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In this paper, optimization techniques were applied in the characterization of the thermnodynamic behavior
of Supercritical Water Gasification (SCWG) of different biomass sources, like as ethanol, glycerol, lignin,
microalgal biomass (Nannochloropsis sp.) and sugarcane bagasse. For this, the Gibbs energy
minimization (at constant pressure and temperature) and entropy maximization (at constant pressure and
enthalpy) methods were applied in combination with the Virial equation of state, using non-linear
programing. The problems were solved in the software GAMS using the CONOPT solver. The effect of
modifications in biomass source was analyzed on H production and on the thermal behavior of the SCWG
systems. High H; production was observed for all substrates and the highest productions were observed
for the SCWG of ethanol at isothermic conditions. The entropy maximization has shown that, with the
exception of the SCWG of ethanol, all other SCWG presented autothermal behavior for initial temperatures
below 1100 K. However, at adiabatic conditions the highest productions of H, were observed for the
SCWG of glycerol, mainly due to high exothermic behavior of this system. With the results, it is possible to
conclude that all biomass sources tested presented potential for application in Hx production.

1. Introduction

Energy shortage and environmental pollution are two main challenges we have to deal with in the future.
With the increasing consumption of fossil fuels, much research is focused on renewable sources of energy
like as solar and biomass. Biomass has received a great deal of attention as a new source for clean
energy production mainly because it is renewable, alternative and producing lesser carbon dioxide than
fossil fuels.

Gasification is an effective thermochemical route to convert carbon-containing feeds into hydrogen (H2),
carbon monoxide (CO), carbon dioxide (CO2) and methane (CH4). The resulting gas, called syngas, can
be combusted to produce heat, energy or be applied in the production of methanol and synthetic liquid
fuels using Fischer-Tropsch processes.

Supercritical water gasification (SCWG), in which supercritical water is not only a solvent for organic
materials but also a reactant, is one of the applications for producing fuel gas from organic sources.
Organic compounds, like as glycerol (Castello and Fiori, 2011), microalgae biomass (Freitas and
Guirardello, 2013), glucose (Freitas and Guirardello, 2012a), cellulose (Freitas and Guirardello, 2012a)
and many other substrates were examined as feedstock for SCWG in recent years. The reaction
temperature required for non-catalytic complete gasification of biomass, in supercritical water (SCW), is
about 873 K (600 °C) that is much lower than the reaction temperature of the conventional thermo-
chemical gasification processes for hydrogen production (Lu et al., 2011).

In this paper, optimization techniques were applied in the characterization of the thermodynamic behavior
of Supercritical Water Gasification (SCWG) of different biomass sources, like as ethanol, glycerol, lignin,
microalgal biomass (Nannochloropsis sp.) and sugarcane bagasse. For this, the Gibbs energy
minimization (at constant pressure and temperature) and entropy maximization (at constant pressure and
enthalpy) methods were applied in combination with the Virial equation of state, the problems are
formulated as optimization problems (non-linear programing).
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2. Methodology

2.1. Gibbs energy minimization: Isothermic systems

The thermodynamic equilibrium condition for reactive multicomponent closed system, at constant pressure
(P) and temperature (T), with given initial composition, can be obtained by minimization of Gibbs energy
(G) of the system, given by:
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While satisfying the restrictions of non-negative number of moles of each component in each phase:
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In addition, the restriction of mole balances, given by atom balance for reactive systems:
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2.2. Entropy maximization: Adiabatic systems

The thermodynamic equilibrium condition for reactive multicomponent closed systems, at constant P and
enthalpy (H), with given initial composition, can be obtained by maximization of the entropy (S) of the
system, with respect ton* :
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While satisfying the same previous restrictions, given by equations (2) and (3). Usually, physical properties
are given as functions of composition, pressure and temperature, not enthalpy. Therefore, an additional
restriction, referent to enthalpy balance, must be satisfied:
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2.3. Equation of state

Since the system analyzed by the present work was at high pressure, the virial equations of state (EoS),
truncated at second virial coefficient, were used to determine the fugacity coefficient of the systems. The
second virial coefficient is calculated by the correlation of Pitzer and Curl (1957), which was modified by
Tsonopoulos (1974). The following relation determined the fugacity coefficient:
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2.4. Model implementation

The software GAMS (General Algebraic Modeling System) with the CONOPT solver was used in the
resolution of the combined chemical and phase equilibrium problem. A description of GAMS software can
be found in Brooke et al. (1998). The possibility of a solid phase formation was considered to represent the
production of solid carbon in the system (solid carbon was represented as a pure component). These
methodologies and considerations were applied in previous works of our research group with good
predictive results for similar systems like as SCWG of glucose and cellulose (Freitas and Guirardello, 2012
a), microalgae biomass (Freitas and Guirardello, 2013) and oxidative reforming of methane (Freitas and
Guirardello, 2012b).

The biomass was represented as pseudo-components with the following general formula: C,H,OcNg. The
coefficients a, b, c and d were obtained in the literature for all biomass materials analysed here and the
values of these constants were presented in Table 1.

A Total of 16 output compounds were selected as representative of the main compounds, which can be
found in the output stream of these reactive systems. These compounds were selected based on
experimental and simulation works that studied the SCWG reaction found in the literature (Guan et al.,
2012).
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Table 1. Coefficients of molecular formula for different biomass analysed.

Substrate a b c d
Ethanol 2.00 6.00 1.00 0.000
Glycerol 3.00 8.00 3.00 0.000
Lignin' 42.39 45.46 12.15  0.000
Nannochloropsis sp.” 23.00 38.00 10.00  3.000
Bagasse® 3.69 6.00 3.08 0.028

General formula: C;H,O.Ny. 'Osada et al. (2004); “Guan et al. (2012); *Osada et al. (2012).

3. Results and discussion

3.1. Model validation

The validation was performed using simulated and experimental data obtained in literature in comparison
with the simulations performed using the proposed virial model. The objective of the validating the model is
to verify the predictive ability of the model against experimental data obtained in the literature and verify
the ability of the virial equation in represent the non-idealities of the studied systems.

The Gibbs energy minimization predictions were compared with both experiments and simulations
obtained in the work of Osada et al. (2012). Osada and coworkers studied the SCWG of sugarcane
bagasse on activated carbon and titania-supported ruthenium catalysts. Their experiments were performed
at the following conditions: reactant, 0.1 g; catalyst, 0.30 g; reaction temperature, 673 K; water density,
0.33 g.cm™ (pressure of 30.0 MPa) and reaction time of 15min; their simulations were performed using the
Software CHEMKIN 1ll. Their simulations and the simulations performed by the present work were
performed at the same conditions of the experiments and all results are presented in Figure 1.
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Figure 1. Comparison between simulated and experimental data from Osada et al. (2012) for the SCWG of
sugarcane bagasse.

In general, it is possible to state that the Gibbs energy minimization technique combined with Virial
equation of state provide results which are in good accordance with experimental and simulated data from
literature, therefore, the proposed model is a valuable tool for predicting the thermodynamic behavior of
SCWG reactive systems. Similar results are observed in previous papers for different sources of biomass
like as glucose and cellulose (Freitas and Guirardello 2012a) and microalgae biomass (Freitas and
Guirardello, 2013). In the following sections, the effect of changes on the biomass source was studied on
hydrogen production and on the thermal behavior of the systems.

3.2. Gibbs energy minimization —isothermic systems

Figure 2 (a) presents the number of moles of the main gaseous products for the different biomass
substrates evaluated in the SCWG reaction. The simulations were performed at the following conditions:
15 wt%, 973.15 K and 280 bar. The Ethanol presented the highest production of H, in number of moles,
however high production of CH4 was also observed in this system.

High production of hydrogen was also observed in all other analyzed biomass substrate and the lower
production of CH4 was observed in the SCWG of glycerol, all SCWG technologies showed low production
of CO on conditions where the reactions were analyzed. For almost all systems, the main compounds
observed are Hz and CO,. The highest production of CO, was observed in the SCWG of Lignin.
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The formation of ethane, propane, methanol and Ethanol was not observed in significant amounts on
conditions in which the SCWG were analyzed for any of the tested substrates. Solid carbon was not
observed in any simulation.

Figure 2 (b) presents the effect of the biomass concentration on the feed stream on Hy production.
Increasing the biomass concentration in the feed showed a slight decrease in the H, production, although
this behavior was not pronounced, it was observed in all range of biomass concentration and for all
biomass materials analyzed by the present work. The highest production of hydrogen was observed in the
SCWG of ethanol for all range of reactants composition evaluated. The highest production of H in the
SCWG of ethanol can be explained by the highest H/C ratio observed in ethanol molecule, this elevated
ratio results in high Hz production for this substrate when compared with others.
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Figure 2. (a) Production of gaseous products in SCWG of different sources of biomass; Conditions: 280
bar 973.15 K and 15 wt%; (b) effect of feed composition on H; production; conditions: 280 bar and 973.15
K.

3.3. Entropy maximization — adiabatic systems

Figure 3 presents the effect of initial temperature of the reaction on the equilibrium temperature for all
substrates evaluated. The simulations were performed using the previously presented entropy
maximization approach, in conditions of constant pressure (280 bar) and constant feed composition (15
wt%), the initial temperature was evaluated between 700 and 1,200 K.

The elevation of the initial temperature in the SCWG resulted in the elevation of the final temperature in all
systems. Glycerol and sugarcane bagasse presented autothermal behavior in all range of temperatures
analyzed. Lignin and microalgae Nannochloropsis sp. showed autothermal behavior only for temperatures
below to 1,100 K; above that the reactions presented a slightly endothermic behavior. Ethanol presented a
similar thermic trend but for temperatures below 1,000 K. Above this temperature the reaction presented a
more pronounced endothermic behavior.

Figure 4 (a) presents the comparison between all substrates evaluated at the same initial temperature; this
figure reinforces the behavior observed in Figure 3, Glycerol, Lignin, Nannochloropsis and bagasse
presented autothermal behavior and the ethanol presented endothermic behavior for an initial temperature
of 1,000 K, at constant pressure (280 bar) and initial composition (15 wt%).

Figure 4 (b) presented the hydrogen production at the same reaction conditions used in Figure 4 (a). The
hydrogen production presented an interesting behavior when compared with the results observed for the
Gibbs energy minimization approach.

The Gibbs energy minimization considers an isothermic system and with this consideration, the highest
production of hydrogen was observed in the SCWG of ethanol, but when the entropy maximization
approach (that considers an adiabatic system) was used, the ethanol presented the lowest hydrogen
production among all substrates analyzed.

This behavior can be explained by the thermal characteristics of the reactions. The SCWG of ethanol
presented endothermic behavior, and because of this, the equilibrium temperatures of reaction were lower
and the production of Hy, which depends on high temperatures to occur, is hampered. The effects of
thermal characteristics of these systems are better discussed in Figure 5.
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Figure 3. Effect of initial temperature on the final temperatures. Conditions: 15 wt% and 280 bar.
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Figure 4. (a) Final temperature for all substrates analyzed and (b) hydrogen production for all substrates
analyzed. Conditions: 1,000 K, 15 wt% and 280 bar.
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Figure 5. Final temperatures and H; production for the SCWG of glycerol and ethanol as function of initial
temperature; conditions: 15 wt% and 280 bar.
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Figure 5 presents the effect of initial temperature on the final temperatures and H, production for the
SCWG of ethanol and glycerol; these substrates are selected as representative because they represent
the extreme points regarding the thermal characteristics for SCWG of all considered substrates.

The highest H, production was observed in the SCWG of glycerol mainly due to high exothermic behavior
presented in this reaction. It is observed in Figure 5 that the production of Hy is directly related with the
equilibrium temperatures, mainly because the reactions related with H, production are endothermic and
therefore, needs high temperatures to be favored. This explains the lower production of H, for the SCWG
of ethanol once this reaction showed endothermic behavior in almost all range of initial temperature
analyzed. The highest exothermic behavior observed for the SCWG of glycerol can be explained by the
high O/C ratio observed in the molecule of this substrate in comparison with the other tested substrates.

4. Conclusions

The methodologies proposed in this work showed to be reliable for thermodynamic predictions in SCWG
systems of real biomass compounds. The predictions presented good agreement with experimental and
simulated data from literature for the SCWG of sugarcane bagasse. The methodologies used and applied
in the software GAMS and solved with the solver CONOPT proved to be quick and effective in the
resolution of the proposed problems, with computational time inferior to 1 s in all cases analyzed.

The effect of modifications in biomass source was analyzed on Hz production and on the thermal behavior
of the reactions. High Hz production are observed for all substrates and the highest productions were
observed for the SCWG of ethanol for isothermic systems. The entropy maximization has shown that, with
the exception of the SCWG of ethanol, all other SCWG reactions presented autothermal behavior in
almost all range of temperature and initial composition analyzed. However, at adiabatic conditions the
highest productions of H, were observed for the SCWG of glycerol, mainly due to the exothermic behavior
of this system. With the results, it is possible to conclude that all biomass materials tested presented
potential for application in H, production.
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