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Abstract: The development of a one-dimensional (1D) phenomenological model for biomass gasifi-
cation in downdraft reactors is presented in this study; the model was developed with the aim of
highlighting the main advantages and limits related to feedstocks that are different from woodchip,
such as hydro-char derived from the hydrothermal carbonization of green waste, or a mix of olive
pomace and sawdust. An experimental validation of the model is performed. The numerically
evaluated temperature evolution along the reactor gasifier is found to be in agreement with locally
measured values for all the considered biomasses. The model captures the pressure drop along the
reactor axis, despite an underestimation with respect to the performed measurements. The producer
gas composition resulting from the numerical model at the exit section is in quite good agreement
with gas-chromatograph analyses (12% maximum error for CO and CO2 species), although the model
predicts lower methane and hydrogen content in the syngas than the measurements show. Parametric
analyses highlight that lower degrees of porosity enhance the pressure drop along the reactor axis,
moving the zones characterized by the occurrence of the combustion and gasification phases towards
the bottom. An increase in the biomass moisture content is associated with a delayed evolution of
the temperature profile. The high energy expenditure in the evaporation phase occurs at the expense
of the produced hydrogen and methane in the subsequent phases.

Keywords: biomass gasification; syngas; phenomenological model; downdraft; hydro-char

1. Introduction

The current energy system is witnessing an unprecedented transformation, with a gen-
eral shift of the energy production paradigm from fossil-based to renewable sources [1,2].
The bioeconomy uses renewable natural capital to holistically transform and manage land,
food, health and industrial systems with the goal of achieving sustainable wellbeing. The
exploitation of residual agricultural biomass, including livestock waste or sewage sludge,
is a viable route, which is today widely considered for sustainable energy production in
both industrialized and developing countries.

Bioenergy routes include biological and thermochemical treatments of biological
resources. Among the different thermochemical paths for biomass utilization, gasification
is currently one of the most valuable options [3]. It consists of biomass conversion via
partial oxidation reactions into a synthetic gas (syngas or producer gas) that is mainly
composed of hydrogen (H2), methane (CH4), carbon monoxide (CO), carbon dioxide (CO2)
and water vapor (H2O), which can be exploited for cogenerative purposes with a low
environmental footprint.

However, existing difficulties harm the widespread deployment of energy systems
based on biomass gasification, these being closely related to the large variability (mostly
particle size, moisture and ash content) of the materials to be processed [4], which in turn
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results in a highly variable quality of the produced syngas [5], as well as the co-production
of condensable organic compounds (tar) that may cause reactor blockages [6].

In this context, numerical modelling may be a useful tool for a better comprehension
of the underlying physical and chemical mechanisms, and hence for the design of new
gasification systems or the development of proper control strategies for existing units [7].
Numerical analyses and optimization can allow significant improvements in the whole con-
version process [8]. Within the scientific literature, thermodynamic equilibrium models are
the most followed numerical approaches, as they are characterized by high simplicity and
easily achievable solutions. They release an ideal syngas yield that is based on the stringent
hypotheses of infinite biomass residence time within the reactor, and independency of the
conversion process from the design features of this reactor [9]. On the opposite side, with
respect to model complexity, Computational Fluid Dynamic (CFD) models can be proposed
to characterize, in detail, such a complex process, thus providing a very accurate description
of the thermochemical process, which is, however, counterbalanced by long computational
times [10]. In between, one-dimensional (1D) phenomenological models may represent
a good compromise due to their simplicity and moderate computational time to obtain a
reliable prediction of the syngas composition and of the thermodynamic field inside the
reactor. They consider both the chemical reaction kinetics and information relevant to the
fluid dynamics of the reactor, for given operating conditions and feedstock features.

Among the state-of-the-art of phenomenological 1D approaches applied for biomass
gasification in downdraft gasifiers, Giltrap et al. [11] predicted the composition of the
producer gas from wood biomasses under steady-state operation, employing the reduc-
tion zone kinetics rates as derived by Wang and Kinoshita [12]. Di Blasi [13] proposed a
1D phenomenological model for lignocellulosic biomass gasification in a stratified down-
draft gasifier, including the reactions of the consecutive processes of drying, pyrolysis,
combustion and gasification of char, combustion of the released volatiles and tar cracking.

Sharma [14] presented a phenomenological model for rubber wood gasification in
which the reduction zone was modelled using a finite reaction rate, while the pyro-oxidation
zone was modelled considering a thermodynamic equilibrium approach. However, char
combustion in the pyro-oxidation zone and the formation of methane were not described.
Tinaut et al. [15] studied the effects of different sizes of pine bark biomass and different air
superficial velocity through the development of a steady 1D model of biomass gasification,
while Umeki et al. [16] studied the effects of high-temperature steam as gasifying agent
through a validated 1D two-fluid model. Simone et al. [17] developed a phenomenological
1D model to help the interpretation of experimental results achieved in a pilot scale throated
downdraft gasifier operated with woody residues as feedstock. Patra et al. [18] developed
a comprehensive 1D combined transport and kinetics model operating under unsteady
state conditions for the gasification of wood, validated against experimental data in terms
of biomass consumption rate, producer gas flow rate and gas composition. A four-zone
kinetic model for a downdraft gasifier was developed by Salem et al. [19], in which the
gasification products from rubber wood were determined through an approach that finds
the optimum length of the reduction zone.

The above, to the best of authors’ knowledge, is the state-of-the-art of phenomenologi-
cal 1D approaches applied to simulate the gasification in the downdraft reactors of only
wooden biomasses. The current shift in interest towards thermochemical treatments of
other kinds of biological feedstocks, such as agricultural, green wastes or crop residuals,
needs more flexible approaches. Examples include olive pomace from the olive oil extrac-
tion process, or hydro-char derived from hydro-thermal carbonization (HTC) of green
waste, the latter being the most exploited for fertilization or as char in combustion devices,
such as those considered in this study.

Therefore, a stationary 1D phenomenological model of biomass gasification in a fixed
bed downdraft gasifier is here presented, validated with respect to data coming from
a dedicated experimental campaign accounting for two types of woodchip, hydro-char
derived from green waste HTC and a mix of olive pomace and sawdust.
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The main aim of the work is to highlight advantages and limits of the here-developed
model when applied to simulate the thermochemical conversion of feedstocks of non-
woody biomasses, by bringing to light the main shortcomings that arise when considering
materials characterized by high calorific values and high ash contents.

Biomass characterizations are performed according to standard methods, and mea-
sured values of porosity of the actual feedstock are used to set the input parameters of
the model. Numerical results are compared with experimental data that are relevant to
the temperature and pressure evolution at some points along the reactor axis, and syngas
composition as derived from sampling and gas chromatograph analyses.

Lastly, parametric analyses are performed to highlight the effects of variables, such as
the biomass moisture content, the equivalence ratio (ER) and the porosity of the bed, on
the conversion efficiency.

2. Materials and Methods

The model proposed in this study is developed within the MATLAB environment
and is validated using experimental data from gasification of two types of woodchip,
hydro-char derived from green waste HTC and a mix of olive pomace and sawdust in a
downdraft reactor being part of a real micro-cogeneration system.

2.1. One-Dimensional Phenomenological Approach

The gasification process in a downdraft gasifier is modelled by means of a 1D schema-
tization along the reactor axis, solving the equations of mass and energy balance for porous
media to each differential volume ∆V that is treated as a Continuous Stirred Tank Reactor
(CSTR), whose diameter is equal to the local reactor diameter Dreact with height ∆z along
the gasifier axis. The adopted approach is aligned to that of Tartarelli and Seggiani [20].

Turbulence is not treated formally but is implicitly accounted for through correlations
of the actual heat/mass transfer coefficients. The fed particles are considered to be of
spherical shape while the porosity of the bed, ε, is assumed to be constant along the
gasifier, although they are imposed as though derived from measurements taken on the
real feedstock.

Modelling of sub-processes includes:

• Moisture (M) evaporation by a 1st order kinetic equation;
• Biomass/residual material (W) devolatilization described by one-step global reaction;
• Char (C) gasification reactions;
• Combustion of volatile species.

The related reactions are listed in Table 1.

Table 1. Reactions occurring in a downdraft gasifier.

Reaction Reaction Name

Biomasswet → Biomassdry + H2Ovapour Drying
Biomassdry → Char + Volatiles (Gas + Tar) Devolatilization

Heterogeneous Reactions
C + ER·O2(g)→ 2(1 − ER)·CO + (2·ER − 1) CO2 Oxidation

C + CO2(g)→ 2CO Boudouard Reaction
C + H2O(g)→ CO + H2 (Water/gas heterogeneous reaction)

C + 2H2(g)→ CH4 (Methane formation reaction)
Homogeneous Reactions

CO + H2O(g)↔ CO2 + H2 (Water/gas shift reaction)
Tar + O2 → CO + H2O

Tar + H2O→CO + H2O (Tar reforming)
Tar→ CO + CO2 + CH4 + H2 (Tar cracking)

CH4 + 2O2 → CO + 2H2O
CH4 + H2O↔ CO + 3H2 (Methane reforming reaction)

CO + 0.5O2 → CO2
H2 + 0.5O2 → H2O
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The solid phase is characterized in terms of partial bed densities ρi (kg/m3 bed
volume), where i = M, Wdaf, (C) and ashes (A), by the solid velocity US (m/s), temperature
TS (K) and pressure PS (Pa).

Similarly, the gas phase is described in terms of the partial densities ρj (kg/m3 gas vol-
ume) for j = O2, N2, H2O, CO2, CO, H2, CH4, H2S, TAR, gas velocity UG (m/s), temperature
TG (K) and pressure PG (Pa).

The equations to be solved are the following:
Ideal gas law

∑j ρj/Mj = PG/(R·TG) j = O2, N2, H2O, CO2, CO, H2, CH4, H2S, TAR (1)

where the left-hand side represents the total gaseous density obtained as a sum of the
ratios between the partial densities ρj and the molecular weight Mj of the nine considered
gaseous species, and R is the gas universal constant.

Mass conservation of the solid-phase species

Biomass: ∂(US·ρW)/∂z = −Rdev (2)

Moisture: ∂(US·ρM)/∂z = −Rdry (3)

Char: ∂(US·ρC)/∂z = α2·(MC/MW)·Rdev − RS1 − RS2 − RS3 − RS4 (4)

Ash: ∂(US·ρA)/∂z = 0 (5)

where the source terms on the right-hand side represent the kinetic rates for the drying,
devolatilization and the four char heterogeneous reactions; the latter is described in more
detail in the subsequent section.

Mass conservation of the gas-phase species

∂(ε·UG·ρO2 )/∂z = −MO2 ·[0.5·RG1 + 0.5·RG2 + 2·RG3 + (m/2 + n/4)·RG4] − 0.5·(MO2 /MC)·RS1 (6)

∂(ε·UG·ρN2 )/∂z = −g·(MN2 /MW)·Rdev (7)

∂(ε·UG·ρH2O)/∂z = Rdry + d·(MH2O/MW)·Rdev + MH2O·[RG2 + 2·RG3 + (n/2)·RG4 − RWG] − (MH2O/MC)·RS4 (8)

∂(ε·UG·ρCO2 )/∂z = e·(MCO2 /MW)·Rdev + MCO2 ·[RG1 + RG3 + m·RG4 + RWG] − (MCO2 /MC)·RS2 (9)

∂(ε·UG·ρCO)/∂z = c·(MCO/MW)·Rdev −MCO·(RG1 + RWG) + (MCO/MC)·(RS1 + 2·RS2 + RS4) (10)

∂(ε·UG·ρH2 )/∂z = a·(MH2 /MW)·Rdev + MH2 ·(RWG − RG2) + (MH2 /MC)·(−2·RS3 + RS4) (11)

∂(ε·UG·ρCH4 )/∂z = b·(MCH4 /MW)·Rdev −MCH4 ·RG3 + (MCH4 /MC)·RS3 (12)

∂(ε·UG·ρH2S)/∂z = f·(MH2S/MW)·Rdev (13)

∂(ε·UG·ρTAR)/∂z = (MTAR/MW)·Rdev −MTAR·RG4 (14)

where the right-hand side contains the stoichiometric coefficients (a, b, c, d, e, f, g, m,
n) of the reaction, obtained from the balance equations of the products’ yield, and the
reaction rates for the drying, devolatilization, the four char heterogeneous reactions and
the five homogeneous reactions. All of these will be more thoroughly introduced later in
this section.

Energy balances for the solid and gas phases

∂(US·ρS·HS)/∂z = −QSG − QSW + (−∆Hdry)·Rdry + ∑j = 1:4 (−∆HRSj)·RSj (15)

∂(ε·UG·ρG·HG)/∂z = + QSG − QGW + ∑j = 1:5 (−∆HRGj)·RGj (16)

where:

• HS = cpS·(TS − 298.15);
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• HG = cpG·(TG − 298.15);
• QSW = (4·hSW/Dreact)·(TS − Twall);
• QGW = (4·hGW/Dreact)·(TG − Twall);
• QSG = hSG·ASG·(TS − TG);
• ASG = 6·(1 − ε)/dp.

where the reactor diameter Dreact is assumed to vary along the axis according to the
geometrical measurement taken on the real system. This is made to implicitly relate
the relative position of the drying, pyrolysis, oxidation and reduction zones with the
throat location.

In the previous equations, HS and HG are the solid and gaseous phases enthalpies, hSW
− hGW − hSG and QSW − QGW − QSG, respectively, represent the heat transfer coefficients
(W/m2K) and the specific heat fluxes between the gasifier wall and the solid phase (SW),
the solid walls and the gaseous phase (GW) and between each phase (SG). The specific
heat fluxes hSW − hGW are expressed referring to the hydraulic radius, which is defined as
the cross-sectional area of the reactor divided by the perimeter.

The specific heats, at constant pressure, cp, are evaluated through polynomial expres-
sion as a function of temperature, as reported by Knacke et al. [21]. ∆Hi are the reaction
heats adopted, which are better described in the next section, and are derived from the
paper published by Hobbs et al. [22] considering spherical parcels of diameter dP, while
ASG is the specific surface area of the particle, whose unit is m2/m3

bed [20].
The equation relative to the heat flux between the solid and the gaseous phase, Qsg,

is implemented from [13], while the convective heat transfer coefficient hsg (W/m2K)
is derived from the Nusselt number; the latter expresses the weight of the convective
process of heat transfer over the conductive one within the gaseous mixture. The chosen
correlation for the Nusselt as a function of the Reynolds and Prandtl numbers is relevant to
a flow investing a cylinder, as this is a condition that can better reflect the real conversion
process occurring in the reactor, where the gasifying agent hits particles of solid material
undergoing a progressive change of composition and morphology:

Nu = 0.683·Re0.466·Pr1.3 (17)

where Equation (17) assumes a “local” validity in the developed model, since the Reynolds
and Prandtl numbers are calculated cell by cell along the vertical gasifier direction. In the
considered operative cases, the range of variation of Reynolds is Re = 200–400, while for
the Prandtl number it is Pr = 0.7–0.9.

Regarding the mathematical approach, the model is solved by dividing the system
of differential-algebraic equations into two sub-systems: the first is composed by the
ordinary differential Equations (ODE) (1)–(16), solved through the algorithm ODE15s
(Gear’s method), which is suitable for the solution of stiff problems as the integration step
can be reduced when the gradient of variables sharply increases. The other is a non-linear
algebraic system conducted according to the following equations:

TS = HS/(ρS·cpS·US) (18)

TG = HG/(ρG·cpG·UG) (19)

the temperatures of the gaseous and solid phases are evaluated from the enthalpy values
achieved through Equations (15) and (16);

(ρN2 /MN2 ) = P/(R·TG) −∑i ρGi/Mi i = O2, H2O, CO2, CO, H2, CH4, H2S, TAR (20)

the nitrogen density is obtained by difference with respect to the densities of the other
gaseous species, these solved through Equations (6)–(14);

UG = (UG · ρG)/(∑I · ρGi) i = O2, N2, H2O, CO2, CO, H2, CH4, H2S, TAR (21)
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US = constant (22)

dP/dz = − (150µG·(1 − ε)2)/(dp0
2 · ε3) · UG − (1.75 · ρG · (1 − ε))/(dp0 · ε3) · UG

2 (23)

the velocity of the gaseous phase is obtained by solving Equations (6)–(14), while the
velocity of the solid phase is assumed as constant. The pressure variation along the reactor
axis is obtained by solving Equation (23), as proposed by Giltrap et al. [11], as a function of
the gaseous density, the particle diameter, the gaseous velocity, the bed porosity and the
fluid viscosity µG. This equation system is solved through the Newton–Raphson algorithm.

A schematization of the whole approach is reported in Figure 1.

Figure 1. Reactor schematization for the mathematical approach.

2.2. Adopted Kinetic Rates

Drying, devolatilization and homogenous reaction kinetics are derived from studies
that are relevant to wood gasification but also suitable for biomasses of different composi-
tions. The reactions and reaction rates adopted in the present model are hereafter described.

During the drying phase, the wet biomass is heated up by exploiting the hot gases
coming from the lower zones of combustion/gasification, releasing its moisture content.
The kinetic rate Rdry is described according to a first order kinetic approach, thus depending
upon the local temperature value according to the Arrhenius equation [23]:

Rdry = ρH2O · AH2O · exp(−EH2O/(R · TS)) (24)

where AH2O is the pre-exponential factor equal to 5.56 × 106 s−1 and EH2O is the activation
energy equal to 8.79 × 104 J/mol.

As concerns biomass pyrolysis, many researchers [24–31] describe this process through
a two-stage parallel reaction model. The biomass first undergoes a primary thermal
degradation producing gases, tar and char. The primary pyrolysis products, condensable
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and non-condensable vapors, and char are then considered to undergo secondary reactions
in the presence of the gasification agent, thus forming additional amounts of gaseous
compounds [32]. In the present work, devolatilization of biomass is described by a first-
order one-step global reaction estimated by an Arrhenius expression, as also proposed by
Teislev [33]. Five splitting factors for char, hydrogen, methane, carbon monoxide and water
vapor are introduced to determinate the stoichiometry of the pyrolysis reaction.

The kinetic rate is modelled as:

Rdev = ρW·K0 · exp(−E/(R · TS)) (25)

where K0 = 2 × 104 s−1 and E/R = 8467 K.
This term appears at the right-hand side of each of the species mass balance equation,

multiplied by a proper coefficient derived from the general devolatilization reaction:

Cα1Hβ1Oγ1Nδ1Sε1 → α2·C + a·H2 + b · CH4 + c · CO + CmHn + d·H2O + e · CO2 + f · H2S + g · N2. (26)

In Equation (26), α2, a, b, c, d, e, f, g, m, n are the stoichiometric coefficients of the
reaction, obtained from the balance equations of the products yields [20]. These are better
described in the Supplementary Materials.

The combustion homogeneous reactions considered in the present model are:

G1: CO +
1
2
· O2 → CO2 (27)

G2: H2 +
1
2
· O2 → H2O (28)

G3: CH4 + 2 · O2 → CO2 + 2 · H2O (29)

G4: CmHn + (m/2 + n/4) · O2 →m · CO2 + (n/2) · H2O (30)

WG: CO + H2O→ CO2 + H2 (31)

where WG represents the water–gas shift reaction.
Lastly, the heterogeneous reactions, describing the char conversion into volatile com-

pounds, follows the Shell Progressive (SP) approach, where it is assumed that the external
char particle diameter remains constant, and equal to dp0, while the inner core dc reduces
during the gasification reactions.

Char gasification kinetics is modelled with particular attention as its reactivity varies
with the degree of conversion and residence time and because it is a slower process than the
initial pyrolysis [34,35]. This aspect must be taken into account in the proper design of new
gasifiers. In general, there are many publications concerning the gasification kinetics of
chars obtained from different types of coal [36,37] or any type of biomass [38,39]. First-order
kinetics often holds only for a part of the conversion interval and a more adequate kinetics
schematization is needed [40]. Therefore, within the present work, char is assumed as
consisting of pure carbon, as the experimental evidence proves that just negligible amounts
of hydrogen and oxygen are present, reacting with O2, CO2, H2O and H2 according to the
heterogeneous reactions. These are the following:

P1: C +
1
2
· O2 = CO (−111 MJ/kmol); (32)

P2: C + CO2 = 2 · CO (+172 MJ/kmol); (33)

P3: C + H2O = CO + H2 (+131 MJ/kmol); (34)

P4: C + 2 · H2 = CH4 (−75 MJ/kmol). (35)

The reaction heats reported in brackets in Equations (32)–(35) state the endothermic
(if positive) or exothermic (if negative) nature of each reaction.
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The reactions and reaction rates adopted in the present model are summarized in
Table 2, where [X] expresses the general species concentration in kmol/m3, while the
devolatilization kinetic rates used as the right-hand terms in each of the Equations (6)–(14),
and the kinetic constants of the heterogeneous reactions listed in Table 2 are, respectively,
reported in Tables S1 and S2 in the Supplementary Materials.

Table 2. Reactions and reaction rates used in the present model.

Drying
Biomass wet→ Biomass dry + H2O vapor [23]

Rdry (kg/(s·m3
bed)) = ρH2O·5.56 × 106·exp(−8.79 × 104/(8.31·TS))

Devolatilization

Cα1Hβ1Oγ1Nδ1Sε1 → α2·C + a·H2 + b·CH4 + c·CO + CmHn + d·H2O + e·CO2 + f·H2S + g·N2 [33]

Rdev (kg/(s·m3
bed)) = ρW·2 × 104·exp(−8467/TS)

Homogeneous reactions gas phase

G1: CO + 1
2 O2 → CO2 [23]

RG1 (kmol/(s·m3)) = ε·kG1·[CO]·[H2O]0.5·[O2]0.5 with kG1 = 1.3 × 1014·exp(−62,700/TG)
G2: H2 + 1

2 O2 → H2O [23]
RG2 (kmol/(s·m3)) = ε·kG2·[H2]·[O2] with kG2 = 8.83 × 1011·exp(−12,005/TG)

G3: CH4 + 2O2 → CO2 + 2 H2O [23]
RG3 (kmol/(s·m3)) = ε·kG3·[CH4]·[O2] with kG3 = 2.552 × 1017·exp(−11,196/TG)

G4: CmHn + (m/2 + n/4) O2 →m CO2 + n/2 H2O [38]

RG4 (kmol/(s·m3)) = ε·kG4·[CmHn]0.5·[O2] with kG4 = 1891·TG·exp(−12,200/TG)

Water–gas shift reaction

CO + H2O→ H2 + CO2 [13,23]

RWG (kmol/(s·m3)) = ε·kWG·{[CO]·[H2O] − [CO2]·[H2]/KWGeq}

with kWG = 2.78 × 103·exp(−1513/TG) KWGeq = 0.0265·exp(−3966/TG)

Heterogeneous reactions involving carbon

(P1): C + 1
2 O2 → CO [31]

(P2): C + CO2 → 2 CO [23]

(P3): C + H2O→ H2 + CO [31]

(P4): C + 2 H2 → CH4 [23]

RSP (kgC/(s·m3
bed)) = {ρGl/[(1/kdiff,Gl) + (1/kash,Gl)·(1/ξ−1) + (1/kRp,Gl·ξ2)]}·[MC/(υRp,Gl·MGl)]·ASG

with Gl = O2, CO2, H2O, H2. The coefficients ki are listed in Table S2 in the Supplementary Materials.

2.3. Experimental Characterization of Biomass Gasification System

An experimental investigation is properly performed to characterize the performances
of the here-studied downdraft gasifier, belonging to the Combined Heat and Power (CHP)
system, called ECO20 X, developed by the Italian company Costruzioni Motori Diesel S.p.A.
(C.M.D.) [41], and experimentally characterized in the main thermodynamic variables as a
whole plant in ref. [42]. The real gasifier is shown in Figure 2.
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Figure 2. Downdraft gasifier developed by the C.M.D. company.

The tested biomasses differ in composition and in shape: woodchip has a consistency
and size that is suitable for direct gasification, while preliminary mechanical pre-treatments
of briquetting were needed to process both olive pomace and hydro-char. A briquette
made of 100% green waste hydro-char was found to sufficiently resist tangential stresses in
the reactor without crumbling, while an 85% concentration of sawdust mixed with olive
pomace was necessary to ensure the tolerance to the mechanical stresses of the handling
and loading processes. Table 3 shows the images of the tested biomasses before and
after the briquetting process along with their main physical characteristics. Woodchip is
obtained after a mechanical pre-treatment involving a shredding process, which produces
an average woodchip length between 10 and 30 mm. On the other hand, briquettes of
green waste HTC and mixtures of olive pomace and sawdust have a diameter of 35 mm
and a length between 40 and 80 mm.

The degree of porosity ε to be imposed in the numerical model, that affects the
conversion rate of the biomass, and hence the residence time of the material in the reactor,
was evaluated for each tested biomass by measuring the ratio of the volume occupied
by the residual material in a bucket with respect to the volume of the bucket itself. The
calculated values derive from an average over five measurements and are reported in
Table 3. The difference in the porosity of the hydro-char and olive pomace briquettes is due
to the diverse level of resistance of the two materials when compressed, with the hydro-char
leading to briquettes remaining more unbroken than those made of olive pomace.

The following experimental data were collected at the plant site for a correct model
initialization and validation:

• The biomass/residual material composition, flow rate and chemical features, the
latter reported in Table 4 in terms of proximate analysis (expressed in dry basis,
d.b.) defined using a LECO CHN-628 analyzer according to the ASTM D5373 proce-
dure, ultimate analysis (expressed in dry-ash free basis, daf) using a TGA 701 LECO
thermo-gravimetric analyzer according to the ASTM D5142 procedure, and calorific
values—each measurement was performed five times. Table 4 reports the calculated
mean values;

• Low-frequency pressure sensors and k-type thermocouples were mounted along the
reactor axis, respectively, for the measurement of the gaseous pressure and temper-
ature to be used for the validation of the model results. Table 5 reports the gasifier
characteristics, together with the details about the position of each thermocouple and
pressure sensor applied.
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Syngas samples were collected in bags and analyzed through a gas chromatograph
to evaluate the chemical composition of the gaseous fuel produced for each biomass
tested. Their composition is reported in Table 6 in terms of mass fractions on a daf basis.
The gasification of all the biomasses was performed at an equivalence ratio of 0.3 and
considering a biomass mass flowrate of 24 kg/h. It must be said that for the green waste
hydro-char, the moisture and the ash contents in the feedstock were found to play a decisive
role during the conversion process, as their fusion created agglomerates that hindered a
smooth flow across the reactor, undermining the overall efficiency of the experimental
plant until the end of the process.

Table 3. Tested biomasses before and after briquetting treatment and assumed degree of porosity in the reactor.

Biomass As Delivered After Briquetting Average
Dimensions

Average
Density
[kg/m3]

Porosity ε

Woodchip Case 1 - 10–30 mm 860 0.5

Woodchip Case 2 - 10–30 mm 810 0.5

Hydro-char Length: 40–80 mm.
Diameter: 35 mm. 1250 0.55

Olive Pomace Length: 40–80 mm.
Diameter: 35 mm. 808 0.5

Table 4. (a) Proximate analysis, (b) ultimate analysis, (c) heating value for the four biomasses tested.

Parameter Woodchip Case 1 Woodchip Case 2 Hydro-Char Olive Pomace

(a) Proximate analysis
Initial Moisture 11.2% 15.9% 12.4% 8.4%

Ash (db) 0.56% 0.36% 17.36% 3.72%
Volatile matter (db) 82.89% 78.64% 59.13% 74.34%
Fixed carbon (db) 16.67% 21% 23.51% 21.94%

(b) Ultimate analysis

Carbon (daf) 45.5% 44.4% 65.2% 50.2%
Hydrogen (daf) 5.6% 5.2% 6.3% 5.9%
Nitrogen (daf) 0.0% 0.2% 1.3% 0.8%
Oxygen (daf) 48.9% 50.0% 27.2% 43.1%

(c) Heating value

High calorific value
kJ/kg (daf) 17,068 17,026 26,815 19,654

Lower calorific value
kJ/kg (daf) 15,710 16,854 25,457 18,296
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Table 5. Real gasifier characteristics.

Characteristic Value

Maximum Reactor Diameter. 0.21 m
Minimum Reactor Diameter 0.10 m

Gasifier Length 1 m
Equivalence ratio 0.3

1st Thermocouple position 0.06 m
2nd Thermocouple position 0.78 m
3rd Thermocouple position 0.98 m
1st Pressure Sensor position 0.06 m
2nd Pressure Sensor position 0.98 m

Table 6. Collected syngas mass fractions on dry basis for the four biomasses tested.

Species Woodchip Case 1 Woodchip Case 2 Hydro-Char Olive Pomace

H2% 1.21 1.65 1.53 1.58
N2% 61.79 43.2 54.64 45.0
CO% 20.55 26.87 21.45 11.24
CH4% 1.17 1.09 1.52 3.1
CO2% 15.29 26.52 17.73 39.08

3. Results
3.1. Model Validation and Results

Figure 3 reports the comparison between the experimental measurements and the
numerical profile of the gaseous phase temperature along the reactor axis for the four
tested biomasses. The agreement is considered satisfactory, as the results achieved with the
numerical model well respect the temperature evolution depicted from the measurement
by the thermocouples, proving the versatility of the developed model with the operative
condition being tested. In general, after entering the gasifier, the treated biomass heats-
up and loses its moisture content. After achieving a complete depletion of the biomass
water content, the gaseous temperature rapidly increases due to the activation of the
pyrolysis mechanisms in a temperature range between 400 and 700 K. Subsequently, after
800 K, the gasification and combustion reactions take place in both the homogeneous and
heterogeneous phases, allowing the gaseous species temperature to rapidly reach a peak at
an axial position around the throat. After the peak, the temperature decreases because only
ashes remain, and the only reaction that is still present is the water–gas shift reaction. The
highest heating value that characterizes the hydro-char is responsible for an anticipated
combustion phase with respect to the other cases analyzed, reaching a temperature peak
of 1345 K compared to a value of around 1200 K for the other raw materials. This trend is
better highlighted in a different visualization of the temperature field in Figure 4 where
the temperature iso-surfaces are shown along the reactor geometry, highlighting the zones
around the throat where the highest temperatures are reached.

Figure 5 reports the comparison of the pressure evolution along the axis reactor. The
measured pressure drop in the reactor is of about 80 mbar for all the cases considered. This
trend is reproduced by numerical results, although an underestimation is observed for all
the considered conditions. This is mainly an effect that is derived from the employed Shell
Progressive (SP) approach, where it is assumed that the external char particle diameter
remains constant while the inner core is reduced during the gasification reactions. Therefore,
the pressure drop, as described by Equation (23), is underestimated as this effect is not, at
this point, considered.
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Figure 3. Comparison between the experimental measurements and the numerical temperature profile for the four
biomasses/residual materials tested: (a) woodchip case 1, (b) woodchip case 2, (c) hydro-char from green waste, (d) olive pomace.

Figure 4. Cont.
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Figure 4. Numerical temperature profile (expressed in Kelvin) along the reactor axis for the four biomasses tested:
(a) woodchip case 1, (b) woodchip case 2, (c) hydro-char from green waste, (d) olive pomace.

Figure 5. Comparison between the experimental measurements and the numerical pressure profiles for the four biomasses
tested: (a) woodchip case 1, (b) woodchip case 2, (c) hydro-char from green waste, (d) olive pomace.

Figure 6 shows the evolution of the solid and gaseous species along the reactor axis.
These trends exhibit a qualitatively identical profile for all the different biomasses, where
the main differences occur in their values and in their positions along the reactor axis of the
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combustion/gasification phases (the latter, however, is clearly marked by the temperature
peak reported in Figure 3). Therefore, for the sake of brevity, they are shown only for the
operative Case 1 of woodchip gasification.

Figure 6. Numerical results on woodchip case 1 regarding the evolution of the mass fractions of the (a) solid and (b)
gaseous species.

Figure 6a reports the mass fractions of the solid species (biomass, moisture, char
and ashes) calculated with respect to the feedstock flowrate entering the gasifier. The
biomass moisture content shown in Figure 6a rapidly goes to zero in the upper zone of the
reactor where drying occurs; consequently, the complementary mass fraction relative to the
biomass organic matter simultaneously increases. At the same time, the water vapor mass
fraction, represented by the Gas line in Figure 6a and better shown in Figure 6b (where
the species molar fractions are, instead, plotted and calculated with respect to the flowrate
of only the gaseous species, this being the sum of the entering air and the gasification
products), also increases. Nitrogen evolution in Figure 6b is not reported for the sake
of clarity.

When temperature reaches 400 K at an axial position of around 0.35 m, devolatilization
reactions occur. The mass fraction of the biomass organic matter decreases (Figure 6a), being
completely converted into char and into permanent and condensable gases (Figure 6b)
such as CO, CO2, CH4, H2O, H2 and tar.

After the pyrolysis reactions completely convert the organic matter into char and
gaseous species, the constant trend depicted in the char mass fraction in Figure 6a corre-
sponds to the distance required for the temperature to increase and activate the kinetic rate
associated with the char oxidation.

Indeed, when the char begins to be oxidized, the O2 decreases because of the gasifi-
cation reactions of char reported in Equations (32)–(35), which lead to the production of
CO, H2 and CH4. Simultaneously, these species further react with oxygen, to be oxidized
into water vapour and carbon dioxide, as expressed in Equations (27)–(31). In this phase,
the temperature witnesses a strong increase due to the exothermic nature of the oxidation
reactions. At the end of the reduction stage, when the temperature reaches its peak and
begins to show a negative slope, all chemical reactions are frozen except for the water–gas
shift reaction (Equation (31)), which slightly favours the formation of CO2 in the place of
CO, as can be seen in the last part of Figure 6b.

A comparison between the measured and calculated mass fractions produced at the
end of the gasification process is reported in Figure 7. The numerical and experimental
results can be said to be in quite a good agreement, considering the complexity of the
formulated numerical model, where a multiphase reacting flow is modelled within a 1D
schematization. The best results are achieved for both of the woodchip gasification cases,
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where the error between the measured and numerical values is equal to 12% in terms of
the prediction of the CO and CO2 species.

Figure 7. Linear adjustment comparison between the measured and numerical syngas species (on a dry tar-free basis) for
the four biomasses tested: (a) woodchip case 1, (b) woodchip case 2, (c) hydro-char from green waste, (d) olive pomace.

A numerical underestimation of the CO species and an overestimation of the CO2 is
noticed for the operative case of hydro-char gasification. This can be explained by the influ-
ence of the temperature over the water–gas shift reaction kinetics, where a shift towards
the CO2 product is favoured at the highest temperatures reached in this operative case.

Moreover, a numerical underestimation of H2 and CH4 species is evident for all the
cases analysed. This gap can be explained by looking at Figure 6b, where it is evident that
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the adopted gasification kinetics P3 (C + H2O = CO + H2) and P4 (C + 2H2 = CH4), reported
in Equations (34) and (35), do not contribute any substantial increase in the production of
these two species after the devolatilization phase. This aspect reveals how the gasification
kinetics are well-balanced with the oxidation kinetics G2 (H2 + 1/2O2 → H2O) and G3
(CH4 + 2O2 → CO2 + 2H2O) reported in Equations (28) and (29).

The underestimation of the CH4 and H2 species strongly affects the prediction of the
syngas Lower Heating Value (LHV), as shown in Figure 8, especially for the hydro-char
case, where the CO mass fraction is also not well predicted.

Figure 8. Histogram comparison between the measured and numerical syngas LHV for the four
biomasses/residual materials tested.

3.2. Parametric Analysis of the Influence of the Gasification ER

The influence of the gasification ER on the gasification conversion efficiency is studied
in the present section. Due to the similarity between the two woodchip biomass cases,
the following analyses are performed just for the first case. Besides the operative ER of
0.3 assumed in the previous validation process, this parameter is here also considered as
equal to 0.25 and 0.35. Figure 9 shows the evolution of gaseous temperature along the
reactor axis. An increase in this parameter, due to an increase in the gasifying air mass flow
rate, enhances the temperature peak by over 150 degrees. This phenomenon is a direct
consequence of the operative condition present near the point of stoichiometric combustion,
where a reduction in the syngas calorific value (as shown later) and an increase in the
temperature of the reduction zone occur.
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Figure 9. Temperature evolution along the reactor axis at different ER for (a) woodchip case 1, (b) hydro-char from green
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It is also interesting to note that the reduction zone moves towards the reactor outlet
section: this behaviour is physically explainable due to an increase in the quantity of oxygen
in the air, which influences the effectiveness of the pyrolysis phase (or devolatization),
with a consequent delay in the subsequent processes. On the other hand, it can be seen
that the influence of this parameter on the gaseous pressure evolution shown in Figure 10
can be considered as negligible, as the maximum percentual variation occurring at the
reactor section is equal to the 0.5% for the woodchip case. The variation with ER of the
syngas species at the exit section of the gasifier is shown in Figure 11. The mass fractions
are reported on a daf basis. An increase in the ER is associated with a decrease in CH4
and H2, as the operative conditions approach the stoichiometric ones. In the extreme
case of ER = 1, a complete combustion and, consequently, a total consumption of the
gaseous species H2 and CH4 occur. As concerns the CO, an increase in the ER shifts the
reduction phase towards the reactor exit section (Figure 9), thus retarding the water–gas
shift reaction which, in turn, favours the oxidation of this species to form CO2 [43]. The
lower calorific value (LHV) of the syngas therefore decreases, as shown in Figure 12; this is
also due to an increase in the quantity of N2 in the reactor, with a consequent decrease in
the conversion efficiency.

Energies 2021, 14, x FOR PEER REVIEW 19 of 30 
 

 

  
(a) (b) 

 
(c) 

Figure 10. Pressure evolution along the reactor axis at different ER for (a) woodchip case 1, (b) hydro-char from green 
waste, (c) olive pomace. 

  

(a) (b) 

Figure 10. Cont.



Energies 2021, 14, 4226 18 of 29

Energies 2021, 14, x FOR PEER REVIEW 19 of 30 
 

 

  
(a) (b) 

 
(c) 

Figure 10. Pressure evolution along the reactor axis at different ER for (a) woodchip case 1, (b) hydro-char from green 
waste, (c) olive pomace. 

  

(a) (b) 

Figure 10. Pressure evolution along the reactor axis at different ER for (a) woodchip case 1, (b) hydro-char from green waste,
(c) olive pomace.

Energies 2021, 14, x FOR PEER REVIEW 20 of 31 
 

 

  

(a) (b) 

  
(c) (d) 

 
 

(e) (f) 

Figure 11. Species mass fractions (on a daf basis) at the reactor exit section, at different ER, for (a,b) woodchip case 1, (c,d) 
hydro-char from green waste, (e,f) olive pomace gasification. 

 

Figure 11. Cont.



Energies 2021, 14, 4226 19 of 29

Energies 2021, 14, x FOR PEER REVIEW 20 of 31 
 

 

  

(a) (b) 

  
(c) (d) 

 
 

(e) (f) 

Figure 11. Species mass fractions (on a daf basis) at the reactor exit section, at different ER, for (a,b) woodchip case 1, (c,d) 
hydro-char from green waste, (e,f) olive pomace gasification. 

 

Figure 11. Species mass fractions (on a daf basis) at the reactor exit section, at different ER, for (a,b) woodchip case 1,
(c,d) hydro-char from green waste, (e,f) olive pomace gasification.

Energies 2021, 14, x FOR PEER REVIEW 20 of 30 
 

 

  
(c) (d) 

 
 

(e) (f) 

Figure 11. Species mass fractions (on a daf basis) at the reactor exit section, at different ER, for (a,b) woodchip case 1, (c,d) 
hydro-char from green waste, (e,f) olive pomace gasification. 

 
Figure 12. Syngas LHV (on a daf basis) at different ER for woodchip case 1, hydro-char from green 
waste, olive pomace. 

3.3. Parametric Analysis of the Influence of the Bed Porosity 
This parameter expresses the ratio between the volume not occupied by the raw ma-

terial and the total volume; therefore, it is an expression of the degree of packaging of the 
solid material and of the consequent load losses that result from the process. 

The degree of vacuum is a variable that affects all the non-ordinary differential equa-
tions of the system that is referred to as the gas phase, as shown in Equations (6)–(14) and 
(16), but it especially affects the pressure evolution as expressed by Equation (23), in which 
this parameter has an influence to the cubic power. Differently from the previously de-
scribed results, where a default value of 0.5 is assumed (or 0.55 for the hydro-char case), 
this parameter is here also considered equal to 0.3 and 0.4 (0.35 and 0.45 for the hydro-

Figure 12. Syngas LHV (on a daf basis) at different ER for woodchip case 1, hydro-char from green
waste, olive pomace.

3.3. Parametric Analysis of the Influence of the Bed Porosity

This parameter expresses the ratio between the volume not occupied by the raw
material and the total volume; therefore, it is an expression of the degree of packaging of
the solid material and of the consequent load losses that result from the process.

The degree of vacuum is a variable that affects all the non-ordinary differential equa-
tions of the system that is referred to as the gas phase, as shown in Equations (6)–(14)
and (16), but it especially affects the pressure evolution as expressed by Equation (23), in
which this parameter has an influence to the cubic power. Differently from the previously
described results, where a default value of 0.5 is assumed (or 0.55 for the hydro-char case),
this parameter is here also considered equal to 0.3 and 0.4 (0.35 and 0.45 for the hydro-char
case) [44]. Figure 13 shows the evolution of the gaseous temperature for the three tested
biomasses/residual materials. A decrease in the parameter indicates a greater raw material
density along the reactor, thus determining a more delayed evolution of the drying, py-
rolysis, combustion and gasification reactions. The greatest influence on the temperature
peak value is noted for hydro-char case. As expected, the influence of this parameter on the
gaseous pressure evolution shown in Figure 14 is decisive, since greater packaging (a lower
value of the parameter ε) determines greater pressure losses along the reactor. Finally, the
variation of the mass fractions of the gaseous species characterizing the syngas is reported
in Figure 15. A greater degree of packaging (lower value of ε) corresponds with an increase
in the percentage of CO and a decrease in CO2, except in the woodchip case. In fact, as
already mentioned, this parameter causes a greater delay in the evolution of the gasification
and combustion reactions, and consequently, in the effectiveness of the water–gas shift
reaction, which has a decisive role downstream of these reactions, inhibiting the conversion



Energies 2021, 14, 4226 20 of 29

of CO to CO2. Moreover, a slight reduction also occurs in the hydrogen mass fraction, with
an overall effect of slightly reducing the syngas calorific value. This is shown in Figure 16.

Figure 13. Temperature evolution along the reactor axis at different ε for (a) woodchip case 1, (b) hydro-char from green
waste, (c) olive pomace.
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3.4. Parametric Analysis of the Biomass Moisture Content

The influence of the biomass moisture content is here investigated by considering a
variation of this parameter of ±5% with respect to the initial value reported in Table 6. As
shown in Figure 17, an increase in this parameter is associated with a delayed evolution
of the temperature profile, as greater energy is spent during the evaporation process of
the moisture content in the raw material before the subsequent pyrolysis, combustion and
gasification phases take place. In fact, this phenomenon determines higher temperature
values along the reactor for lower values of initial moisture contained. The pressure
evolution is instead influenced in a negligible way, as shown in Figure 18.

The influence over the gaseous species that characterizes the syngas is shown in
Figure 19, where an increase in the initial moisture content determines a slight increase
in H2 and CO2 mass fraction and a decrease in CO. Methane, on the other hand, shows
contrasting trends in the case of olive pomace with respect to the others, as its mass fraction
reduces as the moisture content increases. As a global effect, a lower syngas calorific value
is achieved, as shown in Figure 20, which can be explained through a reduction in the
effectiveness of each reaction taking place after the drying phase, especially the water–gas
shift reaction that determines a greater consumption of the CO species in favor of the
production of hydrogen and CO2 [9].
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Figure 17. Temperature evolution along the reactor axis at different biomass/residual material initial moisture content
levels for (a) woodchip case 1, (b) hydro-char from green waste, (c) olive pomace.

Figure 18. Cont.
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Figure 18. Pressure evolution along the reactor axis at different biomass/residual material initial moisture content levels for
(a) woodchip case 1, (b) hydro-char from green waste, (c) olive pomace.

Figure 19. Cont.
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Figure 19. Species mass fractions (on a daf basis) at the reactor exit section for (a,b) woodchip case 1, (c,d) hydro-char from
green waste, (e,f) olive pomace gasification at different biomass/residual material initial moisture content levels.

Figure 20. Syngas LHV (on a daf basis) at different biomass/residual material initial moisture content
levels for woodchip case 1, hydro-char from green waste, olive pomace.

4. Conclusions

A flexible stationary phenomenological 1D model of biomass gasification is presented
with reference to a real gasifier being part of a micro-cogeneration system. The most critical
points of the proposed formulation, namely the limits of the assumed thermochemical
conversion kinetics, are highlighted when applied to materials of different origins: two
different typologies of woodchips, hydro-char from green waste, and briquettes of olive
pomace and sawdust are considered. Their composition, degree of porosity and flowrates
are experimentally measured at the plant site for a correct model initialization.

The evolution and order of magnitude of temperature along the reactor gasifier is
well respected as the biomass varies, registering a temperature peak of 1345 K for the
hydro-char case compared to a value of around 1200 K of the other raw materials because
of the densified char having the highest heating value.

However, the measured pressure drop of about 80 mbar is underestimated by the
numerical results due to the SP approach adopted. Moreover, the species composing
the producer gas evaluated at the exit section of the reactor are found to be in quite
good agreement with the measurements, especially for the woodchip cases, although an
underestimation of the species CH4 and H2 is noticed for all the investigated cases.

Lastly, the parametric study of the influence of different operative parameters, such as
ER, bed porosity and biomass moisture content, on the gasification efficiency, revealed that:

• Higher ERs lead to syngas characterized by a lower heating values and to higher
temperatures achieved in the reduction zone;

• A greater biomass packaging in the reactor determines a general shift of reactivity
towards the exit section: the greatest influence can be noticed on the pressure drop
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along the reactor axis. The delay in the combustion and gasification reactions also
causes a reduction in CH4 and H2;

• An increase in the biomass moisture content delays the evolution of the temperature
profile, as greater energy is spent during the evaporation process. This also occurs
at the expense of the H2 and CH4 produced in the subsequent phases, resulting
in a syngas of poorer quality. The pressure evolution is instead influenced in a
negligible way.

In summary, the present work is intended to provide a valuable basis upon which,
following subsequent integration with additional kinetics, a more accurate prediction of
system performance may be possible in cases when non-woody materials are used.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14144226/s1, Table S1: Devolatilization products kinetic rates used within the present
model, Table S2: Kinetic constants used in the present model [22].
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Nomenclature

Latin symbol Quantity and SI Unit
1D Mono Dimensional
a, b, c, d, e, f, g, m, n Stoichiometric coefficient gas phase for N2, H2O, CO2, CO, H2, CH4,

H2S, CmHn
A Ash
AH2O Pre-exponential factor of the drying reaction—s−1

ASG Specific surface area of the particle—m2 m−3

C Char
CHP Combined Heat and Power
CH4 Methane
CO Carbon monoxide
CO2 Carbon dioxide
CmHn Tar
cpGj Specific heat gas for j = O2 , N2, H2O, CO, CO2, H2, CH4, H2S,

CmHn—J kg−1K−1

cpSi Specific heat solid for i = Wood DafSS, Moisture, Char, Ash
—J kg−1K−1

Di Species Diffusivity Coefficient—m2 s−1

Dreact Reactor Diameter—m
dp0 Particle diameter—m
dc Inner core diameter—m
ER Equivalence Ratio

https://www.mdpi.com/article/10.3390/en14144226/s1
https://www.mdpi.com/article/10.3390/en14144226/s1
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M Moisture
MC Molecular weight Char—kg kmol−1

Mj Molecular weight gas species for j = O2 , N2, H2O, CO, CO2, H2,
CH4, H2S, CmHn— kg kmol−1

N2 Nitrogen
GHG Green House Gases
H2 Hydrogen
H2O Vapour water
H2S Hydrogen sulfide
HGj Gas enthalpy for j = O2 , N2, H2O, CO, CO2, H2, CH4, H2S,

CmHn— J kg−1

HSi Solid enthalpy for i = Wood DafSS , Moisture, Char, Ash— J kg−1

hSG Coefficient of solid-gas heat exchange—W m−2 K−1

hGW Coefficient of gas-wall heat exchange—W m−2 K−1

hSW Coefficient of solid-wall heat exchange—W m−2 K−1

kG Kinetic constant for homogeneous reactions gas phase— m s−1

kash,Gl Ash film diffusion constant for Gl = O2, CO2, H2, H2O— m s−1

kdiff,Gl Gas film diffusion constant for Gl = O2, CO2, H2, H2O— m s−1

kRp,Gl Kinetic constant for heterogeneous reactions for Gl = O2, CO2, H2,
H2O—m s−1

kwG Kinetic constant of the water gas shift reaction—m s−1 kmol−1

K0 Pre-exponential factor of the devolatilization reaction—s−1

KwG,eq Equilibrium constant of the water gas shift reaction
LHV Lower Heating Value
ODE Ordinary Differential Equations
O2 Oxygen
P Total pressure—atm
QGW Gas-wall heat exchanged—W m−3

QSG Solid-gas heat exchanged—W m−3

QSW Solid-wall heat exchanged—W m−3

R Universal gas constant—atm m3 kmol−1 K−1

Rdev Reaction rate devolatilization—kg s−1 m−3

Rdry Reaction rate drying—kg s−1 m−3

RGl Reaction rate homogeneous reactions gas phase—kmol s−1 m−3

RSp Reaction rate heterogeneous reactions involving carbon—kg s−1 m−3

SP Shell progressive
TG Gas temperature—K
TS Solid temperature —K
TWall Wall temperature —K
UG Gas velocity—m s−1

US Solid velocity—m s−1

Wdaf Biomass/residual material (dry-ash free basis)
Greek symbol Quantity and SI Unit
α1, β1, γ1, δ1, ε1 Stoichiometric coefficient for raw material
α2 Stoichiometric coefficient gas phase for C
∆Hdry Heat of reaction water vapour—J kg−1

∆HRGl Heat of reaction for homogeneous reactions gas phase—J kg−1

∆HRSp Heat of reaction for heterogeneous reactions involving carbon
—J kg−1

∆V Differential volume—m3

∆z Height along the gasifier—m
ε Degree of vacuum of the bed
ζ Correction factor for solid-gas heat exchange coefficient
µG Fluid viscosity—kg m−1s−1

ηi Devolatilization yields
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υjl Stoichiometric coefficient gas phase f for j = O2, N2, H2O, CO2, CO,
H2, CmHn

ξ Fraction of the particle radius occupied by unreacted char
ρi Solid partial bed densities for i = WdafSS, M, C and A—kg m−3

ρj Gas phase partial densities for j = O2, N2, H2O, CO2, CO, H2, CH4,
H2S, CmHn—kg m−3

Subscripts and superscripts Quantity and SI Unit
ash Referred to ash
C Referred to char
dev Referred to devolatilization
diff Referred to diffusion
dry Referred to drying
G Referred to gas
G1,2,3,4 Referred to gas homogeneous reactions gas phase
Gl Referred to gas species O2, CO2, H2, H2O
Gj Referred to gas species j = O2 , N2, H2O, CO, CO2, H2, CH4,

H2S, CmHn
P Referred to particle
R Referred to reaction
S Referred to solid
Si Referred to solid species i = Wood DafSS, Moisture, Char, Ash
Sp1,2,3,4 Referred to heterogeneous reactions involving carbon
GW Referred to gas-wall
SG Referred to solid-gas
SW Referred to solid-wall
W Referred to wall
WG Referred to water gas shift reaction
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