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Abstract

This paper presents a non-stoichiometric equilibrium model for the simulation of biomass downdraft gasifiers. The
chemical equilibrium is determined by minimizing the Gibbs free energy. Five elements characterize the biomass and
15 chemical species are considered in the syngas. The model calculates the lower heating value of the syngas and the
relative abundances of gasification products. An advantage of this model is that it can easily calculate not only the
concentrations of the main gasification products, but also the concentrations of minor product, especially the pollutant
chemical species containing Nitrogen and Sulfur.

To analyse the model behaviour, a sensitivity analysis on process parameters is presented. The model is validated by
comparing its results with the results of simulation carried out with a stoichiometric model and with experimental
data found in literature. Finally, the model is applied to the study of the gasification of forest waste.
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1. Introduction

Biomass gasification is one of the most promising technology for energy exploitation of products, by-
products and residues from agriculture, forestry and livestock farming. The main advantage of gasification
is that using a gaseous fuel (i.e. the syngas, which is the product of biomass gasification) is potentially
more efficient than direct combustion of solid biomass, because syngas can be burned at higher
temperatures.
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To simulate the biomass gasification process, three different approaches has been used in literature:
CFD modeling, kinetic modeling and equilibrium modeling.

CFD models [1] can simulate a wide range of physical phenomena, but they need a high amount of
computational resources.

Kinetic modeling [2] can produce accurate results, but also this kind of model is quite complex. An
advantage of these models is that they can be suitable for studies on the influence of reactor design and
process parameters (reaction rate, residence time, etc.).

Equilibrium models [3,4] are simple and fast. Practically, equilibrium condition is never reached within
the gasifier, nevertheless these models can describe gasification processes with good approximation.
Equilibrium models can be divided into two categories, according to the method used to calculate the
chemical equilibrium: stoichiometric models and non-stoichiometric models. In stoichiometric models [4],
equilibrium is determined by using the equilibrium constants for the reactions involved in the process,
whereas in non-stoichiometric models [3] it is determined by minimization of the Gibbs free energy.

In this paper, a non-stoichiometric equilibrium model has been developed to simulate the behavior of a
downdraft gasifier. This kind of gasifier usually operates close to equilibrium conditions, so an
equilibrium approach is particularly suitable. The aim of this model it to calculate not only the
concentrations of the main gasification products (CO, H,, CH,, CO,, H,0), but also the concentrations of
minor products, especially the pollutant chemical species containing Nitrogen and Sulfur (e.g. NH5, H,S).
The presence of these species is not relevant in the calculation of the heating value, but it is important
because it may require the installation of systems to remove these pollutants from the syngas or in the flue
gas after syngas combustion. The stoichiometric approach needs a detailed specification of all the
chemical reactions that occur in the reactor. When many chemical species are involved, it can be very
difficult to foresee which reactions will take place in the reactor. For this reason, a non-stoichiometric
approach has been used in the present work.

Nomenclature

w moisture of biomass [mol]
S steam [mol]

e oxygen [mol]

nitrogen to oxygen molar ratio in oxidant

S}

fraction of carbon atoms participating in equilibrium reaction
number of moles

total Gibbs free energy [J]

standard Gibbs free energy [J/mol]

universal gas constant [J/(mol*K)]

process temperature [K]
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n reagents temperature [K]

t~

Lagrangian function
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A Lagrange multiplier

m number of atoms in chemical species

M number of atoms in the reagents

H standard enthalpy of formation [J/mol]

Cp specific heat at constant pressure [J/(mol*K)]

Qi0ss  heat lost through reactor’s wall [J/mol biomass]

2. Model development and implementation

To simplify the problem, only chemical species containing C, H, O, N and S are considered in this
model. A total of 16 products is considered. All of gasification products are supposed to be in gaseous
phase, except for unconverted solid carbon C(s). The global reaction inside the gasifier can be described
as follows:

CH,0pN:Sq + w H,0¢) + s H0g) + € 0, + pe N, = (1 — a)Cg) + ncoCO + n¢p,CO, + 16,0, +
+ncy, CHy + ny, Hy + 1y, oH, 0 + 1y, Ny + nyoNO + 1o, NO, + gy, NH3 + nygeny HCN + (1)
+nH25 HZS + nsoz SOZ + nSO3SO3 + nCOSCOS

where n; is the number of moles of the i-th chemical species, p is the Nitrogen to Oxygen molar ratio
in the oxidant (e.g. 3.76 for standard air) and « is a factor introduced in order to consider that not all the
carbon participate to the process. This factor is a function of the air-to-fuel ratio and can be calculated
using empirical correlations [5]. All gaseous chemical species are considered as ideal gases. The
production of tar is neglected, as usually done in literature when dealing with equilibrium models of
downdraft reactors [3,4,5]: in fact, in these kind of reactors the amount of tar which leaves the gasifier is
minimal. All reagents are supposed to enter into the reactor at temperature T;,, and all products are
supposed to leave the reactor at the process temperature T. The process temperature is assumed to be
constant inside the gasifier, this is a common assumption in equilibrium models [3,4,5].

At the equilibrium state, the total Gibbs free energy of a gas mixture composed by M chemical species
can be represented by:

G = Z{Vil niGio + Z{Vil nRT - In(n;/Mior) 2)

where G;is the standard Gibbs free energy of the i-th species, R is the universal gas constant and T is
the temperature. To calculate the composition of syngas, it is necessary to find the values of n; which
minimize the objective function G. This optimization problem has two families of constraints: the mass
balance between reagents and products and the non-negativity of the numbers of moles n;.

To solve this optimization problem, the method of Lagrange multipliers is used. For every mass
balance constraint, a Lagrange multiplier A, is introduced. In this model, five elements are considered, so
five Lagrange multipliers are introduced (A¢, Ay, Ao, An, As). The Lagrangian function L can be written as:

L =G — Xi-y A(mipm — My) 3)
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where m; ), is the number of atoms of k-th element in a molecule of the i-th chemical species, and My
is the number of atoms of the k-th element in the reagents. This function is minimized when all its partial

derivatives are equal to zero:
Y _ o . (2 = 4
(a_ni)_o ’ (aAk)_O @

These conditions can be written as a system of non-linear equation. This system can be solved by using
an iterative method. In the present work, the RAND method is used [6].
To calculate the reaction temperature, the energy balance equation is used:

o T o T
X (Hf,j + fTrif Cpj dT) =3n (Hf,i + fTripr,i dT) + Qoss ®)

where N is the number of reagents, H; and cp are respectively the standard enthalpy of formation and
the specific heat at constant pressure of the i-th or j-th chemical species, Q55 is the heat lost through
reactor’s wall referred to one mole of biomass.

To calculate the reaction temperature, a first iteration value is assumed, and used to calculate the
composition of syngas. These values of temperature and composition are substituted in the energy balance
equation (Eq. 5). In particular, this model calculates the unbalance AH of Eq. 5 and adjusts the
temperature until AH approaches zero. A scheme of this procedure is shown in Fig. 1.

START s'et a first iteration > calcule'ite n; (Gibbs free Ay calculate AH
value for T energy minimization) (energy balance)
adjust T

NO

STOP |« YES |AH] < £ >€

Fig. 1. Flow chart for the calculation procedure

3. Results and discussion

A sensitivity analysis has been performed by varying air-to-fuel ratio and biomass humidity. In
particular, syngas composition and its lower heating value are evaluated. For the sake of readability only
the main species are reported. Fig. 2a shows the results of the sensitivity analysis for the air-to-fuel ratio
(in abscissa process temperature which is a result of the simulation, i.e. increases by increasing the air-to-
fuel ratio, is reported). It can be noticed that the lower heating value decreases by increasing process
temperature. This is due to the fact that, in order to reach high temperatures, the combustion process need
to proceed further. When temperature increases, the volume fractions of CO and N, increase, whereas the
fractions of CO,, CH, and H, decrease. The volume fraction of water decreases until about 1000 K, then
it increases. Fig. 2b shows the results of the sensitivity analysis for biomass humidity. An increase in
biomass humidity causes a decrease of the lower heating value, this is due to the fact that a higher amount
of energy is exploited for water evaporation and, therefore, it is not available in the syngas.
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Fig. 2. (a) Air-to-fuel ratio sensitivity analysis (biomass: a=1.54, b=0.62; humidity on dry basis: 16%; oxidant: air) (b) Biomass
humidity sensitivity analysis (biomass: a=1.54, b=0.62; oxidant: air; air-to-fuel ratio equal to 2.2)

The model is then validated by comparing the results with experimental data found in literature [7] and
with a stoichiometric model [4]. Also in this case, the results are presented in Tab. 1 for energy related
species since in literature only these data are available.

It can be noticed that the model overestimates the volume fraction of H, and underestimates CO and
CH, fractions. These lead to an error equal to 18.5 % on the evaluation of the lower heating value with
respect to the experimental data, but these are well-known weakness of equilibrium models and. In fact,
the comparison with the stoichiometric model [4] shows similar results.

The model is then applied to forest waste gasification. This biomass is assumed to have a moisture
content of 40 % and a composition characterized by a=1.4, b=0.85, ¢=0.02, d=0.00004.

Fig.3a shows the main products of gasification and the lower heating value of syngas for different
values of the air-to-fuel ratio. An increase in the air-to-fuel ratio causes an increase in oxidized
compounds and a decrease in the lower heating value. Fig.3b shows the minor products of gasification.
NH; and H,S concentrations are not negligible, especially for low air-to-fuel ratio values. HCN and COS
are also present, but in lower concentrations. Their value increases since the air-to-fuel ratio increases.

Table 1. Model validation (a=1.44, b=0.66, biomass humidity equal to 20 %, process temperature equal to 1073 K)

Chemical species volume fraction (dry basis) Current model Model in [4] Exp. Data in [7]
CcO [%] 21.57 20.80 23.04
H, [%] 25.00 23.39 15.23
CH,4 [%] 0.04 0.75 1.58
N, [%] 41.66 42.74 4231
CO, [%] 11.73 12.31 16.42

LHYV (dry basis) Current model Model in [4] Exp. Data in [7]
[kJ/kg] 5211 5103 4398
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Fig. 3. Model application to forest waste gasification (a) main products (b) minor products.
4. Conclusions

In this paper an equilibrium model for the simulation of biomass gasification has been developed and
validated. The model takes into consideration five elements (C, H, O, N, S) and 16 species. The
equilibrium is calculated by minimizing the syngas Gibbs free energy.

The model is validated against experimental data gathered from literature and against the results of a
stoichiometric model. The model highlights the well-known weakness of equilibrium models (i.e.
overestimation of H, and underestimation of CH,) but proves to be effective in the simulation of biomass
gasification process both for the calculation of energy related species and pollutant related species.
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