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1. INTRODUCTION

The gasification of coal, biomass, and refuse-derived fuel (RDF)
is an attractive way to efficiently exploit the energetic content of
solid fuels in a greener fashion. Beyond direct applications in
the power generation field,' the syngas produced from this kind
of process could provide an interesting platform for the
production of fuels and chemicals with a lower environmental
footprint.> Actually, several gas-to-liquid technologies are
available for the production of hydrocarbons, e.g., Fischer—
Tropsch fuels® and oxygenated chemicals, e.g., methanol and
dimethyl ether.*”® For these applications, it is crucial to focus
the attention on the quality of the syngas produced, mostly in
terms of the H,/CO ratio.” In fact, the downstream catalytic
processes typically need to be fed with a syngas with a proper
composition, usually in the range of H,/CO =~ 1—2.° For this
reason, it is of the utmost importance to be able to predict the
performance of a gasifier, not only in terms of the overall
efficiency but also in relation to the chemical composition of
the syngas produced.

The remarkable interest in coal and/or biomass gasifiers is

well-testified by the massive recent literature. Mostly, these
papers discuss experimental work on the performances of
different solid feeds, equipment, and operating conditions.””**
For instance, Galindo et al.” analyzed the temperature effect on
the quality of syngas in a two-stage downdraft gasifier,
measuring tar and particllée content at different operating
conditions. Prabowo et al.” assessed the feasibility of CO, as
an alternative gasifying agent with a lab-scale downdraft gasiﬁer,
comparing experimental results to those obtained from

pyrolysis in an inert atmosphere. Patel et al.'® studied the

effect of the particle size on the gasification efficiency in a pilot-
scale downdraft gasifier.

On the other side, several papers propose mathematical
models to better understand the complex phenomena occurring
in gasifiers, with an interest toward the design, simulation,
optimization, and process analysis of the gasification processes.
These papers mainly refer to mathematical models based on
thermodynamic equilibrium and/or strongly simplified ki-
netics.'” = It is clear that thermodynamic models are very
useful tools for preliminary comparison and for process
assessment on the influence of major process parameters.”®
They have the advantage of being independent of reactor
design, assuming zero-dimensional perfectly mixed reactors at
uniform temperatures. Gasification reaction rates are supposed
to be fast enough to reach the equilibrium state, but they are
not able to give information on reaction intermediates and
formation of tar components.*”**">>*” Following this
approach, Bassyouni et al."” simulated palm waste gasification
using commercial simulation packages with a conversion
reactor for the pyrolysis zone and equilibrium and Gibbs
reactors for the combustion of char and volatiles. The same
approach has been applied by Keche et al.*' for the simulation
of biomass in downdraft gasifiers and by Tapasvi et al.*° for the
simulation of torrefied biomass gasification.

Finally, other papers discuss mathematical models of the
gasifier with particular attention to computational fluid



dynamics (CFD) simulations with pyrolysis and secondary gas-
phase reactions, often very simplified. Generally, they refer to
entrained-flow or fluidized-bed reactors.*’~>* Zhong et al.*!
recently investigated pitch-water slurry gasification in down-
draft and entrained-flow gasifiers with large attention to CFD
with only a few reactions to characterize the secondary gas-
phase chemistry. Masmoudi et al.** developed a thermokinetic
two-dimensional (2D) steady-state model for the simulation of
a downdraft biomass gasifier. They found that particle size plays
a major role on hydrogen and carbon monoxide yields and
distributions. The modeling work of Ismail et al.* deals with an
updraft gasifier. They adopted only one lumped component to
characterize the biomass, and there is only one secondary gas-
phase reaction describing the pyrolysis of the lumped tar
species. The work of Vascellari et al.’° constitutes a very
complete example of a mathematical model of an entrained-
flow gasifier. Coal devolatilization is modeled using an empirical
two-step model. Char gasification is modeled using a nth-order
intrinsic kinetics model. The eddy dissipation concept (EDC)
accounts for the turbulence—chemistry interaction in combi-
nation with the a kinetic mechanism, including 22 species in the
gas phase. Generally, all of these models are computationally
very expensive, thus requiring, in contrast, a greater
simplification in the chemistry of the process.

The novelty of the proposed approach consists in a greater
chemical detail of the kinetics of solid fuel pyrolysis and the
devolatilization process as well as the kinetics of char
gasification and secondary gas-phase reactions. Multi-step
kinetic models for the pyrolysis of solid fuels were embedded
within a particle model, along with gas—solid reactions and
secondary gas-phase reactions.”>** Lastly, the solution of this
multi-phase and multi-component problem at the reactor scale
requires careful numerical attention, and specifically conceived
numerical methods have been adopted. The chemical evolution
of the overall gasification system is predicted with a mechanistic
model; hence, it is possible to predict the unit performance
even with greater detail with respect to the available
experimental data. The mathematical model of the updraft
gasifier is used to perform a careful sensitivity analysis to key
operating parameters, such as oxygen/fuel and steam/fuel
ratios, inlet gas temperature, and composition. Some
preliminary comparisons of model predictions to literature
experimental data are also proposed to further validate the
model reliability.>®> Moreover, experimental data from the
Sotacarbo pilot plant, located in Sardinia, Italy,*® constitute a
further test case for this multi-scale kinetic and reactor model.
Namely, these data allow for analysis and assessment of the
important catalytic role of ash in the low-temperature steam
gasification of coal.

It seems well-established that the reactivity of higher rank
bituminous charcoals with steam below 700—800 °C is lower
than that of lignite or lower rank coals. Timpe and co-workers>’
experimentally found that this low reactivity can be significantly
enhanced by adding ~5 wt % potassium. Furthermore, the
difficulties in properly defining the ash catalytic effect on
charcoal gasification was also discussed and highlighted by
several authors.>”3® Similarly, experimental studies comparing
the reactivity of lignite, deashed lignite, and deashed lignite
impregnated with different loads of catalytically active elements
demonstrated that sodium and calcium can significantly
increase the char reactivity, while magnesium and iron have
an opposite effect.’”*

In this context, the model represents a very important support
to the pilot-scale experimental activities. As a matter of facts, it
allows for the design and optimization of the experimental
campaigns in the pilot unit by predicting plant performance in
several operating conditions (to reduce the number of
experimental tests). On the other hand, experimental data
could be used to refine the model and to further improve its
accuracy.

This present work is structured as follows. Section 2 provides
information about the experimental facilities of the Sotacarbo
pilot plant, while section 3 reports the comprehensive
mathematical model, focusing the attention on both the kinetic
schemes and the particle and the reactor models. Finally, section

4 compares the results of the simulations of updraft coal gasifiers
to two independent sets of experimental data, emphasizing the

ash catalytic effect. A sensitivity analysis to guide the selection of
optimal process operating conditions is also reported.
2. SOTACARBO PILOT PLANT

The Sotacarbo pilot plant is based on a fixed-bed updraft gasifier
(Figure 1), derived from a properly simplified

Figure 1. Sotacarbo pilot gasifier.

Wellmann—Galusha gasification technology, equipped with a
very flexible syngas treatment system for both power generation
and hydrogen production with CO, capture. The gasifier is a
cylinder characterized by an internal diameter of 300 mm and a
total height of 2000 mm, with the external wall covered by
refractory material and a metallic grate that supports the fuel
bed. A cone below the grate allows for both ash discharge and
the feeding of air and steam, typical gasification agents. Coal,
with a particle size between S and 15 mm, is charged in a
proper hopper and drowned out into the gasifier. It constitutes
the fuel bed, with a typical height of about 1000—1200 mm,



where coal drying, devolatilization, pyrolysis, gasification, and
combustion processes take place, at pressures of 0.11—0.14
MPa. As the coal particles move downward, they are heated by
the hot gases that flow upward.

The gasification agents, eventually preheated up to 250 °C,
are introduced below the fuel grate, so that they are preheated
by cooling the bottom ashes and react with the fuel bed in the
combustion and gasification zones. Dry ashes are periodically
discharged through the grate, whereas raw syngas leaves the
reactor at the top. Temperature profiles inside the reactor are
measured through a probe, located near the reactor vertical axis
and equipped with a series of 11 K-type thermocouples (with a
measure range up to 1200 °C) and through another series of 34
thermocouples located near the grate and the wall of the
reactor.

The startup of the gasifier is carried out using a series of three
ceramic lamps, located near the bottom of the fuel bed, which
preheat the fuel in an inert atmosphere (nitrogen flow). Wood
pellets are usually mixed with a small amount of paraffinic
material to promote the successive bed ignition as soon as air in
injected into the reactor after the preheating phase.

The gasification unit has been tested for about 2500 h (since
2008) with several kinds of coal (lignite, bituminous, and sub-
bituminous coals) and biomass (wood pellets). Table 1
summarizes average plant performance with the most

Table 1. Typical Gasification Conditions and Performance

South wood
African  Usibelli Hungarian  Sulcis chips

Operating Parameters

fuel consumption 8.0 24.0 11.0 9.2 12.0
(kg/h)
air mass flow 36.8 57.6 20.0 392 11.3
(kg/h)
steam mass flow 3.7 3.7 2.0 2.5 0.0
(kg/h)
Raw Syngas Composition (Molar Fractions, Dry Basis)
CcO 0.1807 0.2368 0.1943 0.1583 0.2207
CO, 0.0947 0.0771 0.0864 0.0948 0.0797
H, 0.1889 0.1779 0.1042 0.1200 0.3342
N, 0.5128 0.4729 0.5759 0.5606 0.3418
CH, 0.0151 0.0173 0.0162 0.0236 0.0119
H,S 0.0003 0.0002 0.0049 0.0119 0.0000
COS 0.0001 0.0001 0.0008 0.0019 0.0000
0, 0.0074 0.0176 0.0099 0.0233 0.0117

other (C,Hy and 0.0000 0.0001 0.0074 0.0054 0.0000
CiHy)

Raw Syngas Properties (Dry Basis)
mass flow (kg/h) 46.83 79.67 24.19 4891 2331

volume flow 42.90 72.90 20.34 41.55 25.48
(Nm®/h)

LHV (MJ/kg) 4.50 5.14 3.55 3.59 7.49

specific heat 123 1.23 1.12 1.14 1.47
(kJ/kg K)

outlet pressure 0.14 0.14 0.14 0.14 0.14
(MPa)

Main Gasifier Performance Indicators
peak temperature 1034 1066 900 950 730
(°C)

cold gas efficiency 96.93 96.13 98.97 90.60 84.33
(%)

gasifier yield 5.36 3.04 1.85 4.52 2.12
(Nm®/kg)

SGR-GL 113.2 339.5 155.6 130.1 169.8
(kg m™> h7")

representative fuels tested in the Sotacarbo platform: a South
African high-ash bituminous coal, a high-sulfur sub-bituminous
coal from Sulcis coal mine (southwest Sardinia, Italy), two
lignites from Alaska and Hungary, and stone pine (Pinus pinea)
wood chips.

This table also shows the main gasifier performance
indicators. In particular, the gasifier yield is defined as the
ratio between the volume flow of produced syngas (Nm?/h)
and the mass flow of primary fuel (kg/h), and the specific
gasification rate (SGR, expressed in kg m™> h™') is defined as
the amount of gasified fuel (kg/h) divided by the area (m?®) of
the horizontal section of the fuel bed.

More experimental campaigns with new fuels will be
performed soon with the support of the simulation model,
with the goal to collect new data and to further improve the
model itself.

3. MATHEMATICAL MODEL OF SOLID FUEL
GASIFIERS

The complexity of the detailed description of solid fuel gasification
processes is mainly due to the coupling of the kinetics and transport
phenomena occurring in this multi-component, multi-phase, and
multi-scale system. From a chemical point of view, gasification takes
place from the multi-phase interactions between a solid fuel and a
gaseous stream (composed of steam, oxygen, or carbon dioxide),
resulting in a progressive degradation of the solid matrix with a partial
oxidation of char and released volatiles. At the particle scale, the solid
fuel initially requires being heated and dried until devolatilization and
pyrolysis can occur. This stage is endothermic, and the required heat is
conveniently provided by the exothermic partial oxidation reactions of
char and volatiles. At the reactor scale, a countercurrent configuration
allows for the sustainable autothermal operation of the gasifier.
Consequently, it is convenient to start with the analysis of kinetics and,
only after, to focus the attention on the balance equations at the
particle and reactor scales.

3.1. Kinetic Models. As schematically outlined in Figure 2, the
chemical evolution of the system during the gasification process
requires a kinetic description at three different levels: (1) solid fuel
devolatilization and pyrolysis, (2) residual solid (char) gasification and
combustion with steam, CO,, and oxygen, and (3) secondary gas-
phase reactions of released volatiles.

The heated solid fuel is transformed in a metaplastic phase,
progressively releasing light gases and tar species. The residual solid is
composed of ash and char, with a residual content of volatiles trapped
within the porous matrix, and it is ready to interact with the gas phase.

Coal devolatilization and pyrolysis are described with a multi-step
kinetic model, extensively validated by Sommariva et al.*' Different
coals are characterized as a mixture of reference lumped species,
COAL1, COAL2, and COALS3, representative of different coal ranks,
for which first-order devolatilization kinetics are provided. This model
was further extended and improved by Maffei et al.>*~>°

After the first devolatilization step, the residual char is more
available to gas—solid endothermic gasification and/or exothermic
combustion reactions with steam and oxygen, with a relevant
production of carbon monoxide and hydrogen. Three different char
species (CHARH, CHAR, and CHARG) are considered to better
describe their different reactivity and possible annealing effects.*?

Dependent upon the temperature and residence time, secondary
gas-phase reactions are responsible for the successive pyrolysis and
oxidation of gases and heavy tar species, thus increasin§ syngas
production. A detailed kinetic model is used for this purpose.* Several
POLIMI_1411 kinetic schemes that involve more than 450 species
and about 15000 reactions are available on the website http://
creckmodeling.chem.polimi.it/.

3.2. Particle and Reactor Models. To model and simulate the
updraft gasifier, it is necessary to properly describe both kinetic and
transport processes. This leads to the solution of a multi-scale dynamic
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Figure 3. Representation of the multi-scale structure of the mathematical model for the description of updraft gasifiers.

system, spanning from the description of kinetic and transport aspects
at the particle scale up to the description of mass and energy transfer
as well as secondary reactions at the reactor scale.** The system is
intrinsically multi-phase, because of the combined presence of gas,

liquid, and solid phases, which exchange mass and energy, increasing in
this way the overall complexity of this system.*® The structure of the
gasifier is outlined in Figure 3, where the multi-scale nature of this
problem is highlighted. At the particle scale, fuel pellets are described
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Figure 4. Mass and energy balance equations at the reactor scale (FVM) and the particle scale (RPM).

with a one-dimensional (1D) model using an equivalent spherical
diameter, to reduce the computational burden. The dynamic evolution
of the intraparticle temperature and species composition profiles is
obtained. The elementary reactor layer allows us to account for the
coupling between fuel particles and a perfectly mixed surrounding gas
phase, where secondary reactions occur. Finally, at the reactor scale,
several elementary reactor layers are considered. Different networks of
interconnected reactor layers permit reproduction of several reactor
configurations. The comprehensive mathematical model of the
gasifiers implements a finite volume method (FVM) with a
representative particle model (RPM), with two levels of spatial
discretization.

The first level is the particle radial discretization, depending upon
the number of particle sectors, while the second level is the reactor
axial discretization, depending upon the number of reactor layers.

Thus, the countercurrent fixed-bed (updraft) gasifier is modeled
through a cascade of elementary reactor layers. The solid fuel is fed
from the top of the reactor where it encounters the rising gas stream,
fed from the bottom of the tower. During the residence time within
the gasifier, particles are progressively dried, pyrolyzed, and gasified,
leading to the residual char withdrawn from the bottom and a gas
stream rich in hydrogen and carbon dioxide exiting from the top.

Figure 4 reports the mass and energy balances at the particle sale as
well as the mass and energy balances at the elementary reactor layer
scale. The dimension of the resulting differential algebraic equation
(DAE) system easily overcomes several thousands of equations, and it
is dictated by the number of lumped species in the solid phase (15—
30), the number of sectors at the particle scale (5—10), the number of
species in the gas phase (100—200), and finally, the number of reactor
layers (10—20).

The mathematical complexity of the system is mainly due to the
stiffness nature of the kinetics and demands for efficient and robust
solvers.***” The DAE system is solved with the BzzMath numerical
library available on the website http://super.chem.polimi.it/. A more

complete description of this set of equations and the related Jacobian
matrix sparsity pattern is provided elsewhere.**

4. MODEL PREDICTIONS AND COMPARISONS TO
EXPERIMENTAL DATA
To prove the reliability of the model of the updraft gasifier, two
independent sets of experimental data will be analyzed.
4.1. Operating Conditions of the Two Sets of
Experiments. The operating conditions and the main input
parameters for model simulations are summarized in Table 2.

Table 2. Input Parameters for the Simulation of the Two Set
of Experiments

Grieco and Baldi*® Pettinau et al.>

parameter
coal C/H/O (wt %) 80.1:5.1:15.8 87.9:5.0:7.1
ash (wt %) 9 15
moisture (wt %) 174 8
particle diameter (cm) 2.54 2.75
inlet gas temperature (K) 373 373
peak temperature (K) ~1650 ~1200
equivalence ratio 0.176 0.122
air/coal ratio 1.81 1.40
steam/coal ratio (STC) 0.30 1.03
SGR (kg m™> h™) 342.7 99.08

These conditions refer to the lab-scale gasifier reported in ref
35 and a sample of the experimental data obtained in the
Sotacarbo pilot plant. Before comparison of model predictions
to experimental data, it is convenient to analyze and assess
some model features particularly with respect to the spatial
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discretization and the dynamic behavior to reach the steady-
state conditions, referring to the Grieco and Baldi gasiﬁer.35

4.2. Sensitivity Analysis to Particle and Reactor
Discretization. The sensitivity of the mathematical model
toward spatial discretization is performed by changing both
particle radial discretization [number of isovolumetric particle
sectors (PSs)] and reactor axial discretization [number of
elementary reactor layers (RLs)]. Figure S shows the sensitivity
of the temperature profiles with respect to PS (Figure Sa) and
RL (Figure Sb). This sensitivity analysis highlights the
importance to use more than 5—7 RLs and 2 particle
discretizations. This is a compromise between simulation
accuracy and computational time.

The effect of particle discretization is very pronounced,
because of the large diameter of coal particles (2.54 cm). A
thermally thick regime occurs within the particles,”® which
requires us to account for thermal resistances. When the
number of PSs is increased, the combustion zone moves toward
the top of the gasifier because of the thermal penetration time
necessary to heat thick particles. The presence of several PSs
results in a wider combustion region, because of the progressive
heating and reaction of the internal sectors. On the other hand,
the number of RLs slightly impacts the resolution of the
combustion zone and the corresponding temperature hot spot.

4.3. Startup Procedure. To further highlight the complex-
ity of this problem, two different peculiarities of the updraft
gasifier are analyzed. The first peculiarity is strictly related to
the autothermal behavior of the updraft gasifier, where thermal
feedback is realized between exothermic partial oxidation and
combustion reactions and endothermic drying, pyrolysis, and

gasification reactions. This fact forces on applying a suitable
startup policy to reach the desired “hot” gasification conditions,
avoiding the “cold” steady solution. This is true from both an
operational and a numerical point of view. In the industrial
practice, a duct burner is usually adopted to preheat inlet gas to
start up the gasifier, providing the required heat to the
endothermic pyrolysis and gasification reactions. Once the char
and volatile partial oxidation and combustion take place, the
system self-maintains the hot conditions and becomes
autothermal and the auxiliary burner is shut down.*® Simulation
conditions mimic this startup procedure. The inlet gas
temperature is initially set to 1300 K until combustion occurs
in the first layer (T > 1800 K) and, only then, is lowered to 300
K. Figure 6a shows the time histories of temperature profiles of
the different reactor layers. The startup procedure lasts about
5600 s, after which the gas inlet temperature is gradually
reduced to 300 K. The steady-state condition inside the gasifier
is reached only after more than 20 h, with a slight progressive
shift of the combustion front toward the upper layers. It is
important to observe that the complete gasification reached at
the bottom of the gasifier determines a ~90% reduction of the
mass, because of the presence of less than 10% ash.

For this reason, it is necessary to account for significant
morphological changes in the effective dimension of the reactor
layers, because of the shrinking of the fuel particles during the
gasification process, i.e., along the gasifier. Figure 6b shows the
height evolution of the solid bed. Only a moderate bed
shrinking occurs during the startup phase, where the
combustion reactions mostly take place in the gas phase. The
system reaches the steady-state condition only after the
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completion of coal devolatilization and char gasification, which
is the time-limiting step of the overall process.

4.4, Comparison to Experimental Data of the Lab-
Scale Gasifier. The comprehensive mathematical model
provides detailed information on chemical and physical
phenomena occurring inside the gasifier. Figure 7 shows the
axial temperature and composition profiles of both the solid
and gas phases.

Figure 7a shows the schematic of the chemical phenomena
involved in the countercurrent gasification process. Moving
from the top downward, solid particles are dried, pyrolyzed,
gasified, and burnt. The temperatures at the bottom of the
gasifier overcome 1500—1600 K. In the bottom layer, the hot
residual char and ash heat the rising oxidizer stream, completing

the solid-phase combustion. Further oxidation reactions in the
gas phase are responsible for the relevant production of CO,
and the temperature peak that overcomes the solid temper-
ature. At these high temperatures, the endothermic gasification
reactions of both steam (CHAR + H,0 — CO + H,) and CO,
(CHAR + CO, — 2CO) contribute to CO and H, production.

The cascade of chemical steps is reflected in the axial
evolution of the mass flow rate of the key species in both the
gas and solid phases. Carbon dioxide is initially produced in the
bottom reactor layers, and it is then consumed by the
gasification reactions, while it is slightly produced in the
upper reactor zone because of secondary gas-phase oxidation
reactions. A significant steam increase is observed in the top
reactor layer, mainly because of the drying of wet coal. Methane



Table 3. Detailed Syngas Composition, Including Gas and Tar Species and Lumped Components

. Model Exp data
Specles wt % mol % moldry %  mol dry %
N, 46.001 39.569 45.407 44.0
H, 1.413 16.885 19.376 18.2
H,O 9.612 12.857 - -
CO 26.220 22.557 25.885 30.3
CO, 10.393 5.691 6.530 4.9
CH4 0.772 1.159 1.330 1.6
C;3Hg 0.380 0.218 0.250 n/a
C,Hy 0.201 0.173 0.198 n/a
CH,O 0.076 0.061 0.070 n/a
CH;0H 0.082 0.062 0.071 n/a
BENZENE 0.402 0.124 0.142 n/a
TOLUENE 0.558 0.146 0.167 n/a
FUELI Dg 0.097 0.018 0.021 n/a

HO
COUMARYL O\/\/CH 0.341 0.055 0.063 n/a
HaC— o]
TSI)A];)}?;;E HO‘Q—/_( H 0.354 0.041 0.047 n/a
H;C—0
HO.
FENAOH ‘ 3.095 0.384 0.441 n/a

is produced in the upper part of the gasifier because of coal
devolatilization and secondary gas-phase pyrolysis reactions.
These reactions are also responsible for the final inflection of
the CO profile. Figure 7d shows the char formation and
successive transformations along the reactor. The char presence
in the first layer of the gasifier indicates the occurrence of a
relevant coal devolatilization. Finally, it is important to observe
that CHARG is the ultimate product of the pyrolytic char
transformations, and it is the rate-determining step for the
overall gasification process and the major product responsible
for carbon content in residual ash.

The experimental data reported by Grieco and Baldi*® allow
for further validation of the coal gasifier model. The leucite sub-
bituminous coal (C/H/O/N/S = 78.1:5:14.4:1:1.2) is consid-
ered in the following study. A total of 10 reactor layers are
assumed, while 1 and 2 particle sectors are considered in two
different simulations. Comparisons between experimental data
and model predictions, both in terms of bulk temperature
profiles and syngas composition, are shown in Figure 8.

As already observed, the hot spot location is more correctly
predicted by the simulation performed with 2 particle sectors
(PS 2), while the 1 particle sector simulation (PS 1) shows a
slightly lower temperature peak, too close to the gas inlet zone,
but agrees better with the experimental temperature profile in
the upper zone of the gasifier. The predicted syngas
composition, together with the char content in the residual
ashes, indicates that the PS 1 simulation improves the
gasification efficiency with respect to the PS 2 simulation.
This fact is also confirmed by the average lower temperatures in
PS 1 simulation, because of the higher extent of the
endothermic gasification process. Both of these simulations
reasonably fit experimental data in terms of both temperature
and product distribution. A better agreement, mainly in terms
of temperature profiles, is obtained using a slightly lower
equivalent spherical diameter (2 cm, instead of 2.54 cm), as
shown by the dotted line in Figure 8. For the sake of
completeness, the detailed composition of syngas, predicted by
the model, is reported in Table 3.
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Figure 9. Sensitivity analysis of the equivalence ratio, inlet gas temperature, and STC on temperature profiles, gas species, and solid residue.

Even though the composition of minor species was not
experimentally measured, the accuracy of the POLIMI kinetic
model in predicting single-ring aromatic and oxygenated tar
compounds has been recently proven by Stark et al.*

To exploit the possibilities of the proposed model better, a
parametric study of some key operating parameters, such as
inlet gas composition and temperature, is proposed here.
Model predictions always refer to the previously analyzed base
case.®® As already mentioned, the complexity of this simulation
problem demands computing times of several hours. For this
reason, moving from the steady-state solution of the base case,
stepwise input changes are imposed on the investigated
operating conditions. The new steady-state solution is thus
reached in a more effective way.

Figure 9 and Table 4 show the effect of the equivalence ratio
(ER = 1/4), the inlet gas temperature, and the mass steam/
carbon ratio (STC = steam flow/coal flow) on gasifier
performances, in terms of temperature profiles, syngas
composition, residual solid, and gasification efficiency.

A is defined as the ratio between actual and stoichiometric air

i

)= —ar

mair,stoich ( 1)

where 71, i, i calculated on the basis of the elemental coal
composition C;H;Oy.

" _ M‘Nairmcoal (i+ i _ E)
air,stoich —
Mvvcoalez,air 4 2 (2)
In eq 2, #ityy and rity, o are the coal mass flow rate and the
corresponding stoichiometric air. MW, and MW, are the
molecular weights of coal and air, respectively.

Cold gas efficiency (CGE) is the energy input over the
potential energy output and is defined here as the ratio between
the chemical power of raw syngas over the chemical power
associated with coal.

S as power ms asHH\/s as
CGE = JYPgaspower _ Tomg yng
fuel power o HHV, ) (3)

The higher heating value (HHV) of coal is obtained with the
following formula,””*" leading to a value of 28.7 MJ/kg for the
Grieco and Baldi coal:

HHV,,, = 34.2C + 132.2H + 12.3S — 12.0(0 + N)
— 1L.Sash  (MJ/kg) (4)

In eq 4, the elemental coal composition is given in mass
fractions on a dry basis. The heating value of the product
syngas (HHVSyngas) is simply obtained by adding the enthalpy
of formation (AH;) of all of the syngas species weighted on the
mass fractions. It is relevant to observe that together with CO,
H,, and CH,, there are light hydrocarbons as well as heavier



Table 4. Sensitivities on Syngas Molar Fractions, Mass Flow
Rate, and CGE

sensitivity on equivalence ratio, Ty, = 333 K, STC = 0.3

syngas mole fractions A =015 A=10.176 A =020

cO 0.207 0.226 0211
CO, 0.061 0.057 0.065
H, 0.185 0.169 0.150
H,0 0.152 0.139 0.127
N, 0.370 0.396 0.422
CH, 0.014 0.012 0.012
syngas mass flow (kg m™ s7%) 0253 0.288 0313
cold gas efficiency (%) 80.2 93.4 92.1

sensitivity on inlet gas temperature, A = 0.176, STC = 0.3

syngas mole fractions Tgin =333 K Ty, =373 K Ty, =473 K

CO 0.226 0.230 0.240
CO, 0.057 0.055 0.051
H, 0.169 0.170 0.172
H,0 0.139 0.126 0.121
N, 0.396 0.395 0.391
CH, 0.012 0.012 0.011
syngas mass flow (kg m™>s7") 0.288 0.288 0.289
cold gas efficiency (%) 93.4 94.5 97.1
sensitivity on STC, 1 = 0.176, T, = 333 K
syngas mole fractions STC=02 STC=03 STC=04
CO 0.251 0.226 0.201
CO, 0.040 0.057 0.071
H, 0.151 0.169 0.180
H,0 0.114 0.139 0.147
N, 0.417 0.396 0.378
CH, 0.012 0.012 0.011
syngas mass flow (kg m™>s7") 0.277 0.288 0.297
cold gas efficiency (%) 92.1 93.4 93.5

aromatics and phenolic species (~3—4 wt % in these
conditions) that are neglected in the evaluation of HHV,

syngas*
HH\Isyngas = z a)]AI_I] (Mj/kg)
j

(5)
The equivalence ratio, i.e., the amount of air in the inlet gas,
strongly affects the temperature profile, bed height, and syngas
composition.

The increase of oxygen determines an increase of coal
oxidation and combustion as well as gasifier temperatures. A
corresponding sharp reduction of the solid residue and bed
height along with a reduction of the H,/CO ratio is also
observed. Because of this high sensitivity of the gasifier
performance, this parameter is only explored between 0.15
and 0.20. It is indeed quite evident that the lowest value of
oxygen in the feed implies only a limited coal gasification with a
large carbon content in the residual ash. Thus, the gasifier
efficiency initially increases with 4, because of the completion of
the gasification process, and then of course decreases, because
of the successive oxidation reactions of syngas to form H,0O and
CO,. The values of the equivalence ratio adopted in this work
are relatively low when compared to values of about 0.3, usually
applied in gasifier units. Moreover, the residual char (see Figure
9) observed in the experimental conditions of Grieco and Baldi
further confirms this low value of the equivalence ratio.

A different way to complete the gasification process, without
successive oxidation reactions, is to increase the temperature of
the inlet gas stream. Axial thermal profiles show a

corresponding temperature increase, and globally, an increase
in the CGE is observed. In fact, the change of the inlet
temperature from 333 to 473 K allows for completion of the
process, because of the higher reactivity of steam gasification
reactions, leading to a negligible carbon content in the solid
residue.

The last operating parameter analyzed is the STC. In this
case, the increase of steam partial pressure may again result in a
higher steam gasification rate. The change of STC from 0.2 to
0.4 allows us to obtain a partial reduction of the carbon content
in the residual ash. A significant increase of the H,/CO ratio is
also observed. In fact, CO, increases at the expense of CO,
because of the water-gas shift reaction. For this reason, the
CGE remains almost constant in these conditions.

The steam effectiveness in the endothermic gasification
process requires sustainable high temperatures inside the
reactor. In principle, higher values of STC allow for the
increase of both the syngas flow rate and the H,/CO ratio, with
respect to higher A values. Indeed, the optimal operating
conditions of the gasifier should carefully select the proper
combinations of these three parameters.

4.5. Comparisons to Experimental Data from the
Sotacarbo Pilot Gasifier. Ferrara et al.> analyzed the thermal
decomposition of South African and Sardinian Sulcis coals and
a biomass sample (pine wood chips) through thermogravi-
metric analysis (TGA) at different heating rates. Figure 10
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Figure 10. TGA profiles for two different coal samples and wood chips
at 40 °C/min. Comparisons of experimental data (dashed lines) to
model predictions (solid lines).

compares these experimental data to the predictions of the
multi-step kinetic model of coal*' and biomass®® devolatiliza-
tion and clearly highlights the different behavior of the three
feedstocks. Table S reports the proximate and ultimate analyses
of two different coals and the biomass sample.

The normalized H/C/O elemental composition allows for
characterization of the solid fuel as a linear combination of
three reference components. Then, the devolatilization process
is considered as the linear combination of the pyrolysis
reactions of these three reference components. Thus, the Sulcis
coal is characterized as a mixture of the three reference coals:
COAL1, COAL2, and COAL3, while the South African coal
also initially contains ~50% CHAR, because of the high carbon
content. Similarly, the wood biomass sample is described as a
combination of the three major constituents: cellulose,
hemicellulose, and lignin. Again, the high C content of the
pine biomass forces the feed composition toward a very high
lignin content (>80%). Gas- and tar-released volatiles are in the



Table S. Ultimate and Proximate Analyses of the Three Solid
Fuels (Dry Samples)

South African coal Sulcis coal wood

Ultimate Analysis (wt %)

C 85.88 63.22 56.03
H 2.84 4.43 6.02
N 1.5 1.59 0.07
S 0.56 7.14 0.00
(¢} 1.11 9.44 34.24
Proximate Analysis (wt %)
fixed carbon 77.51 42.55 19.01
volatiles 14.38 43.27 78.26
moisture 0.00 0.00 2.74
ash 8.11 14.18 0.90

order of 15 and 35% for the two analyzed coals, while they are
about 80% for the pine wood biomass.

The experimental data relating to the gasification of the
South African bituminous coal®® are used to further validate the
gasifier model. These data are obtained with a significantly
lower equivalence ratio and higher STC ratio, leading to a lower
temperature peak, with respect to the previous analyzed
conditions. Figure 11 shows the comparisons of experimental
data and model predictions obtained with 10 RLs and 2 PSs.

Important deviations between calculated and experimental
data are observed on both temperature profiles and product
compositions. Particularly, CO and H, are strongly under-
estimated. While the peak temperature and CO, formation well
agree with the experimental indication, the higher temperatures
in the upper part of the gasifier seem to confirm a lack in the
successive endothermic gasification process. These model
deviations could be due to not only the assumption of
negligible heat losses in the gasifier model but also the ash
catalytic effect on steam gasification, which is not included in
the kinetic model but possibly occurs especially with high ash
contents at low temperatures.20 In fact, at high temperatures,
the thermal gasification reactions are already effective, covering
in this way the ash catalytic effect. The next paragraph will
analyze in an empirical way the possible catalytic effect of ash.

4.5.1. Model Sensitivity to the Catalytic Effect of Ash. To
improve the agreement of model results and experimental data,
it is necessary to analyze and empirically include the ash
catalytic effect. As already mentioned, several experimental data
clearly confirm their catalytic activity on steam gasification of
charcoal in these operating conditions.*”***" This effect is
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considered by simply reducing the activation energies of the
steam gasification reactions of the different pseudo-components
characterizing the residual char. Because of the low temper-
atures, the annealing effects are negligible and only CHARH
and CHAR are available for the following gasification
reactions:>>

CHARH + 0.5H,0 — H, + 0.5CO + LSCHAR  (R1)
CHAR + H,0 - H, + CO (R2)

Figure 12 compares the experimental temperature profiles to
the original simulation and two new simulations. The first one
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Figure 12. Catalytic effect of ash. Comparison of experimental data
(dashed line) to predicted temperature profiles: original kinetic model
(dotted line), model CAT 1 (gray line), and model CAT 2 (black
line).

(CAT 1) is obtained by reducing the activation energy of
CHARH gasification (reaction R1) by 10 kcal/mol, while the
second simulation (CAT 2) was performed with a further
reduction of S kcal/mol applied also to the CHAR gasification
reaction (reaction R2). These reductions in activation energies
correspond to a factor greater than 100 at gasifier temperatures
of about 1000 K.

The enhancement of endothermic gasification rates reduces
the temperatures above the combustion zone approaching the
experimental profile. Both of the kinetic corrections are useful
to improve the agreement between experimental data and
model predictions.

Table 6 shows a comparison of gas-phase compositions and
residual charcoal. The predicted solid residue is reduced from
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Figure 11. Comparisons of experimental data (dashed bars) of the Sotacarbo gasifier to model predictions (solid bars).



Table 6. Catalytic Effect of Ashes”

syngas mole experimental original CAT 1 CAT 2
fractions data model model model
CcO 0.1935 0.077 0.103 0.129
CO, 0.0968 0.093 0.090 0.091
H, 0.3213 0.181 0.214 0.239
H,0 0.1363 0.356 0.311 0.265
N, 0.2311 0.275 0.264 0.260
CH, 0.0173 0.009 0.011 0.009
solid residue 20.3 40.0 382 31.8

(wt %)
“Comparison of experimental and predicted syngas composition and
residual char to the original model and the two modifications (CAT 1
and CAT 2).

the initial prediction from ~40 to ~30%, while the
experimental data are in the range of only 20%. Also, the
data of CO and H, would suggest the need for an additional

increase of the gasification reactions. This further increase in

the system reactivity would further reduce the gasifier
temperatures, suggesting more critical attention towafd the

“average” experimental data, mainly with respect to the real
achievement of the steady-state conditions.

5. CONCLUSION

A multi-scale mathematical model for the simulation of an

updraft coal gasifier is discussed and analyzed in comparison to

two_different sets of experimental data. The novelty of this
model relies on a comprehensive kinetic modeling approach,

which can characterize, with reasonable detail, also the
devolatilization and pyrolysis steps as well as the secondary
gas-phase reactions. The best feature of the present model relies

on the flexibility to handle, differ dstocks, .ie, not on
Coal but also L})ltgmass, plastics, an%n'klgelg. Asentitivity ana ys]i}s,
shows the strong effect of operating parameters on the quality

of the produced syngas and the gasification efficiency and could
provide a valuable tool to optimize them to reach the desired

targets. Comparisons to experimental data show not only the
model reliability but also its limits, mainly related to the

catalytic effect of ash at the relatively low temperatures of the
Sotacarbo gasifier. The observed deviations between model
predictions and Sotacarbo experimental data first indicate the

importance of including the catalytic effect of ash, meanwhile
also suggesting more critical attention in properly averaging the

experimental data, only after the real achievement of the steady-
state conditions.

Results from the preliminary analysis described in this paper
indicate that the model is suitable to support the optimization
of the experimental campaigns in the Sotacarbo pilot plant, with
the aim to reduce the number of experimental tests. In parallel,
the new experimental results will allow for further optimization
of the model.
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