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Abstract:  Sustainability in urban development, economic growth and human well-being  are critical issues faced all over 
the world. In the last decade urban planning and management had accomplished, or will do it, innovations  in order to 
meet the challenges posed by sustainable development. Reduction of 20% of GHG emission, the achievement of 20% 
energy demand by renewable energy together with an increase of  20% of energy efficiency are targets foreseen by EU. In 
this scenario a strategic role is played by municipal waste integrated management system (MWIMS). The matter is 
becoming increasingly important as a results of the growth of urbanization rate: the raising complexity of a MWIMS 
relies on the high number of design and management variables and relationships pertaining to collection, treatments and 
disposal phases. Waste management practices can sway greenhouse gas emission by affecting energy consumption, 
methane generation, carbon sequestration and non-energy related manufacturing emission. In this context, a sustainable 
waste management system allows a reduction of negative impacts on environment. The purpose of such a study is to 
propose a decision-making framework aiming  to minimize the carbon footprint of a MWIMS. The model goes beyond 
the existing technical and organizational solutions outlining  the different options in a much broader view concerning 
both waste collection and treatments. A mixed integer linear programming model , has been applied to a full case study 

concerning Bari. The study is carried out within the research project RES NOVAE (Reti, Edifici, Strade ‐ Nuovi 
Obiettivi Virtuosi per l’Ambiente e l’Energia). The strength of the framework results in supporting public decision-
making, a complex process due to the number of decision variables and their implications on economic performance. 
Results exhibit the effectiveness of the model also in pointing out opportunities non yet evaluated. 

          Keywords : Decision-making, Municipal Waste Integrated 

1.Introduction 
The concept of ‘Sustainability’ is increasingly used to 
describe a paradigm upon which future policies must be 
based. Economic, social and environmental aspects  are the 
three pillars of sustainability, interdependent and mutually 
reinforcing. The need to balance these aspects makes the 
‘pathways to sustainability’  a challenge of trade-offs. 
(Jorgenson et al, 2013). Industrial and societal challenges 
are mutual dependent and provide significant impacts on 
the grand challenges of the EU 2020 strategy:  Economic 
Growth and Jobs’ creation, Energy and Climate Change, 
and Social ‘Well-being’ (Mummolo, 2014). The movement 
toward ‘Smart city’ is a first step to ensure the achievement 
of european targets such as reduction of 20% of GHG 
emission, the 20% energy demand by renewable energy 
together with an increase of  20% of energy efficiency. 
According to the definition of Batty (Batty et al. 2012) 
“Cities are becoming smart not only in terms of the way we can 
automate routine functions serving individual persons, buildings, 

traffic systems but in ways that enable us to monitor, understand, 
analyse and plan the city to improve the efficiency, equity and quality 
of life for its citizens in real time”. In this perspective a Urban 
Control Centre (UCC)  has been designed and will soon be 
operational. The UCC provides energy and environmental 
information to the public administration, citizens and other 

interested players. The Urban Control Centre is the final 
element of tangible and several lines of research, necessary 
and depending. Logistics of the waste management system 
plays a key role in sustainability. Sustainable logistics is a 
wide field of investigation where environmental issues are 
jointly considered with economic issues (Digiesi et al., 
2012).The raising complexity of a Municipal Waste 
Integrated Management Systems (MWIMS) relies on the 
high number of design and management variables and 
relationships pertaining to the different phases constituent. 
The paper proposes a decision-making framework aiming  
to minimize the carbon footprint of a MWIMS. The field 
of analysis  is wide and extended to all phases 
characterizing waste management.  The model  allows to: 

 evaluate and minimize the emission in terms of 
CO2eq for all the phases of the waste integrated  
management system establishing the amount of 
waste fraction to be collected ;  

 design and plan the preliminary step of collection 
that is influenced and influences the previous 
point.  

A full case study applied to Bari has been faced.   The 
boundaries of the analysis coincide with the  possible 
action of a public decision-maker (management and 
designing of collection systems, construction or revamping 
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of existing facilities , etc…). For that reason the plants to 
convert the dry recycled fraction in secondary raw materials 
have not been considered. 

2. Municipal Waste Integrated Management 
System  

The waste management system  is the set of  actions to 
manage the entire process of waste from their production 
until the end of their life. The complexity and severity of 
the problems related to municipal solid waste, impose a 
systemic approach. MWIMS refers to the strategic 
approach to sustainable management of solid wastes 
covering all sources and all aspects: generation, transfer, 
sorting, treatment, recovery and disposal in an integrated 
manner, with an emphasis on maximizing resource use 
efficiency (UNEP). The  EU directive defines prioritized 
management strategies to minimize the amount produced 
and maximize the recovery of material and energy to obtain 
the best overall environmental outcomes. The fig.1 shows 
the different phases of MWIMS  considered in the paper.  
 

 

Fig.1 Scheme of WMIMS 

For each of them , will be given  a brief description of the 
technologies and organizational choices that can be 
implemented as evident in section 3.  

2.1 Waste Collection 

This step regards all the operations to remove the waste 
materials from the source or location where they are 
generated. The manner of accomplishment of this phase 
relates the grouping and the collection systems. The 
grouping system examined are single-stream and multi-
stream.  In the first case citizens are requested to sort and 
stock each household waste stream whose quality is 
strongly based on their involvement. On the other side, the 
multi-stream grouping transfers the assignment of sorting 
to automatic or semiautomatic facilities. The adoption of 
either influences the bin capacity and the transport 
means.The  different collection systems considered are 
Door to Door(DtD), Aggregate(A), Proximity(P), Street 
(S)Collection Systems.In (Mummolo et al., 2014) technical 
peculiarities for each grouping and collection systems are 
analysed. 

2.2 Treatments 
 

For dry recycled waste fractions the treatment takes place 
in sorting facilities where foreign materials are removed and 
homogenous waste flows prepared. The latter will then be 
sent to facility for production of secondary raw materials. 
Downline of appropriate pretreatment, the organic fraction 
collected is sent to an anaerobic digester(AD). AD is a 
biological treatment performed in the absence of oxygen to 
stabilize organic matter while producing biogas, a mixture 
formed mainly of methane and carbon dioxide. (Mata-
Alvarez,2014)For what the non-recycled fraction is 
concerbed a Mechanical-biological treatment is required. 
The flow is initially subject to a series of operations of 
grinding and sieving. After a further revision in grinders 
and a subsequent transition under a magnetic separator, the 
stream is divided by a rotating screen into two flows: tne 
former is sent to biostabilization; The letter is sent to the 
gasifier 

2.3 Energy Recovery 

Energy recovery from waste is the conversion of recycled 
and non-recycled waste materials into usable heat, 
electricity, or fuel through a variety of processes. When a 
waste is used to generate electricity, it displaces utility fossil 
fuels that would otherwise be consumed. Biogas-to-CHP 
represents one of the most common utilization. The 
generated electricity is fed into the national grid, while the 
heat may be consumed via district heating networks. Part 
of the generated heat is used in the AD process control, 
and for sterilization of feedstock, if required. (Pöschl,2010). 
Gasification is an high temperature thermochemical 
process, in atmosphere oxygen deficient. Process output is 
represented by  a gaseous fuel referred as Syngas. The key 
components in gasifier product gases include H2, CO, CO2 

and CH4. This technologies is a valid and promising 
alternative to energy recovery from waste destruction to 
contribute in solving typical problems of  traditional direct 
combustion (dioxins, final disposal of burnt, etc) (J.I. Na et 
al,2003). As stated, facilities to convert waste recycled 
fraction in secondary raw materials are outside of analysis 
boundaries analysis.  

2.4 Disposal 

The confinement in the landfill is the least efficient system 
to manage the waste, both because of land wastage and 
seepage of toxic decomposition products out of landfill 
areas. The landfill provides for the disposition of waste in 
layers on the ground in a proper and monitored manner in 
order to minimize the negative effects on the environment 
and on people. The landfill can be divided into three 
compartments: an internal mass, which constitutes the 
larger part where the degradation of putrescible waste takes 
place, a surface layer of the interface between the solid 
mass and air, leachate, a liquid produced by the leaching of 
rainwater between the waste and moisture of the same. 
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3. Study Methodology  

A Reference Framework for Planning a Municipal Waste 
Integrated Management System is required to tackle the 
complexity of decision making process.Complexity is due 
to the high number of decision variables, their implications 
on performance of solutions adopted; 
The authors  propose a framework  to minimize the carbon 
footprint of a MWIMS. The evaluated solutions for both 
waste collection and treatments go beyond the existing 
technical and organizational ones proposing more 
environmental friendly options.  The application of model 
to jointly: 

 estimate  and minimize the net emission due to 
the entire cycle; 

 design the municipal waste collection system. 
Goals are mutually dependent:  the amount of waste 
fraction collected influences the emission of treatments 
stage. At the same time the impact of the different 
treatments leads to encourage selective collections  

 

3.1  Evaluated emission of MWIMS 

To evaluate the emission of MWIMS the following  data 
are required:  

- activity data: they rely on consumption of each 
activity (electricity, thermal, fuel consumption);  

- emission factors :they quantify the emissions per 
output unit of each activity.  

Environmental impacts of waste collection depend by 
working hours of the means in evident correlation with the 
emission factor expressed in kgCO2eq per km travelled. 
For what concern treatments, energy consumption 
(electricity, heat, fueling materials handling vehicles) has 
been considered. The emission factor for electricity and 
diesel oil considered are expressed in term of 
tCO2eq/MWh. The electricity emission factor is calculated 
ad-hoc taking into account the high local production 
electricity from renewable sources through the relationship 
of Baseline Emission Inventory (FEel = 0,267 
tCO2eq/MWh).The emission factor for diesel oil has been 
assumed equal to 0.227 tCO2eq/MWh.                                 
The same kind of reasoning is applied to Energy recovery 
stage. Moreover emissions avoided resulting by both the 
energy production and prevented disposal for the dry 
recycled fractions have been considered.   

3.2 Designing the municipal waste collection System 

Mathematical programming model are often adopted to 
design and manage municipal waste management 
systems(Mummolo, 2008; Mummolo et al, 2014).In this 
paper, on the basis of the mathematical model adopted in  
(Mummolo et al., 2014) for optimizing collection phase, a 
new model including also the treatments phase is proposed. 
The following notations has been used  

Table1. Notation adopted 

Symbol  Description 
k Waste fractions k = 1: organic; k = 2: glass; k 

= 3: paper; k = 4: plastics and metal cans 
i Grouping Systems i =1: ‘single stream’; i = 2: 

‘multi stream’; 
j Collection Systems j = 1: ‘door-to-door’; j = 

2: ‘aggregate ’; j = 3: ‘proximity’; j= 4: ‘street’;  

w Different stages of MWIMS; w=1 sorting 
w=2 selection&sorting w=3 organic 
pretreatments w=4anaerobic digestion w=5 
composting w=6 Tmb 

fej,i Emission factor of the transport mean to 
collect waste fraction according to the i-th 
grouping and the j-th collection system 

W number of weeks in the observation period 
Pj,i number of picking operations of unit loads 

characterizing the i-th waste stream grouping 
and the j-th waste collection system 

H number of work-shifts per day 
vj average speed of the transport mean adopted 

by the j-th collection system 
Pc production per capita of urban waste 

ɳk,j,i collecting efficiency of the k-th material 
collected by the j-th waste collection system 
according to the i-th waste stream grouping; 

Pk percentage of the k-th type of waste  in the 
total municipal solid waste produced. 

c average number of members in a family 
Bj bin load capacity 
XCom.Users Waste produced by commercial users; sum of 
 XCom.Org+ XCom.Glass+ XCom.Card 
ek,w Efficiency of w-th stage for the k-th waste 

fraction. Sk,w=1- ek,w 
FEk,w Emission of w-th stage for the k-th fraction 

measured as tCO2eq/twaste  
dk annual distance travelled to  transport the     

k-th fraction to facilities 
Ek 

 

Energy from recovery of waste (from biogas 
and syngas)  

Fk Avoided emission from recovery and 
prevented disposal 

OTMB organic flow after TMB send to landfill (%) 
XMax1 Maximum annual amount treated by 

anaerobic digestor 
FEl1 Emission factor for disposal dry fraction 
FEl2 Emission factor for disposal organic fraction 
XMax2 Maximum annual amount treated by TMB 

The decision variables are  

 Ni,k :Boolean variable to infer if the j-th grouping 
system is adopted. 

 Nj,I,k, :Number of users served by the j-th collection 
system and the i-th  waste stream grouping for the k-
th waste fraction. 

 nwj,i,k  :weekly collection frequency of the k-th 
fraction, by the j-th system according to the i-th waste 
stream  grouping. 
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The problem has the following objective function : 
 
Min  ( EmCollec + EmTreat   + EmTMB + EmLand.+ EmTransp. –  

Em.EnRecovery – Em.avoidedLand ) 
where : 
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and X’1 = X1 + XCom.Org 

 

The object function (1) is subject to the following 
constraints: 

c.1  ∑              k ;  

c.2                    

c.3              

c.4  ∑ ∑                          

c.5                                         

c.6                     

c.7                                    ,         

c.8                                         

c.9 ∑ ∑ ∑ (                    ɳ     )           

c.10             

c.11           

 

Logistics-organizational constraints(from c.1 to c.6) allow 
to obtain the right allocation of grouping and collection 
system to the k-th waste fraction considering technical and  
organizational issues. Collection systems are strictly 

dependent on  urban configuration (historical vs. suburbs 
areas, street width, population density,…).The number of 
users served by the i-th waste grouping and the j-th 
collection system for the k-th fraction must comply with 
upper and lower limits depending on the urban 
features(constraint c.7). Normative constraints (from c.8 to 
c.9)ensure compliance with regulations concerning the  
frequency and the minimum level of  separated collection 

     . The constraints c.10 and c.11 are capacity 
constraints, respectively, for the anaerobic digestion and 
mechanical biological treatment. 

4. A full case study: Bari Smart City 

The case study developed in this section refers to Bari, a 
leading Municipality in the ‘ResNovae’ research project 
involving industry, research institutions and municipalities 

in the smart energy planning and management. The 
number of users is equal to 147,811 (each of them having 
on the average 2.33 members per families). The overall 
municipal waste amounts to 176,677 t/year (2013 data) 
compounded of 76% household waste and 24% originating 
by municipal commercial users. Waste production per 
capita is equal to of 379 kg/year. Commercial users are not 
included in the designing of collection system; it has been 
evaluated the amount of waste fraction that obviously  
influence capacity of each facility. The model is tested to 
find the optimal waste fraction mix of recyclable materials 
(organic, glass, paper, plastics, and metal cans). Two classes 
of collecting transport means has been considered: a small 
one with a 7 m3 transport capacity, average speed of 10 
km/h, and an emission factor of 0.260 kg CO2eq /km; a big 
one with 15 m3 transport capacity, average speed of 15 
km/h, and an emission factor of 0.697 kg CO2eq /km 
(Inemar, 2013). The composition of municipal waste 

fractions of Bari city, adopted in the model is  in Fig.2. 

 

 

Figure 2 : Composition of Bari municipal  waste fraction 

The organic fraction from commercial users is supposed 
equal to the 10% of the overall amount organic whereas the 
glass the 2% of the glass produced. The cardboard is 

34% 

13% 
10% 

5% 

17% 

1% 
4% 

2% 

14% 

Organic

Paper

Cardboard

Glass

Plastic

Metal & Al.Cans

Wood

Textile

Other

XIX Summer School "Francesco Turco" - Industrial Mechanical Plants

376



ascribed to commercial users. The analysis of urban fabric 
have conducted to establish the lower and the upper 
number of users that can be served by the j-th collection 
systems. Results are in tab.2 

Table2. Upper and lower limits of users  for the  j-th 
waste collection system 

 Door to 

Door 

Aggregate Proximity  Street 

Upper limit(#) 14,337 53,158 78,443 133,473 

Lower limit(#) 7,098 2,467 2,467 55,510 

Productivity Pji of the workers team for i-th grouping and 
j-th collection system(with a 6-hours work-shift)and a 
measure of the degree of users commitment in waste 
classification  in terms of separate collected (SC/ 
produced)has been estimated. Data are listed in table 3. 
The minimum level of separate waste collection has been 
set to 36.0 %(waste materials like wood, textile etc., allow 
to increase the overall separate waste collection up to 50.0 
%).  

Table3. Productivity (Pji)  efficiency (E) and bin 
Capacity (bj) for  j-th collection system 

  Single stream Multi stream 

DtD A P S DtD A P S 

Organic E(SC/produced) 0.7 0.7 0.6 0.5 - - - - 

P(unit/shift) 800 200 200 150 - - -  

Glass E(SC/produced) - - 0.6 0.5 - - - - 

P(unit/shift) - - 200 150 - - - - 

Paper E(SC/produced) 0.65 0.65 0.6 0.5 0.8 0.8 0.7 0.6 

P(unit/shift)  800 200 200 150 700 200 200 150 

Plastic& 

Al.Cans 

E(SC/produced) 0.65 0.65 0.6 0.5 0.8 0.8 0.7 0.6 

P(unit/shift) 800 200 200 150 700 200 200 150 

Capacity 

bin(#users) 

Bj 1 

 

8 15 20 1 8 15 20 

The percentage of scraps observed to the sorting facilities 
for  paper, plastic, al.cans, glass, cardboard is respectively 
7%, 20%,10%,3%, 2.5%.  In Table4 are listed   data about 
the unit consumption per tonne (electricity and fuel 
consumption) for sorting and selection facilities.  

Table 4. Electricity and fuel consumption for Sorting 
facilities 

 Electricity 
Consumption 
(kWh/t) 

Fuel Consumption 

(l/t) 

 Single 
Stream 

Multi 
Stream 

Single 
Stream 

Multi 
Stream 

Paper&Cardboard 8 50 0,85 3 

Plastic &Al.Cans 19 50 2 3 

Glass 12 -- 2 -- 

The same consumption has been assumed for the selection 
of plastic fraction. The data in table 5 relates the unit 
consumption for organic treatments and for the  

Table5. Electricity consumption (kWh/t) for Anaerobic 
Digestion and mechanical-biological Treatments 

 Organic fraction 

(kWh/t) 

Non-recycled 

waste (kWh/t) 

Organic pretreatment 15.68 - 

Anaerobic digestion 21.14 - 

Composting 52.14 - 

Mechanical treatments - 8.73 

Biological treatments - 52 

The energy consumption of the gasifier has been supposed 
equal to  25% of the energy produced through syngas 
valorisation. Maximum annual amount treated by anaerobic 
digestor is set to 40000 t/y while the maximum annual 
amount treated by TMB is set to 255000 t/y.                   
The data inherent the digestion process and mechanical-
biological treatment have been provided by the public 
utility of Bari. The emission factor assumed for disposal is 
0,763 [tCO2eq/t] for the organic fraction 0,171[tCO2eq/t] 
for the dry fraction. The avoided emission from recovery 
and prevented disposal for paper, plastics, metal  al.cans, 
glass and cardboard are respectively 1.06, 0.94, 2.11, 0.16, 
0,86 tCO2eq/t.The annual distance travelled to transport 
the waste fraction to the different facilities has been 
evaluated. The emission factor of the vehicles used to this 
purpose has been assumed equal to 0.697 kg CO2eq /km. 
By considering treatments solution obtained differs from 
the one found  in (Mummolo, 2014) where the only 
collection phase was considered. Results, compared with 
those of only optimization of the collection service are in 
Tab6. Organic and Glass fractions have to be collected by a 
single stream grouping system. Differently, the model 
suggests the adoption of a multi-stream grouping system 
for Paper, Plastics and metal cans fractions since such a 
grouping system allows for a reduction in the number of 
collection cycles that is a reduction in GHG emissions.  

 Tab.6 Number of users served by the j-th collection 
system for the k-th waste fraction in case of 

optimization MWIMS and optimization of collection 
phase 

 Optimization MWIMS Optimization Collection 

System 

           (#users) (#users) 

DtD A P S DtD A P S 

Organic 
14,337 53,158 24,806 55,510 7,098 6,760 78,443 55,510 

Glass 
- - 78,443 69,368 - - 78,443 69,368 

Paper 
14,337 53,158 24,806 55,510 7,098 6,760 78443 55,510 

Plast,Al.Cans 14,337 53,158 24,806 55,510 7,098 6,760 78,443 55,510 
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The level of separated collection achieved is for organic, 
glass, paper, plastics and aluminum cans respectively 
14.6%, 1.7%,9.1%, 13.3%. In case of optimization of all 
MWIMS  solution obtained privileges the DTD and A 
collection system for organic, paper, plastic and metal cans 
as one can see by comparing results with the upper and 
lower limits (table 2). On the contrary,  the Street system is 
limited at the minimum values. For the glass fraction the 
model solution suggests the collecting to be carried out by 
the Proximity system meanwhile keeping as much low as 
possible the Street option. The model privileges collection 
system  with higher efficiencies even though responsible of 
higher collection emission than “P” system favored by 
optimization of only collection phase.(Mummolo et 
al.,2014). The reason for this lies in inclusion of plants in 
the model. Details of  emissions of MWIMS are in table 7.  

Table 7. Emission of MWIMS 

Source Emission tCO2eq/y 
Collection (households) 425.6 

Collection (commercial users) 339.9 

Sorting facilities 849.7 

Selection facilities 167.3 

Anaerobic digestion 714.0 

Mechanical biological Treatment 653.5 

Landfill 34271 

Transportation 109.0 

Avoided by recovery mateials -50037 

Avoided by energy recovery of biogas -1284.5 

Avoided by energy recovery of syngas -6247.8 

Total                                                                  -20039 

5. Conclusion 

The proposed model reveals effective in minimizing the 
carbon foot-print of MWIMS. The model has been applied 
to a full scale case study concerning Bari. The proposed 
framework allow the estimate the amount of each waste 
fraction to be collected and the modality of collection to be 
implemented looking at the whole life cycle of waste. As 
one can see, the Door to Door  and Aggregate systems 
should be preferred for organic, paper, plastics and 
aluminum cans keeping as much low as possible the users 
served by street collection. The same applies to glass 
fraction.  The model privileges collection system  with 
higher efficiencies. 
 The benefits of energy recovery and the avoided disposal 
of waste fraction  offset both the collection and treatments  
emissions. Further research will be oriented toward 
investigating  economics aspects. 
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