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In this study, the combustion behavior, synergistic effect and ash
characteristics during the co-combustion of bituminous coal and
wheat straw were fully analyzed by thermogravimetric analyzer, ash
melting point analyzer, X-ray diffraction and scanning electron
microscope. Thermogravimetry analysis showed that wheat straw
was easier to be ignited, showing higher devolatilization activity and
lower thermopositive temperature. Co-combustion displayed
volatiles and char combustion stage and showed lower combustion
rate compared to mono-combustion. For the wheat straw blending
ratio<50%, significant positive synergistic effect was observed
during the volatiles combustion stage while negative synergistic
effect was found during the char combustion stage. With wheat straw
blending, the co-combustion ash fusion temperature first increased
and then decreased. The mineral components of co-combustion ash
gradually changed from high ash melting point compounds to
complex calcium silicate hydrate. The morphology of co-combustion
ash turned from hard flake structure to loose porous structure,
showing partial melting in the biomass derived pores. Small addition
of wheat straw during co-combustion would be beneficial to enhance
the ash fusion temperature and optimize combustion performance.
Key words: co-combustion; thermogravimetric analysis; synergistic
effect; ash fusion; surface morphology; mineral transformation

1. Introduction

Currently, coal is still the main source of energy and continues to dominate in the modern

electricity generation.

Increasing demands for carbon reduction and concerns over

environmental problems have led to a shift from less environmental friendly fossil fuels to



renewable and sustainable energy alternatives*l. Biomass is considered as the main clean and
green energy which can reduce CO, emission and SO, atmospheric pollution due to its neutral
carbon characteristic and less sulfur content, showing the advantages of wide distribution, low
cost and renewability™. Co-combustion of biomass with coal is one of the most promising ways
to utilize biomass in the existing coal-fired power plants with few modifications, which would
be beneficial for combustion regulation, fuel cost saving and emission reduction.

Due to the large difference in chemical composition and calorific value, the combustion
behavior of biomass and coal is quite different, making co-combustion challenging and
unpredictable. Mureddu et al.l®l compared the detailed kinetics of various biomass and coal and
found that biomass would change the ignition and burnout performance, thermal reactivity and
Kinetic behaviors of coal. Moon et al.[l investigated the effect of biomass on co-combustion
performance and found that 10% biomass addition enhanced the ignition of low-rank coal and
promoted reactivity in the volatiles reaction. Jayaraman et al.’®! conducted thermogravimetric
analysis of coal and biomass blends and detected the activation energy increased with biomass
addition. However, considering the variable composition and low energy density of biomass,
comprehensive analysis of combustion behavior and kinetics for typical biomass and coal were
still insufficient for commercial application.

Furthermore, biomass was found to be easily slagging and fouling during mono-
combustion due to the rich alkali and alkaline-earth metals (AAEMSs) content. Co-combustion
of biomass and coal may break the limit in biomass combustion temperature and overcome the
serious ash-related problems of biomass combustion. Oladejo et al.l®! monitored the
morphological change of coal-biomass ash fusion and revealed that high proportion coal
blending could effectively mitigate the slagging propensity of individual biomass. Zhang et
al.ln found the ash fusion temperature first decreased and then increased with the addition of
cow dung ash in coal ash, reaching a minimum value with 60% biomass ash addition. Unchaistri
et al.l® carried out circulating fluidized bed co-combustion of coal with various kinds of
biomass and found that 50:50 rice straw/coal gave the highest deposit. So far, the mineral
evolution and ash fusion characteristics during co-combustion are urgently needed to avoid
slagging or deposition and optimize biomass/coal conversion efficiency.

Wheat straw is abundant and widely distributed in China. But the direct combustion of
wheat straw currently faced several challenges, including low fuel energy density, unstable
combustion, short equipment life (due to ash accumulation and slagging) and environmental
pollution®. Co-combustion of wheat straw and coal may compensate for the deficiencies of
individual combustion and integrate both fuel’s advantages, resulting in clean, efficient and
stable combustion!®® 1, However, fundamental aspects such as combustion kinetics and
synergistic interactions in wheat straw and coal co-combustion remain largely unexplored. In
this paper, co-combustion of bituminous coal and wheat straw were fully analyzed in the view
of combustion kinetics and ash characteristics. Non-isothermal thermogravimetry was used to
clarify the co-combustion behavior and synergistic effect. The fusion temperature, composition
and micro morphology of co-combustion ash were analyzed to get a full understanding of the
melting characteristics, mineral composition and transformation.



2. Materials and methods

2.1. Raw materials

In this study, wheat straw (WS) from Shandong province and bituminous coal (BC) from
Shaanxi province in China were selected as raw materials. Both samples were crushed to
particle size no more than 0.3 mm and dried at 105°C for 12 h to eliminate the disturbance of
moisture. The proximate analysis of WS and BC sample was performed according to the
Chinese standard GB/T 28731-2012 and GB/T 212-2008 respectively. The ultimate analysis of
both samples was carried out by elemental analyzer (Thermo FLASH 2000). Both fuel
properties are presented in Table 1.

Table 1 Properties of biomass and coal

Parameter Proximate analysis (wt%o air dry basis) Ultimate analysis (Wt%o air dry basis)
Moisture | Volatile matter | Fixed carbon | Ash C H @] N S

WS 6.71 69.06 18.59 564 | 4194 | 576 | 39.18 | 0.62 | 0.15

BC 6.46 31.86 56.11 557 | 71.21 | 6.29 | 896 | 0.87 | 0.65

2.2. Thermogravimetric analysis

Thermogravimetric analysis were conducted in a SDT650 thermogravimetric analyzer
(TGA). For each test, the sample mass was kept at 6 £ 0.01 mg with a total air flow rate of 100
mL/min. The TGA temperature was increased from ambient temperature to 800°C at a heating
rate of 20°C/min. The corresponding thermogravimetric (TG), differential thermogravimetric
(DTG) and differential scanning calorimetry (DSC) curves of each sample were obtained. The
combustion conversion of sample (on ash-free basis) at time t was expressed as a with a unit
of % and calculated as follows:

o= 0. 100% (1)
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where w,, w, and w,, represent the initial, t time and final mass of the sample respectively,
g. Flammability index (F), devolatilization index (D;) and comprehensive evaluation index (S)
were applied to reflect the ignition, devolatilization and comprehensive combustion
characteristics. Higher value of F, D; and S indicated better flammability, devolatilization and

combustion performance, and vice versa. The parameters were calculated as follows.
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where (dw/dt)max is the maximum combustion rate in %/min; T; is the ignition temperature, °C;
T, is the peak temperature for the maximum combustion rate, °C; AT is the temperature
interval when dw/dt=1/2(dw/dt)max, °C; T; is the burnout temperature, °C. (dw/dt)mean is the
average combustion rate of the sample from T; to T; in %/min and could be calculated by:

(05-04)
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where 8 is the heating rate of thermal experiment, °C/min; o and o; are the values of initial
conversion and termination conversion of combustion, respectively.

Combustion is a complex process due to the addition of oxygen, including volatiles
reactions (devolatilization and combustion etc.) at low temperatures and char combustion at
high temperature. In this context, a segmented kinetics scheme consisting of the two
independent reaction stage is proposed for combustion. Kinetic parameters in each stage could
be calculated for accurate assessment of the reaction activity. The reactions were governed by
the first-order Arrhenius law, which has been used by other researchers for combustion kinetic
analysist*? 131, The kinetics could be described as:

da/dt = kf(a) (6)

where k is the rate constant in the Arrhenius equation; f(a) is the model of reaction
mechanism. A simple solid reaction mechanism function f(a) = (1 —a)™ was used for
kinetic analysis, here n is the reaction order. The rate constant k could be calculated as follows:

k = Aexp(—E/RT) @)
where A is the pre-exponential factor, min?; E is the activation energy, klJ/mol; R is the gas
constant, 8.314 J/(mol-K); T is the absolute temperature, K. During the combustion, a constant

heating rate $§ = dT/dt was used. Substitute 3 into the above equation and the Kinetics
would become:

da/dT = A/Bexp(—E/RT) (1 — )™ 8)

According to the Coats-Redfern integral method, for n=1, the kinetic equation can be
integrated as:

In[~22=2) = In[AR/BE(1 — 2RT/E)] — E/RT 9)
Since the 2RT/E was much less than 1, the expression In[AR/BE(1 — 2RT/E)] was
essentially constant. Thus In [_ l";_“)] has a linear relationship with 1/T. Through the linear
fitting of experimental data, the activation energy E and pre-exponential A can be calculated

from the slope and intercept of the fitting line, respectively.

2.3. Ash preparation and analysis

The preparation of BC ash and WS ash was based on the Chinese standard GB/T 28731-
2012 and GB/T 212-2008 respectively. For BC ash, BC was first heated up to 500°C within 50
min and held for 30 min. Then the temperature was further raised to 815°C and maintained for
2 h. For WS ash, WS was first heated to 250 °C at 5°C/min and maintained for 60 min. Then
the sample was further heated to 550°C with at 5°C/min and kept for 3 h. The residence time
at the final ashing temperature was extended by 1 h for both fuels to get adequate oxidation.
Considering that carbon residue in the ash might affect the accuracy of ash fusion temperature
measurements, for the blends ash, BC and WS was first thoroughly mixed and then ashed in
the same way as BC. A high ashing temperature of 815°C can ensure the complete ashing of
coal and release all the carbon from the blends.



Ash fusion temperature (AFT) tests were carried out using a TJHR-6000 ash fusion
determinator (Tianjian, China) by carbon sealing method according to the Chinese standard
GB/T 219-2008. The ash was shaped into triangular cone and heated from room temperature to
1500 °C for monitoring the ash cone shape changes. Four characteristic temperatures, including
deformation temperature (DT), softening temperature (ST), hemispheric temperature (HT) and
flow temperature (FT), were determined according to the real time images.

The mineral compositions of each ash were analyzed by an X-ray diffractometer (Rigaku
SmartLab SE). The operation conditions of XRD were 40 kV and 40 mA Cu Ka radiation and
step-scanned in the 26 range of 10-80° with a speed of 10°/min. A Scanning Electron
Microscope (Hitachi Regulus 8100) was used to obtain high-resolution secondary electron
images and investigate the ash surface morphologies.

2.4. Synergistic effects calculation

Co-combustion interaction could be evaluated by calculating the difference between the
experimental results and the theoretic results without synergy. Theoretical results are calculated
according to the proportionally weighted average of the results measured from mono-
combustion.

Y ca=xBcXYpet(1-Xpc)* Yws (10)

Here, Y is the weight-averaging calculated value; xpc is the BC mass fraction in the
feedstock blend; Yegc is the experimental value of BC individual; Yws is the experimental value
of WS individual.

To better evaluate the synergistic effect, the mean error (ME) was introduced as follows.

ME: Zlel (Y%‘(e}’;;Ygal) (1 1)
zY
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where YSKP represents the experimental result measured by TG analysis at a time; YSal

represents the calculated weight-averaging value based on the mono-combustion results at the
time; d represents the serial number of the experimental data; z is the total number of the

mean

experimental data; Y¢; represents the mean value of the calculated value.

3. Results and discussion

3.1. Co-combustion behavior analysis
3.1.1 Co-combustion characteristics

Figure 1 shows the thermogravimetric analysis of BC/WS co-combustion. Detailed
combustion indexes are listed in Table 2. BC100/WS0, BC75/WS25, BC50/WS50,
BC25/WS75 and BCO/WS100 represented the co-combustion with WS blending ratio of 0,
25%, 50%, 75% and 100% respectively. WS and BC were dried below 100°C and showed a
small weight loss due to the water evaporation. WS was found to be ignited from 213°C and
two distinguished weight loss stage were found. The first significant weight loss ranged from
213°C to 374°C, which was related to the high content of volatiles, hydrogen and oxygen of
WS. Previous research has proved that the cellulose and hemicellulose in biomass started



decomposition above 160°C and turned into intense bond-breaking within 300-350°C14, The
first WS combustion weight loss was mainly due to the volatiles releasing and combustion.
Another WS weight loss occurred at 420-480°C, when the volatile matter was burnout but the
remained char combustion started. During WS combustion, the thermopositive peak for
volatiles combustion stage was wide and lower while the thermopositive peak for char
combustion stage was short and high. Heat release of volatiles combustion was larger than that
of char combustion. Different from WS, BC showed little weight change until about 300°C and
started ignition from 458°C to 625°C. Only one-step weight loss occurred at the main BC
combustion stage because of the high content of fixed carbon and low content of volatiles. DSC
curves showed that the heat release of BC combustion was much larger than WS.

Comparing BC and WS, the maximum combustion rate of WS was higher than that of
BC, which was in accordance with the combustion index results. Table 2 shows that the three
combustion indexes of WS were all 5-8 times over those of BC, indicating a better ignition and
combustion characteristics for WS combustion. The thermopositive process of BC combustion
started from a higher temperature than WS, with the thermopositive peak temperature of BC
larger than both those of WS. This might influence the biomass ash fusion during co-
combustion.
Table 2 Combustion indexes for BC, WS and their blends

Parameter BC100/WS0 | BC75/WS25 | BC50/WS50 | BC25/WS75 | BCO/WS100
Ti (°C) 458 283 253 235 213

T, (°C) 552 548 303 303 304

T (°C) 625 600 583 565 487
(AW/d)mex (%/min) | 12.6 8.6 11.9 13.0 16.3
(AW/dt)mean (%/min) | 9.7 5.4 5.3 5.5 6.5

F (10%%-min-°C?) | 4.98 5.58 15.57 18.23 25.18

Di (107%-min*-°C?) | 3.75 2.37 16.18 20.62 29.40

S (1079%2min?-°C*) | 9.30 9.75 16.91 22.72 47.88

As to co-combustion, Figure 1 shows the number of weight loss peak changed from one
in BC combustion to two in co-combustion. The first peak temperature was gradually decreased
with WS blending. The maximum co-combustion rate was lower than that of mono-combustion
due to the separation of volatiles and char combustion. Based on the DSC analysis, two
thermopositive peaks similar to WS combustion was found for co-combustion. The second
thermopositive peak temperature decreased with WS blending since the char combustion
started earlier. There was an observable fluctuation between the two expected thermopositive
peaks, which might be attributed to the overtime volatiles combustion and advanced char
combustion. The continuous heat release during co-combustion at high temperature was
different from mono-combustion and may cause unexpected effect on ash fusion.
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Figure 1 Thermogravimetric analysis of BC, WS and their blends

As shown in Table 2, the ignition temperature T; for co-combustion was greatly
decreased with WS blending. When the WS blending ratio was 25%, the improvement in
flammability, devolatilization and combustion behavior was still limited. BC100/WS0 and
BC75/WS25 basically showed similar combustion indexes. When the WS blending ratio kept
increasing (50% and 75%), the combustion indexes and combustion rate were largely increased.
Co-combustion with higher WS blending could reduce ignition difficulty and improve co-
combustion reactivity due to the higher volatiles content in the blends. Overall, small addition
of WS might modestly improve combustion while retain the BC combustion characteristics.
With a higher blending ratio of WS, the devolatilization activity and combustion performance
could be largely different from BC.

3.1.2  Kinetic analysis

Table 3 lists the kinetic parameters including the activation energy (E) and pre-
exponential factor (A) for combustion tests. For all kinetic analysis, the regression coefficients
(R?) of fitting lines were in a range of 0.9798-0.9986, displaying good accuracy. BC combustion
showed a single stage for both volatiles and char combustion at about 400-625°C. WS
combustion and co-combustion all showed two separated stages for volatiles and char
combustion respectively, which was mainly related to the high devolatilization reactivity of
WS. Volatiles combustion occurred in 240-360°C while char combustion mainly occurred in
430-500°C. BC75/WS25 combustion showed a particularly wide char combustion range from
465°C to 590°C, proving that small addition of WS could extend the char combustion stage.
BC50/WS50 combustion showed the minimum activation energy for both volatiles combustion
and char combustion, reflecting a great interaction with equal fuel blending. At each stage, co-
combustion basically displayed lower activation energy than BC combustion, especially for
BC50/WS50 and BC25/WS75. With co-combustion, high reaction activity and flexible
combustion range could be achieved.

Table 3 Kinetic parameters for combustion of BC, WS and their blends
Sample Combustion stage | Range (°C) | E (kJ/mol) | A (min?) | R?
BC100/WSO0 | Volatiles and char | 400-625 81.58 39580.48 | 0.9959
Volatiles 250-360 62.73 37135.65 | 0.9911
BC75/WS25
Char 465-590 55.93 1116.22 | 0.9798
BC50/WS50 | Volatiles 240-350 47.38 2565.90 | 0.9985




Char 460-510 32.71 38.55 0.9973

Volatiles 240-350 52.66 10073.25 | 0.9982
BC25/WS75

Char 435-480 38.03 141.43 0.9986

Volatiles 240-355 47.79 4279.61 | 0.9939
BCO/WS100

Char 425-460 63.23 27003.48 | 0.9976

3.1.3  Synergistic effect

Figure 2 shows the synergy of BC and WS during co-combustion. Similar experimental
and theoretical TG, DTG and DSC trends were observed but some difference in combustion
rate and heat change were still existed, especially for the WS blending of 25% and 50%.
BC75/WS25 showed higher co-combustion rate than the theoretical value in the whole range.
The positive synergistic effect was remarkable for volatiles combustion, and gradually
decreased with char combustion. With WS-volatiles evaporation at low temperature, the
AAEMs of WS could be released and act as catalysts for promoting BC-volatiles
decomposition. At higher temperature (approximately > 400°C), the volatiles release was
basically complete and interaction between WS char and BC char was weakened(*S],

For BC50/WS50, the co-combustion rate showed obvious positive synergistic effect
during volatiles combustion. The maximum volatiles co-combustion rate was 1.5 times of the
theoretical value, with the maximum rate temperature consistent with the theoretical value.
Interaction was also observed in char combustion, displaying two weight loss peaks at 413°C
and 476°C earlier than the theoretical value of 434°C and 551°C. Kastanaki et al. compared the
structure and kinetic characteristics of biomass char and coal char. They found that the biomass
char were more active than coal and could be burned at lower temperaturel*él, The skeleton
structure of biomass char was more easier to be broken down and produced much more small
gas molecules than coal at the same temperature, leading to cracking-burning-cracking chain
reactions and accelerating char combustion. Thus the char combustion would occur earlier
during co-combustion, meaning lower activation energy needed for char co-combustion. As
shown in Table 3, the activation energy for char combustion stage during co-combustion was
lower than that during individual combustion. The dramatic volatiles/char combustion
stimulated heat release and the actual heat release of co-combustion was relatively high. For
BC25/WS75, the co-combustion synergy between WS and BC was greatly diminished. The
actual TG, DTG and DSC curves during volatiles release/combustion stage were almost
identical to the theoretical curves until 400°C. There were still some interaction in the char
combustion stage, showing a lower actual char combustion rate.
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Figure 2 Synergy between BC and WS during co-combustion

Complex combustion synergy between BC char and WS char was found for both three
blends combustion due to large difference in char structure and composition. Theoretical linear
fitting of the two fuels resulted in multiple weight loss peaks and different co-combustion rates
in char combustion stage. However, there was only one obvious weight loss peak and several
reaction weight loss steps in actual char combustion. For example, all three conditions showed
a theoretical weight loss peak at about 550°C. But only BC75/WS25 showed a similar
experimental weight loss peak. Although there were still some combustion rate fluctuations at
500-600°C, WS blending has greatly advanced the char combustion and weakened high
temperature combustion. The interaction of WS and BC has formed a region for both char
combustion.

064
044 RXIMErs.c
024

0.0

ME

0.2+

-0.44

-0.6

T T T
BC75/WS25 BC50/WS50 BC25/WS75
Co-combustion condition

Figure 3 Co-combustion mean error for thermogravimetric analysis

Figure 3 shows the mean error for volatiles combustion and char combustion based on
TG, DTG and DSC results. BC50/WS50 exhibited significant synergy for both stages. A
positive MR was obtained for DTG results during volatiles combustion, indicating a positive
synergy for volatiles co-combustion. Although advanced char combustion and lower activation
energy was observed for BC50/WS50 combustion, the DTG and DSC results failed to reach
the theoretical value, reflecting a negative synergy on char co-combustion. This might be
related to the competitive mechanism between BC-char and WS-char during gas-solid reactions
with oxygen or volatiles. Although the AAEMSs in WS could weaken the polymer chain and
catalyze WS-char combustion, the presence of BC-char hindered the diffusion of the WS-char
flame, thereby exhibiting a flame retardant effect for co-combustionf*™. In addition, due to the
influence of WS-char, BC-char started burning at a lower temperature, which limited the
combustion reactivity and further reduced the co-combustion rate. Small addition of WS (25%)
may promote the rapid decomposition of BC volatiles and accelerated volatiles combustion.
With a higher WS blending ratio (75%), the volatiles combustion of WS has taken a dominated
part and the devolatilization of BC showed little effect on co-combustion. For BC25/WS75,
little synergy was found for volatiles combustion and negative synergy was observed for char
combustion. Overall, the co-combustion of BC and WS resulted in different synergistic effect
for the volatiles and char combustion.



3.2. Ash fusion characteristics

3.2.1  Ash fusion temperature

Ash fusion temperature could reflect the melting possibilities of different blending fuels
and greatly affect the co-combustion performance. Table 4 shows the ash fusion temperature
of the five kinds of ash. BC ash showed higher DT, ST, HT and FT than WS ash. WS ash started
deformation at 1017°C, which was about 130°C lower than BC ash. Thus, WS ash was more
easily to be melted and agglomeration would first occur during WS combustion. In fact,
biomass agglomeration during thermochemical conversion has been found in many research*el,
BC ash showed a narrow ash fusion range of 55°C from deformation to flowing, while WS ash
showed a wider range of 89°C. For BC/WS blends, the ash fusion temperature first showed a
great increase with 25% WS blending, showing a deformation temperature even higher than
that of BC ash. The flow temperature of BC75/WS25 ash was also much higher than that of
mono-combustion ash, reaching a maximum temperature of 1264°C. Yang et al. studied the co-
melting ash behavior of municipal solid waste (MSW) and coal and observed that with specific
blending ratio the ash fusion temperature of the blended ash could be higher than that of both
MSW ash and coal asht*®l. This might be related to the high-temperature eutectic zone formed
during co-melting. When WS blending ratio =50%, the ash fusion temperature turned to
decline. BC50/WS50 ash displayed a flow temperature very close to BC ash while its
deformation started much earlier. Each ash fusion temperature of BC25/WS75 ash tended to be
30-40°C above that of WS ash. Furthermore, all three blend ashes showed wider ash fusion
range than mono-combustion ash. The maximum ash melting range (113°C) was found in
BC75/WS25 ash, which could be regarded as a combined effect of both BC and WS ash.
Table 4 Ash fusion temperature of different ash

Ash sample DT(C) | ST(°C) HT(C) | FT(°C)
BC100/WS0 ash | Experimental value | 1145 1168 1176 1200
Theoretical value 1113 1139 1150 1177
BC75/WS25 ash -
Experimental value | 1151(138) | 1213(174) | 1238(188) | 1264(187)
Theoretical value 1081 1110 1125 1153
BC50/WS50 ash .
Experimental value | 1095(114) | 1127(117) | 1142(117) | 1195(142)
Theoretical value 1049 1081 1099 1130
BC25/WS75 ash 3
Experimental value | 1046(]3) | 1091(110) | 1115(116) | 1153(123)
BCO/WS100 ash | Experimental value | 1017 1052 1073 1106

For each co-combustion ash, the experimental ash fusion temperature was higher than
the theoretical value, especially for BC75/WS25 ash. This fully proved the interaction between
the inorganic components of BC and WS during co-combustion. The increase of ash fusion
temperature would be beneficial to avoid the risk of ash slagging and accumulation, showing
positive effect for biomass utilization. With WS blending, the synergistic effect on ash fusion
was gradually weakened and the difference between experimental and theoretical ash fusion
temperature became smaller. For WS blending ratio =50%, the blends still showed higher ash
fusion temperature than WS. But compared to BC ash, the initial deformation temperature of



blends ash was decreased, which extended the melting stage and may cause some slagging
problems.

3.2.2  Mineral transformation behavior

The ash derived from BC, WS and their blends were characterized by XRD and shown
in Figure 4. Significant mineral differences were observed among the five ash samples. The
main mineral of BC ash were SiO,, CaSO4 and gismondine (CaAl;Si>0s!4H,0). The formation
of gismondine may be related to the weak bond of SiO, and Al>Os and the destroy of crystalline
structure. These minerals would be melted together and transformed to gismondine”, The
melting temperatures of SiO, and CaSO, were 1610°C and 1000-1200°C respectively?l], As
one kind of zeolite-type minerals, gismondine showed a melting temperature between 800-
1200°C[?, The coal ash showed a relatively high ash fusion temperature due to these high
temperature melting minerals. For WS ash, there were K;SOs, AI(OH)s, reyerite
((Na,K)Ca7Si11AlO29(0OH)4!H20) and brownmillerite (Caz(Al,Fe*®),0s) etc. Compared to BC
ash, more kinds of minerals containing AAEMSs were found in the WS ash, which would greatly
decrease the melting temperature of WS ash(?®l. Besides, the existence of K,SO, could influence
the melting temperature by forming low temperature eutectics with temperature(?4. All these
have led to a lower ash fusion temperature for WS ash.
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Figure 4 XRD patterns of ash from BC, WS and their blends

As shown in Figure 4, the main minerals (SiO; and gismondine) of BC ash were still
detected while no mineral containing alkali metals were found in the blended ash, suggesting
that alkali metals may have all been volatilized due to the high ashing temperature for co-
combustion. Strong diffraction peak for CaO, SiO, and gismondine were detected in
BC75/WS25 ash. CaO was mainly derived from the interaction between BC and WS minerals.
With a melting temperature of 2570°C, the existence of CaO could largely enhance the ash
fusion temperature of BC75/WS25 ash. In addition, compared with BC ash, the enrichment
degree of SiO; and gismondine was increased for BC75/WS25 ash and further increased the
ash fusion temperature. Therefore, the ash fusion temperature of BC75/WS25 ash was even
higher than that of BC ash. With WS blending, the diffraction peaks for SiO, and gismondine
were gradually decreased and CaO was not found for WS blending of 50% and 75%. New types
of calcium silicate hydrates were detected for BC50/WS50 ash and BC25/WS75 ash, including
jaffeite (Cas(Si207)(OH)s) and jennite (CagH2SisO15(OH)s!6H20). This might be related to the
change of Si/Ca ratio and AAEMs content in the blended ash, which may affect the mineral
transformation and promote the formation of low temperature eutectics. For WS blending ratio



higher than 50%, the ash minerals turned from high melting temperature compounds to more
complex eutectics.

3.2.3 SEM analysis (Surface morphology)
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Figure 5 Typical surface morphologies of mono-combustion ash

Figure 5 shows the typical surface morphologies of BC ash and WS ash with different
magnifications. BC ash were distinct and dense particles with the surface texture varying from
coarse to smooth. No significant sintering or melting aggregation were observed in BC ash. WS
ash were more loose, porous and rough particles with lamellar morphology and brittle texture.
The rough surface of WS ash might be related to the sintering of biomass at high temperature,
as shown in Figure 5(d). The porosity of WS ash was mainly due to the high volatiles content
of WS and intense devolatilization. Minor melt phase were detected inside the pore, suggesting
that partial melting could occur at temperature much lower than the deformation temperature.
Significant melting usually appeared with large pores. The decomposition and combustion

could release large amount of heat in a small space and stimulate the fusion of nearby ash.
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(a) BC75/WS25 ash (X 2000) (b) BC75/WS25 ash (X 5000) (c) BC75/WS25 ash (X
10000)



(g) BC25/WS75 ash (X 1000) (h) BC25/WS75 ash (X 5000) (i) BC25/WS75 ash (X
10000)

Figure 6 Typical surface morphologies of co-combustion ash

The typical surface morphologies of co-combustion ashes are shown in Figure 6. Since
the co-combustion ashes were all prepared according to the coal ashing method (heating to
815°C), partial melting was observed for all three ashes. As to BC75/WS25 ash, a large
proportion of particles showed similar shape as BC ash while a few particles showed increment
in surface weathering, roughness, micro-cracks and porosity. Melting mostly occurred in the
WS derived ash due to intense devolatilization. As to BC50/WS50 ash, some particles displayed
large and regular shape with smooth surface. The others were formed by agglomeration of loose
and fibrous surface grains. The distinction between BC derived ash and WS derived ash was
blurring and most ash particles showed an aggregation state. For WS blending ratio of 75%, the
ash was obviously molten and displayed relatively smooth surface. The concentrated heat
release of WS and high amount of alkali metals resulted in large number of pores with different
sizes and ash melting in the pore.

4 Conclusion

In this paper, thermogravimetric analysis, ash fusion characteristics, X-ray diffraction
and SEM analysis were carried out to understand the co-combustion behavior and ash evolution
during co-combustion of BC and WS with different WS blending. The introduction of WS
successfully reduced ignition difficulty by increasing volatile matter content. The
devolatilization activity of co-combustion was greatly improved compared to BC combustion.
Positive synergistic effect on volatiles combustion and heat release were found during co-
combustion, especially for WS blending ratio<<50%, while negative synergistic effect on char
combustion and heat release were found. Co-combustion with small addition of WS could
effectively avoid the agglomeration problems due to its higher ash fusion temperature. The



alkali metals in WS ash was volatilized and ash minerals turned from high ash melting
temperature compounds to more complex eutectics. Partial melting was increased with WS
blending and the ash morphology was determined by the fuel with high blending ratio.
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