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Waste disposal
 

is
 

a key issue
 

in highly
 

urbanized
 

areas
 

whose
 management has

 
vital

environmental, economical
 

and social implications
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waste hierarchy



Waste
 

management requires
 

implementation
 

of effective
 strategies

 
based

 
on the integration

 
of waste

 
reduction 

coupled
 

with
 

advanced
 

waste
 

disposal

Waste
 

disposal
 

is
 

most
 

often
 

associated
with

 
energy

 
and/or material recovery
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The solid
 

waste
 

management scenario in the recent
 

years
 

has
 

shifted
 towards

 
a more sustainable

 
approach.

modelling
 

tools
 

and approaches
 

used
 

for supporting
 

waste
 

management decisions



 
Environmental

 
Impact Assessment



 
Life Cycle

 
Assessment

 
(LCA) 



 
Different

 
types

 
of Material Flow Analysis (MFA)



 
Cost-

 
Benefit Analysis (CBA)



 
Life Cycle

 
Costing

 
(LCC)



 
Risk

 
Assessment



 
Exergy

 
Analysis, Entropy

 
Analysis 

all
 

systems
 

analysis
 

methods
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Different alternative technological options can be adopted for 
thermal treatment of solid waste :

 direct direct combustioncombustion of of wastewaste (or (or wastewaste--derivedderived fuelfuel))


 

coco--firingfiring of of wastewaste withwith fossilfossil fuelsfuels in in existingexisting nonnon-- 
dedicateddedicated plantsplants


 

pyrolysispyrolysis//gasificationgasification of of wastewaste followedfollowed byby syngassyngas 
combustioncombustion
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Direct Direct combustioncombustion of of wastewaste (or (or wastewaste--derivedderived fuelfuel))
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AdvancedAdvanced thermalthermal technologiestechnologies: : gasificationgasification//pyrolysispyrolysis

Summer School: Biological and Thermal Treatment of Municipal SolSummer School: Biological and Thermal Treatment of Municipal Solid Waste id Waste -- Napoli, Italy, 2Napoli, Italy, 2--6 May 20116 May 2011

Feedstock
Preparation

Steam
Gas Turbine
or Engine

Electricity

Char / Ash

Exhaust

Gasification
Pyrolysis

Syngas
Cleaning

Energy 
Recovery

Residue / Ash



direct combustion of waste (or waste- 
derived fuel) or co-firing of waste with fossil fuels 
in existing non-dedicated plants. Waste derived 
fuel is a material characterized by an increased 
level of calorific value produced from solid waste 
through a number of different processes 
(separation at source; sorting or mechanical 
separation; size reduction - shredding, chipping 
and milling; separation and screening; blending; 
drying and pelletising; etc).

pyrolysis/gasification of waste followed 
by syngas combustion

biotechnological treatment of waste 
followed by biogas combustion.
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ProsPros

ReducedReduced
 

air air emissionsemissions
 

duringduring
 syngassyngas

 
productionproduction

ReducedReduced
 

CO2 generation CO2 generation associatedassociated
 withwith

 
syngassyngas

 
productionproduction

VitrificationVitrification
 

ofof
 

ashash
 

can can bebe
 

promotedpromoted

Production Production ofof
 

dispatchabledispatchable
 

energyenergy
 carrierscarriers

 
fromfrom

 
wastewaste

BetterBetter
 

environmentalenvironmental
 

perceptionperception
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ProsPros and and conscons ofof advancedadvanced thermalthermal technologiestechnologies
ConsCons

SyngasSyngas
 

mustmust
 

bebe
 

cleanedcleaned, , leavingleaving
 residuesresidues

CO2 CO2 formedformed
 

whenwhen
 

syngassyngas
 

burnedburned

VitrificationVitrification
 

hashas
 

high high energyenergy
 requirementsrequirements

OftenOften
 

lowerlower
 

energyenergy
 

recoveryrecovery
 efficiencyefficiency

 
thanthan

 
conventionalconventional

 
combustioncombustion

 systemssystems

No No realreal
 

environmentalenvironmental
 

advantagesadvantages
 overover

 
combustioncombustion

 
ifif

 
syngassyngas

 
isis

 
usedused

 
forfor

 heatingheating



Key Key criteriacriteria for for thermalthermal treatment treatment selectionselection

 environmentalenvironmental impactimpact

 economicseconomics

 plantplant availabilityavailability/reliability/reliability
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Waste co-firing with fossil fuels in large-scale 
combustion plants provides a mean to 

benefit from scale economy to improve the 
economics of advanced flue gas cleaning on 

waste disposal in existing plants
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RDF combustion plants are characterized
by a relatively low conversion efficiency

Summer School: Biological and Thermal Treatment of Municipal SolSummer School: Biological and Thermal Treatment of Municipal Solid Waste id Waste -- Napoli, Italy, 2Napoli, Italy, 2--6 May 20116 May 2011



 beneficial
 

aspects
 

:

conversion
 

efficiency
 

higher
 

than
 

that
 

obtained
 

by
 

using
 

dedicated
 

waste
 combustion

 
plants

possible
 

beneficial
 

synergistic
 

effects
 

during
 

coal/biomass/waste
 

combustion

availability
 

of
 

advanced
 

flue
 

gas cleaning
 

systems

 what
 

is
 

required:
i. multi-fuel

 
feeding

ii.  high
 

degree
 

of
 

operating
 

flexibility
iii. careful

 
measure

 
and control

 
of

 
process

 
parameters

iv.
 

pre-processing
 

of
 

waste
 

material

Barriers to be overcome are the issues related to the whole chaiBarriers to be overcome are the issues related to the whole chain of fuel supply n of fuel supply 
for cofor co--firing, optimizing combustion process involving multifiring, optimizing combustion process involving multi--fuels, and ways of fuels, and ways of 
optimizing its economic, environmental and logistic consequencesoptimizing its economic, environmental and logistic consequences..
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Integration of fossil fuels, biomass and non-toxic waste 
into a multifuel-based heat and/or energy supply system 
for any co-firing operation is required by plant operators 

who are interested in:

maximizing the profit 
 keeping the equipment trouble free over long periods of time (e.g., 

to prevent equipment corrosion from burning high-chlorine waste) 
 keeping the flue gas emissions below limits 
 keeping the ash properties such that they comply with the 

requirements for cheap disposal or a productive end-use
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PollutantsPollutants
 

fromfrom
 

wastewaste
 

thermalthermal
 

treatmenttreatment

SpeciesSpecies
 

inherentlyinherently
 

associatedassociated
 

withwith
 

the the wastewaste: : 
heavyheavy

 

metalsmetals, , sulphursulphur, , nitrogennitrogen, , chlorinechlorine

SpeciesSpecies
 

generatedgenerated
 

asas
 

a a consequenceconsequence
 

ofof
 

the the unfavourableunfavourable
 

coursecourse
 

ofof
 

thermalthermal
 processesprocesses: : PICsPICs

 
((productsproducts

 
ofof

 
incomplete incomplete combustioncombustion))

polyclycicpolyclycic aromaticaromatic hydrocarbonshydrocarbons
polychlorinatedpolychlorinated dibenzodibenzo--dioxinsdioxins and and dibenzofuransdibenzofurans ((PCDDsPCDDs//PCDFsPCDFs))

mixedmixed brominatedbrominated//chlorinatedchlorinated dioxinsdioxins
unconvertedunconverted carboncarbon

SolidSolid
 

particulateparticulate
IncreasingIncreasing

 

attentionattention
 

toto
 

fine (PMfine (PM2.52.5) and ultrafine (PM) and ultrafine (PM0.10.1) ) particlesparticles

Summer School: Biological and Thermal Treatment of Municipal SolSummer School: Biological and Thermal Treatment of Municipal Solid Waste id Waste -- Napoli, Italy, 2Napoli, Italy, 2--6 May 20116 May 2011



FactorsFactors
 

affectingaffecting
 

emissionemission



 
CompositionComposition

 
and and propertiesproperties

 
ofof

 
wastewaste



 
ReactionReaction

 
conditionsconditions



 
TimeTime/temperature /temperature historyhistory

 
ofof

 
reactingreacting

 
materialmaterial
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CompositionComposition
 

and and propertiesproperties
 

ofof
 

wastewaste

RapidRapid
 

changeschanges
 

in in wastewaste
 

compositioncomposition
 

propertiesproperties
 

relatedrelated
 

toto
 

the the intrinsicintrinsic
 heterogeneityheterogeneity

 

ofof
 

the material or the material or associatedassociated
 

withwith
 

poorpoor
 

feedingfeeding
 

conditionsconditions
 

maymay
 cause cause combustioncombustion

 

upsetsupsets
 

leadingleading
 

toto
 

anan
 

increaseincrease
 

ofof
 

emissionsemissions

possiblepossible
 

strategiesstrategies::
 toto

 

controllcontroll/produce /produce wastewaste
 

ofof
 

betterbetter
 

controlledcontrolled
 

compositioncomposition
 toto

 

blendblend
 

or mix or mix wastewaste
 

priorprior
 

toto
 

combustioncombustion

toto
 

reduce reduce variationsvariations
 

in: in: heatingheating
 

contentcontent, volatile , volatile mattermatter
 

and and moisturemoisture
 

contentcontent
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MunicipalMunicipal
 

solidsolid
 

wastewaste
 

combustioncombustion
 

conditionsconditions
 

in a in a spreaderspreader
 

stokerstoker
 

combustorcombustor
 

werewere
 variedvaried

 

toto
 

provideprovide
 

goodgood, , poorpoor
 

and and veryvery
 

poorpoor
 

combustioncombustion
 

conditionsconditions
 

asas
 

determineddetermined
 

byby
 flueflue

 

gas gas concentrationconcentration
 

ofof
 

COCO

J.D.J.D.

 

KilgroeKilgroe

 

and A. and A. FinkelsteinFinkelstein: Int. : Int. ConferenceConference

 

on on MunicipalMunicipal

 

WasteWaste

 

CombustionCombustion, , 
Vol.2 EPAVol.2 EPA--600/R600/R--9292--052b (NTIS PB92052b (NTIS PB92--174671) p. 5174671) p. 5°°--67 (1992)67 (1992)

ReactionReaction
 

conditionsconditions
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MunicipalMunicipal
 

solidsolid
 

wastewaste
 

combustioncombustion
 

conditionsconditions
 

in a in a spreaderspreader
 

stokerstoker
 

combustorcombustor
 

werewere
 variedvaried

 

toto
 

provideprovide
 

goodgood, , poorpoor
 

and and veryvery
 

poorpoor
 

combustioncombustion
 

conditionsconditions
 

asas
 

determineddetermined
 

byby
 flueflue

 

gas gas concentrationconcentration
 

ofof
 

COCO
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This is accomplished by careful tailoring the time-temperature-oxidation history 
of the waste by proper space-

 

and time-sensitive control 
of process temperature and mixing/segregation 
of heterogeneous and homogeneous phases

time/temperature time/temperature historyhistory
 

of of reactingreacting
 

materialmaterial
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PreventionPrevention
 

of of emissionsemissions
 

of the of the differentdifferent
 

classesclasses
 

of of pollutantspollutants
 requiresrequires

 
differentdifferent

 
and and complementarycomplementary

 
strategiesstrategies

SpeciesSpecies
 

inherentlyinherently
 

associatedassociated
 

withwith
 

the the wastewaste
 

maymay
 

bebe
 

managedmanaged
 

byby
 

prepre--
 processingprocessing

 
of the of the wastewaste::

wastewaste
 

selectionselection
wastewaste

 

beneficationbenefication
pyrolysispyrolysis//gasificationgasification

 

of of rawraw
 

or or prepre--processedprocessed
 

wastewaste
 

followedfollowed
 

byby
 

syngassyngas
 

cleaningcleaning

SpeciesSpecies
 

generatedgenerated
 

asas
 

a a consequenceconsequence
 

of the of the unfavourableunfavourable
 

coursecourse
 

of of thermalthermal
 processesprocesses: : PICsPICs

 
((productsproducts

 
of incomplete of incomplete combustioncombustion):):

accurate accurate processprocess
 

controlcontrol

SolidSolid
 

particulateparticulate
wastewaste

 

selectionselection
wastewaste

 

prepre--treatmenttreatment
accurate accurate processprocess

 

controlcontrol
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FlueFlue
 

gas gas cleaningcleaning
 

complementscomplements
 

fuelfuel
 

prepre--processingprocessing
 

and and 
tailoringtailoring

 
of of thermalthermal

 
treatment treatment processesprocesses

 
toto

 
achieveachieve

 
effectiveeffective

 and and robustrobust
 

control air control air pollutantpollutant
 

emissionemission



 
wetwet

 
and dry and dry scrubbingscrubbing

 
systemssystems



 
electrostaticelectrostatic

 
precipitatorsprecipitators



 
fabricfabric

 
filtersfilters

 
baghousebaghouse



 
injectioninjection

 
of of calciumcalcium

 
basedbased

 
reagentreagent, , limestonelimestone(CaCO(CaCO33), lime ), lime 

((CaOCaO) or ) or hydratedhydrated
 

lime (Ca(OH)lime (Ca(OH)22), ), intointo
 

the the fournacefournace
 

or or intointo
 the the flueflue

 
gas gas ductduct



 
selectiveselective

 
nonnon--catalyticcatalytic

 
reduction of reduction of NOxNOx

allall
 

thesethese
 

air air pollutionpollution
 

control control technologiestechnologies
 

are common are common wellwell
 

estabishedestabished
 strategiesstrategies

 
whichwhich

 
requirerequire

 
the the engineeringengineering

 
optimizationoptimization

of the total gas of the total gas cleaningcleaning
 

processprocess
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fuel
(organic waste)

CO2 , H2 O

Combustion
high T and excess air 

conditions

Pyrolysis
high T- low excess air 

conditions
Pyrolytic

compounds

PIC

Combustion
high T and excess air 

conditions

Recombination
high T- low excess air 

conditions

PreventionPrevention of of PICsPICs emissionemission requiresrequires accurate accurate 
control of control of thermalthermal treatment treatment processesprocesses

RoleRole of the of the parallelparallel coursecourse of of pyrolyticpyrolytic and and oxidativeoxidative processesprocesses in the in the 
formationformation of of PICsPICs ((ProductsProducts of Incomplete of Incomplete CombustionCombustion))
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The nature of combustion by-products is 
determined by the chemicals that are treated and 

the conditions under which they react

The The ““ChemicalChemical reactionreaction zone zone theorytheory”” proposedproposed 
byby DellingerDellinger and Taylor (1998) and Taylor (1998) forfor 

pollutantpollutant formationformation and and destructiondestruction
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Zone model -

 

Dellinger

 

B, Taylor PH. 1998. Chemical

 

aspects

 

of combustion

 

of
hazardous

 

wastes. Cent Eur J Public Health

 

6:79–87
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S.A. Cormier, S. Lomnicki, W. Backes

 

and B. Dellinger, Environmental

 

Health

 
Perspectives, 810-817 Vol. 114, N. 6, 2006

Summer School: Biological and Thermal Treatment of Municipal SolSummer School: Biological and Thermal Treatment of Municipal Solid Waste id Waste -- Napoli, Italy, 2Napoli, Italy, 2--6 May 20116 May 2011



Summer School: Biological and Thermal Treatment of Municipal SolSummer School: Biological and Thermal Treatment of Municipal Solid Waste id Waste -- Napoli, Italy, 2Napoli, Italy, 2--6 May 20116 May 2011



The nonThe non--linearity of reaction pathways requireslinearity of reaction pathways requires
good ability to handle the uncertainty related to the use ofgood ability to handle the uncertainty related to the use of

unsorted (or poorly sorted) combustible materialsunsorted (or poorly sorted) combustible materials

In this framework the use of waste material makes
even more critical this aspect as a result of its  

composition and properties. 

In particular waste or waste-derived fuels are 
both high volatile fuels characterized by

high production of tar and condensed phases
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INPUT OUTPUT

An example: 

INPUT = air/fuel ratio 
OUTPUT = Emission of PICs 

Assume, for simplicity:

EI =
1

AC

INPUT

O
U

TP
U

T
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tempo

in
pu

t

tempo

ou
tp

ut

tempo

in
pu

t

tempo

in
pu

t

tempo

ou
tp

ut

tempo

ou
tp

ut

ampiezza delle fluttuazioni

va
lo

re
 m

ed
io

 in
 o

ut
pu

t
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Relevance of using advanced fast timeRelevance of using advanced fast time-- and spaceand space--resolved resolved 
process diagnostics to monitor reaction conditionsprocess diagnostics to monitor reaction conditions
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Expert system for flame analysisWaste to Energy facility of BRESCIA



• Fluctuations are likely to play a key role on emissions due to the inherent non- 
linearity of conversion pathways.

• Crucial effect of promoting effective mixing of heterogeneous and 
homogeneous phases and of promoting a proper level of turbulence. 
This is accomplished by careful tailoring the time-temperature-oxidation history 
of the waste by proper space- and time-sensitive control of process 
parameters.

• Heterogenous combustion systems, unlike homogeneous combustion 
systems and burners of fine powders, are characterized by the impossibility of 
acting only on hydrodynamic aspects to control reaction conditions
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How can we handle uncertainty?How can we handle uncertainty?
•

 
Advanced diagnostics techniques

 
able to highlight the levels of 

space-time variability of the operative parameters governing fuel 
conversion and in turn to activate appropriate feedback actions.

•
 

Adoption of an appropriate level of turbulence
 

on the basis of 
indications coming from the use of advancedadvanced

 
CFD modeling and/or 

advancedadvanced
 

diagnostics techniques

•
 

Adoption of the “carefulness principle”: the adoption of appropriate 
means to moderate uncertainty and increase robustness with 
process upstream and/or downstream (back-up) actions.
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tempo

in
pu

t

tempo

ou
tp

ut

Flue gas cleaning combustion

tempo

ou
tp

ut

Flue gas cleaning technologies used to control air pollution emission 
as an alternative route to accurate space- and time-sensitive control

of process parameters.
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direct combustion 



CombustionCombustion sectionsection FlueFlue gas gas cleaningcleaning sectionsection
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Syngas
cleaning

and 
combustion

Gasification
syngas

production

tempo

in
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t

tempo

ou
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ut

tempo
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t

Flue gas cleaning

tempo

ou
tp

ut
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Indirect combustion: gasification + syngas combustion 



Combustion
RDF

mechanical
biological treatment 

system

tempo

ou
tp

ut

tempo

in
pu

t

Flue gas cleaning

tempo

ou
tp

ut
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combustion of waste derived fuel



CombustionCombustion sectionsection FlueFlue gas gas cleaningcleaning sectionsection
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ReliabilityReliability 
and the and the 

““learninglearning curvecurve””
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The “learning curve” of some Integrated 
Gasification Combined Cycle power plants
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Set up of Set up of advancedadvanced wastewaste disposaldisposal 
““knowledgeknowledge--basedbased”” technologiestechnologies

• advantages of “knowledge-based” technologies

– reduces development and scale-up stages

– promotes a faster acquirement of the learning curve. Moreover, 
the learning curves applies to different implementations of the 
technology

– is the only one capable of ensuring effective technological 
"breakthrough"
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