
lable at ScienceDirect

Renewable Energy 112 (2017) 187e196
Contents lists avai
Renewable Energy

journal homepage: www.elsevier .com/locate/renene
Emissions from a domestic two-stage wood-fired hydronic heater:
Effects of non-homogeneous fuel decomposition

Joseph P. Richter, Joshua M. Weisberger, Joseph C. Mollendorf, Paul E. DesJardin*

Department of Mechanical and Aerospace Engineering, University at Buffalo, The State University of New York, Buffalo, NY 14260-4400, USA
a r t i c l e i n f o

Article history:
Received 24 September 2016
Received in revised form
7 April 2017
Accepted 8 May 2017
Available online 10 May 2017

Keywords:
Wood biomass
Combustion
Emissions
Non-homogeneous
Fuel
Decomposition
* Corresponding author.
E-mail address: ped3@buffalo.edu (P.E. DesJardin)

http://dx.doi.org/10.1016/j.renene.2017.05.038
0960-1481/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

Accurate knowledge of the combustion gas composition is necessary for practical combustion systems
where emissions reduction is a major concern. Industries use a variety of sensor technologies, many of
which can be expensive. In industries that use plant biomass for heat production, a constant fuel
composition is often assumed for estimation of unmeasured exhaust gas species and for the calculation
of thermal efficiency. To address the fact that biomass decomposes non-homogeneously, a new analysis
is developed where a 2:1 ratio of hydrogen to oxygen atoms in the fuel is assumed, thereby relaxing the
constant fuel composition constraint. This analysis provides a reliable and accurate estimate of exhaust
H2O and CO2 given commonly monitored air and fuel rates along with O2, CO, and NO measurements.
Validation of the analysis is investigated using tunable diode laser absorption spectroscopy (TDLAS)
measurements of the flue gas. Results show good agreement between the new analysis and TDLAS
measurements, verifying the validity of the approach. The new analysis also provides time accurate
elemental species information for interpreting the non-homogeneous fuel decomposition.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The environmental advantage of using biomass over fossil fuel
has beenwidely discussed for power generation and heating [1e3].
Many developing nations rely exclusively on biomass for energy
production, as well as rural areas in northern regions of the United
States where wood fired heaters are an economically attractive
alternative. However, one of the prevailing challenges using these
systems is emissions. For the northeastern US, emissions from
wood fired heaters are one of the leading sources of reduced air
quality. To provide stricter guidelines on the certification of these
systems, the Environmental Protection Agency (EPA) has recently
defined specific new regulations for wood burning appliances
including wood stoves, masonry heaters, pellet-burning stoves and
hydronic heaters [4]. Many studies focus on the characterization of
emissions from specific biomass appliances, stoves, boilers, and
large scale (>1 MW) power plants [5,6]. Reduction in harmful
pollutants resulting from the combustion of cellulosic based
biomass materials is the primary goal of many government
agencies and research developments.
.

Certification of these devices require an accurate representation
of emissions species concentrations. Measurements of both CO2
and H2O are typically required for emissions-based efficiency cal-
culations [7]. For many independent testing facilities and manu-
facturers, direct measurement of gas species can be cost
prohibitive. Often, low cost gas sampling analyzers (Testo, Land,
Wohler, etc.) are used to measure select harmful pollutants (CO and
NO) directly, along with the oxygen sensors to estimate CO2 con-
centrations based on an assumed constant fuel composition. In
conjunction with the CO2 estimation, H2O is often approximated
using a global reaction mechanism [4,7e16]. It is therefore subject
to interpretation and inaccurate for some conditions. While non-
homogeneous biomass decomposition has been extensively stud-
ied [8,14,17e21], its application in the biomass community has been
relatively unexplored.

The facility and analysis for a constant fuel formulation (CFF)
was developed in Ref. [15]. This study builds on reference [15] by
presenting a novel variable fuel formulation (VFF) to accurately
calculate the non-homogeneous decomposition of the solid fuel
and major exhaust gas species (CO2 and H2O) using measurements
commonly made in the biomass industry. Exhaust gas concentra-
tions (O2, CO, and NO) and mass flow (fuel and air) measurements
are used in an atom balance, assuming a 2:1 ratio of hydrogen to
oxygen atoms in the fuel. Validation of the analysis is demonstrated

mailto:ped3@buffalo.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2017.05.038&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
http://dx.doi.org/10.1016/j.renene.2017.05.038
http://dx.doi.org/10.1016/j.renene.2017.05.038
http://dx.doi.org/10.1016/j.renene.2017.05.038


Nomenclature

MW molecular weight
T temperature
X mole fraction
Q heat
N moles

Greek
h efficiency
D DF ¼ R

_Fdt

Subscripts/Superscripts
a air
b boiler

fuel fuel
w water vapor
i ith species
tot total
m mass [kg]
_m mass flow rate [kg=s]
t time [h]
th thermal
del delivered
stor stored
comb combustion
CFF constant fuel formulation
VFF variable fuel formulation

J.P. Richter et al. / Renewable Energy 112 (2017) 187e196188
through non-intrusive tunable diode laser absorption spectroscopy
(TDLAS) measurements of CO2 and H2O in the flue. CO2 and H2O
concentrations have been previously measured using TDLAS in
combustion environments [22,23]. The results from the TDLAS
measurements are based on first-principles quantum spectroscopy
theory, where single molecular absorption transitions are moni-
tored to extract information regarding concentrations and tem-
peratures of the absorbing gas species.

The novelty of the following analysis is to provide a method for
calculating in real-time the changing fuel composition and major
flue emissions (CO2 and H2O). The direct measurement of impor-
tant major combustion species CO2 and H2O at elevated tempera-
tures can often be cost-prohibitive. This analysis provides an
accurate approach for their calculation using low-cost, routine
measurements. This study also demonstrates that real-time fuel
characterization for practical biomass combustion systems can
improve efficiency calculations over those using a constant fuel
assumption.

The rest of this study is organized as follows. Section 2 will
discuss the experimental setup used in the analysis. Section 3 will
detail the analysis used to calculate the exhaust species and non-
homogeneous elemental fuel composition. Section 4 will discuss
the results of the CO2 and H2O validation with TDLAS. Finally,
Section 5will discuss the major conclusions and outline the novelty
of this work.

2. Facility and baseline measurements

2.1. Hydronic heater experimental setup

The test facility previously discussed in Ref. [15] is used in this
study where an Econoburn (Brocton, NY) EBW-200 wood-fired
hydronic heater (WFHH) is instrumented. The setup consists of
primary and secondary water circulation loops, and a heat
exchanger to expel heat. Fig. 1a shows the boiler setup, where the
load loop contains a 300;000 BTU=h (87:9 kW) counterflow heat
exchanger to transfer heat from the boiler to a cold thermal sink.
The heat rate is monitored by recording the water temperatures
and flow rates, providing a detailed trend of the supplied heat load.

2.1.1. Measurements of fuel and airflow
Instantaneous fuel mass burn rate is measured according to the

method presented in Richter et al. 2016 [15] (see Fig. 1b). The real
time fuel burn rate monitor (RTFBRM) is designed to directly
measure fuel mass loss in the upper chamber as a function of time.
The assembly consists of a basket suspended by two rodswhich run
through the top of the boiler and are sealed using Swagelock fit-
tings. Outside of the boiler, the rods are connected to a horizontal
upper cross member. The upper cross member rests on a specially
designed piezoelectric-based compression load cell (Stellar Tech-
nology) which is thermally insulated from the boiler to avoid any
biases induced by thermal gradients. Contact friction is minimized
by using high-temperature carbon laced rope around the rods to
ensure an accurate instantaneous mass measurement using Lab-
VIEW data acquisition systems (National Instruments) at a fre-
quency of 2 Hz. Fig. 2a shows the raw mass data and Fig. 2b
demonstrates the differentiated mass loss rate with time. These
measurements are used in the emission analysis discussed in sec-
tion 3.

To minimize batch-to-batch variability associated with boiler
operation, BIOBLOCKS®, manufactured by Summit Wood In-
dustries, are used as the primary fuel source. The blocks are made
from 100% hardwood chips (composed primarily of red oak) and
contain an average 8:3% dry-basis by mass water moisture. The
exact moisture content and density of the blocks are measured in
accordance with ISO standard 3130 resulting in a density of
1:15 g=cm3. A full load boiler run requires 32 blocks (x62 lbs,
28 kg) to conform to current testing standards. A standard loading
configuration has been adopted to produce a repeatable burn [15].

Blower air flow rates are measured using a Bosch HFM-7 mass
airflow meter operating under hot film anemometry methods.
Direct calibration of the Bosch meter was made with an ASME
standard venturi flow meter across a wide range of flow rates to
correlate output voltage to measured flow rate. Fig. 2c shows the
measured air flow rate as a function of time that will be used in the
emissions analysis. The sharp decrease in air flow rate seen in
Fig. 2c at approximately 0.35 h is caused by the appliance damper
being pulled, effectively increasing the blockage through the
appliance by forcing the incoming air into the secondary and ter-
tiary chambers before exiting. The gradual rise in flow rate starting
at approximately 3 h is due to the gradual decrease in blockage as
the fuel decomposes.

2.1.2. Measurements of CO, NO, O2, and gas temperatures
Emissionsmeasurements are recorded using a Testo 330-2LL gas

analysis meter. The analyzer is capable of taking experimental
measurements of the O2, CO, NO, pressure, and temperature from
the flue gas stream. The O2 measurement has a range of 0 to 21%
with a resolution of 0:1%. Oxygen concentration is detected via an
electrochemical fuel cell with a permeable layer of electrodes that
allow the flue oxygen molecules and reference air molecules to
transfer ions, creating a voltage potential across the electrodes that



Fig. 1. Experimental facility showing (a) the schematic and (b) the RTFBRM load cell with cross member and hanging basket.
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can be interpreted as an O2 concentration within the flue gases.
Similarly, the CO concentration is also measured via an electro-
chemical fuel cell, but differs in that O2 molecules that permeate
the electrodes are used to react with the CO on the opposite elec-
trode to form CO2. This chemical reaction results in the consump-
tion of O2 on the reference side of the fuel cell and is used in
conjunction with the electrode at the reaction location to obtain a
voltage potential that can ultimately be interpreted as a concen-
tration of CO. This results in a COmeasurement in parts per million
(ppm) from 0� 30;000 at a resolution of 1 ppm. Operating on a
similar principal as the CO sensor, an electrochemical fuel cell is
used to determine the concentration of NO in a range of 0� 3;000
ppm with a 1 ppm resolution. The CO2 recorded by the Testo
analyzer is estimated from the O2 measurement and limited by the
maximum theoretical value of CO2 based on the fuel composition at
the stoichiometric limit. The Testo sampling probe, placed in the
exhaust gas stream, includes a thermocouple and inlet for flue gas
sampling. To correct measurements for water condensation in the
sampling line, the correction procedure of Richter et al. [24] is used,
requiring a separate measurement of O2 using a Bosch LSU 4.9 ZrO2
wide-band oxygen/lambda sensor. Ambient moisture content and
temperature are measured in real-time with an Omega HX92B
series humidity sensor and K-type thermocouple. Fig. 3 shows
mean measured O2, CO, and NO with data spread from three runs.
The mean gas temperatures measured using a bayonet thermo-
couple mounted in the primary chamber and Testo analyzer in the
flue are shown in Fig. 4.

3. Emissions analysis

Avariable fuel formulation is developed to determine theflue gas
composition given the directmeasurements of fuel and air flow rate,
CO, NO, and O2. In this approach, the wood fuel is assumed to have a
variable composition, with the defining characteristic that the
hydrogen and oxygen are released at a constant 2:1 ratio [25]. To
include fuel nitrogen and reduce unknowns in the analysis, NO
emissions are assumed to be derived entirely from the fuel,
consistent with earlier studies [6,19,26,27]. This assumption is
supported by the recent results of Rabaccal et al. 2013 [6] where
measured NO emissions are linearly correlated with fuel nitrogen.



Fig. 2. Comparison of (a) mass, (b) burn rate, and (c) air flow rate data for several runs. Fig. 3. Comparison of (a) O2 mole fraction, (b) CO mole fraction, and (c) NO mole
fraction data.
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Fig. 4. Mean gas temperatures measured in the primary chamber (red line) and flue
(black line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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While there are various products of incomplete combustion, CO and
NO are the only ones considered in this analysis since they are the
only products that can be measured using the Testo gas analyzer.
The sensitivity of the NO was investigated and shown to produce a
negligible difference in the results of the following analysis. Other
products of incomplete combustion that are on the same order of
magnitude as NO are also assumed negligible. Additionally, since CO
is an intermediate species of CO2 production, it is among the more
substantial of the minor species and is often used as a direct indi-
cator of combustion performance [12,13,28,29]. The overall one-step
reaction for combustion is assumed to have the following form,

C1H2bObNh þ aðO2 þ 3:76N2 þ gH2OÞ/c H2Oþ d COþ e CO2

þ 3:76a N2 þ g O2 þ h NO

(1)

On the left hand side of the reaction, the unknown wood fuel
composition is described as C1H2bObNh with the moisture content
of the fuel included as part of the composition. The moisture co-
efficient g describes the ratio of mole fractions between oxygen and
water in humid air, and is calculated from ambient humidity and
temperature measurements, leaving three unknowns (b, h, and a).
On the right hand side of the reaction, the remaining species co-
efficients c, d, e, g, and the total moles, Ntot , leave a total of eight
unknowns. Three constraints are provided by measured values of
CO, NO, and O2 expressed as XCO ¼ d=Ntot , XNO ¼ h=Ntot and
XO2

¼ g=Ntot , respectively. Three more constraints come from
atomic balances for C, H, and O (N is dependent on the NO mea-
surement) along with the condition that the mole fractions sum to
unity. Closure of the system of equations is obtained from mea-
surements of fuel mass loss and air flow rate,

_mf

_ma
¼ MWC þ 2bMWH þ bMWO þ hMWN

a
�
MWO2

þ 3:76MWN2
þ gMWH2O

� (2)

In total, eight equations are solved and are expressed in matrix
form as,
2
66666666664

0 0 0 0 �1 0 0 XCO
0 0 0 0 0 0 �1 XO2

0 �1 0 0 0 0 0 XNO
0 1 3:76 1 1 1 1 �1
0 0 0 0 1 1 0 0
2 0 2g �2 0 0 0 0
1 �1 ð2þgÞ �1 �1 �2 �2 0
U �MWN J 0 0 0 0 0

3
77777777775

2
66666666664

b
h
a
c
d
e
g

Ntot

3
77777777775

¼

2
66666666664

0
0
0
0
1
0
0

MWC

3
77777777775

(3)

where the quantities J and U are defined as,

J ¼
_mf
_ma

�
MWO2

þ 3:76MWN2
þ gMWH2O

�
(4)

U ¼ ð � 2MWH �MWOÞ (5)

The system of equations are solved for each sample measure-
ment using Gaussian elimination. The resulting analysis provides
real-time C, H, O, and N atomic ratios for the non-homogeneously
decomposing fuel, and emissions mole fraction of species
(CO2;H2O;CO;NO;O2 and N2) in the flue exhaust.
3.1. Experimental validation: TDLAS measurements of CO2 and H2O

Tunable diode laser absorption spectroscopy is used to directly
measure the concentrations of CO2 and H2O of the exhaust gas in
the flue in order to validate the new analysis. Accurate measure-
ments of mole fractions are obtained because the signal is a result
of individual ro-vibrational molecular absorption transitions, and
the lineshape of the gas absorption features are well defined. A
schematic of the diagnostic setup is shown in Fig. 5.

The infrared laser diode is a distributed feedback quantum
cascade laser constructed by Nanoplus specifically for emission at
2:715 mm, packaged in a TO-5 heat sink housing with a collimation
lens on the front. A Lightwave ILX LDC-3721 laser diode driver and
thermoelectric cooler (LDD-TEC) is used to control the laser. The
diode emits at 2:715 mm when the temperature is 37�C and the
current is 155 mA (output power of 5:4 mW). To scan through a
wavenumber range, the output current is modulated using a Tek-
tronix AFG3051C arbitrary function generator, with a frequency of
20 Hz. The function generator output is connected to the LDD-TEC
input, and modulates the output current of the LDD to the laser.
The small, controlled current modulation scans the laser from a low
to high wavelength. The wavenumber scan range used for these
measurements is approximately 3683:5 cm�1 to 3686:5 cm�1. This
range is used to capture both CO2 and H2O peaks in a single ramp.

Due to incomplete combustion, soot is also present in the
exhaust gases, and can accumulate on the CaF2 windows. To miti-
gate this effect, the windows are bathed with N2 throughout the
duration of a run. To eliminate absorption in the laboratory air, the
laser pitch and laser catch sides are housed in acrylic boxes that are
purged with N2.

Every ten seconds, the system collects four ramps with 10;000
data points (2500 points per ramp). Running at a frequency of
20 Hz, four ramps are scanned over a period of 0.2 s, which is faster
than the transients occurring in the boiler. Three detectors are
connected to a data acquisition system (National Instruments). The
first detector captures the signal through a solid germanium etalon
with a free spectral range of 0:73 GHz, which is used to convert
between arbitrary time and wavenumber. The second detector
captures the absorption signal through the flue gas. The third de-
tector captures a baseline ramp, which is N2 purged over its entire
line-of-sight such that there is no absorption. This line-of-sight



Fig. 5. TDLAS setup showing pitch and catch configuration with zoomed in flue and catch side image.
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passes through the baseline tee, which extends from window to
window in the flue, and is pumped with N2 throughout the run.

The data from the three detectors is used to convert the raw
signal (arbitrary voltage versus arbitrary time) into the final
transmission versus wavenumber signal, which is compared to
simulations obtained using a line-by-line code. The path length
through the flue gas is known precisely, and the temperature of the
gas is known from a thermocouple located just upstream of the
measurement. Simulations are performed for various combinations
of CO2 and H2Omole fractions at the given temperature, and a Chi-
square error surface is constructed fromwhich the minimum gives
the best-fit to the boiler data. The error surface monotonically de-
creases in all directions, such that the minimum found from the
simulations is assumed to be a global minimum. The error surface,
and corresponding raw data and best-fit simulation data can be
seen in Fig. 6.

4. Results

A comparison of TDLAS measurements versus emissions esti-
mates of CO2 (assuming either the VFF or CFF) is shown in Fig. 7. The
data bars represent variation in the measurements over three runs.
Comparison of the VFF against TDLAS measurements agree well
with a mean error of approximately 6%. The CFF formulation,
however, under predicts by a mean error of approximately 23%.
These differences are due to the preferential release of H2O early in
time which changes the effective composition of C, H, O, and N in
the wood. The VFF accounts for these changes, where the CFF
inherently does not. The location of the peak CO2 range (Fig. 7)
corresponds approximately to the minimum CO (Fig. 3b). Within
this period between 1 and 2.5 h, the excess air ratio is at its mini-
mum (approximately 3), and together with higher gas tempera-
tures (Fig. 4) creates favorable oxidation conditions, resulting in an
increase in CO2 and decrease in CO [30].

The early release of H2O can be seen in Fig. 8 where a compar-
ison of the calculated VFF and CFF against TDLASmeasurements are
presented. Excellent agreement is observed between the TDLAS
measurements and the VFFwith an approximatemean error of 14%.
However due to the uniform fuel assumption of the CFF, H2O is
underpredicted at early times and overpredicted during the char-
coal oxidation stage, resulting in a mean error of approximately
64%. This direct comparison to TDLAS demonstrates the clearly
erroneous assumption of a constant fuel approach, and shows that
the VFF provides a more accurate physical description.

4.1. Time history: elemental fuel composition

Red oak has an approximate composition of C1H1:7O0:72N0:001
[31], and with the 8:3% dry basis unbound water, is approximately
C1H1:94O0:83N0:001. Since no constraint in the emission analysis has
been placed on the exact fuel composition and moisture content,
the elemental composition of the fuel can be determined as a
function of time. Fig. 9 shows the ratios H=C, O=C, and N=C as a
function of time. Distinct stages of drying, pyrolysis/combustion
and charcoal oxidation are identified in Fig. 9. In the drying stage,
the majority of unbound fuel moisture has been driven from the
fuel, resulting in an increase in effectiveH andO atomic ratios in the
fuel. This is further supported by integrating the fuel based H2O



Fig. 6. (a) c2 error surface with minimum indicated (red), and (b) comparison of raw data and best-fit simulation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. CO2 comparison of variable fuel and constant fuel formulations with TDLAS.
Shaded region represents approximate TDLAS error.

Fig. 8. H2O comparison of variable fuel and constant fuel formulations with TDLAS.
Shaded region represents approximate TDLAS error.
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where approximately 2.2 kg (amount of freeH2O contained in 28 kg
of 8.3% moist fuel) has been release at approximately 0.25 h, cor-
responding with the end of the drying stage. The second stage
consists of a combination of virgin fuel pyrolysis and combustion
resulting in a linear decrease in H and O with time until the fuel H
has been oxidized. Stage three, starting at approximately 2.75 h, is
characterized by the full consumption of H and O leading to the
charcoal oxidation stage. The nitrogen slowly increases as the
remaining charcoal is further depleted.
4.2. Time history: heating value

The time dependent fuel composition can be used to estimate
the higher heating value (HHV) of the fuel [20].
HHV ¼ ð33:5½CC� þ 142:3½HC� � 15:4½OC� � 14:5½NC�Þ � 10�2

(6)

Equation (6) represents the (HHV) [MJ/kg] for biomass fuel
given a specified elemental mass percentage for carbon (CC),
hydrogen (HC), oxygen (OC), and nitrogen (NC) [20]. Fig.10 presents
the HHV for the variable fuel composition with comparison to
reference values for red oak (with 8.3% moisture content) and coal.
The images in Fig. 10 show the progression of the burn at early and
late times. As the virgin fuel dries early in time, it undergoes py-
rolysis and forms charcoal, and the HHV is reduced (close to the
constant value of 17:5 MJ=kg for red oak). The later burning is
characterized primarily by charcoal oxidation, where the HHV ap-
proaches that of coal (32:3 MJ=kg). The three modes of biomass



Fig. 9. Atomic ratio of H, O, and N normalized by C of the experimental variation in
BIOBLOCK® fuel composition.

Fig. 10. Comparison of variable fuel HHV with constant fuel values for red oak and
coal. Fuel images show early (mixed pyrolysis and charcoal formation) and late
(charcoal oxidation) fuel burn progression.
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conversion (drying, pyrolysis and char oxidation) are widely known
[6,20,32e34] and are confirmed in these results.

4.3. Time history: thermal efficiency

Thermal efficiency is often expressed in terms of total (inte-
grated) heat delivered (DQdel) divided by the total caloric chemical
energy available (DQcomb) of the fuel used, i.e., hth ¼ DQdel=DQcomb,
where a single efficiency is reported per fuel charge [4]. While this
definition provides an estimate of the average efficiency of an
appliance, it is limited since important transient information is lost.
The missing time dependent information is useful for under-
standing the boiler dynamics to improve function and design. An
instantaneous thermal efficiency (hth) is therefore desirable. The
practical calculation of it is difficult, since previously the time
dependent caloric value of the wood was unknown. Using the re-
sults from Fig. 10, hth can now be computed as:

hth ¼ ð _Qdel þ _QstorÞ= _Qcomb, where _Qcomb ¼ ð
��� _mf

���HHVÞ is the heat

produced from combustion. The term _Qstor ¼ CbmbðdTb=dtÞ repre-
sents the instantaneous heat transferred to the boiler and inferred
from the measured mean water and wall temperatures. The term
_Qdel ¼ Cw _mwðTw;out � Tw;inÞ is the delivered heat to the thermal
load (heat exchanger) which is experimentally determined from
measurements of the water temperature and flow rate going in
(Tw;in) and out (Tw;out) of the boiler. The inverse relationship be-
tween the fuel heat rate and the efficiency results in higher effi-
ciency with lower heat rate. This is due to the time lag associated

with heat transfer through the boiler. Fig. 11 shows _Qdel, _Qstor ,
_QcombVFF , and _QcombCFF versus time for a typical boiler run. It can be

seen that _Qdel and _Qstor are inversely proportional, indicating the
heat rate delivered from the water is coming from the boiler heat
capacitance, rather than from the heat generated from combustion.
Compared to the CFF description, the heat release from the VFF is
comparatively lower in the beginning and higher at the end, which
is consistent with the individual fuel descriptions for red oak and
coal. Fig. 12 shows a comparison of the VFF and CFF instantaneous
efficiency as a function of time. The efficiency using the CFF heating
value (Fig. 11, blue dashed line) results in non-physical values
greater than unity. It is only when the heating value derived from
the VFF (Fig. 11, red solid line) is used that physically realistic effi-
ciencies are achieved. Integrated thermal efficiencies (
hth ¼ ðDQdel þ DQstorÞ=DQcomb) calculated with CFF and VFF are
comparable at approximately hthCFF ¼ 50% and hthVFF ¼ 54%,
respectively.

5. Conclusions

An experimental facility was modified for further experimental
diagnostics, including measurements of fuel and air flow rates and



Fig. 11. Time varying heat rates of _Qdel , _Qstor , _QcombCFF and _QcombVFF for a characteristic
case.
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a TDLAS setup at the flue [15]. Emissions and flow rate measure-
ments are used in the new analysis and validated using direct, non-
intrusive, first principles-based TDLAS measurements of CO2 and
H2O. The analysis provides estimates of major exhaust species and
changes in elemental fuel composition using emissions measure-
ments of CO, NO, and O2 and flow measurements of fuel and air.
Good agreement was shown in the validation, comparing pre-
dictions of CO2 and H2O to TDLAS measurements.

This new analysis provides a clear description of the various
Fig. 12. Instantaneous real time thermal efficiency comparison using constant fuel
HHV versus time dependent variable fuel HHV.
stages in fuel decomposition for batch-run wood burning systems.
The changing elemental composition of the fuel is calculated
without direct knowledge of the exact wood type or unbound
moisture content. Three distinct burn stages are identified con-
sisting of drying, pyrolysis/combustion and charcoal oxidation.
Using the varying composition, a time dependent HHV is estimated
and shown to vary from 10 MJ=kg early in the heating process to
33 MJ=kg. These stages are consistent with the observed burning
modes. Lastly, the time dependent HHV is used to determine a time
dependent thermal efficiency which is useful for understanding the
instantaneous performance of the boiler.
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