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The adoption of alternative bed material may effectively address issues in the biomass-fired circulating fluidized
bed (CFB) boiler, such as uneven fuel-oxygen mixing and low combustion efficiency. This study presents a novel
additive, iron-rich coal ash, which is expected to enhance the combustion performance of biomass-fired CFB
boilers while may affect the transformation mechanism of volatiles and nitrogen oxides. In this paper, the
Indonesian lignite ash was applied as the active bed material to test its effect on the combustion characteristics of
volatiles yield from biomass in a lab-scale bubbling fluidized bed. Experimental results indicate that the addition
of iron-rich lignite ash (54.4 % Fe203) can evidently improve the oxidation of volatiles, which is comparable to
steel slag and ilmenite. By contrast, the other two bituminous coal ashes show weaker reactivity. Through
composition analysis, the effect of alternative bed material is positively correlated with the iron content. In
addition, increasing the additive substitution ratio can promote volatile combustion, but tends to saturate after
reaching 50 %. Although reducing the particle size exhibits poorer mass transfer in bed, smaller ash particles can
provide more reactive surface areas, thus the conversion rate of volatiles increases. A substitution ratio of 50 %
and a bed material size of 150-200 pm are suitable options. Besides, with increasing temperature and excess
oxygen coefficient, the combustion of volatile becomes more complete. However, for all cases, as combustion
efficiency improves, there is an increase in NO, emission. That means the addition of iron-rich coal ash may bring
negative effect in the NO, emission control, which should be noticed in the industrial application. In conclusion,
this work offers important engineering recommendations for the large-scale utilization of solid waste coal ash
and the enhancement of conversion efficiency in biomass-fired CFB boilers.

Fluidized bed combustion
Alternative bed material
NO, emission

1. Introduction

The escalating energy crisis and growing environmental concerns
have drawn increasing attention in recent years. The goal of achieving
carbon neutrality by 2060 has introduced new demands for the adjust-
ment of energy structure in China [1]. Biomass, as an environmentally
friendly, low-cost and carbon-neutral renewable energy source, can be
utilized as a fuel for combustion in boilers, which holds significant po-
tential for meeting carbon emission control policy [2]. Additionally,
biomass-fired boilers offer the same dispatchability as the traditional
thermal power units, thus facilitating the accommodation of wind or

photovoltaic power generation. Consequently, biomass is expected to
play a crucial role in the power systems with an increasing share of new
energy sources [3,4].

Currently, biomass combustion predominantly utilizes grate fur-
naces or pulverized coal boilers. However, they may be restricted by
combustion efficiency or economic property when burning biomass.
Compared with grate furnaces and pulverized coal boilers, circulating
fluidized bed (CFB) combustion technology is particularly noteworthy
due to its broad fuel adaptability and low cost in pollutant emission
control. These characteristics make the CFB boiler suitable for biomass
fuels, which have low energy density, high moisture content, irregular
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shape and a wide range of particle size [5,6].

However, the biomass-fired CFB boiler currently faces several sig-
nificant challenges [7]. Most biomass is rich in alkali metals and chlo-
rine, leading to severe slagging, fouling and corrosion on heating
surfaces, as well as bed material agglomeration [8], which restricts the
improvement of boiler steam parameters. Furthermore, the rapid release
of volatiles from biomass, coupled with the intermittent feeding of
biomass fuels and uneven spatial distribution of fuel particles, leads to
inconsistency between the timescales of chemical reactions and diffu-
sion. This results in inadequate mixing of fuel and oxygen, thereby
reducing combustion efficiency [9]. To achieve complete combustion, a
relatively high excess air coefficient is often applied. Nevertheless, the
formation of flame during volatiles combustion (high temperature in
local areas) and the low inventory of reducing char can contribute to
high NO, emission [10].

Recent research suggests that employing alternative bed material can
effectively address these issues in biomass-fired CFB boilers [11-14]. For
instance, additive particles can capture alkali metals such as potassium
(K) and sodium (Na), which are prone to causing slagging in biomass
fuels. Through a series of chemical reactions, these alkali metals are
converted into high-melting-point compounds [15,16]. In addition,
when oxygen carriers are used as alternative bed material, they undergo
continuous oxidation-reduction cycles when moving between different
atmospheric regions, thereby facilitating oxygen transport [17]. Oxygen
carrier aided combustion (OCAC) enhances the mixing between the fuel
and the oxygen [12,18,19]. Moreover, certain alternative bed material
can influence the conversion processes of nitrogen oxides [20-22].

Current selection of alternative bed materials primarily focuses on
natural minerals and industrial waste products [23,24]. The utilization
of kaolin, zeolite, or other inexpensive minerals and solid wastes can
alleviate slagging, fouling, and corrosion happened on heating surfaces
[25-29]. Some studies also have shown that substituting part or all of
the bed materials with ilmenite, manganese ore, or steel slag results in
increasingly uniform temperature distribution, more complete fuel
combustion, and a significant reduction in CO emissions at the outlet
[30-32]. Additionally, iron-based materials have gained attention for
their influence on NO, conversion [33,34]. Previous research has re-
ported that these materials inhibit the conversion of NO, precursors
(HCN and NH3) into NO [35,36]. Simultaneously, generated NO can be
reduced to Ny by the heterogeneous reaction on iron particle surface
[37]. However, other studies have also indicated that iron-based mate-
rial may have an inhibitory effect on SNCR efficiency, especially under
aerobic and low-temperature conditions, where it may catalyze more
NHj oxidation to generate NO, [38].

Currently, most OCAC additives use iron contained solid particles as
the primary active components [39]. In fact, iron-based oxygen carriers
have attracted considerable interest in chemical looping combustion due
to their low cost, high redox activity and mechanical strength [40]. In
addition to natural minerals like ilmenite, another high-iron content
material iron-rich coal ash has been largely overlooked, which could
potentially serve as an ideal alternative bed material for fluidized bed
combustion. Previous research on the role of coal ash in biomass-fired
fluidized bed predominantly focuses on mitigating fouling and corro-
sion on heat transfer surfaces, with limited exploration into the rela-
tionship between coal ash and biomass volatile combustion.

Compared to other bed materials, iron-rich coal ash possesses the
following advantages. To begin with, coal ash is widely available and
low-cost. Coal-fired power plants generate substantial amounts of coal
ash daily, making its disposal a growing concern [41]. Applying coal ash
as an alternative bed material in biomass-fired CFB boilers also presents
an environmentally friendly solution for large quantities of solid waste,
thereby achieving a dual benefit of economic and environmental ad-
vantages. For further analysis, the particle size of coal ash (ranging from
10 pm to 500 pm) is suitable, with good abrasion resistance, allowing it
to participate in long-term material circulation. Additionally, the
continuous scouring by the circulating coal ash particles can effectively
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impede the formation and growth of slagging layer, thereby reducing the
corrosion rate of high temperature heating surface arranged inside the
boiler furnace [42]. Besides, it is typically rich in minerals such as
aluminum (Al), calcium (Ca), or magnesium (Mg), which have been
shown to form high-melting-point alkali metal compounds that can
significantly mitigate corrosion and slagging issues [43]. In addition to
its potential oxygen-carrying function, research has demonstrated that
iron-rich coal ash exhibits significant effects on NO reduction owing to
its iron content [44,45]. However, the influence of iron-rich coal ash on
the combustion and emission characteristics of biomass-fired CFB
boilers remains underexplored.

This study constructed a lab-scale bubbling fluidized bed experi-
mental system to explore if the addition of coal ash can significantly
affect the combustion performance of simulated biomass volatiles. Three
types of coal ash, obtained from one Indonesian lignite and two Chinese
bituminous coals, were applied as the research objectives. Meanwhile,
silica sand, ilmenite and steel slag were also used as the reference
samples. In addition, the effects of some operation conditions such as
additive substitution ratio and bed material size on the volatile com-
bustion characteristics were also discussed.

2. Methods
2.1. Experimental system and procedure

The bubbling fluidized bed experimental system, as illustrated in
Fig. 1, was divided into three main parts: the gas distribution system, the
reactor and heating system, and the gas detection system.

The experimental reaction was conducted inside the customized
vertical glass reaction tube, which is 1209 mm in height. The inner
diameter of the tube is 40 mm, with 2 mm thick walls. The gas inlets are
10 mm in diameter, and the outlet at the top is 20 mm in diameter. A
quartz sintered plate gas distributor with a thickness of 5 mm is installed
on the middle of the tube, 580 mm in height from the bottom. The
chamber below the gas distributor serves the function of preheating
gases, which is filled with quartz glass fragments. The reactor is exter-
nally heated with an electric heating system, and the height of heating
zone is 465 mm. Two K-type thermocouples are employed: one is con-
nected to the reactor temperature controller to achieve precise tem-
perature regulation, while the other is connected to display instrument
for real-time monitoring and recording of the bed temperature.

To prevent the oxidizing gas from contacting the reducing gas before
entering the bed, the gas supply was divided into two streams. A mixture
of oxygen and argon, in a predetermined proportion, was introduced
from the bottom of the reaction tube, while synthesized volatiles (NHs,
CH4, CO, COq, Hy) were introduced through a side inlet of the reaction
tube. Note that the alkaline NH3 and the acidic CO5 could not be stored
in the same gas cylinder to prevent the formation of (NH4)2COs3 or
NH4HCO3. Therefore, they were supplied independently through a gas
cylinder containing three components (CO, CO3, Hy) and another gas
cylinder containing two components (NH3, CHy).

All gases passed through the gas distribution plate to fluidize the bed
and undergo reactions. Before entering the detection equipment, the
exhaust gas passed through a condenser in the pipeline to cool the water
vapor generated during the reaction process, preventing adverse effects
on subsequent detection. Additionally, a filter was installed to protect
the detection equipment from potential damage. A gas analyzer (Testo
350) was applied to test and record the composition of flue gas flowing
out of the bubbling bed reactor. One thing should be pointed out that,
the CO concentration at the reactor outlet exceeds the measurement
upper limit of the detection device (5000 ppm) under conditions of low
excess oxygen coefficient, which was not shown in the results.

Bed materials were added into the reactor through a funnel, and the
static bed height was recorded. Argon was introduced at a flow rate of
0.5 L/min to initiate heating. Once reaching the preset operating tem-
perature, the reaction gases were introduced. The mass flow controllers
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Fig. 1. Schematic diagram of experimental device.

(MFC) were adjusted sequentially for argon, NH3-+CH4, CO + CO2+Ha,
and O in the gas order. After that, the concentrations of O3, CO2, and
NO, (NO and NO;) were recorded when the gas analyzer readings
stabilized.

When completing all tests, the MFCs were closed sequentially in the
gas order of Oy, CO + COy+Hp, and NH3+CHy4, while the argon
remained flowing through the reactor tube. The furnace was then shut
down and allowed to cool naturally. After the bed temperature dropped
to room temperature, the argon supply was stopped.

2.2. Experimental material and operating conditions

The active particles primarily influence volatile gas combustion and
nitrogen oxide conversion behavior through gas-solid reactions, with
minimal direct effect on biomass pyrolysis and char conversion pro-
cesses. In addition, most agricultural and forestry biomass has a volatile
content exceeding 60 %, with a relatively low char content. Conse-
quently, some researchers have applied volatile components such as
methane as model fuels to study the impact of alternative bed material
on biomass fluidized bed combustion [11]. In this study, the composi-
tion of the synthesized volatile (18.8 % Hg, 27.7 % CH4, 26.9 % CO, 25.9
% COg2, 0.7 % NH3) was determined through an analysis of the straw
pyrolysis products. According to this result, the concentration of each
component at the reactor inlet was set as 34840 ppm (Hy), 51427 ppm
(CHy4), 50000 ppm (CO), 48138 ppm (CO3) and 1319 ppm (NHjs),
respectively.

Under the basic experimental condition, silica sand was used as the
primary bed material, with Indonesian lignite ash applied as alternative
bed material. The bed material size was 150-180 pm, with a total mass

Table 1
Experimental conditions.

of 60 g, and the substitution ratio was 20 %. In addition, the study aimed
to investigate the effects of alternative bed material type, substitution
ratio, bed material size, temperature and excess oxygen coefficient on
the combustion characteristics of volatiles. The experimental conditions
are summarized in Table 1.

When exploring the effect of alternative bed material type, three coal
ash samples, Indonesian lignite ash, Jiaocheng bituminous coal ash and
Shuozhou bituminous coal ash, were selected as the main research ob-
jectives. These samples are all derived from commonly used thermal
coals in power plants, rather than coals intended for chemical applica-
tions. Indonesian lignite is among the most traded coal types globally,
with extensive exports to Southeast Asia and East Asia. The other two
types of bituminous coal are sourced from Shanxi province in China. The
proximate and ultimate analysis results of the relevant three types of
coal are listed in Table 2. The ash content of Indonesian lignite is rela-
tively low (2.6 %), while the volatile content reaches 34.93 %, higher
than other two types of bituminous coal. Ilmenite and steel slag were
also used as comparison. XRF analysis was conducted for these alter-
native bed materials and Fig. 2 presents the mass fractions of different
elemental oxides in these additives. The main components include sili-
con dioxide, aluminum oxide, calcium oxide, iron oxide and magnesium
oxide. Among three types of coal ash, the Fe;O3 content in Indonesian
lignite ash (54.4 %) was significantly higher than those in Shuozhou coal
ash (8.82 %) and Jiaocheng coal ash (12.47 %), and was comparable to
the FeO3 content in ilmenite and steel slag.

Malvern laser particle size analysis was conducted on Indonesian
lignite ash under different particle sizes. The particle size distribution
results are shown in Fig. 3, which approximately follows a normal dis-
tribution within their respective size ranges, consistent with the

Number Alternative bed material type Temperature/°C Excess oxygen coefficient/- Bed material size/pm Substitution ratio/%
1 20
I 700/750/800 50
Indonesian lignite ash /850,900 1.3-2 150-180 75
100
2 105-125
R 700/750/800 125-150
Indonesian lignite ash /850,900 1.3-2 200-250 20
250-300
3 Jiaocheng coal ash 1.5-2
4 Shuozhou (.:oal ash 00,750,/800 1.5-2
5 Ilmenite /850,900 1.3-2 150-180 20
6 Steel slag 1.3-2
7 Silica sand 1.5-2
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Table 2

Proximate and ultimate analysis results of three types of coal.
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Coal Proximate analysis/% Ultimate analysis/%
Mar Aar Var FCar Car Hy Oar Nar Sar
Indonesian lignite 32.43 2.6 34.93 30.04 47.5 3.72 13.23 0.41 0.09
Coal Proximate analysis/% Ultimate analysis/%
M Aq Va FCq Cq Hy Oq Ng Sa
Jiaocheng bituminous coal / 44.45 10.86 44.69 46.71 2.21 4.13 0.70 1.79
Shuozhou bituminous coal / 38.14 24.97 36.89 47.96 3.19 8.79 0.85 1.07
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tube cross-sectional area, v (m-s~?) is the gas velocity in the tube, Thot
and Tcoq (K) are the reaction and room temperature, respectively. Qoo,
in> Qco, in» Qc, in» Qcoz, in» Qu2, in» QNH3, in, and Qar, in (L-min ") are the
flow rate of O5, CO, CH4, CO5, Ho, NH3 and Ar at the reactor inlet,
respectively, and a is the excess oxygen coefficient.

Given CO and NHj flow rate at the reactor inlet, and assuming
complete combustion of the volatiles (proved by the CO concentration at
the outlet), the flue gas flow rate at the reactor outlet can be calculated.
Combined with the gas concentrations from the analyzer at the outlet,
the CO conversion rate (X¢o) and NH3 to NO, conversion rate (Xyy3.N0)
was determined by Egs. (4) and (5).

Element mass fraction in oxide forms/%
S
L=

o LOELL m| TLLm ! .

Steel slag Ilmenite IndonesianJiaocheng Shuozhou
lignite ash coal ash coal ash

Fig. 2. XRF analysis results of different types of alternative bed materials

Xco = (Qeoin — QoutCeo.out) / Qcoin x 100%

Xntt,—No = (Qnta.in — QoutCro.out) / Qntigin X 100%

4

(5)

(element mass fraction in oxide forms).

14
— 105-125 pm (D50 122.0 pm)
—— 125-150 pm (D50 151.2 pm)
12— 150-180 pm (D50 169.0 pm)
—— 200-250 pm (D50 243.2 pm)
10 H—— 250-300 pm (D50 304.4 m)

Volume(%)

1 1 1

1 10 100
Indonesian lignite ash size(pm)

1000

Fig. 3. Laser particle size analysis results of Indonesian lignite ash under
different particle sizes.

anticipated results.

It was necessary to keep the gas flow rate inside the tube constant at
0.08 m/s under different temperature/oxygen conditions, ensuring
consistent residence time of the gas in the reactor (about 2.13 s, from gas
distributor to the top of heating zone). Therefore, the total flow rate at
the reactor inlet should be adjusted according to different temperature
conditions. The flow rate of each gas was determined by Egs. (1)-(3).

Qinlet = 60AVTcold/1 OOOThot (1)
Qo,.in = a(O-SQCO,in +2QcH, in +0.5Qu, in +1 -25QNH3,in) 2
Qarin = Qintet — (QOZ,in + Qco,in + Qe in + Qco,.in + Quyin + QNHS,in) 3

where Qinler (L-min 1) is the total gas flow rate at the inlet, A (m?) is the

where Qqy (L-min 1) is the flow rate of flue gas at reactor outlet, Cco, out
and Cno, out are CO and NO concentrations at the outlet, respectively.

2.3. Reproducibility validation

In terms of partial experimental conditions, each case was repeated
three times. For these repeated experiments, the NO, concentration at
the reactor outlet under different temperatures and excess oxygen co-
efficients are shown in Fig. 4.

It is observed that the concentrations of NO, at the reactor outlet
remain relatively consistent under the same operating condition. Except
for cases where gas concentrations approach the lower detection limit of
the measurement instrument, leading to reduced accuracy, the average
deviation of NO, concentrations at the outlet does not exceed 5 % under
most conditions. This demonstrates the stability and reliability of the
experimental system.
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Fig. 4. NO, concentration at the reactor outlet under different temperatures
and excess oxygen coefficients (bed material size of 150-180 pm, substitution
ratio of 20 %, Indonesian lignite ash as alternative bed material).
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3. Results and discussion
3.1. Effect of alternative bed material type

Fig. 5 presents the variation in X¢o, O concentration at reactor
outlet (Coz, our) and Xnus.no When using different types of alternative
bed materials.

From the analysis of Fig. 5, it can be observed that as the iron content
in the alternative bed material increases, the O, concentration at reactor
outlet gradually decreases, as well as the CO conversion rate increases.
Specifically, when steel slag with highest Fe;O3 content (72.7 %) is used
as the additive, the Coy, ot reaches the lowest value among all cases
(3.06 %). In contrast, for the reference group that using silica sand as the
only bed material, the Co, oyt is the highest (8.59 %).

Comparing the results of using three types of coal ash, when Indo-
nesian lignite ash is applied as the alternative bed material, the con-
version of volatile gas is the most sufficient (low O3 concentration at the
reactor outlet). Jiaocheng coal ash and Shuozhou coal ash, which have
similar Fe,O3 content, exhibit comparable effect on volatile gas com-
bustion. However, Jiaocheng coal ash leads to slightly higher X0, while
Shuozhou coal ash results in a lower Co2, our, Which may be attributed to
the discrepant catalytic/non-catalytic effect of ash to different gaseous
species.

From the perspective of combustion performance, high iron content
materials, including steel slag, ilmenite and Indonesian lignite ash,
emerge as a promising alternative bed material [46]. On the one hand,
Feo03 can participate in the oxidation reaction of CO, as shown in Eq.
(6). On the other hand, iron-based materials can also serve as a catalyst
for the CO oxidation [47]. Specifically, studies have suggested the po-
tential mechanism that CO is first adsorbed onto the surface of Fe;Os,
weakening an Fe-O bond. Subsequently, through compositional changes
between FeO and Fey03, CO is oxidized to form CO, [44].

Fe,03 +CO — 2FeO + CO, (6)

Nevertheless, the increasing iron content in the alternative bed ma-
terial leads to a significant increase in NH3 to NO, conversion rate, as
shown in Fig. 5. For instance, the Xyug3.no reaches to 19.31 % when
adding steel slag to the bed material, which is much higher than that of
the reference group (10.26 % for silica sand bed). Similarly, the iron-rich
Indonesian lignite ash also promote the conversion of NH;3 to NO, more
evidently compared to the other two types of bituminous coal ash.

In certain cases, the addition of iron-based materials is beneficial for
reducing NO, emission [36,48,49]. Some publications pointed out that
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the effect of these active materials on the reduction of NO by CO (shown
in Eq. (7)) and the decrease in oxygen content caused by the
combustion-promoting effect both contribute to lower NO, formation
[44]. However, it should be noted that reaction in Eq. (7) is generally
evident under oxygen-free conditions [50]. If a certain concentration of
oxygen exits in the atmosphere, iron-containing compounds can also
significantly catalyze the conversion of NHs into NO, [51,52]. In terms
of the experiments conducted in this work, the oxygen content in the
outlet gas was above 3 %. Therefore, the reduction effect on NO, may be
not as significant as the promotion of NH3 to NO, conversion, demon-
strating iron-based materials play a positive role in the formation of NO,
during the reaction.
CO +NO 5'CO, + 0.5N, )
Moreover, as illustrated in the following content, experimental re-
sults under varying operational condition reveal that changes in factors
favorable to combustion (higher additive substitution ratio and smaller
bed material particle) lead to an increase in NO, emission in nearly all
cases. In summary, the effect of iron-rich coal ash on the biomass-
volatile combustion is multifaceted, as it not only increases combus-
tible gas conversion rate (which is beneficial to improve the boiler ef-
ficiency) but also generates more NO, (disadvantage in pollutant
emission control). Previous studies have highlighted the strong sensi-
tivity of NO, emissions to oxygen concentrations [53]. Meanwhile, since
the addition of iron-rich coal ash can promote the combustion perfor-
mance, a lower excess air coefficient can be applied to reduce the
amount of NO, emission [54].

3.2. Effect of additive substitution ratio

Fig. 6 illustrates the Xco, Co2, our and Xnus-no under different addi-
tive substitution ratios. It can be seen that when Indonesian lignite ash is
applied as the alternative bed material, an increase in the substitution
ratio leads to higher X¢o and Xnus-no, along with a reduction in Co2, out-
The enhanced conversion of biomass volatiles may result from the
oxygen-carrying function and catalytic/non-catalytic reactivity effect of
iron-rich coal ash, which can be investigated in further research.

Nevertheless, when the substitution ratio exceeds 50 %, the rate of
change slows down, even unchanged, suggesting that further increases
in the substitution ratio do not yield substantial benefits. Therefore, a
saturation substitution ratio of active bed material (Rgy) exists. The
cause of this phenomenon may be attributed to the finite active sites on
the catalyst surface. CO temperature-programmed desorption (TPD)

Fe,0,/% 1 INH/% 124 {100 1°
0 HHHCO% 55 0,/% 18 <
H 122 8 S
H _ 3 3
| & £1” 2 17%
A H | - 20 > )
. — H g s H62
H H 7198 ¢ i
/ H 7: - 18 ﬁ; ° 45 «<
, H n = @» =
g H 0 S 5 2
H u H16 =497 Z 14 &
% H m % § i E
2 H i | ° © 138
H H 14 8 3 2
m 0 — o 96 =
m - = 42 <
H H g "o

H H 95 1

1 H - 10
L L 4o

Quartz sand Ilmenite

Steel slag Indonesian Jiaocheng Shuozhou
lignite ash

coal ash  coal ash

Fig. 5. Fe,03 content of different types of alternative bed materials and their effects on combustion (temperature 800 °C, excess oxygen coefficient of 1.5, particle

size of 150-180 pm, substitution ratio of 20 %).
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Fig. 6. Comparison of combustion results under different substitution ratios
(excess oxygen coefficient of 1.5, bed particle size of 150-180 pm).

experiments were conducted on bed materials with different substitu-
tion ratios by using the chemical adsorption instrument (Micromeritics
AutoChem II 2920). The experiments investigated the number of active
surface sites, thus, reflecting the binding capacity between the bed
material and the biomass volatiles. As shown in Fig. 7, both the peak
intensity and desorption peak temperature gradually increase as the
substitution ratio rises from 0 % to 50 %, indicating a stronger binding
capacity between the bed material and CO. When the substitution ratio
exceeds 50 %, the changes become not obvious. The differences in peak
intensity between 50 % and 100 % substitution ratios are minimal.
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0% Indonesian lignite ash

—— 20% Indonesian lignite ash
N\ —— 50% Indonesian lignite ash
\ —— 75% Indonesian lignite ash
3 —— 100% Indonesian lignite ash
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T T T T T T
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Fig. 7. CO temperature-programmed desorption (TPD) experiments results
under different substitution ratios.

Additionally, absorption peaks appear at comparable temperatures
(380-390 °C) for substitution ratios of 50 % and 100 %, suggesting that
the surface states of the bed materials are similar at these ratios. Based
on the above analysis, when the substitution ratio exceeds 50 %, the
increase in binding capacity between the bed material and CO di-
minishes, which may explain the saturation of the effect.

Notably, the phenomenon of a saturated substitution ratio has also
been observed in other studies. When ilmenite was employed as an
active bed material, the enhancing effect on combustion reached a
plateau after a substitution ratio of 50 % [18,55]. However, the satu-
ration phenomenon was not clearly pronounced in the study where
manganese ore (0-100 %) was used as an additive [54], indicating that
the saturation phenomenon is also influenced by the type of additive
employed. Additionally, it may also be related to the structure of the
reactor. Limited gas residence time in the reactor prevents the increased
active bed material from fully participating in the reaction. Besides, in
this study, Rgy remains consistent (about 50 %) across different tem-
peratures. It indicates that Ry, may have little relation to reaction ac-
tivity, more likely correlated with residence time. Based on a
comprehensive consideration of both the economic cost and the effec-
tiveness of the active bed material, a substitution ratio of 50 % is
identified as an optimal selection.

3.3. Effect of bed material size

Fig. 8 (a) and (b) show the Xco and Coa, our under different bed
materials’ sizes, indicating that combustion is more complete when the
bed material size is smaller. The BET surface area of lignite ash with
different particle sizes are presented in Fig. 8 (d), showing a general
decrease in surface area with an increase in bed material size. Smaller
particle size leads to larger specific surface area, which provides more
active sites for the reaction and facilitates the chemical reaction between
biomass volatiles and oxygen on the particle surface.

Note that when the bed material size increases, the reaction surface
area decreases exponentially, as shown in Fig. 9, indicating that the
reaction effectiveness should also exhibit a similar trend. However, the
results shown in Fig. 8 are quite opposite: as the bed material size de-
creases within relatively small size range, the gas concentrations at the
reactor outlet vary slowly. This phenomenon indicates that another
potential factor suppresses the effect of the active bed material on the
volatile gas conversion as the bed material size decreases.
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The particle size of bed material also has a significant impact on the
gas-solid flow and mass transfer in bubbling fluidized bed reactors,
which potentially influence the conversion results. Theoretical calcula-
tions and analysis are conducted to investigate the influence of bed
material size on the gas-solid flow and mass transfer characteristics in
the dense phase region of bubbling fluidized bed reactors. The calcula-
tion formulas are shown as Egs. (8)-(10).

Gas phase volume fraction op [56]:

op=1/[1+13/y(U; - Umf)—o.s} ©
1 = [0.26 +0.70 exp(—3300d,)] (0.15 + Uy — Uw¢) >

where the subscripts B and E represent the bubble phase and the
emulsion phase, respectively. Uy (m-s™1) is the average gas velocity of
the cross section, Upy (m-s™ 1) is the minimum fluidization velocity, and
dp, (m) is the bed material size.

Interphase mass transfer coefficient Kgp.g [57]:

_Uny | (4DgiméntoUgni ) />
Kgpogim = 3 + nday
1

9
where Dy (m2s™1) is the binary diffusion coefficient, ey is the critical
fluidization voidage, Ug, B (m-s~!) is the bubble rise velocity, and dp (m)
is the bubble diameter.
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where Shg is the sherwood number in the emulsion phase, pg (kg-m~3) is
the average gas density, and yg (Pa-s) is the average gas viscosity.

Fig. 9 illustrates the variation of interphase mass transfer coefficient,
mass transfer coefficient in the emulsion phase, gas phase volume
fraction and total reaction surface area with bed material size, as
calculated theoretically in the experimental range.

It can be observed that as the bed material size decreases, both the
interphase mass transfer coefficient and mass transfer coefficient in the
emulsion phase gradually decrease, indicating weakened mass transfer
in the bed. Meanwhile, the gas phase volume fraction increases, sug-
gesting that less gas in the bubble phase enters the emulsion phase and
reaches the particle surface, thereby suppressing the effect of alternative
bed material on the reaction. In summary, when the bed material size is
below 200 pm, gas diffusion and mass transfer resistance in the bubbling
bed dominate, thereby affecting the performance of the active bed ma-
terial. Above a certain particle size, the reaction surface area (represents
the reactivity of individual particles to some extent) becomes the pre-
dominant factor, outweighing the negative effect of mass transfer
resistance.

In conclusion, an optimal granularity selection strategy is proposed
primarily based on the following points. Firstly, as the bed material size
decreases, the specific surface area increases, resulting in a larger active
surface for catalysis. When the bed material particle size exceeds 200
pm, as shown in Fig. 8 (a), the conversion rate of CO significantly de-
creases. Therefore, the bed material size should not exceed 200 pm.
Additionally, considering the wear of the active bed material in the
fluidized bed, finer particles have a higher wear coefficient, which leads
to the formation of fine ash that exits as fly ash, thereby losing its
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Fig. 8. Comparison of combustion results and BET surface area results under different particle sizes (excess oxygen coefficient of 1.5, substitution ratio of 20 %).
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Fig. 9. Interphase mass transfer coefficient, mass transfer coefficient in the emulsion phase, gas phase volume fraction and total reaction surface area under different
bed material sizes (reaction particle size 1 mm, temperature 800 °C, height 0.1 m, bed material mass 0.1 kg, bulk density 1500 kg-m~3).

catalytic functionality [59]. Additionally, the catalytic effect of iron-rich
coal ash on the reaction relies on the redox cycle in the fluidized bed,
with the dense phase maintaining a reducing atmosphere and the dilute
phase providing an oxidizing environment. In practical engineering
applications, to form a well-established material circulation, the selec-
tion of bed material particle size must be moderate. Larger particles tend
to deposit in the lower section and fail to participate in the circulation,
while excessively fine particles exit as fly ash, resulting in an insufficient
residence time. The most appropriate bed material size corresponds to
the particle size of the circulating ash, with the median diameter of
circulating ash typically ranging from 100 to 200 pm (depending on the
efficiency of the separator). Therefore, a suitable particle size for the
alternative bed material is identified in the range of 150-200 pm, which
provides a valuable reference for practical engineering applications.

3.4. Effect of temperature and excess oxygen coefficient

The X¢o and Cog, out under different temperatures and excess oxygen
coefficients are shown in Fig. 10. The results in Fig. 10 (a) show that as
the temperature and excess oxygen coefficient increase, the X¢o in-
creases, indicating more complete combustion.

In addition, the experimental data given in Fig. 11 (a) indicate that
the reactive effect sensitivity of different types of alternative bed ma-
terials to temperature is relatively consistent. Nevertheless, as shown in
Fig. 11 (b), Among three types of coal ash, Indonesian lignite ash ex-
hibits weakest sensitivity to variations in the excess oxygen coefficient,
while Jiaocheng coal ash and Shuozhou coal ash show stronger sensi-
tivity. Once the excess oxygen coefficient exceeds 1.8, the biomass
volatiles are essentially completely burned.

4. Conclusion

In this work, a potentially solid waste, iron-rich coal ash, was inno-
vatively used as the alternative bed materials to explore its effect on the
biomass volatile combustion characteristics in a bubbling fluidized bed.
Some other common alternative bed materials such as steel slag and
ilmenite were also tested as comparison. In addition, the influence of
some important operational conditions such as additive substitution
ratio, bed material size, temperature, and excess oxygen coefficient were
investigated.

The effect of alternative bed material on the volatile gas conversion is
positively correlated with their iron content. Among three types of coal
ash, Indonesian lignite ash has the highest iron content and conse-
quently exhibits most complete combustion. With the increase of
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Fig. 10. Comparison of combustion results under different temperatures and
excess oxygen coefficients (bed material size of 150-180 pm, substitution ratio
of 20 %, Indonesian lignite ash as alternative bed material).

substitution ratio, the Xco and Xyus.no increase, however, such positive
effect does not been further enhanced when the substitution ratio ex-
ceeds 50 %. In addition, if the bed material size is smaller, the active
particles exhibit a larger surface area, resulting in higher reactivity and
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Fig. 11. Sensitivity of different alternative bed materials to temperature and
excess oxygen coefficient (particle size of 150-180 pm, substitution ratio of
20 %).

more sufficient combustion. Nevertheless, theoretical calculations sug-
gest that gas mass transfer resistance in the bubbling bed dominates the
gas conversion process when the bed material size is below 200 pm.
Besides, it should be noted that though the addition of iron-rich coal ash
promotes the combustion efficiency, it also facilitates the conversion of
NH;3 to NO,. For this issue, a lower excess oxygen coefficient can be
applied to reduce NO, generation.

Based on the findings of this work, a novel and cost-effective kind of
active materials suitable for OCAC technology is presented, which fa-
cilitates the efficient utilization of coal ash, a typical solid waste.
Furthermore, this work offers important engineering recommendations
for the application of iron-rich coal ash in biomass-fired CFB boilers,
including optimal bed material particle size and additive substitution
ratio. A substitution ratio of 50 % and a bed material size of 150-200 pm
are suitable options. In subsequent research, full-loop simulations and
pilot-scale experiment verification could be conducted to determine the
optimal combination of operational conditions to enhance combustion
efficiency while minimizing NO, emission and other types of coal ash
could be utilized to verify the general applicability. In addition, our
subsequent research has demonstrated that Indonesian lignite ash ex-
hibits remarkable redox properties. Further mechanism analysis on the
effect of coal ash in enhancing volatile combustion and NO, conversion
is actively conducted and remains incomplete. Besides, the potential role
of iron-rich coal ash in biomass pyrolysis and gasification at high tem-
peratures is also a key direction for future research.
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