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Abstract

Thermochemical processes prove to be a sustainable way of using residual biomass,
replacing non-renewable sources such as coal and petroleum derivatives, and serving as a
means for the creation of Synthesis Gas, or Syngas, mostly consisting of hydrogen gas and
carbon monoxide, which is the basis for the chemical industry and power generation. The
modeling and simulation of this process is feasible, as it portrays real gasifiers, such as
Downdraft type gasifiers, in order to test variables and verify the system's behaviors when
changing them. However, there is still some difficulty in modeling Pyrolysis, due to the
complexity of this process, as well as predicting the tar generated during the process. Thus,
the present study aims to model and simulate using the UniSim Design software, the
gasification of three biomass residues from Portuguese agriculture: grape marc, olive trees,
and corn straw residues, in an attempt to predict Syngas production under different process
conditions and validate the method proposed comparing with data from the literature.
Pyrolysis modeling was performed using a second-order model based on the process
temperature, providing the yields of gases: CO», CO, Hz, and CHa, residual coal, and tar,
which is composed of benzene, toluene, and naphthalene. Regarding the results obtained,
both Pyrolysis and the general model, even at different conditions of mass flow of air and
steam inlet, were compatible with results obtained in the literature, quantitatively and
qualitatively. The rise in equivalence ratio (ER) from 0.23 to 0.54 caused an increase in the
process temperature, as well as in the molar fraction of H, and CO while reducing the other
components, thus consuming the tar, for the biomasses in the ER range 0.36-0.37. The
increase in the steam-to-biomass ratio (S/B) from 0 to 0.95 had a positive effect on the H>
and COz components, while it decreased the others, having no effect on the tar fraction. For
both analyses, corn straw residue was converted into the richest gas in hydrogen, with the
peak of the fraction of the component in Syngas, free of water and nitrogen, being 0.48 and

0.52, for ER and S/B ratio, respectively.

Keywords: Biomass gasification; Pyrolysis process; Downdraft gasifier; Syngas;

Simulation; UniSim Design.
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Resumo

Processos termoquimicos mostram-se uma forma sustentdvel de utilizar biomassas
residuais, substituindo fontes ndo renovéveis como carvdo e derivados de petrdleo, e
servindo de meio para a criagdo do Gas de sintese, ou Syngas, majoritariamente constituido
por gés hidrogénio e mondxido de carbono, o qual é uma base para a industria quimica e
geracdo de energia. A modelagem e simulacdo deste processo € vidvel, pois retrata
gaseificadores reais, como o gaseificador do tipo Downdraft, a fim de testar varidveis e
verificar os comportamentos do sistema ao alterd-las. Porém, ainda ha certa dificuldade na
modelagem da Pirdlise, devido a complexidade deste processo, bem como a previsdo da
producdo do alcatrdo gerado durante o processo. Desta forma, o presente estudo tem por
objetivo modelar, e simular no software UniSim Design a gaseificacdo de trés residuos
provindos da agricultura portuguesa: residuos de uva, oliveiras e milho, na tentativa de
predizer Syngas sob diferentes condi¢des de processo e validar o método proposto por
comparacdo com dados da literatura. A modelacao da Pir6lise foi realizada utilizando um
modelo de segunda ordem baseado na temperatura do processo, provendo os rendimentos
dos gases: CO,, CO, H, e CH4, do carvio residual e do alcatrao, o qual é composto por
benzeno, tolueno e naftaleno. Acerca dos resultados obtidos, tanto a Pirdlise, quanto o
modelo geral, mesmo a diferentes condi¢cdes de fluxo mdssico de entrada de ar e vapor,
mostraram-se compativeis com resultados obtidos na literatura, quantitativamente e
qualitativamente. O aumento no ER de 0,23 até 0,54 provocou um aumento na temperatura
do processo, bem como da fracdo molar de H> e CO, enquanto reduziu os demais
componentes, consumindo o alcatrdo para as biomassas na faixa de ER 0,36-0,37. O
incremento da razdo S/B de 0 a 0,95 provocou um efeito positivo nos componentes H> e
CO,, enquanto decresceu os demais, ndo tendo efeito na fracdo do alcatrdo. Para ambas as
andlises, o residuo de milho converteu-se no gdas mais rico em hidrogénio, sendo o pico da
fracdo do componente no Syngas, livre de dgua e nitrogénio, 0,48 e 0,52, para ER e razio

S/B, respectivamente.

Palavras-chave: Gaseificacio de biomassa; Processo de Pirdlise; Gaseificador Downdraft;

Syngas; Simulac¢do; UniSim Design.
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1 MOTIVATION

In all countries, energy is the solution to many problems, like the primary needs of the
population, industrial movement, and maintenance of cities in general, however, the way to
reach it has been harmful to the environment. For many years, oil derivates, natural coal, and
natural gas were used, and still are, as primary energy supply due to their calorific potential,
and their great available amount on the earth. It is common fact that the utilization of these
feedstocks causes greenhouse effects and helped in global warming, creating a general concern
about this issue, and leading to the creation of urgent measures to get around.

Based on it, guidelines and public policies were granted by European Union, to
guarantee the reduction of emissions and increase the portion of renewable sources in energy
system production. An example is the Portuguese Decree-Law n.152-C/2017, issued by the
European Directive, which promotes the energy production and use of biofuels from waste,
forest biomass as its waste, human and animal food waste, algae, and cellulosic biomass, or
subproducts derived from agricultural food species, like straw, stover, husks, and shells [1].

The main sources of primary energy in Portugal are oil, coal, and natural gas, making
the country dependent on importations of resources, due to the absence of oil reserves [2].
Besides, more than 85% of the country is covered by vegetation (39% by forest, 26.3% by
agricultural land, 12.4 by bush, and 8% by agroforestry systems) [1], representing another
possibility for energy-producing. Biomass rich in sugar like sugarcane, corn, and wheat, or rich
in oil, such as soil beans, coconut, palm, and olives can be converted into biofuels by
biochemical processes, though it, sometimes, can cause a conflict between food and fuels [1].

Thermochemical processes convert biomasses into energy or fuels with a high heating
value through high-temperature treatments. It comprises Combustion, Pyrolysis, Gasification,
Torrefaction and Liquefaction, which can be employed together or separated, depending on the
need. The gasification product is Synthesis Gas, comprehended mainly by hydrogen gas (H2)
and carbon monoxide (CO), which can be used posteriorly to produce electric energy. In this
process, many parameters such as temperature, pressure, gasifying agent, biomass composition
(main structures, Cellulose, Hemicellulose, Lignin), gasifier, and others, influence the final
composition of the gas.

Agricultural residues by cultivation and handling are an important source of
lignocellulosic biomass with energetic potential that can be fed in thermochemical processes.

In Portugal, there is an important production of olive culture, cereal grains, vineyards, and



almonds [2]. Attached to this, these residues have a neutral balance in CO2 emissions due to
the gas absorption during the production of the biomass sources.

A challenge to show the feasibility of Syngas production is trying to know the
conversion yields and their composition to evaluate the efficiency of the process. Simulating
Software helps in this task, bringing virtual processes closer to real ones. Through Honeywell
UniSim Design software, the work intends to create and simulate an Equilibrium model able
to predict the lignocellulosic biomass gasification products for Downdraft gasifier, using
different sources such as olive and corn straw agricultural wastes, and grape bagasse residue

from wine culture.

1.1 Objectives

e C(Create and simulate biomass gasification models in UniSim Design using
specific Pyrolysis modeling strategies based on the literature;

e Simulate olive residue, corn straw, and grape marc wastes using a Downdraft
flow gasifier;

e Predict the Syngas compositions in diverse operation conditions;

e Analyze quantitatively and qualitatively the gas produced, varying ER and S/B
ratio;

e Validate the process, based on the available literature data.



2 STATE OF THE ART
2.1 Biomass

Biomass is a complex organic-inorganic structure, non-fossilized and biodegradable
matter [3] formed in a natural and anthropogenic way, or via human or animal excretion [4].

Biomass sources are shown in Table 1.

Table 1. Biomass sources and subdivisions.

Sources of biomass Subdivisions.

Agricultural Food grain; Bagasse; Corn stalks; Straw; Seed hulls; Nutshells; Manure from cattle,

poultry, and pigs

Forest Trees; Wood waste; Wood or bark; Timber slash; Mill scrap
Municipal Sewage sludge; Refuse-derived fuel; Food waste; Waste paper; Yard clippings

Energy Poplars willows; Switchgrass; Alfafa; Prairie bluestem; Corn; Soybean; Canola
Biological Animal waste; Aquatic species; Biological waste

Source. Adapted from [3]

A large part of chemical products that accrue from petroleum and natural gas can be
produced from biomass. It is a good way to substitute fossil fuels for energy conversion due to
the neutral balance of carbon dioxide (CO2), which is absorbed by the biomass during the
photosynthesis process and is eliminated by the use of biomass in thermochemical processes,
not adding more gas to the atmosphere, and not getting worse the greenhouse effect [4].

Some biomass products are charcoal, torrefied biomass, biocoke, and biochar as solid
fuels; ethanol, biodiesel, methanol, vegetable oil, and pyrolysis oil, as liquid fuels; biogas,
producer gas, and Synthesis Gas or Syngas, as gaseous fuels [5]. Biosyngas, the crude Syngas,
is mainly constituted of hydrogen gas (H2) and carbon monoxide (CO) and can be transformed

into many products as shown below in Figure 1.

Feedstock
Methanol
Natural gas Biosyngas Liquid fuel
Coal Termochemical H2; H20; CO; - Syngas: Hz2 + CO
Petroleum coke Processes ]_> COz; CH4; Tar; Processes Power generation
Biomass NH3; HCI; H2S Hydrogen
Others

Figure 1. Biomass as Biosyngas source.
2.1.1 Cellulose, Lignin, and Hemicellulose
The organic portion is mostly composed of cellulose, hemicellulose, lignin, and organic

minerals, and the inorganic is composed of minerals from phosphates, carbonates, silicates,

chlorides, sulfates, nitrates, and others [4].



Cellulose is an organic and crystalline polymer, present in cell walls in biomass [5],
composed of at least ten thousand monomers of B-D-glucose [6]. It is the most organic
compound on earth and is present between 33-44 wt% for most plants [3]. Lignin maintains
the fibers of the plant together [5] and generally is a fraction of about 20-40 wt.% of biomass
[7]. It is composed of aromatic rings which are converted into high molecular char products
during thermochemical processes. Hemicellulose is about a third of the mass of total dry
biomass and is responsible for the cell wall, being a mix of polysaccharides, constituted by
pentose and hexose monosaccharide units [8]. Some biomasses and their organic composition

(Lignocellulosic structures) fraction by mass are shown below, in Table 2.

Table 2. Lignocellulosic composition.

Reference Biomass Cellulose Hemicellulose Lignin
[9] Peanut straw 31.5 14.2 23.7
[9] Soybean straw 37.8 18.8 19.7
[10] Sawdust 18.0 12.6 33.9
[10] Cornstalks 31.5 25.9 14.0
[7] Pine wood 421 17.7 25.0
[7] Almond shell 24.7 27.0 27.2

2.2 Biomass characterization

The first step for the investigation of the biomass potential as fuel is the characterization
of its chemical constituents, which permits the determination of the quality and its specific
properties, as well as the feasibility of the application according to possible environmental
problems [4]. Two common analyses for biomass characterization are the Ultimate Analysis

and the Proximate Analysis.

2.2.1 Ultimate analysis

The Ultimate Analysis (UA) can provide the biomass combustible fraction, through the
assessment of the elemental composition: carbon (C), oxygen (O), nitrogen (N), hydrogen (H),
and sulfur (S) [11], not accounting the amount of inorganic constituents (ASH), and
water/moisture in an ASH and moisture-free basis. Sometimes, some elements may be avoided
in the calculations, due to their low presence in the feedstock, such as sulfur [12]. The

calculation of UA is given by Equation 1, below.

C+H+0+N+S=100(wt)%



2.2.2 Proximate analysis

More general than the ultimate analysis, the Proximate Analysis (PA) measures the gross
content of Moisture (M), Fixed Carbon (FC), Volatile Matter (VM), and Ash (ASH) present in
the biomass. This analysis indicates the biomass quality and allows the characterization of the
produced biomass-based coal [11], and is a relatively inexpensive process [5]. Fixed Carbon
(FC) is the solid carbon of biomass in char, which remains after devolatilization in the pyrolysis
process. When fuel is heated, there are condensable and non-condensable vapors released
Volatile matter (VM), depending on the rate of heating and the temperature employed in the
process [5]. The calculation of PA is given by Equation 2, and the PA and UA for some

biomasses are given in Table 3.

VM + FC 4+ ASH + Moisture = 100(wt)%

Table 3. Proximate and Ultimate analysis.

Reference Biomass Proximate Analysis Ultimate Analysis

M VM FC ASH Total C H O N S  Total
[13] Palm leaves 50 781 52 11.7 1000 494 58 423 12 13 1000
[4] Oak wood 65 730 200 05 1000 506 6.1 429 03 0.1 1000
[14] Cellulose 47 934 19 0.1 100.1 417 57 522 04 0.0 1000
[14] Xylan 58 778 128 3.6 1000 454 6.7 469 09 0.1 1000
[14] Lignin 34 604 326 36 1000 613 51 31.7 1.1 0.7 1000
[4] Coal 55 308 439 198 1000 782 52 136 1.3 1.7 1000
[4] Sewage sludge 6.4 450 53 433 1000 509 73 334 6.1 23 100.0
[4] Grape marc 10.0 59.2 238 7.0 1000 540 6.1 374 24 02 100.1
[4] Olive husks 68 737 174 6.8 1047 500 62 421 1.6 0.1 1000
[15] White Pine 69 766 158 0.7 1000 533 6.0 400 05 0.2 1000

2.3 Thermochemical processes

Thermochemical processes are based on the use of heat to convert fuels such as biomass
or coal, into other chemical products or even electrical energy. Some of them, are Pyrolysis,

Combustion, Gasification, Torrefaction, and Liquefaction.

2.3.1 Drying

Water content in biomass affects directly carbon conversion, cold gas efficiency, and high
heating value [16]. Normally, crude biomass possesses a percentage of moisture in its

composition, in the range of 5-50% by mass. To reduce this content to compositions less than



10%, temperatures of 80 to 100°C are employed, at the beginning of the gasifier [17]. In this

step, the biomass does not have any kind of chemical decomposition [18].

2.3.2 Pyrolysis

Pyrolysis is performed by heating biomass in the absence of pure air, or a medium partially
supplied with oxygen and converting the biomass into liquid products, non-condensable gases,
and charcoal [19]. In this process, with mainly endothermic reactions, huge hydrocarbon
molecules from Cellulose, Hemicellulose, and Lignin are broken down into smaller products,
with variable composition amounts, depending on the velocity and biomass composition at
which it happens. For faster pyrolysis velocity, liquid fuels are dominant, whereas, for slower
processes, higher gas and solid charcoal fractions are produced [5].

Tar is an important product of this process, resulting from the condensation of high
molecular weight materials into liquids with viscous aspects, which generates problems in the
process [12]. Some different Pyrolysis models and their descriptions are presented below in

Table 4.
Table 4. Pyrolysis models.

Ref. Pyrolysis models Description

Cro82H452011 86 = 5.96C0 + 2.95C0, + 8.26H, + 1.5CH, +

Biomass decomposition is

represented by a generic

1201 0.5C,H, + 8.41Char (AH = 310.01 kJ/mol) formula and solved by a
kinetic reaction
Biomass is represented by 5
Biomass component - x1 H, + x2CH, + x3C0, + x4 H,0 + main molecules (cellulose,
1] x5 Carbon + x6 C4Hy 50,5 hemicellulose, and 3 lignin),
with five different reactions
Biomass decomposition in a
Biomass - n¢o CO + n¢p,C0, + ny,H, + ney,CHy + NeperC har + generic formula, and char
22l NrgrTar with its own kinetic
decomposition model
i (Volatile +gases)] Reactiond  (Volasile +gases+Char)2 Three reactions, which
23] —— ;“E/' (n order) (nz order) Volatile + gases can react

(n, order) \ (Char)1
R

eaction2

(s order)

with char and cause other

products (reaction 3)

Tar is an undesirable black and thick liquid product of pyrolysis and gasification zone,

and is composed of a complex mixture of complex condensable hydrocarbons such as benzene,



toluene, and naphthalene, the majority. It can condense into cooler areas of the gasifier and
cause its clogging; in the hotter areas, can polymerize into more complex structures, making
the treatment hard [3]. The contamination of the Syngas with tar compromises its direct use in
gas turbines or gas engines [24], as much as its use in many other commercial applications. So,
it is suitable that the final gas possesses a value below 1g/Nm3 of tar, which can be lower
depending on the final use [25]. Another reference [26] considered the maximum limit for tar

amount in Syngas composition as 0.1g/Nm3.

2.3.3 GQasification

Gasification is partial combustion with a controlled flow rate of gasification agent (air,
steam, or oxygen, which results in the conversion of hydrocarbons from biomass into carbon
monoxide (CO), carbon dioxide (CO.), hydrogen gas (H»z), water (H>O), and methane gas
(CHy) [27] [12], being present too small amounts of char and condensable components [12].
The produced Syngas has been considered a promising process, due to the reduced amount of

emissions, as well as a good way for treating the residual biomass [28].

2.3.4 Combustion

In combustion, the biomass is burned with oxygen at a rate of 4-5kg per kg of biomass
[29] for a complete burn. When this process is used in the gasification of biomass, the oxygen
injected by the oxidizing agent produces a mixture of carbon monoxide (CO), carbon dioxide
(CO2), and water (H20). Some amount of the tars is burned, producing heat, and the remaining
is cracked into lower-weight hydrocarbons [13]. The reactions in this zone are mainly
exothermic, and the system can reach temperature ranges of 1200-1450°C [30]. Therefore, the
heat produced in this zone is reused in other parts of the system, due to the presence of

endothermic reactions.

2.4 Gasifier

The gasifiers are divided into 3 main types, according to the mode of contact between gas
and solid phases and the gasifying agent employed. In the fixed bed or moving bed, as it is also
called, the fuel is supported by a grate, different from the two others (Entrained flow and
Fluidized bed), in which the gasifying agent all converts the feedstock through the gasifier (see
Figure 2).
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Figure 2. Divisions and subdivisions of gasifier types.

2.4.1 Updraft Gasifier

The fixed bed gasifiers are simple to project and usually have high carbon conversion, with
long residence time and low gas velocity [31]. This is the simplest and oldest gasifier, having
arelatively low cost to implementation [32]. The gasifying agent is fed by the bottom and flows
up at the top, while, in countercurrent, the feedstock is fed at the top, flowing down under the
gravity effect. The hottest temperature of this gasifier is near the bottom in the Combustion
zone, where the gasifying agent reacts with the biomass, releasing heat by an exothermic
reaction. Thereby, the tar produced near the top, in the Pyrolysis zone, meets the hot gas at a
low temperature, not having an opportunity for new cracking [5]. Figure 3 shows an Updraft

gasifier scheme, with the different zones, inputs, outputs, and the representation of the hottest

area.

Biomass
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Figure 3. Updraft gasifier and its shift zones.



2.4.2 Downdraft Gasifier

In this gasifier, the fuel and gasifying agent are fed on the top, flowing concurrently to

the bottom. Due to most of the biomasses having great amounts of volatile matter in their

composition, keeping it up in contact with the gasifying agent during the flowing down, causes

conversions until 99,9% of the tar [33]. In the Combustion zone (oxidation zone), the

temperature should be maintained as high as possible, near 1000°C [31], providing heat to the

adjacent zones (Pyrolysis and Reduction), improving energy efficiency. Chanthakett et al.,

2021 [34] state that the produced Syngas in a Downdraft gasifier shows compositions around

13-18% of CO and 11-16% of H> by volume. Below, a scheme for a Downdraft gasifier is

presented in Figure 4.

Biomass

(1 B o

Drying

Gasifying

/ Reduction

Ash + solids
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agent #——— Combustion
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Gasifying
— agent
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Figure 4. Downdraft gasifier and its zones.

2.5 Reactions

In a Syngas production process, there are many reactions involved, being almost

impossible to predict and input into a model all the possible ones. Thereby, it can be selected

a set of main reactions, building a model that approaches reality and provides reliable results.

Below, in Table 5, there are shown the selected reactions considered to create this model.



Table 5. Some possible reactions in a Syngas production process.

Stage ID Reaction Description AH (kJ/mol) Reference
Pyrolysis R(1) Biomass — Char + Gas + Tar Pyrolysis reaction -
1 i -
R(2) €O +=0, > CO, Carbon Monoxide 282.9 [5]
2 Oxidation
1 . . . .
R(3) C(s) n . 0, - CO Carbon Partial Oxidation 110.6 [5]
R4) Ciy+ 0, > CO, Carbon Oxidation -393.5 [5]
Combustion R(5) CH,+ 20, - CO, + 2H,0 Methane Oxidation -801.7 [5]
1 idati R
R(6) H, + . 0, > H,0 Hydrogen Oxidation 241.5 [5]
R(7) CioHg + 120, - 10C0, + 4H,0 Naphthalene Oxidation -5157.0 [35]
R(8) C,Hg +90, - 7C0, + 4H,0 Toluene Oxidation -3910.0 [35]
R(9) CeHe + 7,50, —» 6C0O, + 3H,0 Benzene Oxidation -3268.0 [35]
R(10) Ciy+ €O, » 2C0 Boudouard Reaction 172.0 [5]
Heterogeneous R(11) Ciy + H,0 - CO + H, Carbon Reforming 131.0 [5]
Reduction R(12) Cs) + 2H, — CH, Hydrogasification 74.8 5]
Homogeneous R(13) CH,+ H,0 - CO + 3H, Steam-methane Reforming 206.0 [5]
Reduction R(14) €O+ H,0 - CO, + H, Water Gas Shift Reaction -41.2 [5]

2.6 Parameters

2.6.1 Heating values

This property is divided into two types: Higher Heating Value (HHV) and Lower Heating
Value (LHV). The former means the amount of heat that is released by a certain quantity of
mass of fuel required for the process, still counting the latent heat of vaporization of water
contained (moisture) in the fuel. The latter (LHV) is defined as the amount of heat released by
the combustion of a fuel, deducting the latent heat of vaporization of water contained in the
combustion gas product [5]. Both values have a dimension of MJ/Nm?, which correspond to
the heat released (MJ) per normal cubic meter (Nm?), the volume occupied by the gas in

standard conditions.

2.6.2 Oxidation and reduction mediums

There are four mediums: air, steam, carbon dioxide, and steam-oxygen. It is an important
parameter to be analyzed because of its influence on tar production. From the rate of medium
inserted in the process, it is possible to calculate the parameter that relates it to the rate of
biomass. The parameters vary according to the medium to which are referred. When air (or

pure oxygen gas) is employed as an oxidant medium, the parameter calculated is called
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Equivalence ratio (ER), for steam, is the Steam-to-biomass ratio (S/B), for oxygen Steam-
oxygen, is Gasifying ratio, and CO»-to-biomass ratio [5]. Steam is feasible to produce high-H»-

Syngas, increasing this content as S/B increases from 0.25 to 1.0.

2.6.3 Temperature

It is very important to maintain the temperature closer to the optimum to rise the
components conversion. According to Le Chatelier’s principle, temperature increase favors the
products of the endothermic reactions, while, for exothermic reactions, it favors the reactants.
Pyrolysis has mainly endothermic reactions, Combustion reactions are mainly exothermic, and
Gasification is globally endothermic. Ahmad et al., 2016 [32], conclude that higher
temperatures contribute to tar cracking in lower-weight products and much lower
concentrations of char. Still, the gas yields are greater due to the release of more volatiles. So,
higher temperatures in gasification generate fewer solids and tar emissions, decreasing the post-

treatment needs of the produced gas to purify it [18].
2.6.4 Pressure

Depending on the application of the Syngas, the pressure in the gasifier can vary between
the atmospheric (1 bar) and elevated pressures (up to 33 bar) [32]. According to Asadullah,

2014 [31], higher pressures contribute to decreasing tar yield in the product gas.

2.6.5 Atomic ratios

Oxygen-to-carbon ratio (O/C) is the atomic ratio between the two elements available in
the fuel. It correlates with the fall in the Higher Heating Value while the O/C ratio increases.
When the Hydrogen-to-carbon ratio (H/C) increases, the Effective Heating Value (or Lower
Heating Value (LHV) as is named) of the fuel decreases [5]. Oxygen, carbon, and hydrogen

mass fractions and H/C and O/C ratios for some selected biomasses are shown in Table 6.

Table 6. O/C and H/C atomic ratio.

Reference Biomass C H (0] H/C O/C
[13] Palm leaves  49.40 5.80 4230 140 0.64
[4] Oak wood 50.60 6.10 4290 144 0.64
[4] Coconut shells  51.10 5.60 43.10 1.31 0.63
[4] Soya husks 4540 6.70 4690 1.76 0.78
[4] Chicken litter ~ 60.50 6.80 25.30 134 0.31
[4] Coal 78.20 520 13.60 0.79 0.13
[4] Sewage sludge 50.90 7.30 3340 1.71 0.49
[4] Grape marc 54.00 6.10 37.40 135 0.52
[4] Olive husks 50.00 6.20 42.10 148 0.63
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2.6.6 Biomass composition

According to Qin et al., 2015 [10], the raw biomass chemical properties provide important
information about the products. Cellulose has a higher O/C ratio and volatile matter than lignin,
generating more CO and less Hz [36]. In their study, Tian et al., 2017 [16], reported that
cellulose and hemicellulose produce gases more quickly, and are rich in CH4 and CO, than
lignin, which produces gases with higher amounts of H> and CO», and is more suitable to H-

rich-gases.

2.6.7 Syngas expected

The quality of the Syngas produced depends on some indices such as carbon conversion,
H/CO ratio, CH4/H> ratio, Gas yield, and Gasification efficiency [37]. Another way, the
standard high-quality, to evaluate the quality of the Syngas produced is a high amount of H»
with lower tar components in the Syngas composition [38]. Second [26], the composition of
Syngas for fixed-bed gasifiers is 8 to 9% for CHa, 26 to 27% for CO2 and CO, and 36 to 39%

for Hz, considering Syngas free of No.

2.7 Software

Simulating systems is a good way to understand how the process behaves when a part of
it is changed, thus allowing to evaluate actions and strategies in order to develop and improve
the dynamics of the system, obtaining a certain level of accuracy in relation to reality. First, it
is necessary to represent the process, using mathematical models based on experimental data,
and conducting virtual experiments which are tested, changed, and enhanced. For a chemical
process, models are constructed according to mass, energy, and momentum balances.
Researches using different softwares as well as the aim, gasifying agent, gasifier, and biomass

employed in each, are shown in Table 7.
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Table 7. Gasification simulation works using different software.

Reference  Biomass Software Gasifier Aim Gasifying agent
Predicting the gas yield, LHV,
[39] White pine Aspen Plus - Steam
CCE, CGE
Optimizing conditions to
Palm kernel o )
[40] hell Aspen Plus Fluidized bed maximum H; and Syngas Steam
she
composition
Comparison between the
[41] Rice husk Ansys Fluent Updraft resulted Syngas using two Air and Air-steam
gasifying agents
Predicting the gas composition
Date palm
[13] . Aspen HYSYS Downdraft and finding optimal operations Steam
eaves
conditions
Decrease tar formation by a
combination between low and
[42] Hardwood  UniSim Design - Steam
high stages gasification
temperatures
Discover the effect of
gasification temperature;
Pinus Dual Fluidized
[43] UniSim Design (S/B); air supplied; moisture Steam
radiata bed ) )
biomass content, in energy
and exergy efficiencies
Achieve the optimum values
[44] Rice straw COCO - of variables according to their Air
interaction
2.7.1 UniSim Design

UniSim Design Suite, by Honeywell, is a suitable process design software able to create

systems in steady-state or dynamic simulations, as much yield estimation, financial planning,

process optimization, and cost administration [45]. The software has a database of components

to be utilized in the design and is possible to generate new solid hypothetical components

through their Ultimate and Proximate analysis. It still permits the creation of the flow sheeting

of the process, adding, when necessary, equipment and reaching automatically mass and heat

balances.

The Gibbs reactor acts to reach reaction equilibrium by maximizing entropy when

provided the pressure and heat duty or minimizing the Gibbs free energy, which happens when

the temperature and pressure are specified by the simulation [46]. In the simulation, still is
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possible to choose inert compounds, as well as define fractions expected about some
components present. Specific Equilibrium reactions can be added, for known reactions
stoichiometry, or let the software reach the equilibrium through Gibbs reactions.

The reactor Yield Shift reactor unit is based on data tables to perform shift calculation and
is used when the reactions are complexes, and the models are not available, or too
computationally expensive [47]. The shift can be done using two pieces of information,
depending on what is known by the user: Yield only or Yield with Percent conversion. Still,
will be needed to supply some basis for calculation, as much as the mass flow, or mole flow,
and the most important is that the sum in the shift step needs to be equal to 0, ie, the mass

balance for the reactants is equal for the products.

2.8 Model

To calculate the yield and products of the process in a gasifier, there are three methods
that can be used: the Kinetic model (KM), the Computational Fluid Dynamic model (CFD),
and the Equilibrium model (EM) [48].

2.8.1 Kinetic Model

In a Kinetic Model is necessary the knowledge of the kinetic parameters for all reactions
present in the gasifier for the calculation of the reaction rates, together with the reactor
hydrodynamics and the residence time. It predicts how fast the products of the reactions are
formed [5] and the profile of the product gas composition, according to operating conditions
and configuration of the gasifier, as well as its performance [3]. In contrast, Kinetic Models

can be very difficult to implement due to the need for experimental parameters.

2.8.2  Equilibrium Model

The Thermodynamic Equilibrium models predict a way to reach the maximum yield of a
product in a determined reacting system, that is the extent of reaction progress [5]. It does not
consider the geometry and other characteristics of the design, being a model-independent of
the gasifier and unsuitable for studying the influence of parameters like fluidizing velocity,
radium or height of gasifier, hydrodynamic performance, etc [3]. This model is divided into
two categories: the Stoichiometric model, which needs equilibrium constants of any reaction
involved in the process, and the second one, the non-Stoichiometric model, which is carried
out by minimizing the Gibbs free energy [48]. Below, in Table 8, some references are presented

with the models, gasifier types, and feedstocks employed.
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Table 8. Model-based works and other parameters (Feedstock and Gasifier).

Reference  Model Feedstock Gasifier
[48] EM CH,OuNcSq Downdraft
[49] EM Hazelnut shell Fluidized bed
[50] CFD Woody biomass Entrained flow
[17] EM Rice husk; Larch wood and Wood chips -

[41] CFD Rice husk Updraft

(51 KM Pine; Maple-oak mixture; Seed corn; Fluidized bed
Corn stover; Switch-grass

[52] CFD Wood chips Downdraft

[53] KM Wood Fluidized bed




3 METHODOLOGY

Three different agricultural biomasses were chosen: Olive residue; corn straw, and grape

marc. Below, in Table 9, the UA and PA for each biomass are shown.

Table 9. Ultimate and Proximate analysis of chosen biomasses for the simulation.

Proximate Analysis Ultimate Analysis
Reference Biomass
M VM FC ASH Total C H (0) N S Total
[4] Grape marc 100 592 238 7.0 100.0 54.0 6.1 374 24 0.15 100.05
[4] Corn straw 74 677 17.8 7.1 100.0 487 64 44.1 0.7 0.08 99.98
[4] Olive residue  10.6 60.2 228 64 1000 584 58 342 14 0.23 100.03

The Syngas production process was considered into 4 main steps: the Drying of moisture
present in the biomass until 5% w/w, followed by Pyrolysis, which was split into
Devolatilization, and Char cracking, both calculated with the help of Microsoft Excel. In
Combustion, were added oxidation equilibrium reactions, and the Reduction process was
divided into heterogeneous, and homogeneous steps, being inserted into the equilibrium

reactions in UniSim Design. The process steps can be seen in Figure 5.

Operations outside
UniSim Design

Steps Processes

Drying

\J

Devolatilization -
+ »| Pyrolysis
Char cracking

Excel
operation

\

Combustion
Y
Heteregeneous -
+ »| Reduction
Homogeneous J

Figure 5. Division of the Syngas synthesis process.
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3.1 Considerations

The construction of the model implied the application of some considerations listed below:

» Operation of the process occurs in Steady-State;

» Peng-Robinson was selected as the thermodynamic Fluid Package (FP) for the
simulation;

» Tar is constituted of three main components: benzene (60%), toluene (20%), and

naphthalene (20%), by mass;

Char is broken into its main constituents (C), O, H, N, S, H20);

ASH is removed in the middle of the process;

Air is 79% of nitrogen (N2) and 21% of oxygen (Oz), on a molar basis;

Nitrogen (N2) and sulfur (S¢)) are considered inert during the processes;

Reduction is split into Heterogenous and Homogeneous Reactions;

All process is operated under atmospheric pressure, and pressure drops are disregarded;

Solid carbon is mainly consumed in the Reduction zone;

It is considered the standard high-quality Syngas;

YV V. V V V V V V V

The process is partially adiabatic.

3.1 Setup

The first view of UniSim Design, Simulation Basis Manager (SBM), is an area to input
the components which will be present on flow streams, as well as, the Fluid Package, which
determines the thermodynamic method used to calculate variations during the process, most of
the times, vapor-liquid equilibria; there is the input of reactions, which can be defined by the
type, as Equilibrium, Kinetic, Conversion, Simple rate.

The software has some solids in its library to add to the system, such as carbon and sulfur,
however, when it concerns biomass residues, it does not have the standard composition for
each type of biomass. Thus, there is another area in the Simulation Basis Manager called
Hypotheticals, where it is possible to add and simulate hypothetical biomasses, being necessary
to know only the properties of Proximate and Ultimate analysis, and after the input, the
software calculates other information as Molecular weight and Density for this compound.
Therefore, it is possible to create, not only biomasses and coal solids, but even ASH, putting
the compound as 100% by mass of this component. This place possibilities to insert all

reactions necessary to the process and link them with the corresponding Fluid Package chosen.
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3.2 Downdraft Simulation view

The simulation of biomass gasification for all biomasses in a Downdraft type gasifier can

be seen in Figure 6 below.
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Figure 6. General View of the Biomass gasification simulation in a Downdraft gasifier.

3.2.1 Downdraft Modeling

Figure 6 presents the simulation for all biomasses, and Table 5 presents the reactions that
participate in the process. The methodology will be accompanied by the simulation steps.
The calculation basis used for all biomasses entering the system was a flow of 10kg/h, after

the Drying step.

3.2.1.1 Drying Model

The drying phase was based on the total amount of moisture (M) present in biomass in

order to achieve 5% by mass of moisture in the line.

3.2.1.1.1 Drying simulation

Crude biomass named “Crude BM” enters on a Splitter named “Drying”, which operates
at 150°C, supplied by “Q-Dutyl” energy line, to remove the moisture excess, named
“Moisture”. Then, the dried biomass, named “Dried BM”, has its PA recalculated, considering

the set value of moisture at 5%. This new biomass is inputted as a hypothetical solid and
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followed to the first step of Pyrolysis in the reactor named “Pyrolysis Biomass”. The new

values for each dried biomasses can be seen in Table 10, below.

Table 10. Modified values in PA for Dried biomasses.
Dried Proximate Analysis

Biomasses M VM FC ASH Total
Grape marc 50 625 251 7.4 100.0
Corn straw 50 695 183 7.3 100.0
Oliveresidue 5.0 640 242 6.8 100.0

3.2.1.2 Pyrolysis Model

Pyrolysis products were considered as three main groups: Gases (CO2, CO, Hz, CH4), tar

(CsHe, C7Hs, Ci0Hs), as benzene, toluene, and naphthalene, respectively, and Char plus ASH in

Gases @
- H
Dried biomass Tar

»|  Pyrolysis [ @
Char + ASH
-

Figure 7. Pyrolysis products.

the solid line, as Figure 7 shows.

D EE

In order to estimate the yields and stoichiometric coefficients of the reactions in the
Pyrolysis process it was followed a methodology [54] based on second-order equations with
Pyrolysis process temperature as the variable, to calculate the mass fraction of each main
component (Char, Tar, and Gas) by mass (w/w), and the second block of components inside
Tar and Gas composition. The calculations were possible with the help of an Excel spreadsheet,

using the equations shown below.
Ychar =7.97x T2 x 1075 - 0125x T + 68.87
YTar = —138xT2x107% + 012 x T + 12.64

YGas = 1.12x T2 x 10~4- 0,058 x T + 30.77
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Inside the Gas fraction, the mass fraction of the main gases produced by Pyrolysis is
followed by the equations below.

Yeo=-265xT2x107* +0.27 x T — 32.71

Yco2 =-2.85xT?x107% - 0.029x T + 70.89
YCH4 =6.69xT?x1075 - 0.037 x T + 4.28

YH2 =7xT?2x1075-0.0371x T + 5.1117
Inside the Tar fraction, were considered fractions of 60%, 20%, and 20% of benzene,
toluene, and naphthalene [32], respectively, as shown below.

YC6H6= O-6XYTar
YC7H8 - 0.2x YTar
YC10H8 - 0.2x YTar

Another reaction present in this step is the conversion of the ASH present in the biomass.

MMgy ) < (mASH
MM 451 my,

)XASH

MMgp, ) < (mdbfASH

)x DriedBiomassgeeasy + (
mgp

(—=1)DriedBiomass — (
MMprasu

Reaction 1
Where:
® MMgpsasy: Molar mass of dried and ASH-free biomass;

o  MMpgy: Molar mass of ASH;
e mygsy: Mass of ASH.

Therefore, new biomasses were created considering ASH as 0 in the PA, normalizing the

other values and UA continuing as before. The new values for PA for each biomass are shown

in Table 11, below.

Table 11. Modified values in PA for Dried Ash-Free Biomasses.
Dried Ash-Free Proximate Analysis

Biomasses M VM FC ASH Total
Grape marc 541 67.46 27.12 0.00 100.00
Corn straw 540 7491 19.69 0.00 100.00
Olive residue 5.38 68.63 2599 0.00 100.00
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For the reactions of the components inside the gas fraction, it was necessary to calculate
the fractional conversion of each product of Pyrolysis. For that, it was employed the equation

shown below.

_ (mpeasnxYgi) YGas
Flgasi = iy, X (100

Where:

e [(gqs,: Fractional conversion of each component i inside the gas mass fraction;

e Y. ;: Mass fraction of each component in the gas produced;

® Myrasy: Mass flow of biomass-free ASH;

e my: Mass flow of biomass.

The fractional conversion inside the products of Tar was considered equal for each

component because the mass fraction and the equation used to calculate is equal to the gases

fraction conversion.

_ (mpeasu x Y1) YTar
FCrar; = iy, X (100

Where:

® [ Crqy i Fractional conversion of each component i inside the Tar mass fraction;
e Yr;: Mass fraction of each component in Tar produced,;

® My fasy: Mass flow of biomass-free ASH;

e my: Mass flow of biomass.

3.2.1.2.1 Pyrolysis Simulation — Step 1

After the calculations in the Excel spreadsheet, it was possible to add the Conversion
reactions of each component on SBM, and link them to the FP.

All reactions were employed in a Conversion Reactor called “Pyrolysis Biomass”, supplied
by an energy stream “Q-Duty2”. Gases and Tar components formed in this step of Pyrolysis

are sent in the current “Volatiles” to a mixer “Mixerl” to mix with the other currents.

3.2.1.2.2 Pyrolysis Simulation — Step 2

Char and ASH are sent through the line “Char” to a Splitter “ASH Separator”, removing
the ASH from the process. The current “Char AshFree” goes to the second step of Pyrolysis

in a Yield reactor “Pyrolysis Char” to transform the Char into its elemental components: Solid
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carbon (Cs)), oxygen gas (O2), hydrogen gas (H2), nitrogen gas (N2), solid sulfur (S¢s)), and

water (H20), resulted from the moisture, as shown in the equation below.

Char = C(S) + 02 + HZ + Nz + S(S) + H20

Therefore, the amount of solid carbon, nitrogen gas, and solid sulfur is achieved by the UA.
Although, to reach the amount of hydrogen gas and oxygen gas, was considered how much
water there was in biomass composition, to know how many moles of oxygen and hydrogen
belong in moisture content. This value was subtracted for each element (H2, O2), and the result
was employed in the reactor as base yields.

This data, resulting from the Char cracking of each biomass, is shown below in Table 12.

Table 12. Mass and Mole results of Char cracking for each biomass on the second Pyrolysis stage.

Olive residue Corn straw Grape marc

Composition (%) Mass Mole Mass Mole Mass Mole
Co) 58.38 55.78 48.71 47.78 53.97 52.09

02 29.41 10.55 39.30 14.47 32.57 11.80

H» 5.20 29.59 5.80 33.89 5.49 31.57

H,O 5.38 3.43 5.40 3.53 541 3.48

N, 1.40 0.57 0.70 0.29 2.40 0.99

S 0.23 0.08 0.08 0.03 0.15 0.05

3.2.1.3 Combustion Model

The combustion step was considered adiabatic to verify the temperature dynamic according
to the airflow inputted. Each compound had the Combustion Equilibrium Reaction added on

SBM, and the ER was calculated considering the stoichiometric and actual rates.

3.2.1.3.1 Combustion Simulation

The line “Char_cracking” joins to the line “Volatiles” and “Air” in the equipment “Mixerl”
to proceed to the Combustion zone, through the line “Mix” until “Combustion” equipment.

In this zone it was employed a Gibbs reactor, specifying the equilibrium reactions, being
present the reactions “R2” Carbon Monoxide Oxidation, “R3” Carbon Partial Oxidation, “R4”
Carbon Oxidation, “R5” Methane Oxidation, “R6” Hydrogen Oxidation, “R7” Naphthalene

Oxidation, “R8” Toluene Oxidation, “R9” Benzene Oxidation, as Table 5 shows. It is supplied
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Oxygen to the Combustion by the line “Air”, and the products “Comb_top” and “Comb_bot”

follow to the first step of the Reduction zone.

3.2.1.4 Reduction Model

The reduction was split into Heterogeneous and Homogeneous, where the first one
corresponds to the Gas-solid reactions and the second one to the Gas-Gas reactions. It is
necessary to supply the process with a current of Steam, following the S/B ratio, due to the

Reduction of Equilibrium Reactions added on SBM.

3.2.1.4.1 Reduction Simulation — Step 1

A line of steam called “Steam” is divided into two lines “Steam G1” and “Steam G2”.
Products from Combustion and one of these lines of Steam “Steam_G1” supply the Gibbs
Reactor “Gasification Heterogeneous” where the residual solid carbon is converted into
gaseous products, following the reactions “R10” Boudouard Reaction, “R11” Carbon
Reforming and “R12” Hydrogasification. The products from this equipment “Gas_top1” and

“Gas_bot1” follow to the second and last step of the Reduction zone.

3.2.1.4.2 Reduction Simulation — Step 2

The last Gibbs Reactor “Gasification Homogeneous” is employed for the gaseous
equilibrium reactions “R13” Steam-methane Reforming and “R14” Water Gas Shift Reaction,
and the products, “Gas_top2” and “Gas_bot2” join in a Mixer “Mixer2”, resulting in a current
“Crude_Syngas”, which goes to a Splitter “Water Separator” to separate the Water, resulting

in the lines “H20+N2” and the dried Syngas called “Dried Syngas™.
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4 RESULTS AND DISCUSSION

The first results are focused on the Pyrolysis process to analyze how the simulation behaves

under different Pyrolysis temperatures.

4.1 Pyrolysis focus

First, the components resultant from Pyrolysis were plotted, varying the temperature of the
process, considering the interval of 300 to 600°C. The variation of each component (Char, Tar,

and Gas) can be seen in Figure 8, below.
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Figure 8. Variation of components mass fraction yields according to Pyrolysis temperature variation.

The curves of Figure 9 show a decrease in Char mass fraction as the temperature rises. The
opposite is seen for the Gas mass fraction, which decreases with the increase in temperature of
the Pyrolysis process. Tar mass fraction has a different behavior, once there is an area, between
400 and 500°C, that shows the highest mass fraction conversion, while decreases for lower and
higher temperatures out of this interval. The same behavior for Char and Tar components was
noted by Demirbas, 2007 [55], in addition to being reported that the tar highest yields are in
the interval of 377 to 527°C, agreeing with the concavity top of Tar given by the model
employed. In turn, Hanif et al., 2016 [56] reported on their work on the effects of Pyrolysis
temperature on Product Yields, using Cotton Gin trash, Cow manure, and Microalgae as
biomasses sources, that beyond 500°C, tar yield decreases, releasing the volatiles, and favoring
the increase of gaseous products.

After that, the resultant Syngas variation with the Pyrolysis temperature was analyzed, to

know how this parameter affects the products.
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Then, the ER and S/B ratios are constant, and the temperature of the Pyrolysis was tested
at 400, 500, and 600°C for olive residue biomass. This step was done in the Downdraft gasifier
to understand how the behavior of the produced Syngas and if it is coherent with the literature.
The second-order equations for the Pyrolysis process were applied for these temperatures, and

the mass fractions are shown below in Table 13.

Table 13. Mass fraction for each component.
Component mass fraction 400°C 500°C 600°C

Y char 0.3305 0.2791 0.2405
Yrar 0.4030 0.4049 0.3727
YGas 0.2664 0.3160 0.3868
Yco 0.3684 0.3923 0.3710
Yco 0.6130 0.5362 0.4733
Ycns 0.0021 0.0273 0.0675
Yo 0.0165 0.0442 0.0882

Below, in Table 14, are the results of the conversion reactions implemented in the
“Pyrolysis Biomass” plus the results of the Yield Reactor “Pyrolysis Char” for different
temperatures of Pyrolysis.

Table 14. Mass and mole composition of main components of Line “Mix” for olive residue for different
temperatures in the Pyrolysis zone.

Component (%) 400°C 500°C 600°C

Mole Mass Mole Mass Mole Mass

CH4 0.08 0.06 1.15 0.83 3.03 2.59
CeH7 2.09 8.14 1.87 7.79 1.50  7.39
CsHs 7.38 2443  6.63 2338 532 2217
CioHs 1.50 8.14 1.35 7.79 1.08 7.39
0O, 7.02 9.52 548 7.91 426 726
Ces) 37.13 1890 29.00 15.71 2250 1441
Cco 8.35 992 944 1193 953 14.23
CO, 8.85 1650 821 1631 7.74 18.16
H, 2489 212  30.17 274 4339 4.67

The main components present in the line “Mix” are shown in Figure 9, where it is plotted

the mole composition variation versus the Pyrolysis temperature variation.
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Figure 9. Component mass variation of line “Mix” according to Pyrolysis temperature variation.

It is possible to note the linear decrease of carbon with the increase in temperature, reducing
almost 24% by mass (18.90-14.41), in the temperature interval of 400 to 600°C. The total tar
presents the same behavior, however with a slight decrease. All gases, carbon monoxide (CO),
methane (CH4), hydrogen (Hz), and carbon dioxide (CO2) present a tendency to increase
according to the increase in temperature, emphasizing the abrupt rising in hydrogen, which
more than doubled by mass, and the methane, in the same temperature interval. Ismail et al.,
2020 [57] reported in their work about coal and biomass Pyrolysis in a fluidized-bed reactor,
an increase in the total gaseous Pyrolysis yields, with exception of COz, in the interval of 500
to 600°C. Another work by Glushkov et al., 2021 [58] shows that CO>, H>, and CH4 amounts
increase as the Pyrolysis temperature increases (300-700°C), while the CO amount increases
until 500°C, and after this temperature, starts to fall. Another similar study, using Anaerobic
Sludge as biomass to verify the influence of Pyrolysis temperature in the product distribution,
conducted by Hanif et al., 2019 [59], shows the same tendency for most Pyrolysis products by
volume when the temperature is varied from 400 to 600°C. Hydrogen, and methane increase
with temperature increasing, while CO> decreases, and CO firstly increases until 500°C, and
after decreases until 600°C. The HHV accompanies H> and CH4 rising, once the value more
than tripled, in the same temperature variation (400-600°C), as a consequence of a great share

of methane in the gas Heating Value.
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4.2 Temperature effect in the Syngas characteristics

In general, the gasification reactions are mainly endothermic, and the process is very
susceptible to variations in temperature, due to the equilibrium shift of the existent reactions in
the process. At low temperatures, the CH4 content is maintained, but above 600°C, is consumed
due to the Methane reforming [28]. In turn, H> content is favored by this CH4 consumption,
increasing also with temperature rises. In this way, the LHV and HHV tend to decrease, once
CHs supplies the biggest parcel. The trend of CO and CO; are not well comprehended, once
there is a difference in results for distinct works. For instance, Hu et al., 2016 [60] with catalytic
Syngas production of Sewage sludge, reached the raise of CO content and falling of CO> with
temperature increase. The same behavior is shown by Nipattummakul et al., 2010 [61],
moreover the reduction in the tar amount, as well as the consumption of CH4 and the initial
ascent in H> content followed by its descent. On the other hand, using Municipal solid waste
supported by a catalyst of NiO, Wang et al., 2012 [62], reached an increment in volume fraction
of CO; and H», while CO, CH4, and tar decreased. Luo et al., 2009 [63], also had similar results
in a study about temperature and steam influence.

In a study using NiO supported by dolomite as a catalyst to produce Hydrogen-rich Syngas,
Wang et al., 2012 [62] tested different reactor temperatures, from 700 to 850°C, having a
decrease in LHV of the gas, from 13.15 to 9.34MJ/Nm3. The tar yield, had the same impact,
going from 1.85g/Nm?3 to 0.18g/Nm3. Another study, conducted by Hu et al., 2016 [60] of wet
Sewage sludge and Pine sawdust, reached gasification temperature variation from 600 to 900°C
a decrease in tar content from 15.34 to 2.19% by mass of gas, as well as a decrease of LHV
from 12.32 to 10.65MJ/Nm3. According to [28], an increase in temperature enhance the tar-

cracking reactions, producing H>, CO, and CO,.

4.3 Downdraft model

After the Pyrolysis analysis, the model was implemented for the Downdraft gasifier to
analyze the Syngas produced, using the same Pyrolysis model.

The ER calculation was based on Rabea et al., 2022 [64] equation, and it was considered
the amount of oxygen in biomass, decreasing the necessity of air feed due to the presence of
this component in the line “Char cracking” after the Yield Reactor “Pyrolysis Char”.
Therefore, the ER varies depending on the amount of this component in the UA.

Results were considered based on the Syngas, dried, and free of nitrogen gas, which comes

mainly from the “Air” line.
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The Downdraft model was implemented for the biomasses chosen: Grape marc (GM),
olive residue (OR), and corn straw (CS). To understand how the process behaves, the three
biomasses were simulated, considering the same ER (0.36) and the same S/B ratio (0.42),
which is available in Table 15 for each biomass, and then, the main lines were organized in

Table 16, 17 and 18, being possible to verify the mole, temperature, and mass flow variation.

Table 15. Input conditions to the system.

Biomass
Olive residue Grape marc Corn straw
ER (kg.air/h) 11.5 10.00 9.00
S/B ratio (kg.steam/h) 4.10 4.00 4.04

Table 16. Characteristics of main lines, in mole fraction, of grape marc (GM) simulation in Downdraft model.
Mix Comb_top Gas_topl Gas_top2 Dried_Syngas

H.O 0.0357 0.0021 0.0146 0.0490 0.0000

CH4 0.0064 0.0159 0.0648 0.0530 0.0746

CsHy 0.0105 0.0000 0.0000 0.0000 0.0000

CsHe 0.0370 0.0000 0.0000 0.0000 0.0000

(0)) 0.1273 0.0000 0.0000 0.0000 0.0000

H, 0.1729 0.3047 0.2619 0.3046 0.4284

Ce) 0.1493 0.0000 0.0000 0.0000 0.0000

St 0.0002 0.0000 0.0000 0.0000 0.0001

CcO 0.0527 0.3672 0.3525 0.2641 0.3715

CO, 0.0458 0.0024 0.0352 0.0872 0.1227

N 0.3547 0.3053 0.2688 0.2402 0.0000

CioHs 0.0075 0.0024 0.0021 0.0019 0.0026
Mass Flow (kg/h) 19.62 18.22 21.62 23.62 14.88
Temperature (°C)  326.90 834.27 681.28 652.93 652.93
LHV (MJ/Nm3) 11.99
HHV (MJ/Nm?3) 13.12
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Table 17. Characteristics of main lines, in mole fraction, of olive residue (OR) simulation in Downdraft model.

Mix Comb_top Gas_topl Gas_top2 Dried_Syngas

H,O 0.0326 0.0018 0.0123 0.0443 0.0000

CH.4 0.0059 0.0124 0.0625 0.0509 0.0730

CeH 0.0096 0.0000 0.0000 0.0000 0.0000

CeHe 0.0340 0.0000 0.0000 0.0000 0.0000

(0J3 0.1305 0.0000 0.0000 0.0000 0.0000

H> 0.1545 0.2936 0.2496 0.2939 0.4218

Ce 0.1485 0.0000 0.0000 0.0000 0.0000

S 0.0002 0.0000 0.0000 0.0000 0.0002

6[0) 0.0484 0.3623 0.3552 0.2688 0.3857

CO» 0.0421 0.0021 0.0309 0.0825 0.1184

N> 0.3868 0.3270 0.2888 0.2590 0.0000

CioHs 0.0069 0.0008 0.0007 0.0006 0.0009

Mass Flow (kg/h)  21.18 19.66 23.23 25.28 15.45

Temperature (°C)  312.13 846.86 683.86 654.60 654.60
LHV (MJ/Nm3) 12.04
HHV (MJ/Nm?3) 13.15

Table 18. Characteristic of main lines, in mole fraction, of corn straw (CS) simulation in Downdraft model

Mix Comb_top Gas_topl Gas_top2 Dried_Syngas
H,O 0.0375 0.0019 0.0177 0.0551 0.0000
CH4 0.0067 0.0163 0.0593 0.0483 0.0666
CoHy 0.0110 0.0000 0.0000 0.0000 0.0000
CsHs 0.0390 0.0000 0.0000 0.0000 0.0000
(0]} 0.1314 0.0000 0.0000 0.0000 0.0000
H> 0.1872 0.3183 0.2838 0.3225 0.4447
Cw 0.1417 0.0000 0.0000 0.0000 0.0000
S 0.0001 0.0000 0.0000 0.0000 0.0001
Co 0.0554 0.3762 0.3518 0.2623 0.3617
CO» 0.0482 0.0021 0.0382 0.0899 0.1239
N> 0.3338 0.2823 0.2466 0.2198 0.0000
CioHsg 0.0079 0.0029 0.0025 0.0022 0.0031
Mass Flow (kg/h)  18.63 17.37 20.65 22.67 14.63
Temperature (°C)  338.26 844.10 686.13 657.55 657.54
LHV (MJ/Nm?3) 11.75
HHV (MJ/Nm3) 12.88
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The first observation of results is the similarity of the “Mix” line for the biomasses
simulations. It is due to the second-order equations of the Pyrolysis process considering only
the temperature as a variable, not counting the VM and FC, as well as other differences between
biomasses, namely the amounts of Cellulose, Lignin, and Hemicellulose. Biomass lefts the
Pyrolysis process at a temperature of 500°C, and is mixed with air, of line “Air” at 25°C,
decreasing the temperature of line “Mix” to 326.90, 312.13, and 338.26°C, for grape marc,
olive residue, and corn straw, respectively. It is interesting to note the bigger decrease in the
OR temperature regarding GM, and CS, once that biomass needs more air given by the ER,
which is at ambient temperature (25°C), supplied by the line “air”. In turn, the mass flow
follows the same behavior. In the combustion zone, the oxygen is completely consumed, as
well as benzene and toluene through the reactions R(8) “Toluene oxidation” and R(9) “Benzene
oxidation”, elevating the temperature until 834.27, 846.86, and 844.10°C, respectively. Other
points to consider in this zone, are the increase in CO, CH4, and H> mole fractions, whereas
H>0 and CO: mole fraction decrease. The mass flow in the first step of the reduction is
incremented by the line “Steam1”, which is at the temperature of 150°C, helping in a decrease
in the temperature of the process, 681.28, 683.86, and 686.13°C, respectively. In the line,
“Gas_topl”, there is a high increase in the mole fraction of CH4 and CO>, while CO and H>,
decrease slightly. The increment in CH4 mole fraction is given by the reaction R(12)
“Hydrogasification”. At the same time, the reaction R(11) “Carbon Reforming” is favored
regarding R(10) “Boudouard Reaction” due to the less amount of energy necessary to happen,
given by the enthalpy. In the second step of the Reduction zone, the “Gasification
Homogeneous” reactor receives another line of steam “Steam2”, increasing the mass flow, and
decreasing the temperature of the system. Steam still favors increasing the amount of H, and
CO2 mole fractions, and decreasing CO and CHa4, once the reactions R(13) “Steam-methane
Reforming” and R(14) “Water Gas Shift Reaction” tend to dislocate to the formation of the
products, given the excess of water in the medium.

To facilitate the view of the main gases present in the line “Dried Syngas” for each

biomass, it is plotted in Figure 11, below.
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Figure 10. Main gases present in the line “Dried_Syngas” for each biomass.

It is possible to note the inverse proportionality between CO and CO> gases, which can be
explained by the reaction “Water Gas Shift” in the last reactor of the Reduction zone
“Gasification Homogeneous”, as well as the direct proportionality between the amount of mass
of hydrogen given by UA for each biomass with the amount that resulted from the simulation,
having CS the biggest amount of Hz in the Syngas, and hydrogen in UA, followed by GM, and
OR. Another tendency noted is the direct proportionality between the amount of solid carbon
and the CO produced, since, OR possesses the biggest amount of carbon in its biomass
composition, which resulted in the biggest amount of CO in the Syngas produced, while GM
is the second for both amounts and CS the third. In turn, CO- varies oppositely.

About the heating value, HHV in the line “Gas_top2” is smaller than the “Dried Syngas”
due to the dilution of the gas into non-fuel gases such as N> and H,O. When this gas is cleaned
in the last Separator of the simulation, the Syngas from GM and OR show higher values, once
both have more or similar quantities of CHs in their composition, which has a greater influence
on the heating value.

Tar, at the final of the process, is composed only of naphthalene, once benzene and toluene
are all consumed in the Combustion zone. All biomasses produced low values of tar in the
Syngas composition, having CS being the biggest amount, approximately 0.31, while GM has
0.26, and OR 0.09%, on a mole basis. The work conducted by Lv et al., 2007 [65], varying the
ER from 0.22 to 0.26, and the S/B ratio from 0.32 to 0.69, reached values, in volume fraction,
for tar in the Syngas composition, from 0.27% to 1.30%. According to the literature [26], the
maximum limit considered for tar composition in Syngas is 0.1g/Nm3, being the results of

simulation high above this value, 6.8, 2.4, 8.2g/Nm?3 in the line “Crude_Syngas”, for GM, OR,
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CS, respectively. However, many works reported tar concentrations similar to this work. For
instance, using Sawdust as biomass, Updraft gasifier, and air as the gasifying agent, Wang et
al., 2011 [66], reached 8g/Nm3 of tar in Syngas composition, while Dogru et al., 2002 [67],
employed a Hazelnut shell as biomass in a Downdraft gasifier, supplied by air, resulting in a
tar composition of 3.3g/Nm3. A point to be considered in this model, is the high molecular
weight of naphthalene, increasing the tar mass fraction content.

Some results of Syngas composition on a volume basis are shown in Table 19, below.
Among them, the prediction and optimization of Syngas production based on a kinetic model,
presented by Dang et al. [68], 2021, reached optimal ER = 0.32 and S/B ratio = 0.45, for a
volume basis, using a Wood Residue (WR) as biomass. In another work, conducted by Oni et
al., 2021 [69], with Cymbopogon citratus (CC) and Ni/dolomite/CeO2/K>CO as a catalyst,
obtained the parameters ER = 0.27 and S/B ratio = 0.5. Lv et al., 2007 [65], in a very similar
work, conducted in a lab scale laboratory for Hz-rich gas production in a Downdraft gasifier,

using Pine wood (PW) as biomass, reported optimal ER = 0.24 and S/B ratio = 0.61.

Table 19. Comparison between the Biomasses tested in this work with biomasses tested in the literature.

GM OR CS WR CcC PW

ER SB ER SB ER SB ER  SB ER S/B ER  S/B
036) (0.42) (0.36) (0.42) (0.36) (0.42) (0.32) (0.45) (0.27) (0.50) (0.24) (0.61)

CcO 0.36 0.37 0.36 0.28 0.26 0.39

H» 0.34 0.34 0.35 0.27 0.48 0.29

CO» 0.18 0.17 0.18 0.35 0.18 0.25

CH4 0.11 0.11 0.09 0.09 0.08 0.06

Tar 0.009 0.003 0.01 - - 0.01
H,/CO 0.94 0.92 0.97 0.96 1.88 0.74
HHV (MJ/Nm3) 13.12 13.15 12.88 10.56 12.58 11.10
Reference [68] [69] [65]

It is complex to compare results considering different gasification works. This is due to the
fact that some works test the Syngas production in a real system, considering all the physical-
chemical phenomena that take place inside the gasifier. On the other hand, different simulation
studies use diverse modeling strategies, considering different reactions for each zone of the
gasifier, as well as the different model types, which can be kinetic, equilibrium, and CFD
models, generating distinct results, through the calculation on software platforms. In this

model, for instance, the use of the Gibbs reactor in the combustion zone resulted in the low
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formation of CO;, compared with other works, a situation explained by the equilibrium
reactions happening simultaneously, tending to increase CO instead of CO». The biomasses as
much as their UA and PA compositions influence directly the results through different
analyses. Anyway, the results achieved in this work show certain similarities, regarding the

compositions, as well as HHV, for different ER and S/B ratio values.

4.3.1 ER variation

The Downdraft model was simulated considering the determination of the S/B ratio in
(0.42), and varying ER in the interval from 0.23 to 0.54, for each biomass. Then, it is possible
to analyze how the system interacts with the biomass under different conditions. Below, in

Table 20, the maximum and minimum Airflow for each biomass are presented.

Table 20. Airflow variation for each biomass, into the interval (0.23—-0.54).

Biomass
Olive residue Grape marc Corn straw
Maximum 24.0 22.0 22.0
ER (kg.air/h)
Minimum 2.0 1.5 0

To facilitate the visualization, the results were plotted in graphs given in Figures 11 and
12, regarding the variation in CO, Hz, CO2, CH4 mole fraction; HHV and LHV; and H»/CO

ratio. All results are based on Dried_Syngas, with no No.
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Figure 11. Component mole fraction for CO and H: in the line “Dried_Syngas”, in sequence, versus ER variation.
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“Dried_Syngas”, versus ER variation.
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Concerning the quantities produced by each biomass, below, Table 21 shows the syngas
compositions for the minimum ER (0.23), maximum ER (0.54), and the variation (J), positive

in green, or negative in red.

Table 21. Mole fraction of main components in the line “Dried Syngas”, considering the minimum and
maximum ER points.
GM CS OR

0.23 0.54 o 0.23 0.54 0 0.23 0.54 o

Cco 0.2228  0.4479 - 02061  0.4504 - 02291  0.4561 -

H: 03796  0.4413 - 03971  0.4352 - 03673  0.4285 -

CO2 0.2069 0.1106 0.2084  0.1143 0.2078 0.1152
CHa4 0.1654 0 0.1610 0 0.1711 0
NAPH 0.0251 0 0.0274 0 0.0244 0
H/CO 1.7035 0.9850 1.9270  0.9663 1.6031 0.9396
LHV (MJ/Nm?3) 12.83 10.42 12.65 10.38 12.99 10.38
HHV (MJ/Nm3) 14.24 11.28 14.07 11.23 14.39 11.22

Temperature (°C)  593.47 982.13 59470  1052.70 591.75  1018.15

4.3.1.1 System Behavior under ER variation

Through the plots presented, is possible to see the same behavior for all biomasses when
the airflow is varied. Nevertheless, some differences, such as the amount of each component
(CO, Hz, CO», CHy), can be seen and analyzed. Carbon monoxide presents a comportment of
fast-rising until approximately the ER point 0.37, which is due to the high amount of CO;
converted through the Boudouard Reaction, until the point that most of the carbon is consumed,
decreasing the rate of increase. The opposite is seen in the third graph, where the CO> mole
fraction decreases quickly until the same point, and then the falling ratio decreases, starting to
increase after the point 0.48. About H», the tendency is to rise until the 0.48 ER ratio point,
when it starts to fall, due to the consumption of approximately all CHs. On the opposite way,
the CH4 mole fraction goes down quickly, until reaches values near 0, at the same point as ER
(0.48). The temperature at the final of the process, in line “Dried Syngas,” increases as ER
rises, but there is an increment, around point 0.42, where the rising is more accentuated. These
changes are explained by the reactions, once the increase in the ER favors an increment in the
process temperature due to the total oxidation, which releases more heat since the reactions in
the Combustion zone are exothermic. However, in the Reduction zone, R(11) “Carbon

Reforming”, R(10) “Boudouard Reaction” and R(13) “Steam-methane Reforming” are
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endothermic, ceasing a fast-rising in temperature. When CHy is almost all consumed by R(13),
and there is a lot of CO present in the medium, R(14) “Water Gas Shift Reaction”, which is
exothermic, is favored, consuming the CO, and increasing the rate of increase in system
temperature. HHV and LHV decrease whereas CHas 1s consumed until CO becomes to be the
highest influence in LHV, making the fall less abrupt. For HHV, in turn, H> has more impact,
decreasing the value at a higher rate.

About the H2/CO ratio, CS presents high superiority at the beginning while this decreases
as the ER increases. The line presents the trend of falling, once the CO mole fraction has a
steeper rise than H». Due to having a bigger amount of CHs, than other biomasses, GM
possesses an HHV more elevated, which decreases for all biomasses, following the CH4 falling.
To the Tar amount present in the Syngas, composition, the consumption of all naphthalene, the
residual molecule of Tar, is made about the ER interval of 0.36-0.37. However, the peak for
the H, mole fraction for OR is at ER 0.45 (0.4717), for GM is ER 0.46 (0.4771) and for CS is
also ER 0.46 (0.4838). This peak position is very close to the expected from the literature,
where the optimum ER, considering the maximum amount of H», is inside the interval of 0.2
and 0.4 [70].

In their study, Ibrahim et al., 2022 [71] tested an equilibrium model of a downdraft gasifier,
with rubberwood as a carbon source, and moisture content at 18.5%. When analyzing the ER
variation into the interval of 0.2-0.4, the diluted (summed with N> gas) Syngas demonstrated
the same behavior, decreasing Ho, CO», and CHs mole fractions, while the CO mole fraction
rises. In turn, Yan et al., 2018 [72], developed a thermal-equilibrium model-based, simulating
a Downdraft gasifier in a CFD ambient, testing an ER variation between 0.2—0.4, and obtaining
as result the increase in CO mole fraction, while H>, CO>, CHy, and tar decrease for higher ER.
Yu and Smith, 2018 [73], compared in their work two gasification models based on the
Reaction kinetics model, and the Gibbs Free Energy model, resulting in very similar behavior
for the second one when varied the ER from 0.10 to 0.30. CO and H; volume fraction increases,
while CH4 and CO; decrease as higher ER. Treating the mole fraction results, H» is the most
distinct, concerning quantities, among the biomasses. CS has the highest amount of H>, while
GM and OR alternate with similar amounts during the simulation. Watson et al., 2018 [28],
commented that CO and H> content initially increase, increasing the ER, and after, start to
decrease, while CH4 continuously decreases, and CO, in turn, increases, because more

complete combustion reactions occur.
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Figure 13. Component mole fraction for CO and H; in the line “Dried Syngas”, in sequence, versus S/B ratio variation.

4.3.2 S/B ratio variation

In the same way as the last topic, the Downdraft model was simulated considering the
determination of the ER ratio in (0.36), and varying the S/B ratio between the interval from 0
to 1, for each biomass. Then, it is possible to analyze how the system interacts with the biomass

under different conditions. The maximum and minimum steam flow for each biomass are

presented in Table 22.
Table 22. Steam flow variation for each biomass, in the interval (0—1).
Biomass
Olive residue Grape marc Corn straw
S/B ratio Maximum 9.86 9.62 9.63
(kg.steam/h) Minimum 0 0 0

To facilitate the visualization, the results were plotted in graphs given in Figures 13 and

14, being them: CO, H», CO2, CH4 mole fraction; HHV and LHV; and H»/CO ratio. All results

are based on Dried_Syngas, with no No.
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Concerning the quantities produced by each biomass, below, Table 23 shows the syngas
compositions for minimum S/B ratio (0), maximum S/B ratio (0.95), and the variation (),

positive in green, or negative in red.

Table 23. Mole fraction of main components in the line “Dried Syngas”, considering the minimum and
maximum S/B ratio points.
GM CS OR

0 0.95 o 0 0.95 0 0 0.95 0

[0 0.6503  0.2032 - 0.6309  0.1999 - 0.6696  0.2186 -

H: 0.1024  0.5066 - 0.1466  0.5173 - 0.0749  0.5000 -

CO: 0 0.2282 0 0.2263 0 0.2224

CHa4 0.2430 0.0596 0.2178 0.0538 0.2537  0.0581
NAPH 0.0041 0.0023 0.0047 0.0027 0.0015  0.0008
H/CO 0.1574 2.4927 0.2323 2.5874 0.1119  2.2873
LHV (MJ/Nm?3) 18.02 10.17 17.35 10.03 18.35 10.24
HHV (MJ/Nm3) 19.19 11.39 18.51 11.26 19.51 11.44

Temperature (C°) 1117.34  614.77 110949  618.43 114422  618.82

4.3.2.1 System behavior under S/B ratio variation

According to the simulations, varying the S/B ratio, the mole fractions of each biomass
component exhibit similar behavior. Carbon monoxide decreases as the S/B ratio increases,
being a result of the R(14) “Water Gas Shift Reaction”, which increases CO2 and H> mole
fraction. In turn, the H> mole fraction is also incremented by the consumption of CH4, through
the reaction R(13) “Steam-methane Reforming”. It is possible to note the preference of R(13)
in relation to R(14) at the beginning of the S/B ratio variation, when, next to the point (0.1),
after the high consumption of CHy, there is a “brake”, increasing CO2 mole fraction through
R(14). This high consumption of CH4 decreases the temperature very fast, which could be seen
in both graphs, at the point S/B ratio 0.12, where the decrease in temperature starts to be slower.
The low initial value of CO; mole fraction is explained because of the consumption generated
by the R(10) “Boudouard Reaction” which consumes the solid carbon and CO., favoring the
increase in CO mole fraction. The HHV and LHV follow the CHs behavior, once this
component has the highest weight considering the calorific power. Tar mole fraction is not
affected in this model by the S/B ratio, being the last value not as low than the first because of
the dilution caused by the increment of steam in the mass flow. The mole fraction of H» in the
Syngas follows the amount of hydrogen in the UA composition. In this way, CS which

possesses the larger amount of hydrogen given by UA also produced Syngas with the highest
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amount of this component in the simulation (0.5173). Next, GM, the biomass with the second
higher hydrogen quantity in its UA composition, produced Syngas with 0.5066 of H», and
finally, OR produced Syngas with 0.5000 of hydrogen gas, on a mole fraction basis. The same
trend is seen for the solid carbon component given by UA for each biomass, and CO mole
fraction in the Syngas composition, having OR the highest amount of solid carbon, followed
by GM and CS. The results are shown in Table 23, where OR has 0.2186 of CO mole fraction
in the Syngas composition, while GM has 0.2032, and CS has 0.1999. All results consider the
last point of the S/B ratio (0.95).

About the Hy/CO ratio, it increases for all the S/B ratio variations, since the CO mole
fraction falls, while the H> mole fraction increases.

Ghorbani et al., 2022 [74], using a kinetic model for Pyrolysis based on lignocellulosic
biomass composition, tested the effect of moisture content in the Syngas produced by a
Downdraft biomass gasification process, concluding that for higher moisture contents, the mole
fraction of CO and CH4 decrease, while CO» and Hb> increase, having the last one a reduction
in the rate of rising. Another work presented by Kakati et al., 2022 [75], using bamboo as a
biomass source in an air-steam medium in a Downdraft gasifier, and a variation from 0.1 to 0.4
in S/B ratio, reached an increase of H; and CO> mole fractions, while CH4 and CO reduce as
S/B increases. Varying the moisture content between the interval of O to 25% by mass, Tauqir
et al., 2019 [76], concluded that for higher moistures, the H»/CO ratio increased, as well as the
LHYV decreased. Garcia et al., 1999 [77], reported in their work that the increase in the S/B
ratio, causes the surge in H> and CO2 mole fractions, while CO and CH4 decrease. This is
corroborated by Hernandez et al., 2012 [78], which studied grape marc gasification. For higher
S/B ratios, the larger is Ho/CO, while the lower appears to be the CH4/H> ratio. Another study,
conducted by Wang et al., 2018 [28], shows a big decrease in LHV from 13.62 to 9.40MJ/Nm3,
increasing the S/B ratio from 0 to 3.08, while tar decreases from 40.15g/Nm3 until S/B ratio
1.23, when starts to increase, reaching at the point 3.08 in 2.86g/Nm3. The same trend is seen
in Doherty et al., 2009 [79] work which added steam in a Circulating Fluidised bed reactor,
simulated in Aspen Plus, using Hemlock wood as biomass, resulting in a slight drop of HHV
from 4.69 to 4.62MJ/Nm3, for larger quantities of injected steam. Hydrogen gas composition
still increased from 13.7 to 16.7% on a mole basis, as well as CO,, while CO and CH4

decreased.
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S CONCLUSIONS

The second-order model chosen for the Pyrolysis process has some similarities and
variations when compared with the literature, showing Gas, Tar, and Char values and variations
with temperature following other works [55][56]. The results of the Pyrolysis model applied in
the simulation showed similarities with literature for CH4, H», Tar, and Char, while CO and
CO; showed some variation [57][58][59]. The limitation of the model relates to the
consideration of the temperature as the only variable, exhibiting similar results for different
biomasses.

The Downdraft gasifier simulated based on the second-order Pyrolysis model showed
similar results compared with the literature [65][68][69]. Some variations in Syngas
composition, as well as the CO mole fraction and H> mole fraction followed the UA
compositions of biomasses, considering solid carbon and hydrogen, respectively.

Applying the Gibbs reactor in the combustion zone decreased the CO2, once the
equilibrium tended to produce more of the CO component, becoming the carbon dioxide result
underestimate. A good point is the inclusion of two Gibbs reactors in the Reduction zone,
enabling the utilization of all necessary equilibrium reactions, as well as the feeding with two
streams of steam, which reach the reactors at the same temperature and conditions. The
combustion zone can be reviewed to reach stoichiometric values for the reactions, allowing the
utilization of a Conversion reactor.

Based on the literature, the fall of tar and CH4 is common, as the higher ER, while CO,
CO., and H> show distinct behaviors depending on the model and conditions applied [71][72]
[73]. Regarding S/B ratio variation, there is a similarity with the literature [74][75][77][78][79]
in the increase of H, and CO; mole fractions, as higher the S/B ratio, while CO and CH4
decreases, explained by the Steam-methane Reforming and Water Gas Shift Reactions. CS
showed up to be, in both simulations (ER and S/B ratio), the H»-richer Syngas producer
biomass, while OR is the poorest in this component. Toluene and benzene are all consumed by
the Combustion zone, while naphthalene remains in the process, which can be related to the
molecule conformation, having the last one more unsaturated links, due to the presence of two
aromatic rings, becoming the consumption harder. Naphthalene suffered a strong impact,
increasing ER, while the S/B ratio does not affect its composition.

An increase in ER has a significant impact on the increase of H> and CO mole fractions,
and temperature, while Tar, CHs, CO2, H2/CO, HHV, and LHYV are impacted negatively. The
greatest point, considering the Syngas standard high-quality is around 0.46 and 0.47 where the
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mole fraction of H» for CS is the biggest (0.48). Considering the S/B ratio variation, the increase
in this parameter, varied highly in CO; amount, as well as increased H> mole fraction, and
consequently H2/CO ratio. Negatively affected, the CO and CH4 mole fraction, LHV, HHV,
and temperature, while Tar was not affected by the steam variation. The biomass which
presented the highest amount of H» is again CS (0.52), but there is still an opportunity to
increase, once the H> curve is still rising. All biomasses presented a similar trend for each
component of Syngas when the ER and S/B ratios were increased.

For future works, a modification can be applied, adding to the second-order model a
weighted model, based on the literature, differing the amount of VM and FC for each biomass
in order to ponder the amount of Gas, Tar, and Char, which will be produced in the Pyrolysis
process. The combustion process can be improved by employing a conversion or kinetic reactor
and collecting data from literature about yields achieved in reactions in this step. Another
improvement is to link the energy lines of the process, in order to make it energetically self-
sustaining, and verify its economic viability. Carbon dioxide produced in the process can be
reintroduced in the reduction zone to analyze carbon monoxide variations, in an attempt of

improving the process efficiency.
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