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Biomass combustion generates renewable energy, which is optimized by designing a biomass combus-
tion system that controls excess air intake and evaluates the ash fouling/slagging potential. The objective
of this study was to (1) investigate the effect of excess air ratio (EAR) on the combustion of switchgrass
(Panicum vigratum L.) and hardwood, (2) assess their ash fouling and slagging tendencies, and (3) perform
an in-depth thermogravimetric kinetic analysis to understand their combustion. Switchgrass and hard-

K?ywordsf: | wood contained 17.5 and 17.7 MJ/kg of energy value, which was appropriate for heat generation. The
gloor;nbaj:tiss greatest energy conversion efficiency and combustion completeness rate were obtained with an EAR of

20% for switchgrass and 30% for hardwood based on our combustion system with 4 mm particles of fuel.
Kinetic analysis confirmed that increasing the oxygen availability resulted in superior energy conversion.
In general, switchgrass ash had lower fouling and slagging tendencies than hardwood owing to its more
acidic chemical composition. Heat and mass transfer delays were still observed from this combustion sys-
tem, thus making the combustion request more air to even achieve a stoichiometric condition. However,
rather than an ideal test (e.g. single particle combustion), the conclusions made by this study were a prac-
tical guidance for boiler operations, since the heat and mass transfer delays were a common phenomenon
in real applications that should not be eliminated in our lab-scale studies.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction factors in boilers that decrease the air utilization efficiency and

retard the combustion completeness, such as the heat and mass

Switching to biomass fuel has the potential to lower the carbon
footprint in many industries because biomass is carbon-neutral,
compared to fossil fuels such as coal [1,2]. Energy conversion from
biomass fuel is readily achieved by direct combustion, an exother-
mic chemical reaction between carbohydrate material and oxygen
[3]. Compared to other common biomass energy conversions (e.g.
gasification or pyrolysis), direct combustion requires little extra
infrastructure when fossil fuel is switched to biomass fuel [4].
Thus, it is more technically feasible and has lower capital cost par-
ticularly for large power levels [5]. The air intake at combustion
determines the energy conversion and emissions from biomass
[6]. Insufficient air causes more CO emission and inferior energy
efficiency due to unburnt carbon [7]. However, there are many
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transfer delays. Hence, a biomass boiler typically incorporates
10-30% of excess air (EAR = 1.1-1.3) (Eq. (1)), above that required
by stoichiometric condition (EAR = 1.0), to maximize the energy
output [8]. Yet, a high input of excess air in boilers will actually
lower the combustion temperature, thereby degrading the theo-
retical energy efficiency according to the Carnot thermodynamic
cycle.

_ Actual air supply
" Air demand at stoichiometric condition

(1)

Another crucial factor in biomass combustion is ash deposition.
Alkali metals (Na,O and K,0) in biomass can react with SiO, to
form alkali silicate that melts at below 700 °C. When these sticky
particles adhere to the cooler surface of the combustor, it results
in a fouling problem [9]. Meanwhile, Na,0 and KO also react with
sulfur if the temperature is above 700 °C, which forms alkali sulfate

Excess air ratio (EAR)
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Nomenclature

EAR excess air ratio, 1

SAFR stoichiometric air-fuel ratio, 1
W(t) gaseous volume concentration, %
N gaseous molecular mass, g/mol
S volume velocity of exhaust, L/s
Mg fuel load mass, g

ECE energy conversion efficiency, %
CCR combustion completeness rate, %/min
o decomposition rate, 1

Mo initial solid mass, mg

m; solid mass at time t, mg

my final solid mass, mg

solid-state reaction mechanism function

Arrhenius pre-exponential factor, min~!

solid-state reaction rate, t~!

solid-state reaction time, min

Arrhenius activation energy, kj/mol

absolute temperature, K

gas constant, J/mol K

o) integral function of solid-state reaction mechanism f{a)
heating rate, K/min

IHm x>
R

=0

that deposits on the heat transfer surface (slagging problem) [10].
Fouling and slagging reduce the heat transfer and accelerate corro-
sion of the combustor walls [11,12]. Thus, some empirical indices
were developed to assess the fouling and slagging tendencies of
biomass fuel, including basic-acid ratio (BA), fouling index (FI),
slagging index (SI) and slag viscosity ratio (SVR) [13]. These predic-
tive indices have proved consistent with real observation of com-
bustion systems those were fed with woody and agricultural
waste [14], straw and wood pellet [13] and sewage sludge [15].
Hence, the fouling and slagging tendencies of biomass fuels need
to be considered in designing biomass combustion systems.

Several biomass fuels are emerging as substitutes for fossil fuels
in eastern Canada due to the suitable climate and acreage available
for their growth, including switchgrass and hardwood residues
[16]. Switchgrass is a perennial warm-season bunchgrass that
yields up to 25 tonnes of dry matter per hectare [17]. It is rich in
volatile content (70.1-85.2%) and has an excellent calorific value
(18.0-26.2 MJ/kg) [18]. Hardwood residues are forestry wastes
from sawmills and other forestry operations that have a great
gross energy value compared to conventional biomass [19], such
as poplar (18.5MJ/kg), cereal straw (17.3 MJ/kg) or bagasse
(19.4 MJ/kg) [20]. Although combustion of these fuels was studied,
including fuel characterization [21], emissions [22], ash properties
[23] and combustion optimization [24], we are not aware of any
published work that examined how excess air affects their com-
bustion, and the fouling and slagging risks of these fuels in biomass
combustion systems.

Empirical data can be obtained from pilot-scale combustion
systems where switchgrass or hardwood residues are the fuel
sources, but such data is specific to the operating system and can-
not be extrapolated to larger-scale biomass combustors. Kinetic
analysis generates information that can be scaled up to optimize
the function of commercial-scale biomass combustion systems in
real-time [25]. For instance, choosing the right temperature to
optimize the energy conversion process requires kinetic analysis
[26], through methods such as non-isothermal thermogravimetric
analysis with the Coats-Redfern algorithm [27,28]. With this
method, blends of coal and pine sawdust were studied from 25
to 700 °C with 15 °C/min of heating rate. Coats—Redfern algorithm
was applied to determine the kinetic parameters, assuming com-
bustion was a two-state solid-state reaction [29]. Furthermore, this
method was also successfully used to investigate the combustion
of corn straw [30], peanut-tamarind shells [31], sewage sludge
[32], and even polyethylene/polypropylene [33].

This paper aimed to build up a laboratory combustion system to
provide some recommendations for real boiler operations. Based
on this design, we investigated the effect of excess air (0%, 10%,
20% and 30%) on the combustion of switchgrass and hardwood
(4 mm particle size). During these energy conversion processes,
we examined the factors including fuel mass loss, temperature

and gaseous emissions. Additionally, the ashes from all of these
tests were characterized to assess their fouling and slagging ten-
dencies. Furthermore, kinetic analysis of data collected from a
non-isothermal thermogravimetric analysis-differential scanning
calorimetry (TGA-DSC) provided an in-depth understanding of
the combustion properties of switchgrass and hardwood.

2. Material and methods
2.1. Materials preparation and characterization

Switchgrass was collected from Williamsburg and hardwood
residues (made of sawdust, free of additives) were gathered from
Groupe Savoie Inc., Canada. Subsamples of each residue were pul-
verized with a Pellet Pros Electric 1000E hammer mill to ~4 mm of
particle size (No. 5 mesh) and all analyses were performed in tripli-
cate. About 10 mg of ground sample was tested by the sequential
thermogravimetric method for proximate analysis. Ultimate analy-
sis was performed on about 25 mg of ground sample by micro-
combustion with a Carlo Erba EA 1108 elemental analyzer. Sulfur
content was measured with a HELIOS analyzer at 1350 °C. Higher
heating value (HHV) was measured with an oxygen bomb calorific
meter. Major mineral oxides and trace metal elements were
characterized by the Fusion Inductively Coupled Plasma (Fusion-
ICP) with a Varian Vista 735 ICP analyzer. Molecular formula
CHOyN,S,, were determined from the ultimate analysis.
Stoichiometric air-fuel ratio (SAFR) was calculated by assuming a
stoichiometric combustion of switchgrass and hardwood (Egs. (2)
and (3)) [34].

CHON,S, + (147 +2+w-3)(0; +3.76N;)

4 2
=CO, + ;Hzo +3.76 x aN, + zZNO, + wS0, 2)
142 —¥) x 28.97
SAFR — (1+2+z+w-13) x289 3)

12+x+16xy+14xz+32xw

where we assumed an exact stoichiometric condition for
switchgrass or hardwood combustion, and the molecular weight
of air was 28.97 g/mol.

2.2. Combustion system

A microscopic combustion system was designed for this study
(Figs. 1 and 2). The geometry of combustion chamber was
23.0 x 30.5 x 17.0 cm>. A fine mesh-wire basket (400 pm, No. 40
mesh) as a fuel holder (9.2 x 9.2 x 9.2 cm®) was installed inside
the combustion chamber. The fine mesh ensured even distribution
of air around the fuel. Fuel was ignited by an external torch at the
vertical midpoint of fuel holder. To measure the fuel mass loss
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Fig. 1. Schematic diagram (a) and real photo (b) of the biomass fuel experimental combustion system designed for this study. In (b), A: combustion chamber
(23.0 x 30.5 x 17.0 cm® of valid chamber volume); B: Bernoulli’s principle air injection and ejection system; C: ventilation system with 9.93 g/min of initial air supply
capacity; D: water-washing unit to remove the fine particle and tar from gaseous emissions and to cool down the gas flow for protecting the in-situ gas analyzer; E: Gas-board
3100P infrared in-situ gas analyzer (CO, CO, and O;); F: an adaptable external pump to provide extra airflow, which could be adjusted by switching different voltage
conversion rate; G: an adjustable voltage converter to change the airflow rate from external pump; H: data acquisition system with a signal converter; I: Inter-technology P3
strain indicator and recorder; J: the load cell that was used to measure the mass change of fuel sample.

during combustion, the fuel holder was suspended from an Elane
load cell with an Inter-technology P3 strain interpreter. Two
thermocouple sensors were placed, one at the bottom and one at
the top of the fuel holder. Airflow was expelled through a
Bernoulli’s ejector with an airflow volume speed sensor [35]. In
addition to an initial ventilation unit that provided 9.93 g/min of
air, we set up an adaptable pump for extra air supply (Fig. S1). A
fine gas sampling pipe was set on the ejector. Emissions (O, CO
and CO,) were analyzed by a Gasboard-3100P gas analyzer. All
in situ measurements were recorded by a data acquisition system.

2.3. Combustion test

Adjusting the pump voltage and initial fuel load permitted con-
trol of the EAR from 1.0 to 1.3 (0-30% of excess air) to determine
how this parameter affected combustion of switchgrass and hard-
wood (Table 1). The stoichiometric test with 0% of excess air (1.0
EAR) was considered as the control group. In each test run, biomass
was loaded in the fuel holder before combustion. Fuel mass loss
and temperature change were monitored throughout a 90 min
combustion. Based on the in-situ gaseous volume concentration
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Fig. 2. Photo on the detailed parts of the biomass fuel experimental combustion system. A: Elane 1.2 kg load cell that was used to measure the mass change of fuel sample; B:
Bernoulli’s principle air ejector; C: Air/exhaust distribution panel inside the combustion chamber; D: Assembled air injection and ejection system; F: Air injector with airflow

velocity measuring spot.

Table 1

Experimental design for investigating the effect of different excess air ratio on the combustion of switchgrass and hardwood in the experimental system.
Designation Fuel Excess air ratio External pump Actual air supply Stoichiometric air Initial fuel load (kg) Replication

voltage (%) (kg) demand (kg)

$1.0 (control) Switchgrass 1.0 0 0.89 0.89 0.20 3
S1.1 Switchgrass 1.1 10 1.03 0.94 0.21 3
S1.2 Switchgrass 1.2 20 1.34 1.12 0.24 3
S1.3 Switchgrass 13 30 1.65 1.27 0.28 3
H1.0 (control) Hardwood 1.0 0 0.89 0.89 0.19 3
H1.1 Hardwood 1.1 10 1.03 0.94 0.19 3
H1.2 Hardwood 1.2 20 1.34 1.12 0.23 3
H1.3 Hardwood 1.3 30 1.65 1.27 0.26 3

V(t) (%) in exhaust measured by gas analyzer, the total CO and CO,
emissions and O, consumption by 90 min combustion were
calculated by Egs. (4) and (5).

5400 x N x S x [° V(t)dt
100 x 22.4 x M;

CO or CO, total emission =

(4)

5400 x N x S x [3°21 — V(t)dt

0, total consumption = 100 x 22.4 x M,

()

where N was the molecular weight of CO, CO, and O, (g/mol), and S
was the volume velocity of exhaust (L/s). My corresponded to the
weight of fuel load in each batch of tests (g). After the tests, the resi-
dues were sampled, and char was separated from ash using a No. 35
sieve (500 um). Each test was replicated three times.

2.4. Combustion performance evaluation

Energy conversion efficiency (ECE) and combustion complete-
ness rate (CCR) were estimated to compare the combustion perfor-
mance. By considering the combustion as a “black box” with
various calorific inputs and outputs (Fig. S2), ECE (%) referred to

the ratio of heat release versus the total calorific inputs (Eq. (6)).
Meanwhile, the CCR (%/min) was obtained by Eq. (7) to reveal
the speed of fuel mass loss during the 90 min combustion.

_ Mf X HHVf — MCQ X HHVCO — Mch X HHVch %

ECE Mf X HHVf

100 (6)

M —Ma — M,

CeR= M; x 90 min

(7)
where My, Mco, Mch and M, are the initial fuel mass, total CO emis-
sion, char and ash product mass. HHV;, HHV¢o and HHV,, corre-
spond to the HHV of fuel (17.5M]/kg switchgrass, 17.7 M]/kg
hardwood), CO (20.5 MJ/kg) and char (29.6 M]/kg), respectively.

2.5. Ash characterization and fouling/slagging assessment

All of the ash samples from the combustion with 1.0-1.3 EAR
underwent fouling and slagging assessment. The mineral com-
position of ash was analyzed by X-ray fluorescence (XRF) with a
PW2400 wavelength dispersive XRF spectrometer. Several empiri-
cal indices of the fouling and slagging tendencies were estimated,
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including the base-acid ratio (BA), fouling index (FI), slagging index
(SI) and slag viscosity ratio (SVR) [36].

2.6. Combustion kinetic analysis

2.6.1. Experimental setup

Kinetic analysis requires experimental data on the thermal
decomposition rate, which was collected from the TGA-DSC per-
formed on a NETZSCH TG 449 F3 Jupiter Analyzer. About 18 mg
of switchgrass or 36 mg of hardwood (owing to their density differ-
ence) was heated to 900 °C (10 °C/min) in air atmosphere (20 mL/
min) during the TGA-DSC analysis. Each test was replicated three
times.

2.6.2. Kinetic modeling

Kinetic analysis used the Coats-Redfern algorithm with a two-
step solid-state reaction model (Fig. S3) [26,29,37]. By assuming
the combustion process was governed by the first-order
Arrhenius law, the kinetic model was expressed by Egs. (8)-(10),

m() - m[
e (8)
d
=k 9)
k = Aexp (;5) (10)

where « is the decomposition rate obtained from the TGA-DSC and
mo, m; and my (mg) represented the initial mass, the mass at time ¢
(min), and the final mass of sample. The function f{o) represents the
mechanism functions usually employed for the kinetic study of
solid-state reaction, which depends on the chemical reaction/diffu-
sion control or the size and shape of the reacting particles.
Additional details on the 14 groups of probable mechanisms of
solid-state combustion model, including units associated with each
mechanism function, are provided in Table 2. k is the reaction rate,
and A (min~!) is the pre-exponential factor. E, (kJ/mol) corresponds
to the activation energy of combustion. R is the gas constant
(8.314 J/mol K) and T (K) the absolute temperature. Thus, the kinetic
modeling was performed according to Eqgs. (11) and (12),

g(o) = ;}% :% T: exp (;’;_“)dT (11)
i) n2 030

where g(«) is the integral function of solid-state reaction mecha-
nism and further described in Table 2. Ty (K) stands for the initial

temperature of TGA-DSC test. f corresponds to the heating rate
during TGA-DSC test, at 10 °C/min in this work. For most values
of E; and T generated during combustion, the term In[AR/BE,
(1-2RTJE,;)] in Eq. (12) is considered to be a constant. A linear
regression is attained after plotting In[g(o)/T?] versus 1/T.
Meanwhile, a high linear correlation coefficient (—R?) should be
obtained if the f{«) in Table 2 is optimized. Consequently, combus-
tion mechanism and E, could be acquired by choosing an —R? that is
close to 1.

2.7. Statistical analysis

Comparison of switchgrass and hardwood combustion (effect of
excess air) was analyzed statistically using a Fisher’'s Least
Significant Difference (LSD) test (at a 0.05 significant level).

3. Results and discussion
3.1. Physiochemical properties

Initially, switchgrass and hardwood contained 80.6% and 80.0%
of volatile content, and 8.21% and 12.7% of fixed carbon by
weight, respectively (Table 3(a)). As shown in Table 3(b), the oxy-
genation of switchgrass (52.2% of oxygen) and hardwood (51.0%)
resulted in higher heating values of 17.7 M]/kg (switchgrass) and
17.5 MJ/kg (hardwood) that are less than the 24.1 M]/kg reported
for coal [38]. Nitrogen and sulfur contents of switchgrass (0.60%
of N and 0.06% of S) and hardwood (0.01% of N and 0.02% of S)
were much less than a representative coal (1.20% of N and
4.87% of S) [38], suggesting that greater reliance on biomass fuel
might reduce NO, and SO, emissions compared to the coal. These
results were consistent with previous reports in the scientific
literature [39].

Molecular formula of switchgrass was CHj 7027009476
N0.0125SO.0005 (291 l(g/kmol) and hardwood was CH1'729900_3937
No.0002S0.0002 (28.0 kg/kmol) (Table 3(c)). Stoichiometric air-fuel
ratio (SAFR) was 0.96 for switchgrass and 1.02 for hardwood, which
is much lower than fossil fuels such as coal (7.1), natural gas (17.2)
and gasoline (14.7) [8]. Their lower SAFR were attributed to the
considerably less C but higher H and O contents than fossil fuels.
Hardwood had 0.78% ash, which was approximately 5-fold less than
switchgrass (4.69%); as well hardwood contained nearly 10-fold
less SiO, and tended to have lower alkali metal (Na,O and K,0)
content than switchgrass (Tables 3(a) and 4). The appreciable ash
content and presence of alkali metals, SiO, and sulfur in these
biomass fuels is an indication that fouling and slagging could
occur in biomass combustion systems using switchgrass and
hardwood [40].

Table 2
14 Groups of probable mechanisms of solid-state combustion model.
Symbol Mechanism fla) g(a)
F; First-order chemical reaction 1-o —In(1 — @)
F, Second-order chemical reaction (1 —a)? 1-a)yt-1
Ry Limited surface reaction (1 dimension) 1 o
R> Limited surface reaction (2 dimension) 2(1 —a)'? 1-(1-a)'?
Rs Limited surface reaction (3 dimension) 3(1 — a)?? 1-(1-a)'P
G-B Ginstling-Brounshtein equation 32)( —a)y B -1]? 1—(2/3) — (1 — )P
Zh Zhuravlev equation (3/2)(1 = a*P[(1 —a) 2 —1]! (R A N
Ay Random nucleation and nuclei growth (1 dimension) 2(1 — o) — In(1 — a)]*? [=In(1 — o)]"/?
As Random nucleation and nuclei growth (2 dimension) 3(1 — a)[—In(1 — a)]?? [=In(1 — )]
P-T, Prout-Tompkins (0.5 order) (1 - o)l In[(1 +a'?))(1 = a'?)]
P-T, Prout-Tompkins (1 order) (1 - o)ox Infor/(1 — o)]
D, Diffusion one-way transport 1/2a o?
D, Diffusion two-way transport [-In(1 — o))" o+ (1 —a)n(1 —a)

D3 Diffusion three-way transport

(32)(1 = a?P[1 - (1 =)' [1-(-a)'PpP
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Table 3

Properties of switchgrass and hardwood used in the experimental combustion
system. (a) Proximate analysis; (b) ultimate analysis and calorific value (higher
heating value, MJ/kg); (c) molecular formula and mass (kg/kmol), and stoichiometric
air-fuel ratio (SAFR) at stoichiometric combustion condition.

Fuel Basis  Moisture  Volatile matter  Ash Fixed carbon
wt.% wt.% wt%  wt%
(a)
Switchgrass  Air 6.55 80.6 4.69 8.21
Dry - 86.2 5.02 8.78
Hardwood Air 6.51 80.0 0.78 12.7
Dry — 85.6 0.83 13.6
Fuel C H N S 0 Higher heating value (HHV)

wt% wtk wt% wtk wt% M]/kg

(b)
Switchgrass 41.3 5.86 0.60

0.06 522 175

Hardwood 428 6.17 001 0.02 510 17.7

Fuel Molecular formula Molecule Stoichiometric air-fuel
mass ratio (SAFR)
kg/kmol

(c)

Switchgrass CH1.702700.9476N0.012550.0005 29.1 0.96

Hardwood  CH;.729900.8937N0.000250.0002 28.0 1.02

3.2. Effect of excess air on fuel combustion

The mean yield of ash and char were affected by different EAR
(Fig. 3 and Table S1). Hardwood combustion consistently gener-
ated less residues (1.01-1.27% of ash and 1.61-2.50% of char, by
weight) than switchgrass (3.19-4.94% ash and 3.82-5.73% of char).
Higher char yield of switchgrass can be explained by the ash coa-
gulation, whereby ash agglomerates with unburned carbon
[41,42]. Because the char was separated by screening, some
agglomerated ash was categorized as the char, which could be
increasing the apparent char yield from switchgrass combustion.
Compared to the control group, more excess air (10-30%) boosted
the combustion completeness and reduced the amount of
unburned residues. As for the switchgrass, there was no significant
difference in the ash yield from 1.0 EAR (4.93%) and 1.1 EAR (4.94%)
tests (P =0.90). Ash yield declined to 4.20% and 3.18% with more

Table 4
Major mineral oxides and trace metal elements (wt.%) in switchgrass and hardwood
used in the experimental combustion system.

Elements Unit Switchgrass Hardwood
Major mineral oxides

SiO, wt.% 2.23 0.23
Al,03 wt.% 0.25 0.03
Fe,03 wt.% 0.20 0.04
MnO wt.% 0.01 0.02
MgO wt.% 0.08 0.04
Cao wt.% 0.56 0.24
Na,0 wt.% 0.04 0.01
K0 wt.% 0.14 0.11
TiO, wt.% 0.01 0.00
P,05 wt.% 0.09 0.02
Loss on ignition (LOI) wt.% 96.4 99.4
Trace metal elements

Ba ppm 39 23

Sr ppm 21 10

Y ppm <1 <1

Sc ppm <1 <1

Zr ppm 3 3

Be ppm <1 <1

\% ppm <5 <5

12

A [l Mean ash yield
4 [_]Mean char yield
10 3 B [l Mean char+ash yield

9 3
8 D
7 3
6 4
54
43 X

3 3 Z Z

Mean yield of combustion products (%)

S$1.0 S1.1 S12 S13 H1.0 H11 H12 H13
Sample

Fig. 3. Mean yield (wt.%) of the ash and char combustion products from combustion
tests, presented separately and as the sum of ash + char. Samples are labeled as
S = switchgrass or H = hardwood that were combusted with an excess air ratio of 1.0
(stoichiometric conditions), 1.1, 1.2 or 1.3. Columns with different letters were
significantly different at P < 0.05 level, assessed by a Fisher’s LSD test.

air supply (1.2 and 1.3 EAR) and the lowest char production
(3.82%) occurred at 1.2 EAR compared to the other excess air levels,
which was interpreted to mean that more complete switchgrass
combustion was achieved at 1.2 EAR condition. Regarding the
hardwood, there was no statistically significant difference in the
ash yield from among the 1.0, 1.2 and 1.3 EAR treatments
(Fig. 3). Increasing the EAR from 1.0 to 1.1 reduced the char yield
significantly (P=5.84E—4), from 2.50% to 1.87%. Yet, continuing
to increase the EAR to 1.3 resulted in no further reduction in char
yield. This observation indicates that 10% of excess air was suffi-
cient for a complete hardwood combustion.

Mass loss profiles follow a predictable pattern, where the first
stages of combustion result in early moisture removal (minor mass
loss), followed by fast volatile separation (dramatic mass loss) and
slow char oxidation (gentle mass loss) [8]. Increasing the EAR
altered the mass loss profile of switchgrass, compared to stoichio-
metric conditions (1.0 EAR) during the fast volatile separation step
(up to 65 min in the combustion), such that greater mass loss due
to volatile combustion occurred when the EAR was set at 1.2 and
1.3 (Fig. 4(a)). By contrast, the major variance in hardwood mass
loss profiles at various EAR occurred from 0 to 20 min (Fig. 4(b)).
This indicated that excess air injected in the combustion system
accelerated the early steps of fast volatile separation of hardwood
in the first 20 min following ignition. Thereafter, mass loss was
slower with EAR above 1 than the stoichiometric condition,
although all mass loss curves converged from 50 to 90 min indicat-
ing that the late char oxidation phase was unaffected by EAR
during hardwood combustion.

Combustion temperature measured in the fuel holder was
always lower at the top (e.g., from 523 to 662 °C with switchgrass;
Table 5) than the bottom (882-1129 °C with switchgrass) because
the top of the fuel holder encountered an intense convective heat
transfer effect. The greatest combustion temperatures for switch-
grass were achieved with 1.1 EAR. This disparity was also be
observed in the hardwood combustion test, where temperatures
at the top of the fuel holder were generally lower than those at
the bottom (Table 5). The greatest combustion temperatures were
reached at 1.3 EAR (821 °C at the bottom of the fuel holder) and 1.0
EAR (735 °C at the top of the fuel holder).

Since oxygen supply for combustion was determined by the
excess air amount, the total CO and CO, emissions as well as O,
consumption were related to the EAR (Fig. 5). Consequently, CO,
emission and O, consumption were greater with a higher EAR dur-
ing the combustion of switchgrass. Simultaneously, the 1.3 EAR
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Fig. 4. Mass loss profile during a 90 min combustion of switchgrass (a) or
hardwood (b) with excess air ratios of 1.0, 1.1, 1.2 and 1.3, which received 0%,
10%, 20% and 30% excess air intake, respectively. Samples are labeled as
S = switchgrass or H = hardwood that were combusted with an excess air ratio of
1.0 (stoichiometric conditions), 1.1, 1.2 or 1.3. The mass loss is divided into three
phases, including A: early moisture removal, B: fast volatile separation, and C: slow
char oxidization.

level gave a significantly higher CO emission (18.0%) than 1.0 EAR
(16.9%, P=0.02), 1.1 EAR (16.5%, P=0.01) and 1.2 EAR tests (16.7%,
P=0.01). A probable explanation was that more CO was formed
from char oxidization at 30% of excess air, but there was insuffi-
cient oxygen in the air supply to oxidize the extra CO. In contrast,
the CO emission from hardwood combustion diminished signifi-
cantly (P=0.01) from 8.72% (kg gas/kg fuel) to 5.38% as the EAR
increased from 1.0 to 1.3. Accordingly, more excess air augmented
the CO, emission from 9.88% (1.0 EAR) to 36.8% (1.3 EAR), and the
total O, consumption also increased from 16.9% at 1.0 EAR to 31.8%

Table 5

Highest temperature (mean # standard deviation) measured at the bottom and top of
fuel holder in the 90 min combustion of switchgrass (a) or hardwood (b) with
different excess air ratio (1.0, 1.1, 1.2 and 1.3).

Designation Highest combustion temperature (°C)

Bottom Top

Average Standard deviation Average Standard deviation
$1.0 (control) 905 20.5 523 33
S1.1 1129 359 662 23.7
S1.2 938 18.8 576 114
S1.3 882 24.5 528 13.1
H1.0 (control) 386 9.8 735 222
H1.1 762 225 673 15.2
H1.2 801 19.3 709 19.6
H1.3 821 17.2 721 13.0

with 1.3 EAR. These results indicate that 1.3 EAR assured complete
hardwood combustion in the experimental combustion system.
However, the incompleteness of combustion was evidently
observed from the results above even when 10-30% excess air
was supplied. For instance, theoretically there should not be any
char products (Fig. 3), or the O, consumption should be unchanged
if the combustion is actually completed with 10-30% excess air
(Fig. 5). These contradictions were attributed to the physical lim-
itations of our combustion system, in contrast with an ideal man-
ner that only used a single fine particle of fuel at a perfect air
supply condition. Despite the fine particle size of fuel (4 mm), there
were still many factors that resulted in heat and mass transfer
delays, which made the fuel unable to react with air rapidly and
completely in 90 min. Yet, compared to any ideal tests that mostly
entirely eliminated these deficiencies, the findings by this research
was particularly valuable for real boiler, since heat and mass trans-
fer delays were an inevitable phenomenon in any large-scale
operations. Therefore, aside from the research above, we should
further assess the influence on energy conversion and combustion
completeness to find the optimal EAR for this combustion system.

3.3. Energy conversion efficiency (ECE) and combustion completeness
rate (CCR) as affected by excess air

Numerically, the highest ECE for switchgrass was 75.1% at 1.2
EAR, which was not statistically different from the ECE at other
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Fig. 5. Total CO and CO, released, and O, consumed (kg gas/kg fuel, %) during the
90 min combustion of switchgrass (a) or hardwood (b) with excess air ratios of 1.0,
1.1, 1.2 and 1.3 respectively. Samples are labeled as S =switchgrass or
H = hardwood that were combusted with an excess air ratio of 1.0 (stoichiometric
conditions), 1.1, 1.2 or 1.3. Points on each curve with different letters were
significantly different at the P < 0.05 level, assessed by a Fisher’s LSD test.
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EAR levels (Fig. 6). Switchgrass consistently exhibited lower energy
efficiency than hardwood due to the higher char yield of switch-
grass than hardwood in the experimental combustion system.
With a calorific output of 29.6 MJ/kg (Fig. S2), char formation
reduced the heat release, thus reducing the energy conversion.
Since the CCR of switchgrass reached a maximum between 1.1
EAR (0.421%/min) and 1.2 EAR (0.410%/min), we suggest that 20%
of excess air would be optimal to achieve the highest ECE and
CCR for switchgrass, while simultaneously lowering the mass of
char and ash produced, relative to the 1.0 and 1.1 EAR levels, in
the experimental combustion system.

Compared to the control group of hardwood, which had an ECE
of 85.7% at 1.0 EAR, there was no significant difference in the ECE at
1.1 EAR (87.5%, P=0.14) or 1.2 EAR test (88.0%, P=0.07) (Fig. 6).
Yet, the 1.3 EAR remarkably enhanced the ECE to 91.0% (P =0.03,
compared to the 1.2 EAR test). This higher energy output produced
the highest flame temperature (821 °C at the bottom of the fuel
holder, Table 5), presumably because fast volatile separation and
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Fig. 6. Energy conversion efficiency (%) and combustion completeness rate (%/min)
during the 90 min combustion of switchgrass (a) or hardwood (b) with different
excess air ratio (1.0, 1.1, 1.2 and 1.3). Points on each curve with different letters
were significantly different at the P < 0.05 level, assessed by a Fisher’s LSD test.

Table 6

slow char oxidization processes were both exothermic. Moreover,
excess air accelerated the CCR from 0.471%/min (1.0 EAR) to a
maximum of 0.537%/min (1.2 EAR) and 0.535%/min (1.3 EAR), the
latter two measurements being similar (P = 0.75). The slowest CCR
of 0.404%/min measured at 1.1 EAR implies that 10% of excess air
was insufficient for the complete combustion of hardwood while
air intake causes heat transfer and a “cooling effect” that reduces
the flame temperature at the top of the fuel holder, relative to
the control group (Table 5). This is consistent with other reports
that hardwood combustion at 1.1 EAR was controlled by limited
oxygen availability and adversely affected by heat transfer, includ-
ing conductive, convective and radiative effect [43,44].
Consequently, 30% of excess air was recommended to obtain the
greatest energy efficiency during hardwood combustion in our
experimental system.

3.4. Fouling and slagging assessment

The fouling and slagging potential of biomass fuel is a function
of the chemical composition of its ash, particularly the Na,0, K0
and SiO, contents. All of the ashes from the 1.0 to 1.3 EAR combus-
tion tests were chemically compared for this evaluation. Hardwood
ash contained substantially less SiO, (11.2-13.1% by weight) but
more alkali metals (5.2-8.0% Na,O + K,0) than switchgrass ash
(62.7-67.6% SiO,, 1.2-1.4% Na,0 + K,0) (Table 6), meaning that
switchgrass ash was more acidic, which lowers the risk of fouling
and slagging in combustion systems [45]. Consequently, the
basic-acid ratio (BA) of hardwood (1.9-3.3) was more than 10-fold
higher than switchgrass (0.2-0.3). Hardwood ash had a medium
fouling index (FI) of 9.7-26.5 and switchgrass ash had a minor FI
of 0.2-0.7. The slagging index (SI) of hardwood (3.8-6.6) was like-
wise considerably higher than switchgrass (1.1-2.0), although the
slag viscosity ratio (SVR) of switchgrass was much higher than
hardwood due to the high SiO, content in its ash. In summary,
switchgrass had lower potential of fouling and slagging in a bio-
mass combustion system than hardwood.

Different combustion conditions may not obviously influence
the chemical composition and fouling and slagging assessment of
ash. For instance, although different EAR altered the char and ash
yield proportions, the chemical composition of ash would be

Mineral oxide component (wt.%) and fouling and slagging indices estimated by empirical equations of the ash from the combustion of switchgrass and hardwood at an excess air

ratio of 1.0, 1.1, 1.2 and 1.3.

Mineral oxides (wt.%) S1.0 S1.1 S1.2 S1.3 H1.0 H1.1 H1.2 H1.3
Sio, 62.7 63.4 65.4 67.6 12.8 12.5 11.2 13.1
Al,03 0.7 0.8 0.7 0.7 2.4 1.5 2.4 3.2
Fe,03 0.3 0.7 0.7 03 1.5 1.2 2.0 24
MgO 22 2.1 2.7 2.0 3.6 2.8 5.0 52
Cao 8.3 16.6 8.1 11.8 22.2 173 30.7 34.4
Na,O 0.1 0.1 0.1 0.1 0.8 0.7 0.8 1.3
K0 1.1 1.9 1.5 13 6.2 4.5 7.2 53
Indices Empirical equation
Base-acid (Fe,03 + CaO + MgO + Low Low Low Low High High High High
ratio (B/A) K,0 + Na,0)/(Si0, + (0.2) (0.3) (0.2) (0.2) (2.2) (1.9) (3.3) (3.0)
TiO, + Al,03)
Fouling BAx(K,0 + Na,0) Low Medium Low Low Medium Medium Medium Medium
index (FI) (0.2) (0.7) (0.3) (0.3) (15.5) (9.7) (26.5) (19.7)
Slagging BA x % Medium Medium Medium Medium High High High High
index (SI) (1.1) (2.0) (1.2) (1.4) (4.5) (3.8) (6.6) (5.9)
Slag 100 x SiO,/(SiO, + Fe, High High High High Low Low Low Low
viscosity 05 + Ca0 + MgO) (84.8) (76.5) (85.2) (82.4) (31.2) (36.7) (22.8) (23.4)
ratio (SVR)

Base-acid ratio (B/A): <0.5 low, 0.5-1.0 medium, >1.0 high.
Fouling index (FI): <0.6 low, 0.5-40 medium, >40 high.
Slagging index (SI): <0.6 low, 0.6-2.0 medium, >2.0 high.
Slag viscosity ratio (SVR): <65 low, 65-72 medium, >72 high.

2 54 corresponded to the sulfur content in dried initial fuel, and others referred to the mineral oxide content in ash.
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constant as long as the ash was completely separated from char
particles. To avoid interference from char, the ash composition is
best measured in a case when complete combustion occurred (all
solid-phase carbon was transformed to a gaseous phase). This
statement is reinforced by our previous study [23], where the
switchgrass ash was produced from a much larger-scale furnace
combustion (84 cm x 38 cm x 51 cm). Its chemical composition
(e.g. 67.2% SiO, and 1.4% NaO +K,0) was comparable to the
results in this study. Regarding the ash produced from the same
fuel under different EAR conditions, the variation of their chemical
composition and accordingly the fouling and slagging tendencies
was attributed to the experimental error when manually separat-
ing the ash from unburned char. More importantly, as the empiri-
cal equations of fouling and slagging tendencies in Table 6
exclusively relied on the chemical composition of initial fuel and
ash, these assessment results should be independent of combus-
tion conditions, such as combustor type, mode and scale.
Therefore, these assessment results achieved by this study were
also applicable to other commercialized operations (e.g. boiler or
fixed bed).

3.5. Combustion kinetics

3.5.1. TGA-DSC results

Switchgrass and hardwood combustion exhibited a similar
mass loss (Fig. 7), which consists of three steps: moisture removal
(28-261 °C switchgrass, 26-262 °C hardwood), fast volatile sep-
aration (261-364 °C switchgrass, 262-366 °C hardwood) and slow
char oxidization (364-861 °C switchgrass, 366-862 °C hardwood)
(Table 7). A similar TGA profile for switchgrass was also obtained
by Fahmi et al. [46] and Szemmelveisz et al. [47]. Maximal thermal
decomposition rate (Dyax) of hardwood (—2.40%/°C) was faster
than switchgrass (—1.68%/°C). Fast volatile separation was the per-
iod of highest mass loss (54.0% switchgrass, 60.1% hardwood), but
did not release much energy (1.11k]J/g switchgrass, 0.710 k]/g
hardwood). Energy release was greatest during the slow char oxi-
dization phase (7.09 k]/g for switchgrass, 4.09 k]/g for hardwood).
Thus, complete combustion is necessary to achieve the greatest
energy conversion from biomass fuel, as illustrated in Fig. 6.

3.5.2. Kinetic analysis results

Kinetic analysis of the combustion process was performed with
a two-step reaction model (Fig. S3) that described the fast volatile
separation and slow char oxidization steps according to the experi-
mental temperatures achieved from the TGA-DSC analysis of
switchgrass and hardwood. The reliability of kinetic results was
confirmed by the high —R? values, from 0.9785 to 0.9997 (Tables
8 and S2). The mechanisms describing the fast volatile separation
phase of switchgrass and hardwood were diffusion two-way trans-
port (D) and the Ginstling-Brounshtein equation (GB), respec-
tively. Hardwood had a smaller E, (94.1 k]/mol) than switchgrass
(103 kJ/mol), which means that the volatile separation of com-
pounds contained in hardwood occurred at a lower activation
energy than those contained in switchgrass. This different was
probably due to the lower oxygen content in hardwood (51.0%)
than switchgrass (52.2%). Both switchgrass and hardwood had
lower E, values in the slow char oxidization phase, which was
described by the mechanisms of diffusion two-way transport
(D;) (2.29kJ/mol) and diffusion three-way transport (Ds)
(3.77 KJ/mol). This indicated that char oxidization was expected
to progress easily after the volatile separation phase, and it should
not be limited by the rates at which chemical bonds were broken
to release energy in an oxygen-rich environment [48]. This is
another reason why increasing oxygen availability during the
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Fig. 7. Non-isothermal thermogravimetric analysis-differential scanning calorime-
try (TGA-DSC) profile of switchgrass (a) or hardwood (b).

combustion process should be advantageous to achieve complete
energy conversion from biomass

Table 7
Critical parameters of non-isothermal thermogravimetric analysis-differential scan-
ning calorimetry (TGA-DSC) of switchgrass or hardwood.

Parameter Unit Switchgrass Hardwood

Maximal decomposition rate (Dmax) %[°C —1.68 -2.40
Maximal decomposition rate °C 348 362
temperature (Tmax)

Total enthalpy release kj/g 8.15 4.63
Temperature zone °C  26-262 28-261
Conversion rate  Step 1: moisture removal % 9.53 9.46
Heat release kl/g —-0.17 —-0.05
Temperature zone °C  262-366 261-364
Conversion rate  Step 2: fast volatile separation %  60.1 54.0
Heat release K]/g 0.71 1.11
Temperature zone °C  366-862 364-861
Conversion rate  Step 3: slow char oxidization %  30.4 36.5
Heat release kj/g 4.09 7.09
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Table 8

Kinetic parameters, E, (activation energy of combustion) and A (pre-exponential factor), and mechanisms describing switchgrass and hardwood combustion based on
thermogravimetric kinetic analysis with the Coats-Redfern algorithm in a two-step solid-state reaction model. Goodness of fit (—R?) is provided for models of the fast volatile

separation and late char oxidation phases for each biomass fuel.

Fuel Switchgrass Hardwood
Stage Fast volatile separation Slow char oxidization Fast volatile separation Slow char oxidization
Kinetic parameters E, A —R? Eq A —R? E, A —R? E. A —R?
kJ/mol /min 1 kJ/mol /min 1 kJ/mol /min 1 kJ/mol /min 1
103 2.67E+07 0.9988 2.29 2.83E-03 0.9785 94.1 1.14E+06 0.9993 3.77 2.44E-03 0.9939
Mechanism/equation Diffusion two-way transport Diffusion two-way transport Ginstling-Brounshtein Diffusion three-way transport

equation

4. Conclusions

Specific to our laboratory combustion system, 20% excess air for
switchgrass or 30% excess air for hardwood would optimize the
combustion, resulting in the highest energy conversion and com-
bustion completeness rate. Switchgrass was less likely to create
fouling and slagging problems than hardwood, owing to its more
acidic chemical composition. Kinetic analysis pointed to the need
to increase the oxygen availability to achieve better energy conver-
sion efficiency from biomass.

Key results of this study that are informative for commercial
operations such as boiler combustion are as follows:

(1) The curves of the fuel mass loss, temperatures and gaseous
emissions versus time can be used for providing computational
fluid dynamic simulation of boilers with kinetic data; (2) Fouling
and slagging assessment results were independent of combustion
conditions and combustor types, thus are applicable to the boiler
operation; (3) The TGA-DSC results also pinpointed the best tem-
perature zone for boiler combustions.

However, there are still some physical limitations in our com-
bustion system that we still cannot utterly avoid, particularly the
heat and mass transfer delays. These delays retarded the combus-
tion even if an excess air was supplied. Yet, this phenomenon is
fairly common when the combustion is conducted in a commer-
cial-scale boiler, which should not be entirely eliminated in any
laboratory-scale studies. Further studies should be expanded to
consider (1) a single particle fuel test at an ideal condition without
any heat and mass transfer delays, and (2) a boiler test for experi-
mental verification of the assertions made in this study.
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