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ABSTRACT: Biomass gasification is especially interesting when it is applied to low-value agricultural residues. This 

approach is still not widely established, and modelling activities may offer some useful insights for its optimisation. 

However, due to the complexity of the process, most of the activity has focused on equilibrium models, which have 

limited reliability. In this work, we focused on the gasification of apple pruning residues in a spouted bed reactor. 

Spouted beds feature good mixing properties and high heat and mass transfer rates. Hence, they are suitable to 

process irregular biomass residues. Moreover, the low diffusional limitations result in a good applicability of the 

TGA data. We simulated gasification experiments with the commercial program Aspen Plus, including a simplified 

kinetic mechanism. The results confirm the validity of applying the TGA data to spouted beds, and shows that this 

simple kinetic scheme allows overcoming the limitations of more classic approaches. 

Keywords: agricultural residues, Aspen Plus, gasification, model. 

 

 

1 INTRODUCTION 

 

 Gasification is one of the processes through which 

carbonaceous materials can be converted into energy or 

chemicals. It takes place at high temperatures, and 

operates the conversion through a gaseous agent: usually 

air, but in some cases CO2 or steam. In the case of air, its 

mass flow rate must be a fraction of one required for 

stoichiometric combustion of the material. When 

gasification is applied to biomass, the process is carbon 

neutral and can generate renewable energy [1]. This has 

fostered the exploitation of gasification, which is now a 

very popular technology, abundantly studied by 

researchers and already applied on a commercial scale 

[2]. However, most commercial applications operate with 

wood chips or pellets. To enhance the environmental and 

economic merit of the process, it should be applied to 

agricultural residues. These are very abundant and 

constitute a cost and an environmental impact that 

farmers have to deal with [3]. Several studies have 

proved that they can be successfully gasified, thus 

generating energy [4,5]. Most of these studies deal with 

lab-scale devices, and further studies are necessary to 

optimise the technology and apply it on an industrial 

level, completely fulfilling the potentials of the circular 

economy principles.  

In the framework of the optimisation of a technology, 

modelling is a critical activity that should always be 

undertaken. Accurately modelling a process permits to 

gain a more in-depth understanding of the underlying 

phenomena, allowing their optimisation without the need 

of performing costly and time-consuming experiments. 

Regarding gasification, modelling is a debated aspect 

among researchers, because the intricate structure of 

biomass and the extensive number of chemical reactions 

complicate the development of phenomenological 

models. A very common approach is to perform 

equilibrium calculations [6–8]: as the name suggests, the 

inclusion of the complex reactions’ kinetics is thus 

avoided. However, since gasifiers practically never reach 

the chemical equilibrium, this approach fails to provide a 

realistic description of the process output, and can only 

give information on the theoretical maximum yield of the 

process [9]. Most notably, equilibrium models always 

predict the complete conversion of the initial biomass and 

of the char, with no solid material leaving the reactor 

(apart from ash). In reality, the carbon conversion is 

never total and the output char constitutes about 2 to 5 % 

of the initial biomass. Sometimes, in these cases, 

researchers employ methods to stop the reactions from 

reaching the theoretical equilibrium, such as by creating a 

by-pass or by performing the equilibrium calculations at 

a different temperature [10]. Given the empirical nature 

of these methods, the research should move towards the 

inclusion of the reaction kinetics in gasification models. 

The whole scheme involves a high number of 

complex reactions, and few researchers have developed 

complete approaches [11–14]. Every scheme starts with 

the decomposition of biomass, which is the first reaction 

that the biomass undergoes. The decomposition 

behaviour varies from feedstock to feedstock, and its 

study allows understanding the reactivity of the biomass. 

From an experimental point of view, this is usually 

performed through thermo-gravimetric (TGA) analyses 

[15,16]. With this technique, the conversion rate of the 

biomass components (cellulose, hemicellulose and lignin) 

can be obtained as a function of the temperature. Then, 

through adequate calculation approaches, the kinetic 

parameters of the conversion reactions are also obtained. 

The parameter obtained from TGA are however not often 

applied to full-scale models. This is due to the fact that 

the conditions of the TGA and of the gasifier are very 

different in terms of size, fluid dynamics and temperature 

gradients, and hence the validity of these data at a higher 

scale is controversial [17]. Clearly, more research efforts 

are needed to close this knowledge gap. 
 

 
 

Figure 1: The residues of apple pruning that were fed to 

the spouted bed gasifier 
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In this work, we have considered the gasification of 

apple pruning residues (APR, depicted in Fig. 1). Apples 

are cultivated abundantly throughout the world, with a 

global production of 89.3 Mton in 2016 [18], about 2.23 

of which are harvested in Italy. Clearly, this generates a 

huge quantity of residues that must be properly handled. 

In our previous works, we performed a kinetic 

characterisation of APR, which allowed us to understand 

their thermal behaviour and obtain the kinetic parameters 

[19]. Then, we successfully gasified these residues in a 

pilot spouted bed gasifier [5]. Spouted bed reactors are 

similar to fluidised bed reactors, but better at handling 

coarse and irregular solid particles, and hence they are 

particularly suitable for agricultural residues [20,21]. 

Moreover, they feature very high mass and heat transfer 

rates. For this reason, it was previously proven that the 

data obtained from TGA can be applied in spouted bed 

models, since the diffusional limitations are overcome 

[22]. In this work, we have employed the commercial 

plant modeller Aspen Plus 10 to reproduce the 

experiments regarding APR gasification in the spouted 

bed, including the kinetic data. This is a valuable 

contribution for both the gasification technology and the 

spouted bed technology. Spouted beds are indeed very 

promising and provably suitable for different 

applications, but their industrial scale-up is still hindered 

by the lack of established criteria, and validated models 

represent a valid way to overcome this knowledge gap 

[17]. To the knowledge of the authors, this is the first 

work dealing with a kinetic model for the gasification of 

APR. 

 

 

2 MATERIAL AND METHODS 

 

2.1 Biomass properties 

 Regarding the composition of the biomass, the 

amount of carbon, hydrogen, nitrogen, sulphur, humidity 

and ash is based on our previous experimental analyses 

[5]. Conversely, the relative abundance of cellulose, 

hemicellulose and lignin (CHL) is based on literature 

data calculated for apple wood [23]. Table I summarises 

the biomass properties. 

 

Table I: Properties of the biomass (% w/w on dry basis, 

besides for the humidity) 

 

Proximate analysis 

Humidity 8.13 

Ash 2.87 

Fixed carbon 19.95 

Volatile matter 77.18 

Ultimate analysis  

C 48.88 

H 5.71 

N 0.26 

S 0.13 

O 42.15 

Ash 2.87 

CHL  

Cellulose 49.45 

Hemicellulose 34.34 

Lignin 16.21 

 

 

 

2.2 Reactions and kinetics 

 Biomass gasification involves a complex network of 

chemical reactions, which leads to the formation of 

countless carbon-containing compounds. Given the 

preliminary nature of this work, we decided to consider 

the major compounds only, simplifying the procedure. 

Most notably, tar modelling was not included in this 

work, due to the lack of experimental data. The included 

components are thus: 

• Solid components: biomass, ash, cellulose, 

hemicellulose, lignin, carbon, sulphur; 

• Gaseous components: H2, H2O, CO, CO2, CH4, 

N2, H2S. 

 CHL were modelled as non-conventional solid 

components. Cellulose and hemicellulose have a regular 

polymeric structure, and thus we chose their monomers to 

represent them [14]. The structure of lignin is more 

irregular, and hence we adapted its formula so as to 

match the overall elemental balance for the biomass. 

Thus, the three molecular structures for CHL are 

respectively C6H10O5, C5H8O4 and C20H14O3. 

 The first step is the decomposition of biomass into its 

constituents: cellulose, hemicellulose, lignin, sulphur, 

nitrogen, ash and water in the amounts that Table I 

reports. Then, CHL undergo pyrolysis reactions. 

Experimental data on the compounds formed from the 

pyrolysis of APR were not available, so we hypothesised 

the simplest possible reactions that allowed closing the 

elemental balance. The reactions and related kinetic laws 

(obtained from our previous work [19]) are schematised 

in Table II.  

 

Table II: Pyrolysis reactions and related kinetic laws 

 

Reaction Kinetic law (kmol/(m3 s)) 

C6H10O5 

→ 5CO 

+ 3H2 + 

CH4 

 

C5H8O4 

→ 4CO 

+ 2H2 + 

CH4 

 

C20H14O3 

→ 3CO 

+ H2 + 

3CH4 + 

14C 

 

 

 The remaining conventional compounds undergo the 

typical reactions involved in gasification (combustion, 

reforming, Bouduard, water-gas shift…). The reactions 

and associated kinetics, derived from literature works 

[24–26], are summed up in Table III. With regard to 

sulphur, Peters and colleagues [14] have pointed out that 

there is no agreement in the literature on how to predict 

the amount of it that is retained in the char. Besides, its 

quantity is marginal. Hence, we hypothesised half of the 

sulphur to stay in the char, and the other half to react with 

hydrogen and leave the reactor as H2S. 
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Table III: Conventional compounds’ reactions and 

related kinetic laws 

 

Reaction Kinetic law (kmol/(m3 s)) 

C + 

0.5O2 → 

CO 
 

 

C + H2O 

→ CO + 

H2 
 

C + CO2 

→ 2CO 

 

 

C + 2H2 

→ CH4 

 

CO + 

H2O → 

CO2 + 

H2 

 

 

CO2 + 

H2→ 

CO + 

H2O 

 

H2 + 

0.5O2 → 

H2O 
 

CO + 

0.5O2 → 

CO2 
 

CH4 + 2 

O2 → 

CO2 + 2 

H2O 

 

CH4 + 

H2O → 

CO + 

3H2 

 

 

 In these equations, T is the temperature of the reactor 

(K), R is the gas constant (8.314 J/(mol K)), ωi is the 

mass fraction of the component i in the solid phase, Pi is 

the partial pressure (atm) of component i, ρchar is the 

density of char (500 kg/m3, as estimated in a previous 

work), MC is the molar mass of carbon (12 kg/kmol), Ci 

is the molar concentration of component i (kmol/m3). 

 

2.3 Plant configuration 

 The configuration of the spouted bed pilot plant is 

described in detail in previous publications [5,27] and is 

schematised in Fig. 2. The spouted bed reactor, which has 

a total volume of 47.38 L, is the main unit. Ambient air is 

fed to it through a single nozzle located in the centre of 

the base, while the biomass is fed from the top of the 

reactor. The producer gas and the entrained char particles 

leave the device from the top of it and enter a cyclone, 

which separates the solid particles from the gaseous flow. 

Then, the gas enters a water scrubber, which removes the 

finest solid particles, tar and water. The obtained gaseous 

stream is analysed by the gas chromatograph (GC), and is 

then appropriately disposed of.  

 

 
 

Figure 2: Scheme of the spouted bed gasification plant 

 

2.4 Simulation set-up 

 

 
 

Figure 3: Aspen Plus flowsheet of the gasification plant 

 

 The Aspen Plus flowsheet is depicted in Fig. 3. It is 

based on the original plant scheme, with some additions: 

• The reactor DECOM (RYIELD) performs the 

decomposition of biomass in cellulose, 

hemicellulose, lignin, N, S and ash. It operates 

with complete conversion. 

• To avoid unwanted vapour-liquid calculations, 

the biomass humidity is directly added to the 

reactor as water (stream HUMIDITY). 

• The gasifier is simulated through two RCSTR 

units. This is because because CHL are inserted 

in Aspen Plus as solid non-conventional 

components, and some reaction schemes do not 

work with them.  In the first reactor (KIN), the 

pyrolysis of CHL takes place. In the second 

reactor (GASIF-1), the other reactions take 

place. 

• The separator CYCLONE (CYCLONE) 

reproduces the cyclone, and separates all solid 

components with complete efficiency. 

• The separator SCRUBBER (SEP) reproduces 

the scrubber, and separates water with complete 

efficiency. 

 The results for the producer gas composition are 

obtained from the GC stream, as it happens in the 

experiments. The results for the char are obtained from 

the CHAR stream. The latter contains unreacted 
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cellulose, hemicellulose, lignin and sulphur, as well as 

the inert ash. For a better comparison with the 

experimental data, the simulated char composition is then 

converted into its constituent elements (C, H, O, S and 

the ash). 

 Table IV summarises the parameters for the two 

studied experimental conditions. 

 

Table IV: Operating conditions for the two equivalent 

ratios (ER) 

 

Parameter ER = 0.42 ER = 0.65 

Air inlet flow rate (Nm3/h) 17 

Biomass inlet flow rate 

(g/min) 

150 99 

Reactor temperature (°C) 880 911 

Reactor volume (l) 47.38 

Reactor pressure (atm) 1 

 

 

3 RESULTS AND DISCUSSION 

 

3.1 Pyrolysis step  

 The first kinetically modelled step is the pyrolysis of 

CHL. Since, as explained in the previous Section, this 

step is performed in a separate reactor, it is possible to 

analyse these results separately. For the potential benefit 

of readers, we wish to emphasise that the very high pre-

exponential factors and activation energies of the 

reactions cause problems to Aspen Plus. We had to 

modify the standard numerical scheme settings in order 

to make the program converge. Fig. 4 reports a graph in 

which the conversion of the three components is 

calculated as a function of the reactor temperature, in a 

range that is reasonable for a gasifier. 

 

 
 

Figure 4: Conversion of CHL and of the whole biomass 

as a function of temperature 

 

 Clearly, cellulose and hemicellulose are completely 

converted in the whole range of temperature. Conversely, 

lignin is more resistant to the effect of temperature: at 

700 °C, less than 60 % of it gets pyrolysed, and even at 

higher temperature a small residue remains, as the 

literature reports [19]. Overall, according to the input 

kinetic data, the pyrolysis does not seem to represent a 

limiting step in the gasification of APR, which is again 

coherent with the literature [22]. This may be consistent 

with the fact the char obtained by their gasification is 

very poor in carbon [28]. 

 

3.2 Gasification results 

 After the pyrolysis step, all the components undergo 

the typical gasification reactions that have been 

introduced in Section 2.1. Then, the gaseous components 

are separated from the solid, and water and other heavy 

components are removed by the scrubber, similarly to 

what happens in the experimental procedure. The thus-

obtained gaseous stream is then analysed to assess the 

accuracy of the results. Figures 5 and 6 schematise the 

composition of the producer gas for the two studied ERs. 

The comparison includes the experimental data and the 

results obtained with a pure equilibrium model. 

 

 
 

Figure 5: Comparison of the results obtained through an 

equilibrium model, the kinetic model and experiments for 

an ER of 0.42 

 

 
 

Figure 6: Comparison of the results obtained through an 

equilibrium model, the kinetic model and experiments for 

an ER of 0.65 

 

 The results clearly show the superiority of the kinetic 

model to the equilibrium model. This is mostly evident 

for the lower ER, which is the furthest away from 

equilibrium conditions. Most notably, the equilibrium 

model overestimates the concentration of carbon 

monoxide and hydrogen, while it underestimates the 

concentration of carbon dioxide and predicts nearly no 

formation of methane. These limits are overcome by the 

kinetic model, which gives reasonable predictions of all 

of the considered compounds. The kinetic model also 

provides a good prediction of the change in the producer 

gas composition that is caused by the ER increase. Due to 

it, the concentration of nitrogen increases, while those of 

carbon monoxide, methane and hydrogen decrease.  

 The better prediction of the composition of the 

producer gas is also reflected in the calculated LHV 

(obtained with the equation of Gai and Dong [29]). Fig. 7 

shows the results. For the lower ER the prediction of the 

kinetic model is still better than the equilibrium model, 
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but not so close to the experimental number. This is 

caused by the higher predicted concentrations of 

hydrogen and methane. As expected, both models give 

better prediction for the higher ER, where the conditions 

are more similar to those of equilibrium. 

 

 
 

Figure 7: LHV of the producer gas for the two ERs 

 

 Finally, it is possible to compare the results in terms 

of the obtained cold gas efficiency (CGE). This is 

calculated with the following formula: 

 

 
 

 In this,  are the mass flow rates (kg/h) of the 

producer gas and of biomass respectively, and HHV are 

the high heating values (MJ/kg) of the producer gas and 

of the biomass. The flow rate of the producer gas was 

obtained from the experimental results through the 

hypothesis that the inlet and outlet flows of nitrogen are 

equal. The HHV of the producer gas was calculated on 

the basis of the HHVs of its components. The HHV of 

biomass was calculated experimentally and is reported in 

a previous work [5]. Fig. 8 provides a visualisation of the 

results. Similarly to the LHV, the accuracy of the kinetic 

model is better, and the accuracy of both models is better 

when the ER is higher.   

 

 
 

Figure 8: Cold gas efficiency (CGE) calculated from 

simulations and experiments 

 

 With regards to the H2S, the predicted concentrations 

in the producer gas are 165 and 130 ppmv for ER of 0.42 

and 0.65, respectively. Even if the modelling of this 

compound’s formation is very simplified, these values’ 

order is coherent with what the literature reports [30]. 

 

3.3 Char results 

 In gasifiers, the conversion of carbon is usually not 

complete, and a solid by-product called char is generated. 

Char is usually rich in carbon, and hence a high amount 

of it is a symptom of a low carbon conversion in the 

reactor, which is not good for the economy of the 

process. Moreover, char represents a cost for plant 

owners, who have to dispose of it at a significant cost. In 

recent years, researchers have tried to establish ways to 

valorise the gasification char, in order to turn it into a 

valuable product [31–33]. Nonetheless, minimising the 

char production is still the most desirable option, and 

modelling may help finding the most appropriate 

conditions to do so. Equilibrium models cannot predict 

any formation of char, which is another reason to choose 

a kinetic model. The composition of the obtained char is 

summarised in Table V. The table also includes some 

experimental data obtained from the characterisation of 

the char obtained from the gasification of APR in the 

same spouted bed reactor. In this case, the gasification 

experiments were performed with slightly different ERs 

(0.32 and 0.42). 

 

Table V: Char production and composition (% w/w, 

beside for the mass flow) 

 

 Aspen, 

ER 0.42 

Aspen, 

ER 0.65 

Experimental, 

ERs 0.32 and 0.42 

Mass flow 

(kg/h) 
0.281 0.182 n/a 

C 10.89 9.64 13.61 

H 0.64 0.57 0.11 

O 2.20 1.94 0.00 

S 4.93 3.68 0.40 

N 0.00 0.00 0.13 

Ash 84.36 85.91 85.75 

 

 As the table shows, the simulations provide a good 

prediction of the char composition, especially since the 

relative abundance of ash is almost the same. The 

predicted carbon amount is of an appropriate order, even 

if the experimental value is higher. The sulphur amount is 

largely overestimated, suggesting that the hypothesis that 

50 % of the sulphur remains in the char is inadequate.  

 To sum up, the developed kinetic model correctly 

showed that the gasification of APR for these ERs 

features a very high carbon conversion, so that the 

produced char is mostly composed of ash. It may be 

interesting to apply the model to a case in which the 

produced char contains more carbon, and it will be the 

focus of a future work. 

 

3.4 Future developments 

 The results of the previous paragraphs have shown 

that the use of a kinetic model allows obtaining more 

accurate results than an equilibrium model. Despite its 

simplistic nature, the studied kinetic model can overcome 

some of the issues of equilibrium models, such as the 

lack of methane and char formation. In the future, the 

accuracy of the simulations may be further enhanced 

removing by including some phenomena. This will be the 

focus of future works. Most notably, the present model 

does not consider the tar fraction, which is a relevant 

factor in the design and operation of a gasifier. Moreover, 

we plan to include the reaction enthalpies, so as to study 

the thermal stability of the gasifier in other conditions. 

 Another possible path to enhance the results may be 

considering the various fluid dynamic and thermic 

conditions that particles encounter in spouted bed 

reactors. The temperature of the gas increases along the 

height of the spouted bed, and this affects the reaction 
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rates. This effect is not considered here, since the reactor 

is modelled as an ideal CSTR. Similarly, further effort 

may provide a better reproduction of the residence times 

of the gaseous and solid phases. At present, they are most 

likely overestimated, due to the fact that the gasifier is 

reproduced through two units. In the reactor, char is 

actually entrained upwards and out of the reactor as soon 

as its size becomes fine enough. The literature indeed 

provides examples in which researchers tried different 

methodologies to model reacting spouted beds more 

realistically [17]. One of the most popular approaches is 

the stream-tube model by Lim and Mathur [34]. 

Recently, Niksiar and Nasernajad applied it to develop a 

model of a spouted bed gasifier that is able to predict the 

Brunauer-Emmet-Teller (BET) surface area of the 

produced activated carbons [35]. In the modelling of coal 

gasification, Lucas et al. set different reactions rate for 

the spout and annulus [36]. Du and colleagues assessed 

the fluid dynamic behaviour of a spouted bed through 

CFD-TFM (computational fluid dynamics – two fluid 

method) simulations, and on these basis developed an 

equivalent reactor network that they implemented in 

Aspen Plus [37]. We think this multiscale approach can 

combine the advantages of two different modelling 

methodologies, which can provide data for different time 

scales, and hence we will apply it in future works, taking 

advantage of our validated CFD-DEM (discrete element 

method) simulation methodology [38]. This methodology 

is not only more reliable than the TFM [39], but it would 

also be indeed more appropriate for the purpose. This is 

because the trajectories of each particle are tracked, 

giving detailed information about the residence time 

distribution. 

 

 

4 CONCLUSIONS 

 

 In this work, we have considered gasification 

experiments performed in an innovative pilot-scale 

spouted bed reactor. The aim of the work was to 

reproduce these experiments with the aid of the 

commercial program Aspen Plus, considering the kinetics 

of the reaction scheme. Most notably, we have included 

the data from TGA for the pyrolysis of the biomass. The 

suitability of these at higher scales is in some cases 

disputed, but reportedly appropriate for spouted bed 

reactors due to their low diffusional limitations. 

 The simulations confirmed the accuracy of this 

approach. Due to the high temperature of the reactor, 

cellulose and hemicellulose pyrolyse almost completely, 

while a small residue of lignin (about 3 %) remains 

unconverted. The inclusion of the reaction kinetics yields 

in a good prediction of the producer gas composition. 

Most notably, some typical issues of equilibrium models 

are overcome, such as the overestimation of the carbon 

monoxide and hydrogen abundance, or the neglection of 

the formation of methane. The accuracy of the prediction 

is also confirmed by the better similarity of the producer 

gas’ LHV and the cold gas efficiency, even if some 

discrepancies remain. With regard to char, the proposed 

model gives an almost perfect prediction of the amount of 

ash, while it slightly underestimates the amount of 

carbon.  

 These results confirm that including a preliminary 

kinetic scheme can notably enhance the prediction of the 

producer gas and char composition. As explained in the 

paper, there are still some limitations, including the lack 

of tar modelling. Moreover, not considering the fluid 

dynamics of the reactor may possibly lead to an incorrect 

estimation of the residence time of the biomass, which is 

a key parameter for its decomposition behaviour. These 

issues will be addressed in future works. 
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