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Abstract 9 

The joint process of pyrolysis-steam reforming is a novel and promising strategy for 10 

hydrogen production from biomass; however, it is conditioned by the endothermicity of 11 

the reforming reaction and the fast catalyst deactivation. Oxygen addition may 12 

potentially overcome these limitations. A thermodynamic equilibrium approach using 13 

Gibbs free energy minimization method has been assumed for the evaluation of suitable 14 

conditions for the oxidative steam reforming (OSR) of biomass fast pyrolysis volatiles. 15 

The simulation has been carried out contemplating a wide range of reforming operating 16 

conditions, i.e., temperature (500 to 800 ºC), steam/biomass (S/B) ratio (0 to 4) and 17 

equivalence ratio (ER) (0 to 0.2). It is to note that the simulation results under steam 18 

reforming (SR) conditions are consistent with those obtained by experiments. 19 

Temperatures between 600 and 700 ºC, S/B ratios in the 2-3 range and ER values of 20 

around 0.12 are the optimum conditions for the OSR under autothermal reforming 21 

(ATR) conditions, as they allow attaining high hydrogen yields (10 wt.% by mass unit 22 

of the biomass in the feed), which are only 12 to 15 % lower than those obtained under 23 

SR conditions. 24 
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1. Introduction 28 

The environmental concern associated with global warming is boosting the replacement 29 

of fossil fuels by alternative renewable and clean energy sources. Within this scenario, 30 

hydrogen is expected to have a key role in the way towards energy sustainability. 31 

However, the current hydrogen production is mainly based on the reforming of fossil 32 

fuels, such as natural gas, oil streams and coal [1-3]. Thus, processes aimed at hydrogen 33 

production from alternative and sustainable sources, such as thermochemical processes 34 

for the valorization of biomass and waste, are gaining increasing attention. Amongst 35 

them, gasification [4-6], pyrolysis [7,8] and steam reforming (SR) of biomass derived 36 

products (bio-oil) [3,9,10] have proven to be viable for the production of syngas and 37 

hydrogen. However, these processes face important challenges for their full scale 38 

implantation, such as the excessive tar formation in the gasification process, which 39 

hinders syngas potential applications in synthesis processes and energy production 40 

[11,12]. Steam reforming main limitations are associated with the fast deactivation of 41 

the catalyst and reaction endothermicity [3,10,13,14]. Furthermore, biomass pyrolysis 42 

faces the endothermicity of the process and, especially, the limited quality of the bio-oil 43 

(low heating value, poor stability and corrosiveness), which hinder its direct use as fuel 44 

[15,16].  45 

In order to overcome these challenges associated with the reforming of bio-oil, 46 

oxidative steam reforming (OSR) has been proposed [17]. In fact, co-feeding oxygen 47 

not only allows reaching a neutral energy balance in the reforming process, but also 48 

promotes the attenuation of catalyst deactivation, as has been reported in the processing 49 
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of different feeds [18-20]. Thus, OSR can delay coke formation by favoring the 50 

combustion of carbon deposits, thereby improving the stability of the catalyst compared 51 

to SR conditions [21]. Besides, the energy requirement of the reforming reaction is 52 

solved, since partial oxidation of pyrolysis volatiles is promoted when the reforming is 53 

carried out in an oxidative regime [17]. However, oxygen addition must be carefully 54 

controlled to avoid significant reductions in hydrogen production and other operational 55 

problems, such as metallic catalyst oxidation and the subsequent loss of activity [22]. 56 

This study deals with the potential of oxidative steam reforming for the treatment of 57 

biomass fast pyrolysis volatiles for hydrogen production, based on the simulation of 58 

thermodynamic equilibrium results. Gibbs free energy minimization method is proposed 59 

for the simulation of reactor performance under different operating conditions in order 60 

to determine hydrogen yields and reaction enthalpies, and establish autothermal 61 

conditions in the OSR of biomass fast pyrolysis volatiles. The simulation of equilibrium 62 

conditions has been previously applied for the prediction of the OSR of different 63 

feedstocks, such as hydrocarbons [23], oxygenates [17,24,25] and bio-oil [17,26]. 64 

The aim of the current study is to progress in the development of an original pyrolysis 65 

and in-line reforming technology by adopting the OSR strategy. This process has 66 

proven to have a great potential for hydrogen production from biomass under SR 67 

conditions, as it allows obtaining yields of around 10 wt. % when the process is fine-68 

tuned [27-35]. The authors have developed a combination of a conical spouted bed 69 

reactor (CSBR) for the pyrolysis step and a fluidized bed reactor (FBR) for the 70 

reforming one to perform pyrolysis-reforming in continuous regime. A scheme of this 71 

process is shown in Figure 1.  72 
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 73 

Figure 1. Dual reactor (CSBR-FBR) for the fast pyrolysis and SR or OSR of in-74 

line volatiles. 75 

This dual reactor system has proven to perform well in the valorization of different 76 

biomasses, plastics and their mixtures [27,32,36-38]. The use of a CSBR ensures 77 

operation under fast pyrolysis conditions with an efficient conversion of biomass into 78 

bio-oil [39,40], as well as a great flexibility for treating different biomasses and solid 79 

wastes and for process scaling up [41-43]. In addition, the mixing regime and high heat 80 

and mass transfer rates characteristic of FBRs lead, on the one hand, to lower 81 

carbonaceous material deposition than fixed beds [44,45] and, on the other hand, to 82 

isothermicity in the OSR process, avoiding hot spots in the catalyst bed.  83 

This strategy has several advantages in comparison with the pyrolysis process with an 84 

in-situ reforming catalyst. The integration of both reactors in the same unit allows 85 

selecting the suitable reaction system for each process, as well as the optimum 86 

conditions in the pyrolysis and in-line reforming steps [46]. Thus, the production of 87 

oxygenates in the biomass pyrolysis (first step) and H2 in the reforming process (second 88 
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step) are maximized under optimum operating conditions. Besides, catalyst efficiency is 89 

improved, since it treats the whole stream of volatiles formed in the pyrolysis reactor, 90 

and a lower deactivation rate is observed, since the direct contact of the reforming 91 

catalyst with the biomass and its impurities is avoided [5,47]. 92 

In order to perform a reliable simulation of the OSR process, this study considers a real 93 

composition of the volatile stream obtained in previous biomass fast pyrolysis studies in 94 

a CSB [48]. Moreover, the results obtained under SR conditions in previous studies [27] 95 

were used for the validation of the proposed calculation approach. 96 

2. Methodology 97 

2.1. Simulation of the reforming of biomass pyrolysis volatile stream 98 

The reforming of biomass fast pyrolysis volatiles was simulated following a 99 

thermodynamic analysis using the Gibbs free energy minimization method. This 100 

approach is especially interesting in complex systems with multiple compounds and 101 

reactions, as is the case of biomass derived product reforming, given that it does not 102 

require equilibrium constants to determine equilibrium compositions. Pro II 10.1 103 

software was used for simulation, and the equation of state the one by Soave-Redlich-104 

Kwong. The reactor has been considered isothermal and the reaction performed at 105 

constant pressure. 106 

The model used is shown in Figure 2 and includes the reforming reactor inlet streams, 107 

i.e., oxygenates, gaseous products (CO, CO2, H2, hydrocarbons), steam, and oxygen, as 108 

well as a mixer and the Gibbs free reactor. The basis considered in the simulation was 109 

100 kg h
-1

 of biomass (with a moisture of 10 wt.%) fed into the pyrolysis-reforming 110 

process. The streams of pure oxygen and steam were fixed according to the equivalence 111 

ratio (ER) and steam/biomass (S/B) ratio, respectively. The S/B ratio was defined based 112 
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on the steam and biomass feed rates injected into the pyrolysis step; however, the ER 113 

was defined based on the volatiles fed into the reforming process. 114 

 115 

Figure 2.  Scheme of the calculation model used in the thermodynamic study. 116 

The following main reactions were considered in the evaluation of the results obtained 117 

in the reforming simulation: 118 

Methane steam reforming: 224 3HCOOHCH   (1) 119 

Oxygenates reforming: 2 2Oxygenates H O CO H    (2) 120 

Water gas shift (WGS): 222 HCOOHCO   (3) 121 

Methane dry reforming: 4 2 22 2CH CO CO H    (4) 122 

Oxygenates dry reforming: 2 2Oxygenates CO CO H    (5) 123 

Hydrogen oxidation: 1
22 2 2H O H O   (6) 124 

Methane oxidation: 4 2 2 22 2CH O CO H O    (7) 125 

Oxygenates oxidation: 2 2 2Oxygenates O CO H O    (8) 126 

The composition of the streams at the inlet of the reforming reactor was established 127 

based on the results obtained in a previous pyrolysis study carried out by continuously 128 

feeding biomass (pine wood sawdust) into a conical spouted bed reactor (CSBR) at 500 129 
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ºC [48]. It is to note that this composition is extremely complex, with more than 110 130 

oxygenate compounds identified, which were grouped into chemical families (phenols, 131 

saccharides, ketones, acids and so on). In order to determine accurately the real 132 

composition of these oxygenates, the most representative compounds of these families 133 

were considered in the simulator database, for which their molecular weight and 134 

elemental composition were also taken into account. The composition of the oxygenate 135 

stream (condensable bio-oil fraction) used in the simulation is shown in Table 1. The 136 

composition of the remaining volatiles (non-condensable gaseous products) is 137 

summarized in Table 2. As overserved, this stream is simpler than that of oxygenates 138 

and was taken from previous results [48]. Based on their composition, the average 139 

molecular formula of the pyrolysis volatile stream to be reformed is CH1.23O0.44, 140 

excluding water. 141 

Table 1. Composition of the oxygenate stream used for the simulation of the 142 

reforming step. 143 

Compound Formula Concentration (wt. % ) 

Aldehydes 
 

3.86 

Formaldehyde CH2O 0.46 

Acetaldehyde C2H4O 0.21 

Acrolein C3H4O 0.15 

Glutaraldehyde C5H8O2 0.57 

Heptanal C7H14O 0.07 

Salicylaldehyde C7H6O2 0.42 

Vanillin C8H8O3 1.97 

Alcohols 
 

2.66 

Methanol CH4O 0.91 

Glycerin C3H8O3 1.47 

1-Phenyl-1-propanol C9H12O 0.27 

Acids 
 

3.62 
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Formic acid CH2O2 0.23 

Acetic acid C2H4O2 1.47 

Propanoic acid C3H6O2 0.19 

Acetic anhydride C4H6O3 1.20 

Benzoic acid C7H6O2 0.54 

Phenols 
 

20.60 

Phenol C6H6O 0.53 

2-Methyl phenol C7H8O 0.51 

3-Methyl phenol C7H8O 0.38 

1.2-Benzenediol C6H6O2 5.41 

1,4-Benzenediol C6H6O2 0.35 

4-Ethyl phenol C8H10O 0.42 

2-Methoxy-phenol C7H8O2 5.66 

p-Isopropenyl phenol C9H10O 0.46 

Styrene glycol C8H10O2 1.51 

Benzyl acetate C9H10O2 1.42 

Ethyl phenyl acetate C10H12O2 3.95 

Furans 
 

4.41 

Furan C4H4O 0.94 

Furfural C5H4O2 0.11 

2-Furanmethanol C5H6O2 0.99 

Tetrahydro-2-furanmethanol C5H10O2 2.36 

Saccharides 
 

5.92 

Dilactide C6H8O4 2.07 

Dilactic acid C6H10O5 3.85 

Ketones 
 

8.53 

Acetone C3H6O 0.89 

1-Hydroxy-2-propanone C3H6O2 2.04 

Methyl propyl ketone C5H10O 0.36 

Cyclohexanone C6H10O 3.44 

Levulinic acid C5H8O3 0.36 

Acetovanillone C9H10O3 1.45 

Unidentified 
 

16.74 

1.3-Benzenediol C6H6O2 16.74 
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Water H2O 33.67 

 144 

Table 2. Gas product composition used for the simulation of the reforming step.  145 

Compound Formula Concentration (wt. % ) 

Carbon dioxide CO2 44.66 

Carbon monoxide CO 46.12 

Hydrogen H2 0.05 

Methane CH4 4.90 

Ethylene C2H4 1.17 

Ethane C2H6 0.79 

Propylene C3H6 1.01 

Propane C3H8 0.63 

2-Butene C4H8 0.66 

 146 

The simulation of the reforming step was carried out in a wide range of operating 147 

conditions: temperature, 500-800 ºC; S/B ratio, 0-5 (corresponding to S/C molar ratios 148 

from 0 to 9.6, by mass unit of the volatiles fed into the reforming step), and ER, 0-0.2.  149 

2.2. Experimental runs  150 

The experiments for the validation of the results obtained in the thermodynamic study 151 

were carried out in a unit that combines a conical spouted bed reactor (CSBR) and a 152 

fluidized bed reactor (FBR) for the pyrolysis and catalytic steam reforming steps, 153 

respectively. The dimensions and other details of the pyrolysis-reforming plant, such as 154 

those concerning gas and solid feeding systems, condensation device and gas cleaning 155 

equipment, were described in detail in previous papers [27,37]. The biomass used in the 156 

experiments was pine wood sawdust with a particle size between 1 and 2 mm, with a 157 

moisture content of 10 wt.% [27]. A commercial Ni/Al2O3 catalyst doped with Ca (Süd 158 
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Chemie-G90LDP) was used in the reforming step, with its main properties being 159 

reported in previous studies [44]. 160 

According to the scheme showed in Figure 1, steam was injected to the pyrolysis reactor 161 

as fluidizing agent. It should be noted that it does not take part in the pyrolysis reaction, 162 

as low temperatures were used (500 ºC). The produced pyrolysis volatiles (gaseous 163 

products and bio-oil) were fed in line into the FBR for their reforming. The product 164 

stream leaving the reformer was analyzed in line by gas chromatography (Agilent 6890 165 

GC and Varian 4900 micro GC). The detailed experimental procedure and the analytical 166 

techniques were detailed elsewhere [27]. 167 

The experiments were carried out in continuous regime under the following conditions: 168 

biomass feed-rate, 0.75 g min
-1

; pyrolysis step temperature, 500 ºC; steam reforming 169 

temperature, between 550 and 700 ºC; steam/biomass (S/B) ratio, 2-5 range, and; space 170 

time in the steam reforming step, 2-30 gcat min g
-1

. A previous experimental study of 171 

biomass pyrolysis-reforming showed that a space time of 20 gcat min gvol
-1

 was required 172 

to attain almost full conversion of pyrolysis volatiles [27]. Accordingly, these results 173 

were considered for comparison with the simulated ones, as they were obtained mainly 174 

under thermodynamic control. Thus, operating at 600 ºC with a S/B ratio of 4, 175 

conversion was 99.7 % with a space time of 20 gcat min gvol
-1

. A reduction in space time 176 

progressively decreased the conversion in the reforming reaction and changed the 177 

reaction control from thermodynamic to kinetic one. 178 

3. Results  179 

3.1. Validation of the simulation under SR conditions 180 

H2 yield and steam conversion are the reaction indexes in order to assess the 181 

experimental results and validate the thermodynamic study of pyrolysis volatile 182 
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conversion. Volatile conversion (%) was defined as the ratio between the moles of C 183 

obtained in the gaseous product and those fed into the reforming step:  184 

    
    

          
      (9) 185 

It should be noted that the carbon contained in the pyrolysis char was not considered for 186 

estimating the reforming step conversion, as it was continuously withdrawn from the 187 

pyrolysis reactor. 188 

The H2 yield (wt.%) was calculated as the ratio between the H2 mass flow rate (kgH2 189 

min
-1

) in the product stream (mH2) and that of biomass in the feed (kgbiomaas min
-1

) into 190 

the pyrolysis step (mbiomass): 191 

   
  

   

        
      (10) 192 

Steam conversion (%) was calculated considering the steam fed into the pyrolysis 193 

process and that reacted in the reforming step: 194 

    
  - 

    

    
       (11) 195 

where 
2 0Hm  and 

2

0

0Hm  (kgH2O min
-1

) are the steam mass flow rates in the reformer 196 

outlet and inlet, respectively. 197 

The experimental results and those obtained by simulation in the steam reforming (ER = 198 

0) at different temperatures are compared in Figure 3. The results correspond to a S/B 199 

ratio of 4 and a space time of 20 gcat min gvol
-1

. As observed, the simulated results of 200 

both conversion and H2 production are consistent with the experimental ones, with the 201 

exception of those obtained at 550 ° C. This is explained by the fact that conversion at 202 

550 ºC was far from full (58.3%) due to the low reforming reaction rate at this 203 
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temperature. Therefore, this result under kinetic control was not considered in this 204 

simulation corresponding to equilibrium conditions.  205 

An increase in temperature promotes the displacement of endothermic reforming 206 

reactions involving methane (Eq. 1), oxygenates (Eq. 2) and other hydrocarbons, which 207 

favor the conversion of biomass pyrolysis volatiles to H2 and CO. However, an increase 208 

in temperature also shifts the equilibrium of the exothermic WGS reaction (Eq. 3). 209 

Thus, a slight decrease in hydrogen production was observed in both the experimental 210 

and calculated results at temperatures above 600 ºC. Similar results have been reported 211 

in the literature, wherein the influence of temperature in the reforming of biomass 212 

pyrolysis volatiles and raw bio-oil were analyzed [31,38,49,50]. 213 

 214 

Figure 3.  Comparison of simulated and experimental results of conversion (a) and 215 

H2 yield (b) in the steam reforming (ER = 0) of biomass fast pyrolysis volatiles at 216 

different temperatures. S/B, 4; space time 20 gcat min gvol
-1

.  217 

The influence of S/B ratio on the experimental and calculated conversions and hydrogen 218 

yields is shown in Figure 4. As observed, the predictions based on thermodynamics are 219 

reasonably consistent with the experimental ones. The experimental conversions and 220 

hydrogen yields are slightly lower than those obtained by simulation. The differences 221 
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are explained by the gas bypass that inevitably occurs in fluidized bed reactors, which is 222 

associated with the gas fraction that crosses the bed in the bubble phase (leading to a 223 

poorer contact of the gas phase with the catalyst). Interestingly, the simulation results 224 

accurately predict the increase in hydrogen production with S/B, which is due to the 225 

displacement of the equilibrium in the WGS reaction (Eq. 3). The same effect of S/B 226 

ratio on hydrogen production was reported in the literature in the reforming of bio-oil 227 

and biomass pyrolysis volatiles [30,51-53]. 228 

 229 

Figure 4.  Comparison of the experimental results of conversion (a) and H2 yield (b) 230 

with those obtained by simulation in the steam reforming (ER = 0) of biomass fast 231 

pyrolysis volatiles with different S/B ratios. 600 ºC; space time, 20 gcat min gvol
-1

.  232 

The afore mentioned good agreement between experimental and calculated SR results in 233 

a wide range of temperatures and S/B ratios is evidence of the validity of the simulation 234 

tool to predict OSR results and adjust operating conditions. It should be remarked that 235 

the applicability of the results is restricted to thermodynamic equilibrium conditions, 236 

i.e., high space times and reactions rates with no kinetic control. 237 

3.2. Simulation of the OSR of biomass pyrolysis volatiles 238 
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The aim of this section is to evaluate the influence of the main OSR operating 239 

conditions, as are temperature, S/B ratio and ER, on gas product composition, hydrogen 240 

production and reaction enthalpy. This knowledge is essential for the fine-tuning of 241 

OSR conditions in future experimental studies. 242 

Figure 5 shows the influence ER has on the composition of the gas product (on a dry 243 

basis) and steam conversion (Figure 5a), and on the reaction enthalpy (Figure 5b), at 244 

700 ºC and S/B ratio of 2. A similar effect of ER was observed in the simulations 245 

performed at other temperatures and S/B ratios. Thus, an increase in ER caused an 246 

increase in CO2 concentration and a reduction in those of hydrogen and CO. Thus, on 247 

the one hand, oxygen enhances combustion reactions, with the subsequent increase in 248 

CO2 and H2O concentrations, and reduces the extent of reforming reactions, which also 249 

leads to a reduction in H2O conversion. On the other hand, a higher steam partial 250 

pressure in the reaction environment displaces the WGS equilibrium and modifies 251 

CO2/CO balance. Finally, the relatively high temperature in this simulation, 700 ºC, 252 

ensures almost full CH4 conversion.  253 

Moreover, an increase in ER also modifies the reaction enthalpy, as observed in Figure 254 

5b. The reaction is clearly endothermic operating with ER = 0 (Hr= 2000 kJ/kgbiomass at 255 

700 ºC and S/B = 2), but autothermal reforming (ATR) conditions are attained with an 256 

ER of 0.135, and the reaction is highly exothermic (Hr= -1100 kJ/kgbiomass) with an ER 257 

of 0.2. This evolution is explained by the increasing contribution of exothermic 258 

oxidation reactions as ER is raised and, to a minor extent, by the attenuation of 259 

reforming and WGS reactions. 260 
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 261 

Figure 5.  Evolution with ER of the gaseous product molar fraction (on a dry basis) 262 

and H2O conversion (5a), and of reaction enthalpy (5b). 700 ºC; S/B ratio, 2. 263 

Steam partial pressure is one of the most influential parameters in reforming processes, 264 

as it determines the steam reforming reaction rate and WGS reaction equilibrium, and 265 

contributes to attenuating catalyst deactivation by promoting coke gasification [54-56]. 266 

However, the use of an excessive steam flow rate in the reforming process significantly 267 

increases energy demand [30]. Operation under OSR conditions may reduce the 268 

optimum S/B ratio, as oxygen contributes to both feed conversion to CO2 and 269 

combustion of coke deposits. Therefore, the evaluation of S/B ratio influence under 270 

OSR conditions is of great relevance. 271 

Figure 6 shows the effect S/B ratio has on the gas product composition and water 272 

conversion at 700 ºC with an ER of 0.1 (Figure 6a). An increase in the steam 273 

concentration in the reaction environment shifts the WGS (Eq. 3) reaction equilibrium, 274 

thereby raising H2 and CO2 concentrations, whereas those of CO and CH4 are 275 

remarkably reduced. As expected, water conversion decreases as its content in the feed 276 

is increased due to the limited impact of the excess steam on reforming (Eqs. 1 and 2) 277 

and WGS (Eq. 3) reactions when operating with high S/B ratios. It should be pointed 278 
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out that, although no additional steam was injected in the simulation performed with 279 

S/B = 0, bio-oil contains around 33 wt.% water (see Table 1) and, furthermore, oxygen 280 

(ER = 0.1) also promotes H2O formation via combustion reactions (Eqs. 6-8). 281 

Accordingly, even under S/B = 0 conditions, SR reactions took place and CH4 and CO 282 

are partially converted, thus attaining high H2 concentrations.  283 

As observed in Figure 6b for the simulation performed at 700 ºC with an ER ratio of 284 

0.1, S/B ratio has a remarkable influence on the reforming step energy demand. As 285 

already mentioned, the results obtained with S/B = 0 are explained by the H2O formed 286 

during both biomass pyrolysis and combustion reactions in the reforming step. An 287 

increase in S/B ratio to 0.5 leads to a sharp increase in reaction enthalpy due the 288 

enhancement of endothermic reforming reactions by the H2O available in the reaction 289 

environment. However, a further increase in H2O content in the reaction environment 290 

promotes the exothermic WGS reaction (Eq. 3)  because the reforming reactions are 291 

fully shifted, as observed by monitoring the evolution of CO/CO2 concentration and 292 

water conversion with S/B ratio (Figure 6a). 293 

 294 

Figure 6.  Evolution with S/B of the gaseous product molar fraction (on a dry basis) 295 

and H2O conversion (6a), and of reaction enthalpy (6b). 700 ºC; ER, 0.1.  296 
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Temperature has also a great influence on the performance of the reforming process, as 297 

the endothermic reactions in this process require high temperatures to attain high 298 

reaction rates. Moreover, operation at higher temperature has a positive effect on 299 

catalyst deactivation in the SR of hydrocarbons and oxygenates, as it attenuates coke 300 

deposition [56-59]. However, the selection of the reforming temperature is also 301 

conditioned by catalyst stability, especially to avoid sintering phenomena, as well as 302 

energy requirements. 303 

The reforming temperature has a remarkable effect on gas composition (Figure 7a). A 304 

high CH4 concentration was observed at 500 ºC, which is evidence that its reforming is 305 

far from being complete. Temperatures higher than 800-900 ºC are usually required to 306 

ensure CH4 full conversion [60,61], as this parameter strongly depends on the reaction 307 

environment composition, especially on the steam partial pressure [62]. An increase in 308 

temperature to 600 ºC enhances CH4 reforming, which in turn increases H2 309 

concentration. However, an increase in temperature has also a negative effect on the 310 

WGS reaction equilibrium, which leads to higher CO concentrations and lower of those 311 

corresponding to H2 and CO2. This effect is evident above 600 ºC, leading to a 312 

significant reduction in hydrogen concentration. The mentioned effect of temperature on 313 

the extent of reforming and WGS reactions is also evident on H2O conversion, which 314 

increases with temperature up to 600 ºC due to the promotion of reforming reaction 315 

rates. Nevertheless, a further increase in temperature reduces H2O consumption by 316 

hindering WGS reaction.  317 

Figure 7b shows that more energy is required in the reforming process as temperature is 318 

raised. Below 550 ºC, the process is exothermic due to both the low extent of 319 

endothermic reforming reactions and the contribution of exothermic WGS and 320 
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combustion ones. A further temperature increase to 600 ºC shifts the process to an 321 

energy demanding one, as reforming reactions are favored, whereas WGS is hindered.  322 

 323 

Figure 7.  Evolution with temperature of the gaseous product molar fraction (on a 324 

dry basis) and H2O conversion (7a), and of reaction enthalpy (7b). S/B ratio, 2; ER, 0.1. 325 

Hydrogen production is the key objective for the determination of the most suitable 326 

reforming conditions. Figure 8 summarizes the combined influence of temperature, S/B 327 

ratio and ER on hydrogen yield in the OSR of biomass fast pyrolysis volatiles. As 328 

observed, hydrogen yields higher than 11 wt.% (by mass unit of biomass fed into the 329 

pyrolysis step) are obtained under suitable conditions; that is, temperatures between 600 330 

and 700 ºC, S/B ratios higher than 2 and without oxygen (ER = 0). Figures 8a and 8c 331 

show that temperature should be higher than 580 ºC to enhance reforming reactions, but 332 

values above 700 ºC decrease hydrogen production by shifting in WGS reaction 333 

equilibrium. Other authors established similar optimum temperatures in thermodynamic 334 

studies involving the reforming of bio-oil and bio-oil model compounds [61,63-65]. An 335 

increase in S/B ratio clearly improves hydrogen production due to the shift of the WGS 336 

reaction, especially when the process is carried out in the optimum temperature range 337 

(Figure 8c). Therefore, S/B ratio should be carefully selected because values above 2 338 
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allow attaining only a slight increase in hydrogen production (Figures 8b and 8c) at the 339 

expense of a remarkable increase in the energy demand of the process. Finally, an 340 

increase in ER causes a reduction in hydrogen production (Figures 8a and 8b). It is 341 

noteworthy that the ER required to attain autothermal operation is of around 0.13, with 342 

the maximum hydrogen production being slightly lower than 10 wt.% under these 343 

conditions.  344 

Therefore, operation under suitable conditions allow obtaining high hydrogen yields and 345 

avoiding the limitations associated with the severe endothermicity of the conventional 346 

SR process. It is noteworthy that alternative processes for hydrogen production from 347 

biomass, such as steam gasification, lead to considerably lower yields. Thus, operating 348 

under suitable process conditions and using an efficient in situ catalysts (such as 349 

dolomite, ɣ-Al2O3 or olivine), hydrogen yields in the 5 to 8 wt.% range are commonly 350 

reported in the steam gasification in fluidized and spouted bed reactors [66-69]. In 351 

addition, the hydrogen productions obtained in the indirect route of biomass fast 352 

pyrolysis and bio-oil reforming are of the same order or slightly lower than those 353 

obtained in the direct biomass pyrolysis-reforming process proposed in the current study 354 

[3,54,59,70]. 355 



 

20 
 

356 

 357 

Figure 8.  Combined effect of operating conditions on hydrogen yield (kg/100 kg of 358 

biomass) in the OSR of biomass fast pyrolysis volatiles.  Effect of ER and temperature 359 

at S/B = 2 (a).  Effect of S/B and ER at 700 ºC (b). Effect of S/B and temperature at ER 360 

= 0.1 (c). 361 

3.3. ER values for autothermal operation under different process conditions  362 

In the previous section it was determined that the ER value to attain autothermal 363 

operation (Hr = 0) is of 0.135 operating at 700 ºC with an S/B ratio of 2 (Figure 5). 364 

However, ER strongly depends on operating conditions; therefore, this section deals the 365 

influence temperature and S/B ratio have on the ER required to attain autothermal 366 

reforming (ATR) conditions. In addition, hydrogen yields obtained under ATR and SR 367 
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conditions are compared to determine the potential of the process and the most suitable 368 

operating conditions. 369 

Figure 9 summarizes the influence of S/B ratio and temperature on the ER for 370 

autothermal operation. As observed in Figure 9a, the ER values required to operate at 371 

500 °C with S/B values of 0 and 0.5 are negative, which obviously has no physical 372 

meaning. The ER values obtained are explained by the steam partial pressure attained in 373 

the reactor under these conditions. Thus, when operating with S/B = 0, steam partial 374 

pressure is very low (only that associated with moisture content and formed in the 375 

biomass pyrolysis). Accordingly, steam reforming reactions hardly occur due to both 376 

their endothermicity and the low steam partial pressure. As temperature is increased, the 377 

steam in the reaction environment is consumed in the reforming reactions, with no 378 

water for the exothermic WGS reaction. This fact leads to an increase in the 379 

endothermicity of the overall reaction, which in turn increases the ER value required for 380 

ATR operation. This increase in ER promotes CO2 formation, and therefore 381 

endothermic dry reforming reactions (Eqs. 4 and 5), which contribute to increasing 382 

reaction enthalpy. 383 

High S/B ratios increase steam concentration, which enhances reforming reactions at 384 

low temperatures and so the endothermic nature of the process, thereby increasing the 385 

ER value required for attaining ATR operation. However, when operating at high 386 

temperatures, S/B ratio showed an opposite effect on the autothermal ER value, as the 387 

extent of the exothermic WGS reaction strongly depends on steam partial pressure. 388 

Thus, high S/B ratios shift the WGS reaction, and so reduce the ER values required for 389 

ATR operation.  390 
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 391 

Figure 9.  Effect of temperature (9a) and S/B ratio (9b) on the ER under 392 

autothermal conditions for different S/B ratios and temperatures, respectively. 393 

 394 

Figure 10 compares the hydrogen yields obtained under autothermal and SR conditions 395 

at different temperatures and S/B ratios. As observed, the highest hydrogen yields are 396 

obtained at 600 ºC with high S/B ratios. However, there is hardly any improvement for 397 

S/B ratios higher than 2, i.e., from 9.7 wt.% with S/B = 2 to 10.4 wt.% with S/B = 4, 398 

and therefore a S/B value of 2 is suitable from the perspective of efficiency. 399 

Interestingly, when operating at 600 ºC with a S/B ratio of 2, the hydrogen yield under 400 

ATR conditions is only 12 % lower than under SR conditions, whereas at 700 and 800 401 

ºC this reduction is of 15 and 16 %, respectively. This result is explained by the 402 

significantly lower ER required for attaining ATR operation at 600 ºC (see Figure 9b), 403 

which improves the hydrogen production potential at this temperature. Accordingly, 404 

temperatures between 600 and 700 ºC and S/B ratios between 2 and 3 are the most 405 

suitable conditions for the OSR reforming of biomass pyrolysis volatiles under ATR 406 

conditions. These results should be confirmed in future studies by conducting 407 

experiments in a range of process conditions. Furthermore, optimization of process 408 



 

23 
 

conditions should also consider catalyst deactivation, since previous studies dealing 409 

with the reforming of biomass derivatives revealed a notable influence of operating 410 

conditions (especially temperature and S/B ratio) on the catalyst deactivation 411 

mechanism (coke formation, and its nature, evolution and in situ gasification) and 412 

deactivation rate [51,52,55,56,71]. 413 

 414 

Figure 10.  Comparison of hydrogen yield values obtained at different temperatures 415 

and S/B ratios under ATR and SR (ER = 0) conditions. 416 

3.4. Discussion and comparison with other technologies for H2 production from 417 

biomass  418 

Several strategies have been proposed in the literature for H2 production from biomass. 419 

In this work, the great potential of biomass pyrolysis and oxidative steam reforming (P-420 

OSR) was proven. The co-feeding of oxygen with steam in the reaction system allows 421 

the provision of additional energy for the endothermic reforming reactions [17] and, 422 

moreover, the gasification of the coke deposited on the catalyst is also promoted, which 423 

potentially improves catalyst stability [20,22]. Thus, Table 4 summarizes the results 424 
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obtained in this study and in other similar literature results regarding oxidative and 425 

autothermal reforming (OSR and ATR, respectively), as well as those obtained with 426 

other thermochemical process for biomass conversion to H2, such as steam reforming 427 

(SR) or steam gasification (SG).  428 

It is to note that although the advantages of the oxidative steam reforming have attracted 429 

increasing attention in the literature for oxygenated compounds [25,72,73], there are 430 

hardly studies conducted with raw bio-oil [74-76]. Besides, the main limitation of this 431 

process compared to the conventional SR one is the lower H2 yield obtained when O2 is 432 

co-fed in the OSR [17,77,78]. Consequently, numerous experimental and 433 

thermodynamic analyses have been carried out in order to establish the optimum 434 

operating conditions and compensate this lower yield with higher catalyst stability. As 435 

observed in Table 4, Vagia et al. [17] conducted a thermodynamic analysis of the 436 

autothermal steam reforming of selected compounds of the bio-oil (acetic acid, acetone 437 

and ethylene glycol). They concluded that the highest H2 yield was obtained at 627 ºC, 438 

with the optimum amount of oxygen being highly dependent on the steam/fuel ratio and 439 

the type of oxygenate compound used. However, they observed a hydrogen yield of 440 

around 20% lower than the one obtained by steam reforming, since part of the organic 441 

feed is consumed in the combustion reaction. Czernik and French [74] obtained similar 442 

results of H2 production than the ones reported in this study, demonstrating the technical 443 

viability of hydrogen production by auto-thermal reforming of fast pyrolysis bio-oils 444 

produced from three biomass feedstocks. The OSR of raw bio-oil was also studied by 445 

Remiro et al. [76] using a Rh-CeO2-ZrO2 catalyst. In this case, the H2 production by 446 

mass unit of the raw bio-oil was lower than in the two-stage process studied here, since 447 

a H2 fraction is lost as pyrolytic lignin in the volatilization of the bio-oil prior to feed 448 

into the reforming reactor. 449 
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It is to note that H2 production in a two-step process of pyrolysis-oxidative steam 450 

reforming has been hardly analyzed in the literature. Thus, the group headed by Prof. 451 

Tomishige studied the pyrolysis-oxidative reforming in a laboratory-scale continuous 452 

feeding dual-bed reactor, in which the biomass is fed into the primary bed, and 453 

pyrolysis volatiles are driven to the second step. However, they reported total loss of 454 

catalyst activity due to oxidation of the active Ni metal particles when they tested a 455 

Ni/Mg/Al catalyst [79]. The comparison of OSR literature studies with those of the SR 456 

process revealed that the selection of suitable operating conditions could lead to similar 457 

H2 productions.  458 

In addition, several literature results regarding biomass steam gasification were also 459 

summarized in Table 4. It is noteworthy that this alternative process for H2 production 460 

from biomass leads to considerably lower yields (in the range from 3 to 8wt.%), even 461 

when primary catalysts, such as dolomite or olivine, are used in the gasification reactor 462 

[80-82]. Moreover, the higher temperature required in this process, as well as the 463 

problems associated with the tar content and the quality of the syngas obtained, make 464 

the pyrolysis and in-line oxidative steam reforming a promising solution for H2 465 

production from biomass. In view of the afore mentioned results, it can be concluded 466 

that the two-step process of pyrolysis and in-line OSR is a promising route for H2 467 

production from biomass, as it allows obtaining high hydrogen productions with several 468 

operational advantages. However, a further development of this process requires 469 

detailed studies in specific areas, such as catalyst design, deactivation-regeneration and 470 

technical development. 471 
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Table 4 Summary of different strategies for H2 production from biomass reported in the literature. 472 

Kind of study 
Reactor  

configuration 
Process Raw material Catalyst Operating conditions 

H2 conc. 

(vol.%) 

H2 prod.  

(wt.%)
a 

Ref. 

Thermodynamic  

study 
Gibbs reactor P-OSR Pine wood - 

TR = 500-800 ºC 

66 10 
This 

study 
S/B = 0-4 

ER = 0-0.2 

Experimental 

Packed-bed 

reformer / 

WGS reactor 

OSR 
Oak, poplar and 

pine bio-oil 

Commercial  Pt/Al2O3  

GC1HSV = 2000 h
-1

 

65 11 [74] 

T = 800-850 ºC 

Commercial Fe/Cr 

catalyst (WGS)  

S/C = 2.8-4 

O/C = 0.9-1.1 

Thermodynamic and 

experimental study  

Pilot installation  

(1.5 kg h-1) 

Fixed bed ATR 
Pine wood  

bio-oil 

Ni-monolith ER = 0.25-0.42 

38 6.4 [75] 

Pt-Rh-Pd-monolith S/C = 1.2-2 

Thermodynamic  

study 
Gibbs reactor ATR 

Bio-oil model 

compounds 

(acetic acid, acetone 

and ethylene glycol) 

- 

TR = 127-1027 ºC 

65 13.6 [17] S/F ratio = 1-9 

P = 1-20 atm 
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Laboratory scale 

(0.08 ml min
-1

) 

Fixed bed/ 

fluidized 

bed 

OSR Raw bio-oil Rh-CeO2-ZrO2 

T = 650-750 ºC 

 
4.5

c
 [76] 

S/C = 3-9 

O/C = 0.34 

ST = 0.15-0.6 gcat/gbio-oil 

Laboratory scale 

(150 mg min
-1

) 

Dual fixed 

bed 
P-PO Cedar wood 

Ni/Al2O3, Ni/ZrO2, 

Ni/TiO2, Ni/CeO2, 

Ni/MgO 

T = 550-650 ºC 

36.7 3.8 [83] 

ER = 0.25 

Laboratory scale 

(60 mg min
-1

) 

Dual fixed 

bed 
P-OSR Cedar wood 

Pd on hydrotalcite-

derived Ni/Mg/Al 

catalyst 

T = 500-600 ºC 

43.7 5.0 [79] S/C = 0.24 

ER = 0.14 

Bench scale  

(0.6– .5 g min
− 

) 

Spouted bed 

/fluidized bed 
P-SR 

Pine Wood 

sawdust 

Commercial  TP = 500 °C 

66.0 11.0 [27] (G90 LDP) TR = 550-700 °C 

  S/C = 7.7 

Bench scale  

( .75 g min
− 

) 

Spouted bed 

/fluidized bed 
P-SR 

Pine wood  

sawdust 

Ni/Al2O3, Ni/MgO, 

Ni/SiO2, Ni/TiO2, 

Ni/ZrO2 

TP = 500 °C 

65.4 10.7 [33] TR =600 °C 

S/C = 7.7 

Laboratory scale 
Dual fixed 

P-SR Cedar wood Ni/Al2O3, Ni/ZrO2, 

Ni/TiO2, Ni/CeO2, 
T = 550-650 ºC 60.1 8.3 [83] 
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(60 mg min
-1

) bed  Ni/MgO S/C = 0.5 

Laboratory scale  

(0.1 ml min
-1

) 

Fixed bed/ 

fluidized bed  
SR 

Bio-oil aqueous 

fraction 
Ni/La2O3-αAl2O3 

T1 = 500 ºC 

 

10.1
b
 

15.6
c 

 

[59] 

T2 = 600-800 ºC 

ST = 0.10-0.45 gcat h g biooil 

S/C = 12 

Laboratory scale 

(0.3 g min
-1

) 

Fixed bed / 

fixed bed 
SR 

Corn stalk 

pyrolysis oil 

Ni-Al modified with 

Ca, Ce, Mg, Mn and 

Zn 

T1= 400 ºC (volatilization) 

57.2 10.4
c
 [84] 

T2= 600-900 ºC 

ST = 1.67 gcat min gbio-oil
-1

 

S/C= 3.54-9 

Bench scale 

(0.75-1.5 g min
-1

) 

Conical 

Spouted Bed 
SG 

Pinewood  

sawdust 
None 

T = 800-900 ºC  

38 3.3 [80] 

S/B = 0-2 

Laboratory scale 

(5 g min
-1

) 
Fixed bed  SG 

Pine 

sawdust 
Primary: Dolomite 

T = 600-900 ºC 

51 7.3 [81] 

S/B = 1.2 

Demonstration plant 

(1.2 tn day
-1

)  

Updraft fixed 

bed  
SG 

Pallets 

wood chips 
None 

T = 750 ºC 

55 6.4 [82] 

S/B = 1.4-2.7 

Pilot plant Rotary kiln SG Palm None T = 850 ºC 52 3.7 [85] 
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(3-4 kg h
-1

) shells S/B = 0.6-1 

Pilot plant 

(4 kg h
-1

) 

Bubbling 

fluidized bed  
SG 

Pinewood 

chips 
None 

T = 750-780 ºC 

56 6.9 [86] 

S/B = 0.53-1.1 

a 
H2 production defined as gH2/100 gbiomass 473 

b
 H2 production defined as gH2/100 gbio-oil. 474 

c
 Calculated based on H2 yield and bio-oil composition. 475 
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Conclusions 476 

The effect oxygen addition has on the reforming of biomass fast pyrolysis volatiles was 477 

simulated using thermodynamic equilibrium approach based on the Gibbs free energy 478 

minimization method. A detailed study was carried out of the influence temperature, 479 

steam/biomass (S/B) ratio and equivalence ratio (ER) have on hydrogen production and 480 

reaction enthalpy. Moreover, the ER needed for operating under ATR conditions was 481 

also ascertained. The results obtained in this simulation were validated with 482 

experimental results under SR conditions obtained in a previous study. An ER of 0.12 is 483 

required to attain ATR operation under optimum reforming conditions, i.e., 484 

temperatures between 600 and 700 ºC and S/B ratios in the 2 to 3 range. Interestingly, 485 

hydrogen productions of around 10 wt.% can be obtained under these conditions, which 486 

means only 12% reduction  of that attained under SR conditions (ER = 0). These 487 

encouraging results are evidence of the interest of fast pyrolysis and in line OSR, i.e., a 488 

high hydrogen production is ensured and energy supply to the reforming process is 489 

solved. However, experimental runs in future studies should confirm these results. 490 
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