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Co-Combustion Characteristics of Inferior Coal and
Biomass Blends in an Oxygen-Enriched Atmosphere

Ge Pu,* Weilin Zhu, Huping Zhou, Qiang Lei, Zhengren Zhang, and Jianjun Liu

Combustion characteristics and thermal dynamic characteristics of blends
of inferior coal and core plywood under different oxygen-enriched
atmospheres were investigated using thermogravimetric (TG) analysis.
According to the results, with increasing oxygen concentration, TG and
DTG curves tended to move to a lower temperature region. The
comprehensive combustion characteristic index Sy was first proposed in
this work, suggesting that the enriched oxygen concentration can
significantly improve the combustion conditions. Apparent activation
energies were also put into the calculation and analysis, which showed
that the apparent activation energy increases with an increasing oxygen

concentration. The factor Fc (Ap X P ) was defined for the first time, and

0o

it was found that F. can represent the temperature at which combustion
can proceed under the same blend ratio condition.
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INTRODUCTION

Oxygen-enriched combustion is a method of burning in which the oxygen content
in a combustion-supporting gas is higher than that of ambient air. Compared with the
conventional combustion method, oxygen-enriched combustion can lower the fuel ignition
point and make the burning start in advance. Oxygen-enriched combustion also requires a
lesser amount of combustion-supporting gas, which reduces the loss of heat and raises the
concentration of CO, in the exhaust gas. Furthermore, the combustion efficiency is
enhanced and carbon dioxide capture is advanced.

Intrigued by the advantages that oxygen-enriched combustion presents, researchers
all over the world have performed a lot of investigations on the combustion of coal and
biomass in an oxygen-enriched atmosphere. Investigations of oxygen-enriched combustion
of coal (Folgueras et al. 2003; Luo et al. 2009; Varol et al. 2010; Qin et al. 2012; Yuzbasi
and Selcuk 2012) mainly have focused on the influence of oxygen concentration, coal type,
and grain size on combustion characteristics (i.e., ignition temperature, temperature of max
DTG, the temperature of burnout, and synthetic combustion factor). Studies on oxygen-
enriched combustion of biomass have mainly focused on how different kinds of biomass
(i.e., municipal wastes) (Xiao et al. 2009), wood (Kastanaki et al. 2002; Fang et al. 2006;
Liu et al. 2009), agricultural wastes (Yu et al. 2008), and microalgae (Chen et al. 2011)
perform under an oxygen-enriched atmosphere. There also have been some studies on coal-
char and coal/biomass blends (Gani et al. 2005; Idris et al. 2012; Parshetti et al. 2013).

Pu et al. (2015). “Combustion of coal & biomass,” BioResources 10(1), 1452-1461. 1452


http://dict.cnki.net/dict_result.aspx?searchword=%e7%bb%bc%e5%90%88%e7%9a%84&tjType=sentence&style=&t=synthetic

PEER-REVIEWED ARTICLE b | oresources.com

Many of the previous experiments and trials have studied oxygen-enriched
combustion on coal or biomass; however, less attention has been given to co-combustion
of coal and biomass blends, especially with inferior coal and core plywood gathered from
building decoration plate wastes. It is under this scenario that combustion characteristics
and thermal dynamic characteristics of blends of inferior coal with core plywood in an
oxygen-enriched atmosphere were studied using thermogravimetric analysis (TGA) in this
work. Such studies may be of importance for cost-effective utilization of inferior coal as
well as for the comprehensive utilization of municipal wastes and carbon dioxide emission
reduction.

EXPERIMENTAL

Materials

The inferior coal used in this study was collected from a coal mine near Chongging
City, China. The biomass used was core plywood, which was derived from the decoration
plate wastes of a metropolitan building. The samples of inferior coal and core plywood
blends were prepared by crushing, drying, blending, and sieving to particle sizes of 120 to
150 um. The blend ratios (M) in the experiments were 10%, 20%, and 30% (core plywood
mass/total mass).

Methods

The experiments were carried out with a STA409PC (NETZSCH, Germany) type
thermal gravity analyzer with differential thermal analysis (DTA) support and a cylindrical
alumina crucible.

In the experiments, 10 mg of each sample was heated to 1000 °C from room
temperature at a constant heating rate of 25 °C/min under different oxygen-enriched
concentrations (20%, 30%, and 40%) at a flow rate of 100 mL/min. These different oxygen
concentrations were achieved by mixing oxygen and nitrogen gas together. The TG and
DTG data of each experiment were obtained from the data acquisition unit. The TG and
DTG curves were drawn from these data and were used to assess the combustion
characteristics of the samples under different oxygen-enriched atmospheres.

The proximate analysis of the inferior coal and core plywood was carried out
according to ASTM E870-82, and the results shown in Table 1. It is known from the
ultimate analysis of experimental samples that the inferior coal is high in ash (Aa =
28.85%), but low in volatile matter (Vaq = 16.97%), which is unfavorable for combustion.
This disadvantage of the inferior coal, however, can be compensated by the rich volatile
matter in biomass (Vad = 83.79%).

Table 1. Proximate Analysis of Samples (wt%, Ad)

Samples Moisture ad Volatile ad Ash ag Fixed carbon ag
Inferior coal 0.84 16.97 28.85 53.34
Core plywood 4.13 83.79 2.71 13.69

Ad: as determined basis
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RESULTS AND DISCUSSION

TG and DTG Analysis
Figure 1 shows the TG and DTG curves under different oxygen concentrations (¢

= 20%, 30%, and 40%) and different blend ratios (core plywood mass/total mass: 10%,
20%, and 30%). According to the TGA and TG results, three regions and two peaks were
observed. The first region, which is due to the moisture and low boiling point of the organic
matters in the sample, is called the water evaporation region (around 40 to 150 °C). The
experimental samples were dried and kept in a drying oven; hence there was not much
moisture volatilized. The other two regions are an oxidative pyrolysis (around 150 to 400
°C) and a char combustion region (around 400 to 850 °C). After moisture evaporation, two
major mass loss peaks were observed in the DTG curves. The first peak is due to the release
of volatiles and their combustion, and the second peak is due to the combustion of the fixed
carbon. The first peak is combined with the second peak and it is like a shoulder to the
second peak, which represents the release of volatiles in the inferior coal and the
combustion of fixed carbon in the biomass.
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Fig. 1. DG and DTG curves of mixtures for ¢=20%, 30%, and 40%: (a) blend ratio M=10%, (b)
blend ratio M=20%, and (c) blend ratio M=30%
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It also can be seen in Fig. 1 that for the lower blend ratios (M=10% and 20%), the
oxygen concentration ¢ had little impact on the release of volatiles, as indicated by the
similar TG curves in the volatile release region (around 150 to 400 °C) of the samples. For
the blend ratio M of 30%, the maximum mass loss rate (-6.31056%, -6.979985% , -7.91374%
respectively) of the sample increased with increasing oxygen concentration, as observed
by the DTG curves; the volatiles also were released quickly.

In the fixed carbon combustion region (around 400 to 850 °C), however, the oxygen
concentration ¢ and blend ratio M played a positive role. At the same blend ratio, the TG
curves and DTG curves shifted to the lower temperature region as the oxygen concentration
increased and the maximum mass loss rate increased, indicating favorable conditions for
the combustion process of fixed carbon under an oxygen-enriched atmosphere.

Characteristics of Ignition and Burnout Temperature

As shown in Fig. 2,a DT-DTG plot (Gil et al. 2010) was used to define the ignition
temperature of the biomass Tiz, the ignition temperature of the inferior coal Ti2, and the
burnout temperature Tp.
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Fig. 2. Ignition temperatures and burnout temperature

The ignition temperature of the biomass Tiz and the ignition temperature of the
inferior coal Ti> under different mixing ratios M and oxygen concentrations ¢ are given in
Table 2. The ignition temperatures of the biomass and inferior coal decreased slightly with
the increasing oxygen concentration. For the biomass, its ignition temperature maintained
at about 280 °C, compared to 470 °C for the inferior coal.

The variations of peak temperature (Tmax) and maximum mass loss rate (DTGmax)
with different mixing ratios and oxygen concentrations in the fixed carbon combustion
region are given in Table 2, where Tmax represents the temperature at which the rate of mass
loss is at a maximum.

As shown in Table 2, the peak temperature (Tmax) decreased when the oxygen
concentration ¢ increased from 20% to 40%, while the maximum mass loss rate (DTGmax)
increased. The Tmax Of these three samples (mixing ratio M=10%, 20%, and 30%) dropped
15 °C, 10 °C, and 22 °C, respectively, and DTGmax increased 1.74%, 2.01%, and 3.11%,
respectively.
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Table 2. Kinetic Parameters of the Samples with Variations of M (Mixing Ratio)
and ¢ (Oxygen Concentrations)

M () Ti Ti2 Tmax DTGmax To E Factor Fc
(°C) (°C) (°C) (%/min) (°C) (kJ/mol) (Pa/K)
20% 288.39 490.98 595.62 -7.18 746.42 56.30 16.46
10% 30% 287.41 490.34 580.40 -8.03 731.20 61.33 37.27
40% 279.52 486.42 580.54 -8.92 708.14 63.37 60.15
20% 283.20 474.65 597.22 -4.88 818.42 38.67 0.83
20% 30% 281.99 472.77 579.60 -5.89 760.00 40.16 1.23
40% 278.84 472.00 587.34 -6.89 721.74 46.03 3.53
20% 280.94 467.93 597.22 -4.32 820.40 27.82 0.14
30% 30% 277.54 466.34 579.60 -5.40 750.40 37.83 0.90
40% 277.33 467.12 575.34 -7.43 688.94 46.45 5.31

Ti1: ignition temperature of the biomass; Tiz: ignition temperature of the inferior coal;
Tmax: variation of peak temperature; DTGmax: maximum mass loss rate
To: burnout temperature; E: activation energy; Factor Fc¢: ApxO2/f was defined

The burnout temperature Ty under different mixing ratios M and different oxygen
concentrations ¢ are listed in Table 2. It shows that the higher the oxygen concentration ¢,
the lower the burnout temperature. This observation was more pronounced with the 30%
mixing ratio, evidenced by a 132 °C drop in burnout temperature compared to a 38 °C drop
with a mixing ratio of 10%, which strongly demonstrates that the addition of biomass to
coal will promote the combustion of the coal. It can be also concluded that the oxygen-
enriched atmosphere makes the combustion process of the blend proceed at a lower
temperature, which reduces the heat waste.

Analysis of Comprehensive Combustion Characteristics

In related works, a combustion characteristic index S was used to evaluate the
comprehensive behavior of the combustion of biomass or coal (Wu et al. 2008) according
to Eqg. 1,

mean

(1)

o (dw/dy,, (dw/dy

where (dw/dt)max and (dw/dt)mean are the maximum and average mass loss rates,
respectively, and Ti and Ty, are the ignition and burnout temperatures, respectively.

The combustion characteristic index S, however, is not applicable for biomass/coal
blends, especially when the characteristic of the biomass and coal has great variation.
Therefore, the synthetic combustion index of blends SM was proposed in this study in order
to evaluate the combustion behavior of the blends and eliminate the effects caused by
different blend ratios, and computed as follows:
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The first item in the numerator is the arithmetical average value of the maximum
mass loss rates in the volatile release region and in the fixed carbon combustion region,
respectively. The second item is the average mass loss rate value from the ignition
temperature of the biomass Ti1 to burnout temperature Ty. The first item in the denominator
is the square of the arithmetical average value of Tiy and Ti. The comprehensive
combustion characteristic index SM of the biomass/coal blends under different oxygen
concentrations ¢ are shown in Fig. 3.

As can be observed in Fig. 3, the value of SM increased as the oxygen concentration
@ increased, indicating that the oxygen-enriched atmosphere enhanced the combustion
behavior of the blends. In addition, the slopes of the fitting curves grew synchronously
with oxygen concentration. When the blend ratio M was 30%, the SM line had a maximum
increasing trend.
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Fig. 3. Synthetic combustion index of blends SM with different Oz concentrations ¢

Activation Energy Calculation and Analysis
A non-isothermal kinetic equation was adopted (Hu et al. 2001) as follows,

d—a:ik(T, Po )f(a)

dT p : (3)
where T is the thermodynamic temperature, and P, is the oxygen partial pressure. « is the

extent of conversion or weight loss fraction at time « and is calculated as: o=(w-wx)/(Wo-
w1), where wo is the initial mass of the blends sample before combustion; w is the mass at
time 7z, and w is the final mass that remained at the end of combustion.

Taking the impact of oxygen concentration into consideration and the Arrhenius
Law, k is defined as follows (Kastanaki and Vamvuka 2006; Aracil et al. 2007):

k=Aexp(—E/RT)péz (4)

where A is the frequency factor, E represents activation energy, R is the universal gas
constant, and x is constant. Inserting Eq. 4 into Eq. 3, one obtains,
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da 1 .
—=—Aexp(-E/RT)f(a)p

e}

T B : (5)
Taking the logarithm of Eq. 3 and transposing,

(da /dT ) -E1

(A
e )T 2) (6)

Usually, f(a) is illustrated as f(a)=(1-«)" in dynamic experimental methods;
therefore, Eq. 6 finally is written as:

(da /dT ) (A Y -E 1

e R 5

From Eqg. 7, the activation energy E in the fixed carbon combustion region and correlation
coefficient r can be calculated by plotting In(Ap", /5) Versus 1/T. Calculated results are

given in Table 2, from which it can be seen that all the correlation coefficient r values are
at least 0.983, indicating that the model is a good fit for the data.

As seen in Table 2, at the same mixing ratio condition, the activation energy within
the fixed carbon combustion region exhibited an ascendingtrend with oxygen
concentration, which is consistent with the features of coal or biomass (Fang et al. 2006;
Yu et al. 2008). When the blend ratio M was 10%, the activation energy calculated at a
10% oxygen concentration was 56.30 kJ/mol and it steadily increased until a 30% oxygen
concentration to a value of 63.37 kJ/mol. This can be explained by the hypothesis that coal
consists of substances whose activation energy is distributed from low to high. As
discussed earlier, an oxygen-enriched atmosphere allows combustion to take place at a
lower temperature; therefore, when the oxygen concentration increases, the substance with
the higher activation energy will react at a lower temperature. Thus, the activation energy
of the samples increased with the increasing oxygen concentration at the same mixing ratio.

Under the same oxygen concentration conditions, however, the activation energy
of the samples decreased as the blend ratio M increased (Table 2). The reason relies on the
fundamental fact that the activation energy of biomass is lower than that of coal within the
same temperature region. Consequently, the activation energy of the samples dropped
while the blend ratio M increased.

Promoting Effect of Oxygen Concentration

After observation and analysis of Eq. 5, Ap’, I Was defined as factor F¢ in this
work. It is found that factor F. can represent the promotion effect of oxygen concentration
on the co-combustion of biomass/coal blends, because frequency factor A reflects the
molecular internal thermal mobility; p*, is the oxygen partial pressure and the higher

oxygen concentration will enhance the combustion process as discussed above. s is the
heating rate and its value is expected to be small for full combustion. Consequently, the
higher factor F, the greater effect on promoting mixed combustion of biomass/coal blends
efficiency.

Pu et al. (2015). “Combustion of coal & biomass,” BioResources 10(1), 1452-1461. 1458



PEER-REVIEWED ARTICLE b | oresources.com

700 4 q
|

600 4 |

500 4 |

400 ;l} e
+

300 )

F_(Pa/K)

200 / |
- / M=10%

- / L
100 4 - /| ° M=20%
: 4 M=30%
04 z -
< T T T T 1
0 10 20 30 40 50 60

¢ (%)

Fig. 4. Variations of FC in fixed carbon combustion region

Variations of Fc in the fixed carbon combustion region are plotted in Fig. 4. Oxygen
concentration had a great impact on the F. value. For the same blend ratio, the Fc value
calculated at a 40% oxygen concentration was larger than that calculated at 20% and 30%
oxygen concentrations, indicating that the oxygen-enriched atmosphere could promote the
co-combustion of the biomass/coal blends.

Compensation Effect of Factor Fc

The plot of In(F¢) versus E is represented in Fig. 5, where factor F. is the value
calculated at the different mixing ratios and oxygen concentrations. Through fitting, the
linear equation is as follows:

In(Fe) = 0.167E — 6.48 (8)

According to the fitting results, the correlation coefficient r reached up to 0.99139,
indicating that the factor Fc has a linearization compensation effect to the activation energy
of the blended samples. As activation energy increases, more heat energy must be absorbed
by blends; however, since factor F¢ represents the degree of promotion effect to the
combustion, F¢ increases simultaneously with activation energy to provide the energy
needed.
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Fig. 5. Relation between F. and apparent activation energy
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CONCLUSIONS

1. Based on the present work, it was concluded that a higher oxygen concentration results
in a greater mass loss rate and lower peak temperature (Tmax). In addition, the burnout
temperature decreases under oxygen-enriched atmosphere conditions, so the
combustion process shifts to a lower temperature region, which reduces heat waste and
favors the combustion of biomass/coal blends.

2. The comprehensive combustion characteristic index SM was first proposed, and the
comprehensive combustion characteristic of blended samples can be significantly
improved by increasing the oxygen concentration, especially with a blend ratio of 30%.

3. At the same oxygen concentration, the activation energy within the fixed carbon
combustion region decreases with increasing blend ratio, which is useful to accelerate
reaction rate. This occurs because an oxygen-enriched atmosphere makes the
combustion process proceed at a lower temperature.

4. Factor F¢ can represent the positive promotion effect of oxygen concentration on the
co-combustion of biomass/coal blends. Factor F¢ also has a linearization compensation
effect on activation energy (E) of blended samples.
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