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Summary 

The intensification of extreme natural events, caused by climate change, together with strong 

urbanization, makes it essential for society to be prepared to cope with these emergency situations. 

The main priority after a natural event, that hit an anthropized area, is to save all human lives involved 

in the disaster. Subsequently, it will be necessary to restore a normal situation. Events such as floods, 

landslides and earthquakes generate a huge amount of debris and rubbles, creating numerous 

problems during emergency activities. To remedy this, it will be necessary to clean up the affected 

area as soon as possible, from this material. To ensure that the disaster waste management is efficient, 

it is necessary to have a protocol or at least a guideline to follow. In the world, a lot of protocols exist 

to manage the emergency situation after the natural event, but there is not enough information for the 

disaster waste management. This lack drives local authorities to use empirical management methods. 

The empirical method is based on experience in the field and does not take into account a scientific 

methodological approach, that analyses the environmental and economic impact generated by the 

disaster waste management. The guiding principles should be the reduction of the environmental 

footprint and of management costs; however, the emergency does not allow to carry out such analyses 

before choosing a strategy for the management of waste, due to the lack of time. 

 

The main objective of this doctoral thesis is to fill this gap of knowledge, through the creation of best 

practices to be applied in the disaster waste management, after events such as floods and earthquakes. 

 

The research activity focuses on the following specific points: 

 

1. What is the state of the art about the disaster waste management: the scientific literature has 

ever analysed this problem? Are there in the world any protocols for the disaster waste 

management? What has been done during relevant emergencies in Italy? 

2. Are the municipal companies, responsible for waste management in the Marche Region, ready 

for such events? 

3. What are the most environmentally sustainable and cost-effective approaches after an 

earthquake? 

4. What are the most environmentally sustainable and cost-effective approaches after a flood? 

 

To answer to these questions, the research activities were structured in four steps, reported in the four 

chapters of this dissertation. Each chapter is presented as a self-standing scientific publication. 
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The topic was initially analysed at the “macroscopic” level, considering the worldwide scale; the 

attention was then narrowed to Italy and to the “microscopic” level, which corresponds to the regional 

scale. The first action was the analysis of the scientific literature related to disaster waste management 

within the research of existing protocols/guidelines. The bibliographic research has confirmed the 

shortage of scientific publications concerning the disaster waste management. The lack of scientific 

information makes it even more difficult to draft specific emergency plans. At regional level a survey 

was carried out, to get an overview of the emergency plans of the various companies involved in the 

waste management.  Summarising, the state of the art and the literature research underlined that at a 

worldwide level, the most relevant standard guidelines were produced by the Federal Emergency 

Management Agency in the US, the Ministry of Environment in Japan and the United Nations. No 

relevant documents relating to the European territory were found. After this analysis, four different 

Italian case studies were considered, with the aims to highlight different approaches applied 

emergency. The events taken into account were the L’Aquila earthquake in 2009, Emilia earthquake 

2012 and the floods of Genova and Senigallia in 2014. The data collection of these events has made 

clarity about the disaster waste management in Italy, highlighting the lack of specific plans, 

confirming the use of empirical methods (Chapter 1). 

 

Thanks to the collaboration with the ASA of Corinaldo, a co-founding company of the doctoral 

project, it was possible to analyse the emergency plans of main companies in the Marche Region, 

responsible for waste management under ordinary conditions. This data collection has highlighted 

that these companies are not sufficiently ready, to deal with the disposal of exceptional quantity of 

waste, which can be found after events such as floods and earthquakes. This state of the art was the 

starting point to improve the emergency procedures of the co-founding company (Chapter 2). 

 

All the work carried out has allowed to elaborate different hypothetical scenarios of DWM, either 

after an earthquake or after a flood. These two events were chosen due to the high susceptibility of 

the Italian territory to these natural phenomena. The scenarios present different typologies of 

treatments, with various variables e.g. typologies of waste (municipal solid waste vs. construction 

and demolition waste), process level (simple vs. advanced), place of treatment (in-situ vs. ex-situ). 

For each scenario, the environmental impact and the economic cost were estimated, also taking into 

account the variability of key parameters, applying statistical methods. The results obtained from this 

study allow to identify the best practices for waste management after a natural disaster and put a basis 

for the definition of DWM protocols (Chapters 3 and 4). 

  



 3 

Scientific Products 

The research work carried out within this PhD project has been disseminated both through 

publications in scientific journals and through presentations at international and national conferences.  

 

Publications in scientific journals 

- Gabrielli, F., Amato, A., Balducci, S., Magi Galluzzi, L., Beolchini, F., 2017. Disaster waste 

management in Italy: Analysis of recent case studies. Waste Manag. 43–53. 

https://doi.org/10.1016/j.wasman.2017.10.012 

- Gabrielli, F., Magi Galluzzi, L., Amato, A., Beolchini, F., Balducci, S., 2018. Gestione dei 

rifiuti in emergenza: analisi di casi di studio Italiani. Ing. dell’Ambiente 5, 43–52. 

- Gabrielli, F., Magi Galluzzi, L., Amato, A., Beolchini, F., Balducci, S., 2018. Rifiuti in 

emergenza: analisi di recenti casi di studio italiani (seconda parte). 112 EMERGENCIES. 

- Gabrielli, F., Magi Galluzzi, L., Amato, A., Beolchini, F., Balducci, S., 2017. Rifiuti in 

emergenza: analisi di recenti casi di studio italiani (prima parte). 112 EMERGENCIES. 

- Amato, A., Gabrielli, F., Spinozzi F., Magi Galluzzi, L., Balducci, S., Beolchini, F., 2018. 

Disaster waste management after an earthquake event. Resource Conservation and Recycling. 

Submitted. 

- Amato, A., Gabrielli, F., Spinozzi F., Magi Galluzzi, L., Balducci, S., Beolchini, F., 2018. 

Disaster waste management after a flood event. Resource Conservation and Recycling. 

Submitted. 

 

Presentations at international and national conferences 

- A. Amato, F. Gabrielli, S. Balducci, L. Magi Galluzzi And F. Beolchini, Environmental 

Impact Assessment Within Italian Emergency Scenarios. Sardinia 2017 (Sixteenth 

International Waste Management and Landfill Symposium), 2/6 October 2017, Santa 

Margherita di Pula. 

- F. Gabrielli, A. Amato, S. Balducci, L. Magi Galluzzi, F. Beolchini, Disaster Waste 

Management. Università Politecnica delle Marche, 23 May 2018, Ancona. 

- F. Gabrielli, A. Amato, S. Balducci, L. Magi Galluzzi, F. Beolchini, Life Cycle Assessment 

approach for disaster waste management, Ecomondo, November 7, 2018, Rimini. 
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Chapter 1 

DISASTER WASTE MANAGEMENT IN ITALY: ANALYSIS OF RECENT CASE 

STUDIES 

Abstract 

The geomorphology of the Italian territory causes the incidence of many disasters like earthquakes 

and floods, with the consequent production of large volumes of waste. The management of such huge 

flows, produced in a very short time, may have a high impact on the whole emergency response. 

Moreover, historical data related to disaster waste management are often not easily accessible; on the 

other hand, the availability of data concerning previous events could support the emergency managers, 

that have to take a decision in a very short time. In this context, the present paper analyses four 

relevant recent case studies in Italy, dealing with disaster waste management after geologic and 

hydrologic natural events. Significant differences have been observed in the quantity and types of 

generated wastes, and, also, in the management approach. Such differences are mainly associated 

with the kind of disaster (i.e. earthquake vs. flood), to the geographical location (i.e. internal vs. 

coastal area), to the urbanisation level (i.e. industrial vs. urban). The study allowed the identification 

of both strengths and weaknesses of the applied waste management strategies, that represent “lessons 

to learn” for future scenarios. Even though it deals with Italian case studies, this manuscript may have 

a high impact also at international level, making available for the first-time emergency waste 

management data, that are considered an indispensable support for decision makers. 
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1. Introduction 

In 2015, Italian population, about 60 million people, produced approximately 30 million tonnes of 

municipal solid waste (MSW), corresponding to an average value of 1.3 kg/capita for day. In 

peacetime, waste management includes collection, transport, recovery, recycling and disposal. In 

emergency scenario after a natural disaster (e.g. earthquake, flood, storm, any other extreme natural 

event), the authorities must deal with abnormal quantities of debris and waste. In such circumstances, 

it is impossible to apply the ordinary waste management methods. Emergency management is 

entrusted to the National Civil Protection Department. This assignment is necessary to apply a 

specific protocol for an appropriate disaster waste management (DWM) response. Even though many 

events have occurred in the Italian territory, the Authorities have not yet developed a specific protocol 

to manage waste and debris in the post-disaster scenario. The lack of standards, let to an empirical 

management, in order to treat the largest waste quantity in the shortest period to restore initial (pre-

disaster) conditions. At a worldwide level, the most relevant standard guidelines were produced by 

the Federal Emergency Management Agency in the US (FEMA, 2007), the Ministry of Environment 

in Japan (Ministry of the Environment Japan, 2011) and the United Nations (UNEP/OCHA-MSB, 

2011). An additional example is that of Malaysian authorities, that defined guidelines for DWM after 

the many hydro-geological disasters, caused by heavy rainfall during the monsoon season (Zawawi 

et al., 2015). These documents report detailed information relevant to several kinds of emergency 

scenarios, focusing on specific areas. However, even if some strategies could be applied also in the 

Italian territory, the geomorphological, legal and socio-cultural differences of countries, make very 

difficult the drafting of a standard protocol, appropriate for all countries in the world. The definition 

of a guideline for the DWM should be a priority for every country in order to plan the best choices in 

peace time and to be prompt in the response during the emergency. In this regard, a depth study of 

the historical case studies represents the starting point for the identification of strength and 

weaknesses of a specific area, and to acquire “lessons to learn”, for future decisions. As concerns the 

Italian territory, the scientific material relating to natural disasters (Table 1) usually focuses on either 
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the socio-cultural aspects (e.g. human reactions) or the technical aspects (e.g. magnitude, geophysical 

analysis); more rarely it considers the issue of DWM. On the other hand, the waste management after 

a natural disaster is a very hot topic, that in the recent years has created some difficulties within the 

emergency management. In this context, the present paper is addressed at analysing data dealing with 

the waste management under emergency, for four relevant case studies in Italy. The first aim of the 

manuscript is to make available data that in some cases are not public, in order to improve the 

scientific literature, that mainly deals with Asian events. Indeed, numerous scientific studies concern 

the DWM after the Great East Japan Earthquake 2011 (Brown and Milke, 2016; ENDOH, 2016; Ide, 

2016; Ministry of the Environment Japan, 2014, 2011; Sasao, 2016; Shibata et al., 2012; Tasaki et 

al., 2012; The World Bank, 2014), the Wenchuan earthquake 2008 in China (Hu and Sheu, 2013; 

Xiao et al., 2012), the Malaysian floods (Agamuthu et al., 2015; Yusof et al., 2016; Zawawi et al., 

2016, 2015), the four typhoons Nari 2001, Toraji 2001, Mindulle 2004 and Aere 2004 analysed by 

(J.-R. Chen et al., 2007), the Marmara earthquake 1999 in Turkey (Baycan, 2004; Herdem, 2011). 

Furthermore, also Hurricane Katrina 2005, has been extensively studied in terms of DWM (Brown, 

2011; Brown and Milke, 2016; May et al., 2006) and the Canterbury and Christchurch earthquakes 

2010/2011 in New Zealand (Brown and Milke, 2016; Potter et al., 2015). As concerns the Italian case 

studies presented in this manuscript, the problem about DWM of L’Aquila earthquake 2009 has been 

discussed in the literature (Brown et al., 2010; Brown and Milke, 2016), however with no details on 

the specific data; also, DWM within the Emilia earthquake 2012 was studied targeting a LCA study 

(Daria et al., 2013), but, also in this case, the data dealing with waste production after the disaster 

have been poorly addressed. As concerns the DWM after the two Italian floods presented in this work 

(i.e. Senigallia 2014 and Genova 2014), they have not been addressed in the literature. Such four case 

studies were selected to understand how the competent authorities have handled the debris generated 

by natural events, such as earthquakes and floods. With this aim, it was necessary to process all the 

documents and reports that have been issued for the different emergencies. The survey also involved 

the regulatory and legislative aspect: indeed, all ordinances and legal provisions issued for disasters 
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have been considered. The data reported here, even if dealing only with the Italian territory, are 

considered important also for an international audience, as potential support for decision makers 

under emergency conditions. 

Table 1. Scientific literature related to the two most frequent Italian extreme natural events. 
EVENT KEYWORDS ARTICLE 

GEOPHYSICAL 

L'Aquila Earthquake, Italian Government Policy, Disaster Response (Alexander, 2010) 

Seismic Events, Emergency Management, Civil Protection, Damage, 
Losses, Economic Impact 

(Dolce and Di Bucci, 
2015) 

Reconstruction, Construction and Demolition, Waste, Debris, Recycling, 
Earthquake 

(Furcas et al., 2012) 

Vulnerability Curves, Damage Data, Italian Building Stock, Loss 
Estimation, Analytical Methods 

(Colombi et al., 2008) 

Magnitude Determination, Italian Earthquake Catalogue (Castello et al., 2007) 

Fragility Curves, Italian Earthquake, Damage Data (Rota et al., 2006) 

Waste Management, Disaster Recovery, L’Aquila Earthquake, Disaster 
Management 

(Brown et al., 2010) 

Debris Management System, L'Aquila Earthquake, Waste, Environmental 
Protection, Public Safety 

(Durastante and Persia, 
2013) 

Earthquake Damage, Reconstruction, Public Grant, Repair and 
Strengthening, Costs, RC And Masonry Buildings 

(Di Ludovico et al., 
2016) 

Emilia Earthquake, Infilled RC Buildings, Damage States, Non-Structural 
Damage, Fast Method 

(Manfredi et al., 2014) 

Natural Disasters, Earthquake, Psychological Distress, PTSD (BLAND et al., 2005) 

Displacement, Environmental Disaster, L’Aquila, Migration, Migration 
System, Vulnerability 

(Ambrosetti and 
Petrillo, 2016) 

Expected Loss, Insurance Premium, Resilience, Risk Aversion, Seismic 
Hazard, Structural Fragility 

(Asprone et al., 2013) 

Consumption, Liquidity, Mortgage, Public Transfers and Quasi-Exp. (Acconcia et al., 2015) 

HYDRO-
GEOLOGICAL 

Landslide Susceptibility Map, Geographic Information Systems (GIS), 
Grass, Shell Script, Northern Italian Apennines 

(Clerici et al., 2006) 

Landslide, Inventory, Quality Index, Natural Hazards, GIS, Italy (Trigila et al., 2010) 

Great Landslide Events, Italian Artificial Reservoirs (Panizzo et al., 2005) 

Landslide Risk Policy, Policy Change, Drivers of Change, Transformation, 
Advocacy Coalitions, Epistemic Communities 

(Scolobig et al., 2014) 

Distribution, Fractals, Landslides, Marche-Umbria Italy, Power Law (Guzzetti et al., 2002) 

Historical Catalogue, Italy, Landslide Frequency, Mortality Rates (Guzzetti, 2000) 

Debris Flows, Pyroclastic Soils, Rainfall, Southern Italy (Fiorillo et al., 2001) 

Flood and Landslide Damage, Risk Index, Italian Regions (Messeri et al., 2015) 

Extreme Precipitation Events, Flash Flood, L-Moments, Radar Rainfall 
Estimation, Precipitation Return Time 

(Norbiato et al., 2007) 

Hydro-Meteorological Analysis, Flash Flood, Eastern Italian Alps (Borga et al., 2007) 

Peritraumatic Dissociation, Posttraumatic Symptoms, PTSD (Craparo et al., 2014) 

Flash Floods, Magra River Basin (Italy), Multicellular Thunderstorm (Sacchi, 2012) 

Cross-Cultural Analysis, Natural Disaster Response, Northwest Italy 
Floods, US Midwest Floods 

(Marincioni, 2001) 
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2. Material and methods 

2.1 The Italian case studies 

As shown in Figures 1 and 2, the geomorphology of Italy makes it susceptible to natural disasters, 

such as geophysical (e.g. earthquakes) and hydrogeological events (e.g. floods, landslides). The 

history reports many significant episodes of earthquake that hit different geographical areas of the 

country, with variable effects; for example, only considering the last fifty years, the events in Sicily 

(January 1968), Friuli-Venezia Giulia (May 1976), Campania (November 1980), Molise (October 

2002), Umbria, Lazio and Marche (August 2016). Furthermore, hydrogeological events occurred 

during different seasons, involving several Italian places like: Vajont (October 1963), Stava Valley 

(July 1985), Piemonte region (November 1994), Versilia (June 1996), Messina (October 2009). As 

concerns the relatively high frequency of earthquakes, the reason is in the geographical location of 

Italy, involved in the collision of the Eurasian and African tectonic plate (Wortel, 2000). On the other 

hand, the phenomena related to hydrological instability (landslides and floods) are connected both to 

physical reasons (the geological, morphological and hydrographic of the area) and to the strong 

urbanisation of the 50s. Indeed, the increase of population in the city areas caused an inadequate 

planning of land use, sometimes illegal, with the building of several structures in high-risk territories 

(Trigila et al., 2015). This behaviour has given a relevant contribution to the negative impact of 

landslides and floods. Considering this scenario, four case studies have been considered in the present 

work, two ones dealing with earthquakes (L’Aquila 2009 and Emilia 2012) and two ones dealing with 

floods (Genova 2014 and Senigallia 2014). A brief description of each case study is given below. The 

choice of these events was due to the short-passed time, that made possible the contact with the 

authorities in charge in the period of interest. More in detail, the quake of the night of 6 April 2009 

was preceded by a long earthquake swarm. At 3:32 am, the Abruzzo region was hit by an earthquake 

of magnitude 5.9. The epicentre of the quake was in L’Aquila city, that has about 60,000 inhabitants. 

On May, the 20th, 2012, at 4:04 am, an earthquake of magnitude 5.9 (Richter magnitude scale) hit 

northern Italy, causing seven victims. The earthquake affected mainly the municipalities of Modena 
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and Ferrara provinces, and to a lesser extent, Bologna and Mantua. According to the records of the 

National Institute of Geophysics and Volcanology (INGV), the epicentre of the main shock was 

located between the small towns of Finale Emilia and San Felice Sul Panaro, near Modena, and in 

Sermide in the Mantova province. The Liguria region, where Genova is located, is often affected by 

strong storms, the heavy rain develops floods and landslides. The land is completely mountainous 

and hillside, so during a thunderstorm runoff is very fast and dragging with it everything. 

Consequently, a severe damage to the landscape and a destruction of human activities (e.g. street, 

factory, house, car, local agriculture) is often observed. This natural phenomenon is defined as “flash 

flood” and it can be exacerbated by unplanned urbanisation. Typical storms that originate in this 

specific geographic area is called “Multicellular Thunderstorm”. This is usually generated during the 

fall season when two air masses collide (the first one is warm and wet from the sea, and the second 

one is cold and dry from the Alps). Thanks to continuous air flow, the storm regenerates itself for 

several hours, and it brings heavy rain (Sacchi, 2012). This is what happened on the 9th and the 10th of 

October 2014, and the subsequent month on the five days from the 10th to the 15th of November 2014 

(Onorato et al., 2015). On the 2nd, 3rd and 4th of May 2014, the Marche region, where Senigallia is 

located, has been affected by widespread rainfall, which in some cases has evolved into strong 

thunderstorms. The rains have led to a rise in water levels, especially in smaller ponds, and this rise 

has caused flooding. The area of Senigallia municipality was the most affected by the event, where 

the flooding of the Misa river has had a high impact on the whole municipality (Ferretti, 2014). 
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2.2 Italian regulatory framework in disaster waste management 

The institution of the National Civil Protection Service in Italy has been regulated by the Italian law 

number 225 of the 24th February 1992. According to such law, the occurrence of high intensity and 

extent natural disasters or human activities, requires extraordinary national aid, to be used during the 

emergency. To avail this national aid, local authorities must request a state of emergency: such state 

of emergency may be declared both as "imminent" and as "present", and the duration and territorial 

scope should be defined. The state of the emergency request has a maximum duration of 180 days; in 

significantly serious scenarios, the duration can be doubled (by the law number 100 of July 12, 2012, 

and the law number 119 of October 5, 2013). The request must be submitted by the local civil 

protection authorities, namely the Mayor. It is precisely the state of emergency declaration that allows 

the local authorities to work in coordination with the national authorities and operational components 

and to use specific acts designed to the current emergency, to ensure more effectiveness in emergency 

management (Cossiga, 1992; Napolitano, 2012a, 2013). The Italian regulatory framework does not 

provide specific laws for the DWM. The only applicable instrument to speed up the operations of 

DWM is the article number 191 (necessary and urgent ordinances) of Legislative Decree 152/2006. 

This article allows the authorities to circumvent bureaucratic barriers, to accelerate the disaster 

management. Table 2 reports the ordinances promulgated during the natural disasters under study. 

After L'Aquila earthquake, the Italian Government emanated the Law-Decree 28 April 2009, n. 39 

(Napolitano, 2009a) to improve assistance of damaged population. Article Number 9 (storage, 

transportation and disposal of C&D materials) contains all derogations to facilitate debris 

management. The derogations referred to Legislative Decree 152/2006 (Environmental Rules). 

Derogation articles include: Art.182 (waste disposal), Art.183 (definitions), Art.191 (necessary and 

urgent ordinances), Art.208 (single authorization for new disposal facilities and waste recovery), 

Art.210 (authorizations cases), Art.212 (national register of environmental operators), Art.242 

(operational and administrative procedures). The Italian Parliament converted such Law-Decree into 

a Law, on June 24 of 2009, n.77 (Napolitano, 2009b). Also, the Emilia earthquake generated a lot of 
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debris and rubble; consequently, the Italian Government emanated the Law Decree n. 74, 6 June 2012. 

In this case, derogation articles include: Art. 29 (controls and penalties); Art. 184 (classification); Art. 

188 (traceability); Art. 190 (loading and unloading registers); Art. 193 (transport); Art. 208 (single 

authorization for new disposal facilities and waste recovery); Art. 212 (national register of 

environmental operators); Art. 242 (operational and administrative procedures) (Napolitano, 2012b; 

Pastacci, 2012). Against heavy rainfall that hit Liguria, five different municipalities have issued 

numerous orders to cope with the floods (Doria, 2014a, 2014b; Ferrando, 2014; Levaggi, 2014; Orsi, 

2014a, 2014b; Sommariva, 2014). Such ordinances authorise the derogation of Article 208 of 

Legislative Decree 152 of 2006, that authorises the use of temporary storage sites. After Senigallia 

flood, the Major issued four ordinances to improve waste and debris management (Mangialardi, 

2014a, 2014b, 2014c, 2014d). These ordinances contemplated the creation of temporary storage sites 

(derogation Article 208, Decree 152/2006), prescribed the transport of debris also by unusual 

transporters (derogation Article 212, Decree 152/2006), indicated that a pre-treatment phase is not 

necessary, to fasten the disposal in a landfilling site (derogation Article 7, Subparagraph 1, Decree 

36/2003) (Casagrande Esposito, 2014). As a common strategy, it is observed (Table 2) that most 

derogations (i.e. to articles 208 and 212) are addressed to solve urgent problems linked to waste 

storage and transportation. Indeed, article 208 regulates the methods and procedures to manage refuse 

into storage and processing sites. The normative says that a specific legislative process is requested 

to be authorised for waste management: under emergency, waste and debris can be stored in 

temporary sites to improve recovery process. Article number 212 disciplines waste transport rules. 

The legislation contemplates that only members of the National Register of Environmental Managers 

can deal with waste transport: under emergency, also not authorised vehicles can carry waste and 

debris. 
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Table 2 Italian Derogations of Legislative Decree 152/2006. 

EVENT 
GEOGRAPHIC 

LOCATION 
YEAR ORDINANCES1 

DEROGATED 
ART.2 

LAW-
DECREE3 

Earthquake 

L’Aquila 2009 
n: 360 (L’Aquila 

Municipality) 
182, 183, 191, 208, 

210, 212, 242 

n.39/2009 
(President of 

Republic) 

Emilia 2012 2012 Mantova 
29-bis, 184, 188, 

190, 193, 208, 216, 
212, 242 

n.74/2012 
(President of 

Republic) 

Flood 

Genova 2014 

n.111 Chiavari 
n.24 Mele 

n.69/55 Albisola Superiore 
n.10 Cogorno 

n.322/341 Genova 

208 // 

Senigallia 2014 
n: 139,145,149,150,156 

(Senigallia Municipality) 
208, 212 

n.13/2014 
(President 
Ancona 

Province) 
1 Ordinances are issued by an administrative authority of the Government (the prefect, the mayor) to impose a certain 

behaviour to a person or class of persons, for reasons of necessity and urgency. 
2 It’s a variation on the existing legislation to the provisions of law. In these specifics’ events derogations are referred 

to Legislative Decree 152/2006. 
3 According to the Italian legal system, a law-decree is a legislative act of temporary nature having the force of law. It 

is adopted by the Government in extraordinary cases of necessity and urgency. The law-decree enter force 
immediately after its publication in the Official Gazette of the Italian Republic. The effects are temporary. The 

legislative decrees lose effects if Parliament doesn't convert it into law within 60 days of their publication. 
 

2.3 Quantitative and qualitative analysis 

Quantitative and qualitative (specified by EWC code) information showed in the following 

paragraphs have been kindly provided by the local authorities involved in the disaster waste 

management. Moreover, as concerns the scenario of L’Aquila earthquake, the information dealing 

with waste management is available at the website: www.maceriesisma.it. Indeed, in this specific 

case, the Ufficio speciale per la ricostruzione dei comuni del cratere, i.e. Italian State Bureau, 

published the data of interest. In each case taken into account, the materials amount was processed 

either by weighing or by volumetric estimation. For the particular scenario of L’Aquila, the second 

method was fully described by CONSIGLIO NAZIONALE RICERCHE (2010). Specifically, the 

quantification (in tonnes) of the earthquake rubbles has been obtained from the estimated volumes 

(in cubic meters), by assuming a specific weight of 1.65 tonnes/m3. This value is the result of random 

sample measurements taken during the removal (Andretta et al., 2013; Consiglio Nazionale Ricerche 

- Corpo Nazionale Vigili Del Fuoco, 2010). the Emilia earthquake data were collected by the Regione 

Emilia-Romagna – environmental department. Nevertheless, the information showed in Table 3 is 
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not public and it was necessary to contact the direct managers for the access. The same criticality, 

connected with the data finding, was observed for Senigallia and Genova floods. All information 

about the quantities and the typologies of debris was provided by Senigallia Municipality, and Liguria 

Region (Regione Liguria - Dipartimento Territorio - Settore Aria, Clima e Rifiuti), respectively. In 

order to make easier the document reading, only the major waste categories were reported in Figure 

3 and 4. The remaining types were put together and classified as “other”. 
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Table 3. Information about types and treatment of waste (•Disposal; •Awaiting Treatment; •Recovery; •Quarry 
restoring). 

EWC 
TONS 

MACRO 
CATEGORY 

EWC DESCRIPTION 
SENIGALLIA GENOVA L'AQUILA EMILIA 

010408  645   010408 WASTE GRAVEL AND CRUSHED STONE 

030101   10,245  

03 01 
WASTES FROM WOOD PROCESSING AND THE 

PRODUCTION OF PANELS AND FURNITURE 
030104*   34  

30105   25  

150101   247  

15 01 
PACKAGING (INCLUDING MUNICIPAL 

PACKAGING WASTE COLLECTED SEPARATELY) 

150102   121  

150103   200  

150104   50  

150106   12,588  

150107   44  

150110*   124  

160103   9 24 

16 

01 
END OF LIFE VEHICLES AND WASTE FROM 

DISMANTLING VEHICLES 

160708*   20  

07 
WASTES FROM CLEANING TRANSPORT TANK 

AND STORAGE TANK 
160709*   12  

170101   29,152  

17 

1701 CONCRETE, BRICKS, TILES AND CERAMICS 

170102   259  

170103   117  

170106   402  

170107   63,403 438,988 

170201   5,000 2,990 

1702 WOOD, GLASS AND PLASTIC 
170202   195  

170203   318  

170204*   22  

170301*   84  

1703 
BITUMINOUS MIXTURES, COAL TAR AND TARRED 

PRODUCTS 
170302   3,656  

170303*   14  

170401   31  

1704 METALS (INCLUDING THEIR ALLOYS) 

170402   66  

170404   118  

170405   10,906 643 

170407   729 1,208 

170409*   582  

170411   16  

170503*   26  

1705 
LAND (INCLUDING THAT FROM CONTAMINATED 

SITES), STONES AND DREDGING MATERIAL 
170504 30  7,142  

170505*   157  

170601*   11  

1706 
INSULATION MATERIALS AND ASBESTOS-

CONTAINING CONSTRUCTION 
170603*   175  
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170604   1,481  

170605*   756 11 

170802   1,243  0802 
BUILDING MATERIALS BASED ON DIFFERENT 
PLASTER THAN THOSE MENTIONED IN 17 08 01 

170901*   3,452  

1709 
OTHER CONSTRUCTION AND DEMOLITION 

WASTES 

170902*   387  

170903*   3,622  

170904   2,199,656 57,794 

170999   35  

191212   33 39,101 191212 
OTHER WASTES (INCLUDING MIXTURES OF 

MATERIALS) FROM MECHANICAL TREATMENT OF 
WASTES 

200104   55  

20 

2001 
SEPARATELY COLLECTED FRACTIONS (EXCEPT 15 

01) 

200123* 40  18  

200135* 13  13  

200136 27  22  

200138   53  

200201   144  2002 
WASTE FROM GARDENS AND PARKS (INCLUDING 

CEMETERY WASTE) 

200301 8,195 735   

2003 OTHER MUNICIPAL SOLID WASTES 

200303 350 71   

200304 250 43   

200306 500    

200307 1,463 9,934 2,538  

200399  3,729  70,036 

TOTAL 

 

TONS 10,868 15,157 2,359,808 610,794 

EVENT SENIGALLIA GENOVA L'AQUILA EMILIA 

RECOVERY 
RATE 

14% 0% 99% 94% 
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3. Results and discussion 

3.1 Analysis of waste production and management 

This section addresses the various management methods adopted for the different types of waste 

produced by the disasters. Figures 3 and 4 shows graphically the scenarios of waste production after 

the earthquakes and the floods, respectively, while Table 3 reports all the quantitative details on such 

waste production, including categories collected in relatively low quantity. Figure 3 shows the 

relevant difference in waste quantity and types between the two earthquake events. After L’Aquila 

seism, Italian Civil Protection quantified about 2.4-2.5 million tonnes of debris and waste, while the 

Emilia one produced about 600 thousand tonnes. Moreover, the Emilia Earthquake also affected 

marginally some provinces of Lombardia Region, including Mantova. However, such rubbles have 

not been included in the study, contributing for less than the 10% to the total with around 96 thousand 

tonnes, (Maroni, 2013). Furthermore, as showed in Table 3, more than 50 types of waste of wastes 

were observed after L’Aquila earthquake, corresponding to 50 different codes of European Waste 

Catalogue (EWC). In comparison, only 9 types of waste and 9 corresponding EWC codes were 

observed in Emilia event. Despite the high number of codes, there is a clear predominance of Mixed 

Construction & Demolition waste (17 09 04), in the L’Aquila, and of Mixed of Concrete, Bricks, 

Tiles and Ceramics (17 01 07), in the Emilia. After the Emilia event, the specific legislation 

mentioned above provided a temporary generic code for all generated debris (i.e. the EWC 20 03 99), 

and then all the material was sent to specific treatment sites for separation. This way of working has 

speeded up transfers and material recovery. Except for code 20 03 99, all Emilia EWCs are also 

present in the list of L'Aquila; as previously reported, this specific code represents the fraction of 

debris not yet treated, that were identified as “MSW not otherwise specified”. The difference between 

quantity and quality of the wastes produced after the two earthquake events can be mainly attributed 

to the different affected areas. Indeed, L’Aquila earthquake hit the historical centre, composed of 

ancient houses and densely populated, while the Emilia seism affected an industrial area, consisting 

of warehouses, stores and factories, almost completely uninhabited area. As concerns, the flood 
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events, the results in Figure 4 suggest that most of the produced waste belongs to the two following 

categories: mixed MSW (EWC 20 03 01) and bulky waste (EWC 20 03 07). This second class 

includes the furniture of a typical house (e.g. cabinets, beds, sofas). However, as in the case of the 

earthquakes, some differences are evident as concerns the quantity and the typologies. Around 11,000 

tonnes for Senigallia flood, and 15,000 tonnes for the Genova one. Moreover, for the Senigallia flood, 

the predominance of mixed MSW, code 20 03 01, can be observed; on the other hand, the bulky waste, 

code 20 03 07, is the most relevant. In the Genova flood, such differences can be mainly explained 

by the pronounced difference in population density, between the two areas: Genova 2,444 vs. 

Senigallia 382 people per km2 (URBISTAT, 2015). According to the current regulation in Europe, 

the same EWC can be either disposed of in landfill sites or recovered. This variability exists because 

there is no precise legislation, but only advice (European Parliament and Council, 2008), in the form 

of guidelines, that underline the importance of waste reduction, environmental protection and human 

health. Consequently, the choice of either disposal or recovery, (European Parliament and Council, 

2008) is dictated by the operative scenario (availability of time, money and resources). Table 3 

summarises all data related to the collected waste after each of the four disasters under study, and it 

also highlights the applied treatment: either recovery or disposal. In the case of L'Aquila earthquake, 

an additional option for quarry restoration has been included. Indeed, such management option is 

applied for most of the C&D waste, and it is considered as a “borderline” recovery. Data reported in 

Table 3, also evidence that the main waste categories produced after natural disasters are construction 

and demolition wastes (C&D), EWC macro category 17, and municipal solid waste (MSW), EWC 

macro category 20, for earthquakes and floods, respectively. Indeed, C&D wastes represent the 99% 

and the 82% of the waste produced after L'Aquila and Emilia events, respectively, while MSW 

contributes to the 100% and 96% of the waste produced after Senigallia and Genova floods, 

respectively. A detailed description of effective management strategy of such wastes is reported 

below. 
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3.2 The most abundant waste category after an earthquake: Construction and Demolition waste 

(C&D) 

The specifications of the waste produced during an emergency can significantly vary from country to 

country. Furthermore, the conditions and the distribution of waste treatment and disposal facilities 

are unique in each place, as well as technical and economic resources (Asari et al., 2013). These 

factors leave a large range of options, for the disaster waste management. Nevertheless, general 

information, connected with the most significant typologies of produced flows and the average ratio 

between the different EWC codes, is essential in the perspective of a future emergency planning, 

relevant for several geographical areas. In this regard, an average severe earthquake can produce a 

lot of debris by the collapse of construction, demolition from damaged buildings and infrastructure 

(such as roads, pipe networks and other services, (Brown et al., 2011). This waste category is 

classified by the EWC with generic code 17 01 00 (C&D). This class also includes other codes: 17 

01 01 cements, 17 01 02 bricks, 17 01 03 tiles and ceramics, 17 01 07 mixtures of concrete, bricks, 

tiles and ceramics and 17 08 02 gypsum debris. Earthquake debris can be reused for many applications 

in civil engineering (e.g. aggregates in concrete, earthwork, road construction), reducing landfilling 

requirements, with the consequent decrease in the environmental impact (Tränkler et al., 1996). As 

evidenced by a life cycle assessment (LCA) study (Blengini, 2009), the recovery and recycling of 

inter matter by demolition buildings is a good practice. The study shows that landfilling has a greater 

environmental impact than recycling. However, sometimes the decay of quality, loss of mass, energy 

consumption and pollution caused during recycling processes are insurmountable limits to recycling. 

A further interesting aspect, connected with the psychological impact on the population was 

evidenced by the Chinese authorities, after the devastating earthquake that hit the Wenchuan County 

of China on May the 12th, 2008. Indeed, an inadequate disaster waste management, extending the 

needed time for the waste and debris removal from the street, could increase the stress level of 

inhabitants (Hu and Sheu, 2013). Moreover, the United Nations protocol (UNEP/OCHA-MSB, 2011) 

underlines the importance of the recycling of metal, glass and, if possible, paper and plastics, even 
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though, sometimes, in post-disaster scenarios, it is really difficult to separate paper and plastic from 

other matter. As concerns, the cases under study, L’Aquila earthquake generated more than 2 million 

tonnes debris (“Monitoraggio delle macerie derivanti dagli interventi di ricostruzione in seguito al 

sisma del 2009,” n.d.). Such debris is processed in situ, to recover recyclable fractions. Waste of 

electrical and electronic equipment (WEEE) still ongoing for the management of and wood wastes 

are separated manually, the metal fraction is recovered automatically after shredding and magnetic 

separation (Romano, 2011). The residual debris is then used as quarry restoring material (this practice 

is currently). On the other hand, the Emilia earthquake generated about 611,000 tonnes of rubble 

(Cannarito and Villani, 2013; Villani and Govoni, 2015; Villani and Zuppiroli, 2014), that were 

mainly recovered and recycled as coverage and internal roads of landfills (Cannarito and Villani, 

2013). Irrespective of the specifically selected strategy, the high recycling rate represents the strength 

of both the earthquake scenarios considered. As highlighted in Table 4, the relevance of this factor, 

combined with the smallest possible collection time, represents a key factor for a correct emergency 

waste management, irrespective of the specific event. The macro category of C&D waste also 

includes the dangerous fraction contaminated with asbestos, EWC code 17 06 00*, a natural silicate 

mineral composed of thin fibrous crystal. This material had a very prosperous market in the 

construction industry, in the past; consequently, it is very widespread in buildings and housing. 

Despite its excellent properties, this mineral is so dangerous for human respiratory system, that its 

use has recently been forbidden (Andreotti, 1992). Unfortunately, after earthquake events, the 

collapse of buildings may generate asbestos dust. This contamination can aggravate the debris 

recovery and recycling: indeed, the presence of asbestos generates hazardous waste, with high impact 

on the risks for human health and on the costs for waste disposal. More specifically, these wastes fall 

into the category “insulation materials and building materials containing asbestos”, EWC 17 06 01*, 

17 06 03*, 17 06 04, 17 06 05*. As expected, waste belonging to such categories was found both after 

the L'Aquila and the Emilia earthquakes. Italy was among the world's largest producers of asbestos 

until the 90's; however, it was also among the first countries to ban the substance at the international 
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scale, in 1992. Italy has also issued a lot of technical standards allowing industry to protect the safety 

of workers exposed to asbestos. Therefore, Italy is considered a leading country in the techniques of 

detection and prevention of the risk of undue exposure to this carcinogen. Despite all this work, there 

are still significant gaps in the management of Waste Asbestos Containing streams (INAIL, 2013). 

The disposal of asbestos-containing waste streams is not a simple procedure, because of the need of 

specific landfilling sites for asbestos hazardous waste (Figure 5). After the last Italian earthquakes, 

L’Aquila 2009 and Emilia 2012, the problem of asbestos into debris was evident. As it can be read 

in the online database (Ufficio Speciale per la Ricostruzione dei Comuni del Cratere, n.d.), currently 

in L'Aquila around 2,400 tonnes of debris mixed with asbestos have been managed. Moreover, all the 

material still present in the old town should be added to this quantity. The same problem arose after 

Emilia Earthquake. In this case, the regional offices confirm that about 11 thousand tonnes of debris 

contaminated with asbestos have been managed (Regione Emilia-Romagna, 2014). 
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changes significantly with time. In peacetime, this large category of mixture waste is separated to 

improve the recovery practice, but in an emergency scenario, these procedures can be altered. Indeed, 

the management of this heterogeneous category of waste often includes landfilling. Dumping is not 

certainly the best practice for sustainable waste management and minimising environmental impact. 

However, after a disaster, this approach is much more resolute to restore the normal situation as soon 

as possible. The Waste to Energy approach (WTE) is possible with the unsorted fraction of municipal 

waste containing plastics, paper and sometimes even biodegradable matter. The thermal process 

produces much heat, that can be converted into electricity. Moreover, in the presence of high 

percentage organic matter (either green waste or any other type of putrescible waste) biological 

treatments can be applied. This procedure uses the microbial metabolism (aerobic and anaerobic), to 

decompose organic matter, mainly producing biogas (anaerobic process) and humus (aerobic process). 

This approach was the preferred one by the Japanese Government, that decided to implement biomass 

implants (Combined Heat and Power) using WTE technology (Portugal-Pereira and Lee, 2016). Also 

the United States Environmental Protection Agency (United States Environmental Protection Agency, 

2008) recommended WTE technologies used to treat specific post-disaster garbage. The data reported 

in Table 3 clearly show that most of the waste produced after the two floods under study was disposed 

into landfilling sites, excluding some streams (e.g. electronic waste, EWC 200123*, 200135*, 200136, 

and bulky waste 200307) that have been recovered. 

 

3.4 Temporary debris storage and reduction site 

The emergency response chain for the waste disposal involves various stakeholders, from the local 

authorities to landfilling site plans. The identification of temporary storage areas is the starting point. 

These areas could be identified during the planning (prevention) to improve the disposal, affecting 

the financial, logistical and environmental aspect. The temporary debris storage and reduction site 

(TDSRS) is a place with specific logistic characteristics, that allows to temporarily store waste and 

debris, waiting for the final disposal. During the storage, it is possible to pre-treat waste, reducing the 
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volume by grinding and screening (Berger et al., 2011). The pre-selection phase is very important to 

split the different types of waste, optimising the recovery and reducing the environmental impact (Hu 

and Sheu, 2013). Moreover, it is very important to know the origin and characteristics of debris and 

waste that are transported to TDSRS, in order to prevent some problems like smell, noise and potential 

contamination (areas contaminated e.g. vegetative debris from, C&D debris contaminated with 

asbestos) (Berger et al., 2011). (FEMA, 2007) also indicates the importance of TDSRS: the disaster 

waste is generally brought in as primary waste stocks and roughly separated at that stage. Then, the 

waste is handled as secondary waste stocks and further separated into individual categories. In this 

context, (Sasao, 2016) indicates that more temporary incinerators and secondary waste stocks could 

improve the level of efficiency within a DWM strategy. The case studies that are presented in this 

manuscript confirm that, where applied, such TDSRS have covered a key role in the value chain of 

disaster waste management. However, they are an optional choice for the DWM. Indeed, for two 

considered floods, a TDSRS was used only within the Senigallia event. For the two earthquakes, the 

TDSRS for C&D waste became a final disposal site in L'Aquila, while many waste recycling 

companies have been immediately involved in the management of Emilia waste, consequently, a 

TDSRS was not necessary. Some details are given below. After Senigallia flood, a TDSRS turned 

out to be strategic: the local authorities decided to place the temporary storage site near the highway, 

taking advantage of a large parking lot (Figure 6). The area has been divided by macro categories of 

waste by the jersey barrier. All operations that were carried out were supervised by Authorities, and 

the area was guarded by the police 24 hours a day; all discharges and movements of debris were 

monitored and recorded. On the other hand, in the Genova flood case, the authorities did not use the 

TDSRS; consequently, all the material was sent directly to landfilling sites, outside Liguria region, 

with negative effects on the environmental and economic spheres (Table 4). This choice was due to 

the pre-existing critical situation of the regional waste management, connected with the limited 

presence of operative landfilling sites. In this context, the negative effect of the lacking TDSRS on 

the whole management chain, is an essential data to consider for the possible future emergency 
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in terms of number of affected people and waste production. The events taken into account for the 

analysis included both earthquake and flood scenarios in different continents (Table S1); the 

evaluation was carried out separately, since the damage caused by the first event is significantly 

higher than that of second one. The earthquake events compared with the Italian case studies are the 

Canterbury Earthquake 2010-2011 in New Zealand (Brown and Milke, 2016; Potter et al., 2015), the 

Jiji Earthquake1999 in Taiwan (Chan et al., 2003; Yang, 2009), the two Japanese earthquakes in 

Great East Japan 2011 (Ide, 2016; Yamashita and Shigemura, 2013) and in Great Hanshin 1995 

(Lauritzen, 1998; Scawthorn and Yanev, 1995), the Wenchuan earthquake China 2008 (MARJAANA 

MÄENPÄÄ, n.d.; Xiao et al., 2012) and the Haiti earthquake 2010 (Booth, 2010; Ifrc, 2010). The 

trends in Figure 9 show a close correlation between the affected population and the produced waste, 

irrespective of the geographical area. The determination coefficient (R2) of 0.98 for the earthquakes, 

supports the possibility, for the competent authorities, to estimate an average amount of produced 

waste, right after the event, easily starting from demographic data. Nevertheless, the Japanese events 

are considered “outliers” of the correlation: indeed, the frequent occurrence of seismic events, made 

this country at the forefront of prevention field and a significant event can cause less damages than 

in an average place (Kako et al., 2012). As concerns floods, the two Italian case studies are compared 

with other events that occurred in Asia in the past: the Malaysia Flood (Agamuthu et al., 2015) and 

the typhoon in Taiwan, Nari 2001 (J.-R. Chen et al., 2007). Also, in this case, a high correlation (R2 

0.95) can be observed among the produced waste and the number of citizens interested by the disaster. 

The correlations achieved in both cases allow to give an estimate of a multiplier factor, useful for a 

first prediction of the amount of waste potentially produced by each citizen after an emergency. Such 

multiplier, that in peace time is around 1-1.5 kg/person/day (Williams, 2005), increases to 8,000-

16,000 kg/person after an earthquake and to 70-150 kg/person after a flood event. A certain caution 

should be taken when using these numbers, however they might be highly useful within an emergency 

plan in the very short time. 
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Figure 9. Correlation between affected population and waste production, after earthquake (blue data) and flood (red 

data) events, in an international context. 
 

Table S1. International data relative to affected population and waste production, after earthquake and flood events. 
EARTHQUAKE 

EVENT DATE AFFECTED POPULATION 
WASTE PRODUCTION 

(TONNES) 
L’AQUILA EARTHQUAKE (IT) 2009 128,109 2,359,808 

EMILIA EARTHQUAKE (IT) 2012 468,922 610,794 
CANTERBURY EARTHQUAKE 

(NZ) 
2010/2011 370,000 (Potter et al., 2015) 

8.000,000 (Brown and 
Milke, 2016) 

JIJI EARTHQUAKE (TW) 1999 1,388,741 (Chan et al., 2003) 33,000,000 (Yang, 2009) 
GREAT EAST JAPAN 
EARTHQUAKE (JP) 

2011 
5,708,000 (Yamashita and 

Shigemura, 2013) 
28,000,000 (Ide, 2016) 

GREAT HANSHIN 
EARTHQUAKE (JP) 

1995 
14,100,000 (Scawthorn and 

Yanev, 1995) 
20,000,000 (Lauritzen, 1998) 

WENCHUAN EARTHQUAKE 
(CN) 

2008 
45,500,000 (MARJAANA 

MÄENPÄÄ, n.d.) 
380,000,000 (Xiao et al., 

2012) 
HAITI EARTHQUAKE (HT) 2010 3,000,000 (Ifrc, 2010) 60,000,000 (Booth, 2010) 

FLOOD 
SENIGALLIA FLOOD (IT) 2014 45,027 10,868 

GENOVA FLOOD (IT) 2014 586,655 15,157 

NARI TYPHOON (TW) 2001 
2,606,151 (J. R. Chen et al., 

2007) 
190,000 (J. R. Chen et al., 

2007) 

MALAYSIA FLOOD (MY) 2014/2015 200,000 (Agamuthu et al., 2015) 
30,000 (Agamuthu et al., 

2015) 
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4 Conclusions 

The present paper aims at providing detailed information dealing with waste management in 

emergency scenarios of earthquake and flood, still too difficult to find in the literature. The relevance 

of this data is due to the fact that they could help for a correct waste management contributing to an 

efficient reconstruction. More in detail, the examined case studies showed the presence of several 

options for DWM on the Italian territory. Indeed, the lack a national protocol pushed the authorities 

to manage the generated waste following an empirical method, based only on the experience, with 

different effects on the environmental and economic aspects. The weaknesses, identified for each 

emergency considered, highlighted the relevance of factors as the short management time and the 

high recovery/recycling rates, bringing to light the necessity of a standardised protocol able to 

consider the possible criticalities in advance. Furthermore, describing the positive effect of choices 

like high recycling rate in the earthquake scenarios and the possibility of a pre-treatment on a 

temporary site after flood events, this study can be considered the basis for the future definition of an 

adaptable protocol suitable for disaster waste management on the Italian territory. The inclusion of 

international events data, allowed the further comparison of Italian cases within a wider context, 

showing a clear correlation between the affected population and the waste production, irrespective of 

the reference area. The results represent an essential information for the competent authorities, that 

need to estimate the produced waste amount right after the event, when many additional critical issues 

have to be solved. 
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1. Introduction 

The economic and demographic growth of the European Union inevitably causes the increase in waste 

production. This fact obliges the European community to research more and more virtuous and 

innovative management strategies, respecting the human health of environmental protection. The 

average daily waste production of a citizen of the European Union is approximately 1.3 kg per person 

per day, if this value is multiplied for 365 days and for about 5 million inhabitants of the EU, the 

result obtained is 242 millions of tons of urban waste (ISPRA, 2017). The European waste directive 

2008/98/EC, underline the EU underlines the importance of different practices aimed at reducing 

waste production, trying to maximize recovery and recycling. These practices are not always 

applicable; therefore, it is necessary to dispose of the non-recoverable waste fractions in incinerators 

and landfills. Since 2003, the Corinaldo environmental services company (ASA ltd) is included in 

this final disposal step. The numerous quality certifications, not mandatory, ISO 9001, BS-OHSAS 

18001, UNI EN ISO 14001, SA8000 make it one of the most virtuous waste disposal companies in 

the Marche region. The process of waste disposal foresees different phases, after the weighing phase 

of the trucks that transport the waste, in a dedicated area occur the downloading. In this place, the 

waste is loaded into a shredding and screening machine that treats and selects the material. The 

lightest fraction is immediately disposed into the landfill, while the heaviest fraction is sent to a bio 

stabilization plant. After the stabilization the dry waste return into landfill for the disposal. The 

mechanical biological treatment is a mandatory process present in the European directives because 

reduces the organic load. The reduction of organic load is a key process in decreasing the green gasses 

emissions and leachate production (European Parliament and Council, 2008). 
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2. Materials and methods 

2.1 Risk prevention and emergency plan 

Risk Prevention is a set of best practices designed to prevent or minimize damage caused by natural 

disasters. Prevention includes all structural and non-structural actions (planning of emergency, civil 

protection exercises, training and informing to the population). Emergency Plan is all intervention 

procedures to be applied when the event occurs. These are definitions from Italian Civil Protection, 

according to Italian law. The Internal Emergency Plan (IEP) is prepared by the operator of the 

company and organizes the necessary actions to suppress the incident. He is helped by their teams 

and fire departments. External Emergency Plan (EEP) is drawn up by the competent public authority 

and organizes the response of civil protection to reduce the effects of the accident on public health 

and the environment. In EEP shows the danger zones, alarms, and the approach to be taken by the 

population in case of an accident. The Plan may provide the shelter or evacuation. An emergency 

plan consists of several sections, the most important components are; general section when it is 

collected all the information on the characteristics and structure of the territory, outline planning sets 

out the objectives to give an adequate response of civil protection and the intervention model assigns 

decision-making responsibilities at various levels of command and control and uses resources in a 

rational manner, defining a system of communication that allows a constant exchange of information. 

The emergency plan helps the insiders and individuals in decision-making when a disaster occurs, 

describes how they are coordinated actions and relationships between organizations, explains how to 

protect people and property during an emergency, identifies the personnel, equipment, expertise, 

funds and other resources available for use, outlines the procedures to be put in place to improve the 

living conditions of displaced persons. The emergency plan is a living document, which must take 

into account spatial planning and changes in the expected scenarios. Even exercises contributing to 

the updating of the plan because they validate the content and assess the operational capabilities and 

managerial staff. The training helps the staff that will be used in an emergency to get familiar with 
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the responsibilities and tasks to be performed in the emergency. A plan must be flexible to be used in 

all emergencies. It must be simple and quickly operational. 

2.2 Landfill risk 

The landfill management involves the risk analysis to provide for hypothetical accidents, to not run 

into these issues, is important forecasting and risk prevention. Forecasting and risk prevention are 

possible by an emergency plan. Issues most often mentioned in the emergency plans are for example 

fire and earthquake. This does not mean that other types of accident cannot access, so it is important 

to consider and analyse all possible risks to which a landfill may be subject. To do that, you need to 

consider all possible risks. Table 1 shows the most different typologies of risks to which a landfill 

can be subjected. 

Table 1 – Collection of macro categories of disasters. 

NATURAL EVENT 

GEOLOGIC METEOROLOGIC 
MULTI-
EVENT 

FIRE 

• Earthquake 
• Landslide 
• Erosion 

• Storm (rain, 
wind, snow) 

• Flood 

Heavy rain 
& 
Landslide 

Fire can be originated by 
natural or anthropogenic 
event, i.e. (lightning, heat 
wave, drought or human 
error) 

HANTROPOGENIC 
EVENT 

ENVIRONMENTAL CONTAMINATION 
• Leachate spill 
• Oil or fuel spill 
• Waste leakage 

Depending on the geographical location and the specific activities carried out, the emergency plans 

can take into consideration specific issues at the expense of others. Obviously, a management plan 

that mentions a broader category of possible disasters is certainly safer than the other. 
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Table 2- detailed analysis of the various harmful events. 

RISK PROBLEM FEATURE CAUSE SPECIFY SOLUTION 

Earthquake 

Collapsing 
buildings or 
falling unstable 
objects 

It is the perceptible 
shaking of the 
surface of the earth 

Movement of 
tectonic plates 

It can cause 
fracturing 
of the 
ground 

• Earthquake 
resistant 
construction 

• Coverage of 
the terrain 
fractures 

Landslide & 

Erosion 

Environmental 
and human 
health 
contamination 
by aerosol, gas 
and dust. 
Removal of 
ground cover 
and exposure of 
waste. 

Geological 
phenomenon that 
occur when there is 
an instability of 
ground. It is the 
action of surface 
processes that 
remove soil and 
rock 

• Heavy rain 
• Earthquake 
• Runoff 
• Excessive 

slope 
• Low 

friction 
• Lack of 

vegetation 

Lack 
cohesion 
between 
waste and 
soil. 
Particularly 
smooth 
surfaces 
without 
roughness 

• Reduce the 
slope 

• Ground 
cover 

• Improve 
green cover 

• Increase 
drainage 
network 

STORM (rain, wind, 

snow) 

Multi-risk 
phenomenon, 
can cause 
hydrogeological 
problems 

Storm can cause 
flood, landslides 
and structural 
damage 

• Heavy rain 
• Heavy 

snow 
• Strong 

wind 

 
Monitoring weather 
forecasts 

Flood 

Landfill 
flooding, 
dispersion of 
pollutants 

Hydrogeological 
event 

• Heavy rain 
• Overflow 

river 
• Bad 

drainage 
network 

 

• Increase 
drainage 
network 

• Monitoring 
weather 
forecasts 

• River 
management 

Fire 

Toxic smoke rise 
from burning. 
Risk to human 
health 

Fire can be 
originated by 
natural or 
anthropogenic 
event 

• Lightning 
• heat wave 
• drought 
• human 

error 

Follow the 
specific fire 
safety 
standards. 
Call the fire 
department 

• Tried and 
tested fire 
protection 
system 

ENVIRONMENTAL 

CONTAMINATION 

by (leachate, oil or 

fuel, waste) 

Environmental 
dispersion of 
pollution. Risk 
to human and 
environmental 
health. 

Typical landfill 
contamination: 

• Leachate 
• Oil & fuel 
• Waste 
• Bio-gas 

• Human 
error 

• Structural 
damage 
(damaged 
pipeline) 

Dispersion 
of oil & fuel 
can cause a 
fire. 

• Improve 
monitoring 
systems 

• Qualified 
staff 

In table 2 we took into account all the possible risks that can affect a landfill, both natural and human. 

The geographical-spatial position in which it is placed can greatly affect the types of events. For each 

singular risk, the cause and possible solutions were taken into account. 
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3. Results and discussion 

3.1 State of the art in the Marche Region 

Table 3 lists the accidents taken into account in the different emergency plans of major landfills of 

the Region. This statistic provides the basis for implementing and improving the management of 

emergencies in a waste management facility. 

Table 3 – Emergencies plans of Marche Region Landfills. 

RISK 

SOGENUS 

(MAIOLATI 
SPONTINI) 

ASA 

(CORINALDO) 
ASET 

(FANO) 

ASCOLI 
SERVIZI 
(ASCOLI 
PICENO) 

ASITE 

(FERMO) 

FIRE X X X X X 
EXPLOSION X X X X // 

SPILL X X X // // 
FLOOD X X X X X 

EARTHQUAKE X X X X X 
LANDSLIDE // // // X X 

STORM X X X X X 
WASTE DISPERSION X X  X // 

RADIOACTIVITY X // // // // 
ATTACK X // X // // 

DISGUSTING SMELL X // // // // 
ALERT LEVEL 

CONTAMINATION 
// X  X // 

BLACK-OUT // // X // // 
HEALTH EMERGENCY // // // // X 

This collection of information will be crucial for the improvement and implementation of the 

emergency plan of Corinaldo landfill. This data collection allows identifying the weaknesses and 

strengths of different plans, the most common risks are four: fire, flood, earthquake and storm. 

3.2 Case study 

The changes made to the emergency plan of ASA ltd, allowed to fill the weaknesses by integrating 

new emergency scenarios, which are not present in the previous version. The changes concerned the 

following points: landslides, extreme meteorological phenomena like heavy rains, snow and wind, 

accidental spillage of waste into the environment, implementation of the procedures increasing the 

levels of guard of indicators of contamination in groundwater (e.g. leakage of leachate or oil and 

diesel fuel), already present in the plan. Subsequently, the procedures for the disaster waste 

management were included. This planning allows the management of large quantities of waste in 

limited time, the first aim of the DWM procedures. 
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3.3 Implementation of emergency plan procedures after natural events 

The landslides can be generated by earthquakes, heavy rainfall (associated with flooding), steep 

slopes, erosion, lack of vegetation and soil cohesion. Inside a landfill, in the completed areas, this 

phenomenon can generate the outcropping of the waste disposed of, with a potential dispersion of the 

same in the environment and pollution even in active areas, these landslides can occur, for this reason, 

it is necessary to be ready in these risky situations. The methods of intervention will be shown below. 

After visual signalling by the landfill workers is necessary to stop the disposal operation and 

communicate the problem to the security officer or his delegate. The technical director can avail of 

instrumental investigations if necessary, for the correct evaluation and the extension of the 

phenomenon. The control of the phenomenon in progress can be carried out, with specific 

instrumentation defined in the monitoring plan adopted (for example inclinometers, piezometers, etc.). 

These preliminary actions are necessary for establishing the correct procedure to be applied 

immediately to stem the problem. Subsequently, on the basis of more detailed investigations, the 

technical director will apply the definitive structural intervention to solve the problem. The extreme 

weather phenomena like heavy rain, snowfall or wind are more frequent than expected. To be 

prepared for these phenomena, it is advisable to keep under control the weather reports issued by the 

Civil Protection of the Marche Region and the Air Force. When the weather report forecasting heavy 

rains, it is important to check the correct functioning and cleaning of the rainwater collection network. 

Verify the correct functioning of the uptake pumps for the rainwater lifting. If there is a river near the 

landfill, check the conditions to avoid water stagnation and flooding. In case of exceptional snowfalls, 

it is necessary to guarantee the fundamental services of safeguards to ensure environmental protection 

(leachate disposal) and the public disposal service. In the case of strong wind, it is important to fix 

all materials and structures. Make sure that the waste is not moved or transported away if it occurs 

suspend the operation and coverage the waste. 
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3.4 Casual dispersion of waste in the environment 

In the case of accidental spillage of waste, inside the disposal area, the landfill manager provides to 

demarcation and collection of the material. If the waste is liquid it provides to the removal and 

disposal of the land concerned. 

3.5 Dispersion of leachate into the environment 

After the leachate leak, it is necessary to act promptly, the first step is identified the contaminated 

area, subsequently, by the barrier on the ground, confined the contamination zone, finally is the 

necessary collection and remove the fluid and the pollution material. If the spill involves a stream of 

water, the canal will be cleaned by specific absorbent material, after the use this cloth must be 

disposed of. 

The general rules to adoptions when this event occur are explained below: 

1. Identify the origin of the leak and speed up the operations to stop or limit the spill, with 

particular care for the personal safety; 

2. Curb the extent of contamination above and below the ground, preventing it from reaching 

watercourses; 

3. Create an impermeable barrier to stop the spread; 

4. Eliminate immediately the pollution ground with the available machine; 

If the damage concerns the storage tank proceed as follow: 

1. Suspend the landfill activity, until it has been identified and implemented the technical 

solution; 

2. Identify and confining the affected area by embankments with impermeable ground sheets; 

3. Empty the tanker and transport the leachate to a specialized treatment site; 

4. Carry out the analytic analysis of the environmental matrix involved in the accident to define 

the contamination level and the extent of the damage; 

5. In agreement with the authorities will be taken into account the further steps to restore the 

status of the site. 
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3.6 Reaching the guard levels in the underground water contamination indicators 

The purpose of environmental monitoring of groundwater, sub-surface and impregnation, is to 

promptly detect potential contamination of the different layers caused by landfill. The municipality 

of Corinaldo commissioned the ARPAM department of Ancona for a study aimed at defining default 

values because some specific values of the site are naturally higher than the legal limits. If following 

the measurements made, in accordance with the surveillance and control plan, an anomalous value is 

detected, of anthropogenic origin (excluding the anomalies related to the site-specific parameters), 

the analyses will be repeated to confirm the data. if the contamination is confirmed, the emergency 

and environmental safety procedures established by the current legislation are activated. 

Subsequently, a thorough investigation will be activated to identify the origin of the contamination 

in order to definitively solve the problem. The methods of intervention and preliminary activities 

foresee the analysis with at least 2 monitoring campaigns, of which the first within 24 hours from 

when there is evidence of overshoot and the second within 7 days from the first, to confirm the trend 

of the anomaly. If contamination occurs, within the next 24 hours, it will be necessary to involve the 

competent authorities, sending a report on the incident accompanied by the analyses performed and 

the containment interventions adopted, to the following controllers Municipality of Corinaldo, 

Municipality of Castelleone di Suasa, Province of Ancona - Environment Area, ARPAM, ASUR, 

Prefecture of Ancona. 

 

3.7 Outstanding disposal 

When natural events such as earthquakes, landslides and floods occur, in a very short time, a large 

amount of waste is produced. If these wastes are to be disposed of at the Corinaldo plant, the landfill 

will have to cope with an anomalous inflow, even 10 times more than normal, so it will be important 

to consider preventive actions to deal with this extraordinary situation. The first step is to evaluate 

the daily production capacity (tonnes/day) and the number of vehicles and personnel employed daily 

for waste management operations inside the landfill. The data in the normal conditions (with entry 
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into operation of the Corinaldo TMB plant) are about 30 dump truck, 6 workers and 2 administrative, 

and 223.25 tons/day (of which about 176, 21 coming from the TMB plant). On the basis of this 

evaluation, the plan to upgrade the instrumental and personnel resources can be defined in order to 

meet the requirements required following exceptional events. The landfill must also identify a 

dedicated area dedicated to the storage (D15), to amortise the quantities entering with respect to the 

maximum daily disposal capacity. Therefore, it will be possible to identify three different levels, the 

first step is referred to an ordinary management, second level will be necessary to increase the work 

shifts, staff numbers and also the number of machineries used. Finally, level 3 is the structural limits 

the landfill cannot exceed, in addition to happens in the previous level, add a buffer zone where it 

possible to temporarily store the waste (D15) in waiting for final disposal. 3 levels of extraordinary 

management. Temporary storage makes it possible to carry out analysis useful for characterizing 

incoming waste if required. 
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Chapter 3 

DISASTER WASTE MANAGEMENT AFTER AN EARTHQUAKE EVENT 

Abstract 

One of the most significant effects of an earthquake is the production of a huge amount of waste. An 

incorrect management of the rubbles causes relevant environmental damages, economic losses and a 

psychological impact for the population. In this context, the present manuscript assesses different 

strategies of waste management, estimating the carbon footprint and the economic impact, to define 

the best choices. Overall, different variables contribute to the impacts as the creation of a temporary 

storage site, the potential rubbles refining and the distance of the treatment sites. The environmental 

impact assessment evidenced the importance of an in-situ pre-treatment of the rubbles and of an 

enhanced refining, addressed at the achievement of high quality inert. On the other hand, the 

economic analysis suggests that the best option is to transport everything to the treatment site, without 

any refining. Consequently, our assessment resulted in conflicting conclusions, where an enhanced 

treatment of the rubbles is positive, from an environmental point of view, but negative, for the 

management costs increase. The economic criteria are currently pushing any decision taken by the 

emergency managers; however, the environmental load may have a long-term effect with even more 

significant economic consequences, and it cannot be neglected. 
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1. Introduction 

Natural disasters occur every day on the earth with different effects on the population, the natural and 

the anthropic environment (Ranke, 2016). These events, connected with the geography of each area, 

include: geological, hydrological or hydrogeological phenomena (e.g. earthquake, flood, landslide, 

volcano eruption, tsunami and hurricane). After an emergency, the humanitarian aid is the priority to 

save as many people as possible and guarantee the assistance for the population (Kunz and Gold, 

2017). Nevertheless, these operations are often hindered by the presence of a huge amount of material 

obstacles and debris that have to be quickly removed (Brown et al., 2011). The relevance of rubbles 

removal is evident also for the restoration of the normal situation of damaged area, since this operation 

is essential for the improving of the mental and physical health of the affected population (Hu and 

Sheu, 2013). During a disaster, the factors that influence the waste production are basically two: the 

intensity of natural event and the urbanization of the affected area (United States Environmental 

Protection Agency, 2008). Anyway, the management of these flows represents a critical issue, since 

unexpected high quantities of debris, between 5 and 15 times the production rate of annual waste of 

a community, have to be allocated in a very short time (Kunz and Gold, 2017; McCreanor and 

Reinhart, 1999). The result is the overload of the system applied in peacetime and an inevitable 

increase of operating costs from both an economic and an environmental point of view. As 

extensively explained by Brown and Milke, 2016 (Brown and Milke, 2016), multiple variables 

influence this tricky phase during the post-disaster, in particular: the waste characteristics (the volume 

and the specific mixture), the time constrains, the resource availability and the possible human and 

environmental hazards. In this context, the presence of a protocol that drives the authorities towards 

a smart Disaster Waste Management (DWM), considering the peculiarities of each area, becomes a 

crucial step for the success of the post-emergency operations. With the purpose of the implementation 

of a correct DWM planning, both the economic and the environmental aspects should be considered. 

Life Cycle Assessment (LCA) proved to be an excellent tool for the evaluation of the emissions due 
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to different management choices. As also confirmed by scientific literature, this powerful analytical 

method is widely applied as supporting instrument for decisions in the waste treatment field in peace 

time (Allesch and Brunner, 2014). Most frequently, the assessment focuses on the municipal flows 

considering different treatment options (e.g. incineration, recycling, biological treatment, landfilling) 

applied in several geographical areas (Bueno et al., 2015; Carlsson Reich, 2005; Cherubini et al., 

2009; Eriksson et al., 2005). On the other hand, further studies take into account specific kinds of 

end-of-life materials produced in the building or electric and electronic fields (Amato et al., 2017; 

Coelho and de Brito, 2012; Lu et al., 2015). Much more rarely, LCA approach is applied for wastes 

from disaster scenarios such as earthquakes, landslides and floods (Daria et al., 2013). The main 

reason is the lack of available detailed data related to: the waste transport, the selected pre-treatments 

and the final disposal. Indeed, variable as: the flows quantity, the characteristics of waste treatment 

equipment, the distances and the possible presence of a Temporary Debris Storage and Reduction 

Sites (TDSRS) are essential for the quantification of the emergency management load. In this regard, 

(Gabrielli et al., 2018) provides accurate information about Italian disaster scenarios of earthquake 

and flood, identifying the Construction & Demolition waste (C&D, EWC 17 00 00) as the 

predominant flow in earthquake scenarios. In this kind of emergency, several strategies can be 

considered to increase the separation of different valuable fractions and the final recycling rates. 

Nevertheless, the data collection represents only the first step towards a correct DWM and it should 

be enhanced with sustainability evaluations. The concept of environmental sustainability connected 

with the emergency is not newness at the world level (Barrett et al., 2007). For instance, the FEMA 

Debris Management Guide includes a section about the environmental preservation, encouraging the 

authorities to evaluate the impacts of all the possible alternatives. On the other hand, the 

UNEP/OCHA Disaster Waste Management Guidelines mention the necessity of a rapid impact 

assessment during the creation of a response plan. In this context, the present work aims at the 

estimation of the environmental load and of the economic impact of different DWM emergency 

scenarios after an earthquake, in order to have quantitative estimations for the application of a DWM 
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protocol. In order to support the obtained results, sensitivity and uncertainty analysis have also been 

carried out, to define the reliance degree of the results. Indeed, multiple variables are involved within 

the emergency scenarios on the basis of the peculiarity of each event, and every evaluation would be 

meaningless without such analyses. Overall, the combination of the LCA analysis and the economic 

evaluation, allows the identification of the best practice, suitable for a unified protocol for the DWM. 

In this regard, the involvement of the main sustainability aspects is an essential step towards a future 

virtuous of waste management, that safeguards the environment and the human health. 
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road foundations and landfill cover, that does not require high quality standards and a high quality 

material (Brown et al., 2011; Gualtieri, 2013; KATSUMI et al., 2017). The second product shows 

lower dimension than the first one and the removal of metals fraction further improve its 

characteristics. Despite the high quality of the material, even today there are many problems related 

to its reuse in new building infrastructures, mainly for the impurities presence, the mechanical 

resistance properties and the percentage of water absorption (Pacheco-Torgal, 2013; Xiao, 2018). 

Nevertheless, the Italian legislation, by the article 184-ter of legislative decree 152/2006, foresees the 

reuse and recycling of construction and demolition waste and other clean aggregate waste. To make 

this happen, the material must comply with certain conditions, including certain technical 

requirements in the UNI EN standards (Repubblica Italiana, 2011). More in detail, the Scenario 1 

hypothesizes a complete waste transport towards an ex-situ site (at a distance of 50 km) where a 

manual separation takes place. This preliminary sorting allows the production of a low quality inert 

and the separation of about 12%, of the whole material, to be transported to a landfilling site for inert 

material. Scenario 2 includes the same ex-situ site, with a distance of 50 km, as Scenario 1, and it is 

characterized by an enhanced refining of the rubbles: the manual sorting is followed by a crushing 

and a grinding (both preceded by a metal separation), to improve the inert properties, with a final 

high-quality product. Each metal separation produces ferrous material, with a percentage of 3% of 

the input flow, which is not considered within the system boundaries for its composition that could 

make it potentially exploitable. Scenarios 3 and 4 include both an in-situ treatment, with the 

production of a low quality and a high-quality product, respectively. Such treatment has as main 

consequence the decrease of rubbles dimension, that allows the reduction of the number of trips for 

rubbles transportation to the ex-situ site, where a metal separation and a screening are carried out 

(Scenario 3). These treatments are followed by a grinding and a further metal separation in the 

Scenario 4 with the refining of the final product. In both cases, the screening step, separates about 

12% of waste to send to a landfilling site. 
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2.2 Goal and scope of LCA analysis 

The main goal of the analysis was the identification of the carbon footprint related to the different 

management strategies of the rubbles produced during a typical earthquake. All the assessment 

referred to the functional unit of 1,000,000 t of rubbles, defined as representative of an average high 

impact earthquake. The data considered for the evaluation of the four scenarios are summarized in 

Table 1, that shows the input and output flows, including the equipment suitable for each treatment 

and the related average consumptions. As concern the transport, an articulated lorry with a payload 

of 27 tons, was used for the calculation. The flow density was an essential data, since it allowed the 

estimation of the real number of trips, on the basis of the mechanical pre-treatment. More in details, 

we assumed a starting rubbles density of 1.65 t/m3 (Consiglio Nazionale Ricerche - Corpo Nazionale 

Vigili Del Fuoco, 2010; Kartam et al., 2004), which reached 1.95 t/m3, after the mechanical treatments 

(Table 2). Overall, the described scenarios included the relevant waste transport distances: from the 

affected site to ex-situ treatment place and from in-situ to ex-situ process site. On the other hand, the 

position of the landfilling site and the inert storage place was reasonably assumed coincident with the 

ex-situ treatment site. Additional assumptions allowed to quantify the advantage due to the production 

of the two final products. More in detail, the low quality inert, produced by options 1 and 2 (Table 

1), was considered as “0 impact”, whereas the high-quality product was considered an environmental 

credit and it was quantified as avoided impact for the production of gravel. 

2.3 Software and methods for the LCA 

The thinkstep GaBi software-System and Database for Life Cycle Engineering (compilation 

7.3.3.153; DB version 6.115) was used for the production processes of energy and raw materials and 

the quantification of the potential carbon footprint related with the four analysed scenarios. 

2.4 Goal and scope of economic analysis 

In the perspective of the use of the LCA approach for the implementation of a real DWM on a national 

scale, the results were reinforced by an economic evaluation. The combination of the analysis of 
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environmental and economic costs could help the authorities with the choice of the most sustainable 

management strategy. With this aim, the valuation of the overall price and the unit cost of the 

processes involved within each scenario (Table 3) was carried out thanks to the handbook of recycled 

concrete and demolition waste (Pacheco-Torgal et al., 2013). This source reports the effective cost of 

each phase, nevertheless, during an emergency, all the treatments and the transport are provided as a 

service by third parties. In order to record the service cost, the estimated value was multiplied twice. 

Considering the properties of the low quality inert and its possible application, for road foundations 

and landfill cover, no income from its assignment were considered. The same assumption was done 

for the metal scraps fraction. Supplementary materials report the details related to the cost’s 

estimation of loader and transportation, the same approach was applied for the other phases. 
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high quality inert, able to balance the impact of the refining processes (the double metal separation 

and the grinding in scenarios 2 and 4). Overall, this rubbles exploitation makes such scenarios the 

best options, with a total impact of about 2.0*106 kg of CO2-equivalent. 

Table 1. Estimation of energy and raw materials consumption for each considered scenario (Functional unit: 1,000,000 t 
of rubbles). 

Scenario operation Consumption Equipment 

Scenario_1 

Loading 0.15 l/t Volvo ec 160 (Volvo Construction Equipment Group, 2000) 

Manual sorting Not available Manual 

Crushing 0.23 l/t Rev gcv 100 (REV s.r.l., 2012) 

Metal separation 0.70 kwh/t ENEA (De Stefanis and ENEA, 2014) 

Metal scrap 26,400 t // 

Disposal 120,000 t // 

Low quality inert 853,600 t // 

Scenario_2 

Loading 0.15 l/t Volvo ec 160 (Volvo Construction Equipment Group, 2000) 

Manual sorting Not available Manual 

Crushing 0.23 l/t Rev gcv 100 (REV s.r.l., 2012) 

Metal separation I 0.70 kwh/t ENEA (De Stefanis and ENEA, 2014) 

Grinding 0.23 l/t Rev gcv 100 (REV s.r.l., 2012) 

Metal separation II 0.70 kwh/t ENEA (De Stefanis and ENEA, 2014) 

Disposal 120,000 t // 

Metal scrap 52,008 t // 

High quality inert 827,992 t // 

Scenario_3 

Loading 0.15 l/t Volvo ec 160 (Volvo Construction Equipment Group, 2000) 

Crushing 0.23 l/t Rev gcv 100 (REV s.r.l., 2012) 

Metal separation 0.70 kwh/t ENEA (De Stefanis and ENEA, 2014) 

Screening 0.16 l/t Rev gsv 30 (REV s.r.l., n.d.) 

Disposal 120,000 t // 

Metal scrap 30,000 t // 

Low quality inert 850,000 t // 

Scenario_4 

Loading 0.15 l/t Volvo ec 160 (Volvo Construction Equipment Group, 2000) 

Crushing 0.23 l/t Rev gcv 100 (REV s.r.l., 2012) 

Metal separation I 0.70 kwh/t ENEA (De Stefanis and ENEA, 2014) 

Screening 0.16 l/t Rev gsv 30 (REV s.r.l., n.d.) 

Grinding 0.23 l/t Rev gcv 100 (REV s.r.l., 2012) 

Metal separation II 0.70 kwh/t ENEA (De Stefanis and ENEA, 2014) 

Disposal 120,000 t // 

Metal scrap 55,500 t // 

High quality inert 824,500 t // 
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Table 2. Characteristics of each transport included with the system boundaries. (Articulated lorries transport with the 
payload of 27 tons (Functional unit: 1,000,000 t of rubbles). 

Departure Arrival Distance (km) Flow density (t/m3) N. of trips 

Scenario_1 

Disaster Ex-situ 50 1.65 20,202 

Scenario_2 

Disaster Ex-situ 50 1.65 20,202 

Scenario_3 

In-situ Ex-situ 50 1.95 17,094 

Scenario_4 

In-situ Ex-situ 50 1.95 17,094 

 

Table 3. Estimated costs used for the economic analysis. 
Phases Unit of measure 

Manual sorting 24.36 €/h 

Crusher 5.46 €/t 

Loader 0.98 €/t 

Transport 7.64 €/km 

Disposal landfilling site 60.50 €/t 

Metal separation 0.48 €/t 

Screening 2.00 €/t 

High quality inert -3.00 €/t 

 

Data shown in Figure 2 evidence the advantage of achieving a high quality inert, through an 

intensified treatment of the rubbles (scenarios 2 and 4). On the other hand, the advantage of the in-

situ treatment compared to the ex-situ (scenarios 1 vs 3, and scenarios 2 vs 4) is not so evident and it 

might be affected by the assumed values for key variables. Consequently, this part of the work is 

dedicated to a sensitivity analysis, in order to assess the effect on the best management practice of 

the two key variables: I) distance for all the transport operations and II) quantity disposed of in 

landfilling site, due to an improvement in the separation performance. The combination of these two 

factors in the ranges of 0-100 km for the distance and 50,000-120,000 t for the quantity to landfill, 

allowed to compare the in-situ vs. the ex-situ strategies. Figure 3 shows a critical distance in a range 

18-22 km distance, for which the environmental load of the compared scenarios is similar, with a low 
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3.2 Economic analysis 

Considering the potential application of the present assessment in a real scale, for the development a 

protocol for the DWM, the environmental evaluation needs the combination with an economic 

assessment, to confirm the feasibility of a specific strategy. In this regard, Figure 5 shows the 

economic balance estimated on the basis of the unit cost reported in Table 3. The analysis produced 

an average unit cost around 24 €/t, in line with the price reported for Italian case studies of 23 €/t 

and 34 €/t for L’Aquila (personal communication) and Emilia Romagna earthquakes (Bellaera and 

Zuppiroli, 2013), respectively. Consistently with the environmental results, Scenarios 1 and 3 are 

comparable, as well as options 2 and 4, with the most significant costs due to the rubbles transport 

and the disposal in landfilling site (around 30% for each phase). Overall, the possibility to recover a 

high-quality inert cause a cost increase of about 10% connected with the additional steps for the 

refining. This economic effort cannot be balanced by the possible income for the inert sale, 

considering their low value on the market. The inclusion of the capital costs within the economic 

assessment can explain the difference with the environmental results. Indeed, as explained in the 

supplementary materials, the economic contribution of each phase includes also the machines 

investment, whereas, the impact for their building is excluded from the environmental analysis 

(L’Abbate et al., 2018). 
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4. Conclusions 

The lack of information related to DWM confirms the necessity to focus on this topic to define the 

best practice to apply, on the basis of the event characteristics. With this aim, the present paper 

evaluated different options for the earthquake rubbles management, considering both environmental 

and economic aspects. According to the only environmental impact assessment, the best choices seem 

to be based on an in-situ treatment of the rubbles. On the other hand, the economic analysis suggests 

the best option is to transport everything to the treatment site, without any pre-shredding/grinding. 

Considering a real context, an emergency manager tends to make decisions on the basis of economic 

advantages, immediately evident. On the other hand, the long-term environmental effect connected 

with the management choices, is often neglected. Nevertheless, it is important to consider that such 

long-term environmental effects might have even more significant economic consequences, which 

cannot be neglected. 
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6. Supplementary material 

Considering the difficulty to obtain data related to DWM, the unitary costs used for the economic 

analysis were obtained by specific evaluation which guarantee their reliability. The supplementary 

materials report the approach used for the loader and transport phases, as an example. More in details, 

the applied method followed the guidelines reported by Caterpillar Performance 

Handbook(Caterpillar, 2015) and the Plant design and economics for chemical engineers(Peters et al., 

1968). The estimate of loader and transport unit cost, 0.98 €/t and 7.64 €/(km*trip) respectively, 

included both the investment costs and the operating costs. 

More in detail, the investment costs were estimated as: 

𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡	𝑐𝑜𝑠𝑡 = 𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 + 𝑖𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒 + 𝑡𝑎𝑥𝑒𝑠    (1) 

 

Each parameter was calculated using the following equations: 

depreciation =
∙

           (2) 

where MC is the machine cost, LM is the life machine (Table S1) and D is the depreciation factor 

(Table S2). 

 

More in detail, D eq. (2) was calculated as: 

D =
	

            (3) 

where P is the purchase price, S is the salvage value (defined as the price that equipment can be sold 

for at the time of its disposal) and N is the economic life of the machine (the period over which the 

equipment can operate at an acceptable operating cost and productivity). 

 

interest =
∙

∙ 𝐼𝑅          (4) 

where AAI is the average annual investment and IR is the interest rate (Table S2). 
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insurance =
∙

∙ 𝐼𝑛𝑅          (5) 

where InR is the insurance rate (Table S2). 

 

taxes =
∙

∙ 𝑇𝑅           (6) 

where TR is the taxes rate (Table S2). 

 

For the calculation of interest coefficient, eq. (4-6), AAI was calculated as: 

𝐴𝐴𝐼 =
( )	( )

( 	 )
+ 𝑆          (7) 

 

and for operating costs as: 

𝑜𝑝𝑒𝑎𝑟𝑎𝑡𝑖𝑛𝑔	𝑐𝑜𝑠𝑡 = 𝑙𝑎𝑏𝑜𝑢𝑟 + 𝑓𝑢𝑒𝑙 + 𝑜𝑖𝑙	𝑎𝑛𝑑	𝑔𝑟𝑒𝑎𝑠𝑒 + 𝑠𝑒𝑟𝑣𝑖𝑐𝑖𝑛𝑔 + 𝑟𝑒𝑝𝑎𝑖𝑟𝑠   (8) 

 

For operating cost, the parameters were calculated as follows: 

labour =            (9) 

where LC is the labour cost (Table S1) and hmax is the maximum number of hours that the machine 

works, 5,280 h/year, considering 2 daily turns of 8 hours for 330 work days. 

 

fuel =
∙ ∙ ∙

           (10) 

where K is the fuel consumption (Table S2), PM is the power machine, FC is the fuel cost (Table S1), 

LF is the load factor and KPL is fuel density (Table S2). 

 

oil	and	grease = OG ∙ FC          (11) 

where OG is the oil and grease factor (Table S2). 

 



 72 

servicing	and	repairs = SR ∙ DIC         (12) 

where SR is the servicing and repairs factor (Table S2) and DIC is the depreciation of the investment 

cost (Table S3). 

 

The total unit cost, evaluated for the different phases, was estimated as: 

𝑢𝑛𝑖𝑡	𝑐𝑜𝑠𝑡 =
	 	

        (13) 

Where capacity can be found in Table S3. 
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The obtained investment and operating costs are summarized in Table S3 and S4, respectively, for 

both loader and transport. 

Table S1. Specific technical information of the machinery used. 

Technical specifications Loader Truck Unit of measure 

Machine cost (MC) 100,000 80,000 € 

Life machine (LM) 5,280 h/year 

Fuel cost (FC) 1 €/l 

Power machine (PM) 121 HP 

Labour cost for 2 operators (LC) 62,400 €/year 

Capacity 120 // t/h 

 

Table S2. Coefficients used in the calculation operations of the various variables(Sessions and Sessions, 1992). 

COEFFICIENTS LOADER TRUCK 

Monthly salary (€) 1,200 

Months 13.00 

Gross 2.00 

Depreciation factor (D) 0.90 

Average annual investment (AAI) 0.60 

Interest rate (IR) 10% 

Insurance rate (InR) 3% 

Taxes rate (TR) 20% 

Fuel Consumption (K) 0.21 

Load Factor (LF) 0.54 

Servicing and repairs factor (SR) 0.30 0.50 

Oil and grease factor (OG) 0.10 

Fuel density (KPL) 0.72 

 

Table S3. Analysis of investment costs. 

Investment costs 
Loader Truck 

€/h 
Depreciation (DIC) 17.05 13.64 

Interest 1.14 0.91 
Insurance 0.34 0.27 

Taxes 2.27 1.82 
Total investment cost 20.80 16.64 

 

Table S4. Collection of different terms of operation costs. 

Operating costs 
Loader Truck 

€/h 
Labour 11.82 11.82 

Fuel 19.06 19.06 
Oil and grease 1.91 1.91 

Servicing and repairs 5.11 6.82 
Total operating cost 37.90 39.60 
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Chapter 4 

DISASTER WASTE MANAGEMENT AFTER FLOOD EVENT 

Abstract 

Heavy rains and high hydrogeological risk generate floods and landslides; when these phenomena 

occur in the urbanized areas, they produce a large amount of debris. The knowledge of the best 

practices in the disaster waste management makes the difference between good and bad strategies. 

This study aims to find management solutions that are environmentally and economically sustainable, 

hypothesizing three different options. Indeed, the variables which influence the environmental impact 

and the operations cost are many: the distances between the interested area and the management site, 

the extent of a first manual sorting carried out by citizens, the economic load of each involved step. 

The environmental impact analysis has demonstrated that there is not a significant difference among 

the considered scenarios, with an average impact of the debris treatment around 0.50 kg CO2/kg for 

all three options. On the other hand, the economic analysis has evidenced significant differences 

among the considered scenarios, with the simplest treatment as the cheapest option. More in detail, 

the estimated costs are: 140 €/t for the first strategy, which does not include any treatment, 100 €/t 

for the second choice (the simplest scenario with a shredding for the dimension reduction) and 130€/t 

for the advanced treatment, including the mechanical-biological treatment. The sensitivity analysis 

carried out on the economic evaluation, thanks to the Monte-Carlo simulations, confirms the 

usefulness of the non-advanced option, with the shredding treatment. 
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1. INTRODUCTION 

The centre for the research on the epidemiology of disasters (CRED) is a research agency that collects 

and studies data and information about humanitarian emergencies, particularly in public health and 

epidemiology. The relevant information is collected in an international emergency database, (EM-

DTA), which reports a total of 7,056 disasters in the period from 1996 to 2015. A specific focus on 

the floods attributes 150,061 victims to this kind of event, that represent about the 11% of the whole 

humanitarian emergencies (Centre for Research on the Epidemiology of Disaster, 2016). Indeed, as 

showed within the IPCC report, the growth of the green gas emissions and the global temperature are 

causing the increase of extreme weather phenomena, e.g. hurricane, typhoons, storm, thunderstorm 

and heavy rain, with consequent floods, sometimes associated with landslides (IPCC, 2014). This 

recent and sudden climate change can be translated into high socio-economic costs. The Italian 

territory is an example of area subject to these extreme events which contribute to the increase of the 

people and the environment health vulnerability (Guzzetti, 2000; Messeri et al., 2015). In this regards, 

a wide study by Trigila et al. (2015), describes the hydrogeological fragility of the area, identifying 

more than 500,000 landslides (22,176 km2), equal to 7.3% of the national territory and almost 70,000 

km2 with a flood risk (Trigila et al., 2015). When a flood occurs, it can destroy personal proprieties 

(homes and cars), public infrastructures, such as roads and bridges, cultivated fields and the green 

areas. Considering the possible heterogeneity of the affected area, when the water drops, leaves 

behind a wide dispersion of mud, debris and different waste typologies, mixed with soil and water 

(United States Environmental Protection Agency, 2008). The resulting damage and the generated 

wastes and debris emerge at the end of the natural event, after the floodwaters recede. In this regards, 

the Katrina hurricane, that struck the southern states of the United States in 2005, generated an amount 

of waste and debris around 70-80 millions of cubic meters (May et al., 2006). Considering the 

significant produced volumes, it is evident that a proper streams management represents a very 

critical issue. Literature reports several researches about this topic, mainly focused on the frequent 

tropical cyclones that occur in the southern and southeast of Asia (e.g. Taiwan and Malaysia) during 
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the rainy season, every year. In this regards, Chen et al. (2007), analysed four different case studies 

of typhoons: Nari (2001), Toraji (2001), Mindulle (2004), Aere (2004) proposing a forecast model to 

predict the amount of waste and debris generated by a flood (Chen et al., 2007). The study aims at 

the identification of a correlation between the produced waste and the population density. The main 

parameters included in the analysis are: the population density, the flooded area and the building type. 

A nonlinear exponential equation was identified as reproducible and reliable mathematical model. 

On the other hand, Agamuthu et al. (2015) analyse the flood that hit Malaysia from December 2014 

to January 2015, mainly in the Kelantan region, focusing on the quantity and the typology of the 

collected debris (Agamuthu et al., 2015). The possibility to include the disaster waste management 

after natural disasters within the emergency management planning was evaluated by Yusof et al. 

(2016) and Zawawi et al. (2016, 2015) researches starting from Malaysian case studies (Yusof et al., 

2016; Zawawi et al., 2016, 2015). The challenge is the identification of innovative strategies to 

overcome the management criticality during these extreme events. Further investigations consider the 

engineering aspects of hydrogeological phenomena using mathematical models or simulators to 

predict the flood trend, with rare mentions of the disaster waste management (Borga et al., 2007; 

Dutta et al., 2003; Messeri et al., 2015; Norbiato et al., 2007; Tingsanchali, 2012). Although many 

articles analyse several case studies for the proposal of waste management strategies, there is a lack 

of assessment of this critical issue from an environmental point of view. Indeed, the development of 

an approach that combine technical, economic and environmental aspects could be a useful support 

for the choice of the most sustainable strategy. The main difficulties connected with flood scraps are 

due to both the waste blend and the mud presence, that make the recycling and recovery operations 

very difficult, as confirmed by the Italian events of Senigallia and Genova in 2014 (Gabrielli et al., 

2018). With the aim to support the authorities, the united states army corps of engineers (USACE) 

has developed an empirical formula to forecast the amount of debris after hurricanes, taking into 

account several factors, such as: number of households, hurricane category, vegetative cover, 

commercial density and precipitation characteristic. The multiplication of these different parameters 
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generates a reliable estimate of ±30% on debris production (FEMA, 2007). Nevertheless, it is a site-

specific model and the geomorphological characteristics of the Italian territory do not allow its 

application. Considering this reference context, the goal of present article is the analysis of different 

scenarios of floods waste management, considering both the environmental and the economic impacts. 

With this aim, three possible alternatives, were considered, including different steps for the debris 

treatment. The Life Cycle Assessment (LCA) is chosen as a tool to quantify the emissions and 

environmental impacts associated with the three options, for the identification of the best practice for 

the flood waste management. Furthermore, the environmental evaluation is combined with an 

economic study, supported by a sensitivity analysis by Monte Carlo method, to identify the cheapest 

waste treatment. The combination of environmental and economic studies represents a strategic tool, 

able to support the decision makers for the identification of the best practice for a smart DWM. 
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2 MATERIALS AND METHODS 

2.1 The considered scenarios of DWM after flood 

When the hydrogeological phenomena, like a flood, hits an urbanized area, it can produce between 5 

to 15 times the annual waste generation rates of a community (McCreanor and Reinhart, 1999). In 

the Italian flood cases study the waste stream was about 10 times greater than that in peacetime 

(Gabrielli et al., 2018). The material produced by a flood is a mix of mud and municipal solid waste 

(MSW), classified as EWC 20 00 00 by European Waste Catalogue. This macro category includes 

different kind of waste: recyclable fraction (20 01 00), vegetative waste (20 02 00) and other urban 

waste (20 03 00). The functional unit selected for present study is 10,000,000 kg of debris with an 

average composition of unspecified MSW (EWC 20 03 99, around the 84%), bulky waste (EWC 20 

03 07, about 15%) and WEEE (16 02 XX and 20 01 XX, the remaining 1%). The flow is subject to a 

previous macro selection, carried out by the citizen for the separation of bulky waste and WEEE. The 

manual sorting reduces the waste quantity for the disposal to landfilling site of about 16%, percentage 

which can fluctuate between 0 and 20%. Thereafter, the waste stream is treated following the 

scenarios detail described in Figure 1. More in detail, the whole amount is sent to a landfilling site, 

without treatment, in the option 1. This choice allows the reduction of the operation time and it 

accelerates the restoration of the affected area. In the second scenario, after the preliminary collection, 

the material is stored in-situ, in a temporary debris storage and reduction site (TDSRS), the debris are 

loaded by a mobile material handler (SENNEBOGEN 821 E) into the shredding and metal separation 

machine (DOPPSTADT DW 3060 K). This treatment allows the volume decrease, with the 

consequent reduction of the trips number necessary for the debris transport from TDSRS to landfill. 

In the third scenario, the shredded material is sent to an additional screening operation by sieving 

machine (DOPPSTADT SM 518). This treatment separates: the overflow material (low density, to 

send to landfilling sites) and the underflow material (high density). The second fraction is processed 

by a mechanical-biological-treatment (MBT) which allows the bio-stabilisation by thermal and 
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scenario 3 is calculated as weighted average considering the 40% of the whole stream free of metals 

(around 4%), as under-screening and the 60% as over-screening (Stella, 2014). 

Table 1. Energy and raw material flows considered for the three management scenarios 
(Functional unit: 10,000,000 kg of debris). 

Scenario operation Consumption Equipment References 

Scenario_1 

Loading 0.17 l/t Sennebogen 821 E (Sennebogen, n.d.) 

Landfilling 8,400,000 t Landfill  

Scenario_2 

Loading 0.17 l/t Sennebogen 821 E (Sennebogen, n.d.) 

Shredding/Metal 

separation 
0.50 l/t Doppstadt DW 3060 K (Doppstadt, n.d.) 

Landfilling 8,064,000 t Landfill  

Scenario_3 

Loading 0.17 l/t Sennebogen 821 E (Sennebogen, n.d.) 
Shredding/Metal 

separation 
0.50 l/t Doppstadt DW 3060 K (Doppstadt, n.d.) 

Screening 0.23 l/t Doppstadt SM 518 (Doppstadt, n.d.) 

M.B.T. 10 kwh/t Ambisystem (Ambientalia, 2018, 2014) 

Landfilling 7,348,320 t Landfill  

 

Table 2. Characteristics of the transport considered within the three scenarios. 
(Articulated lorries with a payload of 27 tons, functional unit: 10,000,000 kg of debris). 

Departure Arrival Distance (Km) 
Flow Density 

(Kg/m3) 
N° of Trips 

Scenario_1 

Disaster site Landfill 100 344 904 

Scenario_2 

In-situ site Landfill 100 653 457 

Scenario_3 

In-situ site Landfill 100 647 421 

 

2.3 Software and methods for the LCA 

The tinkstep GaBi software-System and Database for Life Cycle Engineering (compilation 7.3.3.153; 

DB version 6.115) was used for the production processes of energy and raw materials and the 

quantification of the environmental impact of the three analysed scenarios. The impact categories and 

the related characterization methods were selected in agreement with the Product Environmental 

Footprint (PEF) guide and the ILCD handbook (Benini et al., 2014; Hauschild et al., 2011). 

Furthermore, normalization factors were used to determine the relevance of the different 

environmental impact categories. 
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2.4 Goal and scope of economic analysis 

Considering the relevance of the economic aspect for the local authorities and the decision makers 

during an emergency event, this analysis aims at the assessment of the three options cost. In this 

regard, the combination of environmental and economic results could represent a valid tool for the 

identification of the best practice for a smart DWM. Table 3 shows the unit cost of the most relevant 

treatments considered for the analysis of three scenarios of interest. More in detail, the MBT and the 

disposal costs are obtained by an Italian sector study (Andretta et al., 2010). The remaining values of 

transport, shredding, screening and loading steps are elaborated following the method reported in the 

supporting materials. 

Table 3. Estimated costs used for the economic analysis. 
Phases Unit of Measure References 

Transport 8 €/km supporting materials 

Landfill 89 €/t (Andretta et al., 2010) 

M.B.T. 101 €/t (Andretta et al., 2010) 

Shredding 5€/t supporting materials 

Screening 2 €/t supporting materials 

Loader 1 €/t supporting materials 
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3 RESULTS AND DISCUSSION 

3.1 Assessment of the different strategies of debris management 

The results obtained by normalization and weighting of data (Figure 2) allowed an overview of the 

overall impact of the rubble management strategies at issue, considering all the most relevant impact 

categories. A comparison among the three scenarios suggests that there is not a significant difference. 

The clear predominance of the orange colour, which corresponds to the climate change, associated 

with the classification and characterization values, described in the Figure S1 (about 5E+06 Kg CO2 

eq.), confirms that the disposal in landfilling site is the most impacting phase in the 3 scenarios. 

 
Figure 2. Total environmental load, normalised and weighted, generated by the three considered scenarios 

(Functional Unit 10,000,000 kg of debris). 
 

3.2 Economic analysis 

The cost of the waste management after a natural disaster like a flood, is an evident problem, as 

explained by Gabrielli et al. (2018). Figure 3 shows the cost estimation for the three strategies of 

DWM, taken into account in present study. The first Scenario 1 seems to be the most expensive choice 

(around 138 €/t). The reason can be found in the low-density value of the debris (344 kg/m3), due to 

the lack of a pre-treatment for the volume reduction, which increases the transport and disposal cost. 

On the other hand, in the option 2, the cost of transport is halved: thanks to the shredding treatment 
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the density doubles (662 kg/m3) and the number of trips needed for transportation is reduced. In this 

case, 107 €/t, the cost is the lowest of the three. The third alternative show a high cost (around 130 

€/t), in spite of the debris shredding, since the mechanical biological treatment causes a relevant 

contribution on the total. 

 
Figure 3. Economic assessment of the three considered scenarios (Functional Unit 10,000,000 kg of debris). 

 

For the economic elaboration, some assumptions, with specific uncertainties, have been made. 

Therefore, a range of variations has been hypothesized for the main variables that can have an 

influence on the total cost, in order to assess the accuracy of the estimations. More specifically, the 

unit cost of each step can vary in the range ±10%. Furthermore, two further key variables were 

considered: the distance from the interested area to the landfilling site (range of variation: 0-100 km) 

and the quantity of waste manually sorted by citizens, before the treatment (range of variation: 0-

20%, that corresponds to 0-20,000 tons). These data variations were estimated starting from the 

previous case studies presented by Gabrielli et, al. (2018) and the variables were combined following 

a Monte-Carlo algorithm. Figure 4 shows the cost of the three scenarios for all the simulations. It can 

be observed that the cheapest option is the number 2, where a first shredding is carried out before the 

transportation to the landfilling site, to reduce the trips number. There are two different critical 

distances: the first value, around 3 km, (Figure 4) demonstrates that, for very short distances, the in-
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situ shredding is useless, and the most advantageous choice is the directly transportation of the whole 

material. On the other hand, for longer distances (around 78 km in Figure 4), the advanced treatment, 

that includes an additional mechanical-biological stabilization, is much more economically 

advantageous, due to the further volume reduction. In order to assess the effect of the other variable, 

q (extent of manual sorting before the treatment), all the critical distances estimated for different 

values of q have been considered. A variation coefficient of 28% and of 1% was estimated for the 

shortest and for the largest distance, respectively: the 3 km become about 6 km, when no first manual 

sorting is carried out. On the other hand, no significant effect of q is highlighted on the longest 

distance, that makes the mechanical biological treatment as convenient. 

 
Figure 4. Economic cost of the three scenarios as a function of the distance for all the transport, considering a fixed 

quantity handled to manual sorting 2.000.000 kg. (Output of the Monte Carlo simulation). Functional unit: 10,000,000 
kg of debris. 
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4 CONCLUSIONS 

The lack of useful scientific information about DWM, emphasizes the importance of scientific 

research for obtaining environmentally and economically sustainable solutions. With these 

assumptions, the present paper studied different strategies for the debris management after a flood. 

Three different scenarios have been hypothesized: the output of the life cycle assessment analysis did 

not highlight differences between the environmental impact of the three scenarios. On the other hand, 

the economic analysis showed that scenario number 2 is the most advantageous; even the Monte-

Carlo simulations confirm, for distances usually typical of a real context, the advantage of the second 

solution in which the in-situ shredding takes place for the reduction of the volume. 
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5. SUPPLEMENTARY MATERIAL 

5.1 Assessment of the different strategies of debris management, LCIA results and discussion 

(Material and Methods - Goal and Scope of LCA Analysis) 

Figure S1, represents the results of classification and characterization of the LCIA. Overall, the three 

scenarios show comparable results, which does not exceed the 15%, in agreement with the 

normalization and weighting outcome. The positive effect obtained thanks to the volume reduction is 

mainly highlighted in the categories of: climate change, ozone and resources depletion (Figures S1b, 

f, i) with an impact decrease up to 20%. Nevertheless, the implementation of the MTB causes a 

significant environmental load in the categories of acidification and eutrophication terrestrial, 

emphasizing the advantage of scenario 2 (Figure S1a, e). This impact is mainly connected with the 

NOx emissions release during the biodegradation process, due to the high nitrogen content of the 

treated waste stream. 
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5.2 Goal and scope of economic analysis 

Considering the difficulty to obtain data related to DWM, the unitary costs used for the economic 

analysis were obtained by specific evaluation which guarantee their reliability. The supplementary 

materials report the approach used for the loader and transport phases, as an example. More in details, 

the applied method followed the guidelines reported by Caterpillar Performance 

Handbook(Caterpillar, 2015) and the Plant design and economics for chemical engineers(Peters et al., 

1968). The estimate of loader and transport unit cost, 0.98 €/t and 7.64 €/(km*trip) respectively, 

included both the investment costs and the operating costs. 

More in detail, the investment costs were estimated as: 

investment	cost = 𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 + insurance + taxes    (1) 

 

Each parameter was calculated using the following equations: 

depreciation =
∙

           (2) 

where MC is the machine cost, LM is the life machine (Table S1) and D is the depreciation factor 

(Table S2). 

 

More in detail, D eq. (2) was calculated as: 

D =
	

            (3) 

where P is the purchase price, S is the salvage value (defined as the price that equipment can be sold 

for at the time of its disposal) and N is the economic life of the machine (the period over which the 

equipment can operate at an acceptable operating cost and productivity). 

 

interest =
∙

∙ IR           (4) 

where AAI is the average annual investment and IR is the interest rate (Table S2). 
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insurance =
∙

∙ InR          (5) 

where InR is the insurance rate (Table S2). 

 

taxes =
∙

∙ TR           (6) 

where TR is the taxes rate (Table S2). 

 

For the calculation of interest coefficient, eq. (4-6), AAI was calculated as: 

AAI =
( )	( )

( 	 )
+ S           (7) 

 

and for operating costs as: 

opearating	cost = 𝑙𝑎𝑏𝑜𝑢𝑟 + 𝑓𝑢𝑒𝑙 + 𝑜𝑖𝑙	𝑎𝑛𝑑	𝑔𝑟𝑒𝑎𝑠𝑒 + 𝑠𝑒𝑟𝑣𝑖𝑐𝑖𝑛𝑔 + repairs   (8) 

 

For operating cost, the parameters were calculated as follows: 

labour =             (9) 

where LC is the labour cost (Table S1) and hmax is the maximum number of hours that the machine 

works, 5,280 h/year, considering 2 daily turns of 8 hours for 330 work days. 

 

fuel =
∙ ∙ ∙

           (10) 

where K is the fuel consumption (Table S1), PM is the power machine, FC is the fuel cost (Table S1), 

LF is the load factor and KPL is fuel density (Table S2). 

 

oil	and	grease = OG ∙ FC          (11) 

where OG is the oil and grease factor (Table S2). 
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servicing	and	repairs = SR ∙ DIC         (12) 

where SR is the servicing and repairs factor (Table S2) and DIC is the depreciation of the investment 

cost (Table S3). 

 

The total unit cost, evaluated for the different phases, was estimated as: 

unit	cost =
	 	

        (13) 

Where capacity can be found in Table S3. 

The obtained investment and operating costs are summarized in Table S3 and S4, respectively, for 

both loader and transport. 

Table S1. Specific technical information of the machinery used. 
Technical specifications Loader Truck Unit of measure 

Machine cost (MC) 100,000 80,000 € 

Life machine (LM) 5,280 h/year 

Fuel cost (FC) 1 €/l 

Power machine (PM) 121 HP 

Labour cost for 2 operators (LC) 62,400 €/year 

Capacity 120 // t/h 

 
Table S2. Coefficients used in the calculation operations of the various variables(Sessions and Sessions, 1992). 

COEFFICIENTS LOADER TRUCK 

Monthly salary (€) 1,200 

Months 13.00 

Gross 2.00 

Depreciation factor (D) 0.90 

Average annual investment (AAI) 0.60 

Interest rate (IR) 10% 

Insurance rate (InR) 3% 

Taxes rate (TR) 20% 

Fuel Consumption (K) 0.21 

Load Factor (LF) 0.54 

Servicing and repairs factor (SR) 0.30 0.50 

Oil and grease factor (OG) 0.10 

Fuel density (KPL) 0.72 

 
Table S3. Analysis of investment costs. 

Investment costs 
Loader Truck 

€/h 

Depreciation (DIC) 17.05 13.64 

Interest 1.14 0.91 

Insurance 0.34 0.27 

Taxes 2.27 1.82 

Total investment cost 20.80 16.64 

 
Table S4. Collection of different terms of operation costs. 

Operating costs 
Loader Truck 

€/h 

Labour 11.82 11.82 

Fuel 19.06 19.06 

Oil and grease 1.91 1.91 

Servicing and repairs 5.11 6.82 

Total operating cost 37.90 39.60 
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