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Abstract. There are many properties that can affect the quality of syngas generated from biomass gasifica-
tion. Among the most critical are ash, heating value, moisture, and density of the feedstock. The focus of
this study is to analyze the characteristics of different woody biomass materials and agricultural wastes
typically found in Louisiana or similar regions. The energy content of combustible gases produced by
gasification is also quantified. The feedstocks analyzed are pine, hardwood pellets, alfalfa, switchgrass,
sugarcane bagasse, corn, cypress mulch, chipped bark nuggets, dairy manure, and poultry litter. Analyzing
and comparing the different feedstock characteristics indicates that the differences in physical properties
are largely responsible for varying energy generation capabilities from gas produced through gasification.
Ultimately, it is determined that pine and hardwood are the best candidates for energy production through
gasification, based on their high density, relatively low MC, and low ash content. Producer gas generated
from pine gasification had the highest concentration of hydrogen, carbon monoxide, and methane and
resulted in the greatest energy output when combusted.
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INTRODUCTION

Over the past few decades, biomass has been
recognized as a major sustainable contributor to
energy generation across the world. Numerous
studies have been conducted to understand the
different properties of biomass feedstocks and
bio-based waste products, and many have con-
cluded that biomass can be a major component
among energy resources that are both renew-
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Biofuel, syngas, switchgrass, wood, manure, alfalfa, bagasse.

able and environmentally compatible (Babu and
Whaley 1992; McKendry 2002). Renewable fuels
are cleaner, from an environmental perspective,
when compared with traditional petroleum and
coal sources and can reduce overall air pollution
and lower greenhouse gas emissions (Tavasoli
et al 2009). Because biomass is clean and renew-
able, it has the potential to be an excellent substi-
tute for conventional fuels. When consuming
biomass as an energy source, it is important
to understand and quantify the thermal, phy-
sical, and chemical aspects that characterize the
overall quality of different feedstocks for energy
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generation. This study focuses specifically on
how these characteristics affect the quality of
producer gas from the gasification of different
feedstocks. Gasification is the high-temperature,
oxygen-lean thermochemical conversion process
of a solid fuel, such as biomass, to gaseous prod-
ucts primarily composed of hydrogen, carbon
dioxide, and carbon monoxide, with a much
smaller amount of methane; a schematic of a
biomass gasifier is shown in Fig 1, with typical
reactions occurring during gasification summa-
rized in Table 1. The different physical and
chemical properties examined are calorific value,
ash percentage, moisture percentage, density,
and ultimate and proximate analysis.

Understanding the various properties of biomass
feedstocks relevant for energy conversion is
essential for identifying the optimum use of each
product. In a study surveying biomass properties,
Erol et al (2010) state that calorific value is an
indication of the energy chemically bound in a
biomass sample that can be converted to heat
energy through a combustion process. Calorific
value is therefore the most important property
of a fuel for energy generation. In Erol’s study,
20 different samples were analyzed for moisture,
ash, volatile matter, fixed carbon, and organic
matter percentages. It is noted that the MC of the
samples varied from 1.25% and 12.5%, ash per-
centage between 1.04% and 8.98%, and volatile
matter between 73.5% and 92.0%. The heating
value of the feedstocks analyzed ranged from
15.4 to 19.5 MJ/kg. Thirteen different correlations
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Figure 1. Schematic of downdraft biomass gasifier.

Table 1. Gasification reactions inside a downdraft bio-
mass gasifier.
Designation Mechanism
Oxidation C + 0, « CO,
C+1%0,< CO
Boudouard C + CO, & 2CO

C + H,0 «+ CO + H,
C + 2H,0 < CO, + 2H,
CO + H,O0 < CO, + H,
CH, + H,0 < CO + 3H,
CH4 + 2H20 g C02 + 4H2
CH, + CO, <> 2CO + 2H,
CO + 3H2 g CH4 -+ HQO

Water gas, primary
Water gas, secondary
Water-gas shift
Steam reforming

CO, reforming
H, reforming

were developed to estimate heating value from
physical properties (volatile matter, fixed carbon,
ash, and organic matter) and have regression
coefficients from 0.829 to 0.898, indicating a rel-
atively high degree of accuracy (Erol et al 2010).
Similarly, Raveendran and Ganesh (1996) studied
the heating value of biomass and biomass pyroly-
sis products to determine the suitability of differ-
ent feedstocks for pyrolysis, carbonization,
liquefaction, and gasification. They determined
that the heating value of char was primarily a
function of the lignin and ash content, whereas
the heating values of liquid and gaseous prod-
ucts were functions of the cellulose, lignin, and
silica-free ash content. Demirbas (1997) also
studied 16 different biomass samples for their
calorific value and reported that it was a func-
tion of fixed carbon content and volatile matter
present in the feedstocks. They used the results
of ultimate analysis to calculate the calorific
value of the samples. In a study focusing on
the elemental composition of biomass as it
relates to calorific value, Friedl et al (2005)
tested various samples for heating value, carbon,
hydrogen, nitrogen, sulfur, chlorine, and ash con-
tent. Some studied samples include miscanthus,
wood waste, wood chips, briquettes, sunflower
straw, sugar and brewing waste, poultry litter,
and sewage sludge. Sunflower straw resulted in
the highest calorific value of 26 MJ/kg, woody
materials were approximately 18 MlJ/kg, and
poultry litter resulted in the lowest calorific
value at 10.2 MJ/kg. Using a similar approach,
Sheng and Azevedo (2005) proposed 15 corre-
lations for estimating biomass calorific value
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from ash, carbon, hydrogen, and oxygen con-
tent. They report that calorific value decreases
with the increase of ash and oxygen content,
whereas calorific value increases with an
increase in carbon and hydrogen. Geyer and
Walawender (1999) tested 20 random samples
of catalpa for calorific value, ash content, and
specific gravity, reporting an average calorific
value of approximately 19 MJ/kg. Specific grav-
ity was determined to be 0.39 and ash content
at 0.38%. Engler et al (2010) identified dairy
manure as a sample feedstock for downdraft
biomass gasification, and analyzed for relevant
physical and chemical properties. It was found
that pelletized manure yielded approximately
16 MJ/kg and 30% ash, of which 33% was sili-
con dioxide, 28% calcium oxide, 11% magne-
sium oxide, and 6% sulfur trioxide. Ultimate
analysis indicated that C, H, N, O, and S con-
tents were 43%, 6.2%, 2.2%, 48%, and 0.5%,
respectively. All these studies are strong indica-
tions that quantifying the various physical and
chemical properties of biomass is a useful tool
for characterizing feedstocks for future process-
ing. If biomass samples can be effectively char-
acterized, then researchers will be significantly
more well informed about how certain feedstocks
will behave during various thermochemical con-
version techniques. Ultimately, this can allow
for more efficient fuel and chemical production
from biomass in the future.

The primary purpose of this research is to iden-
tify and document the energy productivity of dif-
ferent feedstocks with respect to their application
in biomass gasification. This will be achieved
through analyzing their physical and thermal
behavior responses under different experimen-
tal tests. Experimentation of the selected feed-
stocks in a biomass gasification unit was also
conducted to analyze the generated combustible
gases. There were five tests conducted on the
feedstocks. High heating value (HHV) was calcu-
lated for each biomass sample, MC and density
was determined, ash concentration was quantified,
ultimate and proximate analysis was carried out
for the feedstocks, and each feedstock underwent
biomass gasification. The resulting gasifier-

derived syngas was analyzed using gas chro-
matography. The 10 different feedstocks tested
are pine pellets, hardwood pellets, alfalfa pellets,
switchgrass pellets, sugarcane bagasse pellets,
corn pellets, chipped cypress mulch, chipped
bark nuggets, dairy manure, and poultry litter.

MATERIALS AND METHODS
Testing Methods

Feedstocks were tested for their physical and
chemical properties at Louisiana State University
laboratories. The ultimate and proximate analysis
was conducted at Louisiana State University
(LSU) AgCenter’s WA Callegari Environmental
Center. The feedstocks were either purchased in
a pelletized or mulched form, or acquired from
producers within the LSU AgCenter.

High heating value. Quantification of HHV
was done using American Society for Testing
and Materials (ASTM) D2015 Standard Method
for finding calorific value of a feedstock
(ASTM 1996).

Bulk density. Bulk density of biomass was
calculated by dividing the measured feedstock
sample mass by its calculated volume. Mass was
measured using an electronic balance. The vol-
ume was calculated by averaging 10 random
samples measured for their diameter and height
in case of pellets or their length, breadth, and
height in case of chips.

MC. Moisture of the feedstocks was calculated
using ASTM D4442-07 standard test method for
direct MC of wood (ASTM 2007b). Ten random
samples were weighed before and after a muffle
furnace treatment at 105°C (+2°C) for 2 h. The
MC was calculated by dividing the difference
in final and initial weight measurements by
the initial weight measurement.

Ash percentage. Ash content was calculated
following ASTM D1102-84 (ASTM 2007a). Ten
moisture-free samples were weighed and placed
in preweighed crucibles in a high-temperature
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furnace at 550°C (£5°C) for 30 min. After the
heat treatment, these samples (now ash) were
placed in a desiccated environment for cooling
close to ambient temperature. The mass of the
ash samples was then measured and averaged
with an electronic balance. Volatile solid percent
can be determined, if desired, by calculating the
difference in mass between the dry sample and
ash sample for a given feedstock and then
dividing by the dry sample mass.

Energy content generated from gasification.
Energy content of the produced gas is represented
by the HHV of the gas mixture. The HHV of the
total mixture was calculated by adding the prod-
ucts of each constituent gas mole fraction with its
respective HHV. Mole fraction of each constitu-
ent gas in the mixture was determined through
gas chromatography analysis of the biomass
gasifier product from the given feedstocks.

Power produced from combustion. Power
quantification generated from biomass gasification
was determined by multiplying the measured
flow rate of the gasifier with the calculated
heating value of the produced gas mixture. Mass
flow rate was found by measuring the volumetric
flow rate of the gasifier and multiplying by the
gas mixture density.

Ultimate and proximate analysis. As a part of
elemental analysis, carbon and nitrogen were
determined following the Environmetal Protection
Agency (EPA) Method 440 (EPA 1997), whereas
inductively coupled plasma analysis was per-
formed following EPA method 6010-C (EPA
2000). The equipment used for testing following
the abovementioned methods were Elementar
Vario EL III (Langenselbold, Germany) and
Varian Vista MPX (Palo Alto, CA), respectively.
These tests were performed at the LSU
AgCenter’s WA Callegari Environmental Center.

RESULTS
Summary of Results

Results from the analysis of the six different
feedstock pellets (pine, hardwood, corn stover,
alfalfa, switchgrass, and sugarcane bagasse), two
animal waste products (dairy manure and poul-
try litter), and two raw plant-based feedstocks
(cypress mulch and bark nuggets) are presented
individually and discussed subsequently.

Calorimetry of feedstock. Figure 2 compares
the heating values of different feedstocks. Pine
pellets, with an HHV of 18.7 MJ/kg, resulted in
highest calorific value among the tested feed-
stocks. A similar calorific value was observed
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Figure 2. High heating value of different biomass feedstocks.
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in tests conducted by Gil et al (2010), who
found that pine pellets resulted in approximately
19.3 MJ/kg. Arshanitsa et al (2009) also tested
softwood granules for higher heating value and
found approximately 19.5 MJ/kg, similar with
findings documented here. Compared with pine
pellets, hardwood pellets resulted in a relatively
lower HHV. These results are consistent with
findings shown by Telmo and Lousada (2011),
who observed that softwood pellets (Pinus
radiata) resulted in a greater HHV than hard-
wood pellets. Calorimetry of dairy manure
pellets resulted in approximately 13.5 MJ/kg.
However, Young and Pian (2003) reported
approximately 18 MJ/kg, which is signifi-
cantly higher than the findings documented
here. This can most likely be attributed to varia-
tions in MC of samples used in experimenta-
tion. Mukhtar and Capareda (2012) reported the
calorific value of ash-free dairy manure to be
approximately 19.8 MlJ/kg. Alfalfa resulted in
approximately 16.3 MJ/kg, and similar results
for calorific value were observed in the findings
of Boateng et al (2006) when alfalfa stems, reed
canary grass, and eastern gamagrass were com-
pared as energy crops. Calorimetry of switch-
grass pellets resulted in approximately 16.0 MJ/
kg. McKendry (2002) reported a larger value for
switchgrass at 17.4 MJ/kg. Bagasse (14.8 MJ/
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Figure 3. MC of different biomass feedstocks.

kg) and pine pellets (18.7 MJ/kg) in this analy-
sis also resulted in lower calorific value than
what were reported by McKendry, who gives
19.4 MJ/kg for bagasse and 21.2 MJ/kg for pine.
Bark nuggets resulted in a comparatively low
calorific value of approximately 13.3 MlJ/kg.
The low calorific value observed in case of
alfalfa, poultry litter, and dairy manure pellets is
attributed to high ash percentage in the fuel pel-
lets. Sheng and Azevedo (2005) reported a simi-
lar pattern when calorific values of biomass
fuels were plotted against their ash percentage.

Moisture and density of feedstock. Determina-
tion of moisture percentage and pellet and chip
density is significant for biomass gasification
because feedstock moisture and density help in
predicting the biomass feed rate and its effect on
successful gasification. Results are shown in
Figs 3 and 4. Pine pellets exhibited a pellet den-
sity of approximately 950 kg/m® and moisture at
approximately 6%. Corn pellets resulted in the
highest MC of approximately 13% at the time of
laboratory examination; these pellets were then
subjected to air-drying to lower moisture percent-
age to approximately 6% before they were used
in a gasifier. The bulk density of corn pellets
was determined to be approximately 900 kg/m”.
These values were somewhat similar to
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Figure 4. Density of different biomass feedstocks.

findings documented by Mani et al (2006)
who tested the effects of compressive force,
particle size, and MC on mechanical properties
of biomass pellets. They reported a density of
approximately 130 kg/m® and moisture at 6.2%
for corn stover. They also reported pellet density
and MC of switchgrass pellets to be approxi-
mately 1150 kg/m® and 8%, which was consis-
tent with findings observed here. Similarly,
softwood and hardwood are approximately 9%
and 8% MC. Igathinathane et al (2010) reported
density of hardwood pellets and softwood chips
as 1200 kg/m® and 400 kg/m’, respectively, con-
sistent with values found in this study. Alfalfa
resulted in approximately 8% MC, which is con-
sistent with Tabil and Sokhansanj (1997) who
reported approximately 7% moisture. However,
the density of alfalfa pellets in this study was
found to be approximately 850 kg/m3 which was
less than the reported value near 1250 kg/m3 by
Sohansanj and Tabil. Bagasse resulted in approx-
imately 8% MC and 1000 kg/mS. Similar values
were documented by Erlich et al (2005) who
studied 6-mm Brazilian bagasse species resulting
in approximately 7% moisture and 1100 kg/m”.
Dairy manure and poultry litter pellets both
resulted in approximately 10% moisture and a
pellet density of approximately 1300 kg/m3.

Ash percentage of feedstock. The results from
determining feedstock ash content are summa-
rized in Fig 5. Pine pellets resulted in lowest ash
content of approximately 0.2%. The same
results were observed in the findings of Gil et al
(2010) who tested pine sawdust and reported
0.2% ash. Garcia-Perez et al (2007) compared
pine pellets to pine chips and observed 1.1%
and 0.5% ash, respectively. Cypress mulch
resulted in 0.7% ash, which was higher than
McKendry’s (2002) finding of 0.4%. It was
also reported that switchgrass resulted in 4.5%
ash which is higher than the value of 3.2% ash
observed in this study. Alfalfa also resulted in
a significantly high ash percentage of 12.16%.
Similar observations were made by Delong
et al (1995) while comparing various species
of alfalfa leaves (highest 11.01%). Bagasse,
corn, and switchgrass pellets all resulted in less
than 10% ash. These findings were similar to
the ones made by Raveendran et al (1995) who
found only 2.9% ash in bagasse and 6.8% ash
in corn. Erlich et al (2005) also found approxi-
mately 6.7% ash while comparing three differ-
ent species of bagasse. Bark nuggets resulted in
extremely low ash content of 0.79%, which was
consistent with Obernberger and Thek (2004)
who observed an average of 0.88% ash. Highest
ash content of 42% and 40% was observed in
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Ash (%)

Figure 5. Ash content of different biomass feedstocks.
dairy manure and chicken (poultry) litter pellets,
respectively. Similar results were observed by
Fantozzi and Buratti (2009) while comparing
poultry litter, bovine manure, and their mixture
for anaerobic digestion.

Ultimate and proximate analysis of feedstocks.
Ultimate and proximate analysis was carried out

to verify the difference in ash percentage and
calorific values of feedstocks. The carbon (C),
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Figure 6. Ultimate analysis of different biomass feedstocks.

hydrogen (H), and nitrogen (N) analysis was
done on different feedstocks and is represented
in Fig 6. Pine pellets resulted in approximately
40%, 4%, and 0.5% of C, H, and N content by
weight, respectively. These results were similar
to the findings of Garcia-Perez et al (2007)
and Sensoz (2003), which showed the values
of C, H, and N to be approximately 50%, 5%,
and 0.4%. Gil et al (2010) observed similar
results for C, H, and N (45%, 6.3%, and 0.1%,
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respectively). Hardwood and corn resulted in
37%, 3%, and 5% and 64%, 2%, and 0.5% of C,
H, and N, respectively. Bagasse resulted in
39.42% of C, 5.2% of H, and 0.4% of N, similar to
the findings reported by Kirubakaran et al (2009)
while conducting ultimate analysis of bagasse.
Similar results were confirmed by Raveendran
et al (1995) and Erlich et al (2005) who recorded
C, H, and N percentages for bagasse as 43.8%, and
46.9%, 5.8% and 5.49%, and 0.4% and 0.18%,
respectively. Cypress mulch resulted in 46.15%,
6.6%, and 0.23%, which was similar to the
values reported in McKendry’s (2002) analysis
(55% C and 6.5% H).

Comparison of energy efficiency of producer
gas from different feedstocks. The comparison
of gas composition of gasified feedstocks is shown
in Fig 7. The gas composition with highest
energy content is represented by the highest
combustible gas percentage. Figure 8 compares
the power produced by syngas combustion from
different feedstocks. Pine pellets produced the
highest combustible gas composition mixture
with approximately 18% CO and H, and 4% of
CH,4. Hardwood pellets also produced approxi-
mately 17% CO; however, it only produced 11%
H, and 4% CH,4. Hardwood does have a slightly

20 -

lower MC than pine, which would result in a
higher corresponding energy efficiency following
gasification. However, hardwood has a lower
hydrogen content than pine (37% and 41%) and
a significantly higher nitrogen content (5.5% and
0.5%). This could be a possible explanation for
why the resulting syngas from hardwood gasifica-
tion has a lower overall energy content than that
of pine gasification. Cypress mulch, bark nuggets,
and alfalfa were amongst the lowest combustible
gas composition producers, averaging a value of
19% of the total composition. In comparison,
pine pellets produced approximately 40% of pro-
ducer gas.

DISCUSSION

Based on the presented results, pine and hard-
wood biomass feedstocks show the most potential
among the studied feedstocks for effective energy
generation in a biomass gasification application.
This is primarily based on the fact that these two
samples yielded a fuel-gas mixture following
gasification with the highest energy content.
Although hydrogen and carbon monoxide are
the most abundant combustible products of bio-
mass gasification, methane content plays a signifi-
cant role in the overall calorific value of the gas

& Hydrogen

Volume %

E Carbon monoxide

Methane

Alfalfa Bark Corn

Nugget

Cypress
Mulch

Figure 7.

Hardwood  Pine

Gas composition resulting from the gasification of different biomass feedstocks.



Sharma et al—ANALYSIS OF BIOMASS AND AGRICULTURAL WASTES IN LOUISIANA 9

0.8

0.6

Power (MW)

0.4

0.2

0
Alfalfa

Figure 8.

mixture. The HHV of methane (38 MJ/m?) is
more than three times as large as hydrogen
(12.1 MJ/m3) and carbon monoxide (12.0 MJ/m3);
therefore, even a small difference in producer
gas methane composition can have a large effect
on the overall HHV of the gas mixture. High
feedstock carbon content is a critical chemical
feedstock characteristic in generating an energy-
rich producer gas. The pine and hardwood feed-
stocks had relatively high carbon content, while
simultaneously having low moisture and high
density. When considering mass balance of the
gasification system, a high feedstock carbon
content translates directly into the ability to form
more carbon monoxide and methane, resulting in
a product rich with combustible gas. Conversely,
elevated ash quantities in a feedstock sample, as
in the case of poultry litter and dairy manure,
would not yield high-quality producer gas. The
presence of inorganic compounds in a sample
that make up ash limit the amount of combustible
gas that can be ultimately generated from a given
feedstock mass.

Additionally, it is also important to have a signif-
icantly dense sample to increase the volumetric
efficiency of biomass conversion during gasifica-
tion. This is apparent in observing properties of
the woody biomass samples analyzed. Higher

Bark Nugget Cypress Mulch

Hardwood Pine

Corn

Power generated from combustion of gasification products from different biomass feedstocks.

density feedstocks provide more mass available
for conversion during gasification per unit volume.
While all four samples (pine, hardwood, cypress
mulch, and bark nugget) had very comparable
low ash quantities, cypress mulch and bark
nugget had much lower densities. When compar-
ing the energy produced through combustion
of producer gas from these feedstocks, cypress
mulch and bark nugget resulted in a much lower
energy output. Finally, low MC is also found to
be critical for successful feedstock gasification.
If the MC of the feedstock is too high, it was
observed during gasifier testing that biomass
inside the gasification unit tended to gel and
bridge, physically limiting the flow through the
unit. This had the practical effect of necessitating
shut down of the gasification system to clear any
blockages, resulting in an effectively unsuccessful
gasification run.

CONCLUSIONS

Physical and chemical properties of several differ-
ent biomass samples were analyzed to assess
their viability for use in biomass gasification. It
was found that pine had the greatest feedstock
HHYV among those studied with the lowest HHV
belonging to corn and poultry litter. Animal
wastes showed the highest density, whereas
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cypress mulch and bark nuggets showed the
lowest densities. The low densities of cypress
and bark are attributed to density measurement
taking place on the sample in its natural form,
rather than measuring a pelletized sample. Corn
showed the highest moisture percentage, with
pine, hardwood, and cypress mulch having the
lowest moisture. Ultimately, it was shown in this
research that among the studied feedstocks, pine
and hardwood performed most effectively in
biomass gasification. This is evidenced by the
high amount of combustible gases generated
from these two samples and subsequent high
energy output following combustion of these
gases. Analysis of the physical and chemical
properties of biomass, as presented in this study,
shows the potential to be an affordable and
promising method by which to identify or esti-
mate which feedstocks could be most effective
in biomass gasification. Low moisture, low ash
content, high carbon content, and high density
are concluded to be of critical importance for
gasification feedstock selection.
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