The dimensions of the red oak 
and pine blocks are 6.4 × 10 × 14 cm, while the size of the cherry varies 
from piece to piece, but is roughly three to six times as large as the red 
oak or pine blocks. Ultimate analyses of red oak [23–25], cherry [25, 
26], and pine [20,24,25,27–29] have been performed by various au
thors. While the ultimate analysis of the fuel used in this study may differ 
slightly from these reported values, the general trends of their carbon, 
hydrogen, oxygen, and nitrogen atomic compositions are presumed to 
be similar. The H/O ratios vary from 1.96 to 2.36 for red oak, from 2.08 
to 2.13 for cherry, and from 1.79 to 3.36 for pine. For wood in general, 
the H/O ratio varies from 2.24 to 2.41 [2,30]. The H/ O ratio for an 
ultimate analysis is, by definition, a constant value. In Eq. (1), however, 
the ratio of H to O was not fixed to a specific value. In a previous study, 
to reduce the number of emissions measurements needed, this ratio was 
assumed to be constant at a value of 2 [31]. The current study in
corporates an extra emission measurement in order to allow the H and O 
values to be computed, which are then compared to the constant values 
from the ultimate analysis (see Section 4.2). 

Wood fuel is loaded into the primary chamber hanging basket in the 
three configurations shown in Fig. 2. Fig. 2a indicates the six steps for 
loading fuel into the hanging basket, including the bottom layer place
ment (1), addition of first layer kindling (2,3), second layer of fuel (4), 
second layer kindling (5), and final layer of fuel (6). Loading in this 
configuration resulted in easily ignitable fuel charges along with 

repeatable runs. Due to the different fuel densities and the available 
hanging basket size, run mass differed from fuel to fuel. A full load for 
red oak consisted of 32 blocks (≈ 28 kg), for pine consisted of 32 blocks 
(≈ 16 kg), and for cherry consisted of approximately 16 split logs of 
cordwood (≈ 19 kg). The pine wood was cut into very similar di
mensions as the red oak blocks, while the cherry was left in a split log 
geometry. The exact geometry has no influence on the calculation of the 
mass loss. 

3.3. Direct fuel measurement 

The WHH used in this study was not placed on a scale for weighing. 
Instead, a hanging basket burn rate monitor (BRM) in the primary 
chamber was used to support the fuel and measure the time varying 
mass throughout a run (Fig. 3) [32]. Comparisons between the 
emissions-based mass loss and BRM mass loss are made in Section 4.3, 
where the BRM data is assumed to be the true value of the fuel mass for 
comparisons in this study. While the hanging basket may seem like a 
better option for measuring fuel mass during a run, it is not an ideal 
solution for several reasons. First, the ideal placement of the fuel in the 
primary chamber is on the floor surrounding the primary-secondary 
orifice. The BRM raises the fuel off the floor, enabling the product 
gases to more easily move to the secondary chamber, reducing the 
completeness of the initial combustion reaction. Second, the BRM 
installation requires substantial modification to the WHH, including 
drilling into the water jacket support rods to allow the BRM 
through-rods to pass into the primary chamber, installing a pancake load 
cell (Stellar Technology) to measure the mass, thermally insulating the 
load cell to avoid thermal drifts, and installing a winch system to lift the 
basket off the load cell during fuel loading. The water jacket support 
rods are called stays, which are 2.54 cm diameter rods that suppor
t/attach the water jacket shell to the inner shell/chambers. The 

Fig. 1. Schematic of the WHH setup, including electrical connections (dashed black) and water flow loops (solid black, highlighted red for hot water and blue for 
cold water). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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through-rods that pass through the stays to connect the basket to the 
upper cross-member (which rests on the load cell) need to be meticu
lously cleaned between runs to ensure they do not stick to or catch on the 
stays; graphite is also coated on the through-rods to minimize friction. 
Third, because the primary purpose of the regulatory standard testing is 
to improve the efficiency and lower the emissions from residential 
WHHs, the BRM installation would skew these results since it is an 
intrusive measurement. Using an emissions-based measurement pro
vides a non-intrusive measurement, allowing the testing to be performed 
in exactly the way the appliance would operate at a residential home. 
The BRM does, however, provide a direct, accurate method with which 
to compare the emissions-based measurements. 

3.4. Testo gas analyzer 

Emissions in the exhaust flue are obtained using a Testo 330-2 L L 
flue gas analyzer, which measures concentrations of O2, CO, and NO, 
along with pressure and temperature of the gas. The system is also 
capable of providing estimates of CO2 and H2O, but the more accurate 
methods of absorption spectroscopy (Section 3.5) are used in this study 
to determine those concentrations. The O2, CO, and NO concentrations 
are all detected via an electrochemical fuel cell, but operate slightly 
differently. For O2, a permeable layer of electrodes allows the flue ox
ygen molecules and reference air molecules to transfer ions, which 
creates a voltage potential that can be interpreted as an O2 concentra
tion of the flue gases. For CO measurements, oxygen molecules that 
permeate the electrodes are used to react with the CO on the opposite 
electrode to form CO2, which results in the consumption of O2 on the 
reference side of the fuel cell. When used in conjunction with the elec
trode at the reaction location, a voltage potential is obtained that can be 
interpreted as a concentration of CO. This unit was also equipped with 
H2 -compensation and automatic fresh air dilution options. The NO 
sensor operates on the same principle as the CO sensor. Temperature is 
measured with a probe located in the flue gas probe line in order make 
direct measurements at the gas sampling location in the flue. Measure
ment ranges, resolutions, and accuracies are detailed in Table 1. 

To correct measurements for water condensation in the sampling 
line, the correction procedure of Richter et al. [33] is used, which re
quires a separate measurement of O2 using a Bosch LSU 4.9 ZrO2 
wide-band oxygen/lambda sensor. Ambient moisture content and tem
perature are measured with an Omega HX92B series humidity sensor 
and a K-type thermocouple, respectively. 

3.5. Absorption spectroscopy diagnostic 

Tunable diode laser absorption spectroscopy (TDLAS) is used to 
measure concentrations of CO2 and H2O in the flue exhaust stream. In 
TDLAS, a laser source scans over a range of wavenumbers, and at certain 
wavenumbers along the scan, the species of interest absorb the incident 
radiation. A distributed feedback diode laser centered at 2.715 μm 
(Nanoplus) is housed in a TO-5 heat sink housing with a collimation lens 
on the front. A Lightwave ILX LDC-3721 laser diode driver and ther
moelectric cooler (LDD-TEC) is used to control the current and tem
perature to the laser. At 155 mA and 37 oC, the laser emits at 
3683.24 cm−1. To provide a scan over a range of wavenumbers, a 
Tektronix AFG3051C arbitrary waveform generator is used to ramp the 
injection current to the laser. By choosing the current, temperature, and 
ramp shape/voltage limits, the laser can scan over a desired range of 
wavenumbers. The scan range used for this experiment was from 
3683.5 cm−1 to 3686.5 cm−1, in which there are multiple CO2 and H2O 
absorption lines. 

A schematic of the laser system is shown in Fig. 4, which operates as 
a pitch/catch system; the laser beam is emitted from the pitch side, 
passes through the absorbing gases in the flue, and the resulting trans
mitted signal is detected on the catch side. The laser light is depicted 
with dashed lines, while electrical connections are depicted with solid 
lines. The laser (L) emits a collimated beam, which first encounters a 50/ 
50 beamsplitter (BS1). Half the beam is reflected through a focusing 
optic (FO1) and onto a photodiode (PD1), which measures the non- 
absorbing laser intensity. The other half of the laser beam passes 
through BS1 and encounters a second 50/50 beamsplitter (BS2). The 
reflected beam first passes through a solid germanium etalon (E) that has 
a free spectral range or 0.75 GHz, then through a focusing optic (FO2), 
and onto a second photodiode (PD2). This beam provides a wavenumber 
calibration, which is used to transform the raw absorption data from 
units of time to units of wavenumber. The beam transmitted through BS2 

then passes out of the N2 -purged housing through a plastic conduit (C1) 
and an aluminum extension tube (ET1). It then passes through a sapphire 

Fig. 2. Loading configurations for (a) red oak, (b) cherry, and (c) pine. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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window (W1) into the flue. The windows have an anti-reflection coating 
to prevent signal loss, and have 3 min of wedge to prevent etaloning, 
ensuring a linear baseline of the ramping laser intensity. The laser beam 
traverses the flue perpendicular to the flue gas flow such that the 

velocity of the flowing gases does not impart a Doppler shift on the 
absorption data. The beam then passes through another sapphire win
dow (W2), extension tube (ET2), and conduit (C2). The windows are 
recessed slightly into the extension tubes, and nitrogen gas is slowly 

Fig. 3. Hanging basket image (left) and upper cross-member supported on top of the load cell atop the WHH (right). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Testo 330-2 L L flue gas analyzer measurement range, resolution, and accuracy.  

Measurement Range Resolution Accuracy 

O2  0% to 21% by volume  0.1% by volume  ±0.2% by volume  
CO 0 to 30,000 × 10−6 m3m−3(30,000 ppm) 1 × 10−6 m3m−3(1 ppm) ±100 × 10−6 m3m−3(100 ppm)

NO 0 to 3,000 × 10−6 m3m−3(3,000 ppm) 1 × 10−6 m3m−3(1 ppm) ±5 × 10−6 m3m−3(5 ppm)

T −40∘C to 1200∘C  0.1∘C  ±0.5∘C   

Fig. 4. Schematic of the laser absorption setup straddling the flue duct, including pitch side, catch side, nitrogen-purged boxes, laser path (dashed), and electrical 
connections (solid). 
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pumped into this recess such that soot is not able to build up on the 
window surfaces. The absorbing path length is then simply the distance 
between the ends of the extension tubes. Previous experiments verified 
this path length by ensuring the flow rate of the nitrogen purge gas was 
high enough to prevent soot buildup, but low enough to merely leak over 
the sides of the extension tubes, and not extend further into the 
absorbing path length. The laser beam, now in the N2 - purged catch box, 
passes through a focusing optic (FO3) and onto a third photodiode (PD3); 
this is the absorbing signal. All three detectors are connected to a PCI- 
DAS4020/12 data acquisition board (Measurement Computing). Both 
the pitch and catch sides are housed inside acrylic boxes that are purged 
with N2 such that no absorption of the beam takes place outside the flue. 

After the experimental absorption data has been acquired, the data is 
processed with a line-by-line (LBL) absorption simulation [34], which is 
used to simulate the absorption spectrum over a wavenumber range 
(scan range of the laser), for a gas species (or multiple species), and for 
prescribed conditions (pressure, temperature, path length, concentra
tion). These simulations use data from the high-resolution transmission 
molecular absorption database, HITRAN [35]. Both direct absorption 
spectroscopy (DAS) and wavelength modulation spectroscopy (WMS) 
are used, with the added benefit that both data sets can be taken 
simultaneously. WMS measurements require faster detectors and 
acquisition systems, but provide measurements with lower detection 
limits that are immune to vibrations and window fouling. DAS mea
surements can be performed with slow detectors and very simple 
acquisition systems, but the measurements are more susceptible to op
tical etaloning and have higher detection limits. Processing of DAS data 
is faster and more direct than that of WMS. Taking data for both systems 
simultaneously provides a check on the DAS data in regions where 
concentrations are sufficient for DAS, and allows the WMS to fill in the 
data at the lower concentration limits of the run. Details of the DAS 
method used in this study can be found in Ref. [36,37], which is suitable 
for absorption spectra where mildly-blended features are present. Re
sults from this code were compared to a benchmark absorption code to 
validate the results [38]. The method for WMS analysis follows the 
procedure in Sun et al. [39]. 

The Testo gas analyzer is capable of measuring the CO2 concentra
tion as well, but it is estimated indirectly using the O2 measurement and 
is limited by the maximum theoretical value of CO2 based on the fuel 
composition at the stoichiometric limit. The fuel composition used for 
this measurement is set in the Testo software, and does not reflect the 
continuously changing composition during a run, and thus results in 
unreliable values; this was the reason for using the absorption mea
surements. It should be noted that any non-intrusive measurement can 
be used to measure CO2 and H2O, given that their quantities are verified 
to be accurate prior to running. For instance, in the CSA B-415 standard, 
it is mentioned that a continuous infrared analyzer can be used to 
measure flue gas emissions [12]. 

3.6. Air flow measurement 

Air is introduced into the primary chamber by a blower pump 
(labeled “Blower” in Fig. 1), where the flow rate is measured using a 
Bosch HFM-7 mass air flow meter (using hot wire anemometry). The 
accuracy of the meter is typically within 3% of a known mass flow rate, 
and calibration of the meter is performed with an ASME standard 
venturi flow meter across a wide range of flow rates to correlate output 
voltage to the measured flow rate [40]. The major air flow rate changes 
during run operation are due to the appliance damper being pulled (the 
operating handle is shown Fig. 1). The damper is initially in an “open” 
position, where the exhaust gases from the primary chamber are allowed 
to escape unobstructed straight out to the flue through a bypass port. 
This “open” position is used early in the run to ensure all of the fuel is 
able to ignite uniformly. Once stable combustion of the fuel has been 
achieved, the damper is pulled into the “closed” position, which seals the 

bypass port. The gases are then forced to pass down into the secondary 
chamber and up through the mixing tubes at the back of the unit before 
exiting through the flue. The air flow rate measurement along with the 
flue gas emissions measurements are used to compute the fuel mass loss 
rate and instantaneous fuel mass. 

4. Results and discussion 

4.1. Emissions measurements 

TDLAS-measured H2O and CO2 mole fractions are plotted in Figs. 5 
and 6, respectively. In Fig. 5, the concentration increases sharply in the 
beginning of the run due to evaporation of the moisture bound in the 
fuel (evaporation phase). Next, the steady linear decline in H2O con
centration indicates the pyrolysis/combustion phase has begun, with the 
continuation of the drying process of the fuel. The dash-dot lines indi
cate the moisture level of the laboratory air that is introduced to the 
WHH by the blower, and are colored based on their associated fuel run. 
When the H2O concentration reaches this level, charcoal oxidation (the 
final phase) is assumed to occur. Different fuels and different initial mass 
loads mean that the three phases of the run will happen over varying 
time durations. To collapse different fuels to the same time scale, a 
normalized time (tn) is used, where the actual run time is normalized to 
the time at which all the fuel-bound moisture is driven from the fuel, and 
the moisture level is at that of the laboratory air. These values are 
consistent with the relative humidity reading in the laboratory for each 
run. The times used for normalization for each run are as follows: 
2.87 hr for red oak, 2.10 hr for cherry, and 2.95 hr for pine. The CO2 
trend seen in Fig. 6 is simpler, showing an increase in CO2 emissions, 
peaking at approximately tn = 0.5 and then decreasing continuously 
until the end of the run. The increase in CO2 concentration occurs for the 
drying and pyrolysis/combustion stages, and then decreases steadily for 
the remainder of the run in the charcoal oxidation stage. Specifically a 
sharp increase is seen during run start-up when the kindling uniformly 
ignites all the fuel. The higher CO2 concentrations in the middle of the 
run, coupled with a decrease in CO, indicate more complete combustion. 
Uncertainty estimates for the absorption measurements are computed 
based on the fitting parameters used for the LBL baseline fitting pro
cedure, as well as the spread of calculated concentrations about a mean 
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Fig. 5. H2O concentration for three fuels as a function of normalized time, 
measured using absorption spectroscopy. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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line. An uncertainty can be calculated for each acquired data point, but 
trends of the uncertainties for early, middle, and late times are given 
here in order to avoid cluttering the figures. Uncertainties for CO2 and 
H2O mole fractions early in time are ±0.0005 and ± 0.005, middle in 
time are ±0.005 and ±0.015, and late in time are ± 0.002 and ± 0.005, 
respectively. 

The Testo-measured flue O2, CO, and NO mole fractions as a function 
of normalized time are shown in Figs. 7–9, respectively. In Fig. 7, the O2 
concentration first starts at values of the ambient oxygen introduced by 
the blower. As the combustion process ramps up, the amount of oxygen 
needed for combustion increases, resulting in a reduction of the O2 at the 
flue. The sharp dips in the O2 concentration before or near tn = 0.1 is a 
result of the damper being pulled, which forces air through the 

secondary chamber, where further combustion takes place and O2 levels 
decrease further. While the peak minimum concentration levels do not 
occur at the same time, the trends for all three fuels are similar. Towards 
the end of the run, when there is less fuel with which to react, the O2 
concentrations begin to trend back to atmospheric levels. Fig. 8 shows 
the CO results, with the same sharp increase in concentration visible 
near tn = 0.1 due to the damper being pulled. The red oak and cherry 
exhibit clear dual-peak trends, whereas the pine dual-peak is much 

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Fig. 6. CO2 concentration for three fuels as a function of normalized time, 
measured using absorption spectroscopy. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 7. O2 concentration for three fuels as a function of normalized time, 
measured using Testo hand-held gas analyzer. (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 8. CO concentration for three fuels as a function of normalized time, 
measured using Testo hand-held gas analyzer. (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 9. NO concentration for three fuels as a function of normalized time, 
measured using Testo hand-held gas analyzer. (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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subtler. The dual-peak has been shown to be due to the dual-oxidation 
pathway description of combustion, in which the first peak is associ
ated with pyrolysis gas burning, and the second peak corresponds to 
char oxidation [41]. From the discussion of Fig. 5, it was mentioned that 
at tn = 1, charcoal oxidation was occurring. This is made clearer with 
the secondary peak very near tn = 1. The NO trends in Fig. 9 all follow a 
very similar trend, with a gentle upward slope initially, where the pulled 
damper does not seem to have much of an impact on the resulting flue 
concentrations. A peak in NO emissions is reached at nearly the same 
time as the primary peak of the CO concentration from Fig. 8, with a 
continuous steady decay that follows until the end of the run. 

4.2. H/O Ratio calculations 

By evaluating the matrix system in Eq. (3) at every time step for 
which data is recorded throughout the run, the atomic ratios of H/ C and 
O/C are obtained and plotted for each fuel as a function of normalized 
time in Fig. 10. At the beginning of the run, the atomic ratios fluctuate as 
all the individual pieces of fuel ignite at different times. When the fuel is 
loaded into the primary chamber, kindling wood is placed between the 
layers of fuel, and when ignited, the fuel ignition is staggered depending 
on their proximity to the kindling. At approximately tn = 0.1, the fuel is 
assumed to be nearly completely ignited and what follows shortly after 
is a quasi-steady-state release of H and O from the fuel, indicated by the 
nearly linear decrease in both atomic ratios. While there is no true 
steady-state for experiments in a WHH, the quasi-steady-state termi
nology used here is in reference to the development of the emissions, not 
of the fuel. Data after tn = 1 is omitted because at this point there is no 
more fuel H or O. From the ultimate analyses of previous studies of red 
oak, cherry, and pine, the carbon-normalized atomic composition of H 
generally ranges from 1.3 to 1.7 (red oak), 1.4 to 1.6 (cherry), and 1.3 to 
1.9 (pine). The carbon-normalized atomic composition of O generally 
ranges from 0.65 to 0.72 (red oak), 0.67 to 0.77 (cherry), and 0.58 to 
0.77 (pine). For most of the run, the H/C and O/C ratios are well above 
these ranges, but at time tn ≈ 0.7, the values of both ratios simulta
neously match quite well with the values from the ultimate analyses. 
Based on the propagation of uncertainties of the absorption and Testo 
measurements through the solution of the global reaction, uncertainties 
for the H/C and O/C atomic ratios are determined. Similar to the ab
sorption measurement uncertainties, these atomic ratio uncertainties 
can be found at every data point, but are reported here for the three 

phases (drying, pyrolysis and combustion, and charcoal oxidation). For 
H/C, these uncertainties are large in the drying phase, ±0.25 in the 
pyrolysis and combustion phase, and ±0.2 in the charcoal oxidation 
phase. Similarly for O/C, these uncertainties are large in the drying 
phase, ±0.2 in the pyrolysis and combustion phase, and ±0.2 in the 
charcoal oxidation phase. 

The H/C ratio is divided by the O/C ratio at every time step, and the 
resulting H/O atomic ratio is shown in Fig. 11. The first tenth of the 
normalized time corresponds to run start-up, which is clearer here than 
in Fig. 10. While the H/C and O/C atomic ratios seem to fluctuate 
rapidly during this phase, the ratio of H/O climbs linearly from its 
starting value of approximately 1.25. After the fuel combustion and 
pyrolysis has steadied (tn = 0.1), the H and O are released from the fuel 
at an approximately constant ratio, until all of the H and O has been 
released at tn = 1. At this point, the only H and O being measured in the 
exhaust stream is from the air introduced from the ambient laboratory 
by the blower. 

For each fuel, the H/O release is approximately constant during the 
run time. By computing the mean of the H/O ratio in the range 
0.1 < tn < 1, the mean release ratio (μ) for each fuel can be determined. 
The value of μ for each fuel is plotted in Fig. 11 with an appropriately 
colored horizontal line, where the mean release ratio for red oak is μ =

2.25, for cherry is μ = 2.19, and for pine is μ = 2.42. Uncertainties early 
in the run time (0 < tn < 0.1) are large and the H/O data is not included 
in the calculation of μ. In the range of calculations (0.1 < tn < 1), un
certainties in the value of μ range from approximately ±0.25 to ±0.32 
for all fuels, since these values can be calculated at every data point 
during a run. A previous study has assumed a mean release ratio of μ = 2 
[32], and the results in the current study support that this is generally a 
reasonable approximation. The μ ≈ 2 assumption can be used if, for 
example, measurements of CO2 and H2O cannot be made. Note that after 
all of the H and O are released from the fuel (tn = 1), the mean release 
ratio loses meaning. However, if using a constant value of μ in the 
analysis, the value can be used for the entire run duration because it will 
have no impact on the results after all the H and O are released from the 
fuel. 

Comparisons can be made between the H/O ratio measured in this 
study with those of ultimate analyses. The value of μ for red oak varies 

Fig. 10. H/C (solid) and O/C (dash-dot) ratio for all runs as a function of 
normalized time. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 11. H/O ratio for three fuels as a function of normalized time, with mean 
release ratio μ for each fuel computed between tn = 0.1 and tn = 1 (solid). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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between 1.96 and 2.36 [23–25], for cherry is approximately equal to 2.1 
[25,26], and for pine varies between 1.79 and 2.25 [20,24,25,28]. If an 
ultimate analysis of the fuel is performed prior to a run, it is then 
reasonable to assume that the H/O ratio from that analysis can be used 
as the value of μ. While an ultimate analysis of the fuels in this study was 
not performed, future testing will include these measurements to 
compare to the measured mean release ratio to further validate this 
assumption. 

4.3. Mass loss and fuel burn rate 

At every data acquisition time step during the run, the results from 
the solution of Eq. (3) and the air flow rate from the blower are used to 

compute the fuel mass loss rate (burn rate) using Eq. (5). The burn rate 
from the emissions measurements is then integrated in time to calculate 
the instantaneous fuel mass. Conversely, the BRM directly measures the 
instantaneous fuel mass, and the burn rate is computed by taking its 
derivative in time. This means that the two measurements can only be 
compared after either taking the integral or the derivative of one or the 
other. Fuel burn rate and mass are plotted for each fuel in Fig. 12, where 
fuel types are indicated on the right-hand side. The red dashed line is 
from the direct measurement of mass (BRM) and the black line corre
sponds to the values derived from the emissions data. For clarity, every 
hundredth data point is plotted for both data sets. 

The general trend of the burn rate for all three fuels is the same; there 
is an increase in the burn rate at the beginning of the run, it peaks 

Fig. 12. Red oak (top row), cherry (middle row), and pine (bottom row) mass loss rate/burn rate (first column) and fuel mass (second column). Direct, intrusive 
measurements are shown in dash-dot red (burn rate monitor), while emissions-derived, non-intrusive measurements are shown in solid black. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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between tn = 0.2 and tn = 0.4, and then steadily decreases until there is 
no fuel left at the end of the run. The run time for the red oak fuel is the 
longest (tn ≈ 1.65), while the run time for pine is the shortest (tn ≈ 1.3). 
The large fluctuations early in the run for the emissions burn rate data is 
a result of the variation in the computed carbon-normalized atomic 
values (Fig. 10). The full-resolution data sets for both measurements are 
shown in Fig. 12 (b) inset for cherry. The emissions and BRM data are 
completely decoupled, yet both data traces display the same minute 
fluctuations. 

The BRM provides a direct measurement of the fuel mass by using the 
weight of the hanging basket to tare the load cell, and its uncertainty due 
to the load cell is ±0.14 kg. The fuel burn rate from the emissions data is 
integrated in time to compute the instantaneous fuel mass. The mass of 
the fuel is weighed prior to a run (with kindling included) to provide a 
mass anchor point for the emissions measurements, since the emissions- 
based measurements only give a change in mass, not an absolute mass. 
This eliminates the need for an appliance scale, since the fuel charge can 
always be weighed before a run. The second column in Fig. 12 shows a 
comparison between the BRM and emissions instantaneous fuel mass. In 
the initial portion of the run when the fuel burn rate is increasing toward 
its peak value, the fuel mass data agrees well with the direct measure
ments (BRM). As the run progresses in the constant H/ O release phase, 
the emissions-computed fuel mass does not decrease as fast as the 
directly measured fuel mass. This can also be seen from the burn rate 
curves, where the emissions data are lower in magnitude than the BRM 
data. To quantify the relative error (RE) between the emissions mea
surement and the direct measurement, a percent difference is calculated 
by dividing the difference between the emissions and BRM data by the 
initial fuel mass at the beginning of the run, as shown in Eq. (7). 

RE(t) =
|memissions(t) −mBRM(t)|

minitial
× 100 (7) 

The average relative percent error over the run duration for the three 
fuels are 5.4% for red oak, 5.4% for cherry, and 8% for pine (statistics 
are not provided in this study due to the limited number of runs). While 
some sources of uncertainty have been quantified, others need further 
investigation: non-homogeneous concentrations along the absorbing 
path length and at the Testo probing location, temperature non- 
uniformity in the flue gas, influence of particulate matter and un
burned hydrocarbons, and the consequences of the complete combus
tion assumption inherent in the model formulation, to name a few. 

At the end of the runs for each fuel type, the BRM measures a fuel 
mass near 0 kg, as would be expected for a complete burn of all the fuel. 
However, this method of mass measurement does not take into account 
fuel that had fallen through, or out of, the hanging basket during a run. It 
is typical to find small pieces of char on the floor of the primary chamber 
and a layer of ash on the floor of the secondary chamber. After a run, 
when the WHH has been allowed to cool down sufficiently, a vacuum is 
used to remove all material left over from the run that has accumulated 
in the primary and secondary chamber. This material is subsequently 
weighed to obtain the percentage of the fuel not able to exit through the 
flue, and thus not taken into account in the emissions measurements. 
Typically, the remaining products in the WHH from all three fuel types 
have a mass of approximately 0.5 kg, varying slightly from run to run. 
Based on the model formulation from Section 2, soot, particulate matter, 
and unburned hydrocarbons are not accounted for in this analysis. When 
these exit the flue of the WHH, they are not detected by the emission 
measurements, and thus result in unaccounted mass loss which manifest 
throughout the run, resulting in the final mass discrepancy between the 
emissions-based measurement and the BRM measurement seen in the 
right column of Fig. 12. While particulate matter emission factors can 
vary by a large margin based on fuel type, WHH operating conditions, 
and time during a run, using typical values (10 g⋅kg−1 to 50 g⋅kg−1) [13, 
42] can account for a reasonable amount of the difference between final 
measured fuel mass values. The methodology and measurements 

detailed in this study can thus provide a reliable supplemental mea
surement technique for the burn rate and fuel mass during typical WHH 
heating cycles/runs, which can further aid in the process of testing ap
pliances to ensure their adherence to regulatory standards. 

5. Conclusion 

In this study, a methodology was introduced to use only flue gas 
emission measurements and air mass flow rate to calculate a high 
sensitivity, non-intrusive mass loss rate, which was then used to infer the 
instantaneous fuel mass during a run. Fuel mass is used in WHH regu
latory standards testing in order to compute input energy content. 
Directly measuring the solid fuels in these WHH units is generally per
formed by weighing the entire appliance. The following major conclu
sions are drawn from the results of this study: 

1. Using measurements of five emissions species (O2, CO, NO, CO2, 
H2O), the time varying fuel composition (CHx(t)Oy(t)Nz(t)) can be 
computed. With the addition of a measurement of air mass flow rate 
(ṁa(t)) into the WHH, the fuel mass loss rate (ṁf (t)) is calculated, and 
then integrated in time to compute the instantaneous fuel mass during a 
run (mf (t)). 

2. After the drying stage of a run, the H and O are driven from the fuel 
in the pyrolysis/combustion stage at roughly the same rate until all the 
fuel H and O are released. The mean release ratio of μ = H/O was very 
near the previously assumed value of 2, validating that assumption. This 
means that if CO2 and H2O emission measurements cannot be made, a 
reasonable assumption of μ = 2 may be made to still obtain reasonable 
values of the fuel mass loss rate and fuel mass. 

3. The benefits of the emissions-based fuel mass measurement are 
that it is non-intrusive and provides similar accuracy and precision as a 
full-appliance scale, indicating that this method can be used as further 
validation of the established methods for computing mass loss during 
certification of these appliances. 

A single run for each fuel was presented in this study. Future repeat 
measurements for each fuel type will allow for statistics to be computed, 
and run-to-run variability characterized. Different fuel types, fuel di
mensions, and loading configurations should also be tested, and the 
method validated further to ensure that none of these variables change 
the accuracy and precision of the measurement technique. Finally, an 
ultimate analysis of the fuel types should be performed, and the H/O 
ratio compared to the mean release ratio to ensure consistent results. 
This technique has the potential to be a useful method of measuring fuel 
mass non-intrusively, while providing both the accuracy and precision 
of current techniques, and can aid in the testing of appliances to satisfy 
the regulatory standards. 
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