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A Sustainable WM Planning 

The decision making process over WM policy is a 
complex issue, which has to evaluate for each specific treatment 
and disposal option: 
 environmental impacts 
 technical aspects 
 implementation and operating costs 
 social implications. 

 
The overall assessment often has to be developed 
in presence of: 
 missing or inaccurate data 
expert evaluations 
 ill-defined and changing public opinions 
preconceptions for or against a specific  solution.  



A Sustainable WM Planning 
The complexity of this framework greatly raised in 
the last two or three decades, as a consequence of 
increasing generation and complexity of wastes and of the deep and 
extensive changes that consequently occurred in their management.  

11 Elements 

15 Elements 

 60 Elements 

Growing complexity of goods  (and waste) 
composition (e.g. information products)   



Main Goals of a Waste Management 
System 
i) Protection of human health and the environment, 
then reduction of emissions, monitoring of toxicological 
effects and minimization of health risks, minimization of 
GHSs;  

ii) Conservation of resources, such as materials, energy, 
and land;  

iii) After-care-free waste management, meaning that 
neither landfills nor WtE, recycling or other treatments leave 
problems to be solved by future generations; 

iv)  Economic sustainability of the whole cycle of MSW 
management, also in a welfare economy perspective.  



Possible options for waste management 

Cossu (2009) Waste Management, 29: 2797-2798 

ideal solution 
whereby no waste 
is sent to landfill or 
thermally treated 

All countries are far 
from achieving 
Zero Waste targets 



Is it possible a Zero Waste solution?  
Despite the fact that several people consider Zero 
Waste a practical alternative to final disposal, this 
concept could only represent a desirable approach 
and trend on which all waste management 
strategies should be based.  
“Zero waste” is similar to the principle of “Zero 
disease” aiming to limit the onset of disease 
through application of prevention measures, 
correct nutrition, improvement of lifestyle, etc., 
but … 
Nobody would ever consider it an alternative 
solution for their health problems, replacing 
physicians and hospitals!  
(Cossu, 2009. Waste Management, 29: 2797-2798) 



Zero waste option would be fully acceptable if it merely 
simplifies, from the communication point of view, the means 
of achieving PREVENTION.  

Zero Waste or Zero Decisions?  



Zero Waste or Zero Decisions?  



Waste Management Guidelines 

i)  Efficient service of collection and disposal; 
ii) Minimization of Landfill Option, which is becoming 
crucial due to the continuously reducing space for sanitary 
landfills;  

iii) Minimization of Operations Entailing Excessive 
Consumption of raw materials and energy without yielding 
an overall environmental advantage;  

iv) Maximization of Material Recovery, albeit in 
respect of the previous point;  
v) Maximization of Energy Recovery from materials 
that cannot be efficiently recycled, in order to save both 
landfill volumes and fossil-fuel resources.  



A Sustainable WM system 



but there is the influence of waste generation 

Source of data: The World Bank, 2012 



… and that of waste composition 

Source of data: The World Bank, 2012 



… a too large difference due to income 

Source of data: The World Bank, 2012 



… too much dumping,  
too low-technology options 

Source of data: The World Bank, 2012 



A Sustainable WM system ??? 



A Sustainable WM system 



Role of WtE in a sustainable WM system 

1. Reduction of mass and volume of waste, 
therefore preserving landfill space;  

2. Sustainable energy recovery from the solid 
waste stream;  

3. Recovery of material from solid residues;  
4. Destruction of a number of organic 

contaminants present in the waste stream; 
5. Reduction of greenhouse gas emissions with 

respect of anaerobic decomposition in landfills; 
6. Separation of inorganic components from the 

organic fraction, so allowing reuse or inertization and 
preventing dispersion and accumulation of hazardous 
constituents in the environment and recycled products. 



1_Reduction of mass and volume of waste 

Consonni  et al. (2005) Waste Management, 25: 123–135 

“a WtE plant processing 1 Mt per year requires less 
then 100,000m2, while the landfilling of 30 Mt of 
MSW would require an estimated 3,000,000m2” (and 
a new plant can be built on the site of existing WtE plant). 
(Psomopoulos et al. 2009) 



2_Sustainable energy recovery 
The environmental impact of modern, adequately 
constructed and operated, WtE units is today assessed 
as comparable to that of a medium industry, and 
anyway less “than almost any other source of 
electricity“.  
Nevertheless, fear of pollution still brings WtE plants 
to the center of emotional public debate, much of it 
based on perception rather than on objective 
scientific evidence.  

This public perception forces the manufacturers of 
WtE plants to continuously improve the performance 
of the chemical conversion process and to develop 
advanced technologies for pollution control systems.  



2_Sustainable energy recovery 

Source: Rechberger H. and Schöller G. (2006) Project CAST. CEWEP-Congr., WtE in European Policy  



2_Sustainable energy recovery 

Source: Rechberger H. and Schöller G. (2006) Project CAST. CEWEP-Congr., WtE in European Policy  



2_Sustainable energy recovery 

Source: Rechberger H. and Schöller G. (2006) Project CAST. CEWEP-Congr., WtE in European Policy  



2_Sustainable energy recovery  
(health effects) 

German Environment Ministry-Waste Incineration- A potential danger? (2005) 

AEA. Review of research into health effects of Energy from Waste facilities (2012) 

Health Protection Agency_The impact on health of emissions to air from municipal waste 
Incinerators_HPA Report Ref. RCE-13 (2010) 



Courtesy of Nippon Steel Eng. Co., Tanigaki 2011 

3_Recovery of material  



4_Destruction of a number of organic 
contaminants  
The amount of hazardous substances in the wastes is 
large and still increasing.  
The main function of a WtE unit is to act as a sink for 
hazardous materials, in particular for persistent organic 
pollutants, but also for inorganic substances.  
Waste management has no other means to safely 
dispose of hazardous organic compounds contained in 
MSW.  
Neither mechanical biological treatment nor aerobic (composting) or 
anaerobic (digestion, landfilling) treatments are able to completely 
mineralize refractory organic carbon compounds.  
Since many thousands of tons of such chemicals are 
used in consumer products, it is necessary to have 
reliable, proven technologies, such as modern WtE 
units, that are able to completely mineralize hazardous 
organic substances. (Brunner, 2012) 



5_Reduction of greenhouse gas emissions 

European Env. Agency.GHG emissions in EU, including Norway and Ch. Report 3/2011 



Arena et al., (2003) Chemical Eng. Journal, 96:1-3, 207-222 

5_Reduction of greenhouse gas emissions 



Inorganic substances cannot be so readily destroyed or 
treated.  
A WtE process allows concentrating and recovering 
individual metals in defined incineration products, such 
as APC residues, which have to be deposited in specially 
equipped final sinks such as underground storages (e.g. 
former salt mines).  
An alternative is to recycle the metals contained in the 
ash: to make it economically feasible, it may be 
necessary to accumulate these materials in a few 
storage places for long time periods. After decades to 
centuries, this will result in large amounts of secondary 
resources that can be recovered at competitive 
economic and environmental costs.  

6_Separation of inorganic components 
from the organic fraction 



… and finally, Is WtE against recycle? 



… and finally, Is WtE against recycle? 



Two (main) types of  
Thermal Treatment             

Umberto ARENA:  Energy Recovery from Waste in a sustainable 
WM system  



Types of WtE processes 



Types of WtE processes 



Types of WtE processes 
 
 Combustion Gasification 

Aim of the process 
To maximize fuel conversion to high 
temperature flue gases, mainly CO2 and  
H2O. To maximize energy recovery.  

To maximize fuel conversion to  fuel 
gases, mainly CO, H2 and CH4. To 
minimize residues to be sent to final 
landfill. 

Operating conditions 

Reaction environment Oxidizing Reducing  

Reactant gas Air Air, O2-enriched air, pure O2, steam 

Temperature Between 850°C and  1200°C Between 550-900°C (in air gasification) 
and 1000-1600°C 

Pressure Generally atmospheric Generally atmospheric 
Process output 
Produced gases FLUE GAS, mainly  CO2, H2O, O2 FUEL GAS, mainly  CO, H2, CH4, CO2 

Pollutants SO2, NOx, HCl, PCDD/F, particulate H2S, HCl, COS, NH3, HCN, tar, alkali, 
particulate 

Ash  

Bottom ash can be treated  (typically in 
an external site) to recover ferrous and 
non-ferrous metals (such as Al, Cu and Zn) 
and inert materials (to be utilized as a 
sustainable building material). 
APC residues are treated and disposed as 
industrial waste. 

Metals can be recovered.  
Bottom ash can be produced as 
vitreous slag that can be utilized as 
backfilling material for road 
construction. 
APC residues are treated and disposed 
as industrial waste. 

Gas cleaning 

Flue gas is treated in air pollution control 
units to meet the emission limits. 

It is possible to clean the syngas to 
meet standards of chemicals 
production processes or those of  high 
e.e. efficiency conversion devices. 



Taxonomy of combustion-based WtE 

Criteria Types  

Reactor type 
 moving grate 
 fluidized bed: bubbling, circulating, internally circulating, 
 rotary kiln  

Oxidizing 
agent 

 air  
 oxygen enriched-air  

Number of 
treated fuels 

 incineration  
 co-incineration  

Heat recovery 
 Electric energy 
 District Heating 
 CHP (combined heat and power) 

Bottom ash 
status 

 dry bottom ash  
 vitrified slag (melting system)  



Oxidant medium: air  
ER: 1.7 
Urea: 4.6 kg/twaste 
Hydrated lime: 10 kg/twaste 

Activated Carbon: 1 kg/twaste 

Mass balance of a Combustion-based WtE 

All the values are in t/d 

Source: Arena and Di Gregorio, Waste Management (2013) 33: 1142-1150 



Taxonomy of gasification-based WtE 
Criteria Types  

Heat supply  auto-thermal (directly heated)  
 allo-thermal (indirectly heated)  

Temperature  low-temperature (typically below 900°C)  
 high-temperature (typically above 1200°C)  

Gasification 
agent 

 air  
 oxygen enriched-air  
 oxygen  
 steam  

Number of 
treated fuels 

 gasification  
 co-gasification  

Reactor type 

 fixed bed: up-draft ; down-draft; shaft furnace 
 fluidized bed: bubbling, circulating, internally circulating, 

dual  
 rotary kiln  
 moving grate  
 plasma: single and double stage 

Bottom ash 
status 

 dry bottom ash  
 vitrified slag (melting system)  

WtE 
configuration 

 heat gasifiers  
 power gasifiers  



Autothermal gasification for WtE 



Oxidant medium: air and O2 enriched air (O2= 36%) 
ER: 0.26 
Urea: 4.6 kg/twaste 

Hydrated lime: 6.5 kg/twaste 

Activated Carbon: 0.5 kg/twaste 

All the values are in t/d 

Mass balance of a Gasification-based WtE 

Source: Arena and Di Gregorio, Waste Management (2013) 33: 1142-1150 



In the aggressive working environment of MSW 
management, with its uncompromising demand 
for: 
• reasonable cost 
• high reliability and operational flexibility 
• environmental compatibility 
it is necessary to define the best thermal processing 
strategy of the future by taking also in mind: 
• the characteristics of the catchment area (waste 
generation per capita, extension of the area, etc.) 
• the composition of the solid waste 
  

A sustainable WtE technology  



A proper evaluation of a WtE technology needs a 
quantitative assessment of the complete system. 

Adapted from: ISWA Working Group on Energy Recovery, 2013 

A sustainable WtE technology  



The success of an advanced thermal technology is 
determined by its: 
• technical reliability 
 operational experience (at the required scale of operation) 
 availability 
 reliability 

• environmental sustainability  
 emissions in atmosphere (mainly function of APC system) 
 solid residues 
 GWP impact 

• economic convenience 
 economic feasibility (of the whole project) 
 scale aspects 
 additional feed-in tariffs or subsidies 

A sustainable WtE technology  



Environmental 
sustainability 

of Thermal Treatments 

Umberto ARENA:  Energy Recovery from Waste in a sustainable 
WM system  



Environmental sustainability  

The environmental performances of the systems for 
energy recovery from waste have improved 
significantly over the last two decades, as a 
consequence of a better combustion control and of 
advanced and efficient flue gas cleaning equipment 
which have proven to be robust and capable of 
meeting strict emission regulations. Today the 
modern WtE units are one of the energy source 
with less impact on the environment. 



Environmental sustainability  
The environmental performances of the systems for energy 
recovery from waste have improved significantly over the 
last two decades, as a consequence of a better combustion 
control and of advanced and efficient flue gas cleaning 
equipment which have proven to be robust and capable of 
meeting strict emission regulations. Today the modern WtE 
units are one of the energy source with less impact on the 
environment. 

Source: Waste Management in Germany,  Federal ministry for the Environment, 2005 



Environmental sustainability  

Source: Zaniboni, Partenope Ambiente, 2013 



Environmental sustainability  

Source: Waste Management in Germany,  Federal ministry for the Environment, 2006 

 Unit  Dust NO2  SO2 Hg Dioxin 
t/a t/a t/a g/a mg I-TE/a 

Power generation 108.000 1.215.000 443.000 2.790.000 36.000 

Industrial activities 152.000 94.000 115.000 1.350 48.500 

WtE-Plants 10 100 18 310 130 

TOTAL EMISSIONS 
IN GERMANY 2006 271.000 1.394.500 558.500 2.792.000 85.000 



Environmental sustainability  
 ORDINARY POLLUTANTS (HCl, HF, NOx, SO2) 
 MICROPOLLUTANTS (dioxins, heavy metals) 
 SOLID RESIDUES  (bottom ash and APC residues) 

 NANOPARTICLES  
IT 
3 
7 

0.3 
25 
85 
10 
0.3 

0.02 
0.2 
10 

0.025 



Environmental sustainability    

Authorized daily limit 

Overall emissions, Naples WtE unit, 2012 

Source: Zaniboni, Partenope Ambiente, 2013 



All the values are in kg/d 

All the values are in kg/d 

87.4% 

0.4% 

12% 

98.9% 

HCl 

KCl,PbCl2 
ZnCl2 

Emissions in atmosphere: fate of Chlorine   



Courtesy of Martin Gmbh, 2013 

Emissions in atmosphere: nitrogen oxides   



NOx unabated
< 250 mg/Nm3

VLN gas as
mixing agent

NOx abated
< 80 mg/Nm3

NH3 or urea
for DeNOx

>850 °C / 2 s

UFA
λ ~ 1.2

VLN gas
T < 300°C 
λ ~ 0.3

OFA
λ ~ 0.2 Air gradation

 Low NOx
λ ~ 0.9 – 1.1

Courtesy of Martin Gmbh, Wohlleben, Sardinia 2011 

Emissions in atmosphere: nitrogen oxides   



Environmental sustainability: dioxins   

O 

O Cl 

Cl Br 

Br O Cl 

Cl Br 

Br 

1980 

2000 

Source: Vehlow, 2012 



Environmental sustainability: dioxins   

Reduction of 99.96% from 1987 

Source: Themelis, Hong Kong, 2013 



Environmental sustainability: dioxins   

Mean value:  0.00013ng/m3
N 

EU maximum limit : 0.1 ng/m3
N 

Authorized limit: 0.025 ng/m3
N 

Dioxin emission, Naples WtE unit, 2012 

Source: Zaniboni, Partenope Ambiente, 2013 



Environmental sustainability: dioxins   
Options for reducing dioxin emissions 
 suppression of generation (head-end techniques) 

• complete burnout (then high T, turbulence and residence time) 
• limited dust release and deposition in the boiler (then limited residence 
time of these deposits and efficient boiler cleaning)  
• low oxygen surplus in the flue gas 
• reduced Cl/S ratio 
• stationary combustion 
• filter temperature < 200 °C (then adequate temperature control) 

 efficient abatement technologies (secondary measures) 
• carbon adsorption (fixed or moving bed, scrubber) 
• PAC injection + dust removal 
• oxidation catalyst 
• chemical oxidation in the flue gas  
• combined filtration and catalytic destruction  



Environmental sustainability: dioxins   
efficient abatement technologies 

• carbon adsorption (fixed or moving bed, scrubber) 
• PAC injection + dust removal 
• oxidation catalyst 
• chemical oxidation in the flue gas  
• combined filtration and catalytic destruction  

Source:  www.gore.com –GOREREMEDIA 

http://www.gore.com/�


Environmental sustainability: dioxins   

SEM of Catalyst/ePTFE Fiber 

Catalyst 
particle 

Source:  www.gore.com –GOREREMEDIA 

http://www.gore.com/�


Environmental sustainability: dioxins   



Environmental sustainability: mercury   

Mean values:  <0.001µg/m3
N 

EU maximum limit : 0.05 µg/m3
N 

Authorized limit: 0.02 µg/m3
N 

Mercury emission, Naples WtE unit, 2012 

Source: Zaniboni, Partenope Ambiente, 2013 



Environmental sustainability: solid residues   

Source: Vehlow, 2012 



Environmental sustainability: solid residues   



Environmental sustainability: solid residues   

Source: Arena and Di Gregorio, Waste Management (2013) 33: 1142-1150 



All the values are in kg/d 

All the values are in kg/d 

55% 

0.9% 

45% 

99.1% 

ZnSiO4 
ZnAl2O4 

ZnCl2 

Solid residues: fate of Zinc   

Source: Arena and Di Gregorio, Waste Management (2013) 33: 1142-1150 



All the values are in kg/d 

All the values are in kg/d 

45% 

98.1% 

1.9% 

55% 

Solid residues: fate of Lead   



Combustion-based WtE Gasification-based WtE 

mass flow 
rates 

Bottom 
Ash 

APC 
residues 

Flue 
Gas Slag Metals APC 

residues 
Flue 
Gas 

mass, kg/twaste 220 27.3 7118 210.2 36.2 71.1 5384 

C, kg/twaste 2.5 2.2 247 0.5 0 2.1 348 

Cl, g/twaste 432 3145 23 14 0.4 3559 26 
S, g/twaste 650 624 26 251 14 1022 14 

Pb, g/twaste 110 90 0.1 2.2 1.5 196 0.05 
Zn, g/twaste 324 396 0.2 5 2 714 0.2 

Environmental sustainability: results of a 
MFA/SFA   

Source: Arena and Di Gregorio, Waste Management (2013) 33: 1142-1150 



Environmental sustainability: solid 
residues   Courtesy of Martin Gmbh, 2012 



Environmental sustainability: solid 
residues   

Courtesy of Martin Gmbh, 2012 



Environmental sustainability: 
nanoparticles   

• PM10 - deq<10 µm 

• coarse dust (PM10-PM2.5) 

• fine dust (PM2.5) - deq<2.5 µm 

• PM1 - deq<1 µm 

• ultrafine dust-deq< 0.1 µm (100 nm) 

• nanoparticles-deq< 0.050 µm (50 nm) 

Source: Buonanno, 2013 



Environmental sustainability: 
nanoparticles   

Consonni et al. ,2009 
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Environmental sustainability: 
nanoparticles   

Buonanno  et al. (2012), J. of Air & Waste Man. Ass., 62:103-111 



Economic        
convenience 

of Thermal Treatments 

Umberto ARENA:  Energy Recovery from Waste in a sustainable 
WM system  



Economic convenience: total investment 
costs   
• Equipment costs 
 (Waste pretreatment) 
 Thermal treatment unit(s) 
 Air Pollution Control system 
 Bottom ash and APC residue treatment  

• Civil engineering costs 
• Other 
 Costs of working capital 
 Insurance costs 
 Other financing costs 
 Risk mitigation funds 
Owners engineer costs 
… 

 



Economic convenience: total value chain   

Adapted from: ISWA Working Group on Energy Recovery, 2013 



Economic convenience: utility costs   

Adapted from: ISWA Working Group on Energy Recovery, 2013 



Economic convenience  

The focus should be mainly on: 
• Total investment costs 
It is crucial that are all cost items taken into 
consideration. Total investment costs for conventional 
WtE may be high compared to a number of gasification 
technologies: evidence gained over the last few years 
indicates a convenience for gasification plants smaller 
than about 120,000 ton/year.  

• Amount of recovered energy 
Combustion-based technologies have efficiencies from 
18 to 27% (up to 32%). The efficiency of gasification-
based technologies is clearly lower (specially if 
compared to large scale incinerators), in the range 10-
18%, mainly as a consequence of ash melting section. 



Economic convenience: boundary conditions 
The BC for WtE are quite different around the world: 
Europe: 
- Very strict emission limits  
- Waste HV= 8-12 MJ/kg (but increased use of SRF with HV = 12-17 MJ/kg) 
- Installation sizes up to 1.5 Mt/y (average line capacity of 150 kt/y) 
- Optimization of availability to > 7,500 h/y 
- No requirements regarding ash treatment 
- Gate fee for waste conversion between 25 €/t (Scandinavia, maximized 
heat off-take) and 100 €/t (Belgium, protected market) 
-Investment amounts: 400-1,000 €/yearly t of throughput 

-United States: 
- Emission limits comparable to or somewhat less strict than in Europe 
- Waste HV = 7 - 10 MJ/kg 
- Installation sizes up to 1 Mt/y; average line capacity 150 kt/y 
- Maximization of electricity supply to the grid if possible 
- No requirements regarding ash treatment 
- Gate fees for waste conversion must be competitive to landfilling 
therefore low (20-40 US$) 
- Investment amounts: 300-900 US$/yearly t of throughput 



Economic convenience: boundary conditions 

Enea, Report 
RTS/2007/7/ACS 



Source: ISWA Working Group on Energy Recovery, 2013 

Japan: 
- Emission limits strict and comparable to Europe 
- Waste HV = 6 - 8 MJ/kg 
- Heat and Electricity Supply up till yet less important 
- Availability of 6,500 - 7,500 h/y 
- Installation sizes often significantly smaller than 100 kt/y 
- Strict requirements regarding ash treatment; often ashes need to be 
vitrified to be made environmentally harmless 
- Gate fees for waste conversion up  300 €/t 
- Investment amounts for EfW unclear, but probably higher than in 
Europe or USA due to lower scale and focus on ash treatment 

China and South Korea: 
- Pragmatic emission limits 
- Waste HV = 4 - 7 MJ/kg 
- Installation sizes varying 
- No requirements regarding ash treatment 
- Gate fees for waste conversion low 
- Investment amounts for EfW 80-200 €/yearly t of throughput 

Economic convenience: boundary conditions 



Source: What a Waste, The World Bank, 2012 

South America: 
- Not common, and generally not successful. Some 
incinerators are used, but experiencing financial and 
operational difficulties.  
- Waste HV is very low due to high moisture content and 
high percentage of inerts 
- Air pollution control equipment is not advanced and often 
by-passed. 
- Little or no stack emissions monitoring. 
- Governments include incineration as a possible waste 
disposal option but costs appear prohibitive.  
- Facilities often driven by subsidies from OECD countries on 
behalf of equipment suppliers.  
- High capital, technical, and operation costs 

Economic convenience: boundary conditions 



The main goal of WtE units has shifted from  
WASTE TREATMENT 

to: 
(WASTE TREATMENT WITH) 

ENERGY PRODUCTION 
But the shortage of adequate site for safe landfills and 
the high disposal costs, particularly in areas at high 
density of population, could soon promote another 
shift to: 

(ENERGY PRODUCTION AND)  
LANDFILL MINIMIZATION 

Economic convenience  



Economic convenience  

Thereby it also important to consider: 
• Cost of disposal for solid residues 
 Costs of treatment for bottom ash and APC residues 
 Cost of landfilling 
 Possible revenues from metal recovery and inert 
utilization 
 Reduced necessity of new landfill sites 

Combustion-based WtE Gasification-based WtE 

Bottom 
Ash 

APC 
residues 

Flue 
Gas Slag Metals APC 

residues 
Flue 
Gas 

mass, kg/twaste 220 27.3 7118 210.2 36.2 71.1 5384 
volume flow 
rates, m3

N/twaste 112.8 29.3 5520 115.5 9.3 49.7 4026 

landfill mass 
reduction, % 74.5 94.0 



Conclusions 
Combustion-based technologies, and moving grate 
furnaces in particular, are a proven and sustainable WM 
option that allows: 

 a significant amount of energy 

 a very limited emissions into the atmosphere 

 a considerable waste volume reduction 

 an accurate prediction of investment and operating costs.  

 

The advanced solutions for these units suggest new 
important improvements in term of maximization of 
energy and material recovery, minimization of 
emissions and optimization of combustion control. 



Then,  are you in favor of  

Energy Recovery from Waste? 



I like the sea  



 WM system in Naples  
Very high recycling rate (> 41%): 
1200 kt/y 

One WtE unit: 800kt/y 

An availability of landfill 
volume < 600 kt/y.  
Then the necessity of  
not-sustainable “waste ships” 
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