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Abstract The combustion kinetics of waste capsicum
stalk (WCS) in Western China is investigated through
thermogravimetric analysis compared with sawdust and
coal, and co-combustion of WCS with coal is also investi-
gated. Results show that the ignition characteristics of WCS
is better than that of sawdust and coal, and the activation
energy E of WCS-volatile combustion and WCS-char
combustion are 78.55 kI mol™' and 44.59 kJ mol™".
However, integrating the characteristics of ignition and
burnout, the combustion characteristic factor (Sy) of WCS is
lower than that of sawdust. With the increasing in the
heating rate, the ignition of WCS is delayed. Oxygen con-
centration Co, affects E and kg of volatile combustion lar-
gely under rich-oxygen condition, when Co, increases from
0.2 to 0.8, E has increased threefold and k& also intensively
increases from 10° to 10"°~10?%. Oppositely, effect of Co,
on the E and kg of char combustion is little, and there is an
exponential relationship Sy = 7.128 x 10~ x exp(Co, /
0.368) — 6.126 x 10~ between Sy and Co, . For the tests of
co-combustion, all the experimental and weighted-average
curves coincide well, and there is no remarkable synergistic
effect. With the increase of mixing ratio that WCS added,
E and ky of volatile combustion increase, but correspond-
ingly E and k( of char combustion decrease.
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Introduction

Humans have been using and benefiting from biomass for
thousands of years, and with the aggravation of global
greenhouse effect and energy shortage, biomass has been
focused as a renewable fuel more and more. Biomass takes
care of its own carbon dioxide emissions and mitigates acid
rain for producing virtually no sulfur emissions [1-3].
However, due to the complex variety of biomass, there are
abundant and unique problems during the combustion of
different biomass.

Capsicum is one of the most common flavorings all
around the world, and an important cash crop in the region
of Western China. In India and Spain, the major producers
of capsicum, there are million hectares of cultivated area for
capsicum, and the capsicum yield is more than 1 million
tons [4, 5]. Globally, the yield of hot pepper has reached 14—
15 million tons per year [5]. In China, the planting of
capsicum is mainly distributed in the western provinces,
such as Shaanxi, Guizhou, Hunan, and Sichuan. Presently,
the capsicum yield in China has reached up to 28 million
tons in 1 year, accounting for about 46% of the world total
output, with an increasing rate of 9% every year [6].
However, large area of capsicum-planting has brought
much more waste capsicum stalk (WCS). Because of its
peppery smell, WCS is hardly used for paper-making and
forage-producing; consequently, it is suggested co-utilized
with coal and other biomass in a 300 MW tangentially
pulverized furnace of Baoji Power Plant, in Shaanxi Prov-
ince, Western China [7]. The advantages of co-combustion
also including: (a) reducing the costs of generating
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electricity; (b) reducing Co, emission for greenhouse effect;
(c) reducing SO,, NO,, and particulate emission [2, 8—10].

Before the successful and optimal co-combustion of
WCS with coal, the combustion characteristics of WCS
should be demonstrated clearly, whereas there is no report
or data related to the combustion kinetics of WCS.

Thermogravimetric analysis (TG) method is mostly
applied for the research of the combustion kinetics of solid
fossil fuels including coal [11-15], coke [16-18], soot [19],
waste [20-22], and all kinds of biomass [23-25]. Com-
pared with fixed-bed reactor [26, 27] and other reactor [28]
in the past, TG can accurately record the trivial behavior of
mass loss during the reaction process for various tech-
niques of thermal analysis, both under isothermal and
temperature programmed condition [12, 29].

In this work, combustion kinetics of WCS is investigated
using TG under the temperature programmed conditions.
The combustion characteristic of WCS is compared with
sawdust and Baoji coal; effects of O, concentration, particle
diameter and heating rate on combustion characteristics and
kinetics parameters are analyzed; and the co-combustion of
WCS with Baoji coal is also investigated.

Coats-Redfern method [30-32] is employed to determine
the kinetics parameters, considering the combustion mecha-
nism of independent first order parallel reactions and assum-
ing that intra-particle heat transfer and diffusion efforts are
negligible. Furthermore, to systematically integrate the char-
acteristics of ignition and burnout for combustion of solid
fuels, combustion characteristic factor Sy has been applied to
describe the process of WCS combustion better [33].

Experiments and theories
Sample preparation

The WCS used in experiment was from Fengxiang County,
around Baoji Power Plant, in Shaanxi Province, Western
China. After the fruitages and seeds removed from stalks in
October last year, WCS has been collected and air dried for
about 6 months. Sawdust and Baoji coal are prepared to
compare with the combustion characteristic of WCS. Saw-
dust comes from a wood factory around Xi’an in Shaanxi
Province, and Baoji coal is the coal powder (D < 198 pum)
commonly used in Baoji Power Plant. The biomass sample
(WCS and sawdust) were dried in oven for 24 h, then crushed
and sieved below 2000 pm. The elemental analysis and
proximate analysis of samples are listed in Table 1. It shows
that the volatile in biomass (WCS and sawdust) is more than
70%, and volatile in Baoji coal is also high up to 37.66%,
which should be classified as a high-quality bituminous coal.
For each test, 6 & 0.2 mg sample was weighted, and three
particle diameter ranges (198-450, 450-1000, and
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Table 1 Proximate analysis and elemental analysis of WCS, sawdust
and Baoji coal

Sample Proximate analysis/% Elemental analysis/%

M ar Aar Vdaf Car H ar N, ar Oar S ar
WCS 444 517 7179 44.04 3.94 091 41.19 031
Sawdust  9.87 042 76.77 4475 498 0.12 39.85 0.01
Baoji coal 7.38 19.10 37.66 57.89 3.34 0.60 10.98 0.71

1000-2000 um) were selected to investigate the effect of
particle diameters. During tests for co-combustion of WCS
and Baoji coal, two samples were well mixed mechanically
and the mixing ratios of WCS in Baoji coal were selected as
A =0.1,0.2, and 0.4.

TG analysis

TG analysis was performed on a thermal analyzer (Netzsch
STA 409 PC), and its temperature range was from 298 to
1823 K, with heating rates from 0 to 50 K min~' and weight
precision of 0.01 mg. In the STA system, the sample was
heated in a micro-furnace enclosed by a cooling jacket, and
water was used as the cooling agent. The sample temperature
was measured with a type S (P, — Ru/P,) thermocouple
directly under the crucible (Al,O3). In the present experi-
ments, combustion of the samples was carried out over a
temperature range of 298-1673 K, at a heating rate of
30 K min~!, and the total carrier gas flow (N, and O,) is
constant as 100 mL min~'. Temperatures were controlled
increasing linearly to obtain the corresponding TG and dif-
ferential thermogravimetric (DTG) combustion curves. Three
different heating rates (f = 10, 20, 30 K min_l,) were
selected to investigate the effect of heating rates. The con-
centration of O, is changed between 0.1 and 0.8, and the
combustion of WCS under oxygen-rich condition is investi-
gated furthermore.

Kinetics model for combustion in TG

Heterogeneous combustion of solid fuels in TG can gen-
erally be described as: Ay — By + Ciq, and then the
combustion rate of solid fuel sample A is expressed as:
do
— =k(l —a)" 1
= k(1) (1)
In which, o is the ratio of sample A consumed; t is the
reaction time; n is the reaction order of combustion; and
reaction rate constant k is from the Arrhenius formula:

k = ko exp (— %) (2)

where kg is the pre-exponential factor; E is the activation
energy; R is the ideal gas constant; and 7 is instantaneous
temperature.



Kinetics investigation on the combustion of WCSs in Western China

The heating rate 5 is defined as:
dar

= — 3

=1, G)

Because f is kept constant during the linearly heating

process, then the combustion rate should be further
expressed as:

do k() E

— 1- - 4
o= e (- ) @

Furthermore, integrating and converting Eq. 4 gives:

j EE / () o

Coats-Redfern method [32] is employed to obtain the
integral result of Eq. 5 in the form of natural logarithm [30]
Egs. 6 and 7:

1 1 1 koR
ln{nl[m‘l]ﬁ}zl“(ﬁoi) gD

(6)
In {_ln(lTiz_“)} . 1n("_[;’§) _I%(n " (7)

Most of the literatures and data reported [12, 20, 34-41]
have considered the pyrolysis and combustion of solid fuels
as one order reaction, and then Eq. 7 is selected to describe
the kinetics model for combustion of WCS, sawdust and
Baoji coal. The kinetic parameters k, and E can be obtained
from the plot of In[—In(1 — %)/T*] and 1/T.

Combustion characteristic factor Sy

To systematically integrate the characteristics of ignition
and burnout of solid fuels, Nie et al. [33] have introduced

the combustion characteristic factor Sy (mg2 min~2 K™%
to describe the process of coal combustion better.
(dw/dr) ., (dw/d7)
S — max mean 8
N TizTh ( )

In which, w is the residual sample mass (mg); (dw/
dT)max 1S the maximum combustion velocity (mg minfl);
(dw/dT)ean 1S the average combustion velocity
(mg min~Y); T} is the ignition temperature (K) [34]; T}, is
the burnout temperature (K) [34].

To express the role of Sy for combustion more intui-
tively, Sy can also be converted to another formula [33]:

p— E d dW (dw/df)max (dw/dr)mean
SNRdT(dJT_T.(dw/dwT_T T, ®)

where £ r 18 related to the activity of solid fuels; 4 dr ( d: )
is referrmg to the ignition intensity at the 1gn1{17)ﬁ
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. (dw/d‘[)max 1
temperature; —— -2 shows the rate of combustion
(dw/df)’r—'ri
velocity at peak temperature and ignition temperature;
(dw/d1) ...,

Pa— is the rate of average combustion velocity and

burnout temperature, and burnout is improved with the
(dw/d1) ..,
Th

mean

increase of

Consequently, Sy has systematically integrated the
characteristics of ignition and burnout for combustion of
solid fuels, and it should be more effective to express the
characteristics of combustion. With the increasing of Sy,
the combustion characteristics of solid fuels should be
improved.

Results and discussion
Comparison of WCS with sawdust and Baoji coal

The TG and DTG curves for combustion of WCS, sawdust
and Baoji coal have been depicted in Fig. 1. It can be seen
that the ignition temperature of biomass (WCS-volatile and
sawdust-volatile) is lower than that of Baoji coal for
100-150 K, and the process of biomass combustion is
obviously divided into two stages, compared with only one
stage for Baoji coal. Correspondingly, in Fig. 1 there are
two peaks of mass loss for biomass and only one peak for
Baoji coal, because the volatile in Baoji coal is much lower
than that in biomass, then the peak of volatile combustion
has been merged by the main peak of char combustion. In
the second stage of biomass combustion, most of volatiles
have emitted when temperature reaches about 700 K, and
the fixed carbon catches fire, in this stage, the reactions
including the continual emission of residual volatile and
the combustion of char [23].

Even if the combustion process can be divided into two
stages for both WCS and sawdust, however, there are still
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Fig. 1 TG and DTG curves of WCS, sawdust, and Baoji coal
(8 =30 K min™"; Co, = 0.2; particle diameters = 198-450 um)
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remarkable differences for the TG-DTG curves between
WCS and sawdust. It shows that the ignition of WCS is
better that that of sawdust, the first DTG peak of volatile
combustion of WCS is ahead of that of sawdust by 36 K
and the second DTG peak of char combustion of WCS is
ahead of that of sawdust by 80 K in Table 2. The peak of
char combustion for sawdust almost coincides with that of
Baoji coal, which indicates that the combustion reactivity
of sawdust char is similar with that of Baoji coal char.
The most significant natural factor affect the curve of TG
and DTG should be from the component of the biomass. It is
suggested that biomass mainly contains three components:
hemicellulose, cellulose, and lignin [42], and researchers
have also defined four main types of biomass: woody plants,
herbaceous plants/grasses, aquatic plants, and manures.
McKendry [43] and Gani [44] believes that the lignin
content in wood can reach up to 30-35%, much higher than
that in wheat-straw and switch-grass, and it is pointed out
that the cellulose and lignin content in biomass is one of the
important parameters to evaluate the pyrolysis and com-
bustion characteristics. The reactivity of lignin is lower than
that of cellulose, and less content of cellulose in sawdust
can also decreases the porosity of biomass char to further
inhibit the reactivity of biomass [44]. The content of lignin
in sawdust (woody plants) should be obviously much higher
than that in WCS (herbaceous plants), which due to the
ignition delay for the sawdust compared with WCS.
Based on the linear regression method in Eq. 7, the data
for 1/T and In[—In(1 — &)/T*] corresponding to volatile
combustion and char combustion are filtered for fitting in
Fig. 2. Then E and k; can be calculated, respectively, as
shown in Table 2 corresponding to the linear fitting func-
tion and variance error. The statistical data shows that the
activity energy E is in the same range for all the three fuel
samples, and the T;, Ty, and E of WCS is lower than that of
sawdust, which demonstrates that WCS is easier to be
ignited and burned. In contrast, the ko and E of sawdust is
larger, which indicates that the combustion of sawdust is
more sensitive to the change of temperature, and it also can
be seen from Fig. 1, the peaks of sawdust are the sharpest,

and once the sawdust is ignited, then it will be burned out
in the fastest reaction velocity.

Effect of oxygen concentration, heating rate
and diameter

Figure 3 illustrates the effect of oxygen concentration Co,
on the combustion of WCS under the condition that f is
30 K min~", and particle diameter is 198-450 pm. As seen
from Fig. 3, with the increase of Cop, from 0.1 to 0.8, the
ignition of biomass is improved obviously, and the mass
loss from the first stage of TG curve increases from 50 to
85%; Fig. 3 shows that in the first stage, the combustion
reactivity is exquisite and the maximum value of DTG
curve under rich-oxygen condition is much higher than that
under air condition and lean-oxygen condition. In the
model of Janse [45] and Varhegyi [46], the combustion
velocity is proportional to the 0.53th power of oxygen
concentration, compared with 0.78th power in the model of
Kashiwagi and Nambu [47]. When Cop, reaches up to 0.8,
the second DTG peak of char combustion would almost
disappear, and Fang et al. [48] also proposes that there is
critical Cp, when the combustion process of wood varies
from double stages to a single stage with Co, increasing.

The linear fitting of Arrhenius constants under different
Co, has been shown in Fig. 4, and E and k; are calculated
using the fitted coefficient, as listed in Table 3. E and ko for
volatile combustion is always higher than that for char
combustion, which agrees with that the peak of volatile
combustion is much sharper than that of char combustion,
and it means that volatile combustion is more sensitive to
the temperature. With the increasing of Cp, from 0.1 to 0.8,
E and kq for volatile combustion increase intensely, how-
ever, the change of E and kq for char combustion is not
very large: E is always around 42 kJ mol ™', and k is in the
range of 10% to 10°.

Especially for volatile combustion, the values of E and
ko are totally different under the conditions of lean-oxygen
and rich-oxygen: when Cop, increases from 0.1 to 0.2, it is
still under the condition of lean-oxygen or air condition,

Table 2 Kinetic parameters of combustion characteristics for different solid fuel samples

Sample T; — TY/K Linear fit R E/kJ mol ™! kolmin71 T/K
Sawdust volatile 598.6 — 636.4 y = —12195x + 6.1829 —0.99408 101.39 1.7722E+4-08 624.2
Sawdust char 761.3 — 781.8 y = —14928x + 6.9962 —0.98123 124.11 4.8925E+4-08 772.4
WCS volatile 555.6 — 606.6 y = —9444.6x + 2.5976 —0.99407 78.522 3.8056E+06 588.9
WCS char 685.5 — 729.2 y = —5363.4x — 4.89428 —0.99838 44.591 1.2050E4-03 692.6
Baoji coal 703 — 819.2 y = —10629x + 0.40086 —0.99852 88.370 4.7611E4-05 764.7
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Fig. 4 Linear relationship of Arrhenius constant under different
oxygen concentration (WCS; f = 30 K min™'; particle diameters =
198-450 um)

and then there is no much change of E and kq; however,
when Co, continually increases to 0.4 and 0.8, E has
increased threefold, and kj also intensively increases from
10° to 10"*~10?%. Correspondingly it can be seen from
Fig. 3, the TG curves of lean-oxygen and air condition
coincide well, and TG curves of rich-oxygen condition
have advanced more than that of lean-oxygen condition.

It is indicated that homogenous volatile combustion
would be improved much under the rich-oxygen condition,
in contrast, the increasing of Cp, can only affect the heter-
ogeneous char combustion little. It is because the reaction of
char combustion is controlled by the diffusion of gas species
in the char, however, the reaction of volatile combustion is
mainly considered as a dynamics-control process.

Figures 5 and 6 have shown the effect of particle
diameter and heating rate on the combustion curves of
WCS. Three particle diameter ranges 198-450 pm, 450-
1000 pm, and 1000-2000 pm have been selected to
investigate the effect of particle diameters under the con-
dition that Cp, of 0.2 and f of 30 K min~". Figure 5 shows
that the TG and DTG curves for three diameters almost
coincides with each other, indicating that the effect of
particle diameter on the combustion of WCS is really
minor, which is consistent with previous results for bio-
mass pyrolysis and combustion [49-51]. This should be the
result of the competition between the effects of ash content
and heating transfer. There is a temperature gradient inside
the particle, and the increasing in particle size results to a
lower core temperature, which inhibits the combustion
reaction. However, it can be seen from Fig. 5, with the
increasing in particle size, the residual ash ratio is reduced,
which mainly due to the segregation during the shredding
and sieving process, and it improves the combustion
reaction [49]. Therefore, there is no remarkable different
from the change of particle size.

Effect of heating rate on the combustion characteristics
of WCS is investigated under three heating rate 10, 20, and
30 K min~'. The TG-DTG curves in Fig. 6 show that with
the increasing in the heating rate, the ignition of WCS is
delayed, especially for the first stage of volatile combus-
tion, even if the influences are not so remarkable for the
second stage of char combustion and for the residual ratio.
The ignition delay should be due to the thermal lag effect,
because there is a temperature profile inside the biomass
particle, under high heating rates, the temperature gradient
increases, leading to a higher temperature needed for the
combustion reaction [49, 52, 53].

Co-combustion of WCS with Baoji coal

Figure 7 has revealed the combustion characteristics of
Baoji coal blended with WCS at different mixing ratios
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Table 3 Effect of oxygen concentration on kinetic parameters of WCS combustion

Co, T, — T/K Linear fit R E/kJ mol ™! ko/min~! T/K
0.1 volatile 557.7 — 616.9 y = —8985.3x + 1.5366 —0.99717 74.704 1.2531E+06 595.2
0.1 char 703.6 — 784.1 y = —4898.7x — 59114 —0.98691 40.728 3.9803E+02 732.0
0.2 volatile 555.6 — 606.6 y = —9444.6x + 2.5976 —0.99838 78.522 3.8056E+06 588.9
0.2 char 685.5 — 729.2 y = —5363.4x — 4.89428 —0.99407 44.591 1.2050E+-03 692.6
0.4 volatile 564.6 — 588.6 y = —17547x + 17.164 —0.98927 145.89 1.4981E+13 577.8
0.4 char 689.6 — 709.0 y = —4966.8x — 5.1986 —0.93876 41.294 8.2314E+02 694.5
0.8 volatile 5579 — 5774 y = —29470x + 38.820 —0.98938 245.01 6.3946E+4-22 568.4
0.8 char - - - - - -
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Fig. 5 Effect of particle diameter on TG and DTG curves of WCS
(B=30Kmin™"; Co, =0.2)
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Fig. 6 Effect of heating rate on TG and DTG curves of WCS
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under the condition that § of 30 K min~}, particle diame-
ters of 198—450 um and Cp, of 0.2. As seen from Fig. 7,
with the increasing of biomass mixing ratio, the residual
mass decreases gradually, and the TG curve shifts to a
lower temperature scope, especially, the shift is more
obvious in the first stage of volatile combustion when
temperature is lower than 700 K. Figure 7 show that during
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the combustion process of Baoji coal blended with WCS,
there are always two peaks in the DTG curves. The first
peak is mainly due to the combustion of WCS-volatile, and
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Table 4 Effect of 4 on kinetic parameters of Baoji coal combustion blended with WCS

Y T; — TY/K Linear fit R E/kJ mol ™! ko/min~" T,/K
0 coal 703.0 — 819.2 y = —10629x + 0.40086 —0.99852 88.370 4.7611E4-05 764.7
0.1 volatile 565.2 — 606.9 y = —6170.3x — 4.8455 —0.99703 51.300 1.4556E4-03 591.3
0.1 char 718.2 — 819.6 y = —9166.4x — 1.3618 —0.99828 76.209 7.0453E+04 767.1
0.2 volatile 563.6 — 610.1 y = —6929.3x — 3.3377 —0.99739 57.610 7.3836E+03 589.9
0.2 char 721.7 — 827.7 y = —8056.3x — 2.82946 —0.99731 66.980 1.4270E+-04 772.3
0.4 volatile 557.2 — 610 y = —8070.3x — 0.7511 —0.99694 67.096 1.1424E4-05 592.4
0.4 char 713.8 — 816 y = —6593.6x — 4.3856 —0.99322 54.819 2.4638E+03 761.4
1 volatile 555.6 — 606.6 y = —9444.6x 4 2.5976 —0.99407 78.522 3.8056E+06 588.9
1 char 685.5 — 729.2 y = —5363.4x — 4.89428 —0.99838 44.591 1.2050E4-03 692.6

the second peak is due to the combustion of coal char. For
the mixing ratio scope (0.1-0.4) in experiments, the peak
of WCS-char combustion cannot be seen from the DTG
curve, and it means that this peak has been merged by the
main peak of coal char combustion. It is because the
content of fixed carbon in WCS is much lower than that in
Baoji coal, furthermore, seen from Fig. 1, the combustion
reactivity of WCS-char is higher than coal and sawdust,
and its peak temperature is also much lower.

Figure 8 gives the linear relationship between kinetics
constant and temperatures under the different A of WCS
blended in Baoji coal, and the data fit in line well with
small error. The kinetic parameters in Table 4 illustrate
that with the increase of 4, E, and k, of volatile combustion
increase, but correspondingly E and k, of char combustion
decrease. It is indicated that with 1 increasing, the volatile
combustion is more sensitive to the change of temperature,
due to the enhancement of volatile content in blended fuels,
but char combustion will be more insensitive to tempera-
ture changing.

To further investigate whether there is interactions
existed between the combustion of coal blended with WCS,
the theoretical TG and DTG curves are calculated, which
represent the sum of the individual mass loss from different
fuels as weighted average.

For TG curves:
O(sum,weightedfaverage == /IOCWCS + (1 - A)“Baojifcoal (10)

For DTG curves:

d d d
(&) &) 0 (&)
dz sum,weighted—average de WCS de Baoji—coal

(11)

In which, awcs and agagji coal are the ratio of mass
consumed from the results of individual experiments; A and
1 — A mean the mass fraction of WCS and Baoji coal in the
blended fuels.

The experimental and calculated curves with different
mixing ratios are illustrated in Fig. 9, and results show that
the experimental values and calculated values coincide
well for both TG and DTG curves, which means there is no
remarkable synergistic effect for all the three co-combus-
tion cases in the experiments, and the co-combustion
characteristics can be treated as the single plus results
between two fuels. This result is consistent with previous
results on biomass co-pyrolysis and co-combustion in TG
[54-59].

Utilization of combustion characteristic factor Sy

Combustion characteristic factor Sy has been used to
compare the combustion process for different fuel samples
and under different oxygen concentrations.

Comparison of Sy for Baoji coal, sawdust and WCS is
listed in Fig. 10, which shows that Sy of two biomass
(sawdust and WCS) is much higher than that of Baoji coal,
and the integral combustion characteristics of ignition and
burnout for biomass is obviously better than that of coal,
consistent with the results from Fig. 1. However, results of
Fig. 10 also show that the Sy of sawdust is slightly higher
than that of WCS, even Fig. 1 has demonstrated that the
ignition of WCS is better. It is due to that Sy is an integral
parameter considering both ignition and burnout, in Fig. 2
and Table 2 we have mentioned that the E and k, of
sawdust is larger than that of WCS, which means the
characteristics of reaction velocity and burnout is much
faster than that of WCS. Consequently, the integral result
of ignition and burnout is that the Sy is better for sawdust
than WCS.

Effect of Co, on the Sy for WCS combustion is shown
in Fig. 11. With the increase of Cp,, it shows an expo-
nential relationship (Sy = 7.128 x 107 x exp(Co,/0.368)
—6.126 x 107%) between Sy and Co,. As mentioned in

@ Springer



410

X. Wang et al.

(a) 0.1
100 4 T ' ' T —v—Coal, Mabs | '°
: —v— Coal, DTG
Exp. Mass | 60
80 1 P Exp. DTG
1 —e—Cal. Mass [ 50
~ 60+ o L —o—Cal. DTG £
%) . n—WCS, Mass | 40 S
o 40 1 . —o—WCS, DTG 3
= R — L 30 3
20 A ﬁ h =
o 20 [a]
0- 1 R i
(==
Pl R5
-20 - 0o 10
. @%ﬂéj
DRSS - - N
T T T T T T T
0 200 400 600 800 1000 1200
Temperature/°C
(b) 0.2
T T T T T T T 70
100 - —v— Coal, Mass
—v—Coal, DTG | ¢
80 - . Exp. Mass
5 Exp. DTG
60 - . —e—Cal. Mass [ 90
[ —o—Cal. DTG K=
= 40 —=—WGCS, Mass - 40 £
3 —o—WCS, DTG N
& E k30 ~
= T N ©
20 QO
o - 10
A
SRS Lo
T T T T T T T T T T
0 200 400 600 800 1000 1200
Temperature/°C
(c)o4
T T T T T T T 70
100 - —v— Coal, Mass
| \ —— Coal, DTG L 60
L Exp. Mass
80 [
i '..\ Exp. DTG
60 4 P R4 —e—Cal. Mass - 50
1 . \v, ——Cal. DTG IS
- \d —=—WCS,Mass |40 €
5 404 b S
a L '& —o— WCS, DTG N
(o] 1 \ 30 S
= 20 R~
o
0 L 20
—20 - - 10
—40 Y
T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
Temperature/°C

Fig. 9 Comparison of TG and DTG curves between experimental
values and weighted average values for combustion of Baoji coal
blended with WCS at different mixing ratios: 0, 0.1, 0.2, 0.4, 1

(f=30K min~'; particle diameters = 198-450 um; Co, = 0.2.)

Fig. 3 and Table 3 with Cp, increasing, the peak value of
DTG curve and reaction velocity increase but T, decreases,

leading to the exponential relationship finally.
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Fig. 11 Effect of Co, on Sy for WCS combustion

Conclusions

In this research, combustion kinetics of WCS is investi-
gated using TG, compared with sawdust and Baoji coal;
and the co-combustion of WCS with Baoji coal is also
investigated. Coats-Redfern method is employed to deter-
mine the kinetics parameters, and combustion characteris-
tic factor Sy is also applied to describe the process of WCS
combustion. The conclusions are summarized as follows:

1.

There are two peaks of mass loss (volatile combustion
and char combustion) for combustion of WCS and
only one peak for coal. The ignition characteristics of
WCS is better than that of sawdust and coal, and the
activation energy E of WCS-volatile combustion and
WCS-char combustion are 78.55 and 44.59 kJ molfl,
smaller than that of sawdust and coal combustion.
However, the pre-exponential factor k, of WCS is
much lower than that of sawdust, and then the burnout
characteristic of WCS is worse than that of sawdust.
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2. The heating rate and oxygen concentration Co, affect
the combustion of WCS, but the effect of particle
diameter is little. With the increasing in the heating
rate, the ignition of WCS is delayed. The effect of
oxygen concentration Cp, is significant. With the
increase of Cop, from 0.1 to 0.8, the ignition of WCS is
improved obviously, and the mass loss of first stage
volatile combustion increases from 50 to 85%, when
Co, reaches up to 0.8, the second DTG peak of char
combustion would almost disappear. Co, affects the E
and k, of volatile combustion largely, under the lean-
oxygen condition there is no much change of E and kg
for volatile combustion; however, when Cop, continu-
ally increases from 0.2 to 0.4 and 0.8 under rich-
oxygen condition, E has increased threefold and k also
intensively increases from 10° to 10"°-10?%. Oppo-
sitely, effect of Cp, on the E and k, of heterogeneous
char combustion is always little.

3. Application of combustion characteristic factor Sy
illustrates that the integral combustion characteristics
of ignition and burnout for biomass (sawdust and WCS)
is obviously better than that of coal, and the Sy of WCS is
a bit lower than that of sawdust. With the increase of
Co,, there is an exponential relationship (Sy = 7.128
x107% x exp(Co, /0.368) —6.126 x 107°) between
Sy and Co,.

4. All the DTG curves of co-combustion give two peaks,
and the experimental and weighted-average curves
coincide well under the thermogravimetric environ-
ment. With the increase of mixing ratio that WCS
added, E and kg of volatile combustion increase, but
correspondingly E and kg of char combustion decrease.
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