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ABSTRACT: This work presents comparative study on the combustion of biomass
pellets (BP) with Bituminous coal (BC), and Xiao longtan lignite (XL) using
thermogravimetric (TG) analysis. The results show that the combustion process of
BP:BC can be divided into the release and combustion of volatile compounds, oxidation
of BP char and combustion of BC char. Whilethere are two stages for the blend of XL
and BP, which are the combustion of volatile compounds and the char burning of BP
and XL. With increasing BP ratio, the maximum combustion rate and combustion index
increase, while the burnout temperature decreases, indicating the combustion
performance of coal can be improved. In addition, interactions between BP and XL are
more significant than that of BP and BC. The maximum deviations are found to be 30%
BP with BC and 10% BP with XL. Reaction mechanisms are analysed using Coats—
Redfern method. The first order model is found to be suitable for the first stage of
biomass burn (stage 1) and coal combustion of BC:BP blends. Diffusion controlled
model D3 and D4 are the most effective for the second stage of biomass burn and XL
combustion, respectively. The minimum activation energies of biomass blending is
obtained with a BP ratio of 30% for BC and 10% for XL.

KEYWORDS: Biomass Pellets, bituminous coal, lignite, combustion,
thermogravimetric analysis
1. Introduction

Biomass pellets (BP) are used in combustion engineering due to its higher density
and combustion efficiency than that of biomass feedstock [1]. Wood fuel is the main
source of raw material for the production of biomass pellets. The increasing need of
biomass pellets results in a shortage of wood fuel. Therefore, mixing non-woody
biomasses with wood fuel becomes an effective way to provide sustainable source

materials for biomass pellets production, such as rice straw and catkins [2]. Rice straw
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is a kind of agricultural residues with rich resources, which is widely used. Catkins are
a type of compact or string-like inflorescence, produced from birches, willows, and
oaks. They float easily in air, and excessive catkins often cause environmental pollution
and disease transmission [3]. However, so far there is no effective method to dispose
disposal catkins. Therefore, BP used in this study is a kind of innovative composite
biomass pellets, including wood waste, rice straw, and catkins.

Compared to coal, biomass has the advantages of low sulfur, low nitrogen and
stable combustion. Therefore, the co-combustion of coal and biomass may be an ideal
method for biomass waste. Biomass possesses higher volatile matter, shorter
combustion time and lower ignition temperature, which has significantly different
characteristics as compared to coal [4]. Therefore, it is necessary to study the
thermodynamic characteristics of coal-biomass co-combustion. Compared with other
analytical methods, thermogravimetric analysis (TG) is more convenient, fast and
efficient, which is widely used in the field of combustion [5]. There are numerous
researches presenting thermogravimetric analyses of coal, biomass and their blends.
Table 1 is the short literature review of the co-combustion of different coal and biomass
types.

Magalhaes et al. [6] studied the combustion behavior and kinetics of lignite and
olive residue. Tuncbilek and Soma lignite had one major combustion stage and olive
residue had two distinct stages for combustion. Kinetic analysis using Coats—Redfern
method showed that Tungbilek lignite had the highest activation energy. In contrast,

during the combustion of laying hens manure and coal [7], it was concluded that
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activation energy was much higher for biomass than for coal. Moreover, the blended
activation energy was increasing with increased biomass content. Jayaraman et al. [8]
confirmed the activation energy of biomass was higher than that of coal because of the
pore structures. Wang et al. [9] investigated the co-combustion of coal and the biomass
(sawdust and rice straw). Kinetic calculation indicated the larger the biomass proportion,
the lower the activation energy of blends. In addition, it was found that there was
interaction between coal and biomass. Ignition and the burnout temperature were
decreasing with increasing biomass ratio. As biomass ratio is 70%, the blends displayed
the maximum burning rate and best combustion performance. By TG experiments,
Ullah et al. [10] demonstrated that the ignition behavior and thermal reactivity of coal
were improved by the addition of pine wood. Moreover, activation energy increased in
volatiles burning profile and decreased in char combustion stage with elevated biomass
proportion. Experiments by Wang et al. [11] showed that there was synergistic effect
during combustion process of biomass and coal, the ignition performance was improved
by increasing biomass. Activation energies had the lowest value at 60% rice husk (rice
husk and coal), 20% pine sawdust (first stage of pine sawdust and coal), and 40% pine
sawdust (second stage of pine sawdust and coal). Liu et al. [12] found that hydrochar
addition increased the combustion efficiency of blends due to synergistic interactions
between hydrochar and lignite. The first-order reaction mechanism can describe the
combustion process of blends well. Li et al. [13] demonstrated that the addition of
distillation residue can improve the combustion efficiency of lignite. With increasing

distillation residue, the synergistic interactions between distillation residue and lignite
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firstly increased and then decreased. Moreover, the optimum mixture ratio of
distillation residue (60%) in blends was obtained, with the lowest activation energy. Yu
et al. [14] confirmed the synergistic effect between lignite and eucalyptus bark during
their co-combustion and found 20-40% eucalyptus bark was the optimum blending ratio.
Coats—Redfern analysis presented that the combustion of eucalyptus bark and their
blends was controlled by diffusion model, and lignite burning was determined by
reaction order model.

However, because of the different species of biomass and coal, there are still
different or even contrary conclusions. Despina and Stelios [15] observed that there was
synergistic effect between lignite and cardoon, but there was no synergism between
lignite and pine needles. Toptas et al. [16] investigated the combustion behavior of
lignocellulosic and animal wastes, and their blends with lignite. The results indicated
that biomass addition can improve the burnout performance of lignite, and the blends
had a lower ignition and burnout temperature at 50% coal. However, there was no
interaction between the lignite and biomass at initial step of combustion. Gil et al. [17]
also demonstrated that there was no significant interaction between bituminous coal
and pine sawdust in co-combustion process, and the combustion steps in blends were
only the sum of the biomass and coal individual stages. In addition, Kawnish and
Sankar [18] performed pyrolysis experiments of algae—coal blends. The results
indicated that there was no interaction between the algae and coal during pyrolysis.

Table 1 Thermogravimetric analysis of co-combustion: literature review

Fuel type Method Experimental conditions Kinetic model Ref.




Lignite from Tungbilek and

Soma, and olive residue

laying hens manure, coal, and

blends

Poplar wood,
hazelnut shell, bituminous

coal, and blends

Sawdust, rice straw, coal, and

blends

Pine wood, coal , and blends

Bituminous coal, rice husk,

pine sawdust, and blends

Hydrochar, lignite, and blends

Pyrolysis oil distillation

residue, lignite, and blends

Eucalyptus bark, lignite, and

blends

Olive prunnings, cotton
residue, pine needles, cardoon,
sewage sludge, lignite, and

blends

Lignocellulosic, animal wastes,

and their blends with lignite

TG and

FT-IR

TG

TG-MS

TG

TG

TG

TG

TG

TG-MS

TG

TG

Room temperature-1000 °C, 10 mg
sample, 15, 20, 40 °C/min heating
rate, and 120 ml/min flow air
Room temperature-1000 °C, 20 mg
sample, 5, 10, 15, 20 °C/min heating
rate, and 70 ml/min flow air
Room temperature-950 °C, 10 mg
sample, 20 °C/min heating rate, and

50 ml/min flow air

Room temperature-1273 K, 10 mg
sample, 10 K/min heating rate, and
70 ml/min flow N, /air (10% air)
mixture atmosphere
Room temperature-800 °C, 10 mg
sample, 20 °C/min heating rate, and
75 ml/min flow air
Room temperature-900 K, 5 mg
sample, 2.5, 5, 10, 20 K/min heating
rate, and 100 ml/min flow air
Room temperature-850 °C, 8 mg
sample, 15 °C/min heating rate, and
20 ml/min flow air
Room temperature-800 °C, 5 mg
sample, 10, 20, 30, 40 °C/min
heating rate, and 80 ml/min flow air
50-800 °C, 10 mg sample, 10, 15,
20 °C /min heating rate, and 100

ml/min flow air

25-850°C, 20-25 mg sample, 3-
100 °C/min heating rate, and 45

ml/min flow air

Room temperature-900 °C, 30 mg
sample, 20 °C/min heating rate, and

100 ml/min flow air

Coats-Redfern

Ozawa-Flynn-

Wall

Arrhenius and

Coats—Redfern

Coats-Redfern

Coats—Redfern

Double parallel

reactions nth

order rate model

Coats—Redfern

Coats—Redfern

Coats-Redfern

Coats—Redfern

Magalhaes et al.

(6]

Junga et al. [7]

Jayaraman et al.

[8]

Wang et al. [9]

Ullah et al. [10]

Wang et al. [11]

Liu et al. [12]

Lietal. [13]

Yu et al. [14]

Despina and

Stelios [15]

Toptas et al. [16]
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Room temperature-1000 °C, 5 mg

Bituminous coal, pine sawdust, sample, 15 °C/min heating rate, and
TG Coats—Redfern Giletal. [17]
and their blends 50 cm®/min flow air

In general, the co-combustion of biomass with coal received fairly intensive
studies. TG analysis can summarize combustion characteristics and kinetic model
shows the variation of the activation energy. However, the reaction mechanisms
between coal and biomass are not fully understood, and there are some different or even
contrary conclusions [19]. In addition, there is nearly no research report regarding the
utilization of catkins added into biomass pellets. In our study, the woody fuel is mixed
with rice straw and catkins. It can not only provide source material, but also reduce the
pollution emissions in the co-combustion process. Therefore, it is highly essential to
fully understand the co-combustion processes of coal and mixed biomass pellets. The
aim of this work is to determine the potential of mixed biomass pellets and to compare
the co-combustion characteristics of different coal with mixed biomass pellets.
Combustion characteristics and kinetic parameters are advantageous as a guide for the
combustion application.

2. Experimental and methods
2.1 Materials

BP has a cylindrical shape with 5-10 mm in diameter and 5-20 mm in length,
produced by Corn Stover Pellet Mill (ZLSP200B). Bituminous coal (BC) is the most
popular coal with large yield, which is obtained from Huainan Coalfield in Anhui,
China. Lignite acquired from Xiao longtan power plant (XL) in Yunnan is the lowest-

grade coal with high contents of volatile matter and moisture. All samples are dried for
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5 hours at 100 °C, then ground to powders and sieved to ensure that the particle size is
smaller than 0.18 mm. The properties of BC, XL and BP are decipated in Table 2. BP
is separately added to different coal (BC and XL) at weight ratios of 0:100, 10:90, 30:70,
50:50, 70:30, and 100:0. The contents of carbon and hydrogen are established by Liebig
method (ISO 625:1996). The concentration of nitrogen is determined by Semi-micro
Kjeldahl method (ISO 333:1996). The sulphur content is found by IR spectrometry
(ISO 19579:2006). The remaining oxygen percentage is calculated by the difference.
The proximate analysis is referred to GB/T 212-2008 standards. Element concentrations
are analyzed by inductively coupled plasma-atomic emission spectrometry.

Table 2 Property of BC, XL and BP

Proximate analysis, (wt.%, ad. basis) Ultimate analysis, (wt.%, daf. basis) Elemental analysis (g/kg)
HV
Sample G St Ash Volatile Fixed C H N § 0* Ca Fe K Na S
(kl/kg)
matter carbon
BC 2.17 24.20 21.20 5243 68.54 433 097 058 2558 20.72 12.12 424 0.05 0.04 0.99
XL 9.16 36.50 28.81 25.53 3959 3.63 079 1.67 4568 15.68 3262 656 059  0.08 16.17
BP 52 6.1 70.51 18.19 43.17 477 004  0.05 51.97 17.80 4.79 0.60 1.09  0.33 0.28

Notes: ad-air dry; daf-dry and free; HV-heating value; O*=1-(C+H+N+S).
2.2 Method

Thermogravimetric experiments are performed by TG 209 cell (Netzsch). The
blending samples (10 mg) are heated from 25 to 900 °C under air atmosphere (80
ml/min) at heating rate of 20 °C/min. Both weight loss and temperature are obtained
during the whole combustion. The combustion characteristic parameters are obtained
from thermodynamic curves [3]. The value of differential thermogravimetric (DTG) is
the slope for the TG corresponding to the point at the same temperature. This tangent

intersects with dehydration smooth baseline and the temperature corresponding to the
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intersection is defined as ignition temperature (7;). The peak temperature and
combustion rate corresponding to the first combustion stage are 7; and DTGy,
respectively. The second, third, and average burning stages follow this rule, such as 7>,
T3, DTGy, and DTGs. At the zero value of DTG, the corresponding temperature is
referred to the burnout temperature (7). The comprehensive combustion characteristic
index (S) reflects the performance of material ignition and burnout, which is determined

in Eq.1.
_ DTG,DTG,
T,

where DTGy, is the maximum mass lose rate and DTG, means the average mass loss
rate, which is determined by total consumption of sample mass and reaction time.
2.3 Kinetic theory

Combustion is a complex process, including gas phase and solid-gas reactions[17].

Kinetics parameters can be obtained based on Arrhenius equation (Eq. 2).

a —-E
— = AeRTf(a) (2
- = AeFTf (@) (D)
where a is the mass conversion ratio, ¢ is time, A is pre-exponential factor, E is
activation energy, R is gas constant, 7 is absolute temperature, and f'(a) is decided by

reaction mechanism. When heating rate (w=d7/dt) is constant, Eq.2 is transformed into

Eq.3.

g(a) = m=— f —exp—dT (3)

where g(a) is the function of conversion ratio a, which is illustrated in Table 3. In

general, the reaction mechanisms contain chemical reaction (O1, O2, and O3), phase

boundary reaction (R1 and R2), and diffusion reaction (D1, D2, D3, and D4) [17].
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Table 3 Reaction models and correspondent and g(a) functions

Mechanism and model g(a)

Chemical reaction order controlled

First order — O1 —In(1 — )
Second order — 02 1-ao)?
Third order — O3 1-a)?

Phase boundary controlled
Contracting cylinder — R2 1—(1—a)?
Contracting sphere — R3 1-(1-a)/3

Diffusion controlled

1D diffusion — D1 a?

Valensi, 2D — D2 Al-0)ln(l-a)+a
Jander, 3D — D3 [1 —(1- a)1/3]2
Ginstling-Brounshtein, 3D — D4 1-2a/3—(1—a)?*?

Coats-Redfern method is extensively applied to calculate the kinetic parameters

of coal and biomass during combustion [6]. Therefore, Eq.3 is integrated, giving:

2] )

Because 2RT/E is much less than 1 in most combustion reactions, Inf AR/BE*(1-2RT/E)]

is always constant in Eq.4 [9]. Therefore, In[g(a)/T?] is plotted versus 1/T and a straight
line with highest correlation coefficient (R?) is obtained when g(a) is suitable for the
reaction. Then, the corresponding E, 4 values can be calculated.
3. Results and discussion
3.1 The properties of BC, XL and BP

The properties of BC, XL, and BP samples are presented in Table 2. It is obvious

that the BP has the highest level of volatile content, and the lowest level of ash content.
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In addition, the nitrogen (N) and sulfur (S) contents in BP are lower than BC and XL,
indicating the characteristic of clean combustion. The properties of BP are similar to
those of wood and straw pellets reported in previous studies [20]. In comparison with
BC and XL, BP has a higher ratio of volatile to fixed carbon (approximately 4.0),
indicating easier ignition. Moreover, the higher oxygen and hydrogen contents are
helpful to raise the thermal reactivity. Therefore, the addition of BP in coal can promote
the ignition temperature and improve the co-combustion. The fixed carbon
concentration of BC is greater than that of XL, so there is a higher calorific value (20.72
kJ/kg) in BC sample. It is also interesting to note that the heating value of BP is higher
than that of XL (17.80 kJ/kg >15.68 kJ/kg), which can be explained by the lower carbon
content in XL. Previous research has also indicated that lignite form Xiao longtan is
kind of coal with lower calorific value [21]. Moreover, the high heating value of BP
(17.80 kJ/kg) suggests that it is presumably a better fuel choice.

In addition, it is found that BP contains more alkali metals as compared to coal,
which may aggravate slagging problem [22]. High level of alkali metals in XL also
indicates that it is a kind of low-grade coal and has some characteristics similar to
biomass. Meanwhile, high level of calcium and sulfur are found in XL, explaining the
necessity of pollutants control in the process of lignite combustion. In general, the
emission of sulfur dioxides can be reduced by adding limestone to coal combustion, as
shown in Eq.5 [23].

CaC0O; = Ca0 + C0O,; CaO + S0, + 0.50, = CaS0, (5)

3.2 Thermogravimetric analysis of BC, XL and BP
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As shown in Fig. 1, there is an obvious difference among thermal behaviors of BC,
XL, and BP, while the same moisture dehydration range can be observed at
approximately 80-180 °C. The order of weight loss between 80 and 180 °C is:

XL>BP>BC, which is consistent with the moisture contents of raw materials in Table

For BC, the combustion process is mainly observed between 400 and 700 °C with
a maximum weight loss rate 9.0 %/min at about 575 °C, which is caused by the
simultaneous combustion of volatile matter and char. It is worth noting that there is a
weak second oxidation region from 700 to 800 °C, may representing the decomposition
of carbonates, such as calcite and dolomite. The main component of the calcite and
dolomite is calcium carbonate, which can be explained by calcium (Ca) in Table 2. In
addition, previous reports have demonstrated that calcium carbonate undergoes thermal
decomposition above 650 °C and the decomposition ends about 800 °C [24, 25], which
is consistent with the decomposition temperature in this experiment. Because the
calcium content is less in BC, the corresponding oxidation peak is not very obvious.
The same conclusion has been confirmed by Higyillmaz’s TG research on bituminous
coal [26].

As for XL, it is decomposed over a broad temperature range without obvious peak,
which means the oxidation occurs at a relatively low rate during almost the whole
temperature range. XL is a kind of inferior coal, including significant C=0O and C-H
bonds with low energies, which are easier to decompose than C=C bond in BC [6, 27].

From the above reason, it is found that the ignition temperature and maximum
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combustion rate increase with increasing coal quality from XL to BC. This is consistent
with previous conclusions [26, 28]. Similarly, second peak at 750 °C attributed to
carbonates is found from the thermodynamic curves. XL contains more calcium (32.62
g/kg) than BC (12.12 g/kg) in Table 2. Thus the mass loss of XL during the second
oxidation region is greater than that of BC in Fig.1 (7.5% > 2.08%).

Different from BC and XL, the combustion of BP is clearly divided into two stages:
the release and burn of volatile matter (250-400 °C), and the combustion of fixed carbon
(400-550°C). As a kind of biomass, cellulose and hemicellulose are major chemical
constituents, and their decomposition temperature ranges are from 220 to 315 °C and
from 315 to 400 °C, respectively [29]. Therefore, the first combustion stage of BP is
mainly attributed to the decomposition and combustion of hemicellulose and cellulose,
and the mass loss accounts for about 62.59%. Lignin has high stability and decomposes
over a broad temperature (160-627 °C) [30]. Therefore, fixed carbon and some lignin
decompose at the second stage. It is clear that BP decomposes much faster than coal at
the same temperature. Previous conclusions [31, 32] have indicated that the polymers
of cellulose, hemicelluloses and lignin are linked by relatively weak bonds (380—420

kJ/mole energy), which are easy to be broken down.
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Fig. 1. DTG and TG curves for BC, XL and BP
3.3 Co-combustion of BC, XL and BP

Fig. 2 presents DTG curves of different blends arranged in order according to the
mass proportion of BP. Dehydration and decomposition of carbonates are not discussed
in this paper.

For blends of BC and BP, they display three step mass losses (stages 1, 2 and 3).
Stages 1 and 2 are mainly belonged to the release and combustion of volatile matter,
and the char oxidation of BP, respectively. Stage 3 is mostly attributed to the
combustion of BC. With the increasing BP proportion, the peak combustion rate
increases continuously at stages 1 and 2, and decreases gradually at stage 3, due to the
elevated volatile matter, BP-char and reduced BC-char, respectively. Moreover, the
second peak of BP (stage 2) and the peak of the coal (stage 3) overlap together as the
mass ratio of BP is less than 50%. The same overlap between coal and biomass has
been found in previous research [17]. In addition, remaining mass of residual sample is

also decreasing, suggesting the combustion of BC is promoted due to the addition of
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BP. For blends of XL and BP, only two obvious burning stages are observed in DTG
profiles. The curve of stage 1 is mainly due to the release and combustion of volatile
matter in BP and XL, while stage 2 is the combustion of BP-char and XL. Similarly,
peak burning rate of the first evolution profile increases with increasing BP ratio.
However, DTG profile in stage 2 displays an irregular variation with the addition of BP.
It is assumed that there is no interaction between BP and XL. Because the burning rate
of BP is far greater than that of XL, the DTG profile in stage 2 should show a regular
variation, which depends on the BP ratio in the blends. However, experimental results

are the opposite, suggesting that there is an interaction between BP and XL, which is

discussed further in the next section.
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Fig. 2. DTG curves for the co-combustion of (a) BC and BP and (b) XL and BP

The combustion characteristic parameters are presented in Table 4. In order to
investigate the influence of BP addition on coal (BC and XL) combustion, Fig. 3 is

established. For all blends, it is found that 7; and 7» decrease with increasing BP
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proportion, indicating combustion process is shifting forward by adding BP. In addition,
DTGa. and S increase with increasing BP ratio in blends due to the higher volatile matter
than coal. Thus it is expected that the blending of BP with BC or XL would promote
the combustion property. Similar thermal characteristics due to the presence of biomass
are also reported by previous studies [8, 33, 34].

The maximum burning rates corresponding to different combustion stages are
DTGi, DTG2, and DTGs, respectively. Fig. 3 (c) presents that DTG for all blends
almost increases linearly with increasing BP proportion. A greater number of volatiles
are formed and ignited due to the presence of BP in the blends. This result suggests that
the higher BP ratio, the faster mass loss rate, in other words, the higher blends reactivity
in stage 1. It is confirmed that the maximum burning rate is positively related to thermal
reactivity [35, 36]. Nevertheless, DTG3-BC for the BC/BP blends is generally reduced
with elevated BP ratio, which may result in negative effect on thermal reactivity.
Accordingly, a desirable percentage of BP should be selected for co-combustion of BC
and BP. Unlike BC/BP, DTG»-XL for XL/BP has a significant rise due to the added BP,
and then the overall variation tends to be stable. This phenomenon seems to show that
the more BP, the more conducive to the combustion of XL/BP. However, XL contains
more ash and more alkaline metals than BC, and it is more likely to be slagging during
combustion with biomass. Thus, it is still important to choose the appropriate BP
proportion during the co-combustion of XL and BP.

Table 4 Characteristic parameters for all samples

Samples T; Ty Stage 1 Stage 2 Stage 3 DTG, S




286

(°C (°C I, DTG, TI. DIG, Ts DIGs (%/min (10
) )  (°C  (%/min (°C  (%/min (°C  (%/min ) 7)
) ) ) ) ) )
100: 0.7
490 800 / / / / 577 8.96 1.68
0 8
90:1 0.9
470 775 355 243 / / 565 9.97 1.70
0 9
70:3 1.3
440 748 353 6.08 / / 565 8.10 1.84
BCB 0 2
P 50:5 2.5
319 743 352 978 497 584 558  5.80 1.86
0 6
307 3.4
315 710 352 1253 474 618 555 3.95 1.95
0 7
0:10 7.4
318 550 350 1928 466 7.2 / / 2.14
0 2
100: 0.3
345 900 / / 455 221 / / 1.61
0 3
90:1 1.2
335 775 356 503 441 624 / / 1.68
0 3
70:3 1.7
320 750 352 8.05 430  6.07 / / 1.72
XLB 0 6
P 50:5 2.7
320 745 352 11.83 448 575 / / 1.79
0 8
307 3.7
318 730 351 144 471 6.10 / / 1.94
0 8
0:10 7.4
318 550 350 1928 466 7.2 / / 2.14
0 2
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Fig. 3. Relationship between combustion characteristic parameters and BP percentage: (a) T;, Ts;
(b) DTG, S; (¢) DTGy, DTG,, DTG
3.4. Interaction between BC, XL and BP

In order to investigate interaction between coal and biomass, theoretical

thermodynamic behavior of the blends are obtained using the following formula [37].

TG=X* TG+ Xp * TGy (6)

where TGc and TGy represent the weight loss of coal and biomass, respectively. X and
Xy are the percentages of coal and biomass, respectively. The theoretical TG curves at
different percentages of BP (10%, 30%, 50% and 70%) are calculated. All the
experimental and calculated TG curves are presented in Fig. 4. Moreover, deviations
(subtract calculated TG from experimental TG) representing possible interaction
between coal and biomass are also depicted.

The results show that TG curves for BC/BP blends are very similar, especially
when the temperature is below 500 °C. Some clear differences are visible above this
temperature and disappear gradually as temperature is above 700 °C. Although similar
differences have been found in previous research by Zhou et al. [36], it was considered
that this 1s an experimental deviation and there was no interaction. However, repeatable
test in our experiment shows that this kind of difference always exists. Moreover, the
maximum deviation is large enough (-7.69% for blends with 30% BP). Yao et al. found
the interaction in co-fuels by the largest TG deviation 7.41% at 323 °C [38]. Based on
the above analyses, there should be an interaction between BC and BP. But this

synergistic effect is relatively weak and mainly concentrated in stage 3 (500-700 °C)
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due to BC combustion. The specific mechanisms involved in different coal with
biomass require further investigation. In addition, it is found that synergistic interaction
is not proportional to BP ratio, which is consistent with previous research [13]. Li et al.
found that interaction between distillation residue and lignite was decreased as the
distillation residue ratio is higher than 60%, due to the poor contact [13]. In our paper,
the order of deviation of BC/BP with different BP proportion is: 30%>10%>50%>70%.

Unlike BC/BP blends, there are very obvious deviations in XL/BP when
temperature is above 300 °C, and the difference reaches the maximum value -29.86%
at 500 °C. This temperature range (300-500 °C) is the main combustion zone of XL/BP
displayed in Fig. 2(b). Compared with BC/BP (500-700 °C, -7.69%), the interaction of
XL and BP begins early and is more obvious. This is mainly due to the distinct
combustion characteristics (Table 4), caused by the different chemical compositions
and energy bonds of BP and XL. Moreover, it is found that different deviation curves
for all blends have almost the same trends as temperature continues to increase, which
means deviations decrease gradually with the gradual burnout. In addition, the least BP
ratio in XL/BP blends seems to have the greatest deviation, and the order of deviation
with different BP ratio is: 10%>30%>50%>70%.

The synergistic mechanism between coal and biomass during co-combustion is not
very clear. In comparison with calculated results, experimental curves basically shift to
low temperature at the same TG. The deviation values are negative except for partial
temperature range in BC/BP blends. The reason for negative deviation could be due to

the fact that addition of biomass could release more heat, promoting endothermic
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reactions, which is favorable for coal burning. Previous researchers report that char
generated in the process of biomass decomposition plays a catalytic role for coal
degradation, which promotes coal burn completely in advance [32, 39]. In addition,
some other reports indicate that the interaction between coal and biomass is mainly
controlled by thermal effect [40, 41]. The released heat due to biomass combustion is
quickly transferred to coal, enhancing the reaction rate of coal. Some slight positive
values in BC/BP (50% and 70% BP) may be caused by experimental errors and ash
slagging. Although repeated tests have been carried out, some small deviations (<5%)
cannot be completely eliminated. It was reported that coal/biomass co-firing could
result in significant changes in ash properties as biomass ratio is greater than 50%.
Alkaline/alkaline-earth metals (in biomass) can react with minerals (in coal), which

resulted in slagging and agglomeration, decreasing the combustion reactivity [42, 43].
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Fig. 4. Experimental, calculated TG curves and their deviations: (a) BC/BP; (b) deviation of
BP/BC; (c) XL/ BP; (d) deviation of XL/BP
3.5. Kinetics

According to the DTG analysis in Section 3.3, coal (BC, XL) burning is mainly
concentrated in one stage, whereas the combustion of biomass (BP) or coal/biomass
blends can be divided into 2 or 3 stages. Therefore, each stage should be analyzed
separately, using the most suitable g(a) with highest correlation coefficient. Figs.S1 and
S2 are the plots of In[g(a)/T?] against 1/T with all reaction models. Table 5 displays the
kinetic parameters with highest correlation coefficient for all samples.

For BC, BP, and BC/BP blends, the chemical first order reaction (O1) correlates
best (R?%: 0.9439-0.9941) in stages 1 and 3, suggesting the rate-controlling step is the
chemical reaction. Diffusion mechanism (D1) is the most effective for stage 2 during
combustion (BP ratio: 50%, 70%, and 100%). These are consistent with the research of
Gil et al [17]., who found that O1 model was the most effective mechanism for the first
step of biomass oxidation and coal combustion, and D3 was responsible for the second
step of biomass combustion. Moreover, the £ values (40.92-118.49 kJ/mol) of BC/BP
combustion are lower or higher than some previous reported from coal/biomass (141.0-
195.5 kJ/mol, 9.1-47.7 kJ/mol) [6, 16]. This may be caused by different sample
properties, calculation models and heating rates [17]. In addition, with elevated biomass
ratio, the activation energy of blends in first stage is decreasing first and then increasing.
Unlike values in stage 1, E presents a downward trend in stage 3, which is similar with

Zhou et al.’s research [36]. This indicates that there is an optimal biomass ratio based
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on the principle of minimum activation energy. When BP content is 30%, the activation
energy is smallest, which is at the same biomass proportion when the deviation is
highest from the aforementioned thermogravimetric analysis.

Different from BC/BP blends, D3 mechanism for the first stage and D4 for the
second stage have their highest correlation coefficients, respectively (D3:0.9615-
0.9883, D4: 0.9830-0.9975). This indicates that the combustion reaction is controlled
by diffusion of the oxidizer into the reacting particle. In addition, it is worth nothing
that adding biomass can increase activation energy of stage 1, whereas reduce the £
value in stage 2. This is also consistent with Zhou et al.’s research [36], but not
consistent with the trends of combustion properties of blends. Toptas et al. thought that
calculated activation energies are not always consistent with the trends of combustion
properties of biomasses, depending on biomass type [16]. Additive proportion of 10%
BP is recommended for the combustion of BP and BC, due to the minimum activation
energy. This conclusion is also consistent with the aforementioned thermogravimetric
analysis.

Although an appropriate biomass proportion can be determined based on the
minimum activation energy principle, the combustion process involves many aspects,
such as gaseous pollutants, heavy metals, ash slagging, etc. In order to choose the
optimal proportion of biomass combustion, these studies still need to be completed in
future.

Table 5 Kinetic parameters of all samples

Sample Stage 1 Stage 2 Stage 3
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E Model R? E Model R? E Model R?

100BC 8795 Ol  0.9909
90BC:10BP 11849 Ol  0.9552 6121 o1 0977
70BC:30BP 7636 Ol  0.9941 4438 o1 099
0.9755

50BC:50BP  99.87 01 0.9911 37.17 Dl 0.9823  40.92 0Ol

30BC:70BP 8731 Ol 09718 3261 DI 09839 4398 o1 09926

100BP 81.62 01 0.9853 37.45 D1 0.9926

100XL 51.90 D4 0.9927

90XL:10BP  47.07 D3 0.9766 48.67 D4 0.9830

70XL:30BP  81.81 D3 0.9883 46.45 D4 0.9876

50XL:50BP  95.46 D3 0.9673 43.34 D4 0.9975

30XL:70BP  95.32 D3 0.9615 41.80 D4 0.9930

4. Conclusions

Co-combustion of BP and the two kinds of coal (BC and XL) is investigated using
a thermogravimetric analyzer. The combustion process of BP and BC is divided into
three stages, including the release and combustion of volatile matter, oxidation of BP
char, and the combustion of BC char. However, there are only two stages for XL/BP
blends, which are the combustion of volatile matter in BP and XL, and the char burning
of BP and XL. With increasing BP ratio, the maximum combustion rate and combustion
index increase, while the burnout temperature decreases, indicating the combustion
performance of coal can be improved.

Due to different properties of coal, interactions between BP and XL are more

obvious than that of BP and BC. The maximum deviations are 30% BP for BC/BP and
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10% BP for XL/BP, respectively. Kinetic analysis indicates that the O1 model is the
reaction mechanism of biomass burn in first stage and coal combustion in BC/BP blends.
D3 and D4 mechanisms are suitable for the second stage of biomass burn and XL
combustion, respectively. Moreover, the minimum activation energies of biomass
blending ratio are 30% for BC/BP and 10% for XL/BP.
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