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Abstract

The objective of this study was to understand the effect of airflow and insulation on
syngas and biochar generations of rice hulls and woodchips in a top-lit updraft gasifier.
Biochar yield decreased with increasing airflow. The highest biochar yields of 39% and 27%
were achieved at 8 L/min airflow for rice hulls and woodchips, respectively. The mass
fraction of syngas in the products increased with increasing airflow, which ranged from 88
to 89% for rice hulls and 93 to 94% for woodchips. The H, composition in syngas also
increased at higher airflow rates; it peaked at 4.2-4.4% for rice hulls and 5.7-6.6% (v/v) for
woodchips, which was not affected by insulation. The carbon monoxide content in syngas
ranged from approximately 12 to 15% (v/v) and was not affected by airflow or insulation.

Average tar content in syngas decreased for both biomasses when airflow increased, but
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adding insulation resulted in significantly higher tar content in syngas. The biomass type
also had significant effects on gasifier performance. Biochar yields from rice hulls were
greater than that from woodchips at all airflow rates. The lowest tar contents in syngas

were approximately 1.16 and 11.88 g/m? for rice hulls and woodchips, respectively.
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1. Introduction

Utilization of renewable biomass resources to generate bioenergy and bio-products
has increased significantly in the last decades (Casler et al., 2009; McCord et al., 2014).
Among various technological choices, biomass gasification is relatively simple in
process/reactor design and implementation (Hasan et al., 2010). It generally produces two
potentially useful products: syngas and biochar. Syngas contains hydrogen and carbon
monoxide that can be used to fuel internal combustion engines, turbines and boilers
(Knoef, 2005); it can also be used to produce a wide variety of fuels and chemicals, such
as gasoline, diesel and a-olefins via the Fischer-Tropsch process (Dry, 2002), ethanol by
biological conversion or catalytic reactions, or ammonia and methanol via catalytic
hydrogenation (Jadhav et al., 2014; Griffin and Schultz, 2012). Biochar is known for its
carbon-rich nature that provides valuable benefits to the environment (Lorenz and Lal,
2014). It can be used in a broad number of applications such as removal of pollutants in
agueous and gas media, and as a soil conditioner to improve plant growth (Hyland and

Sarmah, 2014; Joseph et al., 2009).



However, common methods for biochar production are reported to have high energy
input and/or severe emissions of contaminants (Garcia-Perez et al., 2010). For instance,
kilns and retorts in developing countries are known to release carbon monoxide, non-
methane volatiles and particulate matters to the environment (Sparrevik et al., 2015).
Modified pyrolysis units have been reported to reduce pollutant emissions and increase
the yield of biochar (Brown, 2009). For example high-pressure pyrolysis reactors can
produce biochar from 41 to 62% yields with minimal emissions; however, the use of high
pressures (0.4 to 1 MPa) represents a major disadvantage (Antal et al., 1996). Another
example is the multistage pyrolysis reactors in which the progressive increase in reaction
temperature reduced the energy input by 30% and achieved biochar yield of up to 27%
(Oyedun et al., 2012). However, these technologies require higher energy input compared
to gasification systems. Common gasification processes such as downdraft gasifiers and
fluidized-bed gasifiers are aimed for the production of syngas only (Knoef, 2005). On the
other hand, top-lit updraft (TLUD) gasification has the potential for simultaneous
production of biochar and syngas from biomass. Some variations of TLUD gasifiers have
been found to produce relatively high yields of biochar and parallel production of syngas
(Birzer et al., 2013; Tryner et al., 2014). The syngas generated in top-lit updraft gasifiers
can be combusted to increase the energy efficiency of biochar production (Knoef, 2005).
However, previous studies were mostly focused on the utilization of TLUD gasifiers to fuel
cookstoves in developing countries (Panwar and Rathore, 2008). There is not a full
understanding of the process from the perspective of how gasification-medium flow rate
(e.g. air), biomass type, and gasifier design affect simultaneous syngas and biochar

production (Lehmann and Joseph, 2009).



The objective of this work was to understand the effect of varying biomass type, air
flow rate and reactor insulation on TLUD gasification through the quantification of biochar,
syngas and tar products. Two biomasses (rice hulls and woodchips) were studied at four
airflow rates. For each condition, the TLUD gasifier was operated with and without

insulation on its external surface.

2. Materials and methods
2.1 The gasification unit and tar and syngas sampling systems

The gasification unit consisted of a 152 cm high black iron tube with 10.1 cm diameter
(Fig. 1). Air was supplied to the reactor with an air compressor (1.5 kW — 8.62 bar
maximum operational pressure) equipped with an 18.92 liter reservoir tank (WEN, Elgin,
IL). A perforated plate with 3 mm diameter holes made of commercial galvanized steel
was placed 10 cm from the bottom of the gasifier to provide a uniform air distribution
within the reactor. The gasifier inlet air was maintained at 2.1 bar with a pressure regulator,
and the airflow rate was adjusted using a variable area flow meter (Cole-Parmer 150-mm,
max. pressure 13.8 bar, Chicago, IL). The outlet was open to the atmosphere. The
temperatures at the top, middle and bottom of the gasifier were measured by type-K
thermocouples and recorded with a data logger (Measurement Computing, model: USB-
5201, Norton, MA). Tar in the syngas was collected 15 min after the reaction started. This
procedure was performed using a two-stage cold trapping method (James et al., 2016a);
the first stage contained two flasks cooled by ice (0°C) in which heavy tars and water were
collected. In the second stage, two flasks under dry ice (solid carbon dioxide) cooled the
syngas and condensed the remaining tars in the gas. When sampling tars, half of the

intake airflow for gasification was used (e.g., when airflow rate was 8 L/min (Ipm) the tar



sampling flow was set at 4 Ipm) for 45 min. The tar samples were evaporated for 24 hours
at 105°C; the final weight of the dry material was defined as tar. Tar in biochar was
determined by solvent extraction. One gram of biochar was placed in 25 ml of acetone
and agitated for 4 hours. After that, the solid was washed with 25 ml of acetone again,
then they were filtered with a 110-mm diameter filter paper (Whatman™ Qualitative #1) to
remove biochar. The biochar was dried at 105°C for 1 hour to measure its dry weight. The
weight difference between the initial biochar and the washed biochar was used to
determine the percentage of weight loss and reported as tar in biochar. Syngas samples
were collected in 0.5 liter Tedlar® sampling bags and analyzed in a gas chromatography
(SRI8610C, Torrance, CA) equipped with a thermal conductivity detector using helium as

the carrier gas. Compositions of H,, CO, CO,, CH,4, O, and N, were determined.

Fig.1

2.2 Experimental procedures

Gasification was evaluated at 4 levels of airflow rate (8, 12, 16 and 20 Ipm) and two
insulation conditions (no insulation or insulating the reactor with 88.9 mm Pinkplus
Fiberglass® on the external wall). The equivalent superficial velocities for the four airflow
rates were 0.83, 1.25, 1.66 and 2.08 cm/s, respectively. Rice hulls from Carolina
Greenhouses (Kinston, NC) and pine woodchips from a local grinding company (Newton
County, NC) were used as the feedstocks. The particle size of the rice hulls was
measured using different screen sizes and the average particles were smaller than 2 mm.
Pine woodchips had particle sizes smaller than 10 mm. Particles smaller than 3 mm were

removed using a 3-mm screen, thus the final particle size of the woodchips ranged



between 3 and 10 mm. The two biomasses had noticeable differences in chemical
composition and their major properties are presented in Table 1. The carbon and volatile
matter contents of woodchips were approximately 10% and 16% points higher,
respectively, compared to rice hulls, whereas the ash content in rice hulls was ~23%
points higher than woodchips.

The operating procedure of the gasifier was as follows. Once the gasifier was loaded,
the top layer of biomass in the gasifier was lit with a propane torch for 1 min; this initial
heat supplied the needed energy for the pyrolysis reactions to start. Thereafter, air was
injected from the bottom and the pyrolysis front started moving downward leaving biochar
on the top and producing syngas. Once the peak reaction temperature was sensed by the
bottom thermocouple, the reaction was complete and stopped. Then, biochar was
collected and the yield of biochar was calculated based on the dry weight of biomass and
the final dried biochar weight using the following equation: Biochar yield (wt.%) = BC / BM
x 100, where BC is the dry weigh of biochar in grams and BM is the dry weight of biomass
in grams. Statistical analysis of the results was performed using SAS® software. The GLM
procedure was used for multiple comparisons of the flow rates and insulation cases.

Tukey HSD method was used for significance analysis (0=0.1).

Table 1

3. Results and discussion
3.1 The temperature profiles of the gasifier
Reaction temperature was found to correlate with airflow rate. Increase in airflow

resulted in increased pyrolysis front temperature (PFT) for the two biomasses at the two



insulation conditions, as shown in Fig. 2A and 2B. The pyrolysis front temperature was
defined as the average peak temperature measured by the four thermocouples once the
pyrolysis front reached the thermocouples. The PFT of rice hulls consistently increased
from 700 to 862°C without insulation (R?=0.99), and from 714 to 868°C (R*=0.98) with
insulation. Similarly, the PFT of woodchips increased from 648 to 815°C (R?*=0.95) without
insulation and from 661 to 840°C (R?=0.96) with insulation. This increase in the PFT
complied with previous findings that the temperature of thermochemical reactions was
strongly influenced by the amount of air provided to the combustion of the system;
increase in air supply for gasification was found to increase the reaction temperature (Ma
et al., 2015).

From Fig. 2, it can be seen that gasification of rice hulls presented slightly higher
PFT’s than woodchips. The Stoichiometric air to fuel ratios for rice hulls and woodchips
were 3.63 and 3.94, respectively, which implied that when the same amount of air was
provided to rice hulls, one could expect to see higher reaction temperature than
woodchips due to more available air (Weiland et al., 2015). The air-fuel equivalence ratios
for all experiments in this study were reported in a previous paper (James et al., 2016b).
Rice hulls had higher air-fuel equivalence ratios than woodchips at the same setting. The
linear correlation between the pyrolysis front temperature and the equivalence ratio for
rice hulls and woodchips had average R? of 0.94 and 0.93, respectively. Previous work by
other researchers (Ma et al., 2015; Lv et al. 2007) also showed similar correlations
between PFT and air-fuel equivalence ratio.

The addition of insulation seemed to increase the PFT. However, the statistical
comparison of the PFT for individual biomasses at every airflow rate presented no

significant differences in the PFT when insulation was added. In order to evaluate the



effect of insulation on the reaction temperature, the average reaction temperature (ART)
was calculated. The ART was defined as the 40 min average temperature after the
pyrolysis front passed thermocouple #1 (TC-1). In other words, once thermocouple #1
reached its peak temperature (the pyrolysis front temperature), the timing started and all
temperatures were recorded for forty minutes, and the average of all temperatures in the
40-min period was used as the average reaction temperature. In contrast, Peterson et al.
(2014) called “average temperature” the average peak temperature of individual
thermocouples, which was the pyrolysis front temperature in this work. Thus, our average
reaction temperature was different from pyrolysis front temperature. The ART could help
us understand how fast the temperature decreased within the gasifier at different airflows
and insulation conditions. It can be seen from Fig. 2C and 2D that no insulation resulted in
lower average reaction temperatures which were not significantly different between the
two biomasses at every airflow rate. However, the utilization of insulation exhibited linear
increase with the airflow rate for both biomasses (R?=0.98). This suggests that the
insulation on the reactor considerably helped to reduce heat loss through the gasifier’s
wall; as a result, higher average temperatures of the biomass bed were achieved after the

pyrolysis front had passed.

Fig. 2

Fig. 3A and 3B show the temperature profiles of the two biomasses and two insulation
conditions using 12 Ipm as an example. It can be seen that once the flame reached the
first thermocouple (TC-1), the temperature rapidly increased from the ambient

temperature to the peak temperature. This sudden increase of temperature as the



pyrolysis front moved had been previously reported when a top-lit updraft cookstove was
tested. The authors found that the temperature of the biomass abruptly increased from the
ambient temperature to ~600°C when wheat straw was gasified (Peterson and Jackson,
2014). Differences in the pace of cooling can also be observed when comparing the
temperature profiles of insulation and no insulation. The insulated gasifier cooled slower,
and the pyrolysis front reached the next thermocouple sooner because of the improved

heat distribution.

Fig. 3

3.2 The burning rate of biomass

The burning rate was defined as the speed at which the flame traveled from the top to
the bottom of the gasifier (mm/min). It was calculated using the time elapse that the flame
(the highest temperature) reached the top (TC-1) and middle (TC-2) thermocouples as
presented in Fig. 3A and 3B. In Fig. 3C and 3D, the burning rates of rice hulls and
woodchips are presented at the varying airflows and the two insulation cases. When rice
hulls were gasified, increase in the airflow rate from 8 to 20 Ipm resulted in increasing
burning rates for no insulation and insulation as follows: 11.6 to 18.3 mm/min and 12.6 to
19.1 mm/min, respectively. Similarly, in the gasification of woodchips, it was noticed that
the burning rate increased as more air for gasification was supplied. Without insulation,
the burning rate varied from 6.3 to 10.2 mm/min and with insulation from 8.1 to 13.2
mm/min when increasing the airflow rate. Burning rate was found to linearly correlate with
airflow rate (R* = 0.95 - 0.99). Ryu et al. (2006) also found a positive linear correlation

between the biomass burning rate and the airflow when biomass was oxidized in a fixed



bed reactor. The increase in the burning rate at higher airflow rates was consistent with
the increase in PFT because more fuel (biomass) was needed to promote the generation
of heat in combustion reactions. Despite the fact that PFT did not significantly increase at
different insulation conditions, the insulation increased the overall reaction temperature
(Fig. 2). As a result, the burning rate further increased because more heat that was initially
lost through the gasifier walls was now used to devolatilize the biomass in the gasifier

chamber.

3.3 The yield of biochar

Biochar yield of the two biomasses decreased as the airflow rate increased (Fig. 4A
and 4B). When airflow increased from 8 to 20 Ipm, the yield of biochar from rice hulls
reduced from 38.0 to 31.6% and from 39.3 to 31.3% for no insulation and with insulation,
respectively. Lower biochar yields were observed in the gasification of woodchips than
rice hulls. Without insulation, the biochar yield was reduced from 27.1 to 12.9% and with
insulation from 18.8 to 12.3%. This decrease in biochar yield with increasing airflow can
be correlated with the progressive increase in PFT (R*=0.93). Most of the fuel for the
combustion reactions in top-lit updraft gasifier is provided by the volatiles released during
the pyrolysis of the immediate biomass below the pyrolysis front (Saravanakumar et al.,
2007); however, the increase in the airflow can also promote the combustion of the
biochar layer that was formed above the combustion flame. A well-known representation
of this process can be observed in a flaming match where the pyrolysis vapors from the
internal reactions of the wood were released fueling the flame and producing biochar
(Tryner et al., 2016). In another previous work, Demirbas (2001) reported that the biochar

yield decreased with increasing carbonization temperature, which was consistent with Fig.
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4A and 4B when compared with Fig. 2. From Fig. 4A, it can also be observed that there
were no significant differences in the yield of biochar from rice hulls between insulation
and no insulation. Moreover, the yield of biochar from woodchips showed different
behaviors than that presented by rice hulls at lower airflow rates. The addition of insulation

considerably reduced the yield of biochar at 8 [pm (18.8% yield) and 12 Ipm (16.2% yield).

Fig. 4

Fig. 4C and 4D present the percentages of tar in biochar from rice hulls and
woodchips. The configuration of the TLUD gasifier promotes the retention of condensable
tar in the biochar. This is because the syngas flows within the biochar carrying pyrolysis
products. Rice hull biochar generated from the insulated reactor showed tar contents
ranging from 0.63 to 0.84 wt. %. Without insulation the tar content in biochar was
generally higher, reaching 2.29 wt. % at 12 Ipm (Fig. 4C). Tar in biochar from woodchips
had similar trends as presented in Fig. 4D. Large amounts of tar were found in the biochar
when no insulation was used, which however decreased from 14.9 to 0 wt. % as the
airflow increased from 8 to 20 Ipm. With the use of insulation, the highest tar content in
woodchip biochar was only 0.07 wt. % at 8 [pm and no tar was found at higher airflow
rates. Overall, the biochar produced from the insulated gasifier contained less than 1 wt. %
tars, in the same way, less tar was found at higher airflow rates regardless of the
insulation condition. Biochar with low tar content can be directly used for certain
applications such as to make activated carbon and soil conditioner (Manya, 2012; Downie
et al., 2009) in which the tar content might be a concern. Consideration between tar in

biochar and tar in syngas needs to be taken into account when selecting a specific airflow
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rate and gasifier configuration. Biochar with excessive tar might require further treatments

after production; this can increase the operational cost of biochar production.

3.4 Syngas compositions

Table 2 shows the composition of hydrogen in syngas from rice hulls and woodchips
at different airflow rates and insulation conditions. H, content generally increased when
the airflow increased. For example, rice hull syngas contained 2.3 to 4.2 vol. % and 2.8 to
4.4 vol. % H, for no insulation and with insulation conditions, respectively. In a similar
way, when airflow increased from 8 to 20 Ipm, the hydrogen content in syngas from
woodchips increased from 2.5 to 5.7 vol. % and from 3.3 to 6.6 vol. % for without
insulation and with insulation conditions, respectively. Hydrogen content in syngas was
positively correlated with PFT (R? =0.85). However, insulation had no significant effects on
the hydrogen content when independent airflow rates were compared. This increase in the
hydrogen content as result of increasing reaction temperature was believed to be due to
the oxidation and cracking of tars (Galindo et al., 2014). Lv et al. (2004) reported a similar
tendency in hydrogen content that increased from 22 to 40 vol. % when the temperature

increased from 700 to 900°C.

Table 2

Table 2 presents CO composition of rice hulls and woodchips at different levels of

insulation. As the airflow rate increased from 8 to 20 Ipm, little difference was noticed in

CO composition of rice hulls (12.3 to 15.8 vol. %). Similarly, the CO composition in syngas

from woodchips varied from 11.4 to 14.9 vol. % when increasing the airflow rate. No
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significant differences in CO composition at different levels of airflow rates and insulation
conditions were observed except for woodchips at 8 Ipm without insulation, at which the
CO composition was significantly lower (11.45 vol. %). It can be found from Fig. 2 that
woodchips at 8 Ipm without insulation had very low pyrolysis font temperature (~650 °C),
which was close to pyrolysis rather than gasification, thus CO generation was low. Other
conditions were closer to gasification with higher temperatures and stable CO generation,

similar to those presented by Turn et al. (1998).

3.5 Tar content in syngas

Results of tar content in syngas are presented in Fig. 5. Airflow rate for rice hull
gasification without insulation had no significant effects on syngas tar contents. However,
the utilization of insulation significantly increased the concentration of tar especially at
lower airflow rates. When insulating the reactor, airflow of 8 I[pm was found to produce the
highest tar content of 16.6 g/m? for rice hulls, which was reduced to 2.76 g/m? at 20 Ipm
(Fig. 5A). Gasification of woodchips showed much higher tar contents, which decreased
from 58.7 to 11.8 g/m® as the airflow rate increased from 8 to 20 Ipm without insulation.
Insulation also significantly increased tar contents in syngas from woodchips. The highest
tar content for woodchips was 86.2 g/m® at 8 Ipm (insulated, Fig. 5B). The decrease in tar
content with increasing airflow suggested that raising the combustion temperature can
reduce the subsequent production of tar in syngas. Previous gasification studies reported
that the generation of tar was discouraged by the increase in the reaction temperature
(Milne et al., 1998; Hanping et al., 2008; Demirbas, 2001). Similarly, increasing the airflow
also increases the equivalence ratio (ER) at which the biomass reacts. It has been

demonstrated that at low ER (close to 0) pyrolysis reactions predominate, increasing the
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production of condensable aromatic hydrocarbons including tars; however, at higher ER
(close to 1) complete combustion is approached promoting the production of gases (Knoef,
2005) without tars. There were three possible causes for the higher tar contents in syngas
from the insulated reactor. In a TLUD gasifier, the heat from incomplete combustion or
pyrolysis of the biomass enables charcoaling and tar formation. As a result, the improved
heat distribution when the gasifier was insulated tended to increase the production of
condensable aromatic hydrocarbons. The configuration of the TLUD gasifier also played a
role. As the biomass reacted, the produced biochar was left on the top and the syngas
and condensable gases moved upward within the biochar layers. As can be seen from
Figure 2, lower airflow or the absence of insulation was associated with lower average
temperature across the gasifier, which caused condensation of tar in the biochar (Fig. 4C
and 4D). Therefore, the higher tar content in syngas with insulated reactor might partially
be the result of the less tar condensation in biochar due to a higher average temperature
of reaction in the unit. When tars were not condensed in biochar, they stayed in syngas
and were collected as tar in syngas. Another possible reason is that the biomass burned
faster when the reactor was insulated. Because tar was collected for the same amount of
time (45 min after stable gasification was achieved) no matter the reactor was insulated or
not, more biomass was burned and more tars were made in the same duration when the
reactor was insulated. However, the increased burning rate alone was not enough to
explain the increases in tars by comparing Fig. 3C and 3D to Fig. 5A and 5B, respectively,

thus all the three causes abovementioned might co-exist.

Fig. 5

3.6 The effect of biomass type

14



Table 3 summarizes the statistical analyses with ANOVA multiple comparison
procedure between rice hulls and woodchips. The results showed that PFT had similar
tendency for both biomasses, but it was significantly higher for rice hulls at the same
airflow rate from 8 to 16 Ipm. However, at 20 Ipm the PFT of the two biomasses were not
significantly different. In contrast, no differences were noticed in the average reaction
temperature between the two biomasses. The burning rate of rice hulls was higher than
that of woodchips at all levels of airflow rate. This could be explained by comparing the
particle size and bulk density of the two biomasses. Rice hulls had particles with sizes
lower that 2 mm. In contrast, woodchips had particle sizes between 3 and 10 mm.
Likewise, rice hulls presented a lower bulk density of 1.27 g/cm® compared with
woodchips of 2.11 g/cm®. The thin configuration of the rice hull particles contributed to
faster devolatilization of the biomass and faster burning rate (Hernandez et al., 2010).

Rice hulls had higher biochar yield than woodchips at all airflow rates. High yield along
with high ash content of biochar from rice hulls was an indication of the large amount of
inorganic components in the source biomass (Antal and Gronli, 2003). Woodchips also
resulted in larger amounts of tars than rice hulls. This difference can be associated with
the bulk density of the biomass. Because woodchips had approximately two times the bulk
density of rice hulls, more mass of woodchips was concentrated in the same volume of
reaction area, which consequently resulted in more tars. Similarly, James et al. (2015)
compared tar generation from a woody biomass and a low bulk density biomass (sorghum
biomass) in an updraft biomass gasifier when varying the ER from 0.21 to 0.29. The
results showed that the overall production of tar from sorghum biomass was 3 g/m® but 8
g/m? from woodchips at similar gasification conditions. This suggested that the excessive

release of volatile components produced by biomass with higher bulk density could be

15



attributed to the fact that there was more biomass per unit volume. Therefore, more
condensable products were generated when compared with low bulk density biomasses.
The hydrogen contents in syngas of woodchips were significantly higher than rice hulls
at the same airflow rate from 12 to 20 Ipm, however, no differences were found in CO
composition or the higher heating value of syngas from the two biomasses at all airflow

rates.

Table 3

3.7 The mass balance of the gasification process
Fig. 6A and 6B present the mass fraction of rice hull gasification products per the total

input including biomass and air. It can be seen that the increase in airflow rate reduced
the amount of biochar produced, but it encouraged the production of gases. Tar in syngas
was negligible. This relative increase in the gas phase and decrease in the solid phase
(biochar) can be explained by the increase in PFT as a result of increasing airflow for
reactions. Demirbas (2001) reported that increase in the reaction temperature reduced the
amount of biochar and tar during biomass carbonization. This phenomenon encourages
the production of gases when biomass is reacted at higher temperatures. The effect of
insulation can also be observed in Fig 6A and 6B. At low airflow rates (e.g., 8 and 12 Ipm),
the addition of insulation promoted 7-8% points increase in the gas phase. At high airflow
rates (e.g., 16 and 20 Ipm), the differences were small and not significant.

Gasification of woodchips (Fig. 6C and 6D) presented similar tendency in mass fraction
of products to that of rice hulls. As the airflow rate increased the biochar fraction was

minimized and the gas phases increased. Gases from gasification increased from 80 to 94%
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when the reactor was not insulated, and from 82 to 93% when insulated. The addition of
insulation stimulated the generation of tars in the syngas at low airflow rates. For both
biomasses, the moisture content of biochar was reduced when the airflow rate increased
without insulation. No moisture was found in the biochar when insulation was added,
probably because of higher average temperatures in the reactor that evaporated all water
in the biomass and biochar.

Common gasification systems designed to maximize syngas production have mass
fraction distributions of approximately 10% biochar, 85% gases and 5% liquids (Brick and
Lyutse, 2010). It can be observed that these conditions were approached as the airflow
rate increased in the top-lit updraft gasifier. This fact can help to select appropriate
operational parameters for this reactor when the production of either syngas or biochar is

desired.

Fig. 6

The innovation of this work lies in the detailed understanding of product distribution
of top-lit updraft gasification. Syngas, biochar and tar were analyzed and presented, and
they were correlated with the airflow rate, insulation condition and biomass type. Most
previous work has focused on general gasification, but not relevant to top-lit updraft
gasification. With rarely found work on top-lit updraft gasification, the focus was mainly on
the production of heat or biochar, which left a gap to better understand how the

gasification factors affect the overall performance of the gasifier.

4. Conclusions
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The airflow rate and addition of insulation on the external wall of the top-lit updraft
gasifier significantly influenced gasifier performance. The hydrogen composition in syngas
increased with increasing airflow, but biochar yield was reduced. Insulation led to rising
biomass burning rate and reduced biochar yield. It also reduced tars in the biochar but
tars in syngas increased significantly. The biomass type also played a significant role in
the process. Rice hulls showed much higher biochar yield but woodchips generated more
tars and hydrogen gas in the syngas. Carbon monoxide composition in syngas was

generally not affected by airflow or insulation.
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Fig. 1. lllustration of the top-lit updraft gasifier and syngas and tar sampling systems.

Fig 2. The pyrolysis front temperature of (A) rice hulls and (B) woodchips; average reaction

temperature of (C) rice hulls and (D) woodchips.

Fig. 3. The temperature profile of (A) rice hulls and (B) woodchips showing movement of flame
(airflow of 12 Ipm); the burning rate of (C) rice hulls and (D) woodchips at the two insulation

conditions. TC-1 (thermocouple 1), TC-2 (thermocouple 2).

Fig. 4. The biochar yield (wt% db) of (A) rice hulls and (B) woodchips at the two insulation

conditions; tar content in biochar (wt% db) from (C) rice hulls and (D) woodchips. Different letters

indicate significant differences by Tukey’s HSD test (a=0.1).

Fig. 5. Tar content in syngas from (A) rice hulls and (B) woodchips at the two insulation conditions.

Different letters indicate significant differences by Tukey’s HSD test (0=0.1).

Fig. 6. The mass balance of rice hulls gasification (A) without insulation and (B) with insulation; the

mass balance of woodchips gasification (C) without insulation and (D) with insulation.
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Figure 3
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Figure 5

Rice hulls
A1 8 —m— without insulation
161 02 —e— with insulation
E
D12-
E 10+
~ B4 ¢
©
T4 c \b-c b-c
. & |
— g C L]
2 = '\\&i
0 T T v T T T
8 12 16 20

Air flow (Ipm)

Tar content (g/m")

100 - :
B Wogd ChIpS —m— without insulation
] [) —®— with insulation
80 -
60 - bi
40
d .e
20
ETM{
f
0 : , :
8 16 20
Air flow (Ipm)

29



Figure 6
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Table 1. Properties of rice hulls and wood chips.

Biomass
Rice hulls Woodchips

C (%) 36.99 47.90

H (%) 5.14 1.70

N (%) 0.58 0.30

O (%) 56.30 49.90

S (%) 1.0 0.20

Ash (%) 23.78 0.57
Volatile matter (%) 58.17 74.92
Fixed carbon ® (%)  9.57 16.66
Moisture (%) 8.48 7.85

Bulk density (g/cm®) 1.27 2.11
Particle size (mm) X<2 3<X<10

& calculated by difference
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Table 2. Hydrogen and carbon monoxide compositions (v/v %) in syngas.

without insulation

with insulation

Rice
Hulls

Wood
chips

Airflow

om) M CO (%) €O, (%) H, (%) CO (%) CO; (%)
8 2.34+0.13 13.49+0.31 13.31#0.50 2.83+0.30 14.22+0.56 12.86+0.11
12 2.68+0.24 12.31+0.50 11.75:0.62 3.69+0.46 15.09+0.73 12.50:0.51
16 4.02+0.11 15.25:0.16 12.00:0.43 4.26+0.17 15.97+0.06 11.83+0.13
20  4.23:0.12 14.85:0.41 11.75+0.33 4.44:0.13 15.8020.21 12.22+0.06
8 2.56£0.33 11.45:0.69 12.78+1.16 3.31:0.21 13.7240.28 13.36+0.19
12 5.0620.14 14.35:0.52 13.68+0.56 4.68+0.17 14.27+0.37 13.35%0.87
16  5.57+0.16 14.83:0.36 14.22+0.27 5.43+0.07 14.23+0.29 13.27+0.41
20  5.70:0.54 13.76£0.54 14.024+0.43 6.61:0.38 14.97+0.22 13.48+0.68
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Table 3. Effect of biomass type on gasification performance. Different letters among

analyses indicate significant differences in the order of a>b>c>d>e.

Rice hulls Wood chips
Airflow (Ipm) 8 12 16 20 8 12 16 20
Pyrolysis front temperature (°C) c b a a d C b a
Average reaction temperature (°C) b ab ab ab ab ab ab a
Burning rate (mm/min) bc b a a e de cd c
Biochar yield (wt. %) a ab b b c d de e
Tar content in syngas (g/m®) cd d d d a b c cd
Syngas HHV (MJ/m?) abc bc ab ab c ab a a
H, in syngas (v/v %) e de c cd e bc ab a
CO in syngas (v/v %) NS NS NS NS NS NS NS NS

NS — not significant. HHV — Calculated from H,, CO and CHj,.
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