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ABSTRACT: Combustion of biomass in a boiler releases alkali metals and chlorine which, together with silicon and sulfur, are
responsible for slagging, fouling, corrosion, and particulate emissions. This research investigated the effects of the primary
(under-fire) air flow rate, ṁair, and its preheating temperature on the ignition and burning rates of pinewood chips in a
laboratory fixed bed furnace and on the release of alkali metals and alkali earth metals (potassium (K), sodium (Na), calcium
(Ca), magnesium (Mg)) and chlorine. The air flow rate, ṁair, through the bed was varied in the range of 0.085−0.237 kg/(m2

s), resulting in an overall excess primary air coefficient λ varying from 0.56 to 1.1. Air was also preheated in the range of 20−135
°C. Results showed that increasing either ṁair or the air preheat temperature increased the flame propagation rate (ignition rate)
and the mass burning rate of the fuel. Moreover, the release of Cl was nearly complete (>99%) in all examined cases, whereas
the release of alkalis was only partial. Calcium was the most predominant alkali in the pinewood; however, potassium was the
predominant alkali in the released gases. The mass fraction of Na in the pinewood was much lower than that of K but it was
released more comprehensively. Increasing the air flow rate enhanced the release of K and Na significantly, whereas it enhanced
the release of Ca and Mg only slightly. Preheating the primary air preferentially increased the migration of K to the gas phase,
whereas Na, Ca, and Mg were affected only mildly. The preheated air promoted the transfer of chlorine to HCl. Overall,
moderately high primary air flow rates generate globally fuel lean conditions and mildly preheated air can enhance the mass
burning rate of pinewood and its conversion to fully and partially oxidized gases. However, they result in enhanced gasification
of the alkalis in the biomass. In the case of pinewood, this may be a minor concern, as the absolute values of such emissions are
low relative to other biomass fuels.

1. INTRODUCTION

In recent years, concerns about the environmental consequences
of the ever-increasing greenhouse gas emissions heightened the
global interest in the development of renewable energy sources,
such as biomass, solar, wind, tide, etc.1−4 As a result, renewables
are expected to be the fastest growing source of energy for
electricity generation, with probably annual increases averaging
2.9% from 2012 to 2040.5 Renewable biomass is a promising fuel
because of low net CO2 emissions and, thus, it can be used to
substitute fossil fuels for heat and power generation.4,6

Combustion is a widely used technology for harvesting energy
from biomass throughout humankind’s history.7 However,
biomass generally contains a number of alkali and alkaline
earth metals (AAEMs), Cl, Fe, S, etc., which can cause several
issues, such as fouling, slagging, and corrosion of heat transfer
surfaces, as well as particulate emissions.8,9 These issues can
have a detrimental effect on the operational efficiency and on the
lifetime of combustion equipment.10 Therein, potassium is
typically themost important fouling species, and the nonmetallic
element of Cl in those species (e.g., KCl) may accelerate
corrosion of equipment during biomass thermochemical
conversion.11,12 Therefore, a better understanding of the release
and transformation of AAEMs, particularly K, and Cl during
biomass combustion can help address this particular technical
problem caused by biomass utilization.

In addition, it is known that K is the most abundant cation in
biomass for plant nutrition and growth etc., and as an important
anion, Cl is responsible for balance;13 both K and Cl ions are
highly mobile. It has been reported that K transformations may
occur during both devolatilization and char burnout stages,
especially at high temperatures.14−16 In addition, it is typically
attested that the alkali metal K is either related to inorganic salts
or it is organically bound to the carbonaceous matrix.16−18

During the devolatilization stage, inorganic and organic K can
transfer to each other; therein the release of K may be promoted
as the organic matrix and can decompose even at low
temperatures.14,19

Baxter et al.8 burned woody and herbaceous materials in a
biomass-fired boiler and reported that chlorine facilitates the
mobility of many inorganic compounds, particularly potassium.
Moreover, they concluded that the concentration of chlorine in
biomass often dictates the amount of alkali metal vaporized
during combustion more strongly than the concentration of
alkali in the biomass. Biomass fuels with high potassium,
chlorine, silicon, and sulfur contents, such as straws and other
herbaceous plants, are particularly problematic as they cause
furnace slagging and rapid fouling of heat transfer surfaces.8 In
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addition, the chlorides such as KCl and NaCl are known to
increase the corrosion rate of stainless steel surfaces of
superheater heat exchangers used inside boilers at temperatures
lower than the melting temperature of the salts and their
mixtures.20 It was reposted that both KCl and NaCl are equally
corrosive in the steam boilers, despite their different corrosive
structures.20 Therefore, during biomass combustion, attention
should be paid to the emissions of alkali metals and HCl, which
cause deposition on boiler surfaces, corrosion, and emit dust and
incomplete combustion species, including CO and particulate
matter.21 All of these problems can disturb the combustion
process, impair efficiency, and cause undesirable shutdowns.
Furthermore, if HCl is released to the atmosphere, it can cause
acid rain and respiratory diseases.22−25 Also, HCl can be the
precursor to dioxin formation in the presence of unburned
carbon, as reported by Björkman and Strömberg.13

Previous work by Johansen et al.26 investigated the release of
Cl, S, and K during the combustion of wood chips and corn
stover and observed that chlorine was nearly completely
released, whereas K was only partially released. Meng et al.27

burned various blends of pinewood (a low Cl, K, and S biomass)
and corn straw (a high Cl, K, and S biomass) in a fixed bed and
they also found that the release of chlorine was nearly complete.
Moreover, they reported that the molar Cl/K ratio increased in
the fuel blend as the amount of corn straw increased, resulting in
enhanced alkali release to the gas phase, in agreement with the
aforementioned conclusion of Baxter et al.8 Ren et al.4 addressed
the emissions of hydrogen chloride from burning corn straw (a
high Cl, K, and S biomass) in a fixed bed and found that chlorine
was only partially released to the gas phase. Moreover, they
found that increasing the flow rate of the primary air through the
bed (ṁair) led to a higher conversion ratio of chlorine to
hydrogen chloride. Finally, Meng et al.28 burned a 50−50%
blend of pinewood and corn straw (i.e., moderate Cl, K, and S
blend) in a fixed bed and found that increasing ṁair increased the
amounts of both alkalis and chlorine released to the gas phase.
This study focused on the important combustion performance
parameters of waste pinewood chips (a low Cl, K, and S
biomass) in a fixed bed and assessed the evolution of alkalis and
chlorine. The effects of ṁair through the bed and the effects of
preheating air on the combustion performance parameters and
the evolution of alkali and alkali earth metals (AAEMs) and
chlorine (such as HCl) were investigated.
Woody biomass is most commonly used as fuel in grate

combustors and, to a lesser extent, in fluidized bed furnaces. In
the former combustors, moving grate systems are the prevalent

equipment in medium and small-sized district heating and
industrial units.29−31 Fixed bed reactors with stationary grates
can be used in the laboratory to simulate the moving grate
systems.31,32 This is because, compared to the prevalent vertical
gradients of temperature and concentrations of species in the
bed layer, the horizontal gradients are relatively small. Hence,
heat and mass transfer in the bed can be only considered in the
vertical direction.33 A fixed bed reactor is simpler to operate and
collect data with minimum running costs.34 Therefore, this
experimental study herein was performed in a fixed bed reactor
with a stationary grate.

2. EXPERIMENTAL APPARATUS AND BIOMASS FUEL
2.1. Experimental Apparatus. Biomass was burned in a one-

dimensional fixed bed inside a vertically oriented cylindrical
combustion chamber, depicted in Figure 1. The chamber is 1.30 m
high, with an inner diameter of 180mm, and is composed of three layers
of materials in the wall. The inner layer is made of 50 mm thick alumina
refractory pouring, themiddle insulating layer is composed of a 150mm
thick refractory fiber cotton wall, and the outer protective sleeve is made
of Cr18Ni9Ti steel. More details about the experimental test rig are given
in ref 27.

The fixed bed furnace setup consists of four systems: the furnace, the
air supply system, the air preheating system, and the measurement
systems. During the experiments, heat was supplied to a fixed bed of
biomass by burning propane gas. A gas nozzle was placed at a furnace
height of 750 mm away from the grate and it was tilted to 45°. At the
beginning of each experiment, a propane torch was ignited and then its
flow rate was kept at a constant value that was sufficient to maintain the
chamber temperature at around 900 °C. The pinewood was heated by
radiation and convection from the high temperature propane flame.
The bed temperatures were monitored by armored K-type
thermocouples at different bed heights, at 11 different positions
specified in Table 1. The measuring range of the armored K-type
thermocouples was 0−1390 °C, with a measurement error of ±2.5 °C.
A gas-sampling probe was inserted at 388 mm above the grate to
monitor the gaseous emissions of combustion. In a number of
experiments, the primary combustion air (under-fire air) was heated

Figure 1. Schematic illustration of the fixed bed furnace for the combustion of the biomass fuels.

Table 1. Thermocouple Locations in the Fixed Bed

number
distance to the grate surface

(mm) number
distance to the grate surface

(mm)

1 748 6 208
2 560 7 118
3 478 8 28
4 388 9 −90
5 298
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using an electric preheater incorporating a spiral-tube heat exchanger
and, afterwards, it was supplied to the bottom wind box of the furnace
and then to the fuel bed through the porous metal grate. Its flow was
controlled by a flow meter and its temperature was monitored by the
bottommost level 9 thermocouple (T9) shown in Figure 1.
2.2. Experimental Procedures and Fuel Properties. Air-dried

pinewoodwas selected for these experiments based on its relatively high
planting rate in northern China. Pinewood residues were collected from
a timber mill of Heilongjiang Province, China. The proximate and
ultimate analyses of air-dried pinewood (moisture content4.72%)
are listed in Table 2.
In these experiments, the pinewood chips were in the form of

parallelepipeds with approximate dimensions of 5× 2× 1 cm3 and were
packed in beds weighing approximately 2.5 kg and having heights of 540
mm and diameters of 180 mm. To investigate the effect of primary air
flow on the AAEMs and Cl released to the gas phase during pinewood
combustion, experiments were conducted with four different primary
air flow rates through the grate at the bottom of the reactor (under-fire
air) without preheating, i.e., at a temperature of 20 °C. The detailed
experimental conditions are listed in Table 3. In addition, experiments
were also conducted to preheat the primary air to the temperatures of
85 and 135 °C. On the basis of the stoichiometric fuel/air ratio of the

pinewood fuel (approximated as CH1.46O0.61N0.029S0.0016 from its
ultimate analysis) and on the actual fuel/air ratio from the experimental
data, overall (global) excess air coefficients were calculated as λ = (mair/
mfuel)actual/(mair/mfuel)stoichiometric = (VairAΔtρair/mfuel)actual/(mair/
mfuel)stoichiometric, (Δt indicates the time of combustion and Vair is the
air flow velocity and A represents the cross-sectional area of the bed)
and are also shown in Table 3.

The combustion effluent gases were first heated to 180 °C to avoid
condensation of H2O, which can absorb HCl and then they passed
through a fiber filter to collect particles. Thereafter, gas analysis was
performed by Fourier transform infrared spectroscopy (using a
GASMET DX4000 instrument), which quantified HCl and other
species, such as CO2, CO, and CH4, in the hot and humid sample gas.
The LabVIEW software recorded the analyzer signals through a data
acquisition card (Data Translation PCI-6221). All experiments were
repeated in triplicates, the mean values of which and one standard
deviation for each case are presented in the ensuing Experimental
Results and Discussion Section.

During pinewood combustion, the bottom ash and the fly ash were
also collected and analyzed by the following procedure. Solid ash
samples were digested as a solution first, following the method in ref 4.
(i) Solid particles were first dried at 105 °C for 2 h. (ii) Thereafter, the
samples were added into an ultra-high purity (metal impurity content of
less than 1 ppb) solution consisting of 6mL of HNO3 and 2mL ofH2O2
for 2 h. (iii) Subsequently, a new solution (HNO3/H2O2/HF = 4:2:2)
was added into the samples and the samples were heated at a rate of 20
°C/min to 120 °C and were kept at this temperature for 5 min. (iv)
Afterwards, the samples were heated at a heating rate of 16 °C/min to
200 °C and they were kept at this final temperature for 1 h. At the end of
this procedure, the digested solutions were used to monitor (a) the
mass fractions of AAEMs (Ca, K, Na, andMg) in the ash by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) and (b) the

Table 2. Chemical Compositions (wt %) of the Selected Pinewood Fuel

Table 3. Experimental Operating Conditions

primary air flow rate
(L/min)

mass flux of primary air ṁair
(kg/(m2 s))

excess primary air
coefficient (λ)

100 0.085 0.56
160 0.135 0.87
230 0.194 0.92
280 0.237 1.1
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mass fractions of Cl by ion chromatography. The corresponding
fraction of AAEMs and Cl are listed in Table 4.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Effects of Primary Air Flow Rate, m air, on AAEMs and Cl

Release. 3.1.1. Combustion Characteristics. The fuel bed temper-
ature histories at different heights of the bed, which were monitored
with the thermocouples T2−T8, are shown in Figure 2 at different ṁair
settings. The ignition delay, temperature gradient upon ignition (°C/s),
the average flame propagation rate (ignition rate), and the average
burning rate are listed in Table 5. The bed of pinewood chips was
ignited at the top by a propane flame which heated the bed by radiation
and convection, see Figure 1. The temperature gradient upon ignition
was defined as the time elapsed for the temperature in each bed layer to
increase from 300 to 800 °C.35 Ignition delays were in the range of
1699−2370 s and were attributed to the times needed for heating up the
fuel to its devolatilization temperature. Once the pinewood was ignited,
at about 160 °C, the corresponding bed temperature increased rapidly
as shown in Figure 2. With the increase of ṁair in the range of 0.085−

0.237 kg/(m2 s), the temperature gradient increased from 7 to 11 °C/s
(by∼60%) because of the additional supply of oxygen (i.e., a higher λ).

After the flame front passed by the location of a given thermocouple,
the bed temperature decreased mildly and then it leveled off. As hot
combustion gases moved upwards, passing by the thermocouple, they
experienced heat loss to the inner furnace walls, hence, their
temperature dropped. At the same time, as the furnace walls got
progressively hotter with time, the bed temperature at the location of
that thermocouple increased again.28,36 As the flame approached the

Table 4. Mass Fractions of K, Na, Ca, Mg, and Cl in the Ash; Left Section: At No Air Preheat (Tin = 20 °C); Right Section: At a
Fixed Air Flowrate (m air = 0.135 kg/(m2s))

ṁair (kg/(m
2 s)) preheated air temperature (°C)

species 0.085 0.135 0.194 0.237 20 85 135

chlorine (%) 0.02 0.01 0.03 0.02 0.01 0.01 0.02
calcium (%) 24.11 25.51 26.91 28.41 25.51 25.99 26.59
sodium (%) 0.60 0.38 0.45 0.48 0.38 0.44 0.41
potassium (%) 5.59 5.68 5.39 5.08 5.68 5.49 4.58
magnesium (%) 6.12 7.06 7.01 7.09 7.06 6.76 6.82

Figure 2. Bed temperature histories at different heights from the grate. The temperature of the primary air entering the bed was 20 °C. The vertical
dashed lines denote that the flame approached the bottom of the bed and the char combustion became dominant near the grate surface.

Table 5. Combustion Parameters at Different Primary Air
Flow Rates, m air
ṁair (kg/(m

2 s)) 0.085 0.135 0.194 0.237
ignition delay time (s) 1699 1705 1764 2370
temperature gradient (°C/s) 7 8 9 11
flame propagation rate (ignition rate)
(mm/s)

0.33 0.38 0.45 0.47

burning rate (kg/(m2 s)) 0.025 0.027 0.034 0.035
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bottom of the bed, the temperatures in layers (T7 and T8) were the
hottest, exceeding by ∼400 °C the temperatures of the upper bed
layers; see Figure 2. This was attributed to diminished heat transfer, as
the chamber wall heated up, and to widespread combustion of
accumulated chars in addition to the combustion of any remaining
volatiles. At increasingly higher ṁair, the peak temperatures of all layers
increased and it even exceeded the upper limit of the K-type
thermocouples used in these experiments. As a result, combustion
becamemore intense and the fuel burnout time in each layer decreased.
Furthermore, with the increase of ṁair the flame propagation rate

(mm/s), which represents the flame travel velocity,30 increased by
∼40%. This parameter is also termed the ignition rate and represents
the average propagation rate of an ignition wave.35 Accordingly, the
burning rate (kg/(m2 s)), defined herein as the mass loss of the biomass
over time per unit cross-sectional area of the cylindrical combustion
chamber perpendicular to its vertical axis,37 increased from 0.025 to
0.035 kg/(m2 s), as listed in Table 5. Burning rates of pinewood are
higher than those of corn straw examined earlier,33 at comparable ṁair.
The experimental burning rates are plotted against ṁair in Figure 3.

Therein, calculated stoichiometric burning rates are also included.
Actual burning rates are higher than stoichiometric burning rates at the
first three experimental conditions, where the overall fuel-rich
conditions prevailed. This difference may be attributed to the
contributions of gasification reactions.35 As the burning rates increased
with ṁair, the amounts of unburned carbon remaining in the ashes on
the grate, at the bottom of the bed decreased, from 12 to 4.5%, as shown
in Table 6. This trend is in line with the increase of carbon conversion to
CO2 and CO with ṁair. Methane, was the most predominant detected
unburned hydrocarbon and accounted for a significant fraction of the
pinewood carbon, particularly so at the lower ṁair. This is in agreement
with the aforementioned possibility of significant gasification reactions.
Methane emissions decreased with increasing ṁair, such a phenomenon
was attributed to the increased heat generation upon ignition and
sufficient oxygen at higher ṁair.

3838 Therefore, it was confirmed that the
combustion of the pinewood bed was more effective at high air flow
rates.

3.1.2. Effect of ṁair on AAEMs Release. The release of AAEMs (K,
Ca, Na, and Mg) and chlorine to the gas phase during pinewood
combustion in a fixed bed was calculated based on the difference of the
initial contents of AAEMs and Cl in the raw pinewood, shown in Table
2, and their contents in the residual ashes after burnout,29 shown in
Table 4. Therefore, to investigate the release of K and other alkali
metals during pinewood combustion, the mass-based emissions of
AAEMs (mg/g fuel) are represented in Figure 4a, the molar emissions

Figure 3. Actual and calculated stoichiometric burning rates of
pinewood biomass as a function of ṁair.

Table 6. Conversion of Carbon to Carbon-Containing Gases and Unburned Carbon in the Ash at Different Values of m air

ṁair
(kg/(m2 s)) C (%) released as CO2 C (%) released as CO C (%) released as CH4 C (%) released as C2H6 C (%) retained in the ash C (%) not detected

0.085 42.7 9.3 12.6 0.12 12.0 23.27
0.135 44.1 12.9 10.9 0.08 7.3 24.7
0.194 50.6 16.3 10.0 0.07 5.5 17.6
0.237 57.2 20.0 6.5 0.09 4.5 11.8

Figure 4. Integrated AAEMs (K, Na, Ca, and Mg) (a) mass emissions
(mg/g pinewood), (b) molar emissions (mmol/g pinewood), and (c)
mass fractions of AAEMs released to the gas phase during pinewood
combustion in a fixed bed furnace. The temperature of the primary air
entering the bed was 20 °C.
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(mmol/g fuel) are shown in Figure 4b, and the fractions of biomass

AAEMs released to the gas phase are shown in Figure 4c. The results of

this calculation show that calcium and potassium were the most

prominent emissions of AAEMs followed by magnesium and sodium.

Figure 5.HClmass emissions (μg/unit g pinewood) versus time at different air flow rates, ṁair. The temperature of the primary air entering the bed was
20 °C.

Figure 6. Integrated chlorine (a) mass emissions (mg/g pinewood); (b) fuel Cl (%) fraction released to the gas phase, Cl conversion to HCl, and Cl
conversion to other gaseous species; (c) molar emissions (mmol/g pinewood) of K and Cl to the gas phase during pinewood combustion in a fixed bed
furnace. The temperature of the primary air entering the bed was 20 °C.
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The amounts of AAEMs released to the gas phase increased with
increasing ṁair as the bed temperatures got hotter; see Figure 2. Higher
temperatures in the bed may have reached or exceeded the boiling
points of K, Na andMg, and Ca (759, 883, and 1070°, respectively) but
barely that of Ca (1464° C).
The fractions of alkali earthmetals (Ca andMg) that were released to

the gas phase were lower (10−19% and 24−34% respectively) than
those of the alkali metals (K and Na which were 36−48 and 60−68%,
respectively), whereas the mass emissions and molar emissions of Ca
and Mg were higher than their aforementioned fractions; see Figure
4a,b. In addition, in the range of lower ṁair, 0.085−0.135 kg/(m2 s), the
variation of ṁair had little effect on Ca release, which attests that Ca is
stable in the solid particles. As reported by Aho et al.,39 the main
possible reaction pathway of Ca during the devolatilization stage is the
reaction with sulfur oxide and the formation of stable CaSO4, which can
adhere to the surface of the solid particles. Therefore, increasing peak
bed temperatures at higher ṁair, in the range of 0.294−0.237 kg/(m2 s),
exceeded the boiling point of Ca and caused an additional release (by
28%) to the gas phase. Furthermore, it has been reported16,17 that
during the char burning stage, escaping silicates to the outer structure of
the biomass encounter the retained AAEMs and, upon preferential
reaction with Ca and Mg, they remain in the ashes. This supports the
observed low release of alkali earth metals to the gas phase during char
combustion.
With the increase of ṁair, the fractions of K and Na released to the gas

phase increased. Even if the fraction of sodium released was higher than
the fraction of potassium, the total amount of the latter was higher than
that of the former by a factor of five or more. This is because the
pinewood contains nearly 10 times more K than Na; see Table 1. Since
potassium is the most important fouling species in combustors,40 the
release and transformation of K during pinewood combustion is
important. The increasing bed temperatures, with increasing ṁair,
facilitate the release of K, both from inorganic salts and from organically
bound compounds.8−17 To assess the main form of K in the pinewood,
chemical fractionation analysis was performed.41 Powdered pinewood
was mixed thoroughly with deionized water, and then the filtered fluid
was tested for its K content by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). Based on the content of K element
in the filtered fluid, it was determined that approx. 88.4% potassium
could be dissolved in water; hence, it was concluded that most of K in
pinewood was in the form of an inorganic salt. The results were
consistent with those of Zhang et al.,42 who reported that the main
anions in pinewood water solution are Cl− and HCO3

−. Accordingly,
the relatively lower melting point of potassium chloride (mpKCl ∼ 770
°C) than that of potassium carbonate (mpK2CO3

∼ 900 °C)43 suggests
that KCl should be more volatile during the devolatilization stage.
Therefore, the main release of K during the combustion of volatiles of
pinewood was probably caused by the evaporation of KCl, which is in
agreement with Zhang et al.42 In fact, the bed temperature in the volatile

burning stage did not reach the boiling point of KCl(s) (1420 °C).
However, during the biomass devolatilization period ion-exchange
reactions with function groups in the organic matrix, such as R-
COOH(s) + KCl(s) → R-COOK(s) + HCl(g),44 may have taken
place. This is supported by the time-revolved evolution of HCl, shown
in Figure 5. Most of the HCl appears to have been released during the
volatile matter burning stage. During the char burning stage, with the
increasing ṁair, the peak bed temperature increased to values reaching
and exceeding 1400 °C. At these temperatures, K could be released to
the gas phase, mostly as KCl and partially as K2CO3, etc. This is
consistent with the results of Knudsen et al.16

3.1.3. Effect of ṁair on Chlorine Release. The effect of ṁair on the
release of Cl was investigated in this work. As shown in Figure 6, the
chlorine release from pinewood was nearly complete at all ṁair
conditions with the specific mass emissions of 0.3 mg/g fuel. This
result is in contrast with the combustion of corn straw in this
laboratory,4 which released only 25−40% of its chlorine to the gas
phase, albeit with much higher specific mass emissions in the order of
1−2 mg/g fuel, as pinewood has much lower chlorine and potassium
contents than corn straw.28 The fact that corn straw retains a higher
fraction of its chlorine in the ash than pinewood can be explained based
on the fact that it contains more organically bound chlorine, whereas
such chlorine can be more readily released during the volatile phase and
it can be recaptured by the alkalis in the char. Since corn straw has a high
potassium content, far in excess of its chlorine content,45 it can
effectively capture more chlorine than pinewood in the chars. These
results are in qualitative agreement with those of Johansen et al.,26 who
investigated the combustion of corn and wood blends in a grate reactor.

The fractions of Cl converted to HCl, shown in Figure 6, increased
with the increase of ṁair, until 0.237 kg/(m2 s) was reached and,
thereafter, they decreased. Most of the HCl appeared to have been
released during the volatile matter combustion stage; see Figure 5. The
organic Cl can easily convert to HCl at a relatively low temperature
(<500 °C) and up to 50 wt % of the Cl was released as HCl. At the same
time, the release of other unidentified chlorine-containing species
followed the opposite trend of HCl. Such species are likely to be mostly
KCl, as previously mentioned, and in smaller amounts CH3Cl and other
alkali salts and carbonates. The likelihood that K is mainly released as
KCl is supported by the fact that the molar emissions of K were nearly
equivalent to those of Cl, as shown in Figure 6c. In addition, HCl
emitted at the volatile combustion stage could be recaptured by K+ in
the char, since HCl-containing combustion gases moved upwards in the
bed through the accumulating thick layer of chars, which moved
downwards. The overall reaction can be represented as char-O−K+(s)
+ HCl(g)→ char-OH(s) + KCl(s,l).46 As the maximum temperatures
occurred at the char burning stage (near the bottom of the bed), see
Figure 2, evaporation of KCl on the char occurred to the gas phase.
Hence, higher K emissions occurred at higher ṁair, which induced
higher char temperatures, see Figure 2.Moreover, the less stable K2CO3

Figure 7. Bed temperature histories at different heights in the bed (typical air cases: (a) 20 °C without preheating air; (b) preheating air to 135 °C).
The ṁair was kept at 0.135 kg/(m

2 s). The vertical dashed lines denote that the flame approached the bottom of the bed and the char combustion
became dominant near the grate surface.
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could have reacted with HCl, according to the K2CO3 + HCl(g) →
2KCl(g) + H2O(g) + CO2(g) reaction, which could have captured
additional HCl and released more KCl.46 However, with the increase of
ṁair, the increasing CO2 partial pressure (shown in Table 5) could have
shifted the equilibrium to the opposite direction.47

It is possible that CH3Cl could also have formed during biomass
pyrolysis and combustion along with HCl.48,49 CH3Cl and HCl are
competing for Cl radicals during biomass pyrolysis and combustion. It
has been reported that Cl radical-generated CH3Cl accounts for about
3% of the total chlorine-bearing gases during combustion50,51 or even
less at high temperatures.4

3.2. Effect of Preheated Air Temperature on AAEMs and Cl
Release. The second part of this work investigated the effects of
preheating the primary (over-fire) air temperature on the release of
AAEMs and Cl during pinewood combustion in the fixed bed. In these
experiments, the air flow rate was kept constant at 0.135 kg/(m2 s). This
particular flow rate was chosen because up to this value the release of K
increased only mildly with ṁair, whereas beyond this value the release of
K increasedmore drastically; see Figure 6c. Thus, higher flow rates were
not chosen, as they might have obscured the investigation of the effects
of preheated air on the release of AAEMs. As shown in Figure 7,
increasing the air temperature from 20 to 135 °C, lengthened the
ignition delay significantly (by 30%), and caused a shorter burnout time
(by 18%). The experimental results confirmed that the biomass burns
faster with preheated air, and the burning rate increased from 0.027 to

0.032 kg/(m2 s) (by 18%) during pinewood combustion in a fixed bed,
as shown in Table 7. This can be attributed to the fact that increasing
the primary air temperature enhances moisture removal and, thus, the
drying of the biomass.52 Meanwhile, the flame propagation rate
increased with the preheating of air, from 0.38 mm/s at 20 °C to 0.48
mm/s at 135 °C (by 26%). These results are in agreement with those of
Zhao et al.,36 who reported that the flame propagation rate is controlled
by both the burning rate of the fuel and by the heat transfer to and from
the flame zone.
The combustion effectiveness of the fuel in the fixed bed was assessed

based on the conversion of carbon in the fuel to CO2 and/or the
amount of unburned carbon in the ashes, shown in Figure 8. The CO2
emission increased from 44 to 52% when the air preheat temperature
increased from at 20 to 85 °C, the condition where the amounts of CO
and unburned methane were the lowest. When air was preheated
further to 135 °C, the CO2 emissions decreased and those of CO and

methane increased. The unburned carbon was lowest at the preheated
air temperature of 85 °C. This observation suggests some irregularity of
combustion in the bed, such as spot ignition away from the flame front.
Therefore, better combustion effectiveness for the pinewood appeared
to occur at a preheated air temperature of 85 °C.

The mass amounts of AAEMs released to the gas phase increased
with increasing the temperature of the preheated air, shown in Figure 9.
Specifically, the emissions of K increased from 0.2 to 0.39 mg/g fuel,
amounting to 37−61% of the potassium mass in the fuel as the
temperature was increased from 20 to 135 °C. The corresponding
sodiummass released to the gas phase was even higher, ranging from 69
to 73%, whereas those of calcium and magnesium were lower, ranging
from 12 to 13% and from 26 to 30%, respectively. These results show
that the temperature of the preheated air mostly affected the potassium
release. At low temperatures, potassium exists in the char in the form of
K-salts, mostly exposed on the surface of the solid particle. As the air

Table 7. Combustion Parameters at Primary (under Fire) Air
Preheat Temperatures at a Fixed Air Flowrate (m air = 0.135
kg/(m2s))

preheated primary air (°C) 20 85 135
ignition delay time (s) 1705 2180 2230
flame propagation rate or ignition rate (mm/s) 0.38 0.44 0.48
burning rate (kg/(m2 s)) 0.027 0.029 0.032

Figure 8.Conversion of C to CO2, CO and CH4, and unburned carbon
during pinewood combustion at different preheated air temperatures.
The ṁair was kept at 0.135 kg/(m

2 s).

Figure 9. Integrated AAEMs (K, Na, Ca, and Mg) at different primary
air temperatures: (a) mass emissions (mg/g pinewood), (b) molar
emissions (mmol/g pinewood), and (c) mass fractions of AAEMs
released to the gas phase during pinewood combustion in a fixed bed
furnace. The ṁair was kept at 0.135 kg/(m

2 s).
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temperature increased, higher flame temperatures were generated (see,
for instance, T2 in Figure 7), which are likely to have enhanced the
migration of K-salt to the gas phase. Moreover, it has been reported that
increasing temperature leads to fuel particles with increased porosity,16

whichmay have aided themigration of K-salt to the particle surface, and
therefrom to the gas phase.

The amounts of fuel Cl released to the gas phase and the specific
mass emissions of HCl, as well as those for other nonmeasured species
are shown in Figure 10a, at different preheated air temperatures
examined herein. The corresponding fractions of fuel Cl released to the
gas phase as well as the fractions of fuel chlorine which were converted
to HCl and to other unidentified species (such as KCl) are shown in
Figure 10b. In all cases, the total Cl mass emissions were nearly 0.3 mg/
g fuel, which corresponded to the entiremass of chlorine in the biomass,
i.e., Cl was released in its entirety (100%), whether air was preheated or
not. Meanwhile, by increasing the inlet air temperature from 20 to 135
°C, the mass emission of HCl increased from 0.124 to 0.157 mg/g fuel,
with the corresponding fractions of Cl being converted to HCl
increasing from 41 to 52%. The increased emissions of HCl may be
attributed to the faster flame propagation rate and burning rate at higher
air temperature. In addition, the preheated air accelerated the reaction
rate of pinewood combustion at the volatile combustion stage.53 This
increase in HCl emissions may be attributed to the fact that high air
preheat temperatures dried the fresh fuel in the bed. Then, as the
generated steam moved upwards, it increased the temperature of the
upper bed layers (seen in Figure 7) and it enhanced devolatilization
which, in turn, promoted HCl release. This is supported by the findings
of Yang et al.,54 who reported that the increased moisture can produce
higher flame temperatures. In such a case, the chemical equilibrium of

the reaction H2O⇌ OH + H is shifted to the products; therefore, the
generated OH and H radicals can readily react with Cl radicals and
augment the conversion of Cl to HCl at increasing preheat
temperatures.

Besides HCl and KCl, other chlorinated species possibly released to
the gas phase may include methyl chloride (CH3Cl). Johansen

47

reported that CH3Cl released fromwood chips was less than 0.4% of the
total quantity of Cl. Therefore, methyl chloride is not significant for the
Cl balance and KCl may be the primary compound in the “other”
category in Figures 5 and 10.

■ CONCLUSIONS
This investigation studied the effect of the specific primary
(under-fire) air flow rate, ṁair, in a fixed bed and its degree of
preheating on pinewood combustion performance parameters.
The release of fuel-bound AAEMs and chlorine to the gas phase
and the evolution of HCl were also investigated. Results from
this laboratory-scale investigation revealed the following:

(a) Increasing the ṁair from 0.085 to 0.237 kg/(m2 s)
increased the flame temperature, the flame propagation
rate (ignition rate), and the burning rate of the fuel bed.

(b) Increasing the ṁair increases the release of K to the gas
phase significantly (from 35 to 48%) and also the release
of Na significantly (from 60 to 72%). As the amount of K
in the fuel was much higher than that of Na, the emitted K
was more pronounced than the emitted Na by 5-fold.

(c) A large fraction (88%) of K in the pinewood fuel was
found to be in the form of inorganic salts, which during
combustion can generate gaseous KCl, and in lesser
amounts K2CO3, particularly at high ṁair.

(d) The entirety of the Cl mass in the pinewood fuel was
released to the gas phase at all combustion conditions
examined. As the ṁair increased, the amount of Cl
converted to HCl increased from 38 to 49%, and then
decreased to 27% at the highest flow rate.

(e) Preheating the primary air temperature from 20 to 135 °C
increased the flame temperature, the flame propagation
rate, and the burning rate, which resulted in increased
volatilization of all of the alkalis, particularly K, the mass
fraction of which increased from 35 to 61%.

(f) Preheating the primary air temperature from 20 to 135 °C
promoted the HCl emission. The release of Cl as HCl
increased from 41 to 52%.

Overall, a sufficiently high primary air flow rate resulting in an
overall excess air coefficient bigger than unity (λ > 1) and a mild
air preheat can be recommended to enhance the mass burning
rate of pinewood and its conversion to fully- and partially
oxidized gases (CO2 and CO). However, such conditions result
in enhanced gasification of the alkalis in the biomass. In the case
of pinewood, which contains low mass fractions of Cl and
AAEMs, the absolute values of such emissions are low relative to
other biomass types, such as straw.
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