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Valorisation of agricultural residues

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

Lo scopo di questa tesi di dottorato ¢ 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 ¢ 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 emergetico attraverso la gassificazione della
biomassa utilizzando reattori di tipo spouted bed e inoltre sono state definite le proprieta 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 proprieta fluidodinamiche del sistema sono state analizzate in dettaglio in una unita pilota di
laboratorio a freddo dove sono state studiate le condizioni di stabilita 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 ¢ 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.






Valorizacion de residuos agricolas
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_____________________________________________________ Resumen;

El objetivo de la presente tesis doctoral es defit@sarrollar y evaluar una metodologia eficiatgayestion
de residuos, en particular agricolas, para comi@rten una nueva fuente de energia y en proddetesalor
afiadido. Se estudia con especial atencion el ukbmiga de arroz como vector energético y comoysser

de productos basados en silice.

Las reacciones decuperacion energéticse han llevado a cabo a través de la gasificat?da biomasa en
reactores de tipo Spouted Bed. Para ello, se hdimidie las propiedades fisico-quimicas y de
comportamiento térmico de los residuos estudialdos.parametros de disefio y operacion del reactor ha
sido definidos de acuerdo a las caracteristicasndédrial tratado. Debido a la particular configida del
reactor, las propiedades fluido- dinamicas deksist se han analizado en detalle en una unidacha et
laboratorio. En ella se han estudiado las condesare estabilidad del reactor y aquellas que prewi¢os
procesos de segregacion. Se ha utilizado una ueisiealada a dimensiones de planta piloto pararlieva
cabo las pruebas de gasificacion de los residuaraportamiento del reactor se ha modelado tamiged

fluido dinAmico como a nivel térmico mediante ab de diversos cddigos comerciales de simulacion.

Finalmente, se ha realizado uwmalorizacion materialbasada en la extraccion de silice de las cenizas
resultantes del proceso de valorizacién térmica. (tomo, se han realizado pruebas preliminaredade

posible aplicacion de dicha silice en procesogideraion de nitratos presentes en agua.






Valoritzacié de residus agricoles

L'objectiu de la present tesi doctoral és defidrsenvolupar i evaluar una metodologia eficiengeio de
residus, en particular agricoles, per convertirdnsuna nova font d'energia i en productes de \afkyit.
S'estudia amb especial atencio I'is de la palladd'@om a vector energétic i com a precursor ddymtes

basats en silice.

Les reaccions de recuperacié energética s'han thrtre a través de la gasificacié de la biomassansn
reactors de tipus Spouted Bed . Per aix0, s'hanidifs propietats fisico-quimiques i de comporain
termic dels residus estudiats. Els parametressieiay i operacié del reactor han estat definitsodha les
caracteristiques del material tractat. A causaadeatticular configuracié del reactor, les propeefauid -
dinamiques del sistema s'han analitzat amb detalin@ unitat a escala de laboratori. S'hi han estlebs
condicions d'estabilitat del reactor i aquelles guevenen els processos de segregacié. S'haattilita
unitat escalada a dimensions de planta pilot peradterme les proves de gasificacié dels residls. E
comportament del reactor s’ha modelat tant a nfigl dinamic com a nivell térmic mitjancant I'@e

diversos codis comercials de simulacio.

Finalment, s'ha realitzat una valoritzaciéo matdsedada en I'extraccio de silice de les cendredtants del
procés de valoritzacio termica. Per ultim, s'halitzat proves preliminars de la possible aplicatamuesta

silice en processos d'adsorcio de nitrats presenasgua.






Aim of the study i

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.

Agricultural residues

Ashes
Energy valorisation = —  Material valorisation

Products assessment






Structure of the thesis i

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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Chapter 1. Introduction

“...We have met the enemy.
Heis us...”

Walt Kelly

1.1. Overview of the energy framework

As a result of world industrial development, a caicrease in the use of fossil fuels has been
encountered by all economic and social sectorsltitl the new energy requirements. This high
demand has led to a huge overuse of coal and sédbuels, which has consequently resulted
in a rapid consumption of these traditional fuetssing concern about the depletion of fossil
fuels. Also, a vast negative impact on the envirenims caused by the massive use of these
fuels, resulting in increased social awarenessdaggtheir associated environmental problems

(greenhouse effect, earth overheating, increased & pollution).

For these reasons, new policies to support theugtomh of energy from clean and renewable
sources are being promoted by local, national amdean entities in order to develop different
alternatives to the use of fossil fuels worldwidée European Union Member States (MS)
committed to an increase in the use of RenewabégdynSources (RES) to 20% of gross total
energy consumption and to 10% in the transportosect each MS by 2020 (Directive
2009/28/EC). As a result of the new policies anplpsut measures, the renewable energy share
has already gone up from 8.5% in 2005 to 12.4%0ih02and to 15% in 2013 (EurObserv'Er
Report, 2014). At the moment, the Renewable EnBrggress Report issued by the European
Commission in 2015 (Renewable Progress Report, )26héws that the gross final energy
consumption was 15.3% in 2014, with the majorityi8 advancing well towards 2020 targets.
Renewable energy share in the heating and coodinpswas estimated to be 16.6% in 2014

and already 10% for electricity, mainly produceahfrwind and solar sources.

Biomass is expected to maintain a major role (5T4dred in meeting the EU’s objectives
followed by wind (17.6%), hydrothermal (13.3%), a&ol(6.3%), heat pumps (4.9%) and
geothermal (1.1 %) sources (Scarlat N. et al, 20A8¢ording to the aggregated data of the
National Renewable Energy Action Plans-NREAPs (el Renewable Energy Action Plans,
2011), the total expected contributionmbenergyin Europe should reach 5281 PJ by 2020.
Biomass is expected to represent 17.4% of the @eajeEU heating and cooling systems and

6.6% of the electricity consumption.

|
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Chapter 1. Introduction

Table 1.1 shows the gross consumption of solid bBssfor energy production of the tp
consumer countries in the European Union durin@2iid 2013 (EurObserv’ER, 2014).

Table 1.1 Gross consumption of solid biomass for energy petidn in the European UnidiMtoe)

Country Year 2012 | Year 2013

Germany 10.931 10.902
France 9.779 10.842
Sweden 9.563 9.211
[taly 8.383 8.837
Finland 7.963 8.146
Poland 6.988 6.497
Spain 4.964 5.443
Austria 5.021 4971
Romania 3.655 4.233
United Kingdom 2.512 3.319
TOTAL EU 88.639 91.459

The table shows a general increasing trend indhswmption of solid biomass. Italy and Spain
are highlighted as™and 7" top consumer countries respectively, accounting®.7% and 6%

of the total within the European Union.

The Second Progress Reports on the progress irprihaotion and use of energy from
renewable sources (Progress Reports issued bydtalySpain, 2013) showed that the main
sources of biomass were wood and woody waste, mpahisolid waste and biogas. Biomass
from agriculture (by-products and residues) accediraround 3 million tons in Italy and 5

million tons in Spain.

These reports also show the importance of the waptak renewable energies in saving
greenhouse emissions. Table 1.2 shows that inageaavings have been produced both in Italy
and Spain over the evaluated period, with the daemel followed by all MS.

28 |



Chapter 1. Introduction

Table 1.2 Estimated greenhouse emissions savings from thefugnewable energy (t G&-10°)

(Data extracted from the Second Progress Repotitalygyand Spain, 2013)

Environmental aspects 2012

Estimated total net greenhouse gas emission savings - Italy 71
Estimated net GHG savings from the use of renewalblgricity 48
Estimated net GHG savings from the use of renewatdegy inheating and cooling 20
Estimated net GHG savings from the use of renewairegy intransport 3
Estimated total net greenhouse gas emission savings - Spain 57
Estimated net GHG savings from the use of renewelbldricity 38

Estimated net GHG savings from the use of renewaiegy irheating and cooling 12
Estimated net GHG savings from the use of renewartdegy intransport 7

In 2014, the European Commission presented a nevir&thkework on climate and energy for
2030 (Communication from the EC, 2014) setting new ¢&dor reduction in greenhouse gas
emissions to 40 % below the 1990 levels and inangabe use of renewable energy to at least

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

The future of the world’s energy production and stanption patterns will mostly depend on
the success or failure of the present technologiodl socioeconomic developments. And these
developments are likely to rely on new sourcesnefr@y, yet to be discovered, or those coming

from a breakthrough in the renewable field aneitsrgy transport systems.

Within this framework, it is clear that biomasseigected to provide a high contribution to the
use of renewable energy, especially in countries liialy and Spain. However, more effort is
still needed to further develop new technologigsaftapt existing ones) to make them suitable

for the exploitation of renewable sources in aicifht and reliable way.
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Chapter 1. Introduction

1.2. Agricultural residuesasaresource

The Renewable Energy Directive (Directive 2009/Z8/E2009) defines biomass as the
biodegradable fraction of products, waste and uesidvith biological origin from agriculture
(including vegetable and animal substances), figrestd related industries including fisheries
and aquaculture, as well as the biodegradableidractf the industrial and municipal solid

waste.

They can convert sunlight, water and nutrienthairtcellular structures via photosynthesis and
store the energy in chemical bonds. When the bbetiseen adjacent carbon, hydrogen and
oxygen atoms are broken by digestion, combustiaeoomposition, the energy that was stored
in the chemical bonds is released. Figure 1.1 tepie overall carbon cycle: trees take in
carbon dioxide from the atmosphere which react$ wititer and, in presence of sunlight,
convert it into biomass. Typically, photosynthesisnverts less than 1% of the available
sunlight to stored chemical
energy. If biomass is processel
correctly (either thermal or
biologically), the energy stored in
the chemical bonds can be Biomass

treatment

extracted and the carbon is

oxidised to produce CQOand

water. This CG@ becomes

available to produce new biomas:

S : /'
= Ash -=---=" Minerals -

becoming a cyclic process.
Figure1.1. Carbon natural cycle

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

Energy: electricity and/or heat

Transport fuel

Chemical feedstock
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Chapter 1. Introduction

Of particular interest of this thesis is the apgiien of biomass asnergy vectarlts renewable
character, either through natural processes otbgspaoduct from human activities (i.e. organic
waste) and its wide availability in most countriseke biomass a suitable source of energy. Its
application might diversify the fuel-supply chairnieh in turn would lead to more secure and
clean energy technologies. For this reason, attent focused on the search of alternative
biomass species that would replace conventionailfagels in an efficient way. The adequate
energy conversion process and the specific opeateonditions that need to be applied, define
the required type of biomass for each case. Asualtref high temperature reactions, a gaseous
fuel is obtained that can be either further bunna iturbine to produce electricity, or directed to

heating purposes.

According to their properties and source, biomass lwe divided into four different categories
(McKendry P., 2002):

- Woody plants: bark, chips, foliage, trimming, fdrgsesidues, sawmills, sawdust
- Herbaceous and agricultural residues: grass, straiivharvest residues
- Aguatic plants: algae

- Animal and human waste: food processing, munigpét waste, manure

Their main properties will define the most adequateversion process in each case. Moisture
content will play an important role: herbaceousniass with high moisture content as for

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

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

reactions. Other parameters that need to be tateraccount in the selection of a conversion
technology are the ash content and its compositidiich may have a negative impact on

thermal processes, and the cellulose content,

which has a great influence in biologica!

processes.

Municipal
For the purpose of this thesis, attention wi nericultora pervbora
be paid to “dry” biomass, more suitable fo p“d
thermo-chemical conversions. Specifically Fovsry o D A:.
agricultural residues, and more precisely ric resdues sourees

Industrial
straw, will be studied in great detail (Figure Algae J restues
Sewage
1.2). A wide description of its characteristic: ’
and composition will be performed in

Chapter 3. Figure1.2. Biomass sources
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Chapter 1. Introduction

The increasing quantity of waste encountered irs@dtors, especially in the agricultural area
with an estimated production of 32.7 Mtoe/year id Eountries (Panoutsou et al, 2009),
represents an environmental problem that needs tadkled. Current practices like landfill or
incineration present severe environmental and huneaith problems. Undesirable increased
CO, emissions and the abandonment on fields consttatanportant hazard to fight against,
due to the high land and water contamination tlig tlecomposition of the materials
exacerbate. Economic problems are also derived fmanincorrect management of residual
streams as they constitute extra costs for thedywrers, who need to pay for a correct waste
dealing. A better use of these residues, co-prgduatl by-products (always taking into account
their environmental constraints) would not onlyhéh the sustainable development of our
society, but also tackle difficulties related te thortage of energy sources and the necessity of

new economic vectors as a way to promote indusedities.

The estimates of the agricultural crop residuedlaa for bio-products and bioenergy in each
Member State show large spatial and temporal vansit due to different specific geographic
and climatic conditions and status of agriculturgivities, closely related to the crop

production. Farm products like corn, sugar cangasbeet or wheat are traditionally sent to the
production of bioethanol whereas rape seed, soylpedim sunflower seed or jatropha are usual
precursors of biodiesel. On the other hand, ligholosic materials such as straw or cereal
plants, husk or wood can be either used for gaduatmon and the further obtaining of energy

or to the production of ethanol or bio-liquids.

The use of agricultural residues presents sevdra@rdaages respect to traditional fossil fuels:

- Biomass is typically a waste material and its usguces its disposal and mitigates
potential associated environmental problems on wailer and air.

- It is a renewable source and it contributes toelmination of dependence on fossil
fuels.

- It reduces greenhouse emissions and provides areadwutral source of energy.

- Sulfur is emitted in little quantities in the forof H,S in contrast to the S@missions
obtained in the combustion of fossil fuelsStan be easily removed by absorption and
sulfur can be further extracted, adding an exttaesto the product.

- Nitrogen products of gasification are br NH;, easily removed from the output stream,
instead of NO and JD, obtained through combustion reactions.

- Socio-economic benefits can be obtained from bignbeshnologies: it can be a locally
grown resource and a way to decentralise the enecgpomy, especially helpful in

developing countries.
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Chapter 1. Introduction

There are, however, challenges to be overcamdlyodevelop this technology:

- Biomass fuels have low density and its collectimansportation and preparation prior
to conversion must be carefully evaluated.

- Compared to fossil fuels, biomass has a high oxygmrtent (around 50% in most
cases), which lowers its combustion value comptredditional fuels.

- It is seasonal and is greatly dependent on climatelitions. In addition, large storage
volumes are required to ensure the availabilitieefistock at any time and condition.

In particular, the present thesis explores theh&rpossible uses foice 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

Figure1.3. Rice straw residues
19.5% of the total amount respectively.

Moreover, rice demand is expected to increase toréudecades due to population and
economic growth, especially in under-developed tmes (Mohanty S, 2008). Overall, rice
demand is expected to remain sustainable and, goesty, also the availability of these

residues can be guaranteed.

The two main residual products from the rice induate rice straw (crop residue that remains
in fields after harvest) and rice husk (by-prodoiotained after rice post-processing). Figure 1.4
shows the annual quantity produced of each oféBelues provided that for every kilogram of
harvested paddy, 1 kilogram of straw and 0.2 ofkha® produced. If fully converted, and
assuming 700 million tons of rice is harvested,.&8illion litres of ethanol (Kim and Dale,
2004) could be produced form rice straw, whichgaiealent to 199.9 billion litres of gasoline
(Pimentel and Patzek, 2005). Italy and Spain adcdon an 80% of the European rice
production: Italy is the leading European produeith a total cultivated surface of 220,000 ha.
The crop is grown mainly in the Po basin (the Piedin Lombardy, Venetia, and the
Romagna). The second European rice producer isnSpi#h 117,000 ha, Andalucia and
Valencia are the main rice-producing regions, #itéet enjoying a more stable water supply
which benefits the production. Taking into accouhis production and the necessary
environmental constraints, it is expected thatwstrauld provide potential values of 3,205 kToe
and 2,153 kToe in Italy and Spain respectively B2@ which represents the 12% from the
total biomass potential (Panoutsou et al, 2009).

|
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Chapter 1. Introduction

Harvested quantity (millions tons)

= Africa ™ America ™ Asia Europe Oceania

0,29 24,551

4,1
38,1

Ratio residues
1:1

618,24 Ratio residues

1:0,2
Estimated rice straw (million tons) Estimated rice husk (millions tons)
m Africa ®m America ®mAsia = Europe 0] m Africa America ®Asia ®Europe ® Oceani
0,29 24,51 0.82 0,06 4,9
41—\ 38,1 ’ 7,2
_—~7

Figure 1.4. Production of rice, straw and husk (FAOSTAT, 2015

For years, rice waste generated during harvestiag abandoned and left of decompose in
fields, causing major die-offs of fish and othewatic fauna in deeper areas. In order to
alleviate this type of elimination, current Europemoratoria are permitting uncontrolled
burning which also provokes harmful consequenclkegee to air, flora and fauna pollution in

wetlands.

Studies performed at th&lbufera (Figure 1.5) (http://bit.ly/11dKntN), have shown thhe
emission of C@as a consequence of burning is about 2600 kg/asteseas its abandonment
generates 18% more, along with methane, increasiaggreenhouse effect. This is causing
health problems in nearby municipalities such aglhehes, asthma or rhinitis.




Chapter 1. Introduction

New methods based on theaste-to-resourcanethodology have been proposed for these
residues: rice straw and husk have been used adrection materials (Yang et al, 2003),

adsorbents of heavy metals (Lakshmi et al, 2008)fanthe production of energy and fuels.

The characteristic properties that these matepiasent make them suitable as feedstock with
valorisation purposes. Rice straw is composed thfilose, hemicellulose and lignin, that can

undergo hydrolysis treatments and be convertedfantoentable sugars and further conversions
into ethanol (Chandrakant and Bisaria, 1998). Tleeciremical conversions have also been
proposed as an alternative to these managemetegit® taking advantage of its capacity for

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

Even though the favorable properties, gasificatibrice straw has not been totally developed at
large scale (as it is the case for rice husk) dubgistic aspects: handling and collection or

densification of materials to minimise costs, sgerand transportation.

In general, one significant aspect to take intmant when dealing with agricultural residues is
the seasonal variation of the supply. Large residokimes follow harvests, but residues
throughout the rest of the year are minimal. Bisngilities that depend significantly on
agricultural residues must be either able to adjugput to follow the seasonal variation, or

have the capacity to stockpile a significant amairitiel.
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Chapter 1. Introduction

1.3. Biomass conversion technologies

Biomass can be converted into valuable productaidir three different routes:
- thermo-chemical: combustiogasification pyrolysis and liquefaction;

- physico-chemical: drying, dewaterirgxtraction

- biochemical: digestion, fermentation.

The type of feedstock and the product that it immhe¢o be obtained will determine the most
appropriate path to be followed. Figure 1.6 showschematic map of technologies, their
resulting products and the potential end-user egiptins.

LIGNOCELLULOSIC MATERIALS

Thermo-chemical Physico-chemical Biochemical
Combustion Pyrolysis  Drying Dewatering Digestion  Fermentation
. Extraction
Gasdification
Heat
\ Combustible Combustible

GAS LIQUID\

N

Steam cycle Fuel cells Gas Turbine Combustion engine

‘ ! !

Heat and electricity ‘

Figure 1.6. Map of technologies for lignocellulosic materials
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Biochemical conversions can be divided into aer@inid anaerobic reactions according to the
presence (or not) of air during the process. Thetnoommon feedstock used is oilseeds
(rapeseed, sunflowers ...) and sugary plants (cdneaty sugar beet ...). The main product is a
bio-oil that can be used as received (after pwtion) or transesterified to produce biodiesel.
Starch and sugar can be fermented to obtain €fitieés (methane, alcohol), or bio-chemical

products like organic acids.

The present work, however, will focus its attention thermochemical reactionsmore

precisely on thegasification of the agricultural residues with the aim to obtayngas to be
further used with energy purposes. Moreover, nededdvalue products (i.e. silica) will be
produced byextractionfrom the ashes resulting in the former thermakess. In this way, a

cyclic process is obtained and the zero-waste sicemethodology is promoted.

1.4.1. Thermo-chemical conversion reactions

The main thermo-chemical processes are combuglamification and pyrolysis. The difference
among them is the quantity of oxidant used (if aay)l, as a consequence, the percentages of

the different products obtained from the thermattens.

Combustions a well-established process to extract enemy fihe chemical bonds forming the
biomass. The fuel is completely oxidised by thedart agent entering into the system in
stoichiometric conditions. As a result, heat i®asked (exothermic process) and,@dd HO
are obtained as main products. Combustion can fleedo any type of biomass and scale (i.e.
from domestic applications to large power plankgt bio-energy conversion efficiencies for
biomass combustion plants range from 20 to 40%ct@@di#ty generation) and the highest
efficiencies are obtained when biomass is co-cotebllis coal-fired power plants (McKendry,
2002a).

Pyrolysis(from the latindecomposition by fidereactions consist of the reduction of the biomass
with no chemical reagents being introduced in ty&tesn. The heat needed to carry out the
reactions is supplied externally (endothermic pssg@nd the main product is bio-oil. Solid and
gaseous fractions are also obtained in less quaBiib-oil can be used in engines and turbines
as well as feedstock for refineries. There are,évan; still problems to overcome like the poor
thermal stability of the oil and its corrosivity igh makes necessary a previous step of

upgrading before certain applications.
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In gasification reactions, the oxidant agent (oxygen, air, steama amixture of them) is
introduced to partially oxidise the biomass. Thathgroduced in the first instance is used to
carry out the endothermic reactions (i.e. autontarprocess). The main product of these

reactions is syngas.

The characteristics of the available feedstocketiogy with the product requirements, provide
the necessary information for the correct decissonthe most adequate parameters of the
process to obtain maximum yields. The presentshesi provide a deep insight in gasification
reactions and its advantages (and disadvantagspgateto the other two thermo-chemical

routes.

Reactions of Gasification

Gasification is defined as the thermo-chemical eosion of carbonaceous materials into a
combustible fuel, known as syngas. The reactiomsirowhen a controlled quantity of oxygen
(or air or steam or the combination of them) reattsigh temperature with the available carbon

fraction of the biomass within a gasifier (McKend2p02b).

Gasification has been a well-known process sineeettdl of the 18century when coal was the
principal feed used to power gasification plantise Tombustible gas was used for lighting and
cooking purposes. In fact, lighting was one of fibgtors that helped the Industrial Revolution,
allowing extended working hours in factories. Thajon gasification technologies (Winkler's
fluidized bed gasifier in 1926 or pressurized mgvired gasifier in 1931) were developed in
this period. With the discovery of natural gas, tteed for coal or biomass for gasification
decreased and it was not until the Second World WWatr 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 ==

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

the availability of abundant oil from theFigurel.?. Bus with onboard gasifier used
Middle East eliminated the need forduringthe Second World War (http://www.

gasification for transportation. woodgas.com/history.htm)
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Oil crisis in 1973 once again triggered the intenediomass gasification, in order to reduce the
dependence on imported oil. Global warming andtipali instability in some oil-producing
countries boosted the renewed attention on renewa&lergies and IGCC (Integrated

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

The basis of gasification is to supply less oxidhan required for a stoichiometric combustion
of the fuel. As a result, a gas containing a mixtof carbon monoxide (CO) and hydrogen)(H
is obtained at high temperatures. This syngas edarther combusted, for example in a turbine
to generate electricity, or used for heating puggodhe main stages involved in gasification
are:

- Drying: the moisture content of the biomass is reducd¢deatemperature range of 100-150°C.

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

- Devolatilisation the biomass is decomposed in the absence of oxygeilting in a reduction
of the volatile matter. The biomass is reduceddla scharcoal. This stage is considered to be

instantaneous (McKendry, 2002b).

- Oxidation the solid carbonised biomass reacts with oxygdonrim CQ. The hydrogen is also
oxidised producing bD. If oxygen is in substoichiometric conditionse tharbon is partially
oxidised resulting in the generation of CO. Thes&ctions are highly exothermic releasing a

large amount of heat.

- Reduction in absence (or substoichiometric presence) ofgery endothermic reactions of
reduction take place above 800°C. The main reagtidescribing the whole process of

gasification are presented in Table 1.3.

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

C+050, - CO Partial carbon R1
combustion

C+0, - CO, Carbon combustion R2
H, + 050, - H,0 Hydrogen combustion R3
C+H,0 - H,+CO Water-gas reaction R4
C+CQ, -~ 2CO Boudouard reaction R5
C+2H, » CH, Methane reaction R6
CO+H,0 -~ CO, +H, Shiftreaction R7
H,+S o H,S H,S formation R8
05N, +15H, « NH,  NH;formation R9
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The low calorific value gas produced (typically and 4-6 MJ/Nm) can be burnt directly or
used as a fuel for gas engines and turbines. Be#hik it can also be used as feedstock in the
production of chemicals. (i.e. methanol). The olletiiciency will be determined by the initial
composition of the biomass and also by the adeqohtye technology applied to carry out the
conversion process. For this reason, an initialradtarisation of the fuel is necessary to
evaluate the suitability of the produced gas asggnearrier. diagram of Van Krevelen (1950)
provides a useful tool to assess the energy coofeatfuel through the analysis of its atomic
ratios O/C and H/C. The lower the respective rafias the greater the energy content of the

material is.

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

will further discussed in great detail in Chaptearl 5 respectively.

1.4.2. Physico-chemical conversion processes

Lignocellulosic biomass is widely recognised asoteptial low-cost source for the production
of high, added value materials when the adequatsfiormations are carried out. The main aim
is to make use of its functional groups in order to geteeraovel products with new and
improved properties for replacement of existingrotvals or for new applications. It is widely
known thatwood can be converted to paper pulp (39%), chemicaih a8 xylose, acetic acid
and furfural (11%), black liquor (50%) and enerdyheat is converted to ethanol, grain
residues and C{Q(generally captured and re-used to carbonate daodks) in approximately
equal proportions and thmigarindustry can produce a whole range of differemdpcts, of
varying market size and value, such as ethanol{ pek for animal feed or high value

chemicals.

By producing multiple products, the value derivedni the biomass feedstock can be
maximised by taking advantage of the differenceiisicomponents and intermediates. Many
diverse industries such as food processing, phautaals, chemical, petroleum, mining,
nuclear, automobile and vacuum manufacturing, canefit from these inexpensive and

renewable new resources.

Among all the potential applications, the use dfi@dtural by-products as precursors for the
production of materials with high adsorptive capadias been extensively studied recently
(Bhatnagar and Sillanpa, 201®Adsorption is defined as the process of collecting soluble
substances that are in solution on a suitable fager Innovative techniques based on
adsor ption are considered among the best for the removal iditpots from water due to its

ease of operation.
|

40 |



Chapter 1. Introduction

Moreover, the possibility of removing different ggof pollutants gives it a wider applicability
in quality control for both domestic and industr@ntaminated waters. Due to its porosity,
highly specific surface area and capacity, activagerbon is the most widely used adsorbent to
remove various classes of compounds from contaptdnaireams. However, the main

disadvantages of activated carbon are high prasluetnd regeneration costs.

As an alternative, rice waste stands out as a gwedursor of adsorbent materials for the
removal of metals such as Pb (Il) and Hg (Khalidagt 1999), Cd (II) (Kumar and
Bandyopadhyay, 2006) among others. Also, Orlandcate{2002) achieved a maximum

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

As a major challenge, the conditions for the proiducof “low-cost adsorbents’ after surface
modification for higher uptake of pollutants candgimised once the feasibility is proven. In
addition, the recovery of the adsorbate as welb@sorbent by regeneration, helps in the

increase of the economic feasibility of the process

Within this framework, the ashes resulting from thermo-chemical reactions undergone by
the rice straw (Chapter 5) will be submitted tohggico-chemical transformation process in
order to extract the silica present in the matefiiiis silica will be used as adsorbent material
for the removal of pollutant species present intaminated water. All this process will be

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

An efficient use of resources plays a key roledtivating economic agents and ensuring social
welfare state and life quality. The developmentnefv strategies for energy supply and for
incentivising new markets must be paramount incedi all over the European Union. In this
respect, biomass represents a major source ohaiitee energy vectors and the successful
achievement of the challenges encountered nowalgybiomass-based technologies will

ensure a sustainable social, economic and envinataingevelopment.

Within this framework, the main aim of this doctorthesis is the development of a
methodology for an improved and more sustainableagement of waste, in particular
agricultural residues, turning them into an altéxgasource of energy and added value products

based on silica compounds.

This way, if operational conditions are well coffigd, a potential hazardous compound during
the thermal conversion becomes the source of reslevgdica, closing a re-use cycle in which
all the generated waste is addressed to recovepopes to obtain new valuable materials,
promoting the zero-waste scenario policies (Figug.

VN

» SYNGAS —

bl

Residue 1

Residue 2
Figure 1.8. Scheme of the methodology and main aims of thgish
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Chapter 2. Spouted Bed Technologies

“Voglio trovare un senso a tante cose
anche se tante cose un senso non ce I'ha.”

Un senso. Vasco Rossi.

2.1. Typesof gasifiers

The accurate selection of the gasifier and its atjmeral conditions is key factors in the thermo-
chemical conversion of the biomass. They can bssiflad in two major types of gasifiers
according to the relative movement of the fuel &ne gasifying medium: fixed beds and
fluidised beds.

Solids move either countercurrently or concurretalyhe gasifying flow irfixed bed reactors
This category can be divided intapdraft gasifiers(where the flow of fuel and gas go
countercurrent to each othedgwndraft gasifiergwhere feedstock is introduced at the top and
the gas is introduced through a set of nozzleséddcan the side of the reactor) acrdss-flow
gasifiers (where the feed moves downwards while the ainibduced from one side). Two

different configurations are presented in Figute 2.

Biomass Biomass

Kzoo-soooc Gas <—— "Drying \"200-500°C
Pyrolysis 500-700°C
. ;
) 1000°C Combustion \ 1000-1400°C
Alr s
Gasification 800-1000°C
Temperature — Ash

Temperature

(@) (b)

Figure 2.1. Scheme of an updraft gasifier (a) and a cross-flasifier (b)

The main advantage of fixed bed reactors is thelgiity of the process and the high operative
temperatures achieved (above 1000°C). This higlpeemture can, however, cause several
corrosion problems due to it being unsuitable feel$ with high ash content such as crop

residues. Furthermore, the product of reactiorahiaigh tar content and a low heating value.
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Fluidised Bed Reactor@-BR) were originally developed for coal gasificaton a large scale.
Their main advantage is the uniform temperaturinéngasification zone, thanks to the addition
of inert material to the bed which improves thetlee@hange rates, the perfect contact between
gas and solid achieved and the high level of twres (Gomez-Barea and Leckner, 2010). The
produced syngas has a higher heating value anslarléar content respect to that from fixed
bed reactors. Their main disadvantages are the lprgssure drops of the system and the

eventual erosion of the reactors.

Two configurations can be found for FBR: bubbliregl{BFB) (See Figure 2.2) and circulating
fluidized bed (CFB).

Cyclone

Gas<— :f‘ L
|

S { Freeboard \
Ash

Bed ‘| 800-900°C
Biomass—— "\ € )
U o
Steam !
Temperature

Figure 2.2. Scheme of a bubbling bed reactor

The BFB reactor is divided into two differentiatestjions: a bed of particles in the lower part
and a freeboard in the upper part. The gasifyingnagntering into the reactor has to be
adjusted so the particles of the bed are not chaig from the reactor. In addition, a cyclone is
placed after the reactor to further purify the @ing stream. If air is used as gasifying agent,

the produced gas heating value can lie betwees.9.84J/Nm.

No clear separation between the bed and the freglimfound in the CFB. The flow velocity
entering into the reactor is higher than in BFB ,aasl a consequence, the mixing of the bed
material and feed is promoted and fully isotheromaiditions are achieved. A higher quantity of
particle matter is blown out of the gasifier and #olid material collected by the cyclone is re-
circulated into the gasifier. High char conversians 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 tfpfluidised units in which the perforated
base is replaced by one with a single orifice, radlyrin a central position. This configuration
enhances the recirculation of particles providimghbr yields and lower energy requirements
respect to the traditional fluidised technologi®&athur and Epstein, 1974). The technology
based on fluidisation processes by means of spdugedreactors will be studied in greater
detail within this thesis. Section 2.2 provides exaustive description of the processes and
basic concepts involved and Chapter 4 discussespéeific fluid dynamic properties of the

device under study.
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2.2. Spouted Bed Reactors

The termsspoutingandspouted bedvere coined by Gishler and Mathur (1954) at thédval
Research Council (NRC) of Canada to describe aonvative device based on fluidisation
technologies. It was first applied in 1954 as aarnhtive for the drying of badly slugged and
moist wheat particles. The vigorous movement ofiglas achieved inside the reactor enabled
the drying of the grain without damaging it. Soorgre applications were studied, varying the
type of solids and the fluidising agents obtainprgmising results. Having carried out these
preliminary tests, Gishler and Mathur described technology as “a flowing mechanism for
solids and gas different from fluidisation but éhéeves the same purpose for coarse particles as

fluidisation does for fine materials”.

Interest in these devices has been triggered entgears and they are now applied in a broad
range of industrial applications, mostly relateddtging processes, due to the high fluid-solid

contact achieved. Several applications of

Fluid outlet
these devices acting as chemical reactors are 0
being developed, with SBR currently . _
standing out as a promising technology to / rosman
carry out thermo-chemical reactions such as ,?/ —
pyrolysis (Fernandez Akarregui et al, 2013), Ny /
gasification (Erkiaga et al, 2014) and Spout
combustion (San Jose et al, 2014) of coal and
different waste materials, as well as for
reforming reactions (Lopez et al, 2013a) and T
solids coating, blending and granulation Fluid inlet
(Mathur and Epstein, 1974). Figure 2.3. Schematic representation of a SBR

Spouted Bed Reactors (SBR) are obtained by th@nat¢edd plate of a conventional reactor of
fluidisation being replaced by a plate with a singfifice, normally centred in the base. This
modification provides the system with an enhancedreulation of solids which results in

increased mass and energy transfer rates resp#ttobtained with conventional techniques.
Three different regions (annulus, spout and fomjtean be distinguished in a SBR. The central
core of the reactor through which air flows is #pout the surrounding annular region is the

annulusand the solids above the bed surface entraingldebgpout and going down the annulus
|
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form the so-calledountain To eliminate dead zones at the bottom of theeleasconical base
is normally used. Cylindrical column are most comigaused with fluid injection at the apex

of the cone.

The overall process is composed of a dilute phasd¢ral core with upwards moving solids
flowing in a concurrent fluid and a dense phasegalown the annulus with counter-current
percolation of fluid. As a result, a systematicliypattern is achieved enhancing the effective
contact between solid and gas. From a fluid dyngmoiot of view, the spout and fountain
behaviours are similar to those in fluidised beds warticles dynamically suspended whereas
the annulus acts more like a packed/moving bedirig.3 shows a schematic diagram of the

spouting process.

A successful design and scale-up of these reantast include a detailed study of the fluid
dynamics properties of the system. The spoutinqi@menon, its stability and the operating
conditions depend on many factors and it occurg with a specific combination of gas, solids
and vessel configurations over a range of gas imec Map flow regimes are needed to
characterise the behaviour of the system in firstance. Figure 2.4 represents a typical flow
regime representation for the system PET-rice stiétv rice straw present at 5%v/v and an
initial bed height of 50 cm. As shown in the figutiee bed contained in the vessel goes from a
static condition (fixed bed - a) to an expanding laden the incoming air is increased. When
the spout reaches the surface of the bed (b),igal instable fountain is formed and, when air
is sufficiently increased, the fountain becomedlstavith the system considered to be in a
spouting condition (c). If air is increased beydhd stable conditions, bubbling and slugging

regimes are obtained.

These transitions can be also quantitatively regmtes! in diagrams of pressure drop versus
superficial gas velocity. Figure 2.5 shows the etioh of pressure drop across the bed of
particles AP,) with air velocity (U,) for a silica-rice straw (10% v/v) mixture at antial static
bed of 35 cm. Both figures were obtained from thxpeeimental campaign performed in

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

APy increases asi\Jgoes up (corresponding to the situation (a) diesdrin Figure 2.4) showing
a linear trend «). At certain point,AP, reaches a peak valuaR,,y). This situation is the
equivalent as that described in Figure 2.4 (b) wihenfountain is formed. ThenP, sharply
decreases when the air velocity is further incréassil a value that remains constaaPy) for
a wide range of velocities (situation (c) in Fig@rd).
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Figure 2.5 Evolution of the pressure drop across the bel thi¢ inlet velocity (Rice straw
10%v/v)

Figure 2.5 also shows a hysteretic process chaistateof these devices. Once the stable
conditions are achieved, the fluid velocity is aéesed §), and hysteresis is observed as the
pressure required to break the bed and form thatdpdhigher due to the compacted initial

situation in the ascending process no longer ptésehe descending path.
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General regime maps in which H (bed depth) is gtbttersus U (superficial velocity) (Figure
2.6) are used in order to characterise the fluithdyic behaviour of a given material contacted

by a specific fluid (at a given temperature andspuee) in a fixed geometry.

of
jBubeing ©  Slugging

Static
Bed

H (cm)

.
.
.
vy
........

Spouting Incoherent
Spouting

U (m/s)

Figure 2.6 Example of a regime map with the different trioas occurring in SBR

Different transitions can be described with the @fidhe regime maps. First of all, from the
figure it can be seen that there is a maximum gdeitbed depth (dotted grey lines) beyond
which spouting does not occur, obtaining instegubar-fluidisation behaviour. It can also be
observed that a high inlet velocity, results inggitng problems affecting the stability of the

system.

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

the height of the fountain will be necessary tordethe specifications of the blower and the

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

study as it is closely related to the energy ne#dbe system. Several correlations have been
developed for the prediction (especially usefus@aled-up applications) of the main properties
of SBR (Mathur & Gishler, 1955a), but the high degence of the process with the involved

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

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

which the same phenomena occurring for the casgylofdrical bases were demonstrated to

define their overall performance, enabling the usfe existing correlations with slight

adaptations.

Both experimental and modelling activities haverbperformed on two different scales spouted
bed reactorsThe fluid dynamic behaviowaf the system has been studied in Chapter 4 by snean
of a conical square-based SBR to characterise tiigphmase flow and its main properties. Most
predictions of the main parameters of SBR are baseempirical correlations that tend to fall
beyond the testing range of application and a obetlidy is needed prior any scale-up of the

process. Successively, the suitability of thesaodsvto perform high temperature reactions has

|
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been evaluated in Chapter 5 where the gasificatfoagricultural residues with a scaled-up

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

2.2.1. Properties of Spouted Bed Reactors

SBR are sensitive to the geometrical propertiethefdevice and the physical properties of the
solids, mainly the diameter of particle. For tresmson, it is necessary to delimit the operating

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

-Fluid inlet diameter, [ two different geometrical conditions need to bésfied in order to

obtain a stable spouting regime. The first conditeodescribed in Eq. 2.1 as:

% < 035(big particles) or 0.1 (thin particles) Eq. 2.1
C

with D; the inlet diameter and Dthe diameter of the column (Becker condition, Mathnd
Gishler, 1974). The second geometrical constrasgociated to the inlet diameter is the
spoutability condition by Chanddnami and EpsteimiMir and Gishler, 1974) (Eq. 4):

D.
TI < 25+ 30(cylindrical) or 60 (conical) Eq. 2.2
with d the diameter of patrticle.

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

density.

-Static initial bed height, k1 H, is defined as the initial bed depth of particlatuolated from
the solid bulk density and the column diameter.nitere accurate measurement is calculated

after strongly agitagiting the bed and gradualbpping the air flow.

-Maximum spoutable bed height,;HH,, is directly related to the maximum quantity ofidsl
that can be processed. The bed enters into thdibgldnd slugging regime above that value
and compromises the stability of the system.ihtreases as the particle diameter and the ratio

D¢/D; decreases. Several correlations have been propmsattulate H:

5 213
McNab and Bridgwater, 1977 H, = %(%J 7?00(\/1+ 359M10° [Ar -1)° Eq. 2.3
: r

P |

2 2/3
Thorley et al, 1959 H.,= Umf{%J (%) % Eq. 2.4
i g ps _pg

p |
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-Cone angleac: angles above 60° are not recommended, as thersoiidulation rate becomes

very poor. On the other limit, values below 28Uiem unstable operating conditions.

-Spout diameter, D the spout diameter and shape are important paresraffecting the gas
and solid flow, mainly at the gas inlet zone. Hongdicity, the value is taken independently of
the longitudinal position along the bed. Bridgwated Mathur (1972) proposed the following
expression to predict their values.

0.0071G** m **
D, = T Eq. 2.5

Ps

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

the operating conditions are:

-Minimum spouting velocity, h Uns is defined as the lowest gas velocity requirethéontain
the fountain. It can be calculated from the gasl fiee referred either to the inlet, or to the
column section. However, the diameter of cylindrieactions should not be used for conical
reactors as the velocity will not vary if the be&snains in the conical section. When the air inlet
is slightly decreased, the fountain collapses drad firessure drop rises dramatically. Ums
increases with increasing,tnd takes its maximum value at thg. Besides, for a given air
inlet area and bed heightLincreases with bigger particles as a result oghdr porosity of

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

proposed:
Mathur and U :& & s 29H(ps —pg) 1z cq. 2.6
Gishler, 1955b ms < | Dg P, -
d 105 D 0266 H —-0095 (p _ p ) 0256
U= 10.6(29H)1’2(—pJ [—'J (—J s TeC
Wu et al, 1987 D. D. D. P, Eq. 2.7
Olazar et al, U :i & ot ZQH(,OS —pg) vz cq. 28
1994 ms D. | D, p—g . 2.

-Average void fractiongy: the average void fraction of a bed under given itimmg is defined
as the relation between the volume of the beg), (fie weight of the material in it (W) and the

particle density ;).

Eq. 2.9
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-Stable pressure dropiPs: it is defined as the necessary gas pressure domyg ahe bed of

particles in stationary regime condition of spogtin

Mamuro and

_3
Hattori, 1968 _APS_ZHm(ps Py )L-£.)9 Eq. 2.10
-Maximum pressure droptPma: APnaxis defined as the gas pressure drop requirecatbthe

spout.

Malek and
Lu, 1965
-Bed expansion, Edue to the presence of small bubbles moving upwtmagigh the bed of

_APmax =H (ps ~ Py )(1_5 )g Eq.2.11

particles, the bed shows an expansion modifyinatght.

Gorshtein and

E = 217(Re/ Ar)**(H / D,)**(tan(a /2))*° EqQ. 2.12
Mukhlenov, 1964 ( ) 1) (tan( ) q

2.2.2 Segregation phenomena

Segregation is an important aspect to take int@waucin thermal processes, as the reacting
phase is generally drowned in a stationary anct iplease, generally different in shape and
density. In a standard fluidised system, the twaspB tend to migrate at different bed levels,
compromising the global behaviour. Conversely, cainspouted beds tend to perform well

when the system is composed of particles of differsizes and densities obtaining low

segregation phenomena. Figure 2.7 shows an exahfiies phenomenon where the result of a
standard fluidisation process (a) and a spoutimglition (b) using a mixture of rice straw-silica

as bed material is shown.

Figure 2.7. Segregation in a standard fluidisation reactpafal in a spouting bed reactor (b)
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As can be seen, a prominent segregation phenonigruirserved when a standard fluidisation
regime is applied, obtaining an accumulation ofligleter component at the top of the bed. In
contrast, a spouted regime leads to a uniform rhismaterials as shown in Figure 2.5 (b). A
complete study of these phenomena is presentetlapt€r 4 with different bed mixtures.

2.2.3 Additional devices

The fluid dynamic performance of a SBR can be S§iganitly improved by the addition of
different devices which help to maintain stabilitpnditions: draft tubes and additional

fluidisation (spout-fluid reactors).

An impermeabldraft tubeis a vertically placed pipe, a few centimetersvabthe inlet of air
and its main aim is to create a “forced” channeltfie air to go through the bed of particles. As
a result of this, more controlled solid circulaticetes and residence times are obtained. An
important parameter to take into account when dé@sigthese devices is the ratig/H, with

Hgy being the gap from the base to the bottom locaifahe draft tube (Figure 2.8a).

The secondary fluidisationrather than a real device, is a structural ceméiion in which an
auxiliary fluid flows through a series of holes aenters tangentially in respect to the main
stream (Figure 2.8b). This configuration makes lariayreactor that shares some characteristics
of both spouting and fluidisation, which is esp#giaseful for coarse, sticky or agglomerating
solids (Epstein and Grace, 2011). Often, the anyilfluidisation works together with a draft

tube since it allows a fine regulation of fluidthre annulus.

Figure 2.8 Draft tube (a) and secondary fluidisation (b)
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2.2.4 State of the art in gasification reactions whin SBR

Watkinson and Lisboa (2011) provided a comprehengresentation on the state of the art
about the use of spouted bed reactors for gasdicarocesses. Spouted beds have been used to
treat several feedstocks, namely coal, coke, slatge municipal wastes. The reactors are
usually operated at atmospheric pressure and et aged for gasification is a mixture of air

and steam.

The extensive increase in gasification researchblbas mainly focused on biomass feedstock.
Solid waste was gasified at 538-870°C by highlyestigeated steam to produce a syngas
product and an inert granular solid. A unit of 1temediameter using silica as bed material
treated up to 680 kg waste/h and produced 12 el X&" and ash containing 2% carbon (Zak
and Nutcher, 1987). Gasification of wood charcoakweported by Salam and Bhattacharya
(2006). The reactor was tested with a normal cacghs inlet orifice and a novel circular slit

orifice. Hoque and Bhattacharya (2001) comparedtiiliad and spouted bed gasification of
coconut shells. Lopez et al used a SBR for thens@gasification of waste plastics (2013b) and
more recently, Bernocco (2013) studied the feasibdf the application of SBR in high

temperature biomass conversion technologies.

The scale to which gasification in SB has been destnated is of crucial interest to evaluate the
potential for industrial implementation. Table 2Hows different studies in SB units with feed
ranging from 0.16 kg coal/h to 700 kg/h and reactbameters between 0.16 and 1 m.

Table 2.1.Summary of SB gasification studies

Feed Dc(m) Feedrate (kg/h) Oxidant P (MPa) T (°C)

Coal 0.028 0.16 Air 13 850-900 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 @steam 0.1 1050-1170 Kikuchi et al, 1985
MSW 1 700 Gt+steam 0.1 540-870 EPA/540F, 1993
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2.3 Modelling activities

The obtainment of the optimum operational condgiéor a given process is the major goal of
pilot and, once scaled, industrial units. Optimahwersion of chemical energy from biomass
depends on many factors, like for example the &m€ the gasifier, its sizing or the

temperature or gasifying medium applied among sth&xperimental trial and error tests
provide the most reliable data to evaluate theses,ueven though they are expensive both in
time and economic terms. There is, however, a mdjawback: the change of one of the
parameters of the process may lead to differenimoymh conditions. This is the case in

processes that are size-dependent where the nexgiigtd parameters found for the pilot plant
might be no longer valid for the scaled-up unitislthere where simulation activities play an
important role for a reliable design. Achieving thight balance between experimental and

modeled results will be the key to success.

The modelling of a gasifier will provide an accarairediction of its performance (always
depending on the degree of detail of the model)waifidgive quality parameters for the initial
design and operating conditions that will allow tesigner to sketch a solution and, with the
available experimental data, adequately achieveptienised solution. Modelling can also help
in defining technical limits of the process, as lwad identifying and preventing potential

hazardous or undesired processes.

In conclusion, modelling can help in the assessrmeatchemical process but it will never be a
substitute for good experimental data. In this eetise modelling activities of this thesis are
validated and evaluated against experimental wlossiple data obtained from different pilot

plants.

The modelling of the Spouted Bed Reactor under ystwas performed following two
complementary methodologieSomputational Fluid Dynamic&CFD) for the study of the fluid
dynamic properties of the system arthermodynamic Equilibrium(and its further

modifications to include the decomposition kineti¢she specific materials).

In this thesis, the fluid dynamic properties of fystem (cold experiments) studied in Chapter 4
have been simulated with the aid of Flferst CFD commercial software. The assessment of the

gasification itself (hot experiments) and the maperational conditions have been evaluated

|
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with different models framed in the thermodynamiquigbrium approach and further

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

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

following sections.

2.3.1 Computational Fluid Dynamic modelling (CFD)

CFD modelling has become a powerful tool for thedgtof multiphase flows thanks to the
development of computational power and the advaho@imerical algorithms. Currently, there
are two different approaches: tBalerian-Eulerian approacltTwo Fluid Model, TFM) and the
Eulerian-Lagrangian approacfDiscrete Element Method, DEM). This thesis depsla TFM,

but the following sections describe the fundameraald applications for both cases.

A CFD code is based on the solution of the equatiminconservation of mass, momentum,
species and energy over a specific domain witlaklatboundary conditions. The fluid dynamic
phenomenon for a laminar flow is well defined bg tNavier-Stokes equation. Moreover, the
Reynolds-averaged Navier-Stoke gkmodel is usually applied when the turbulent gitua

needs to be taken into account.

Several computational methods have been developed saccessfully applied to model
reactions of fluidisation. Finite difference, fimielement and finite volume are the three most
common methods used for discretization prior thietsm algorithm. Commercial softwares
like ANSYS, ASPEN, Fluent, Phoenics, or CFD2000vde reliable solutions in the field. The
main aim at the moment, is to achieve a high degreecuracy when these models are coupled
with reaction kinetics and complex particle-padiahteractions, among other situations, that

would increase the level of accuracy between timellsited and the real solution.
2.3.1.1. Eulerian-Eulerian approach

Spouted Bed Reactors can be modelled by the Emi&iigerian approach where the fluid and
solids are treated as interpenetrating continuarfathematical purposes. Because the volume
occupied by one cannot be occupied by the otherctimcept of volume fraction is introduced
where the sum must be equal to 1. Moreover, additielosure equations are needed to
describe the particle-particle and particle-flurderactions. To sum up, the Eulerian-Eulerian
approach accounts for: (a) conservation equationmfss and momentum for each phase with
an interphase momentum transfer term; (b) clostiegaoations with a complete definition of

interfacial forces, solids stress and turbulenceath phases; and (c) meshing of the domain,
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discretisation of equations and solution of theodatgm. A complete definition of all the

components of the model is described in the folhmparagraphs.

Based on the general Eulerian multiphase model,gtharning equations can be obtained
assuming that there is no mass transfer betweespthéing gas and the particles in the bed, the
bed pressure gradient for stable spouting is cohsiad the densities of both phases are
constant. Provided these assumptions, the volumetidn equation can be written as:

n

e, =1 Eq. 2.13

g=1

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

The mass conservation equation for each phaseg(g) is:

%(&‘qpq)+ﬂ(gqpqﬁq): 0 Eq. 2.14

wherep, andiz, are the density and velocity of phase q respdgtive

Similarly, the momentum conservation equation xtephase q (q = g, S) is:

0 _ . = = = 5 =

E(gqpquq)*— D(gqpququq): _‘qup + &Py (Fq + Flift,q + va,q) +0 Iyt Z; qu Eq.2.15
q:

where p is the fluid pressur&, is the external body forces, ,is the lift force andF,,, is

lift ,q
the virtual mass force, is the stress tensor arﬁipq is the interaction force between phases. In

most cases, only drag and gravity are consideriid [t force and virtual mass neglected.

The closure equations are represented by the Ié,;&mnd define the drag force exerted on

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

transfer coefficient, and the relative velocityli; - G ) between the two phases.

The drag model most widely applied is that propdsgdsidaspow (2003) in which the dense
phase is calculated by the Ergun equation (19523reds the dilute phase calculations are

performed using the Wen-Yu (1966) expression:

1-¢£,)° 1-
:8|Ergun=l50( %0) o, 17507 50)Ps

242
£gd £gd

‘ug - U

;forthe range &, < 0.8 Eq. 2.16
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_3@-¢y) oesle -
'BIWer'&Yu_Z d : ngD59265|ug_us

; forthe range £, > 0.8 Eq. 2.17

whereyy is the air viscosity, d is the particle diametgy, is the gas velocityll, is the particle

velocity and G the drag coefficient, expressed as:

24

Co =~ Re(1+ 015(¢, Re)*™); Re<1000 Eq. 2.18
g

C, = 044 ; Re>1000 Eq. 2.19

With Re representing the Reynolds number:

Eq. 2.20
Hq

To avoid the discontinuity at the boundary conditi@,= 0.8; £, = 0.2) between the two

equations, a switch function was introduced by tal¢2003) to obtain a rapid transition from
one regime to the other one:
_ arctg150117502-¢_)]

Pys = +05 Eq. 2.21
m

Thus, the interaction between fluid and particleBnihg the drag force can be summarised as:

ﬂ = ¢95'B|Wer&Yu + (1_ ¢93)’q Ergun Eq. 2.22

The second set of closure equations will be thepeesenting the interfacial forces, solids stress
and turbulence in both phases. For this purposgitietic theory of granular flowlLun et al,

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

gases. Analogous to the thermodynamic temperaturgdses, a granular temperate is

introduced as a measure of particle velocity flattns:

.= - Eq. 2.23

The granular temperature conservation equation is:

g{%(gsps@s)+ D(fsﬁs@s)ﬁs)} = (— PO+ Ts)i 00, -O(ke, 0O,) — )0, +@  Eq.2.24
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where (— P, DT+TS): dgis the generation of energy by the solid stressdenk, 0O is the
diffusion of energy,}©.is the collisional dissipation of energy (defingdfby. 2.25) andg, is

the energy exchange between the fluid and solidgzh@, = —350.).

_1201-e.)elp,g,02"
* drr
where g is the interparticle coefficient of restitutiondag, the radial distribution function,
defined as (Bagnold, 1954):

Eqg. 2.25

-1

1/3
£S
g, =|1- Eq. 2.26

&

S max

whereg_ _ is the maximum particle volume fraction.

S max

Figure 2.9 shows an schematic representation ainbdlow regimes that can be distinguished
in granular flows. Athigh particle concentrationgbed of the reactor) individual particles
interact with the multiple neighbours and the ndrfoeces and associated tangentiadtional
forcesare the major contributions on the particle sees©n the other hand, latv particle
concentrationsstresses are mainly caused by particle-partcliesionsor translational transfer

of momentum (Campbell, 2006). The kinetic theorgetaboth approaches and considers the
process as the sum of a rapidly shearing flow regim which kinetic contributions are
dominant, and a quasistatic flow regime in whidhtion is the dominant phenomenon. As a
result, the estimation of the solid stress is defilby the concepts of solid “pressure” and

“viscosity”, included in the general conservatiauation (Eq 2.24).

Fluid outlet

Kinetic stress

1
N
Frictional stress—p> § \
u Gas-Solid
momentum transfer

Fluid inlet
k-g turbulent model

Figure 2.9.Schematic representation of the flow regimes angtar flows
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Thekinetic solid pressures given by (Lun et al, 1984):

Poy = 00,1+ 29,6, (1+ &) Eq.2.27
And thesolid shear viscositgDing and Gidaspow, 1990):

4, 0. 10pdmO, [ 4 T
=—¢gpdg,(l+e),—+————>|1+—g..(L+ Eq. 2.28
lus,k 5 sps gO( ss) T 9&1*‘ ess) go 5 gO s( ess) q

Thesolid bulk viscositys described using the definition by Lun et alg§4p

A :isﬁ,osdgo(1+ &), /% Eq. 2.29
3 T

Finally, the dissipation fluctuation energy is (dieis and Savage, 1983):

4 O,
Ve =301~ e_i)fipsgo@s(a 7 DUSJ Eq. 2.30

Owing to the continuum description of the partiplease, the TFM approach also requires the

description of the particle-particle interactio®yémal, 1987):

T Vs
3(1+ ess)(z + Cfr 8j551ps1_552:052(d1 + d2)2 9

2m(p,d° + p,,d3)

whereC;, is the coefficient of friction between the twoidgbhases (1,2).

Eqg. 2.31

¢= |U51 _Usz|

Table 2.1 gathers the most significant scientiotdbutions following the Eulerian-Eulerian

approach in the field of SBR.

Table 2.2.Contributions using the Eulerian-Eulerian approfactthe simulation of SBR

Authors Sofware used Main contribution
Du et al, 20064, FLUENT Importance of the inclusion of interfacialrées and
2006b solid stress
Gryczka et al, 2008 FLUENT Comparison of differdrag models
Bettega et al, 2009 FLUENT Numerical scale-up stoid$BR
Santos et al, 2009 FLUENT Obtaining of better rsswith 3D solution instead of
2D
Duarte et al, 2009 FLUENT Good agreement in thedipt®en of particle
velocities and pressure drops
Olazar et al, 2009 MATLAB Accurate flow patternssofid and air inside the SBR

|
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2.3.1.2. Eulerian-Lagrangian approach

In the Discrete Element Method (DEM), the fluid plas treated as continuum by solving the
time-averaged Navier-Stoke equations whereas thgedied phase is solved by tracking the
individual particles through the established dombirthis case, no closure laws are required to
obtain the solution. The two phases are coupleimteyphase forces as the dispersed phase can
exchange mass, momentum and energy with the flbabke It is obvious that this type of
modelling is more realistic and offers more acarablutions. It is, however, more
computationally demanding as a result of the lamgeunts of particles, and as a consequence,

equations that need to be simultaneously solved.

There are also several disadvantages when DEM magdelused to simulate SBR. First of all,
it is difficult to establish the stable spoutingnddion, regardless of parameters like particle
diameter or gas velocity. Furthermore, convergefdbe fluid phase is extremely difficult to
achieve as well as the right selection of the tietee model to describe the central jet (Epstein
and Grace, 2010).

Several models have been proposed following the Didthodology. Kawaguchi et al (2000)
obtained the typical flow patterns for SBR and Talte et al (2005) obtained a 3D solution in
cylindrical coordinate systems in quite good agrenwith experimental results. In a further
publication (2008) they also proposed a new methdreat boundary conditions in 3D. Finally,
the application of SBR as chemical devices is ofdasing interest from both experimental and
modelling views. One of these studies was carried by Limtrakul et al (2004) and their
simulated solution based on the combination of D&M mass transfer models were in close

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

In conclusion, the characteristic parameters of $BiRbe correctly reproduced by the Eulerian-
Eulerian and the Eulerian-Lagrangian approachet, fairly close agreement to experimental
results. This indicates that CFD modelling can ltesu being a useful tool to predict the
behaviour of both the gas and the solids in a SBR. initial choice of the adequate approach
should be the TFM, due to its lower use of compomal resources, whereas, the DEM
modelling should be applied when a more physicdl @fiable solution is required. However,
the main challenge continues to be the correctrijgi®n 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 corer® tools when the aim of the
simulation is the evaluation of different processgmeters and feeds. They are independent of
the gasifier design and for that reason, they chpretict (at least in the first instance, without
inserting additional equations) fluid dynamic paetens like fluidising velocity or design
variables, such as the gasifier height. Even thdhgl are called equilibrium models, as they
are based on the achievement of thermo-chemicallitegqum, this situation may not be
achieved mainly due to the relatively low operatiemperatures (product gas outlet
temperatures range from 750 to 1000°C) (Bridgwdi@95). Modified models are developed in

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

Equilibrium models have two general approachesclstmmetric and non-stoichiometric. The
stoichiometric approachrequires a clearly defined reaction mechanism ihebrporates all

chemical reactions and species involved. In coftiasthe non-stoichiometric approacmo

particular reaction mechanisms or species are \edoln the numerical simulation. The only
input needed to specify the feed is its elementahposition, which can be readily obtained
from ultimate analysis data (Li et al, 2004). Th+stoichiometric equilibrium model (Mathieu
and Dubuisson, 2002) is based on minimising Gibte® fenergy in the system without

specifying the possible reactions taking place.

As shown by various authors (Smith and Wissen, 198&ungthammachote and Dutta, 2007),
the two approaches (stoichiometric and non-stoiobinic) are essentially equivalent. A
stoichiometric model may also use free energy tatietermine the equilibrium constants of a

proposed set of reactions.

Equilibrium models are considered to be effectivdigh temperatures (T>1500K) when the
system can be successfully described by its equuilib condition with no variations in time

occurring (Li et al, 2001).
2.3.2.1 Stoichiometric approach

The stoichiometric method is developed using thentbal reactions and species involved by
applying atomic and chemical equilibrium (throudiie kinetic constant) balances. Desrosiers
(1979) showed that under gasification conditionghiemperatures between 600 and 1500K)
the only species present at concentrations hidtaer 10' (%omol) are CO, CQ CH,, H,, N,,
H,0 and solid carbon (graphite).

As a result, for a reaction of 1 mol of biomasseajasified with d moles of steam and e moles

of air following the scheme:

66|



Chapter 2. Spouted Bed Technologies

CH O, N, +dH,0+ &0, + 376N,) - nC+n,H, + n,CO+n,H,0+ nCO, + n,.CH, + n,N, Eq. 2.32

where n are the stoichiometric coefficients giving the tdtion of products, the

heterogeneous system of equations is described by:

Atomic balance of C:nt y+ s+ ng=1 Eq. 2.33
Atomic balance of H: 2n+ 2ny + 4ns = a + 2d Eq. 2.34
Atomic balance of O:qtvrny + 2 =b + d + 2e Eq. 2.35
Atomic balance of N: h=c + 7.52e Eq. 2.36

with a, b and ¢ the mole ratios (H/C, O/C and Nd€)ermined by the ultimate analysis of the
biomass.

Together with the atomic balance equations, thdibgum constants (defined as Eq. 2.37) for
the reactions of water-gas, Boudouard, and metiem#@R4, R5 and R6 respectively from

Table 1.3 in Chapter 1) complete the set of egnatés follows:

X
P j Eq. 2.37

K=|i‘|(m“(3

where x is the mole fraction of species | in the ideal gaigture,v; is the stoichiometric

coefficient and Pis the standard pressure.

The whole set of equations (stoichiometric and ldaitim) are solved simultaneously to find
the coefficients jjand hence, the composition of the product gds.dtear that the complexity
of the model (and its calculations) increases with increasing number of species and
equations considered. Given a reaction mechanimmmbdel predicts the maximum achievable

yield of products as well as limiting thermodynaroanditions.

Some authors have reported results on the applicati the stoichiometric approach to the
study of the gasification of biomass. Zainal et(2D01) modelled the biomass gasification
process on the basis of stoichiometric thermodyoaegjuilibrium. Jarungthammachote and
Dutta (2007) developed a thermodynamic equilibrimodel based on the equilibrium constant
for predicting the composition of a producer gasa idowndraft gasifier. They used coefficients
for correcting the equilibrium constant of the watgs shift reaction and the methane reaction
in order to improve the results from the model. Sha@oefficients were obtained from the
comparison between the model and the results efr sdsearchers’ experiments. The predicted
results from the modified model satisfactorily agveith experimental results reported by Jayah

et al. (2003).
|
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2.3.2.2 Non-stoichiometric approach - Minimisatiorof Gibbs free energy

The main advantage of these models is that no ledgel of the specific mechanism of reaction
is required to solve the problem. By definitionreacting system reaches stable equilibrium
conditions when the Gibbs free energy of the systemt its minimum. The only necessary
input for the calculation of this value is the etrtal composition of the feedstock, given by its

ultimate analysis.

The Gibbs free energy (G) of a system with N sgge@il...N) can be defined as:

n.
G:Z.“ilniAG?i +Z"“_1ni RTIn{ ! ] Eq. 2.38
i= , i= ni

whereAG?vi is the Gibbs free energy of formation of speciasthe standard pressure of 1 bar.

The equation is solved for all the unknowrtoxminimise G with the constraints of the overall

mass balances of the individual elements.

Jarungthammachote and Dutta (2008) applied thestmohiometric equilibrium model to three
types of gasifiers: a central jet spouted bedreuldr split spouted bed and a spout-fluid bed.
The simulation results showed a significant degiafrom the experimental data, especially for
CO and C@. One important factor was the carbon conversiahsam the model was modified
to consider its effect. The results improved andevatoser to the experimental data. However, a
high accuracy could not be achieved for the spebestigasification process. The heating value
was also discussed as it is an important paranietehe estimation of energy content in the
producer gas. The modified model predicted heatimiges that were generally higher than

those from experiments because of the over-predict the CO content in the producer gas.
2.3.2.3 Quasi-Equilibrium Temperatures approach

Finally, another approach is the use of Quasi Hiyiiim Temperatures (QET), whereby the
equilibria of the reactions defined in the moded avaluated at a lower temperature than the
actual process temperature. This approach wasdinteal by Gumz (1950). For fluidised-bed
gasifiers, the average bed temperature can be asdbe process temperature, whereas for
downdraft gasifiers, the outlet temperature atttiveat exit should be used. Li et al. (2001)
found out that the kinetic carbon conversion fargsurised gasification of sub-bituminous coal
in the temperature range 747-877°C is seen to mpa@ble to equilibrium predictions for a
temperature about 250°C lower. Bacon et al. (198&)jned QETs for each independent
chemical reaction. Based on 75 operational datatpaneasured in circulating fluidised-bed

(CFB) gasifiers operated on biomass, Kersten et(2002) showed that, for operating
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temperatures in the range 740-910°C, the equilibdorresponding to the reactions of water-
gas (R4 in Table 1.3), Boudouard (R5 in Table &8 methanation (R6 in Table 1.3) should
be evaluated at much lower temperatures £831C, 58325°C and 45¥29°C respectively).
These QETs appeared to be independent of the gramaperature in this range.
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Chapter 3. Biomass and its characterisation

“.... Porque yo naci
en el Mediterraneo...”

Joan Manuel Serrat. Mediterraneo

l. Summary

The scope of this chapter is to describerttegthodology of characterisationof the materials
studied in detail for the present thesis. The a@gptechniques involve thghysical, chemical

and thermaldescriptions of the biomass under study.

The chapter is devoted to the description of tharatterisation techniques, including a
theoretical background, a description of the imsgntal equipment used, procedure carried out

and relevant information about the experimentsgueréd.

The main results obtained from this chapter aregated in the followingommunications

Communication 3IC. Moliner, B. Bosio, E. Arato, A. Ribes. Compira study for the energy
valorisation of rice straw. Chemical Engineeringafisactions, 37, 2014,241-246 DOI:
10.3303/CET1437041

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

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

Physical properties vary greatly among the differgmpes of biomass. Properties such as
density, porosity, and internal surface area apsety related to the materials, whereas bulk
density, particle size, and shape distribution e related to their preparation methods.
Dimensions and shape of feeds have great influencéhe fluid dynamic properties of the

system and need to be investigated.

3.1.1. Density

Density is an important parameter of the biomaas directly influences the costs of feedstock
delivery, transportation, design and dimensionifighe storage and operational units. Two

different densities can be calculated for granstdids:

- apparent densityis determined by measuring the volume of a knowass of sample into a
graduated cylinder:

TotalMassdBiomass

apparen = . E . 3.1
Papparen ApparentVdumeOfBionass a

- bulk densityis obtained by a pycnometric analysis, measuitiegmass of the sample and its

volume, given by the mass of solvent displacemasttd the material itself:

TotalMass@Biomass

k= : : Eq. 3.2
Pou BulkVolum®©ccupiedBBiomass a

Table 3.1 presents some valuesdofk densityfor several types of biomass, important for the

design of the fuel storage requirements (volumeootainers/deposits).
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Table 3.1Dry bulk volumes and densities of several typekiomass (McKendry, 2001)

Material Bulk volume (m*t)*  Bulk density (t/ m°)*

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 ploeosity, ¢, defined as:

£ =1 —_Pouk Eq. 3.3

papparent
Besides the tested biomass (rice straw), sevethirtaderials were investigated: PET, sand and
glass beads. Their densities and porosities wdoallaged following the previously described
procedure. All the measurements were repeated timmees and their averaged values are
reported in Table 3.2.

Table 3.2.Density values for the tested materials

Sample Papparent (9/1)  Poui (9/1) 3
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 relativatgé dimensions respect to other solid fuels
have a great influence in the process, from theydes the feeding system, to the performance
of the device itself. An adequate handling of féeds can become a potential increase in costs
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if, for example, straw needs to be baled or pramkdsto a cubed/pelleted form prior to its

utilisation

Rice straw was used to study the influence of tregpe and dimension of biomass on the fluid
dynamic properties of the system. The samples wlawspped and considered as cylinders with a
constant diameter. Two different average lengthsaiil 3.7 cm) obtained from the size

distribution on a representative sample (obtaingdrizasuring 100 random samples) were
evaluated. Due to the nature of the straw, lengdls waken as its characteristic dimension
(Figure 3.1).

Figure 3.1 Rice straw and main dimensions of sample

The sphericity ¢s), defined as the ratio of the surface area of gui-eolume sphere to the
surface area of a particle (Eq. 3.4), was alsoutatied for the rice straw samples and all the

tested bed materials.

Eq. 3.4

where \, is the volume of the object,,As its surface area, and, i3 the diameter of a sphere

with the same volumet,6).

The values of diameter of particle (d) and sphiri@bs) 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) g
Rice straw 10-37 0.82
PET 2.5 0.87
Sand 14 0.88
Glass 15 1
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These values will be of particular interest and dhgect of study in Section 4.2 where the

phenomenon of segregation will be widely discussed.

3.1.3.Influence of themoisture content on the samples

The moisture content is defined as the ratio ofewat a kilogram of dry sample. Most of the
energy production processes require values belo® 30 be technologically adequate.
Unfortunately, moisture values usually present higlues, and pre-treatment actions are
needed to lower it before entering into the conweersystem. On the other hand, too low values
should also be avoided as they could prompt autitidgn of the material. The moisture content
of rice straw was calculated following standardcgaures (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, whethés a gasifier or combustor, requires the

definition of the composition of the feed, as vadlthe calculation of its energy content.

For this reason, the primary properties of the laissnrunder study were determined by means of
the ultimate analysis, proximate analysis and abtant of the heating values.The composition
in terms of hemicellulose, cellulose and lignin twots was also calculated. All the
experimental studies were performed according ¢ostndard legislation as indicated in each

case.
3.2.1 Composition of biomass

Biomass is considered as a lignocellulosic mdteii@ to itschemical composition mainly
based on cellulose, hemicellulose, lignin and smalicentages of extractives. The highest
proportion of each of these will determine the pries of the biomass: high proportions of
lignin will result in hard external surfaces andyher times of decomposition while high
percentages of hemicellulose and cellulose providese loosely bound fibres easier to be
degraded. The relative amount of cellulose andrigmd the control of their decomposition are
one of the determining factors when identifying slitability of a type of biomass for its use in

energy conversion technologies.

p-1,4 bond Cellulose is a major structural component
om in plant cell walls and it is responsible for
By : /;’7‘0-,‘ o, its mechanical strength. The molecule is a
! P highly stable glucose polymer composed
Grucose pcase i glucose by linear chains of (1, 4)-D-

Figure 3.2.Chemical structure of cellulose ~ 9lucopyranose units attached Byl, 4
linkages. The chemical formula is
(CeH1¢0s),, with an average molecular weight of around 100.00@& structure of one chain of

the polymer is presented in Figure 3.2.

Biomasses contain 40-50% of cellulose moleculegtware held together by intermolecular
hydrogen bonds. They also have a strong tendendgrio intra-molecular hydrogen bonds.

This tendency increases its rigidity and makesghly insoluble and resistant to most organic

|
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solvents At higher temperatures it becomes soluble, as iieegy provided is enough to break
the hydrogen bonds that hold the crystalline stmecbf the molecule. Cellulose is also soluble
in concentrated acids, but it causes severe degyadd the polymer by hydrolysis. In alkaline

solutions extensive swelling of cellulose takexeplas well as dissolution of the low molecular

weight fractions of the polymer (Degree of Polirsation < 200) (Krassig and Schurz, 2002).

Hemicellulose is the second most abundant hetesmgenpolymer formed by a mixture of
polysaccharides mostly formed by sugars as glucosannose, xylose and arabinose.
Methylglucuronic and galaturonic acids are alsosen¢ in the molecule. Hemicellulosic
biomass contains 25-35% of hemicellulose, its chahformula is (GHgO,4), with an average
molecular weight of <30,000. Hemicellulose is mostmnmonly represented by xylan. The
molecule involves 1->4 linkages of xylopyranosyl itsn with o-(4- O)-methyl-D-

glucuronopyranosyl units attached to anhydroxylosés.

The result is a branched polymer chain that is maiomposed of five carbon sugar monomers,
xylose, and, to a lesser extent, six carbon sugamomers such as glucose (Figure 3.3).
Hemicellulose is insoluble in water at low temparat However, its hydrolysis starts at a

temperature lower than that of cellulose, whicldees it soluble at elevated temperatures.

Lignin is an amorphous, high

molecular weight compound. The | - sewese

b
main structure is formed by a three '_y—‘o‘,,_,,,en, l N,
carbon chain attached to rings of six Haastiin Aot ~ eiians il Son
carbon atoms (i.e. phenyl-propanes). e o . - e

These may have zero, one or two

oH

methoxyl groups attached to the  pigyre 3.3.Chemical structure of hemicellulose

rings giving rise to three possible

structures, depending on the source of the polyFigure 3.4).

o0 Lignin is generally the most complex and
/.—_-.‘ \ Lo ) =\ L »t ) )
PN 7T o\ /T e\ T smallest fraction, representing about 10—
/ \ }
CH,0 CH,0

25% of the biomass by weight. Lignin acts
Figure 3.4 Structural units of lignin like a glue by filing the gap between and
around the cellulose and hemicellulose complexidgh ¥he polymers and forms a protective
seal around them (Figure 3.5). It behaves as ailuiple three-dimensional network and plays
an important role in the cell's endurance and dgreént, as it affects the transport of water,
nutrients and metabolites in the plant cell. Isaad a binder between cells creating a composite

material that has a remarkable resistance to impantpression and bending.
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Figure 3.5 Cell wall structure and distribution of pseudovgmnents within it

Table 3.4 reports the chemical composition of savtgpes of biomass.

Table 3.4Chemical composition of several types of bioma#gsa@ar 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 coitippf the biomass in terms of its main
elements: C, H, N, O and S and, together with #tecantent, defines the ultimate analysis of a
sample. The importance of the O/C and H/C ratiosotifl fuels can be explained using the Van
Krevelen (Van Krevelen, 1950) diagram (Figure 3.6).

This diagram relates the Lower Heating Value (LKWth 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 18— s
6 Lignin &
and O/C (coal) assure high heatini o :j | | poemose &
5 Lignites ©
values. This is due to the lower energ & '2 e : 3
© 10 S R H
contained in carbon-oxygen and carbor % cs Lignite 1 |
g Co_al -
hydrogen bonds respect to that it =< :: .ncreased%m
. Heating Value T
carbon-carbon bonds. Biomass 0.2 1
0.0 . | L ] . | ) |-
however, presents higher reactivity 0.0 S S o8
respect to coal that, together with its
wide availability, makes it suitable for
energy recovery purposes. Figure 3.6.Van Krevelen diagram
The composition of the biomass is expressed intiomof its basic elements:
C+H+O+N+S+Ash =100% Eqg. 3.5

where C, H, O, N, S and Ash are the weight pergestaf carbon, hydrogen, oxygen, nitrogen,
sulphur and ash contained in the sample. The meissuexpressed separately as M and does

not contribute to the previous final sum.

The experiments for this thesis were carried outhwvan Eurovector EuroEA Elemental

Analyser (Figure 3.7) at the facilities of UniveesiPolitecnica de Valencia (UPV).

Figure 3.7. Eurovector EuroEA Elemental Analyser
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The results for the samples of rice straw are ptegein Table 3.5.
Table 3.5.Ultimate analysis of rice straw

Material C (Wt%) H Wt%) O Wt%) N (Wit%) 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 contairaively high amounts of oxygen and
hydrogen, resulting in relatively low heating vadu®©n the other hand, the remarkably low
sulphur content (sometimes equal to zero) provedesjor 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 carbonatites and ash in the sample. Typical values of
moisture conten(MC) can vary within the range of 10-90%wt, degagdon the samples and
the weather conditions where they were preservégh Malues affect negatively to thermal
processes, as water removal requires energy at iHpwever, a small amount of water in the
sample is found to be beneficial helping in preisgrthe sample and also from a thermo-
chemical point of view, as gasification reactiome hoosted in presence of water. Water is

supplied as %wt on wet basis whereas the otheentmare usually supplied on dry basis.

Chemical energy is stored in two fornvalatiles (VM) andfixed carbon(FC). VM is defined
as the portion driven off as a gas by heating a@ddg~the mass remaining after the volatiles

release, excluding the ash and moisture contents.

Ashesalso play an important part in high temperatuneveosions due to their tendency to melt
as a consequence of the presence of oxides,,(8D) that lower their melting point. A
measure of the potential for deposition is theoratkali metal oxides to silica in the ash. If this
ratio exceeds 2, fouling reactions may occur aratigp attention must be paid to control and
prevent operational difficulties. It is necessanhighlight the enhanced importance of ashes for
the case of rice straw. Their high silica contdfdrs a new source of silica if extracted from the
ashes produced after an energy valorisation protéss way, if operational conditions are well
controlled, a potential hazardous compound dufiregtibhermal conversion, becomes the source
of renewable silica, closing this way a re-use eyall the generated waste is used for recovery

purposes to obtain new valuable materials, prorgdtiezero-wastanethodology.
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Normalised laboratory tests are used to determirte MM, FC and ash contents where
moisture, volatiles and ash are experimentally iobth and fixed carbon is calculated by
difference. Table 3.6 gives the values of proxinaatalyses of different types of biomass where

also coal is provided as a reference.

Table 3.6 Proximate analyses of different types of bion{@t 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 followedtfar 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 weiglgpect to the initial sample. The experiments
were carried out with a muffle furnace (Figure 3a8}jhe Degradacion y reciclaje de materiales
plasticos (DREMAP) facilities at Universitat Potitéca de Valencia (UPV). All the methods

were repeated three times and the average valutakers as valid.
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Figure 3.8 Muffle furnace used for the determination of gneximate analysis

Table 3.7 gathers the averaged values for thedtssimples of rice straw.

Table 3.7.Proximate analysis of rice straw

Sample Averaged values (wt%o)
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 akahereleased during combustion of 1 kg of it,
assuming that the combustion products are coolegndtm the initial temperature. This
parameter is calletligher Heating Value (HH)VThe expression includes the latent heat of
vaporisation of water. It can be measured withmlbealorimeter (ASTM standard D-2015). In
the case where the experimental data cannot béebtsseveral correlations estimate its value
in basis to the ultimate or proximate analysis. the thesis, the values of HHV were calculated
with the expression provided by Channiwala and KRa(2002) widely used for biomass
feedstock:

HHV(MJ /kg) = 0.3491C +1.1783[H - 0.1034[0 - 0.0211 Ash+ 0.1005/S-0.0151 N Eq. 3.6

with C, H, O, Ash, S and N the percentages of Qarbtydrogen and Oxygen, Ash, Sulfur and
Nitrogen content according to the ultimate analy®isit dry basis).
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When data about ultimate analyses are not avajltideheating value can be obtained from the

proximate analysis according to the expression3dEyby Parikh (Parikh, 2005):

HHV (MJ / kg) = 0.3536[FC + 0.1559[VM - 0.00780Ash R* = 0.617 Eq.3.7
However, the products of combustion are rarely eddb the initial temperature of 25°C and
for that reason, the heat of vaporisation of weterot recovered. Therefore, the effective heat
available is lower than the actual chemical enstgyed in the fuel. In this situation, thewer
Heating Value (LHYis defined as the amount of heat released bycfulhibustion of a fuel,
minus the heat of vaporisation of water in the costion product:

9H N M

LHV = HHV - h, (— —j Eq. 3.8
100 100

where fy is the latent heat of steam (i.e. 2260 kJ/kg @ kehbl/kg)

On average, the heating value of biomasses iseifintierval 14-20 MJ/Nr Table 3.8 gathers
the ultimate analyses of different types of biomassl their HHV. Coal is provided as a

reference.

Table 3.8 Ultimate analyses of different types of biome¥svt dry and ash free basis). Coal is reported
as a reference. (Gaur and Rerds)

Material C® H@®) O(%) N (%) S (%) HHV(MJI/kKQ)
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 0.01 739.
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 .8231
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Finally, Table 3.9 presents the values of HHV armiVLfor 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 111 10.0
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3.3. Thermal characterisation of the biomass

The development of thermo-chemical processes fomass conversion technologies, and a
proper design of the equipment to carry out thesetions, requires a good understanding of
the involved governing mechanisms, the determinatid the most significant thermal

parameters and their effect on the kinetics oftreac

The characterisation of the thermal and thermoaikid behaviour of the feedstock and the
further study of their kinetics was carried outTyermogravimetric Analysis (TGA). TGA is a
widely used technique to assess the thermal gtabitid decomposition kinetics of biomass.
Few works have studied the thermal properties o gtraw by means of thermal analysis
(Calvo et al, 2004, Garcia Barneto et al, 2010 hvéisand Bhaskar, 2014) or the residues of the
kaki fruit. The composition of the raw material daa determined bthermal studiess a result

of the quantification of the different processesnaiss loss observed during the heating process.
Valuable parameters related to the thermo-chenficatess can be obtained from a detailed
kinetic analysissuch as the activation energy (Ea), pre-expornefaidor (A) and mechanism

and order of reaction.

The following sections describe the fundamental§ GfA, the description of the equipment
used for the present thesis, the methodology fabbduring the study and the main parameters
under consideration. After this descriptive patig tmain results related to the thermal

characterisation of the feedstock are gatheregfégncommunications at the end of the chapter.

3.3.1.Fundamentals of the TGA

Thermogravimetric Analysis is defined accordingthe International Conference of Thermal
Analysis, a technique in which timeassof a substance is subjected to a contraiéedperature
programme. The weight loss rate in function ofitf@easing temperature (dynamic analysis) or
time (isothermal analysis), either directly relatedthe elimination of volatiles or through

chemical processes, is registered.

High precision balances are used to carry out T&#eements. The sample and the reference
masses are measured inside aluminium oxide panshwiave a small aperture to evacuate

possible outlet gases generated in the reactiohs. Balances are placed inside a high

|
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temperature oven that heats the sample and theemefs according to the programme
temperature. The oven chamber is fed with a g@sdeide a controlled atmosphere during the
decomposition reactions. Inert atmospheres arelgietuwhen N or argon are used as carrier
gas, whereas oxidising atmospheres are obtained ®he applied. For this reason, TGA can
be used as a reactor to simulate either pyrolysi&tions (inert conditions) or combustion

reactions (oxidative conditions) within the frametwof theenergy valorisatiorof biomass.

The result of a TGA experiment is known as thertteggravimetric curve (TG) dhermogram.
The first derivative of TG is the differential tineogravimetric curve (DTG) in which the

presence of a peak corresponds to the maximumdadlope in the TG.

Figure 3.9 shows a typical TG curve for rice strdwsign of decomposition for almost every
type of biomass consists of a sigmoidal curve tike figure. In general, the evolution of the

thermal decomposition with temperature can be de=tias:

- T<150°C -drying: it corresponds to the loss of volatile compouimdshe system as

water, organic solvents or low molecular weightegas

- 150°C<T<350°C -devolatilisation two major peaks are observed in this zone which
can be attributed to the decomposition of hemiémdkel and cellulose. Depending on the
applied conditions, these peaks will be shown nekige one single peak, or they will
appear as a main peak (cellulose) accompanied Bhoalder at a slightly lower

temperature (hemicellulose).

- T>400°C Hignin devolatilisationandcombustion of chara tail is usually found at high
temperatures which is associated to lignin vokation even though the compound is
decomposed all through the heating process atwa\shocity. At higher temperatures,
the remaining char goes under combustion, whichulteesn an increase of GO

production.

100
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Figure 3.9.TG of rice straw (20°C/min and inert atmosphere)
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In order to obtain more accurate information regaydhe different decomposition processes, a

DTG curve like the one represented in Figure 3sl@sually obtained.
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Figure 3.1Q DTG of rice straw (20°C/min and inert atmosphere)

TGA can also be used coupled with other technicgiesh as mass spectroscopy (MS) or
infrared spectroscopy (FTIR) to analyse the prasluat decomposition as a function of

temperature.

3.3.2.Equipment

All the thermogravimetric analysis were performeidhwa Mettler Toledo TGA/SDTA 851
(Columbus OH) modulus at the Degradacion y re@otlg Materiales Polimericos (DREMAP)
facilities at the Universitat Politecnica de Valen@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 ialamina holder with the capacity of 70
pL. Experiments were performed from 25°C to 800°@ifiérent heating rate$€2, 5, 10, 15,
20°C/min) under a constant flow of 50 ml/min of gdsanalysis. All samples were analysed
under inert (Ar) and oxidative @ atmospheres to characterise the thermal and term
oxidative processes respectively. Experiments wegeated three times and the average values
were considered as representative values. Assessman 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 prejodescribed in Section 3.3.2. A blank
was used prior to each series of experiments. Betemformation about the different stages of

mass loss was obtained including:

- The onset temperature (jT indicator of the start of the decomposition geg It is

considered as the key parameter describing thentiestability

- The temperature of maximum decomposition ratg.@T this point corresponds to the

inflexion point in the TG curve
- The endset temperaturefdse): temperature at which the process is consideneshed
- The mass lossAfn): the amount of sample that it is degraded irdgmomposition step
- The residue: fraction of sample that remains naetesl after the experiment finishes

The presence of shoulders in the curve indicatasrttore than one decomposition process is
occurring. In order to define the individual cohtriions of each of the pseudo-components of
the sample, the DTG curve was fitted to a sum ofrdoutions by means of the toAldvance
Fitting Tool from the Origin Lab Software. The results weréeeitto the following expression

(Gaussian type):
n _ 2

y= ZA @xp(—O.SEP(Wi):C‘)) Eq. 3.9
i=1 i

with A, x;; and w being the fitting parameters.

Only fits with high R values were accepted¥R®.99). The baseline was substracted before any
deconvolution process. Figure 3.12 shows an exawfpthe deconvolution procedure for the
leaves of kaki at 10°C/min and oxidative ambieriie Tdeconvoluted peaks were assigned to
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different species according to literature and vearalysed separately in the kinetic analysis (See

Section 3.3.4).
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Figure 3.12. Example of deconvoluted curves fovdseaof kaki (10°C/min; oxidative ambient)

3.3.4.Kinetic analysis methodology

The behaviour of the biomass during the thermal #edmo-oxidative decompositions was
studied through the calculation of their relatedekic expressions. It is widely known that the

decomposition of any solid material can be desdrde
Asolid > Bsolid + Cgas

In the case of biomass, this single degradatiom i@ be considered as one step global model
lumping all the decomposition processes taking eldaring the heating process (single
component method). However, this approach resnltani extremely simplified solution and
becomes unsuitable to predict the complex biomakswour. Solutions expressed as the sum
of the different processes of decomposition ofrtiaén pseudo-components of the initial sample

provide a more accurate description of the progessti component method).

In both cases, the kinetics of decomposition aee résult of two main contributions: the
reaction rate which depends on the concentratioreattants (considered either as the initial
sample itself or as its main pseudo-components)tiamdiependence of the rate constants with

temperature. Therefore, the general kinetic lawlmEpaxpressed as:

(ll_? = f(a) k(T) Eq. 3.10
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In which the first term represents the dependeiridgheoconversion degree of the reactands (

and the second term the dependence with tempeidiure

The conversion degree of the reactafitoan be defined as the mass fraction that haseckat

a time t respect to the final mass loss of the ex@nt:

g= MM
m, —m,

Eg. 3.11

where m is the mass with the subscripts 0, t@argtanding for initial, instant and final mass

respectively.

The dependence on temperature can be expressednvtithenius model n the form of:
k(T) = AlexpE, /RLT) Eqg. 3.12

where A is the pre-exponential factog,i&the activation energy, R is the gas constadtlathe

absolute temperature.
Merging Eq. 3.12 with Eq. 3.10, the rate expressiay be expressed as:

‘Z—‘;’ = f (a) CALBXp(E, / RT) Eq. 3.13

If non-isothermal analysis are carried out, theviongs law can be expressed as a function of the
heating ratef) as follows:

99 _ 5089 -t (a)tAtexpCE, IRT) Eq. 3.14

dt dT

The correct description of the kinetic law therefanvolves the obtaining of the so-called
kinetic triplet (E,, A, f(a)). The following sections provide a theoreticakckground of the
methods applied in this thesis to obtain theserpeters.

3.3.4.1 Obtaining of the Activation Energy

If the experimental TGA data are fitted to the pwes expression (with the appropriate
selection for f)), it is possible to calculate the kinetic paraengetdescribing the degradation of
the sample. However, since Eq. 3.14 cannot be tliretegrated, numerical approximations

are required to calculate its solution.
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Solid-state kinetics (developed from homogeneowssesys) assume that the activation energy
and pre-exponential factor remain constant allupghothe degradation. However, it has been
proven that they can vary with the degree of cosiver For this reason, isoconversional
methods were applied in this thesis in which no efisic assumptions were made, with data

coming from different multi-linear non-isothermadperiments.

These methods can be classified as integrated raredemethods, depending on whether the

rate expression is integrated or derived. The meatl isoconversional methods are:

- Linear integral methods:

Flynn-Wall-Ozawa [Iogﬂ] Iog(R [E, J 2315—0'457%[@%} Eq. 3.15
(FWO) (1966) 9@ e

Kissinger-Akahira- [In(ﬁz)} :In( A, [R j_ E.. [Ei} cq. 3.16
Sunose (KAS) (1971) L E., [o(a) R |T

with g(a) is the inverse integral kinetic modgj{a) = I: (f(a))™ Ma

- Linear differential methods:

Friedman (F) d E 1
{In(d—ﬂ } =In(A, Df(a))—%EE—} Eq. 3.17
(1964) a-y 7

- Non- linear integral methodshe activation energykis the value that minimise3 in

Eq. 3.17 for any

E.,
REI' Eq. 3.18

B 0(E, T,)
Q=[y L1 e)

i=1 ]¢lﬁ D(Eaa!T )

Vyazovkin - Dollimore
(VYZ) (1997)

N (Eoen T,) = Py

with i and j the counters though the experimends diifferent heating rates.

The value of p(x) was calculated with the approxioraof Senum-Yang truncated to the fifth

term:
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e’ n{l-n) E.
X) = , X=
P xzq;x+2mn+b RIT Eq.3.19

Senum and Yang

(1977)

Figure 3.13 shows an example of the applicatiors@fonversional methods to rice straw: (a)
E, evolution with conversion degree evaluated by dmaen, FWO, VYZ and the averaged
value; (b) application of FWO under, ©onsidering the degradation of the sample as glesin

step, and the corresponding graphs taking the stsaavmulti-component sample ((c) and (d)).

200 200
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Figure 3.13 Example of application of isoconversional methtadgce straw: (a) evolution of
Ea witha considering it as single component under (©) Application of FWO method under
O, (single component); (c) evolution of Ea for thestfiDTG peak witha; (d) Application of
FWO method under f§multicomponent)

The figure shows the non constant trend pfvEh o as a result of the complex mechanism of
reaction. This behaviour is also confirmed by tppligation of the different analytical methods
and the lack of parallel lines for all the rangdn contrast, if the multicomponent approach is

applied, E presents a constant value, also confirmed by #wallpl lines for all the studied

range.

98



Chapter 3. Biomass and its characterisation

3.3.4.2 Obtaining of the mechanism and order of redion

The reaction models can be classified as: nucleatiod nuclei growth, phase boundary
conditions, diffusion or chemical reactions. A lidtthe expressions defining the most common
models, f() for biomass is given in Table 3.10. The tableoathows the values of the

integrated function @) in each case (Gotor et al, 2000).

Table 3.10 Summary of models used in the description ofrttaéidegradation processes

Differential form — f( a) Integral form — g(a)

Chemical reaction control

n=0 1 a

n=1 (1-w) -In(1- o)
n=15 (1-0)** 2(-1+(1-0)™)

n=2 (1- w)? -1+(1-0)t

Diffusion control

D1 1/2:(1- 0)-1 o’

D2 -In(1- ) (1- o) In(1- o)+ o
D3 3/2:(1- a)*¥(1-(1-a)"¥)* (1-(1-0)'3)?
D4 3/2-(1- o)"P(1-(1-a)"¥)! (1-2/30. )(1- 0)*?

Nucleation models

n=15m=0.5 o%(1-a)t® ((1- 0)/a) °¥0.5Y
n=19;m=0.5 o %(1-a)*° ((1- a)/0)*(0.9%)
Other
R2 2-(1- o) 1-(1-a)"”
R3 3(1-a)?? 1-(1-a)*®
A2 2-(1- a)(-In(1-w))*? (-In(1- o))
A3 3-(1- a)(-In(1-w))*® (-In(1- a))*?
F1 1-a -In(1- o)
Power 2 a*? o2

“being n and m the orders of reaction
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Master Plots (MP) are widely used to determine rtiehanism of reaction and calculate its
order. MP are defined as the theoretical referencees (MP) dependent on the kinetic model
and, generally, independent of the kinetic pararsaté the process. The comparison between
the experimental values (MPand these theoretical curves permits the selectib the

appropriate kinetic model according to the beitén§ of the experimental data on the MP

The three main types of MBre those based on the differential form (M the general kinetic
equation as expressed in Eq. 3.14, the integral {MP,) as in Eqg. 3.20 and the combination of

both MRy , usually reduced at=0.5 for better visualisation.

E
= X), X = a
NG RLIT () RIT

MP, (a) :T_ - AfE, ﬁfe_x _ ALE, Eq. 3.20
0

da
f(a) PR

0

The advantage of using MBnd MR instead of MR is the clear dispersion among models of

the formers in the ranges:0.5 andu>0.5 which permits a straightforward initial idditation.

Figure 3.14 shows an example of Mibtained in the kinetic study of rice straw at@Q@mder

inert (a) and oxidative (b) conditions.
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Figure 3.14 Master plots based on the integral (M#Pyform of the general law compared to
the experimental data obtained by the thermal goaeplied (circles). Kinetic Models,D
diffusion controlled, blue lines, Anucleation and growth, red lines, R-order reaction,

orange lines, R reaction controlled, green lines.
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3.3.4.3 Obtaining of the pre-exponential factor: idependence of the heating rate

The pre-exponential factor A must be calculatedaimplete the kinetic triplet. According to the
Perez-Maqueda criterion (Perez-Maqueda et al, 20D2) parameters A and, Ehould be
independent of the applied heating ratd his criterion is usually employed with the aidtioe
Coats-Redfern equation (Eqg. 3.21) maintainipgid A invariable.

Coats-Redfern, [In(’g -[rgz(a))} _ In[ﬁj +5 E{i}

E ROT Eq. 3.21
(1964)

a a

The representation of each of the points [x,y] &thdig on a straight line common to all heating
rates. Figure 3.15 shows an example of the apjaicaf the Coats-Redfern criterion in the case
of rice straw under inert (a) and oxidative (b) s&nh
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Figure 3.15 Example of the application of the Coats-RedfeiteiGon 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 mmairoperties of the biomass was
demonstrated crucial for the application of thegqadée conversion technology. Specifically, the

following characteristics of the biomass were itigeded.

Thephysical propertie®f the tested biomass were calculated accordimstgtadard procedures.

The density, dimensions and characteristic shapals samples were calculated.

The chemical propertieof the tested biomass were evaluated in termshaif tonstituting
elements (ultimate analysis) and gross compongmtxi(nate analysis). The energy content
was also calculated using existing correlationsréMarecisely, as a result of a higher relative
amount of oxygen, rice straw was a more reactivas feespect to coal. It also resulted in
relatively low heating values. The low sulphur @it provided a major environmental
advantage for the use of biomass as energy vewtaad of coal. High percentages of ash were

found and the operational temperature was limieetd00°C to prevent their melting.

The characterisation of titéermal and thermo-oxidative behavioof the feedstock and the
further study of their kinetics was carried out Tyermogravimetric Analysis (TGA). All the
tested biomass samples exhibited several degradstages corresponding to the main pseudo-
components (hemicellulose, cellulose and ligninj anccessive combustion of the remaining
char. The residual values were higher under ir@rtlitions (20%) than oxidative ambient (5%)

as a result of a less reactive ambient.

The thermal performance of all samples under amgali heating rate was predicted by the
function Thermal Decomposition Behaviour (TDB). Tvedues of ZDF provided the thermal
stability of the samples and the use of ZRJIwas useful to monitor the pseudo-components
decomposition. A minimum of T=273°C (inert conditg) and T=264°C (oxidative conditions)
will be necessary to start yielding volatile compds. The use of ZDJT,«was useful to monitor

the decomposition of each pseudo-component.

The application of isoconversional methods (Friedmdlynn-Wall-Ozawa, Kissinger-
Akashira-Sunose, Vyazovkin, Master Curves and Pilagueda criterion along with Coats-

Redfern equation) permitted the obtainment ofkimetic parametergEa, In A and n) of the
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biomass for both inert and oxidative conditionse Kinetic law defining the decomposition rate

of all samples was thus obtained.
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Communications

The following communications related to the cha@é&mass and its characterisaticare

presented.

Communication 3IC. Moliner, B. Bosio, E. Arato, A. Ribes. Compavatstudy for the energy
valorisation of rice straw. Chemical Engineeringadsactions, 37, 2014, 241-246. DOI:
10.3303/CET1437041

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

characterisation of rice straw for its use in ege@orisation processes. Fuel 180 (2016) 71-79

The first contribution is devoted to the kineticadsis of the rice straw applying the single-

component method, that is, considering the decoitipo®f the sample as a single compound.

The second contribution, on the contrary, providessudy of the thermal and thermo-oxidative
behaviour of the sample according to the individeahtribution of the main pseudo-

components present in the straw (ie. hemicellulosidylose 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 O 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 O, 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 CO> 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

Please cite this article as: Moliner C., Bosio B., Arato E., Ribes A., 2014, Comparative study for the energy valorisation of rice straw,
Chemical Engineering Transactions, 37, 241-246 DOI: 10.3303/CET1437041
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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 O, 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 70uL. Experiments were performed from 25 °C to 800 °C at different heating rates (=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 (O;) 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 Star® 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 B and compared between them. Figure
1 represents both TG (inset) and DTG curves at all B (inert (a) and oxidative (b) ambient). As expected
according to previous works by Amutio et al. with different types of biomass, higher 8 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 To~25 °C 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 (To, 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 % O) (a) and oxidative (100 % O) (b)
atmospheres

Table 2: Characteristic temperatures (To, Tyi) for each fand ambient of study

Ar B To Tor  Tp2 Tp3 Tpa O/ B To Ter  Tp2 To3 Tos
(°C/min) (°C) (°C) (°C) (°C) (°C) (°C/min) (°C) (°C) (°C) (°C) (°C)
2 25.0 349 289.2 299.8 430.0 2 25.0 514 270.5 378.3 407.2
5 25.0 57.3 290.8 316.9 445.0 5 28.0 62.9 273.0 387.4 4257

10 250 71.5 2914 330.6 462.0 10 25.0 74.6 287.7 402.3 452.9
15 250 81.6 3014 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 4731

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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0,002 | s -0,002 -
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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 f of study

Ar B Amy  Amy Ams3 Amy Residue O: B Amy  Amo+Ams Amgy Residue
(CC/min) (%) (%) (%) (%) (%) (°C/min) (%) (%) (%) (%)
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 22559 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 (a) 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 0=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 (Ea;). 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)

Earricdman (KJ/mol) Errorerieaman (%) Eakas (KJ/mol) Errorkas (%)Eavyz (KJ/mol) Erroryyz (%) 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
so0, 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 (MP:) of the general kinetic equation as
expressed in Eq (1), the integral form (MPg) as in Eq (2) or the combination of both (MPsg). The theoretical
master plots of the different kinetic models can be clearly distinguished for a<0.5 (in the case of the
differential curves) and a>0.5 (for the integral curves) and therefore a straightforward identification can be
done. 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.
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Figure 4 shows the theoretical curves in the differential-MP: (a) and integral-MP4 (b) along with the
experimental data corresponding to rice straw at 5°C/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 4™-order chemical reaction mechanism, as the best fitting of the
experimental data corresponds to the curve F4 on both MP; and MPq representations and therefore the
function defining the mechanism will be f(a)=(1- a)*.
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Figure 4. Master Plots based on the differential-MPs (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 (To, Tp1, Tp2, Tp3, Tps)
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 E, can be assumed as constant for the range of study (a=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 4™-order
chemical reaction mechanism.
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thermo-chemical processes were simulated in the first stage by multi-rate linear non-isothermal thermo-
gravimetric (TGA) experiments using Ar and O, as carrier gas respectively. The results obtained from the
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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

* Corresponding author.
E-mail address: cristina.moliner@edu.unige.it (C. Moliner).

http://dx.doi.org/10.1016/j.fuel.2016.04.021
0016-2361/© 2016 Elsevier Ltd. All rights reserved.

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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Nomenclature

o conversion degree

B heating rate of thermogravimetric analysis (°C/min)
DTG first-derivative thermogravimetric curve

Ea apparent activation energy (J/mol)

Eajso average apparent activation energy (J/mol)

FWO Flynn-Wall-Ozawa

HHV high heating value (J/kg)

KAS Kissinger-Akahira-Sunose

MP master plots

MPyg¢ differential and integral form of MP

n order in kinetic functions

SBR spouted bed reactor

Ta(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)

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 (M]/kg) = 0.3491 - %C + 1.1783 - %H + 0.1005 - %S
—0.1034 - %0 - 0.0151 - %N - 0.0211 - %A (1)

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 pl.

Experiments were performed from 25 °C to 800 °C at different
heating rates (=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 (O,) 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 Star® 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 § and compared between them. Fig. 1 represents the TG
(inset) and DTG curves of rice straw for all g 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.
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Table 1
Proximate and ultimate analysis of rice straw.

Ultimate analysis (%)

Proximate analysis (%)

C H N S (0] Moisture Ash® Volatiles® Fixed carbon®
34.803 4.986 2.191 0.204 57.816 9.1 20.6 63.3 16.1
2 Dry basis.
0,000 The presence of this shoulder indicated that more than one
\ reaction was being involved with a higher mechanism complexity.
-0,002 1 B = 2°C/min In both cases, the molecular origin of this step is the same and it is
B = 5°C/min _ related to the emissions of volatiles and low molecular weight
. -0,004 4B = 10°C/min \ compounds mainly associated to the decomposition of hemicellu-
H.'E B = 15°C/min lose and cellulose and, in smaller amounts, lignin.
& -0,006 4B =20°C/min
5 1 3.1.3. Stage 3. Combustion
3 -0,008 + The last stage (T>400°C) is mainly assigned to the rapid
thermo-oxidation of the remaining combustible components
-0,010 which are more resistant to the thermo-degradation as lignin,
1(a) W whose decomposition occurs in a slow velocity and a wide range
oo+ e—me¥—rsor— of temperatures resulting in high char yields that also burn in this
0 100 200 300 400 500 600 700 800 900 stage. The presence of two peaks indicates a more complex mech-
T (°C) anism of reaction. Its higher resistance to thermal decomposition
compared to hemicellulose and cellulose is due its complex struc-
0,000 T ture and it is favored in the presence of oxygen. However, due to
\ )P \ R the difficulty to properly separate these two peaks and, for the pur-
-0,0028= ;’C/min;\ \\\:\\ pose of this work, they will be mathematically treated as a single
B=5°C/min—1 || process.
= B = 10°C/min \r‘\\\\ The value of the final residue reached values over 20% for the
g -00044p= 15°C/min—H\“\\ | case of samples under inert atmosphere whereas values around
g B =20°C/min— %u | (,‘;;‘ 0 5% were found at oxidative conditions. The whole decomposition
E 20,006 - “‘\\J‘ I‘ mlp-2 .‘.',',‘l\\ % scheme is in agreement with previous works on lignocellulosic
3 \ W | e ‘gi‘:?{jg materials [10].
= ‘\ M‘ ) PN Fig. 1(c) shows the dependence of the thermal process with the
-0,008 - L 5 factors of study (heating rate and atmosphere of work) with
(b) ‘/&Z : - selected previous curves.
20,010 4t I . . ""‘T“. I"’” - As expected according to previous works with different types of
0 100 200 300 400 500 600 700 800 900 biomass [11], when the heating rate $ increases the thermograms
o shift to higher temperatures as a result of a delay in the degrada-
T(°C) . . .
tion process and the sharp gradients of temperature obtained
0.000 ] between the particle and surroundings which postpone the decom-
’ 1| position of biomass.
20002 v In addition, the use of an oxidative atmosphere fastened the
’ (C) ‘u\ | decomposition of the material, shifting the TG curves to lower tem-
-0.004 4 )\\‘\, \\‘\ I/ | . peratures in comparison with the results obtained under inert con-
~ W /| [ P =20°C/min-O, ditions. This fact indicates a higher stability of these materials
o ] Y ( - g y .
g 0.0064 ‘,\ \ »‘ }\U’ < B=20°C/min-Ar under non-reactive atmosphere due to a decrease on the reactivity
‘[: e . in the system, as it occurred for different types of biomass in pre-
= p=2'Clmin-0, | \“{r"l“ | vious works [7,12]
3 -0,008 W el . .
=] VI The presence of shoulders/double peaks in the decomposition
51 1 \»"\ } \ ’w profiles shown in Fig. 1 indicates that more than one reaction is
U p=2oC/min-ar \| being involved at the same time. With the aim of individually char-
0012 1 = acterise and quantify each decomposition process, a deconvolution
=Y, T

T T T T T T T T
0 100 200 300 400 500 600 700 800 900
T(°C)

Fig. 1. TG (inset) and DTG curves for rice straw at all  at inert (a) and oxidative (b)
conditions. Influence of the heating rate and atmosphere of work on the thermal
decomposition of rice straw (c).

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.

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 (T, withi=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.
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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 2

Characteristic thermogravimetric peak temperatures (Tp;, with i = 1-4: consecutive decomposition processes) at all heating rates under inert and oxidative conditions of work and

associated error values.

Ar $ (°C/min) Tp1 (°C) e (%) Tp2 (°C) e (%) Tp3 (°C) e (%) Tpa (°C) e (%)
2 50 1.1 289 2.6 304 1.0 430 3.7
5 57 0.8 291 24 317 1.2 445 45
10 71 1.4 291 1.8 331 0.9 462 2.4
15 82 0.9 301 25 336 43 465 3.3
20 86 1.6 314 3.3 347 2.1 470 5.1
0, $ (°C/min) Tp1 (°C) e (%) Tpa (°C)-Tp3 (°C) e (%) Tpa (°C) e (%)
2 51 4.1 270 5.0 378 23
5 63 53 273 5.2 387 4.0
10 75 2.8 288 4.1 402 46
15 84 5.6 292 6.8 409 5.9
20 95 5.1 297 5.7 420 4.4
Table 3

Mass loss (m;, 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) Aomy (%) e (%) Aomy (%) e (%) Aoms (%) e (%) Aomy (%) e (%)
2 12.1 9.8 14.0 8.8 36.0 9.1 3.0 6.6

5 8.4 4.5 241 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 53 17.8 5.1 36.8 5.6 8.9 35

20 6.8 7.1 25.9 7.6 33.6 5.0 6.7 9.7

0, B (°C/min) Aomy (%) e (%) Aomy (%) + Aams (%) e (%) Aomy (%) e (%)
2 9.7 14 49.3 5.9 31.7 9.3

5 7.3 0.8 54.0 9.2 30.9 114

10 6.7 1.1 58.6 5.4 249 6.9

15 7.2 1.0 59.4 8.8 23.8 7.2

20 7.0 13 47.0 8.2 35.8 6.2

Table 3 gathers the values of mass loss associated to each of the
previously calculated Tp; 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 do/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 Aam, for hemicellulose and
Aoms 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
(Aomy + Aams + Aamg ~ 70%) together with the lowest residue
(around 25%), where Aam;=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 (Aom, + Aoims).

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
(Aamy + Aams + Aamy ~ 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 (T;) 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 T, 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 g, but it slightly bended when p approached lower values.

For design purposes, it would be interesting to functionalise the
thermal behaviour of rice straw under any g. In this sense, T4()
was obtained as:
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Fig. 3. Application of the Ty(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 (T,;: peak of the first
decomposition process, Tp,: peak of the second decomposition process, Tp3: peak
of the third decomposition process, Tp4: peak of the fourth decomposition process)
and associated error bars.

(2)

a
Tu(p) = 1+exp(-=b-(f—0))

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 (Tq(B — 0)).

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

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 § — 0 and associated error values.

Ar  a e(%) b e(%) ¢ e(%) R? ZDT (°C)
T, 94.1 36 013 0.02 1.2 05 09943 433
Tp, 3344 397 006 006 -258 162 09271 2734
Tps 3555 116 009 004 -17.0 60 09695 2958
Tp, 4713 24 018 003 -113 22 09863 4143
0, a e b e c e R? ZDT
(%) (%) (%) (°C)
Tp; 1134 1438 342 2.63 0.10 0.03 09838 454
Tp,+Tps 3104 09 -2516 0.00 0.07 0.00 09367 264.0
Tp4 4446 198 006 002 -27.86 7.86 09862 371.6

values of R? in all fitting parameters indicate the suitability of
T4(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-ZDTp;, hemicellulose-ZDTp,, cellulose-ZDT,;3,
lignin-ZDT,4), which followed the same trend as described in
Section 3.1.

The values corresponding to the drying process (ZDTp;) 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 (ZDT,,, ZDTp3, ZDTp4) presented lower values when
0, 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, ZDT,, 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
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Fig. 4. Evolution of Eagriepman, Edrwo, Eakas, Eayyz, Eais, for the main decomposition
process of rice straw (range o = 0.2-0.8) at inert (a) and oxidative (b) conditions.
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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.

Eagriedman (KJ/mol) e (%) Eagwo (KkJ/mol) e (%) Eaxas (k]/mol) e (%) Eayyz (k]/mol) e (%)
Ar Process 1 75 18.0 81 5.4 75 5.0 69 48
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 47
0, Process 1+2 166 5.1 173 26 172 29 159 2.8
Process 3 135 12.3 125 7.6 123 5.8 111 7.3

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 o defined as o = (mg — m;)/(mo — m..), where m is the mass
with the subscripts 0, i and oo 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 o = 0.2-0.8,
where the main process takes place. The average values were
obtained (Ea;s,) 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 O, 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 (Ea;s,) 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 O, in the carrier gas. However,
this assumption should be fully subscribed by evaluating the quan-
tity of CO, emitted during the thermo-chemical processes as, due
to the increase on oxidant reactions, the concentration of CO,
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 (MPy) of the general kinetic equation as expressed in (3), the
integral form (MP;) as in (4) or the combination of both:

MPf(0!)=%Eﬂ%=A-f(a)-k(T):A.f(a).e% 3)
* do A-E, “e* A-E, E,
MR o) = [ =R ) ST RT P X @)

The theoretical curves coincide at « =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 o < 0.5 and o > 0.5 for the
differential and integral curves, respectively, and therefore a
straightforward identification can be done.

Fig. 5 shows the theoretical MP; 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: D,, = diffusion
controlled (blue lines), A,=nucleation and growth (red lines),
F,, = n-order reactions (orange lines) and R, = reactions controlled
(green lines).

According to Fig. 5, the model describing the thermal degrada-
tion following a reaction order mechanism (F,). 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 g. This crite-
rion is usually employed with Ea and A invariable with the aid of
the Coats-Redfern equation [26] written in the form:

[
y

iR E9 F} (5)
T X

with g(«) being the integral form of the model previously
calculated.

A single straight line with slope (Easz/R) and an intercept
In(Ag - R/Eay) is obtained when the left hand side of Eq. (4) is plot-
ted against 1/T only if the appropriate g(«) is chosen.

By setting the values of Ea;s, 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 In A were
obtained.

T? ~ 7 Eas R
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Table 6
Kinetic triplet for the main decomposition processes of rice straw for thermal and thermo-oxidative reactions.
Eajso (kJ/mol) e (%) n (from MP) n (analytical) In A (min!) e (%)
Ar 75 3.8 1-2 1.35 17.1 0.87
158 7.1 1 0.89 171 0.98
121 3.1 1-2 1.25 15.9 5.50
0, 167 6.7 2-3 2.95 33.2 7.40
124 5.0 1-2 1.70 13.9 5.10

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 F,,, (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))

dopyr
ae

13.3-10°- (1 — )" - e /" 1+ 135.10° - (1 — o)**®

e TSSIRT 40108 . (1 — or)' 25 . e 12VRT (6)

daOX
dt

—6.8-10. (1 - )% . e 1678 1 §1.10°. (1 —o)'7 . e 124K
(7)

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.
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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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Chapter 4. Characterisation of SBR

“It is a capital mistake to theorise before one Itada.
Insensibly one begins to twist facts to suit thegri
instead of theories to suit facts.”

Sir Arthur Conan Doyle

|. Summary

The scope of this chapter is to describe ttethodology of characterisation of the spouted
bed reactor that will be used as the key deviceawy out the reactions of gasification of

agricultural residues.

This chapter is devoted to the description of thié and the auxiliary equipment, the applied
procedure and relevant information about the erpemis performed. Studies to prevent
potential segregation phenomena are also descrffigdlly, a computational fluid dynamic

model is developed and validated with the obtaiquerimental results.

The main results obtained from this chapter redufte¢he followingcommunications

Communication 4I:C. Moliner, M. Curti, B. Bosio, E. Arato, G. RowerExperimental tests
with rice straw on a conical square-based spouteld&actor. International Journal of Chemical
Reactor Engineering 13, 2015, 3, 351-358. DOI 11blifere-2014-0172

Communication 4II: C. Moliner, M. Curti, B. Bosio, G. Rovero, E. Aoat Statistical
methodology for the assessment of a Spouted Bedtétgareventing segregation phenomena.
Manuscript

Communication 4lll:D. Bove, C. Moliner, M. Curti, B. Bosio, G. Roverg. Arato. CFD
simulations of a square-based spouted bed reaotbvalidation with experimental tests using
rice straw as feedstock. Chemical Engineering Taeiimns, 43, 2015, 1363-1368.
DOI:10.3303/CET1543228
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Chapter 4. Characterisation of SBR

4.1. Fluid dynamic characterisation of the SBR

Gasification has proven to be a convenient teclnifpr thermo-chemical conversions of

biomass by means of fluidisation processes. Diffedevices have been developed to carry out
these reactions and, among them, spouted bed reé8®BRs) have been proposed as a solution
to overcome the difficulties that conventional teas face when treating big and heterogeneous

particles.

SBRs are obtained by replacing the perforated mate conventional reactor of fluidisation
with a plate with a single orifice, normally certrin the base. This modification provides the
system an enhanced recirculation of solids, whistults in increased mass and energy transfer
rates respect to those with conventional techniqliesee different regions (annulus, spout and

fountain) can be distinguished in a SBR as showkignre 4.1.

FOUNTAIN

ANNULUS

SPOUT

Air inflow

Figure 4.1 Regions within a SBR (System PET/straw 5%v/v;iahibed height=50 cm)
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Chapter 4. Characterisation of SBR

The gas enters theed through a central orifice of the distributoatpl causing the formation of
a centralspoutin which the particles move upwards in a dilute gghaTheannular space

between the spout and the vessel wall containsckedabed of particles which moves slowly
downwards and radially inwards. The conical badpshim the recirculation process, enabling
the movement of bigger and irregular particles imitthe device and preventing potential

stagnant or dead zones.

The scalability of the device is a key factor facesessful development of the technology. With
the purpose to optimise geometrical factors andmige heat losses, investments and operating
costs, the reactor was designed with a squared ibasentrast with traditional SBRs provided

with circular sections.

The advance of this technology to enable its ridigioale-up resides in a better understanding
of its fluid dynamic behaviour. Most empirical aseimi-empirical equations already developed
are only valid for a certain range of operationahditions. Due to the great influence of the

geometric parameters and the properties of therrast®n the process, these equations fail to
predict most of the design variables when condstiare changed, especially for large devices

which tend to be less stable and therefore, haodesntrol and operate.

For this reason, the present chapter presentsichditnamic study of different systems with
different solid properties (density, size of pddjcirregular shapes ....). The main design
properties are evaluated in order to guarantestti®lity and correct process performance in all
cases. In addition, a CFD model has been develmpgidulate and predict the behaviour of the
studied systems and validated with experimental.detiis model will help in the design of the
scaled-up system by providing simulated solutiohsparameters that would be time and

economically expensive if calculated experimentally

4.1.1. Experimental set-up

All the fluid dynamic experiments were performedaim temperature at the laboratories of the
Department of Applied Science and Technology (DISAT the Politecnico di Torino. The

scheme of the experimental setup used for the presek is shown in Figure 4.2.
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Chapter 4. Characterisation of SBR

H,0

Figure 4.2. Scheme of the experimental set-up used for thegnt thesis
The main components of the system are:

- air supply the blower supplies a maximum inlet air flow280 Nni/h provided by the
Department facilities (Figure 4.3a). A regulatirajue sets the outlet pressure to a 1.2 bar.

- a flow meterthe air supply is measured by means of a rotameteed at 1013 mbar
and 20°C (Figure 4.3b).

- two pressure probeshe values of pressure drop across the bed titlesr AP,) were
measured for the different set of experiments, leams of a probe located in the intern of the
bed at 20 cm from the bottom and at 4 cm distanma fthe wall in the radial direction and
connected to a water U-manometer (Figure 4.3c). ptessure drop corresponding to the
overall system APr) was simultaneously measured with the aid of acorgr U-manometer

connected to the flow meter (Figure 4.3d).

- a conical spouted bed reactof half-section device of 200x100 mm made in wood
with a plexyglass wall was used for the presensithelhe transparent flat wall enables the
visualisation of the spouting process and a mourate evaluation of the fluid dynamic
phenomena occurring inside the reactor (Figure)4Rg proven by Rovero et al. (1985) the
wall has been demonstrated to interfere to a moelengent with the solids trajectory vectors
within the annulus and to not affect the measurénmnthe fundamental fluid dynamic
parameters of SBR. The main dimensions of the oeacé gathered in Table 4.1.

|
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Chapter 4. Characterisation of SBR

- draft tube the half section unit is provided with a remowatall which can be replaced

with an equivalent one equipped with a draft tubehis case an half pipe (Figure 4.3f)

Table 4.1. Main dimensions of the spouted bed reactor

Dimension Value Dimension Value

Height of reactor (K, cm) 200.0 Inlet diameter (Di, cm) 2.5

Height of cone (i, cm) 17.0 Bottom diameter (Dm, cm) 3.6
Diameter of column (B cm) 20.0 Cone angled) 60°

(d) ) )

Figure 4.3. Main components of the experimental set up:rédéti(a); flow meter (b); water U-

manometer (c); Hg U-manometer (d); spouted bedaeée); draft tube (f)
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Chapter 4. Characterisation of SBR

4.1.2. Experimental procedure

All the experiments were conducted at ambient codi. A defined quantity of biomass was
poured from the top of the reactor into the exgsthed of particles (inert solids) until the
desired initial bed height was achieved (Figurg§.8B4d heights were measured visually using a

scale along the column height.

@) (b)

Figure4.4. Introduction of biomass (a) and view of the bégarticles from the top of the
reactor (b)

In order to eliminate the influence of the uncoléa initial packing state, the conical spouted
bed was pre-treated by increasing the superfi@al vglocity to obtain full spouting and then
decreasing the superficial gas velocity graduadlyrdturn to a reproducible initial fixed bed

condition.This was completed prior to each experimental run.

The fluid dynamic characterisation was performedsgstems containing only bed materials
(PET, glass beads, sand) and for mixtures of be@riabs and rice straw of different sizes at

different volumetric ratios. In the case of workingth mixtures, the effective densityo( )

and effective diameter of particlel (., ) were calculated as:

_wWip
Pt Zl‘, W Eq. 4.1
1
d  =— >
peft Z“: X Eq. 4.2
T ¢ Ld

where W is the mass of the compoundsthe percentage of the corresponding component in

the mixture in volume basis arg the shape factor.
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Chapter 4. Characterisation of SBR

All the experiments were video-recorded and théo¥ahg fluid dynamic parameters were

measured:

air flow rate at the start of the spouting,{{d);

e air flow rate at minimum spouting conditions.{J
» stable pressure drop along the bed of partid@y;(
e maximum pressure dropR.;

« fountain height and dimensions of the spout.

A visual observation was also performed to evalubte correct recirculation of solids, the

stability of the system and the inexistence of daastagnant zones.

A first set of experiments was performed ussiagdas bed material armite strawas biomass.

The most characteristic fluid dynamic propertieserevaluated as described below.

Uonset @nd Ups In terms of industrial design, the operationalrehteristics of the air blower
according to the gas inlet requirements are orteeofmain factors that need to be evaluated as

they are closely related to the reliability of gystem, as well as to the costs of operation.

UonsetWas experimentally calculated by increasing tmerdiow from the static bed condition
until the fountain was formed. \Jwas found by decreasing the air flow from a staipleuting

condition until the fountain disappeared.

Figure 4.5 shows the effect of thnitial bed height (H) for a bed of silica on the \dand Upse:

It is worth noting that b}seralways lays below | for any studied H This trend is observed as

a result of the characteristic hysteresis phenom@neviously described in Section 2.2. The air
inflow required to induce spouting {Mde) is always greater when the process starts from a

packed bed condition than that required to mairttsénstable spouting.
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Figure 4.5. Effect of the initial bed height onJand U .s.:for a bed of silica

Although it is not seen in the figure, these twaoves tend to overlap whenyHs further

increased. This is a consequence of the increaskeofas velocity in the annulus with the

increasing distance from the base approaching thenum spouting velocity at the top of the

bed. At this point, no hysteresis behaviour is poedl and so, the two velocities dJUgnse)

coincide. The height at which the two curves oyedafines thenaximum spoutable bed depth

(H).

The same behaviour is found when rice straw is @ddethe initial bed of silica. Figure 4.6

shows the effect of the initial bed height opsldnd s for a system containing 10%v/v

(circles) and 20% v/v of rice straw (triangles).

1,
& szzzzzEITIIIES :::;‘
* AT
g B
= od T N 4
£ e o
e .
=
0,4
@ Ugnset10% viv
0,2 ---O-- Ums'10% WiV
"""" Uonset20% viv
B Upyg-20% Vi
0, 5 20 25 30 5 - - O
H, (cm)

Figure 4.6. Effect of the initial bed height onJand Use:for a system containing 10%v/v
(circles) and 20% v/v of rice straw (triangles)

136



Chapter 4. Characterisation of SBR

The figure shows the influence of the addition ofirse particles into the initial bed. This
percentage is closely related to the amount ofisdhat can be processed to ensure a stable
spouting condition. An increase in the percentaigeoarse particles resulted in an increase of
the air inflow requirements in all cases. Moreovisg visual inspection showed that, for
percentages above 20%v/v of rice straw, the sybezame fluid dinamically unstable. For that

reason, the maximum percentage added into thensysées fixed at this value.

Maximum spoutable bed height. This parameter is also important at the desiggests it
defines the amount of material that can be procefsea particular system, i.e. above that
value, the spouting regime cannot be achieved.ohtrast to cylindrical geometries, conical
reactors do not present,Hor fine particles. Only large particles can leadnstabilities, mainly

slugging. This way, KHdecreases with increasing particle sizes.

H., is determined by adding particles to a stableesysitep by step until this stable spouting
regime is no longer achievedldould not be found experimentally due to lab latiins and
so it was theoretically calculated. Table 4.2 gethibe values of H calculated with the aid of

the McNab and Bridgewater correlation describe8eotion 2.1.1.

Table 4.2. Maximum spoutable bed height for the bed matetader study

Bed material doeit (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 pressuredrops. The pressure drop of a system is closely relatets ®nergy
requirements. Its correct assessment is crucialptonise the operational conditions and the
associated costs. For the present work, these pteesrwere experimentally calculated in the
following way: the air inlet was increased from thtic condition until the fountain was
formed. The pressure drop along the bed of pastiatethat point provided thgeak pressure
drop (dPn.ay. Air was further increased until the pressure drapieved a constant value which

constituted the stable pressure dfdPstapie)-

Firstly, the pressure drop of a mono-sized partiogd containing only the inert material was
measured. The evolution of the pressure drop aloatped of particle€dP,,) with the air inflow

(Uin) is shown in Figure 4.7, for the initial bed heigi 25 cm (triangle) and 45 cm (square).

|
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The curve st represents the increasing direction of velocityerdlas s shows the

decreasing flow.

250 - UUHSEMS APmaX45
=l -
”" UnnsatZE :
200 LU N
O, 150 N
£ /;-‘D APstabless
=~ 100 Ho=45cm =% E e
i’ . ______
< f"D APmax45
50
AA
e
_— LA N AAAAA
- Hb =25¢cm APstable2s
0,0 0,2 0.4 0,6 0,8 1.0
U, (m/s)

Figure 4.7. Evolution of pressure drop with air inlet for adbaf silica particles (triangle: 25 cm

of initial height; square: 45 cm of initial bed gbt).

The more pronounced hysteresis behaviour is shawnhigher initial bed heights as a
consequence of the need for higher air flows talothe bed containing a higher amount of
solids.

Once the inert material was characterised, thectefiethe addition of coarse particles on the
pressure drop of the system was evaluated. TaBlard Table 4.4 show the variation of the
peak and stable pressure drop respectively wittb#aeheight (i) and the volumetric ratio of
rice straw in the system.

Table 4.3. Variation of peak pressure drop witl &d biomass volumetric ratio (in mrgH

0%v/v straw  10%v/v straw  20%vV/v straw

Hp,=25cm 68 80 92
Hp,=35cm 98 102 105
H,=45cm 104 116 122
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Table 4.4. Variation of stable pressure drop with &hd biomass volumetric ratio (in mry®)

0%v/v straw  10%v/v straw  20%V/v straw

Hp =25 cm 16 18 21
Hp = 35 cm 40 58 72
Hp, =45 cm 87 90 110

As can be seen in the table, the values of theatipgrand peak pressure drop are highly
dependent on the experimental system, i.e., onnikial load of solids and on the effective
density of the mixture. The same behaviour asdhaerved for the case of mono-sized particles
is observed with the addition of straw: an increimsthe peak pressure dros shown as the
stagnant bed height is increased in all cases.i$l@gplained by the higher amount of solids in
the bed as the height of the stagnant bed is iseteand therefore a higher pressure drop is
required to break the bed and open the spBtex is closely related to the start-up of the
system: its value defines the minimum value of telesl power required to achieve the

spouting condition from the static situation.

In contrast, thestable pressure droprovides the operational conditions for the stablgime.
As shown in Table 4.4AP, follows the same general trend&#3,,, (Table 4.3), presenting the

maximum values at the highest height.

Finally, the increase in the percentage of coaasticies 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 fountairorsned defines the area
of reaction of the system, as it is where the nigjof the mass and heat transfer reactions take
place. Its evaluation provides useful informationthe correct dimensioning of the device. The
height of the fountain (B was experimentally calculated measuring its valith a scale on
the transparent wall of the system. The obtainddegawere 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 parasdte the system sand-rice straw is

presented in Communication 4.1.
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Additional tests were carried out with a non-porduaft tube. The dimensions of the tube are

depicted in Figure 4.8.

Dimensions Value (cm)

Distance from inlet, H 6.5
- Length of draft tube, 4 38.5
Diameter of draft tube, 35

Hd

Figure 4.8. Position and dimension of the non-porous drdfetu

Table 4.5 shows a comparison of the results oldafoe the stable pressure drop with and
without the additional device for a system contagnsand and rice straw at different initial bed
heights (25 and 35 cm) and volumetric ratios (1@ @0%v/v of straw). No problems of
stability were encountered from the visual inspecttand the start-up process was easily
performed as a result of a preferential channelttierair thanks to the presence of the tube.
From the experimental results it can be affirmeat the draft tube drastically reduces the air
consumption. In addition, this decrease is morereapated for higher initial bed heights
achieving savings of up to 80% in the inflow airofdover, these considerably reduced values
eventually turn into great energy savings. Howesa#though there are proven benefits to draft
tubes for the fluid dynamic stability of the systeimeir use in high temperature applications is

still rather limited.

Table 4.5. Comparison of the stable pressure drop with aitiowt draft tube

H, =25cm APs (mmH,0) without draft tube AP (mmH,O) with draft tube
10%v/v straw 18 12
20%V/v straw 21 12
AP (mmH,0) without draft tube AP (mmH,0O) 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 neeois evaluated when fluidisation is applied
to energy conversion technologies. Due to the nréshaof the process, the reacting phase is
generally drowned in an inert phase, normally dife in shape and density. In a standard
fluidised system, the two phases tend to migratdifferent bed levels as a result of their
different properties this being the main cause exgfregation and compromising the global

behaviour of the system.

It is clear that a good mixing of particles is a/ Keature required when SBR are applied to
thermal conversion purposes where a uniform fimaldpct is needed to satisfy the energy
demand in a regular and continuous way. Even th@BR present improved characteristics
such as enhanced recirculation of solids respedraditional fluidised devices, potential

segregation phenomena need to be evaluated iraddarcange of conditions in order to ensure

the correct functioning of the system in all cases.

With this purpose, a statistical Design of Experitsg DoE) was applied and several cold flow
tests were carried out on 6 different systems lifisavith very different density, dimension and
shape. Afterwards, a full factorial design was utedtudy the main operational parameters
during the three main stages of a spouting regstat-up, stable spouting and collapse of the
fountain. A closer inspection of the statisticauits allowed the definition of the range of

operational factors for which segregation phenonagagrevented.

DoE stand as a useful and reliable procedure tairmlite best combination of variables for the
optimal running of the reactor and also permitseteluation of the influence of each variable
(individually or in combination) on the quality tfie response. DoE are based on the study of
the multiple input variables (Factors, F) that tenvaried (Levels, L) to obtain the response
variable (Effect, E). Any combination of F and Lr@sponds to a run in a practical
experimentation. F can be quantitative (categoricadiable) or qualitative (based on a

continuous variable).

The F/L (gathered in Table 4.6) under consideratiere (i) sphericity of the inert material; (ii)

volumetric ratio of coarse patrticles in the bed iidtype of material.
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Table 4.6 Summary of Factors (F), Levels (L) and generatattaristics of the DoE applied for this

study
Factor (F) Level (L) Type VEIES
Sphericity 3 Quantitative  0.82-0.87-1
Volumetric Ratio 4 Quantitative  0-5-10-20
Density (kg/rf) 2 Quantitative 56-296

The E chosen for the analysis were:

- Qonsetand 4P,nset— to study the influence of the different factors thestart-up of the
system

- Qms and 4P, — to evaluate the influence of the different fastmn the stable

operational conditionsf the system
- Q and4P - to establish the factors for which segregatibermmena are prevented
- Existence of visual instabilities and, if so, tion&il it is appreciated (t.)

The statistical software Minit§bwas used to carry out the statistical study, evalgathe
significant factors and effects. The individuallirdhce of each F through the different L was
analysed by means Main Effect PlotfMEP) whereas the general influence of all factors in
combination was studied with the aid of theeraction Plots (IP).

The device used for this experimental campaigntivasame as that used for the previous fluid
dynamic characterisation (Section 4.1). The exgsteof the flat transparent wall enabled the
visualisation of the spouting onset, the solid ulation pattern and the potential stability

problems encountered by the system. All the expartmwere registered by video-recording.

Table 4.7 gathers the physical characteristichefsplids used for the complete experimental
campaign. For the purpose of these tests, theeinflel of the dimension of the second phase

was not addressed and so, PVC and straw were dieVede similar diameters of particle.

Table 4.7 Physical properties of the solids used for theegagion studies

Material pp (kg/m®  dy (mm) ¢
Glass 1660 1.5 1.00
PET 857 25 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 itioBet.1 was applied. All the tests were

performed at an initial bed height of 17 cm whichresponds to the cone height of the reactor.

M ethodology of work

A defined quantity of solids was poured into thacter according to the required volumetric
ratio in each case and the set bed height of 17Ttm.system was initially mixed vigorously

before each run so there was no influence of annirmled initial packing state.

Visual inspections were performed in first instatezesvaluate the degree of mixing in the bed
and the potential zones where segregation couldroé®r every run, three different stages
were identified and characterised by their airanflrequirement and the obtained pressure drop
along the bed of particles. These values were dtdanio the previously described statistical
full design of experiments to evaluate their indixal and in combination influence on the main

parameters of the process.

Once the main operational parameters were obtathedsystem was left until block (when

possible) to evaluate the preferential segreggtimnomena occurring for each mixture.

All the experimental runs were video recorded witle aim to obtain more information
regarding the system, such as height of the fonnshiape of the spout, degree of mixing in the
bed, etc. These data will be used to validate éurtimodeling activities aimed to predict

segregation problems.

All the experimental parameters and discussion eglults corresponding to the explained

methodology are presented in Communication 4.1I.
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4.3. CFD modélling

Computational fluid dynamic (CFD) modelling has e a powerful tool for understanding
dense gas—solid systems thanks to the advance roEriual algorithms and the deeper
understanding of multiphase flow phenomena withia tecent years. CFD studies enable the
modelling of fluid phenomena that cannot be easilgasured experimentally or that are
economic and time costly. This way, by applying Gbdelling, the complex multiphase flow
and the fluidisation reactions that take place withe Spouted Bed Reactor can be described
by a numerical solution that can be further usedptiimise all the operational parameters in an

effective and quick way.

With this purpose, the Euler-Euler approach wadiegpo obtain the simulated fluid dynamic
solution of the device under study. The fluid amdtipulate phases are treated mathematically
as interpenetrating continua and the volume frastiof the overlapping phases are assumed to
be continuous functions of space and time, withirteem always equal to one. Equivalent
conservation equations are used for each phaseadditional closure laws are applied to
describe particle—particle and particle—fluid iations. The density of each phase is

considered constant during the tests.

All the studies were carried out with the aid ok tkommercial software ANSYS 14.5
workbench (Fluent User's Guide). This software uels a great number of advanced features

to make the study of this complex mechanism an aadyefficient task.

The methodology followed for the modelling actigdiis schematised in Figure 4.9
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GEOMETRY +> Creation of the work domain

MESH R s Discretisation of the domain
SET UP S - .
Definition of continuity, Navier-Stokes
COMERNNESY > equlaltilons and imlpglrtya’mt p\grameters.
EQUATIONS

l

SOLVER |- > Obtaining of the numerical solution

NO
Sl CONVERGENCE

| ves

POST-

> Analysis of results
TREATMENT

Figure 4.9. Scheme of the modelling methodology using FLUENT

Firstly, thegeometryof the reactor was built with the tool Design Miedeprovided within
FLUENT software. This tool also permits the expbota of the particular geometry from an
Autocad file but this feature was not used in ttise. Once the work domain is done, this
geometry is discretised into a number of computatiaells: grids omesh This way, the
complex governing equationgdescribed in Chapter 2) are approximated by desysof
algebraic equations for the variables at discretatlons in space and time. The equations of
continuity, Navier-Stokes and energy (when appli@a) solved using numerical analysis. For
the case of FLUENT software, the discretisatiofbased on the finite volume method. The
discretised algebraic equations aelved at each grid poinby iterative methods until a
convergedsolution is achieved. The values at different {soere obtained by interpolation of
the calculated numerical solution between the gadatlies. Finally, gpost-treatmentstep is

performed to analise the converged solution.

A first CFD model was developed to simulate thédfldynamic behaviour of the system sand-
rice straw within the spouted bed reactor undedystThe solution was validated with the
experimental results described in Section 4.1. désription of the material properties and the

simulated operational conditions are presentechiniél4.8.
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Table 4.8. Properties of materials and simulated operatiooatlitions

Properties of materials Value
Density of sand 2600 kg/

Density of straw 238 kg/n
Density of air 1.225 kg/m
Diameter of sand 0.141 cm
Diameter of straw 0.8cm
Operational conditions Value
Initial bed height 25-35-45 cm
Per centage of straw 0-10%v/v

Governing equations and main process parameters. The simulation was carried out in 2D in

unsteady conditions. Thgoverning equationswere defined by selecting the Eulerian
multiphase model. The dispersed turbulence wastaite account by selecting the standard k—
€ model. The gravitational acceleration was activated selected as negative in the y direction.

The pressure—velocity coupling was obtained ugieg3IMPLE algorithm.

Materials and associated interactions. Air was selected as the primary phase and two new
materials (sand and straw) were defined as thengdepbase. Their properties were specified
according to Table 4.9. Granular flow was activatedl the following interactions were
specified: the interaction between sand and airsarav and air was simulated by the Huilin
and Gidaspow drag model (2003). In addition, theraction between the two solids (sand-
straw) was simulated by the Syamlal-O’Brien-Symiwatiodel (Syamal, 1987).

Closurereations. The choice of the correct closure model and pat@rsés crucial to achieve

the most accurate simulation results. For this ktran, the following coefficients were those
offering the best fittings: coefficient of resti for sand particles=0.85; coefficient of
restitution for sand and straw=0.3; coefficientrestitution for straw particles=0.3 (See their

definitions in Chapter 2).

Computational mesh. The appliedmeshgenerated by the Meshing editor tool. The space
between nodes was 5.5 mm, increasing gradually risvéhe outlet zone. The mesh used
quadrilateral cells. Figure 4.10 shows the diagcdrthe applied mesh and Table 4.9 provides

the mesh main characteristics.
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Table 4.9. Mesh characteristics

Minimum element quality 0.25969

Maximum element quality 0.99997

Total number of elements 51606
Number of nodes 52471

Figure 4.10. Diagram of the mesh

Boundary conditions. The followingboundary conditionsvere selected. For the surfanéet,

the air velocity was specified at the minimum spayelocity at each case (0.44, 0.556, 0.625
m/s). The solids (sand and straw) were kept at9) At/theoutlet a pressure equal to 1 atm was
applied. The walls were defined as non slip fohbat and the solids. Also during this stage, a
patch was inserted in order to include the diffemeitial bed heights (Hb = 25, 35 and 45 cm).

Numerical solution. Once all the set-up is ready, the solution pararseire set by defining an

adequate time step size (0.0008 sec), number ef dteps for iteration (8000) and interactions
for step (20). An adequate setting of these parenwies crucial for achieving the correct
solution as it is closely related to the overalhweergence. Finally, the solution is initialised and

run.

Post-processing. When the convergence is achieved, fiuest-processingstage permits to

analyse the numerical solution obtained.

The calculated solution was validated with the expental results discussed in Section 4.1.
The variables fountain height and pressure dromgalthe bed of particles were used as
validating parameters. The model represents trghhef the fountain with good accuracy in all
cases with a maximum error below 5 %. This redldtva the identification of the region where
the fountain will develop and so, where the maskearergy transfer reactions between gas and
solids will take place. However, the model does prdict, with the same precision, the
pressure drop along the bed of particles. This ¢acild be attributed to inaccuracies in the
experimental measure. An upgrade of the model mbithe 3D solution will be carried out to

improve these results.

A complete discussion of results related to thecdesd simulation is presented in

Communication 4.1I1.
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4.4. Main results

An initial set of room temperature experiments vpasformed with sand and rice straw at
different operational conditions with the aimdioaracterise the fluid dynamlmehaviour of the
system. This characterisation is a key featurdhferfurther design and adequate scale-up of the
device: a correct fluidisation regime ensures alstand reliable process. As a result of these
tests, the maximum load of particles susceptibleamspouted without problems was defined
(20%v/v) as well as the optimum operational coondifor the whole system. Moreover, a new
correlation to calculate the minimum spouting vélowas obtained based on the experimental

parameters of the SBR under study.

Statistical studiewere applied to the study of mixtures of solidsagjse differing in shape,
dimension and density. These big differences stasdthe main cause degregation
phenomenan SBR. From the results it can be concluded siratlar density ratios between the
solids in the bed improve the performance of thetesy. 8gregationphenomena do not appear
at any situation with a volumetric ratio lower tha¥. However, the increase of the quantity of

coarse particles results in increasing instabdlitieall cases.

Finally, a computational fluid dynamic modelvas developed and validated with the
experimental results. The values of fountain heighie predicted with high accuracy whereas
the pressure drop was not in good agreement atitefuimprovements need to be done. The
use of a 3D model is expected to improve the acgusiithe results respect to the experimental

data.
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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
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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
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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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Figure 1: Scheme of a SBR.

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
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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

ﬁ?
" 2 =

Hy
APT
)
J
Hg

Figure 2: Scheme of the experimental apparatus.




DE GRUYTER

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 Up,;. Therefore, the results obtained with
this device were taken as valid to describe the behaviour
of the whole reactor.

Table 1: Values of the main dimensions of the experimental
apparatus.

Hg (cm) Hc (cm) a D; (cm) D, (cm) D¢ (cm)

200.0 15.5 60° 2.5 3.6 20.0

Two different measures of pressure drop (AP) were
obtained as represented in Figure 2. The values of pres-
sure drop across the bed of particles (AP,,) 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 (AP;) 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 Nm’/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

C. Moliner et al.: Experimental Tests with Rice Straw =—— 3

Figure 3: Rice straw employed for the tests.

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:

D = Wi " Psilica + W ' Pstraw
K Wy + W,

e

1
dpeff = 5 (2)

2
21: ¢; - dp;

With W; and W, the mass of silica and straw respectively, x;
the percentage of the corresponding component in the
mixture in volume basis and ¢; 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 ¢ = 1 for sphe-
rical particles (silica) and ¢ = 0.82 for the case of the
straw.

Table 2: Physical properties of the materials under study at different heights (H).

W, - Mass Silica (kg)

W, - Mass Straw (kg)

H=25(m) H=35(m) H=45(m) H=25(m) H=35(m) H=45(m) dpesr(m) pes (kg/m>)
Straw 0% v/v 5.357 7.730 10.250 0.000 0.000 0.000 1.4-1073 1485
Straw 10% v/v 5.280 7.690 9.930 0.021 0.032 0.043 2.1-1073 1479
Straw 20% v/v 5.280 7.690 9.930 0.047 0.071 0.091 2.8-107° 1470
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From previous experimental measurements, the
values of diameter and density of the initial rice straw
were dyyaw = 0.01 m and pguayw = 56 kg/m’.

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):

(peff 7pair)d;7§fi“ >0.23 (3)

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 AP, with air velocity (Ui,)
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

150 ~ APpmax
125

100 1

75 4

AP, (mmH,0)

50

25 1

—
e e ey
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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, AP}, reaches a peak value when the
fountain is formed (APymax) 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 AP, continues going down until a value that
remains constant (APs) for a wide range of velocities.

Once the stable conditions are achieved, the fluid
velocity is decreased (M), 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 APy
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 APy, at the tested heights
(25, 35 and 45 cm) with increasing Uj, are represented for
the mixture of particles with a 10% v/v of rice straw.

The values of AP, increase with increasing bed
heights as well as the required inlet flow necessary to
form the fountain (APpmax) because, as bed increases, the
resistance offered by the solids also increases and it
makes necessary higher inlet flows to start the spouting
process.

APy

APy

0,6
Ui, (m/s)

0,4

0,8

Figure 4: Pressure drop evolution across the bed with the inlet velocity (Rice straw 10% v/v).
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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).

The same trend is shown for the stable pressure drop
(APy,) for the case of the lower heights. However, H =
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 AP, 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
APy, compared to those observed respect to the bed con-
taining only silica.
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Figure 6: Pressure drop evolution along the bed with the inlet velocity for different percentages of rice straw (H = 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 = 45 cm was defined
as the maximum height of the bed of particles (correspond-
ing to a maximum ratio H,/D, = 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,
U, defined as the minimum rate of gas required to
maintain the conditions of spout in the system. For the
present work, U,s was evaluated experimentally and
compared with the existing correlations.

For the experimental evaluation of U, the inflow
was decreased from the stable condition and the value at
which the fountain collapsed was taken as U,,s. The effect
of the bed height on U, (percentage of rice straw = 10%
v/v) can be evaluated from Table 3. The resulting U,
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 U, 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 U,
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 U, is slightly affected by
the addition of straw to the system (H = 45 cm). This

Table 3: Influence of bed height on U,,s (percentage rice straw =
10%).

H (cm) 25 35 45
Ums (M/s) 0.500 0.556 0.625

Table 4: Influence of percentage of rice straw on U, (H = 45 cm).

Percentage straw (%v/v) 0 10 20
Unms (m/s) 0.625 0.625 0.667

DE GRUYTER

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
Uns. 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]

d Dot — P\ * / Di 1/3
Umsue — [ %eeff (Peff —Pair\ ™ (DUNT" oo
sMG ( DC Pair DC § (4)

Choi and Meisen [15]

d 119 f) S 0.263 Di 0.373
s 105(52) " (1) ()
o (DC Pair D¢

H —0.103
— 2gH
(Dc) g
Olazar et al. [16]

d i peff _pair 0.5 Di 0.1
Umsp = <£> (7 — 2gH 6
D¢ Pair D¢ ( )
Anabtawi [17]
0.65 0.5 , sy 0312
s 025(“r) (1~ (2
D¢ Pair Dc

0.254
(&) Ve

(5)

(7)

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 U, when eq. (4)-(7)
are applied to the experimental values and their asso-
ciated error values (Error(%) = (UmScorrelation—UMSexp)/
Umscorrelation X 100)-

As it can be concluded from the table, none of the
available correlations predicted well the U, 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.
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Table 5: Values of U,,s according to correlation methods.

C. Moliner et al.: Experimental Tests with Rice Straw = 7

Experimental conditions (dpeit/H)  Ums exp (M/S)  Ums mg (M/s)  Error (%) Ums cm (M/s)  Error (%) Ups o (M/s)  Error (%) Ums o (m/s)  Error (%)
1.4 mm/25 cm 0.444 0.366 -21% 0.382 -16% 0.594 25% 0.575 23%
1.4 mm/35 cm 0.556 0.433 -28% 0.436 -27% 0.703 21% 0.741 25%
1.4 mm/45 cm 0.625 0.491 -27% 0.482 -30% 0.797 22% 0.895 30%
2.1 mm/45 cm 0.625 0.735 15% 0.780 20% 1.194 48% 1.163 46%
2.8 mm/45 cm 0.667 0.978 32% 1.098 39% 1.589 58% 1.399 52%

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:

Ums _A(dpeff>a(£)b<peff pair)c<ﬂ)d (8)
Vv Zg DC DC Pair DC
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:

Ums —06 (dpeff> 0~524(£) 0A191<M) O.ZBZ(E) 0.158
v2ei %\ D, D¢ " D

©)

Table 6 shows the values of U, according to (9)
along with their associated error values:

Table 6: Values of U,s according to eq. (9).

Experimental conditions Upg exp (M/S) Umg eq. (9) (M/S) Error (%)

(dpeff/ H)

The proposed correlation predicts with high level of
accuracy the value of U, 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 dpesr Will be required to correctly tune the expression
for the case of bigger particles (dpeg > 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.

1.4 mm/25 cm 0.444 0.447 1% Three different initial bed heights were tested (25, 35

1.4 mm/35 cm 0.556 0.564 1% and 45 cm) and the percentage of rice straw was also

1. .62 671 % .

4 mm/45 cm 0.625 0.67 "% Varied (0, 10% and 20% v/v).

2.1 mm/45 cm 0.625 0.829 25% . .

2.8 mm/45 cm 0.667 0.963 31% The highest pressure drop values were those with the
highest initial bed heights and the increasing percentage

Table 7: Experimental data fitted to eq. (9).

Dc (m) Di (m) H (m) dpeff (m) Peff (kg/mB) Pair (kg/mB) a Ums exp (m/s) l-Ims eq. (9)(m/5) Error (%)

0.240 0.366 0.290 0.0027 1385 1.06 60 0.759 0.544 28%

0.240 0.308 0.370 0.0027 1385 1.04 60 0.808 0.646 20%

0.152 0.019 0.396 0.0011 2960 1.205 60 0.580 0.670 16%
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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 (dpes < 2.1 mm) was proved
valid for the prediction of the minimum spouting velocity
in a conical square-based spouted bed reactor.

Nomenclature

D., D;, D, column, spout inlet and bed bottom diameter (m)

dpesr 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

AP, pressure drop along the bed of particles (mm H,0)

APpmax, AP maximum and stable pressure drop along the bed
of particles (mm H,0)

APy difference between conventional fluidization and
spouting pressure drops (mm H,0)

APy total pressure drop of the system (mmHg)

A base angle

Pair air density (kg/m>)
Peft effective particle density (kg/m?)
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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
spoutled 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.

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 pp (kg/m3) d, (mm) )
Glass 1660 1.5 1.00
PET 857 2.5 0.87
Sand 1485 14 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; (i) 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 (jii) 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.

(i) ()

{ A
U ”
(ii)
—/
H,O
Dimension Value
Inlet diameter (Di, cm) 2.5
Bottom diameter (Dm, cm) 3.6
Cone angled) 60°
Height of reactor (s, cm) 200
Height of cone (id, cm) 17

Diameter of column (B, cm) 20

V,

inlet

Figure 2. Scheme of the experimental set-up
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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 (AP) 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 APonset
- stable operational conditions: Qms and APns
- conditions for the prevention of segregation: Q" and AP*

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%viv 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

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, AP’, 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 5¢)
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).

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/ APonset () Qms/APrms (D)
and Q/AP"(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.

(a) 30 - e ——— —— 4000
Sphericity | Density ;| Volumetric ratio Sphericity | Density | Volumetric ratio
IR ¥
- 2 | (kgm) o (kg/m®)
082 H : 20 0.82 -
= 5 s : . 3500
= Lo b
= W &
= 74 ] = ®
= i 56 = 56 20
s : : o & 30004
ERETR i ; i T b
3 i D : ® . T
o H o E
~F a5 : 296 O Ay L
o 037 o 5 i : 4 25004 ng7 1 296 o "
! @
24 4
23 : : 2000
(b)
il T : 3000 — _ _ _
Sphericity | Density | Volmmetric ratio Sphericity | Dengity | Volumetric ratio
274 s = 2
i e ¥ ;
- . (eg/m) | i (kg/'m’) =
i | 20
sx gl ‘ i = 0.82
= O : ; ¥
"z 1] oa P oss i o & 25004 ™ = 10
o 3 : 10 = 11 98 B
g 4 ; 2 -
= - 3 O & 296
CHE 8 296 | = ' .
5 0.87 ; | af 5
o 3l ; 5 5 == 0.87
a0 ] . 20004 ] ™
i p o
134 i ‘o
12 ‘ i

170



Communication 4ll

() 5000
Sphericity | Density | Volumetric ratio Sphericity | Density ; Volumetric ratio
y a
kg/m a za/m’
35 (eg/m’) 0 4500 ] (kg/m’) it
= A g 4
e 10 & 4000 082
2 082 56 ') = s A
= A = 10
& 304 X A
o = A
= A LT 3500 I
ke 4 36 & 296
bt A 30001 0.87
_ o ' 0 5
25 5 A
8] A A
2500

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 APonset (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 APqset (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 APqnset 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 APgnset 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 APns Figure 8 (d-f)) and the
minimum requirements to prevent segregation phenomena (by the evaluation of Qs Figure 9 (a-c) and APy
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 APns (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 APy However, when the light solid was at 20%, this trend reversed dramatically (Figure
8f). Moreover, the variability on APys 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
APy (Figure 8e) when light and coarse particles were added to the different inert solids. In this case, the
differences on APns 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 9¢c)
and only the highest ratio showed a positive effect on the AP* when coarse particles were added instead of light
solids (Figure 9f). The difference on the added solids did not show any influence on the AP® for high

sphericities.

For the case of the most irregular inert solid, the addition of coarse particles resulted in a positive effect on the
AP’ 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, AP) 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

Please cite this article as: Bove D., Moliner C., Bosio B., Arato E., Curti M., Rovero G., 2015, Cfd simulations of a square-based spouted bed
reactor and validation with experimental tests using rice straw as feedstock, Chemical Engineering Transactions, 43, 1363-1368
DOI: 10.3303/CET1543228
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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
etal., 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.
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3.1 Conservation equations of mass and momentum

The volume fraction balance equation is:

=0 (1)

1=
2

1

Q
I

where qq is the volume fraction of the phase q (g = g, s, r where g is air, s is silica and ris rice)
The mass conservation equation for phase q is:

0 5
ot (“qpq) + V(aqpqvq) @

where pq and vq are density and velocity of phase g respectively
The momentum conservation equation for phase q is:

a - > > =g = = =
P (aqpqq) + V(agpaaty) = —agVP + Vi, + Yp=1Rpq + agpq X (Fy + Fugeq + Fomg) @)

where P is the fluid pressure, 14 is the Reynolds stress tensor, Rpqis the interaction force between phases, Fq
is the external body force, Fiitqis the lift force and Fvmqis 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.

(1- “g)zl‘g (1- “g)pg S
ﬁErgun = ISOW + 1-75d—|17 —u| ay; <08 (4)
g% P
3(1—ay) esle
Buen-vu = 7= PgCotig> |ty — | g > 0.8 (5)

D

where g is the air viscosity, dp is the particle diameter, v is the particle velocity, u is the gas velocity and the
drag coefficient Cp is defined as:

24

0.687
1+ 0.15(a,R Re, <1000
CD — a’gRep[ + (ag ep) ] ep (6)
0.44 Re, = 1000
v—1ld
Re, = M 7
Hg

where agis the gas volume fraction and pg 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:

arctg [150 x 1.75 (02 = (1 - ay) )|

Vi

Pgk = +0.5 8)

Thus, the fluid-particle interaction coefficient can be expressed as:

B = (1 - (pgk)ﬁErgun + ¢gkﬁWen—Yu 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:

I T
_ 3(1+ esr) (7 + Cfr,sr g) aspsarpr(ds + dr)zgo,sr N

3 (10)
s 2m(0sd2 + pr ) v = vl

where esr is the coefficient of restitution and Crsr 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:

310 >

E a ((xkpkek) + V(a’kpkekﬁk)] = (_Pk * I + Tk): Vf}k + v(hgkvek) - yek + ¢gk (11)
where 6k is the granular temperature, (-P« | + 14):div(vk) is the generation of energy by the solid stress tensor,
hexdiv(6k) is the diffusion of energy, y6k is the collisional dissipation of energy and g« 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:

Py = aypOi[1 + 290 (1 + e (12)

where ek is the coefficient of restitution of particles and go.«« is the radial distribution function.
Lun et al. (1984) defines the solid bulk viscosity as:

4 0,
A = §“£Pkdpgo,kk(1 + exk) o (13)

and Ding and Gidaspow (1990) express the solid shear viscosity as:

3 10pyd,+/ ) 4 z
=t — [1 += 1+ 14
Hi 5k 90(1 + e ok 590,kkak( exk) (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—& 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/m?3) 2,600 2,600

Rice straw density (kg/m?3) 238 238

Gas density (kg/m?3) 1.225 1.225

Diameter of the spout gas inlet (cm) 25 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) 35cm 64.0 64.8 +1.25
Fountain height (cm) 45 cm 7.7 81.4 +4.76
Pressure drop (Pa) 25 cm 196.1 775.7 +295.77
Pressure drop (Pa) 35cm 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 uxo = 0 and uy0 = cUms where o 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 +243
Fountain height (cm) 35cm 93.0 934 +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) 35cm 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 uxo = 0 and uyo = hoUms where o 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 wds where ds is the diameter of the solid particle and w 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.

4.718e-001
4.128e-001
3.538e-001
2.949e-001
2.359e-001
1. 769¢-001
1.17%e-001
5 887e-002
0.000e+000 >
‘ |
' ‘| !

\J ‘ ‘J’

b) d)

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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Chapter 5. Gasification in SBR

“The fundamental laws of thermodynamics
will place fixed limits
on technological innovation
and human advancement”

The 2nd law: unsustainable. Muse

|. Summary

The scope of this chapter is to describe thactions of gasification occurring within a
Spouted Bed Reactor.

The chapter is devoted to a brief insight on tfeetiens of gasification and the main variables
influencing the process. After that, the descriptaf the experimental activities carried out in
Biella (Politecnico di Torino) including a descigt of the SBR pilot plant used, the procedure
carried out and relevant information about the expents performed are explained. In addition,
modeling activities at several levels of detail aomsidered, from an ideal situation to a more

realistic view of the process.

The main results obtained from this chapter aregied in the followingommunications

Communication 5IC. Moliner, D. Bove, B. Bosio, A. Ribes, E. Arateeasibility studies on the
energy valorization of agricultural residues usiAgpen PluS. Proceedings of the 23rd
European Biomass Conference and Exhibition, 803-8q%ienna) 2015. DOI:
10.5071/23rdEUBCE2015-2DV.1.24

Communication 5lIC. Moliner, D. Bove, B. Bosio, A. Ribes, E. AraBimulation activities for
the pseudo-equilibrium modeling of the gasificatafragricultural residues. Accepted abstract
at the 24th European Biomass Conference and Exinib{tAmsterdam) 2016
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Communication 51IIC. Moliner, B. Bosio, A. Ribes, E. Arato. Processulation of the
gasification of rice straw by means of a spouted tB&actor based on its fluid dynamic and

kinetic properties. Manuscript

Communication 5IV C. Moliner, B. Bosio, E. Arato. Comparison andlidation with
experimental data of different modelling approadeeshe gasification of agricultural residues.
Abstract submitted to the 19th Conference on Psot@egration, Modelling and Optimisation
for Energy Saving and Pollution Reduction (Pragi6
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5.1. Generalitieson gasification reactions

5.1.1. Reactions of gasification

The gasification of solid fuels is a complex theral@mical process comprising a sequence of
steps presented in Figure 5.1. In particular, gtet adrying process to remove the moisture,
the gasification of biomass consists of two stagfeghysical changes and chemical reactions.
The initial stage is thpyrolysisand it accounts for the thermal decompositiorhefliiomass to
produce pyrolysis gases (CO, £®l, and CH), tar, char and a minor quantity of oxygenated
compounds. The subsequent step consists of theicklem®actions among the pyrolysis gases,

the gasification agent and the remaining chagfathem at high temperatures.
Biomass

Gas: Liquids: Solid:
CO, Hz, tar, oxygenated char

CHa, compounds (phenol,

H20 acids)

CO, Hz2, CH4, H20, CO2, unconverted C

Figure5.1. Scheme of the gasification of biomass

A more detailed description of each step is deedrib the following paragraphs.

Drying. Most of the gasification systems use dry biomasth wioisture contents ranging

between 10-20%. A higher value results in a deeredighe overall efficiency of the process
due to the high amount of energy required to itgtidne gasification itself. In the drying step,
the material is heated up to evaporate the moistméained in the structure. This moisture can
exist in different manners such as a liquid watethie voids (free water), chemically bonded to

hydroxyl groups in the cell walls or vapour in va@paces. The moisture content can also vary
|
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depending on the type of biomass ranging from aipes30% in stems to up to 80% in leaves.
With increasing contents of moisture, the heat aontion for drying and heating up the

biomass to reach the temperatures of decompogittpaases considerably.

The effect of the moisture content on the proddidibution and the efficiency of the process

has been discussed in Communication 5I.

Pyrolysis or devolatilisation. After drying, and with the increase of temperasyra series of

complex physical and chemical changes occur. Tleenthlly unstable components of the
biomass are broken down and evaporate with othietiocompounds. Generally, pyrolysis
proceeds at a much quicker rate than the subsegasification 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 biomassne

of the most important parameters in the chemicattiens taking place inside a gasifier. After
the pyrolysis step, the gasifying agent (air, oxyg@e vapour of water) is introduced in sub-
stoichiometric conditions into the reactor prodgcia partial oxidation of the carbon and
hydrogen that are present in the biomass Thesdigradirstly produce CO (R5.1) and in
addition, as a consequence of its exothermic clterathe necessary heat to carry out the
further endothermic reactions. If excess oxygesuigplied to the reactor, the thermo-chemical
conversion becomes a complete combustion produciamply the undesired GOand HO
(R5.2 and 5.3).

C+050, — CO +111KJ/mol R5.1
C+0, - CO, +39377KJ/mol R5.2
2H,+0, - 2H,0+242KJ/mol R5.3

Reduction reactions. As previously stated, these reactions control gasification rate and
define the producer gas yield and composition.dneagal, their rates are an order of magnitude
longer in time than those of pyrolysis. The maiact®ns taking place inside the gasifier are

described as it follows:

- Water-Gas reaction
It is the partial oxidation of the char (unreacpedt of the carbon in the biomass) by steam. This

steam can be directly supplied as the gasifyingiiagiecan be taken from the evaporation of the
|
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moisture in the biomass, showing the importanceit®f moderate content in its initial
composition. Steam reacts with hot char accordintpeé following heterogeneous endothermic
reaction (R5.4):

C+H,0 ~ CO +H,-13833KJ/mol R5.4

- Bouduard reaction
The CQ formed in the initial stages of the biomass geation reacts with char to produce CO

according to the following heterogeneous endothersaction (R5.5):

C+CO, - 2CO -17045KJ/mol R5.5

- Water-Gas shift conversion
Given the high heating value of the, K142 MJ/kg) (Wladheim and Nilsson, 2001), its
obtaining is more desirable respect to other pésgitoducts. The exothermic reaction takes
place between the available steam with CO (R5.6) ra@sults in an increased ratig/€0,
mostly employed in the production of synthesis dgas.ording to Graboski (1981) this reaction
can be prioritised by heterogeneous catalysis erc#iitbon surface at temperatures below the

1000°C. At higher temperatures, they may occur lr@naogeneous reaction.

CO+H,0 « H,+CO, +4198KJ/mol R5.6

- Methanation reaction
Methane is formed according to the exothermic ifeaalescribed in R5.7. It also presents a
high heating value (55.5 MJ/kg) (Wladheim and Milss2001) and its formation is highly
desirable. The reaction can be enhanced by nidssd catalysts at 1100°C and high pressure
(Graboski, 1981).

C+2H, - CH, +9380KJ/mol R5.7

- Steam Methane reforming reaction
The endothermic reaction (R5.8) producesddAd CO and consumes ¢Ht is the slowest
reaction among the endothermic ones and hencaetheonsumption of water below 700°C is

very low.

CH,+H,0 ~ CO+3H, -232.78KJ/mol R5.8
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5.1.2. Important parametersin gasification reactions

Several parameters are used as control or quatligators to define, evaluate and optimise the

overall behaviour of the system during the descritbermo-chemical conversions.

The two mairninput parameters influencing the process are the Edarical Ratio (ER) and the
temperature of gasification (T). T&ER is defined as the ratio of the amount of oxyganafo
introduced in the system respect to that necegeacgirry out the complete combustion of the
biomass (Eg. 5.1).

R= ActualAirSupplied Eqg.5.1
Stoichiom tricAir

Depending on its value, the thermo-chemical conwrrsan be classified as pyrolysis (ER=0),

gasification (ER<1) or combustion (ER).

As it is indicated, the actual air supplied is oalyproportion of the required stoichiometric air
(ERswig), the latter calculated based on the ultimateysmabf the biomass (Eq. 5.2)

32 Eq. 5.2
ERstoic(kgoz /kgfuel) = EC +8H +S5-0
with C, H, S and O being the percentages (Y%ow/wtarbon, hydrogen, sulfur and oxygen

respectively in the initial biomass composition.

ER is an indicator of the performance of the gasiffhe normal range for biomass gasification
lies between 0.2-0.3 to ensure a partial combustidghe fuel rather than the complete reaction.
Its value strongly affects the products of reactiwith lower ER, char may not be converted
into gases and higher ER can result in incomplatgfigation and low heating values for the

products.

In addition, the temperature of the process will determine which reactions are
thermodynamically preferential influencing the camspion and yields of the final product. The
temperature of the bed is closely related to EResgmting an increasing trend with the
increasing amount of introduced oxygen as a resuld greater extent of the combustion

reactions.

On the other hand, several parameters servadasators of the performance of the reactor:
Carbon Boundary Layer (CBL), Carbon Conversion digficy (CCE), Cold Gas Efficiency
(CGE) or the Heating Value (HHV) of the final prad@re among them.
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The Carbon Boundary LayefCBL) is defined as the operational condition inieththe carbon

is totally gasified and the addition of more aiade to a further undesired reaction of
combustion. At that moment, a relatively strongé@ase of temperature is encountered within
the reactor as only exothermic reactions are tagiage. The overall efficiency of the process is

maximum at the CBL.

The CBL is directly related to the other parametaeasuring the efficiency of the system:
Carbon Conversion EfficiendCCE) andCold Gas EfficiencyCGE). In general terms, CGE is
defined as the ratio between the energy input &edenergy output of reaction (Eq. 5.3)

whereas CCE represents the percentage of initiaboaconverted into gas (Eq. 5.4).

. Eq. 5.3
mgas[ﬂ-l vaas

CGE%)=-
Mbiomasd H HW,iomass

100

where My, ;and M,,..s are the mass flow rates of the produced gas addbfemass

respectively and HHYsand HH\,,massare the high heating values of the produced gddexth
biomass respectively

. Eq. 5.4
n"](:,]as|]:(‘:]aS
CCE(%) = -

mbiomassm:biomass

(100

where Gasand Giomassare the percentage of carbon (%wt) in the prodgeesdand fed biomass
respectively.

Figure 5.2 presents the carbon conversion andieifiy parameters resulting from the
simulation of gasification of rice straw considegyiaquilibrium conditions (assuming time of
reaction long enough to complete the equilibiumvenssion). Figure 5.2a shows how carbon
increasingly reacts with the increasing quantityogygen (ER) until the minimum quantity of
unreacted carbon in the outlet is achieved whialhesponds to the maximum CGE and CCE
values (T=700°C). The ER in which it is found thénmum flow of carbon in the outlet
defines the CBL and provides the optimum conditiohaork and the maximum efficiencies of

process (achieving a CCE=100% in case of modeksdoas the equilibrium).

Temperature has also a great influence on the slisduparameters. Figure 5.2b shows the
evolution of unreacted C, CGE and CCE with thedasing temperature for the gasification of
rice straw (ER=0.15). In the figure it is obsenrenlv the increase in T leads to a decrease on C
due to its consumption during the chemical reasti@and consequently also CGE and CCE
present an increasing trend until a maximum pdarachieved 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=0.15d({b}he efficiency of

gasification of rice straw

The obtaining of the CBL (and in consequence th&@8d CCE) with the aid of simulated
solutions, highly depends on the level of detajpligl within the model. Figure 5.3 presents
the CGE with the varying T (Figure 5.3a) and ERg(fé 5.3b) obtained with a model
admitting that the gasification of rice straw aefie the equilibrium conditionsi)] and a model

in which the kinetics of decomposition of the riteaw are includedm). CGE increases with
the increasing temperature as seen in Figure bl@aever, different predictions are obtained
depending on the temperature range: lower valugstprovide similar results due to the fact
that the assumptions of equilibrium are far fronmbevalid at temperatures below the 850°C.
A notable increase in the CGE is observed arou®d@When kinetics are considered which is
consistent with the fact that it is the temperatargge in which the main gasification reactions
take place. At higher temperatures, the equilibriauma kinetic model provide more similar
results. On the other hand, the increase of ERltseBua general decrease of CGE (Figure
5.3b). Equilibrium conditions again lay above theekic solution with the results not differing

as much as in the previous case at low ER values.
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Figure5.3. CGE with the varying T at ER=0.15 (a) and ERGQ°LC (b) according to

equilibrium conditionsdf) and taking into account kinetic expressioms (

A more complete description of the different moda¢veloped for the study of gasification

reactions is performed in Section 5.3.
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TheHigher Heating Valu®f the produced gas (HHV) measures the qualitheffinal product
of gasification and is obtained as the total cbation of all the constituents of the produced
gas according to their corresponding volume fractid/hen air is used as gasifying agent,
nitrogen dilutes the product gas and lowers the H#% MJ/Nn) respect to those obtained
with pure oxygen (10-15MJ/Nin However, this increase of HHV is normally wottte effort
as the production of pure oxygen counterbalances tttal energy requirements. HHV
represents the quantity of energy that it is preduia the gasification process (per kg o Nih

product gas) as it follows (Eq. 5.5):

(MWth) = Q. .., (HHV Eq. 5.5

Egasificatbn product

with Quroaucithe flow of produced gas.

As it is expected from the definition of CGE, theH¥ increases with the increasing
temperature in the same way as CGE (Figure 5.3axh® contrary, a decrease of HHV with
higher ER values is observed, also presenting dngedrend as that of CGE on Figure 5.3b.
These behaviours are closely related to the digtdb of products in the obtained gas: a higher
presence of combustible gases in the mixture iseseds HHV value as it will be discussed in

detail in Section 5.3.
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5.2. Experimental studieson a SBR

5.2.1. Description of the pilot unit and experimental procedure

The experimental activity has been carried out gcomical square-based spouted bed reactor
(Figure 5.4a). Its main dimensions are: side of 200 and total high of 2 m. The base has an
inclined angle of 60° in order to enhance the pedation 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 #ing) gas (air) and the exhaust gases go
through a cyclone (Figure 5.4c) followed by a waterubber to cool them and remove fines.
The gaseous products {HCO,, CH,, CO, Q and G—-C; compounds) are analysed using a gas
chromatograph (Figure 5.4d). The remaining pergente#f carbon after the gasification of the
residues is also quantified. The temperature inetkgerimental unit is monitored by several

thermocouples connected to a data acquisition rsyste

Figure5.4. Description of the pilot SBR
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The experimental procedure is described througliallmving steps: the square-based reactor is
the core of the unit and it initially contains timert material (silica sand) that will help in the
fluidisation process. The system is preheated dinél start-up temperature is achieved. The
fluidising gas is mixed in the burner with propatgteam is also introduced in the system
performing the so called “steam-air” gasification.

The reacting biomass is sized and introduced imoréactor at the solids feeding point at the
vertical wall of the device. Experimentally, thessym does not present technical problems with
the feeding system when traditional wood pelletsewesed as feeding material. However, great
difficulties were found when the material had adils nature, as it is the case of the rice straw.
The valve easily gets blocked and the whole feediygiem collapses within few seconds of
functioning. For that reason, the initial systemswaplaced with a specially designed one
(Figure 5.5) that could fulfill the feeding requments regardless the introduced solid.

Figure5.5. Feeding system after the modification on theahiiesign

The exhausted gases are cleaned from powders yulaene followed by a water scrubber to
cool them down and remove fines before going to@& Experimentally, the obtained gas
contained a great quantity of pollutants after gdimrough the cleaning stage and an additional
filter had to be included before reaching the GC.
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5.2.2 Préiminary experimental tests.

At the moment of writing this thesis, all the enatared technical issues described in the
previous section had been solved and combustiottioea to calibrate the GC have been

performed. With this purpose, the combustion ofasid GPL has been conducted to evaluate
the final composition of the produced gas at défer GPL flows. Table 5.1 shows the

operational conditions at each time step. The teatpee of work during the test was 60°C. An

initial regime was required until the desired tenapere was achieved and the system was
stabilised (time 0:00-1:13). The theoretical petaga (in volume fraction) was calculated

according the following reaction, considering GRLaamix of propane and butane:

GPL+6Q > 3.7CQ +4.7HO Eq. 5.6

Table5.1. Operational conditions for the reaction of comirstir-GPL

Step Number  Time(h:m)  Air flow (/h)  GPL flow (I/h)  CO, (%Viv)

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 itgpadson with the theoretical calculated
values. An optimum agreement is observed betweerstihichiometric and the experimental
curves, with a quick velocity of response of theamging instrument. Finally, a maximum
difference of 1.4% is observed between all the eslkeeping that value as the experimental

error associated with the GC.
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Figure5.6. Calibration curve for the GC
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5.3. Moddling activities

Modelling activities constitute a useful tool toadwate industrial processes in a costless and non
time consuming way respect to experimental activithemselves. They can provide valuable
information regarding the feasibility of a processing new feedstock or they can help
predicting the behaviour of a system when the djperal conditions are modified. Models may
be used to evaluate potential hazardous processkes define the technological limits that a

reaction can face due to either thermo-chemictdrnical limitations.

For this reason, the importance of modeling aégisits crucial for the good development of a
technology and for its application to achieve optim results. In this framework, the

gasification of several agricultural residues hasrb addressed and modeled according to
different degrees of detail, from the ideal sitoatto a more realistic one, but each of them

providing essential information about the overatigess.

For the present thesis, the gasification of agtical residues has been performed according
three levels of detail: equilibrium models, quagisibrium models and models taking into

account the specific kinetic rates of the decontfmrsbf biomass.

5.3.1. Description of the models

Equilibrium models. Unlike combustion reactions, gasification reatsi@o not always reach
equilibrium, so only a rough estimate is possibi@tgh an equilibrium calculation. Still, this
can be a reasonable start for an initial desigit detailed kinetic modeling is carried out in the
optimisation stage. An equilibrium calculation ithg¢gredicts the product of gasification if the
reactants are allowed to react in a fully mixeddition for an infinite period of time. However,
these models have limitations as tar not beingidensd, even though its presence can be a
major problem in the gasification process and cHectplant operation. Furthermore, the
equilibrium model assumes infinite reaction timesuiting in fully completed reactions but
these assumptions are not valid for most gasifieirglly, they do not offer any information
regarding intermediate products or mechanisms afctien. Nevertheless, equilibrium
calculations provide information about the basiocpss parameters in a quick way and help
defining possible thermodynamic limits or potentrezardous situations. In any case, this

approximation needs to be upgraded and more spe@afameters (kinetic rates, conversion of
|
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carbon achieved, ...) need to be included in ordesinwlate the real process. Communication
51 presents an initial feasibility study of the uderice straw and residues from the kaki fruit

following this approach.

Quasi-equilibrium models. In order to describe more accurately the gagifinaof biomass,
several modifications can be performed in the pnevimodels. These modifications are mostly
related to empirical parameters that lead to eebetjreement between the simulated and the
real values. The definition of the actual carbonvession achieved (Li et al, 2001) or the actual
amount of methane in the product gas (Maniatid, &092) are obtained based on experimental
data and can be included as extra-inputs in aicestrequilibrium model. It is clear that these
models lose much of their predictive capabilitieg bepresent in a more accurate way the
described system. Another approach often appliedtoisuse the *“quasi-equilibrium
temperatures” where the equilibrium of the systeravaluated at a temperature which is lower
than the actual process temperature (Gumz, 195f).ekample, based on 75 experimental
results, Kersten et al (2002) showed that, for @iuey temperatures in the range a 740-910°C,
part of the reactions achieved equilibrium condisio However, the specified pseudo-

equilibrium conditions were found for the followimgactions:

C + H ZO > CO + H 2 Tpseudo_eq: 53]1'250C
C+CO, ~ 2CO Tpseudo_e=583:25°C
C + 2H 2 © CH4 Tpseudo_eq:457i29°C

An application of this approach is presented in @mnmication 5II.

Kinetic models. As widely explained, the prediction of the gasnposition by equilibrium
models can vary significantly from the experimemtaia. This inadequacy underscores the need
of kinetic models to simulate more precisely théaawour of the gasifier. The inclusion of
kinetic laws in a model gives information about gas yield and product distribution achieved
within a gasifier taking into account the reactiates and mechanisms under a kinetic point of
view. These models offer a realistic descriptiod a@rediction of the gasification process and
become a valuable tool during the design, evaloaitd improvement of gasifiers. They can be
very accurate but heavy in calculations, as welleag specific and each one valid for a certain

case of study.

For the present work, the kinetic model was intaatliaccording to the following Eq. 5.7:
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da

. Eq.5.7
Biomass — |n A 1_0, _ n I}—EaIRT
dt H blomass)

beinganiomassthe fraction of the converted biomass at each tidethe pre-exponential factor

(sh), n the order of reaction and Ea the activatiogrgy (kJ/mol).

The previous general expression was defined asintigidual sum of the main pseudo-
components of the biomass, following the methodpldgscribed in Chapter 3, and was
introduced in Aspen Plus as an external subroufihe. full description of the model and its

results are presented in Communication 5III.

All the three modelling approaches were performéit whe aid of the commercial software
Aspen PIu§ and were used to simulate the gasification of laigsraccording to the principles of
mass, energy and chemical balances. Aspen®Riostains a large property database for
conventional components and provides the posgitwhtadding built-in expressions to further
personalise the model. Tineethodologythat was carried out to obtain the models is desdr
below.

5.3.2. Description of the methodology

Setting of main properties. The property method applied for all the simulatiovas RK-

SOAVE, cubic equation of state for all thermodynanproperties recommended for gas
processing and particularly suitable for high terapge processes (Aspen Guide, 2014): All
the components participating in the simulation wieteoduced in an initial stage and were
labelled according to their properties (conventiof®, CQ, CH,, H,, H,O, O,, Ny; solids: C;

non-conventional: ash and biomass). The enthalpy density of the non-conventional
components were defined as HCOALGEN and DCOALIGSpeetively and their compositions
(in dry and ash-free basis) were described by threiximate and ultimate analysis. Their high

heating values were also specified as initial in{pigure 5.7).
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Figure5.7. Setting of main properties on Aspen Plus
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Setting of simulation properties. Once the components were introduced and the prepe
defined, the flow sheet was drawn usstgeams(material or heat) containing the involved
compounds connectinglocks representing the different elemental actions caimgp the
process. In the particular case of the model comgithe kinetic description, a block linked to
EXCEL was introduced: the input information fromp&sn was sent to EXCEL where the
specific kinetic calculations were performed by meaf a sub-routine. These outputs were sent
back to Aspen (Figure 5.8).

Main Flowsheet - RESULTAD -Input | GAS (MATERIAL) - Results — _ GIBBS (RGibbs) - Stream Results | AIRC (MATERIAL) | T (SENSITIVITY) - Results Curve - Plot | COMC (User2) -~ |+

S e
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Figure5.8. Setting of simulation properties on Aspen Plus

Setting of calculator block. All the parameters describing the performancthefreactor were
introduced in the form of a Calculator Block in #an. This way, their calculations were

performed automatically in each run (Figure 5.9).
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Figure5.9. Setting of calculator block on Aspen Plus
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Setting of sensitivity analysis. With the aim to study the influence of the maiariables
affecting the process on the performance of thetoeaseveral sensitivity analysis were
performed and discussed (Figure 5.10).
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Figure 5.10. Sensitivity analysis on Aspen Pfus

Finally, the experimental results obtained with gilet plant unit (as described in Section 5.2)
were used tovalidate the performance of the developed models. The aetlieesults and

conclusions are described in Communication 5IV.
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5.4. Mainresaults

A pilot SBR unit was conditioned to carry out theactions ofgasification of biomassin
particular, several experimental difficulties wemcountered regarding the feeding system due
to the fibrous nature of the straw. This fact ledie replacement of the original system with a
new one able to deal with biomass to prevent btagkiroblems. Moreover, an extra filter was
required before the GC to further depurate the estesl gas. Finally, the GC was calibrated

through comparison among theoretical and experiaheasults in combustion reactions.

Different modelswere applied for the study of the reactions of fiztion of biomass.

Globally, it can be concluded that the ER is onetltd most significant parameters in
gasification processes. Reduced ER result in hightihg values of the syngas but low
conversion efficiencies. Temperature also playsrgrortant role on the final gas quality as it is

the defining parameter of the thermodynamic behavid the system.

Overall, the energy that can be recovered throhghgasification of agricultural residues is
maximised when the exact quantity of oxygen to eohall the biomass is introduced in the
reactor. The overuse of oxygen results in undesiomobustion reactions that lower the heating
value of the produced gas and, consequently the, @&n though the actual increase on the
syngas flow. High temperatures help in overcomimgetic limitations. However, important
technical problems related to the maintenance efréactor are encountered at temperatures

above 1000°C and for that reason, it has beeneatkfs a limiting operational condition.
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FEASIBILITY STUDIES ON THE ENERGY VALORISATION OF AGRICULTURAL RESIDUES
USING ASPEN PLUS®
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ABSTRACT: The gasification of different agricultural residues (rice straw, leaves and stems from kaki fruit) on a
spouted bed reactor was studied with the aid of the commercial software Aspen Plus ©. A computational model was
used to study the effect of three different operational parameters (initial biomass Moisture Content — MC,
Temperature of reaction - T and Equivalence Ratio - ER) on the final gas composition and on the overall reactor
performance. The reactor was assumed to be in steady state and CO, CO,, H,, CH4 and H,O were considered in the
produced gas. The optimum operational parameters were calculated for all the studied samples. Residues from the
kaki stems were found to be those providing the highest overall efficiencies at the optimal conditions of work.
Keywords: Agricultural residues, modeling, renewable energies, syngas, thermo-chemical conversion

1 INTRODUCTION

The use of biomass as a renewable source of energy
has increased in the last decades and it stands out as a
promising alternative likely to play an important role in
the energy scenario. In particular, the use of agricultural
residues like rice straw or fruits by-products as feedstock
for energy recovery purposes is currently receiving
special attention [1,2]. These lignocellullosic materials
are initially considered as waste products with all the
negative environmental and economic associated impacts
and their correct management would provide not only
environmental benefits but also the development of new
renewable sources of energy.

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 of the biomass within a gasifier [3]. The
basis of gasification is to supply less oxidant than
required for a stoichometric combustion of the fuel. As a
result, a gas containing a mixture of carbon monoxide
(CO) and hydrogen (H,) is obtained at high temperatures.

This syngas can be further combusted for example in
a turbine to generate electricity or addressed to 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
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 [3].

- Oxidation: the solid carbonised biomass reacts with
oxygen to form CO, The hydrogen is also oxidised
producing H,O. 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 I.
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Table I: Main gasification reactions [3]

Reaction
C+0.50, - CO Partial carbon combustion R1
C+0, - CO, Carbon combustion R2
H,+0.50, - H,0 Hydrogen combustion R3
C+H,0 - H,+CO Water-gas reaction R4
C+CO0, & 2C0 Boudouard reaction RS
C+2H, & CH, Methane reaction R6
CO+H,0 & CO,+H, Shift reaction R7
H,+S & H,S H,S formation R8
0.5N, +1.5H, > NH,  NHj; formation R9

The overall efficiency will be mainly determined by
the initial composition of the biomass and also by the
technology applied to carry out the conversion process.
An initial characterisation of the fuel is necessary to
evaluate the suitability of the produced gas as energy
carrier. The diagram of Van Krevelen provides a useful
tool to assess the energy content of a fuel through the
analysis of its atomic ratios O/C and H/C [4]. The lower
the respective ratios are, the greater the energy content of
the material is.

On the other hand, the accurate selection of the
gasifier and its operational conditions are also key factors
in the thermo-chemical conversion of the biomass.
Fluidised bed reactors have been proposed as an adequate
tool due to the achieved perfect contact between gas and
solid and the high level of turbulence [5]. 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 [6].

Moreover, SBR offer the possibility of handling
bigger particles with a wide size distribution without
problems of segregation which makes this device a
flexible and versatile tool for agricultural residues. Figure
1 shows a scheme of the reactor and the definition of the
main stages of gasification within it. The high level of
mixing of particles due to the constant recirculation
inside the reactor ensures high efficiency rates and
uniform temperature profiles within the reactor.
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Figure 1: Scheme of a SBR and main reactions of
gasification within it

Modelling activities provide a useful tool for the
design and assessment of operational conditions for
industrial processes. They also help in defining the
technological limits and constraints of a certain process
and enable the obtaining of the optimum conditions of
work in a low time consuming way. The relative novelty
of the SBR technology results in a lack of studies
focusing on the modelling of these reactors.

Jarungthammachote et al (2008) [7] proposed a non-
stoichiometric equilibrium model and applied it to three
different SBR configurations: central jet, spout-fluid bed
reactor and circular SBR. The model showed significant
inaccuracies respect to experimental data, especially in
the study of CO and CO, concentrations.

It is clear than efforts need to be done for a proper
design of the SBR unit that permits the correct
development of the technology. For this reason, the aim
of this work is to provide a preliminary thermodynamic
basis for the gasification of different agricultural residues
within a SBR. Kinetic constraints have been also taken
into account in the present study. The model will be used
to study the influence of the moisture content of the
feedstock, the equivalence ratio and the temperature of
reaction on the overall gasification process. Finally, the
optimised conditions of work will be defined for each of
the residues under study and their potential energy supply
will be calculated.

2 ASPEN PLUS® SIMULATION MODELING

A computational model was applied for the study of
the gasification of agricultural residues using Aspen
Plus®. The overall process is broken down in three
different stages: pyrolysis or devolatilisation of the
biomass, main gasification reactions and separation of
gases.

2.1 Assumptions
The main assumptions considered for the modelling
are:
e  Steady state conditions
e  Pyrolysis is considered as an instantaneous
reaction
e The reactor is considered as perfectly mixed
and with uniform temperature
Char is composed by carbon and ash
e  Cyclone separation efficiency: 85%
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2.2 Physical property method

The property method RK-SOAVE has been 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 with an ash
content set to 100% [8].

2.3 Description of feedstock and properties

Rice straw (RS), and leaves (KL) and stems (KS)
from kaki fruit were used as feedstock for the present
simulation. They were specified as non-conventional
components in Aspen Plus® and defined by their
proximate and ultimate analysis. These properties had
been previously calculated according to standard
procedures as explained in a previous work [9]. The
results for each of the studied material are reported in
Table II.

Table II: Feedstock properties defined in Aspen Plus®

Proximate analysis (wt. %) RS KL KS
Moisture content (MC)* 9.1 94 9.7
Fixed Carbon (FC)" 161 1.9 23
Volatile Matter (VM)h 63.3 843 91.8
Ash® 206 138 59
Ultimate analysis (wt. %) RS KL KS
Ash® 206 138 59
c* 35.1 38.1 457
B¢ 4.5 09 09
o° 578 562 48
N¢ 2.3 4.8 5.4
s¢ 0.3 0.0 0.0
HHV piomass” (MJ/kg) 11.1 82 11.8

% wet basis, ® dry basis, ¢ ash-free basis ¢ according to [10]

It is worthwhile to highlight the high percentage of
ash present in rice straw. 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 problems
inside the reactor. To avoid these problems, temperatures
below 1000°C are recommended and for that reason, the
temperature of reaction in this study was limited to
1000°C.

The reaction mechanisms, kinetic parameters and
thermal stability of all samples were previously
calculated according to the methodology described
elsewhere [9]. The kinetic triplet that defines the main
decomposition process for each of the analysed biomass
is presented in Table III.

Table III: Kinetic parameters of the main decomposition
processes for RS, KL and KS

Parameter RS KL KS
Activation energy (kJ/mol) 167 145 152
Pre-exponential factor (sec’h 0.55 0.49 0.57
Order of reaction 2.95 1.80 1.40

The first order differential equations describing the
kinetic equations according to the apparent kinetic law
(Eq. 1) were solved for the different temperatures of
reaction in MATLAB using the ODE45 function and
were used to obtain the time of reaction required to
achieve the complete thermo-chemical conversion of the
biomass in each case.
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da,. _
l;l,nmaxs - ln A " (1 _ ab,',,,,mw )n - EalRT
t 5

Eq. 1
being Oyomass the fraction of the converted biomass at
each time t, In A the pre-exponential factor, n the order of
reaction and E, the activation energy.

2.4 Model description

A number of steps described the overall gasification
process. Figure 2 shows a scheme with the main stages
and their equivalence in Aspen Plus.

Steps in
gasification reactions

Equivalence in Aspen Plus

Biomass Yield distribution Fortran
DECOMPOSITION ZONE RYIELD ——
T A
Mainoomenﬁonall J J j J :
components g Calculator block
Y containing biomass
Air composition
REACTION ZONE REIBBS —
SYNGAS
SEPARATION ZONE SEP —

|

Ash

Figure 2: Main stages of gasification and equivalence in
Aspen Plus ©

2.4.1 Decomposition of feedstock

A RYIELD reactor was used to convert the non-
conventional feed (BIOMASS) into its main conventional
components (carbon, oxygen, nitrogen, hydrogen, sulphur
and ash) using a FORTRAN statement, where the yield
distribution is specified according to the feedstock’s
ultimate analysis in a calculator block. A heat stream (Q)
was introduced to add back the enthalpy loss resulting
from the decomposition of feedstock and it was
redirected to the following unit. The temperature of the
unit was set at 25°C.

2.4.2 Reaction zone

A RGIBBS reactor was applied to simulate the
volatile reactions occurring during gasification. The
decomposed biomass and the oxidant agent enter into the
reactor that calculates the composition of the final gas by
minimising the Gibbs free energy applying a non-
stoichiometric equilibrium method. All the sulphur and
nitrogen in the biomass are considered to react to form
H,S and NH; respectively. Due to the low content of
these compounds, the inaccuracies from this
simplification have been taken as negligible [11]. The
assumption of equilibrium was taken as valid, being the
time of reaction the time in which the thermo-chemical
conversion of the biomass achieves a value equal to 1
(Section 3.3).

2.4.3 Separation zone

The resulting stream enters into a cyclone (SEP)
which separates the final gases (SYNGAS) and the
residual ash (ASH) on a specified efficiency of 85% [12].
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2.5 Process parameters

The input data provided for the sensitivity analysis
are shown in Table IV. The flow rate of the biomass
stream was held constant for all simulations. The air flow
rate was varied to ensure ER values in the interval [0.2-
0.4], with ER defined as the amount of air added relative
to the amount of air required for stoichiometric
combustion [13].

Table IV: Process parameters provided as input for the
model

Parameter Value
Biomass feed rate (kg/h) 10
Air flow rate (m*/h) 3-15
Biomass feed temperature (°C) 25
Air temperature (°C) 25
Gasifier temperature (°C) 700-900

3 RESULTS AND DISCUSSION

The model described in Section 2 was used to
investigate the effect of the Moisture Content (MC),
Equivalence Ratio (ER) and Temperature of reaction (T)
on the molar composition of the produced gas and on the
parameters defining the overall efficiency of the process:
High Heating Value (HHV) and Cold Gas Efficiency
(CGE).

The HHV of the produced gas was calculated as:
HHV Eq. 2

gas

(MJ 1kg)=Y x,- HHY,

with X, being the molar fraction of each combustible

gas in the gas and HHYV; its corresponding high heating
value in MJ/kg [13].

The CGE was obtained as:
My HHV.,
CGE(%)=— 8% Eq.3

Mbiomass HHV),

iomass

. ‘
where g, and Mpiomass are the mass flow rates of

the produced gas and biomass respectively and HHV g5
and HHVym.s are the high heating values of the
produced gas and biomass respectively.

3.1 Effect of the Moisture Content (MC)

The effect of the initial MC of the biomass on the
overall performance of the reactor was firstly addressed.

Figure 3 shows the calculated HHV and CGE
corresponding to the variation of MC from 10% to 30%
for the different materials under study. The equivalence
ratio was fixed at ER=0.2. The same trends were shown
for all the applied conditions of work but were not
represented for lack of relevance.
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Figure 3: Effect of the Moisture Content (MC) on the
HHYV and CGE of the reactor

As shown in the figure, the initial MC of the
feedstock has a strong negative effect on the gasifier
performance for all studied fuels. Increasing values of
MC result in lower production of syngas and, as a
consequence, lower HHV and CGE. Therefore, the MC
should be as low as possible and biomass should be dried
prior its use to achieve values below the 10%.

The high dependence of the final yields of reaction
with the initial composition of the biomass can also be
seen in Figure 3. KS presents the highest HHV for all
given MC. This result is in line with the analysis of
atomic ratios described in Section 1. As a consequence of
its lower O/C and H/C ratios, the HHV results to be
higher respect to those for KL and RS in which case the
higher content of oxygen and hydrogen and lower of
carbon provide a lower HHV.

3.2 Effect of the Temperature of reaction (T)

The effect of the gasifier temperature on the mole
fraction ratio of the components present in the produced
gas is shown in Figure 4 for the three types of waste at a
fixed ER=0.2.

From a thermodynamic point of view, the rising in
the temperature of reaction favours the products of
endothermic reactions and simultaneously, the reactants
of exothermic reactions.

As shown in the figure, an increase of temperature
results in an increase of CO for RS and KL within the
whole range of study. For the case of KS, an initial
increase is observed until it remains almost constant from
T=750C. whereas the opposite trend is seen for CO,.

This fact is attributed to the partial combustion
reactions taking place in the first instance (R1).
Moreover, the predominance of the endothermic
reactions (mainly RS) due to the rising in temperature
also favours the production of CO and consumption of
CO,. However, this increasing trend varies its tendency
for the case of KS. At that point, all the carbon has been
totally oxidised and, as a consequence, combustion
reactions become predominant at high temperatures
resulting in the production of CO, and consumption of
CO.

H, decreases in the whole range of temperatures in all
cases favouring the production of H,O.

Finally, CH, decreased with temperature as a result
of the exothermic reaction R6 in which the backwards
direction is promoted at high temperatures, producing
more H,.
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Figure 4: Effect of the Temperature of reaction (T) on
the molar composition of the produced gas (ER=0.2)

The process was found to be self-sustainable for
ER=0.2 at all the studied temperatures for RS and KL.
For the case of KS, a certain amount of heat was required
to be applied to the system when the temperature T, was
surpassed (Figure 4c).

In this sense, in order to evaluate the temperatures
that make the process self-sustainable from an energy
point of view at all the studied ER, a heat stream was
added to the RGIBBS reactor and a Design specification
was applied to obtain the T, leading to Q=0 (adiabatic
conditions). The results are shown in Table V.

Table V: Variation of the self-sustainable temperature
(T,) with the ER

T,(°C)-RS T,(°C)-KL T,(°C)-KS
ER=0.2 1298 1060 715
ER=0.25 1414 1188 828
ER=0.3 1516 1302 1024
ER=0.35 1635 1403 1123
ER=0.4 1713 1493 1298
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For the case of KS and an ER=0.2, values of
temperature above 715°C require the addition of extra
heat to carry out the reactions and an increase of ER
would be necessary to ensure an energetically viable
process.

The highest content of O, in the composition of RS
and KL enhanced the oxidation reactions and, as a
consequence, higher temperatures were achieved for a
given ER.

Moreover, as stated in Section 2.3, SBR should not
work at temperatures above the 1000°C that could lead to
ash melting problems. In order to avoid these negative
effects, a decrease of the equivalence ratio would lower
the temperature of reaction, as well as a restriction on the
biomass entering into the process, limiting the quantity to
the desired temperature of work.

The variation of the HHV and CGE with the
temperature of reaction was represented in Figure 5 (a)
and (b) respectively for RS (m), KL (@), KS (A).
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Figure 5: Effect of the Temperature of reaction (T) on
the HHV and overall efficiency (CGE) of the process
(ER=0.2)

As shown in the figure, the temperature of reaction
had little effect on the HHV and CGE of the process for
KL and KS. This behaviour confirms the trend described
for the molar composition of the produced gas. The
additional heating does not provide better efficiencies due
to the total oxidation of the carbon already achieved at
low temperatures when working at ER=0.2. Only for the
case of KS, a significant increase was observed at lower
temperatures, where a CGE=84% is obtained at
T=750°C.

Finally, the temperature of reaction has a great
influence on the kinetic laws that describe the
decomposition of the biomass. MATLAB was used to
solve the first order differential equations to obtain the
conversion of biomass at each of the studied
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temperatures. The boundary condition was defined as
zero conversion when time equals to zero. Figure 6 (a)
shows the results of the differential equations against
time at each temperature of work for the case of KS.

Thermo-chemical Conversion (%)
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Figure 6: (a) Effect of the Temperature of reaction (T)
on the kinetics of reaction (KS) (b) Effect of T on the
time of reaction for all types of biomass

It is clear that the temperature has a great effect on
the kinetics of reaction, that is, on the times of reaction.

Figure 6 (b) represents the calculated time of reaction
to achieve the complete conversion of the biomass at
each temperature of work for all the types of biomass.
From these results it can be stated that the equilibrium
state as considered in the present work is achieved at
extremely high times of reaction. However, this option
would not be energetically viable and the need of a more
detailed model arises in order to take into account these
kinetic constraints. These kinetic laws, together with the
specific fluid dynamic of the system will be applied to
obtain a more accurate and specific model of the process.

As an initial study of the design parameters, the
results taken from the equilibrium state assumption
provide the thermodynamic limits defining the
gasification of the studied types of biomass.

3.3 Effect of the equivalence ratio (ER)

The ER is defined as the ratio of the actual amount of
oxygen supplied to the reactor and its stoichiometric
value. It is clear that, as ER increases, the amount of
oxygen supplied to the process also increases and that
results in rising conversions of carbon in the fuel.

However, an excess of the oxidant agent produces a
complete oxidation of the biomass and, as carbon is no
longer available, the formation of CO declines in contrast
with the increase in the production of CO,.

The effect of the ER on the molar fraction of the
major components of the produced gas (CO, CO,, CHy
H, and H,0) was studied for each type of biomass. The
ER was varied in the range of 0.2-0.4 by varying the air
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flow entering into the reactor. Figure 7 shows the
composition of the produced gas for the case of RS (a),
KL (b) and KS (c). The reactor worked at a fixed
temperature of reaction T=800°C.

As shown in the figures, the increase in the
conversion of the biomass results in a decreasing
production of CO and H, This behaviour could be
explained by the predominance of the combustion
reactions (R2 and R3) as a consequence of the total
conversion of carbon already achieved by T=800°C that
yield higher amounts of CO, and H,O through the
consumption of CO and H,.

Finally, the molar fraction of CH, decreases with
increasing ER due to the methane reforming reaction
(R6) that, as stated before, is promoted by high
temperatures (equivalent to high ER) in the backwards
direction.
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Figure 7: Effect of the Equivalence Ratio (ER) on the
molar composition of the produced gas (T=800°C)

In comparative terms, KS has the highest molar
fraction of CO and H; in the produced gas (0.44 and 0.12
respectively) for an ER=0.2 whereas RS results in the
lowest values. ER at maximum production of syngas was
always in correspondence with the lowest ER.

The variation of the HHV and CGE with the ER is
represented in Figure 8 (a) and (b) respectively for RS

(m), KL (o), KS (A).

Higher values of HHV were found at low ER due to
the higher content of CH, in the produced gas. The CGE
decreases with the ER even though the flow of produced
gas increases. However, this rise is not enough to balance
the decreasing behaviour of HHV. It is also worth noting
that the maximum CGE corresponds to the point of
maximum CO+H, content (Figure 7) showing the high
dependence of the molar composition of the feedstock on
the overall performance of the reactor. The same
procedure was applied for all the range of temperatures
and the resulting optimal conditions will be further
discussed in Section 3.4.

70

@RS

654 A @ KL
sol A A KS
55+ 9

- A

g’ 5.0 l

3

= 454 o

T 404

02 03 04
ER
95
--&@-- RS
{1 b A @ KL
sl Sogy A KS
80| T
-a.
754 ° 5
2 70 ° A
o B
g s e A
60 3
. ‘e...
55 .
)
504 u.
45 a
40 ; : r
02 03 04

FR

Figure 8: Effect of the Equivalence Ratio (ER) on the
HHV and the overall efficiency (CGE) of the process
(T=800°C)

3.4 Obtaining of the optimum operational conditions

Tables VI, VII and VIII gather the values of CGE at
each ER and temperature of reaction for each of the fuels
under study.

Table VI: CGE at all tested conditions for Rice Straw
(RS)

RS 700°C _ 750°C _ 800°C _ 850°C  900°C

ER=0.2 64,17 64,27 6428 6427 64,27
ER=0.25 62,11 62,18 62,19 62,18 62,17
ER=0.3 56,58 56,62 56,62 56,61 56,60
ER=0.35 49,19 49,20 49,19 49,18 49,17
ER=0.4 43,63 43,63 43,62 43,60 43,60
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Table VII: CGE at all tested conditions for Kaki Leaves
(KL)

KL 700°C  750°C  800°C 850°C 900°C
ER=0.2 7522 7530 7531 7530 75,30
ER=0.25 70,21 7026 70,26 70,26 70,25
ER=0.3 65,19 6522 6521 6521 6520
ER=0.35 58,64 58,65 58,65 58,64 58,63
ER=04 52,60 52,60 52,59 52,58 52,57

Table VIII: CGE at all tested conditions for Kaki Stems
(KS)

KS 700°C  750°C__ 800°C 850°C 900°C
ER=0.2 7597 89.41 89.50 89.51 89.51
ER=0.25 80.20 83.61 83.65 §83.66 83.66
ER=0.3 7753 7765 7767 77.67 77.67
ER=0.35 7147 7153 7154 7153 7153
ER=0.4 6544 6547 6547 6457 6446

As shown in the tables, KS provides the highest CGE
at all tested conditions respect to those from RS and KL.
This fact can be attributed to the most adequate
composition of the initial feedstock (higher volatile
matter, lower ash content) together with its highest HHV.

The optimum conditions of work for KS providing
the highest efficiency (highlighted in bold) were found to
be T=800°C and ER=0.25. Values above the selected
temperature (represented in cursive) were demonstrated
not energetically self-sustainable for the corresponding
ER. For the case of RS and KL, the highest efficiencies
were found at higher temperatures of work and lower ER.

However, the ER should be re-adjusted in order to
control the enhanced reactions of oxidation as a
consequence of the excess of oxidant agent. To do so, the
temperature of the reactor was fixed at 900°C and a
Design Specification was applied to obtain the ER that
made Q=0 (adiabatic condition). As a result, RS required
an ER=0.07 that led to a CGE=80.7 % while ER=0.14
and a CGE= 81.3% were obtained for KL, lower than KS
efficiencies in all cases. These values are in accordance
with experimental results obtained from other authors
[15].

4 CONCLUSIONS

Feasibility studies on the energy valorisation of rice
straw and leaves and stems of the kaki fruit were
performed with the aid of the commercial software Aspen
Plus®. The chemical and thermal characterisation of the
biomass was defined as input in the model. The increase
on the moisture content decreased the overall efficiency
in all cases. Lower equivalence ratios and temperatures of
reaction led to higher HHV of the produced gas and,
consequently, higher CGE. Kaki stem was found to be
the residue with the highest yields of produced gas and
efficiency with the optimal conditions set at T=800°C and
ER=0.25.

5 REFERENCES

[11 A. Kumar, D.D. Jones, M.A. Hanna.
Thermochemical biomass gasification: A review of

809

[2]

(3]

[4]

(5]

(6]
(7]

(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]

the current status of the technology. Energies 2,
2009, 556-581.

C. Briens, J. Piskorz, F. Berruti. Biomass
valorization for fuel and chemical production — a
review. International Journal of Chemical Reactor
Engineering, 6, 2008, 1-49.

P. McKendry. Energy production from biomass
(part 3): gasification technologies. Bioresource
Technology 83, 2002, 55-63.

D.W. van Krevelen. Graphical-statistical method
for the study of structure and reaction processes of
coal. Fuel, 29, 1950, 269-284.

A. Gomez-Barea, B. Leckner. Modelling of
biomass gasification in fluidised bed. Progress in
Energy and Combustion Science 36, 2010, 444-
509.

KB Mathur, N. Epstein. Spouted beds. New York:
Academic Press, 1974.

S. Jarungthammachote, A. Dutta. Equilibrium
modelling of gasification: Gibbs free energy
minimization approach and its application to
spouted bed and spout-fluid bed gasifiers. Energy
Conversion and Management 49, 2008, 1345-1356.
Aspen Plus 8.4. User Manual guide, Aspen
Technology (2014).

C. Moliner, B. Bosio, E. Arato, A. Ribes.
Comparative study for the energy valorisation of
rice straw, Chemical Engineering Transactions 37,
2014, 241-246.

J. Parikh, S.A. Channiwala, G.K.Ghosal. A
correlation for calculating HHV from proximate
analysis of solid fuels. Fuel 84, 2005, 487-494.

G. Schuster, G. Loffler, K. Weigl, H. Hofbauer.
Biomass steam gasification — an extensive
parametric modeling study. Bioresource
Technology 77, 2001, 71-79.

R. Zhang, P. Basu. A simple model for prediction
of solid collection efficiency of a gas—solid
separator. Powder Technology 147, 2004, 86-93.
X.T. Li, J.R. Grace, C.J. Lim, A.P. Watkinson, H.P.
Chen, JR. Kim. Biomass gasification in a
circulating fluidized bed. Biomass and Bioenergy
26,2004, 171-193.

L. Waldheim, T. Nilsson, Heating values of gases
from biomass gasification. Report for IEA
Bioenergy agreement subcommittee on Therml
gasification of biomasss, Task 20, 2001.

W. Doherty, A. Reynolds, D. Kennedy. The effect
of air preheating in a biomass CFB gasifier using
Aspen Plus simulation. Biomass and Bioenergy
2009, 33, 1158-1167.






Communication 5.11

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 European Biomass Conference and Exhibition. 2016. Amsterdam

Submitted Abstract






Communication 5lI

Simulation activitiesfor the pseudo-equilibrium modelling of the
gasification of agricultural residues

C.Moliner*, D.Bove’, B.Bosid, A.Ribes, E.Aratd

1. Dipartimento di Ingegneria Civile, Chimica e AmbidetéDICCA),
Universita degli Studi di Genova, Via Opera Pia 16145 Genova (Italy)
2. Faculty of Sciences and Technology. Free Univerdi§ozen, Piazza Universita 5, 39100 Bolzanoytal
3. Instituto Tecnoldgico de Materiales (ITM,)
Universidad Politécnica de Valencia, Camino de V&g 46022. Valencia (Spain)
*corresponding author: cristina.moliner@edu.unige.i

The search of new materials acting as sustainaidegg vectors to substitute traditional fossil fued
object of intensive research nowadays. Agricultuealdues offer a widespread availability and tasle
potential energy content. The use of these masesslfeedstock for thermo-chemical conversions has
been proven to be an adequate technique yieldigly @hergy production rates with fewer associated
environmental impacts. Gasification is one of thestrtommon technologies applied to convert biomass
into valuable products. It normally operates inemperature range of 600-1400°C with a controlled
supply of oxygen or steam to convert biomass ijasamixture (syngas).

Feasibility studies on the performance of altemmatiuels and the evaluation of their suitability fo
gasification purposes become necessary to bettieledbe most adequate operating conditions toinbta
the improved results. In general, two different rmgghes can be followed to address this objective:
kinetic and equilibrium modelling, the latter fuethdivided into stoichiometric (based on stoichitnice
reactions) and non-stoichiometric (based on theimigation of the Gibbs free energy) equilibrium.
Equilibrium models are widely used to predict theemll performance of a gasifier defining the
thermodynamic limits and operational constrainta afpecific process. However, they do not represent
accurately the real behaviour of the system a®thalibrium situation is hardly achieved due toekin
limitations. In this sense, pseudo-equilibrium medean be used as an intermediate solution as they
profit from the advantages and simplicity of edarilim modelling while the necessary modificatioas ¢

be performed to account for the factors movingsygtem from the ideal situation.

In this framework, the gasification of differentregltural residues (rice straw, residues from kiakit)

is simulated following the pseudo-equilibrium apgeb with the aid of a simulation software. The msde
take into account the main experimental parameadefiing the deviation from the thermodynamic
equilibrium condition: carbon conversion and infige of the temperature on the equilibrium constahts

the reactions.

The effect of the Temperature of reaction (T) angdifzalence Ratio (ER) on the distribution of prouc

in the producer gas and on the performance of tbeegs by the assessment of the High Heating Value
(HHV) and the Cold Gas Efficiency (CGE) is evaluhté&inally, 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 H,. 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
*  Anoptimum 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.

Experimental

Conditions
of stability
| Experimental
Minimum Kinetic rates of pseudo-
spouting components
velocity l
!

FLUID DYNAMIC : = . KINETIC RATES OF
PROPERTIES || Simulation TOOL <—| rye reepsToCcK

I T

Reactor  Particle
geometry properties

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) 2.8-103
Column diameter (m) 0.2 Effective density of particles (kg/m3) 1470
Height of static bed (m) 0.45 Density of air (kg/m?3) 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 Ultimate analysis

RS Hem Cel Lig Hem Cel Lig
(wt. %) (wt. %)

Moisture content (MC)2 9.1 - - - Ash® 3.9 0 1.9
Fixed Carbon (FC)r 161 219 85 399 Ce 434 436 644
Volatile Matter (VM) 63.3 742 915 582 He 5.9 61 59
Ashb 206 3.9 0 19 Oe 50.63 50.24 27.6
Ne 005 0.05 0.64
HHVpiomass® (MJ/kg) 111 169 17.2 266 Se 0.02 001 146

awet basis, b dry basis, ¢ ash-free basis ¢ 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 O, 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’)  6.4-102 2.5-10+ 1.1-108 | 1.1.10" 1.5-10" 8.1-108
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 CsHgOs4
(hemicellulose), CeH10Os (cellulose) and CgH100s (lignin).

The combustion reactions considered for hemicellulose, cellulose and lignin were:

C.H,0, +50, M - 4H,0 +5CO, (1)
C,H,,0. +60, M - 5H,0 +6CO, 2)
C,,H,,0, +11.50, (I — 6H,0 +10CO, (3)

Similarly, the reactions of pyrolysis were represented as:

C,H,0, M - 2H, +4CO+CH, 4
C,H,,0, M - 3H, +5CO +CH, (5)
C,H,O0, — 2H, +3CO +2CH , +5C (6)

Finally, the reactions considered in the equilibrium, were:

—_
-~
~

C+CO, - 2CO
C+2H, ~ CH,
CO+H,0 « CO, +H,

—_
© oo
— =

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]:

m..
R:+ 10
ERS Ijm‘oiomass ( )

With 1, and M, the mass flow rate of air and biomass respectively and ERg the ratio between

the stoichiometric quantity of air required for the complete oxidation of biomass respect to the introduced
biomass flow. ERs 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

R M) | R Mair (i)

0.15 79 0.3 158
0.2 106 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
- Ashis 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

Break down of the fuel into its main constituents (carbon,

DECOMHEMICELILIG RYIELD hydrogen, oxygen, nitrogen, sulphur, carbon and ash)

COMHEMI/CEL/LIG Combustion and Pyrolysis reactions. Sub-routine
RCSTR implemented with user-specified kinetics
PYRHEM/CEL/LIG
RECONHEM/CEL/LIG SEP Separation of streams containing products and still not
reacted fuel
MIXPROD MIXER Mix of the three sub-streams
Restricted Equilibrium. Specification of the percentage of
GIBBS RGIBBS conversion of CHy 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/CELI/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 CO, and H0.
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/CELILIG, 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/CELI/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.
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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:

HHV . (MJ /kg) = > x, THHV, (11)

with X; being the molar fraction of each combustible gas in the produced gas and HHV; its corresponding
higher heating value in MJ/kg [18]. The CGE was obtained as:

Mgas[HHV,

CGE(%) =
Mbiomass [H HV,iomass

[100 (12)

where My,sand My are the mass flow rates of the produced gas and fed biomass respectively and

HHVgas and HHVyiomass are the higher heating values of the produced gas and fed biomass respectively.

Finally, the CCE:

CCE(%) = Moo 105 (13)

Mbiomass |][:biomass

where Cgss and Criomass 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.
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Figure 4. Variation of the molar fraction of the products distribution with the increasing temperature at a fixed ER=0.3

The concentration of Hy increases sharply with the increasing temperature as well as that of CO whereas
CO; revealed an opposite trend. CHs 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 CH, 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 H,. Moreover, due to the water gas shift reaction
(CO+H,0 - CO, +H,) and its tendency to shift towards reactants as temperature increases, H: 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 (mER=0.25,
oER=0.3, A 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 H, concentrations in the produced gas. Figure 6 shows the variation on the CCE
with the temperature at two different ER (wER=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.
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Figure 5. Effect of the gasification temperature on the performance of the reactor at different ER (mER=0.25,
oER=0.3, A ER=0.35)
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Figure 6. Effect of the temperature on CCE (mER=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 0.15to 0.4 ata
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 CO, For the entire range of ER,
the concentrations of H,O and H decrease and CH, remains almost negligible.
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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 (mT=800°C, eT=850°C,
A T=900°C) is represented in Figure 8. Higher values of HHV were found at low ER due to the higher
content of H, 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
(mT=800°C, @T=850°C, A 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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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, 900°C 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 H,. 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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The obtaining of the optimum operational conditidos a given process is the major
goal of pilot and, once scaled, industrial uniter Ehe case of reactions of gasification, the
optimal conversion of chemical energy from bioma@sgends on many factors like the choice
of the gasifier, its sizing or the temperature asifying medium applied, among others.
Experimental trial and error tests provide the nreible data to evaluate these units even
though they are expensive both in time and econderims. There is, however, a major
drawback: the change of one of the parameterseoptbcess may lead to different optimum
conditions. It is then when simulation activitidaypan important role for a reliable design of
the gasifier. Achieving the right balance betwegpegimental and modeled results will be
the key for a good development of a technology.

Within this framework, the gasification of diffeteagricultural residues by means of a
spouted bed reactor pilot unit has been studiedifiGation has been proven a convenient
technique for thermo-chemical conversions of bisndlsrough fluidisation processes.
Different devices have been developed to carntloege reactions. Among them, spouted bed
reactors have been proposed as a solution to awerdbe difficulties that conventional
reactors face when treating big and heterogeneatislps.

The experimental activity has been carried out iconical square-based spouted bed
reactor. Its main dimensions are: side of 200 muh t@tal high of 2 m. The base has an
inclined angle of 60° in order to enhance the pedation of solids. The air inlet orifice is
situated at the center with a diameter of 21 mrbufner is used to preheat the fluidising gas
(air) and the exhaust gases go through a cycloimved by a water scrubber to cool them
and remove fines. The gaseous products G0, CH;, CO, Q and C2-C5 compounds) are
analysed using gas chromatograph. The remainingeptrge of carbon after the gasification
of the residues is also quantified. The temperaiturthe experimental unit is monitored by
several thermocouples connected to a data acquisyistem.

The obtained experimental data have been used lidatea three different models
developed according to different degrees of defadin the ideal situation (equilibrium
models) to a more realistic one in which the spe&ihetics and fluid dynamics affecting the
process have been specified. A comparison betweemain information provided by each of
them has been performed and the results have hmapated with the experimental data
obtained with the pilot unit. The technical opesatl limits of the reactor and main
constraints due to thermodynamic consideration®wweovided by the solution based on the
equilibrium. This model was modified by the additiof empirical parameters based on the
quantification of the experimental carbon conversachieved by the system. Finally, a model
including the kinetic law describing the decompositof the feedstock is developed.

The model presenting the highest accuracy has heed to study the effect of the
Temperature of reaction (T) and Equivalence R&R)(on the distribution of products in the
producer gas and on the performance of the prdnefise assessment of the Higher Heating
Value (HHV) and the Cold Gas Efficiency (CGE) fobmad range of operational conditions.
Finally, the optimum operating conditions of thesged bed reactor have been provided.

|
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Chapter 6. Extraction of silica

“Questions of science, science and progress
do not speak as loud as my heart”

The scientist. Coldplay

. 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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Chapter 6. Extraction of silica

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 (H;SiOy)
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 (SiO,) 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 1000°C. 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 (203 g) were burned to ash in a programmable muffle furnace. The

reagents used for the chemical reactions were 0.5M H,SO,, 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 3 = 5°C/min.

100
B =5°C/min
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0 100 200 300 400 500 600 700 800
T (°C)

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 T,), (ii) removal of volatile matter (in two sub-
stages, up to T, and Ts respectively) and (iii) oxidation of fixed carbon (above Tys). 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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A T3 =450°C
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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.

(@) (b)

Figure 6.3. Rice straw before (a) and after (b) the heating process

252



Chapter 6. Extraction of silica

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.

1. Alkali dissolution w

500 ml 0.5M NaOH
oS Carbon

59 Solubilisation I Resid
Filtration esidue
@ + with strong base & &

RSA + NaOH Stirring

. Sodium silicate . . -
Fommmmoms-—--—- - oo 100°C 4h Filtered sodium silicate

Il. Neutralisation with acid w
? ? Until pH 7 ! ! PreC|p|tat|on
Vlgorous stirring Silica gel

pH = 7 solution
NazSiOs + H2S0a

Ill. Washing
Wash with water and
Age 48 h filter

= = - A

Breaking of the Until conductivity<200S/m

Silica gel
structure .
Amorphous Silica

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.

Table 6.1. Factors and levels tested for the extraction of silica

Factors (IAVES

Molar ratio ash-NaOH 1:2 1:3 1:4 1:5

Presence of SDS Oppm 200 ppm 400 ppm

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.
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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)

SiO, + 2NaOH — Na,SiO; + H,0 R6.1

Rice straw ash (3 g.) was dispersed in a 1IN NaOH aqueous solution and heated at 90°C 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 strawash 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 6.5¢c) 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 400-900°C (Lu et al. 2012), being these values higher than the

applied maximum temperature (T = 450°C)

(@) (b) (©)

Figure 6.5. Alkali dissolution of rice straw: dissolution (a), sodium silicate solution (b) and residue (c)
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Il 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.

Na,SiO, + H,S0, — SiO, - H,0 + Na,SO, 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)

111 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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(@) (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.

(a) (b | (©
+ NaOH Filtration Riffa3s v Precipitation
5 Stirring 4
Residue i Silica
Water Sol Filtered pH7
Na,SiO, Na,SiO, solution

Figure 6.8. Scheme of the products obtained throughout the chemical extraction of silica
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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 Valéncia,

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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Electron Beam
Detector

Computer

e

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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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
CK 11,05 16,72 0,017 1,034 0,1491 1,0006 6,23 0,73 8,13
OK 51,1 58,06 0,167 1,0167 0,3214 1,0004 1894 1,33 1,34
Na K 9,68 7,65 0,0375 0,9517 0,406 1,0025 87,47 33 2,02
Si K 20,86 13,49 0,1537 0,9747 10,7543 1,0025 376,13 4,8 0,95
SK 6,76 3,83 10,0494 10,9572 0,763 11,0002 94,7 5 1,97
KK 0,54 025 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
CK 1537 22,31 10,0261 11,0291 10,1647 1,0006 10,97 0,77 5,89
OK 52,61 57,32 10,1701 11,0119 0,3195 1,0003 221,97 1,53 1,23
Na K 521 395 0,0197 10,9472 0,3994 1,0028 53 3,97 2,69
Si K 2401 149 0,188 09701 0,7843 1,001 514,77 4,5 0,81
SK 281 153 0,0203 10,9521 0,7572 1 447 4,33 2,98
KK 15,37 22,31 0,0261 11,0291 10,1647 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
CK 16,04 234 0,0269 11,0308 0,1626 1,0005 11,7 0,9 5,73
OK 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
SiK 20,41 12,73 0,1526 0,9717 0,7679 1,0019 4438 5,6 0,88
SK 4,94 2,7 0,0364 0,9538 0,7727 11,0002 82,97 5 2,12
KK 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
Valencia, 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 NOjs'solution was passed through the cartridge containing the silica. (Figure 6.11b).

(@) (b)

Figure 6.11. Cartridge containing silica samples (a) and initial nitrate solution (b)
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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 NOs'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 NO;™ 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-H,SO, (Figure 6.14c), 1:5
NaOH-H,S04/200 ppm SDS (Figure 6.15d) and 1:5 NaOH-H,S0,/400 ppm SDS (Figure 6.16€)

once the Griess reaction has been carried out.
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(a) (b) (© (d) ©

Figure 6.12. Blank of water (a), initial 25 ppm nitrate solution (b), initial solution after passing
through 1:5 NaOH-H,S0O;, (¢), initial solution after passing through 1:5 NaOH- H,SO,/200 ppm
SDS (d), initial solution after passing through 1:5 NaOH- H,SO,/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.
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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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Chapter 7. Conclusions

“You've got to find what you love. And that is agetfor your work as it is for your lovers.

As with all matters of the heart, you'll know whyen find it. And, like any great relationship, ussf 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 multidis@plinassessment of all the involved

processes. This thesis presented a methodology dorrect and sustainable use of agricultural
residues, with particular attention paid to riceawst Initially, an energy recovering process

based on the gasification of residues in a spobgéedreactor was studied. After that, the ashes
obtained after the thermal treatment were furtleeduo produce silica. Specific parameters and
indicators were found to ensure the reliabilitytted proposed conversion technologies. Overall,
an enhancement of knowledge regarding the usermiudtgral residues in the energy sector has

been achieved thanks to this research

In particular, the conclusions of the present thegere classified according to the following

topics:

Biomass and its char acterisation

The importance of an accurate definition of the mmairoperties of the biomass was

demonstrated crucial for the application of theqaddée conversion technology.
The mainphysical propertie®f biomass were obtained and discussed.

Thedimension and shapef solids had a great influence on the fluid dyir@behaviour of

the system. These characteristics also repres#meauain experimental difficulties for the
correct performance of the feeding system in ttadesieup unit. In the case of rice straw,
the samples were chopped and considered as a eylimth constant diameter. Two

|
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averaged length of 1 and 3.7 cm were obtained fitomsize distribution performed on a
representative sample. Due to the nature of tlavstength was taken as its characteristic

dimension.

The density of solids directly influences the volume requirense of the storage and
operational units. The density of rice straw wdsudated according to standard procedures
and was found to be 56 kginThe difference of density between solid phases thva main

cause of instabilities in the spouting process.

The mainchemical propertiesf biomass were also obtained and discussed.

The ultimate analysigrovided the main constituting elements of thent@es. The high

relative amounts of oxygen (57.8%w/w) made the mteaws a more reactive feed
compared to coal but also resulted in relatively leating values. The remarkably low
sulphur content (0.2%w/w) provided a major enviremtal advantage for the use of

biomass as energy vector instead of coal.

The proximate analysisndicated the content of water, fixed carbon, titda and ash in
the sample. High percentages of ash (20.6%w/w) veuad in rice straw and the

operational temperature was limited to 1000°C &v@nt their melting.

The energy content of biomass in terms of Higheatiig Value (and Lower Heating
Value) was calculated with the aid of existing etations and were found to be
HHV=11.6 MJ/kg and LHV=10 MJ/kg respectively.

The mainthermal propertie®f biomass were calculated.

The characterisation of the thermal and thermoaixid behaviour of the feedstock and

the further study of their kinetics was carried byfThermogravimetric Analysis (TGA).

The profiles of decompositiowere obtained using Argon and Oxygen as carrieeg#o
simulate the thermal and thermo-oxidative decontjpos respectively. All the tested
biomass samples presented several degradatiors stagesponding to the main pseudo-
components (hemicellulose, cellulose and ligningd auccessive combustion of the
remaining char. The residual values were highereuridert conditions (20%) than

oxidative ambients (5%) as a result of a less neaembient.
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Thethermal performancef all samples was predicted under any linearihgate by the
function Thermal Decomposition Behaviour (TDB). Thalues of ZDF provided the
thermal stability of the samples, closely relatedtiie temperature of start-up for the
thermal process. A minimum of T=273°C (inert comuais) and T=264°C (oxidative
conditions) will be necessary to start yieldingatdé compounds. The use of ZRIwas

useful to monitor the decomposition of each psetmoponent.

The application of isoconversional methods (Friedm@lynn-Wall-Ozawa, Kissinger-
Akashira-Sunose, Vyazovkin, Master Curves and Pel@queda criterion along with
Coats-Redfern equation) permitted the obtainmeh@kinetic parametergEa, In A and
n) of the biomass for both inert and oxidative dbads. The simplified kinetic triplet
defined the thermal decomposition of the testedpsasnand the kinetic law was further

applied in the design of the reactor.

Particularly, the model that kinetically descriktbe@ decomposition of rice straw was the
type of K: order of reaction. Lower activation energies, esraf reaction and pre-
exponential factor values were required to carry mactions of pyrolysis due to the

absence of complex oxidant reactions.

Characterisation of the Spouted Bed Reactor

The fluid dynamic study of systems with differeotid characteristics (density, size of particle,
irregular shapes ....) was performed. The main depigperties are evaluated in order to

guarantee the stability and correct performandéepilot reactor.

An initial set of room temperature experiments gsand and rice straw at different operational

conditions was performed.

A maximum load of rice straw of 20% v/v was defintedguarantee a stable process of
spouting. Higher initial bed of particles led taghér air flow requirements and higher
pressure drop values. The presence of coarselpardilso increased the minimum spouting

requirements.

Existing correlations to calculate the minimum gy velocity were applied but did not
show a fair agreement with the experimental resAltsew correlation was proved valid for

its prediction in the conical square-based spoh&stireactor under study.
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A statistical Design of Experiments (DoE) was aggland several cold flow tests were carried

out on six different systems varying in densitynension and shape.

Similar density ratios between the particles of el improved the performance of the

system in all cases.

Segregation phenomena were not observed in argy wagt volumetric ratios lower than
5%v/v of biomass. The increase of coarse partidealted in increasing instabilities in all

cases.

A new variable, Q*, was defined as the minimumanflrequired to prevent segregation

phenomena.

A CFD model was developed to simulate and pretietiiehaviour of the studied systems and

was validated with experimental data.

The Euler-Euler approach was applied with the dithe commercial software ANSYS 14.5
workbench. The variables fountain height and presduop along the bed of particles were

used as validating parameters.

The model represented the height of the fountaith \ypod accuracy in all cases with
maximum error below 5 %. This result allowed thernitfication of the region where the
fountain will develop and so, where the mass aratgntransfer reactions between gas and

solids will take place.

The model developed by the group did not predidth the same precision, the pressure
drop along the bed of particles. An upgrade ofrtiaglel 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 thactions of gasification of biomass.

The energy that can be recovered through the gasdn of agricultural residues was
maximised at the Carbon Boundary Layer. The ovenisexygen resulted in undesired
combustion reactions that lowered the heating vafute produced gas and, consequently

the efficiencies of the process.
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In the case of the rice straw, the optimum openaticonditions that maximised the process
of gasification in the studied spouted bed reastrne found to be: ER = 0.4; T = 900°C.

Extraction of silicafrom rice straw ash

Silica was chemically extracted from rice straw gsbduced as the final residue of the

gasification reactions.

Ashes were obtained in a muffle furnace witkield of ashproduction of 15.5+0.3%

(Yow/w).

Different silica powderswere obtained by varying the parameters: ash-Naitar
ratio (1:1; 1:2; 1:3; 1:4; 1:5) and addition ofuafactant agent (No SDS, 200 ppm SDS,
400 ppm SDS).

Energy Dispersive X-ray Spectrometry (EDS) was useientify and quantifythe
main chemical elements present in the samplesspéetra indicated that the obtained

product was mainly composed of silicon and oxygen.

Preliminary testsusing the obtained silica for the removal of nasatin a water

dissolution were performed. Samples with higher-ldabH molar ratios and higher
concentration of surfactant agent showed certaimegeof nitrates retention. However,
this retention was not complete and further modtfans 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 reliablérce of energy. Following the methodology
carried out in this Thesis, new agricultural resigllare being/will be studied for the same
purpose. Moreover, in order to widen the acquinedvidedge, the following research lines are

envisaged to be followed in the near future:

- to study the joint valorisation of the residuessent in an area of interest and a period of the

year. That way, the economical benefits of not ihgto separate them would be enhanced;

- to develop a more detailed CFD model to accouitit all the potential interactions between

components with the application of the Euler-Lagran approach;

- to explore the use of different residues in threaaly developed Spouted bed pilot plant to

optimise the working parameters according the eabfithe feedstock;

- to improve the nitrates retention capacity ifcailby modifications of its chemical structure in

order to promote the presence of positive chamyése molecule;

- to widen the application of silica powders foe ttemoval of different pollutant species by

producing the most suitable chemical structuresraaeg to the desired target.
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7.3. Other Ben€fits of the PhD Thesis

As described in the first sections of this theligse PhD studies have been performed within
the framework of a co-supervised partnership betwbe Universita degli Studi di Genova

(UNIGE, Genova, Italy) and the Universitat Politiende Valencia (UPV, Valencia, Spain).

The scientific results and the cooperation framéwaonsolidated during these past few years
will be very useful for future PhD students and w&iso enhance the collaboration between both

universities.

Moreover, the development of some activities, mnedeaactions and collaborations, has
promoted the research of the renewable energiasvarizh is now very active and continually
growing. In particular, the work has been focusedtlre use of rice straw as a new energy
vector. As a result of the developed methodolobg, ain 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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