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Valorisation of agricultural residues 
 

 

 

  Summary 
 

 
 

The aim of the present PhD Thesis is to define, develop and evaluate a methodology for an improved and 

more sustainable management of waste, in particular agricultural residues, turning them into a new source of 

energy and into added value products. Particular attention is paid to the use of rice straw as an energy vector 

and as a precursor of silica-based compounds.   

 

The recovery of energy was carried through the gasification of biomass within a Spouted Bed Reactor. An 

initial definition of the main physico-chemical and thermal properties of the feed was performed. The design 

and operational parameters of the reactor were set according to the characteristics of the biomass. Due to the 

particular configuration of the reactor, its fluid dynamic properties were analysed in detail in a lab scale unit. 

The conditions of stability of the reactor and the prevention of segregation phenomena were studied. A 

scaled-up unit was used for the evaluation of the reactions of gasification of the different residues. The 

behaviour of the system was modelled at both fluid dynamic and thermo-chemical levels with the aid of 

different commercial softwares.  

 

Finally, a material valorisation was performed. The extraction of silica from the ashes resulting from the 

thermo-chemical process was studied. Their application as adsorbent materials for the removal of nitrates in 

water was discussed.  



 



Valorizzazione di rifiuti agricoli 
 

 

 

  Riassunto 
 

 
 

Lo scopo di questa tesi di dottorato è definire, sviluppare e valutare una metodologia per la efficiente 

gestione dei rifiuti, in particolare agricoli, per farli diventare una nuova fonte di energia e trasformare i 

residui in prodotti a valore aggiunto. Particolare attenzione è stata dedicata all’utilizzo della paglia di riso 

come vettore energetico e come precursore di prodotti a base di silice. 

 

In particolare sono state studiate le reazioni di recupero energetico attraverso la gassificazione della 

biomassa utilizzando reattori di tipo spouted bed e inoltre sono state definite le proprietà fisico-chimiche e il 

comportamento termico dei rifiuti studiati. I parametri di progettazione e funzionamento del reattore sono 

stati definiti in funzione delle caratteristiche del materiale trattato. Per la particolare configurazione del 

reattore, le proprietà fluidodinamiche del sistema sono state analizzate in dettaglio in una unità pilota di 

laboratorio a freddo dove sono state studiate le condizioni di stabilità e la prevenzione degli effetti di 

segregazione del reattore, mentre le prove di gassificazione dei rifiuti sono state realizzate in un impiantino 

pilota costruito ad hoc. Infine, il comportamento del reattore è stato descritto a livello fluido dinamico e 

termo-chimico utilizzando codici commerciali di simulazione.  

 

E’ stato poi studiato un processo di valorizzazione del materiale basato sull'estrazione di silice dalle ceneri 

del processo di valorizzazione termica e da ultimo sono state fatte prove preliminari sulla possibile 

applicazione della silice estratta in processi di adsorbimento di nitrati nelle acque reflue. 

 



 



Valorización de residuos agrícolas 
 
 
 

  Resumen 
 
 
 

El objetivo de la presente tesis doctoral es definir, desarrollar y evaluar una metodología eficiente de gestión 

de residuos, en particular agrícolas, para convertirlos en una nueva fuente de energía y en productos de valor 

añadido. Se estudia con especial atención el uso de la paja de arroz como vector energético y como precursor 

de productos basados en sílice.   

 

Las reacciones de recuperación energética se han llevado a cabo a través de la gasificación de la biomasa en 

reactores de tipo Spouted Bed. Para ello, se han definido las propiedades físico-químicas y de 

comportamiento térmico de los residuos estudiados. Los parámetros de diseño y operación del reactor han 

sido definidos de acuerdo a las características del material tratado. Debido a la particular configuración del 

reactor, las propiedades fluido- dinámicas del sistema se han analizado en detalle en una unidad a escala de 

laboratorio. En ella se han estudiado las condiciones de estabilidad del reactor y aquellas que previenen los 

procesos de segregación. Se ha utilizado una unidad escalada a dimensiones de planta piloto para llevar a 

cabo las pruebas de gasificacion de los residuos. El comportamiento del reactor se ha modelado tanto a nivel 

fluido dinámico como a nivel térmico mediante el uso de diversos códigos comerciales de simulación.  

 

Finalmente, se ha realizado una valorización material basada en la extracción de sílice de las cenizas 

resultantes del proceso de valorización térmica. Por último, se han realizado pruebas preliminares de la 

posible aplicación de dicha sílice en procesos de adsorción de nitratos presentes en agua.  

 



 



Valorització de residus agrícoles 
 
 
 

  Resum 
 
 
 

L'objectiu de la present tesi doctoral és definir, desenvolupar i evaluar una metodologia eficient de gestió de 

residus, en particular agrícoles, per convertir-los en una nova font d'energia i en productes de valor afegit. 

S'estudia amb especial atenció l'ús de la palla d'arròs com a vector energètic i com a precursor de productes 

basats en sílice. 

 

Les reaccions de recuperació energètica s'han dut a terme a través de la gasificació de la biomassa en uns 

reactors de tipus Spouted Bed . Per això, s'han definit les propietats físico-químiques i de comportament 

tèrmic dels residus estudiats. Els paràmetres de disseny i operació del reactor han estat definits d'acord a les 

característiques del material tractat. A causa de la particular configuració del reactor, les propietats fluid -

dinàmiques del sistema s'han analitzat amb detall en una unitat a escala de laboratori. S'hi han estudiat les 

condicions d'estabilitat del reactor i aquelles que prevenen els processos de segregació. S'ha utilitzat una 

unitat escalada a dimensions de planta pilot per dur a terme les proves de gasificació dels residus. El 

comportament del reactor s'ha modelat tant a nivell fluid dinàmic com a nivell tèrmic mitjançant l'ús de 

diversos codis comercials de simulació. 

 

Finalment, s'ha realitzat una valorització material basada en l'extracció de sílice de les cendres resultants del 

procés de valorització tèrmica. Per ùltim, s'han realitzat proves preliminars de la possible aplicació d'aquesta 

sílice en processos d'adsorció de nitrats presents en aigua. 

 

 



 



Aim of the study 
 

 
 

 

The aim of this doctoral thesis was to contribute to the development of sustainable alternatives for the use of 

agricultural residues as potential feedstock for new conversion processes.  

 

The methodology followed to achieve this purpose is presented in the Figure below. Initially, an initial 

characterisation of the biomass was performed in order to evaluate its physico-chemical and thermal 

properties. The biomass was used as feed of gasification reactions carried out within a spouted bed reactor. 

The fluid dynamic behaviour of this reactor was studied in a lab scale plant working at room temperature. 

The study of the reactions of gasification at high temperature was performed in a scaled-up unit of the 

reactor. Lastly, the ashes obtained from the thermo-chemical reactions were treated and converted into silica 

whose adsorbent properties were tested.  
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Structure of the thesis 

 

 
 

 

The text of the thesis  is structured under the following topics: 

 

Firstly, two background chapters are introduced to frame the generalities regarding the problem that wants to 

be satisfied and the technology that will be applied: 

 

Chapter 1. Introduction, motivation and main aim of the thesis 

Chapter 2. Spouted Bed Technologies 

 

Afterwards, two chapters are focused on both the characterisation of the biomass under study and the 

technology of Spouted Bed Reactors (SBR). Each chapter is sub-structured according to the general scheme: 

(i) short introduction and description of activities carried out; (ii) summary of relevant results; (iii) 

contributions of the thesis  

 

Chapter 3. Biomass and its characterisation 

Chapter 4. Characterisation of Spouted Bed Reactor 

 

One further chapter is addressed to the study of the high temperature process applying all the information 

gathered in the previous chapters.  

 

Chapter 5. Gasification in Spouted Bed Reactors 

 

Another chapter is dedicated to the utilisation and conversion of the ashes into silica, its main properties and 

its principal applications.  

 

Chapter 6. Extraction of silica 

 

Finally, all the conclusions are gathered in the last chapter where the main results are highlighted. To 

conclude, some future lines of study are suggested.  

 

Chapter 7. Conclusions and further work 
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“…We have met the enemy. 

He is us…” 

Walt Kelly 

 

1.1. Overview of the energy framework 

 

As a result of world industrial development, a rapid increase in the use of fossil fuels has been 

encountered by all economic and social sectors to fulfill the new energy requirements. This high 

demand has led to a huge overuse of coal and oil based fuels, which has consequently resulted 

in a rapid consumption of these traditional fuels, raising concern about the depletion of fossil 

fuels. Also, a vast negative impact on the environment is caused by the massive use of these 

fuels, resulting in increased social awareness regarding their associated environmental problems 

(greenhouse effect, earth overheating, increased level of pollution). 

For these reasons, new policies to support the production of energy from clean and renewable 

sources are being promoted by local, national and European entities in order to develop different 

alternatives to the use of fossil fuels worldwide. The European Union Member States (MS) 

committed to an increase in the use of Renewable Energy Sources (RES) to 20% of gross total 

energy consumption and to 10% in the transport sector in each MS by 2020 (Directive 

2009/28/EC). As a result of the new policies and support measures, the renewable energy share 

has already gone up from 8.5% in 2005 to 12.4% in 2010 and to 15% in 2013 (EurObserv’Er 

Report, 2014). At the moment, the Renewable Energy Progress Report issued by the European 

Commission in 2015 (Renewable Progress Report, 2015) shows that the gross final energy 

consumption was 15.3% in 2014, with the majority of MS advancing well towards 2020 targets. 

Renewable energy share in the heating and cooling sector was estimated to be 16.6% in 2014 

and already 10% for electricity, mainly produced from wind and solar sources.  

Biomass is expected to maintain a major role (57% share) in meeting the EU’s objectives 

followed by wind (17.6%), hydrothermal (13.3%), solar (6.3%), heat pumps (4.9%) and 

geothermal (1.1 %) sources (Scarlat N. et al, 2013). According to the aggregated data of the 

National Renewable Energy Action Plans-NREAPs (National Renewable Energy Action Plans, 

2011), the total expected contribution of bioenergy in Europe should reach 5281 PJ by 2020. 

Biomass is expected to represent 17.4% of the projected EU heating and cooling systems and 

6.6% of the electricity consumption.  



Chapter 1. Introduction   
 

28 

 

Table 1.1 shows the gross consumption of solid biomass for energy production of the 10 top 

consumer countries in the European Union during 2012 and 2013 (EurObserv’ER, 2014).  

 

Table 1.1 Gross consumption of solid biomass for energy production in the European Union (Mtoe)  

Country Year 2012 Year 2013 

Germany 10.931 10.902 

France 9.779 10.842 

Sweden 9.563 9.211 

Italy 8.383 8.837 

Finland 7.963 8.146 

Poland 6.988 6.497 

Spain 4.964 5.443 

Austria 5.021 4.971 

Romania 3.655 4.233 

United Kingdom 2.512 3.319 

TOTAL EU 88.639 91.459 

 

The table shows a general increasing trend in the consumption of solid biomass. Italy and Spain 

are highlighted as 4th and 7th top consumer countries respectively, accounting for a 9.7% and 6% 

of the total within the European Union.  

The Second Progress Reports on the progress in the promotion and use of energy from 

renewable sources (Progress Reports issued by Italy and Spain, 2013) showed that the main 

sources of biomass were wood and woody waste, municipal solid waste and biogas. Biomass 

from agriculture (by-products and residues) accounted around 3 million tons in Italy and 5 

million tons in Spain.  

These reports also show the importance of the uptake of renewable energies in saving 

greenhouse emissions. Table 1.2 shows that increasing savings have been produced both in Italy 

and Spain over the evaluated period, with the same trend followed by all MS.  
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Table 1.2 Estimated greenhouse emissions savings from the use of renewable energy (t CO2eq ∙106)  

(Data extracted from the Second Progress Reports by Italy and Spain, 2013) 

Environmental aspects 2012 

Estimated total net greenhouse gas emission savings - Italy 71 

Estimated net GHG savings from the use of renewable electricity 48 

Estimated net GHG savings from the use of renewable energy in heating and cooling 20 

Estimated net GHG savings from the use of renewable energy in transport 3 

Estimated total net greenhouse gas emission savings - Spain 57 

Estimated net GHG savings from the use of renewable electricity 38 

Estimated net GHG savings from the use of renewable energy in heating and cooling 12 

Estimated net GHG savings from the use of renewable energy in transport 7 

 

In 2014, the European Commission presented a new EU framework on climate and energy for 

2030, (Communication from the EC, 2014) setting new targets for reduction in greenhouse gas 

emissions to 40 % below the 1990 levels and increasing the use of renewable energy to at least 

27 % of total consumption. This results in renewed ambitions for energy efficiency policies. 

The future of the world’s energy production and consumption patterns will mostly depend on 

the success or failure of the present technological and socioeconomic developments. And these 

developments are likely to rely on new sources of energy, yet to be discovered, or those coming 

from a breakthrough in the renewable field and its energy transport systems.  

Within this framework, it is clear that biomass is expected to provide a high contribution to the 

use of renewable energy, especially in countries like Italy and Spain. However, more effort is 

still needed to further develop new technologies (or adapt existing ones) to make them suitable 

for the exploitation of renewable sources in an efficient and reliable way.   
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1.2. Agricultural residues as a resource 

 

The Renewable Energy Directive (Directive 2009/28/EC, 2009) defines biomass as the 

biodegradable fraction of products, waste and residues with biological origin from agriculture 

(including vegetable and animal substances), forestry and related industries including fisheries 

and aquaculture, as well as the biodegradable fraction of the industrial and municipal solid 

waste. 

They can convert sunlight, water and nutrients in their cellular structures via photosynthesis and 

store the energy in chemical bonds. When the bonds between adjacent carbon, hydrogen and 

oxygen atoms are broken by digestion, combustion or decomposition, the energy that was stored 

in the chemical bonds is released. Figure 1.1 depicts the overall carbon cycle: trees take in 

carbon dioxide from the atmosphere which reacts with water and, in presence of sunlight, 

convert it into biomass. Typically, photosynthesis converts less than 1% of the available 

sunlight to stored chemical 

energy. If biomass is processed 

correctly (either thermal or 

biologically), the energy stored in 

the chemical bonds can be 

extracted and the carbon is 

oxidised to produce CO2 and 

water. This CO2 becomes 

available to produce new biomass 

becoming a cyclic process.  

 

 

Biomass can follow different routes and be converted into three main types of products: 

- Energy: electricity and/or heat 

- Transport fuel 

- Chemical feedstock  

 

Figure 1.1. Carbon natural cycle 
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Of particular interest of this thesis is the application of biomass as energy vector. Its renewable 

character, either through natural processes or as a by-product from human activities (i.e. organic 

waste) and its wide availability in most countries, make biomass a suitable source of energy. Its 

application might diversify the fuel-supply chain which in turn would lead to more secure and 

clean energy technologies. For this reason, attention is focused on the search of alternative 

biomass species that would replace conventional fossil fuels in an efficient way. The adequate 

energy conversion process and the specific operational conditions that need to be applied, define 

the required type of biomass for each case. As a result of high temperature reactions, a gaseous 

fuel is obtained that can be either further burnt in a turbine to produce electricity, or directed to 

heating purposes.  

According to their properties and source, biomass can be divided into four different categories 

(McKendry P., 2002):  

- Woody plants: bark, chips, foliage, trimming, forestry residues, sawmills, sawdust 

- Herbaceous and agricultural residues: grass, straw, fruit harvest residues  

- Aquatic plants: algae 

- Animal and human waste: food processing, municipal solid waste, manure 

Their main properties will define the most adequate conversion process in each case. Moisture 

content will play an important role: herbaceous biomass with high moisture content as for 

example residues from the harvest of fruit, will be more suitable for biological conversions 

(fermentation) while “dry” biomass like wood chips will be adequate  for thermo-chemical 

reactions. Other parameters that need to be taken into account in the selection of a conversion 

technology are the ash content and its composition, which may have a negative impact on 

thermal processes, and the cellulose content, 

which has a great influence in biological 

processes.  

For the purpose of this thesis, attention will 

be paid to “dry” biomass, more suitable for 

thermo-chemical conversions. Specifically, 

agricultural residues, and more precisely rice 

straw, will be studied in great detail (Figure 

1.2). A wide description of its characteristics 

and composition will be performed in 

Chapter 3.  

 

Figure 1.2. Biomass sources 
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The increasing quantity of waste encountered in all sectors, especially in the agricultural area 

with an estimated production of 32.7 Mtoe/year in EU countries (Panoutsou et al, 2009), 

represents an environmental problem that needs to be tackled. Current practices like landfill or 

incineration present severe environmental and human health problems. Undesirable increased 

CO2 emissions and the abandonment on fields constitute an important hazard to fight against, 

due to the high land and water contamination that the decomposition of the materials 

exacerbate. Economic problems are also derived from an incorrect management of residual 

streams as they constitute extra costs for their producers, who need to pay for a correct waste 

dealing. A better use of these residues, co-products and by-products (always taking into account 

their environmental constraints) would not only help in the sustainable development of our 

society, but also tackle difficulties related to the shortage of energy sources and the necessity of 

new economic vectors as a way to promote industrial realities.  

Historically, trees are important resources and still serve as major energy 
The estimates of the agricultural crop residues available for bio-products and bioenergy in each 

Member State show large spatial and temporal variations, due to different specific geographic 

and climatic conditions and status of agriculture activities, closely related to the crop 

production. Farm products like corn, sugar cane, sugar beet or wheat are traditionally sent to the 

production of bioethanol whereas rape seed, soybean, palm sunflower seed or jatropha are usual 

precursors of biodiesel. On the other hand, lignocellulosic materials such as straw or cereal 

plants, husk or wood can be either used for gas production and the further obtaining of energy 

or to the production of ethanol or bio-liquids.  

The use of agricultural residues presents several advantages respect to traditional fossil fuels:  

 

- Biomass is typically a waste material and its use reduces its disposal and mitigates 

potential associated environmental problems on soil, water and air. 

- It is a renewable source and it contributes to the elimination of dependence on fossil 

fuels. 

- It reduces greenhouse emissions and provides a carbon-neutral source of energy. 

- Sulfur is emitted in little quantities in the form of H2S in contrast to the SO2 emissions 

obtained in the combustion of fossil fuels. H2S can be easily removed by absorption and 

sulfur can be further extracted, adding an extra value to the product.  

- Nitrogen products of gasification are N2 or NH3, easily removed from the output stream, 

instead of NO and N2O, obtained through combustion reactions.  

- Socio-economic benefits can be obtained from biomass technologies: it can be a locally 

grown resource and a way to decentralise the energy economy, especially helpful in 

developing countries.  
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There are, however, challenges to be overcame to fully develop this technology: 

 

- Biomass fuels have low density and its collection, transportation and preparation prior 

to conversion must be carefully evaluated. 

- Compared to fossil fuels, biomass has a high oxygen content (around 50% in most 

cases), which lowers its combustion value compared to traditional fuels.   

- It is seasonal and is greatly dependent on climate conditions. In addition, large storage 

volumes are required to ensure the availability of feedstock at any time and condition. 

 

In particular, the present thesis explores the further possible uses for rice straw (Figure 1.3).  

Rice is one of the most consumed crops 

worldwide, with an annual production of 700 

million tons according to the Food and 

Agriculture Organization of the United Nations 

database (FAOSTAT, 2015). China and India 

are the major producers, with 28.7%% and 

19.5% of the total amount respectively. 

Moreover, rice demand is expected to increase in future decades due to population and 

economic growth, especially in under-developed countries (Mohanty S, 2008). Overall, rice 

demand is expected to remain sustainable and, consequently, also the availability of these 

residues can be guaranteed.  

The two main residual products from the rice industry are rice straw (crop residue that remains 

in fields after harvest) and rice husk (by-product obtained after rice post-processing). Figure 1.4 

shows the annual quantity produced of each of the residues provided that for every kilogram of 

harvested paddy, 1 kilogram of straw and 0.2 of husk are produced. If fully converted, and 

assuming 700 million tons of rice is harvested, 191.8 billion litres of ethanol (Kim and Dale, 

2004) could be produced form rice straw, which is equivalent to 199.9 billion litres of gasoline 

(Pimentel and Patzek, 2005). Italy and Spain account for an 80% of the European rice 

production: Italy is the leading European producer with a total cultivated surface of 220,000 ha. 

The crop is grown mainly in the Po basin (the Piedmont, Lombardy, Venetia, and the 

Romagna). The second European rice producer is Spain with 117,000 ha, Andalucía and 

Valencia are the main rice-producing regions, the latter enjoying a more stable water supply 

which benefits the production. Taking into account this production and the necessary 

environmental constraints, it is expected that straw could provide potential values of 3,205 kToe 

and 2,153 kToe in Italy and Spain respectively by 2020, which represents the 12% from the 

total biomass potential (Panoutsou et al, 2009).  

 

Figure 1.3. Rice straw  residues 
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Figure 1.4. Production of rice, straw and husk (FAOSTAT, 2015) 

 

For years, rice waste generated during harvesting was abandoned and left of decompose in 

fields, causing major die-offs of fish and other aquatic fauna in deeper areas. In order to 

alleviate this type of elimination, current European moratoria are permitting uncontrolled 

burning which also provokes harmful consequences related to air, flora and fauna pollution in 

wetlands.  

Studies performed at the Albufera (Figure 1.5) (http://bit.ly/11dKntN), have shown that the 

emission of CO2 as a consequence of burning is about 2600 kg/acres, whereas its abandonment 

generates 18% more, along with methane, increasing the greenhouse effect. This is causing 

health problems in nearby municipalities such as headaches, asthma or rhinitis. 

 

Figure 1.5. Location of Albufera – Valencia (Spain). Source: Google Maps 
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New methods based on the waste-to-resource methodology have been proposed for these 

residues: rice straw and husk have been used as construction materials (Yang et al, 2003), 

adsorbents of heavy metals (Lakshmi et al, 2009) and for the production of energy and fuels.  

The characteristic properties that these materials present make them suitable as feedstock with 

valorisation purposes. Rice straw is composed of cellulose, hemicellulose and lignin, that can 

undergo hydrolysis treatments and be converted into fermentable sugars and further conversions 

into ethanol (Chandrakant and Bisaria, 1998). Thermo-chemical conversions have also been 

proposed as an alternative to these management strategies taking advantage of its capacity for 

energy production, with high heating values around 15MJ/Kg as stated by Lim et al (2012). 

Even though the favorable properties, gasification of rice straw has not been totally developed at 

large scale (as it is the case for rice husk) due to logistic aspects: handling and collection or 

densification of materials to minimise costs, storage and transportation. 

In general, one significant aspect to take into account when dealing with agricultural residues is 

the seasonal variation of the supply. Large residue volumes follow harvests, but residues 

throughout the rest of the year are minimal. Biomass facilities that depend significantly on 

agricultural residues must be either able to adjust output to follow the seasonal variation, or 

have the capacity to stockpile a significant amount of fuel. 
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1.3. Biomass conversion technologies 

 

Biomass can be converted into valuable products through three different routes:  

- thermo-chemical: combustion, gasification, pyrolysis and liquefaction;  

- physico-chemical: drying, dewatering, extraction; 

- biochemical: digestion, fermentation. 

The type of feedstock and the product that it is meant to be obtained will determine the most 

appropriate path to be followed. Figure 1.6 shows a schematic map of technologies, their 

resulting products and the potential end-user applications. 

 

LIGNOCELLULOSIC MATERIALS

Thermo-chemical Physico-chemical Biochemical
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Figure 1.6. Map of technologies for lignocellulosic materials 
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Biochemical conversions can be divided into aerobic and anaerobic reactions according to the 

presence (or not) of air during the process. The most common feedstock used is oilseeds 

(rapeseed, sunflowers …) and sugary plants (corn, wheat, sugar beet …). The main product is a 

bio-oil that can be used as received (after purification) or transesterified to produce biodiesel. 

Starch and sugar can be fermented to obtain either fuels (methane, alcohol), or bio-chemical 

products like organic acids.    

The present work, however, will focus its attention on thermochemical reactions, more 

precisely on the gasification of the agricultural residues with the aim to obtain syngas to be 

further used with energy purposes. Moreover, new added value products (i.e. silica) will be 

produced by extraction from the ashes resulting in the former thermal process. In this way, a 

cyclic process is obtained and the zero-waste scenario methodology is promoted.           

 

1.4.1. Thermo-chemical conversion reactions 

The main thermo-chemical processes are combustion, gasification and pyrolysis. The difference 

among them is the quantity of oxidant used (if any) and, as a consequence, the percentages of 

the different products obtained from the thermal reactions.  

Combustion is a well-established process to extract energy from the chemical bonds forming the 

biomass. The fuel is completely oxidised by the oxidant agent entering into the system in 

stoichiometric conditions. As a result, heat is released (exothermic process) and CO2 and H2O 

are obtained as main products. Combustion can be applied to any type of biomass and scale (i.e. 

from domestic applications to large power plants). Net bio-energy conversion efficiencies for 

biomass combustion plants range from 20 to 40% (electricity generation) and the highest 

efficiencies are obtained when biomass is co-combusted in coal-fired power plants (McKendry, 

2002a).   

Pyrolysis (from the latin decomposition by fire) reactions consist of the reduction of the biomass 

with no chemical reagents being introduced in the system. The heat needed to carry out the 

reactions is supplied externally (endothermic process) and the main product is bio-oil. Solid and 

gaseous fractions are also obtained in less quantity. Bio-oil can be used in engines and turbines 

as well as feedstock for refineries. There are, however, still problems to overcome like the poor 

thermal stability of the oil and its corrosivity which makes necessary a previous step of 

upgrading before certain applications.   
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In gasification reactions, the oxidant agent (oxygen, air, steam or a mixture of them) is 

introduced to partially oxidise the biomass. The heat produced in the first instance is used to 

carry out the endothermic reactions (i.e. auto thermal process). The main product of these 

reactions is syngas.  

The characteristics of the available feedstock, together with the product requirements, provide 

the necessary information for the correct decision on the most adequate parameters of the 

process to obtain maximum yields. The present thesis will provide a deep insight in gasification 

reactions and its advantages (and disadvantages) respect to the other two thermo-chemical 

routes.  

 

Reactions of Gasification  

Gasification is defined as the thermo-chemical conversion of carbonaceous materials into a 

combustible fuel, known as syngas. The reactions occur when a controlled quantity of oxygen 

(or air or steam or the combination of them) reacts at high temperature with the available carbon 

fraction of the biomass within a gasifier (McKendry, 2002b).  

Gasification has been a well-known process since the end of the 18th century when coal was the 

principal feed used to power gasification plants. The combustible gas was used for lighting and 

cooking purposes. In fact, lighting was one of the factors that helped the Industrial Revolution, 

allowing extended working hours in factories. The major gasification technologies (Winkler’s 

fluidized bed gasifier in 1926 or pressurized moving-bed gasifier in 1931) were developed in 

this period. With the discovery of natural gas, the need for coal or biomass for gasification 

decreased and it was not until the Second World War that gasification regained attention. Oil 

supplies greatly diminished and the need to 

fuel Germany’s massive war machinery led to 

the development of new synthetic routes to 

obtain oil from coal. A large number of cars 

operated on biomass onboard gasifiers (Figure 

1.7). After the end of the Second World War, 

the availability of abundant oil from the 

Middle East eliminated the need for 

gasification for transportation.  

 

 

Figure 1.7. Bus with onboard gasifier used  
during the Second World War (http://www. 
woodgas.com/history.htm) 
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Oil crisis in 1973 once again triggered the interest in biomass gasification, in order to reduce the 

dependence on imported oil. Global warming and political instability in some oil-producing 

countries boosted the renewed attention on renewable energies and IGCC (Integrated 

Gasification Combined Cycle) plants are in constant development (Basu, 2010).  

The basis of gasification is to supply less oxidant than required for a stoichiometric combustion 

of the fuel. As a result, a gas containing a mixture of carbon monoxide (CO) and hydrogen (H2) 

is obtained at high temperatures. This syngas can be further combusted, for example in a turbine 

to generate electricity, or used for heating purposes. The main stages involved in gasification 

are:  

- Drying: the moisture content of the biomass is reduced at the temperature range of 100-150°C. 

Contents below 10% are preferable in order to achieve high overall efficiencies. 

- Devolatilisation: the biomass is decomposed in the absence of oxygen resulting in a reduction 

of the volatile matter. The biomass is reduced to solid charcoal. This stage is considered to be 

instantaneous (McKendry, 2002b). 

- Oxidation: the solid carbonised biomass reacts with oxygen to form CO2. The hydrogen is also 

oxidised producing H2O. If oxygen is in substoichiometric conditions, the carbon is partially 

oxidised resulting in the generation of CO. These reactions are highly exothermic releasing a 

large amount of heat. 

- Reduction: in absence (or substoichiometric presence) of oxygen, endothermic reactions of 

reduction take place above 800°C. The main reactions describing the whole process of 

gasification are presented in Table 1.3. 

Table 1.3. Main gasification reactions (McKendry, 2002b) 

Reaction   

COOC →+ 25.0  Partial carbon 
combustion 

R1 

22 COOC →+  Carbon combustion R2 

OHOH 222 5.0 →+  Hydrogen combustion R3 
COHOHC +→+ 22

 Water-gas reaction R4 
COCOC 22 ↔+  Boudouard reaction R5 

422 CHHC ↔+  Methane reaction R6 

222 HCOOHCO +↔+  Shift reaction R7 

SHSH 22 ↔+  H2S formation R8 

322 5.15.0 NHHN ↔+  NH3 formation R9 
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The low calorific value gas produced (typically around 4-6 MJ/Nm3) can be burnt directly or 

used as a fuel for gas engines and turbines. Besides this, it can also be used as feedstock in the 

production of chemicals. (i.e. methanol). The overall efficiency will be determined by the initial 

composition of the biomass and also by the adequacy of the technology applied to carry out the 

conversion process. For this reason, an initial characterisation of the fuel is necessary to 

evaluate the suitability of the produced gas as energy carrier. diagram of Van Krevelen (1950) 

provides a useful tool to assess the energy content of a fuel through the analysis of its atomic 

ratios O/C and H/C. The lower the respective ratios are, the greater the energy content of the 

material is.  

A detailed description of the gasifiers and gasification reactions of several agricultural residues 

will further discussed in great detail in Chapter 4 and 5 respectively.   

 

1.4.2. Physico-chemical conversion processes 

Lignocellulosic biomass is widely recognised as a potential low-cost source for the production 

of high, added value materials when the adequate transformations are carried out. The main aim 

is to make use of its functional groups in order to generate novel products with new and 

improved properties for replacement of existing chemicals or for new applications. It is widely 

known that wood can be converted to paper pulp (39%), chemicals such as xylose, acetic acid 

and furfural (11%), black liquor (50%) and energy. Wheat is converted to ethanol, grain 

residues and CO2 (generally captured and re-used to carbonate soda drinks) in approximately 

equal proportions and the sugar industry can produce a whole range of different products, of 

varying market size and value, such as ethanol, beet pulp for animal feed or high value 

chemicals.  

By producing multiple products, the value derived from the biomass feedstock can be 

maximised by taking advantage of the differences in its components and intermediates. Many 

diverse industries such as food processing, pharmaceuticals, chemical, petroleum, mining, 

nuclear, automobile and vacuum manufacturing, can benefit from these inexpensive and 

renewable new resources. 

Among all the potential applications, the use of agricultural by-products as precursors for the 

production of materials with high adsorptive capacity has been extensively studied recently 

(Bhatnagar and Sillanpa, 2010). Adsorption is defined as the process of collecting soluble 

substances that are in solution on a suitable interface. Innovative techniques based on 

adsorption are considered among the best for the removal of pollutants from water due to its 

ease of operation. 
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Moreover, the possibility of removing different types of pollutants  gives it a wider applicability 

in quality control for both domestic and industrial contaminated waters. Due to its porosity, 

highly specific surface area and capacity, activated carbon is the most widely used adsorbent to 

remove various classes of compounds from contaminated streams. However, the main 

disadvantages of activated carbon are high production and regeneration costs.  

As an alternative, rice waste stands out as a good precursor of adsorbent materials for the 

removal of metals such as Pb (II) and Hg (Khalid et al, 1999), Cd (II) (Kumar and 

Bandyopadhyay, 2006) among others. Also, Orlando et at (2002) achieved a maximum 

adsorption capacity for nitrate from rice hull with values of 1.21 mmol/g.  

As a major challenge, the conditions for the production of “low-cost adsorbents” after surface 

modification for higher uptake of pollutants can be optimised once the feasibility is proven. In 

addition, the recovery of the adsorbate as well as adsorbent by regeneration, helps in the 

increase of the economic feasibility of the process.  

Within this framework, the ashes resulting from the thermo-chemical reactions undergone by 

the rice straw (Chapter 5) will be submitted to a physico-chemical transformation process in 

order to extract the silica present in the material. This silica will be used as adsorbent material 

for the removal of pollutant species present in contaminated water. All this process will be 

studied in detail in Chapter 6.  
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1.4. Motivation and main objectives of the thesis 

 

An efficient use of resources plays a key role in activating economic agents and ensuring social 

welfare state and life quality. The development of new strategies for energy supply and for 

incentivising new markets must be paramount in policies all over the European Union. In this 

respect, biomass represents a major source of alternative energy vectors and the successful 

achievement of the challenges encountered nowadays by biomass-based technologies will 

ensure a sustainable social, economic and environmental development.  

Within this framework, the main aim of this doctoral thesis is the development of a 

methodology for an improved and more sustainable management of waste, in particular 

agricultural residues, turning them into an alternative source of energy and added value products 

based on silica compounds.  

This way, if operational conditions are well controlled, a potential hazardous compound during 

the thermal conversion becomes the source of renewable silica, closing a re-use cycle in which 

all the generated waste is addressed to recovery purposes to obtain new valuable materials, 

promoting the zero-waste scenario policies (Figure 1.8). 

 

 

Figure 1.8. Scheme of the methodology and main aims of the thesis 
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“Voglio trovare un senso a tante cose 

anche se tante cose un senso non ce l’ha.” 

Un senso. Vasco Rossi. 

 

2.1. Types of gasifiers 

 

The accurate selection of the gasifier and its operational conditions is key factors in the thermo-

chemical conversion of the biomass. They can be classified in two major types of gasifiers 

according to the relative movement of the fuel and the gasifying medium: fixed beds and 

fluidised beds.  

Solids move either countercurrently or concurrently to the gasifying flow in fixed bed reactors. 

This category can be divided into updraft gasifiers (where the flow of fuel and gas go 

countercurrent to each other), downdraft gasifiers (where feedstock is introduced at the top and 

the gas is introduced through a set of nozzles located on the side of the reactor) and cross-flow 

gasifiers (where the feed moves downwards while the air is introduced from one side). Two 

different configurations are presented in Figure 2.1. 
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Figure 2.1. Scheme of an updraft gasifier (a) and a cross-flow gasifier (b) 

The main advantage of fixed bed reactors is the simplicity of the process and the high operative 

temperatures achieved (above 1000ºC). This high temperature can, however, cause several 

corrosion problems due to it being unsuitable for fuels with high ash content such as crop 

residues. Furthermore, the product of reaction has a high tar content and a low heating value.  
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Fluidised Bed Reactors (FBR) were originally developed for coal gasification on a large scale. 

Their main advantage is the uniform temperature in the gasification zone, thanks to the addition 

of inert material to the bed which improves the heat exchange rates, the perfect contact between 

gas and solid achieved and the high level of turbulence (Gomez-Barea and Leckner, 2010). The 

produced syngas has a higher heating value and a lesser tar content respect to that from fixed 

bed reactors. Their main disadvantages are the large pressure drops of the system and the 

eventual erosion of the reactors.      

Two configurations can be found for FBR: bubbling bed (BFB) (See Figure 2.2) and circulating 

fluidized bed (CFB).  

Biomass

Gas

Air
Steam

Ash
Freeboard

Bed
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Cyclone

 

Figure 2.2. Scheme of a bubbling bed reactor 

 

The BFB reactor is divided into two differentiated regions: a bed of particles in the lower part 

and a freeboard in the upper part. The gasifying agent entering into the reactor has to be 

adjusted so the particles of the bed are not carried out from the reactor. In addition, a cyclone is 

placed after the reactor to further purify the outgoing stream. If air is used as gasifying agent, 

the produced gas heating value can lie between 3.6-5.9 MJ/Nm3.  

No clear separation between the bed and the freeboard is found in the CFB. The flow velocity 

entering into the reactor is higher than in BFB and, as a consequence, the mixing of the bed 

material and feed is promoted and fully isothermal conditions are achieved. A higher quantity of 

particle matter is blown out of the gasifier and the solid material collected by the cyclone is re-

circulated into the gasifier. High char conversions are obtained and the syngas produced has low 

tar contents and high heating values.  
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In particular, Spouted Bed Reactors (SBR) are a type of fluidised units in which the perforated 

base is replaced by one with a single orifice, normally in a central position. This configuration 

enhances the recirculation of particles providing higher yields and lower energy requirements 

respect to the traditional fluidised technologies (Mathur and Epstein, 1974). The technology 

based on fluidisation processes by means of spouted bed reactors will be studied in greater 

detail within this thesis. Section 2.2 provides an exhaustive description of the processes and 

basic concepts involved and Chapter 4 discusses the specific fluid dynamic properties of the 

device under study. 
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2.2. Spouted Bed Reactors 

 

The terms spouting and spouted bed were coined by Gishler and Mathur (1954) at the National 

Research Council (NRC) of Canada to describe an innovative device based on fluidisation 

technologies. It was first applied in 1954 as an alternative for the drying of badly slugged and 

moist wheat particles. The vigorous movement of particles achieved inside the reactor enabled 

the drying of the grain without damaging it. Soon, more applications were studied, varying the 

type of solids and the fluidising agents obtaining promising results. Having carried out these 

preliminary tests, Gishler and Mathur described this technology as “a flowing mechanism for 

solids and gas different from fluidisation but it achieves the same purpose for coarse particles as 

fluidisation does for fine materials”.  

Interest in these devices has been triggered in recent years and they are now applied in a broad 

range of industrial applications, mostly related to drying processes, due to the high fluid-solid 

contact achieved. Several applications of 

these devices acting as chemical reactors are 

being developed, with SBR currently 

standing out as a promising technology to 

carry out thermo-chemical reactions such as 

pyrolysis (Fernandez Akarregui et al, 2013), 

gasification (Erkiaga et al, 2014) and 

combustion (San Jose et al, 2014) of coal and 

different waste materials, as well as for 

reforming reactions (Lopez et al, 2013a) and 

solids coating, blending and granulation 

(Mathur and Epstein, 1974).  

Spouted Bed Reactors (SBR) are obtained by the perforated plate of a conventional reactor of 

fluidisation being replaced by a plate with a single orifice, normally centred in the base. This 

modification provides the system with an enhanced recirculation of solids which results in 

increased mass and energy transfer rates respect to that obtained with conventional techniques. 

Three different regions (annulus, spout and fountain) can be distinguished in a SBR. The central 

core of the reactor through which air flows is the spout, the surrounding annular region is the 

annulus and the solids above the bed surface entrained by the spout and going down the annulus 

Fluid inlet

Fluid outlet

Fountain

Annulus

Spout

Fluid inlet

Fluid outlet

Fountain

Annulus

Spout

 

Figure 2.3. Schematic representation of a SBR 
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form the so-called fountain. To eliminate dead zones at the bottom of the vessel, a conical base 

is normally used. Cylindrical column are most commonly used with fluid injection at the apex 

of the cone.  

The overall process is composed of a dilute phase central core with upwards moving solids 

flowing in a concurrent fluid and a dense phase going down the annulus with counter-current 

percolation of fluid. As a result, a systematic cyclic pattern is achieved enhancing the effective 

contact between solid and gas. From a fluid dynamic point of view, the spout and fountain 

behaviours are similar to those in fluidised beds with particles dynamically suspended whereas 

the annulus acts more like a packed/moving bed. Figure 2.3 shows a schematic diagram of the 

spouting process.  

A successful design and scale-up of these reactors must include a detailed study of the fluid 

dynamics properties of the system. The spouting phenomenon, its stability and the operating 

conditions depend on many factors and it occurs only with a specific combination of gas, solids 

and vessel configurations over a range of gas velocities. Map flow regimes are needed to 

characterise the behaviour of the system in first instance. Figure 2.4 represents a typical flow 

regime representation for the system PET-rice straw with rice straw present at 5%v/v and an 

initial bed height of 50 cm. As shown in the figure, the bed contained in the vessel goes from a 

static condition (fixed bed - a) to an expanding bed when the incoming air is increased. When 

the spout reaches the surface of the bed (b), an initial unstable fountain is formed and, when air 

is sufficiently increased, the fountain becomes stable with the system considered to be in a 

spouting condition (c). If air is increased beyond the stable conditions, bubbling and slugging 

regimes are obtained.  

These transitions can be also quantitatively represented in diagrams of pressure drop versus 

superficial gas velocity. Figure 2.5 shows the evolution of pressure drop across the bed of 

particles (∆Pb) with air velocity (Uin) for a silica-rice straw (10% v/v) mixture at an initial static 

bed of 35 cm. Both figures were obtained from the experimental campaign performed in 

collaboration with Politecnico di Torino.  
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Figure 2.4. Flow regime for the system PET-rice straw (5%v/v). Initial bed height: 50 cm 

∆Pb increases as Uin goes up (corresponding to the situation (a) described in Figure 2.4) showing 

a linear trend (♦). At certain point, ∆Pb reaches a peak value (∆Pmax). This situation is the 

equivalent as that described in Figure 2.4 (b) when the fountain is formed. Then, ∆Pb sharply 

decreases when the air velocity is further increased until a value that remains constant (∆Ps) for 

a wide range of velocities (situation (c) in Figure 2.4). 

 

Figure 2.5. Evolution of the pressure drop across the bed with the inlet velocity (Rice straw 

10%v/v) 

Figure 2.5 also shows a hysteretic process characteristic of these devices. Once the stable 

conditions are achieved, the fluid velocity is decreased (■), and hysteresis is observed as the 

pressure required to break the bed and form the spout is higher due to the compacted initial 

situation in the ascending process no longer present in the descending path. 

(a) (b) (c) 
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General regime maps in which H (bed depth) is plotted versus U (superficial velocity) (Figure 

2.6) are used in order to characterise the fluid dynamic behaviour of a given material contacted 

by a specific fluid (at a given temperature and pressure) in a fixed geometry.  
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Figure 2.6. Example of a regime map with the different transitions occurring in SBR 

Different transitions can be described with the aid of the regime maps. First of all, from the 

figure it can be seen that there is a maximum spoutable bed depth (dotted grey lines) beyond 

which spouting does not occur, obtaining instead a poor-fluidisation behaviour. It can also be 

observed that a high inlet velocity, results in slugging problems affecting the stability of the 

system. 

From a design point of view, parameters like the minimum spouting velocity of the system and 

the height of the fountain will be necessary to define the specifications of the blower and the 

height required for the reactor respectively. Pressure drop will also be an important variable of 

study as it is closely related to the energy needs of the system. Several correlations have been 

developed for the prediction (especially useful in scaled-up applications) of the main properties 

of SBR (Mathur & Gishler, 1955a), but the high dependence of the process with the involved 

solids makes them not completely suitable for the whole range of applications. Furthermore, in 

order to facilitate the scale up, square-based reactors were proposed (Rovero et al. 2012) in 

which the same phenomena occurring for the case of cylindrical bases were demonstrated to 

define their overall performance, enabling the use of existing correlations with slight 

adaptations.      

Both experimental and modelling activities have been performed on two different scales spouted 

bed reactors. The fluid dynamic behaviour of the system has been studied in Chapter 4 by means 

of a conical square-based SBR to characterise the multiphase flow and its main properties. Most 

predictions of the main parameters of SBR are based on empirical correlations that tend to fall 

beyond the testing range of application and a careful study is needed prior any scale-up of the 

process. Successively, the suitability of these devices to perform high temperature reactions has 
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been evaluated in Chapter 5 where the gasification of agricultural residues with a scaled-up 

plant of the conical squared-based SBR has been discussed in detail.  

 

2.2.1. Properties of Spouted Bed Reactors 

SBR are sensitive to the geometrical properties of the device and the physical properties of the 

solids, mainly the diameter of particle. For this reason, it is necessary to delimit the operating 

conditions that allow a stable spouting regime. The initial design parameters for a SBR are: 

-Fluid inlet diameter, Di: two different geometrical conditions need to be satisfied in order to 

obtain a stable spouting regime. The first condition is described in Eq. 2.1 as: 

35.0≤
C

i

D

D
(big particles) or 0.1 (thin particles) Eq. 2.1 

with Di the inlet diameter and DC the diameter of the column (Becker condition, Mathur and 

Gishler, 1974).  The second geometrical constraint associated to the inlet diameter is the 

spoutability condition by Chanddnami and Epstein (Mathur and Gishler, 1974) (Eq. 4): 

3025÷<
d

Di (cylindrical) or 60 (conical) Eq. 2.2 

with d the diameter of particle. 

This last condition is based purely on empirical findings and is irrespective of the particle 

density.  

-Static initial bed height, Hb: Hb is defined as the initial bed depth of particles calculated from 

the solid bulk density and the column diameter. Its more accurate measurement is calculated 

after strongly agitagiting the bed and gradually stopping the air flow.   

-Maximum spoutable bed height, Hm: Hm is directly related to the maximum quantity of solids 

that can be processed. The bed enters into the bubbling and slugging regime above that value 

and compromises the stability of the system. Hm increases as the particle diameter and the ratio 

DC/Di decreases. Several correlations have been proposed to calculate Hm: 

McNab and Bridgwater, 1977 26
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-Cone angle, αC: angles above 60º are not recommended, as the solid recirculation rate becomes 

very poor. On the other limit, values below 28º result in unstable operating conditions.  

-Spout diameter, Ds: the spout diameter and shape are important parameters affecting the gas 

and solid flow, mainly at the gas inlet zone. For simplicity, the value is taken independently of 

the longitudinal position along the bed. Bridgwater and Mathur (1972) proposed the following 

expression to predict their values.  

4/1

4/33/10071.0

s

c
s

DG
D

ρ
⋅⋅

=  Eq. 2.5 

The fluid dynamic parameters that need to be evaluated to obtain stable spouting and that define 

the operating conditions are: 

-Minimum spouting velocity, Ums: Ums is defined as the lowest gas velocity required to maintain 

the fountain. It can be calculated from the gas feed rate referred either to the inlet, or to the 

column section. However, the diameter of cylindrical sections should not be used for conical 

reactors as the velocity will not vary if the bed remains in the conical section. When the air inlet 

is slightly decreased, the fountain collapses and the pressure drop rises dramatically. Ums 

increases with increasing Hb and takes its maximum value at the Hm. Besides, for a given air 

inlet area and bed height, Ums increases with bigger particles as a result of a higher porosity of 

the bed. The prediction of its value has been widely studied and several correlations have been 

proposed: 
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-Average void fraction, ε0: the average void fraction of a bed under given conditions is defined 

as the relation between the volume of the bed (Vb), the weight of the material in it (W) and the 

particle density (ρs). 
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-Stable pressure drop, ∆Ps: it is defined as the necessary gas pressure drop along the bed of 

particles in stationary regime condition of spouting. 

Mamuro and 

Hattori, 1968 
gHPs mfgsm )1)((

4

3 ερρ −−=∆−  Eq. 2.10 

-Maximum pressure drop, ∆Pmax: ∆Pmax is defined as the gas pressure drop required to start the 

spout.   

Malek and  

Lu, 1965 
gHP gs )1)((max ερρ −−=∆−  Eq. 2.11 

-Bed expansion, E: due to the presence of small bubbles moving upwards through the bed of 

particles, the bed shows an expansion modifying its height. 

Gorshtein and 

Mukhlenov, 1964 

6.05.033.0 ))2/(tan()/()(Re/17.2 −= αiDHArE  Eq. 2.12 

 

2.2.2 Segregation phenomena 

Segregation is an important aspect to take into account in thermal processes, as the reacting 

phase is generally drowned in a stationary and inert phase, generally different in shape and 

density. In a standard fluidised system, the two phases tend to migrate at different bed levels, 

compromising the global behaviour. Conversely, conical spouted beds tend to perform well 

when the system is composed of particles of different sizes and densities obtaining low 

segregation phenomena. Figure 2.7 shows an example of this phenomenon where the result of a 

standard fluidisation process (a) and a spouting condition (b) using a mixture of rice straw-silica 

as bed material is shown.  

 

 

 

 

 

 

Figure 2.7. Segregation in a standard fluidisation reactor (a) and in a spouting bed reactor (b) 

 

(a) (b) 
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As can be seen, a prominent segregation phenomenon is observed when a standard fluidisation 

regime is applied, obtaining an accumulation of the lighter component at the top of the bed. In 

contrast, a spouted regime leads to a uniform mix of materials as shown in Figure 2.5 (b). A 

complete study of these phenomena is presented in Chapter 4 with different bed mixtures.  

 

2.2.3 Additional devices 

The fluid dynamic performance of a SBR can be significantly improved by the addition of 

different devices which help to maintain stability conditions: draft tubes and additional 

fluidisation (spout-fluid reactors).  

An impermeable draft tube is a vertically placed pipe, a few centimeters above the inlet of air 

and its main aim is to create a “forced” channel for the air to go through the bed of particles. As 

a result of this, more controlled solid circulation rates and residence times are obtained. An 

important parameter to take into account when designing these devices is the ratio Hd/H, with 

Hd being the gap from the base to the bottom location of the draft tube (Figure 2.8a).  

The secondary fluidisation, rather than a real device, is a structural configuration in which an 

auxiliary fluid flows through a series of holes and enters tangentially in respect to the main 

stream (Figure 2.8b). This configuration makes a hybrid reactor that shares some characteristics 

of both spouting and fluidisation, which is especially useful for coarse, sticky or agglomerating 

solids (Epstein and Grace, 2011). Often, the auxiliary fluidisation works together with a draft 

tube since it allows a fine regulation of fluid in the annulus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Draft tube (a) and secondary fluidisation (b) 

(b) (a) 

Hd 
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2.2.4 State of the art in gasification reactions within SBR 

Watkinson and Lisboa (2011) provided a comprehensive presentation on the state of the art 

about the use of spouted bed reactors for gasification processes. Spouted beds have been used to 

treat several feedstocks, namely coal, coke, sludge and municipal wastes. The reactors are 

usually operated at atmospheric pressure and the agent used for gasification is a mixture of air 

and steam. 

The extensive increase in gasification research has been mainly focused on biomass feedstock. 

Solid waste was gasified at 538-870°C by highly super-heated steam to produce a syngas 

product and an inert granular solid. A unit of 1 meter diameter using silica as bed material 

treated up to 680 kg waste/h and produced 12 to 18 MJ/m3 and ash containing 2% carbon (Zak 

and Nutcher, 1987). Gasification of wood charcoal was reported by Salam and Bhattacharya 

(2006). The reactor was tested with a normal circular gas inlet orifice and a novel circular slit 

orifice. Hoque and Bhattacharya (2001) compared fluidised and spouted bed gasification of 

coconut shells. Lopez et al used a SBR for the steam gasification of waste plastics (2013b) and 

more recently, Bernocco (2013) studied the feasibility of the application of SBR in high 

temperature biomass conversion technologies.  

The scale to which gasification in SB has been demonstrated is of crucial interest to evaluate the 

potential for industrial implementation. Table 2.1 shows different studies in SB units with feed 

ranging from 0.16 kg coal/h to 700 kg/h and reactors diameters between 0.16 and 1 m.  

Table 2.1. Summary of SB gasification studies 

Feed Dc (m) Feed rate (kg/h) Oxidant P (MPa) T (°C) Ref. 

Coal 0.028 0.16 Air 1.3 850-900 Zhuo et al, 2002 

Coal 0.150 2.5-12 Air+steam 0.1 750-930 Foong et al, 1980 

Biomass 0.09 4.2 Air 0.1 607-842 Hoque et al, 2001 

Coal 0.4 50-100 O2+steam 0.1 1050-1170 Kikuchi et al, 1985 

MSW 1 700 O2+steam 0.1 540-870 EPA/540F, 1993 
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2.3 Modelling activities 

 

The obtainment of the optimum operational conditions for a given process is the major goal of 

pilot and, once scaled, industrial units. Optimal conversion of chemical energy from biomass 

depends on many factors, like for example the choice of the gasifier, its sizing or the 

temperature or gasifying medium applied among others. Experimental trial and error tests 

provide the most reliable data to evaluate these units, even though they are expensive both in 

time and economic terms. There is, however, a major drawback: the change of one of the 

parameters of the process may lead to different optimum conditions. This is the case in 

processes that are size-dependent where the most adequate parameters found for the pilot plant 

might be no longer valid for the scaled-up unit. It is here where simulation activities play an 

important role for a reliable design. Achieving the right balance between experimental and 

modeled results will be the key to success.  

The modelling of a gasifier will provide an accurate prediction of its performance (always 

depending on the degree of detail of the model) and will give quality parameters for the initial 

design and operating conditions that will allow the designer to sketch a solution and, with the 

available experimental data, adequately achieve the optimised solution. Modelling can also help 

in defining technical limits of the process, as well as identifying and preventing potential 

hazardous or undesired processes.  

In conclusion, modelling can help in the assessment of a chemical process but it will never be a 

substitute for good experimental data. In this sense, the modelling activities of this thesis are 

validated and evaluated against experimental when possible data obtained from different pilot 

plants.  

The modelling of the Spouted Bed Reactor under study was performed following two 

complementary methodologies: Computational Fluid Dynamics (CFD) for the study of the fluid 

dynamic properties of the system and Thermodynamic Equilibrium (and its further 

modifications to include the decomposition kinetics of the specific materials). 

In this thesis, the fluid dynamic properties of the system (cold experiments) studied in Chapter 4 

have been simulated with the aid of Fluent©, a CFD commercial software. The assessment of the 

gasification itself (hot experiments) and the main operational conditions have been evaluated 
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with different models framed in the thermodynamic equilibrium approach and further 

modifications including the specification of the calculated kinetic rates (Chapter 5).  

An explanation of the main concepts and features of each modeling approach is presented in the 

following sections.  

 

2.3.1 Computational Fluid Dynamic modelling (CFD) 

CFD modelling has become a powerful tool for the study of multiphase flows thanks to the 

development of computational power and the advance of numerical algorithms. Currently, there 

are two different approaches: the Eulerian-Eulerian approach (Two Fluid Model, TFM) and the 

Eulerian-Lagrangian approach (Discrete Element Method, DEM). This thesis develops a TFM, 

but the following sections describe the fundamentals and applications for both cases. 

A CFD code is based on the solution of the equations of conservation of mass, momentum, 

species and energy over a specific domain with suitable boundary conditions. The fluid dynamic 

phenomenon for a laminar flow is well defined by the Navier-Stokes equation. Moreover, the 

Reynolds-averaged Navier-Stoke (k-ε) model is usually applied when the turbulent situation 

needs to be taken into account. 

Several computational methods have been developed and successfully applied to model 

reactions of fluidisation. Finite difference, finite element and finite volume are the three most 

common methods used for discretization prior the solution algorithm. Commercial softwares 

like ANSYS, ASPEN, Fluent, Phoenics, or CFD2000 provide reliable solutions in the field. The 

main aim at the moment, is to achieve a high degree of accuracy when these models are coupled 

with reaction kinetics and complex particle-particle interactions, among other situations, that 

would increase the level of accuracy between the simulated and the real solution.    

2.3.1.1. Eulerian-Eulerian approach      

Spouted Bed Reactors can be modelled by the Eulerian-Eulerian approach where the fluid and 

solids are treated as interpenetrating continua for mathematical purposes. Because the volume 

occupied by one cannot be occupied by the other, the concept of volume fraction is introduced 

where the sum must be equal to 1. Moreover, additional closure equations are needed to 

describe the particle-particle and particle-fluid interactions. To sum up, the Eulerian-Eulerian 

approach accounts for: (a) conservation equations for mass and momentum for each phase with 

an interphase momentum transfer term; (b) closure of equations with a complete definition of 

interfacial forces, solids stress and turbulence in both phases; and (c) meshing of the domain, 
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discretisation of equations and solution of the algorithm. A complete definition of all the 

components of the model is described in the following paragraphs.  

Based on the general Eulerian multiphase model, the governing equations can be obtained 

assuming that there is no mass transfer between the spouting gas and the particles in the bed, the 

bed pressure gradient for stable spouting is constant and the densities of both phases are 

constant. Provided these assumptions, the volume fraction equation can be written as: 

∑
=

=
n

q
q

1

1ε  Eq. 2.13 

with q =  g (gas) or s (solid)  

The mass conservation equation for each phase q (q = g, s) is: 
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rρερε  Eq. 2.14 

where ρq and ūq are the density and velocity of phase q respectively 

Similarly, the momentum conservation equation for each phase q (q = g, s) is:  
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where p is the fluid pressure, qF
r

 is the external body force, qliftF ,

r
is the lift force and qvmF ,

r
 is 

the virtual mass force, τq is the stress tensor and pqR
r

 is the interaction force between phases. In 

most cases, only drag and gravity are considered, with lift force and virtual mass neglected.  

The closure equations are represented by the term pqR
r

and define the drag force exerted on 

particles in fluid-solid systems. They are usually expressed by the product of a momentum 

transfer coefficient, β, and the relative velocity ( sg uu
rr − ) between the two phases.  

The drag model most widely applied is that proposed by Gidaspow (2003) in which the dense 

phase is calculated by the Ergun equation (1952) whereas the dilute phase calculations are 

performed using the Wen-Yu (1966) expression:  

sg
g

gg

g

gg

Ergun
uu

dd

rr −
−

+
−

=
ε

ρε
ε

µε
β

)1(
75.1

)1(
150

22

2

;forthe range 8.0<gε  Eq. 2.16 

  



Chapter 2. Spouted Bed Technologies   
 

62 

 

sggDg
g

YuWen
uuC

d

rr −
−

= − 65.2

&

)1(

4

3 ερ
ε

β ; for the range 8.0≥gε  Eq. 2.17 

where µg is the air viscosity, d is the particle diameter, gu
r

 is the gas velocity, su
r

 is the particle 

velocity and CD the drag coefficient, expressed as: 
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With Re representing the Reynolds number: 
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Re  Eq. 2.20 

To avoid the discontinuity at the boundary condition ( gε = 0.8; sε  = 0.2) between the two 

equations, a switch function was introduced by Lu et al (2003) to obtain a rapid transition from 

one regime to the other one: 
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Thus, the interaction between fluid and particles defining the drag force can be summarised as: 

ErgungsYuWengs βϕβϕβ )1(
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The second set of closure equations will be those representing the interfacial forces, solids stress 

and turbulence in both phases. For this purpose, the kinetic theory of granular flow (Lun et al, 

1984) will be applied, considering it as an analogy to the well-established kinetic theory of 

gases. Analogous to the thermodynamic temperature for gases, a granular temperature sΘ is 

introduced as a measure of particle velocity fluctuations:    
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The granular temperature conservation equation is: 
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where ( ) sss uIP
rr

∇+⋅− :τ is the generation of energy by the solid stress tensor,  ss
k Θ∇Θ is the 

diffusion of energy, sΘγ is the collisional dissipation of energy (defined by Eq. 2.25) and sφ is 

the energy exchange between the fluid and solid phases ( ss Θ−= βφ 3 ). 

π
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=Θ  Eq. 2.25 

where ess is the interparticle coefficient of restitution and g0 the radial distribution function, 

defined as (Bagnold, 1954): 
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where max,sε is the maximum particle volume fraction. 

Figure 2.9 shows an schematic representation of the two flow regimes that can be distinguished 

in granular flows. At high particle concentrations (bed of the reactor) individual particles 

interact with the multiple neighbours and the normal forces and associated tangential frictional 

forces are the major contributions on the particle stresses. On the other hand, at low particle 

concentrations, stresses are mainly caused by particle-particle collisions or translational transfer 

of momentum (Campbell, 2006). The kinetic theory takes both approaches and considers the 

process as the sum of a rapidly shearing flow regime in which kinetic contributions are 

dominant, and a quasistatic flow regime in which friction is the dominant phenomenon. As a 

result, the estimation of the solid stress is defined by the concepts of solid “pressure” and 

“viscosity”, included in the general conservation equation (Eq 2.24).   
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Figure 2.9. Schematic representation of the flow regimes in granular flows 
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The kinetic solid pressure is given by (Lun et al, 1984):  

( )[ ]ssssssks egp ++Θ= 121 0, ερε  Eq.2. 27 

And the solid shear viscosity (Ding and Gidaspow, 1990): 
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The solid bulk viscosity is described using the definition by Lun et al (1984): 
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Finally, the dissipation fluctuation energy is (Jenkins and Savage, 1983):  
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Owing to the continuum description of the particle phase, the TFM approach also requires the 

description of the particle-particle interactions (Syamal, 1987):  
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where Cfr is the coefficient of friction between the two solid phases (1,2). 

Table 2.1 gathers the most significant scientific contributions following the Eulerian-Eulerian 

approach in the field of SBR.  

Table 2.2. Contributions using the Eulerian-Eulerian approach for the simulation of SBR 

Authors Sofware used Main contribution 

Du et al, 2006a, 

2006b 

FLUENT Importance of the inclusion of interfacial forces and 

solid stress 

Gryczka et al, 2008 FLUENT Comparison of different drag models 

Bettega et al, 2009 FLUENT Numerical scale-up study of SBR 

Santos et al, 2009 FLUENT Obtaining of better results with 3D solution instead of 

2D 

Duarte et al, 2009 FLUENT Good agreement in the prediction of particle 

velocities and pressure drops 

Olazar et al, 2009 MATLAB Accurate flow patterns of solid and air inside the SBR 

 



  Chapter 2. Spouted Bed Technologies 
 

65 

 

2.3.1.2. Eulerian-Lagrangian approach      

In the Discrete Element Method (DEM), the fluid phase is treated as continuum by solving the 

time-averaged Navier-Stoke equations whereas the dispersed phase is solved by tracking the 

individual particles through the established domain. In this case, no closure laws are required to 

obtain the solution. The two phases are coupled by interphase forces as the dispersed phase can 

exchange mass, momentum and energy with the fluid phase. It is obvious that this type of 

modelling is more realistic and offers more accurate solutions. It is, however, more 

computationally demanding as a result of the large amounts of particles, and as a consequence, 

equations that need to be simultaneously solved.  

There are also several disadvantages when DEM models are used to simulate SBR. First of all, 

it is difficult to establish the stable spouting condition, regardless of parameters like particle 

diameter or gas velocity. Furthermore, convergence of the fluid phase is extremely difficult to 

achieve as well as the right selection of the turbulence model to describe the central jet (Epstein 

and Grace, 2010).  

Several models have been proposed following the DEM methodology. Kawaguchi et al (2000) 

obtained the typical flow patterns for SBR and Takeuchi et al (2005) obtained a 3D solution in 

cylindrical coordinate systems in quite good agreement with experimental results. In a further 

publication (2008) they also proposed a new method to treat boundary conditions in 3D. Finally, 

the application of SBR as chemical devices is of increasing interest from both experimental and 

modelling views. One of these studies was carried out by Limtrakul et al (2004) and their 

simulated solution based on the combination of DEM and mass transfer models were in close 

agreement with experimental results previously provided by Rovero et al (1983).  

 

In conclusion, the characteristic parameters of SBR can be correctly reproduced by the Eulerian-

Eulerian and the Eulerian-Lagrangian approaches, with fairly close agreement to experimental 

results. This indicates that CFD modelling can result in being a useful tool to predict the 

behaviour of both the gas and the solids in a SBR. The initial choice of the adequate approach 

should be the TFM, due to its lower use of computational resources, whereas, the DEM 

modelling should be applied when a more physical and reliable solution is required. However, 

the main challenge continues to be the correct description of the turbulence in the fluid and solid 

phases, especially in the spout region.  
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2.3.2 Thermodynamic equilibrium models 

Thermodynamic equilibrium models are the most convenient tools when the aim of the 

simulation is the evaluation of different process parameters and feeds. They are independent of 

the gasifier design and for that reason, they cannot predict (at least in the first instance, without 

inserting additional equations) fluid dynamic parameters like fluidising velocity or design 

variables, such as the gasifier height. Even though they are called equilibrium models, as they 

are based on the achievement of thermo-chemical equilibrium, this situation may not be 

achieved mainly due to the relatively low operation temperatures (product gas outlet 

temperatures range from 750 to 1000°C) (Bridgwater, 1995). Modified models are developed in 

these cases to take into account the potential deviations of behaviour respect to ideal conditions.  

Equilibrium models have two general approaches: stoichiometric and non-stoichiometric. The 

stoichiometric approach requires a clearly defined reaction mechanism that incorporates all 

chemical reactions and species involved. In contrast, in the non-stoichiometric approach, no 

particular reaction mechanisms or species are involved in the numerical simulation. The only 

input needed to specify the feed is its elemental composition, which can be readily obtained 

from ultimate analysis data (Li et al, 2004). The non-stoichiometric equilibrium model (Mathieu 

and Dubuisson, 2002) is based on minimising Gibbs free energy in the system without 

specifying the possible reactions taking place. 

As shown by various authors (Smith and Wissen, 1982, Jarungthammachote and Dutta, 2007), 

the two approaches (stoichiometric and non-stoichiometric) are essentially equivalent. A 

stoichiometric model may also use free energy data to determine the equilibrium constants of a 

proposed set of reactions. 

Equilibrium models are considered to be effective at high temperatures (T>1500K) when the 

system can be successfully described by its equilibrium condition with no variations in time 

occurring (Li et al, 2001). 

2.3.2.1 Stoichiometric approach 

The stoichiometric method is developed using the chemical reactions and species involved by 

applying atomic and chemical equilibrium (through the kinetic constant) balances. Desrosiers 

(1979) showed that under gasification conditions (with temperatures between 600 and 1500K) 

the only species present at concentrations higher than 10-4 (%mol) are CO, CO2, CH4, H2, N2, 

H2O and solid carbon (graphite).  

As a result, for a reaction of 1 mol of biomass being gasified with d moles of steam and e moles 

of air following the scheme:  
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274625243221222 )76.3( NnCHnCOnOHnCOnHnCnNOeOdHNOCH cba ++++++→+++  Eq. 2.32 

where ni are the stoichiometric coefficients giving the distribution of products, the 

heterogeneous system of equations is described by:   

Atomic balance of C: n1 + n3 + n5 + n6 = 1 Eq. 2.33 

Atomic balance of H: 2n2 + 2n4 + 4n6 = a + 2d Eq. 2.34 

Atomic balance of O: n3 + n4 + 2n5 = b + d + 2e Eq. 2.35 

Atomic balance of N: n7  = c + 7.52e Eq. 2.36 

with a, b and c the mole ratios (H/C, O/C and N/C) determined by the ultimate analysis of the 

biomass.  

Together with the atomic balance equations, the equilibrium constants (defined as Eq. 2.37) for 

the reactions of water-gas, Boudouard, and methanation (R4, R5 and R6 respectively from 

Table 1.3 in Chapter 1) complete the set of equations as follows: 
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where xi is the mole fraction of species I in the ideal gas mixture, νi is the stoichiometric 

coefficient and P0 is the standard pressure.  

The whole set of equations (stoichiometric and equilibrium) are solved simultaneously to find 

the coefficients ni and hence, the composition of the product gas. It is clear that the complexity 

of the model (and its calculations) increases with the increasing number of species and 

equations considered. Given a reaction mechanism, the model predicts the maximum achievable 

yield of products as well as limiting thermodynamic conditions. 

Some authors have reported results on the application of the stoichiometric approach to the 

study of the gasification of biomass. Zainal et al. (2001)  modelled the biomass gasification 

process on the basis of stoichiometric thermodynamic equilibrium. Jarungthammachote and 

Dutta (2007) developed a thermodynamic equilibrium model based on the equilibrium constant 

for predicting the composition of a producer gas in a downdraft gasifier. They used coefficients 

for correcting the equilibrium constant of the water–gas shift reaction and the methane reaction 

in order to improve the results from the model. Those coefficients were obtained from the 

comparison between the model and the results of other researchers’ experiments. The predicted 

results from the modified model satisfactorily agree with experimental results reported by Jayah 

et al. (2003). 
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2.3.2.2 Non-stoichiometric approach - Minimisation of Gibbs free energy 

The main advantage of these models is that no knowledge of the specific mechanism of reaction 

is required to solve the problem. By definition, a reacting system reaches stable equilibrium 

conditions when the Gibbs free energy of the system is at its minimum. The only necessary 

input for the calculation of this value is the elemental composition of the feedstock, given by its 

ultimate analysis.  

The Gibbs free energy (G) of a system with N species (i=1…N) can be defined as: 
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where 0
,ifG∆ is the Gibbs free energy of formation of species i at the standard pressure of 1 bar.  

The equation is solved for all the unknown ni to minimise G with the constraints of the overall 

mass balances of the individual elements.  

Jarungthammachote and Dutta (2008) applied the non-stoichiometric equilibrium model to three 

types of gasifiers: a central jet spouted bed, a circular split spouted bed and a spout-fluid bed. 

The simulation results showed a significant deviation from the experimental data, especially for 

CO and CO2. One important factor was the carbon conversion and so, the model was modified 

to consider its effect. The results improved and were closer to the experimental data. However, a 

high accuracy could not be achieved for the spouted-bed gasification process. The heating value 

was also discussed as it is an important parameter for the estimation of energy content in the 

producer gas. The modified model predicted heating values that were generally higher than 

those from experiments because of the over-prediction of the CO content in the producer gas.  

2.3.2.3 Quasi-Equilibrium Temperatures approach 

Finally, another approach is the use of Quasi Equilibrium Temperatures (QET), whereby the 

equilibria of the reactions defined in the model are evaluated at a lower temperature than the 

actual process temperature. This approach was introduced by Gumz (1950). For fluidised-bed 

gasifiers, the average bed temperature can be used as the process temperature, whereas for 

downdraft gasifiers, the outlet temperature at the throat exit should be used. Li et al. (2001) 

found out that the kinetic carbon conversion for pressurised gasification of sub-bituminous coal 

in the temperature range 747–877°C is seen to be comparable to equilibrium predictions for a 

temperature about 250°C lower. Bacon et al. (1982) defined QETs for each independent 

chemical reaction. Based on 75 operational data points measured in circulating fluidised-bed 

(CFB) gasifiers operated on biomass, Kersten et al. (2002) showed that, for operating 
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temperatures in the range 740–910°C, the equilibrium corresponding to the reactions of water-

gas (R4 in Table 1.3), Boudouard (R5 in Table 1.3) and methanation (R6 in Table 1.3) should 

be evaluated at much lower temperatures (531±25°C, 583±25°C and 457±29°C respectively). 

These QETs appeared to be independent of the process temperature in this range.  
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“…. Porque yo nací  

en el Mediterraneo…” 

Joan Manuel Serrat. Mediterraneo 

 

I. Summary 

 

The scope of this chapter is to describe the methodology of characterisation of the materials 

studied in detail for the present thesis. The applied techniques involve the physical, chemical 

and thermal descriptions of the biomass under study.  

The chapter is devoted to the description of the characterisation techniques, including a 

theoretical background, a description of the instrumental equipment used, procedure carried out 

and relevant information about the experiments performed. 

 

The main results obtained from this chapter are presented in the following communications:  

 

Communication 3I: C. Moliner, B. Bosio, E. Arato, A. Ribes. Comparative study for the energy 
valorisation of rice straw. Chemical Engineering Transactions, 37, 2014,241-246  DOI: 
10.3303/CET1437041 

 

Communication 3II: C. Moliner, B. Bosio, E. Arato, A. Ribes. Thermal and thermo-oxidative 

characterisation of rice straw for its use in energy valorisation processes. Fuel 180 (2016) 71-79 
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3.1. Physical characterisation of the biomass 

 

Physical properties vary greatly among the different types of biomass. Properties such as 

density, porosity, and internal surface area are closely related to the materials, whereas bulk 

density, particle size, and shape distribution are more related to their preparation methods. 

Dimensions and shape of feeds have great influence on the fluid dynamic properties of the 

system and need to be investigated.  

 

3.1.1. Density   

Density is an important parameter of the biomass that directly influences the costs of feedstock 

delivery, transportation, design and dimensioning of the storage and operational units. Two 

different densities can be calculated for granular solids:  

- apparent density: is determined by measuring the volume of a known mass of sample into a 

graduated cylinder: 

asslumeOfBiomApparentVo

fBiomassTotalMassO
apparent =ρ  Eq. 3.1 

- bulk density: is obtained by a pycnometric analysis, measuring the mass of the sample and its 

volume, given by the mass of solvent displacement due to the material itself: 

BiomassOccupiedByBulkVolume

fBiomassTotalMassO
bulk =ρ  Eq. 3.2 

 

Table 3.1 presents some values of bulk density for several types of biomass, important for the 

design of the fuel storage requirements (volume of containers/deposits). 
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Table 3.1 Dry bulk volumes and densities of several types of biomass (McKendry, 2001) 

Material Bulk volume (m3/t)* Bulk density (t/ m3)* 

Wood   

Hardwood 4.4 0.23 

Softwood 5.2-5.6 0.18-0.19 

Pellets 1.6-1.8 0.56-0.63 

Sawdust 6.2 0.12 

Straw   

Loose 24.7-49.5 0.02-0.04 

Chopped 12.0-49.5 0.02-0.08 

Baled 4.9-9.0 0.11-0.20 

Cubed 1.5-3.1 0.32-0.67 

Pelleted 1.4-1.8 0.56-0.71 

*Dry, ash-free basis 

The two density values are related by the porosity, ε, defined as: 

apparent

bulk

ρ
ρε −= 1  Eq. 3.3 

Besides the tested biomass (rice straw), several bed materials were investigated: PET, sand and 

glass beads. Their densities and porosities were calculated following the previously described 

procedure. All the measurements were repeated three times and their averaged values are 

reported in Table 3.2. 

Table 3.2. Density values for the tested materials 

Sample ρρρρapparent (g/l) ρρρρbulk (g/l) εεεε 

Rice straw 238.6 56.0 0.76 

PET 856.7 689.0 0.19 

Glass beads 2400.0 1620.0 0.33 

Sand 2632.0 1485.0 0.43 

 

3.1.2.Shape and dimension of samples 

The irregular shape of biomass and its relatively large dimensions respect to other solid fuels 

have a great influence in the process, from the design of the feeding system, to the performance 

of the device itself. An adequate handling of feedstock can become a potential increase in costs 
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if, for example, straw needs to be baled or processed into a cubed/pelleted form prior to its 

utilisation 

Rice straw was used to study the influence of the shape and dimension of biomass on the fluid 

dynamic properties of the system. The samples were chopped and considered as cylinders with a 

constant diameter. Two different average lengths (1 and 3.7 cm) obtained from the size 

distribution on a representative sample (obtained by measuring 100 random samples) were 

evaluated. Due to the nature of the straw, length was taken as its characteristic dimension 

(Figure 3.1).  

 

Figure 3.1. Rice straw and main dimensions of sample 

The sphericity (ΦS), defined as the ratio of the surface area of an equi-volume sphere to the 

surface area of a particle (Eq. 3.4), was also calculated for the rice straw samples and all the 

tested bed materials.  

pp

p
s AD

V6
=Φ  Eq. 3.4 

where Vp is the volume of the object, Ap is its surface area, and Dp is the diameter of a sphere 

with the same volume (πDp
3/6). 

The values of diameter of particle (d) and sphericity (ΦS) of the rice straw and bed materials 

under study are presented in Table 3.3.   

Table 3.3. Dimensions and characteristics of samples 

Sample d (mm) ΦS 

Rice straw 10-37 0.82 

PET 2.5 0.87 

Sand 1.4 0.88 

Glass 1.5 1 
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These values will be of particular interest and the object of study in Section 4.2 where the 

phenomenon of segregation will be widely discussed.  

 

3.1.3.Influence of the moisture content on the samples 

The moisture content is defined as the ratio of water in a kilogram of dry sample. Most of the 

energy production processes require values below 30% to be technologically adequate. 

Unfortunately, moisture values usually present high values, and pre-treatment actions are 

needed to lower it before entering into the conversion system. On the other hand, too low values 

should also be avoided as they could prompt auto-ignition of the material. The moisture content 

of rice straw was calculated following standard procedures (UNE-EN 14774-3:2009) and its 

value was found to be 9.1%.  
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3.2. Chemical characterisation of the biomass 

 

The design of any type of thermal device, whether it is a gasifier or combustor, requires the 

definition of the composition of the feed, as well as the calculation of its energy content.  

For this reason, the primary properties of the biomass under study were determined by means of 

the ultimate analysis, proximate analysis and obtainment of the heating values.The composition 

in terms of hemicellulose, cellulose and lignin contents was also calculated. All the 

experimental studies were performed according to the standard legislation as indicated in each 

case.  

3.2.1 Composition of biomass 

 Biomass is considered as a lignocellulosic material due to its chemical composition mainly 

based on cellulose, hemicellulose, lignin and small percentages of extractives. The highest 

proportion of each of these will determine the properties of the biomass: high proportions of 

lignin will result in hard external surfaces and higher times of decomposition while high 

percentages of hemicellulose and cellulose provides more loosely bound fibres easier to be 

degraded. The relative amount of cellulose and lignin and the control of their decomposition are 

one of the determining factors when identifying the suitability of a type of biomass for its use in 

energy conversion technologies.  

 Cellulose is a major structural component 

in plant cell walls and it is responsible for 

its mechanical strength. The molecule is a 

highly stable glucose polymer composed 

by linear chains of (1, 4)-D-

glucopyranose units attached by β-1, 4 

linkages. The chemical formula is 

(C6H10O5)n with an average molecular weight of around 100.000. The structure of one chain of 

the polymer is presented in Figure 3.2.  

 Biomasses contain 40–50% of cellulose molecules which are held together by intermolecular 

hydrogen bonds. They also have a strong tendency to form intra-molecular hydrogen bonds. 

This tendency increases its rigidity and makes it highly insoluble and resistant to most organic 

 

Figure 3.2. Chemical structure of cellulose 



  Chapter 3. Biomass and its characterisation 
 

83 

 

solvents. At higher temperatures it becomes soluble, as the energy provided is enough to break 

the hydrogen bonds that hold the crystalline structure of the molecule. Cellulose is also soluble 

in concentrated acids, but it causes severe degradation of the polymer by hydrolysis. In alkaline 

solutions extensive swelling of cellulose takes place as well as dissolution of the low molecular 

weight fractions of the polymer (Degree of Polimerisation < 200) (Krassig and Schurz, 2002).  

Hemicellulose is the second most abundant heterogeneous polymer formed by a mixture of 

polysaccharides mostly formed by sugars as glucose, mannose, xylose and arabinose. 

Methylglucuronic and galaturonic acids are also present in the molecule. Hemicellulosic 

biomass contains 25–35% of hemicellulose, its chemical formula is (C5H8O4)n  with an average 

molecular weight of <30,000. Hemicellulose is most commonly represented by xylan. The 

molecule involves 1->4 linkages of xylopyranosyl units with α-(4- O)-methyl-D-

glucuronopyranosyl units attached to anhydroxylose units. 

The result is a branched polymer chain that is mainly composed of five carbon sugar monomers, 

xylose, and, to a lesser extent, six carbon sugar monomers such as glucose (Figure 3.3). 

Hemicellulose is insoluble in water at low temperature. However, its hydrolysis starts at a 

temperature lower than that of cellulose, which renders it soluble at elevated temperatures. 

Lignin is an amorphous, high 

molecular weight compound. The 

main structure is formed by a three 

carbon chain attached to rings of six 

carbon atoms (i.e. phenyl-propanes). 

These may have zero, one or two 

methoxyl groups attached to the 

rings giving rise to three possible 

structures, depending on the source of the polymer (Figure 3.4).  

Lignin is generally the most complex and 

smallest fraction, representing about 10–

25% of the biomass by weight. Lignin acts 

like a glue by filling the gap between and 

around the cellulose and hemicellulose complexion with the polymers and forms a protective 

seal around them (Figure 3.5). It behaves as an insoluble three-dimensional network and plays 

an important role in the cell's endurance and development, as it affects the transport of water, 

nutrients and metabolites in the plant cell. It acts as a binder between cells creating a composite 

material that has a remarkable resistance to impact, compression and bending.  

 

Figure 3.3. Chemical structure of hemicellulose 

 

Figure 3.4. Structural units of lignin 
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Figure 3.5. Cell wall structure and distribution of pseudo-components within it 

Table 3.4 reports the chemical composition of several types of biomass. 

 

Table 3.4 Chemical composition of several types of biomass (Anwar et al, 2014) 

Material Cellulose (%) Hemicellulose (%) Lignin (%) 

Sugar cane bagasse 20 25 42 

Sweet sorghum 21 27 45 

Hardwood 18-25 24-40 40-55 

Softwood 25-35 25-35 45-50 

Corn cobs 15 35 45 

Corn stover 19 26 38 

Rice straw 18 24 32.1 

Nut shells 30-40 25-30 25-30 

Newspaper 18-30 25-40 40-55 

Grasses 10-30 25-50 25-40 

Wheat straw 16-21 26-32 29-35 

Banana waste 14 14.8 13.2 
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3.2.2. Ultimate analysis 

The elemental analysis provides the chemical composition of the biomass in terms of its main 

elements: C, H, N, O and S and, together with the ash content, defines the ultimate analysis of a 

sample. The importance of the O/C and H/C ratios of solid fuels can be explained using the Van 

Krevelen (Van Krevelen, 1950) diagram (Figure 3.6).  

This diagram relates the Lower Heating Value (LHV) with the composition of a sample defined 

by its H/C and O/C ratios. As it can be 

seen in the figure, low values of H/C 

and O/C (coal) assure high heating 

values. This is due to the lower energy 

contained in carbon-oxygen and carbon-

hydrogen bonds respect to that in 

carbon-carbon bonds. Biomass, 

however, presents higher reactivity 

respect to coal that, together with its 

wide availability, makes it suitable for 

energy recovery purposes.  

The composition of the biomass is expressed in function of its basic elements:  

C + H + O + N + S + Ash  = 100% Eq. 3.5 

where C, H, O, N, S and Ash are the weight percentages of carbon, hydrogen, oxygen, nitrogen, 

sulphur and ash contained in the sample. The moisture is expressed separately as M and does 

not contribute to the previous final sum.  

The experiments for this thesis were carried out with an Eurovector EuroEA Elemental 

Analyser (Figure 3.7) at the facilities of Universitat Politècnica de València (UPV).  

 

Figure 3.7. Eurovector EuroEA Elemental Analyser 

 

Figure 3.6. Van Krevelen diagram 
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The results for the samples of rice straw are presented in Table 3.5.  

Table 3.5. Ultimate analysis of rice straw 

Material C (wt%) H (wt%) O (wt%) * N (wt%) S (wt%) Ash (wt%) 

Rice straw 35.1 4.5 57.8 2.3 0.3 20.6 
*Determined by difference 

As can be seen from the table, biomass contains relatively high amounts of oxygen and 

hydrogen, resulting in relatively low heating values. On the other hand, the remarkably low 

sulphur content (sometimes equal to zero) provides a major environmental advantage for the use 

of biomass as energy vector instead of coal.  

 

3.2.3. Proximate analysis 

It indicates the content of water, fixed carbon, volatiles and ash in the sample. Typical values of 

moisture content (MC) can vary within the range of 10-90%wt, depending on the samples and 

the weather conditions where they were preserved. High values affect negatively to thermal 

processes, as water removal requires energy as input. However, a small amount of water in the 

sample is found to be beneficial helping in preserving the sample and also from a thermo-

chemical point of view, as gasification reactions are boosted in presence of water. Water is 

supplied as %wt on wet basis whereas the other contents are usually supplied on dry basis.  

Chemical energy is stored in two forms: volatiles (VM) and fixed carbon (FC). VM is defined 

as the portion driven off as a gas by heating and FC is the mass remaining after the volatiles 

release, excluding the ash and moisture contents.  

Ashes also play an important part in high temperature conversions due to their tendency to melt 

as a consequence of the presence of oxides (SiO2, K2O) that lower their melting point. A 

measure of the potential for deposition is the ratio alkali metal oxides to silica in the ash. If this 

ratio exceeds 2, fouling reactions may occur and special attention must be paid to control and 

prevent operational difficulties. It is necessary to highlight the enhanced importance of ashes for 

the case of rice straw. Their high silica content offers a new source of silica if extracted from the 

ashes produced after an energy valorisation process. This way, if operational conditions are well 

controlled, a potential hazardous compound during the thermal conversion, becomes the source 

of renewable silica, closing this way a re-use cycle: all the generated waste is used for recovery 

purposes to obtain new valuable materials, promoting the zero-waste methodology.   
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Normalised laboratory tests are used to determine MC, VM, FC and ash contents where 

moisture, volatiles and ash are experimentally obtained and fixed carbon is calculated by 

difference. Table 3.6 gives the values of proximate analyses of different types of biomass where 

also coal is provided as a reference.  

Table 3.6. Proximate analyses of different types of biomass (%wt dry basis). Coal is reported as a 

reference (Gaur and Reed, 1998) 

Material Fixed Carbon (%) Volatiles (%) Ash (%) 

Western Hemlock 15.20 84.80 2.20 

Peach Pits 19.85 79.12 1.03 

Walnut Shells 21.16 78.28 0.56 

Almond Pruning 21.54 76.83 1.63 

Black Walnut Pruning 18.56 80.69 0.78 

Corncobs 18.54 80.10 1.36 

Wheat Straw 19.80 71.30 8.90 

Cotton Stalk 22.43 70.89 6.68 

Corn Stover 19.25 75.17 5.58 

Sugarcane Bagasse 14.95 73.78 11.27 

Rice Hulls 15.80 63.60 20.60 

Pine needles 26.12 72.38 1.50 

Cotton gin trash 15.10 67.30 17.60 

Coal - Pittsburgh Seam 55.80 33.90 10.30 

 

The following standard procedures were followed for the determination of the composition of 

biomass: 

- M: UNE-EN 14774-2:2010 

- VM: UNE-EN 15148:2010 

- Ash: UNE-EN 14775:2010 

 

Finally, FC was obtained by difference of weight respect to the initial sample. The experiments 

were carried out with a muffle furnace (Figure 3.8) at the Degradacion y reciclaje de materiales 

plasticos (DREMAP) facilities at Universitat Politècnica de València (UPV). All the methods 

were repeated three times and the average value was taken as valid.  
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Figure 3.8. Muffle furnace used for the determination of the proximate analysis 

 

Table 3.7 gathers the averaged values for the tested samples of rice straw.  

Table 3.7. Proximate analysis of rice straw 

Sample Averaged values (wt%) 

 M VM FC* Ash 

Rice straw 9.1 63.3 16.1 20.6 
*Determined by difference 

 

3.2.4. Calorific value 

The heating value of a substance is defined as the heat released during combustion of 1 kg of it, 

assuming that the combustion products are cooled down to the initial temperature. This 

parameter is called Higher Heating Value (HHV) The expression includes the latent heat of 

vaporisation of water. It can be measured with a bomb calorimeter (ASTM standard D-2015). In 

the case where the experimental data cannot be obtained, several correlations estimate its value 

in basis to the ultimate or proximate analysis. For this thesis, the values of HHV were calculated 

with the expression provided by Channiwala and Parikh (2002) widely used for biomass 

feedstock: 

 NSAshOHCkgMJHHV ⋅−⋅+⋅−⋅−⋅+⋅= 0151.01005.00211.01034.01783.13491.0)/(  Eq. 3.6 

with C, H, O, Ash, S and N the percentages of Carbon, Hydrogen and Oxygen, Ash, Sulfur and 

Nitrogen content according to the ultimate analysis (%wt dry basis).  
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When data about ultimate analyses are not available, the heating value can be obtained from the 

proximate analysis according to the expression (Eq.3.7) by Parikh (Parikh, 2005): 

 617.0;0078.01559.03536.0)/( 2 =⋅−⋅+⋅= RAshVMFCkgMJHHV  Eq. 3.7 

However, the products of combustion are rarely cooled to the initial temperature of 25°C and 

for that reason, the heat of vaporisation of water is not recovered. Therefore, the effective heat 

available is lower than the actual chemical energy stored in the fuel. In this situation, the Lower 

Heating Value (LHV) is defined as the amount of heat released by full combustion of a fuel, 

minus the heat of vaporisation of water in the combustion product: 








 +−=
100100

9 MH
hHHVLHV g  Eq. 3.8 

where hg is the latent heat of steam (i.e. 2260 kJ/kg or 540 kcal/kg) 

On average, the heating value of biomasses is in the interval 14-20 MJ/Nm3. Table 3.8 gathers 

the ultimate analyses of different types of biomass and their HHV. Coal is provided as a 

reference. 

 

Table 3.8. Ultimate analyses of different types of biomass (%wt dry and ash free basis). Coal is reported 
as a reference. (Gaur and Reed, 1998) 

Material C (%) H (%) O (%) N (%) S (%) HHV(MJ/kg)  

Western Hemlock 51.64 6.26 41.45 0.00 0.00 21.10 

Peach Pits 53.00 5.90 39.14 0.32 0.05 21.39 

Walnut Shells 49.98 5.71 43.35 0.21 0.01 19.68 

Almond Pruning 51.30 5.29 40.90 0.66 0.01 19.87 

Black Walnut Pruning 49.80 5.82 43.25 0.22 0.01 19.75 

Corncobs 46.58 5.87 45.46 0.47 0.01 18.44 

Wheat Straw 43.20 5.00 39.40 0.61 0.11 16.71 

Cotton Stalk 43.64 5.81 43.87 0.00 0.00 17.40 

Corn Stover 43.65 5.56 43.31 0.61 0.01 17.19 

Sugarcane Bagasse 44.80 5.35 39.55 0.38 0.01 17.61 

Rice Hulls 38.30 4.36 35.45 0.83 0.06 14.40 

Pine needles 48.21 6.57 43.72 0.00 0.00 20.02 

Cotton gin trash 39.59 5.26 36.38 2.09 0.00 15.85 

Coal - Pittsburgh Seam 75.50 5.00 4.90 1.20 3.10 31.82 
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Finally, Table 3.9 presents the values of HHV and LHV for rice straw based on its ultimate 
analysis.  

Table 3.9. Calorific value of rice straw 

Sample Heating value 

 HHV (MJ/kg) LHV (MJ/kg) 

Rice straw 11.1 10.0 
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3.3. Thermal characterisation of the biomass 

 

The development of thermo-chemical processes for biomass conversion technologies, and a 

proper design of the equipment to carry out these reactions, requires a good understanding of 

the involved governing mechanisms, the determination of the most significant thermal 

parameters and their effect on the kinetics of reaction.  

The characterisation of the thermal and thermo-oxidative behaviour of the feedstock and the 

further study of their kinetics was carried out by Thermogravimetric Analysis (TGA). TGA is a 

widely used technique to assess the thermal stability and decomposition kinetics of biomass. 

Few works have studied the thermal properties of rice straw by means of thermal analysis 

(Calvo et al, 2004, Garcia Barneto et al, 2010, Mishra and Bhaskar, 2014) or the residues of the 

kaki fruit. The composition of the raw material can be determined by thermal studies as a result 

of the quantification of the different processes of mass loss observed during the heating process. 

Valuable parameters related to the thermo-chemical process can be obtained from a detailed 

kinetic analysis such as the activation energy (Ea), pre-exponential factor (A) and mechanism 

and order of reaction.  

The following sections describe the fundamentals of TGA, the description of the equipment 

used for the present thesis, the methodology followed during the study and the main parameters 

under consideration. After this descriptive part, the main results related to the thermal 

characterisation of the feedstock are gathered in two communications at the end of the chapter.  

 

3.3.1.Fundamentals of the TGA 

Thermogravimetric Analysis is defined according to the International Conference of Thermal 

Analysis, a technique in which the mass of a substance is subjected to a controlled temperature 

programme. The weight loss rate in function of the increasing temperature (dynamic analysis) or 

time (isothermal analysis), either directly related to the elimination of volatiles or through 

chemical processes, is registered.   

High precision balances are used to carry out TGA experiments. The sample and the reference 

masses are measured inside aluminium oxide pans which have a small aperture to evacuate 

possible outlet gases generated in the reactions. The balances are placed inside a high 
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temperature oven that heats the sample and the reference, according to the programme 

temperature. The oven chamber is fed with a gas to provide a controlled atmosphere during the 

decomposition reactions. Inert atmospheres are simulated when N2 or argon are used as carrier 

gas, whereas oxidising atmospheres are obtained when O2 is applied. For this reason, TGA can 

be used as a reactor to simulate either pyrolysis reactions (inert conditions) or combustion 

reactions (oxidative conditions) within the framework of the energy valorisation of biomass.   

The result of a TGA experiment is known as the thermogravimetric curve (TG) or thermogram. 

The first derivative of TG is the differential thermogravimetric curve (DTG) in which the 

presence of a peak corresponds to the maximum falling slope in the TG. 

Figure 3.9 shows a typical TG curve for rice straw. A sign of decomposition for almost every 

type of biomass consists of a sigmoidal curve like the figure. In general, the evolution of the 

thermal decomposition with temperature can be described as:  

- T<150°C - drying: it corresponds to the loss of volatile compounds in the system as 

water, organic solvents or low molecular weight gases.  

- 150ºC<T<350°C – devolatilisation: two major peaks are observed in this zone which 

can be attributed to the decomposition of hemicellulose and cellulose. Depending on the 

applied conditions, these peaks will be shown merged as one single peak, or they will 

appear as a main peak (cellulose) accompanied by a shoulder at a slightly lower 

temperature (hemicellulose).  

- T>400°C – lignin devolatilisation and combustion of char: a tail is usually found at high 

temperatures which is associated to lignin volatilisation even though the compound is 

decomposed all through the heating process at a slow velocity. At higher temperatures, 

the remaining char goes under combustion, which results in an increase of CO2 

production.  

 

 

 

 

 

Figure 3.9. TG of rice straw (20°C/min and inert atmosphere) 
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In order to obtain more accurate information regarding the different decomposition processes, a 

DTG curve like the one represented in Figure 3.10 is usually obtained. 
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Figure 3.10. DTG of rice straw (20°C/min and inert atmosphere) 

 

TGA can also be used coupled with other techniques such as mass spectroscopy (MS) or 

infrared spectroscopy (FTIR) to analyse the products of decomposition as a function of 

temperature.  

 

3.3.2.Equipment 

All the thermogravimetric analysis were performed with a Mettler Toledo TGA/SDTA 851 

(Columbus OH) modulus at the Degradacion y reciclaje de Materiales Polimericos (DREMAP) 

facilities at the Universitat Politècnica de València (UPV). A picture of the TGA module used 

in this thesis is shown in Figure 3.11.  

 

Figure 3.11. TGA equipment used in this thesis 
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Samples weighing approximately 7mg were heated in an alumina holder with the capacity of 70 

µL. Experiments were performed from 25ºC to 800ºC at different heating rates (β=2, 5, 10, 15, 

20ºC/min) under a constant flow of 50 ml/min of gas of analysis. All samples were analysed 

under inert (Ar) and oxidative (O2) atmospheres to characterise the thermal and thermo-

oxidative processes respectively. Experiments were repeated three times and the average values 

were considered as representative values. Assessment was performed with the aid of the 

software Stare 9.10 from Mettler Toledo. 

 

3.3.3.Analysis of the TGA experimental results 

All the TG and DTG curves were obtained as previously described in Section 3.3.2. A blank 

was used prior to each series of experiments. Relevant information about the different stages of 

mass loss was obtained including:  

- The onset temperature (T0): indicator of the start of the decomposition process. It is 

considered as the key parameter describing the thermal stability  

- The temperature of maximum decomposition rate (Tpeak): this point corresponds to the 

inflexion point in the TG curve  

- The endset temperature (Tendset): temperature at which the process is considered finished 

- The mass loss (∆m): the amount of sample that it is degraded in the decomposition step 

- The residue: fraction of sample that remains non reacted after the experiment finishes 

The presence of shoulders in the curve indicates that more than one decomposition process is 

occurring. In order to define the individual contributions of each of the pseudo-components of 

the sample, the DTG curve was fitted to a sum of contributions by means of the tool Advance 

Fitting Tool from the Origin Lab Software. The results were fitted to the following expression 

(Gaussian type):  

∑
=

−⋅−⋅=
n

i i

ci
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)
)(

5.0exp(  Eq. 3.9 

with A, xci and wi being the fitting parameters. 

Only fits with high R2 values were accepted (R2>0.99). The baseline was substracted before any 

deconvolution process. Figure 3.12 shows an example of the deconvolution procedure for the 

leaves of kaki at 10°C/min and oxidative ambient. The deconvoluted peaks were assigned to 
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different species according to literature and were analysed separately in the kinetic analysis (See 

Section 3.3.4).  
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Figure 3.12. Example of deconvoluted curves for leaves of kaki (10°C/min; oxidative ambient) 

 

3.3.4.Kinetic analysis methodology 

The behaviour of the biomass during the thermal and thermo-oxidative decompositions was 

studied through the calculation of their related kinetic expressions. It is widely known that the 

decomposition of any solid material can be described as: 

Asolid � Bsolid + Cgas 

In the case of biomass, this single degradation step can be considered as one step global model 

lumping all the decomposition processes taking place during the heating process (single 

component method). However, this approach results in an extremely simplified solution and 

becomes unsuitable to predict the complex biomass behaviour. Solutions expressed as the sum 

of the different processes of decomposition of the main pseudo-components of the initial sample 

provide a more accurate description of the process (multi component method).  

In both cases, the kinetics of decomposition are the result of two main contributions: the 

reaction rate which depends on the concentration of reactants (considered either as the initial 

sample itself or as its main pseudo-components) and the dependence of the rate constants with 

temperature. Therefore, the general kinetic law can be expressed as: 

)()( Tkf
dt

d ⋅= αα
 Eq. 3.10 
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In which the first term represents the dependence of the conversion degree of the reactants (α) 

and the second term the dependence with temperature (T).  

The conversion degree of the reactant (α) can be defined as the mass fraction that has reacted at 

a time t respect to the final mass loss of the experiment:  

∞−
−

=
mm

mm t

0

0α  Eq. 3.11 

where m is the mass with the subscripts 0, t and ∞ standing for initial, instant and final mass 

respectively. 

The dependence on temperature can be expressed with an Arrhenius model n the form of: 

)/exp()( TREATk a ⋅−⋅=  Eq. 3.12 

where A is the pre-exponential factor, Ea is the activation energy, R is the gas constant and T the 

absolute temperature.  

Merging Eq. 3.12 with Eq. 3.10, the rate expression may be expressed as:  

)/exp()( TREAf
dt

d
a ⋅−⋅⋅= αα

 Eq. 3.13 

If non-isothermal analysis are carried out, the previous law can be expressed as a function of the 

heating rate (β) as follows:  

)/exp()( TREAf
dT

d

dt

d
a ⋅−⋅⋅=⋅≡ ααβα

 Eq. 3.14 

The correct description of the kinetic law therefore involves the obtaining of the so-called 

kinetic triplet (Ea, A, f(α)). The following sections provide a theoretical background of the 

methods applied in this thesis to obtain these parameters.  

 

3.3.4.1 Obtaining of the Activation Energy 

If the experimental TGA data are fitted to the previous expression (with the appropriate 

selection for f(α)), it is possible to calculate the kinetic parameters describing the degradation of 

the sample. However, since Eq. 3.14 cannot be directly integrated, numerical approximations 

are required to calculate its solution.  



  Chapter 3. Biomass and its characterisation 
 

97 

 

Solid-state kinetics (developed from homogeneous systems) assume that the activation energy 

and pre-exponential factor remain constant all through the degradation. However, it has been 

proven that they can vary with the degree of conversion. For this reason, isoconversional 

methods were applied in this thesis in which no modelistic assumptions were made, with data 

coming from different multi-linear non-isothermal experiments.  

These methods can be classified as integrated or derived methods, depending on whether the 

rate expression is integrated or derived. The most used isoconversional methods are:  

- Linear integral methods: 

Flynn-Wall-Ozawa 

(FWO)  (1966) 
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with g(α) is the inverse integral kinetic model: ∫ ⋅= −α
ααα

0

1))(()( dfg  

- Linear differential methods: 
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- Non- linear integral methods: the activation energy Eaα is the value that minimises Ω in 

Eq. 3.17 for any α 

Vyazovkin - Dollimore 

(VYZ)  (1997) 
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Eq. 3.18 

with i and j the counters though the experiments h at different heating rates.  

The value of p(x) was calculated with the approximation of Senum-Yang truncated to the fifth 

term:  
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Senum and Yang 
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Figure 3.13 shows an example of the application of isoconversional methods to rice straw: (a) 

Ea evolution with conversion degree evaluated by Friedman, FWO, VYZ and the averaged 

value; (b) application of FWO under O2 considering the degradation of the sample as a single 

step, and the corresponding graphs taking the straw as a multi-component sample ((c) and (d)).  
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Figure 3.13. Example of application of isoconversional methods to rice straw: (a) evolution of 

Ea with α considering it as single component under O2; (b) Application of FWO method under 

O2 (single component); (c) evolution of Ea for the first DTG peak with  α; (d) Application of 

FWO method under O2 (multicomponent) 

The figure shows the non constant trend of Ea with α as a result of the complex mechanism of 

reaction. This behaviour is also confirmed by the application of the different analytical methods 

and the lack of parallel lines for all the range α. In contrast, if the multicomponent approach is 

applied, Ea presents a constant value, also confirmed by the parallel lines for all the studied 

range.  

 

 



  Chapter 3. Biomass and its characterisation 
 

99 

 

3.3.4.2 Obtaining of the mechanism and order of reaction  

The reaction models can be classified as: nucleation and nuclei growth, phase boundary 

conditions, diffusion or chemical reactions. A list of the expressions defining the most common 

models, f(α) for biomass is given in Table 3.10. The table also shows the values of the 

integrated function g(α) in each case (Gotor et al, 2000).  

Table 3.10. Summary of models used in the description of thermal degradation processes 

Model Differential form – f( α) Integral form – g(α) 

Chemical reaction control 

n = 0 1 α 

n = 1 (1- α) -ln(1- α) 

n = 1.5 (1- α)1.5 
2∙(-1+(1- α)-1/2) 

n= 2 (1- α)2 -1+(1- α)-1 

Diffusion control 

D1 1/2∙(1- α)-1 α
 2 

D2 -ln(1- α) (1- α)∙ln(1- α)+ α 

D3 3/2∙(1- α)2/3(1-(1- α)1/3)-1 (1-(1- α)1/3)2 

D4 3/2∙(1- α)1/3(1-(1- α)1/3)-1 (1-2/3 α )(1- α)2/3 

Nucleation models 

n = 1.5; m = 0.5 α
 0.5(1- α)1.5 ((1- α)/α)-0.5(0.5-1) 

n = 1.9; m = 0.5 α
 0.1(1- α)1.9 ((1- α)/α)-0.9(0.9-1) 

Other 

R2 2∙(1- α)1/2 1-(1- α)1/2 

R3 3∙(1- α)2/3 1-(1- α)1/3 

A2 2∙(1- α)(-ln(1-α))1/2 (-ln(1- α))1/2 

A3 3∙(1- α)(-ln(1-α))2/3 (-ln(1- α))1/3 

F1 1- α -ln(1- α) 

Power 2 α1/2 α
1/2 

*being n and m the orders of reaction 
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Master Plots (MP) are widely used to determine the mechanism of reaction and calculate its 

order. MP are defined as the theoretical reference curves (MPt) dependent on the kinetic model 

and, generally, independent of the kinetic parameters of the process. The comparison between 

the experimental values (MPe) and these theoretical curves permits the selection of the 

appropriate kinetic model according to the better fitting of the experimental data on the MPt. 

The three main types of MPt are those based on the differential form (MPf) of the general kinetic 

equation as expressed in Eq. 3.14, the integral form (MPg) as in Eq. 3.20 and the combination of 

both MPfg , usually reduced at α=0.5 for better visualisation.  
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The advantage of using MPf and MPg instead of MPfg is the clear dispersion among models of 

the formers in the ranges α<0.5 and α>0.5 which permits a straightforward initial identification.  

Figure 3.14 shows an example of MPg obtained in the kinetic study of rice straw at 10°C under 

inert (a) and oxidative (b) conditions.  

 

Figure 3.14. Master plots based on the integral (MPg(α)) form of the general law compared to 

the experimental data obtained by the thermal process applied (circles). Kinetic Models: Dn: 

diffusion controlled, blue lines, An: nucleation and growth, red lines, Fn: n-order reaction, 

orange lines, Rn: reaction controlled, green lines. 
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3.3.4.3 Obtaining of the pre-exponential factor: independence of the heating rate  

The pre-exponential factor A must be calculated to complete the kinetic triplet. According to the 

Perez-Maqueda criterion (Perez-Maqueda et al, 2002), the parameters A and Ea should be 

independent of the applied heating rate β. This criterion is usually employed with the aid of the 

Coats-Redfern equation (Eq. 3.21) maintaining Ea and A invariable.  

Coats-Redfern, 

(1964) x

a

ay TR

E

E

RA

T

g








⋅+







 ⋅=






 ⋅

α

αβ 1
ln)

)(
ln(

2
 Eq. 3.21 

The representation of each of the points [x,y] should lie on a straight line common to all heating 

rates. Figure 3.15 shows an example of the application of the Coats-Redfern criterion in the case 

of rice straw under inert (a) and oxidative (b) ambient.  
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Figure 3.15. Example of the application of the Coats-Redfern criterion for the case of rice straw 

under inert (a) and oxidative (b) conditions 
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3.4. Main results 

 

The importance of an accurate definition of the main properties of the biomass was 

demonstrated crucial for the application of the adequate conversion technology. Specifically, the 

following characteristics of the biomass were investigated.  

The physical properties of the tested biomass were calculated according to standard procedures. 

The density, dimensions and characteristic shapes of all samples were calculated.  

The chemical properties of the tested biomass were evaluated in terms of their constituting 

elements (ultimate analysis) and gross components (proximate analysis). The energy content 

was also calculated using existing correlations. More precisely, as a result of a higher relative 

amount of oxygen, rice straw was a more reactive feed respect to coal. It also resulted in 

relatively low heating values. The low sulphur content provided a major environmental 

advantage for the use of biomass as energy vector instead of coal. High percentages of ash were 

found and the operational temperature was limited to 1000ºC to prevent their melting. 

The characterisation of the thermal and thermo-oxidative behaviour of the feedstock and the 

further study of their kinetics was carried out by Thermogravimetric Analysis (TGA). All the 

tested biomass samples exhibited several degradation stages corresponding to the main pseudo-

components (hemicellulose, cellulose and lignin) and successive combustion of the remaining 

char. The residual values were higher under inert conditions (20%) than oxidative ambient (5%) 

as a result of a less reactive ambient.  

The thermal performance of all samples under any linear heating rate was predicted by the 

function Thermal Decomposition Behaviour (TDB). The values of ZDT0 provided the thermal 

stability of the samples and the use of ZDTpeak was useful to monitor the pseudo-components 

decomposition. A minimum of T=273°C (inert conditions) and T=264°C (oxidative conditions) 

will be necessary to start yielding volatile compounds. The use of ZDTpeak was useful to monitor 

the decomposition of each pseudo-component. 

The application of isoconversional methods (Friedman, Flynn-Wall-Ozawa, Kissinger-

Akashira-Sunose, Vyazovkin, Master Curves and Perez-Maqueda criterion along with Coats-

Redfern equation) permitted the obtainment of the kinetic parameters (Ea, ln A and n) of the 
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biomass for both inert and oxidative conditions. The kinetic law defining the decomposition rate 

of all samples was thus obtained.  
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Communications 

 

The following communications related to the chapter Biomass and its characterisation are 

presented.  

 

Communication 3I: C. Moliner, B. Bosio, E. Arato, A. Ribes. Comparative study for the energy 

valorisation of rice straw. Chemical Engineering Transactions, 37, 2014, 241-246. DOI: 

10.3303/CET1437041 

 

Communication 3II: C. Moliner, B. Bosio, E. Arato, A. Ribes. Thermal and thermo-oxidative 

characterisation of rice straw for its use in energy valorisation processes. Fuel 180 (2016) 71-79 

 

The first contribution is devoted to the kinetic analysis of  the rice straw applying the single-

component method, that is, considering the decomposition of the sample as a single compound.  

The second contribution, on the contrary, provides a study of the thermal and thermo-oxidative 

behaviour of the sample according to the individual contribution of the main pseudo-

components present in the straw (ie. hemicellulose, cellulose and lignin). 
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The processes of pyrolysis and combustion of rice straw were simulated by multi-rate linear non-
isothermal thermogravimetric experiments under Ar and O2 respectively. The kinetic parameters and 
thermal stability of both thermo-chemical processes were assessed and compared under different linear 
heating rates. 
From the results obtained from TGA, the kinetic methodology (combination of Friedman, Kissinger-
Akahira-Sunose, Vyazovkin and Master-Curves methods) permitted to describe mathematically the 
decomposition processes of rice straw. The use of all the applied atmospheres showed 4 different 
decomposition stages, corresponding to the main degradation processes (drying and cellulose, 
hemicellulose and lignin decomposition). Reactions were faster when increasing the content of O2 in the 
carrying gas as a result of a higher reactive atmosphere and the percentage of ashes decreased, as well 
as the final temperature of each degradation stage.  

1. Introduction 
As a result of the world industrial development and the advent of new energy needs, a rapid increase in 
the use of fossil fuels has been encountered by all economic and social sectors. This high demand has led 
to a huge overuse of coal and oil based fuels, which has consequently resulted in a vast negative impact 
on the environment. Problems like global warming and the rapid exhaustion of provisions desperately need 
to be tackled; therefore renewable energy is now receiving increasing attention (Peres et al.).  
Additionally, the rise in population has also changed consumption patterns and waste generation has 
grown dramatically. Inefficient management of this waste can result in large waste dumps which can cause 
health problems and environmental damage. Rice is one of the most cultivated crop worldwide, with an 
annual production of 700 Mt according to the Food and Agriculture Organization of the United Nations 
(FAOSTAT) database resulting in a generation of 3.4 Mt of rice straw in Europe. Open field burning is still 
the most popular way of eliminating rice straw (30 %). This results in a large increase in CO2 emissions 
and the inconvenience caused by the resulting smoke. The other common procedure is the disposal of rice 
straw on the field. This affects the ecosystem as its decomposition damages the quality of water increasing 
fish and aquatic fauna mortality in the wetland protected areas and producing disturbing odours in the 
affected areas. 
Thermo-chemical conversions of rice straw have been purposed as an alternative to these management 
strategies taking profit of its capacity for energy production (HHV=15 MJ/Kg). Among the different available 
techniques, spouted bed reactors have emerged as a promising technology to carry out these processes 
due to its main working characteristics such as regular and continuous recirculation of particles and 
possibility of handling particles of different sizes and morphologies and initial difficulties encountered by 
conventional fluidisation when applied to agricultural residues are overcome.  
However, as a consequence of the main properties of the feedstock like its high ash content and the low 
conversion efficiency, an exhaustive control of the process in terms of thermal conversions will be crucial 
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to obtain higher efficiencies. Thermal studies including decomposition profiles, reaction kinetics and 
thermal stability of the raw material will be used to model the performance of the spouted bed reactor.  
Thermogravimetric Analysis (TGA) is a widely used technique to assess the thermal behaviour and 
decomposition kinetics of biomass (Kirubakaran et al, 2009). Several works have studied the thermal 
properties of rice straw by means of thermal analysis (White et al, 2011). For the purpose of this work, rice 
straw samples were submitted to non-isothermal thermogravimetric experiments, under both inert (Ar) and 
oxidative (O2) atmospheres with the aim to simulate different thermo chemical processes from pyrolysis 
(using Ar as carrier gas) to combustion (with O2 as carrier gas). The decomposition profiles were obtained 
and a kinetic analysis was performed to obtain the characteristic parameters during the degradation 
process. All the studies were carried out following an accurate methodology defined by Badia et al in 
previous works. 

2. Experimental procedure 

2.1 Thermogravimetric analyses 
Multi-rate non-isothermal thermogravimetric experiments (TGA) were carried out in a Mettler Toledo 
TGA/SDTA 851 (Columbus, OH). Samples weighting~6 mg were heated in an alumina holder with 
capacity for 70μL. Experiments were performed from 25 ºC to 800 ºC at different heating rates (β=2, 5, 10, 
15, 20 ºC/min) under a constant flow of 50 mL/min of gas of analysis. All samples were analysed under 
inert (Ar) and oxidative (O2) atmospheres to characterise the thermal and thermo-oxidative processes 
respectively. Experiments were repeated three times and the average values were considered as 
representative values. Assessment was performed with the aid of the software Stare 9.10 from Mettler 
Toledo. 

2.2 Composition of  the rice straw 
The composition of the rice straw was obtained according standard procedures ((UNE-EN 14774-3:2009, 
UNE-EN 15148 and UNE-EN 14775). The results (in dry basis) are reported in Table 1. The moisture 
content was 9.1%.     

Table 1:  Composition of rice straw (dry basis) 

Volatiles Fixed Carbon Ash 
63.3 16.1 20.6 

3. Results and conclusions 

3.1 Thermal and thermo-oxidative decomposition profiles 
The thermal performance of the rice straw was initially addressed. The thermogravimetric curves (TG) and 
their first derivative curves (DTG) were obtained at all heating rates β and compared between them. Figure 
1 represents both TG (inset) and DTG curves at all β (inert (a) and oxidative (b) ambient). As expected 
according to previous works by Amutio et al. with different types of biomass, higher β led the thermograms 
to shift to higher temperatures, showing the dependence of the process with temperature.  
As shown in Figure 1, the thermal degradation of the rice straw occurred through four different 
decomposition steps, regardless the atmosphere and the heating rate employed during the analysis. The 
material started to decompose at T0~25 ºC with the evaporation of moisture and light volatiles. The 
majority of the initial mass was consumed during the second degradation process at the range T=200 °C-
400 °C, where the presence of shoulders/double peaks indicates that more than one reaction is being 
involved at the same time. This step is assigned to the decomposition of hemicellulose and cellulose in line 
with previous studies by Yang et al. The last stage is assigned to the degradation of lignin whose 
decomposition occurs in a slow velocity, especially when using Ar. The value of the final residue reached 
up to the 20 % for the case of samples under inert atmosphere while values around 5 % were found at 
oxidative conditions. 
All the characteristic parameters (T0, Tpi with i = 1…4 representing the different pseudo-components of the 
straw: moisture, hemicellulose, cellulose and lignin) for each atmosphere and heating rate are gathered in 
Table 2.  
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Figure 1. TG (inset) and DTG curves for rice straw under inert (0 % O2) (a) and oxidative (100 % O2) (b) 
atmospheres 

Table 2:  Characteristic temperatures (T0, Tpi) for each β and ambient of study 

Ar  β  
(°C/min) 

T0  

(°C) 
Tp1  

(°C) 
Tp2  

(°C) 
Tp3  

(°C) 
Tp4  

(°C) 
O2 β  

(°C/min)
T0  

(°C) 
Tp1  

(°C) 
Tp2  

(°C) 
Tp3  

(°C) 
Tp4  

(°C) 

 2 25.0 34.9 289.2 299.8 430.0  2 25.0 51.4 270.5 378.3 407.2 
 5 25.0 57.3 290.8 316.9 445.0  5 28.0 62.9 273.0 387.4 425.7 
 10 25.0 71.5 291.4 330.6 462.0  10 25.0 74.6 287.7 402.3 452.9 
 15 25.0 81.6 301.4 335.6 465.0  15 30.0 83.8 291.6 408.9 457.5 
 20 25.0 86.1 313.6 346.6 470.0  20 30.0 95.4 297.1 419.8 473.1 

 
The use of a reactive ambient fastened the decomposition of the material, shifting the TG curves to lower 
temperatures in comparison with the results obtained under inert conditions, as shown in Figure 2 (a). 
These values provide valuable information for the design of the spouted bed reactor in terms of 
temperature of work and resulting decomposition processes of the main constituents of rice straw. A 
deconvolution procedure was applied to individually characterise and quantify each decomposition stage, 
as shown in Figure 2 (b).  
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Figure 2. Comparison of DTG curves for rice straw at different atmospheres and heating rates (a) - 
Deconvolution curves for rice straw at 20°C/min using Ar as carrier gas (b) 

Table 3 gathers the values of mass loss of the different degradation processes for all atmospheres and 
heating rates. 
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Table 3. Mass loss of each decomposition process at every ambient and β of study 

Ar  β  
(°C/min) 

Δm1 

(%) 
Δm2 

(%) 
Δm3 

(%) 
Δm4 

(%) 
 Residue
(%) 

O2 β  
(°C/min)

Δm1 

(%) 
Δm2+Δm3 
(%) 

Δm4 

(%) 
 Residue 
(%) 

 2 12.370 14.001 36.010 3.047 33.714  2 6.546 61.346 21.909 7.968 
 5 6.257 24.082 34.034 6.892 25.767  5 6.072 63.476 21.417 7.812 
 10 6.944 22.559 33.118 6.939 27.957  10 4.682 59.986 24.815 8.826 
 15 7.044 17.759 36.769 8.941 28.866  15 4.958 60.609 22.389 9.791 
 20 6.815 25.856 33.569 6.727 25.357  20 5.216 56.966 26.190 9.468 

 
As shown in Table 3, the major mass loss corresponds to the hemicellulose and cellulose decompositions 
where the presence of a shoulder indicates that both processes are overlapped for inert conditions 
whereas a single peak is observed for oxidative conditions. The values corresponding to the remaining 
residue are highly influenced by the atmosphere of work. Higher values were obtained for inert conditions 
as a result of a less reactive atmosphere. This parameter will be of high interest for the design of the 
spouted bed reactor, as high percentages of residue could lead to slagging and fouling problems in it due 
to the high content of silica in the rice straw and so, an exhaustive control of the oxygen content in the 
carrier gas will be required. 

3.2 Activation energies 
The isoconversional methods by Friedman et al., Kissinger et al. and Vyazovkin et al. were applied to 
evaluate the dependence of the apparent activation energy (Ea) with the conversion degree (α) of the 
reaction as shown in Figure 3 for the case of rice straw under inert conditions. All the kinetic analysis were 
carried out in the range α=0.2-0.8, where the main reactions occur. In order to assure that Ea remains 
constant during the whole process, the average values were obtained for each of the mentioned methods. 
Relatively low error values were obtained, validating thus the initial hypothesis. The activation energy for 
rice straw was calculated from the average of the three different methods (Eai). This value is lower than 
the calculated Ea = 197.6 KJ/mol obtained by Yao et al. in previous works. All the values corresponding to 
the different methods are presented in Table 3.  

Table 3: Apparent activation energy (Ea) for rice straw (Ar) 

EaFriedman (KJ/mol) ErrorFriedman (%) EaKAS (KJ/mol) ErrorKAS (%)EaVYZ (KJ/mol) ErrorVYZ (%) Eai (KJ/mol)
144.98 12.3 144.17 6.2 134.06 19.6 141.07 
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Figure 3. Evolution of Activation Energies with conversion for rice straw under inert conditions 

On the contrary, a strong dependence of Ea with the conversion was observed for oxidative conditions and 
so, the average values in the range of study were not calculated.  
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3.3 Decomposition kinetics 
The kinetic model was evaluated from the kinetic analysis of the composites and the Master Plot reduced 
curves (MP). Master plots are defined as the theoretical reference curves dependent on the kinetic model 
and, generally, independent of the kinetic parameters of the process. The comparison between the 
experimental values and these theoretical curves permits the calculation of the appropriate kinetic model 
according to the better fitting obtained on the master plot as described by Gotor et al. The three main types 
of master plots are the ones based on the differential form (MPf) of the general kinetic equation as 
expressed in Eq (1), the integral form (MPg) as in Eq (2) or the combination of both (MPfg). The theoretical 
master plots of the different kinetic models can be clearly distinguished for α<0.5 (in the case of the 
differential curves) and α>0.5 (for the integral curves) and therefore a straightforward identification can be 
done. The theoretical curves coincide at α=0.5 and so, this point is taken as a reference and all the curves 
are reduced to it for a better visualisation.  
 

Figure 4 shows the theoretical curves in the differential-MPf (a) and integral-MPg (b) along with the 
experimental data corresponding to rice straw at 5ºC/min under inert environment. The kinetic models 
represented are: Dn: diffusion controlled (dashed lines), An: nucleation and growth (solid black lines), Fn: 
n-order reactions (solid grey lines) and Rn: reaction controlled (pointed lines).  
By comparison of the experimental data on the theoretical curves as shown in Figure 4, it can be 
suggested that the sample follows a 4th-order chemical reaction mechanism, as the best fitting of the 
experimental data corresponds to the curve F4 on both MPf and MPg representations and therefore the 
function defining the mechanism will be f(α)=(1- α)4. 
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Figure 4. Master Plots based on the differential-MPf (a) and integral-MPg (b) form of the general law 
compared to the experimental data obtained by the thermal process applied (circles). Kinetic models: Dn: 
diffusion controlled, dashed lines, An: nucleation and growth, solid black lines, Fn: n-order reactor, solid 
grey lines, Rn: reaction controlled, pointed lines) 

4. Conclusions  
The thermal behaviour of rice straw when submitted to combustion and pyrolysis reactions was studied for 
the present work. Every sample presented four main steps during the decomposition process, two of them 
overlapped in the case of inert conditions. The major loss mass was obtained in the range of T=200 °C-
400 °C, regardless the atmosphere of work and the values of residue were higher when using Ar as carrier 
gas.   
The characteristic peak temperatures of the thermal decomposition process (T0, Tp1, Tp2, Tp3, Tp4) 
increased when increasing the heating rate and when applying inert conditions.  
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The total average activation energy of the process for each sample was calculated. After the kinetic 
analysis, it was concluded that Ea can be assumed as constant for the range of study (α=0.2-0.8) only for 
inert atmosphere. The average value in this case was Ea=141.07 KJ/mol.  
The kinetic model was evaluated with the aid of master plots, obtaining the best fitting for the 4th-order 
chemical reaction mechanism. 
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� The thermal behaviour of rice straw under pyrolysis and combustion was compared.
� A simplified kinetic triplet and the mechanism of reaction were obtained.
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a b s t r a c t

The processes of pyrolysis and combustion of rice straw will be carried out in a spouted bed reactor. Both
thermo-chemical processes were simulated in the first stage by multi-rate linear non-isothermal thermo-
gravimetric (TGA) experiments using Ar and O2 as carrier gas respectively. The results obtained from the
TGA measurements, the kinetic methodology based on the combination of the iso-conversional methods
Friedman, Flynn–Wall–Ozawa, Kissinger–Akahira–Sunose, Vyazovkin and the use of Master Plots
assessed by Perez-Maqueda criterion have permitted to describe mathematically both thermo-
chemical reactions. Lower operational temperatures and higher kinetic parameters (Ea, n, A) were
required to carry out combustion reactions respect to those for pyrolysis. These results will be the initial
parameters that will define both thermo-chemical processes in a spouted bed reactor.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Rice is one of the most consumed crops worldwide, with an
annual production of 700 million tons according to the Food and
Agriculture Organization of the United Nations [1] database result-
ing in a generation of 3.4 million tons of rice straw in Europe. Inef-
ficient management of this waste can result in large waste dumps
which can cause health problems and environmental damage.
Open field burning is vastly used to eliminate these residues nowa-
days (30%) while the rest is left in the fields with the consequent
associated environmental problems that both procedures can
generate.

Thermo-chemical conversions of rice straw have been proposed
as an alternative to these management strategies taking profit of
its capacity for energy production, with high heating values around
15 MJ/Kg as stated by Lim et al. [2]. Among the different available

techniques, Spouted Bed Reactors (SBR) has emerged as an ade-
quate technology to carry out pyrolysis [3], gasification [4] and
combustion [5] of different waste materials or reforming reactions
[6]. Rice straw will constitute the main feedstock of a thermo-
chemical process carried out in a SBR, obtained by replacing the
perforated plate of a standard fluidised reactor with a simple ori-
fice, normally in a central position. As a result, the solid circulation
is enhanced and stagnant zones are avoided improving the mass
and heat transfer phenomena. This behaviour provides the system
with important advantages as fuel flexibility with the possibility of
handling particles of different sizes and morphologies and low
operating temperature conditions. The initial difficulties encoun-
tered by conventional fluidisation when applied to agricultural
residues can thus be overcome.

However, as a consequence of the main properties of the feed-
stock like its high ash content and the low conversion efficiency,
an exhaustive control of the process in terms of thermal conver-
sions will be crucial to obtain higher efficiencies.
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0016-2361/� 2016 Elsevier Ltd. All rights reserved.
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Thermal studies including decomposition profiles, reaction
kinetics and thermal behaviour of the raw material will be crucial
to optimise the performance of the SBR. Thermogravimetric Anal-
ysis (TGA) is a widely used technique to assess the thermal stabil-
ity and decomposition kinetics of biomass. Few works have studied
the thermal properties of rice straw by means of thermal analysis
[7]. From the kinetic analysis, valuable parameters related to the
thermo-chemical process can be obtained such as the activation
energy (Ea) and the pre-exponential factor (A), both highly depen-
dent on the temperature of reaction. Furthermore, the composition
of the raw material can also be provided by thermal studies as
reported in [8] as a result of the quantification of the different pro-
cesses of mass loss observed during the heating process.

The main aim addressed in the present work is to characterise
and compare the thermo-chemical conversions of rice straw by
means of thermogravimetric analysis. The kinetic methodology
based on the combination of the iso-conversional methods Fried-
man, Flynn–Wall–Ozawa, Kissinger–Akahira–Sunose, Vyazovkin
and the use of Master Plots assessed by Perez-Maqueda criterion
permitted to describe mathematically both thermo-chemical reac-
tions. The results will define the further use of rice straw as feed-
stock in energy recovery processes. The thermal parameters will
be used for the adequate design of pyrolysis and combustion pro-
cesses in a spouted bed reactor where the thermal recovery reac-
tions will be carried out.

2. Materials and methods

2.1. Materials and sample preparation

Rice straw was collected from the region of Valencia (Spain).
The samples were washed, dried and sized. The diameter of parti-
cle was 3.2 (±0.8) mm.

The composition of the rice straw was obtained according stan-
dard procedures (UNE-EN 14774-3:2009, UNE-EN 15148 and UNE-
EN 14775) to obtain the distribution of products when biomass is
heated under specified conditions (proximate analysis) and the
composition of the biomass in base of its constituting elements
(ultimate analysis). The results are reported in Table 1. The higher
heating value was obtained by application of the relation by Chan-
niwala and Parikh [9]:

HHV ðMJ=kgÞ ¼ 0:3491 �%Cþ 1:1783 �%Hþ 0:1005 �%S

� 0:1034 �%O� 0:0151 �%N� 0:0211 �%A ð1Þ

where C, H, S, O, N and A are the content (%w/w) of carbon, hydro-
gen, sulphur, oxygen, nitrogen and ash in the samples. The calcu-
lated HHV was 11.6 MJ/kg indicating the suitability of the rice
straw for thermo-chemical conversion processes.

2.2. Thermogravimetric analyses

Multi-rate non-isothermal thermogravimetric experiments
(TGA) were carried out in a Mettler Toledo TGA/SDTA 851 (Colum-
bus, OH). Samples weighing about 6 mg were heated in an alumina
holder with capacity for 70 ll.

Experiments were performed from 25 �C to 800 �C at different
heating rates (b = 2, 5, 10, 15, 20 �C/min) under a constant flow
of 50 ml/min of gas of analysis. All samples were analysed under
inert (Ar) and oxidative (O2) atmospheres to characterise the ther-
mal and thermo-oxidative processes respectively. Experiments
were repeated three times and the average values were considered
as representative values. Assessment was performed with the aid
of the software Stare 9.10 from Mettler Toledo.

3. Results and discussion

3.1. Thermal and thermo-oxidative decomposition profiles

The thermal performance of the rice straw was initially
addressed. The thermogravimetric curves (TG) and their first
derivative curves (DTG) were obtained for each sample at all heat-
ing rates b and compared between them. Fig. 1 represents the TG
(inset) and DTG curves of rice straw for all b under inert (a) and
oxidative (b) conditions. A visual observation of the thermograms
reveals three well differentiated stages, regardless the heating rate
and atmosphere employed during the analysis.

3.1.1. Stage 1. Drying
The material started to decompose at T � 25 �C in all cases as a

result of the evaporation of moisture and absorbed water due to
the hygroscopic nature of the rice straw. This peak was identified
as the drying stage and it occurred below 125 �C in all cases. The
process was found to follow the same trend for all the samples.

3.1.2. Stage 2. Devolatilisation
Stage 2 is considered to be the step in which most of the

devolatilisation reactions take place and therefore, its study will
be addressed in great detail. Its complete definition in terms of
temperature of degradation and kinetics of decomposition will be
the basis for the correct design of the spouted bed reactor to obtain
the highest yields.

The majority of the initial mass was consumed during this sec-
ond degradation process at the range T � 200 �C–400 �C. Two dif-
ferent behaviours were observed depending on the applied
conditions: a single peak was obtained under oxidative conditions
whereas two overlapped peaks, a shoulder together with the main
peak, were observed for the case of inert atmosphere.

Nomenclature

a conversion degree
b heating rate of thermogravimetric analysis (�C/min)
DTG first-derivative thermogravimetric curve
Ea apparent activation energy (J/mol)
Eaiso average apparent activation energy (J/mol)
FWO Flynn–Wall–Ozawa
HHV high heating value (J/kg)
KAS Kissinger–Akahira–Sunose
MP master plots
MPf,g differential and integral form of MP

n order in kinetic functions
SBR spouted bed reactor
Td(b) decomposition temperature as function of the heating

rate (�C)
TG thermogravimetric curve
TGA thermogravimetric analysis
Tpi peak temperatures of the pseudo-components of the

straw
VYZ Vyazovkin
ZDT zero-decomposition temperature (�C)
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Moreover, the main peak shifted to lower temperatures in an
oxidative ambient respect to that in inert conditions, indicating
that heterogeneous oxidation reactions are taking place, together
with the those of pyrolysis.

The presence of this shoulder indicated that more than one
reaction was being involved with a higher mechanism complexity.
In both cases, the molecular origin of this step is the same and it is
related to the emissions of volatiles and low molecular weight
compounds mainly associated to the decomposition of hemicellu-
lose and cellulose and, in smaller amounts, lignin.

3.1.3. Stage 3. Combustion
The last stage (T > 400 �C) is mainly assigned to the rapid

thermo-oxidation of the remaining combustible components
which are more resistant to the thermo-degradation as lignin,
whose decomposition occurs in a slow velocity and a wide range
of temperatures resulting in high char yields that also burn in this
stage. The presence of two peaks indicates a more complex mech-
anism of reaction. Its higher resistance to thermal decomposition
compared to hemicellulose and cellulose is due its complex struc-
ture and it is favored in the presence of oxygen. However, due to
the difficulty to properly separate these two peaks and, for the pur-
pose of this work, they will be mathematically treated as a single
process.

The value of the final residue reached values over 20% for the
case of samples under inert atmosphere whereas values around
5% were found at oxidative conditions. The whole decomposition
scheme is in agreement with previous works on lignocellulosic
materials [10].

Fig. 1(c) shows the dependence of the thermal process with the
factors of study (heating rate and atmosphere of work) with
selected previous curves.

As expected according to previous works with different types of
biomass [11], when the heating rate b increases the thermograms
shift to higher temperatures as a result of a delay in the degrada-
tion process and the sharp gradients of temperature obtained
between the particle and surroundings which postpone the decom-
position of biomass.

In addition, the use of an oxidative atmosphere fastened the
decomposition of the material, shifting the TG curves to lower tem-
peratures in comparison with the results obtained under inert con-
ditions. This fact indicates a higher stability of these materials
under non-reactive atmosphere due to a decrease on the reactivity
in the system, as it occurred for different types of biomass in pre-
vious works [7,12].

The presence of shoulders/double peaks in the decomposition
profiles shown in Fig. 1 indicates that more than one reaction is
being involved at the same time. With the aim of individually char-
acterise and quantify each decomposition process, a deconvolution
procedure was applied to all samples. The deconvoluted curves and
their fitting on the original data are represented in Fig. 2 for inert
(a) and oxidative (b) conditions.

All the characteristic peak temperatures (Tpi with i = 1 . . . 4 rep-
resenting the different pseudo-components of the straw: moisture,
hemicellulose, cellulose and lignin) for all heating rates and atmo-
spheres are gathered in Table 2 together with the associated errors
of the averaged value respect to each repetition.

The choice of the adequate temperature of work for the reactor
will define the characteristics of the final product of the reaction
and its correct assessment will be necessary for achieving the opti-
mised working conditions.

Table 1
Proximate and ultimate analysis of rice straw.

Ultimate analysis (%) Proximate analysis (%)

C H N S O Moisture Asha Volatilesa Fixed carbona

34.803 4.986 2.191 0.204 57.816 9.1 20.6 63.3 16.1

a Dry basis.

Fig. 1. TG (inset) and DTG curves for rice straw at all b at inert (a) and oxidative (b)
conditions. Influence of the heating rate and atmosphere of work on the thermal
decomposition of rice straw (c).
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Fig. 2. Deconvolution of all the pseudo-components of rice straw at all heating rates under inert (a) and oxidative (b) conditions.
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Table 3 gathers the values of mass loss associated to each of the
previously calculated Tpi corresponding to the different degrada-
tion processes for all heating rates and atmospheres and the
obtained errors of the averaged value respect to each repetition.
These variables were calculated as the area under the deconvo-
luted da/dT curves and so, represent the advancement of reaction
in terms of conversion degree.

As stated before, the major mass loss occurs in the range of
T � 200 �C–400 �C, mainly corresponding to hemicellulose and cel-
lulose decompositions. The two peaks corresponding to both com-
pounds are well defined in the case of reactions of pyrolysis and
their deconvolution provided the individual mass loss for decom-
positions each process labelled Dam2 for hemicellulose and
Dam3 for cellulose.

From the results in Table 3, in order to achieve the highest
gas yields, a temperature of work of T = 600 �C and high heating
rates were initially set as the most adequate operational
parameters for pyrolysis, obtaining the highest quantity of volatiles
(Dam2 +Dam3 +Dam4 � 70%) together with the lowest residue
(around 25%), where Dami = 2, 3, 4 is the loss mass of the hemi-
cellulose cellulose and lignin respectively.

Table 3 also presents the equivalent results for the case of
oxidative conditions. An only peak was obtained and the calculated
mass loss was taken as the total of both hemicellulose and cellu-
lose decompositions processes (Dam2 + Dam3).

In this case, a T = 550 �C and low heating rates were defined as
the most appropriate operational parameters for the case of
combustion, obtaining the highest yields in produced gas
(Dam2 +Dam3 +Dam4 � 85%) and the lowest values of residue
(around 10%).

In summary, the definition of the operational conditions will be
determinant for the characteristics of the final product. Lower tem-
peratures of work will be necessary to carry out combustion reac-

tions, yielding higher percentages of volatile compounds and lower
quantities of final residue respect to pyrolysis reactions.

These parameters are the initial design values of the spouted
bed reactor that will carry out the thermo-chemical conversions.
However, a deep insight on the process with the aid of the mod-
elled solution validated with experimental results will be neces-
sary to achieve the optimised solution. The values corresponding
to the remaining residue are highly influenced by the atmosphere
of work, with higher values for inert conditions as a result of a less
reactive atmosphere. In the thermo-oxidation of rice straw, this
parameter has special interest to design the spouted bed reactor
as high percentages of residue could lead to slagging and fouling
problems due to the high content of silica in the rice straw. More-
over, residue values are also dependent on the heating rate of the
process and so, the scaled up processes within the SBR will require
an exhaustive control of the oxygen content in the carrier gas as
well as an accurate control of the maximum temperature of work
in order to ensure a good performance of the spouted bed reactor.

3.2. Thermal behaviour of rice straw

With the aim to evaluate the thermal behaviour of the rice
straw and to predict the decomposition temperatures (Td) of all
the processes undergone by the samples when submitted to
thermo-chemical reactions, an accurate methodology by Badia
et al. [13,14] was applied. Fig. 3 shows the evolution of the previ-
ously calculated Tpi at all heating rates under inert (a) and reactive
(b) ambient and their associated error values in form of error bars.

As shown in the figure, the trend was almost linear at high heat-
ing rate b, but it slightly bended when b approached lower values.

For design purposes, it would be interesting to functionalise the
thermal behaviour of rice straw under any b. In this sense, Td(b)
was obtained as:

Table 2
Characteristic thermogravimetric peak temperatures (Tpi, with i = 1–4: consecutive decomposition processes) at all heating rates under inert and oxidative conditions of work and
associated error values.

Ar b (�C/min) Tp1 (�C) e (%) Tp2 (�C) e (%) Tp3 (�C) e (%) Tp4 (�C) e (%)

2 50 1.1 289 2.6 304 1.0 430 3.7
5 57 0.8 291 2.4 317 1.2 445 4.5

10 71 1.4 291 1.8 331 0.9 462 2.4
15 82 0.9 301 2.5 336 4.3 465 3.3
20 86 1.6 314 3.3 347 2.1 470 5.1

O2 b (�C/min) Tp1 (�C) e (%) Tp2 (�C)–Tp3 (�C) e (%) Tp4 (�C) e (%)

2 51 4.1 270 5.0 378 2.3
5 63 5.3 273 5.2 387 4.0

10 75 2.8 288 4.1 402 4.6
15 84 5.6 292 6.8 409 5.9
20 95 5.1 297 5.7 420 4.4

Table 3
Mass loss (mi, with i = 1–4: consecutive decomposition processes) due to the decomposition process of the rice straw at all heating rates under inert and oxidative conditions of
work and associated error values.

Ar b (�C/min) Dam1 (%) e (%) Dam2 (%) e (%) Dam3 (%) e (%) Dam4 (%) e (%)

2 12.1 9.8 14.0 8.8 36.0 9.1 3.0 6.6
5 8.4 4.5 24.1 3.1 34.0 7.4 6.9 4.7

10 6.9 5.7 22.6 5.0 33.1 8.4 6.9 10.3
15 7.0 5.3 17.8 5.1 36.8 5.6 8.9 3.5
20 6.8 7.1 25.9 7.6 33.6 5.0 6.7 9.7

O2 b (�C/min) Dam1 (%) e (%) Dam2 (%) + Dam3 (%) e (%) Dam4 (%) e (%)

2 9.7 1.4 49.3 5.9 31.7 9.3
5 7.3 0.8 54.0 9.2 30.9 11.4

10 6.7 1.1 58.6 5.4 24.9 6.9
15 7.2 1.0 59.4 8.8 23.8 7.2
20 7.0 1.3 47.0 8.2 35.8 6.2
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TdðbÞ ¼ a
1þ expð�b � ðb� cÞÞ ð2Þ

with a, b and c being the fitting parameters
As it was shown before, higher heating rates led to higher char-

acteristic temperatures. In order to avoid this influence of linear
heating procedures in the evaluation of the characteristic temper-
atures, the so called Zero-Decomposition Temperature (ZDT) was
calculated as the value obtained when the heating rate tends to
zero (Tdðb ! 0Þ).

Table 4 reports the values of the fitting parameters for all tem-
peratures at inert and oxidative atmospheres together with their
standard associated error and the resulting ZDT values. The high

values of R2 in all fitting parameters indicate the suitability of
Td(b) to represent the thermal behaviour of the rice straw.

The dependence of the thermal behaviour of the straw with the
atmosphere of work is also evidenced from the evolution of the
previously calculated ZDT for all the pseudo-components of the
straw (moisture-ZDTp1, hemicellulose-ZDTp2, cellulose-ZDTp3,
lignin-ZDTp4), which followed the same trend as described in
Section 3.1.

The values corresponding to the drying process (ZDTp1) were
very similar under both atmospheres of work, confirming the inde-
pendence of the process with the used carrier gas. The rest of the
calculated ZDT (ZDTp2, ZDTp3, ZDTp4) presented lower values when
O2 was used as the reaction gas respect to those in inert ambient,
confirming therefore the higher reactivity of the system when an
oxidative atmosphere is applied.

In terms of design of the reactor, ZDTp2 will provide the mini-
mum temperature of work required inside the reactor to start
the devolatilisation stage. For the case of rice straw, a minimum
of T = 273 �C (inert conditions) and T = 264 �C (oxidative condi-
tions) will be necessary to start yielding volatile compounds. These
values represent the minimum operational temperature needed to
start the thermo-chemical processes and therefore, the minimum
initial energy requirements of the system.

3.3. Decomposition kinetics

3.3.1. Apparent activation energies
The kinetics of decomposition is a essential parameter in the

correct design of a device for thermal conversion processes. They
will define the apparent activation energy (Ea) to be applied to
the system to start the thermal process and will also provide

Fig. 3. Application of the Td(b) model to assess the evolution of the peak
temperatures of rice straw during the thermogravimetric analysis under inert (a)
and oxidative (b) ambient and associated error bars (Tp1: peak of the first
decomposition process, Tp2: peak of the second decomposition process, Tp3: peak
of the third decomposition process, Tp4: peak of the fourth decomposition process)
and associated error bars.

Table 4
Results of fitting to Eq. (1) along with ZDT for all decomposition processes as a result
of the extrapolation of Eq. (1) to b ! 0 and associated error values.

Ar a e (%) b e (%) c e (%) R2 ZDT (�C)

Tp1 94.1 3.6 0.13 0.02 1.2 0.5 0.9943 43.3
Tp2 334.4 39.7 0.06 0.06 �25.8 16.2 0.9271 273.4
Tp3 355.5 11.6 0.09 0.04 �17.0 6.0 0.9695 295.8
Tp4 471.3 2.4 0.18 0.03 �11.3 2.2 0.9863 414.3

O2 a e
(%)

b e
(%)

c e
(%)

R2 ZDT
(�C)

Tp1 113.4 14.8 3.42 2.63 0.10 0.03 0.9838 45.4
Tp2 + Tp3 310.4 0.9 �25.16 0.00 0.07 0.00 0.9367 264.0
Tp4 444.6 19.8 0.06 0.02 �27.86 7.86 0.9862 371.6 Fig. 4. Evolution of EaFRIEDMAN, EaFWO, EaKAS, EaVYZ, Eaiso for the main decomposition

process of rice straw (range a = 0.2–0.8) at inert (a) and oxidative (b) conditions.
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information on the reaction times to complete the thermo-
chemical conversions.

The isoconversional methods Friedman [15], Flynn–Wall–
Ozawa (FWO) [16], Ozawa [17], Kissinger–Akahira–Sunose (KAS)
[18] and Vyazovkin (VYZ) [19] were applied to evaluate the depen-
dence of the apparent activation energy (Ea) with the conversion
degree a defined as a ¼ ðm0 �miÞ=ðm0 �m1Þ, wherem is the mass
with the subscripts 0, i and 1 standing for initial, instant and final
respectively.

The temperature range for all the kinetic studies was taken
from T � 150 �C as, at temperatures below this value, only mois-
ture and absorbed water was removed and its kinetics did not
exhibit differences with the change of heating rates.

As an example, Fig. 4 shows the application of the mentioned
methods along the conversion degree of each of the previously
deconvoluted curves in Stage 2 (Fig. 2) under inert (a) and oxida-
tive conditions (b).

All the kinetic analysis were carried out in the range a = 0.2–0.8,
where the main process takes place. The average values were
obtained (Eaiso) from the iso-conversional methods. The regression
coefficient at the range of study for the main degradation process
of the straw at inert conditions was above 90% whereas the values
obtained for experiments under O2 were not below 95%.

All the calculated values of apparent activation energy and
associated errors for all the pseudo-components of rice straw are
presented in Table 5. As stated before, the two main peaks corre-
sponding to the decompositions of hemicellulose (Process 1) and
cellulose (Process 2) were individually calculated for inert condi-
tions whereas a single peak represented both processes during
combustion reactions.

A higher value of apparent activation energy (Eaiso) was
obtained for oxidative conditions. This fact has been previously
reported [20] and it is attributed to the increase of oxidant reac-
tions as a result of an increase of O2 in the carrier gas. However,
this assumption should be fully subscribed by evaluating the quan-
tity of CO2 emitted during the thermo-chemical processes as, due
to the increase on oxidant reactions, the concentration of CO2

should also increase.
As reported in Table 5, the apparent activation energy values

obtained by Friedman method presented the highest associated
error. This might be caused by the differential nature of the
method that leads to noisy data after the required numerical differ-
entiation. On the contrary, VYZ method provided the least error
values thanks to the application of the Senum-Yang approximation
(5th order) which yields most accurate results.

These values are also in agreement with previous works dealing
with apparent activation energy for different agricultural residues
[21,22] where the obtained results fell within the range 140–
180 kJ/mole in all cases.

From a technological point of view, the apparent activation
energy provides the barrier of energy that the system needs to sur-
pass in order to start the thermo-chemical reaction and it defines a
value related to the energy requirements of the spouted bed reac-
tor. Finally, for the complete design of the reactor, the complete
kinetic expression will be obtained.

3.3.2. Evaluation of the pre-exponential factor and the order of
reaction. Completing the kinetic triplet

The kinetic model was evaluated and defined from the kinetic
analysis of the rice straw and the Master Plot reduced curves
(MP) [23]. MP are defined as the theoretical reference curves
dependent on the kinetic model and, generally, independent of
the kinetic parameters of the process. The comparison between
the experimental values and these theoretical curves permits the
calculation of the appropriate kinetic model according to the better
fitting of the experimental data on the master plots.

The three main types of MP are those based on the differential
form (MPf) of the general kinetic equation as expressed in (3), the
integral form (MPg) as in (4) or the combination of both:

MPf ðaÞ ¼ da
dt

� b � da
dT

¼ A � f ðaÞ � kðTÞ ¼ A � f ðaÞ � e�Ea
R�T ð3Þ

MPg ðaÞ ¼
Z a

0

da
f ðaÞ ¼

A � Ea

b � R �
Z 1

0

e�x

x2
¼ A � Ea

R � T � pðxÞ; x ¼ Ea

R � T ð4Þ

The theoretical curves coincide at a = 0.5 and so, this point is
taken as a reference and all the curves are reduced to it for a better
visualisation. The theoretical master plots of the different kinetic
models can be clearly distinguished for a < 0.5 and a > 0.5 for the
differential and integral curves, respectively, and therefore a
straightforward identification can be done.

Fig. 5 shows the theoretical MPg curves and the experimental
data corresponding to the main decomposition process (Stage 2)
at 20 �C/min occurring for rice straw under inert (a) and oxidative
(b) conditions. The represented kinetic models are: Dn = diffusion
controlled (blue lines), An = nucleation and growth (red lines),
Fn = n-order reactions (orange lines) and Rn = reactions controlled
(green lines).

According to Fig. 5, the model describing the thermal degrada-
tion following a reaction order mechanism (Fm). According to this
model, the reaction rate is proportional to the fraction remaining
of reactant(s) raised to a particular power (reaction order) [24].

The exact order of reaction was analytically obtained by accom-
plishing Perez-Maqueda criterion [25]; that is, the independence of
the kinetic parameters Ea and A with the heating rate b. This crite-
rion is usually employed with Ea and A invariable with the aid of
the Coats-Redfern equation [26] written in the form:

ln
b � gðaÞ

T2

� �
y

¼ ln
Ab � R
Eab

þ Eab
R

� 1
T

� �
x

ð5Þ

with g(a) being the integral form of the model previously
calculated.

A single straight line with slope (Eab=R) and an intercept
lnðAb � R=EabÞ is obtained when the left hand side of Eq. (4) is plot-
ted against 1/T only if the appropriate g(a) is chosen.

By setting the values of Eaiso as the average value of those pre-
viously calculated (Table 5) and after applying a regression method
(with the aid of the tool SOLVER), the values of n and ln A were
obtained.

Table 5
Values of activation energy and associated errors for the main decomposition processes of rice straw by the different iso-conversional methods (Friedman, FWO, KAS, VYZ) under
inert and oxidative conditions.

EaFriedman (kJ/mol) e (%) EaFWO (kJ/mol) e (%) EaKAS (kJ/mol) e (%) EaVYZ (kJ/mol) e (%)

Ar Process 1 75 18.0 81 5.4 75 5.0 69 4.8
Process 2 167 18.5 161 6.2 154 7.3 151 6.0
Process 3 119 11.1 127 7.9 123 6.7 114 4.7

O2 Process 1 + 2 166 5.1 173 2.6 172 2.9 159 2.8
Process 3 135 12.3 125 7.6 123 5.8 111 7.3
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Fig. 5(c) and (d) shows the representation of Eq. (5) after intro-
ducing the calculated parameters. The straight lines in the interval
of study confirm the goodness of Fm (with m the analytically calcu-
lated order of reaction) as the kinetic model describing the main
process of degradation for rice straw.

As a summary, the kinetic triplet associated to the main thermal
decomposition process of rice straw for thermal and thermo-
oxidative reactions is reported in Table 6. Finally, the following
expressions were proposed to define the decomposition of the rice
straw, taken as the sum of the individual decompositions of its
main components) both for inert (Eq. (6)) and oxidative conditions
(Eq. (7)):

daPYR

dt
¼ 13:3 � 106 � ð1� aÞ1:35 � e�75=RT þ 13:5 � 106 � ð1� aÞ0:89

� e�158=RT þ 4:2 � 106 � ð1� aÞ1:25 � e�121=RT ð6Þ

daOx

dt
¼ 6:8 � 1013 � ð1� aÞ2:95 � e�167=RT þ 6:1 � 105 � ð1� aÞ1:7 � e�124=RT

ð7Þ

In summary, lower activation energies were required to carry
out reactions of pyrolysis due to the absence of complex oxidant
reactions. For the same reason, a lower order of reaction was found
during pyrolysis together with lower values of the pre-exponential
factor as a result of a lower reactivity of the system.

These data, together with the peak temperatures calculated in
Section 3.2 and the specific fluid dynamic parameters of the
spouted bed reactor, will be introduced in a commercial process
simulation tool in order to simulate the described processes carried
out in a spouted bed reactor and evaluate the optimised opera-
tional conditions.

Fig. 5. Master plots based on the integral (MPg(a)) form of the general law compared to the experimental data obtained by the thermal process applied (circles). Kinetic
Models: Dn: diffusion controlled, blue lines, An: nucleation and growth, red lines, Fn: n-order reaction, orange lines, Rn: reaction controlled, green lines. – Application of the
Perez-Maqueda criterion for the thermal decomposition or rice straw under inert (c) and oxidative (d) conditions. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 6
Kinetic triplet for the main decomposition processes of rice straw for thermal and thermo-oxidative reactions.

Eaiso (kJ/mol) e (%) n (from MP) n (analytical) ln A (min�1) e (%)

Ar 75 3.8 1–2 1.35 17.1 0.87
158 7.1 1 0.89 17.1 0.98
121 3.1 1–2 1.25 15.9 5.50

O2 167 6.7 2–3 2.95 33.2 7.40
124 5.0 1–2 1.70 13.9 5.10
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4. Conclusions

An accurate methodology evaluated and compared the initial
design parameters of a spouted bed reactor to carry out energy val-
orisation processes using rice straw as feedstock.

Lower temperatures of work were necessary to carry out com-
bustion reactions, yielding higher percentages of volatiles and
lower values of residue respect to pyrolysis reactions. A correct
assessment of this parameter will be essential to avoid melting
and slagging problems in the reactor and its associated operational
problems. A suitable kinetic triplet (Ea, A, n) and mechanism of
reaction was found for the main devolatilisation process for ther-
mal and thermo-oxidative conditions. Lower activation energies,
order of reaction and pre-exponential factor values were required
to carry out reactions of pyrolysis due to the absence of complex
oxidant reactions.

These parameters, together with the specific fluid dynamics of
the system, will be applied as input variables in a theoretical model
to describe thermal recovery processes in a spouted bed reactor
using rice straw as feedstock. Efforts will be focused then on the
optimisation of the working conditions with the aid of the devel-
oped model to obtain the highest efficiencies ensuring a good per-
formance of the reactor.
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“It is a capital mistake to theorise before one has data.  

Insensibly one begins to twist facts to suit theories,  

instead of theories to suit facts.“ 

Sir Arthur Conan Doyle 

 

I. Summary 

 

The scope of this chapter is to describe the methodology of characterisation of the spouted 

bed reactor that will be used as the key device to carry out the reactions of gasification of 

agricultural residues.  

This chapter is devoted to the description of the unit and the auxiliary equipment, the applied 

procedure and relevant information about the experiments performed. Studies to prevent 

potential segregation phenomena are also described. Finally, a computational fluid dynamic 

model is developed and validated with the obtained experimental results.   

The main results obtained from this chapter resulted in the following communications:  

 

Communication 4I: C. Moliner, M. Curti, B. Bosio, E. Arato, G. Rovero. Experimental tests 

with rice straw on a conical square-based spouted bed reactor. International Journal of Chemical 

Reactor Engineering 13, 2015, 3, 351-358. DOI 10.1515/ijcre-2014-0172  

 

Communication 4II: C. Moliner, M. Curti, B. Bosio, G. Rovero, E. Arato. Statistical 
methodology for the assessment of a Spouted Bed Reactor preventing segregation phenomena. 
Manuscript 

 

Communication 4III: D. Bove, C. Moliner, M. Curti, B. Bosio, G. Rovero, E. Arato. CFD 

simulations of a square-based spouted bed reactor and validation with experimental tests using 

rice straw as feedstock. Chemical Engineering Transactions, 43, 2015, 1363-1368. 

DOI:10.3303/CET1543228  
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4.1. Fluid dynamic characterisation of the SBR 

 

Gasification has proven to be a convenient technique for thermo-chemical conversions of 

biomass by means of fluidisation processes. Different devices have been developed to carry out 

these reactions and, among them, spouted bed reactors (SBRs) have been proposed as a solution 

to overcome the difficulties that conventional reactors face when treating big and heterogeneous 

particles. 

SBRs are obtained by replacing the perforated plate of a conventional reactor of fluidisation 

with a plate with a single orifice, normally centred in the base. This modification provides the 

system an enhanced recirculation of solids, which results in increased mass and energy transfer 

rates respect to those with conventional techniques. Three different regions (annulus, spout and 

fountain) can be distinguished in a SBR as shown in Figure 4.1.  

SPOUT

ANNULUS

FOUNTAIN

Air inflow

SPOUT

ANNULUS

FOUNTAIN

Air inflow
 

Figure 4.1 Regions within a SBR (System PET/straw 5%v/v; Initial bed height=50 cm) 
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The gas enters the bed through a central orifice of the distributor plate, causing the formation of 

a central spout in which the particles move upwards in a dilute phase. The annular space 

between the spout and the vessel wall contains a packed bed of particles which moves slowly 

downwards and radially inwards. The conical base helps in the recirculation process, enabling 

the movement of bigger and irregular particles within the device and preventing potential 

stagnant or dead zones. 

The scalability of the device is a key factor for successful development of the technology. With 

the purpose to optimise geometrical factors and minimise heat losses, investments and operating 

costs, the reactor was designed with a squared base, in contrast with traditional SBRs provided 

with circular sections.  

The advance of this technology to enable its reliable scale-up resides in a better understanding 

of its fluid dynamic behaviour. Most empirical and semi-empirical equations already developed 

are only valid for a certain range of operational conditions. Due to the great influence of the 

geometric parameters and the properties of the materials on the process, these equations fail to 

predict most of the design variables when conditions are changed, especially for large devices 

which tend to be less stable and therefore, harder to control and operate.  

For this reason, the present chapter presents a fluid dynamic study of different systems with 

different solid properties (density, size of particle, irregular shapes ….). The main design 

properties are evaluated in order to guarantee the stability and correct process performance in all 

cases. In addition, a CFD model has been developed to simulate and predict the behaviour of the 

studied systems and validated with experimental data. This model will help in the design of the 

scaled-up system by providing simulated solutions of parameters that would be time and 

economically expensive if calculated experimentally.  

 

4.1.1. Experimental set-up  

All the fluid dynamic experiments were performed at room temperature at the laboratories of the 

Department of Applied Science and Technology (DISAT) at the Politecnico di Torino. The 

scheme of the experimental setup used for the present work is shown in Figure 4.2.  
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Figure 4.2. Scheme of the experimental set-up used for the present thesis 

The main components of the system are:   

- air supply:  the blower supplies a maximum inlet air flow of 200 Nm3/h provided by the 

Department facilities (Figure 4.3a). A regulating valve sets the outlet pressure to a 1.2 bar.  

- a flow meter: the air supply is measured by means of a rotameter, tared at 1013 mbar 

and 20°C (Figure 4.3b). 

- two pressure probes: the values of pressure drop across the bed of particles (∆Pb) were 

measured for the different set of experiments, by means of a probe located in the intern of the 

bed at 20 cm from the bottom and at 4 cm distance from the wall in the radial direction and 

connected to a water U-manometer (Figure 4.3c). The pressure drop corresponding to the 

overall system (∆PT) was simultaneously measured with the aid of a mercury U-manometer 

connected to the flow meter (Figure 4.3d). 

- a conical spouted bed reactor. A half-section device of 200x100 mm made in wood 

with a plexyglass wall was used for the present thesis. The transparent flat wall enables the 

visualisation of the spouting process and a more accurate evaluation of the fluid dynamic 

phenomena occurring inside the reactor (Figure 4.3e). As proven by Rovero et al. (1985) the 

wall has been demonstrated to interfere to a moderate extent with the solids trajectory vectors 

within the annulus and to not affect the measurement of the fundamental fluid dynamic 

parameters of SBR. The main dimensions of the reactor are gathered in Table 4.1. 
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- draft tube. the half section unit is provided with a removable wall which can be replaced 

with an equivalent one equipped with a draft tube, in this case an half pipe (Figure 4.3f) 

 

Table 4.1. Main dimensions of the spouted bed reactor 

Dimension Value Dimension Value 

Height of reactor (HR, cm) 200.0  Inlet diameter (Di, cm) 2.5 

Height of cone (HC, cm) 17.0 Bottom diameter (Dm, cm) 3.6 

Diameter of column (DC, cm) 20.0 Cone angle (αc) 60° 

 

 
  

(a) (b) (c) 

   

(d) (e) (f) 
 
Figure 4.3. Main components of the experimental set up: air inlet (a); flow meter (b); water U-

manometer (c); Hg U-manometer (d); spouted bed reactor (e); draft tube (f) 
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4.1.2. Experimental procedure  

All the experiments were conducted at ambient conditions. A defined quantity of biomass was 

poured from the top of the reactor into the existing bed of particles (inert solids) until the 

desired initial bed height was achieved (Figure 4.4). Bed heights were measured visually using a 

scale along the column height.  

 

 

 

(a) (b) 

Figure 4.4. Introduction of biomass (a) and view of the bed of particles from the top of the 

reactor (b) 

In order to eliminate the influence of the uncontrolled initial packing state, the conical spouted 

bed was pre-treated by increasing the superficial gas velocity to obtain full spouting and then 

decreasing the superficial gas velocity gradually to return to a reproducible initial fixed bed 

condition. This was completed prior to each experimental run. 

The fluid dynamic characterisation was performed on systems containing only bed materials 

(PET, glass beads, sand) and for mixtures of bed materials and rice straw of different sizes at 

different volumetric ratios. In the case of working with mixtures, the effective density (effρ ) 

and effective diameter of particle (peffd ) were calculated as:  

∑
⋅=

n

i

ii
eff W

W

1

ρρ  Eq. 4.1 

∑ ⋅

= n

ii

i
peff

dp

x
d

1

1

φ

 
Eq. 4.2 

where Wi is the mass of the compounds, xi the percentage of the corresponding component in 

the mixture in volume basis and iφ  the shape factor. 
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All the experiments were video-recorded and the following fluid dynamic parameters were 

measured:  

• air flow rate at the start of the spouting (Uonset); 

• air flow rate at minimum spouting conditions (Ums);  

• stable pressure drop along the bed of particles (∆Ps);  

• maximum pressure drop (∆Pmax); 

• fountain height and dimensions of the spout.  

 

A visual observation was also performed to evaluate the correct recirculation of solids, the 

stability of the system and the inexistence of dead or stagnant zones.  

 

A first set of experiments was performed using sand as bed material and rice straw as biomass. 

The most characteristic fluid dynamic properties were evaluated as described below.   

 

Uonset and Ums. In terms of industrial design, the operational characteristics of the air blower 

according to the gas inlet requirements are one of the main factors that need to be evaluated as 

they are closely related to the reliability of the system, as well as to the costs of operation.  

Uonset was experimentally calculated by increasing the air inflow from the static bed condition 

until the fountain was formed. Ums was found by decreasing the air flow from a stable spouting 

condition until the fountain disappeared.  

Figure 4.5 shows the effect of the initial bed height (Hb) for a bed of silica on the Ums and Uonset. 

It is worth noting that Uonset always lays below Ums for any studied Hb. This trend is observed as 

a result of the characteristic hysteresis phenomenon previously described in Section 2.2. The air 

inflow required to induce spouting (Uonset) is always greater when the process starts from a 

packed bed condition than that required to maintain the stable spouting.  
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Figure 4.5. Effect of the initial bed height on Ums and Uonset for a bed of silica 

Although it is not seen in the figure, these two curves tend to overlap when Hb is further 

increased. This is a consequence of the increase of the gas velocity in the annulus with the 

increasing distance from the base approaching the minimum spouting velocity at the top of the 

bed. At this point, no hysteresis behaviour is produced and so, the two velocities (Ums, Uonset) 

coincide. The height at which the two curves overlap defines the maximum spoutable bed depth 

(Hm).  

The same behaviour is found when rice straw is added to the initial bed of silica. Figure 4.6 

shows the effect of the initial bed height on Ums and Uonset for a system containing 10%v/v 

(circles) and 20% v/v of rice straw (triangles).   

 

Figure 4.6. Effect of the initial bed height on Ums and Uonset for a system containing 10%v/v 

(circles) and 20% v/v of rice straw (triangles) 
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The figure shows the influence of the addition of coarse particles into the initial bed. This 

percentage is closely related to the amount of solids that can be processed to ensure a stable 

spouting condition. An increase in the percentage of coarse particles resulted in an increase of 

the air inflow requirements in all cases. Moreover, the visual inspection showed that, for 

percentages above 20%v/v of rice straw, the system became fluid dinamically unstable. For that 

reason, the maximum percentage added into the system was fixed at this value.   

 

Maximum spoutable bed height. This parameter is also important at the design stage as it 

defines the amount of material that can be processed for a particular system, i.e. above that 

value, the spouting regime cannot be achieved. In contrast to cylindrical geometries, conical 

reactors do not present Hm for fine particles. Only large particles can lead to instabilities, mainly 

slugging. This way, Hm decreases with increasing particle sizes.  

Hm is determined by adding particles to a stable system step by step until this stable spouting 

regime is no longer achieved. Hm could not be found experimentally due to lab limitations and 

so it was theoretically calculated. Table 4.2 gathers the values of Hm calculated with the aid of 

the McNab and Bridgewater correlation described in Section 2.1.1.  

Table 4.2. Maximum spoutable bed height for the bed materials under study 

Bed material dpeff (m) McNab and Bridgewater, 1977 (m) 

Sand  0.0014 1.48 

Sand-10%v/v rice straw 0.0021 1.31 

Sand-20%v/v rice straw 0.0028 1.11 

 

Stable and peak pressure drops. The pressure drop of a system is closely related to its energy 

requirements. Its correct assessment is crucial to optimise the operational conditions and the 

associated costs. For the present work, these parameters were experimentally calculated in the 

following way: the air inlet was increased from the static condition until the fountain was 

formed. The pressure drop along the bed of particles at that point provided the peak pressure 

drop (∆Pmax). Air was further increased until the pressure drop achieved a constant value which 

constituted the stable pressure drop (∆Pstable. ).  

Firstly, the pressure drop of a mono-sized particle bed containing only the inert material was 

measured. The evolution of the pressure drop along the bed of particles (∆Pb) with the air inflow 

(Uin) is shown in Figure 4.7, for the initial bed height of 25 cm (triangle) and 45 cm (square). 
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The curve Uonset represents the increasing direction of velocity whereas Ums shows the 

decreasing flow.  

Hb = 25 cm

Hb = 45 cm

∆Pmax45

∆Pstable45

∆Pstable25

∆Pmax45

 

Figure 4.7. Evolution of pressure drop with air inlet for a bed of silica particles (triangle: 25 cm 

of initial height; square: 45 cm of initial bed height). 

The more pronounced hysteresis behaviour is shown for higher initial bed heights as a 

consequence of the need for higher air flows to break the bed containing a higher amount of 

solids.  

Once the inert material was characterised, the effect of the addition of coarse particles on the 

pressure drop of the system was evaluated. Table 4.3 and Table 4.4 show the variation of the 

peak and stable pressure drop respectively with the bed height (Hb) and the volumetric ratio of 

rice straw in the system.  

Table 4.3. Variation of peak pressure drop with Hb and biomass volumetric ratio (in mmHg) 

 0 %v/v straw 10%v/v straw 20%v/v straw 

Hb = 25 cm  68  80 92 

Hb = 35 cm 98 102 105 

Hb = 45 cm 104 116 122 
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Table 4.4. Variation of stable pressure drop with Hb and biomass volumetric ratio (in mmH2O) 

 0 %v/v straw 10%v/v straw 20%v/v straw 

Hb = 25 cm  16  18 21 

Hb = 35 cm 40 58 72 

Hb = 45 cm 87 90 110 

 

As can be seen in the table, the values of the operating and peak pressure drop are highly 

dependent on the experimental system, i.e., on the initial load of solids and on the effective 

density of the mixture. The same behaviour as that observed for the case of mono-sized particles 

is observed with the addition of straw: an increase in the peak pressure drop is shown as the 

stagnant bed height is increased in all cases. This is explained by the higher amount of solids in 

the bed as the height of the stagnant bed is increased and therefore a higher pressure drop is 

required to break the bed and open the spout. ∆Pmax is closely related to the start-up of the 

system: its value defines the minimum value of electrical power required to achieve the 

spouting condition from the static situation.  

In contrast, the stable pressure drop provides the operational conditions for the stable regime. 

As shown in Table 4.4, ∆Pb follows the same general trend as ∆Pmax (Table 4.3), presenting the 

maximum values at the highest height.  

Finally, the increase in the percentage of coarse particles in the bed results in an increase of both 

stable and peak pressure drops in all cases.  

 
Height of the fountain. The region of the reactor where the fountain is formed defines the area 

of reaction of the system, as it is where the majority of the mass and heat transfer reactions take 

place. Its evaluation provides useful information for the correct dimensioning of the device. The 

height of the fountain (HF) was experimentally calculated measuring its value with a scale on 

the transparent wall of the system. The obtained values were used for the validation of the fluid 

dynamic model that will be described in Section 4.3. 

 

A more detailed and in-deep study of these parameters for the system sand-rice straw is 

presented in Communication 4.I.  
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Additional tests were carried out with a non-porous draft tube. The dimensions of the tube are 

depicted in Figure 4.8.  

Vinlet

H
d

Ld
t

Ddt

 

Dimensions Value (cm) 

Distance from inlet, Hd  6.5 

Length of draft tube, Ldt 38.5 

Diameter of draft tube, Ddt 3.5 

 

Figure 4.8. Position and dimension of the non-porous draft tube 

Table 4.5 shows a comparison of the results obtained for the stable pressure drop with and 

without the additional device for a system containing sand and rice straw at different initial bed 

heights (25 and 35 cm) and volumetric ratios (10 and 20%v/v of straw). No problems of 

stability were encountered from the visual inspection and the start-up process was easily 

performed as a result of a preferential channel for the air thanks to the presence of the tube. 

From the experimental results it can be affirmed that the draft tube drastically reduces the air 

consumption. In addition, this decrease is more appreciated for higher initial bed heights 

achieving savings of up to 80% in the inflow air. Moreover, these considerably reduced values 

eventually turn into great energy savings. However, although there are proven benefits to draft 

tubes for the fluid dynamic stability of the system, their use in high temperature applications is 

still rather limited.  

Table 4.5. Comparison of the stable pressure drop with and without draft tube 

Hb = 25 cm ∆∆∆∆Ps (mmH2O) without draft tube ∆∆∆∆Ps (mmH2O) with draft tube 

10%v/v straw 18 12 

20%v/v straw 21 12 

Hb = 35 cm ∆∆∆∆Ps (mmH2O) without draft tube ∆∆∆∆Ps (mmH2O) with draft tube 

10%v/v straw 58 14 

20%v/v straw 72 14 
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4.2. Studies of Segregation 

 

Segregation is an important phenomenon that needs to be evaluated when fluidisation is applied 

to energy conversion technologies. Due to the mechanism of the process, the reacting phase is 

generally drowned in an inert phase, normally different in shape and density. In a standard 

fluidised system, the two phases tend to migrate at different bed levels as a result of their 

different properties this being the main cause of segregation and compromising the global 

behaviour of the system.  

It is clear that a good mixing of particles is a key feature required when SBR are applied to 

thermal conversion purposes where a uniform final product is needed to satisfy the energy 

demand in a regular and continuous way. Even though SBR present improved characteristics 

such as enhanced recirculation of solids respect to traditional fluidised devices, potential 

segregation phenomena need to be evaluated in a broader range of conditions in order to ensure 

the correct functioning of the system in all cases.  

With this purpose, a statistical Design of Experiments (DoE) was applied and several cold flow 

tests were carried out on 6 different systems of solids with very different density, dimension and 

shape. Afterwards, a full factorial design was used to study the main operational parameters 

during the three main stages of a spouting regime: start-up, stable spouting and collapse of the 

fountain. A closer inspection of the statistical results allowed the definition of the range of 

operational factors for which segregation phenomena are prevented.  

DoE stand as a useful and reliable procedure to obtain the best combination of variables for the 

optimal running of the reactor and also permits the evaluation of the influence of each variable 

(individually or in combination) on the quality of the response. DoE are based on the study of 

the multiple input variables (Factors, F) that can be varied (Levels, L) to obtain the response 

variable (Effect, E). Any combination of F and L corresponds to a run in a practical 

experimentation. F can be quantitative (categorical variable) or qualitative (based on a 

continuous variable).  

The F/L (gathered in Table 4.6) under consideration were (i) sphericity of the inert material; (ii) 

volumetric ratio of coarse particles in the bed and (iii) type of material.  
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Table 4.6 Summary of Factors (F), Levels (L) and general characteristics of the DoE applied for this 
study  

Factor (F) Level (L) Type Values 

Sphericity 3 Quantitative 0.82-0.87-1 

Volumetric Ratio 4 Quantitative 0-5-10-20 

Density (kg/m3) 2 Quantitative 56-296 

The E chosen for the analysis were:  

- Qonset and ∆Ponset – to study the influence of the different factors on the start-up of the 

system 

- Qms and ∆Pms – to evaluate the influence of the different factors on the stable 

operational conditions of the system 

- Q* and ∆P* - to establish the factors for which segregation phenomena are prevented  

- Existence of visual instabilities and, if so, time until it is appreciated (tblock) 

The statistical software Minitab© was used to carry out the statistical study, evaluating the 

significant factors and effects. The individual influence of each F through the different L was 

analysed by means of Main Effect Plots (MEP) whereas the general influence of all factors in 

combination was studied with the aid of the Interaction Plots (IP). 

The device used for this experimental campaign was the same as that used for the previous fluid 

dynamic characterisation (Section 4.1). The existence of the flat transparent wall enabled the 

visualisation of the spouting onset, the solid circulation pattern and the potential stability 

problems encountered by the system. All the experiments were registered by video-recording.  

Table 4.7 gathers the physical characteristics of the solids used for the complete experimental 

campaign. For the purpose of these tests, the influence of the dimension of the second phase 

was not addressed and so, PVC and straw were sieved to have similar diameters of particle.  

Table 4.7 Physical properties of the solids used for the segregation studies 

Material ρρρρp (kg/m3) dp (mm) φ 

Glass 1660 1.5 1.00 

PET 857 2.5 0.87 

Sand 1485 1.4 0.82 

PVC 296 36 0.6 

Straw 56 37 0.74 
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The same experimental procedure as explained in Section 4.1 was applied. All the tests were 

performed at an initial bed height of 17 cm which corresponds to the cone height of the reactor.  

 

Methodology of work 

A defined quantity of solids was poured into the reactor according to the required volumetric 

ratio in each case and the set bed height of 17 cm. The system was initially mixed vigorously 

before each run so there was no influence of an uncontrolled initial packing state.  

Visual inspections were performed in first instance to evaluate the degree of mixing in the bed 

and the potential zones where segregation could occur. For every run, three different stages 

were identified and characterised by their air inflow requirement and the obtained pressure drop 

along the bed of particles. These values were submitted to the previously described statistical 

full design of experiments to evaluate their individual and in combination influence on the main 

parameters of the process.   

Once the main operational parameters were obtained, the system was left until block (when 

possible) to evaluate the preferential segregation phenomena occurring for each mixture.  

All the experimental runs were video recorded with the aim to obtain more information 

regarding the system, such as height of the fountain, shape of the spout, degree of mixing in the 

bed, etc. These data will be used to validate further modeling activities aimed to predict 

segregation problems.  

 

All the experimental parameters and discussion of results corresponding to the explained 

methodology are presented in Communication 4.II.  
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4.3. CFD modelling 

 

Computational fluid dynamic (CFD) modelling has become a powerful tool for understanding 

dense gas–solid systems thanks to the advance of numerical algorithms and the deeper 

understanding of multiphase flow phenomena within the recent years. CFD studies enable the 

modelling of fluid phenomena that cannot be easily measured experimentally or that are 

economic and time costly. This way, by applying CFD modelling, the complex multiphase flow 

and the fluidisation reactions that take place within the Spouted Bed Reactor can be described 

by a numerical solution that can be further used to optimise all the operational parameters in an 

effective and quick way.  

With this purpose, the Euler-Euler approach was applied to obtain the simulated fluid dynamic 

solution of the device under study. The fluid and particulate phases are treated mathematically 

as interpenetrating continua and the volume fractions of the overlapping phases are assumed to 

be continuous functions of space and time, with their sum always equal to one. Equivalent 

conservation equations are used for each phase and additional closure laws are applied to 

describe particle–particle and particle–fluid interactions. The density of each phase is 

considered constant during the tests.  

All the studies were carried out with the aid of the commercial software ANSYS 14.5 

workbench (Fluent User’s Guide). This software includes a great number of advanced features 

to make the study of this complex mechanism an easy and efficient task.  

 

The methodology followed for the modelling activities is schematised in Figure 4.9    
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GEOMETRY Creation of the work domain

MESH Discretisation of the domain

SET UP 
GOVERNING 
EQUATIONS

Definition of continuity, Navier-Stokes 
equations and important parameters. 

SOLVER Obtaining of the numerical solution

POST-
TREATMENT

Analysis of results

CONVERGENCE

YES

NO

 

Figure 4.9. Scheme of the modelling methodology using FLUENT 

 

Firstly, the geometry of the reactor was built with the tool Design Modeler provided within 

FLUENT software. This tool also permits the exportation of the particular geometry from an 

Autocad file but this feature was not used in this case. Once the work domain is done, this 

geometry is discretised into a number of computational cells: grids or mesh. This way, the 

complex governing equations (described in Chapter 2) are approximated by a system of 

algebraic equations for the variables at discrete locations in space and time. The equations of 

continuity, Navier-Stokes and energy (when applied) are solved using numerical analysis. For 

the case of FLUENT software, the discretisation is based on the finite volume method. The 

discretised algebraic equations are solved at each grid point by iterative methods until a 

converged solution is achieved. The values at different points are obtained by interpolation of 

the calculated numerical solution between the grid values. Finally, a post-treatment step is 

performed to analise the converged solution. 

A first CFD model was developed to simulate the fluid dynamic behaviour of the system sand-

rice straw within the spouted bed reactor under study. The solution was validated with the 

experimental results described in Section 4.1. The description of the material properties and the 

simulated operational conditions are presented in Table 4.8.  
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Table 4.8. Properties of materials and simulated operational conditions 

Properties of materials Value 

Density of sand 2600 kg/m3 

Density of straw 238 kg/m3 

Density of air 1.225 kg/m3 

Diameter of sand 0.141 cm 

Diameter of straw 0.8 cm 

Operational conditions Value 

Initial bed height 25-35-45 cm 

Percentage of straw 0-10%v/v 

 

 

Governing equations and main process parameters. The simulation was carried out in 2D in 

unsteady conditions. The governing equations were defined by selecting the Eulerian 

multiphase model. The dispersed turbulence was taken into account by selecting the standard k–

ε model. The gravitational acceleration was activated and selected as negative in the y direction. 

The pressure–velocity coupling was obtained using the SIMPLE algorithm. 

Materials and associated interactions. Air was selected as the primary phase and two new 

materials (sand and straw) were defined as the second phase. Their properties were specified 

according to Table 4.9. Granular flow was activated and the following interactions were 

specified: the interaction between sand and air and straw and air was simulated by the Huilin 

and Gidaspow drag model (2003). In addition, the interaction between the two solids (sand-

straw) was simulated by the Syamlal-O’Brien-Symmetric model (Syamal, 1987).  

Closure relations. The choice of the correct closure model and parameters is crucial to achieve 

the most accurate simulation results. For this simulation, the following coefficients were those 

offering the best fittings: coefficient of restitution for sand particles=0.85; coefficient of 

restitution for sand and straw=0.3; coefficient of restitution for straw particles=0.3 (See their 

definitions in Chapter 2). 

Computational mesh. The applied mesh generated by the Meshing editor tool. The space 

between nodes was 5.5 mm, increasing gradually towards the outlet zone. The mesh used 

quadrilateral cells. Figure 4.10 shows the diagram of the applied mesh and Table 4.9 provides 

the mesh main characteristics.   

 



  Chapter 4. Characterisation of SBR 
 

147 

 

 

 

Figure 4.10. Diagram of the mesh 

 

Table 4.9. Mesh characteristics 

Minimum element quality 0.25969 

Maximum element quality 0.99997 

Total number of elements 51606 

Number of nodes 52471 
 

 

Boundary conditions. The following boundary conditions were selected. For the surface inlet, 

the air velocity was specified at the minimum spouting velocity at each case (0.44, 0.556, 0.625 

m/s). The solids (sand and straw) were kept at 0 m/s. At the outlet, a pressure equal to 1 atm was 

applied. The walls were defined as non slip for both air and the solids. Also during this stage, a 

patch was inserted in order to include the different initial bed heights (Hb = 25, 35 and 45 cm).  

Numerical solution. Once all the set-up is ready, the solution parameters are set by defining an 

adequate time step size (0.0008 sec), number of time steps for iteration (8000) and interactions 

for step (20). An adequate setting of these parameters is crucial for achieving the correct 

solution as it is closely related to the overall convergence. Finally, the solution is initialised and 

run.  

Post-processing. When the convergence is achieved, the post-processing stage permits to 

analyse the numerical solution obtained.  

 

The calculated solution was validated with the experimental results discussed in Section 4.1. 

The variables fountain height and pressure drop along the bed of particles were used as 

validating parameters. The model represents the height of the fountain with good accuracy in all 

cases with a maximum error below 5 %. This result allows the identification of the region where 

the fountain will develop and so, where the mass and energy transfer reactions between gas and 

solids will take place. However, the model does not predict, with the same precision, the 

pressure drop along the bed of particles. This fact could be attributed to inaccuracies in the 

experimental measure. An upgrade of the model obtaining the 3D solution will be carried out to 

improve these results.   

 

A complete discussion of results related to the described simulation is presented in 

Communication 4.III.  
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4.4. Main results 

 

An initial set of room temperature experiments was performed with sand and rice straw at 

different operational conditions with the aim to characterise the fluid dynamic behaviour of the 

system. This characterisation is a key feature for the further design and adequate scale-up of the 

device: a correct fluidisation regime ensures a stable and reliable process. As a result of these 

tests, the maximum load of particles susceptible to be spouted without problems was defined 

(20%v/v) as well as the optimum operational conditions for the whole system. Moreover, a new 

correlation to calculate the minimum spouting velocity was obtained based on the experimental 

parameters of the SBR under study.  

 

Statistical studies were applied to the study of mixtures of solids greatly differing in shape, 

dimension and density. These big differences stand as the main cause of segregation 

phenomena in SBR. From the results it can be concluded that similar density ratios between the 

solids in the bed improve the performance of the system. Segregation phenomena do not appear 

at any situation with a volumetric ratio lower than 5%. However, the increase of the quantity of 

coarse particles results in increasing instabilities in all cases. 

 

Finally, a computational fluid dynamic model was developed and validated with the 

experimental results. The values of fountain height were predicted with high accuracy whereas 

the pressure drop was not in good agreement and further improvements need to be done. The 

use of a 3D model is expected to improve the accuracy of the results respect to the experimental 

data.  
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Cristina Moliner*, Massimo Curti, Barbara Bosio, Elisabetta Arato and Giorgio Rovero

Experimental Tests with Rice Straw on a Conical
Square-Based Spouted Bed Reactor

Abstract: A spouting bed reactor using rice straw as feed-
stock for further gasification purposes was studied in the
present work. Experimental fluid dynamic tests were car-
ried out in a conical square-based spouted bed reactor
using a mixture of straw and silica, the latter acting as
inert material. The influence of the initial bed of particles
and the presence of coarse particles in the mixture on the
pressure drop and minimum spouting velocity were eval-
uated. As a result, lower values of pressure drop along
the bed were found compared to conventional fluidisa-
tion processes. Higher initial bed heights and higher
percentage of straw in the mixture resulted in higher
values of pressure drop and minimum spouting velocity.
A new correlation for a cross section spouted bed reactor
was proposed for the prediction of the minimum spouting
velocity.

Keywords: spouted bed reactor, fluid dynamics, rice
straw

DOI 10.1515/ijcre-2014-0172

1 Introduction

The overuse of fossil fuels and the concern over environ-
mental problems have led to an increasing interest on
renewable energies worldwide. Biomass and specifically
agricultural residues have emerged as suitable materials
for its use as feedstock for new energy recovery processes
[1]. Among the different agricultural residues, rice straw
has been pointed out as an option for its use in thermo-
chemical reactions due to two main factors: its high

production and, as a consequence, the necessity of a
sustainable management.

Gasification has been proven a convenient technique
for thermo-chemical conversions of biomass [2] by means
of fluidisation processes. Different devices have been devel-
oped to carry out these reactions and, among them,
spouted bed reactors (SBRs) have been proposed as a
solution to overcome the difficulties that conventional reac-
tors face when treating big and heterogeneous particles.

SBRs are obtained by replacing the perforated plate
of a conventional reactor of fluidisation by a plate with a
single orifice, normally centred in the base. This modifi-
cation provides the system an enhanced recirculation of
solids which results in increased mass and energy trans-
fer rates respect to conventional techniques. Three differ-
ent regions (annulus, spout and fountain) can be
distinguished in a SBR. From a hydrodynamic point of
view, the spout and fountain behaviours are similar to
those in fluidised beds with particles dynamically sus-
pended, whereas the annulus acts more like a packed/
moving bed. The conical base also helps in the recircula-
tion process, enabling the movement of bigger and irre-
gular particles in the device. Figure 1 shows an schematic
diagram of the spouting process.

SBRs have found extensive industrial applications,
mainly related to drying processes, due to the high
fluid-solid contact achieved. Several applications of
these devices acting as chemical reactors are being devel-
oped and SBR currently stand out as a promising tech-
nology to carry out thermo-chemical reactions such as
pyrolysis [3], gasification [4] and combustion [5] of differ-
ent waste materials or for reforming reactions [6].

A successful design and scale-up of these reactors
must include a deep study of the fluidynamics of the
system. The spouting phenomenon, its stability and the
operating conditions depend on many factors such as
particle size, flow rate of fluidising agent, bed height or
density of particles and, for given materials and fixed
geometries, a maximum spoutable bed depth is defined,
beyond which the spouting is replaced by poor fluidisa-
tion [7]. Previous studies in SBRs at low temperature [8, 9]
proved the good performance of these devices with solids
of big dimensions and heterogeneous profiles. Moreover,
lower pressure drops were obtained respect to those for
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conventional fluidization, as well as lower values of the
required fluidization agent.

From a design point of view, parameters like the
minimum spouting velocity of the system and the height
of the fountain will be necessary to define the

specifications of the blower and the height required for
the reactor respectively. Pressure drop will also be an
important variable of study as it is closely related to the
energy needs of the system. Several correlations have
been developed for the prediction (specially useful in
scaled-up applications) of the main properties of SBR
[10], but the high dependence of the process with the
involved solids makes them not completely suitable for
the whole range of applications. Furthermore, in order to
facilitate the scale up, square-based reactors were pro-
posed [9] and the same phenomena occurring for the case
of cylindrical bases were demonstrated to define the over-
all performance, enabling the use of existing correlations
with slight adaptations.

In the present work, low temperature experimental
studies were performed in a conical square-based SBR
using rice straw as feedstock and silica as inert bed
material to characterise the fluidynamic behaviour of
the system in terms of pressure drop and minimum
spouting velocity.

2 Experimental

The scheme of the experimental setup used for the pre-
sent work and the definition of the main dimensions of
the reactor is shown in Figure 2. The system is composed
by an air compressor, a flow meter, two manometers and

Fluid inlet

Fluid outlet

Fountain

Annulus

Spout

Figure 1: Scheme of a SBR.

Figure 2: Scheme of the experimental apparatus.
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a conical SBR whose numerical definition is presented in
Table 1. A half section device with a plexyglass wall was
used for the present work, in order to enable the visuali-
sation of the spouting process and to better evaluate the
fluidynamic phenomena occurring inside the reactor. As
proven by Rovero et al. [11] the wall has been demon-
strated to interfere to a moderate extent with the solids
trajectory vectors within the annulus and to not affect the
measurement of the fundamental fluidynamic parameters
of SBR, such as Ums. Therefore, the results obtained with
this device were taken as valid to describe the behaviour
of the whole reactor.

Two different measures of pressure drop (ΔP) were
obtained as represented in Figure 2. The values of pres-
sure drop across the bed of particles (ΔPb) were measured
for the different set of experiments by means of a probe
located in the intern of the bed at 20 cm from the bottom
and at 4 cm distance from the wall in the radial direction
and connected to a water U-manometer. The pressure
drop corresponding to the overall system (ΔPT) was
simultaneously measured with the aid of a mercury
U-manometer connected to the flow meter.

The inlet distributor consists on a single orifice
placed in the centre of the base of the reactor with an
inlet diameter of 2.5 cm and Dc represents the length of
the square side of the base and corresponds to an equiva-
lent diameter of 23 cm.

The blower supplies a maximum air flow of 200 Nm3/h
measured by means of a rotameter (tared at 1013 mbar and
20°C). A U-tube water manometer is connected to the
rectangular column for measuring the pressure drop across

the bed and a mercury manometer is employed to measure
the total pressure drop of the system.

Rice straw was chopped and considered as a cylinder
with constant diameter. An averaged length of 1 cm was
obtained from the size distribution performed on a repre-
sentative sample. Due to the nature of the straw, length
was taken as its characteristic dimension (Figure 3).

The reactor also contained particles of silica acting as
the inert bed material. Different percentages of rice straw
(10% v/v, 20% v/v) were tested for the present work. The
effect of the height of the bed was assessed with values
set at 25, 35 and 45 cm for each experiment. Table 2
gathers the physical properties of the components of the
system together with the quantities of silica and rice
straw required to reach each height of study.

For the case of the mixtures straw-silica, the effective
density and diameter of particle were calculated accord-
ing to the following expressions:

ρeff ¼
W1 � ρsilica þW2 � ρstraw

W1 þW2
ð1Þ

dpeff ¼ 1
P2
1

xi
fi � dpi

ð2Þ

WithW1 andW2 the mass of silica and straw respectively, xi
the percentage of the corresponding component in the
mixture in volume basis and fi the shape factor defined
as the ratio of the surface area of equi-volume sphere to the
surface area of the particle, with values of f ¼ 1 for sphe-
rical particles (silica) and f ¼ 0:82 for the case of the
straw.

Figure 3: Rice straw employed for the tests.

Table 1: Values of the main dimensions of the experimental
apparatus.

HR (cm) HC (cm) α Di (cm) Dm (cm) DC (cm)

. . ° . . .

Table 2: Physical properties of the materials under study at different heights (H).

W – Mass Silica (kg) W – Mass Straw (kg)

H ¼  (cm) H ¼  (cm) H ¼  (cm) H ¼  (cm) H ¼  (cm) H ¼  (cm) dpeff (m) ρeff (kg/m)

Straw % v/v . . . . . . . · – 

Straw % v/v . . . . . . . · – 

Straw % v/v . . . . . . . · – 
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From previous experimental measurements, the
values of diameter and density of the initial rice straw
were dstraw ¼ 0.01 m and ρstraw ¼ 56 kg/m3.

The dimension of particle is fundamental to guaran-
tee a good spouting behaviour. They must belong to
group D of Geldart classification [12] and satisfy the con-
dition in eq. (3):

ðρeff � ρairÞd1:24peff > 0:23 ð3Þ

condition satisfied for all tested cases.

3 Fluidynamic experimental studies

The behaviour of SBRs is highly influenced by the char-
acteristics of the treated solids and a description of the
fluidynamics of the system at low temperatures becomes
necessary to characterise the performance of the device.
A correct definition will help to choose the most suitable
conditions of work according to the available solids and
their characteristics. The influence of the bed height and
the percentage of coarse particles (rice straw) in the
mixture on the pressure drop and spouting velocity of
the conical spouted bed are studied in the present work.

3.1 Study of the pressure drop

Figure 4 shows the evolution of ΔPb with air velocity (Uin)
for a mixture with a 10% v/v of rice straw at an initial
static bed of 35 cm. The pressure drop along the bed of

particles increases as air velocity goes up showing a
linear trend (♦) and a packed bed behaviour with an
increasing cavity being formed in the centre of the spout.

At certain point, ΔPb reaches a peak value when the
fountain is formed (ΔPbmax) from which it decreases shar-
ply when the air velocity is further increased. This fact
can be attributed to the lower resistance offered by the
solids as a result of the vigorous movement of the foun-
tain. The ΔPb continues going down until a value that
remains constant (ΔPbs) for a wide range of velocities.

Once the stable conditions are achieved, the fluid
velocity is decreased (■), and a hysteresis process is
observed as the pressure required to break the bed and
form the spout is higher than the corresponding peak
pressure drop at each point.

For comparison purposes, the theoretical trend that a
conventional fluidisation process would show is repre-
sented by the grey dashed line. The difference of pressure
drop between the two processes is represented by ΔPd
proving that lower values should be obtained when
applying spouting conditions.

The effect of the initial static bed height is studied in
Figure 5 where the evolution of ΔPb at the tested heights
(25, 35 and 45 cm) with increasing Uin are represented for
the mixture of particles with a 10% v/v of rice straw.

The values of ΔPb increase with increasing bed
heights as well as the required inlet flow necessary to
form the fountain (ΔPbmax) because, as bed increases, the
resistance offered by the solids also increases and it
makes necessary higher inlet flows to start the spouting
process.

ΔP
b

  (
m

m
H

2O
)

0

25

50

75

100

125

150

0 0,2 0,4 0,6 0,8 1

Uin (m/s)

ΔPd

ΔPbs

ΔPbmax

Figure 4: Pressure drop evolution across the bed with the inlet velocity (Rice straw 10% v/v).
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The same trend is shown for the stable pressure drop
(ΔPbs) for the case of the lower heights. However, H ¼
45 cm showed incipient instabilities (circle dashed lines)
and therefore it was defined as the maximum height
value to be tested to ensure stable conditions within the
reactor under study.

In order to study the influence of the characteristics
of the particles present in the bed, different percentages
of rice straw were tested at a constant bed height of 45

cm. Figure 6 represents the pressure drop along the initial
bed of 45 cm with the inflow gas for three different
percentages (0, 10 and 20% v/v of straw). A higher
value of ΔPb is found when straw is added to the bed,
indicating a higher resistance when coarse particles are
present in the mixture. However, the increase in the
percentage of straw showed slightly different values of
ΔPb compared to those observed respect to the bed con-
taining only silica.

0
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ΔPbs-25

ΔPbs-35

≠ΔPbs-45ΔP
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  (
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Figure 5: Pressure drop evolution along the bed with the inlet velocity for different initial bed height (rice straw 10%v/v).

0

50

100

150

200

250

300

350

Percentage = 0% straw

Percentage = 10%v/v straw

Percentage = 20%v/v straw

0

50

100

150

200

250

300

350

0,7 0,75 0,8 0,85 0,9 0,95 1 1,05 1,1

Percentage = 0% straw
Percentage = 10%v/v straw
Percentage = 20%v/v straw

ΔP
b

  (
m

m
H

2O
)

ΔP
b

  (
m

m
H

2O
)

0 0,2 0,4 0,6 0,8 1 1,2

Uin (m/s)

Uin (m/s)

Figure 6: Pressure drop evolution along the bed with the inlet velocity for different percentages of rice straw (H ¼ 45 cm).
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Regarding the study of the stable spouting conditions,
the values of stable pressure drop (Figure 6 – inset) are
within the same range for all the tested percentages, but
higher percentages of coarse particles showed slight incipi-
ent instabilities and for that reason,H ¼ 45 cmwas defined
as the maximum height of the bed of particles (correspond-
ing to a maximum ratio Hb/Dc ¼ 2.25) at any percentage of
straw to ensure a stable process of the device under study.

3.2 Study of the spouting velocity

The second fundamental parameter to define the perfor-
mance of SBRs is the so-called minimum spouting velocity,
Ums, defined as the minimum rate of gas required to
maintain the conditions of spout in the system. For the
present work, Ums was evaluated experimentally and
compared with the existing correlations.

For the experimental evaluation of Ums, the inflow
was decreased from the stable condition and the value at
which the fountain collapsed was taken as Ums. The effect
of the bed height on Ums (percentage of rice straw ¼ 10%
v/v) can be evaluated from Table 3. The resulting Ums

takes higher values with increasing beds as it was
expected from the previous results (Section 3.1). Stable
conditions for the further study of the spouting process
were set at 1.1 Ums in order to ensure the spouting and
avoid instabilities. From this trend, it can be concluded
that the requirements of the inflow equipment will be
affected by the height of the static bed with higher gas
flows required for higher static beds.

In order to study the influence of the presence of big
and irregular particles in the bed, different percentages of
rice straw were tested measuring the corresponding Ums

in each case, given that the percentage of straw in the
sample is closely related to the effective diameter of
particles. Table 4 shows that Ums is slightly affected by
the addition of straw to the system (H ¼ 45 cm). This

behaviour is also in accordance to previously discussed
results (Figure 6) in which the range of stable operational
conditions remained constant for the different mixtures
under study and also in agreement with previous obser-
vations in rectangular spouted reactors [13, 14].

Several correlations have been proposed to predict
Ums. The validity of these correlations for the calculation
of the minimum spouting velocity for rice straw with a
conical square-based SBR was studied. The following
correlations (eq. 4–7) based on empirical considerations
were evaluated:

Mathur and Gishler, 1955 [10]

UmsMG ¼ dpeff
DC

� �
ρeff � ρair

ρair

� �0:5 Di
DC

� �1=3 ffiffiffiffiffiffiffiffiffi
2gH

p
ð4Þ

Choi and Meisen [15]

UmsCM ¼ 18:5
dpeff
DC

� �1:19 ρeff � ρair
ρair

� �0:263 Di
DC

� �0:373

H
DC

� ��0:103 ffiffiffiffiffiffiffiffiffi
2gH

p

ð5Þ
Olazar et al. [16]

UmsO ¼ dpeff
DC

� �
ρeff � ρair

ρair

� �0:5 Di
DC

� �0:1 ffiffiffiffiffiffiffiffiffi
2gH

p
ð6Þ

Anabtawi [17]

UmsA ¼ 0:25
dpeff
DC

� �0:65 ρeff � ρair
ρair

� �0:5 Di
DC

� �0:312

H
DC

� �0:254 ffiffiffiffiffiffiffiffiffi
2gH

p ð7Þ

Different cases of application were taken into account
from the previous correlations: cylindrical reactors-eq.
(4), conical reactors-eq. (6), influence of the properties
of solids-eq. (5) and square cross section-eq. (7).
However, none of them fulfil the exact operational con-
ditions applied to this work.

Table 5 gathers the results for Ums when eq. (4)–(7)
are applied to the experimental values and their asso-
ciated error values (Errorð%Þ ¼ ðUmscorrelation�UmsexpÞ=
Umscorrelation�100).

As it can be concluded from the table, none of the
available correlations predicted well the Ums associated
to the spouting of the mixture silica – straw in a SBR with
a square cross section. Moreover, the predictions tended
to fail in higher percentage with the increase of rice straw
in the bed of particles. This fact can be explained by the
complex influence of the geometry of the reactor and the
physical properties of solids on the spouting behaviour.

Table 3: Influence of bed height on Ums (percentage rice straw ¼
10%).

H (cm)   

Ums (m/s) . . .

Table 4: Influence of percentage of rice straw on Ums (H ¼ 45 cm).

Percentage straw (%v/v)   

Ums (m/s) . . .
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This gives the available correlations a restricted range of
dimensions of the reactor and properties of gas and
particles involved in which they can be applied with
successful results.

In order to obtain a significant relation between the
variables of the process and the specific SBR under study,
a complex multiple regression analysis was performed by
fitting the experimental values to an expression with the
form:

Umsffiffiffiffiffiffiffiffiffi
2gH

p ¼ A
dpeff
DC

� �a H
DC

� �b ρeff � ρair
ρair

� �c Di
DC

� �d

ð8Þ

As a result of the fitting process, the expression that best
described the relation between all the variables involved in
the process of spouting for the system silica-rice straw was:

Umsffiffiffiffiffiffiffiffiffi
2gH

p ¼ 0:6
dpeff
DC

� �0:524 H
DC

� �0:191 ρeff � ρair
ρair

� �0:232 Di
DC

� �0:158

ð9Þ
Table 6 shows the values of Ums according to (9)

along with their associated error values:

The proposed correlation predicts with high level of
accuracy the value of Ums for low particle diameters at
every height of bed. However, higher percentages of error
are obtained as the concentration of coarse particles
increases in the sample, but lower than those predicted
by the previous correlations (eq. 4–7) in all cases. This
fact reinforces the hypothesis that the geometry and phy-
sical properties of solids have a great influence on the
spouting behaviour and more tests with different values
of dpeff will be required to correctly tune the expression
for the case of bigger particles (dpeff > 2.1 mm).

For validation purposes, the obtained equation was
applied to data from other authors (Table 7) whose stu-
dies were performed with solids with similar properties as
the studied in the present work [18]:

As expected, the best results were obtained for the
smallest diameters of particle and the percentage of error
was below 30% in all cases.

4 Conclusions

Rice straw was used as feedstock in a conical square-
based spouted bed reactor with silica acting as inert
material. The fluidynamic behaviour of the system was
studied in order to assess the main defining parameters
of the technology for its further scale-up.

Three different initial bed heights were tested (25, 35
and 45 cm) and the percentage of rice straw was also
varied (0, 10% and 20% v/v).

The highest pressure drop values were those with the
highest initial bed heights and the increasing percentage

Table 5: Values of Ums according to correlation methods.

Experimental conditions (dpeff/H) Ums exp (m/s) Ums MG (m/s) Error (%) Ums CM (m/s) Error (%) Ums O (m/s) Error (%) Ums A (m/s) Error (%)

. mm/ cm . . –% . –% . % . %

. mm/ cm . . –% . –% . % . %

. mm/ cm . . –% . –% . % . %

. mm/ cm . . % . % . % . %

. mm/ cm . . % . % . % . %

Table 6: Values of Ums according to eq. (9).

Experimental conditions
(dpeff/H)

Ums exp (m/s) Ums eq. () (m/s) Error (%)

. mm/ cm . . %
. mm/ cm . . %
. mm/ cm . . %
. mm/ cm . . %
. mm/ cm . . %

Table 7: Experimental data fitted to eq. (9).

Dc (m) Di (m) H (m) dpeff (m) ρeff (kg/m) ρair (kg/m) α Ums exp (m/s) Ums eq. ()(m/s) Error (%)

. . . .  .  . . %
. . . .  .  . . %
. . . .  .  . . %
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of straw resulted in slight instabilities during the
spouting.

The minimum spouting velocity increased with the
increase of the bed height. The presence of coarse parti-
cles and consequently, a bigger dimension of particle in
the bed, resulted in higher minimum spouting velocities.
Existing correlations were applied but did not show a
good agreement with the experimental data when the
percentage of straw was increased. A new correlation
for particles of small diameter (dpeff < 2.1 mm) was proved
valid for the prediction of the minimum spouting velocity
in a conical square-based spouted bed reactor.

Nomenclature

Dc, Di, Dm column, spout inlet and bed bottom diameter (m)
dpeff effective particle diameter (m)
H, HC, HR height of the static bed, conical section and total of

the reactor (m)
Uin, Ums fluid inlet and minimum spouting velocity (m/s)

Greek symbols

ΔPb pressure drop along the bed of particles (mm H2O)
ΔPbmax, ΔPs maximum and stable pressure drop along the bed

of particles (mm H2O)
ΔPd difference between conventional fluidization and

spouting pressure drops (mm H2O)
ΔPT total pressure drop of the system (mmHg)
Α base angle
ρair air density (kg/m3)
ρeff effective particle density (kg/m3)
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ABSTRACT 

The influence of the physical characteristics of different binary mixtures of solids on the spouting regime of a 

square based spouted bed reactor was experimentally discussed. A further application of a methodology based 

on statistical design of experiments permitted to evaluate in a more precise way the effects of the variation of 

the tested variables (sphericity of inert solids and volumetric ratio and density of the second solid phase) on the 

response variables (air flow to maintain the spout  and associated pressure drop along the bed of particles). For 

the particular system under study it was observed that similar density ratios between the solids composing the 

bed of particles improved the performance of the device in all cases. Segregation phenomena became more 

evident at volumetric ratios above 10%v/v regardless the second solid phase.  

In general terms, the application of the described statistical methodology to different case scenarios can lead to 

the definition of the most adequate operational parameters in each case and can define the technical limits 

encountered by that specific system when treated in a spouted bed reactor.  

 

Keywords: Design of Experiments, spouted bed reactor, segregation 

Highlights 

• Design of experiments applied to assessment of performance of Spouted Bed Reactor 

• Similar density ratios between solids improved the performance of the system 

• Segregation phenomena are present above the 10%v/v of second phase solid 

• The described methodology is susceptible to be applied to different case scenarios 
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1. INTRODUCTION 

Spouted bed reactors (SBRs) were initially proposed as a suitable device to carry out the drying [1], granulation 

[2] and coating [3] of particles. The extensive development of the technology led to the application of SBRs to 

an increased number of industrial processes as biomass pyrolysis [4-7], biomass and coal gasification [8-11], 

reactions of polymerisation [12] or reforming of bio-oil [13, 14].  

SBRs are obtained by replacing the perforated plate of a conventional reactor of fluidisation by a plate with a 

single orifice, normally centred in the base. This modification promotes the recirculation of solids within the 

reactor which results in increased mass and energy transfer rates respect to conventional techniques [15]. In 

addition, a conical base helps in the recirculation process and enables the movement of bigger and irregular 

particles in the device and helping overcome the difficulties that conventional reactors face when treating 

heterogeneous mixtures. 

In practical terms, the gas enters the bed through a central orifice of the distributor plate causing the formation 

of a central spout in which the particles move upwards in a dilute phase. The annular space between the spout 

and the vessel wall contains a packed bed of particles, moving slowly downwards and radially inwards. 

According to the mechanism of the process, the reacting phase is drowned in an inert phase, generally different 

in shape and density. In a standard fluidised system, these two phases tend to migrate at different bed levels, 

being the main cause of segregation phenomena, and compromising the global behaviour of the system. In 

general, due to their particular configuration, SBRs have shown improved mixing of solids respect to fluidised 

beds provided they work in their optimum operational conditions. Nevertheless, segregation must be an 

important design factor that needs to be evaluated prior the application of SBRs in high temperature processes, 

where a good mixing is a key feature to obtain a uniform product. 

Segregation problems arise mainly due to the difference of properties between the inert material and the 

second solid phase [16]. It can also occur as an inadequate choice of the applied operational conditions [17]. In 

this framework, little research has been done on the mixing/segregation behaviour of binary mixtures containing 

highly irregular shaped solids while presenting great differences in density and dimension between them. Its 

influence on the main operational parameters of the reactor requires a deep study in order to optimise the 

performance of the device and, accordingly, the final product yields.  

With the objective of evaluating the potential segregation problems that a previously characterised squared-

base SBR may encounter in a defined range of conditions [18], several cold flow tests have been carried out 

with six different mixtures diverging in density, shape and dimension of particles. The effect of these variables 

on the operational parameters of the reactor (i.e. start-up, stable regime and prevention of segregation) has 

been studied in the present work by the application of a methodology based on statistical Design of 

Experiments (DoE). A closer inspection of the statistical results permitted to define the range of operational 

factors for which the specific studied system works in optimum conditions while preventing segregation 

phenomena. The described methodology provides a tool susceptible to be applied to assess the performance of 

spouted bed reactors in different case scenarios. 
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2. Description of experimental methodology 

2.1. Materials and methods 

Three different solids were used as inert materials (glass bead-Figure 1a, PET-Figure 1b and sand- Figure 1c) 

and two types of second phase solids (PVC- Figure 1d and rice straw- Figure 1e) were tested.  

    

(a) (b) (c) 

  

(d) (e) 

Figure 1. Solids used for the segregation studies 

Table 1 gathers the physical characteristics of the solids used for the complete experimental campaign. For the 

purpose of these tests, the influence of the dimension of the second phase was beyond the scope of the 

present work and for that reason, PVC and straw were sieved to have similar diameters of particle.  

Table 1 Physical properties of the solids used for the segregation studies 

Material ρp (kg/m3) dp (mm) φ 

Glass 1660 1.5 1.00 
PET 857 2.5 0.87 
Sand 1485 1.4 0.82 
Straw 56 37 0.74 
PVC 296 36 0.6 
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2.2. Experimental set-up 

All the fluid dynamic experiments were performed at room temperature at the laboratories of the Department of 

Applied Science and Technology (DISAT) at the Politecnico di Torino. A previously described [18] lab-scale 

square-based spouted bed reactor was used for the present experimental campaign. The system is represented 

in Figure 2. It is composed by: (i) a blower supplying a maximum inlet air flow of 200 Nm3/h provided by the 

Department facilities; (ii) a pressure probe located in the intern of the bed at 20 cm from the bottom and at 4 cm 

distance from the wall in the radial direction and connected to a water U-manometer and (iii) a conical square-

based half section device of 200x100 mm made in wood with a plexyglass wall that enabled the visualisation of 

the spouting onset, the solid circulation pattern and the potential stability problems encountered by the system. 

All the experiments were repeated three times and the averaged value was taken as representative. The flow 

meter had  an associated experimental error equal to ±2 m3/h. 
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Dimension Value 
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Figure 2. Scheme of the experimental set-up 

 

 

 

 



  Communication 4II 

167 

 

2.3. Experimental procedure 

All the experiments were conducted following the procedure explained in previous works [18]. A desired 

quantity of second solid (biomass/PVC) was poured from the top of the reactor into the existing bed of particles 

(inert solids) until the desired initial bed height was achieved. The maximum volumetric ratio added to the inert 

bed of solids was set at 20%v/v according to previous results obtained on the device [18]. Bed heights were 

visually measured using a scale along the column height and its value was fixed at an initial bed height of 17 cm 

which corresponds to the cone height of the reactor. 

In order to eliminate the influence of the uncontrolled initial packing state, prior to each experimental run, the 

conical spouted bed was pre-treated by increasing the superficial gas velocity to obtain full spouting and then 

decreasing the superficial gas velocity gradually to return to a reproducible initial fixed bed condition.  

2.4. Statistical approach 

DoE stands as a useful and reliable procedure to obtain the best combination of variables for the optimal 

running of the reactor and also permits to evaluate the influence of each variable (individually or in combination) 

on the quality of the response. DoEs are based on the study of the multiple input variables (Factors, F) that can 

be varied (Levels, L) to obtain the response variables (Effect, E). Any combination of F and L corresponds to a 

run in a practical experimentation. F can be quantitative (categorical variable) or qualitative (based on a 

continuous variable) [19]. The F/L (gathered in Table 3) under consideration were: sphericity of the inert 

material; volumetric ratio of coarse particles in the bed and density of the second solid phase.  

Table 3 Summary of Factors (F), Levels (L) and general characteristics of the DoE applied for this study  

Factor (F) Level (L) Type Values 
Sphericity 3 Quantitative 0.82-0.87-1 
Volumetric Ratio 4 Quantitative 0-5-10-20 
Density of second solid phase 2 Quantitative 56-296 

 

The individual influence of each F through the different L was analysed by means of Main Effect Plots (MEP). 

The E identified for the analysis were the experimental outputs of air inflow (Q) and pressure drop (∆P) at the 

three main stages of the process: start-up, stable operational conditions and minimum conditions to prevent 

segregation. More precisely, the studied parameters for each stage were: 

- Start-up: Qonset and ∆Ponset  

- stable operational conditions: Qms and ∆Pms  

- conditions for the prevention of segregation: Q* and ∆P*  

In addition, a visual characterization was performed to evaluate the existence of visual instabilities and, if so, 

the time until they were appreciated. 
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3. Results and discussion 

3.1. Overall visual characterisation  

From the visual observation of all the tested scenarios, it was observed that the bed was effectively mixed in a 

short time after the addition of both PVC and straw at low volumetric ratios, that is below a 5%v/v of the 

secondary phase. Figure 3 shows the degree of mixing of the bed of particles few seconds after the addition of 

5%v/v rice straw. For beds containing ratios above a 10% v/v of second solid, the systems tended to get 

blocked after some minutes (or even just one minute for the highest tested ratio, 20%v/v) when working at 

minimum spouting conditions (Figure 4).  

  

(a) 

 

(b) 

 

(c) 

Figure 3. Degree of bed mixing at 5%v/v of coarse particles for the systems: glass-straw (a); PET-straw 

(b); sand-straw (c) few seconds after the addition of solids at minimum spouting conditions 

 

(a) 

 

(b) 

Figure 4. Degree of bed mixing at 20%v/v of straw (a) and PVC (b) in a bed of PET particles few seconds 

after the addition of solids at minimum spouting conditions 

In this framework, the parameter Q* and its associated pressure drop along the bed of particles, ∆P*, was used 

to evaluate the potential segregation of the system. As previously mentioned, Q* was defined as the air inflow 

required to maintain stable spouting conditions for an infinite time while guaranteeing the absence of 

segregation phenomena.  
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Finally, segregation was purposely induced to evaluate the time needed by the system to incur into stability 

problems and to define the preferential positions of solids in an eventual undesired situation. The system was 

left until blocked and re-activated afterwards by introducing air until proper conditions were achieved.  

All the systems with the inert material and those with the mixtures containing a volumetric ratio below 5% of 

both PVC and rice straw were found to be stable in all situations and no segregation phenomena were 

observed neither in short nor long term.  

On the contrary, at ratios above 10%v/v of PVC, the second phase tended to accumulate at the bottom of the 

reactor causing an eventual block of the inlet after a long time working in minimum spouting conditions (Figure 

5a and 5b). In this situation, the air required to shift from the new static bed into vigorous movement (Figure 5c) 

was higher than the initially registered Qonset, showing that a collapse of the fountain in case of failure can lead 

to enhanced difficulties for the start-up of the system. Despite this fact , the system achieved a well mixed 

degree after few seconds of high air flow inlet (Figure 5d and 5e). 

 

(a)              (b) (c)    (d) (e) 

Figure 5. Evolution of the bed of particles composed by PET and PVC (at 20%v/v) from an initial block to a well 

mixed situation through vigorous movement 

The same overall behaviour was encountered when straw was used as the secondary phase. However, the 

fibrous shape of the straw led to enhanced block problems due to the easiness of the samples to inter-cross 

between them, especially at high volumetric ratios (10 and 20%v/v). Those inter-crossed samples created 

preferential channels where the inert material continued with its regular recirculation and the straw tended to 

increasingly accumulate at the bottom until no more air was allowed to flow.  

 

From these results it can be concluded that the particular properties of the second phase solid can lead to 

different operational problems and, for that reason, the definition of these specific difficulties in each case 

scenario may be crucial to achieve the optimum performance of the device. It is also important to highlight that, 

in addition to the fluid dynamic considerations evaluated in the present work, further thermo-chemical 

. 
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evaluations (beyond the scope of this paper) need to be performed when SBRs are applied with energy 

recovery purposes.  

 

3.2. Application of the Design of Experiments (DoE) 

In order to quantitatively characterise the spouting regime of the tested mixtures, a statistical DoE was applied. 

A full factorial design was used to evaluate the different operational conditions with the aid of the statistical 

software Minitab© .   

Figure 6 shows the Main Effect Plots (MEP) of the DoE for the response variables Qonset/∆Ponset (a) Qms/∆Pms (b) 

and Q*/∆P* (c). The changes in the level means provided information concerning the factors that influenced the 

response the most. The horizontal line across the graphs is the grand mean, that is, the average of all data for a 

specific effect which is the reference value for data interpretation.  
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Figure 6. Main Effects Plot for the analysis of the start-up (a), operational (b) and prevention of segregation (c) 

conditions of the SBR 

From the figure, the following interpretations can be drawn. Firstly, the more irregular shape of the solids 

composing the bed of particles, characterised by a lower sphericity, resulted in higher air requirements to start 

the spouting in all cases. However, opposed to what it would have been expected, the pressure drop along the 

bed of particles presented its minimum at 0.87 and not at the lowest sphericity value. This sphericity 

corresponds to PET which presents a more similar density than the other two inert solids respect to that of the 

added solid phase. As a result, a more homogeneous bed of particles results in a lower energy loss in the 

system. This fact also indicates the existence of a possible combined influence of the two variables (sphericity 

and relative densities) on the main responses under study that will be further discussed with the aid of 

Interaction Plots.   

The difference in the absolute densities of the second phase (Straw: light phase; PVC: dense phase) mainly 

affected the start-up of the process as it is shown by the bigger deviation from the grand mean among the two 

materials in Figure 5a. 

Finally, it is evident that the required inflow air and its associated pressure drop values are mostly affected by 

the volumetric ratio of coarse particles in all cases, also in accordance to other authors [20]. Particularly, the 

conditions for the start-up (a) and the prevention of segregation phenomena (c) are mainly affected by ratios 

above 5%v/v whereas the operational conditions (b) follow an increasing linear trend within all the studied 

range. These results are also in accordance with the previous visual observations where the system was in risk 

of collapsing at the highest tested ratios.  

Interaction Plots (IP) provide information about the general influence of all factors in combination. Figure 7 

shows the IP for the three factors on the Qonset (a-c) and ∆Ponset (d-f). 
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Figure 7. Interaction Plot for the analysis of the start-up conditions 

Initially, for all sphericities, an increasing volumetric ratio resulted in an increased general trend for Qonset (Figure 

7a) and ∆Ponset (Figure 7d) being this effect more appreciable for sphericities = 0.82. In addition, the light 

material required more air to start its spouting at all tested ratios as shown in Figure 7c. Interestingly, in Figure 

7f the addition of light or dense materials showed little influence on ∆Ponset  at low volumetric ratios. However, 

this difference became more evident at ratios equal to 20% where it was appreciated the maximum difference 

between materials (17%). In this situation, it could be concluded that dense materials improved the performance 

of the system at high volumetric ratios. Finally, the interaction between the sphericity of the inert material and 

the density of the added second solid showed different trends, as it was previously mentioned on the initial 

MEP. Figure 7b shows that, at sphericities = 0.87, the air required to start the spout was insensitive to the use 

of straw (light solid) or PVC (dense solid). On the contrary, light materials presented higher Qonset  than dense 

solids for the other two tested sphericities. In this latter case, a positive effect on the ∆Ponset was found when 

dense solids were used instead of light ones (Figure 7e) whereas the opposite trend was observed when PET 

was used as inert solid where the light material showed an improved spoutability.  

From these results it can be concluded that the ratio of densities between the two solids composing the bed of 

particles has a great effect on the start-up process: similar density ratios improve the performance of the system 

in terms of energy losses in all cases. In addition, highly irregular inert solids provided the worst conditions of 

work regardless the quantity and type of second solid phase.  

Similarly, the operational conditions (through the study of Qms Figure 8 (a-c) and ∆Pms Figure 8 (d-f)) and the 

minimum requirements to prevent segregation phenomena (by the evaluation of Qst Figure 9 (a-c) and ∆Pst 

Figure 9 (d-f)) were studied with the aid of Interaction Plots.  
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Figure 8. Interaction Plot for the analysis of the stable operational conditions 

In general, all the studied effects presented lower values than those obtained in the previous stage confirming 

the fact that higher air requirements are needed to initiate the spout than to maintain the stable process 

according to the well- known hysteresis process that SBR present [5]. 

A deep insight in the figure shows that, as it happened before, an increasing volumetric ratio resulted in an 

increase general trend for the Qms (Figure 8a) and ∆Pms (Figure 8d). This effect was more appreciable for 

sphericities = 0.82 whereas almost no variation was observed for sphericities = 0.87. This fact can be attributed 

to the fact that the bed is composed by solids with similar densities in the latter case and, as a result, the 

addition of coarse particles does not modify in the same extent the properties of the bed. No effects on the air 

required to maintain the spout (Figure 8c) were seen for any added solid at low volumetric ratios.  

When this ratio was above 5%, the difference on the flow between straw and PVC presented an increasing 

trend. Contrary to the observed behaviour during the start-up, the addition of coarse particles at low ratios 

negatively affected the ∆Pms . However, when the light solid was at 20%, this trend reversed dramatically (Figure 

8f). Moreover, the variability on ∆Pms when a light solid is added to the bed (32%) is much higher than that as a 

result of the addition of coarse particles (6.3%) indicating that coarse particles lead to more stable spouting 

processes. Finally, the same behaviour as that described for the start-up was observed for Qms (Figure 8b) and 

∆Pms (Figure 8e) when light and coarse particles were added to the different inert solids. In this case, the 

differences on ∆Pms for the most homogenous bed were higher (21%) respect to the previous stage (17%) 

indicating an enhanced influence of the relative density between solids on the stable spouting conditions.  

Lastly, the minimum requirements to ensure the prevention of segregation phenomena are discussed from the 

results obtained in Figure 9.  
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Figure 9. Interaction Plot for the analysis of the conditions to prevent segregation 

From the figure it can be stated that the main factor inducing segregation is the volumetric ratio of the second 

solid in the bed of particles: higher ratios led to higher air requirements and higher pressure drop values in all 

cases (Figures 9a, c, d and f). Little effect of the nature of the added solid on the Q* was observed (Figure 9c) 

and only the highest ratio showed a positive effect on the ∆P* when coarse particles were added instead of light 

solids (Figure 9f). The difference on the added solids did not show any influence on the ∆P* for high 

sphericities. 

 For the case of the most irregular inert solid, the addition of coarse particles resulted in a positive effect on the 

∆P* respect to that obtained with light solids (Figure 9e). Finally, segregation phenomena were highly influenced 

by the density ratios between the solids present in the bed as in the previously discussed spouting stages. At 

similar density ratios, higher sphericity values led to lower air flow requirements to prevent segregation 

phenomena (Figures 8b).  

 

4. Conclusions  

Binary mixtures containing solids with very different physical properties  were used to study the potential 

segregation phenomena occurring within a square-based spouted bed reactor. A methodology based on 

statistical studies permitted to evaluate the influence of the difference in properties between the two solids on 

the main operational parameters of the device. For the specific case under study, it was found that the most 

adverse conditions for the start-up of the system were obtained at the highest volumetric ratio of the light phase, 

limited to 20%v/v according to previous results. Similar density ratios between the solids improved the 

performance of the system in stable spouting conditions thanks to a higher homogeneity of the bed of particles. 
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No segregation phenomena were encountered at low volumetric ratios of added solids whereas increasing 

values promoted instabilities and segregation phenomena, specially at 20%v/v, accentuated by the fibrous 

nature of the straw that resulted in enhanced blocking problems.  

 

The presented methodology, in general a quick and reliable tool to evaluate different set of experiments, could 

be applied to assess the performance of a spouted bed reactor in different case scenarios and to define the 

technological limits that the technology potentially presents for each specific case of study.  
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The present work aims to develop a model to simulate the fluid dynamic behavior of processes related to the 
exploitation of biomass as energy source by means of gasification. In particular, the attention has been 
focused on a spouted bed reactor with a square base using rice straw as feedstock.  
Spouted Bed reactors are attracting particular attention for their use in gasification processes. In these 
devices, the gas is introduced through a single nozzle at the center of the base and, as a result, a particular 
fluid dynamic pattern is followed which results in an enhanced solid circulation movement increasing therefore 
the mass and energy transfer rates. 
A Computational Fluid Dynamic (CFD) modeling technique was used to simulate the previously described fluid 
flow. The Eulerian-Eulerian method was applied to predict the gas-solid flow behavior and the kinetic theory of 
granular flow was incorporated within the method as closure equation. The gas and particle dynamics were 
investigated through the simulation of different operational regimes by varying the gas flow rate at the inlet and 
the amount of initial solids in the initial bed of particles. 
The obtained model was validated through experimental activities on a square based-reactor with a pyramidal 
bottom. Air was used as the gas phase and the particles were a mixture of rice straw and silica. The fluid 
dynamic parameters (minimum spouting velocity, Ums and pressure drop along the bed of particles, ∆P) of the 
system were recorded for each case and compared with the values provided by the developed model.  
The resulting model will be used to optimize the fluid dynamic parameters defining the process and it will lead 
to an improvement of the gas-solid mass transfer and the minimisation of the energy requirements of the 
system.  

1. Introduction 

The first spouted bed was developed in 1954 as an alternative method for drying moist wheat particles with 
fluidized bed reactors, as they presented serious slugging problems (Gishler, 1983). Nowadays they are 
widely applied in various physical operations such as gasification, drying, coating and granulation (San José et 
al., 2010). A Spouted Bed Reactor is a device where gas (or occasionally liquid) is injected vertically upwards 
through a single central orifice into a bed of solid particles. If the flow rate of the fluid is sufficient and the bed 
depth is less than the ‘‘maximum spouted bed depth’’, the central jet breaks through the upper surface, 
resulting in a characteristic flow pattern known as spouting. Three regions can be distinguished in a spouted 
bed reactor: a dilute central jet, called “spout”, in which particles are entrained, a peripheral annular region 
called "annulus" and a “fountain “region above the bed surface where entrained particles ascend centrally and 
then return less centrally due to gravity forces to land on the bed surface. In the annulus, fluid percolates 
outwards and upwards, counter-current to the movement of the particles (Epstein and Grace, 2011). The 
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overall bed thereby becomes a composite of a dilute phase central 
core with upward moving solids entrained by a concurrent flow of 
fluid and a dense phase annular region with counter-current 
percolation of the fluid. A systematic cyclic pattern of solid movement 
is established with effective contact between the gas and the solids. 
The vessel forming a spouted bed is usually a circular cylinder, but 
sometimes it may have a square section. To enhance the solid 
motion and eliminate dead spaces at the bottom of the vessel, it is 
very common to use a diverging conical (or pyramidal) base (Altzibar 
et al., 2013).  
Simulation activities are used to model the fluid behaviour of 
Spouted Bed reactors in order to design the equipment as precisely 
as possible. A deep study in spouted beds using appropriate 
multiphase models must be performed in order to understand what it 
is actually happening inside the fluidized bed. Computational fluid 
dynamic (CFD) modelling has become a powerful tool for 
understanding dense gas–solid systems thanks to the development 
of the computing power, the advance of numerical algorithms, and 
the deeper understanding of multiphase flow phenomena in the 
recent years.  

Figure 1: Experimental system 

Currently, there are two main CFD approaches: the Eulerian-Eulerian approach (two fluid model, TFM), and 
the Eulerian-Lagrangian (discrete element method, DEM) approach. In the Eulerian-Eulerian approach, the 
fluid and particulate phases are treated mathematically as interpenetrating continua. Several studies (Wang et 
al., 2006) have shown that this approach is capable of predicting gas-solids behaviour in spouted beds with 
high accuracy. In this approach, volume fractions of the overlapping phases are assumed to be continuous 
functions of space and time, with their sum always equal to one. The conservation equations have similar 
structure for each phase. Owing to the continuum description of the particle phase, two-fluid models require 
additional closure laws to describe particle–particle and particle–fluid interactions. In the Eulerian-Lagrangian 
approach, the fluid phase is treated as a continuum medium by solving the time-averaged Navier-Stokes 
equations, whereas the dispersed phase is solved by tracking a large number of individual particles through 
the computed flow field, not requiring additional closure equations (Cundall and Strack, 1979). The dispersed 
phase can exchange momentum, mass, and energy with the fluid phase, and interphase forces couples the 
two phases. However, it is much more computationally demanding, especially as the number of particles 
simulated becomes large. 

2. Experimental 

In a previous work (Moliner et al., 2014), low temperature essays were performed in a square-based spouted 
bed reactor using rice straw as feedstock and silica as inert bed material to characterize the fluid dynamic 
behaviour of the system in terms of pressure drop and height of the fountain. An air compressor, a flow meter 
and a conical spouted bed reactor compose the system. A half section device with a Plexiglas wall was used 
in order to better evaluate the fluid dynamic phenomena occurring inside the reactor. As proven elsewhere 
(Rovero et al, 1985) the wall did not add extra effects and the results obtained with this device are taken as 
valid to describe the behaviour of the whole reactor. The inlet distributor consists on a single orifice placed in 
the center of the base of the reactor. Rice straw was chopped and considered as a cylinder with constant 
diameter and an average length of 1 cm. Different percentages of rice straw (0 % v/v, 10 % v/v) were tested 
for the present work. The effect of the height of the bed was assessed with values set at 25, 35 and 45 cm for 
each experiment. Figure 1 shows the experimental system. 

3. Model equations 

In the present work, the TFM approach is adopted to model the complex gas–solid flow in a Spouted Bed 
reactor. The full Eulerian-Eulerian approach includes conservation equations of mass and momentum for each 
phase; closure equations, which requires a proper description of interfacial forces, solid stress, and turbulence 
phenomena of the phases; meshing of the domain, discretization of equations, and finally, solution algorithms. 

1364



3.1 Conservation equations of mass and momentum 

The volume fraction balance equation is: 

= 0 (1) 

where αq is the volume fraction of the phase q (q = g, s, r where g is air, s is silica and r is rice) 
The mass conservation equation for phase q is: + ∇  (2) 

where ρq and vq are density and velocity of phase q respectively 
The momentum conservation equation for phase q is: + ∇ = − ∇ + ∇ + ∑ + + , + ,   (3) 

where P is the fluid pressure, τq is the Reynolds stress tensor, Rpq is the interaction force between phases, Fq 
is the external body force, Flift,q is the lift force and Fvm,q is the virtual mass force. 
The drag model chosen for defining the interaction silica-air and interaction rice-air is Huilin and Gidaspow 
(2003) model. This model uses the Ergun (1952) equation for dense phase calculations and the Wen and Yu 
(1966) equation for the case of dilute phases. 

= 150 1 − + 1.75 1 − | − | 0.8 (4) 

= 34 1 − . − 0.8 (5) 

where μg is the air viscosity, dp is the particle diameter, v is the particle velocity, u  is the gas velocity and the 
drag coefficient CD is defined as: 

= 24 1 + 0.15 . 		 10000.44																			 																												 1000  (6) 

= | − |
 (7) 

where αg is the gas volume fraction and ρg is the gas density. 
To avoid the discontinuity of the two equations, a switch function is introduced in this model to give a rapid 
transition from one regime to the other one: 

= 150 1.75 0.2 − 1 − + 0.5 (8) 

Thus, the fluid-particle interaction coefficient can be expressed as: = 1 − +  (9) 

The drag model chosen for the interaction silica-rice is Syamlal-O’Brien-Symmetric (Syamal, 1987). In this 
model, the silica-rice exchange coefficient has the following form: 

= 3 1 + 2 + , 8 + ,2 + | − | (10) 

where esr is the coefficient of restitution and Cfr,sr is the coefficient of friction between the silica and rice 
phases. 
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3.2 Kinetic theory of granular flow 

The kinetic theory of granular flow is analogous to the kinetic theory of gases. The fluctuations that occur in 
the solid particle phase were modeled using the kinetic theory of granular flow to account for inelastic 
collisions between the particles. In this model, this theory is applied for silica and rice. In the following 
equations, the symbol k is used to indicate phases k (k = s, r where s is silica and r is rice). 
The transport equation for the turbulent fluctuating energy of the phase k, also called granular temperature is: 32 + ∇ = − ∙ + : ∇ + ∇ ℎ ∇ − +  (11) 

where θk is the granular temperature, (−Pk I + τk):div(vk) is  the generation of energy by the solid stress tensor, 
hθkdiv(θk) is the diffusion of energy, γθk is the collisional dissipation of energy and ϕgk is the energy exchange 
between fluid and k phase. 
Granular flows can be classified into two distinct flow regimes: a rapidly shearing regime, in which stresses 
arise because of collisional or translational transfer of momentum, and a plastic or slowly shearing regime, in 
which stresses arise because of friction among particles in contact (Campbell 2006). Closure of the solid 
phase momentum equation requires a description of the solid phase stress that depends on the magnitude of 
the particle velocity fluctuations. The granular temperature conservative equation of Lun et al. (1984) 
expresses the kinetic solid pressure as: = 1 + 2 , 1 +  (12) 

where ekk is the coefficient of restitution of particles and g0,kk is the radial distribution function. 
Lun et al. (1984) defines the solid bulk viscosity as: 

= 43 , 1 +  (13) 

and Ding and Gidaspow (1990) express the solid shear viscosity as: 

= 35 + 1090 1 + , 1 + 45 , 1 +  (14) 

3.3 Turbulence model 

The dispersed turbulence model is the appropriate model when the concentrations of the secondary phases 
are low or when using the granular model. Fluctuating quantities of the secondary phases can be given in 
terms of the mean characteristics of the primary phase and the ratio of the particle relaxation time and eddy-
particle interaction time. The model is applicable when there is clearly one primary continuous phase and the 
rest are dispersed dilute secondary phases (Launder and Spaulding,1972). Therefore, the dispersed 
turbulence model is adopted in this study, where the standard k–ε model is used to obtain the turbulence 
predictions for the gas phase. 

4. Simulation procedure 

The commercial CFD simulation package FLUENT®  is used to simulate the hydrodynamics of the spouted 
bed. The set of governing equations are solved by a finite control volume technique. The pressure–velocity 
coupling is obtained using the SIMPLE algorithm. The physical and numerical parameters of the experimental 
run and the inputs for the computer run are presented in Table 1. 

5. Results and discussion 

The output variables height of the fountain and pressure drop were studied and compared with the 
experimental results. Table 2 shows the comparison for the different amount of initial solid with 0% of rice 
straw while Table 3 gathers the equivalent results for the case of an initial bed of solids containing 10% of rice 
straw. 
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Table 1:  Physical and numerical parameters of the runs 

Description Experimental run  Computer run  
Solids density (kg/m3) 2,600  2,600  
Rice straw density (kg/m3) 238  238  
Gas density (kg/m3) 1.225  1.225  
Diameter of the spout gas inlet (cm) 2.5  2.5  
Diameter of the bed (cm) 20  20  
Vessel height (cm) 200  200  
Particle solids diameter (cm) 0.141  0.141  
Particle rice straw diameter 0.4÷1  0.8  
Minimum spouting velocity Ums (m/s) 0.44-0.56-0.625  0.44-0.56-0.625  

Table 2:  Fountain height and pressure drop for different heights of initial solids with 0 % v/v of rice straw 

Parameter Height initial solids  Experimental result  Simulation result Error %  
Fountain height (cm) 25 cm 49.5 50.6 + 2.22  
Fountain height (cm) 35 cm 64.0 64.8 + 1.25  
Fountain height (cm) 45 cm 77.7 81.4 + 4.76  
Pressure drop (Pa) 25 cm 196.1 775.7 + 295.77  
Pressure drop (Pa) 35 cm 980.6 1212.5 + 23.64  
Pressure drop (Pa) 45 cm 1,931.7 2,157.4 + 11.72  

 
Results in table were obtained by setting 0.85 the coefficient of restitution among the silica particles. The inlet 
gas velocity is set as ux,0 = 0 and uy,0 = σUms where σ is the geometric factor in the numerical model set as 
40.764.  

 Table 3:  Fountain height and pressure drop for different heights of initial solids with 10 % v/v of rice straw 

Parameter Height initial solids  Experimental result  Simulation result Error %  
Fountain height (cm) 25 cm 78.0 79.9 + 2.43  
Fountain height (cm) 35 cm 93.0 93.4 + 0.43  
Fountain height (cm) 45 cm 107.0 102.4 - 4.30  
Pressure drop (Pa) 25 cm 294.2 894.3 + 203.97  
Pressure drop (Pa) 35 cm 784.5 1324.3 + 68.67  
Pressure drop (Pa) 45 cm 2,392.7 2,559.36 + 6.96  

 
Results in table were obtained by setting a value of 0.85 to the coefficient of restitution among the silica 
particles and a value of 0.3 for the case of silica and rice straw particles and among rice straw particles. The 
inlet gas velocity was set as ux,0 = 0 and uy,0 = hσUms where σ is the geometric factor and h is the velocity 
correction coefficient in the numerical model with a value of 0.636. The diameter of the solid particles was set 
as ωds where ds is the diameter of the solid particle and ω is the diameter correction coefficient set as 0.313.  
The precise determination of the height of the fountain allows the identification of the main zone of the spouted 
Bed Reactor because in it occurs the main transfers of mass and energy. Moreover, it also permits the 
optimisation of the initial amount of solid and the velocity of the gas at the inlet in order to minimize the energy 
requirements of the system. However, the model does not provide good values for the predicted pressure drop 
especially in the cases with low height of initial solid. This error may be due to interference of the edge of the 
probe in the experimental measurement because the probe was located in the intern of the bed at 20 cm from 
the bottom. A potential solution is to change the position of the probe in the intern of the bed. In addition, an 
upgraded 3D model of the Spouted Bed Reactor might be necessary in order to obtain a better prediction of 
the pressure drop. The graphic simulation results are shown in Figure 2. 

6. Conclusions 

In this work, through the combination of experimental data and a numerical model, the fluid dynamic behaviour 
of a Spouted Bed Reactor was studied. The obtained data show that the model approximates with good 
results the height of the fountain in all cases with a maximum error of less than 5 %. This result allows 
identifying in advance the region where the fountain will develop, which is very important because in it takes 
place bulk transfers between gas and solids. However, this model does not provide, with the same precision, 
the predicted values of pressure drop. It is likely to be necessary an upgrading of the experimental apparatus 
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and a setup of the 3D model of the SBR to obtain a correct prediction of the pressure drop. The calibration of 
the model for pressure drop is left for a future study. 
 

 

Figure 2: Volume fraction for different heights of initial solids with 0 % v/v of rice straw: a) 25 cm, b) 35 cm, c) 
45 cm and with 10 % v/v of rice straw (on the right of the figures): d) 25 cm, e) 35 cm f) 45 cm 
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“The fundamental laws of thermodynamics 

 will place fixed limits  

on technological innovation 

and human advancement” 

The 2nd law: unsustainable. Muse 

 

I. Summary  

 

The scope of this chapter is to describe the reactions of gasification occurring within a 

Spouted Bed Reactor.  

The chapter is devoted to a brief insight on the reactions of gasification and the main variables 

influencing the process. After that, the description of the experimental activities carried out in 

Biella (Politecnico di Torino) including a description of the SBR pilot plant used, the procedure 

carried out and relevant information about the experiments performed are explained. In addition, 

modeling activities at several levels of detail are considered, from an ideal situation to a more 

realistic view of the process.  

The main results obtained from this chapter are presented in the following communications:  

 

Communication 5I: C. Moliner, D. Bove, B. Bosio, A. Ribes, E. Arato. Feasibility studies on the 

energy valorization of agricultural residues using Aspen Plus©. Proceedings of the 23rd 

European Biomass Conference and Exhibition, 803-809. (Vienna) 2015. DOI: 

10.5071/23rdEUBCE2015-2DV.1.24 

 

Communication 5II: C. Moliner, D. Bove, B. Bosio, A. Ribes, E. Arato. Simulation activities for 

the pseudo-equilibrium modeling of the gasification of agricultural residues. Accepted abstract 

at the 24th European Biomass Conference and Exhibition. (Amsterdam) 2016 
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Communication 5III C. Moliner, B. Bosio, A. Ribes, E. Arato. Process simulation of the 

gasification of rice straw by means of a spouted bed reactor based on its fluid dynamic and 

kinetic properties. Manuscript 

 

Communication 5IV: C. Moliner, B. Bosio, E. Arato. Comparison and validation with 

experimental data of different modelling approaches for the gasification of agricultural residues. 

Abstract submitted to the 19th Conference on Process Integration, Modelling and Optimisation 

for Energy Saving and Pollution Reduction (Prague) 2016 
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5.1. Generalities on gasification reactions  

 

5.1.1. Reactions of gasification 

The gasification of solid fuels is a complex thermo-chemical process comprising a sequence of 

steps presented in Figure 5.1. In particular, and after a drying process to remove the moisture, 

the gasification of biomass consists of two stages of physical changes and chemical reactions. 

The initial stage is the pyrolysis and it accounts for the thermal decomposition of the biomass to 

produce pyrolysis gases (CO, CO2, H2 and CH4), tar, char and a minor quantity of oxygenated 

compounds. The subsequent step consists of the chemical reactions among the pyrolysis gases, 

the gasification agent and the remaining char, all of them at high temperatures.  

 

Figure 5.1. Scheme of the gasification of biomass 

 

A more detailed description of each step is described in the following paragraphs.  

 

Drying. Most of the gasification systems use dry biomass with moisture contents ranging 

between 10-20%. A higher value results in a decrease of the overall efficiency of the process 

due to the high amount of energy required to initiate the gasification itself. In the drying step, 

the material is heated up to evaporate the moisture contained in the structure. This moisture can 

exist in different manners such as a liquid water in the voids (free water), chemically bonded to 

hydroxyl groups in the cell walls or vapour in void spaces. The moisture content can also vary 
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depending on the type of biomass ranging from a possible 30% in stems to up to 80% in leaves. 

With increasing contents of moisture, the heat consumption for drying and heating up the 

biomass to reach the temperatures of decomposition increases considerably.  

The effect of the moisture content on the products distribution and the efficiency of the process 

has been discussed in Communication 5I.  

Pyrolysis or devolatilisation. After drying, and with the increase of temperatures, a series of 

complex physical and chemical changes occur. The thermally unstable components of the 

biomass are broken down and evaporate with other volatile compounds. Generally, pyrolysis 

proceeds at a much quicker rate than the subsequent gasification reactions being the latter the 

rate controlling step in the overall process.  

Combustion of carbon and hydrogen. The control of the oxidation rate of the biomass is one 

of the most important parameters in the chemical reactions taking place inside a gasifier. After 

the pyrolysis step, the gasifying agent (air, oxygen or vapour of water) is introduced in sub-

stoichiometric conditions into the reactor producing a partial oxidation of the carbon and 

hydrogen that are present in the biomass These reactions firstly produce CO (R5.1) and in 

addition, as a consequence of its exothermic character, the necessary heat to carry out the 

further endothermic reactions. If excess oxygen is supplied to the reactor, the thermo-chemical 

conversion becomes a complete combustion producing mainly the undesired CO2 and H2O 

(R5.2 and 5.3).  

 

molKJCOOC /1115.0 2 +→+  R5.1 

molKJCOOC /77.39322 +→+  R5.2 

molKJOHOH /24222 222 +→+  R5.3 

 

Reduction reactions. As previously stated, these reactions control the gasification rate and 

define the producer gas yield and composition. In general, their rates are an order of magnitude 

longer in time than those of pyrolysis. The main reactions taking place inside the gasifier are 

described as it follows:  

 

- Water-Gas reaction 

It is the partial oxidation of the char (unreacted part of the carbon in the biomass) by steam. This 

steam can be directly supplied as the gasifying agent or can be taken from the evaporation of the 



  Chapter 5. Gasification in SBR 
 

193 

 

moisture in the biomass, showing the importance of its moderate content in its initial 

composition. Steam reacts with hot char according to the following heterogeneous endothermic 

reaction (R5.4):  

molKJHCOOHC /33.13822 −+↔+  R5.4 

 

- Bouduard reaction 

The CO2 formed in the initial stages of the biomass gasification reacts with char to produce CO 

according to the following heterogeneous endothermic reaction (R5.5):  

molKJCOCOC /45.17022 −↔+  R5.5 

 

- Water-Gas shift conversion 

Given the high heating value of the H2 (142 MJ/kg) (Wladheim and Nilsson, 2001), its 

obtaining is more desirable respect to other possible products. The exothermic reaction takes 

place between the available steam with CO (R5.6) and results in an increased ratio H2/CO, 

mostly employed in the production of synthesis gas. According to Graboski (1981) this reaction 

can be prioritised by heterogeneous catalysis on the carbon surface at temperatures below the 

1000°C. At higher temperatures, they may occur as a homogeneous reaction.  

molKJCOHOHCO /98.41222 ++↔+  R5.6 

 

- Methanation reaction 

Methane is formed according to the exothermic reaction described in R5.7. It also presents a 

high heating value (55.5 MJ/kg) (Wladheim and Nilsson, 2001) and its formation is highly 

desirable. The reaction can be enhanced by nickel-based catalysts at 1100°C and high pressure 

(Graboski, 1981).  

molKJCHHC /80.932 42 +↔+  R5.7 

 

- Steam Methane reforming reaction 

The endothermic reaction (R5.8) produces H2 and CO and consumes CH4. It is the slowest 

reaction among the endothermic ones and hence, the net consumption of water below 700°C is 

very low.  

molKJHCOOHCH /78.2323 224 −+↔+  R5.8 
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5.1.2. Important parameters in gasification reactions  

Several parameters are used as control or quality indicators to define, evaluate and optimise the 

overall behaviour of the system during the described thermo-chemical conversions.  

The two main input parameters influencing the process are the Equivalence Ratio (ER) and the 

temperature of gasification (T). The ER is defined as the ratio of the amount of oxygen (or air) 

introduced in the system respect to that necessary to carry out the complete combustion of the 

biomass (Eq. 5.1).  

tricAirStoichiome

uppliedActualAirS
ER =  

Eq. 5.1 

Depending on its value, the thermo-chemical conversion can be classified as pyrolysis (ER=0), 

gasification (ER<1) or combustion (ER≥1).  

As it is indicated, the actual air supplied is only a proportion of the required stoichiometric air 

(ERstoic), the latter calculated based on the ultimate analysis of the biomass (Eq. 5.2) 

OSHCkgkgOER fuelstoic −++= 8
12

32
)/( 2  

Eq. 5.2 

with C, H, S and O being the percentages (%w/w) of carbon, hydrogen, sulfur and oxygen 

respectively in the initial biomass composition. 

ER is an indicator of the performance of the gasifier. The normal range for biomass gasification 

lies between 0.2-0.3 to ensure a partial combustion of the fuel rather than the complete reaction. 

Its value strongly affects the products of reaction: with lower ER, char may not be converted 

into gases and higher ER can result in incomplete gasification and low heating values for the 

products.  

In addition, the temperature of the process will determine which reactions are 

thermodynamically preferential influencing the composition and yields of the final product. The 

temperature of the bed is closely related to ER, presenting an increasing trend with the 

increasing amount of introduced oxygen as a result of a greater extent of the combustion 

reactions.  

On the other hand, several parameters serve as indicators of the performance of the reactor: 

Carbon Boundary Layer (CBL), Carbon Conversion Efficiency (CCE), Cold Gas Efficiency 

(CGE) or the Heating Value (HHV) of the final product are among them.  
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The Carbon Boundary Layer (CBL) is defined as the operational condition in which the carbon 

is totally gasified and the addition of more air leads to a further undesired reaction of 

combustion. At that moment, a relatively strong increase of temperature is encountered within 

the reactor as only exothermic reactions are taking place. The overall efficiency of the process is 

maximum at the CBL.  

The CBL is directly related to the other parameters measuring the efficiency of the system: 

Carbon Conversion Efficiency (CCE) and Cold Gas Efficiency (CGE). In general terms, CGE is 

defined as the ratio between the energy input and the energy output of reaction (Eq. 5.3) 

whereas CCE represents the percentage of initial carbon converted into gas (Eq. 5.4).  

100(%) ⋅
⋅

⋅
= •

•

biomassbiomass

gasgas

HHVm

HHVm
CGE  

Eq. 5.3 

where gasm& and biomassm&  are the mass flow rates of the produced gas and fed biomass 

respectively and HHVgas and HHVbiomass are the high heating values of the produced gas and fed 
biomass respectively.  

100(%) ⋅
⋅

⋅
= •

•

biomassbiomass

gasgas

Cm

Cm
CCE

 

Eq. 5.4 

where Cgas and Cbiomass are the percentage of carbon (%wt) in the produced gas and fed biomass 
respectively. 

Figure 5.2 presents the carbon conversion and efficiency parameters resulting from the 

simulation of gasification of rice straw considering equilibrium conditions (assuming time of 

reaction long enough to complete the equilibium conversion). Figure 5.2a shows how carbon 

increasingly reacts with the increasing quantity of oxygen (ER) until the minimum quantity of 

unreacted carbon in the outlet is achieved which corresponds to the maximum CGE and CCE 

values (T=700°C). The ER in which it is found the minimum flow of carbon in the outlet 

defines the CBL and provides the optimum conditions of work and the maximum efficiencies of 

process (achieving a CCE=100% in case of models based on the equilibrium).  

Temperature has also a great influence on the discussed parameters. Figure 5.2b shows the 

evolution of unreacted C, CGE and CCE with the increasing temperature for the gasification of 

rice straw (ER=0.15). In the figure it is observed how the increase in T leads to a decrease on C 

due to its consumption during the chemical reactions, and consequently also CGE and CCE 

present an increasing trend until a maximum point is achieved when all the C is converted to 

gas.  
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Figure 5.2 Influence of ER at T=700°C (a) and T at ER=0.15 (b) on the efficiency of 

gasification of rice straw 

 

The obtaining of the CBL (and in consequence the CGE and CCE) with the aid of simulated 

solutions, highly depends on the level of detail applied within the model. Figure 5.3 presents 

the CGE with the varying T (Figure 5.3a) and ER (Figure 5.3b) obtained with a model 

admitting that the gasification of rice straw achieves the equilibrium conditions (□) and a model 

in which the kinetics of decomposition of the rice straw are included (■). CGE increases with 

the increasing temperature as seen in Figure 5.3a. However, different predictions are obtained 

depending on the temperature range: lower values do not provide similar results due to the fact 

that the assumptions of equilibrium are far from being valid at temperatures below the 850°C. 

A notable increase in the CGE is observed around 800°C when kinetics are considered which is 

consistent with the fact that it is the temperature range in which the main gasification reactions 

take place. At higher temperatures, the equilibrium and kinetic model provide more similar 

results. On the other hand, the increase of ER results in a general decrease of CGE (Figure 

5.3b). Equilibrium conditions again lay above the kinetic solution with the results not differing 

as much as in the previous case at low ER values.  

 

Figure 5.3. CGE with the varying T at ER=0.15 (a) and ER at 700°C (b) according to 

equilibrium conditions (□) and taking into account kinetic expressions (■)  

 

 

A more complete description of the different models developed for the study of gasification 

reactions is performed in Section 5.3.   
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The Higher Heating Value of the produced gas (HHV) measures the quality of the final product 

of gasification and is obtained as the total contribution of all the constituents of the produced 

gas according to their corresponding volume fraction. When air is used as gasifying agent, 

nitrogen dilutes the product gas and lowers the HHV (4-6 MJ/Nm3) respect to those obtained 

with pure oxygen (10-15MJ/Nm3). However, this increase of HHV is normally worth the effort 

as the production of pure oxygen counterbalances the total energy requirements. HHV 

represents the quantity of energy that it is produced in the gasification process (per kg o Nm3 of 

product gas) as it follows (Eq. 5.5):  

HHVQMWthE productongasificati ⋅=)(  Eq. 5.5 

with Qproduct the flow of produced gas. 

As it is expected from the definition of CGE, the HHV increases with the increasing 

temperature in the same way as CGE (Figure 5.3a). On the contrary, a decrease of HHV with 

higher ER values is observed, also presenting the same trend as that of CGE on Figure 5.3b. 

These behaviours are closely related to the distribution of products in the obtained gas: a higher 

presence of combustible gases in the mixture increases its HHV value as it will be discussed in 

detail in Section 5.3. 

 



Chapter 5. Gasification in SBR   
 

198 

 

 

 

5.2. Experimental studies on a SBR  

 

5.2.1. Description of the pilot unit and experimental procedure 

The experimental activity has been carried out in a conical square-based spouted bed reactor 

(Figure 5.4a). Its main dimensions are: side of 200 mm and total high of 2 m. The base has an 

inclined angle of 60° in order to enhance the recirculation of solids. The air inlet orifice is 

situated at the center  with a diameter of 21 mm.  

A burner (Figure 5.4b) is used to preheat the fluidising gas (air) and the exhaust gases go 

through a cyclone (Figure 5.4c) followed by a water scrubber to cool them and remove fines. 

The gaseous products (H2, CO2, CH4, CO, O2 and C2–C5 compounds) are analysed using a gas 

chromatograph (Figure 5.4d). The remaining percentage of carbon after the gasification of the 

residues is also quantified. The temperature in the experimental unit is monitored by several 

thermocouples connected to a data acquisition system. 

 

 

 

 

 

Figure 5.4. Description of the pilot SBR 
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The experimental procedure is described through the following steps: the square-based reactor is 

the core of the unit and it initially contains the inert material (silica sand) that will help in the 

fluidisation process. The system is preheated until the start-up temperature is achieved. The 

fluidising gas is mixed in the burner with propane. Steam is also introduced in the system 

performing the so called “steam-air” gasification.  

The reacting biomass is sized and introduced into the reactor at the solids feeding point at the 

vertical wall of the device. Experimentally, the system does not present technical problems with 

the feeding system when traditional wood pellets were used as feeding material. However, great 

difficulties were found when the material had a fibrous nature, as it is the case of the rice straw. 

The valve easily gets blocked and the whole feeding system collapses within few seconds of 

functioning. For that reason, the initial system was replaced with a specially designed one 

(Figure 5.5) that could fulfill the feeding requirements regardless the introduced solid.  

 

Figure 5.5. Feeding system after the modification on the initial design 

 

The exhausted gases are cleaned from powders in a cyclone followed by a water scrubber to 

cool them down and remove fines before going to the GC. Experimentally, the obtained gas 

contained a great quantity of pollutants after going through the cleaning stage and an additional 

filter had to be included before reaching the GC.  
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5.2.2 Preliminary experimental tests. 

At the moment of writing this thesis, all the encountered technical issues described in the 

previous section had been solved and combustion reactions to calibrate the GC have been 

performed. With this purpose, the combustion of air and GPL has been conducted to evaluate 

the final composition of the produced gas at different GPL flows. Table 5.1 shows the 

operational conditions at each time step. The temperature of work during the test was 60ºC. An 

initial regime was required until the desired temperature was achieved and the system was 

stabilised (time 0:00-1:13). The theoretical percentage (in volume fraction) was calculated 

according the following reaction, considering GPL as a mix of propane and butane: 

GPL + 6O2 � 3.7 CO2 + 4.7 H2O Eq. 5.6 

 

Table 5.1. Operational conditions for the reaction of combustion air-GPL 

Step Number Time (h:m) Air flow (l/h) GPL flow (l/h) CO2 (%v/v) 

1 1:13 20 2.1 2.32 

2 1:23 20 4.5 5.19 

3 1:33 20 6.0 6.96 

4 1:37 20 7.0 8.16 

5 1:43 20 9.5 11.25 

6 1:53 20 12.0 14.45 

 

Figure 5.6 shows the response of the GC and its comparison with the theoretical calculated 

values. An optimum agreement is observed between the stoichiometric and the experimental 

curves, with a quick velocity of response of the measuring instrument. Finally, a maximum 

difference of 1.4% is observed between all the values, keeping that value as the experimental 

error associated with the GC.  
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Figure 5.6. Calibration curve for the GC 



Chapter 5. Gasification in SBR   
 

202 

 

 

 

5.3. Modelling activities  

 

Modelling activities constitute a useful tool to evaluate industrial processes in a costless and non 

time consuming way respect to experimental activities themselves. They can provide valuable 

information regarding the feasibility of a process using new feedstock or they can help 

predicting the behaviour of a system when the operational conditions are modified. Models may 

be used to evaluate potential hazardous processes or to define the technological limits that a 

reaction can face due to either thermo-chemical or technical limitations.  

For this reason, the importance of modeling activities is crucial for the good development of a 

technology and for its application to achieve optimum results. In this framework, the 

gasification of several agricultural residues has been addressed and modeled according to 

different degrees of detail, from the ideal situation to a more realistic one, but each of them 

providing essential information about the overall process.  

For the present thesis, the gasification of agricultural residues has been performed according 

three levels of detail: equilibrium models, quasi-equilibrium models and models taking into 

account the specific kinetic rates of the decomposition of biomass.  

 

5.3.1. Description of the models 

Equilibrium models. Unlike combustion reactions, gasification reactions do not always reach 

equilibrium, so only a rough estimate is possible through an equilibrium calculation. Still, this 

can be a reasonable start for an initial design until detailed kinetic modeling is carried out in the 

optimisation stage. An equilibrium calculation ideally predicts the product of gasification if the 

reactants are allowed to react in a fully mixed condition for an infinite period of time. However, 

these models have limitations as tar not being considered, even though its presence can be a 

major problem in the gasification process and can affect plant operation. Furthermore, the 

equilibrium model assumes infinite reaction times resulting in fully completed reactions but 

these assumptions are not valid for most gasifiers. Finally, they do not offer any information 

regarding intermediate products or mechanisms of reaction. Nevertheless, equilibrium 

calculations provide information about the basic process parameters in a quick way and help 

defining possible thermodynamic limits or potential hazardous situations. In any case, this 

approximation needs to be upgraded and more specific parameters (kinetic rates, conversion of 
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carbon achieved, …) need to be included in order to simulate the real process. Communication 

5I presents an initial feasibility study of the use of rice straw and residues from the kaki fruit 

following this approach.  

Quasi-equilibrium models. In order to describe more accurately the gasification of biomass, 

several modifications can be performed in the previous models. These modifications are mostly 

related to empirical parameters that lead to a better agreement between the simulated and the 

real values. The definition of the actual carbon conversion achieved (Li et al, 2001) or the actual 

amount of methane in the product gas (Maniatis et al, 2002) are obtained based on experimental 

data and can be included as extra-inputs in a restricted equilibrium model. It is clear that these 

models lose much of their predictive capabilities but represent in a more accurate way the 

described system. Another approach often applied is to use the “quasi-equilibrium 

temperatures” where the equilibrium of the system is evaluated at a temperature which is lower 

than the actual process temperature (Gumz, 1950). For example, based on 75 experimental 

results, Kersten et al (2002) showed that, for operating temperatures in the range a 740-910°C, 

part of the reactions achieved equilibrium conditions. However, the specified pseudo-

equilibrium conditions were found for the following reactions:  

22 HCOOHC +↔+  Tpseudo_eq = 531±25°C 

COCOC 22 ↔+  Tpseudo_eq =583±25°C 

422 CHHC ↔+  Tpseudo_eq =457±29°C 

An application of this approach is presented in Communication 5II.  

 

Kinetic models. As widely explained, the prediction of the gas composition by equilibrium 

models can vary significantly from the experimental data. This inadequacy underscores the need 

of kinetic models to simulate more precisely the behaviour of the gasifier. The inclusion of 

kinetic laws in a model gives information about the gas yield and product distribution achieved 

within a gasifier taking into account the reaction rates and mechanisms under a kinetic point of 

view. These models offer a realistic description and prediction of the gasification process and 

become a valuable tool during the design, evaluation and improvement of gasifiers. They can be 

very accurate but heavy in calculations, as well as very specific and each one valid for a certain 

case of study.  

For the present work, the kinetic model was introduced according to the following Eq. 5.7:  
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RTEan
biomass

Biomass eA
dt

d /)1(ln −⋅−⋅= αα  Eq. 5.7 

being αbiomass the fraction of the converted biomass at each time t, A the pre-exponential factor 

(s-1), n the order of reaction and Ea the activation energy (kJ/mol).  

The previous general expression was defined as the individual sum of the main pseudo-

components of the biomass, following the methodology described in Chapter 3, and was 

introduced in Aspen Plus as an external subroutine. The full description of the model and its 

results are presented in Communication 5III.  

All the three modelling approaches were performed with the aid of the commercial software 

Aspen Plus© and were used to simulate the gasification of biomass according to the principles of 

mass, energy and chemical balances. Aspen Plus© contains a large property database for 

conventional components and provides the possibility of adding built-in expressions to further 

personalise the model. The methodology that was carried out to obtain the models is described 

below.  

5.3.2. Description of the methodology 

Setting of main properties. The property method applied for all the simulations was RK-

SOAVE, cubic equation of state for all thermodynamic properties recommended for gas 

processing and particularly suitable for high temperature processes (Aspen Guide, 2014): All 

the components participating in the simulation were introduced in an initial stage and were 

labelled according to their properties (conventional: CO, CO2, CH4, H2, H2O, O2, N2; solids: C; 

non-conventional: ash and biomass). The enthalpy and density of the non-conventional 

components were defined as HCOALGEN and DCOALIGT respectively and their compositions 

(in dry and ash-free basis) were described by their proximate and ultimate analysis. Their high 

heating values were also specified as initial input (Figure 5.7).  

 

Figure 5.7. Setting of main properties on Aspen Plus©  
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Setting of simulation properties. Once the components were introduced and the properties 

defined, the flow sheet was drawn using streams (material or heat) containing the involved 

compounds connecting blocks representing the different elemental actions composing the 

process. In the particular case of the model containing the kinetic description, a block linked to 

EXCEL was introduced: the input information from Aspen was sent to EXCEL where the 

specific kinetic calculations were performed by means of a sub-routine. These outputs were sent 

back to Aspen (Figure 5.8).  

Figure 5.8. Setting of simulation properties on Aspen Plus©  

 

Setting of calculator block. All the parameters describing the performance of the reactor were 

introduced in the form of a Calculator Block in Fortran. This way, their calculations were 

performed automatically in each run (Figure 5.9).  

 
Figure 5.9. Setting of calculator block on Aspen Plus© 
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Setting of sensitivity analysis. With the aim to study the influence of the main variables 

affecting the process on the performance of the reactor, several sensitivity analysis were 

performed and discussed (Figure 5.10).  

 

 
 

Figure 5.10. Sensitivity analysis on Aspen Plus© 

 
 

Finally, the experimental results obtained with the pilot plant unit (as described in Section 5.2) 

were used to validate the performance of the developed models. The achieved results and 

conclusions are described in Communication 5IV. 
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5.4. Main results 

 

A pilot SBR unit was conditioned to carry out the reactions of gasification of biomass. In 

particular, several experimental difficulties were encountered regarding the feeding system due 

to the fibrous nature of the straw. This fact led to the replacement of the original system with a 

new one able to deal with biomass to prevent blocking problems. Moreover, an extra filter was 

required before the GC to further depurate the exhausted gas. Finally, the GC was calibrated 

through comparison among theoretical and experimental results in combustion reactions.  

Different models were applied for the study of the reactions of gasification of biomass. 

Globally, it can be concluded that the ER is one of the most significant parameters in 

gasification processes. Reduced ER result in high heating values of the syngas but low 

conversion efficiencies. Temperature also plays an important role on the final gas quality as it is 

the defining parameter of the thermodynamic behaviour of the system.  

Overall, the energy that can be recovered through the gasification of agricultural residues is 

maximised when the exact quantity of oxygen to convert all the biomass is introduced in the 

reactor. The overuse of oxygen results in undesired combustion reactions that lower the heating 

value of the produced gas and, consequently the CGE, even though the actual increase on the 

syngas flow. High temperatures help in overcoming kinetic limitations. However, important 

technical problems related to the maintenance of the reactor are encountered at temperatures 

above 1000°C and for that reason, it has been defined as a limiting operational condition.  
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Abstract submitted to the 19th Conference on Process Integration, Modelling and Optimisation 

for Energy Saving and Pollution Reduction (Prague) 2016 

 

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Communication 5.I 

 

Feasibility studies on the energy valorization of agricultural residues using 

Aspen Plus
©
. 

 

 

C. Moliner, D. Bove, B. Bosio, A. Ribes, E. Arato. 
 

 

Proceedings of the 23
rd
 European Biomass Conference and Exhibition, 803-809. 2015. Viena 

DOI: 10.5071/23rdEUBCE2015-2DV.1.24 

 

 

 



 

















 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Communication 5.II 

 

Simulation activities for the pseudo-equilibrium modeling of the gasification of agricultural 

residues 
 

 

C. Moliner, D. Bove, B. Bosio, A. Ribes, E. Arato. 
 

 

Proceedings of the 24
rd
 European Biomass Conference and Exhibition. 2016. Amsterdam 

Submitted Abstract 

 

 



 



 Communication 5II 

223 
 

Simulation activities for the pseudo-equilibrium modelling of the 
gasification of agricultural residues  

 
C.Moliner1*, D.Bove2, B.Bosio1, A.Ribes3, E.Arato1  

 
1. Dipartimento di Ingegneria Civile, Chimica e Ambientale (DICCA),  

Università degli Studi di Genova, Via Opera Pia 15, 16145 Genova (Italy) 
2. Faculty of Sciences and Technology. Free University of Bozen, Piazza Università 5, 39100 Bolzano (Italy) 

3. Instituto Tecnológico de Materiales (ITM,) 
Universidad Politécnica de Valencia, Camino de Vera s/n, 46022. Valencia (Spain) 

*corresponding author: cristina.moliner@edu.unige.it 
 

 

 
 
The search of new materials acting as sustainable energy vectors to substitute traditional fossil fuels is 
object of intensive research nowadays. Agricultural residues offer a widespread availability and a suitable 
potential energy content. The use of these materials as feedstock for thermo-chemical conversions has 
been proven to be an adequate technique yielding high energy production rates with fewer associated 
environmental impacts. Gasification is one of the most common technologies applied to convert biomass 
into valuable products. It normally operates in a temperature range of 600-1400°C with a controlled 
supply of oxygen or steam to convert biomass into a gas mixture (syngas).  
 
Feasibility studies on the performance of alternative fuels and the evaluation of their suitability for 
gasification purposes become necessary to better define the most adequate operating conditions to obtain 
the improved results. In general, two different approaches can be followed to address this objective: 
kinetic and equilibrium modelling, the latter further divided into stoichiometric (based on stoichiometric 
reactions) and non-stoichiometric (based on the minimisation of the Gibbs free energy) equilibrium. 
Equilibrium models are widely used to predict the overall performance of a gasifier defining the 
thermodynamic limits and operational constraints of a specific process. However, they do not represent 
accurately the real behaviour of the system as the equilibrium situation is hardly achieved due to kinetic 
limitations. In this sense, pseudo-equilibrium models can be used as an intermediate solution as they 
profit from the advantages and simplicity of equilibrium modelling while the necessary modifications can 
be performed to account for the factors moving the system from the ideal situation.  
 
In this framework, the gasification of different agricultural residues (rice straw, residues from kaki fruit) 
is simulated following the pseudo-equilibrium approach with the aid of a simulation software. The models 
take into account the main experimental parameters defining the deviation from the thermodynamic 
equilibrium condition: carbon conversion and influence of the temperature on the equilibrium constants of 
the reactions.  
 
The effect of the Temperature of reaction (T) and Equivalence Ratio (ER) on the distribution of products 
in the producer gas and on the performance of the process by the assessment of the High Heating Value 
(HHV) and the Cold Gas Efficiency (CGE) is evaluated. Finally, based on the developed model, the 
operating conditions of the gasifier are optimised.  
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Abstract 

The gasification of rice straw was simulated with the commercial software Aspen Plus©. The fluid dynamic 

behaviour of the spouted bed reactor and the specific decomposition kinetics of the feedstock based on its 

main components were included in the model. The model was used to predict the gasifier performance 

under different operating conditions. As expected, higher temperatures improved the gasification process, 

increasing the Cold Gas Efficiency and Carbon Conversion Efficiency values. The Equivalence Ratio 

resulted to have an optimum value of 0.4 at 900°C for which the Cold Gas Efficiency achieved its 

maximum value (86%) coinciding with the maximum production of CO and H2. At those conditions, the 

Carbon Conversion Efficiency was 85% indicating that the biomass is not completely converted even at 

high temperatures mainly due to kinetic limitations. 

Keywords: gasification, rice straw, spouted bed reactor, kinetic approach; fluid dynamic approach 

Highlights 

• A model for the gasification of rice straw in a spouted bed reactor is developed 

• Both fluid dynamic and kinetic properties of the system are considered 

• An optimum equivalence ratio of 0.4 is obtained at 900°C 

• A maximum value of cold gas efficiency of 86% is achieved 

Abbreviations 

CCE – Carbon Conversion Efficiency 

CGE – Cold Gas Efficiency 

ER – Equivalence Ratio 

ERst – Stoichiometric Equivalence Ratio 

HHV – Higher Heating Value (MJ/kg) 

SBR – Spouted Bed Reactors 

Ums – minimum spouting velocity (m/s) 
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1. Introduction 

The use of biomass to produce renewable energy can provide a sustainable and low-carbon alternative to 

traditional fossil fuels based technologies. In particular, agricultural residues are one of the largest 

potential feedstock to become an important source of energy [1]. Its wide availability together with its 

renewable nature provide them with the adequate characteristics to become a new major energy vector. In 

addition, biomass can be comparatively more efficient than coal due to its higher volatile content and its 

high own percentage of oxygen composing the raw material.  

Rice is one of the largest crops cultivated in the world with Spain and Italy being the major producers in 

Europe (over 850.000 and 1.300.000 ton/year respectively according to FAOSTAT database [2]). As a 

result, a large quantity of residues derived from its harvest is yearly produced. The lignocellulosic nature of 

the straw and its relatively adequate energy content (HHV = 15 MJ/kg) make these residues suitable 

potential material to be converted into energy through thermo-chemical processes. Moreover, by doing 

this, an extra added value is given to an initially considered residual product while also contributing to the 

elimination of an environmental harmful waste.  

Gasification is proven to be one of the most adequate processes to convert carbonaceous materials into 

valuable products [3]. Among the different technologies, fluidisation stands out as the most efficient 

technique when biomass is used as feedstock. However, traditional reactors need to adapt to the specific 

properties of the feed such as big and irregular dimensions in order to achieve optimised results. With this 

purpose, Spouted Bed Reactors (SBR) represent an adequate tool to carry out these reactions due to its 

particular configuration based on an enhanced circulation of solids. As a consequence, high mass and 

energy transfer rates are achieved as well as a uniform temperature profile along the reactor [4].  

A deep insight in the complex mechanisms of reaction occurring during the gasification of biomass 

together with the optimisation of new devices developed to satisfy the new requirements is currently the 

major challenge for the correct development of the technology. In this sense, simulation activities provide 

a helpful tool to evaluate, assess and optimise thermo-chemical processes in an easy and effective way. 

Several attempts have been done to model the gasification of biomass by means of fluidised technologies 

following different approaches: equilibrium, kinetic and fluid dynamic based models. Equilibrium modelling 

can be a versatile tool to obtain information regarding the thermodynamic limits imposed by the reactions 

under consideration and to evaluate the effect of the operating variables on the main parameters of the 

process in a low time consuming way. However, they lack of specificity as they do not consider the 

particular kinetics of decomposition of the material or the fluid dynamic properties of the system. As a 

result, the model results convenient for the initial stages of the design of the process but needs to be 

upgraded when a more specific and detailed solution is needed. Extensive attempts have been performed 

to describe the gasification of biomass following the equilibrium approach: Mansaray et al [5] simulated 

rice husk gasification by means of a fluidised bed reactor and Li et al [6] provided a wide description of the 

influence of the carbon conversion on the correct use of equilibrium models when applied to fluidised 

reactors. Doherty et al [7] followed a pseudo-equilibrium approach by correcting the model with 

experimental data. However, little research has been done in the simulation of spouted bed reactors. 

Jarungthammachote et al [8] and Moliner et al [9] provided a description of the system following an 

equilibrium approach but the results failed to predict the main products, showing the importance of the 

inclusion of the kinetic and fluid dynamic properties of the system.  

Several works have addressed a more detailed description of the process by including the specific kinetic 

rates and the equations defining the fluid dynamic system: Nikoo et al [10] developed a model including 

the equations of the bubbling bed and the kinetic expressions of char combustion obtaining improved 
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results and Abdelouahed et al [11] took into account a detailed kinetic description of the reactions involved 

achieving accurate predicted values for the gas composition and tar and char final contents.  

It is clear that a detailed description of the conversion of biomass during gasification will permit the correct 

definition of the operating conditions for each case of study. With this purpose, a model describing the 

gasification of rice straw by means of a pilot spouted bed reactor has been developed. The kinetics of 

decomposition of the feedstock, based on the sum of the main decomposition rates of the pseudo-

components (i.e. hemicellulose, cellulose and lignin), has been applied. The inclusion of the kinetic rates 

of the lignocellulosic species provides a tool that may be applied in more general situations than those for 

specific raw materials. The previous fluid dynamic characterisation of the system [12] provided the specific 

fluid dynamic inputs that ensure a stable spouting process and were also integrated into the model. The 

model was used for the further optimisation of the production of syngas from rice straw by means of the 

studied spouted bed pilot plant. Figure 1 represents the scheme of the methodology based on the 

integration of the different specific characteristics of the system.     

 

Figure 1. Scheme of the methodology for the integration of the specific characteristics of the system into the model 

 

2. Methodology 

2.1. Spouted bed pilot plant  

A previously developed spouted bed pilot plant [12] has been used as the reference unit to model the 

gasification of the rice straw. Figure 2 shows the schematic diagram of the SBR where the reactions of 

gasification take place. The gasifying agent enters the system through a single centered orifice situated in 

the squared base of the device. The spouting velocity is regulated so the particles remain in a state of 

suspension forming a characteristic parabolic shape, the so-called fountain, and ensuring the cyclic and 

regular movement of solids at all times. Rice straw is introduced at the top of the reactor and is quickly 

mixed with the silica acting as bed material, with an extensive exchange of heat and mass. The reactions 

of gasification can be divided into three main stages: drying and devolatilisation, assumed to be 

instantaneous, partial oxidation of volatiles and char and finally, char gasification and reforming reactions.  
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Figure 2. Schematic diagram of the SBR and location of the gasification reactions within it 

 

The amount of gasifying agent to accomplish the fluid dynamic requirements is defined according to the 

minimum spouting velocity (Ums), defined as the minimum velocity required to maintain the solids in 

continuous motion [4]. A correct assessment of this parameter is crucial for the adequate behaviour of the 

spouted bed reactor. Lower values result in no spouting phenomena whereas higher values can lead to 

large instabilities and preferred channelling effects, having a negative effect on the system and resulting in 

a loss of efficiency. A previous characterisation of the Ums of the system composed by silica (acting as 

bed inert material) and rice straw was previously performed [12]. The system under study consisted of a 

mixture silica-rice straw (20%v/v) which corresponded to 10 kg of silica and 100 g of rice straw to achieve 

the initial bed height of 45 cm. The superficial air velocity was defined as U=1.1Ums, in order to ensure 

stable spouting conditions. All the geometric and physical properties of the system applied to the present 

simulation are gathered in Table 1. Under these conditions, an air mass flow rate of 16 g/sec was found to 

be the minimum quantity required to maintain the stable spouting conditions [12]. Finally, a cyclone is 

introduced to separate the gas and solid streams.  

 

Table 1: Main geometric and physical properties of the system silica-rice straw 

Geometric Parameter Value Physical Parameter Value 

Inlet diameter (m) 0.025 Effective diameter of particle (m) 2.8∙10-3 

Column diameter (m) 0.2 Effective density of particles (kg/m3) 1470 

Height of static bed (m) 0.45 Density of air (kg/m3) 1.2 
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2.2. Properties of feedstock  

The proximate analysis of rice straw (RS) and the ultimate and proximate analysis of the main pseudo-

components (hemicellulose-Hem, cellulose-Cel and lignin-Lig) are presented in Table 2. The values 

corresponding to RS were experimentally calculated [14] and those for the pseudo-components were 

taken from [15]. The values introduced for Hem, Cel and Lig were taken in ash-free basis and the 

corresponding amount of ash in rice straw was added as an additional stream, as it will be further 

explained in Section 3.2. It is worth highlighting that this ash plays a determinant role in the design of the 

gasifier due to its high content of silica that can lead to slagging and fouling within the reactor. To avoid 

them, temperatures below 1000°C are recommended and so, the temperature of reaction for all the 

simulations was limited to that value.   

Table 2: Feedstock properties introduced as input in Aspen Plus© 

Proximate analysis 

(wt. %) 
RS Hem Cel Lig 

Ultimate analysis 

(wt. %) 
Hem Cel Lig 

Moisture content (MC)a 9.1 - - - Ash b 3.9 0 1.9 

Fixed Carbon (FC)b 16.1 21.9 8.5 39.9 Cc 43.4 43.6 64.4 

Volatile Matter (VM)b 63.3 74.2 91.5 58.2 Hc 5.9 6.1 5.9 

Ashb 20.6 3.9 0 1.9 Oc 50.63 50.24 27.6 

     Nc 0.05 0.05 0.64 

HHVbiomass
d (MJ/kg) 11.1 16.9 17.2 26.6 Sc 0.02 0.01 1.46 

a wet basis, b dry basis, c ash-free basis d according to Parikh [13]  

2.3. Kinetics of gasification 

The reaction mechanisms, kinetic parameters and thermal stability of the rice straw based on the sum of 

the kinetic behaviour of its main components wereexperimentally calculated through thermogravimetric 

analysis (TGA) using either Ar or O2 to simulate the thermal and thermo-oxidative decompositions of the 

feed, respectively. The kinetic triplets defining the main decomposition processes are presented in Table 

3. Their discussion is not presented here as it is beyond the scope of this work. This way, the kinetic 

model describes in more detail the decomposition of the fuel as a function of its elementary components 

and not as a global reaction. Also, the model provides a more general simulation tool, suitable for its 

application to any type of feedstock provided the main decomposition kinetics of its pseudo-components 

are known.  

Table 3: Kinetic parameters of the main decomposition processes for RS 

 Combustion Pyrolysis 

Parameter/ Pseudo-component Hem Cel Lig Hem Cel Lig 

Activation energy (kJ/mol) 106 133 123 75 59 121 

Pre-exponential factor (sec-1) 6.4∙102 2.5∙104 1.1∙106 1.1∙107 1.5∙107 8.1∙106 

Order of reaction 0.64 0.8 1.7 1.35 0.89 1.49 
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The content of each of the pseudo-components in RS was calculated and was equal to 35.7%wt 

hemicellulose, 32%wt cellulose and 22.3%wt lignin and their molecular formula were C5H8O4 

(hemicellulose), C6H10O5 (cellulose) and C6H10O5 (lignin).  

The combustion reactions considered for hemicellulose, cellulose and lignin were:  

222485 545 COOHOOHC +→+  (1) 

2225106 656 COOHOOHC +→+  (2) 

22231210 1065.11 COOHOOHC +→+  (3) 

 

Similarly, the reactions of pyrolysis were represented as:  

42485 42 CHCOHOHC ++→  (4) 

425106 53 CHCOHOHC ++→  (5) 

CCHCOHOHC 5232 4231210 +++→  (6) 

 

Finally, the reactions considered in the equilibrium, were: 

COCOC 22 ↔+  (7) 

422 CHHC ↔+  (8) 

222 HCOOHCO +↔+  (9) 

 

2.4. Fluid dynamic evaluation of the system  

Once the stable conditions were set, the air flow required to process the biomass was evaluated according 

to the relation imposed by the Equivalence Ratio (ER) parameter, defined as the amount of air added 

relative to the amount of air required for a stoichiometric combustion [16]:  

biomassst

air

mER

m
ER

&

&

⋅
=  (10) 

With airm&  and biomassm&  the mass flow rate of air and biomass respectively and ERst the ratio between 

the stoichiometric quantity of air required for the complete oxidation of biomass respect to the introduced 

biomass flow. ERst is calculated on the basis of the ultimate analysis of the main components defined in 

Table 2.  

According to (10), the quantity of air introduced into the system for the range of ER=0.15-0.4 is gathered in 

Table 4. For the minimum value of ER considered, the amount of air was 79 g/s. This value is higher than 

the flow needed to maintain spouting conditions (16 g/s, Section 2.1) and thus, it can be assured that the 

system fulfils the necessary fluid dynamic requirements.  
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Table 4: Air flow rates for the range ER=0.15-0.4 

ER airm&
(g/s) ER airm&

(g/s) 

0.15 79 0.3 158 

0.2 105 0.35 184 

0.25 131 0.4 210 

 

3. Modelling  

The commercial software Aspen Plus© was used to simulate the gasification of rice straw according to the 

principles of mass, energy and chemical balances. This tool contains a large property database for 

conventional components and provides the possibility of adding built-in expressions to further personalise 

the model.  

3.1. Property method and main assumptions 

The property method RK-SOAVE was used to estimate the properties of mixed conventional and inert 

solid components. HCOALGEN and DCOALIGT models were used to calculate the enthalpy and density 

of non-conventional components respectively. Ashes were also defined as non-conventional component 

and were introduced as input into the property set with an ash content set to 100% for both proximate and 

ultimate analysis. The stream class was defined as MIXCINC that includes MIXED, NON-

CONVENTIONAL and SOLIDS streams.  

The main assumptions considered in the development of the model were: 

- The process is steady-state 

- Gasification is considered to occur under isothermal conditions 

- The thermal dissipation is neglected 

- The system is considered to be in perfect mixing and uniform temperature 

- Char contains carbon and ash 

- Products of reaction of N and S are neglected due to their low concentration in the biomass 

- Ash is assumed to be inert and does not participate in the chemical reactions 

- The cyclone efficiency is set at 85% [17]  

3.2. Description of the flowsheet and main inputs of the model 

Figure 3 shows the flowsheet of the overall simulation process. The system is defined as the combination 

of several main blocks whose descriptions are presented in Table 5. The reaction of gasification is sub-

divided and its products are obtained as the sum of the products of gasification of each of its pseudo-

components. Each coloured box represents one of the components (hemicellulose - green dotted box, 

cellulose - grey dotted box and lignin - orange dotted box) and each unit is labelled as Hem, Cel or Lig 

according to its associated element.   
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Figure 3. Scheme of the overall simulation process for the gasification of rice straw 
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Table 5: Description of the blocks used in the simulation 

Block Aspen unit Description 

DECOMHEM/CEL/LIG RYIELD 
Break down of the fuel into its main constituents (carbon, 

hydrogen, oxygen, nitrogen, sulphur, carbon and ash) 

COMHEM/CEL/LIG 

PYRHEM/CEL/LIG 
RCSTR 

Combustion and Pyrolysis reactions. Sub-routine 

implemented with user-specified kinetics  

RECONHEM/CEL/LIG SEP 
Separation of streams containing products and still not 

reacted fuel 

MIXPROD MIXER Mix of the three sub-streams 

GIBBS RGIBBS 

Restricted Equilibrium. Specification of the percentage of  

conversion of CH4 in the equilibrium. Carbon defined as inert 

material 

CYCLONE CYCLONE Separation of gas and solid streams  

Biomass (in form of its main pseudo-components) is introduced into the system as non-conventional 

compounds (HEM, CEL and LIG streams). A first RYIELD unit (DECOMHEM/CEL/LIG) is used to convert 

the feedstock into their main elements and enable the software to treat them as conventional components. 

The total yield of volatiles is assumed to be equal to the volatile content specified in the proximate 

analysis. Hem, Cel and Lig are independently converted into its constituting components: carbon, 

hydrogen, oxygen, sulphur, nitrogen and ash by an external sub-routine where the yields are specified 

using FORTRAN statements in a Calculator Block. A heat stream (QDHEM/CEL/LIG, in red) is introduced 

to add back the enthalpy loss resulting from the decomposition of the feedstock and it is redirected to the 

following unit. The temperature of the unit is set at 25°C. 

Three parallel RCSTR (COMHEM/CEL/LIG) simulated the partial oxidation of each pseudo-component. A 

restricted quantity of oxygen (AIRHEM/CEL/LIG) produced the oxidation of the biomass into CO2 and H2O. 

It is assumed that oxidation reactions are fast enough to precede those endothermic and consume this 

way all of the available oxygen. Moreover, exothermic reactions provide the system with the necessary 

energy required to carry out the following endothermic reactions. The kinetics of reaction were specified by 

a user-defined routine according to their kinetic parameters previously calculated. The volume of the 

RCSTR unit was taken equal to the initial bed of particles, as it is the zone where combustion reactions 

take place (See Section 2.1).  Two different outputs were obtained from the reactor: a heat stream 

(QCOMBHEM/CEL/LIG, in red) that provides the heat resulting from the exothermic reaction to the 

pyrolytic step and the product stream (PRODHEM/CEL/LIG) containing both the products of combustion 

and the remaining components that have not reacted.  

The stream PRODHEM/CEL/LIG is directed to a separation unit (RECONHEM/CEL/LIG) in order to divide 

the streams with the products of combustion (COMBHEMP/CELP/LIGP, in blue) and the compounds that 

have not reacted yet (RECHEM/CEL/LIG) and will go through pyrolysis. The kinetics of reaction in the 

pyrolysis step were specified by a user-defined routine according to their kinetic parameters previously 

presented. No additional feeding was added in this case, as the reactions happen in absence of oxidant 

reagent.  



Communication 5III   

236 

The sub-streams are mixed (MIXPROD) and the resulting stream (PRODTOT) is further sent to a Gibbs 

reactor (GIBBS) where a restricted equilibrium is imposed. The component C was taken as inert material 

and an extent of reaction equal to 90% for CH4 was selected. An additional stream (ASHT) containing the 

difference in ashes in rice straw respect to those from the pseudo-components (See Section 2.1) is also 

provided as input of the Gibbs reactor. These ashes (ASH) previously went through a heat exchanger 

(INTERC) in order to increase their temperature to that of reaction. Finally, a cyclone separates the solid 

and gas streams.  

The input data provided for this study are shown in Table 6. The flow rate of air and biomass were defined 

according to fluid dynamic and thermo-chemical constraints in order to ensure adequate spouting values 

as well as an appropriate ER as explained in Section 2.1 and 2.4.  

Table 6: Process parameters provided as input for the model 

Parameter Value 

Biomass feed rate (g/s) 100 

Air flow rate (g/s) 15-75 

Biomass feed temperature (°C) 25 

Air temperature (°C) 25 

Gasifier temperature (°C) 600-900 

4. Sensitivity analysis and discussion 

The proposed model was used to investigate the effect of the ER and temperature of reaction on the molar 

composition of the produced gas and to study the performance of the gasification process through the 

evaluation of the following parameters: Higher Heating Value (HHV), Cold Gas Efficiency (CGE) and 

Carbon Conversion Efficiency (CCE). The HHV of the produced gas was calculated as:  

∑ ⋅=
i

iigas HHVxkgMJHHV )/(
 

(11) 

with ix being the molar fraction of each combustible gas in the produced gas and HHVi its corresponding 

higher heating value in MJ/kg [18]. The CGE was obtained as:  

100(%) ⋅
⋅

⋅
= •

•

biomassbiomass

gasgas

HHVm

HHVm
CGE  (12) 

where gasm& and biomassm&  are the mass flow rates of the produced gas and fed biomass respectively and 

HHVgas and HHVbiomass are the higher heating values of the produced gas and fed biomass respectively.  

Finally, the CCE: 

100(%) ⋅
⋅

⋅
= •

•

biomassbiomass

gasgas

Cm

Cm
CCE  (13) 

where Cgas and Cbiomass are the percentage of carbon (%wt) in the produced gas and fed biomass 

respectively. 
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4.1. Effect of the temperature of reaction on the gasification process 

4.1.1. Gas composition 

The gasification temperature is one of the main variables that need to be assessed in a thermo-chemical 

process, as it affects the whole system varying the chemical reactions involved and their corresponding 

kinetics. Figure 4 shows the variation of the products distribution with the increasing temperature at a fixed 

ER=0.3.   

 

Figure 4. Variation of the molar fraction of the products distribution with the increasing temperature at a fixed ER=0.3 

 

The concentration of H2 increases sharply with the increasing temperature as well as that of CO whereas 

CO2 revealed an opposite trend. CH4 decreased steadily within the entire range of temperature. At 

relatively low temperatures (T=600°C) endothermic reactions are limited by the lack of energy and 

pyrolysis plays a more dominant role yielding more CH4 at the initial stages of the reaction. As the 

temperature increases, endothermic reactions are strengthen in accordance to Le Chatelier’s principle 

obtaining higher concentrations of CO and H2. Moreover, due to the water gas shift reaction 

( 222 HCOOHCO +↔+ ) and its tendency to shift towards reactants as temperature increases, H2 is 

further converted to CO and so, a faster growth rate of CO is observed at temperatures over 800°C.  

 

4.1.2. Performance of the gasification process 

The effect of the gasification temperature on the performance of the reactor at different ER (■ER=0.25, 

●ER=0.3, ▲ER=0.35) is shown in Figure 5. The increasing temperature enhances the HHV (a) and CGE 

(b) values effectively in all cases and leads to a better gasification performance. In particular, the most 

substantial increase in these parameters is observed in the range 750-900°C coinciding with the highest 

increase in the CO and H2 concentrations in the produced gas. Figure 6 shows the variation on the CCE 

with the temperature at two different ER (■ER=0.25, ●ER=0.35). Again, a slow increase is observed at 

low temperatures speeding up at temperatures above 750°C. The maximum CCE is achieved at 900°C 

and corresponds to a value of CCE=80%. This fact indicates that the biomass is not completely converted 

into the producer gas.  



Communication 5III   

238 

 

Figure 5. Effect of the gasification temperature on the performance of the reactor at different ER (■ER=0.25, 

●ER=0.3, ▲ER=0.35) 

 

Figure 6.  Effect of the temperature on CCE (■ER=0.25, ●ER=0.35) 
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4.2. Effect of the ER on the gasification process 

4.2.1. Gas composition 

The ER is the main operating parameter for an adequate and controlled production of syngas. Figure 7 

shows the molar composition of the produced gas with increasing ER values ranging from 0.15 to 0.4 at a 

fixed T=900°C. The concentration of CO initially increases with ER due to its preferential formation at low 

oxidant conditions. At certain value (ER=0.30), the fraction of CO decreases as a result of the 

predominance of the reactions of oxidation, thus increasing the quantity of CO2 For the entire range of ER, 

the concentrations of H2O and H2 decrease and CH4 remains almost negligible.   

 

Figure 7. Variation of the molar fraction of the products distribution with the increasing ER at a fixed T=900°C 

 

4.2.2. Performance of the gasification process 

The variation of the HHV and CGE with ER at different temperatures (■T=800°C, ●T=850°C, 

▲T=900°C) is represented in Figure 8. Higher values of HHV were found at low ER due to the higher 

content of H2 in the produced gas. The CGE highly increases in the first instance with the ER until a 

certain point  (ER = 0.3) from which the trend is changed and the increase is subtle, achieving almost the 

same conversion at ER = 0.4. Figure 9 shows the variation in the CCE with ER at three different T 

(■T=800°C, ●T=850°C, ▲T=900°C). The major conversion is obtained in the range 750-900°C and the 

maximum value is CCE=86%. 
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Figure 8. Variation of the HHV and CGE with ER at different temperatures (■T=800°C, ●T=850°C, ▲T=900°C) 

 

Figure 9.  Effect of the ER on CCE (■T=800°C, ●T=850°C, ▲T=900°C) 
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5. Conclusions 

An original model was developed to describe the simulation of the gasification of rice straw in a spouted 

bed reactor using Aspen Plus©. First of all, the system was proven to fulfil the specific fluid dynamic 

requirements for spouted bed reactors. The model also includes the kinetic expressions corresponding to 

the decomposition of the main components of the feed and the fluid dynamic properties of the reactor, 

based on previous experimental results on the unit. The flexibility of the model makes it suitable for any 

type of biomass by only modifying the composition of the feedstock and its own kinetic behaviour.  

The effect of the temperature of reaction and equivalence ratio on the composition of the producer gas 

and efficiency of the process were investigated. As expected, higher temperatures improved the 

gasification process, improving the CGE and CCE. Due to technological limitations related to the fusibility 

of ashes, 900ºC was taken as maximum temperature of study. At this temperature, ER resulted to have an 

optimum value of 0.4 for which CGE achieved its maximum value (CGE=86%) coinciding with the 

maximum production of CO and H2. The highest value of CCE at those conditions was CCE=85% 

indicating that biomass is not completely converted even at high temperatures that could be attributed to 

kinetic limitations.  
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Comparison and validation with experimental data of different modelling 
approaches for the gasification of agricultural residues  
 
C. Moliner, E. Arato, B. Bosio 
University of Genoa, DICCA, Via Opera Pia 15, 16145 Genova, Italy. 

 
The obtaining of the optimum operational conditions for a given process is the major 

goal of pilot and, once scaled, industrial units. For the case of reactions of gasification, the 
optimal conversion of chemical energy from biomass depends on many factors like the choice 
of the gasifier, its sizing or the temperature or gasifying medium applied, among others. 
Experimental trial and error tests provide the most reliable data to evaluate these units even 
though they are expensive both in time and economic terms. There is, however, a major 
drawback: the change of one of the parameters of the process may lead to different optimum 
conditions. It is then when simulation activities play an important role for a reliable design of 
the gasifier. Achieving the right balance between experimental and modeled results will be 
the key for a good development of a technology.  

 
Within this framework, the gasification of different agricultural residues by means of a 

spouted bed reactor pilot unit has been studied. Gasification has been proven a convenient 
technique for thermo-chemical conversions of biomass through fluidisation processes. 
Different devices have been developed to carry out these reactions. Among them, spouted bed 
reactors have been proposed as a solution to overcome the difficulties that conventional 
reactors face when treating big and heterogeneous particles.  

 
The experimental activity has been carried out in a conical square-based spouted bed 

reactor. Its main dimensions are: side of 200 mm and total high of 2 m. The base has an 
inclined angle of 60° in order to enhance the recirculation of solids. The air inlet orifice is 
situated at the center  with a diameter of 21 mm. A burner is used to preheat the fluidising gas 
(air) and the exhaust gases go through a cyclone followed by a water scrubber to cool them 
and remove fines. The gaseous products (H2, CO2, CH4, CO, O2 and C2–C5 compounds) are 
analysed using gas chromatograph. The remaining percentage of carbon after the gasification 
of the residues is also quantified. The temperature in the experimental unit is monitored by 
several thermocouples connected to a data acquisition system. 

 
The obtained experimental data have been used to validate three different models 

developed according to different degrees of detail, from the ideal situation (equilibrium 
models) to a more realistic one in which the specific kinetics and fluid dynamics affecting the 
process have been specified. A comparison between the main information provided by each of 
them has been performed and the results have been compared with the experimental data 
obtained with the pilot unit. The technical operational limits of the reactor and main 
constraints due to thermodynamic considerations were provided by the solution based on the 
equilibrium. This model was modified by the addition of empirical parameters based on the 
quantification of the experimental carbon conversion achieved by the system. Finally, a model 
including the kinetic law describing the decomposition of the feedstock is developed.  

 
The model presenting the highest accuracy has been used to study the effect of the 

Temperature of reaction (T) and Equivalence Ratio (ER) on the distribution of products in the 
producer gas and on the performance of the process by the assessment of the Higher Heating 
Value (HHV) and the Cold Gas Efficiency (CGE) for a broad range of operational conditions. 
Finally, the optimum operating conditions of the spouted bed reactor have been provided.  
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“Questions of science, science and progress  

 do not speak as loud as my heart” 

The scientist. Coldplay 

 

I. Summary  

 

The ashes of the gasification explained in Chapter 5 will be the raw material for the extraction 

of silica. The scope of this chapter is to describe the process to obtain silica from rice straw 

ash. The chapter is devoted to the description of the chemical reactions involved in the 

extraction of silica and the main variables influencing the process.  

After that, the characterisation of the obtained product is performed by identifying and 

quantifying its main chemical elements by means of Energy Dispersive X-ray Spectrometry 

(EDS).  

Finally, due to its properties, silica is used as adsorbent agent for the removal of nitrates present 

in water. Preliminary tests to evaluate the capacity for the retention of nitrates of the 

produced silica are performed.  
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6.1. Chemical extraction of silica from ashes 

 

The major constituents of rice straw are cellulose (32-47%), hemicellulose (19-27%), lignin (5-

24%) and ash (13-20%) (Karimi et al. 2006). The constituents of the ash mainly depend on the 

type of rice, the climate and the geographical location of growth. The high percentage of ash in 

the straw produces a high quantity of residual product when it is submitted to thermal 

conversion processes. This residue, which is rich in silica, can become a precursor of new added 

value materials, starting a new bio-production chain.  

Rice plants cumulate silica through polimerisation of the water-soluble silicic acid (H4SiO4) 

absorbed from soil into insoluble polysilicic acids, followed by precipitation as amorphous 

silica and deposition in exterior plant cell walls (Van Soest, 2006). The obtainment of silica 

from rice husk has been widely reported in the recent decades (Conradt et al, 1992, Real et al, 

1996, Liou and Wu, 2010). Taking into account that approximately two thirds of rice residues 

are straw, the production of silica from straw has twice the potential of rice husk. It is clear that 

the use of straw to obtain silica presents several economic and environmental advantages that 

need to be further explored.  

Silica (SiO2) is an inorganic material extensively used in a wide range of applications such as 

glasses, optical fibres, food additives, electrical and thermal insulators, absorbents, 

pharmaceutical products (Bansal et al., 2006). Its production commonly involves the reaction of 

minerals, such as quartz sand, with sodium carbonate at temperatures above the 1000ºC. This 

means a great demand of energy input to achieve the desired temperatures and also for the 

purification of the minerals. Low temperature extraction of amorphous silica from biomass can 

represent an eco-friendly and cost-effective alternative to the traditional manufacturing 

processes (Lu et al., 2012). 

 

6.1.1. Preparation of rice straw ash  

Rice straw was collected in the region of Valencia after the harvest season. After its collection, 

the straw was cut and kept in a dried place before the experiments were carried out. The dry 

clean rice straw samples (20±3 g) were burned to ash in a programmable muffle furnace. The 

reagents used for the chemical reactions were 0.5M H2SO4, 1M NaOH and sodium dodecyl 
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sulphate (SDS). The production of ash and further extraction of silica was performed at the 

laboratories of the DREMAP (UPV).  

The production of the straw ash was simulated in a muffle furnace according to the 

decomposition profile obtained in Chapter 3. Figure 6.1 shows the decomposition of rice straw 

under oxidative atmosphere at a heating rate  = 5°C/min.  
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Figure  6.1. Decomposition profile of rice straw under oxidative conditions ( = 5°C/min) 

 

As it was discussed in Chapter 3, the samples presented three stages during thermal 

decomposition: (i) removal of moisture (up to T1), (ii) removal of volatile matter (in two sub-

stages, up to T2 and T3 respectively) and (iii) oxidation of fixed carbon (above T3). It is clear 

that the minimum temperature required for the oxidation of fixed carbon implies a minimum 

furnace temperature above T3 to ensure the complete combustion of rice straw to produce silica. 

The heating rate of the muffle furnace was programmed according to these temperatures ranges 

as schematically represented in Figure 6.2 
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Figure  6.2. Scheme of heating programme for the obtainment of ashes in the muffle furnace 

 

An initial heating was performed at 5°C/min until the furnace reached 180°C, temperature that 

was held for an hour. At that temperature, all the moisture is supposed to have been evaporated 

(as seen in Figure 6.1). Then the sample was heated to achieve 310°C and held for another hour 

and finally, heated again until 450°C, held for the next 4 hours to ensure the release of all the 

volatiles of the straw. The final quantity of obtained ashes was 3±0.3 g. The yield of the 

production of ash was 15.5±0.3%.  

Figure 6.3 shows the samples prior to the heating programme (a) and after completing it (b). 

The ashes presented a grey colour, indicating a possible presence of carbon from incomplete 

oxidation of the samples.  

  

(a) (b) 

Figure 6.3. Rice straw before (a) and after (b) the heating process  
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6.1.2. Extraction of silica from rice straw ash 

The ash produced in Section 6.1.1 was sealed in plastic bags and kept in a dried place until its 

use for the extraction of silica. The chemical process consisted in an initial dissolution in a basic 

solution and a further acid precipitation process. The influence of the addition of a surfactant 

(sodium dodecyl sulphate-SDS) was also studied. Figure 6.4 shows a scheme of the chemical 

process carried out.  
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Figure  6.4. Scheme of the chemical extraction of silica from rice straw ash 

 

Table 6.1 gathers the factors and levels tested for the extraction of silica.  

 

 

 

 

 

 

The variation on the molar ratio ash-NaOH permitted to evaluate the influence of the initial 

alkali dissolution on the dissociation of Si-O-Si particles. Moreover, the presence of SDS 

allowed the study of the influence of the presence of a surfactant (i.e. compound that lowers the 

surface tension of the solution) and its effect on the nucleation rate and, consequently, on the 

size of particle of the product.  

 

Table 6.1. Factors and levels tested for the extraction of silica 

Factors Levels 

Molar ratio ash-NaOH 1:2 1:3 1:4 1:5 

Presence of SDS 0 ppm 200 ppm 400 ppm  
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The description of the reactions taking place is presented in the following paragraphs.  

 

I Alkali dissolution 

Silica in rice straw ash was firstly solubilised by reaction with a strong base (NaOH) to form 

water soluble sodium silicate (R6.1) 

 

OHSiONaNaOHSiO 2322 2   R6.1 

Rice straw ash (3 g.) was dispersed in a 1N NaOH aqueous solution and heated at 90ºC for 4 h 

under vigorous stirring to dissolve silica and produce sodium silicate (Figure 6.5a). Table 6.2 

shows the quantity of NaOH in which the ash was dispersed to achieve the desired molar ratios 

ash-NaOH in each chemical extraction.  

 

Table 6.2. Volume of NaOH added in each experiment 

Molar relation ash-NaOH 1:2 1:3 1:4 1:5 

Volume added of NaOH for 3 g of rice straw ash 100 mL 150 mL 200 mL 250 mL 

The resulting solution (Figure 6.5b) was filtered and washed with water to remove impurities. 

The transparent filtrate sodium silicate solution was left to cool to room temperature. The 

residue left in the filter (Figure 6.5c) was kept and sealed in a plastic bag. This residue was 

supposed to be products of the incomplete decomposition of lignin, as it is reported that its 

range of decomposition is 400-900ºC (Lu et al. 2012), being these values higher than the 

applied maximum temperature (T = 450ºC)   

 

  

 

 

(a) (b) (c) 

Figure  6.5. Alkali dissolution of rice straw: dissolution (a), sodium silicate solution (b) and residue (c) 
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II Neutralisation with acid 

Sodium silicate was then slowly neutralised with diluted sulfuric acid solution to pH 7 to 

precipitate silica (R6.2). This slow reaction was performed under vigorous stirring (Figure 6.6a) 

to allow the diffusion of sodium sulfate and prevent the formation of large aggregates.  

  

42224232 SONaOHSiOSOHSiONa   R6.2 

Upon reaching pH 7, silica was gradually precipitated to form a gel over a period of 18 hours 

(Figure 6.6b).   

  

(a) (b) 

Figure 6.6. Neutralisation with sulfuric acid (a) and precipitation of gel (b) 

 

III Washing 

The resultant silica gel was broken and washed repetitively with copious amount of water 

(Figure 6.7a). The silica gel was then filtered and left until dried. After 48 hours, the dried silica 

appeared as white powders (Figure 6.7b) 
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(a) (b) 

Figure 6.7. Products of reaction: silica gel (a) and silica powders (b) 

 

Figure 6.8 depicts the products obtained through the different steps of the process.  

 

 

Figure 6.8. Scheme of the products obtained throughout the chemical extraction of silica 

(a) (b) (c) 
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6.2. Characterisation of silica 

 

Silica obtained in Section 6.1 was characterised by means of Energy Dispersive X-ray 

Spectrometry (EDS). All the experiments were carried out at the laboratories of the 

Departament of Analytical Chemistry (Faculty of Chemistry, Universitat de València, 

Burjassot). 

 

6.2.1. Fundamentals of EDS 

EDS is a technique that consists of bombarding the target sample with high energy electrons in 

an electron microscope and detecting the characteristic produced X-rays. These emitted X-rays 

are intimately connected with the atomic structure of each element present in the sample. 

Qualitatively, as the atomic structure of each element is different, it follows that, when 

stimulated, each element emits a specific pattern of X-rays. Quantitatively, the amount of X-

rays emitted by each element bears a direct relationship with the concentration of that element 

(mass or atomic fraction). This way, X-ray measurements are converted into a final X-ray 

spectrum used to assess the concentrations of the various chemicals present in a sample 

(Ametek. Materials Analysis Division, 2015). 

 

EDS is used to identify and evaluate materials, including detecting contaminants or determining 

unknown elements, as well as for quality control screening, verification and certification. In 

practice, EDS’s range of applications encompasses alloy design, analyzing pigments in 

historical documents, conducting environmental studies of pollution particulates, investigating 

insurance claims and monitoring asbestos levels in construction. 

 

The process is described by the following steps (Figure 6.9): an electron beam hits the sample 

and an X-ray is generated. The resulting X-ray escapes the sample and hits the detector which 

creates a charge pulse in the detector. This current is then converted into a voltage pulse 

proportional to the energy of the detected X-ray. Finally, this voltage pulse is converted to a 

digital signal and one more count is added to the corresponding energy channel. Once the 

measurement is completed, the accumulated counts produce the X-ray spectrum. 
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Figure 6.9. Methodology of EDS (Ametek. Materials Analysis Division, 2015) 

 
 

EDS Spectrum 

The output of an EDS analysis is an EDS spectrum. The EDS spectrum is a plot of how 

frequently an X-ray is received for each energy level. The ED spectrum is displayed in digitized 

form with the x-axis representing X-ray energy (usually in channels 10 or 20 eV wide) and the 

y-axis representing the number of counts per channel. Each of these peaks is unique to an atom, 

and therefore corresponds to a single element. The higher a peak in a spectrum, the more 

concentrated the element is in the specimen. 

 

Qualitative analysis involves the identification of the lines in the spectrum and is fairly 

straightforward owing to the simplicity of X-ray spectra.  

 

Quantitative analysis (determination of the concentrations of the elements) entails measuring 

line intensities for each element in the sample and for the same elements in calibration 

Standards of known composition.  

 

 

 

6.2.2. Results 

The samples of silica extracted from rice straw ash as described in Section 6.1 were submitted 

to EDS characterisation. Figure 6.10 shows the spectrum of the samples with a molar ratio ash-

NaOH 1:5 (a), molar ratio ash-NaOH 1:5 and 200 ppm of SDS (b) and molar ratio ash-NaOH 

1:5 and 400 ppm of SDS.   
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(a) (b) 

 

(c) 

Figure 6.10. EDS spectrum of the samples: molar ratio ash-NaOH 1:5 (a), molar ratio ash-

NaOH 1:5 and 200 ppm of SDS (b) and molar ratio ash-NaOH 1:5 and 400 ppm of SDS (c).  

 

As it can be seen in the figure, the main elements present in the sample are indeed Si and O, 

confirming the existence of silica in the product obtained after the performed extraction.  

In order to perform a quantitative analysis, the following tables present the results of the 

Standardless EDAX ZAF quantification. 
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Sample Molar ratio ash-NaOH 1:5  

Table 6.3. EDAX quantification of the sample ash-NaOH 1:5 

Element wt % At % K-ratio Z A F Net area Bkd Area Area Error 

C K 11,05 16,72 0,017 1,034 0,1491 1,0006 6,23 0,73 8,13 

O K 51,1 58,05 0,167 1,0167 0,3214 1,0004 189,4 1,33 1,34 

Na K 9,68 7,65 0,0375 0,9517 0,406 1,0025 87,47 3,3 2,02 

Si K 20,86 13,49 0,1537 0,9747 0,7543 1,0025 376,13 4,8 0,95 

S K 6,76 3,83 0,0494 0,9572 0,763 1,0002 94,7 5 1,97 

K K 0,54 0,25 0,0045 0,9232 0,905 1 7,47 4,77 10,08 

Being wt the weight percentage, At the atomic percentage, K-ratio the ratio between the 

intensity in the filtered peak respect to that taken as reference, Z the atomic number correction, 

A the absorption correction and F the fluorescence correction. 

Sample Molar ratio ash-NaOH 1:5 and 200 ppm of SDS 

Table 6.4. EDAX quantification of the sample ash-NaOH 1:5 and 200 ppm of SDS 

Element wt % At % K-ratio Z A F Net area Bkd Area Area Error 

C K 15,37 22,31 0,0261 1,0291 0,1647 1,0006 10,97 0,77 5,89 

O K 52,61 57,32 0,1701 1,0119 0,3195 1,0003 221,97 1,53 1,23 

Na K 5,21 3,95 0,0197 0,9472 0,3994 1,0028 53 3,97 2,69 

Si K 24,01 14,9 0,1828 0,9701 0,7843 1,001 514,77 4,5 0,81 

S K 2,81 1,53 0,0203 0,9521 0,7572 1 44,7 4,33 2,98 

K K 15,37 22,31 0,0261 1,0291 0,1647 1,0006 10,97 0,77 5,89 

 

Sample Molar ratio ash-NaOH 1:5 and 400 ppm of SDS 

Table 6.5. EDAX quantification of the sample ash-NaOH 1:5 and 400 ppm of SDS 

Element wt % At % K-ratio Z A F Net area Bkd Area Area Error 

C K 16,04 23,4 0,0269 1,0308 0,1626 1,0005 11,7 0,9 5,73 

O K 50,07 54,83 0,1554 1,0136 0,3061 1,0004 209,47 1,73 1,27 

Na K 8,02 6,11 0,031 0,9488 0,4065 1,0024 85,97 4,7 2,07 

Si K 20,41 12,73 0,1526 0,9717 0,7679 1,0019 443,8 5,6 0,88 

S K 4,94 2,7 0,0364 0,9538 0,7727 1,0002 82,97 5 2,12 

K K 0,52 0,23 0,0044 0,9201 0,9176 1 8,5 4,17 8,81 
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6.3 Preliminary adsorption tests 

 

Silica obtained in Section 6.1 was used as adsorbent material in water treatment methodologies. 

Water with high content of nitrates was submitted to preliminary adsorption tests at the 

laboratories of the Departament of Analytical Chemistry (Faculty of Chemistry, Universitat de 

València, Burjassot) 

 

6.3.1. Description of methodology 

The previously obtained silica was firstly activated at 110°C for 48 hours. After that, the 

activated samples were acidified with 49% sulphuric acid (Merck 98%) to obtain acidic silica. 

Finally, the samples were left air drying (Moliner-Martinez et al, 2009).  

50 mg of each dry silica sample was weighted and set in a cartridge (Figure 6.11a). 0.5 mL of a 

25 ppm of a NO3
-
solution was passed through the cartridge containing the silica. (Figure 6.11b).  

 

 
 

(a) (b) 

Figure 6.11. Cartridge containing silica samples (a) and initial nitrate solution (b) 

 

 



Chapter 6. Extraction of silica   

 

262 
 

In order to determine the presence of nitrates in the resulting solution, the reaction of derivation 

with the Griess reagent was carried out (Manor-Jayawardane et al, 2014). With this purpose, the 

Griess reagent was prepared by dissolving 50 mM sulphanilamide Sigma-Aldrich, >99%), 330 

mM of citric acid (Panreac, 99,5%) and 10 mM of N-(1-naphthyl)-ethylenediamine 

dihydrochloride (Sigma-Aldrich >98%). Some drops of a Zn solution (Panreac, 95%) was also 

added.  

A second aliquot of 0.5 mL of the 25 ppm a NO3
-
solution was passed for the second time 

through the cartridge and the procedure previously reported was performed.  

 

6.3.2. Experimental results  

The determination of nitrates by application of the Griess reagent is based on the conversion of 

the analyte colorimetrically undetectable (nitrate form) into a colorimetrically detectable one 

(nitrite form) that can be easily detected. 

The Griess reaction is a color reaction that enables the nitrite detection (Sun et al, 2003). It is 

based on the reaction between nitrite and a primary aromatic amine (i.e. sulphanilamide) under 

acidic conditions forming a diazonium salt. This salt further reacts with an aromatic compound 

containing an amino group (i.e. N-(1-naphthyl)-ethylenediamine dihydrochloride) to form an 

intensely colored azo dye. In order be able to perform this procedure, nitrate must be reduced to 

nitrite first using a suitable reductant, in our case metallic Zn.  

Figure 6.12 shows the results of the preliminary tests. First of all, the blank of water (Figure 

6.12a) is presented as the final target of the reaction. Figure 6.12b presents the result of the 

Griess reaction on the 25 ppm NO3
-
 solution which shows a intense azo dye color. Figures 

6.13c, d and e show the result of the initial nitrate solutions after passing through cartridges 

containing different silica samples (tested treatments: 1:5 NaOH-H2SO4 (Figure 6.14c), 1:5 

NaOH-H2SO4/200 ppm SDS (Figure 6.15d) and 1:5 NaOH-H2SO4/400 ppm SDS (Figure 6.16e) 

once the Griess reaction has been carried out.  
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       (a)     (b)  (c)         (d)     (e) 

Figure 6.12. Blank of water (a), initial 25 ppm nitrate solution (b), initial solution after passing 

through 1:5 NaOH-H2SO4 (c), initial solution after passing through 1:5 NaOH- H2SO4/200 ppm 

SDS (d), initial solution after passing through 1:5 NaOH- H2SO4/400 ppm SDS (e) 

 

As shown in the figures, the obtained solutions present a lighter color indicating less presence of 

nitrate respect to the initial solution and thus, confirming its retention in the silica materials. 

However, the retention was not complete as it did not achieve the target (Figure 6.12a).  

Moreover, no significant results were obtained when a second aliquot of nitrate solution was 

passed through the already used cartridge, indicating a possible saturation of the material.  

These results confirm the adsorbent capacity of the silica obtained from the ashes of the rice 

straw but further modifications in the chemical structure will be needed to achieve the complete 

and efficient removal of nitrates.  

 

 

Historically, trees are important resources and still serve as major energy 
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6.4. Main results 

 

Silica ash was obtained at lab scale by simulating the thermal decomposition profile of the 

samples with a muffle furnace. The yield of ash production was 15.5±0.3%. From the obtained 

product, the extraction of silica was performed. An initial dissolution in NaOH was carried out 

and the influence of the ash-NaOH molar ratio was evaluated. After that, a reaction of 

precipitation (using acid or a dissolution of acid and a surfactant) and further washing of the 

samples resulted in silica white powders.   

 

The characteristation of samples was performed through Energy Dispersive X-ray 

Spectrometry (EDS) to identify and quantify the main chemical elements present in the samples. 

From the results, it is clear that the obtained product is mainly composed by silicon and oxygen, 

suggesting that the extracted product consists of silica.  

 

The results of the preliminary tests using the obtained silica for the removal of nitrates in a 

water dissolution showed that the tested samples presented certain degree of retention. 

However, this retention was not complete and further modifications on the chemical structure 

will be required to optimise its behaviour.    
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“You've got to find what you love. And that is as true for your work as it is for your lovers. 

As with all matters of the heart, you'll know when you find it. And, like any great relationship, it just gets 
better and better as the years roll on. 

So keep looking until you find it. Don't settle. 

Stay Hungry. Stay Foolish.” 

Steve Jobs. Stanford Graduation Speech 2005 

 

7.1. Conclusions 

 

Waste management requires a rigorous multidisciplinary assessment of all the involved 

processes. This thesis presented a methodology for a correct and sustainable use of agricultural 

residues, with particular attention paid to rice straw. Initially, an energy recovering process 

based on the gasification of residues in a spouted bed reactor was studied. After that, the ashes 

obtained after the thermal treatment were further used to produce silica. Specific parameters and 

indicators were found to ensure the reliability of the proposed conversion technologies. Overall, 

an enhancement of knowledge regarding the use of agricultural residues in the energy sector has 

been achieved thanks to this research  

 

In particular, the conclusions of the present thesis were classified according to the following 

topics:  

 

Biomass and its characterisation 

The importance of an accurate definition of the main properties of the biomass was 

demonstrated crucial for the application of the adequate conversion technology.  

The main physical properties of biomass were obtained and discussed.  

The dimension and shape of solids had a great influence on the fluid dynamic behaviour of 

the system. These characteristics also represented the main experimental difficulties for the 

correct performance of the feeding system in the scaled-up unit. In the case of rice straw,  

the samples were chopped and considered as a cylinder with constant diameter. Two 
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averaged length of 1 and 3.7 cm were obtained from the size distribution performed on a 

representative sample. Due to the nature of the straw, length was taken as its characteristic 

dimension.  

The density of solids directly influences the volume requirements of the storage and 

operational units. The density of rice straw was calculated according to standard procedures 

and was found to be 56 kg/m3. The difference of density between solid phases was the main 

cause of instabilities in the spouting process.  

 

The main chemical properties of biomass were also obtained and discussed.  

The ultimate analysis provided the main constituting elements of the biomass. The high 

relative amounts of oxygen (57.8%w/w) made the rice straws a more reactive feed 

compared to coal but also resulted in relatively low heating values. The remarkably low 

sulphur content (0.2%w/w) provided a major environmental advantage for the use of 

biomass as energy vector instead of coal. 

The proximate analysis indicated the content of water, fixed carbon, volatiles and ash in 

the sample. High percentages of ash (20.6%w/w) were found in rice straw and the 

operational temperature was limited to 1000ºC to prevent their melting.  

The energy content of biomass in terms of Higher Heating Value (and Lower Heating 

Value) was calculated with the aid of existing correlations and were found to be 

HHV=11.6 MJ/kg and LHV=10 MJ/kg respectively. 

 

The main thermal properties of biomass were calculated.  

The characterisation of the thermal and thermo-oxidative behaviour of the feedstock and 

the further study of their kinetics was carried out by Thermogravimetric Analysis (TGA). 

The profiles of decomposition were obtained using Argon and Oxygen as carrier gases to 

simulate the thermal and thermo-oxidative decompositions respectively. All the tested 

biomass samples presented several degradation stages corresponding to the main pseudo-

components (hemicellulose, cellulose and lignin) and successive combustion of the 

remaining char. The residual values were higher under inert conditions (20%) than 

oxidative ambients (5%) as a result of a less reactive ambient.  
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The thermal performance of all samples was predicted under any linear heating rate by the 

function Thermal Decomposition Behaviour (TDB). The values of ZDT0 provided the 

thermal stability of the samples, closely related to the temperature of start-up for the 

thermal process. A minimum of T=273°C (inert conditions) and T=264°C (oxidative 

conditions) will be necessary to start yielding volatile compounds. The use of ZDTpeak was 

useful to monitor the decomposition of each pseudo-component.  

The application of isoconversional methods (Friedman, Flynn-Wall-Ozawa, Kissinger-

Akashira-Sunose, Vyazovkin, Master Curves and Perez-Maqueda criterion along with 

Coats-Redfern equation) permitted the obtainment of the kinetic parameters (Ea, ln A and 

n) of the biomass for both inert and oxidative conditions. The simplified kinetic triplet 

defined the thermal decomposition of the tested samples and the kinetic law was further 

applied in the design of the reactor. 

Particularly, the model that kinetically described the decomposition of rice straw was the 

type of Fn: order of reaction. Lower activation energies, order of reaction and pre-

exponential factor values were required to carry out reactions of pyrolysis due to the 

absence of complex oxidant reactions. 

 

Characterisation of the Spouted Bed Reactor 

The fluid dynamic study of systems with different solid characteristics (density, size of particle, 

irregular shapes ….) was performed. The main design properties are evaluated in order to 

guarantee the stability and correct performance of the pilot reactor.  

An initial set of room temperature experiments using sand and rice straw at different operational 

conditions was performed.  

A maximum load of rice straw of 20% v/v was defined to guarantee a stable process of 

spouting. Higher initial bed of particles led to higher air flow requirements and higher 

pressure drop values. The presence of coarse particles also increased the minimum spouting 

requirements.  

Existing correlations to calculate the minimum spouting velocity were applied but did not 

show a fair agreement with the experimental results. A new correlation was proved valid for 

its prediction in the conical square-based spouted bed reactor under study.  
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A statistical Design of Experiments (DoE) was applied and several cold flow tests were carried 

out on six different systems varying in density, dimension and shape.  

Similar density ratios between the particles of the bed improved the performance of the 

system in all cases.  

Segregation phenomena were not observed in any tests with volumetric ratios lower than 

5%v/v of biomass. The increase of coarse particles resulted in increasing instabilities in all 

cases. 

A new variable, Q*, was defined as the minimum inflow required to prevent segregation 

phenomena.  

 

A CFD model was developed to simulate and predict the behaviour of the studied systems and 

was validated with experimental data. 

The Euler-Euler approach was applied with the aid of the commercial software ANSYS 14.5 

workbench. The variables fountain height and pressure drop along the bed of particles were 

used as validating parameters.  

The model represented the height of the fountain with good accuracy in all cases with 

maximum error below 5 %. This result allowed the identification of the region where the 

fountain will develop and so, where the mass and energy transfer reactions between gas and 

solids will take place. 

The model developed by the group did not predict, with the same precision, the pressure 

drop along the bed of particles. An upgrade of the model obtaining the 3D solution will be 

carried out to improve these results. 

 

Reactions of gasification in a Spouted Bed Reactor 

Different models were applied for the study of the reactions of gasification of biomass. 

The energy that can be recovered through the gasification of agricultural residues was 

maximised at the Carbon Boundary Layer. The overuse of oxygen resulted in undesired 

combustion reactions that lowered the heating value of the produced gas and, consequently 

the efficiencies of the process.  
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In the case of the rice straw, the optimum operational conditions that maximised the process 

of gasification in the studied spouted bed reactor were found to be: ER = 0.4; T = 900°C.  

 

Extraction of silica from rice straw ash 

Silica was chemically extracted from rice straw ash produced as the final residue of the 

gasification reactions.  

Ashes were obtained in a muffle furnace with a yield of ash production of 15.5±0.3% 

(%w/w). 

Different silica powders were obtained by varying the parameters: ash-NaOH molar 

ratio (1:1; 1:2; 1:3; 1:4; 1:5) and addition of a surfactant agent (No SDS, 200 ppm SDS, 

400 ppm SDS).  

Energy Dispersive X-ray Spectrometry (EDS) was used to identify and quantify the 

main chemical elements present in the samples. The spectra indicated that the obtained 

product was mainly composed of silicon and oxygen. 

Preliminary tests using the obtained silica for the removal of nitrates in a water 

dissolution were performed. Samples with higher ash-NaOH molar ratios and higher 

concentration of surfactant agent showed certain degree of nitrates retention. However, 

this retention was not complete and further modifications on the chemical structure will 

be required to optimise its behaviour. 
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7.2. Further work 

 

Rice straw is proven to be a suitable and reliable source of energy. Following the methodology 

carried out in this Thesis, new agricultural residues are being/will be studied for the same 

purpose. Moreover, in order to widen the acquired knowledge, the following research lines are 

envisaged to be followed in the near future:  

 

- to study the joint valorisation of the residues present in an area of interest and a period of the 

year. That way, the economical benefits of not having to separate them would be enhanced; 

- to develop a more detailed CFD model to account with all the potential interactions between 

components with the application of the Euler-Lagrangian approach;  

- to explore the use of different residues in the already developed Spouted bed pilot plant to 

optimise the working parameters according the nature of the feedstock;  

- to improve the nitrates retention capacity in silica by modifications of its chemical structure in 

order to promote the presence of positive charges in the molecule;  

- to widen the application of silica powders for the removal of different pollutant species by 

producing the most suitable chemical structures according to the desired target. 
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7.3. Other Benefits of the PhD Thesis 

 

As described in the first sections of this thesis, these PhD studies have been performed within 

the framework of a co-supervised partnership between the Università degli Studi di Genova 

(UNIGE, Genova, Italy) and the Universitat Politècnica de València (UPV, Valencia, Spain).  

 

The scientific results and the cooperation frameworks consolidated during these past few years 

will be very useful for future PhD students and will also enhance the collaboration between both 

universities.  

Moreover, the development of some activities, research actions and collaborations, has 

promoted the research of the renewable energies area which is now very active and continually 

growing. In particular, the work has been focused on the use of rice straw as a new energy 

vector. As a result of the developed methodology, the main residues present in the areas of 

study (wine pruning, apple pruning, kaki fruit, …) will benefit from the advancement of 

technology achieved.  
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A – pre-exponential factor (s-1) 
 
CD - drag coefficient 
 
Cfr - coefficient of friction between the two solid phases 
 
d – diameter of particle, m 
 
DC – diameter of column, m 
 
Ddt – diameter of draft tube, m 
 
Di – diameter of fluid inlet, m 
 
Ds – diameter of spout, m  
 
E – expansion of the bed of particles, m 
 
Ea – activation energy, kJ/mol 
 
ess - interparticle coefficient of restitution 
 
G – superficial mass flux of fluid, kg/m2s 
 
g – acceleration of gravity, m/s2 

 
g0 - radial distribution function 
 
Hb – static initial bed height, m 
 
HC – cone height, m 
 
Hd – disengagement height (draft tube), m 
 
HF – fountain height, measured from the bottom of the reactor, m 
 
Hm – maximum spoutable bed height, m 
 
HR – reactor height, m 
 



iv 
 

HHV – Higher Heating Value, MJ/kg 
 
Ldt – length of draft tube, m 
 
LHV – Lower Heating Value, MJ/kg 
 
Qms – flow of gasifying agent at minimum spouting conditions, m3/s  
 
Qonset – flow of gasifying agent at initiation of spout, m3/s 
 
Q* - flow of gasifying agent to prevent segregation, m3/s 
 
p  - fluid pressure, Pa 

 

ksp , - kinetic solid pressure, Pa 

 
P0 - standard pressure, Pa 
 
Tendset  - endset temperature, °C 
 
T0 - onset temperature, °C 
 
Tpeak  - temperature of maximum decomposition rate, °C 
 

gu
r

- gas velocity, m/s 

 

su
r

 - particle velocity, m/s 

 
Uin – inlet velocity, m/s 
 
Umf – superficial velocity at minimum fluidisation, m/s 
 
Ums – minimum spouting velocity, m/s 
 
Uonset –velocity at the start of spouting, m/s 
 
Vb – volume of the bed of particles, m3 

 
W – weight of solids, kg 
 
xi - mole fraction of species i 
 



 



 

 

 

 

 

 

 
 

  

 

Gracias. Grazie. 

Thank you. Gràcies 
 

 

 

 

 

 

 

 

 

  

 

 

 



 














