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Abstract: Fluidized bed gasification is a promising technology to convert biomass to useful syngas,
offering several distinct advantages. The performance of the fluidized bed gasifier (FBG) is affected by
various operating parameters like fuel type, temperature, equivalence ratio, gasification agent, steam-
biomass ratio, bed material, and the catalyst used. Steam gasification of biomass in a fluidized bed
gasifier is an effective and efficient technique that offers a high yield of H> in the range of 30-60 vol%.
However, the challenges associated with biomass gasification and commercial propagation of the
technology are critically important issues. This paper reviews the bubbling fluidized bed gasification of
biomass in several aspects, including parametric influence, biomass to H2 process mechanism, catalytic
tar conversion, and the challenges and prospectus of the technology.
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1. Introduction

Global energy has seen sharp demand for the last several decades due to brisk
industrialization, rapid growth in population, and improved living standards. In the present
scenario, fossil fuels are still the consequential player in the most energy-consuming sector,
with about 81 percent of the energy share in 2018, and are the main contributor of greenhouse
gas emissions like CO,, which has caused a long-term and irreversible damage to the
environment leading to global warming and climate change. Global warming, climate change,
and energy security are gaining more attention worldwide, and apprehension about fossil fuel's
volatile and ever-increasing price. As late as the mid-1800s, biomass supplied most of the
world’s energy but started to phase out as the fossil fuel era began. But with the onset of the
first oil shock in the mid-1970s. This has created a renewed interest and focus on developing
alternative and renewable energy sources for sustainable development. Renewable energy
sources like solar, wind, and biomass could play a role of great significance in mitigating
climate change. Biomass is a renewable and potentially sustainable energy source with many
possible applications varying from heat generation to the production of advanced secondary
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energy carriers [1] and one of the most important factors for environmental protection in the
21% century [2].

Energy derived from biomass and waste is seen as one of the most dominant future
renewable energy sources because continuous power generation can be guaranteed, unlike solar
and wind energy. Biomass energy is the fourth-largest energy after coal, oil, and natural gas
[3] and will continue to increase by 2050 [4]. The renewed interest in biomass as energy can
be attributed to the development of biomass conversion technology, low cost, high conversion
efficiency, and the potential threat of climate change due to greenhouse gas emissions. In
addition, the use of biomass fuels provides substantial benefits as far as the environment is
concerned [5, 6]. Biomass energy offers several distinct advantages such as renewability, CO>
neutral or less CO2 and high hydrogen content; widely available and promising alternative
energy; low sulfur and nitrogen content with a low tendency to produce SOx, NOy, and
particulate matter into the atmosphere reducing the potential problem associated with its
disposal and greenhouse gas emission [7-9]. The gasification of biomass has gained much
attention in recent years because the gas producer gas can be utilized in various applications
depending on its qualities [10, 11].

2. Biomass Energy

Biomass generally refers to an organic matter produced by green plants through the
process of photosynthesis and includes all land and water-based vegetation and organic wastes.
Biomass is an important renewable source of fixed carbon (C) and can be converted into liquid,
solid, and gaseous fuels and chemicals apart from providing heat and power [12]. The
conversion of biomass into the next form of energy through the different technological options
includes biochemical conversion and thermochemical conversion, depending on its physical
nature, as shown in Figure 1. The primary fuel produced from the biomass can be liquid
(ethanol, biodiesel, methanol, vegetable oil, and pyrolysis oil), gaseous (biogas (CH4, CO>),
producer gas (CO, Hz, CHa, CO2, Hy), syngas (CO, Hy), substitute natural gas (CH.)) and solid
(charcoal, torrefied biomass).
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Figure 1. Conversion routes for biomass.
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3. Biomass Gasification

Gasification is a thermochemical conversion of solid biomass with a limited and
measured supply of gasification agents at an elevated temperature (800-1000°C), giving a
gaseous mixture called producer gas or syngas. The main gasification stages include drying,
pyrolysis, partial combustion, reduction [11], and several reactions, as shown in Table 1. Air
gasification is commonly used for industrial applications due to its low investment cost and
simple and stable operation [12]. Still, the fuel gas is highly diluted with nitrogens yielding
lower heating value (LHV) gas in a range of 4-6 MJ/ Nm?3[13]. On the other hand, if O, or
steam is used instead of air results in syngas with a higher heating value (HHV) of 10-18
MJ/Nm? but making the process more complex and involving higher investment for oxygen

and steam [14].
Table 1. Thermochemical reaction.

Pyrolysis CHxOy — H2+CO+CO2+CHas+hydrocarbon + tar +char (R1)
Oxidation C + 02 — CO2-283 MJ/kmol (R2)
Partial oxidation C+% 02— CO —111 MJ/kmol (R3)
Boudouard C +CO2 «> 2CO + 172 MJ/kmol (R4)
Methanation C + 2H2 «> CH4—75 MJ/kmol (R5)
Water-gas C + H20 < CO +H2 +131 MJ/kmol (R6)
Water-gas shift CO + H20 < CO2 +H2—41 MJ/kmol (R7)
Steam reforming CH4+ H20 < CO +3H2+206 MJ/kmol (R8)
Dry reforming CHs+ CO2 > 2CO + 2H2+260 MJ/kmol (R9)
Tar reforming Tars + H20 — H2 + CO2 + CO + hydrocarbons (R10)
Hydrocarbon reforming Hydrocarbon + H20 — Hz2 + CO2 + CO (R11)

Gasification of lignocellulosic biomass for producing renewable fuels is a rather mature
technology. It is considered an attractive conversion process as it gives better conversion
efficiency for various end products using syngas for purposes such as heat and electrical power
generation [15, 16]. Though the gasification technology provides the advantage of low
environmental impact, high effective conversion, and reduced global CO2 emissions [17], it is
associated with the major hurdle of formation of the aromatic compounds called tar, which is
a costly affair to eliminate and put serious limitations in the industrialization of gasification
technology [18]. Several gasifier designs exist, which are mainly classified based on their gas-
solid contact mode into three principal types: (i) fixed or moving bed, (ii) fluidized bed, and
(iii) entrained-flow bed [19]. The present paper reviews the bubbling fluidized bed gasification
of biomass in different aspects of operational parameters.

3.1. Fluidized bed gasifier.

Fluidized bed gasifiers (FBG) work on the principle of fluidization phenomenon in
which both the fuel and inert bed material behaves like a fluid because a gasifying medium is
passed at high pressure to keep it in semi suspended condition or fluidization state [20]. One
of the important features of the fluidized bed system is the high heat transfer capability due to
the high percentage of inert bed material [21]. A fluidized bed reactor takes advantage of the
excellent mixing characteristics and high reaction rates of gas-solid phase mixing, better
temperature distribution, high specific heat capacity, and a fast heat-up [22], which benefits in
the efficient heat and mass transfer, providing high conversion intensity. The large thermal
inertia of the bed makes FBG gasifiers relatively insensitive to the fuel quality and provides
process flexibility; they can handle difficult fuel like rice straw [23]. They are an attractive
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alternative to solid waste treatment; they provide wide biomass fuel adaptability; they offer
economic, environmental, and scale-up benefits [24, 25]; they are easy for industrial
application [26]. And they promise reactors for enhanced H. production in the future. However,
the issues like sintering, agglomeration, deposition, erosion, and corrosion are avoided in
fluidized bed gasifiers by limiting operation below the ash sintering temperature [27]. The
fluidized bed gasifier is sub-classified as a bubbling fluidized bed gasifier (BFB), circulation
fluidized bed (CFB) gasifier, and or dual bed fluidized (DFB) gasifier, as shown in Figure 2.

Gasification Technologies

Entrained flow l Fluidized bed
» Coaxial downflow » Bubbling
» Opposed jet Moving bed » Circulating
s Downdraft » Dual
o Updraft

o Crossdraft

Figure 2. Classification of gasifiers.
3.1.1. Bubbling fluidized bed (BFB) gasifier.

A bubbling fluidized bed (BFB) gasifier, as shown in Figure 3, is the oldest design
popular for biomass gasification [20]. It also allows In-situ tar reduction and other advantages
such as uniform temperature distribution, low environmental impact from operation between
800-900°C, and fuel flexibility [28]. Atmospheric gasification with air in a BFB reactor is the
simplest way to produce a fuel gas at a sufficient scale and keep operation cost low [14]. The
performance of the BFB gasifier highly depends on bed hydrodynamics [29]. BFB gasifier can
be used for chemical looping to produce high-quality syngas at lower CO> content [30].
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Figure 3. Bubbling fluidized bed gasifier.
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3.2. Application of syngas.

The syngas produced through the gasification process can have varied applications, as
shown in Figure 4. It can be burnt directly to generate heat [15, 16], or Ha-rich syngas can be
utilized for power generation through internal combustion engines, solid oxide fuel cells
(SOFC), and gas turbines with less pollution without CO; [31, 32] or for combined heat and
power (CHP) using internal combustion (IC) engine or gas turbine [33, 34]. The synthesis gas
(CO+H2) having H2/CO molar ratio between 1 and 2 can be converted to transportation fuels
like mixed alcohol fuel, gasoline, and diesel fuel by the Fischer-Tropsch process [35, 36] with
proper attention given to syngas cleaning and also for cooking [37].
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Figure 4. Conversion routes of syngas into different products.
4. Effect of Operating Parameters on Gas Distribution

Bubbling fluidized bed gasification of biomass is affected by reactor design and
operating parameters like fuel moisture content, reaction temperature, etc., on syngas
composition distribution, tar content, and overall performance of the gasifier system as
explained below. It is important to understand the operating parameters' effect on the
gasification process [38].

4.1, Effect of biomass fuel.

Biomass as a fuel and its characteristics play an important role in gasification, product
gas distribution, and tar yield. Typically, biomass is characterized for determining the chemical
compositions (cellulose, hemicellulose, lignin); elemental composition (C, H, N, O, S);
inherent moisture, and proximate composition (volatile matter, fixed carbon, and mineral ash).
For example, the proximate and elemental composition of some biomass feedstock used in
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BFB gasification is shown in Table 2. These parameters are important as they influence the
product gas composition and yield during biomass gasification. Therefore, the type of biomass
used for gasification also influences the product gas distribution [39], which can be evident
from Fig. 5 provided for different biomass.

Cellulose and lignin found in lignocellulosic biomass affect the product gas
composition, as found for Japanese Oak and red pine bark, both having high cellulose and
lignin [40]. The study on air steam gasification of four different biomass (white pine, citrus
peels, Posidonia oceanica) found that lower yield of both syngas and hydrogen in the case of
white pine than other feedstock, which may be due to the woody martial properties in term of
lignin, cellulose, and hemicellulose [41]. The moisture content in feed material also shows the
effect on product gas composition. The air-blown gasification of rice husk with 12 and 17 wt%
moisture content showed that high moisture content leads to a decrease in bed temperature due
to the endothermic nature of water evaporation, which in turn causes the temperature
fluctuation, the problem in fluidization and massive coking [42]. The higher moisture content
in biomass affects the water gas shift reaction and even the harvesting age of the tree, and the
presence/absence of bark can adjust the syngas and tar profile [43].

Herguido et al., based on their research outcome, reported that the difference in gas
yield is the result of the fast heating rate of the smaller particle in bed, which make the
devitalization and char gasification steps during sawdust gasification at a faster rate than for
wood chips. Therefore, at the higher reaction temperature, the amount of gas production is
large according to the endothermic char reaction [39]. The heating rate of small biomass
particles strongly influences the tar yield, char, and gas product devitalization [44, 45].
Esfahani et al. studied the hydrogen production performance for palm kernel shells at different
particle sizes (0.1 mm, 2 mm, and 5 mm) and observed that in case of bigger particle size, the
gas produced inside the particle is more difficult to diffuse out and the process is mainly
controlled by gas diffusion [46]. The experimental study on steam gasification of the almond
shell of four different particle sizes (0.3 mm,0.6 mm, 0.9 mm,1.2 mm) showed that the particle
size affects the total gas yield and the yield of individual gas species. As particle size increased
from 0.3 mm to 1.2 mm, Hz, CO, CO., and CH, yield decreased [47]. Larger particles produce
fewer smaller particles after the gasification reaction, reducing fine particles [48]. Larger
biomass particle, when gasified at a lower temperature, higher SB ratio, and higher adsorbent
to biomass ratio, favors low SO2 and NO emission as found in the case of catalytic steam
gasification of palm kernel shell (PKS) [49]. In contrast, a smaller particle of empty fruit bunch
(EFB) produced more CO, CHg, and less CO» than a larger one, while H; yield was almost the
same [50]. Ash content in the biomass is also important for further elimination from the flue
gas. Still, the ash having a low melting point shows the possibility of the formation of eutectic
[39]. The main element in biomass responsible for forming eutectic is potassium and sodium
in the form of K>O and Na2O [50] and bed agglomeration [51]. Ammonia concentration in
syngas depends on nitrogen content in feedstock, operating conditions, and gasifying agents
[52, 53].
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Table 2. Proximate and ultimate properties of biomass used in BFB gasifier.

Feedstock Proximate analysis (%0) Ultimate analysis (%) Calorific Reference
MC Ash VM FC C H N S (@] value
MJ/kg
Rice straw 74 191 67.9 13.9 37.9 4.6 0.6 na 36.7 14.72 [23]
Rice husk 8.3 19.3 714 9.1 36.1 4.8 1.9 na 37.9 13.2* [54]
Wheat straw 451 12.69 72.29 10.51 40.53 5.35 0.65 0.14 36.13 13.87° [55]
PKS 7.96 8.97 72.47 18.56 51.63 5.52 1.89 0.05 40.91 22.97° [56]
PKS 12 8.97 30.53 48.5 51.63 5.52 1.89 0.05 40.91 24972 [46]
Eucalyptus 14 0.9 83 16.2 45.7 6.6 0.3 na 475 19.42 [43]
Wood pellets 9.8 0.8 72.7 16.7 51.02 7.16 0.09 0.04 41.73 18.0? [57]
HTS 22.11 14.16 71.40 14.45 42.29 5.74 0.42 0.07 37.32 19.582 [58]
CGT 9.01 13.02 71.20 15.78 39.30 5.43 1.44 0.34 40.49 16.672 [58]
EFB 7.80 4.50 79.34 8.36 43.52 5.72 1.20 0.666 48.90 15.222 [59]
Sawdust 14.60 0.46 76.10 8.90 44.96 5.83 3.10 0.61 45,50 17.222 [59]
Corn stalk 3.45 10.50 73.62 12.43 4211 5.33 1.42 0.11 37.08 14.70° [55]
Coconut shell 4.89 42.98 30.62 26.41 45.24 5.04 1.46 0.06 48.2 16.072 [56]
Coconut shell 8.55 12.44 52.56 26.45 50.2 5.40 0.94 0.06 434 21.502 [60]
Chicken manure 9.9 17.2 - - 33.0 4.4 5.6 0.3 29.1 14.92 [61]

2 higher heating value; °: lower heating value; *as reported; PKS: palm kernel shell; HTS: high tonnage sorghum; CGT: cotton gin trash; EFB: empty fruit bunch; PKS: palm

kernel shell.
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Figure 5. Product gas distribution for different feedstock.
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4.2, Effect of temperature on gas composition.

Gasification temperature plays a crucial role in the final composition of the syngas.
Temperature influences the fuel's reaction rate and controls some endothermic and exothermic
reversible reactions and therefore affects the final gas production distribution, improves gas
yield, and promotes low tar levels in the gasification progress [62, 63]. The effect of
temperature using different gasification agents like air, oxygen, steam, or a mixture of these on
gas composition and alteration in individual gases.

4.2.1. Air gasification.

Several studies have been reported on the air gasification of different biomass using
BFB gasifiers and reported the effect of temperature on gas gasification. The experimental
studies show a significant enhancement in the concentration of H in syngas in the case of
gasification of palm kernel shell, from 18 vol% to 39 vol% as temperature increased from
750°C to 1100°C [46]; coconut shell and palm kernel gasification, from 43% to 67% (mole)
and 56% to 66% (mole) at temperature rise from 700 to 900°C [56]; torrefied pellets of
Miscanthus + giganteus, from 5.5% to 10.4% when the temperature in the bed was raised from
660 °C to 850 °C [64].

Nevertheless, the syngas from air gasification dilutes the syngas with nitrogen to a
higher level which normally ranges about 50-55% of the total gas volume, leading to a lower
gas LHV. Alternatively, gasification using oxygen or O»-enriched air is considered to help
reduce the nitrogen dilution effect and increase the reactor temperature [65] and gives medium
heating value gas as oxygen-enriched air favor LHV due to less N2 in the producer gas [66];
however oxygen gasification increase syngas heating value but requires high cost for pure
oxygen [27]. The studies reported on gasification of refused derived fuel (RDF) with enriched
air with oxygen (O2) up to 44.7% [27]; and rice straw with O enriched from 21% to 45% [67]
showed that with increasing temperature, both Hz and CO content increased remarkably with
a significant decrease in CO2 while CH4 showed a limited increase. This improvement can be
attributed to the thermal cracking of liquid and enhanced char reaction with the gasifying
medium (air) [46]. Increased gas yield with temperature could be due to the reasons like (a) the
initial pyrolysis reaction increases the production of gases at a faster rate with temperature, (b)
strengthen the endothermic gasification reaction, which results in more H, and less CHa
concentration, and further enhance gas yield (c) to promote the steam reforming reaction and
the cracking of high hydrocarbon and tar leading to increase in the concentration of H,, CO,
and CnHm. According to Le Chatelier’s principle, with the gasification temperature increment,
an endothermic reaction such as a reforming reaction of CH4 (R9), Boudourd reaction (R4),
water gas reaction, and methanation reaction is improved, which results in the conversion of
CHs and CO2 to CO and Hy, along with the conversion of char and CO2 to CO and H, reducing
the content of CO> [65]. At increased temperatures, the Boudourd reaction (R4), partial carbon
oxidation (R3), and water-gas reaction (R6) consume residual carbon, which improves CO
content [68]. The reason for the decrease in CO; at elevated temperatures is that CO> is
consumed by the Boudourd reaction (R4) [67], and the exothermic WGS reaction (R7) is
shifted to the H20 and CO side, which lowered the CO; yield [64].

On the other hand, Kuo et al. [69] state that, in air gasification, the WGS reaction is
exothermic with minimal effect on temperature. In contrast, another endothermic reaction (R4,
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R5, R6) and tar decomposition contribute to increased Hz and CO content with an increase in
temperature. Figure 6 shows the variation in syngas composition for different biomass at
different reaction temperatures, while Figure 7 presents the visible effect of temperature on gas
composition.
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Figure 6. Syngas composition for air gasification of biomass.
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Figure 7. Variation in syngas composition for different temperatures.
4.2.2. Steam gasification.

Steam gasification of biomass has been considered an attractive process for generating
hydrogen-rich syngas [70]. Air gasification produces syngas composition diluted by nitrogen,
yielding a low heating value of 4-6 MJ/Nm?® [14]. However, the use of steam has proven
effective in producing good quality syngas rich in hydrogen, about 30-40%, and heating value
up to 10-15 MJ/Nm?[71, 72], and Hz-rich syngas produced through this versatile route can be
further used for varied applications. Steam performs a dual role as reaction material in the
reforming reaction of hydrocarbon (R11) and the WGS reaction (R7). The temperature is
crucial for overall biomass gasification. It is a major factor that affects H, production using
steam or air steam [25] as the higher temperature is more Kinetically favorable for water gas
shift (WGS) reaction to produce Hz [73]. Numerous studies have reported the effect of
temperature and the enhancement of H> concentration in steam gasification of various biomass
in BFB gasifiers at the reaction temperature between 700-900°C [74].
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Yang et al. reported that as the temperature increased from 600°C to 800°C for steam
gasification of cotton stalk chips, H> content increased by about 22% from 11.87% to 34.02%
[3]. The trend in gas distribution with an increase in temperature, importantly for Hz, CO, and
COo, has been reported by other researchers for different biomass like pine sawdust, pinewood
chips, cereal straw, and thistles [39]; rice hull [75]; sawdust [76]; corn stalk, rice straw, wheat
straw and peanut shell [55]. In combination with air, steam gasification is widely used as pure
steam involves more cost. The experimental studies reported on the use of air +steam for the
gasification of pine sawdust [77], wood pellets [14], and coconut shells [60]. As well study on
steam + O have been reported for corn stalks [78], and pine (pinus pinaster) chips [79] have
reported a similar trend in gas composition.

The temperature must play an exceptionally important role in determining the gas
composition, including reaction direction and reaction rate during steam gasification. The
steam gasification follows Le Chatelier’s principle, as discussed in section 4.2.1. The higher
temperature is more kinetically favorable for water gas shift (WGS) reaction (R7) to produce
H> [4], which is a dominant reaction in the temperature range of 600-800°C, enhancing
cracking and reforming of volatiles relatively sufficient, due to which the increase reaction rate
led to an upsurge in Hz and CO2 [71]. Han et al. reported that high temperature also promotes
tar decomposition (R11), which is beneficial in producing more H> and favors greater
conversion of char and tar into gases increasing the gas yield [76]. However, the situation for
CO content is the opposite, as evident from the studies, which are attributed to the reason that
the WGS reaction consumes part of CO, which results in a decrease in CO concentration in
case of the rapid increase in H> and CH4 [80]. Carbon dioxide is mainly formed by primary
cracking of the C=0 functional group, steam reforming of pyrolytic volatiles, and WGS
reaction [55]. According to Acharya et al. [81], high temperature is not always beneficial for
exothermic WGS reaction; rather, enhanced H» production is due to a reforming reaction which
is all prompted by increased temperature. Figure 8 shows the syngas composition for the steam
gasification of different biomass. In contrast, Figure 9 shows the compositional change in
different gas species, especially on enhanced H> during steam gasification can be seen clearly.

. 60 \\
';5[1 §
. HHH - I - |

Gases

% Coftton stalk chip (T=700, SB=0.9)
" Wood pellets (T=727 oC; SB=0.43; ER=0.27)
# Coconut shell (T=950 oC; SB=1; ER=0.24; Ca0)

Figure 8. Syngas composition for steam gasification of biomass.
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Figure 9. Variation in syngas composition for different temperatures.
4.3. Effect of equivalence ratio (ER).

Equivalence ratio (ER) is defined as the ratio of the amount of oxygen (air) needed for
the stoichiometry combustion of the fuel and generally varies from 0.20 to 0.40 for biomass
gasification [82]. It can be seen from several studies that ER plays a vital role in the
determination of gasification performance. Normally ER represents the quantity of oxygen
introduced to the reactor; it affects the gasification temperature (bed temperature) under auto-
thermal operation [25, 83]; has a significant influence on the composition of the product gas
and overall gasification efficiency [57]. The studies reported show that higher ER generates
higher temperature, which accelerates oxidation reaction and helps to improve the product
quality to a certain limit [56]. At higher ER, an increasing degree of combustion reactions
releases more heat to intensify tar secondary cracking reaction, which increases produced
flammable gases in the combustion reaction increasing gas yield [67]. On the other hand, lower
ER makes less O available for the gasification reaction to complete, thus affecting the gas
composition with either value of ER [46]. It has been reported that with an increase in ER, the
gas yield increase while a decrease in tar and LHV of gas is observed [82].

Narvaez et al. [82] reported that varying ER from 0.20 to 0.45 at T=800°C for air
gasification of pine (pinus pinaster), the maximum concentration of H, was obtained at low
ER=0.26, while as ER progressed to 0.45, the concentration of H,, CO, CHa, and C2H> showed
a decreasing trend. The results agree with the results reported for gasification of coconut shell
and palm kernel shell varying ER from 0.15 to 0.45 [56]; and torrefied miscanthus at varying
ER=0.18 to 0.26 and T=800 °C [64]. Liu et al. [67] reported almost the same trend when O,-
enriched air at 30% was used for gasification of rice straw varying ER =0.15 to 0.24 and T=700
°C, and observed that concentration of Hz, CO, and CHa decreased while the increase in CO>
content. It is noted that at the higher ER or fluidization velocity, more air is supplied, and hence
more char can be combusted to form CO: at the expense of other combustible gases such as H»
and CH4[84]. This showed that with higher ER values, oxidation of a larger fraction of carbon
in feedstock takes place, along with partial oxidation of combustible gases like H2 and CO,
which results in a large increase in CO2, with more dilution of Na.

4.4, Effect of steam to biomass (S/B) ratio.

Steam to biomass (S/B) ratio is one of the key factors affecting the gasification results
as it influences the gas composition; though it is less than temperature but notable in gas yield
and gasification efficiency. The S/B ratio is defined as the amount of steam supplied to a known
amount of biomass during gasification [85]. Steam is introduced into the gasification process
to advance the steam reforming of tar and hydrocarbon (R11) and the WGS (R7) reaction,
https://biointerfaceresearch.com/ 11 of 32
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improving Hz concentration and the total gas yield. The highest S/B ratio or steam to carbon
(S/C) ratio is found to produce a gas composition with higher H> and CO> content and lower
CO and CHj4 concentration due to dominant water gas reaction (R6) and WGS reaction (R7)
[86]. Steam —biomass (S/B) ratio reflects increasing steam concentration, and partial pressure
corresponds to the Le-Chateliers principle. Increasing the S/B ratio enhances the water gas
(R6), WGS (R7), steam methane reaction (R8), and hydrocarbon reforming reaction (R11),
which increases the H; and CO- output and decreases CO content. WGS reaction, which is
exothermic and therefore thermodynamic equilibrium, shifts toward the right direction at a
higher S/B ratio, enhancing Hz. Methane CH4 content depends on methanation reaction (R5)
and steam reforming reaction (R8). Steam reforming reaction strengthens when S/B increases,
and methanation reaction strengthens when H2 content increases. Therefore a slight decrease
in CH4 is observed.

Several studies have reported the effect of the S/B ratio on gas composition. Loha et al.
studied air-steam gasification of rice husk at an S/B ratio from 0.2 to 0.8, at T=800 °C and
ER=0.35 and found that H, content increased from 7.6 to 11.8%, and CO decreased from 13.7
t0 12.7% [87]. The increase of Hz> and CO> with decreasing CO with increasing S/B is due to
the increase of homogeneous water gas shift reaction (R7) and water-gas reaction (R6) in the
presence of H.O. However, they reported that excessive steam reduces temperature, lowering
the concentration of hydrogen [88]. The same trend of a significant increase in the
concentration of H» for steam gasification of sawdust at S/B= 0.3-1.0 and T=800°C [89]; and
coconut shell at S/B=0.16-3.1 and T=950°C [60]. The introduction of steam in biomass
gasification increases the gas yield. However, excessive steam lowers the reaction temperature,
which may cause a decrease in gas yield and H yields, and benefits only when the amount of
steam entering the gasifier is less than the amount of reaction balance requirement [77, 78].
Increasing the energy consumption of the system [90, 91] as more heat is absorbed by excess
steam and, in that case, the use of external heating may reduce the influence of the higher S/B
ratio [92]. Providing too small a ratio can lead to an inconsiderable value of H-rich gas, while
too large a ratio will reduce the activity of water gas shift reaction resulting in lower gas yield
and reducing gas quality [80, 81]. Therefore, the S/B should not be too large in the actual
gasification process [55]. It becomes important to find an optimum point in the conversion
process since a too-large S/B ratio does not favor syngas production and is not cost-effective
[60].

4.5. Effect of catalyst.

The major technical problem in biomass gasification development is the organic
compound (tar) in the syngas, which is formed during the gasification process [93] which
creates many operational problems either in the gas engine or extensive fouling and blocking
of the downstream pipeline due to condensation at a lower temperature and put a major
challenge in commercialization of the technology [7]. Generally, tar is formed in the pyrolysis
step due to the decomposition of lignocellulosic biomass with mainly oxygenated
hydrocarbons [94]. The difference in chemical composition and nature of biomass polymers
results in different tar formation characteristics of different types of biomass during
gasification. Tar formation causes catalyst deactivation, operation interruption, and production
of the carcinogenic element [95]. Furthermore, tar condenses under reduced temperatures,
causing polymerization in such equipment as engines and turbines [96].
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Many efforts have been made to remove gasification tar through physical and chemical
methods, such as filtration/physical removal (non-catalytic cracking) and catalytic cracking.
The catalysts are naturally occurring minerals, alkali catalyst, or noble metals like Ni-based
catalyst, which promote tar cracking and reforming and enhances the concentration of H; and
CHs4 [97]. For fluidized bed gasification, the catalyst must have high chemical activity, be
effective in tar removal, have good mechanical properties, be resistant to deactivation, and be
low cost [98, 99]. Catalytic steam reforming is the most attractive technique for removing tar
in the presence of a catalyst. A catalyst can remove tar more effectively and simultaneously
convert it into useful gases (H2, CH4, and CO) at a lower temperature [94]. The different types
of catalysts that could be used in biomass gasification are given in Table 3.

Table 3. Different catalysts for biomass gasification.

Catalyst Examples Merits Issues
Natural catalyst | Dolomite - cheap occurs abundantly - Moderate reforming efficiency
Olivine - efficiently tar decompose - dolomite has poor mechanical strength
Shell - directly use in FBG - porous and fragile at high temperature
- olivine has high mechanical
strength
Alkali metal | K2CO3 - High reforming efficiency - increased plugging issue
catalyst Carbonate - High Ha yield - methane reforming reaction >800 °C
Sodium carbonate |- better catalytic cracking - particle agglomeration if used with
Trona biomass
Borax - not suitable as a secondary catalyst
Nickel-based Ni/olivine - High reforming efficiency - gradual deactivation
catalyst NiO/Al203 - High Ha yield - relatively expensive
Ni/CeO2/Al203 - tar conversion of more than 99% |- high investment cost
Ni2MgAl4Os - best as secondary catalysts - long lifetime for economical operation
Ni/ZrO2, when operated at 780 °C
Ni/TiO2, - coking is particularly prevalent with
Ni/CeO2 nickel catalysts
Ni/MgO
4.5.1. Dolomite.

Dolomite (MgCOs-CaCOs), a magnesium ore), an attractive material for catalytic tar
cracking, is extensively investigated and used. Dolomite is generally the preferred guard bed
or an active primary catalyst bed for removing heavy hydrocarbon so that expensive and
sensitive metal catalyst safeguard from deactivation caused by tar or other impurities and
decomposes tar efficiently at the operating condition. It can provide relatively high tar
conversion, decrease the risk of agglomeration, and provide the advantage of anti-sintering
properties as bed material in fluidized bed gasifiers [100]. Conversely, dolomite is soft having
poor mechanical strength [54], which makes it susceptible to attrition in the fluidized bed
producing larger fluxes of small eroded particles which could plug pipes in the downstream
process [74] and may undergo the calcination process at high temperature due to its fragility
[101].

Numerous researchers worked on dolomite catalysts in FBG gasifiers as a bed material
or additive. The air-steam gasification of sewage sludge in the presence of dolomite found that
H> content increased while tar content decreased, reaching a tar removal efficiency of up to
71% [102]. Yang et al. reported that steam gasification of cotton stalk (T=700°C and S/B =0.9)
dolomite bed gave better results for H2 generation at 31.45% compared to olivine bed (23.72%)
and quartz bed (22.79%) resulting in higher H2/CO ratio than other bed [3] and similar
observation is reported by another author for air-steam gasification [103]. Atmospheric
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fluidized bed gasification of birch wood at T=700-800 °C using a different kind of dolomite
showed a high H,/CO ratio [104], whereas an increase in H2/CO ratio to 2.2 from 1.3 (air
gasification without catalyst) is reported for air-steam gasification of sewage sludge [105].
Zhou et al. reported that crystalline dolomite (Glanshammar) has better stability in term of
mechanical strength and a pore structure, allowing a much swift release of gases produced
during the calcination process compared to amorphous dolomite (Sala), which have similar
quantities of CaO, MgO, and SiO2 [74].

4.5.2. Olivine.

Olivine, as dolomite, is a natural mineral having magnesium, iron, and silicon in the
form of Fe»SiO4 or Mg2SiO4 [106], which has tar conversion capabilities due to the presence
of magnesite (MgO) and iron oxide (Fe203) [93]. Olivine is durable for a prolonged operating
period in the temperature range of 800-950°C [107]. Olivine mainly consists of silicate
minerals in which magnesium and iron cations are embedded in the silicate tetrahedral [108].
According to the reports, better catalytic activity in the destruction of tar and mechanical
strength at high temperatures (>800°C) [97], which makes olivine a superior choice to be used
in fluidized bed gasifiers compared to dolomite and quartz sand [109]. According to some
reports, olivine in its natural form or untreated state has a limited catalytic efficiency [100],
which can be improved by calcination of olivine [110, 111] or loading some active metals (e.g.,
Fe, Ni, Co, Ce, etc.) [112]. Calcinated olivine is more active than untreated olivine due to the
migration of the iron to the surface of the bed material after pre-treatment [113].

Rapagna et al. used an olivine bed for steam gasification of the almond shell (T=770°C,
S/B ratio=1); H. and CO; increased to 52.2 vol% and 16.9 vol% respectively, compared to 43.6
vol% and 11.7 vol% for sand bed, whereas, CH4 showed a decrease to 7.9 vol% from 11.5 [97].
Olivine was useful in generating fewer fine particles and consumed 66% less energy for bed
heating than dolomite during rice husk gasification [114]. It is reported that NiO loading
improves the efficiency of olivine, as observed in the steam gasification of Miscanthus x
giganteus, where H2 yield increased at 50% compared to raw olivine, between 37.6 to 46.2%
[115].

4.5.3. Calcium oxide (CaO).

Calcium oxide (CaO), with the main components of CaO, has attracted great research
interest and gained broad attention due to its lower cost and abundance [32, 116]. The use of
CaO in the gasification process is a novel one-step conversion technology developed for H;
production in recent years. Though steam gasification increases H to a higher percentage in
syngas, it does not favor simultaneous CO; increase [117]. Much research has been reported
the use of CaO to produce a high yield of H> with parallel capture of CO» [118, 119], where
CO- produced during gasification is captured by CaO sorbents through the process of CaO
carbonization [120]. Furthermore, it enhances the gasification process to increase the H»
conversion and yield by CO, absorption and tar reforming process acting as a tar reduction
catalyst [121].

The use of Hz enrichment along with catalytic conversion using CaO in a BFB gasifier
has been investigated by many researchers. A comparative study of calcined limestone (CaO)
with sand and calcined waste concrete for steam gasification of larch and cellulose capsule
showed that calcined limestone produced high gas yield with high H2 content with high H./CO
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ratio compared to sand and calcined concrete. The higher content of H,and CO; and lower CO
content is the result of the catalytic role of CaO in converting CO to H; and CO; via a water
gas shift reaction [117]. During steam gasification of palm kernel shell, the researcher observed
a gradual increase in Hz content from 62.52 vol% to 82.11 vol% as the CaO/B ratio increased
from 0.5 t01.0, which can be explained as CaO facilitating more CO_ adsorption and lowering
its partial pressure in the system via WGS reaction to produces more H [49]. The ratio of
CaO/C shows a significant influence on H, concentration as it increased from 34.5% to 59.1%
at CaO/C ratio =2, for steam gasification of sawdust, at H>O/C= 1.2 and T=740°C [116]. As an
absorbent, when CaO reacts with CO produced during steam gasification, it decreases CO>
and CO, simultaneously shifting the chemical reaction equilibrium of the WGS reaction (R7),
resulting in the generation of more H» [122]. At the same time, the catalytic effect of CaO
intensifies the cracking and gasification of pyrolytic volatiles to produce more H> [118]. A
Higher CaO/C ratio increases the contact frequency between the tar species and gases,
increasing CO> absorption [76].

4.5.4. Nickel (Ni) based catalyst.

The nickel-based catalyst has the highest attention of researchers and is widely used in
industrial processes to hot gas cleaning in biomass gasification. Nickel-based catalyst is 8 to
10 times more active than dolomite [93] and are used extensively for biomass tar conversion
because of their higher destruction activity, along with added activity for methane reforming
and water gas shift [123] and are widely used in the industrial process for hot gas clean-up in
biomass gasification [124]. But the Ni-based catalyst gradually deactivates when the
throughput of tar coming with gas to the catalyst bed is high, mainly by carbon deposition on
the catalyst [100]. Some research has been reported on catalyst support where nickel-based
catalysts are used to improve the stability and activity of olivine, dolomite [125], alumina [126],
and silica [127].

The experimental study on commercial Ni/Al>O3 catalyst and Ni-laded brown coal char
(Ni/BCC) for steam gasification of red pine wood chip + compost shows that Ni/BCC with
similar Ni loading obtained the higher gas yield of Hz, CO, CH4, and lower tar. Ni/BCC showed
the concentration of tar decreased from 2.5% to 1.4% and showed the same catalytic activity
as Ni/Al>Oz and resistance to deactivation, unlike Ni/Al>O3 [86].

5. Gas Yield

The gas yield is defined as the flow rate (dry basis) produced to the mass flow dry ash-
free biomass feedstock (NmM3/Kgpiomass). Gas yield and quantity per unit mass of agro-waste
biomass provide important information about the capability of the waste biomass to be
converted to a different product [56]. Temperature is one of the important operating parameters
as total gas yield increases monotonically with temperature [128] because of enhanced
endothermic steam reforming, cracking reaction of the tar, and char gasification at elevated
temperatures [129]. The higher temperature facilitates more conversion of char and tar into
gases enhancing gas yield [81]. Depending on the operating parameters like temperature,
gasification agents, equivalence ratio (ER), catalyst, and pressure, gas yield may vary and has
been reported in studies for different biomass fuels in bubbling fluidized bed gasifiers, as
discussed below.
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Air gasification of Miscanthus-giganteus showed that when temperature increased from
700 to 850 °C, gas yield increased almost by 23% from 1.7 to 2.1 Nm3Kgbiomass [64]. Air
gasification of rice husk [130], rice straw (30% O enriched air) [67], and coconut shell and
palm kernel shell [56] have reported similar observations. The use of catalyst shows a positive
effect on gas yield as observed in air gasification of pine dust mixed with 2-5% calcined
dolomite at T=750-850°C, the gas yield varied between 2.1 to 2.5 Nm*/Kgpiomass (dry ash-free
basis) [82]. The increases in ER release more heat/temperature due to increased combustion,
which promotes tar secondary cracking reactions resulting in more flammable gases involved
in combustion reaction favoring high gas yield [67], as well as the promotion of initial pyrolysis
rate at a high temperature which increases the gas production, or steam cracking and reforming
of tars at high temperature and improved endothermic reaction of char gasification [131].

Biomass gasification using air steam improves the quality of syngas, and increasing the
S/B ratio improves the overall syngas yield, and higher temperature and higher S/B led to
higher gas yield [132]. The claim is supported by some experimental results like air-steam
gasification of beached Posidonia oceanica and citrus peels at 1023 K, ER= 0.3 and S/B=0.
The gas yield was almost the same for both feedstocks at 2 Nm>*/Kgbiomass, Whereas at S/B=1,
syngas yield increased to 2.64 Nm®kgbiomass [41]. The results are in good agreement with the
air-steam gasification of pine sawdust [25] and coconut shells in the presence of dolomite [60].
However, the use of excess steam decreases the temperature and does more harm to the
conversion of biomass to gas. The result showed a consistent decline in the total gas yield with
an increase in S/B ratio with white fir [81].

6. Calorific Value, CCE%, and CGE%

Carbon conversion (CCE) expresses the transformation of the carbon contained in the
fuel to gaseous species [14]. High temperatures enhance carbon conversion efficiency due to
tar cracking and char gasification reaction to yield gas [133]. However, the temperature
increase> 850°C does not enhance carbon conversion due to a reduction in CO> content despite
CO production [59]. In steam gasification, with an increase in S/B, gasification efficiency,
LHV, and carbon conversion rate increased largely [3, 25]. Increasing ER also affects calorific
value and CGE. At the higher ER, gas yield increases with a decrease in tar but also decreases
the LHV of the gas [82].

An investigation on air gasification of pine sawdust (pinus pinaster) showed that as ER
increased from 0.25 to 0.45, the LHV decreased from 5.2-7.0 MJ/Nm? to 3.5-4.5 MJ/Nm? at
ER=0.45 [82]. Air gasification of rice straw in A/F ratio = 0.579 and T=850°C, gave a quality
gas with HHV of 5.14 MJ/Nm~3 and CGE of 52% [23]. Eucalyptus gasification (T=935°C)
gave about 83.6 to 91.1 % CCE with LHV of 3.08 to 3.83 MJ/Nm= [43]. As the ER and
temperature increase, CCE also increases, whereas, at lower ER, CGE is supposed to be higher
and decreases as ER increases [130]. At the same time, an increase in ER decreases the HHV
due to reduced concentration of Hz [64] which is also true in case of using O enriched air [67].

The introduction of steam increases gasification efficiency, LHV, and carbon
conversion rate. It was found that with an increasing S/B ratio from 0.3 to 1.1 at T=700°C,
gasification efficiency increased from 15.46% to 42.53%, and the carbon conversion rate
increased from 20.52% to 53.21%. A slight decline in LHV was observed from 12.98 MJ/Nm?
to 12.16 MJ/Nm? as S/B increased from 0.3 to 1.1 [3]. The carbon conversion increases with
increasing S/B ratio.
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Table 4. Performance of gasifier with different biomass, gasification agents and catalyst.

Gasification Biomass T,°C | Catalyst ER S/B | H2 Cco CO2 CHa CcVv CCE, CGE, Reference
agent MJ/Nm? % %
vol%
Rice husk 800 | - 035 | - 16.08 23.24 | 13.83 | 0.73 5.28 85.43 54.62 [130]
) EFB 770 | - 021 | - 5.55 16.62 | 4.31 19.24 | 453 71 40 [59]
Alr HTS 730 | - 035 |- 524 | 1356 | 1406 | 411 | 4.09 82.28 42.64 58]
Pine saw dust 800 | Dolomite 0.37 - 9.5 13.0 15 2.7 4.6 - - [82]
*Air+02 RDF 800 | Dolomite 022 |- 13 30 27 7.0 8.62 79.52 54.85 [27]
Steam+Air Wood pellets 752 | - 0.23 0.18 | 14.6 13.8 16.9 5.2 5.2 89 40 [14]
Wood residue | 823 | Ni/Al203 0.17 | 0.71 | 2471 | 20.22 | 4224 | 957 - 72.12 45.12 [135]
Steam + catalyst | Almond shell 770 | Dolomite - 1 555 240 141 6.4 10.94 - - [97]
Almond shell 770 | Olivine - 1 52.2 23.0 16.9 7.9 11.37 - - [97]
PKS 675 | CaO, Ni - 2 84.62 4.27 1.15 9.95 13.34 20.61 27.21 [49]
Wheat straw 650 | CaO - 1 61.23 1555 | 9.13 12.11 | 13.37** - - [55]
Corn stalk 650 | CaO - 1 58.69 16.34 | 9.58 13.28 | 12.79** - - [55]

EFB: empty fruit bunch; HTS: high tonnage sorghum; PKS: palm kernel shell; *adopted from graph; **calculated values.
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Still, the excessive quantity of low-temperature steam lowers the reaction temperature,
which causes the gas quality to degrade and hence decreases the LHV and CCE [134]. The
syngas composition, CCE, CGE for different biomass at different operating parameters is
shown in Table 4.

7. Tar

The major drawback of syngas production through biomass gasification is the
generation of contaminants like tar, particulates, hydrogen sulfide, hydrogen chloride, and
other undesired compounds [136]. The various factors that affect the amount and composition
of the tar during the gasification are reaction temperature, equivalence ratio, feedstock
composition, moisture content of the feedstock, residence time, and gasifier pressure [137].
The tar yield may vary between 0.5-150 g/Nm?® [138], and its amount in product gas accounts
for about 5% to 15% of total energy, which is difficult to use efficiently and leads to lower
gasification efficiency [67].

7.1.Tar cracking methods.

The raw syngas from the gasification process contains impurities, as discussed,
regardless of the type of gasifier, and need to be cleaned for tar and particulates before the end
application. Generally, two methods are applied for tar destruction thermal tar cracking and
catalytic tar cracking. The thermal cracking method uses high temperatures to heat the raw gas
derived from gasification or pyrolysis so that tar molecules in the gas can be cracked into lighter
gases [139]. To achieve high tar cracking efficiency, the temperature requirement is required
in the range of 1000°C to 1300°C with sufficient residence time [140, 141]. Catalyst tar
cracking converts the tar into useful gases. It adjusts the composition of the product gas, where
the catalyst performs the dual role of purification and compositional adjustment of the product
gas. Tar cracking is achieved by passing the hot syngas over a solid catalyst in a fluidized bed
or fixed bed under temperature and pressure conditions [98]. From an economic point of view,
the catalytic process is a promising alternative that gives a high degree of purity at low
temperatures and simultaneously increases the fuel value. The temperature range from 350-
700°C is desirable for the efficient cracking process of tar [142]. Catalytic cracking is the most
feasible method since the removal of tar and the reduction of methane content, and the
conversion of a hydrocarbon to syngas increases the biomass gasification process's efficiency
and economic viability [60, 98]. Catalytic tar conversion can be done by adopting two methods:
Mixing catalyst with biomass feedstock to achieve catalytic gasification, also called in-situ,
which converts tar inside the reactor. The second approach uses a separate reactor (secondary
reactor) located downstream of the gasifier and converts tar outside the gasifier. Although the
latter has high effectiveness in removing tar, it is either costly or complex for that small and
medium-scale systems. Table 6 shows the tar content for some biomass used in BFB gasifiers
with different gasification agents and bed materials.
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Table 6. Tar yield from different biomass used in BFB gasifier.

Biomass MC, T,°C ER SB ratio, Bed material Tar content Reference
(Yowb) S/C ratio 9/NM?.gas

Rice husk 8.3 720 0.3 - Silica sand 7.26 [143]
8.3 855 0.3 - Silica sand 0.33

Chicken manure 11 700 0.34 - Quartz sand 11.2 [61]
11 770 0.34 - Quartz sand 1.92

Wood pellets 6.3 804 0.35 0.22 Ofite - [14]
6.3 789 0.33 0.45 Ofite -

Coconut shell 8.55 850 - 2 Dolomite 7.63 [60]

Wood pellets 9.8 850 0.25 1 Silica sand 38.79 [144]
9.8 850 0.25 1 Limestone 4.39

Straw pellets 10.3 850 0.25 1 Silica sand 35.32
10.3 850 0.25 1 Limestone 9.85

Wood pellets 8.1 939 0.48 - Silca sand 2.5 [145]
8.1 939 0.39 - Silica sand 3.8

Cotton stalk chips 13.3 800 - 0.9 Olivine 19.72 [3]
13.3 700 - 0.9 Dolomite 31.34
13.3 700 - 0.9 Olivine 39.20
13.3 700 - 0.9 Quartz 52.14
13.3 700 - 0.3 Olivine 136.95
13.3 700 - 11 Olivine 38.1

Pine sawdust 235 800 0.32 - Silica sand - [82]
21.0 800 0.37 - Silica sand -
23 800 0.47 - Silica sand -

Almond shell 7.9 770 - 1 Sand 43 [97]
7.9 770 - 1 Dolomite 0.6
7.9 770 - 1 Olivine 2.4

MC: moisture content; T: gasification temperature; SB ratio: steam to biomass ratio; S/C; steam to carbon ratio; daf: dry ash-free basis

https://biointerfaceresearch.com/ 19 of 32


https://doi.org/10.33263/BRIAC135.474
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC13X.000

8. Bed Material

Different materials with catalytic and non-catalytic effects can be used as bed material
in fluidized bed gasifiers, as mentioned in Table 7, depending on the final requirement of the
syngas quality. Silica sand is a commonly used bed material due to its inert nature and better
heat transfer. Industrial sand with porous bed material mixed with silica gel, zeolite, and
activated alumina generates higher H concentration and gas yield and higher quality of gas
than ordinary bed material due to larger surface area and more conducive to heat transfer than
general sand material [78]. Quartz sand, a common bed material, is wear-resisting, easy to
obtain, and suitable for heat conduction media but lacks catalytic effect [3]. Naturally occurring
dolomite and olivine are widely used bed materials as they are available at low cost and
abundantly [146] as both show good performance for tar destruction and increase in production
of permeant gases [97]. Calcined dolomite exhibits good catalytic activity but has poor
mechanical strength, which gives a large production of fines due to fragmentation [147], while
olivine gives negligible fines under the operating conditions of a fluidized bed gasifier [97].
Magnesite (MgO 45% + CO2 50%) has proven to have tar conversion capabilities due to its
Mg and Fe [1], and MgO as a bed material could help in preventing bed agglomeration, too
[23]. Calvo et al. used alumina-silicate sand (210 pum) and magnesium oxide (40-100 pum) in
rice straw gasification. However, it faced the issue of agglomeration for alumina-silicate beds
[23].

Table 7. Bed materials used in bubbling fluidized bed gasifier.

Bed material Composition Particle size Density Reference
kg/m?3

Glass bead SiO2,Ca0, Fe203 0.2-0.8 mm 1470 [46]
Olivine sand SiOz, MgO, FeO + Fez03 0.5-1.5mm 1550 [148]
Alumina-silicate Al203.Si02 210 um 2300* [23]
Magnesium oxide MgO 40-100 pm 3580* [23]
Olivine MgO, SiOz, Fez:03 0.410 mm 2500 [97]
Alumna bauxite Al20s. SiO2 * 20-40 mesh 1422* [149]
Ofite Ca, Mg, Fe, Ti, Alx(SiAl)20 290 um 2650 [14]
Quick lime Ca0, MgO 0.15-0.25 mm 3340* [49]
Calcined dolomite MgCO3s CaCOs3 0.450 mm 1534 [97]

*web/internet adopted values.

The static bed height ratio, i.e., height to diameter (H/D) ratio, also affects the gas yield
as an increase in static H/D ratio from 1.26 to 2.52, primary gas yield increased by 7%, lowered
char yield, and improved CCE [43]. At the fixed fluidizing velocity, increasing the bed height
ratio would prolong the product's time in the high-temperature dense bed, which can favor the
secondary cracking of the tar and heavy hydrocarbon and char reaction, increasing the gas yield
[150]. However, there might be an optimum bed height for a particular ER at which gas yield
reaches a maximum, but too high a bed height has a negative effect due to forming a large
bubble [56].

9. Agglomeration in BFB Gasifier

The high temperature in fluidized bed gasifiers is associated with the agglomeration of
bed material, which poses a major challenge in fluidization involved in biomass fluidized bed
gasification. The lignocellulosic biomass gasification has a greater tendency towards bed
material agglomeration as most biomass fuels contain alkali metals that could cause
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agglomeration in FBG, which may result in an unscheduled system shutdown [69]. The
tendency of agglomeration is mainly dependent on temperature, bed material, ash content, and
composition. Therefore, BFB gasifier should use fuels with high ash melting temperature or
operates at a temperature lower than ash melting temperature to prevent bed agglomeration and
further de-fluidization [15]. However, it is notable that gasification temperature above 950°C
has little impact on gasification [151]. Therefore most of the fluidized bed gasifiers are operated
in the temperature window of 800-900°C for biomass feeds [17]. Air gasification of grass
pellets in a bubbling fluidized bed reactor has shown an agglomeration above 800°C due to
high ash content [152]. The gasification above the slagging temperature, silica and potassium
oxide in ash fuses on the surface of rice husk char particles forming a glass-like barrier that
prevents the further reaction of the carbon [153]. Therefore, low gasification temperatures at
600°C to 650°C prevent sintering and agglomeration of ash [84, 154]. However, temperature
reduction would not be a suitable option for preventing bed agglomeration as it decreases the
energy performance of the BFB gasifier [155].

Alkali-induced agglomeration and de-fluidization of the bed may cause severe
operational problems and can be detrimental to the overall process [156]. Potassium is
considered one of the major element casing agglomerations during thermal conversion [157].
Lignocellulosic biomass feedstock containing potassium, sodium, and alkali earth metals,
along with chlorine and sulfur to a lesser extent, creates low-meting ash with the silica bed [20,
158] forming sticky and glassy melt, which causes sintering and agglomeration of bed material
which further reduces the fluidization tendency or even cease it and thus create a serious
problem [159]. De-fluidization causes poor mixing of bed material and creates an
inhomogeneous and increased bed temperature profile which can be detected by remarkable
pressure drop and temperature segregation over the bed [51]. The increase in temperature
during bed agglomeration or de-fluidization may increase H, and CO production, contributing
to LHV under other operating parameters such as ER and the amount of bed material [160].
Increasing bed material does not influence the chemical reaction but affects particle
agglomeration tendency during de-fluidization [69].

There are studies that have reported an issue of agglomeration in BFB gasifiers.
Gasification of palm empty fruit bunch (EFB) and sawdust in a pilot-scale air-blown BFB
gasifier at T=1050 °C observed the major issue of agglomeration, probably due to the presence
of K20 in EFB (44%) in comparison to sawdust (4.5%). Therefore gasification was performed
at 770 £ 20°C [59]. Rice straw gasification at 850 °C observed the agglomeration using an
alumina silicate bed which was prevented by the addition of MgO (67% w/w) [23] as MgO
reaction with ash shifts melting temperature to a higher level [158]. Zhou et al. carried out an
agglomeration study using four different types of bed material (glanshammar & sala dolomite,
magnesite, and silica sand). They found that dolomite has a good ability to decrease the risk of
agglomeration in pressurized FBG gasifier [161]. Gang et al. also reported clinker formation
during the gasification of Miscanthus x giganteus using magnesite as a bed [162]. Palm empty
fruit bunch (EFB), a susceptible feedstock to agglomeration due to its high content of alkali
material potassium (K), was gasified with rubberwood sawdust (RWS) (RWS: EFB = 75:25)
with no agglomeration [163].

10. Industrial Application of BFB

The dispersed nature of biomass over a wide area and its energy content makes it costly
for collection and transportation. Therefore decentralized utilization using middle-class
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biomass gasification and power generation technology may be feasible for developing
countries. The BFB technology seems to be economically more suitable for medium size
applications (15-40 MW), while the CFB technology is most economical on a larger scale (40-
100 MW) [164]. The performance of some pilot-scale and commercial plants operating on
bubbling fluidized bed technology using biomass as feed material is discussed here.

A novel demonstration project (11.5 MWth) located at Skive, Denmark, is a bubbling
fluidized bed gasifier that uses wood biomass to produce syngas in reciprocating engines in a
combined heat and power (CHP) application. The plant started in late 2007 and could produce
40 GW of electricity annually. The gasification plant is designed to run on wood pellets/chips
with moisture content typically below 10% and operates at a temperature of about 850°C and
pressure over 2 bar. The plant uses air as gasifying media and dolomite as bed material. The
syngas generated has a typical composition of gases CO (22%), H> (20%), and CH4 (5%) by
volume and heating value of about 5 MJ/Nm? [165]. Another study was conducted by Wu et
al. to analyze the operational characteristic of air-blown 1.2 MW rice husk gasification and
power generation plant, which used 200kW and 400 kW gas engines for power generation. The
key observations reported were an increase in syngas heating value from 5.45 MJ/Nm?3 to 6.4
MJ/Nm? as the temperature increased from 700-800°C and the influence of gasifier operation
due to the water content in rice husk. As the water content of the rice husk increased up to 15%,
it increased ER and gas yield, while above 15% caused an abnormal temperature fluctuation.
The wastewater issue needed to be handled with some suitable equipment for gas cleaning [42].
Huynh and Kong reported a study on a pilot-scale plant based on BFB gasification using O»-
enriched air at 21 vol%, 45 vol%, and 80 vol% (dry basis) to study the effect of the gasifying
agent on ammonia concentration. The biomass feedstock used was pine, maple oak, and
discarded seed corn to gasify at 800 °C. It was observed that with 40% O enrichment, H>
content increased about 70%, 47%, and 32% for pine, maple-oak, and seed corn, respectively,
proving that O, and steam are effective for feedstock. Ammonia and NOx concentration in
syngas increased as Oz enrichment increased [166]. The RENUGAS® gasifier with 12t/day
feed capacity consists of a bubbling fluidized bed gasifier, a feeding system, a cyclone, gas
purification and upgrading section with tar cracker and hot gas clean up the unit, a flare unknits,
and a sampling system. The gasifier unit consists of inert deep bed solid alumina that operates
at temperature up to 980°C, the pressure at 34 bar, and uses steam and air/O> as a gasifying
agent [167].

Pio et al. demonstrated a pilot-scale 80 kWth bubbling fluidized bed gasifier and
analyzed the influence of process parameters using residual forest biomass (RFB ) as biomass
feed. The system was operated at T=700-850 °C and ER=0.17-0.36, which produced gas with
the composition of CO (14-21%); Hz (2-12.7%); CH4 (1.3-2.4%); and CO2 (14.2-17.5%) with
LHV between 4.4 to 6.9 MJ/Nm?* The cold gas efficiency (CGE) of the system ranged from
41.1 to 62.6% [168]. A pilot-scale bubbling fluidized bed gasifier capacity of 100 kg/h having
a thermal output at about 400 kW was tested to evaluate the technical feasibility of the solid
recovered product gasification. The gasifier used olivine as bed material and operated at a
temperature between 816°C-850°C and ER = 0.26-0.39 using preheated air at 509°C-540°C.
The syngas composition varied for three different tests H, (10.7-13.3%); CO (7.3-9.5%); CO-
(19.8-20.7%), and CHa (3.3-6.6%), contributing the LHV of syngas between 4-4.9 MJ/Nm?,
The CGE and CCE were varied between 58% to 67% and 85% to 98%, respectively. The
impurities like tar (27 to 59 g/Nm?3), HCI (33.2-99 mg/Nm?3), H2S (4.6-57 mg/Nm?®), NH3 (91-
3.1 mg/Nm?®) show that solid recovered fuel can be a technically suitable feedstock for
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gasification [169]. A pilot scale dual bubbling fluidized bed gasifier used an olivine bed,
resulting in high hydrogen content at 35% and a tar yield of 12 g/Nm?®using hazelnut shells as
feed [170].

The techno-economic analysis conducted by Porcu et al. [148] validates the feasibility
of a BFB gasifier for commercial application for small-scale (2MWe) power generation based
on a preliminary study of a 500 kWth pilot-scale air-blown bubbling fluidized bed gasifier plant
installed at Sotacarbo Research Centre (Italy) and commissioned in December 2017. The
analysis showed that air-blown BFB gasification could be profitable with low-cost agricultural
waste with a net present value of up to 6 M if biomass is provided for free. However, for high-
quality biomass wood, the technology is not competitive [148].

The research outcomes and analysis show that biomass's pilot-scale and industrial-scale
BFB gasification display promising applications and economic feasibility. However, more
attention must be provided to biomass availability at lower cost, the water content in biomass,
and downstream handling of wastewater, as these factors put critical limitations on the
propagation of the technology.

11. Prospectus and Challenges

Gasification offers a competitive thermal conversion route for diverse, highly
distributed, and low energy density lignocellulosic biomass to syngas for thermal application,
power generation, combined heat and power (CHP), and synthesis of liquid fuels and Ho.
However, the technology faces some specific challenges: Biomass with low bulk density, high
O- content, and high inorganic compounds (K, Ca, Na, Si, P, and ClI) are critical challenges to
the thermochemical conversion process; Biomass is a good alternative to produce renewable
H>; however, thermodynamic equilibrium still limits H> yield from conventional biomass steam
gasification. The concentration of H> in the producer gas is generally limited to < 50 vol%
along with other carbonaceous gases (e.g., CO, CO», and CHa), and tar still exist in the syngas;
The operational issues like sintering, agglomeration, deposition, erosion, and corrosion related
to the ash put major obstacles to the economic and viable application of biomass gasification
technologies; Fluidized bed gasifiers face operation and design challenges, especially scaling
up the different interconnected systems of fuel and air reactors because of their complexity
under pressurized conditions required for Hz production; Tar generation during the gasification
process is a major challenge as still syngas high purity could not be achieved. Catalytic Steam
gasification using a noble metal catalyst having high catalytic activity, coke resistance, and
long-term activity involves high cost; Development of novel catalysts and supporting materials
to improve the syngas cleaning and downstream utilization process's selectivity, activity,
productivity, and economy.

12. Conclusions

Fluidized bed gasification of several biomasses can be performed, resulting in low to
medium calorific value syngas that can be used to generate the next forms of energy like heat,
electricity, and liquid fuel synthesis. Different gasification parameters affect the overall
operating performance of FBG in which reactor temperature and equivalence ratio profoundly
influence the product gas composition and gas yield, whereas H, and CO are mostly affected
gas components. Steam gasification of biomass proves to be a convenient route to renewable
hydrogen production, which can be enhanced further through catalytic activity. Despite the few

https://biointerfaceresearch.com/ 23 of 32


https://doi.org/10.33263/BRIAC135.474
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC135.474

operational issues like agglomeration in FBG gasification, low energy density, and the highly
distributed nature of lignocellulosic biomass, thermochemical conversion through a fluidized
bed gasifier is a promising renewable and alternate energy technology.
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