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H I G H L I G H T S

• A model based on the minimization of Gibbs free energy has been developed.

• The algorithm implemented in a free open source platform is presented.

• The model allows the evaluation of pollutants besides energy related species.
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A B S T R A C T

This paper presents a non-stoichiometric equilibrium model for the simulation of the biomass gasification
process in downdraft gasifiers to be used within simulation models of complex energy systems. The chemical
equilibrium is determined by minimizing the Gibbs free energy. The feedstock is composed of five elements,
while fifteen chemical species are considered for the syngas. The model calculates the relative quantities of
gasification products and the lower heating value of the syngas. An advantage of the non-stoichiometric ap-
proach is that it can easily calculate not only the concentrations of the main gasification products, but also the
concentrations of minor products, especially the pollutant chemical species containing nitrogen and sulfur.

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

1. Introduction

Biomass gasification is one of the most promising technologies for
the exploitation of energy provided by products, by-products and re-
sidues from agriculture, forestry and livestock farming [1,2]. The main
advantage of gasification is that using a gaseous fuel (i.e. syngas, which
is the product of biomass gasification) is potentially more efficient than
direct combustion of solid biomass, since syngas can be burned at
higher temperatures. Moreover, gaseous fuels can be exploited in in-
ternal combustion engines. In this way, inefficiencies due to heat ex-
change can be avoided.

When dealing with white box modeling, the biomass gasification
process can mainly be simulated by using three different approaches: (i)
Computational Fluid Dynamic models, (ii) kinetic models and (iii)
equilibrium models. Many papers have been presented in literature,
though they are not reviewed in this work. Readers can refer to [3,4].

Computational Fluid Dynamic models [5] can simulate a wide range

of physical phenomena, but they need a large amount of information
(e.g. detailed geometry, material properties, boundary conditions) and
high computational resources.

Kinetic modeling [6] can give accurate results, in particular re-
garding the time evolution of the process. Nevertheless, this kind of
modeling 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.).

Equilibriummodels [1,7] are simple and fast. The equilibrium condition
is essentially never reached within the gasifier, although 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: (i) stoichiometric models and (ii) non-
stoichiometric models. In stoichiometric models [1], the equilibrium is de-
termined by using the equilibrium constants for each reaction involved in
the process, whereas in non-stoichiometric models [7–11] it is determined
by the minimization of the Gibbs free energy.
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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 equili-
brium approach is particularly suitable. The stoichiometric approach
needs a detailed specification of all the chemical reactions that occur in
the reactor, but when many chemical species are involved, it can be
very difficult to predict which reactions will take place. For this reason,
a non-stoichiometric approach has been used in the present work.

The aim of this model is to calculate not only the concentrations of
the main gasification products (carbon monoxide, molecular hydrogen,
methane, carbon dioxide and water), but also the concentrations of
minor products, especially the pollutant chemical species containing
nitrogen and sulfur (e.g. ammonia, hydrogen sulfide). The presence of
these species is not relevant in the calculation of the heating value, but
it is important to highlight whether gas treatment systems are required
to remove them from the syngas or from the flue gas after syngas
combustion. It should be borne in mind that the model has been de-
veloped as a mathematical tool to be used within simulation models of
complex energy conversion systems.

2. Syngas composition

When dealing with gasification modelling, the focus is usually
mainly related to energy issues. For this reason, syngas is generally
considered to be a mixture of carbon monoxide, carbon dioxide, hy-
drogen, water and methane.

Nitrogen, which is present when air is taken into consideration as
the oxidizer, is assumed not to participate in reactions and therefore it
simply dilutes the syngas. However, a small amount of nitrogen in the
oxidizer can be involved in reactions. Furthermore, biomass could
contain more nitrogen and sulfur, in addition to carbon, hydrogen and
oxygen. Biomass also contains inorganic species, albeit a very small
amount [12]. This implies that the syngas could have a more complex
composition than that reported above.

2.1. Nitrogen-based contaminants

In biomass, nitrogen is mainly present in proteins (and amino acids)
together with other forms such as DNA, RNA, alkaloids, porphyrin and

chlorophyll [9]. This nitrogen (generally named fuel-N) leaves the ga-
sifier mainly as ammonia, hydrogen cyanide, nitrogen oxide, molecular
nitrogen, or as heavy aromatic compounds (i.e. tar [13]). A smaller
quantity is retained in solid char (i.e. char-N) [14,15]. The concentra-
tions of nitrogenous compounds in the syngas vary across a wide range,
depending on the feedstock and on the gasification process [14]. Pyr-
olysis splits the fuel-N into volatile-N and char-N, while under gasifi-
cation conditions the presence of gasifying agents (e.g. air, steam or
oxygen) thermally cracks or reforms volatile-N and gasifies char-N,
leading to the formation of hydrogen cyanide and ammonia [13]. The
yield of ammonia is generally higher than the yield of hydrogen cyanide
[15], leading to a concentration of ammonia in the syngas which is at
least one order of magnitude higher than that of the hydrogen cyanide
[16]. Ammonia is the most abundant N-based syngas contaminant, with
a concentration which ranges from 350 to 18,000 ppm depending on
the amount of fuel-N [17], while hydrogen cyanide is reported to have a
concentration in the syngas of up to about 50 ppm and nitric oxide up
to 100 ppm [18]. Finally, it should be underlined that at a sufficient
temperature and residence time, molecular nitrogen becomes the pre-
dominant equilibrium product, although this condition is rarely at-
tained in practice [16].

2.2. Sulfur-based contaminants

Biomass is characterized by a significantly lower sulfur content than
coal [16]. Non-woody biomasses are characterized by a relatively
higher amount of sulfur compared to woody biomass [19]. Sulfur
contaminants in the syngas mostly occur as hydrogen sulfide and car-
bonyl sulfide. Hydrogen sulfide is always significant, since most sulfur
atoms in feedstock are released as hydrogen sulfide under reducing
conditions (i.e. absence of oxygen or other oxidizing agents) [19] and
the concentrations in the syngas are generally around 100 ppm for
woody and herbaceous biomass [17]. The concentration of carbonyl
sulfide is one order of magnitude lower than hydrogen sulfide con-
centrations, while sulfur dioxide is present in traces [19].

3. Model development

To simplify the problem, only chemical species containing C, H, O,

Nomenclature

A coefficient matrix
a number of hydrogen atoms [#]
B vector
b number of oxygen atoms [#]
c number of nitrogen atoms [#]
cp specific heat at constant pressure [J/(mol K)]
d number of sulfur atoms [#]
E number of elements [#]
e oxygen stoichiometric number [#]
fs experimental volume fraction of a product [-]
fm calculated volume fraction of a product [-]

°H standard enthalpy of formation [J/mol]
G total Gibbs free energy [J]

°G standard Gibbs free energy [J/mol]
L Lagrangian function
M number of chemical species [#]
m number of atoms in chemical species [#]
n number of moles [#]
Qloss heat lost through reactor wall [J/mol]
R universal gas constant [J/(mol K)]
S error on volume fraction [%]
s steam stoichiometric number [#]

T process temperature [K]
Tin reagents temperature [K]
W number of atoms in the reagents [#]
w moisture of biomass stoichiometric number [#]
α fraction of carbon atoms participating in equilibrium re-

action [-]
Γ matrix as defined in Eq. (A3)
ε threshold
λ Lagrange multiplier [-]
µ function as defined in Eq. (7)
ρ nitrogen to oxygen molar ratio in oxidant [-]
Σ matrix as defined in Eq. (A2)
ψ function as defined in Eq. (7)
ω convergence forcer [-]

Subscripts and superscripts

i index
j index
k index
q iteration counter
ref reference
tot total
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