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Abstract  14 

The purpose of the present study is to quantify the impact of torrefaction pretreatment on the 15 

quality of the product gas arising from the gasification with steam and steam-oxygen mixtures of 16 

non-woody biomass in high-temperature entrained flow reactors. To this aim, a chemical 17 

equilibrium model for biomass gasification was developed, which allowed predicting the product 18 

gas composition as a function of process temperature, equivalence ratio, steam-to-biomass ratio and 19 

biomass elemental composition. A global sensitivity analysis with respect to the model input 20 

parameters was performed to assess the impact of torrefaction and gasification operating conditions 21 

on the quality of the product gas in terms of heating value and composition metrics typically 22 

adopted in the process industry (H2/CO ratio, stoichiometric module, etc.). In particular, the 23 

gasification of raw tomato peels and consequent torrefied solids resulting from fluidized bed batch 24 

torrefaction tests performed under light (200 °C and 30 min), medium (240 °C and 30 min) and 25 

severe (285 °C and 30 min) conditions was investigated using ultimate analysis data in the model. 26 

Results of this analysis highlighted that the quality of product gas arising from the oxygen-steam 27 

gasification of torrefied and untreated tomato peels did not differ very much, although torrefied 28 
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feedstocks produced more H2 and CO and less CO2 than the parent one. This suggests that, despite 29 

the significant benefits it determines in biomass feeding, grinding and storage, the torrefaction 30 

pretreatment provides only a marginal improvement in the product gas quality. Equilibrium 31 

simulations made available in the present study can be useful for a better understanding of the 32 

controlling variables that rule gasification processes in addition to act as a point of reference for 33 

more complex simulations of the high temperature entrained flow gasification of biomass with 34 

oxygen-steam mixtures. 35 

 36 

Keywords: Agro-industrial residues; Fluidized bed Torrefaction; Entrained Flow Gasification; 37 

Equilibrium modeling; Tomato peels; Oxygen-steam gasification. 38 

 39 

1. Introduction 40 

Biomass is an abundant, renewable, and environmentally carbon-neutral energy resource. Its 41 

exploitation can contribute to reducing both the dependence on fossil fuels and the net CO2 42 

emissions. A considerable amount of research papers published in pertinent areas [1-3] describe 43 

gasification as the most promising thermochemical pathway for the above purpose due to its 44 

flexibility to convert any type of biomass, including agricultural residues, non-fermentable 45 

byproducts from biorefineries, byproducts of food industry and even organic municipal wastes, into 46 

a variety of fuels and chemicals in addition to energy [4]. Moreover, as regard heat and power 47 

generation, applied research also shows that for a given energy throughput, the amount of major air 48 

pollutants (i.e., CO2, NOx, SO2, particulates) arising from an integrated gasification combined cycle 49 

(IGCC) power plant are lower than those from direct combustion systems [5]. 50 

Gasification is the conversion by partial oxidation of a carbonaceous feedstock (e.g., 51 

biomass or coal) into a gaseous energy carrier, known as “producer gas”, which contains hydrogen 52 

(H2), carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), water (H2O), nitrogen (if air is 53 

used as the oxidizing agent), trace amounts of light hydrocarbons and various contaminants such as 54 
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small unconverted char particles, ash and tars (i.e., a complex mixture of different condensable 55 

hydrocarbons). It takes place at temperatures between 600 and 1400 °C and at a pressure in the 56 

range of 1-33 bar [6]. The partial oxidation can be carried out using air, oxygen, steam or a mixture 57 

of these as a gasifying agent. Air gasification typically produces a low heating value gas (4-7 58 

MJ/Nm3 higher heating value [7]) suitable for boiler, turbine and engine operation but not for 59 

pipeline transportation due to its low energy density arising from nitrogen dilution. Oxygen 60 

gasification produces a high to medium calorific value gas (12-28 MJ/Nm3 higher heating value [7]) 61 

suitable for limited pipeline distribution and as synthesis gas for conversion into a variety of fuels 62 

(H2, Fischer-Tropsch diesels and synthetic gasoline) and chemicals (methanol, urea), even though 63 

the high capital cost for oxygen production is the main barrier to its use. Steam is another possible 64 

gasifying agent that can yield a medium heating value (10-16 MJ/Nm3, [7]) gas. However, the 65 

process would become more sophisticate, as indirect or external heating is needed for the 66 

endothermic reactions [3]. At present, gasification with air is the more widely used technology since 67 

there are neither the cost nor hazard of oxygen production and usage, nor the complexity and cost of 68 

multiple reactors. Steam-oxygen [3, 4, 8] and steam-oxygen enriched air [9] gasification processes 69 

have also been studied to some extent due to their many different applications. Various types of 70 

reactors have been explored for biomass gasification so far, which include fixed-bed gasifiers, 71 

operated in counter-current, co-current [8] or cross-current mode [10], fluidized bed gasifiers [4] 72 

and entrained flow gasifiers [11]. Compared with fixed-bed and fluidized bed gasification, entrained 73 

flow gasification operates at higher temperatures (> 1200 °C) and with smaller particles (< 500 μm) 74 

allowing to achieve a higher carbon conversion and to produce a high quality syngas with negligible 75 

methane and tar content [12]. However, the size reduction of biomass, typically required in 76 

entrained-flow systems, may be expensive and very difficult to achieve for some biomass 77 

feedstocks due to the inherent fibrous structure and very low grindability [13]. Accordingly, a lower 78 

number of experimental studies has been published so far on biomass gasification in entrained flow 79 

reactors compared to those concerning fossil fuels. These studies were performed at both relatively 80 
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low (900-1100 °C) and high (1200-1400 °C) temperatures and investigated mostly the effects of the 81 

reaction temperature, the excess air ratio, the water addition and the biomass type on the 82 

distribution and the composition of solid (soot and char), liquid (tar) and gas products [14-16]. The 83 

influence of the particle size and residence time on the gasifier performance and the producer gas 84 

quality [17] as well as the impact of the catalytic activity of alkali metal species on the formation of 85 

soot, tar and char [18] have also received some attention. In more details, experiments by 86 

Hernández et al. [15] showed that that an increase in the operating temperature can have different 87 

effects depending on the gasifying agent used. For example, air gasification mainly increases the 88 

CO and H2 concentration in the product gas via the endothermic Boudouard and steam reforming 89 

reactions, whereas gasification processes with air–steam leads to a boost in the H2 production due to 90 

the enhancement of the char-steam reforming and WGS (water–gas shift) reactions, as well as an 91 

increase in the CH4 content. Again, investigations by Qin et al. [16] showed that the carbon 92 

conversion during biomass gasification is higher than 90 %wt. at the optimal conditions of 1400 °C 93 

with steam addition and that the syngas contained nearly no tar. In addition, they also found that, 94 

during the entrained flow gasification processes, the carbon in biomass not converted to gas only 95 

appeared as soot particles, except for experiments performed at lower temperatures (around 1000 96 

°C), where a very small amount of char was also left. To enable and facilitate the biomass 97 

gasification in entrained-flow reactors, a variety of pretreatment methods for improving the 98 

properties of raw biomass have been developed, including hydrothermal carbonization [19], 99 

pyrolysis [20] and torrefaction [21, 22]; among them torrefaction seems to be the most promising 100 

one [13].  101 

Torrefaction is a mild thermal treatment where raw biomass is heated in an inert 102 

environment to a temperature ranging between 200 and 300 °C. It is traditionally characterized by 103 

low particle heating rate (typically less than 50 °C/min) and by a relatively long reactor residence 104 

time that ranges from 15 to 120 minutes depending on the specific feedstock, technology and 105 

temperature. After torrefaction, the fuel properties of biomass are deeply improved [23, 24]. In 106 

https://www.sciencedirect.com/science/article/pii/S1364032112005631#bib29
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particular, torrefied solids have lower moisture content, higher hydrophobicity, intensified energy 107 

density and improved storability in comparison to their parent feedstocks. Moreover, the fibrous 108 

structure of fresh biomass is partially destroyed by torrefaction thus making easier its size 109 

reduction. Finally, pulverized particles obtained from torrefied biomass are more spherical and this 110 

makes them more easily fluidizable or flowable [25] and less prone to agglomeration in pneumatic 111 

dense flow feeding systems [23, 26]. Due to these benefits, there has been much interest in 112 

torrefaction and several studies have been done to understand this process [13, 24, 27]. However, 113 

the application of torrefied biomass in gasification remains largely unexplored. To the best of our 114 

knowledge, no works can be found in literature on the impact of torrefaction on the behavior of 115 

non-woody biomass (e.g., low-value agro-industrial residues) during gasification with steam and 116 

oxygen at high temperature in an entrained flow reactor, in terms of neither syngas quality nor solid 117 

gasification kinetics. Therefore, a systematic study on torrefied non-woody biomass gasification in 118 

entrained flow reactor is of great practical and scientific interest. 119 

As a continuation of a previous study aimed at assessing the potential of fluidized bed 120 

torrefaction treatment in improving the fuel properties of low value agro-industrial residues (i.e., 121 

tomato peels) [24], the idea behind this work was that of considering the addition of a torrefaction 122 

stage prior to gasification. Therefore, the first objective of the present paper was to investigate the 123 

influence of torrefaction on the quality of the product gas arising from the oxygen-steam 124 

gasification in high temperature entrained flow reactors; the second one was to determine operating 125 

conditions beneficial for obtaining a product gas suitable for synthesis or, alternatively, heat and 126 

power production. To this aim, a chemical equilibrium model for biomass gasification was 127 

developed, which allowed the prediction of the syngas composition as a function of the gasification 128 

temperature (T), the fuel-oxygen equivalence ratio (ER), the steam-to-biomass ratio (SBR) and the 129 

elemental composition of the biomass. A global sensitivity analysis with respect to the model input 130 

parameters was performed to assess the impact of both the torrefaction pretreatment and the 131 

gasification operating conditions on the product gas quality in terms of heating value and 132 
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composition metrics typically adopted in process industry (i.e., H2/CO ratio, stoichiometric module 133 

M, etc.). 134 

 135 

2. Material and methods 136 

2.1 Feedstock properties and operating conditions 137 

Tomato peels, which are the residues of peeling tomato used for canning [28], were used as 138 

biomass feedstock for this research work as they represent a widespread agro-industrial residue in 139 

the Campania region of Italy, with good potential for energy application [24]. Torrefaction tests, 140 

which for sake of brevity will not described in detail, were performed in a batch lab-scale fluidized 141 

bed reactor. The experimental runs were performed at 200, 240 and 285 °C and for holding times 142 

equal to 5, 15 and 30 min. Specific details about the test facility and the adopted experimental 143 

procedures are described in a previous work by the present authors [24]. Briefly, results showed that 144 

the torrefaction treatment of tomato peels led to a significant improvement in both their physical 145 

and chemical properties. More specifically, the calorific value increased by a factor of 1.2 for the 146 

biomass treated at 285 °C and 30 min. Under the same experimental conditions, a 40 % reduction in 147 

the O/C elemental ratio and an improved hydrophobicity of the torrefied tomato peels were also 148 

observed. These positive effects of the torrefaction treatment occurred while maintaining the mass 149 

yield (approximately between 75 and 94 %, daf) and energy yield (approximately 90 and 96 %, daf) 150 

at satisfactory levels [24]. 151 

The gasification process was simulated by using four selected biomass feedstocks, namely 152 

raw tomato peels (TPs) and tomato peels torrefied at 200 °C (TP-200), 240 °C (TP-240) and 285 °C 153 

(TP-285), with 30 min holding times in the adopted lab-scale fluidized bed reactor. The elemental 154 

composition and the calorific values of the investigated biomass samples are shown in Table 1. To 155 

exclude the effect of the difference in the moisture content of the investigated biomass feedstocks, 156 

the same value of 5 %wt. was taken for all the samples. It is worth noting that 5 %wt. moisture 157 
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content represents a plausible amount of water in biomass after the torrefaction pretreatment stage 158 

[24]. 159 

 160 

2.2 Mathematical model 161 

The model simulates the gasification process in high temperature entrained flow gasifiers 162 

where an oxygen-steam mixture is used as gasifying agent. The model is based on chemical 163 

equilibrium calculations, which are performed by applying the stoichiometric method. The biomass 164 

feeding rate, its ash and moisture content and its elemental composition are input parameters for 165 

mass balance in the model along with the fuel-oxygen equivalence ratio and the steam-to-biomass 166 

ratio (SBR). The former is defined as the ratio between the molar flow rate of the oxygen actually 167 

introduced into the reactor and the stoichiometric molar flow rate of the oxygen required for a 168 

complete combustion, whilst the latter is defined as the mass flow rate of the steam fed to the 169 

reactor divided by the fuel mass flow rate on a dry ash-free basis. The main assumptions of the 170 

adopted model are as follows: 1. the biomass is composed of carbon (C), hydrogen (H), oxygen (O) 171 

and nitrogen (N) element only in addition to ash; 2. the gasifier is considered isothermal; 3. all 172 

reactions are at the chemical equilibrium; 4. the reacting system is at atmospheric pressure.; 5. all 173 

gases are treated as ideal; 6. the fixed carbon in biomass is assumed to be completely gasified and, 174 

therefore, the formation of char carbon is neglected; 7. tar is not taken into account in the simulation 175 

due to the high operating temperature of entrained flow gasifiers leading to an almost tar-free 176 

syngas; 8. ash in biomass is assumed to be inert, i.e. it does not participate in the chemical reactions; 177 

9. N2 is considered to be inert through the gasifier and no nitrogen compounds are generated; and, 178 

finally, 10. the producer gas is assumed to consist only of H2, CO, CO2, H2O, CH4 and N2. Not all 179 

of these assumptions are rigorously correct; however, they provide a reasonable first approximation 180 

of gasification process, which occurs in high temperature entrained flow reactors. In this regard, it is 181 

wort noting that, due to the complexity of the phenomena occurring during a gasification process, 182 

every model is only an approximation of the reality, describing selected aspects of the process. A 183 
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model cannot have absolute validity, but it should be valid for the purpose for which it is 184 

constructed [29]. For example, due to the simple mathematical formulation, the rather strict 185 

assumptions and the short time required for computation (in comparison to other approaches, 186 

especially computational fluid dynamics, CFD), equilibrium models, in particular, are useful in the 187 

preliminary analysis and optimization of gasification processes; results obtained through 188 

equilibrium calculations typically act as a point of reference for more complex simulations [30]. 189 

Equilibrium models, in fact, allow assessing the influence of different operating parameters (e.g., 190 

equivalence ratio, kind of gasification medium, steam injection, oxygen enrichment, etc.) on the 191 

producer gas composition for a wide range of fuel compositions. In practice, deviations from 192 

equilibrium predictions are common and related mostly to the overestimated char conversion and 193 

the non-simulated formation of tar and methane, especially for low-temperature processes [31]. 194 

Moreover, in an equilibrium model it is also assumed that the analyzed gases are considered to 195 

behave ideally. This assumption, in particular, is correct only in conditions of low pressure (near to 196 

atmospheric pressure), since the values of equilibrium constants calculated for ideal gases deviate 197 

significantly from the real ones. In this situation, the fugacity of each compound of the reacting 198 

mixture should be taken into account [30]. Moreover, equilibrium models are zero-dimensional 199 

(i.e., the geometry of the reactor is not necessary) and assume a uniform temperature across the 200 

whole reactor despite a slit drop or rise in the temperature over time and within the space of the 201 

reactor can results in considerable changes in the equilibrium constant values and, hence, in 202 

significant deviation in the concentration of the syngas components [30]. However, despite the 203 

abovementioned rather strict assumptions and simplifications, the applicability of equilibrium 204 

models to the gasification process has generally been established [32, 33]. In particular, these 205 

models proved to be especially reliable at the high temperatures that occur in entrained flow 206 

gasifiers [34] as well as in presence of catalysts [35] due to the resulting kinetics enhancement, 207 

which allows reaching a state close to the thermodynamic equilibrium even under the occurrence of  208 

a short residence time of the reactants in the gasifier, neglectable tar formation and very low amount 209 
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of residual char and soot [15, 16]. On the other hand, in other situations, where the restrictive 210 

hypotheses of equilibrium models are not properly satisfied, it is possible to increase the accuracy 211 

of model results thorough a calibration procedure  relying on the use of the modified equilibrium 212 

constants defined as the actual equilibrium constants multiplied by the degree of approach to 213 

equilibrium [36]. 214 

The model is based on the following global steam-oxygen gasification reaction: 215 

 216 

CxHyOzNw + aH2O + bH2O + cO2 = γH2H2 + γCOCO + γH2OH2O + γCO2CO2 + γCH4CH4 + γN2N2   (1) 217 

 218 

where x, y, z, and w are the molar fractions of carbon, hydrogen, oxygen, and nitrogen in the dry 219 

fuel, which were determined from the ultimate analyses data (Table 1), a the moles of H2O 220 

(moisture) per mole of processed dry fuel, while b and c are the molar flow rates of steam and 221 

oxygen fed to the reactor per mole of processed dry fuel. On the right-hand side of Eq. (1), γi 222 

coefficients are the unknown moles of gaseous species leaving the gasifier (i.e., i = H2, CO, H2O, 223 

CO2, CH4 and N2) for mole of processed biomass. To determine the equilibrium composition of the 224 

producer gas, six equations are required, which correspond to the number of stable chemical species 225 

assumed in the model. In line with the stoichiometric method, they were derived by using mass 226 

balance equations and equilibrium constant relationships. In particular, the number of independent 227 

reactions needed for formulating the equilibrium equations was determined by applying the Gibb’s 228 

rule of stoichiometry, as described by Tassios [37]. In detail, in the present case study, where no 229 

solid carbon residues (e.g., soot or char) are assumed to remain in the gasification products, only 230 

two independent reactions needed to be considered in the equilibrium calculations.  231 

Two common approaches are typically taken in the pertinent literature when selecting the 232 

above mentioned independent reactions, namely: i. the selection of water-gas reaction (Eq. 2) 233 

together with hydrogenating gasification (Eq. 3) as the main gasification reactions; and ii. the 234 

selection of water-gas shift reaction (Eq.4) along with the steam reforming of methane (Eq. 5) [38]. 235 
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 236 

Water Gas Reaction   C + H2O ↔ CO + H2       (2) 237 

Hydrogenating Gasification  C+ 2H2 ↔ CH4      (3) 238 

Water Gas Shift   CO+ H2O ↔ CO2 + H2     (4) 239 

Methane Steam Reforming   CH4 + H2O ↔ CO + 3H2     (5) 240 

 241 

According to the theory of independent reactions, there is no significant difference between the 242 

above modeling approaches [37]. However, since the reactions involving steam are more favored in 243 

the case of steam gasification (high feed water content) [38, 39], the water gas shift (WGS) and the 244 

steam reforming of methane (MSR) were selected as independent reactions to be used in the present 245 

work. These reactions and, in particular, their equilibrium constants allowed generating two of the 246 

six equations required to determine the equilibrium composition of the produced syngas, as follows: 247 

 248 

f1 = 0 = KWGS ∙ (γCO) ∙ (γH2O) – (γCO2) ∙ (γH2)       (6) 249 

f2 = 0 = KMSR ∙ (γCH4) ∙ (γH2O) ∙ (γtotal)2 - (γH2)3 ∙ (γCO)      (7) 250 

 251 

where KWGS and KMSR are the equilibrium constants for the water-gas shift reaction and the 252 

steam reforming reaction, respectively and γtotal is the molar flow rate of the producer gas. The 253 

remaining four equations were then derived by balancing the chemical elements involved in the 254 

global steam-oxygen gasification reaction in Eq.(1), as follows: 255 

  256 

Carbon Balance:   f3 = 0 = γCO + γCO2 + γCH4 – x     (8) 257 

Hydrogen Balance:   f4 = 0 = 2γH2 + 2γH2O + 4γCH4 - y - 2a - 2b    (9) 258 

Oxygen Balance:  f5 = 0 = γCO + γH2O + 2γCO2 - z - 2a - 2b - 2c    (10) 259 

Nitrogen Balance:   f6 = 0 = 2γN2 - 2w       (11) 260 

 261 
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The temperature dependency of equilibrium constants for WGS and MSR was obtained by means of 262 

the van’t Hoff equation: 263 

 264 

K(T) = K(T0) exp[ΔHR
0/R (1/T0 – 1/T)]          (12) 265 

 266 

where K(T) and K(T0) are the values of the equilibrium constant at the reference 267 

temperature T0[K] and at a given temperature T[K], R[J/mol∙K] is the value of the universal gas 268 

constant and ΔHR
0 is the standard reaction enthalpy at 298.15 K. In more details, the standard 269 

reaction enthalpy at 298.15 K is −41.1 kJ/mol in the case of the WGS reaction, which is moderately 270 

exothermic, and equal to 206.1 kJ/mol in the case of the endothermic reaction of methane steam 271 

reforming [40]. 272 

In order to obtain the values of γN2, γH2O, γH2, γCO, γCO2 and γCH4, the six equations (Eqs. 6-11) were 273 

solved simultaneously by using the Standard Solver function available in the Microsoft Excel 274 

spreadsheet package on a conventional MS-Windows PC. The Solver uses the GRG Nonlinear 275 

Solving algorithm, which is one of the most robust programming methods to solve nonlinear 276 

algebraic problems [41]. 277 

 278 

2.3 Model validation 279 

The model was validated by comparing its outputs, in terms of gas yields, with the 280 

experimental data by Qin et al. [16]. The comparison of results is reported in Table 2. In detail, the 281 

experimental yields in Table 2 are related to the test number wH3, wRl, wH1, wT5 [16], where 282 

approximately 12.8, 10.7, 12.8 and 12.8 g/min of wood (beech sawdust) were, respectively, fed to a 283 

lab-scale entrained flow gasifier by means of a cold feeder air flow rate of 10 Nl/min and then 284 

gasified at 1400 °C (with the exception of the test wT5 performed at 1000 ° C) by using only air 285 

(wT5) or air and steam mixtures (wH3, wRl, wH1) as gasifying agents. In particular, an excess air 286 

factor (λ) equal to 0.3 was adopted in all the above-mentioned tests, whereas the steam/carbon ratio 287 
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(mol/mol) was 0 in test wH3, 0.37 in tests wR1 e wT5 and 0.75 in test wH1. It is worth noting that 288 

the excess air factor (λ) adopted by Qui et al. (2012) [16], which indicates the ratio between the air 289 

supply and the air that is theoretically required for a complete feedstock combustion, does not 290 

include the air flow fed to the gasifier through the biomass feeding system. On the basis of these 291 

information, the equivalence ratio (ER) and the steam-to-biomass ratio on a dry ash free basis 292 

(SBR), to be used inputs in the model, were calculated as shown in Table 2. The quality of fit 293 

between experimental and simulated data was evaluated in terms of root mean square error (RMSE) 294 

as follows: 295 

 296 

𝑅𝑀𝑆𝐸 = √∑ [(𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡)𝑖−(𝑀𝑜𝑑𝑒𝑙)𝑖]2
𝑁
𝑖=1

𝑁
         (13) 297 

 298 

where N is the number of data points for each set of data or gasification test. In detail, RMSE is a 299 

negatively oriented index score, which means lower values are better. It can range from 0 to ∞ and 300 

is expressed in the units of measurements of the variable of interest. In addition, RMSE is a 301 

quadratic index score, which gives a relatively high weight to large errors. This means that the 302 

RMSE is mostly useful when large errors are particularly undesirable.  Results show that the model 303 

predictions provide a reasonable first approximation of the experimental data, particularly when the 304 

gasification process is performed at higher temperatures. This suggests that the adopted equilibrium 305 

model can be reliably used in the preliminary analysis and optimization of gasification processes 306 

performed in high temperature entrained flow reactor. 307 

 308 

3 Results and discussion  309 

The equilibrium model was used to investigate the effect of torrefaction pretreatment and the 310 

key gasification operating conditions - including the equivalence ratio (ER), the steam to biomass 311 
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ratio on a dry ash free basis (SBR) and the process temperature - on the quality of the product gas 312 

arising from gasification of tomato peel residues with the steam and oxygen.  313 

Fig. 1 shows the composition of the product gas obtained from the gasification of raw and 314 

torrefied tomato peels (TPs) at 1300 °C by fixing the equivalence ratio (ER) at 0.4 while varying 315 

SBR from 0.2 to 1.5 on a dry ash free basis, which are typical operating conditions for biomass 316 

gasification in entrained flow reactors [10]. In detail, torrefied tomato peels, which had been 317 

subjected to light (TP-200), medium (TP-240) and severe (TP-285) thermal treatment [24], were 318 

selected to investigate the effect of torrefaction pretreatment severity. Model predictions show that 319 

the gasification of torrefied feedstocks results in a product gas with a slightly higher concentration 320 

of hydrogen (H2) and carbon monoxide (CO) and a lower concentration of carbon dioxide (CO2) 321 

than the untreated biomass within the whole investigated steam-to-biomass range. In particular, the 322 

higher the torrefaction temperature, the greater the concentration of H2 and CO in the product gas 323 

and the lower the CO2 concentration. This findings can be explained by the lower values of O/C and 324 

H/C atomic ratios of the biomass torrefied at higher temperature with respect to the raw feedstock 325 

(see the Van Krevelen diagram in Fig. 4d), which favor the formation of CO and H2 with respect to 326 

H2O and CO2 [24]. Again, in accordance with the le Chatelier principle, it is found that higher SBR 327 

ratios favor the conversion of CO to CO2 and H2 through the water gas shift reaction (Eq. 2) 328 

whereas as regard CH4, model predictions (not presented here) highlight that its volume fraction is 329 

rather low when the gasification is performed at 1300 °C and ER = 0.4, resulting, in particular, 330 

lower than 10 ppm in the case of both raw and torrefied TPs.  331 

It is well known that the quality of the product gas mostly depend on the relative ratios 332 

between its main components (i.e., CO, H2, CO2) rather than on their absolute volume fractions; 333 

these ratios, in fact, determine not only its actual heating value (LHV) but also the complexity of 334 

downstream processing required for its cleaning and upgrading and its final application [4]. The 335 

H2/CO and CO2/CO ratios as well as the so called stoichiometric module M = (H2-CO2)/(CO+CO2) 336 

are commonly taken in the process industry as a measure of the eligibility of the product gas for 337 
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synthesis; specifically, the ideal H2/CO ratio of the incoming syngas for Fischer-Tropsch (FT) 338 

synthesis is 2 whereas the required (H2–CO2)/(CO+CO2) ratio for methanol production is 2.1. 339 

Therefore, in addition to the volume fractions of the main chemical species, the trends in such 340 

quality metrics were also investigated in order to determine operating conditions beneficial for 341 

obtaining a product gas suitable for synthesis rather than heat and power production. In more 342 

details, a comparison between the values of the H2/CO, the CO2/CO and the (H2-CO2)/(CO+CO2) 343 

ratios arising from the gasification of both raw and torrefied tomato peels was performed for the 344 

different investigated operating conditions and the results are shown in Fig. 2 for the specific case 345 

of 1300 °C gasification temperature and 0.4 equivalence ratio. Model predictions highlight that the 346 

product gas obtained from the gasification of torrefied tomato peels is characterized by lower values 347 

of the H2/CO ratio compared to that obtained by using raw tomato peels as feedstock, to an extent 348 

that increases with the increasing of torrefaction severity (Fig. 2a). Results also show that the 349 

increase in the torrefaction temperature promotes the decrease in the CO2/CO ratio of the product 350 

gas (Fig. 2b) with the result that the stoichiometric number (M) and the lower heating value (LHV, 351 

dry basis) slightly rise after torrefaction treatment of the raw feedstock (Fig. 2c-d). This increase is 352 

even more significant at higher torrefaction temperature. 353 

In this work, tomato peels subjected to a more severe torrefaction pretreatment (TP-285) 354 

were taken as the reference material in order to investigate the influence of the key gasification 355 

operating conditions, i.e. the equivalence ratio (ER), the steam to biomass ratio (SBR) and the 356 

process temperature, on the quality of the product gas arising from the gasification with steam and 357 

oxygen. 358 

In particular, the volume fractions of the main components (i.e., CO, H2, CH4, CO2) of the 359 

product gas, which is obtained by simulating the gasification of TP-285 at ER = 0.4 while changing 360 

SBR from 0.2 to 1.5 and the gasification temperature from 1000 °C to 1400 °C, are shown in Fig. 3. 361 

Data highlight that the product gas composition is very sensitive to both the variations of steam fuel 362 

ratio and temperature. In detail, it is found that higher SBR ratios favor the conversion of CO to 363 
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CO2 and H2 through the water gas shift reaction (Eq. 4) and provide favorable conditions for the 364 

steam reforming of methane (Eq. 5) within the whole investigated temperature range. Again, it 365 

results that the volume fraction of CO2, H2 and CH4 decreases with the temperature, while the CO 366 

concentration increases. This is in accordance with the Le Chatelier’s principle that states that high 367 

temperatures favor the reactants in exothermic reactions, such as the water-gas shift reaction (ΔHR° 368 

= -41 kJ/mol), and products in the endothermic reactions, such as the steam reforming of methane 369 

(ΔHR° = 206 kJ/mol). 370 

Fig. 4 shows the effect of the addition of different amounts of oxygen to the steam 371 

gasification of TP-285 at 1300 °C; in particular, in this work, the equivalence ratio (ER) was 372 

increased from 0 to 0.4 with a step of 0.1 while varying SBR in the range 0.2-1.5 on a dry ash free 373 

basis. Model predictions suggest that the more the oxygen is added to the steam as a gasifying agent 374 

the less the product gas composition is sensitive to the SBF variation. For example, it results that 375 

the volume fraction of H2 increases from 3 % to 58 % when SBF raises from 0.2 to 1.5 at ER = 0 376 

whereas it just goes from 33% to 39 % when SBF changes from 0.2 to 1.5 at ER = 0.4 (Fig.4a). As 377 

expected, it is found that the increase of the equivalence ratio leads to an over-oxidization or partial 378 

combustion of the product gas to produce CO2 (Fig. 4d) and H2O (not shown here). Furthermore, 379 

the equilibrium simulations show that the volume fraction of CH4 in the product gas decreases 380 

greatly with increasing the equivalence ratio from 0 to 0.4; in particular, its concentration turns out 381 

to be almost equal to zero over the whole investigated SBR range when the value of the equivalence 382 

ratio is equal or higher than 0.2 (Fig. 4b). As regards the volume fraction of H2, data shown in 383 

greater detail in Fig.5 demonstrate that it only starts to drop after reaching a peak value at ER = 0.2 384 

when SBR is lower than 0.4 (Fig. 5a) whereas it steadily decreases with ER when SBR is in the 385 

range of 0.4-1.5 (Fig. 5b). In contrast with what is typically observed in other studies modeling 386 

gasification processes by means of equilibrium calculations [42, 43], the volume fraction of CO is 387 

found to grow with the increase in the equivalence ratio. Anyway, this result is consistent with what 388 
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was observed by Babu and Sheth (2005) [44], who also studied the effect of oxygen enrichment and 389 

steam-to-air ratio on the syngas composition by means of an equilibrium model. 390 

Fig. 6, finally, shows the effect of the gasification temperature (Fig.6a,c,e) and the 391 

equivalence ratio (Fig.6b,d,f) on the H2/CO ratio, the stoichiometric module M and the lower 392 

heating value of the product gas arising from the gasification of TP-285 with steam and oxygen. 393 

Model predictions highlight that the decrease of the equivalence ratio (ER) results in a 394 

product gas more suitable for energy application: in fact, the lower ER, the higher the LHV over the 395 

investigated SBR range (Fig. 6e). Instead, as regards the use of the product gas for synthesis, it is 396 

found that similar benefits are only get when the steam to biomass ratio is in the range of 0.7-1.5 397 

(Fig6a,c). In fact, data shown in greater detail in Fig 5c-d display that for values of SBR lower than 398 

0.7 a maximum value exists for both the H2/CO ratio and the stoichiometric module at ER equal to 399 

approximatively 0.1-0.2. Conversely, modeling results point out that lower gasification 400 

temperatures promote not only a decrease in the product gas calorific value (Fig. 6f), but also make 401 

it less suitable for synthesis applications as evidenced by the decrease in both the H2/CO (Fig.6b) 402 

and the (H2-CO2)/(CO+CO2) ratios (Fig. 6d). 403 

 404 

3. Conclusions  405 

The simulation of oxygen-steam gasification of low value agro-industrial residues in a high 406 

temperature entrained flow gasifier was performed in this work by using an equilibrium model. 407 

Predictions on the composition and the calorific value of the producer gas arising from the 408 

gasification of both raw and torrefied tomato peels were achieved by inserting in the model the 409 

ultimate analysis data of the raw and torrefied solids resulting from fluidized bed torrefaction tests 410 

performed in a previous work by the present authors. Four main variables, i.e., gasification 411 

temperature, steam-to-biomass ratio, fuel-oxygen equivalence ratio and temperature of the 412 

torrefaction pretreatment, were identified as inputs to the mathematical model. With respect to 413 

them, a global sensitivity analysis was performed to assess the impact of both torrefaction 414 
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pretreatment and gasification operating conditions on the product gas quality in terms of lower 415 

heating value and typical composition metrics commonly taken in the process industry as a measure 416 

of the eligibility of the product gas for synthesis (i.e., H2/CO ratio, stoichiometric module, etc.). An 417 

overall conclusion drawn from this analysis is that the torrefaction pretreatment provides only a 418 

marginal improvement in product gas quality despite the significant benefits it determine in biomass 419 

feeding, grinding, storage and feeding. In the present research work, however, only tomato peels 420 

were considered as a feedstock. Therefore, a further study is welcome on the effects of different 421 

types of non-woody biomass. Equilibrium simulations made available in the present study can be 422 

useful for a better understanding of the controlling variables that rule gasification processes in 423 

addition to act as a point of reference for more complex simulations of the high temperature 424 

entrained flow gasification of biomass with oxygen-steam mixtures. 425 

 426 
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Fig. 1 Effect of the steam-fuel ratio and the feedstock torrefaction temperature on the product gas 530 
composition at 1300 °C and ER = 0.4 and Van Krevelen diagram of torrefied tomato peels obtained 531 

from fluidized bed torrefaction tests [15].  532 
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Fig. 2  Effect of the steam-fuel ratio and the feedstock torrefaction temperature on the composition 535 

and the lower heating value of the product gas arising from the gasification process performed at 1300 536 

°C and ER = 0.4.  537 
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Fig. 3 Effect of the gasification temperature and the steam-fuel ratio on the composition of the product 540 
gas arising from the gasification of the TP-285 feedstock with ER = 0.4.  541 
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Fig. 4 Effect of the equivalence ratio (ER) and the steam-biomass ratio on the product gas 544 
composition arising from the gasification of the TP-285 feedstock at 1300 °C.  545 
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Fig. 5 Effect of the equivalence ratio and the steam-biomass ratio on the H2 volume fraction in the 549 

product gas generated by the gasification of the TP-285 feedstock at 1300 °C.  550 
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Fig. 6 Effect of equivalence ratio and gasification temperature on the composition and the lower 554 

heating value of the product gas arising from the gasification of the TP-285 feedstock by varying the 555 
steam-biomass ratio from 0.2 to 1.5. 556 

a. b. 

c. d. 

e. f. 
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Table 1. Elemental analysis, ash content and calorific value of the selected biomass feedstock [15]. 

Sample 
C 

(%wt., db)  

H 

(%wt., db) 

N 

(%wt., db) 

O 

(%wt., db) 

Ash 

(%wt., db) 

LHV 

(MJ/kg, db) 

Raw TPs 58.38 7.72 1.49 30.60 1.81 24.14 

TP-200 59.53 7.74 1.82 28.35 2.57 24.56 

TP-240 61.65 7.72 1.52 26.53 2.58 25.25 

TP-285 66.40 7.78 1.66 20.87 3.29 29.33 
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Table 2. Comparison of gasification results between equilibrium calculations and experimental data 

[16]. 

Feedstock 
SBR ER 

T 

(°C) 

TEST 

[12] 
Gas yields 

CO CO2 CH4 H2 
RMS 

(Nm3/ kgwood,daf) 

Wood 0 0.47 1400 WH3 

Experimental  0.67 0.19 < 

0.01 

0.42 

0.11 
Model 0.82 0.19 < 

0.01 

0.31 

Wood 0.37 0.51 1400 WR1 

Experimental  0.61 0.25 < 

0.01 

0.50 

0.12 
Model 0.73 0.29 < 

0.01 

0.33 

Wood 0.75 0.47 1400 WH1 

Experimental  0.55 0.32 < 

0.01 

0.56 

0.13 
Model 0.71 0.31 < 

0.01 

0.42 

Wood 0.37 0.47 1000 WT5 

Experimental  0.29 0.37 < 

0.01 

0.27 

0.23 
Model 0.64 0.37 < 

0.01 

0.49 

* Dry wood composition: CH3.05O1.32N0.05; Moisture: 9.04 %wt., a.r.; Ash = 0.67 %wt., db. 
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