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Abstract

As the quantity of municipal solid waste (MSW) ieases with economic growth,
problems arise in regard to sustainable managerselntions. Thermal treatment
presents a valid option for reducing the amountspost-recycling waste to be
landfilled. Incineration technology, besides redgcihe total volume of waste and
making use of the chemical energy in MSW for poweneration, has negative
environmental impact from high emission of pollusarRecent policy to tackle climate
change and resources conservation stimulated tredagenent of renewable energy and
landfill diversion technology, thereby giving gasdtion technology development
renewed importance. In this work a two-dimensiddBD model for MSW gasification

was developed and an Eulerian-Eulerian approachused to describe the transport of
mass, momentum and energy for the solid and gaseph@his model is validated using
experimental data from the literature. The numérresults obtained are in good

agreement with the reported experimental results.
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1. Introduction

The amounts of municipal solid waste (MSW) produicetlease with economic growth
in both industrialised and developed countriessimgi the issue of sustainable

management solutions [1].

MSW management activities contribute to the gemmrabf greenhouse gas and
consequently to the climate change problem. Landfiste decomposition contributes
greatly to the formation of these gases [2-5]. Arotenvironmental problem associated
with MSW management systems is the potential géoeraf dioxins and furans

associated to complete combustion of wastes [2].

Thermal treatments are a valid option for redu¢hggamounts of post-recycling waste

to be landfilled, which is considered to be on¢hef most sanitary disposal methods [3].

It should be noted that biogas production is noaléernative to thermal treatments like
incineration or gasification because biogas is pced from the organic fraction of

MSW and thermal treatment is applied to the noranigy non-recyclable fraction [4].

In theory, gasification is a more suitable techggleven where the market for thermal
product is difficult, however the constraint withgification of MSW is the technology

which is not yet proven at commercial scale. [4]

Raw MSW contains a large amount of non-combustiid¢erial, and therefore requires
pre-processing before sending it to a gasifier. pileeprocessing must be able to meet
the requirements of the gasifier and be flexibleugyh to handle MSW variability. This
flexibility must be in terms of the type of matédeandled and its frequency of delivery.

The pre-processing area is assumed to be simila Refuse Derived Fuel (RDF)



facility. Some recyclables and non-combustiblesraneoved from the MSW to make a
higher heating value product that is sized appabdply for gasification [5]. Therefore,
incineration continues to be the most common metfatiermal treatment for waste-
to-energy facilities. However, with the enhancemenéenvironmental restrictions and
the development of gasification technology, gaatfan presents an increasingly
efficient and viable alternative to incineration.asdication is a waste-to-energy
conversion scheme that offers a most attractivetisol to both waste disposal and
energy problems. However, gasification still hasmsoeconomic and technical
challenges, concerning the nature of the solid eveetidues and its heterogeneity [4-6].
The greatest strength of gasification is the emvitental performance, since emission
tests indicate that gasification meets the exidtmgs and it can also have an important

role in the reduction of landfill disposal [3].

Incineration reduces the initial volume of the veably as much as 85% and offers
solutions for problems such as waste odour andhéac The incineration process
creates a large amount of solid residues whichdaided into bottom ash and fly ash.
Bottom ash represents 85-90% of the total ash peatland is collected at the base of
the combustion chamber. This type of ash consritsapily of coarse non-combustible
material, unburned organic matter and grate s#tifigj. These are disposed of in
sanitary landfills. Fly ash are finely divided pelgs of ash which are normally
entrained in the combustion gases. Fly ash is ereovfrom the gas stream by a
combination of precipitators and cyclones. Incitieratechnology was developed to
reduce the total volume of waste and make use efctremical energy of MSW for
energy generation. However, the incineration precdso creates high emissions of

pollutant species such as NOx, SOx, HCI, as wehasnful organic compounds and



heavy metals. Another problem with MSW incineratisrtorrosion of the incineration

system by alkali metals in solid residues and §ly E8].

Recent policies to tackle climate change and resooonservation such as the Kyoto
Protocol, the deliberations at Copenhagen in 2009 the Landfill Directive of the

European Union have stimulated the developmentenéwable energy and landfill
diversion technology, thereby giving the developtgasification technology renewed

importance [9].

Gasification is a thermochemical process that me®lthe oxidation of matter using a
fraction of oxidizing agent in low quantities, inf@ to the stoichiometric need.
Gasification is considered an efficient and enuvinentally friendly way of extracting

energy from different sources of organic materfa3]. Various studies [4-5, 11-13]

pointed out that gasification is an emerging bunpsing technology, especially when
compared with commercially-available technologissch as direct combustion. For
instance, Murphy and McKeogh [4], Jones et alaiad Lymberopoulos [11], suggested
that gasification has better performance, e.qg. drighlectrical and overall efficiency,
lower emissions and lower investment costs thaacticombustion. Boustouler and
Reynolds [12] corroborates with Lymberopoulos [Ii]this regard but also claimed
that reduced slagging problems is another advant#gegasification. Roos [13]

discussed in more details environmental benefitbioinass gasification, including (i)
reduced carbon emissions as a result of improvenmeenergy efficiency and char
addition to soils, (ii) reduced use of fertilizeand runoff of nutrients from soils
amended with char-containing ash, and (iii) reduddx emissions due to better

control of the combustion process.



The environmental performance is one of the greastengths of gasification
technology, which is often considered a comprelvensesponse to the increasingly
restrictive regulations applied around the worl@®]4Independently-verified emissions
tests indicate that gasification is able to meesterg emissions limits and can have a
great effect on the reduction of landfill disposgtion.Economic aspects are probably
the crucial factor for a relevant market penetratgince gasification-based plants tends
to have ranges of operating and capital costs ali®@db higher than those of
conventional combustion-based plants [9]. This minty a consequence of the ash

melting system and the added complexity of therteldygy.

The technical challenges to overcome for a widerketapenetration of commercial
advanced gasification technologies can be invdstigavith the development of

numerical simulation methods validated with expermtal results of MSW gasification.

Gasification involves a set of fairly complex pharena such as heat and mass transfer,
fluid dynamics, and different chemical reactionsindéerous approaches to modelling
gasification in CFD [14-19] and non-CFD [20-24] kaveen made. Currently there are
three numerical techniques used for the studyingjfigation in fluidized beds in
literature and these are Eulerian- Lagrangian wsiitigle particle or a particle parcel and
a group of particles, Eulerian-Eulerian Two Fluidd&l and Discrete Element Method
within Eulerian-Lagrangian concept [14]. Literatureoncerning the numerical
modelling of fluidized bed gasifier could be diviténto three parts based on the
geometric regions of fluidized bed furnace. It ienge bed, splash zone and
freeboard/riser of fluidized bed units. Regardirenske bed most of studies are done
with Eulerian- Eulerian Two Fluid Model approach9]1 Most of the literature in

fluidized bed gasification is overlooking three-éinsional behaviours [14].



Cornejo and Farias [15] developed three-dimensianaterical model that describes
the process of coal gasification in fluidized-beshators using an Eulerian-Eulerian
approach. The main contribution of this work wasliementing some sub-models
within the FLUENT code in order to handle reactifreidized-beds in complex

geometries.

Xie et al [16] developed a three-dimensional nuoarimodel to simulate forestry
residues gasification in a fluidized bed reactongi®n Eulerian—Lagrangian approach.
The model predicts product gas composition andoradonversion efficiency in good

agreement with experimental data.

Baliban et al. [17] proposed an approach for modebf a biomass gasifier which is

validated for lignocellulosic type of biomass wékperimental data.

Onel et al. [18] presents a generic gasifier mooehards the production of liquid fuels
using municipal solid wastes. Using a nonlinearapeater estimation approach, the
unknown gasification parameters are obtained to hmtite experimental gasification
results. The results suggest that a generic MSWiggamathematical model can be

obtained in which the average error is 8.75%.

Silva et al. [19] developed a two-dimensional Flubased model to simulate the
gasification of agro-industrial residues. The nugarsimulation results were compared
and validated versus a set of runs using three kinthiomass residues that were
gasified in a bubbling fluidized pilot scale uniteir results are in good agreement with

the experimental data obtained at three differpetating conditions.

Thermodynamic equilibrium models are very usefolgdo study the influence of most

parameters for any biomass system because of dbsifier design independence. In



general, the thermodynamic equilibrium models abgrsiwo approaches both giving
the same results: the stoichiometric approach, whaquires a clearly defined reaction
mechanism that incorporates all chemical reactant species involved, and the non-
stoichiometric approach which is based on the asystenimization of the Gibbs free

energy [20]. Several equilibrium models have besed to predict syngas composition

from different biomass substrates [20-24].

The aim of this paper is to analyse MSW gasificatising a numerical method. A two-
dimensional mathematical model was developed wmingulerian-Eulerian approach to
model the MSW gasification in a fluidized-bed reaatithin Fluent [25]. The model
takes detailed chemistry into account as homogenesactions for the gaseous phase
and heterogeneous reactions to the solid phasaglsndhe modelling of heat and mass
transfer and momentum. Pyrolysis is included carsidy a model with generation of
secondary tar. The choice of a fluidized bed reastdue to the fact that is widely used
in industry for converting coal and there is a gaodlerstanding of pyrolysis and
gasification in this kind of reactor. Fluidized lseafe also capable of being scaled up to
medium and large scale, overcoming limitations tbun smaller scale, fixed-bed
designs [26]. In order to validate the numericalits obtained in this work we refer to
an experimental study on MSW gasification and mgltechnology conducted by Xiao

et al. [27].

2. Materialsand Methods

2.1 Description of Portuguese waste management

The Portuguese MSW management system involvesctiolke storage, treatment and

disposal as shown in the Fig. 1.



There are two possible routes for wastes collectithre selected and unselected wastes
collection. The selected collection includes ecofsand door-to-door collection with
ecocentres and biodegradable municipal waste toltecEcopoints are devoted to
separate collection based on the use of differentamers for glass, paper/cardboard,
and plastic/metal, placed together at ecopointsfe@gly located on public
thoroughfares and strategic points. Ecocentressartng centres, where the selected
wastes from the ecopoints are delivered for regover addition to the materials
referred to above as part of mechanical recyclthgre are other specific fluxes of
wastes (used oils, batteries, electrical and elaatrwastes, construction and demolition

residues, end-of-life vehicles and used cooking oil

The unselected collection is devoted to the cabbecdf raw MSW. Raw MSW contains
a large amount of non-combustible material, andefloee requires pre-processing
before sending it to a gasifier. This pre-procegstnmade in the so-called mechanical
and biologic treatment (MBT) station, where thedaigradable waste and the recyclable

wastes are separated reducing the amount of waktadfill.

They must be able to meet the requirements of &sifigr and be flexible enough to
handle MSW variability. This flexibility must be iterms of the type of material

handled and its frequency of delivery.

This pre-processing area is assumed to be similaa Refuse Derived Fuel (RDF)
facility. Some recyclables and non-combustiblesraneoved from the MSW to make a

higher heating value product.

Transfer stations provide the facilities required @inselected wastes when landfills or

the mechanical biological treatment (MBT) statioe &ar away. Therefore, unselected



collection can be understood as the sum of landfistes with energetic and organic

refuse.

MBT plants are designed to process mixed houselagies as well as commercial and
industrial wastes. The MBT tolerates recycling papeetal, plastic and glass. It can
produce RDF or stabilize the biodegradable material composting or anaerobic

digestion.

Biodegradable wastes can be converted into compasdipn dioxide and water under
an aerobic process. Composting is the common psofmsorganic recovery of the
wastes into soil conditioner. The remaining nondeigradable wastes are recycled to

recover materials for new products [28].

The RDF can be further used as alternative fuetament kilns or incinerated to
produce energy. The ash formed during incineratemmtains mostly inorganic

constituents of the wastes and is often landfil&g].

Wastes from unselected collection as well as wasteing from MBT, incineration
plants, composting and recycling refuse are digpagan landfills. Landfilling is the
last treatment to be adopted because it causesesewwironmental impact from
greenhouse gases released into the atmospherdsanfiloan leachate percolating into
ground water. To help minimize the environmentapaat, the biogas generated by

anaerobic reactions can be used as fuel to prdueeateand power [29].

2.2 Standard Municipal solid waste characterization

MSW increases significantly in industrialized anevedloping countries, raising

guestions about sustainable municipal solid wasteagement. This results from the



collection of waste in large urban areas, and c@aprmaterials such as household
waste, plastic, paper, glass, metals, and gardestew{80]. The composition of
municipal solid waste depends on both the seasah gmographic location. The
heterogeneous nature of the wastes affects theigahysroperties in terms of size,
elemental composition, moisture content, heatinlgejaash content, volatile content
and other contaminants. Therefore, the wastes esdrgated accordingly to the

Portuguese management system described previously.

Lipor is the entity responsible for the managemeegtment and recovery of MSW in
the Oporto metropolitan area. This includes eighinimipalities in the Oporto
metropolitan area and a production of about 500@0@/year of MSW by 984,047
inhabitants [31]During the year 2012 Lipor carried out two samplaagnpaigns in the
winter and in the summer. A criteria analysis of thaste collected was held, and the

physical characterization by categories is showhahble 1.

As an outcome of the pre-treatment defined preWoresults a RDF which contains
cellulosic materials and plastics due to putrefiegtes, paper, wood wastes, and plastic
residues. The remaining MSW components follow agotioute for valorization or
elimination. It has been shown that the plastiadiess are mainly composed of
polyethylene, polystyrene, and poly-vinyl chlorigB®] and the cellulosic materials are

composed of cellulose, hemicelluloses, and lighif].[

Given that the ultimate analyses of the Lipor does distinguish the cellulosic
materials, it was postulated that their compositi@s similar to the one found in [18],
where the cellulosic material comprises celluldsanicellulose and lignin. Regarding

the plastics group, Lipor report shows the relatiuantities of each monomer in the



MSW. Therefore, it was possible to take into acctodifferent monomers for the

plastics group as shown in Table 2.

To enable the use of Fluent code to perform theemigal simulations a global chemical
formula of the MSW is necessary. This calculatioaswperformed based on the
chemical characterization of waste shown in Tahlelze fractions of carbon (C),
hydrogen (H) and oxygen (O) are found by ultimatalgsis of the mixture. The total
carbon was the sum of the carbon in all the hydtmoes. The same procedure is made
for the calculation of the total hydrogen and tat&ygen. This calculation is performed
by dividing the values found in the ultimate anaysf each chemical element by the

value of the reference element carbon (C).

3. Mathematical M od€l

The purpose of this section is to develop a maugléipproach able to predict the final
composition of the syngas resulting from gasifimatusing numerical simulation. The
improved state-of-the art CFD models enable thagdesnd optimization of the
gasification processes [33]. The numerical simatativas performed using the CFD
solver Fluent based on finite volume method. Theifigation was modeled using
Fluent data base for a two-dimensional model anttiplbase (gas and solid) model.
The solid phase was treated as an Eulerian gramutalel while the gas phase is
considered as continua. The main interaction betwee phases is also modeled, heat
exchange by convection, mass (the heterogeneounsiadle reactions), and momentum
(the drag in gas and solid phaska). the next section the governing equations wall b

described.

3.1 Energy Conservation



The energy conservation equation for both phases4gd solid) is as follows [34]:

dla,05hy)
ot

0
+D.(aqpql]qhq):—a %+Tq 0@y, -04g, +S, +

q
Ly g . . (1)
Z(qu +mpthq _mpthq)

p=1

WhereQ,, is the heat transfer intensity between fluid phaldand solid phaseg™, hq
the specific enthalpy of phasg, d, the heat flux S, is a source term due chemical

reactions anth,, the enthalpy of the interface.

Equation (2) [35] describes the rate of energydi@nas a function of the temperature

difference between the phases; where the heatféracsefficient between the phases
Qpg = Mg (Ty = Ty) (2)

p"andq"is given byhy.

The heat transfer coefficient is associated toNthsselt number of solid phas#, and

ky is the thermal conductivity for phap8 [33]:

_ 6kpcrqo/pNuq

h 3)
28] ds

Nusselt number is correlated by [35]:

Nu, = (7-100, +5a7 1+ 0.7Re? Pro®)+ (133- 24a, + 1202 )Rel” P ()

where Reis the Reynolds number based on the diametereofstid phase and the

relative velocity, Pyis the Prandtl number of the gas phase.



3.2 Momentum Modd

The gas and solid phase momentum equations aml@s:fEquation (5) refers to solid
phase momentum equatidgare the particle phase stress tensorRnid the particle
phase pressure due to particle collisions. The tequg6) represents the gas phase
momentum equation, wefgis the gas-solid interphase drag coefficienthe gas phase

stress tensor ands the mean velocity of solid [34].

0
E(aS'OSVS) + D.(O’S,OSVSVS) = _asts +ap,g + ﬁ(Vg _Vs) + D'a,s;rs; + Sngs (5)
d
E(agpgvg )+ 0.(aypVeVy) = —a,0py +ap,g + BV, —Vg)+ 0.a,74 +Sy U (6)
3.3 Mass Balance M odel

The biomass feed changes from solid phase intgpgase by reacting with oxygen,
steam and carbon dioxide. The continuity equationsolid and gas phases are given

by the equations (7) and (8), respectively [34].
0
a(asps)-‘-m'(aspsvs) :Ssg (7)
4 +0 =S
E(agpg) '(agpgvg) — “gs (8)

wherev is the instantaneous velocity of gas/solid phagbe density and the volume
fraction, the subscripts denotes the solid phase and subsciiptee gas phase. The

mass source term due to heterogeneous re&isrexpressed by the folowing equation:



Ssg :_Sgs :MCZVCRC (9)

In which R. is the reaction ratey the stoichiometric coefficient and. the molecular
weight. The solid phase density was assumed t@bstant. The gas phase density was

calculated on the basis of ideal gas equation:

N (10)

WhereR is the universal gas constaiitthe temperature of the gas mixtupethe gas

pressureY; the mass fraction and; the moleculaweight of each the species.

3.4 Turbulence M od€

A Fluent standard k-model was chosen for the turbulence model, asighilse most
appropriate model when turbulence transfer betwderses plays an important role in
gasification in fluidized bed is the turbulence kinetic energy ands the dissipation

rate. They are determined by the next transporateapus [36]:

0 0 0
E(Pk)"‘aT(PkUi) rve Kﬁ“‘%ﬂ*'(;k +G, —pg-Yy +S5; (11)
i j k
0 0 0 I ) 0 £ g2
— (o) +—(peu;) = _K,U"'_tj_} +Cp, = (G +C3,Gy) -Cpp—+S, (12)
ot 0X; 0X; ¢ ) OX; k k

From Eg. (110G is the generation of turbulence kinetic energy uthe mean velocity
gradients,Gy, the generation of turbulence kinetic energy dubuoyancy, and\, the
contribution of the fluctuating dilatation in congssible turbulence to the overall
dissipation rate. In the Eqg. (18 =1.0 andG, = 1.3 are the turbulent Prandtl numbers
for k ande, respectivelyS andS. are user-defined source tern®s,=1.44,C,, = 1.92,

andCs, =0 are constants suggested by Launder and Spd&bihg



3.5 Granular Eulerian Modéel

Granular Eulerian model is described by the follogviconservation equation for the

granular temperature [37]:

3 (a(psas@s)
ot

e 0.(p,a.V, 0, H = (=Pl +7,): 0(V,) + 0.(Koa (©5)) = Vou + s (13)

This equation is obtained from the kinetic theofyases. The terr-P,l +7.): 0(V,)
describes the generation of energy by the soleksttensorg, is the energy exchange
between the fluid phase and the solid phaggthe collisional dissipation of energy and

kea (O,) the diffusion energyKg, is the diffusion coefficient).

The stress in the granular solid phase is achibya@lating the random particle motion
and the thermal motion of molecules within a gaaating for the inelasticity of solid
particles. In a gas the intensity of velocity fluation determines the stresses, viscosity

and pressure of granular phase.

3.6 Chemical Reactions M odél

The chemical reaction rate coefficients are basethe Arrhenius law. Actually, they
are empirical and determined by fitting the expemtal data. During the
devolatilization and cracking water shift reactwwill occur, the gas species react with
the supplied oxidizer and among them. The most cominomogenous gas-phase

reactions are [38]:

CO+050, — CO, +283J/mol (14)
CO+H,O - CO, +H, +411kJ / mol (15)

CO+3H, - CH,+H,0+2061kJ/mol (16)



H, + 050, - H,0+242kJ/mol (17)
CH, +20, — CO, +2H,0 + 357 kJ / mol (18)

The Arrhenius rates for each one of these reactmars be expressed as follows,

respectively [39, 40]:

-16000
rCO_CorTbustion = 1Oxlolsexp( T jCCO Cgi (19)
—-3430)_ _
I H 2combustion — 5.159x 1015exp(TjT 1.5(302 lezlsz (20)
-15700)\_ _
I' CH 4Combustion — 3552x1014exp( T jT l(:OZC:Cle (21)
-1510 Cco,C
e gt = 2780exp[Tj CooCpo ™ og (22)
0.02656‘Xp(_|_)

The Eddy dissipation reaction rate can be expregsiag the following equation [25]:

e [ . Yr 2o Yp
—dissipation — Uiy Wi —min uB 23
e AgM Apk (mnR[aR,r MW,R] ZiNai,RMW,i (@3)

The minimum value of these two contributions caméned as the net reaction rate.
The heterogeneous reactions of char (the solidldeNzation residue) with the species
O, and HO are very complex processes. They demand a mgsiain balance of the
oxidizing species at the surface of the biomassigrwith the surface reactions of
those species with the char. The composition aaddmperature of the gases, as well
as the temperature, size and porosity of the paréice important to determining the

overall rate of the char.



The most used overall simplified heterogeneousti@acare [38]:

C+050, — CO+1105kJ/mol (24)
C+CO, — 2CO-1724kJ / mol (25)
C+H,0 ~ CO+H,-1313kJ/ mol (26)

The heterogeneous reactions are influenced by rzamgrs, namely, reactant diffusion,
breaking up of char, interaction of reactions amdbulence flow. In order to include
both diffusion and kinetic effects the Kinetic/Qiffion Surface Reaction Model [41]
was applied. This model weights the effect of threhAnius rate and the diffusion rate
of the oxidant at the surface particle. The diffusrate coefficient can be defined as

[25]:

. »lo7s
Do=Cs [(T P+Td°°) ) 2] (27)
p

The Arrhenius rate can be defined as follows:

E
I Arrehnius = Ae_[Rij (28)
The final reaction rate weights both contributiamsl is defined as follows [25]:

h =-A PRTwZox Dor Arrenius (29)

dt Mwox Do™r arrennius

This model was included in the CFD framework byngsihe User Defined Function

tool.

3.6.1. Pyrolysis

Both homogeneous and heterogeneous reactionspaeeded from pyrolysis

reactions. Modeling pyrolysis is crucial for MSWsgf&cation purposes.



MSW is thermal decomposed into volatiles, char aad There are several
approaches to describe this phenomenon and 3 mppmaches are usually followed: a
single step pyrolysis model, competing parallelgbygis and a pyrolysis model with
generation of secondary tar.

In this model we adopt a pyrolysis model with gatien of secondary tar. The MSW
is mainly composed by cellulosic and plastic congrids, where the cellulosic material
can be divided in cellulose, hemicellulose andifigd7, 18] and the plastics are mainly
comprised by polyethylene, polystyrene, and polgglene, among others.

To distinguish the several components that compghseMSW, the pyrolysis
reactions of cellulosic and plastic groups are wared individually and following an

Arrhenius kinetic expression.

The primary pyrolysis equations can be definec#ews:

CdluloseI™ - g, volatiles+ g, Tar + g;Char
(30)

Hemicellulose [ — g,Vvolatiles+ gsTar + gsChar

(31)
Lignin OF - g, volatiles + ggTar + g,Char (32)
Plastics™ — gyvolatiles+ gy, Tar + g,,Char (33)

The kinetics for the cellulosic material can beegi\as follows:

_Ya_ o “E )oa )
=g AeXF{TSj(l a) (34)



Wherei stands for celulose, hemicellulose and lignin,(, A is the pre-exponential

factor, E; is the activation energy amdis the order reaction. The values for each one of
these parameters can be found in [42]. Averageegaliere considered.
Regarding the kinetic reactions for plastics, dates obtained from [43] by using the
following reactions:

—E

ra= E%A €x ﬁﬂ P, (35)

Where A, E and p,are the pre-exponential factor, the activation gypeand the

volatiles density, respectively, and can be foumd4i3]. i stands for each one of the
plastics that comprise the analyzed MSW alongphjser.
In this model, it is considered a secondary pyislyshere is generated volatiles and

secondary tar, as follows:
PrimaryTar [I'F - volatiles + SecondaryTar

Because, this secondary pyrolysis is also veryicdiff to treat, a simplified global

reaction is used [44]:

(36)

-112x
rs= 9.55><104exp(—m4J a1

g

3.7 Numerical procedure

The simulations were performed in an up-flow atnihesjc fluidized bed gasifier. This
fluidized bed reactor is a tubular reactor of 0.5mdiameter and 4.15 m of height,
internally coated with ceramic refractory materialdSW enters the reactor at the

height of 0.5 m, from its base, and preheatedt@i0@ K enters the reactor coming from



the base through a set of diffusers, warrantinipwa bf about 70 rifh. The schematics

of the fluidized reactor are depicted in Fig. 2 #mel bed is made of 70 kg of dolomite.

The problem under consideration is solved by usiffigite volume method based CFD
solver FLUENT. The unstructured quadrilateral ceffsnon-uniform grid spacing are

generated using GAMBIT. The grid is chosen to Héaently fine to capture the steep
gradients in the vicinity of the cylinder. The sedoorder upwind scheme is used to
discretize the convective terms in the momentum emergy equations. The SIMPLE
scheme is used for solving the pressure-velocitypling. The system of algebraic
equations is solved using the Gauss-Siedel poirgdiyt iterative method in

conjunction with the algebraic multi-grid methodv&s. Relative convergence criterion

for residuals of 18 was prescribed in this work.

4. Results and discussion

Despite having sparse data about municipal solstevgasification in semi-industrial or
industrial facilities, experimental data about MS)Asification in China was gathered
from the literature [27]. Based on the charactessof MSW from China, raw materials
were prepared according to the average proportiasrganic components (dry basis)

for gasification, as displayed in Table 3.

In order to perform simulations with the Xiao MSWneposition [27] using Fluent
code, a global chemical formula is needed. Udiegsame procedure that was used and
described for Lipor MSW and assuming that kitchembgge, wood and yard waste,
paper and textile, are assumed to be cellulosienadd, and the plastics materials with
the same relative composition of the Lipor MSW, tjilebal chemical formula is

obtained.



4.1 Model validation

In order to validate the mathematical model proggseviously, numerical simulations
were carried out using the Xiao MSW. The resultsimied numerically were compared
with the experimental results of Xiao et al. [ZVhe results of run 1 are shown in Fig. 3
for the gasification conditions defined in TableRlelative errors between numerical
and experimental results are depicted in Table e felative error is computed as

follows:

(numerical value—experimental value)

Relative error (%) = X 100% (37)

experimental value

The model estimates reasonably all the species large spectrum of operating
conditions. The largest errors are found for speaieminor molar fractions. Despite
these numerical results being within the range afies of the experimental results,
there are still a few deviations which are justifiey some simplifications performed,
such as: i) The lack of data on the characteristiagaste has led to the use of constants
of other biomasses which may differ from the actua, ii) The kinetic constants were

taken from the literature and can differ greatbnfrsource to source.

4.2 Resultsof Lipor MSW gasification

After validating the numerical model, numerical slations were carried out and the
results obtained for syngas gasification of LipdnSW are shown in Fig. 4 for the

gasification conditions defined in Table 6.

These results are within the range of literatuselits [45, 46].



Figure 5 shows the contours of the, K€H,;, CO,, and CO mole fractions in the gas

mixture.

The highest values for GQre located at the syngas outlet, which is coesisvith the
results of Qingluan and Rodney [45] and Oevermaral. ¢46]. CO shows the opposite

trend.

For CH, its higher value is found immediately above thentass inlet, where the
reduction phase takes place and these gases amediowhich is consistent with the

results of Qingluan and Rodney [45].

The values of Blare not shown because are closely constant thoatighe gasifier due
to the unreacted characteristics of this gas, besid possible combination with oxygen
at high temperatures. This behaviour is also ctersisvith the results of Qingluan and

Rodney [45].

The MSW collected by Lipor is representative ofapylation of 984,047 inhabitants,
for a total of 500,000 tonnes of urban solid wagste year. Based on the numerical
results of the gasification, it is possible to carigpthe production of 7.8x¥an® of

syngas during a year based on 500,000 tons of MSW.

This is a very interesting factor for Lipor inciaéion of waste. Lipor consumes about
20,000 ni of natural gas per year to spray the waste befotey into the combustion
chamber. Therefore, it could be advantageous f@orLito consider replacing this

natural gas with syngas resulting from municipaidsevaste gasification.



5. Conclusion

In this work, we have modelled gasification as #araative incineration process for
energy recovery from MSW. A two-dimensional math&éoz model was developed
using the fluent code. An Eulerian-Eulerian apploaas used to describe the transport
of mass, momentum and energy for the solid andppases. The model was tested
using gasification experimental data from the éitere. The model reproduces the key
features of municipal solid waste gasification. Trinemerical results achieved show
reasonable agreement with the experimental reswith, some deviations. Numerical
simulations were made for the study of gasificattdrmunicipal solid waste from the
North of Portugal, carried out particularly by Lipthe entity responsible for the MSW
management system in the Porto metropolitan arkasd results agree partially well
with the experimental data. The very heterogenewaisire of the MSW and the
consequent variance of the properties such as atameomposition, density, water
content, and structure leads to uncertainties enntiedelling of MSW gasification, and
should be kept in mind when comparing the numenieallts whit the experimental

results.

For Lipor it would be interesting to consider usiaggasification unit instead of the
incineration. The associated production of syngas @stimated to be around 7.8 ¥ 10
m>/year. However, a study of economic viability mius carried out, as well as
optimization of the gasification process where themerical simulation can give a

valuable assistance.
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Nomenclature

Cie, G, C3:  Constants

Co Specific heat capacity

Gk Generation of turbulence kinetic energy due tonttean velocity gradients
Gp Generation of turbulence kinetic energy due toynoy

d Hydraulic Diameter

g gravity acceleration

hog  Heat transfer coefficient between the fluid phase the solid phase

k Thermal conductivity

Mc Molecular weight

M.; Molecular weight of i component

Nu Nusselt Number

pq Mass flow between the fluid phase and the solasgh



Ps is the particle phase pressure due to partidisioms

p Gas pressure

Heat flux

_ﬁQl

q"  Specific enthalpy

Qpq Heat transfer intensity between phases

R Universal gas constant

R Reaction rate

S Mass source term due to heterogeneous reactions

S« User-defined source terms

S Source term due to chemical reactions

S User-defined source terms
T Temperature

U Mean velocity

v Instantaneous velocity

Y Mass Fraction

Ywm Contribution of the fluctuating dilatation in congssible turbulence to the

overall dissipation rate

Other Symbols

a Volume fraction



B Gas-solid interphase drag coefficient

p Density

% Energy exchange between the fluid phasdfadolid phase.
kg,  Diffusion coefficient

kg, V(0,)Diffusion energy

(-psI + T5): V(V,) Generation of energy by the solid stress tensor.

Yo, Collisional dissipation of energy

T Tensor stress

M Viscosity

Ye Stoichiometric coefficient
Subscripts

g gas phase

S solid phase

[ component
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Figure 1- Schematic overview of the Portuguese evatnagement system [3].
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Tablel — Physical characterization of the MSW [31].

Category % weight
Putrefied residues 44.34%
Paper 4.74%
Cardboard 2.61%
Composites 4.68%
Textiles 5.73%
Sanitary textiles 1.20%
Plastics 10.98%
Combustive non specified 0.09%
Glass 4.29%
Metals 2.15%
Non-combustive non specified 0.41%
Hazardous residues 0.06%

Fine elements 8.72%




Table 2 - Chemical composition of the MSW.

Category % weight Chemical formula
Cellulosic material 85.22% *
Polyethylene 11.14% (GH4) n
Polyethylene terephthalat 2.05% (GoHgO)
Polypropylene 0.82% (GHé) n
Polystyrene 0.77% (GHs) n

*It was considered the proportion of cellulose, egtulose and lignin found in

[18].



Table 3 — Xiao et al. [27] MSW characteristics

Organic compounds (%)

Kitchen Wood and Low heating
garbage Plastic yard waste Paper Textile value (kJ/kg)

61 20 10 8 1 17,960




Table 4- Experimental gasification conditions umdhe model validation.

Feeding rate

of MSW | Fluxofair| — Temperature of Temperature of
Gasification RN |-~ gn) (m/h) gasification (°C) | preheated air (°C)
! 2.3 6 720 352
2 620 283
3 493 290
4 3 6 705 352
> 602 296
6 507 281
! 4 6 687 352
8 593 307
9 516 282
10 6 6 691 352
11 593 308
12 507 279




Table 5- Relative error of the several syngas sgeaiong the 12 gasification runs.

Relative error according to Equation (37) (%)
Gasgication co, H, N, CH, co CHa

un

1 -13.37 -27.50 3.54 1.92 -1.69 -3.70
2 1.88 -26.00 7.18 -27.14 -8.03 15.38
3 9.37 -8.57 3.32 -37.50 -6.04 10.81
4 3.95 7.86 6.88 11.84 3.60 9.25
5 4.14 -1.60 1.95 -14.44 -9.13 43.98
6 -6.08 8.00 1.62 -20.00 4.60 12.66
7 8.97 6.90 2,51 16.52 6.92 -8.12
8 4.04 9.63 2.07 -14.67 -5.33 0.92
9 3.62 27.27 2.54 -36.25 -3.40 43.56
10 4.17 -7.41 4.18 1.75 2.94 8.89
11 -1.29 -16.67 4.64 10.00 6.17 8.75
12 5.07 9.76 -3.41 13.89 6.42 29.63




Table 6- Gasification conditions for the Lipor MSW.

Gasification RuUn Feeding rate of Fqusof air
MSW (kg/h) (m°/h)
1 40
2 25 70
3 100
4 40
5 50 70
6 100
7 40
8 75 70
9 100




Highlights

A multiphase 2-D model coupled with chemical reaction for MSW gasification.

The numerical model is developed under the CFD Fluent framework.

SYNGAS generation from biomass residues gasification is studied.

Numerical and experimental (semi-industrial BFB gasifier) data are compared.





