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Recently, there has been significant research interest in cogasification of coal and various types of biomass blends to improve bio-
mass gasification by reducing the tar content in the product gas. In addition, ash present in biomass catalyzes the gasification of
coal. However, due to the fibrous nature of biomass and the large difference in gasification temperature of coal and biomass,
cogasification in existing systems presents technical challenges. This paper documents research studies conducted on the cogasifica-
tion of various types of coal and biomass using different types of gasifiers under various sets of operating conditions. In addition,
the influence of cogasification on upstream and downstream processing is presented.

1. Introduction

Coal gasification is an established technology [1, 2]. Biomass
gasification has been the focus of research in recent years to
estimate efficiency and performance of the gasification pro-
cess using various types of biomass such as sugarcane residue
[3], rice hulls [4], pine sawdust [5], almond shells [6],
almond [7], wheat straw [8], and food waste [9]. However,
only a handful of peer-reviewed journal articles are available
on woody biomass gasification [10—-13]. Recently, there has
been significant research interest in cogasification of various
biomass and coal mixtures such as Japanese cedar wood and
coal [14] coal and saw dust [15], coal and pine chips [16],
coal and silver birch wood [17], coal, pine, and polyethylene
[18], and coal and birch wood [19]. Cogasification of coal
and biomass has some synergy [20]. The process not only
produces a low carbon footprint on the environment, but
also improves the H,/CO ratio in the produced gas which is
required for liquid fuel synthesis [14]. In addition, inorganic
matter present in biomass catalyzes the gasification of coal.
However, cogasification processes require custom fittings
and optimized processes for the coal and region-specific
wood residues.

While cogasification is advantageous from a chemical
point of view, some practical problems have been associated
with coal and biomass gasification on upstream, gasification,

and downstream processes. On the upstream side, the parti-
cle size of the coal and biomass is required to be uniform for
optimum gasification. Kumabe et al. [14] used particle size in
the range of 0.5 to 1.0 mm for both coal as well as for biomass
and Kezhong et al. [21] used particle size of 0.42mm for
biomass and 0.25 to 0.75 mm for coal. In addition, moisture
content and pretreatment (torrefaction) are very important
during up-stream processing.

While upstream processing is influential from a material
handling point of view, the choice of gasifier operation para-
meters (temperature, gasifying agent, and catalysts) decide
product gas composition and quality. Biomass decomposi-
tion occurs at a lower temperature than coal and therefore
different reactors compatible to the feedstock mixture are
required. Kumabe et al. [14] used a downdraft gasifier for
gasification of Japanese cedar and Mulia coal, and Kezhong et
al. [21] used a fluidized bed reactor for gasification of bitumi-
nous coal with pine dust and rice straw. Temperature varia-
tion among reactors can cause different compositions of syn-
gas.

Feedstock and gasifier type along with operating parame-
ters not only decide product gas composition but also dictate
the amount of impurities to be handled downstream. Down-
stream processes need to be modified if coal is used with bio-
mass in gasification. Heavy metal and impurities such as
sulfur and mercury present in coal can make syngas difficult



to use and unhealthy for the environment. Also, at high tem-
perature, alkali present in biomass can cause corrosion prob-
lems in downstream pipes. An alternative option to down-
stream gas cleaning would be to process coal to remove mer-
cury and sulfur before feeding it to the gasifier.

The objective of this paper is to present a comprehensive
review on up-stream, gasification and downstream processes,
along with different types of gasifiers, feedstock materials,
and conditions for cogasification.

2. Gasification Process

The general gasification process consists of a series of unit
operations. The main unit operations are feedstock pre-
processing (upstream processing), gasification, product gas
cleanup, and gas utilization (downstream processing) [22].
Figure 1 shows the stepwise processes coal and biomass
cogasification.

3. Upstreaming Process

3.1. Size Reduction. Coal and biomass require drying and size
reduction before they can be fed into a gasifier. Size reduc-
tion is needed to obtain appropriate particle sizes; however,
drying is required to achieve a moisture content suitable
for gasification operations. In addition, densification of the
biomass may be done to make pellets and improve density
and material flow in the feeder areas.

In a biomass gasification study, Lv et al. [5] and
Rapangna and Latif [7] reported that gasification of small
biomass particles (0.23 mm particles for pine saw dust and
0.28 mm for almond shells) resulted in low tar and high gas
yields and high energy content. These improvements in yield
and efficiency make sense, as smaller particles have larger
surface area and porosity, for a given mass, which facilitates
faster heat transfer rates and removal of gasification products
from the solid surfaces. Kumabe et al. [14] used a particle size
range of 0.5 to 1.0 mm for Mulia coal and Japanese cedar
during cogasification. It was found that Mulia coal pulverized
to a sieve size less than 106 ym had more sulfur in the product
gas than that from the particles of sieve size ranging 0.5
to 1 mm. However, size reduction processes (e.g., hammer-
milling, knife milling, or tub grinders) consume energy. The
energy consumed during size reduction depends on many
factors including biomass moisture content, initial size,
screen size, and processing equipment properties. Mani et al.
[23] tested the specific energy consumption for the size
reduction of corn stover, barley straw, and switchgrass. Aver-
age specific energy consumed at 12% initial moisture content
of the feedstock with a hammer mill screen size of 3.2 mm
was measured as 27.09, 11.04, and 27.63 kWh/t for barley
straw, corn stover, and switchgrass, respectively. Due to its
fibrous nature, switchgrass had the highest specific energy
consumption. In the size reduction of switchgrass by means
of a hammer mill with a screen size of 5.6 mm, 44.9 kWh/t
of energy was consumed [24]. Given the importance of
forest residues for gasification, a similar study is needed to
determine the influence of particle size and specific energy
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consumption for forest residues. This information will be
critical to performing sustainability and economic analysis
of the size reduction process.

3.2. Drying. McKendry [25] recommended that biomass
moisture content should be below 10-15% prior to gasifica-
tion. High moisture content reduces the temperature achi-
eved in the gasification zone, thus resulting in incomplete
gasification. Forest residues or wood has a fiber saturation
point at 30 to 31% moisture content (dry basis) [26]. Com-
pressive and shear strength of the wood increases with dec-
reased moisture content below the fiber saturation point. In
such a situation, water is removed from the cell wall which
causes shrinkage of the cell wall. The long-chain molecules
which make up the cell wall move closer to one another and
bind more tightly. A high level of moisture, usually injected
in form of steam in the gasification zone, favors formation of
a water-gas shift reaction that increases hydrogen concentra-
tion in the resulting gas [15].

3.3. Torrefaction. The torrefaction process is a thermal treat-
ment of biomass in the absence of oxygen, usually done at
250-300°C temperature to drive off moisture, decompose
hemicellulose completely, and cellulose, partially [27]. Tor-
refied biomass has reactive and unstable cellulose molecules
with broken hydrogen bonds. Torrefied biomass not only
retains 79-95% of feedstock energy but also produces a more
reactive feedstock with lower H/C and O/H content than the
original biomass [27]. Torrefaction causes high production
of H, and CO in the gasification process. A study showed
that H, and CO production were increased by 7% and 20%,
respectively, in gasification of torrefied Beachwood in an
entrained flow reactor at 1400°C as compared to the original
wood [28].

4. Cogasification Processes

While coal gasification chemistry is well established and it
has been adopted for biomass gasification, the chemistry of
gasification of coal-biomass mixtures has not been widely
studied. Coal gasification follows a combination of the fol-
lowing reactions [15]:

2C + O, = 2CO (partial oxidation), (1)

C + O, = CO; (complete oxidation), (2)

C +2H, =CH, (hydro-gasification/methanation reaction),
(3)

CO + H,0 = CO, + H; (water-gas shift reaction), W
4

CH; + H,O = CO + 3H; (steam reforming reaction),
(5)

C + H,O0 = CO + H, (water gas reaction), (6)

C + CO, = 2CO (boudouard reaction). (7)
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FIGURE 1: Various operations involved in the coal-biomass gasification process.

While coal is mainly carbon, biomass is a complicated
mixture of complex compounds such as cellulose, hemicellu-
loses, lignin, extractives, and minerals. During gasification of
biomass, minor oxidation (combustion) and major pyrolysis
take place. The behavior of biomass pyrolysis shows drying
(below 125°C), hemicelluloses, cellulose, and partial lignin
decomposition (from 125 to 500°C), and degradation of the
remaining lignin (above 500°C). In simple words, biomass
produces char, condensable volatiles and tar, and gaseous
products during pyrolysis. Char is mainly carbon, and it
follows reactions 1 to 7 during gasification. All of the volatiles
and some tars are thermally cracked and broken down into
simple gaseous products during gasification. The remaining
tar and some alkali minerals leave with the product gases.
Kumar et al. [22], like many others, presented the complex
biomass gasification process in a single equation:

CH,O,N.S; + Air (79% N, and 21% O,) + H,O (steam)
= CHy; + CO + H, + H,0 (unreacted steam)

+ C (Char) + Ash + Tar.
(8)

While many researchers mentioned synergy of cogasifi-
cation of coal and biomass, Pan et al. [16] presented a sim-
plified cogasification reaction scheme. The backbone of this
reaction scheme is that both coal and biomass undergo pyro-
lysis without interaction before entering into the gasification
reactions. During the pyrolysis, complete de-volatilization of
coal and biomass takes place, and condensable volatiles as
well as tar rise along with air/steam away from the gasifica-
tion zone leaving char behind. These volatile products never
get a second chance to come in contact with fresh air/steam.
Since methane and ethylene formation does not take place at
atmospheric pressure, their presence in the product syngas
is the result of pyrolysis. In the next step, gasification of the

remaining char and residual coal takes place to form CO,
CO,, H,, and other gases. The reaction scheme presented by
Pan et al. [16] does not explain the synergic effect of cogasi-
fication which needs further investigation.

There are various factors which influence the cogasifica-
tion process and the composition of the product gas. These
factors include type of gasifier, gasification temperature, flow
rates of coal-biomass mixtures and oxidizing agents (air
and/or steam), type and amount of catalysts, proportion of
biomass in the coal-biomass mixture, and the properties and
type of biomass [14, 18, 21].

4.1. Gasifier Type. Both fixed bed and fluidized bed gasifiers
have been used in cogasification of biomass with coal. Kum-
abe et al. [14] used a downdraft fixed-bed gasifier to study
cogasification of Mulia coal and Japanese cedar biomass
mixtures at 900°C; however, Pan et al. [16] and Vélez et al.
[15] attempted cogasification on biomass and coal in flui-
dized bed gasifiers. Vélez et al. [15] gasified mixtures of bio-
mass (saw dust, rice husk, and coffee husk) and coal in a flu-
idized bed gasifier at 1000°C. Vélez et al. [15] reported two
operational problems. The first problem was defluidization
of the fluidized bed gasifier caused due to agglomeration of
low melting point ash present in the biomass. The second
problem was clogging of the downstream pipes due to exces-
sive tar accumulation.

Collot et al. [17] studied cogasification and co-pyrolysis
of birch wood and coal in a fixed bed, possibly an updraft,
as well as fluidized bed gasifiers. A major difference between
fixed bed and fluidized bed reactors was that the product gas
produced from fluidized bed gasification had 4.0 to 6.0% (by
weight) tar content; however, the fixed bed reactor gave tar
yields ranging from 25.5 to 26.1% (by weight) for cogasifi-
cation of coal and silver birch wood mixtures (1:1 ratio by
wt) at 1000°C temperature, 20 bar pressure, and 60 second
holding time.



5. Factors Effecting the Cogasification Process

5.1. Feedstock Properties

5.1.1. Type of Biomass. Lignocellulosic biomass is mainly
composed of several chemical constituents: cellulose and
hemicellulose (60-80% dry basis), lignin (10-25%), and
some extractives and minerals [29]. The proportion of these
chemical species greatly influences the composition of the
gasification products. In a gasification study, Hanaoka et al.
[10] reported 97.7%, 92.2%, and 52.8% carbon conversion
efficiencies for cellulose, xylan (hemicelluloses), and lignin,
respectively. While the gasification products were similar for
lignin and xylan, cellulose produced high amounts of CO,
(carbon dioxide) and CH4 (methane) in the product gas
compared to lignin and xylan. In another study, Yang et al.
[30] reported that lignin contributed to high H, (hydrogen)
yields in the gasification products, almost four times higher
than cellulose. Kezhong et al. [21] used two types of biomass,
pine sawdust and rice straw, along with Shenmu coal. When
20% of each biomass (oven dried for 20 hours at 90°C)
with 80% coal was gasified, H, composition in syngas gas
increased from 17.66% for pine sawdust to that of 21.96%
for rice straw. Three types of different biomass, rice husk,
sawdust, and coffee husk, were used by Vélez et al. [15].
A mixture of 6% of coffee husk with subbituminous coal
produced 14%, 8%, and 8.2% of H,, CO,, and CO, respec-
tively. A mixture of sawdust with coal produced syngas com-
position of 10.7%, 10%, and 11.8% H,, CO,, and CO, res-
pectively, and a mixture of coal and 6% of rice husk produced
syngas composition containing 11.4% of H,, 9.3% of CO,,
and 6.0% of CO. These results suggest that the type of bio-
mass selected during the cogasification influences the prod-
uct gas composition.

5.1.2. Proportion of Biomass in Coal-Biomass Mixtures. The
proportion of biomass in the cogasification process influ-
ences product gas composition [14, 15]. Vélez et al. [15] pre-
pared mixtures of coal and raw biomass on a weight basis
whereas Kumabe et al. [14] mixed coal and raw biomass on a
molar carbon basis. Mulia coal and Japanese cedar biomass
were mixed and gasified in a downward draft fixed bed
gasifier [14] at 1173 K temperature. The mixtures were pre-
pared using varying proportions of biomass from 0 to 1 on
a molar carbon basis and the influence of the amount of
biomass was studied with respect to the molar ratio of Hy,
CO, and CO; in the product gas. The study reported that
the gas composition varied with variation in biomass ratio.
As the biomass ratio increased from 0 to 1, H, composition
decreased from 47.9 to 37.5 vol% and CO; content increased
from 26.1 to 33.7 vol%. The other gas species like CO (22.1-
23.9vol%), CHy (2.6-4.6v0l%) and others (0.8-2.9vol%)
were independent of biomass ratio. The molar ratios of
H,/CO and H,/CO, decreased from 2 to 1 with increase
in biomass ratio from 1 to 2. Kezhong et al. [21] reported
increase in hydrogen yield from 17.66% to 19.30% and
CO; vyield from 19.07% to 20.22% when the biomass
ratio was increased to 20% to 33% during cogasifica-
tion.
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In the study conducted by Vélez et al. [15], the mixtures
of 6 and 15% raw biomass (saw dust, rice husk, and coffee
husk) with subbituminous coal were gasified in preheated
steam and air. The authors concluded that the high propor-
tion of biomass in the mixture increased hydrogen content
in the product gas (up to 15%) but significantly decreased
the energy efficiency of the process. Beside proportion of
biomass, cogasification also depends on the type of coal used
in the mixtures [16]. In a fluidized bed cogasification study
of pine wood and two types of coals (low-grade coal and
refuse coal), Pan et al. [16] reported that a minimum of 20%
pine chip (by weight) for the low-grade coal and 40% pine
chip (by weight) for the refuse coal were recommended for
cogasification. Similar studies are required for forest residues
and coal to gather region-specific experimental data.

5.1.3. Ash Content. The presence of ash in the gasification
fuel is not good for fluidized bed gasification. Vélez et al. [15]
mentioned that the low melting point of ash present in
woody biomass led to agglomeration which caused defluidi-
zation problems. The ash caused sintering, deposition, and
corrosion of the gasifier construction metal. Biomass con-
taining alkali oxides and salts with ash content above 5%
causes clinkering/slagging problems [25]. On the other hand,
gasification was improved by adding wood waste with a low-
grade coal, having an ash content of 32%. The improvement
was due to the high volatiles, the low ash content, and the low
sulfur in biomass which counterbalanced the negative effects
of the high sulfur present in the coal [18].

It is very important to study the melting of biomass ash,
its chemistry within the gasification bed (no bed, silica/sand,
or calcium bed), and the fate of alkali metals when using
fluidized bed gasifiers.

5.2. Air and Steam Flow Rate. When air and steam are used as
gasifying agents, their accurate flow rates not only create cor-
rect stoichiometric gasification conditions but also provide
sufficient reaction time, also called residence time, for heavy-
molecular-weight volatiles and tar particles to break down
into gaseous species. The terms equivalence ratio (ER) and
superficial velocity (SV) are used to define air flow rate. ER is
defined as the ratio of actual air flow to the air flow required
for complete stoichiometric combustion of the gasification
feedstock [21]. The term SV is defined as the ratio of actual
air flow to the cross-sectional area of the empty gasifier which
compensates for the gasifier dimensions. The amount of air
supplied to the gasifier determines the degree of combustion
and in turn the temperature of the combustion zone for a
directly heated gasifier. However, excessive air might provide
high conversion, but it will produce syngas with high CO,
concentration and low calorific value.

In a cogasification study, Ponzio et al. [31] observed that
high ER of 0.25 produced significantly higher yield for all the
gases than low ER of 0.19. Similar results are also reported
by Gil et al. [32] for gasification of pine wood chips. While
studying the influence of particle size and reactor geometry
in a fluidized bed gasification of coal and coal-derived char,
Tomeczek et al. [33] observed that char required more
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residence time than coal to produce product gas of the similar
calorific value. Pan et al. [16] observed that the superficial
velocities of 0.76—1.45 m/s were too high or in other words
residence times 1.7-3.5s were too low, to achieve water-gas
shift reaction equilibrium conditions. Kumabe et al. [14]
used commercial Outokumpu HSC Chemistry 5.11 chemical
equilibrium calculation software and determined that the
air-fuel (O,/C) of 0.5 mol/mol and steam ratio (H,O/C) of
3 mol/mol of feed carbon were suitable to produce syngas
favorable for synthesis of liquid fuels. Addition of steam
favors the water-gas shift reaction and formation of hydrogen
during gasification at high temperatures (750-800°C). Steam
has also been used by some other researchers in the cogasifi-
cation process [15, 16, 31, 34]. Vélez et al. [15] observed that
a high steam-to-biomass ratio improved hydrogen formation
as carbon present in biomass/coal preferred the water-gas
and water-gas shift reactions. Ponzio et al. [31] observed a
large amount of unreacted steam upon increasing the steam-
to-feed ratio more than 53%. Pan et al. [34] used a steam-
to-air ratio of 0.55 in their experiments. Kehzong et al. [21]
found that when ER ratio was increased from 0.30 to 0.42,
the total gas yield increased from 1.75 to 1.94m?/kg fuel
however, the syngas gas yield decreased from 0.98 to
0.93 m’/kg fuel at normal conditions of temperature and
pressure, since more oxygen was provided for combustion.
Similar results were obtained by Pinto et al. [18] upon coga-
sification of a coal and pine mixture.

5.3. Gasifier Temperature Profile. The temperature profile
along the gasifier greatly influences the product gas composi-
tion and hence the calorific value of syngas, by affecting reac-
tion chemistry of gasification (reactions shown by equations
1 to 7). Vélez et al. [15] observed that in the temperature
range between 810°C and 850°C, the water-gas shift reaction
had a strong role in increasing the hydrogen concentration in
the syngas. The reaction also produced a maximum amount

of CO, at 820°C. At 850°C, the Boudouard reaction domi-
nated and consumed CO, produced through the water-gas
shift reaction thereby increased the CO concentration in the
product gas. Pan et al. [16] mentioned that attention must be
given on the temperature profile to be maintained along the
reactor during the design stage. Pan et al. [16] recommended
considering long temperature zones for partial oxidation and
water gas reactions because these reactions are very slow. In
the updraft gasifier, the reactor might be divided into three
main zones: the combustion zone at the bottom, the reduc-
tion zone in the middle, and the pyrolysis zone at the
top. The location of these zones varies with the type of
gasifier (Figure 2).

Pan et al. [16] maintained the average temperature bet-
ween 840°C and 910°C during the cogasification experi-
ments. High temperature in the reduction zone (above 850°C
to 900°C) reduces the tar content in the product gas; how-
ever, high temperature in the combustion zone might cause
sintering problems and defluidization of the bed [22, 34, 35].
Vélez et al. [15] maintained the maximum gasification tem-
perature below 1000°C to avoid sintering. Pinto et al. [18]
observed that methane and hydrocarbons were decreased by
30 and 63%, respectively, while H, concentration was in-
creased by 70%, when temperature was increased from
750°C to 890°C. In the presence of steam flow rate of 5kg/h
steam and a gasification temperature at 890°C, H, (39.8%),
CO (17.3%), CO;, (20.4%), CHy (14.9%), and C,H,, 7.6%
(v/v) were produced. Pinto and colleagues recommended
that a temperature range of 850 to 900°C should be used
for cogasification of coal and pine. The temperature profile
inside the directly heated cogasification reactor is also influ-
enced by the proportion of biomass in the coal-biomass mix-
tures. Pan et al. [16] observed that the average temperature
of the fluidized bed gasifier dropped by approximately 60°C
when the proportion of pine chip was increased from 20
to 100% in the mixtures. Hence, the temperature profile is



specific to a particular coal-biomass mixture and the type of
biomass.

5.4. Catalyst. The use of appropriate catalysts not only redu-
ces reaction temperature but also improves the gasification
rates. In addition, catalysts also reduce tar formation. Several
studies reported the influence of a catalyst on biomass gasi-
fication [6, 35-39]. Lv et al. [35] and Tanaka et al. [39] fed
mixture of feedstock and catalyst into the reactor of the gasi-
fier. In a cogasification study performed on coal to assess the
influence of switchgrass ash, Brown et al. [40] observed that
addition of switchgrass ash to coal increased coal gasification
by eightfold. Tanaka et al. [39] observed that NiO/AL,O3
catalyst produced product gas with H,/CO ratio of 2, suitable
for methanol synthesis, from the gasification of spruce and
hemlock wood sawdust. Lv et al. [35] reported that H,/CO
ratio as high as 4.45 can be achieved by using dolomite and
nickel-based catalysts. Rapagna et al. [6] observed that using
dolomite or olivine catalyst as a bed material increased gasi-
fication by 50% and reduced tar yields by 20 times compared
to sand. Asadullah et al. [36, 37] achieved negligible tar for-
mation using Rh/CeO,/SiO; catalyst in low-temperature
gasification. Aznar et al. [41] observed that when the small
pine wood chips were gasified in a nickel-based catalytic
fluidized bed reactor with steam-O, mixtures followed by
high-temperature (ICI 15-5 and BASF K6-11, 350-480°C)
and low-temperature (BASF K3-110, 200-260°C) CO-shift
reactors, an exit gas with 73 vol% of H, (dry basis) was ob-
tained.

In a study of the cogasification of Puertollano coal mixed
with pine, petcoke, and polyethylene (PE), Pinto et al. [42]
found that the use of dolomite catalyst helped to reduce H,S
and to retain sulfur in solid phase by more than 90%. It also
reduced the formation of gaseous chlorine. Dolomite as a
catalyst was better than that of Ni-dolomite and G72-D (Zinc
oxide) in terms of sulfur and chlorine retention. Catalysts
have proven effects on gasification and quality of syngas.

6. Downstream Processing

Following upstream processing and gasification to produce
the product fuel gas, it is very important to perform down-
stream processing of syngas such as cleaning particulate mat-
ter, alkali, nitrogen, and sulfur compounds and tar removal
to produce a clean gas as required by following applications.

6.1. Particulate Matter Removal. Product gas particulate
matter is mainly ash and char particles, and its quantity
depends upon the type of gasifier [25]. Conventional cyclone
separators can remove particles above 10 gm; however, some
type of filtering device must be used to remove particles
smaller than 10 um. Some filters like ceramic filters, wet
scrubbers, bag filters, and packed bed filters are 99.8% effec-
tive. All the filters which work below 450°C are clogged due
to tar deposition [25]. Some ceramic filters can operate as
high as 700°C and can be very effective for hot gas cleaning.
Vélez et al. [15] used two cyclones connected in series to
remove particles down to 5 ym in size from the product gas of
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cogasification. Pan et al. [16] used two cyclones followed by a
filter and a condenser cooler for gas cleanup from a fluidized
bed cogasification experiment.

6.2. Alkali Removal. Alkali elements (Na, K, Mg, Ca) and S
present in the feedstock form oxides and vaporize at high
temperatures (above 700°C) during gasification. These alkali
oxides condense below 650°C and deposit on the down-
stream sections of the gasification system causing corrosion.
In addition, alkali oxides deactivate catalysts used for tar
removal. Salo and Mojtahedi [43] reported that the syngas
produced from a pressurized fluidized bed gasification reac-
tor at 850°C had concentrations of 1.2 ppm (by weight) for
both Na and K compared to 0.05 ppm for the product gas
produced at 430°C. Zevenhoven-Onderwater et al. [44]
showed that a dolomite bed promotes volatilization of alkali
components; however, a silica bed tends to bind most alkali
released from the biomass by forming low-melting-point
alkali silicates. These low-melting-temperature silicates cause
problems with bed agglomeration.

Product gas must be cleaned for most end uses. Nitrogen,
generally present as ammonia, is removed by wet scrubbing
of the cold gas and by destroying ammonia using dolomite,
nickel-based, and iron-based catalysts. Sulfur is converted to
SO, or H,S during gasification which can be removed using
limestone, dolomite, or CaO.

6.3. Tar Removal. Tar consists of high-molecular-weight
compounds exiting the gasifier with the product gas. Tar con-
denses below 450°C on downstream pipe lines, particulate
matter filters, and some of it remains in the product gas in
the form of a suspended aerosol. The amount of tar formed
during the gasification depends upon the type of biomass,
the gasification process, and the operating conditions. Most
of the processes which utilize product gas require tar-free
syngas. There are two ways to produce tar-free syngas. A first
method requires improvements in the gasification technolo-
gies with optimized gasifier design, operating conditions,
and proper selection of catalysts. The second method is to
develop high-efficiency tar removal techniques [25].

It has been shown in previous sections that the gasifica-
tion operating parameters such as biomass type, the gasifier
temperature profile, the ER, the type of gasifying agent, and
the steam-to-biomass ratio all influence tar content of the
product gas. In addition, the use of a catalyst during gasifica-
tion also reduces the tar content of the product gas. Tanaka
et al. [39] observed no tar formation when a NiO,/Al,O3
catalyst was used during gasification of wood. Pan et al. [34]
introduced a secondary air injection at 850°C to crack the tar
into lower-molecular-weight gaseous compounds. During
the experiments, Pan et al. [34] were able to reduce tar con-
centration from >3.70 g/m? to 0.42 g/m°.

Several attempts have been made to capture tar during
downstream processing of syngas produced from the cogasi-
fication process [14, 31, 35]. Kumabe et al. [14] used an
anisole of special grade chemicals, manufactured by Wako
Pure Chemical Industries, Ltd., to dissolve tar. Ponzio et al.
[31] used a solid-phase adsorption method to capture tars



International Journal of Forestry Research

UOTIRIIUDUOD YHD) U0 123)Ja ON (111)

g oy (L OUOIPTII o () weer T gy
paseaIsUI (YD) pue paseasdap Iy (1) eoy! 3s-11V (1) P39 paxty [e02 BION (1)
paxxdgaxd
SIS =€ JO onel [Pry/ (%0 + weals) (1) /33 = drex ndur wreayg (1)
paseadur y/3 ¥'% = arex indur ary (1)
Udy} pue pasealdap 3s1y 'HD pue 0D (1) 6’10 T'L
Ppasearddp Wo1J paseardur onel [pPny/(¢Q + weas) (1)
U3} pue PaseaIdur }sIy (O pue ¢ (1)
pasea1dap path ses [eio, (1) /33 0°¢ = rex ndur 3p0yspasg (1ir) auajdyradod 9407 (1)
SU0QIEI0IPAY 0,068 myeraduway, (1) .
. . P2q pazipmig durd 9407 (1) [8T] 'Te 3 o3uld
pue YD Ul U0NINPAI 94¢S pue 058¢ (11) 87°0 01 70'0 woly 20 9609 (1)
uononpoid T ur uononpar 9467 (1) pasearour onel (wred)s + uadhxo/uadLxQ) (1) I vz
%9'L—"H"D PU® %6} 1 4/33 ¥y = dpexndur ary (a1)
PHD “%¥"0T Y00 ‘%€ LT 0D “%¥ 6€ /8 0°6 = 21e1 ndur weayg (1r)
1TH 1,068 18 (A/A) monyIsodurod seo) (Ar) 10q JO 2IM)XTI
PaseaIdUr UOTSIAU0D AS1ou (TI1) pue ‘urea)s Ire—juade uonedyIsen) (1r)
ey Uo 35342 Yonwr JoN (1) 0,068
paseardur T pue pasearddp Q) (1) 01 0G/ wolj paseardur axnjeradway, (1)
D.9L6-C16 :2rmjerddway, (AT)
PRI seSug ur asea129p JySI[S (1) 120 = (/) O1ye1 UoqIEd/WEs (1)
Ppasea1dap QD pue paseardur Iy (1r) - :
(5.926 ¥€'0 = () onel judreamby (11)
. €€
03 216) pasearut amjesadusd) pag (1) 0] () WOIJ pasea1durl onel [eod/ssewolq (1)
pa11dja1d ST 6°() JO oneI mofmu\ﬁwww\ﬁmwv 50 = (31) ones Juareamb (1)
U3} pUEB PIseaIdul IsI Wm 5 :ﬂv D-£€01-126 2mesaduid], (1) 3q pazIpin MeL)S DLI/SIP MES Juld (1) ‘Te 32 Suoyzd
3 pue p sy 0O P AUI MNM 88°0 01 97°0 Woxy paq pazipim[] [205 snoUTWINYIq NWUAYS (1) (12] Te 3 YzoX
o 2 S
0] ¢¢0T) paseandap arnjeradud) pag (1) paseaidur (%1/%f) Onex uoqieo/ureals (1)
PPoTA seSuAg €8°0 = (°4/°d) onel uoqIed/uredg (Ar)
; 0.9201-8¥%6 d1mjesddud, (1)
3SBAIOUI 0] J[QRIOARJ ST Y IS[[BWUS (AI) 2 or e
Paseardap paIA seduLg (11r) L0 93 1€0
; woIj paseadur (YJ) oner juareamby (1)
pasearour praif sed [ejog, (1) resys-re
z !
pasea133p 0D pue °H (1) o1I-uadixo—juade uonesyisen) (1)
SJUSWII0D
SUOTITPUOD UOTIBITISED) ad4y 1arsen) 00)spaay Jo adAT, 201N0g

pue suonisodurod sedu4s uo 1994

*SSEUIOIQ PUE [BOD JO UOTIEIYISEZ0D UO SIPIIIE [DILISIT JO ATRUIING 1] HTAV],



International Journal of Forestry Research

poom
Paya1I0] YIM 9407 Aq paseardut sem O (II)
poom

PA1Ja110) TIIM 04/ AQ paseardut sem CH (11)
aues paurewar (0D (1)

D.00%T pue 00z = aaneradway, (1)
poomydeaq

Pa1a110) PuE POOMYDIBIQ I0ISPad] (1)

10)0®a1
MO[J pautenuy

0.09¢

18 POOMUDLIQ PIYIILIO], (TIT)
0.0%¢

18 POOMUDBIQ PIYILIO], (IT)
poomyoeaq (1)

[87] ‘T 19 119yno)

(%F°€8 03 %€9)
PaseaIdut AO>UIIDLYYD UOISIIAUOD UOQIRY) (AT) N
(9639 0 %0%) D.016-0¥8 = armjesaduay, (1) 203 019G (1)
uonesyIsed urea)s-1ry (1r) 1oy1seS .
PaseaIdUT AUdIDOLJD [BULIAY) [[BIAQ) (TTT) %001 PUE 0607 paq pazipmyg [e0d Yoe[q (11) [91] e 10 ueqg
baseal>ap ot pue ‘065 T ‘%) ‘PIseIIOUT SeM OTeI ssewolq (1) sdigp autd (1)
SSBwolq Jo 046z 03 dn paseardur 1s1y < (11) ) ’ o
paseandur OO (1)
OHEL [PNy/Lreans Pasea1dur sem Onel [anj/wes)g (A1)
SE [[9M SE OIJEI SSBLOIq Ul ISLIIOUL [HIM : S smeIadus 03 SNy 300 (Al)
paurelqo sem uoneruaduod ¢H y3ry (1) O-000T L Isnpmeg (IIr)
' oD £ AS1ou (11 %€l paq pazipmigd [ST] Te 2 ZoPA
pasearsap Aoudnyyd A31aug (1) 01 949 WIOIJ PISLaIDUL SeM ONJel sseworg (Ir) IS 2300 (1)
SSPUION 9651 ’ uoneoyIses weajs-ry (1 0o werquingon (1)
ynm D, 0¢ £q paseardap arnjeraduwa) pag (1) HeH 1Sty (1)
SIS SUONIPUOD UONJBIYISBL) ad4y 1aytsen 300Ispady jo adAT, 301n0§

pue suonisodwod seSu4s uo Joayg

‘panunuo)) :T 14V],



International Journal of Forestry Research

from the product gas. Lv et al. [35] used dichloromethane
cooled to —10°C to condense and collect tar.

7. Environmental Benefits

Greenhouse emissions from coal gasification are higher than
that from biomass gasification [45]. This could be due to the
high carbon content and low volatile percentage in coal [14].
For measuring greenhouse emissions, the GHGI (green-
house gas emission index) is used, which is defined as the life-
cycle greenhouse gas emission associated with the energy
products divided by the lifecycle greenhouse gas emissions
associated with the fossil-fuel-derived products displaced
[45]. In a study conducted to produce electricity and FT
(Fisher Tropsch) liquids from coal and biomass, Lui et al.
[45] found that GHGI was 1.71 for coal gasification which
came down to 0.96 when a mixture of 40% biomass-60% coal
was used as feedstock. From these results, it can be concluded
that using biomass with coal is beneficial for the environment
in terms of greenhouse gas emissions.

Cogasification combined with Fisher-Tropsch technol-
ogy is used to produce liquids from coal and biomass. CBTL
(Coal-Biomass to liquids) helps to reduce GHG emissions
as compared to petroleum-derived diesel. NETL (National
Energy Technology Laboratory) reported that the use of 30%
switchgrass (Biomass) with coal for producing diesel (CBTL)
with carbon capture and storage technology (CCS) produced
63% less GHG emission compared to a fossil-derived diesel.
GHG emission can further be decreased up to 75% by using
more aggressive capturing technique of auto-thermal refor-
mer in CCS. This technique is economically competitive with
fossil-based diesel if the cost of crude oil remains somewhere
between $100 and $120/bbl [46].

8. Summary

A review of up-stream, gasification, and downstream pro-
cessing is presented in this paper. A summary of literature
review has also been presented in Table 1. Composition of
product gas is effected by the various up-stream and down-
stream processes and other gasification parameters. Feed-
stock properties like particle size and moisture content of the
biomass feed should be kept in range of 0.5 to 1.0 mm and
10-15%, respectively. Upstreaming processes like torrefac-
tion of biomass help to increase H, and CO yield. The type
of gasifier is selected according to the feedstock properties
and the desired utilization of the syngas. If syngas is used
for electric generation then a downdraft gasifier should be
used because it releases gas at high temperature with low
impurities and hence causes fewer side effects on the engine.
Beside the gasifier, the type of gasifying agent is also impor-
tant. The use of steam as a gasifying agent assists the water-
gas shift reaction and produces H,-rich syngas. In contrast,
if air is used, then less H; is produced. Also, the use of cata-
lysts affects syngas production. Dolomite catalysts help in
increasing the gasification rate along with reducing the sulfur
and chlorine. Once gas is produced, it contains impurities
like particulate matter, alkali, and tars. These impurities must

be removed before using the product gas. Particulate matter
can be removed by attaching a cyclone separator at the gas
exit, while alkalis and tars can be removed by using catalysts
and secondary air injection in the gasifier system which helps
in combustion of tars.

Despite much research in this field, cogasification of for-
est logging residue with coal has not yet been fully explored.
The tar evolution profile from the cogasification of forest
residue and coal requires further investigation to customize
the design of the gasifier, its operating conditions, and tar
removal system. Along with this, the use of an entrained flow
gasifier for the cogasification of coal and biomass can also be
a research opportunity for the future because different types
of feedstock can be used in it. Moreover, it has other advan-
tages like uniform temperature profile inside the reaction
zone, short reactor residence time, and high carbon conver-
sions.
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