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Abstract

The present work analyzed the energy generation potential of Buriti (Mauritia flexuosa L. f.) by thermochemical reac-
tions. The experimental part of the study performed immediate analyses, elemental analyses, lignocellulosic analysis,
thermogravimetric analysis, calorific values, and syn gas concentrations measurements of the gasification of Buritiin a
fixed-bed reactor. Additionally, numerical simulations estimated the syn gas concentrations of the gasification reactions
of Buriti. The immediate analysis showed that Buriti has the highest ash content (4.66%) and highest volatile matter
content (85%) compared to other Brazilian biomass analyzed, but the higher heating value was only 18.28 MJ.kg™". The
elemental analysis revealed that the oxygen to carbon ratio was 0.51 while hydrogen to carbon ratio was 1.74, indicating
a good thermal conversion efficiency. The Lignocellulosic analysis of Buriti resulted in a high content of holocellulose
(69.64%), a lignin content of 28.21% and extractives content of 7.52%. The thermogravimetry of the Buriti indicated that
the highest mass loss (51.92%) occurred in a temperature range between 150 °C and 370 °C. Lastly, the experimental
gasification study in a fixed-bed updraft gasifier resulted in syn gas concentrations of 14.4% of CO, 11.5% of CO, and
17.5% of H, while the numerical simulation results confirmed an optimal equivalence ratio of 1.7 to maximize CO and
H, concentrations. Therefore, based on the results presented by the present work, the gasification process is adequate
to transform Buriti wastes into energy resources.
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1 Introduction

The growing and diversified waste production, linked to
intensive urbanization and the use restriction of free areas,
leads to proposing viable and economical management
solutions, in order to potentialize reuse and reduce waste
production [1]. Growing importance in the use of renew-
able energies (biomass, solar, wind, etc.) aiming sustain-
able development and circular economy promotion [2].
Biomass used for energy production stands out in this
integration context, not only in a more sustainable pro-
duction context, but also in an entire waste management
chain. Among several biomass conversion technologies,
thermochemical processes (pyrolysis, gasification, com-
bustion, hydrothermal carbonization, roasting) point to
diverse possibilities, gasification technology, add to those,
has been considered a more attractive process in order
to convert biomass with better conversion efficiency [3]
into various final products, such as: biochar, bio-oil and
synthesis gas [4].

Some studies on gasification address the use of woody
materials as raw material for producing synthesis gas
(since it is a biomass type already widely used for several
other products), such as its use in downdraft gasifiers
[5-8]. However, other biomass types can also be inserted
in this conversion chain, being clearly evaluated aspects
regarding nature, chemical composition, environmental,
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in addition to economic and logistic factors linked to their
origin [4]. Thus, several inputs profiles are studied towards
making other biomass purveyance feasible, such as: agri-
cultural crops waste [6], forest waste [7], waste generated
in agro-industrials steps, organic portion of the urban solid
waste (USW) [8] and animal fertilizers [9].

A resource that assists in viability evaluation of a certain
biomass in conversion process is simulation, especially for
gasification, these processes are already widespread. The
mathematical modeling aims to analyze thermochemical
processes during gasification, assessing the main input
variables influence, such as the fuel (biomass) character-
istics, evaluating its effects on generated products proper-
ties, according to reaction conditions [10]. A zero dimen-
sion (0D) mathematical model for continuous flow of
biomass gasification in fixed bed gasifiers was developed
and studied in order to assist the decision making about
the process (type of reactor, better conditions based on
yield). This model was also used to optimize operational
conditions (scale up, industrial control strategies and per-
formance evaluation after changing operational condi-
tions) and predict a possible experimental result from a
thermochemical process.

Buriti (Mauritia flexuosa L. f.) belonging to Arecaceae
family is considered a Brazilian palm tree, which is found
mainly in waterlogged and wet areas in Brazil’'s Midwest,
North and Northeast regions. Presenting diversified
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Fig. 1 Buriti fruit origin and structure

composition in each one of its parts, this plant has a mul-
titude of applications in food industry, cosmetics produc-
tion, crafts and fuels [11]. The fruit maturation occurs from
October to March in female plants and presents two colors
type at the mesocarp (orange and reddish) [12]. Its fruit is
elliptical to oval and comprises pericarp (peel), mesocarp
(pulp), endocarp (lignocellulosic tissue from seed bark)
and endosperm (seed) [13], as shown in Fig. 1.

Buriti fruits are economically exploited for a variety of
purposes, such as extraction of edible oils (powerful ver-
mifuge [13]), cosmetics fabrication (burn treatment [14],
sunscreen [12, 14, 15], lotions [12]), beverage production
(juices [12], liquor), ice creams [12, 15], sweets [12] or dehy-
drated pulp [12]. This plant demand is growing, as the larg-
est fruit producers in Brazil (North and Northeast regions)
harvest already an average of 70,000 tons per crop. From
its processing, waste is generated, like its endocarp with a
lignocellulosic structure, which has already been studied
as possible source for second generation ethanol produc-
tion. The endocarp is one of this fruit parts that has no
industrial destination and, due to its composition, can be
inserted in energy reuse process [15].

Buriti fruits incorporate a series of other Brazilian native
fruits commercially exploited by rural extractive settle-
ments, which are organized into cooperatives for harvest-
ing and marketing. These communities live in locations
with difficult access to electricity and rely on diesel genera-
tors to supply their needs [15].

In light of these considerations, the inclusion of agro-
industrial waste in energy scenario and biomass gasifica-
tion technology as means of harnessing energy, this paper
is divided: characterization of the the Buriti endocarp, eval-
uate its feasibility for gasification process through math-
ematical simulation and, finally, to proceed experimental
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gasification tests on a pilot scale. So that it is possible
to provide new process data for a complete assessment
about the use of agro-industrial waste in agro-extractive
communities’ energy supply.

2 Materials and method
2.1 Materials

The experiments proceeded with the Buriti endocarp
(called EB henceforth), obtained through the processing
of a farm located in Goids state, Brazil's Midlewest region.
This plantation belongs to the Network Marketing Partner-
ship of Family Farmers and Collectors of Cerrado, known
as COOPCERRADO or Cerrado Emporium (Empério do
Cerrado), which produces, manufactures and sells Cer-
rado fruits, such as Baru, Jatoba, Buriti, Pequi, and others.
For sample preparation, the forest residue was ground
and standardized using a sieve shaker, brand Betel with
sieves 40 ABNT/ASTM (40 Mesh) for gasification process
and 60 ABNT/ASTM (60 Mesh) for immediate analysis and
characterization process. The agitator was programmed
for 20 min and vibrations of 7 rpm and the samples were
stored in polyethylene bags at room temperature, pro-
tected from light.

2.2 Immediate analysis

Immediate analyses were performed according to the
Brazilian Association of Technical Standards (ABNT, NBR
8112/86) with adaptations. These analyses provide the
fractions by weight of moisture, volatiles, ash and fixed
carbon.
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2.3 Elemental analysis

Elemental analyses were performed according to the
Brazilian Association of Technical Standards (ABNT, NBR
E775,E777, E778 and E870). These analyses provided the
fractions by weight of the main elements in biomass com-
position. Carbon (C), nitrogen (N) and hydrogen (H) were
determined in a Perkin ElImer 2400 Series Il CHN Elemental
Analysis equipment. Other components were determined
using a Shimadzu X-ray Fluorescence (XRF) spectrometer
(model EDX 720) with Rhodium tube as X-ray source. Oxy-
gen (O) was calculated from the results obtained from CHN
and XRF/EDX.

2.4 Lignocellulosic analysis

Soluble and insoluble lignin contents were determined
using laboratory analytical procedures from the National
Renewable Energy Laboratory (NREL, LAP 003 and
004/1995). In addition, total extractives were quantified
in ethanol: toluene (2:1, v/v) accordingly to TAPPI Stand-
ards & Methods (T 204 om-88) with adaptations. The
holocellulose content without extractives was calculated
by subtracting the full content of lignin and ash without
extractives.

2.5 Thermal analysis (TGA/DTG/DTA)

Thermogravimetric analysis (TGA)/Derivative Thermo-
gravimetry (DTG)/Differential Thermal Analysis (DTA)
curves were obtained in a TA Instruments SDT 2960 ana-
lyzer using 10 °C min~" of heating rate from room tem-
perature to 1000 °C and 100 mL min~" of synthetic air
flow (80+0.5 of N, and 20+0.5 of O,—purity >99.999%)
or nitrogen (purity >99.999%).

2.6 Calorific value

The determination of higher heating value (HHV) of the
studied biomass was established according to the Brazilian
Association of Technical Standards (ABNT, NBR 8633/84)
using an IKA calorimeter C 2000 BASIC.

2.7 Numerical simulation

A simplified 0D model was implemented in Engineering
Equation Solver (EES) to simulate the Buriti biomass air
gasification reaction. The model supposed that the bio-
mass would entirely react into gas. Additionally, chemi-
cal equilibrium state was assumed, and the influence of
equivalence ratio on produced gas composition was evalu-
ated, while ash content and tar reaction were neglected.
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The numerical model applied in this study is similar to the
model previously published by Itai et al. [16].

2.8 Gasification experiments and gas analysis

The gasification process was performed in a small-scale (7L
capacity) counter-current (updraft) gasifier made of stain-
less steel. A ceramic fiber blanket was installed to enhance
heat distribution. Experiments started with 400 g of EB and
10 mL of ethanol to initialize the burning process (20 min).
After that more 400 g of EB were added and the reactor
top was closed for the gasifying process to occur (air flow
was constant at 3.5 Nm> h™"). The produced gases were
collected 20 min after the closure of the reactor top, and
two other collections were made with 10-15 min between
the sampling. The reactor design and the detailing process
of experiments can be found in a report previously pub-
lished by Evaristo et al. [17].

To perform the collected gases analysis, a GC-17 equip-
ment from Shimadzu was used with following condi-
tions: Carboxen 1010-Plot column, splitless injection,
temperature injector of 200 °C, pressure of 15 kPa, total
flow of 30 mL min~!, column flow of 2.47 mL min~', argon
(purity >99.998%) as carrier gas and a thermal conductiv-
ity detector (TCD). To determine concentration (v/v) of the
collected gases in the gasifier, linear standard curves were
prepared by diluting each gas volume to be analyzed with
pure N, in a gastight Hamilton syringe. All linear equations
and determination coefficients (R?) were obtained from
peak intensity versus the gas volumetric concentration.
Evaristo et al. [17].

The Fig. 2 presents a flowchart with the main steps
developed in this work.

3 Results and discussion
3.1 Immediate analysis

The biomass composition and choice of the conversion
route are intertwined. Certain biomasses are more suitable
for specific processes than others, having their physico-
chemical characteristics in sight, a best exploitation with
maximum biomass yield can be achieved. Thus, Table 1
presents the Buriti endocarp main characteristics (immedi-
ate and elementary analysis) and it also presents examples
of other residues used in the gasification process.

EB moisture content is close to the other residue values
listed in Table 1, except to Acai Seeds’value [18-20]. Mois-
ture is especially important for thermochemical process
since it is a variable associated with the intrinsic charac-
teristics of initializing the heating process. Biomass with
high moisture content spend more energy during the first
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Fig.2 Flowchart of the experimental procedure that was performed in this study

Table 1 Proximate and ultimate analysis of Endocarp of Buriti (EB),
Acai seeds (AcS), Pine bark (PB), Almond shells (AS) and Coconut
shell (CS)

Analysis EB (This work) AcS[16] PB[18] AS[19] CS[20]
Moisture (as 8.81 15.48 10.10 7.00 3.00
is)
Proximate analysis (wt%, dry basis)
Volatile mat-  85.00 79.93 70.18 78.23 77.94
ter
Ash 4.66 1.39 0.95 271 0.65
Fixed carbon  10.34 18.68 28.87 19.06 18.06
Ultimate analysis (%)
C 53.30 46.04 55.49 45.64 54.68
H 7.80 6.77 5.56 6.19 7.15
N 1.10 7.99 0.17 <0.05 0.58
o 36.12 38.38 37.74 4543 39.12
H/C ratio* 1.74 1.75 1.19 1.62 1.56
O/C ratio* 0.51 0.63 0.51 0.75 0.54
Higher heat-  18.28 18.14 19.99 - 20.19
ing value
(MJKg™)

*Molar atomic ratio

step of themo-conversion, when this energy is destined for
vaporizing the water implicating in the reduction of total
process efficiency [21]. Analyzing the reactions involved in
gasification process it might be observed that water par-
ticipates in the reduction zone through water—gas shift
reaction and steam methane reforming that contribute
to H, production. That way moisture does not entirely
represent an issue to thermo chemical process since it

will participate in part with the resulting syn gas profile,
but before that the first impact about higher moisture is
associated with reduction in higher heating values, thus,
it is always a parameter that must be well known and
regulated to gasification operation [22]. That way is rec-
ommended for biomass to have moisture between 5 and
30% [21]. Moisture is also associated with storage stand-
ards since high moisture content implicate in the prolif-
eration of micro-organisms that deteriorate the feedstock,
that way pre-treatment like drying procedures are recom-
mended to maintain biomass stability during transporta-
tion or storage.

As for volatile materials content, EB material (85%) is
higher than the ones related to almond shells, coconut
shell, acai seeds and pine bark (approximately 78%, 78%,
80% and 70%, respectively). The value found is similar to
wood ones (70-85%) [17] and result in higher gas produc-
tion in combustion. Thus it is expected to burn faster and
to present greater tar production and less flame stability
[17].

Buriti endocarp showed ash content (4.66%), this does
not impact the process efficiency, as it will not interfere
with the calorific value or heat transfer. It would not even
result in clogging and scale deposits in the equipment.
Besides, there are studies in literature that report various
uses of residual ash as sorbents, building materials and
fertilizers, fuel supplements in energy production or indus-
trial applications, such as burning clay bricks and cement
kilns [3].

EB fixed carbon content (10.34%) is the smallest among
all listed biomasses. Thereby this result corroborates the
volatile content result, indicating that its combustion
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Fig.3 Van Krevelen diagram of atomic ratios for biomass (EB Endo-
carp of Buriti, AcS Acai Seeds, PB Pine Bark, AS Almond Shells, CS
Coconut Shells, FPB Fruit Peels of Baru, BJC Bark of Jatoba-do-Cer-
rado tree)

will be faster and the biomass residence time inside the
reactor will be shorter, and so a constant biomass feed
that can be controlled by generated products profile (gas
concentration, flame intensity, flame permanence) will be
necessary [23].

Elemental analysis showed a carbon content of 53.3%,
similar to other referenced biomasses, as well the content
of hydrogen (7.8%), nitrogen (1.1%) and oxygen (36.1%).
Based on these data, especially carbon content and O/C
ratio, good conversion efficiency is expected (and greater
resistance to thermal degradation), this being important
for fossil fuels production [24]. The high carbon content
and the respective fixed carbon content may also favor
obtaining coal intended for other applications, or even
for increasing energy density and application in gasifi-
cation technology itself [25]. The low nitrogen content
can be considered a positive aspect for lignocellulosic
biomasses submitted to thermochemical processes, as
they contribute to reduce environmental impact and air
pollution caused by the formation of subproducts as NO,
compounds [26].

For thermochemical conversion processes H/C and O/C
ratios are more important than just the appropriate H, O
and C content. The higher values of H/C and O/C result in
lower calorific values due to the lower amount of energy
contained in the carbon-oxygen and carbon-hydrogen
bonds compared to carbon-carbon bonds, which is
characteristic of biomass represented by fixed carbon
content. Figure 3 shows correlations between hydrogen/
carbon (H/C) and oxygen/carbon (O/C) ratios for several/
different biomasses in the Van Krevelen diagram. These
proportions are associated with aromaticity degree (H/C)
and carbonation (O/C) of the samples [27]. As can be seen
in Fig. 3 EB is positioned in the first quadrant of the Van
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Krevelen diagram, located close to the acai seeds (AcS).
The biomasses in Table 1 were added to the diagram along
with two other biomasses from Brazilian Cerrado, the fruit
peels of baru (FPB) and bark of Jatoba-do-Cerrado tree
(BJC) [17]. In this simple analysis, it is possible to observe
that all biomasses associated with seed or fruit peels, as is
the case of EB, AcS, FPB, AS and CS have higher H/C val-
ues than biomass of woody origin as is the case of PB and
BJC (two tree barks). This proximity may be related to such
biomasses constitution, associated precisely with their ori-
gin, even so, other biomasses would need to be studied in
order to have a statement that adds the diagram analysis,
i.e. studies of chemical composition.

The Buriti endocarp presented a HHV of 18.3 MJ kg™,
the other biomass (AcS, PB and CS) used for comparison
ranged from 18 to 20 MJ kg~'. According to Rocha et al.
(2017) [28], HHV is directly related to the fixed carbon
content (where carbon content in higher temperatures
will directly participate in syngas formation) and is also
associated with the volatile matter (favorable in pyrolysis
zone) and ash content, regardless of the biomass used [17,
20]. According to Nogueira and Lora (2003) [29] lignocel-
lulosic biomass with high levels of volatile matter tend to
burn faster requiring operational adjustments in the reac-
tor since it will take less residence time, that way besides
some of those variations in immediate analysis values the
process can be modified. In view of these correlations, it
was observed that EB presented the lowest fixed carbon
content and highest volatile matter and ash content com-
promising the HHV observed. This analysis by itself does
not represent the actual performance of those biomass
when submitted to a certain kind of process since other
compositional and process variables will also affect the
final results.

The immediate analysis results show that Buriti endo-
carp has desired characteristics and its use in thermo-
chemical processes is indicated [30]. Based on Table 1
data, the gasification mathematical modeling proceeded
in order to access a profile of generated gases. The com-
parison with other biomasses was also reported and pre-
sented in Table 4.

Table 2 Lignocellulosic biomass composition

Analysis Endocarp Acai seeds Almond  Coconut
(wt.%) buriti (This [35] shells shells
work) [19] [33]
Lignin 28.21 37.16 33.00 44.77
Holocellulose 69.64 56.00 - 54.96
Extractives 7.52 230 - 0.27
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3.2 Lignocellulosic analysis

Lignocellulosic analysis is presented in Table 2. Buriti endo-
carp presents a high content of holocellulose when com-
pared to values of almond shells [27] (56%) and coconut
shells [31] (54.96%); it also presents a similar lignin con-
tent (28.21%) to almond shells (33.00%) and an inferior
value compared to acai seeds (37.16%) and coconut shells
(44.77%). Buriti endocarp extractives content (7.52%) is
superior to the ones presented in acai seeds (2.3%) and
coconut shells (0.27%). Rodrigues et al. [15] also studied
Buriti endocarp, finding lignin and holocellulose values
of 24.50% and 44.36%, respectively. As biomasses vary
in different ways, fixed values were not found for each
analysis, but a range of values was. This happens because
each plant final constitution is subject to various influence
types, such as climate, soil pH, harvest season, etc. It is
important to highlight that lignocellulosic composition of
each type of biomass will influence the burning process
(affecting its calorific value), since not only the content
of each of its components will make difference, but also
structural morphology of its distribution will affect the
process. In that way, even biomasses with similar com-
position may have different conversion profiles due to its
origins, woods, tree barks, fruit shells, roots, seeds, tree
pruning, among many other examples of lignocellulosic
biomass [32].

Rambo et al. [33] report that higher calorific values
result from samples with higher lignin and extractives
content because they have less oxygen, that is, lower O/C
values, than the polysaccharides present in holocellulose
(cellulose and hemicellulose).

Lignin and holocellulose contents found for the bio-
mass analyzed in this study are favorable to bioenergy
generation through thermochemical processes, espe-
cially by gasification. According to Sikarwar et al. [21],
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Fig. 4 Buriti Endocarp TG/DTG

Table 3 Degradation zones of EB thermal analysis in synthetic air

Degradation  Mass loss (%) Temperature Temperature
zones range (°C) Maximum (°C)
1 8.42 31-150 62.52

2 51.92 150-370 276.59

3 18.65 370-460 449.83

4 18.24 460-510 482.56

the proportion of cellulose and hemicellulose is directly
related to the yield of gaseous products. Therefore, the
greater the proportion of cellulose and hemicellulose to
lignin in a given biomass, the greater the favoring of the
formation of gases inside the reactor. Previous knowledge
about the main physical and chemical characteristics of
the Buriti endocarp was essential for planning this residue
use. [34].

3.3 Thermal analysis

Thermogravimetric (TG) analysis was performed to deter-
mine biomass thermal stability through mass losses over
rising temperature and residual (unburned) material pre-
sent in coal sample, in order to improve the final use of any
sample produced during any fuel combustion [35]. In Fig. 4
and Table 3, five significant losses can be seen.

The first decomposition zone in TG/DTG curve is related
to 31-150 °C range, where there is loss of chemically and
physically adsorbed water in EB structure and loss of other
substances of low molar mass, equivalent to a mass loss
of 8.42% [36]. This value is consistent with the one found
in moisture immediate analysis, 8.81%. The temperature
maximum peak of this zone was 62.52 °C for EB.

The second decomposition zone in TG/DTG curve cor-
responds to 160-370 °C temperature range, in which the
greatest mass loss, of 51.92%, is observed, coinciding to:
hemicellulose degradation that occurs between 160 °C
and 260 °C [36]; beginning of cellulose degradation
between 240 °C and 370 °C; and beginning of lignin degra-
dation in 150-300 °C range, where the ether and aromatic
bonds break, close to 300 °C [37]. Hemicelluloses have a
simpler and less organized structure (amorphous confor-
mation) when compared to cellulose that has a crystallin
and organize conformation. Such molecular differences
result in the profile of degradation observed where a much
more organize and stable structure tend to be more ther-
mal resistant (cellulose) and a more non-organize struc-
ture with lower molecular weight (hemicelluloses) decom-
pose first. In correlation with the application studied in this
work, the thermo-degradation of hemicelluloses in lowest
temperatures tend to form non-combustible gases and tar
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Fig.5 Buriti Endocarp DTA

during the burning process.[21] EB showed a temperature
maximum peak at 276.59 °Cin DTG curve zone.

The third decomposition zone of TG/DTG curve is
related to cellulose and part of lignin degradation, cor-
responding to 370-460 °C range in which a mass loss of
18.65% is observed, when an intense scission on celluloses
polymer chains (depolymerization) happens, accompanied
by lignin decomposition [38], with cellulose decomposi-
tion being the dominant process at this stage. Cellulose is
responsible for the production of most flammable vola-
tile compounds [39]. EB showed a temperature maximum
peak at 449.83 °Cin DTG curve.

The fourth decomposition zone of TG/DTG curve corre-
sponds to 460-510 °C range, which presents 18.24% mass
loss, related to the end of lignin degradation, when car-
bon-carbon bonds are broken at temperatures between
370 and 400 °C. The temperature maximum peak of this
zone was 482.56 °C for EB. By the end of these steps, the
resulting residue consisted of 1.87%.

DTA curves of Fig. 5 showed 4 striking peaks. The first
one at a 69.66 °C temperature, featuring endothermic
process related to the following events: water evapora-
tion and decomposition of low molecular weight organic

compounds. And the remaining 3 peaks at 308.52 °C,
443,18 °C and 482.56 °C temperatures characterize pre-
dominantly exothermic processes that correspond to
organic matter combustion/pyrolysis related to heavier
organic chains compounds.

3.4 Numerical gasification simulation

Numerical simulation results were compared with simula-
tions results published by Itai et al. [16], Pérez et al. [40],
Masmoudi et al. [27]. Table 4 presents values comparison
of CO, CO,, H, and CH, concentrations, simulated for Buriti
when the equivalence ratio condition resulted in maxi-
mum CO concentration and respective works comparison.

The present work results refer to numerical gasification
model in chemical equilibrium described by Itai et al. [16].
Values presented by Itai et al. [16] refer to numerical mod-
eling results of Acai seed gasification, Masmoudi et al. [27]
comment almond shell results and Perez et al. [40] discuss
about pine bark, all of these studies were chosen due to
their use of downdraft gasifiers for analysis. In addition,
Tables 1 and 2 show marked differences between Buriti
endocarp and other materials, such as: high content of
volatiles and ash, highest H/C ratio along with acai seed
and lower lignin content. As consequence, BE gasification
reactions are optimized with 1.7 equivalence ratio, closest
number to stoichiometric value compared to other ana-
lyzed biomass types, resulting in lower CO and CH, con-
centrations, also indicating that it may result in low tar and
heavy hydrocarbons production.

Although Table 4 presents a comparison over synthe-
sis gas species optimized concentrations, in comparison
to other biomass types, it was important to analyze the
equivalence ratio influence on species concentrations, as
well as the adiabatic reaction temperature. Figure 6 shows
numerical simulation results with variation in equivalence
ratio as a function of species concentrations.

Hydrogen concentration increases with equivalence
ratio (¢) up to maximum value of 12.29% for ®=2.0. Maxi-
mum CO concentration was obtained at 1.7 equivalence
ratio. CO and H, concentration values shown in Fig. 5, for

Table 4 Comparison of

- Biomass Buriti endocarp Acai seed [16] Almond shell [19] Pine bark [18]
published results [17, 27, 40] (This work)
with simulated results in the
present work T gasification (°C) 976.93 816.45 1486.85 813
Equivalence ratio () 1.7 2.14 2.06 3.07
air/biomass
CO, % vol 9.6 14.4 17.56 17.29
CO,, % vol 11.5 11.9 13.34 10.82
H,, % vol 9.5 16.4 7.12 10.45
CH,, % vol 0.18 04 1.01 0.21
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Fig.6 Volumetric percentage
of gas species resulting from

the numerical simulation of 18%
Buriti Endocarp gasification 16%
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Table 5 Composition of the gasification gases of diverse biomasses

Biomass Buriti endo-  Acai seed Almond  Pine bark*
carp (This [16] shell* [18]
work) [19]
Air/ Biomass 2.0 2.14 2.06 3.07
CO, % vol 14.4 11.30 14.48 16.17-26.98
CO,, % vol 11.5 - 11.55 6.92-15.28
H,, % vol 17.5 12.80 8.58 12.76-20.75
CH,, % vol - 1.30 3.85 1.16-3.70

*Downdraft gasifier

equivalence ratio between 1.7 and 2.0, indicate optimal
gasification condition for both gases. For ¢ values between
1.7 and 2.0, the adiabatic temperature (T) was respectively
976.93 Kand 902.22 K. It is observed that T values decrease
constantly with rising ¢, that is, for pyrolysis conditions
(high ¢ values) the reaction becomes endothermic, with
significant CH, production.

The simulation points out that it is possible to gasify this
study chosen biomass with good H, and CO values, impor-
tant gases for this process; they are also responsible for the
gas calorific power and consequently for its direct appli-
cation in energy production. Finally, theoretical results
obtained with the proposed model were compared with
experimental results produced in these investigations,
using a small-scale gasifier.

3.5 Small scale gasification tests
Once the model has been validated and optimal equiv-

alence ratio (¢ =2) has been found, a pilot-scale inves-
tigation proceeded on an updraft gasifier, aiming the
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experimental feasibility evaluation of Buriti waste syngas
generation.

According to Hasler and Nussbaumer (1999) [41] and
Han and Kim (2008) [42] the typical synthesis gas com-
position generated by gasification process in countercur-
rent reactors (updraft) using air as gaseous agent is the
following one: 10-14% of H,, 15-20% of CO, 8-10% of CO,
and 2-3% of CH,. Through the comparison, presented in
Table 5, between the literature gases generated by gasi-
fication and the gas generated by the Buriti endocarp
gasification, it is possible to conclude that the gasification
process took significant place. The high H, (17.5%) and CO
(14.4%) content exceeded the expectations presented by
the applied simulation model. This result computes not
only the possibility of generating energy from gas, suppos-
ing it is subjected to purification, but also shows its appli-
cation in processes such as hydrocarbon production and
other chemical processes with greater added value. The
initial idea is primarily justified by the concept of energy
generation, due to origin and context of the studied agro-
industrial waste production. Of the components produced
during reactions, CO, H,, CH, and hydrocarbons are ener-
getically active. Other components, such as CO, and N,
are inert and contribute to dilute the gas and reduce its
calorific value.

Comparing numerical values, this study showed a dis-
crepancy between obtained values, experimental results
and other authors’ predictions, as shown in Table 5. How-
ever, obtained values are acceptable for 0D prediction
model in fixed bed gasification phenomenon.

The simulated and experimental values results showed
that volumetric % of produced gas in equivalence ratio of
2.0 presented the following composition: CO—increased
from 9.6 to 14.4; H,—increased from 12.3 to 17.5; CO,—
decreased from 13.7 to 11.5. This same behavior can be
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observed for almond shell [27] and pine bark [40] bio-
masses. About acai seed, the opposite of what is described
in this work has occurred.

Itai et al. [16] reported that dissimilarity fact in experi-
mental and theoretical results can be explained by several
factors. One of them is that the proposed mathematical
model does not take thermal losses into account, which
partially explains this super prediction. If heat losses are
considered, numerical results generally approach experi-
mental ones. In that way, these models generally overesti-
mate the H, and CO yields, they underestimate CO, yields
and predict a free flow of CH,, tars and coal. Such facts
may infer that a numerical analysis of the process shows
minimum composition values of a gas produced by deter-
mined biomass conversion.

Pasangulapati et al. [43] reported that vegetal biomass
chemical composition significantly influences the gas
release profile in thermochemical processes, that being
pyrolysis or gasification, concluding that high levels of
cellulose and hemicellulose can generate higher CO and
CO, concentrations, and that high lignin levels can gener-
ate a higher CH, concentration. Comparing CO and CO,
concentrations results obtained from Buriti endocarp with
the ones from aforementioned literature, it can be con-
cluded that Buriti generated gases richer in CO, since its
biomass showed a high holocellulose value (69.64%) in
chemical analysis.

The presented results were obtained in a small-scale
gasifier that meets the perspective of studying biomass
gasification process viability, beyond that, the used gasi-
fier model and type largely matches the process type
that can be used to convert residue at the place where
it is generated. The small-scale reactors design may be
associated with the used biomass intrinsic characteristics
[44]. The general idea is to propose a system that meets
regional context of agro-industrial residue production,
which instead of being discarded can be converted into
energy to feed the production and processing of fruits,
seeds, among other inputs produced by this activity type.

3.6 Sustainability and green energy technologies
in Brazil

The thermophysical assessment of residual biomass of Bur-
iti as energy resource was presented in this work. However,
the effective viability to make real the energy potential,
depends on the availability of biomass, the energy conver-
sion technologies, energy balance, and local government
interest. From the point of view of availability and energy
balance, two works [45, 46] indicate that biomass residues
in Brazil represent a viable energy potential. Moreover, the
biomass already plays an important role in Brazilian energy
matrix. In 2020, sugar cane products shared 18% of the
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Brazilian energy matrix and the total biomass shared 8.4%
of the electric energy matrix. Lora and Andrade [45] evalu-
ated the importance of biomass in the Brazilian energy
matrix and the biomass electric energy generation poten-
tial for sugar and alcohol sector, paper and cellulose sec-
tor, agricultural residues, timber residues, energy forests,
and oleaginous plants. It is worth to notice that residual
biomass from Buriti is in the category of oleaginous plants.
The study of Ferreira-Leitdo et al. [46] evaluated the poten-
tial uses of biomass residues not only for electric energy
generation, but to produce renewable fuels and chemicals.
The authors [46] analyzed the potential residues of sugar
cane, soya, citrus, cassava, corn, coconut, rice, wheat, and
compared the Brazilian biomass potential to several coun-
tries and regions of the World, also presenting the con-
solidated technologies of conversion. However, differently
from Lora and Andrade [45], the work of Ferreira-Leitdo
et al. [46] did not indicate subsidies or how local govern-
ment could make viable the use of biomass residues as
energy, fuels or chemicals. Hall et al. [47] analyzed the use
of biomass energy in developing countries, including Bra-
zil, and more recently Rosillo-Calle [48] reviewed six main
issues affecting biomass energy. Among those issues, is
worth to mention the sustainability, subsidies, and energy
balance.

Concerning the energy conversion technologies, most
of the biomass wastes in Brazil are used in combustion
process of thermal power plants with high installed power
above 1 MW, and some above 100 MW. Gasification sys-
tems are better option for installed power less than T MW.
Moreover, the commodity chain of Buriti is based on small
communities production that are mostly isolated from the
electric grid and need to generate their electricity using
diesel generators [16, 49-51]. The Brazilian Amazon and
Midwest regions have hundreds of small communities in
this same scenario of electric isolation, availability of bio-
mass wastes from the process of forest products, and the
use of a diesel generator. Even for those small commu-
nities, the energy balance is positive when replacing the
diesel energy by the energy of biomass residues, both in
combustion systems with steam turbine power plants and
gasification reactor connected to an internal combustion
engine generator [22].

Sustainability is based on three dimensions: environ-
ment, social and economy. Therefore, the use of biomass
wastes and substitution of diesel by renewable energy,
sustains the environmental dimension. The economy is
easily sustained in those communities due to the pro-
cess of Buriti products and would improve if the residual
biomass could be used as energy resources. The energy
aggregated value for the wastes may represent more
economic development based on the energy intensity
definition, that the GDP and energy use are correlated. At
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the same time, the investment costs are elevated for the
installation of a thermal power plant in small communi-
ties to use Buriti as energy source. In contrast, gasification
systems with internal combustion engine generators have
average installed power lower than the thermal power
plants and need less investment costs. Therefore, gasifi-
cation systems are more accessible to the small Brazilian
communities that live based on the economy of the Buriti.
In terms of social sustainability, the Brazilian experiences in
Amazon region have shown that energy systems installed
in isolated communities improved the local production of
wood, fruits, oil and fish, increasing the number of jobs,
the income and housing [49, 50].

Nevertheless, the biofuel programs implemented by
Brazilian government, such as ethanol and biodiesel,
have confirmed that government subsidies are essential
in the beginning to subsequently reach a condition of a
selfsustained sector. Brazilian government can promote
the integration of the chain of Buriti products with sustain-
able energy generation in small communities using the
biomass residues as energy sources. The Brazilian govern-
ment have expertise in implementing similar programs
such as “Light for All” (Luz para Todos, in Portuguese) that
invested in energy generation integrated to the local pro-
duction in small communities in Amazon region [49, 50].
The Program “Light for All” was active from 2003 to 2014,
provided electricity access to more than 14 million people
in Brazil, and specifically 3 million people in the Amazon
Basin. Yet, there are still circa one million people living
without electricity in the Amazon region [51].

In conclusion, the use of Buriti biomass residues would
be viable from the point of view of the energy conversion
technologies presented in this work, with positive energy
balance. Also, the use of Buriti residual biomass as energy
source would offer sustainability. Yet, only local govern-
ment subsidies would leverage and make real the energy
potential of biomass residues such as Buriti.

4 Conclusions

Previous knowledge about the main physicochemical
characteristics of Buriti endocarp was essential for plan-
ning its residue use through harnessing energy route. By
presenting low extractive content, high volatile content,
high calorific value and a sufficient amount of lignin con-
tent, gasification technology aiming synthesis gas genera-
tion has been proposed. The use of mathematical models
before experimental application indicated a good syn-
thesis gas composition for Buriti gasification process and
found that the best equivalence ratio for this biomass was
2.0, in which H, and CO concentrations are theoretically at
their maximum. Following experimental gasification tests,

it was confirmed that the simulation presented a satisfac-
tory forecast of the gasifier performance, and simulation
obtained results, using the proposed model, demonstrate
to be in accordance with experimental data.

As a result, Buriti endocarp incorporates the genera-
tion of potential income for rural extractive community,
representing an alternative for communities that works
with derivative activities from Buriti fruit to access energy
sources from their waste, depending less on diesel acqui-
sition and promoting its energy independence, circular
economy and sustainability to the community.
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