
5th MatER Meeting
6th International Conference 

on Final Sinks
June 7 th - 8 th - 9 th 2021

RECOVERY & FINAL SINKS FOR AN 
EFFECTIVE WASTE MANAGEMENT



The MatER Study Center is a project undertaken by LEAP s.c.a r.l. with the scientific support of DICA (Department of

Civil and Environmental Engineering) and the Energy Department of the Politecnico di Milano, and with the collaboration

of Utilitalia.

Our  Partners

BACKGROUND

MISSION

BOARD
Prof. Stefano Consonni 
Prof. Michele Giugliano

Direction

Prof. Stefano Cernuschi
Prof. Mario Grosso

Scientific Council

Ing. Lucia Rigamonti
Ing. Federico Viganò

Scientific Council

Ing. Giulio Bortoluzzi
Ing. Giorgia Lombardelli
Ing. Maria Giulia Botti

MatER Team

Joint Statement on MatER _ Material & Energy from Refuse

Waste is normally perceived with a host of negative attributes. Its very generation signifies the willingness to get rid of it,
while its treatment and disposal raise apprehension from several standpoints: sanitary, ethical, social, energy,
environmental, economic. Yet waste is simply the output of a number of processes taking place in our society. Its treatment
should be approached as simply one of the many practices that contribute to the operation of our economic system,
hopefully in a way that meets our expectations on sustainability, energy efficiency, environmental consciousness, economic
viability. In this framework, the recovery of useful material and the recovery of energy are the two means that can turn
waste from a fearsome concern into a valuable asset. But the real world can be very far from best practices. Inadequate
waste management policies and/or treatment plants can result in emergency situations that create widespread concern
and hostility in the public opinion. Also, the debate on strategies and technologies to be adopted is often misled by
ideology, with little or no account of scientific evidence and technological capabilities.

The MatER Research Center aims at establishing sound scientific bases for the many issues related to recovery from waste,
without being influenced by any ideological! or political! consideration, independently of the expectations of any interest
group. The ultimate goal is to give a rigorous scientific representation of the technologies and the policies adopted for
material and energy recovery, contributing to identify the most effective options for sustainable, economically viable waste
management practice. These goals are pursued by the following actions.

 Identify and analyze best available technologies for the recovery of material and energy from waste.
 Establish connections and collaborations among academic institutions, public and private organizations, business

operators and technology providers.
 Promote and undertake studies and researches concerning material and energy recovery from waste.
 Organize course and events (conferences, seminars, workshops) to promote and spread proper scientific information.
 Monitor the evolution of processes, technologies and practices for the recovery of material and energy from waste.
 Review and promote the improvement of legislation on waste management, recovery from waste and waste treatment.

www.mater.polimi.it



The event arises from the link between the fundamental goal of MatER and Final Sinks conferences. The first one aims
at providing a thorough, objective representation of technologies and policies for material and energy recovery from
waste, thereby contributing to move toward sustainable waste management. The second one addresses different
topics regarding the handling of material flows and stocks from the resource and waste management perspective. The
event aims at being an update on the latest trends in strategic, technical, scientific and regulatory aspects of recovery
from waste.

The conjunction between the 2 meetings opens to a wide range of thematic of interest that were the basis of the call
for abstract. The topics includes, but are not limited to: Material recovery, Innovative technologies, Biowaste
valorization, Final Sinks, Sustainability & Regulation, Energy recovery.
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HOW TO MEASURE THE QUALITY OF MATERIALS MANAGEMENT AND RECYCLING? 
 
*°Helmut Rechberger 

 Institute for Water Quality and Resource Management, TU Wien, Karlsplatz 13/226, 1040 Vienna, Austria 
*Corresponding Author | °Presenting Author 

 
Keywords: environmental impact, indicator, recyclability, statistical entropy 
 
The switch from a predominantly linear material management (take make waste) to a circular 
economy is being promoted, among other things, by the implementation or increase of recycling 
targets. In the meantime, there are minimum recycling rates for quite a lot of waste and these 
are continuously being increased. Now it is obvious that there is an optimal rate for every 
recycling and that this in turn depends on several factors, such as: the recycling technology, the 
raw material prices, the demand for secondary raw materials. Another aspect of recycling rates 
is that they do not make any statement about the quality of the recycled material. For example, 
the fact that 80% of a waste stream is obtained for recycling says nothing about the material 
quality of this material. 

Recycling usually means that valuable materials are recovered for the economic process. Be it 
through separate collection, mechanical sorting processes or other physical, chemical, biological 
or thermal processes. In all of these cases, recycling means that valuable materials are 
separated from contaminants or materials that can no longer be used, and this amounts to a 
concentration of both valuable and contaminants. The opposite of concentrating is mixing or 
diluting. In reality, this happens very often when, for example, waste is thrown away, but also 
much earlier when more or less pure materials are combined into more or less complex products. 
The more complex products are with regard to their material composition, the more difficult they 
are to recycle later. 

Statistical entropy (SE) is a method with which such mixing or concentration phenomena can be 
described. Any distributions can be quantified with the SE. It can be shown that even a material 
budget of a system can be represented as a distribution of mass flows and substance 
concentrations and that these distributions can be quantified using SE. A mostly concentrating 
system reduces the SE while a mostly diluting system produces entropy. SE is used today to 
evaluate the results of material flow analyses. As differently as material flow analyses are used 
today, the applications of SE are just as varied. The following three quantitative examples for 
SE applications in material management will be given: 

First, SE is introduced as an additional indicator for the separation performance of sorting and 
recycling processes. These are usually assessed with regard to their contribution to the recycling 
rate. But this does not take into account the purity of the secondary materials produced and 
thus the quality of the recycling. It can thus be shown that two recycling technologies with 
identical recycling rates can generate different outputs, which can easily be shown by a recycling 
indicator based on SE. The routine application of such an indicator would prevent increases in 
quantity in recycling at the expense of quality. 

Second, SE can also be applied to multi-component systems and thus also say something about 
the recyclability of products. This is shown using the example of a typical mobile phone. Whether 
a substance or material can be recovered from a mobile phone also depends on how the 
substance is chemically distributed in this product and to what extent it is mechanically fixed 
(plugged in, glued, screwed). All of this can be represented in the form of possible distributions 
and thus a statement about the theoretical recyclability of a product can be made. In this way, 
SE Analysis could also be a support for the Design for Recycling process. 
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Finally, the application of SE to the final sink concept is shown using the example of waste 
incineration and the substances nitrogen and hydrocarbons. The nitrogen contained in the 
garbage is oxidized to NOx and, if not reduced to N2 by SNCR or SCR, released into the 
atmosphere. For N2 from waste incineration, the atmosphere is a suitable final sink, as it does 
not change the natural N2 content of the atmosphere. This does not apply to NOx, since the 
natural NOx concentration in the atmosphere is very low and the emission from waste 
incineration represents a change in the air composition, at least locally. This can be represented 
quantitatively using SE. It can also be shown that the use of SNCR / SCR technology leads to 
acceptable NOx emissions from an entropy point of view. 

The situation is different for hydrocarbons, e.g. dioxins and furans, as these can either be formed 
during combustion, but also destroyed or separated. This means that the conservation of mass 
does not apply to them. Especially if they are destroyed, then this can be seen as a final sink. 
In order to satisfy the conservation of mass, which is important for the application of MFA and 
SEA, the destruction of a compound can be modelled as its complete concentration. For the 
hypothetical case that all dioxins / furans are completely destroyed, this means that SE is zero. 

The SE is therefore very versatile. It can be applied to products, processes or systems for single 
or multiple substances and provides reliable information on quantitative and qualitative 
substance control. 
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THE INCREASING AMOUNT OF BIOPLASTICS RISES CHALLENGES IN THE MANAGEMENT OF 

ORGANIC MUNICIPAL SOLID WASTES THROUGH BIOLOGICAL SYSTEMS 
*° Mirko Cucinaa, Patrizia De Nisia, Fulvia Tambonea, Fabrizio Adania 

aGruppo Ricicla – DiSAA - Università degli Studi di Milano, Via Celoria 2 I-20133 Milan, Italy  
 

*Corresponding Author | °Presenting Author 

 
INTRODUCTION 

Bioplastics (BPs) were introduced in last decades as environmental friendly and sustainable 
alternative materials for fossil-derived plastics substitution. Nowadays, bioplastics are usually 
collected with the organic fraction of the municipal solid wastes (OFMSW) after use, representing 
an increasing fraction of this waste stream. Biodegradation of bioplastics in OFMSW treatment 
facilities is becoming an increasing issue since large volumes of these materials have to be 
treated in plant that were not designed for BPs processing. As BPs degradability is certified under 
optimal degrading conditions by standard methods (e.g. temperature of 58°C, long duration of 
tests) (UNI EN ISO 13432:2000; UNI EN ISO 14855:2013; UNI EN ISO 17556:2019; UNI EN 
ISO 20020:2016), OFMSW treatments should ensure these operative conditions but this is not 
always possible. Anaerobic digestion (AD) and composting are well-known treatments for 
OFMSW management that lead to recover bioenergy and organic fertilizers but operative 
conditions in real AD and composting facilities treating OFMSW can be significantly different from 
those established by standard methods for degradability and compostability certifications of BPs. 
Incomplete biodegradation of BPs at the end of OFMSW management may represent an obstacle 
for the agricultural reuse of anaerobic digestate and compost since the fate of BPs residues in 
soil is still debated. 

AIM OF THE STUDY 

The aim of the present study was to evaluate the degradation of a mixture of two different bio-
based BPs (PLA tableware and starch-based shoppers) during biological treatments under 
realistic conditions of temperature and process duration, and the fate of residual BPs in soil. 
Mesophilic AD and composting of the digestate were carried out using high concentration of BPs 
in the OFMSW (about 10% w/w) in order to evaluate the possible impact of increasing BPs 
concentrations on OFMSW management.  

MATERIALS AND METHODS 

Biomethane potential (BMP) of starch-based shoppers (SBS), PLA tableware (PLA), SBS - PLA 
mixture (1:1, MIX BP), OFMSW and OFMWS – MIX BP mixture (90:10) was evaluated using 
batch mesophilic (37 °C) reactors (500 mL volume).  

Mesophilic AD was carried out using a 60 L mesophilic digester, filled with 41.5 kg of a mixture 
made of 60% OFMWS, 30% inoculum and 10% MIX BP (fresh weight basis). At the end of AD 
(35 days), digestate was composted in a 18 L adiabatic reactor provided of active aeration (20 
L/min). At the end of the active phase (15 days, 50 days total treatment), the reactor was 
opened and the compost was placed in open container to complete the maturation (90 days total 
treatment). Mature compost was dried and sieved at 2 and 1 cm to evaluate the effect of different 
sieve size on BPs repartition. Mass balances were determined throughout biological treatments 
to assess degradation of BPs. 
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Soil incubation of BPs was carried out following standard procedures (UNI EN ISO 17556:2019). 
BPs were collected from dried compost. Incubation procedure was carried out on a synthetic soil, 
using two concentrations of BPs: 1.25% (standard procedure) and 0.11% (calculated to simulate 
the amount of residual BPs that may reach the soil after application of 20 ton/ha of compost to 
the soil). Non-treated BPs (1:1 mixture of SBS and PLA) were also incubated in soil using 
standard procedures. 

A disintegration test of SBS and PLA was also carried out following standard procedures (UNI EN 
ISO 20200:2016) but using high concentration of BPs (10% w/w) to evaluate BP’s degradation 
under optimal composting conditions (58°C, 90 days, forced ventilation).  

RESULTS 

Biomethane potential (BMP) tests 
 
 

 

Figure 1: Biomethane potential (NL/kgTS) of tested bioplastics (Mix BP, PLA and SBS) and OFMSW in mesophilic 
conditions. 

 

 

 

 

 

 

 

 
BP 

k (mgC gC-1 d-1) R2 

PLA -1.44 0.9430 
SBS -3.53 0.9620 
MIX BP -2.59 0.8660 

Table 1: Zero-order kinetic parameters for mesophilic anaerobic degradation of bioplastics.
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Mesophilic AD and composting 

 

 

 

 

 

 

 

 

 

Biodegradation in soil 

 
Figure 2: mgC mineralized from BP incubated in soil. BP t0: non treated BP; BP t90 method: treated bioplastics 

recovered from compost applied using the method concentration; BP t90 compost use: treated bioplastics recovered 
from compost applied using the agronomic use of compost concentration. Cellulose and polyethylene were used as 

positive and negative reference materials, respectively. 
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Parameter Unit  

Cumulative biogas NL/kg d.m. 135 

Average methane content % 59 

Cumulative biomethane NL/kg d.m. 81 

Parameter Compost 2 cm Compost 1 cm 
   

Total solids (%) 74.9 74.9 
Volatile solids (%) 70.7 63.0 

Total N (%) 1.7 2.1 
Germination index (%) 121.4 130.0 
Total bioplastics (%) 18.4 5.6 

 k (mgC gC-1 d-1) R2 
MIX BP t0 -0.536 0.9813 
MIX BP t90 -0.250 0.9881 

Table 3: Main physico-chemical characteristics of composts.

Table 2: Results of the mesophilic AD of OFMSW+ MIX BP. d.m.: dry matter

Table 4: Zero-order kinetic parameters for mesophilic degradation of mixed bioplastics in soil. 
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Mass balances 

 Time (d) Material Degradation (%) 

Anaerobic digestion 35 
SB-shopper 29.5 ± 4.1 

PLA 3.7 ± 2.6 

Active phase of composting 50 
SB-shopper 32.5 ± 6.3 

PLA 10.0 ± 0.0 

Maturation phase of composting 90 
SB-shopper 48.1 ± 3.0 

PLA 15.0 ± 2.0 

Disintegration test  90 
SB-shopper 67.3 ± 1.2 

PLA 24.0 ± 0.4 

Mean Value ± SD, n = 3. 

 

DISCUSSION 

Bioplastics showed a slow and steady degradation during BMP assays, resulting in low 
biomethane production (Fig.1). This may be explained by a zero-order degradation kinetic in 
anaerobic conditions (Table 1) that lead to calculate that bioplastics need about 700 (PLA) and 
300 (SBS) days to completely degrade in mesophilic anaerobic conditions, which are really long 
time if compared to usual hydraulic retention time used in AD facilities. 

Mesophilic AD of OFMSW and 10% of a mixture of SBS and PLA resulted in low biomethane yield 
(Table 2) and this was mainly due to the low biomethane potential of OFMWS (BMP test, Fig. 1). 
BPs were still abundant in digestate and in the compost obtained at the end of the maturation 
phase (Table 3). Compost sieved at both 2 and 1 cm did not show phytotoxicity, but BP were 
much more concentrated in compost sieved at 2 cm with respect to the one sieved at 1 cm 
(Table 3). Both composts were not compliant with limit value established by Italian regulation 
for compost quality concerning inert materials content (0.5 % w/w) (D. Lgs. 75/2010). 

Soil incubation experiments showed that biodegradation of BPs in soil under aerobic and 
mesophilic conditions takes place with a zero-order kinetics. In soil, the degradation appears 
slower that in anaerobic conditions (BMP tests), probably due to a lower concentration of 
microorganisms in soil with respect to the anaerobic digester. The mixture of bioplastics 
recovered from compost (BP t90) showed a slower degradation with respect to untreated 
bioplastics (BP t0) and this might be related to several factors (e.g. variation of chemical 
composition of SBS due to a preferential consumption of starch by microorganisms during 
biological treatments) (as observed by FT-IR analysis, SEM microscopy and mass balances). 

Mass balances showed only a partial degradation of initial amount of BPs at the end of 
composting, being the SBS more degradable than PLA. 

 

CONCLUSIONS 

This work aimed to evaluate the effects of increasing bioplastics amounts on OFMSW 
management through biological treatments. Bioplastics poorly degraded during mesophilic AD 
and digestate composting, leading to a high amount of bioplastics residues in compost that did 
not meet regulations requirements. Nevertheless, bioplastics residues are expected to degrade 
in soil in few years. 
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Increasing amounts of bioplastics in OFMSW rises different challenges in the future, i.e. (1) 
develop effective pretreatments of bioplastics to enhance biomethane production and 
biodegradation in AD, (2) move to thermophilic processes and (3) exclude bioplastics from inert 
materials fraction in regulations dealing with compost quality. 
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THE ROLE OF BIOPLASTICS IN PACKAGING AND THEIR IMPACT IN THE WASTE 

MANAGEMENT SYSTEM 
*°G. Gadaletaa, S. De Gisia, F. Todaroa, M. Notarnicolaa 

a Department of Civil, Environmental, Land, Building Engineering and Chemistry, Polytechnic University of 
Bari, Via Orabona n. 4, Bari, I-70125, Italy 

 
*Corresponding Author | °Presenting Author 

 
As a result of its excellent mechanical properties and low production cost, plastic has become 
one of the most used materials of the 20th century. Over time, different types of plastics have 
been produced but this popularity has exacerbated the use of this material. Due to their slow 
degradation rate, plastics made of non-renewable or fossil sources (named oil-based plastic) 
have caused a growth in social and environmental impacts (Sintim et al., 2019). Bioplastics could 
be a substitute of the oil-based plastics, especially in the packaging field.  

Actually, there is confusion and misinformation among the people and the consumer regarding 
the term “bioplastics”. Bioplastics could be made of fossil source or bio-based one, such as 
natural fibers, and they may or may not show biodegradation trends. Combining the source of 
the raw material and the biodegradability of the final product, the terms bioplastics involves (i) 
bio-based and biodegradable polymers, (ii) oil-based and biodegradable polymers and (iii) bio-
based but non-biodegradable ones. Some products such as Mater-Bi by Novamount are already 
available on the market and new ones are being developed. Among the best known and most 
used biopolymers are: poly (lactic acid) (PLA), poly(butylene adipate-co-butylene terephthalate) 
(PBAT), polyhydroxybutyrate (PHB), poly (hydroxy alkanoates) (PHA), poly (butylene succinate) 
(PBS) and poly (caprolactone) (PCL) (RameshKumar et al. 2020). Unfortunately, the main part 
of the bioplastics generated was accumulated in landfills or the natural environment and this 
amount will increase over time (Geyer et al., 2017). Therefore, the bioplastic waste management 
system, especially in industrialised countries such as those in Europe, must be necessarily 
improved for both the environment and their utilization as resources in a circular economy. 

Hence, the aim of this work is to provide an overview of the common disposal routes in the 
bioplastics waste scenario. Several works reported in literature have been reviewed in order to 
examine the fate of bioplastics in each disposal routes, especially for the southern Italy context. 

At their end-of-life, bioplastics become a post-consumer waste suitable for mechanical recycling, 
organic recycling, and energy recovery. The current categories of the waste separate collection 
do not separate bioplastics from the others because this new type of material minimally 
constitutes the total packaging waste collected from households. Generally, bioplastics wastes 
can be collected with other plastics, organic waste or residual waste (Wojnowska-Baryła et al., 
2020). 



 
 
 

 

11 

 

Figure 1–Potential bioplastics disposal routes in the waste management system 

The biological treatment of bioplastic waste is the most promising disposal routes. Bioplastics 
could be managed by biological treatment unless they meet the criteria of the European Norms 
EN 13432 or EN 14955 on industrial compostability. The terms compostability allows to treat 
bioplastic materials or packaging through biological process such as anaerobic digestion and/or 
aerobic composting. Some bioplastics have showed good results in terms of biodegradation 
during the biological treatment of the organic waste. It seems to be that, in laboratory and real 
scale, some bioplastics do not affect neither the microbial activity involved in the biodegradation 
process of the organic waste nor the yield of the methane production during the anaerobic 
digestion. Instead, if bioplastics are collected with plastic waste, they could affect the yield of 
the sorting process and the quality of the new raw plastics. So, single streams of bioplastics 
must be sorted out in order to reuse them as new raw materials in mechanical process or in 
waste-to-energy process. If bioplastic wastes are treated as a fraction of the residual waste, the 
mechanical-biological treatment, the incineration for energy recovery or the disposal in landfill 
are the common waste management scenario. 

Pictograms have been introduced to indicate the preferred disposal route of the bioplastic waste 
but there are several different label schemes worldwide that may confuse, rather than inform, 
costumers (Boesen et al., 2019). It is evident that the bioplastics market needs clarity for 
standardized labelling and sorting instructions, which should be regulated in a coordinated way 
by policymakers and material producers. 
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The number and density of people who live in a territory are pivotal for planning waste services 
and monitoring waste generation. Thus, the parameter “equivalent population” should be 
defined, in order to consider not only the permanent residents, but also the share of people 
(e.g., tourists, commuters, university students, etc.) that takes advantages of the urban services 
(Mirabella et al., 2019). Over the years, this second group is becoming more and more 
important, as already claimed by Martinotti (1999), who defined four categories of city-users, in 
reference to the fourth-generation metropolis: the residents, the commuters, the visitors, who 
neither live nor work in the city but come to use its public and private services, and the national 
and international businessmen. Despite the potential value of its applications, a standard method 
for the calculation of “equivalent population” does not exist in the waste sector yet, both at 
national and international level. Moreover, the results of a review of the methodologies designed 
by the following Italian institutions for the estimation of “equivalent population” in the waste 
sector highlighted a high degree of variety. i) The Italian Institute for Environmental Protection 
and Research (ISPRA, 2019) considers only tourist presences; ii) The Umbria Region considers 
daily tourist presences per year, University students as well as non-permanent inhabitants, 
assuming Italian Institute of Statistic, (ISTAT) elaborations (Umbria Region, 2012); iii) The 
Veneto Region considers only tourist presences, limited to stays of at least one night (ARPAV, 
2011). The equivalent inhabitants’ parameter is calculated by adding the annual tourist 
presences and the resident inhabitants; iv) The Liguria Region considers only tourist presences. 
The municipalities are divided into two classes: a) short-stay municipality class (less than or 
equal to 3 days); b) medium-long stay municipality class (more than 3 days). For the first one, 
a value of 2.5 equivalent inhabitants for each tourist presence is assumed, whereas for the 
second one the equivalent inhabitant value is 14 (Liguria Region, 2010); v) The Lombardia 
Region considers non-residents inhabitants, calculated as difference between the total resident 
inhabitants and the resident inhabitants divided by the value of non-tourist municipalities (equal 
to 2,4). The equivalent inhabitants are mathematically calculated by multiplying non-residents 
inhabitants per presence (equal to 2,4) by the average occupancy (equal to 3 months) 
(Lombardia Region, 2010). vi) The Autonomous Province of Trento considers tourist presences 
and university students. Regarding the tourist presences, a value of 1 equivalent inhabitants per 
registered presence per year is assumed, whereas for the university students the equivalent 
inhabitants' value is calculated by assuming an average occupancy of 10 months (Autonomous 
Province of Trento, 2006); vii) The Piemonte Region considers tourists and non-resident 
inhabitants' presences. For the tourist presences, a value of 1 equivalent inhabitants per 
registered presence per year is assumed, while for the non-resident inhabitants the equivalent 
inhabitants' value is calculated by using the number of houses not occupied by resident 
inhabitants, according to ISTAT data and assuming an average occupancy of 60 days per year 
(Piemonte Region, 2004).  
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As concluded by Mirabella et al. (2019), the accounting of population equivalent concept shall 
encompass a specific study and analysis of the social, historical, and economic urban conditions, 
in order to identify main flows of people and their habits and subsequently define appropriate 
allocation rules.  

This study focuses on the Emilia-Romagna region (Italy). In 2019, the Region had 4.474.292 
inhabitants, in 328 Municipalities. 40%of Municipalities have less than 5.000 inhabitants, 49% 
have 5.000-20.000 inhabitants, 7% of Municipalities have 20.00050.000 inhabitants, the ones 
with 50.000-100.000 inhabitants are 2%, while only 3% of Municipalities have more than 
100.000 inhabitants. The Emilia-Romagna Region presents a rather uniform socio-economic 
situation, but it has a variety of geographic, urban and waste management characteristics 
(Passarini et al., 2011). Therefore, in the regional waste management plan, the entire regional 
territory has been divided into three "homogeneous areas", identified by crossing physical-
geographical factors (geomorphological elements, altimetry) with human-related factors and 
waste management characteristics (population density, percentage of separate collection 
already achieved). The four homogeneous areas resulting by grouping similar municipalities are: 
i) municipalities of the mountain area (118 Municipalities, in 2019); ii) municipalities of the plain 
area (189 Municipalities, in 2019); iii) municipalities of the coast/ capital cities (21 Municipalities, 
in 2019).  

Emilia-Romagna has a strong tourist vocation, for tourism on the coast and in the cities of art, 
but also for tourism in the Apennines and for thermal tourism (Observatory on tourism of the 
Emilia-Romagna Region, 2019). In Emilia-Romagna in 2019, there were 11.597.928 visitor 
arrivals and 40.360.042 guests in hotels and complementary structures, with an average length 
of stay of 3,49 days (Emilia-Romagna Region, 2020). Furthermore, in 2019 in the Region the 
commuters were around 2 million of workers (equal to 44,2% of urban resident population, the 
highest value among Italian regions) and 800.000 of students (18,0% of resident population). 
46,2% of the commuters used to move outside their municipalities of residence (ISTAT, 2020). 
Moreover, according to the Italian Minister of Education, University and Research (MIUR) in 
2019, the Region hosted 158.780 University students, mainly in Bologna (38,9%), Parma 
(16,5%) and Ferrara (13,2%). 47% of these students were not residents in the Region (MIUR, 
2020).   

Thus, this paper describes the algorithm for the calculation of equivalent inhabitants, as designed 
by the Emilia-Romagna territorial agency for the water, sanitation and waste services, or 
ATERSIR (2016), in compliance with a regional law (Emilia-Romagna Region, 2015), aiming to 
effectively design the waste management service in an area with a large number of non-resident 
inhabitants (city-user, tourists, commuters). This method has been already applied to the 
Municipalities of the Emilia-Romagna region for 6 years (from 2014 to 2019), to assess and 
objectively compare key economic indicators in the different Municipalities. Moreover, it has been 
used in the allocation of specific funds (i.e., Regional Fund for the promotion of waste prevention 
and reduction). Methods  

According to ATERSIR (2016), the final value of equivalent inhabitants for each Municipality is 
the sum of five components, as shown in Table 1. The calculation mechanism is reviewed and 
adjusted annually, by referring to objective basic data, replicable and comparable in space and 
time. Moreover, the model is flexible, so that it can adapt and represent the different 
characteristics of the territories. After the process of calculation for all the Municipalities in the 
Region, outliers are adjusted within acceptable statistical parameters.   
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Table 1 – Components for the calculation of equivalent inhabitants  

Households  Non-household users  

Residents  Manufacturing activities  
Non-residents 

University students  
Tourists  

  
  
Number of residents are gathered from official data by regional statistic service of Emilia-
Romagna Region. Non-residents are calculated by introducing a coefficient of occupancy, 
identified for each homogeneous area. This coefficient accounts for the average number of 
occupants, the presence of vacant or temporarily occupied houses. Starting from the number of 
students per province of study derived from data by Italian Minister (MIUR), the number of 
university students is calculated by using a presence coefficient, which estimates the number of 
attending students according to the distance between the province of study and the province of 
residence, by area of origin (region, north, centre, south, islands, abroad).   

As far as non-household users are concerned, the estimate of the contribution of tourist flows is 
derived from the processing of data on arrivals and presences at accommodation facilities 
released by the Regional Tourism Observatory. For each municipality, the overall flow of tourists 
is calculated as the sum of the days of presence recorded in the accommodation facilities and a 
contribution related to daily tourism estimated in proportion to the arrivals, using a paramater 
for each homogeneous area. The number of equivalent inhabitants resulting from tourist flows 
is obtained by dividing the flow of tourists by the number of days in the year. Regarding the 
contribution of manufacturing activities, the theoretical waste production is firstly estimated, as 
a value between a maximum and a minimum based on a parameter determined for 
homogeneous areas. Secondly, the estimated theoretical production is divided by the production 
of waste per inhabitant equivalent; the latter is determined by homogeneous area, by comparing 
the production of waste resulting from contributions other than manufacturing activities to the 
population equivalent.  

Results  

The results show that the standard deviation of the indicator “per capita waste generation in 
2019”, calculated for all the Municipalities in the Emilia-Romagna Region by using resident 
inhabitants only is equal to 164 kg/inhabitant, while the average value of the same indicator is 
667 kg/inhabitant. On the other side, if the same indicator is calculated for all the Municipalities 
in the Region by using equivalent inhabitants, the standard deviation is 72 kg/inhabitant, and 
the average value is 400 kg/equivalent inhabitant. As shown by Figures 1 and 2, the set of values 
is more homogeneous in the territory, if the parameter “equivalent inhabitants” is used (every 
dot represents a Municipality of the Emilia-Romagna region). Per capita costs of waste services 
were also calculated, to assess the impact of the introduction of “equivalent inhabitant” on 
economic analyses. This parameter has many potential applications (e.g., monitoring of waste 
prevention activities, driver for costs allocation in the definition of fees).   
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Figure 1 - Sorted collection rate and per capita waste generation (considering 
resident inhabitants), in 2019.   

 

Figure 2 - Sorted collection rate and per capita waste generation (considering 
equivalent inhabitants), in 2019.   
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The electrical and electronic equipment (EEE) includes a wide spectrum of goods that greatly 
contribute to achieve higher standard of living, and are necessary in several sectors (such as 
health, energy, transport, security and education). At the same time, their production, 
consumption and end-of-life stages are no longer sustainable [1]. In particular, waste of 
electrical and electronic equipment (WEEE or e-waste) are not easy to manage since each item 
has a specific composition, characterised by hazardous and/or valuable chemical elements, 
linked together in a complex way, and then requiring peculiar processes/technologies for 
recycling or disposal [2]. WEEE generation increases everywhere in the world, as a 
consequence of the growing consumption rates of EEE, their too short life cycles, and the few 
available repair options [1]. Furthermore, there is an unacceptable gap between the amount 
of formally collected and properly recycled WEEE, and that of “not documented” ones, too often 
having an unknown fate, which includes illegal and irresponsible options with detrimental 
health effects [1,2].   
A crucial aspect of WEEE management is that of plastic fraction (which is more than 20% of 
the total waste), whatever the system (responsible or not, legal or not) for its collection and 
processing. The amount of collected WEEE plastics (WEEP) in Europe is limited (0.7 Mt/y), and 
only a small part (0.2 Mt/y) can be sent to recycling facilities due to the limited treatment 
capacity, even though the environmental and economic advantages of their recycling have 
been demonstrated [1,3]. The main reason of a such limited capacity is the technological 
difficulties of the recycling process, which has to treat a mix of different engineering polymers, 
which are not recyclable by conventional mechanical techniques without a high material 
degradation, and then a weak access to the market [4]. WEEPs also contain a not negligible 
amount of hazardous compounds (such as Brominated Flame Retardants, BFRs), which cannot 
be eliminated by conventional mechanical recycling [4], and are a risk for the environment and 
the health of waste operators and users of recycled products.   
In this framework, a new European Horizon 2020 project, named NONTOX (http://nontox-
project.eu/), aims at developing a cost-effective solution able to increase the recycled volume 
of plastic waste from three key streams: WEEE, C&DW (construction and demolition waste) 
and ELV (end-of-life vehicles). The NONTOX management scheme (Figure 1, top) includes: 
novel recycling processes (Extruclean and CreaSolv®, [5, 6]), to remove BFRs from target 
plastics; enhanced plastic upgrading solutions, to guarantee high-quality and safety standards 
for recycled products; a pyrolysis process, for non-target polymers and all other residues, to 
increase the resource recovery from waste. This study evaluates the environmental 
performances of a new European management scheme adopting the NONTOX project solutions 
for WEEP and compares them with those of currently adopted management scheme. To these 
aims, an attributional, process-based Life Cycle Assessment (LCA) has been utilised, supported 
by a Material/Substance Flow analyses (MFA and SFA). The functional unit is the management 
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of WEEE plastics officially collected in Europe (732 Mt/y) with the average composition shown 
in Figure 2, as it has been quantified taking into account the contribution of each WEEE category 
in terms of amount and types of polymers [2]. The BFR content in WEEP is equal to 8,900 ppm 
(i.e. 8,900 g/tWEEP), and composed by Tetrabromobisphenol A, TBBPA (75%), 
Decabromodiphenyl ether, DecaBDE (13%) and 1,2-bistribromophenoxyethane, TBPE (12%), 
as quantified by an SFA reported in [2], and based on more than one hundred samples analysed 
in the framework of NONTOX project. The system boundaries are those generally indicated as 
a “gate-to-gate”, where the input gate is that of mixed plastic obtained downstream of the 
WEEE separate collection and dismantling and the final gate is that of recycled plastics, 
produced oil and recovered energy.  
  
Table 1 - The compared management scenarios, with the indication of different 
assumptions related to the shares of WEEP exported outside Europe.  

 
 ID name  Material recovery  Exportation  Data source  

NONTOX_Ideal  
NONTOX_Real  
Current_Ideal  
Current_Real  

100 
25  
100  
25  

-  
75  
-  

75  

NONTOX, 2020  
  
EERA, 2018  
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Figure 1 - WEEE plastics management in the Nontox_Ideal (top) and  

Current_Ideal (bottom) scenarios. Data, expressed as t/y, refer to the WEEP officially 
collected in Europe. I = import stream; E = export stream.  

 
The analysed scenarios can be distinguished in two groups, as reported in Table 1. The first is 
that of NONTOX scenarios, i.e.  the WEEP management schemes that are proposed as possible 
in a close future, with the treatments of sorting (based on density and optical differences), 
CreaSolv® (a dissolution/precipitation process), Extruclean (a supercritical fluid extraction 
process), Modix (an extrusion process), Catalytic Pyrolysis, plastic upgrading - and those of 
conventional plastic re-manufacturing. The second is that of Current WEEP European 
management scenarios, which include, after a sorting stage (based only on density 
differences), the conventional plastic re-manufacturing (for low-BFR content plastics) and 
thermal treatment of combustion (for high-BFR content plastics). For each of these scenarios, 
the LCA considered an “ideal” case (assuming the complete compliance with the EU Directive) 
and a “real” case (assuming that 75% of WEEPs are exported to Asian or African countries, 
according with a recent report [2]). The exportation assumes that WEEP are transported by 
means of a transoceanic ship for a distance of 19,000 km, and are disposed by substandard 
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treatments: open dumping (33%), uncontrolled (open) burning (50%), and combustion 
without energy recovery (17%) [7].  

 

Figure 2 - Composition of WEEE plastics taken as reference for the LCA [2].  

The MFAs of the ideal scenarios (Figure 1) allow to estimate the potential annual amount of 
WEEE polymers (PE, PP, ABS, PS, PC/ABS and PC) sent to recycling processes (conventional 
re-manufacturing, CreaSolv® and Extruclean) and the percentage of total recovered WEEE 
polymers (Figure 3).   
  

 

Figure 3 - Annual amount of WEEE polymers sent to recycling processes  
(Left), and percentage of total recovered WEEE polymers (Right) quantified for 

Current_Ideal and NONTOX_Ideal scenarios   

  
The Current_Ideal scenario shows an overall recovery percentage of about 40%, which 
corresponds to about 390 Mt/y of polymers sent to conventional plastic remanufacturing, which 
represents the maximum percentage and flow-rate obtainable by applying currently available 
recycling techniques to WEEP. Temperature Exchange Equipment (TEE) and Large Equipment 
(LE) categories show good recovery shares (54% and 71%, respectively) thanks to their large 
content of non-brominated PP, PS and ABS. NONTOX_Ideal scenario allows a strong increase 
of WEEP sent to recycling processes, both in terms of annual amount (from 390 Mt/y up to 540 
Mt/y) and overall percentages (from 40% to 73%). These improvements are related to the 
recovery of brominated polymers (ABS, PS, PC/ABS and PC) from categories of Screens and 
monitors (S&M), Small equipment&small IT and telecommunication equipment (SE+ICT), 
Lamps (LAM), thanks to the introduction of the CreaSolv® recycling process.  
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Figure 4 - Normalised results for the single treatments of WEEE mixed plastics for 
the most relevant impact categories. Results are reported for 1 t of WEEE mixed 
plastics. RK= Rotary kiln; MG= Moving Grate.  

  
Figure 4 shows the normalised results of the most relevant impact categories for the single 
treatments of 1 tonne of WEEE mixed plastics, by including both sub-standard options (burning 
and dumping), conventional treatments (landfilling, incineration with/without energy recovery, 
and mechanical recycling) as well as an innovative recycling process (CreaSolv® process, with 
required sorting stages, as shown in Figure 1). The contributions of uncontrolled burning, so 
high that overwhelm all the others, are mainly related to the human toxicity categories and 
are due to the release of Polybrominated Dibenzo-p-Dioxins and particulates into the 
atmosphere. Open dumping, and to a less extent, sanitary landfilling both imply dramatic 
contributions for Non-Carcinogens category, mainly related to the emissions of Polybrominated 
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diphenyl ethers (i.e. DecaBDE and its lower congener) into the atmosphere. Thermal 
treatments of WEEP (with and without energy recovery) show negligible impacts for human 
toxicity categories, even though they affect negatively the Global Warming potential, due to 
the high fossil content of plastics waste. Conventional mechanical recycling shows overall good 
environmental performances (always negative or close to zero) thanks to the avoided 
productions of ABS, HIPS and PP. Anyway, the combustion of the brominated recycling residues 
negatively contributes to the Global Warming Potential, again due to their high content of fossil 
carbon. CreaSolv® process shows the best environmental performances among all the analysed 
options, thanks to the recovery of the brominated WEEP, leading to a decrease of the related 
direct impacts (due to the reduced thermal treatments) and an increase of the avoided impacts 
(which include ABS, HIPS, PP and PC). The comparison between mechanical recycling and 
CreaSolv® shows that the latter has better environmental performances, mainly in terms of 
Global Warming Potential (625%) and Non-Renewable energy (14%).   
The obtained results indicate that environmental sustainability of WEEP plastic management 
can be improved by strongly reducing exportation (and then the application of sub-standard 
treatments) and by applying innovative solutions to recovery secondary resources from plastic 
fractions rich of hazardous contaminants.    
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European Circular Economy Package’s guidelines (PEEC) have set out new targets for the bio-
waste recycling management, which will be mandatory starting from 2023, under specific 
conditions posed by each EU Member Country. 

Every year, Campania region produces about nine hundred thousand tons of bio-waste, which 
represent about the 35% of its total urban waste. In 2019, just 624.191 tons were processed in 
the waste disposal plants. 

Even though in the last years an high percentage of bio-waste has been processed (67,5% in 
2019 and 71,6% in 2018), Campania region is still lacking of an adequate waste disposal plant 
framework, which will improve the production of biomethane,organic amendments and soil 
fertilizers. Further to this point, EEA Report No 4/2020 clarifies that «bio-waste – mainly food 
and garden waste – is a key waste stream with a high potential for contributing to a more circular 
economy»1. 

Process Flow Diagram Bio-Waste Management represented as figure 1 describes a mass balance 
simplification of bio-waste (EER 200108 and 200201) collected by each municipality in Campania 
in 2019: for each district (ATO), which consists of all municipalities involved in the organic waste 
management in a specific area, the Process Flow Diagram specifies the first destination of bio-
waste collected. 

Percentage of bio-waste collected by other Italian Regions is equal to 69,6% (74% in 2018). 
With the exception of some municipalities, which send straight out of their district all the 
collected bio-waste, about the 96% of organic waste fraction (about six hundred thousand tons), 
is managed by fifty local waste deposit plant, before to be sent to non-regional ones. Especially, 
just twenty of those plants - of which 5 are composting/anaerobic digestion plants - manage the 
97% of bio-waste. 

It is very important to point out how is significant the decrease of the total amount of waste that 
has been sent straight outside of Campania region: seventin thousand tons in 2019 instead of 
ninety thousand tons in 2018. 

Moreover, the process flow diagram shows - for each ATO - the total amount of bio-waste 
collected in 2019 and the total amount that was expected by the Regional Waste Management 
Plan.  

In Avellino, Benevento and Salerno districts, the bio-waste collected is more than expected. The 
other ATO are late in order to reach the objectivies set by the Management Plan. 

In Campania, about 181.000 tons (149.000 tons organic waste and 31.000 tons sludge and 
other bio-waste) have been managed in 6 composting / anaerobic digestion plants, that means 
that, compared to the past, the bio-waste regional management is more efficient, thanks to 
private investors and to Salerno public plant. 

                                                 
1https://www.eea.europa.eu/publications/bio-waste-in-europe 
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About 418.000 tons of waste are recycled in more than thirtythree italian provinces out of 
Campania, even 40% in the only Padova province. 

Figure 1 - Campania Region 2019 – Process Flow DiagramBio Waste Management 
(t/y) 
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Definitively, Campania region needs other plants in order to manage about 434,000 ton / year. 
According to the call for tenders, within 2025 many public recycle bio-waste plants are expected 
to be built, in order to manage about 734.000 bio-waste tons by public plans, how it is shown in 
figure 2. 
Besides public plants, there are other 10 private pending authorization plants (environmental 
impact assessment), for seven hundred thousand total ton/year.  
Building plants forecast, chain monitoring, quality collection check are the way to overcome bio-
waste management current difficulties in Campania and to reach European Circular Economy 
Package’s objective. 
 

Figure 2: Biowaste treatment capacity projection 2020-2025 
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The anaerobic digestion (AD) is a suitable management option to valorise biomass resources and 
organic waste by generating renewable bioenergy. Representatively at the Italian level, in the 
context of the integrated management of municipal waste (MW), the particular organic stream 
of green waste (GW), consisting mainly of grass, leaves, and prunings originated from private 
gardens and public parks, is predominantly addressed to composting plants. However, under the 
perspective of the circular economy concept, the potential for bioenergy valorisation of GW 
through AD should also be attentively considered and evaluated. Indicatively in the Marche 
Region (Central Italy, Adriatic Sea side), according to the waste register report by the pertaining 
Regional Environmental Protection Agency (ARPAM), the amount of separately collected GW 
produced in the 2019 was over 75,000 tons corresponding to about 14% of the separately 
collected MW. Hence, the bioenergy recovery of GW through AD could be a valuable valorisation 
option at least in the representative Marche Region.  
Although being a sustainable and renewable alternative to fossil fuels, biogas production through 
AD poses still some technical-scientific and management issues, such as: (1) the detailed 
knowledge and comprehension of the biogas composition (in addition to the main, expected CH4 
and CO2 components) and its evolution during the AD process; (2) the consequential evaluation 
of possible air emissions eventually expected from the biogas combustion (e.g., pollutant 
compounds generable by incomplete biogas combustion); (3) the consequential optimisation of 
possible cleaning approaches for the alternative option of the biogas upgrading to biomethane; 
and also (4) the detailed consideration of the initial and final characteristics of the organic 
substrate and digestate, respectively, in the overall evaluation of the AD process.   
In view of these concerns, and with particular attention to the management of the mentioned 
GW stream, a biochemical methane potential (BMP) test was conducted on a GW substrate at 
lab-scale in batch mode. The used lab-scale system (Figure 1), based on a volumetric 
(eudiometric) approach for measuring methane production, has been conceived and developed 
within the project “BO-ASET, Biological Organic Anaerobic System for Energy Technologies” 
established between the Sanitary-Environmental Engineering Research Unit at the University of 
Urbino “Carlo Bo” and the “ASET” public multi-utility group. The GW substrate sample was 
collected at the GW collection and initial management centre of the Fano town district in the 
Marche Region. The substrate to inoculum (anaerobic sludge) ratio was fixed at 2:1 on a volatile 
solids (VS) basis and the operating temperature was set to mesophilic conditions (38 °C). Both 
the GW substrate and the inoculum were characterised in terms of humidity, total solids (TS), 
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VS, chemical oxygen demand (COD), nitrogen (total Kjeldahl - TKN, total ammoniacal - TAN), 
total phosphorus (TP), total potassium (TK), and heavy metals (Cd, Cr, Cu, Hg, Ni, Pb, and Zn). 
Similar analytical determinations were performed on the separated solid and liquid fractions of 
the final digestate. In addition, the ultimate analysis and the potential dynamic respiration index 
(PDRI) were determined for the GW substrate.   
  

  
Figure 1 – Overall view of the lab-scale system used for the BMP test   

  
During the BMP test performing (which lasted 56 days), based on the sampling and analytical 
approaches developed and implemented by the Research Group in Fluid Geochemistry of the 
Department of Earth Science at the University of Florence, biogas samples were periodically 
collected from the headspaces of one digester containing the mixture of GW substrate with 
inoculum and one digester with the inoculum as a blank (Figure 2) for the subsequent chemical 
characterisation. In particular, the identification and quantification of a large number of volatile 
organic compounds (VOC) were carried out in association with the analysis of the main gas 
composition (i.e., CH4, CO2, N2, Ar, O2) and the carbon isotopic signature of CO2 and CH4 (δ13C-
CO2 and δ13C-CH4) at the Laboratory of Fluid Geochemistry of the Department of Earth Sciences 
of Florence.  
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Figure 2 – Particular view of the periodical biogas sampling from the headspace 

of one digester  

  

The resulting BMP for the tested GW substrate was 208.1 Nml CH4 g VS-1. The determined 
ultimate analysis of the GW substrate sample was functional, in appropriate combination with 
the obtained BMP, to estimate the resulting degree of conversion. The resulting temporal 
evolution of the biogas composition and related isotopic carbon characteristics of CO2 and CH4 
during the performed BMP test was evaluated in the association with the expected evolution of 
the AD process. The resulting means of the physico-chemical characteristics of the solid and 
liquid fractions of the final digestate were statistically compared and distinctive partitions of 
nutrients and heavy metals were revealed.   
The findings of this study would allow to better understand the mutual relations occurring among 
substrate (specifically, GW) physico-chemical characteristics, AD process and biogas composition 
evolution, and final digestate physico-chemical characteristics. Moreover, the performed, 
detailed biogas analysis could contribute to (1) qualitatively and quantitatively estimate possible 
greenhouse gas (GHG) emissions related to (incomplete) biogas combustion and (2) facilitate or 
optimise the choice of the best biogas to biomethane upgrading system.  
  



 
 
 

 

32 
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At the European level, especially in those countries which lack in waste-to-energy facilities, the 
mechanical biological treatment (MBT) concept has increasingly been considered as an option to 
manage the residual municipal waste (RMW), in order to promote the prevention or reduction of 
the potential environmental impacts of landfilling. In particular, in the MBT approach targeted at 
biostabilising organic waste, usually referred to as biostabilisation MBT, typically mechanical 
selection is first performed on the RMW with the aim of separating (1) the oversize stream to be 
processed as waste-derived fuel or directly landfilled and (2) the undersize stream (enriched in 
organic material) that is partially biodegraded (mainly with aerobic systems) to obtain a 
stabilised output destined for landfilling.   
This study aimed to increase the technical-scientific knowledge of the potential of biomethane 
generation expected from the intermediate and final outputs from the biostabilisation MBT. 
Referring to a specific biostabilisation MBT process that is operated in the Provincial territory of 
Pesaro-Urbino in the Marche Region (Central Italy, Adriatic Sea side), biochemical methane 
potential (BMP) test series, appropriately associated with the initial substrate and final digestate 
characterisations, were conducted on: (1) the intermediate output represented by the 
mechanically separated, undersize organic fraction from RMW (us-OFRMW); (2) the final output 
represented by the biostabilised organic fraction from RMW (bios-OFRMW), derived from the 
aerobic biostabilisation of us-OFRMW; and (3) the non-negligible portion of organic fraction that 
was still contained, as revealed based on a conducted experimental compositional analysis, in 
the further final output represented by the mechanically separated, oversize RMW (osOFRMW). 
The investigated final outputs have both been disposed of at the controlled landfill of the Fano 
town district (Provincial territory of Pesaro-Urbino, Marche Region).  
Three BMP test series were conducted with a lab-scale system in batch mode (Figure 1) to 
investigate the considered substrates us-OFRMW, bios-OFRMW, and os-OFRMW. In particular, 
the os-OFRMW was manually selected based on the mentioned experimental compositional 
analysis that was conducted on the oversize RMW by sorting into the following material fractions: 
os-OFRMW itself, plastic, diaper, textile, paper/cardboard, metal, glass, wood, waste electrical 
and electronic equipment (WEEE), hazardous municipal, and other. The substrate to inoculum 
(anaerobic sludge) ratio was fixed at 2:1 on a volatile solids (VS) basis and the operating 
temperature was set to mesophilic conditions (38 °C). In each BMP test series, the temporal 
evolution of pH was monitored in one digester containing the mixture of substrate with inoculum. 
Both the substrates and inocula were characterised in terms of moisture, total solids (TS), VS, 
total Kjeldahl nitrogen (TKN), total ammoniacal nitrogen (TAN), total phosphorus (TP), total 
potassium (TK), and heavy metals. Similar analytical determinations were performed on the 
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separated fibre (or solid) and liquor (or liquid) fractions of the obtained final digestates. In 
addition, the ultimate analysis and the potential dynamic respiration index (PDRI) were 
determined for each substrate.  
  

 

Figure 1 - The lab-scale system specifically used for the BMP test series (A = 
digester; B = heating magnetic stirrer; C = pH electrode; D = pH-meter; E =  

thermoregulator; F = eudiometer; G = reservoir tank; H = connection tube)  

The resulting BMPs were, in decreasing order, 445.6, 272.0, and 143.4 Nml CH4 gVS-1 for us-
OFRMW, os-OFRMW, and bios-OFRMW, respectively. The obtained BMPs were evaluated in their 
association with the determined aerobic respirometric PDRI measures for the tested substrates. 
The resulting means of the physico-chemical characteristics of the mutual fibre and liquor 
fractions of the whole digestate obtained from each BMP test series were statistically compared 
and distinctive partitions of nutrients and heavy metals between the mentioned fractions were 
revealed. Particularly, in an attempt to evaluate the possible bioenergy recovery option of us-
OFRMW through a biomethanation step, still within the MBT concept, characteristic partitioning 
data of the respective fibre and liquor fractions of the whole digestate from the pertaining BMP 
test series were interpreted in terms of agronomic and environmental properties.   
This study is part of the research project “BO-ASET, Biological Organic Anaerobic System for 
Energy Technologies”, established between the Sanitary-Environmental Engineering Research 
Unit at the University of Urbino “Carlo Bo” and the “ASET” public multi-utility group, both located 
in the Marche Region, with the main aim of evaluating the BMP of organic residues and waste 
having territorial consistency or value.  
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DRY ANAEROBIC DIGESTION FOR BIOPOLYMERS RECOVERY FROM ORGANIC FRACTION 

OF MUNICIPAL SOLID WASTE  
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a Department of Energy, System, Territory and Construction Engineering, University of Pisa, Via C.F. Gabba 
22, University of Pisa 56122 Pisa, Italy (Affiliation a) 

*Isabella Pecorini | °Elena Rossi 

 
Anaerobic digestion (AD) can recover energy and material from biowaste. Concerning material 
recovery, AD is a suitable technology for biopolymers recovery. Indeed, during the acidogenic 
step, are released Volatile Fatty Acids (VFAs): the precursors of a class of biopolymers namely 
polyhydroxyalkanoates (PHA) (Strazzera et al., 2018). Regarding biowaste, the Organic Fraction 
of Municipal Solid Waste (OFMSW) thanks to its availability and low cost is a convenient substrate 
to use. However, the heterogeneity is the main issue to overcome. For this reason, generally the 
fermentation occurs implementing wet processes in continuously stirred tank reactor (CSTR) 
with a huge consumption of water (Karthikeyan & Visvanathan, 2013). On the contrary, dry and 
semi-dry processes require less water and smaller volumes, but investigations are still needed 
(Karthikeyan & Visvanathan, 2013). In this context, this paper presents an experimental study 
on VFAs accumulation in a plug-flow reactor (PFR) for the semi-dry AD of OFMSW. Finally, 
preliminary considerations on PHA production are also presented.  

Firstly, the experimental set-up is described. The reactor was a stainless-steel PFR of 30 L and 
was made of three sections: a first zone that allowed the entrance of the feedstock, a second 
zone were the anaerobic process took place and a third zone where the digestate was discharged 
and the biogas went out. The process occurred in thermophilic conditions (55°C) thanks to a 
water jacket in which heated water recirculated. Every working day the reactor was fed with a 
mixture of shredded OFMSW and green waste (GW) that were sampled from a door-to-door 
collection. Inside the reactor a mixing system was made of blades and allowed the homogeneity 
of the digestate in the transversal direction. In two intermediate sections was installed a set of 
sensors (InPro 4281i, Mettler-Toledo S.p.A) measuring pH and temperature of the digestate. 
The biogas production was measured with a volumetric counter; while methane (CH4) and carbon 
dioxide (CO2) were measured continuously with an infrared sensor (Gascard NG, Edinburgh 
Sensors, UK). Moreover, two sampling ports at the bottom allowed the sampling of digestate.  

Focusing on the experimental tests, the hydraulic retention time (HRT) was considered the main 
parameter to assess for biopolymer recovery from dry-AD. For this reason, two scenarios were 
compared: Scenario 1 (S1) studied an HRT of 23 days and Scenario 2 (S2) focused on an HRT 
of 14 days. The final total solid content (TS) of the feedstock was set to 33%. Before the 
beginning of the tests, the reactor (working volume of 28 L), was inoculated using the digestate 
collected from a thermophilic digester treating OFMSW and GW. To measure the VFAs, including 
acetic, propionic, isobutyric, butyric, isovaleric, valeric and caproic acid, the digestate was 
sampled at three stages: intermediate 1 (int1) was the one nearest to the inlet zone, 
intermediate 2 (int2) was the one between the int1 and the outlet. A gas chromatograph (7890B, 
Agilent Technology, US) measured VFAs (acetic, propionic, butyric, iso-butyric, valeric, isovaleric 
and caproic acids) concentrations. The measurement was performed with a gas chromatograph 
using hydrogen (H2) as gas carrier, a CPFFAP column (0.25 mm/0.5 μm/30 m) and with a flame 
ionization detector (250°C). The temperature ramp started from 60°C and reached 250°C with 
a rate of 20 °C/min. Before the analysis, each sample was centrifuged (30 minutes, 13,500 rpm) 
and filtrated on a 0.45 μm membrane. Then was made a blend of 500 μL of filtrate, isoamyl 
alcohol (1.00179, Merck KGaA, Germany) in a volumetric ratio of 1:1, 200 μL of phosphate 
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buffer solution (pH 2.1), sodium chloride and 10 μL of hexanoic-D11 acid solution (10.000 ppm) 
used as internal standard. A Mortexer™ Multi-Head vortexer (Z755613-1EA, Merck KGaA, 
Germany) mixed the blend for 10 minutes.  

Moving to the results, the concentration of total VFAs in the digestate during the steady state at 
the outlet section was on average 6167±1171mg/l for S1 and 9376±1692 mg/l for S2. Instead, 
at the intermediate sections the concentration of total VFAs was 6229±1660 mg/l and 
9321±1265 at int1 for S1 and S2 respectively; while was 7020±750 mg/l and 10191±2392 mg/l 
at int2 for S1and S2 respectively. Considering the outlet digestate, the results were in the range 
of analogous experimental testes that found an average concentration of 6010 mg/l and 11417 
mg/l (Zeshan et al., 2012). Regarding the intermediate sections, int2 had the highest 
concentration of total VFAs indicating a potential section in which drawn a share of digestate for 
PHA accumulation and biopolymers recovery. Considering specific VFAs, 85% and 63% of the 
total VFAs was propionate resulting with the highest concentration in each run. The results are 
reported in Figure 1.  

 

 

 

a) b) 

  

c) d) 

 

 

Figure 2 – Composition of VFAs  

In addition, a preliminary evaluation on the potential PHA production was developed considering 
a PHA yields of 0.3 gPHA/gVFAs (Strazzera et al., 2018). The calculation focused on the 
intermediate section int 2 because of the high concentration of total VFAs. Considering this 
assumption, resulted a potential production of 0.29±0.03 gPHA/g VSin and 0.25±0.02 gPHA/g 
VSin respectively for S1 and S2. 
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PECTIN GREEN EXTRACTION FROM CITRUS WASTE: PREPARATION, 
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Citrus is one of the largest and most popular fruit crops commercially grown across the globe. 
Every year, the citrus-processing industries generate huge amounts of wastes due to rising 
consumer demand. The main by-product obtained from citrus waste are pectin, flavonoids, 
carotenoids, dietary fiber, sugars, polyphenols and essential oils (EOs). Citrus residue consists 
of pectin (~45%), which is the most important along with sugars, cellulose, hemicellulose. Pectin 
is a structural heteropolysaccharide contained in the primary cell walls of terrestrial plants and 
it consists of mainly of D-galacturonic acid (GalA) units, joined in chains by means of α-(1-4) 
glycosidic linkage. Pectins are divided into two classes with respect to their degree of methylation 
(DM), such as lowmethoxyl pectins (DM<50%) and high methoxyl pectins (DM>50%). DM 
determines the solubility of pectins, their gelling ability, and film forming properties, which are 
essential for industrial applicability to a large extent. The degree of methyl esterification depends 
on the source and the processing conditions, for example, storage, extraction, isolation, and 
purification. In traditional way, pectin is extracted from citrus peels and apple pomace by means 
of inorganic acid, like sulfuric or nitric acid, or organic acid, like oxalic and citric at high 
temperature [1]. Therefore, the extraction conditions (temperature, extraction acid, time and 
pH) should be carefully controlled to achieve the desired pectin quality and yield. In this work, 
citrus wastes coming from a South Italy agricultural company has been used as source of pectin. 
The method for pectin extraction consists in using different concentration of water solution of 
acetic acid (3, 6, 9%v/v), an organic acid already admitted in the agronomic practices of organic 
agriculture, at high temperature and at different times (2, 4 and 6 hours). Initially, the dried 
extracted pectins were subjected to chemical-physical characterizations (GPC, TGA, FTIR-ATR 
and SEM). From the obtained GPC results, we have chosen the recovery and valorization of 
pectin extracted at 6h for 3% HAc (v/v) in order to use the biopolymer for preparation and 
characterization of the pectin film and biocomposites. The yield of pectin extracted results to be 
around 25% (w/w) and DM=70% [2]. Pectin film and biocomposites were prepared, by casting 
method, using of the extract liquid for 3% (v/v) acid acetic concentration and time extraction of 
6h. In particular, pectin biocomposites with various concentration of lignocellulose residues (15, 
25 and 35% w/w respect to amount of pectin), as fillers mechanical reinforcement, were 
prepared and characterized as potential biodegradable mulching biocomposites for agriculture 
field future applications. These biocomposites were subsequently morphologically and 
mechanically characterized (tensile and puncture tests) [3]. Moreover, the bioactive molecules, 
such as flavonoids (hesperidin and naringenin), sugar, polyphenols and essential oils, contained 
in the pectin liquid, were subsequently recovered, separated and chemical-physically 
characterized (TGA, UV-vis and FTIR-ATR). In addition, the antioxidant and antimicrobial activity 
will be assesses in order to develop edible bioactive pectin film, in a wholly holistic approach.  
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Figure 1 – Pectin green extraction: preparation and characterization of the pectin 
film and biocomposites  

  

Table 1 – GPC data of the pectins  
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The current digital wave, normally referred to as Industry 4.0, is transforming the approach to 
business process management throughout the waste management value chain, introducing new 
challenges and presenting novel opportunities. 
Optit, accredited spin-off company of the Alma Mater Università di Bologna, has already 
presented at previous MatER conferences a series of optimization approaches to analyze and 
design optimal Municipal Solid Waste (MSW) collection systems and plan efficient Waste 
Treatment & Disposal Supply Chain operations, from long term strategy design to short term 
operations. 
We now intend to present the most recent advances in Waste Logistics innovation, grounded on 
the capacity to integrate and leverage on field data to inform, update, dynamically adjust and 
calibrate strategic as well as short term operations planning, as they are being implemented by 
one of the leading multi-utility operators, Gruppo Hera.  
Collecting waste from over 3 million citizens and managing the whole Treatment and Disposal 
value chain for more than 7 million tons of Waste with almost 100 treatment plants run by the 
controlled company Herambiente, Gruppo Hera is at the forefront of applied innovation in Waste 
Operations management, setting a benchmark for the whole industry at EU level. 
Particular focus will be devoted to recent projects, where systematic field data integration and 
consolidation, leveraging on IoT and extensive GPS tracking investments, was combined with 
advanced Business Intelligence and Predictive Analytics to monitor, diagnose, analyze and 
improve logistics operations based on real-time field data. 
Strategic service design and dynamic route generation gets interconnected with actual 
operational data, in order to allow effective comparison between planned and actual service 
highlighting discrepancies, data inconsistencies and service level failures, to enable quick 
adaptation and redesign.  
State-of-the-art machine learning and 
prescriptive analytics applied to day-by-day 
business operations becomes, in these 
pioneering applications, strategic lever to 
unlock the potential of big data in Waste 
Collection Management.  
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ENVIRONMENTAL IMPACT OF REFRIGERANT DURING MAINTENANCE 
AND  
DISPOSAL THROUGH MONTREAL PROTOCOL AND ITS AMENDMENTS IN 
TAIWAN    
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Refrigerant is the essential material for the Air Condition and Refrigeration operation which is 
important for human’s life because of the economic development and climate change. In the 
past, chlorofluorocarbon (CFCs) is the first generation of refrigerant and prevailed during 
1930~1990. However, the Montreal Protocol on Substances that Deplete the Ozone Layer (the 
Montreal Protocol) initiated the controlling measures on CFCs in 1987 for all countries around 
the world. The Montreal Protocol is amended for 5 times until now, more and more ozone 
depleting substances (ODS) are controlled. Even though the hydrochlorofluorocarbons (HCFCs) 
is the alternatives for CFCs during 1990~2010. And the hydrofluorocarbons (HFCs) is also the 
alternatives for CFCs and HCFCs. The Copenhagen Amendment (1992) to the Montreal Protocol 
set up the reduction target for HCFCs and the Kigali Amendment (2016) to the Montreal Protocol 
set up the reduction target for HFCs. No matter any kinds of refrigerant, recovering and recycling 
during maintenance and after disposal of refrigeration and air conditioning should be important 
strategy for countries to reduce the emission and environmental impact of refrigerants.   
  
According to the IPCC Guidelines for National Greenhouse Gas Inventories, 1~15% refrigerant 
from air conditioner, 10~20% from passenger car and 1~35% from refrigeration could be 
emitted during operation. Moreover, the refrigerant could be recycled after the equipment 
disposal. The environmental impact from CFCs and HCFCs is ozone layer depletion and global 
warming. The alternatives for CFCs and HCFCs are HFCs and HFOs which still increase global 
warming. However different refrigerants have different ozone depleting potential (ODP) and 
global warming potential. The emission rate between single refrigerant and mixed refrigerants 
is also different. The mixed refrigerants such as R410A, R404A or R507A are commonly used 
after HCFCs are banned to use after countries followed the Copenhagen Amendment. However 
those mixed refrigerant would not be recovered and recycled in equipment during maintenance 
because the mixed rate for refrigerants could be changed due to their different boiling point. 
Those refrigerants may not recovered, recycled and reused because it is difficult to be reused 
for the technicians during maintenance. Only refrigerants manufacture could remixed the 
recovered and reclaimed refrigerants and become products to be sold.        
  
Therefore, the refrigerant generation is assumed to protect the ozone layer but refrigerants with 
higher global warming potential are introduced and used to strengthen climate change. 
According to IPCC Fifth Assessment Report (AR5), The GWP value for HCFC-22 is 1,760, HFC-
134a is 1,300 but the R410A is 1,924, R404A is 3,943 and R507A is 3,985. The refrigerants are 
also banned to be used in Taiwan followed the reduction strategy in Montreal Protocol and 
Amendments. The mixed refrigerants mentioned above are commonly used in air conditioner 
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and refrigeration in home appliance, convenience stores, super markets and industrial factory 
buildings.   
  
In this research, the environmental impacts included ozone layer depletion and global warming 
for different kinds of refrigerants would be discussed through different scenarios including (1) 
HCFC-22, R410A and R32 used in air conditioner from appliances, (2) HCFC-22, R404A and 
R507A used in refrigeration, (3) CFC-12, HFC-134a and HFO1234yf used in passenger car (4) 
CFC-11, HCFC-22, HCFC-123, HFC-134a, R407C and HFO used in chillers. The refrigerants are 
rarely recovered and recycled during maintenance but the refrigerants in home appliances and 
passenger cars should be recovered by regulations in Taiwan. However those recovered 
refrigerants are not recycled and reused into air condition and refrigeration. The refrigerants in 
chillers could be recycled during maintenance but it is not done when there is limited space for 
recycling equipment. Moreover, those recovered refrigerants after disposal of home appliances 
and passenger cars are not reclaimed or recycled because there is not any recycling or 
reclaiming refrigerant company in Taiwan and new and raw refrigerants are still imported. The 
lifetime for air conditioner and refrigeration could be more than 20 years but the alternative 
generation of different refrigerants from 1996~2010 for HCFCs to mixed HFCs is less than 15 
years, it will shorten lifetime of air conditioner and refrigeration.       
  
This research analyzed the result for different scenarios mentioned above and deliver suggestion 
for the refrigerant management strategy to improve recovering, recycling and circular economy 
for refrigerants in Taiwan.  
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Concrete, and more generally cementitious composites, are the building materials most widely 
used in the world: more than 10 billion tons are produced each year [1] and the trend is growing. 
The concrete demand is even increasing, mainly due to the rapid growth of industrialization, 
urbanization and need of transport facilities, especially in developing countries [2]. Since 
concrete industry, for the huge volumes produced every year, has a high impact on the 
environment, there is an increasing interest in the development of more circular and sustainable 
cement-based materials.   
As a matter of fact, in recent years, construction industry has been trying to address the even 
more pressing environmental issues that modern society poses. The reduction in carbon dioxide 
(CO2) emissions and the consumption of raw materials, or even the waste reuse or recycle are 
nowadays becoming crucial in several research fields. A contribution to guarantee the future 
sustainability of the building industry consists in the development of innovative materials, 
considered “eco-friendly”, in order to meet the abovementioned environmental demands. In this 
research field, many attempts have been made to include various kinds of waste in building 
materials [3], in order to develop “end of waste” solutions and promote circular economy. Most 
of the developed solutions involve non-structural materials, since less code restrictions are 
present for their application, but more recently research is also directing toward structural 
applications.   
Focusing on cementitious materials, several “green concrete” formulations were proposed. The 
recycled waste is inserted in the mix design as a filler or as an aggregate or even as partial 
substitute of cement. In this way, the targets connected to raw materials saving and reduction 
of carbon dioxide emission (associated to cement production) can be achieved. According to 
estimations [4], the production of 1 ton of cement results in the release in the atmosphere of 
almost 1 ton of CO2. Hence, due to the huge quantities produced every year, the production of 
cement clinker is estimated to be responsible, alone, for about 5% of all CO2 generated 
worldwide, thus representing the largest amount not related to combustion [5]. Moreover, the 
production of cement-based materials consumes tens of millions of cubic meters of natural 
aggregates every year only in Italy, which results in a huge consumption of raw materials and 
the consequent exploitation of quarries.   
The use of non-recyclable wastes (or waste difficult to dispose of) for the production of 
cementitious products is able to promote waste reutilization, increasing the recycling rate, while 
promoting the reduction of the environmental impact of the concrete industry in a circular 
economy perspective. This will result in avoiding landfill and reducing the pollution derived by 
the disposal of such materials, while at the same time decreasing natural resource exploitation 
by reducing the consumption of raw materials, with obvious environmental benefits.   
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Often, the research concerning the development of innovative concretes starts with the study of 
cement pastes or cement mortars, in order to verify the compatibility of the used recycled waste 
to be incorporated into the mix design. In a second stage, the production of concrete, which 
allows for the inclusion of greater quantities of waste materials, is studied. By following such 
procedure, after the development of cements and mortars [6-7], the research at the University 
of Parma has come to the development of innovative circular concretes containing different kind 
of wastes. More in detail, non-recyclable plastic waste, biochar and vitrified municipal solid waste 
ash were inserted into mortar and concrete mixes (Figure 1).  

 

Figure 1. Waste materials used in concrete mixes: (a) plastic waste; (b) biochar; (c) 
inclusion of plastic particles into the concrete matrix; (d) plain cubic sample; (e) 
biochar-added cubic samples and (f) vitrified municipal solid waste ash.  

Biochar represents the carbonaceous solid by-product of pyrolysis or gasification processes 
(thermochemical conversion in oxygen-limited environment) of biomasses, which in this study 
are represented by wood wastes. Several results demonstrated the advantages in using biochar 
as soil amendment or, more generally, in the agriculture sector [8]. On the other hand, its use 
in the building sector is relatively unexplored. Nevertheless, biochar, thanks to its peculiar 
properties, can be successfully applied to the concrete industry, since it allows improving 
mechanical strength of cementitious materials, while helping to lower greenhouse gas emissions 
related to the building industry.  
A type of biochar not used in agriculture, e.g. due to the too fine particle size, can be employed 
for the production of cement-based materials, thus enhancing waste management and reducing 
the carbon footprint of concrete industry. One of the main advantages of including biochar in the 
admixture of cement-based materials is indeed related to the ability to sequester a high volume 
of stable carbon in their structure and, thus, locking it, indirectly, for decades in civil structures. 
With this in mind, buildings can be seen as long-term carbon sinks. According to an estimation 
[9], biochar reduces the emission of about 875 kg CO2 per ton of dry feedstock, with about two-
thirds coming from carbon capture in biochar itself. Moreover, thanks to its high porosity and 
strong affinity for non-polar substances, it is also possible to saturate the particles with CO2, 
prior to the addition to the admixture of cementitious materials, thus further reducing the 
emissions of about 300 kg CO2 per ton of dry feedstock [10].  
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Biochar can provide various improvements to the materials, especially when it is used, as in this 
research, as a filler. Once the optimal dosage is found, it can help improving concrete pore 
structure, thus leading to enhanced mechanical properties, such as compressive strength, 
flexural strength, toughness, ductility, and durability with reduced permeability and water 
absorption. Thanks to the high surface area, high pH and high water-retention ability, biochar 
was also studied for humidity control; hence, in cement based-materials it could act as an 
internal curing agent, able to release water during the hardening of the composite, especially if 
biochar particles are statured with water before the addition in the admixture.  
However, the quantities of biochar used in concrete mixes are generally low and do not lead to 
a significant reduction in the amount of natural aggregates. The obtained results suggest to 
add biochar in the concrete mix up to 5-7.5% (by weight of cement), since for greater 
percentages a reduction in workability is observed, so requiring an increase of water in the mix 
and a consequent loss in mechanical strength. For this reason, other research was devoted to 
look for waste products able to replace natural aggregates in a circular economy perspective, 
such as plastic materials that become interesting especially when difficult to dispose of.  

 
Figure 2. Tests on concretes containing wastes: (a) slump test; (b) compressive test; 

(c) splitting tensile test; (d) three-point bending test and (e) pull-out test.  
 
Due to the hundreds of million tonnes of plastic produced worldwide, of which 58 million tonnes 
only in Europe [11], the disposal of such material represents a non-negligible problem. Plastics 
are generally not biodegradable, with polluting effects that will last decades, causing a massive 
negative impact on the ecosystem. In this context, recycling to produce new materials appears 
as one of the best solutions for disposing of plastic waste [12]. The plastic use as aggregate 
replacement can help to reduce the weight of cement composites while enhancing toughness, 
even if this results in a loss of compressive strength.   
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One of the most effective ways to reduce the environmental impact of concrete industry in terms 
of CO2 emissions is certainly to try to develop cementitious material that contain less cement. 
This objective can be achieved by introducing into the concrete mix waste materials with the 
function of cement replacement, such as vitrified municipal solid waste ash. Due to the raise in 
production of municipal solid waste, fly and bottom ash collected from incinerators are increasing 
in volume and several challenges are associated with their disposal. Ash vitrification offers the 
advantage of complete ash inertization and dangerous substances elimination. Hence, after this 
treatment, ash can be successfully applied for concrete production, not only as aggregate 
replacement, but also for partial cement substitution, thanks to their pozzolanic nature [13]. In 
particular, substitution of ordinary Portland cement with vitrified municipal solid waste ash can 
address a solution to two problems simultaneously, by avoiding ash landfill and reducing the use 
of ordinary Portland cement with obvious environmental benefits.   

   
Figure 3. Results of mechanical characterization on different waste-added concretes.  

In order to evaluate mechanical and durability properties, these innovative cementitious 
materials must be characterized. More in detail, density measurement, workability tests, as well 
as shrinkage tests were performed together with the main test for mechanical characterization 
(Figure 2) to evaluate concrete performance both in compression and tension, by evaluation also 
the post-cracking behaviour.   
To obtain information for possible structural applications, the interaction of these innovative 
concretes with steel reinforcing bars was studied too. Pull-out tests on cylindrical samples were 
performed to study the bond behaviour between deformed bars and concrete. The effect of 
aggressive environment was also considered by subjecting the specimens to wet and dry cycles 
while exposing them to a chloride solution, as better explained in [14].   
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Based on the experimental results (Figure 3), the development of cementitious materials, 
including different kind of non-recycled wastes, seems a promising option to reduce the 
environmental impact of concrete industry, without reducing the performance of these innovative 
concretes. However, the obtained results must be critically discussed in order to identify the best 
application of these wastes in cementitious materials. For example, plastic waste inclusion surely 
allows for the recycle of a greater amount of waste, but the mechanical strength is strongly 
reduced as the percentage of aggregate substitution increases. However, the lower material 
density that can be obtained makes these concretes more promising for a nonstructural use. On 
the contrary, until the mechanical performance is still constant with the addition of the waste in 
the mix design, value-added structural concretes can be obtained.   
Research efforts must so be addressed to identifying not only the kind of waste, but also the 
optimal recycle percentage and, on the basis of wide experimental testing, the most promising 
final use, able to respond to recycling, performance and economic issues.   
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Concrete waste dominates the construction and demolition waste (CDW) stream in Hanoi, 
Vietnam owing to the ubiquity of reinforced concrete building structure in this area. Similar to 
other CDW components, only a limited amount of concrete waste (about 19%) is recycled 
(Hoang et al., 2020). The low diversion rate of concrete waste to landfills puts pressure on the 
land resource while worsening environmental issues associated with CDW such as greenhouse 
gas emissions (Schwerin et al., 2013). Therefore, there is an urgent need for concrete waste 
recycling in Vietnam. This paper conducts a social cost benefit analysis of concrete waste 
recycling in Hanoi by scrutinizing comprehensive impacts of recycling plants, including direct 
influences on their investors and externalities imposed on society.   
Direct influences, or financial costs and benefits of concrete waste recycling were calculated 
based on recycling production factors and cost factors specified in the Vietnamese regulations 
and previous studies. Two externalities of CDW recycling this study investigated included GHG 
emissions and landfill occupation. The following scenarios were considered to determine impacts 
of CDW recycling plants:   
(1) Business as usual (BAU): no recycling plant is in operation. Waste is transported from 
construction and demolition sites to the landfill; virgin materials are quarried and transported 
to road construction sites.  

(2) Stationary recycling plant: one station plant of 1,000tons/day of capacity is in operation. 
Waste is transported and processed at the stationary plant. Recycled concrete aggregated (RCA) 
is transported to road construction sites as substitutes for virgin materials.  

(3) Mobile recycling plant: three mobile plants of 360 tons/day of capacity are in operation. 
Waste is processed by the mobile plants at the construction and demolition sites. RCA is 
transported to road construction sites as substitutes for virgin materials.   

The GHG emission factors and landfill occupation factors were adapted from U.S. EPA (2003) 
and Ecoinvent (2009). The GHG emissions included the amount of CO2 equivalent discharged 
from material aggregate processing, transportation, and landfill activities. The carbon price was 
set at US$25/tCO2eq (ICAP, 2019). The landfill occupation value is based on 1% of land renting 
fee regulated by the Vietnamese government (Government of Vietnam, 2015).  
The study results indicate that, in comparison with BAU, reductions in GHG emissions  and 
 landfill occupation in the recycling scenarios equal up to about 140 thousand US dollars 
in monetary value (Figure 1).  
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The social and environmental contributions in the stationary plant scenario are more significant 
than those in the mobile plant one. The highest contribution is attributed to CO2 decreases in 
transportation activities in both stationary and mobile recycling scenarios. 

 

Figure 1. Monetary value of reductions in GHG emissions and landfill occupation of 
recycling scenarios compared with BAU. 

 

Once these positive externalities are factored in the cost benefit models, they improve 
significantly the feasibility indicators of the recycling plants, making them more appealing 
investment options (Table 1). Compared with the traditional cost benefit analysis, in which only 
direct project impacts are considered, the inclusion of social and environmental benefits leads 
to increases of 53% and 96% of Net Present Values (NPV), and of 38% and 93% of Internal 
Rate of Return (IRR) of the fixed and mobile plants, respectively. The externality value 
contributes to roughly 8% of cash inflows of these plants.  
 
Table 1 – Cash inflows and feasibility indicators of a stationary plant and a mobile 
plant  

 

The study findings signal the importance of taking social and environmental impacts into account 
when evaluating feasibility of concrete waste recycling projects. When both direct and indirect 
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impacts are considered, recycling of concrete waste not only contributes to improved 
environment but also makes profit; it is, therefore, worth investing in.  
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 This research proposes an autonomous and integrated evaluation framework, systematically 
comparing and analyzing four resource regeneration facility retrofitting plans from the 
perspective of life-cycle assessment and techno-economic analysis. Taking the retrofitting of 
wastewater treatment facilities as example, the autonomous intelligent engine (AI Engine) has 
searched for promising technological options in recent years that have the potential to recover 
energy and nutrients in wastewater and residual biosolids.  
  

  
Figure 1 – Research Architecture  

  
 The main task of AI Engine is to search for promising retrofit technology options in recent years. 
The search keywords for these retrofit technology options fall into two categories: (1) recovery 
of nutrients and (2) recovery of energy from wastewater and residual biosolids. The search 
results of the retrofitting options for the recovery of nutrients are, for example, struvite 
precipitation (which can promote the recovery of phosphorus), and ammonia stripping (which 
can promote the recovery of nitrogen) (Fernández- Arévalo et al., 2017); The search results of 
the retrofitting options for recovery of energy are, for example, the upflow anaerobic sludge bed 
reactor (UASB), anaerobic membrane bioreactor (AnMBR) (Foglia et al., 2019), hydrothermal 
liquefaction (HTL) (Posmanik et al., 2018), slow pyrolysis (Kim & Parker, 2008), and fast 
pyrolysis (Zhao, Lehmann, & You, 2020).  
  
 The second task of AI Engine is to learn the retrofitting technology operating parameters. Just 
like slow pyrolysis and fast pyrolysis, these thermochemical conversion technologies can be 
used to convert residual organic waste into excess fuel and economically valuable by-products, 
such as Biochar, Hydrochar, and Biocrude Oil. Pyrolysis is an advantageous technology because 
the distribution of by-products can be adjusted by adjusting operating condition parameters 
(including residence time and temperature), and water can be used directly as a medium to 
treat raw materials with high water content. However, pyrolysis involves an energy-consuming 
drying process, so energy consumption analysis and even related environmental impact analysis 
need to be considered.  
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Therefore, in addition to considering economic value, relevant environmental impact analysis 
needs to be considered. We reviewed the literature and found that most publications focus on 
either techno-economic analysis or life-cycle assessment. For example, the Finnish 
cogeneration-based wastewater plant renovation plan focuses on technical and economic 
analysis (MosayebNezhad, Mehr, Gandiglio, Lanzini, & Santarelli, 2018). For another, the EU's 
wastewater plant renovation plan based on biogas power generation focuses on life cycle 
assessment (Blanco et al., 2020). In recent years, more and more attention has been paid to 
the evaluation of integrated retrofitting plans.   
  
 In this study, technical and economic analysis and life cycle impact analysis were carried out 
for these four retrofitting plans of resource regeneration facility. The technical and economic 
analysis adopts the net present value (NPV) method to evaluate and compare the economic 
performance of the reference design and the retrofit design; the life cycle impact analysis adopts 
the ReCiPe method to systematically evaluate the environmental impact of the reference design 
and the retrofit design. We found that the second retrofitting plan has the highest economic 
benefits and the lowest environmental impact. Therefore, the second plan was selected as the 
best plan for resource regeneration facility retrofitting.  
  
 In the process of building a sustainable city, we have to design many sustainable 
infrastructures, such as resource regeneration facilities, smart and healthy green buildings, and 
so on. These sustainable infrastructures help the city become a suitable place to live. It 
integrates and bidirectionally connects the surrounding urban systems and energy resource 
services to continuously improve the efficiency of energy and material utilization.   
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Abstract: Resource and environmental management are shaping our society and economy. 

Virgin mining is rapidly becoming unsustainable as primary resources are in increasingly short 

supply and energy consumption continues to increase. Urban mining through a circular 

economy has emerged as a promising option for securing copper and aluminum resources. 

However, the sustainability and viability of this circular economy industry are heavily 

dependent on its profitability. Here, we demonstrate the economic benefits of urban mining 

for anthropogenic mineral: e-waste, end-of-life vehicles, and waste wiring and cables. The 

material and cost flows associated with urban mining are deeply examined. Through life cycle 

cost and cost-benefit analysis, the cost of obtaining one ton of copper or aluminum is found to 

be, on average, 3,000 US$ or 1,660 US$, which is significantly lower than the cost of virgin 

mining. Moreover, in terms of the costs and benefits, copper may differ tremendously from 

aluminum depending on the type of anthropogenic mineral. Some additional regulations or 

policies enactment need to reinforce the urban mining and circular economy. 

 

KEY WORDS: Circular economy; Resource sustainability; Cost-benefit analysis; Urban mining; 

Virgin mining 
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According to the waste treatment hierarchy, some flows of the municipal waste should be treated 
with adapted treatment process.  

Efficient sorting would allow quality recycling, organic recovery could be done on the bio-waste 
fraction after its separation and energy should be finally recovered from the residual fraction or 
from Refuse Derived Fuel with the help of an Energy-from-Waste plant. 

After extensive selective collection, these different processes are generally realized in different 
dedicated facilities and sites. 

Nevertheless, there are some experience of integrated residual waste treatment combining the 
three on one site.  

Case studies will be presented to explain the advantages and difficulties.  

One is concerning the first integrated residual municipal solid waste facility in France after ten 
years of operation. The key figures will be presented with the mass and energy balance between 
the different process and their evolution. 

A second case study will explain a brand-new facility contract including anaerobic digestion and 
composting of bio-waste, production of the French Refuse Derived Fuels RDF (CSR “Combustibles 
Solides de Récupération”) and Energy recovery from this fuel on the same site integrating all 
these different processes.  

 
Key Words  

Residual municipal solid waste, organic recovery, energy-from-waste, material from-waste, 
sorting, energy recovery 
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Life Cycle Assessment (LCA) is a widespread tool used to guide decision-makers towards optimal 
strategic choices for sustainable growth. A key aspect of LCA studies of waste management 
systems where recycling activities are present is to account for resource recovery and the related 
substitution effects.  
When the LCA analysist wants to apply the approach called “system expansion with substitution” 
or “avoided burden method” [1, 2], he/she has to identify and model mono-functional processes 
external to the system under study, which yield products or functions that are equivalent to 
those of the co-products of the considered multi-functional process. These inventories are 
commonly subtracted from the inventory of the original multi-functional process in order to 
estimate the inventory associated with the co-function of interest [3].  
However, quantifying the extent to which products are functionally equivalent and 
intersubstitutable is a difficult task. Although multiple scientific papers assume a 1:1 substitution 
ratio between similar materials/products, this is often incorrect as the actual ratio is likely to 
vary.  
The objective of this research was to provide guidelines on the procedure to be followed to 
calculate the substitutability coefficient for secondary materials and to give a list of coefficients 
for some of them. 
Departing from the framework proposed by Vadenbo et al. in 2016 [4], this research provided 
guidelines on the calculation of technical substitutability coefficients for LCA waste management 
studies. The guidelines include the following steps (Figure 1) [5]: 

- Identification of the functionality of the secondary material in relation to a specific 
application 

- Identification of substitutable (virgin) material in respective application  
- Identification of the main technical property that characterises the identified key-function 

or that is necessary to fulfil that key-function 
- Quantification of the identified technical property (both for one unit of secondary material 

and one unit of assumed replaced material) 
- Calculation of the substitutability coefficient (ratio of the values of the main technical 

property of the substitutable materials) 
The guidelines were then put in practice with two real waste management cases (on vegetables, 
fruit and garden waste, and plastics). 
In total, 16 technical substitutability coefficients were given for 10 secondary materials: recycled 
wood, recycled paper, recycled high density polyethylene (HDPE), recycled high-impact 
polystyrene (HIPS), recycled polylactic acid (PLA), recycled plastic mix, recycled polypropylene 
(PP), reclaimed asphalt pavement, mixed recycled aggregates (RA), and treated municipal waste 
bottom ashes [5]. These comprehend most of the materials (e.g. the different polymers) for 
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which the evaluation of the benefits associated with their recycling is usually critical because of 
the phenomenon of downcycling.  
The fact that for some secondary materials more than one coefficient is given underlines the 
importance to take into account in the calculation of the coefficient both the application in which 
the secondary material will be used and what the secondary material replaces. In fact, a different 
application implies a different request in terms of technical characteristics to fulfil that certain 
function. 
The technical properties used in the calculation of the technical substitutability coefficients are 
different for the different secondary materials even if some are recurring: this is the case of 
density (used for recycled plastic mix, recycled PP and mixed RA), tensile strength (used for 
recycled paper and recycled HIPS), and thickness (used for recycled wood and reclaimed asphalt 
pavement). Other technical properties considered in the calculation are the impact strength, the 
molecular weight, the flexural modulus, the bearing capacity, and the particle size distribution.  
The research represents thus a step forward in quantifying the replacement potential or 
substitutability of secondary materials in waste management LCA studies. Other case studies 
can follow the guidelines and may calculate other technical substitutability coefficients for 
secondary materials not tackled yet or for the same materials as presented here but having 
another application. The enriched list of coefficients could therefore be used by all LCA 
practitioners in a harmonized way when they apply the system expansion with substitution 
approach in assessing the impacts associated with recycling activities. 

 

 
Figure 1 - Proposed procedure to calculate the technical substitutability coefficient 

 
References 

1. European Commission – Joint Research Centre (EC-JRC), 2010. ILCD Handbook - General 
guide for Life Cycle Assessment – Detailed Guidance. European Commission, Joint 
Research Centre, Institute for Environment and Sustainability. 



 
 
 

 

61 

2. Finnveden G., Hauschild M. Z., Ekvall T., Guinée J., Heijungs R., Hellweg S., Koehler A., 
Pennington D., Suh S., 2009. Recent developments in Life Cycle Assessment. J. Environ. 
Manage. 91: 1-21. 

3. Pelletier N., Ardente F., Brandao M., De Camillis C., Pennington D., 2015. Rationales for 
and limitations of preferred solutions for multi-functionality problems in LCA: is increased 
consistency possible? Int. J. Life Cycle Assess. 20: 74-86. 

4. Vadenbo C., Astrup T. F., Hellweg S., 2016. Let’s be clear(er) about substitution – a 
reporting framework to account for product displacement in LCA. J. Ind. Ecol. 21(5): 
1078-1089. 

5. Rigamonti L., Taelman S.E., Huysveld S., Sfez S., Ragaert K., Dewulf J., 2020. “A step 
forward in quantifying the substitutability of secondary materials in waste management 
life cycle assessment studies”. Waste Management, 114, 331-340. 

  



 
 
 

 

62 

QUALITY CONSTRAINTS FOR STEEL SCRAP RECYCLING– A DETAILED ANALYSIS OF SCRAP 

QUANTITIES AND QUALITIES ARISING THE EUROPEAN UNION 
Sabine DWORAKa and Johann FELLNERb1 

aChristian Doppler Laboratory for Anthropogenic Resources 
bInstitute for Water Quality and Resource Management, TU Wien 

 

The European steel industry is challenged by climate mitigation targets, which also require the 
sector to reduce the emissions of carbon dioxide. One important means to reduce the emissions 
of greenhouse gases from steel production represents an increased production from scrap. In 
the present paper, the generation and composition of steel scrap (production & forming scrap, 
fabrication scrap and post-consumer scrap and their composition) in the former territory of the 
EU-28 have been assessed for the six past decades by means of Material Flow Analysis. The 
results reveal that the steel scrap composition and its major sources has changed significantly. 
Until 1980 scrap generation in the European Union was dominated by new scrap (mostly 
production & forming scrap), whereas today, most of the overall steel scrap is post-consumer 
scrap. In the last two decades most of the new scrap consists of fabrication scrap. Considering 
the presence and tolerance levels of major tramp elements in steel (Cu, Sn, Cr, Ni and Mo), a 
material pinch analysis conducted indicates a surplus of steel scrap of lower quality (with higher 
levels of tramp elements) since the mid 90ies of the last century. This “lower quality” scrap could 
only be utilized in the European steel industry by dilution with primary iron sources. At present, 
this surplus scrap seems largely to be exported, as its quantity corresponds well to the net-
exports of steel scrap from the EU-28, which amounts to more than 15 Mio. t/yr during the last 
years. This represents about 15% of the overall steel scrap recovered in the EU. Transferring 
the observed trends of steel scrap generation to emerging economies (such as India or China) 
implies a significant increase in the generation of post-consumer scrap in these countries in the 
next decades. The utilization of post-consumer scrap at higher rates however, will challenge the 
local steel industry as tramp elements significantly increase along the production, use and end-
of-life chain. Hence, over the long run a global surplus of “lower quality” steel scrap is to be 
expected, which requires new technologies (such as alloy sorting) to be implemented in the 
scrap processing.  
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A key element of a functioning circular economy (CE) is the efficient recycling of materials from 
post-consumer waste streams without contaminating recycling products. Studies have shown 
that bottom ash (IBA) from municipal solid waste incineration (MSWI) is a sink for considerable 
amounts of elements such as metals or mineral compounds (1, 2). More recent studies have 
focused on the resource potential of precious metals, platinum group metals as well as rare earth 
elements contained in the IBA (3-5). From an environmental but also from an economic 
perspective, these elements are of particular interest, since their primary production is 
associated with large environmental impacts and costs (6, 7). Therefore, attempts to efficiently 
recover metals from IBA as clean fractions have increased in the past few years (8, 9). According 
to the CE strategy package by the EU adopted in 2018, recycled metals from MSWI residues can 
be credited to national recycling rates from 2020 on (10), which will further foster metal recycling 
efforts from IBA. A particular challenge of metal recycling is preventing quality losses through 
contamination, i.e., producing high-quality metal fractions by accurate sorting (11, 12). Also in 
Switzerland, optimising metal recycling from IBA has become a major part in urban mining 
strategies in the past few years. Maximizing both the recycling efficiency in general and the 
quality of each produced fraction in particular is the main goal of the mechanical IBA processing 
plant in Hinwil, Switzerland (8). The plant treats dry discharged IBA and is the first of its kind 
worldwide.  
This study assesses the ecological performance of the IBA processing plant in Hinwil, Switzerland, 
with focus on material qualities of the recycled metal fractions, by comparing it to the 
hypothetical case of direct landfilling of the IBA (13). Based on new mass-flow data, we perform 
a life cycle assessment (LCA). The analysis included the recovery of iron, aluminium, copper, 
lead, silver and gold. Fraction specific modelling allowed to consider product qualities as well as 
to investigate theoretical further recycling potentials (denoted ‘residual metal potentials’) in the 
remaining IBA. The substitution potential of every fraction for primary metals was calculated 
considering the quality of the recovered metal. In addition to the recycling process and metals 
substitution potential, the implications of the new process on the landfill emissions of IBA 
residues were quantified by geochemical modelling (see system boundaries in Figure 1). We 
considered landfill emissions within a time period of 1’000 years (base scenario), however, a 
short-term period of 100 years (ST scenario) as well as the worstcase scenario of a complete 
washout (T=∞ scenario) are additionally assessed. The theoretical limits of the current metal 
extraction by analysing residual metal potentials were analysed in two steps. We differentiated 
between i) potential with the current plant configuration by additional extraction of all free 
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residual metals and ii) total metal potential, only extractable after complete breakdown of IBA 
aggregates and complete liberation of all metals. The life cycle impact assessment (LCIA) 
included the impact categories of climate change, eco- and human toxicity as well as cumulative 
exergy demand of minerals extraction.  

  

Figure 1 - System boundaries (13)  

The results indicated large environmental savings due to primary metal substitution and reducing 
long-term emissions from landfills for every LCIA method. In the base scenario, metal product 
substitution contributes between 75% and more than 99% to this saving, depending on the 
impact category. Reductions in landfill emissions become important only when a much longer 
time horizon was adopted and only for ecotoxicity. The fine IBA fractions (<12mm), which are 
set free by mechanical crushing, account for 29-64% of the net environmental benefit of 
recycling (see Figure 2). In case of aluminium, the purity of the finest fraction (0.3-1.2mm) even 
enabled a direct reuse as powder without further processing steps, resulting in large relative 
credits despite the small absolute amount. The metal-based analysis illustrates the ecological 
relevance of recovering non-ferrous (NF) metals although their mass fraction is small. While 
copper represents only 4% of the recovered mass, its contribution to the net environmental 
credit is between 18% and 50%, except for climate change. In case of gold, which represents 
less than 0.001% of the recovered mass, its recovery contributes between 1% and 26% to the 
net environmental benefit. The analysis of long-term landfill emissions showed that mainly 
copper recovery contributed to reduced environmental impacts. Finally, the analysis of residual 
metals revealed that there is a substantial theoretical potential of additionally recoverable metals 
in the remaining (and currently landfilled) IBA. Increasing the efficiency of the current plant 
configuration to 100% (=additional recovery of all free residual metals; 9% additional mass 
compared to status quo extraction) would result in an additional environmental benefit potential 
between 10% (climate change) and 44% (abiotic resource depletion). Regarding both free and 
enclosed residual metals reveals the theoretical potential beyond current plant configuration 
under complete liberation of the residual metals in the IBA. The additional environmental benefit 
potential is then between 24% (climate change) and 89% (human toxicity).  
The enhanced metal recovery according to this study adapted to the whole IBA amount in 
Switzerland would lead to a reduction of 559 kt CO2-eq per year. On a MSWI plant level in 
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Switzerland, environmental benefits from enhanced IBA treatment are 140 kg CO2-eq per tonne 
of thermally treated waste in total. This contribution is 64% of total climate change benefits by 
energy recovery (electricity and heat).  

  

Figure 2 - Particle size class-based mass fraction of recovered metals as well as their 
contribution to the total net environmental benefit by primary metal substitution 
(13)  
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ABSTRACT: Air pollution control residues (APCr) are considered hazardous waste due to the 
high content of heavy metals and leachable salts. The production of APCr in the Czech Republic 
is ca. 20,000 tonnes per year and it is increasing. Therefore, it is necessary to find up-to-date 
methods for the removal of hazardous properties of APCr and, if possible, for the 
recovery/utilization of valuable components present in APCr. The aim of the paper was to 
determine the salt recovery potential of calcium-based APCr from MSWI plants in the Czech 
Republic. The results show that the recovery of salts from calcium-based APCr is possible by 
water washing, but the content of heavy metals did not meet legal limits for de-icing agents, 
therefore, multi-step stabilization and separation process is needed.  

1. INTRODUCTION  

The production of air pollution control residues (APCr) in the Czech Republic is ca. 20,000 tonnes 
per year and it is increasing. APCr are considered hazardous waste due to the high content of 
heavy metals and leachable salts and, in the Czech Republic, are landfilled in a sludge lagoon 
after uranium mining. The capacity of the lagoon is limited and will be exhausted in 5 years. 
Alternative handling, export into Germany for backfilling into salt mines, is very expensive and 
not in agreement with current trends. Therefore, it is necessary to find up-to-date methods for 
the removal of hazardous properties of APCr and, if possible, for the recovery/utilization of 
valuable components present in APCr.  
For this purpose, a detailed characterization of APCr was performed: chemical properties and 
composition of APCr were analyzed; leaching tests of raw and solidified APCr were conducted. 
Water washing was tested as a stabilization step. The results of salt recovery from water washing 
extract are presented in this paper.  

2. CHARACTERIZATION OF APCr FROM MSWI PLANTS  

2.1 Chemical properties and composition of APCr  

Samples of APCr from 2 MSWI plants were taken. Both MSWI plants are equipped with a spray 
dryer and wet scrubbing system with lime addition. APCr are captured downstream of the spray 
dryer on bag filters. During 4 sampling campaigns, 56 daily samples were obtained for the 
determination of short- and long-term variability. Ultimate and proximate analyses of APCr were 
conducted. A comprehensive analysis of APCr environmental parameters was performed for the 
evaluation of hazardous properties. Elemental composition was determined by aqua regia acid 
digestion with subsequent ICP-OES analysis (Perkin Elmer). Selected properties of APCr are 
shown in Table 1.  
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TABLE 1 - SELECTED PROPERTIES OF APCR FROM MSWI  

Parameter  MSWI A  MSWI B   

 Median  Min  Max  Median  Min  Max  

Dry Matter* (% w/w)  95.2  90.4  96.2  98.3  97.2  99.1  
Ash (% w/w)  87.6  80.9  89.8  90.8  85.3  92.7  
Solubility in water** (% 
w/w)  

45.3  34.9  51.6  44.0  33.9  59.0  

pH (-)  11.9  11.4  12,3  9.71  8.80  10.3  
As (mg/kg)  28.9  1.25  74.8  129  33  192  
Ba (mg/kg)  1,080  740  1,760  998  791  1,190  
Cd (mg/kg)  121  103  403  233  191  406  
Cr (mg/kg)  102  59.7  144  99.2  60.6  154  
Cu (mg/kg)  464  336  890  580  502  1,080  
Mo (mg/kg)  10.1  2.84  20.2  6.22  0.246  17.9  
Ni (mg/kg)  30.4  13.9  45.6  70.5  31.8  93.4  
Pb (mg/kg)  1,320  914  3,620  2,810  2,160  5,350  
Zn (mg/kg)  10,600  7,630  24,600  21,400  17,400  38,800  

*at 200 °C  **at 20 °C  

 
2.2 Leaching tests  
Leachability tests were performed according to EN 12457-4. The contents of dissolved organic 
carbon (DOC) (TOC/TNb Elementar Vario TOC Select) and anions (electrophoresis, Agilent 7100) 
and elemental composition (ICP-OES, Perkin Elmer) were measured in leachate. Selected results 
of leaching tests are presented in Table 2, the average leachability of selected elements is shown 
in Table 3.  

TABLE 2 - SELECTED PROPERTIES OF APCR FROM MSWI  

Parameter   MSWI A    MSWI B  Legal limits  

 
Med*  Min  Max  Med  Min  Max  

non-  
H**  H*** 

TDS**** 
(mg/L)  

49,800 38,900  60,000  54,100 34,600  63,600  8,000  10,000 

Cl- (mg/L)  24,300 19,300  27,500  25,500 19,000  30,400  1,500  2,500  
SO42- (mg/L)  1,120  925  1,240  809  630  1,180  3,000  5,000  
F- (mg/L)  <25  -  -  <25  -  -  30  50  
DOC (mg/L)  4.57  0.899  23.7  <26  -  -  80  100  

*Median **non-hazardous waste ***hazardous waste ****Total dissolved solids  
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22 ,600   50,700 

TABLE 3 - AVERAGE LEACHABILITY OF SELECTED ELEMENTS  

  
  

A 
As  

verage 
Ba  

leac 
Ca  

abilit 
Cd  

y of el 
Cr  

emen
Cu  

ts (% 
Mg  

of ra 
Na  

w APCr conten 
Ni  Pb  

t)  
Zn  

MSWI A  5.2  3.1  40  <1  1.4  <1  <1  81  2.7  10  10  
MSWI B  2.8  2.6  47  <1  <1  <1  <1  79  1.2  <1  <1  

 
Leachability tests of raw APCr showed that DOC and the majority of toxic metals meet legal 
limits for non-hazardous waste. The exceptions are Pb and Zn, as these elements exceed the 
legal limits in the case of APCr from MSWI A. A higher pH value of these samples (see Table 1) 
resulted in higher Zn and Pb leachability because it is 2 orders of magnitude lower under pH 10 
than pH 12. Hazardous properties mainly come from chlorides leachability which is 10–15 times 
higher than the legal limits for hazardous waste.  
2.3 Solidification of APCr  
Preliminary tests of APCr solidification were performed with 7 different cement- and geopolymer-
based binders and leachability tests of solidificates were performed as well. Selected results are 
presented in Table 4.  

TABLE 4 - RESULTS OF LEACHING TESTS OF APCR SOLIDIFICATES  

Parameter  Median  Min  Max  Legal limits  Limit exceeding  

TDS (mg/L)  29,400  8,000  in all cases  
Cl- (mg/L)  16,200  7,590  21,300  1,500  in all cases  
SO42- (mg/L)  1,650  620  7,800  3,000  in 7 from 39 cases  

 
Leaching test results showed that the great majority of salts were transferred into leachate, so 
solidification is not possible without prior pre-treatment step via stabilization. Therefore, water 
washing was considered a possible option for APCr stabilization and removal of soluble 
compounds; this step could also potentially allow the recovery of salts from APCr similarly to 
HALOSEP.  

3.  STABILIZATION OF APCr BY WATER WASHING  

A process scheme of APCr water washing is shown in Figure 1.  
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FIGURE 1 - WATER WASHING PROCESS SCHEME  

 
APCr were washed by water. Treated APCr are then solidified and landfilled. Soluble compounds 
are transferred into the liquid stream. Therefore, two options for subsequent extract treatment 
were considered: crystallization of salts and its utilization as de-icing agent; alkalization of 
extract with NaOH to produce Ca(OH)2 (for utilization in the flue gas treatment system) and a 
mixture of salts with high content of NaCl (for utilization as a road salt).  
3.1 Water washing with extract alkalization  
Preliminary experiments of water washing with subsequent extract alkalization by NaOH were 
conducted. The required amount of NaOH was calculated based on chemical analysis of the 
extract. A solution of NaOH (250 g/dm3) was added into the extract. Precipitated Ca(OH)2 was 
filtered. The remaining solution was evaporated, producing a crystalline mixture of salts.  
3.2 Water washing with extract pre-concentration and crystallization  
Preliminary experiments of water washing with subsequent crystallization of salts were 
conducted. Multi-step water washing with different liquid-to-solid (L/S) ratio was examined. The 
specification of experiments is shown in Table 5.  

TABLE 5 - SPECIFICATION OF WATER WASHING EXPERIMENTS WITH SUBSEQUENT 
CRYSTALLIZATION  
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Leachability tests of treated APCr before and after solidification were performed according to EN 
12457-4. The extract from water washing process was dried; the chemical composition of 
obtained salts was also measured (ICP-OES, Perkin Elmer).  

4. RESULTS AND DISCUSSION  

4.1 Water washing with extract alkalization  

Results of lab-scale experiments of salt recovery from APCr water washing extract using NaOH 
are shown in the figure below. From left to right: insoluble residue (treated APCr), Ca(OH)2, 
mixture of salts (technical grade).  

 

Figure 2 - Results of preliminary experiments of salt recovery from the extract 
from water washing of APCr.  

 

4.2 Water washing with extract crystallization  

Results of insoluble residue leaching tests showed that water washing is an effective method for 
the removal of soluble compounds from APCr. All tested samples meet legal limits for non-
hazardous waste.  
 
TABLE 6 - CONTENT OF SELECTED HEAVY METALS IN SALTS FROM APCR WATER 
WASHING EXTRACT  

Parameter   Experiment   Legal  

 1  2  3  4  limits  

Al (mg/kg)  0.90  0.78  4.52  2.93  50  
As (mg/kg)  0.89  0.89  0.40  1.22  2.5  
Cd (mg/kg)  6.84  6.82  17.7  17.9  2  
Co (mg/kg)  0.31  0.15  0.14  0.12  2  
Cr (mg/kg)  0.40  0.12  0.51  0.24  5  
Cu (mg/kg)  15.1  12.5  4.01  7.50  5  
Ni (mg/kg)  8.39  7.76  8.00  7.26  5  
Pb (mg/kg)  317  265  252  239  5  
Zn (mg/kg)  109  84.2  138  128  20  
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Results of the heavy metal content analysis showed that salts obtained from the extract by 
crystallization did not meet legal limits for de-icing agents due to high concentrations of Cd, Cu, 
Ni, Pb and Zn. A multi-step stabilization and separation process is needed. The extract from APCr 
water washing is considered to be a suitable secondary source for metals recovery. A 
combination of water washing and different separation steps will be tested and results will be 
presented.  

5.  CONCLUSIONS  

The aim of the paper is to determine the salt recovery potential of calcium-based APCr from 
MSWI plants in the Czech Republic. For this purpose, a characterization of the composition and 
properties of calcium-based APCr from 2 MSWI plants in the Czech Republic was performed. 
Results of APCr leaching tests showed, that hazardous properties of solid residues are mainly 
caused by a high content of soluble salts. Preliminary experiments of solidification using cement 
and geopolymer binders were performed; the results of leaching tests of solidified APCr showed 
that the great majority of salts were transferred into leachate, therefore, a solidification is not 
possible without prior pre-treatment step via stabilization.  
Water washing was tested as a stabilization step. Two options of processing of the obtained 
extract were examined: alkalization by NaOH and pre-concentration and crystallization. 
Preliminary lab-scale experiments showed that the recovery of salts from calcium-based APCr 
by water washing is possible, but the content of heavy metals did not meet legal limits for de-
icing agents, therefore, a multi-step stabilization and separation process is needed.   
A multi-step process for stabilization and separation of extract will be proposed, thoroughly 
evaluated and presented. The results of the solidification of stabilized APCr will also be presented.  
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According to the report “A Vision for a Sustainable Battery Value Chain in 2030”1, batteries are 
the key technology to achieve the Paris Agreement (keeping global emissions contained to stay 
below the 2ºC target), since they are the best tool to reduce CO2 emissions of the transport 
sector, thanks to the e-mobility, and help the transition to renewable energy systems, thanks to 
the possibility of accumulating the energy created. By combining these two sectors, transport 
and power generation, it will be possible to transform renewable sources from an alternative to 
a concrete solution. Batteries could enable 30% of the required reductions in carbon emissions 
in the transport and power sectors.  
Nowadays e-mobility is more and more becoming a common practice, even if only a small 
percentage of population is using e-bikes and e-scooters, this amount is destinated to increase, 
in fact it is expected that from 2020-2023, more than 130 million e-bikes will be globally sold, 
of which two-fifth will be Li-ion type2.  

The presentation will show the focus and the results of the Lions2Life project (funded by the EIT 
Climate-KIC): recycling, and in particular re-using batteries from the transport sector to the 
power one. The project aims to demonstrate that in a district of the city of Valencia it will be 
possible to develop a sustainable business model, both from the technical and economical point 
of view, in which citizens use electric transport and meet their energy needs through photovoltaic 
panels, which can be exploited thanks to energy storage created by second-life batteries from 
electric transport.  
The latest results of the project will be presented: how the business model will be developed, 
both from the technical point of view through laboratory experiments, in order to understand the 
health of the batteries and create the energy storage, and from the economical one; what is the 
current value chain for lithium batteries, and what recommendations will be made to include the 
second-life value chain and who will be the possible interesting players in the business model 
developed.  
The use of second life batteries and the benefits, resulting from the solution developed will be 
presented taking into account that the waste generation is reduced because of batteries life 
extension, energy storage system cost is reduced and therefore new distributed and renewable 
energy models are enabled, and citizens can learn how the increase in the use of sustainable 
mobility vehicles translates into cleaner energy and a more sustainable way of leaving.  
   
References  

1. http://www3.weforum.org/docs/WEF_A_Vision_for_a_Sustainable_Battery_Valu 
e_Chain_in_2030_Report.pdf  
2. https://www2.deloitte.com/content/dam/insights/us/articles/722835_tmtpredictions-

2020/DI_TMT-Prediction-2020.pdf   
 



MatER2021 / RECOVERY & FINAL SINKS FOR AN EFFECTIVE WASTE MANAGEMENT

4

Waste To Energy



CHAIRMAN:

Prof. Federico Viganò– Politecnico di Milano

KEYNOTE LECTURE:

Ella Stengler, Managing Director of CEWEP

PRESENTING AUTHORS:

Giuseppe Mancini, Università di Catania

Antonio Castorini ‐ TBF+Partner AG

Lidia Lombardi ‐ Università degli studi di Roma “Niccolo Cusano”

Carmine Boccia ‐ Università della Campania

Michal Šyc ‐ ICPF (Czech Republic)

Hubert de Chefdebien ‐ CNIM (France)



 
 
 

 

76 

AN INDUSTRIAL SYMBIOSIS – BASED SOLUTION TO FACE INTEGRATED MANAGEMENT 

OF WASTE AND WASTEWATER IN LARGE MEDITERRANEAN CITIES 
*Giuseppe Mancinia, Antonella Lucianob, Laura Cutaiab, Debora Finoc 

a Department of Electric, Electronic and Computer Engineering, University of Catania, Viale A.Doria 6, 95125 
Catania, Italy 

b ENEA – Italian National Agency for the New Technologies, Energy and Sustainable Economic Development 
– Department for Sustainability, Casaccia Research Centre, Via Anguillarese 301, Roma, 00123, Italy 

cDepartment of Applied Science and Technology (DISAT), Polytechnic of Turin, Corso Duca degli Abruzzi 
24, Turin 10129, Italy  

 
1. Introduction 
Many Mediterranean regions continue to have disjointed and unsustainable approaches to 
the management of waste, wastewater and residual biomass, which influence their energy 
consumption and still have serious impacts on the environment. Some of these areas also 
suffer from a historic water shortage, the effects of which are progressively intensifying as a 
result of the ongoing climate change.  

Italy has made fundamental steps towards circular economy, being now a leader among the 
EU countries; but the fair average recycling results, with which the country is represented 
abroad, continue to hide a serious inequality between what is more than efficient in the North 
and what is substantially absent in the South (ISPRA, 2020). This distance manifests itself 
both in terms of recovery and recycling plants as well as of effective strategies for the 
recovery of industrial waste and residues (e.g. in the agri-food and construction industries) 
[1].  

In a scenario characterized - especially in large metropolitan areas - by a still ineffective 
separate collection, most of the municipal solid waste produced by the millions of inhabitants 
of these South regions is still disposed of in landfills, directly or after a costly and scarcely 
useful mechanical biological treatment (MBT) of undifferentiated waste which does not allow 
a significant recovery of material but rather mainly serves to justify subsequent disposal in 
landfill [2].  

The effect of such waste management practices continue to reinforce a strong and often 
insurmountable aversion of local communities to the construction of new waste treatment 
plants. Although this hostility is actually linked more to the fear of unpleasant odours [3,4] 
and of a reduction in property values than to concrete health risks, it still represents an 
undoubted obstacle for those decision makers who wish to propose waste management plans 
aimed at truly closing the circle, leaving the landfill a finally residual role. 

To add to this, the diffusion through social media of baseless, instrumental and imprudently 
unopposed misinformation are creating, in the unarmed populations of these regions, a sort 
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of "comfortable" hysteresis towards exasperated solutions of circular economy. Under the 
impetus of a small part of ideologized environmentalism, whose recipe is focused on “nearly” 
100% separate collection and (small) composting plants as the only ecological strategy, 
waste management plans in these regions are now focusing dangerously on reaching 
consensus rather and on a true sustainable approach to integrated waste management. 

Contrary to what happens in other rapidly expanding areas of the planet [5], this dislike to 
new waste treatment plants finds its maximum expression towards waste to energy plants 
(WtE) and it is often difficult, if not impossible in southern Europe, to build new or simply 
upgrade existing WtE plants due to the strong opposition of the population “driven” by local 
and trivial interests in the most total myopia (ideologized or not) of the political class and 
under the most unmotivated of the beliefs that recovery of matter and energy are conflicting 
and not synergistic. 

And so it continues to be said that these plants pollute - without comparing how much the 
alternative plants pollute in managing the same waste [6]. It is also stated that no "enough" 
energy is recovered - without ever taking pains to quantify it and compare it with the saving 
of other resources. Finally, it is stated (equally falsely) that it would take ten years or more 
to build a new WtE plant - and therefore "it would" make little sense to start - but in the 
same ten years it is allowed to authorize continuous expansions of landfills according to a 
thirty-years history that prospectively and even more unsustainably will find the only and 
worst alternative in the transport of residual waste outside the region. Solution accomplishing 
the traditional xenophilic dependence of these regions that, as usual, will economically 
benefit other states and regions at the expense of the inhabitants of these territories but 
also of the environment as a whole. 

Many of these regions also suffer from severe water shortages, a condition that is continually 
aggravated by climate change. Therefore, the availability of marginal water resources should 
be considered crucial to meet the future demand for water for agriculture [7] as indeed widely 
discussed during the Paris Climate Conference in 2015. But the high costs of wastewater 
treatment to obtain the (excessive) quality of the water required for reuse in agriculture still 
makes the cost of this unconventional resource absolutely out of market compared to 
traditional water resources [8]. Added to this is a widespread condition that sees, in these 
regions, many wastewater treatment plants suffer from serious problems related to the 
treatment and disposal of the sludge produced, with landfills often reluctant to accept sludge 
that has not been adequately stabilized and dehydrated. Condition to which it overlaps and 
will increasingly overlap the drastic reduction of the possibilities of direct or indirect use 
(through composting) of sludge in agriculture due to the potential harmful effects on the soil 
and on the food chain. 

 
2. Goals and Methods: the opportunities offered by the Industrial Symbiosis 
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In many of the large metropolitan areas of southern Italy - but also southern Europe - it is still 
possible to promote a new eco-systemic model of integrated management that can drastically 
increase the overall circularity and sustainability in these areas through the exploitation of the 
"waste-wastewater-energy nexus" [7,8, 9,10,11]. 

The investigated model - based on industrial symbiosis - aims at integrating: 1) the existing 
wastewater treatment plant , 2) an enhanced anaerobic digestion plant for the contextual (not 
necessarily joint) treatment of OFMSW and sludge, 3) a new WtE with production of electricity 
and heat so to recovery the energy value of the residual waste and scraps from selection. The 
symbiotic exchanges between the three systems, that have been deeply analysed through mass 
and energy balances [12], if well designed [13,14] are relevant and allows a formidable energy 
optimization while maximizing the material recovery [15,16,17,18].  

3. Results/findings 
The proposed integrated model has numerous advantages as shown in Figure 1: 

1) The energy content of the OFMSW is recovered, leaving only the residual maturation phase 
to the most expensive composting with an advantage in terms of direct and indirect CO2 
emissions (saving electricity in the aerobic phase) in the production of quality compost. 

2) Part of the heat generated by the WtE process - appropriately commensurate, through a well-
dimensioned management of steam tapping - can also be used in hot climates to conduct 
digestion in the thermophilic phase and therefore reduce digestion times and volumes by 
increasing the biogas production yield with an advantage that affects also higher efficiency in 
the digestion of sludge compared to more traditional mesophilic processes. 

3) The biogas thus produced can be totally converted into biomethane (instead of partially using 
it in cogeneration systems to heat the digester) thus maximizing any incentives. 
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4) Part of the heat from the WtE plant can be used in the process of converting biogas into 
biomethane, reducing its production costs. Its increased use in public transport can further 
reduce GHG emissions. 

5) The supernatant of both OFMSW and sludge digestion can be used to recover phosphorus 
(struvite) and polyhydroxyalkanoates (PHA). 

6) Part of the heat from the WtE plant can be used to pre-dry the mechanically dehydrated 
sewage sludge with a view to its energy recovery, possibly in a dedicated line of the WtE plant 
itself, which can also collects contributions from other smaller nearby plants, to ensure recovery 
of phosphorus from the ashes and eliminate the problem of sludge final disposal. 

7) Part of the heat from the WtE plant can be used to pre-dry additional biomass from the 
agricultural sector before its energy recovery in the same WtE plant, again reducing disposal 
problems; 

8) Part of the heat from the WtE plant can be used to support any companies (existing or wishing 
to enter the industrial district) by exploiting the residual heat at advantageous conditions for 
their processes (e.g. agri-food process industry), in addition to any heating and cooling needs, 
in a full perspective of industrial symbiosis and with a consequent reduction in CO2 emissions. 

9) The electricity produced can be partially used (a few percentage units) to support the tertiary 
treatment and pumping phase of the treated wastewater to agricultural areas in order to make 
the cost of treated wastewater competitive to conventional resources, guaranteeing its reuse 
from a perspective market and thus avoiding that the concentrated load is discharged into 
water bodies with the related impacts, especially in islands and coastal areas. 

11) An additional part of the electricity produced by the plant could be used to support the entire 
wastewater treatment process with a view to industrial symbiosis. The oxidation phase in the 
water line should in any case be carried out as a classic high-load scheme to minimize energy 
consumption, taking into account the subsequent reuse also through containment of 
nitrification. The efficiency on the abatement of the organic fraction could be better achieved 
through tertiary systems with self-cleaning filters (coupled to UV for disinfection) which have 
low energy costs and excellent efficiencies. It is essential to couple an appropriately sized and 
managed water storage system that, in addition to ensuring a better final quality of the final 
irrigation effluent [19,20], allows its full use throughout the year and not only in the irrigation 
season, avoiding it continuous discharge so achieving the “ZERO discharge plant” condition. 

12) The residual fraction and non-recyclable waste are reduced in volume (about 10%) by 
reducing the need for landfills and the consequent impacts. 

13) The reduction of waste to be disposed of in landfills could be further limited to inertized fly 
ash only (about 2% of the total waste, in full compliance with the European directives that set 
the limit of 10% for 2035) thanks to bottom ash recovery processes, increasingly consolidated, 
which could allow to increase the overall recovery of material (additional 10-15% of the gross 
waste production) - through certified products – so to considerably increase the circularity of 
the entire system. 
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14) A part of the CO2 produced by the conversion process into biomethane and / or contained in 
the fumes of the WtE plant could be converted into algal biomass to be used for products with 
high added value and / or for energy conversion through the same anaerobic digestion. 

 
Figure 1. The Waste-Wastewater-Energy Nexus through Industrial Symbiosis 

 
4. Discussion and Conclusion 

It is currently difficult for stakeholders in many areas around the world to propose the 
construction of a WtE plant, and landfill is expected to continue to be the predominant 
disposal route for a significant amount of residual waste along with a zero waste illusion that 
will leave a huge environmental burden on future generations. Although, however, it is now 
practically impossible to build WtE plants in the centre of cities, as was done in the past in 
Northern Europe to fully exploit their thermal energy production, there is still a clear chance, 
even for warmer regions (eg . South European areas and North African areas), to exploit the 
illustrated advantages offered by industrial and urban symbiosis by locating these structures 
in industrial districts, close to the main wastewater treatment plants. The large amount of 
low-cost thermal energy that becomes available could also encourage new enterprises to set 
up their heat-requiring production near the integrated waste/wastewater/sludge treatment 
system, thus further increasing the overall industrial symbiosis of the district. 
All these benefits can be decisive for overcoming the sterile opposition to WtE recovery plants 
which are often described in an inconsistent and unfounded way as antagonists to waste 
recycling and maximizing recovery, thus favouring, even in these clearly late [19] regions, a 
significant rapprochement on the path towards the Green Deal promoted by the European 
Union. 
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The general trend in European countries is that of a progressive replacement of fossil energy 
sources with renewable energy sources (e.g. wind, photovoltaic). In this context more and more 
space in the electrical network will have to be left to the distribution of energy from renewable 
energy sources, which have the disadvantage of not being programmable and therefore need a 
priority of consumption compared to other production sources that can be called on demand 
(e.g. gas power plants, hydroelectric power plants).  
In the near future it may therefore happen that also the waste-to-energy plant will not be able 
to sell to the grid all the produced electricity energy, because all energy needs are already 
covered by renewable sources or it could sell it only at a very low price, as the price of electricity 
has become one of the many tools that the electrical network operator has at its disposal for an 
effective network balancing.  
A possible solution to this scenario is to use the electricity generated by the waste-to-energy 
plant, in order to produce hydrogen, which would then be transformed into methane gas and fed 
into the national transportation network. In this way it could be obtained an effective and 
advantageous storage of the electricity produced by the waste-to-energy plant and not used for 
immediate consumption (Figure 1). 
 

 
Figure 1 – Conceptual Diagram for energy storage through gas (H2/CH4) production 

Hydrogen production is a very simple process and it can be obtained by hydrolysis of water, 
which generates hydrogen and oxygen as by-products. Hydrogen in particular will be collected, 
stored and converted into methane. 
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For the conversion of hydrogen into methane there are several processes that can be used, like 
for instance the followings: 
- biological methanization, which is the biological process of sending the hydrogen produced by 
hydrolysis inside an anaerobic digester, where this hydrogen will react with the CO2 present 
inside the reactor to form methane (Figure 2); 
- catalytic methanization, which is the chemical process, exploiting the reaction of Sabatier (CO2 
+ 4H2 → CH4 + 2H2O), in which carbon dioxide reacts with hydrogen, in the presence of nickel 
as a catalyst and under conditions of optimal temperature between 300-400 °C and high 
pressure, producing methane and water (Figure 3). 
 

 
Figure 2 – Conceptual Diagram for CH4 production through H2 biological 

methanization 

 
Figure 3 – Conceptual Diagram for CH4 production through H2 catalytic 

methanization 

 
The latter process could be combined with CCS applications, for instance a part of the CO2 
previously extracted from the flue gas of the waste-to-energy plant could be used, in order to 
convert the hydrogen produced by electrolysis into methane, with the latter subsequently fed 
into the national distribution network. 
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As a last consideration we should not forget that, both from the production of hydrogen by 
hydrolysis and from the catalytic process for its methanization, it is possible to recover an 
important fraction of thermal energy. This residual thermal energy can be conveyed to the 
district heating network (if present). By doing so, it will be possible to increase the total efficiency 
of the Power-to-Gas application up to 80-85%. 

 

 
 

Figure 4 – Conceptual Diagram for Heat Recovery from Electrolysis and catalytic 
methanization processed 

 
In this paper we will present some of the latest experiences of Power-to-Gas projects under 
development in Switzerland, and in particular we will submit the casa study of the Power-to-Gas 
project started by company Limeco, which operates a Waste-to-Energy plant (WtE) and a Waste 
-Water-Treatment plant (WWTP) just outside the city of Zurich, Switzerland. 
 
In this specific case it has been possible to combine the presence of a WtE plant with the 
anaerobic digestors of sludge, typically foreseen in many WWTP, in order to improve a biological 
methanization process without any additional cost, except for Electrolysis package. 
 
At the same time the integrated WtE and WWTP of Limeco is also connected with the local District 
Heating network, so it has been possible to recover also the thermal portion of energy coming 
from the electrolysis process.  
 
Due to the very specifical characteristics of this industrial site (coexistence of a WtE and WWTP 
at same place), it was therefore possible to plan, design and realize a “first of its kind” Power-
to-Gas application. 
 
In order to build this new plant, a tight design and construction schedule has been foreseen, 
which started from the formal authorization, received in September 2020, and it will end with 
the new Power-to-Gas plant completion, expected by the end of November 2021.  
  

Electrolysis
Heat pump

 95%

Electricity

Methanization

CH4

 75%

 55%

District heating  85%



 
 
 

 

84 

COMPARING ALTERNATIVE OPTIONS FOR RESIDUAL MUNICIPAL SOLID WASTE RECOVERY 
*Lidia Lombardia°, Matilde Baldib, Giovanni Francinib 

a Niccolò Cusano University, Via Don Carlo Gnocchi 3, 00166 Roma, Italy 
b Department of Civil and Environmental Engineering, University of Florence, Via Santa Marta 3, 50139 

Firenze, Italy 
 
*Corresponding Author | °Presenting Author 

In European Union (EU) waste management is evolving towards sustainable materials 
management, intended as a systemic approach to using and reusing materials more productively 
over their entire life cycles. A similar Waste Management Hierarchy prioritizes and ranks the 
various management strategies from most to least environmentally preferred. The hierarchy 
places emphasis on reducing, reusing, and recycling as key to sustainable materials 
management. However, for non-recyclable materials, waste-to-energy represents the most 
preferred option, to save important resources (such as landfill volumes and non-renewable 
energy), to reduce the contribution to global warming, and to provide an essential contribution 
to fulfil the goals of a really sustainable waste management. 

According to EU strategy, the waste disposal to landfills must be considered as the last possibility 
and limited to pre-treated wastes (not biologically active or not containing easily leachable 
hazardous substances), confirming that thermochemical treatments of non-recyclable or 
potentially hazardous solid waste are still necessary. 

Thus, recent data (Cewep, 2019) showed that in Europe, by 2035, 142 million ton of residual 
waste treatment capacity will be required to comply with the targets imposed by the EU on 
municipal waste, even if the recycling targets will be achieved for commercial and industrial 
waste. Current Waste-to-Energy capacity in Europe is 90 million ton and the capacity for co-
incineration is around 11 million ton. So still 41 million ton have to find appropriate 
thermochemical treatments aimed at energy recovery. 

A conventional waste-to-energy (WtE) facility accepts unprocessed municipal waste which is 
burned in a large combustion unit to generate electricity or utilized in a combined heat and power 
system. Other thermochemical waste conversion technologies, such as gasification and 
pyrolysis, are less established and differ from conventional WtE in that they do not directly 
combust municipal waste. Instead, they convert municipal waste feedstock via partial-oxygen 
or oxygen-absent thermochemical process. The resulting gases can be combusted to produce 
electricity or further processed into a liquid fuel or chemical commodity product.  

In assessing conversion technologies, it is important to understand which municipal waste 
feedstock(s) can be managed by the technology, what pre-sorting or processing is required, 
whether minimum quantities of municipal waste must be provided, net energy balance, 
emissions data, environmental permit requirements, and the types and quantities of solid and 
hazardous residuals requiring management or disposal. 

With this in mind, the aim of this work is to understand the environmental sustainability by Life 
Cycle Assessment (LCA) of some thermochemical conversion technologies applied to residual 
municipal solid waste (MSW) – eventually after appropriate pre-treatments – in comparison with 
conventional direct WtE.  

The study has been carried out with reference to a study case defined in term of residual MSW 
amount and composition, comparing three options, as depicted in figure 1: i) direct combustion 
in WtE; ii) mechanical pre-treatment and combustion in WtE of the selected combustible fraction; 
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iii) mechanical pre-treatment and feeding of the selected combustible fraction to high-
temperature gasification process, after which the produced syngas is treated for pollutant 
removal and processed for final methanol synthesis. 

 

Figure 5 – Simplified schematics of the compared systems. 

The primary function of the analyzed systems is the treatment of residual MSW, for this reason 
the functional unit assumed for the comparison is 1 t of residual MSW. While to account for co-
products (i.e. electricity, heat, methanol) the system expansion approach was applied 
(Finnveden et al., 2009) by including the avoided effects caused by substitution of products from 
conventional processes.  

Within the analyzed system boundary, the following processes were included: transportation, 
combustion and energy recovery processes, manufacturing processes of chemicals required for 
flue gas treatment (FGT), transportation and treatment of bottom ash (BA), transportation and 
disposal/treatment of fly ash (FA) and air pollution control residues (APCR). Processes regarding 
entering flows such as chemicals, or exiting flows such as electricity or heat, and transportation 
of MSW or residues, were described in the inventory using appropriate records retrieved from 
the ecoinvent database (Wernet et al., 2016).  

Inventory data were retrieved from literature (Lombardi and Carnevale, 2017)(Salladini et al., 
2018)(Borgogna et al., 2019)(Iaquaniello et al., 2017)(Consonni and Viganò, 2012)(Ardolino, 
Berto and Arena, 2017) and complemented by modelling.  

The selected impact assessment is the Product Environmental Footprint, even if, in this abstract, 
only the climate change indicator (CC) is reported, for conciseness, as shown in figure 2. 
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Figure 2 – Comparison of the calculated climate change indicator for the compared 

options. 

CC results show that the option based on methanol synthesis has the highest impact, while for 
the direct WtE option the value of the indicator is 70% less. The case of pre-treatment and WtE 
has an intermediate result: the CC is 44% higher than direct WtE and 26% lower than methanol 
case. Figure 3 shows the main contributions to each system by sub-process. Two effects 
contribute to the best score obtained by direct WtE: lowest positive impact and highest negative 
(i.e avoided) impacts. In the case of methanol synthesis, the numerous and complex processes 
required to obtain the final product are not balanced by the negative effects generated by the 
avoided production of conventional methanol. 

From this preliminary analysis, the methanol synthesis, based on high-temperature gasification 
of residual MSW, does not provide improved environmental result in term of CC, with respect to 
traditional processes. Improvements to the process – as increased methanol yields and reduced 
consumptions – need to be investigated and may improve the results and should be re-evaluated 
by LCA. The economic sustainability comparison will be the object of the next investigation. 

 
Figure 3 – Percentage contributions to climate change indicator for the compared 

options. 
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Gasification is the conversion of a solid fuel to a synthesis gas through gas-forming 
reactions occurring in a reducing environment. The obtained syngas contains large 
amounts of not completely oxidised products (mainly CO, H2 and lower amounts of 
CH4), together with different organic (tars), inorganic impurities and particulates. 
When these impurities, especially tars, are significantly removed, the syngas can be 
used in different high-added value applications, such as high efficiency energy 
generation, production of fuels, and synthesis of building block chemicals. Tar 
presence leads to different operational problems in downstream processes and 
components because they can condense at relatively high temperatures. Tar 
compounds contain also a not negligible amount of chemical energy [1], then it is 
important to design cleaning methods able to reduce the syngas tar content, without 
wasting its chemical energy and avoiding any secondary pollution [2].   
Activated carbons (AK) are a promising potential solution for downstream tar removal 
because they are good catalysts for tar cracking reactions at high temperature, and 
are generally cheap and market available [3]. Studies have shown that the catalytic 
activity of activated carbon for tar conversion is related to the porous structure and 
AK size [4], the presence of inherent alkali and alkaline earth metallic (AAEM) species 
[1, 5, 6], as well as O-containing functional group [7]. Their use is anyway limited by 
the too rapid deactivation determined by the deposit of soot over the activated carbon 
surface (and the consequent masking phenomenon), generated by the tar reactions 
of dehydrogenation and carbonization. A possible solution of the problem is the effect 
of steam on the catalytic conversion of tars on activated carbons [1, 7, 8, 9]. This 
research investigates how the temperature and the steam concentration in the syngas 
can affect the extension of the water-gas and reforming reactions occurring between 
the steam and the soot covering the catalyst surface in long duration tests.   
This study utilised naphthalene as tar model, since it is the most abundant and stable 
compound among those typically produced by biomass or waste gasification [8]. Its 
catalytic conversion over a commercial activated carbon (Norit RB4W) has been 
investigated under different reactor temperatures and steam concentrations by 
keeping fixed all the other operating conditions, in order to identify the conditions 
that allow to avoid the AK deactivation due to the masking phenomenon.  
Norit RB4W is produced by devolatilization of a Chinese coal and further steam 
activation, and provided as cylindrical pellets, 4 mm of diameter and 5-7 mm of 
length. The pellets have been crushed and sieved in order to obtain a finer size range 
(0.8-1.2 mm), and then to have a limited pore diffusion resistance. Table 1 reports 
the analysis of the materials utilized for the tests. The values of the inorganic fraction 
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have been obtained as the product of their mass fraction in the ash and the ash 
content of the activated carbon.    

  
Table 1: Proximate, ultimate, elemental and porosimetric analysis of the 

tested activated carbon  

  
 
The AK has a high ash content and a significant content of AAEM elements, whose 
role in the catalytic conversion of tars has been already demonstrated [1, 5, 6].   
All the samples of AK carbon have been preliminary kept in the furnace at 750°C for 
5 min, under a nitrogen atmosphere. This pre-treatment simulates the thermal 
history of the activated carbons in the experiments described in the following, 
allowing a more reliable analysis of their true characteristics at the beginning of the 
test.   
All the tests have been carried out in a bench scale apparatus with four different 
sections: feeding system, reactor, sampling/cleaning device and gas analyser. An 
activated carbon bed height of 3 cm, implying a gas residence time in the reactor of 
0.11 s, has been used. The experimental apparatus is sketched in Figure 1, and 
described in detail in a previous work [4].  
  

  
Figure 1 - Experimental apparatus scheme  

  
The study investigated the naphthalene conversion at three different temperatures 
(750°C, 800°C, 850°C) without steam and with steam at three different 
concentrations (5%, 7.5%, 10%). The reactor, with the AK bed inside, was heated at 
the desired temperature under an atmosphere of pure nitrogen. At the desired 
temperature, the nitrogen flow was connected to the naphthalene saturator and to 
the steam generator to dope the gas with a naphthalene concentration of 22.5 mg/NL 
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and steam. The gas at the reactor exit was sampled in isopropanol for two minutes 
every 30 minutes until the end of the catalytic activity, corresponding to the end of 
hydrogen production (monitored with a GC-TCD) from the naphthalene cracking 
activity. The reactor was then purged, and cooled down with pure nitrogen.   
The preliminary results are reported in terms of weight of activated carbons before 
and after the experimental tests, trend of the main gases (H2, CO and CO2) and 
naphthalene conversion.   
The difference between the weight of fresh and deactivated material has been 
measured in all the tests, as it is shown in Figure 2. The mass change is reported 
using time specific units (mg/min) because of different duration of the tests [9].  
  

 
Figure 2 - Weight of activated carbons before and after the experimental 

tests  
  
The measured increase of the weight of the activated carbon bed is explained by the 
deposits of soot produced by the reactions of tar dehydrogenation and carbonization. 
An increasing of steam concentration, at a fixed reactor temperature, always induces 
a decrease in the measured weight difference, due to the enhanced extension of 
watergas and reforming reactions. This effect is particularly evident at 850°C, since 
the difference strongly reduced, eventually becoming negative when steam 
concentration was larger than 5%.  
An important indicator of the catalytic activity is the concentration of H2 produced by 
the naphthalene cracking reactions. Figure 3 shows important differences when the 
tests were carried out without steam or with an increasing steam concentration. In 
absence of steam (first line of diagrams), the H2 concentration decreases due to the 
continuous deposit of soot over the char surface, leading to a progressive reduction 
of catalytic activity. CO and CO2 are not detected because only dehydrogenation and 
carbonization reactions occur. The presence of steam implies significantly higher H2, 

  

‐0.2 

0.2 

0.6 

1 

1.4 

0 5 7.5 10

∆

wt 

,  

mg

/m

in 

H[
2
O], %

750 °C 800 °C 850 °C



 
 
 

 

91 

CO and CO2 concentrations, and the trends are always not more stable: any pick of 
H2 is linked to a corresponding pick of CO.  
These effects could be related to the different extension of the water-gas and 
reforming reactions occurring on the carbon layer covering the catalyst surface, 
which, at highest temperature and steam concentrations, also involves the structural 
carbon of the catalyst. In particular, at 850°C the reactions involving soot and steam 
are enhanced and the production of hydrogen is greater.  
 
  

 
  

Figure 3 - Time evolution of H2, CO and CO2 concentration in tests at 750°C,  
800°C and 850°C, under different values of steam concentration  

  
Figure 4 reports the naphthalene conversion obtained with three different steam 
concentrations at 750°C. The naphthalene concentration in the isopropanol samples 
has been determined by using a gas chromatography coupled with mass 
spectrometer. The naphthalene conversion was estimated as:   

 
𝜂C10H8 = (minlet-moutlet)/minlet  
  
where minlet is the mass of naphthalene fed to the reactor and moutlet is the mass of 
naphthalene recovered in the sampling device.  
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The results confirm an unstable trend and the rise of the conversion efficiencies after 
3 hours of test. This could indicate the availability of new catalytic sites on the AK 
surface.   
In conclusion, the water-gas and reforming reactions could contribute to obtain an 
efficient soot removal, promoting the formation of CO and H2. However, further tests 
and analyses on the structure of AK have to be carried out to further understand this 
possible important role of steam reforming.  
  

 
Figure 4 - Naphthalene conversion at 750°C with 5%, 7.5% and 10% of 

steam.  
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Introduction 
Incineration bottom ash (IBA) in the Czech Republic contains 6-11 % of iron scrap and 1.3-
2.8 % of non-ferrous metals (NFe) which means overall potential for recovery of 13-14 kt of iron 
scrap and 3.0-3.5 kt of non-ferrous metals per year. Due to the absence of technologies for non-
ferrous metals recovery in the Czech Republic, only a small part of the potential is exploited. 
Annually, only 11 kt of ferrous and 0.5 kt of non-ferrous metals are recovered from IBA in the 
Czech Republic. This means that a huge amount of valuable secondary sources is wasted. The 
utilization of mineral matrix of IBA is currently prohibited in the Czech Republic due to strict 
limits for waste utilization on the soil surface and absence of other legal framework for waste 
utilization in selected defined applications such as subbase layer in road construction.  

However, there are intensive efforts to change the situation and implement an up-to-date 
approach for IBA treatment, i.e. to implement advanced technologies for metal recovery and to 
elaborate technical and environmental criteria that would allow IBA utilization in road 
construction. The presentation will summarize these activities, will provide outline of 
environmental and geotechnical properties of IBA in the Czech Republic, results from pilot plant 
for metal recovery tested in Prague WtE plant and will also outline future perspectives for IBA 
utilization according to the valid waste management plan. 

Material and methods 
IBA samples from Prague waste-to-energy plant were analysed for environmental and 
geotechnical properties. Environmental parameters were determined according to EN 12457-4 
and elemental composition by aqua regia digestion with subsequent ICP-OES. IBA material 
composition analyses have been performed by hand-picking for the determination of NFe and Fe 
metals content. Geotechnical parameters such as particle size diameter etc. were determined 
for fresh and raw IBA samples according to national standards. The recovery potential of IBA 
has been determined on metal recovery pilot plant with a capacity of 3 t/hour. The process 
consisted of sieving, magnetic separation, and eddy current separators. 

Results and discussions  
IBA from the Prague WtE plant contains about 10 % of iron scrap and 2.6 % of non-ferrous 
metals. The economic potential of metal recovery can be calculated based on this composition 
and we can conclude that the value of metals in IBA is ca. 78 EUR per ton of IBA. About 60 % 
of the value is in particles over 2 mm, the rest in particles below 2 mm. The majority (usually 
around 2/3) of the value lies in heavy non-ferrous metals and precious metals that are possible 
to recover only with advanced state-of-the-art technologies. Based on the pilot plant data we 
have concluded that the majority of potential can be extracted from particles over 2 mm, i.e. 
they are liberated and accessible for separation without crushing. 
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Tab. IBA economical potential 
 

wt. % 
kg in IBA 

ton 

price 

(EUR/ton) 

value 

(EUR) 

value 

distribution 

(%) 

Bottom ash  100  1000  78  100 

  Over 2 mm  60  600  48  62 

   Iron scrap  10  100  100  10  13 

   Non‐ferrous metals  2  20  38  49 

     Al  1.5  15  1 000  15  19 

     Cu and HNF  0.5  5  4 500  23  30 

  Below 2 mm  40  400  30  38 

     Cu  0.12  1.2  4 500  5  7 

     Al  0.40  4.0  1 000  4  5 

     Zn  0.12  1.2  1 800  2  3 

     Precious metals  0.00005 0.0005  36 000 000  18  23 

The residual fraction after separation fulfils the geotechnical requirements of Czech legislation 
for its utilization as a subbase layer in road construction. Environmental parameters of IBA such 
as trace elements content and leachability are comparable to values from abroad or substantially 
lower as for As, Ag, Cr, Mo, Ni, Pb. Only a minor part of elements with environmental concerns 
is leachable, e.g. for Cd, Cu, Cr, Ni, Pb, and Zn, it is less than 0.1 % of overall content. 
 
Incineration bottom ash from Czech waste-to-energy plants fulfils all requirements for its 
utilization as a subbase layer in road construction. Waste-to-energy plant operators in 
cooperation with the academic sphere are ready to impose a modern concept of IBA utilization 
according to circular economy in the Czech Republic, i.e. efficient recovery of iron scrap and 
non-ferrous metals and utilization of residual fraction in defined applications such as subbase 
layer in road construction. The presentation will summarize all activities necessary for the 
implementation of this concept in the Czech Republic, proposed environmental limits and will 
outline further steps necessary for implementation in real industrial practise.   
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ABSTRACT 

SVDU, the French association of W-t-E (Waste-to-Energy) plants operators ensures that its 
facilities operate in compliance with the most advanced Environment and Health rules. 
Even before the publication of the new Waste Incineration BREF - which strengthens obligations 
on mercury emissions - SVDU decided to launch the ESSEVA study, with the support of ADEME, 
in order to improve its knowledge on: 

‐ Continuous, semi-continuous and periodic mercury measurements: 
‐ Origin and behaviour of mercury in W-t-E plants; 
‐ Capture of mercury by flue gas cleaning systems. 

The study includes tests carried out in 4 SVDU plants and picked up as representative of the 
French W-t-E installations. These tests allowed to complement the theoretical information 
collected within the professional and scientific network of SVDU by: 

‐ comparative monitoring from: 
- most of the continuous mercury analysers available on the market, 
- a short or long term semi-continuous sampler, 
- reference methods of field and analytical laboratories; 

‐ analysis of mercury transformation and transfer phenomena within the installations; 
‐ analysis of the effectiveness of devices for mercury abatement currently installed in W-

t-E plants, the possible improvements and testing of reagents dedicated to mercury 
capture. 

This study has proven to be of the utmost usefulness in understanding the behaviour of a metal 
which could be qualified as “temperamental” and “malicious” due to its occurrence by peaks in 
concentration in W-t-E plants as well as its sensitivity to many process parameters. The 
comprehensive analysis undertaken clearly shows that great care should be taken for mercury 
abatement and monitoring. 
Thanks to the results of the study, the ESSEVA task force is confident in that the owners and 
operators will be able to comply as from December 2023 with the future ELV (Emission Limit 
Values) of 20 µg/Nm3 in daily average in NOC (Normal Operating Conditions) set by the Waste 
Incineration BREF BAT Conclusions. However, the task force also recommends to use the time 
until the deadline to get equipped as quickly as possible and become familiar with both 
measuring devices and the behaviour of mercury and its capture: one of the conclusions of the 
study is that behaviour of mercury differs from one W-t-E plant to another and from one line to 
another within the same plant.  
The report contains recommendations for operators in this regard. It also suggests ways to 
improve the situation (knowledge of waste containing mercury, new alternative technique to the 
standard reference method, parallel measurement of continuous analysers, etc.) 
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Italian Municipal Solid Waste (MSW) management system is based on separate collection (61,3% 
in 2019), for material recovery, and residual MSW collection. About 7,8 millions of t of residual 
MSW (European Waste Catalogue, EWC, 200301), in 2019, were treated in Mechanical-Biological 
Treatment (MBT) plants, representing about 26% of the produced MSW. MBT is so called because 
it consists in a combination of mechanical processes (by means of shredding, size, density and 
magnetic separation, densification, etc.) and biological treatment (generally biological aerobic 
stabilization). MBT generates mainly the following output streams: metals, which are sent for 
material recovery; inert which are landfilled; a combustible fraction, which in some cases is 
defined according to the Solid Recovery Fuel (SRF) classification (EN15359), sent for energy 
recovery, generally in devoted WtE; and the mechanically separated organic fraction (MS-OF) 
from the residual MSW, which is generally processed by aerobic biological stabilization (ABS), 
consuming energy, obtaining the so called stabilized organic waste (SOW), in order at least to 
reduce the potential environmental impact (landfill gas generation and leachate organic load) in 
its final destination, which is landfill (Italian Law does not allow to use this stream as compost). 

We perceive the fate of these streams (MF-OF, SOW) as an environmental problem, since it does 
not allow recovering materials, neither energy, while occupying landfill volume, still with residual 
emissions. 

Thus, this study was conducted with reference to an MBT study case plant, receiving about 
90.000-100.000 t/year of residual MSW from a metropolitan area. The entering residual MSW is 
stored in a bunker, from where it is fed to a primary grinder. Then magnetic separation of metals 
applies. The main stream goes through a rotating sieve drum with openings of 60mm. The 
particles larger than 60mm follow the fate of SRF production. The materials passing through the 
openings, are subjected to a second magnetic separation, and consist, according to performed 
material analysis, for more than 50-60% by weight of paper, wood and food residues, while the 
moisture content is almost 25-45%, depending on the season. This MS-OF stream is sent, at 
present, to ABS, partly within the same site, and then landfilled. 

The aim of this work is to propose and evaluate an alternative treatment for the MS-OF, with 
the aim of producing a final product with improved energy content. The alternative proposed 
treatment is the hydrothermal carbonization (HTC), a thermochemical process working at 
moderate temperature and pressure, in presence of liquid water that makes it suitable for wet 
substrates (Li et al. 2013). The final products of this process are the hydrochar (HC), a carbon 
enhanced solid which can replace fossil fuels, a liquid phase, whose characteristics are strongly 
connected with the input material and process conditions, and a gas phase, mainly made of 
carbon dioxide (90% v/v) and carbon monoxide (8% v/v).  

Preliminary results of HTC tests, performed on the specific MS-OF carried out at temperature of 
220°C, residence time of 1,4 and 8 hours and a dry biomass to water ratio (DB/W) of 0.15, were 
available (Wilk et al., 2021). These results were used for the preliminary design of the HTC 
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process layout, considering a hypothetical plant which can treat 40.000 t of MS-OF. The 
simplified layout of the proposed HTC process is shown in figure 1.  

 

Figure 1 – Simplified layout of the proposed HTC process. 

The input material is grinded to reduce and homogenize the particle size; then it is mixed with 
water to reach the desired DB/W. Downstream the mixer, a pump rises the pressure to feed the 
slurry to the HTC continuous reactor, a regenerative heat exchanger (HE 1) preheats the slurry, 
while a heat exchanger – feed by external heat source - raises its temperature up to HTC 
temperature (220°C). From the HTC reactor, the slurry, containing the HC and the aqueous 
products, and gases, formed during the reactions, exit. The exiting slurry is conveyed to a 
centrifuge, where liquid-solid separation is performed: the HC is transferred to an air-dryer and 
then is pelletized, ready to be used as a fuel. Before entering the centrifuge, however, the slurry 
passes through two regenerative heat exchangers: the first one - as mentioned above – preheats 
the input slurry, while the second one (HE 2) preheats the air required to dry the HC. However, 
external heating is further required to raise air temperature up to the established value. The 
liquid phase exiting the centrifuge is sent to wastewater treatment plant (WWTP). 

After the estimation of the HTC energy requirements and HC production, it was possible to carry 
out the energy balance, calculating the input/output primary energy, with reference to 1 t of 
entering MS-OF, as reported in table 1. 

The results of the primary energy balance confirm that the energy contained in the produced HC 
is higher than the energy consumption for the process itself, for all the HTC working conditions. 
Even though the low heating value (LHV) of hydrochar increases with the raise of residence time, 
its amount decreases: for this reason, the best balance is obtained with a duration process of 1 
hour. 
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Table 1 – Primary energy balance. 

  Units 
220°C-

1h 
220°C-

4h 
220°C-

8h 

Primary energy – electricity consumption [kWh/tMS-OF] 310 299 289 

Primary energy – heat consumption [kWh/tMS-OF] 619 578 538 

Total primary energy consuption [kWh/tMS-OF] 929 877 827 
  

Hydrochar energy content [kWh/tMS-OF] -1.862 -1.695 -1.727 
  

Primary energy balance [kWh/tMS-OF] -933 -818 -900 

 

Further, the proposed HTC treatment was compared with the current ABS treatment, by Life 
Cycle Assessment (LCA), considering the systems summarized in figure 2. 

 

Figure 2 – Systems compared by LCA (HTC vs. ABS). 

The primary function of the analyzed systems is the treatment of MS-OF, for this reason the 
functional unit assumed for the comparison is 1 t of MS-OF. While to account for co-products 
(i.e. HC) the system expansion approach was applied (Finnveden et al., 2009) by including the 
avoided effects caused by substitution of products from conventional processes.  

Within the analyzed system boundary, the following processes were included: aerobic 
biostabilization or HTC processes, WWTP, landfilling. Processes regarding entering flows such as 
electricity or heat, were described in the inventory using appropriate records retrieved from the 
Ecoinvent database (Wernet et al., 2016).  

Inventory data were retrieved from literature (Gomez et al., 2019)(Fiori et al., 2014)(Basso et 
al., 2015)(Piccinno et al., 2016)(Lucian e Fiori, 2017) and complemented by modelling.  
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The selected impact assessment is the Product Environmental Footprint, even if, in this abstract, 
only the climate change indicator (CC) is reported, for conciseness, as shown in figure 3. 

 

Figure 3 – Comparison of the calculated climate change indicator for the compared 
processes. 

 
CC results show that the aerobic stabilization followed by landfilling cause a positive 
environmental impact, while the HTC process, producing HC, has a negative value for the 
indicator. Figure 4 shows the main contributions to each system by sub-process. In the case of 
HTC process, the best score is obtained thanks to the avoided effect from HC, which can 
substitute fossil fuels. 

From this preliminary analysis, it emerged that the HTC process may provide improved 
environmental result in terms of CC, with respect to the traditional process. The economic 
sustainability comparison will be the object of the next investigation. 

 

 

Figure 4 – Percentage contributions to climate change indicator for the compared 
processes. 
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1. ABSTRACT  

Natural resource extraction has fueled world economic growth since the industrial revolution. 
However, the linear economy model is not in line with the global vision of sustainable 
development. Therefore, the circular economy for industrial waste will sustain future industrial 
development. This study is the first attempt to calculate industrial waste recyclability. The aim 
is to help policymakers improve the industrial waste recycling effectiveness of metals and 
develop effective waste management systems. Here, we define various metal grades in the 
selected industrial waste, combine these rules with the statistical entropy function to create an 
innovative model to calculate recyclability. The results suggest that coal tar exhibits high 
recyclability means low disorder and eminent recycling. Moreover, gold tailings indicate that the 
low value of recycling difficulty offers easy metal recycling. The created recyclability map helps 
us identify three (difficult, moderate, and easy) recycling zones. The research aims to help 
policymakers improve industrial waste recycling efficiency, particularly at the metal recycling 
stage, and develop effective industrial waste management systems and strategies.  
Keywords: Industrial waste, Recyclability,circular ecoomy, recycling difficulty.  
  
2. INTRODUCTION  

Natural resource production has driven economic growth in the world since the industrial 
revolution. Over the past four decades, global resource consumption almost tripled from 34 
billion tons (t) in 1980 to 92 billion tons in 2017 and is expected to 170190 billion in 2050 
(Bringezu et al., 2017; Hirons, 2020). However, due to resource depletion and degradation 
challenges faced by conventional mining operations (Northey et al., 2017; Nuss & Eckelman, 
2014), the linear economic model is no longer in line with sustainable global vision growth. 
Sustaining the rising demand for a modern lifestyle with limited resources is one of the biggest 
challenges facing human society (Kirchherr et al., 2017). Closed downstream of the circular 
economy, hunting anthropogenic minerals to replace natural minerals, known as urban mining, 
is crucial to the building economy (Winans et al., 2017). Increased attention is paid to the endof-
life (EOL) recovery stages. Here, we assess the end of life stage recyclability of four major 
industrial waste types (tailings, slag, sludge, coal tar). Thus, this study intends to: (1) inspect 
industrial waste chemical composition, grade and entropy patterns, (2) project recyclability, 
recycling difficulty, and difficulty ratio, and (3) examine resource sustainability prospects to 
achieve circular economy under different recycling rates regarding recyclability.  
  
3. METHODOLOGY  

We first collected a few industrial samples, analyze their chemical composition by XRD, XRF, 
SEM, and calculated from the literature review. We calculated the grade, entropy recyclability, 
and recycling difficulty of each waste.  
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Results:  
We plot a recyclability map for various industrial waste types. In Fig. 1(a), the recyclability 
ranges from 17-46/bit. Gold tailings, copper tailing, copper slag, red mud, and coal tar lie in an 
easy recycling zone, revealing that recycling is feasible. Though oil sludge, iron tailing, gypsum 
slag, coal fly ash, and phosphogypsum are in a moderate recycling region. In contrast, iron and 
steel slag, iron vanadium slag, and arsenic filter cake fall in a difficult recycling zone. Fig. 1 (b) 
shows recyclability trends with certainty bands. Using Monte Carlo simulations with a confidence 
band(0%, 25%, 50%, 75%,100%) is used to reflect uncertainty in our estimated function based 
on small data. Confidence and prediction bands are used as part of the graphical presentation 
of regression analysis outcomes.  

 

  
Figure 1(a): Systematic map showing industrial waste recyclability. Each bar shows the 
recyclability of a given waste, and squares represent the average value. Note: ISS: Iron and 
steel slag, RM: Red mud, CS: Copper slag, CT: Copper tailing, FeT: Iron tailings, AuT: Gold 
tailings; OS: Oily sludge, CT: Coal tar  
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Figure 1(b): recyclability trends showing four certainty bands.  

  
Conclusion and future outlook:  

 Due to rising resource scarcity and environmental degradation, global concern has been 
moved dramatically from natural mining to urban mining.  

 The calculated results of the recyclability of industrial waste obtained in this study could 
contribute to governmental industrial waste management policies.   

 Therefore, the recyclability map built here can provide a guideline for developing a viable 
industrial waste management funding scheme.  

 The funding scheme would set up levy money from industrial waste management and 
distribute the funds to suitable approved recyclers.  

  
4. REFERENCES  

  
1. Bringezu, S., Ramaswami, A., Schandl, H., O’Brien, M., Pelton, R., Acquatella, J., Ayuk, E., 

Chiu, A., Flanegin, R., & Fry, J. 2017. Assessing Global Resource Use:  
A System Approach to Resource Efficiency and Pollution Reduction.   

2. Hirons, M. 2020. How the Sustainable Development Goals risk undermining efforts to 
address environmental and social issues in the small-scale mining sector?  

Environmental Science & Policy, 114, 321-328.   
3. Kirchherr, J., Reike, D., & Hekkert, M. 2017. Conceptualizing the circular economy: An 

analysis of 114 definitions. Resources, conservation and recycling, 127, 221-232.   
4. Northey, S. A., Mudd, G. M., Werner, T. T., Jowitt, S. M., Haque, N., Yellishetty, M., & 

Weng, Z. 2017. The exposure of global base metal resources to water criticality, scarcity 
and climate change. Global Environmental Change, 44, 109124.   



 
 
 

 

107 

5. Nuss, P., & Eckelman, M. J. 2014. Life cycle assessment of metals: a scientific synthesis. 
PLoS One, 9(7), e101298.   

6. Winans, K., Kendall, A., & Deng, H. 2017. The history and current applications of the 
circular economy concept. Renewable and Sustainable Energy Reviews, 68, 825-833.  

  
  



 
 
 

 

108 

RESILIENCE REINFORCEMENT AND CIRCULAR TRANSITION OF CITIES BY ROLE 

TRANSFORMATION OF WATER SYSTEM HOTSPOTS WITH EDI TECHNOLOGY 
°Li-Heng Chen a, b, Tse-Lun Chen a, b, Yupo Lin b, *Hwong-wen Ma a, Chang-Ping Yu a 

a Graduate Institute of Environmental Engineering, National Taiwan University, Taipei, Taiwan 
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 Urbanization has been a continuing trend. In 2018, 55% of the world’s population resided 
in urban areas. This percentage is projected to grow to 68% by 2050 (UN, 2019). Through this 
process, the population concentrates on expanding urban lands, and the pressure of resource 
demand builds up. The current urban resource of satisfying 4.2 billion people is expected to 
increase to supply a 6.7 billion population in 2050. Cities have failed to address this issue before. 
On this prolonged path of urbanization, the primary challenge that cities face has eventually 
developed into resource recovery to undertake climate change, resource scarcity, unsustainable 
consumption, and transform cities from linear reactors into circular reactors (Agudelo-Vera et 
al., 2011). 
 There is a substantial and urgent need for urban circular transition and requires 
identifying the resource consumption hotspots, formulating optimal plans, and implementing 
measures that enable systematic retrofit on the hotspots. Recognizing and understanding these 
adversities, this study identifies a group of resource consumption hotspots that provide a 
consistent waste stream, namely the numerous wet cooling towers in urban environments. 
Decentralized management measures and enabling technologies that are economically feasible 
are applied to the hotspots for an effective circular retrofit strategy that specifically focuses on 
the urban water system. Water reclamation and brine resource management at urban cooling 
towers are targeted and resin wafer electrodeionization (RW-EDI) is utilized as the enabling 
technology for our strategy. 
 Water reuse is a reliable, local water supply that reduces vulnerability to droughts and 
other water-supply constraints and provides economic and environmental benefits by reducing 
energy use, diversions from rivers and streams, and pollution from wastewater discharges 
(Asano, 2002). Demand management should be implemented first to open up more opportunities 
for better matches between the quality of water required for specific end uses, and the level of 
treatment needed and therefore quality of water supplied (Mitchell & White, 2003). Also, the 
costs of direct wastewater reuse would likely be lower because of the potential to greatly reduce 
the need for additional distribution and treatment costs associated with indirect reuse systems 
(Cooley & Phurisamban, 2016). Hence, decentralized management measures in urban water 
supply and demand are essential for realizing fit-for-purpose water treatments and direct reuse.  
 In a typical commercial building, 48% of total water consumption is used for cooling and 
heating purposes (Chanan et al., 2003). This depends on cooling towers, which makes them the 
largest water consumer in commercial buildings. It is estimated that in office districts, the annual 
water used by cooling towers per area could reach 83 m3/m2, and 177 m3/m2 for commercial 
areas (Yamaguchi & Shimoda, 2010). Other than office and commercial buildings, the floor space 
of approximately 40% education building, 45% health care buildings, 70% lodging buildings, 
and 55% public buildings are served by wet cooling towers in the U.S. (USDOE, 2001). This 
shows that cooling towers play the role of a major water consumer in urban environments. 
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Figure 1 – Urban wet cooling tower transformation (EF: energy flow; WF: water flow) 

 
 Therefore, the objective of this study is to explore the role transformation of urban wet 
cooling towers from simple consumers to prosumers, that is an active agent operating as both 
a producer and a consumer, by mining water and brine resource through RW-EDI technology in 
cities internally (Figure 1). In addition, achieve resilience reinforcement of urban environments 
through the circular transition of the water system. 
 Figure 2 shows the water savings result of the investigated cooling tower after 
transformation. The red dashed line is the evaporation rate. It represents the minimum water 
consumption rate for a cooling tower, and it is 4.27 m3/hr in this case. The green dashed line is 
the original make-up water flow rate, which is 5.03 m3/hr of fresh tap water constantly consumed 
to maintain the steady operation for the investigated cooling tower. After the retrofit and 
transformation, we can see those water savings, the diamonds in figure 2, appear even at lower 
number of concentration cycles (N), and gradually increases with N. When N is 2, the flow rate 
of fresh feed water significantly declines 13.3% from its original 5.03 m3/hr to 4.36 m3/hr, and 
produces a water-saving of 0.668 m3/hr. The water-saving increases to 0.706 m3/hr when N is 
10, and the fresh tap water consumption gradually approaches the evaporation. The treatment 
target of the mixed feed water varies depending on the N. When N is 2, the mixed water is only 
processed to 50% of concentration of blowdown water, and the total flow rate of the mixed feed 
water is 8.54 m3/hr, among this 4.27 m3/hr is reused water and only 4.36 m3/hr is fresh feed 
water. The proportion of fresh reused water in the mix significantly declines to 0.47 m3/hr when 
N is 10. This shows that when the mixed feed water is treated to a higher quality, less mixed 
feed water is needed to be treated by RW-EDI, and the total flow rate of the mixed feed water 
decreases to 4.75 m3/hr. Water savings larger than 13% are achievable for the investigated 
cooling tower, and the remaining water consumption is to satisfy the evaporation and brine 
management demand of the transformation model. 
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Figure 2 – The water savings result of the investigated cooling tower after 

transformation 
 

 The circular transformation of existing cooling towers requires the initial cost of system 
inspection and engineering design, RW-EDI equipment production, and facility retrofit 
construction, and the operation cost of system maintenance, resin bead wafers and ion-exchange 
membranes replacement, and electricity input. Electricity is the main operation cost of RW-EDI 
treatment. The implementation of zero-discharge cooling towers should be particularly attractive 
to arid environments, where HVAC is essential but water resource is scarce and valuable, and 
regions with high HVAC demand, i.e., regions that are seasonally in hot, humid, and cold 
climates. The energy demand for HVAC is substantial and transformation cooling towers can also 
play an important role in achieving the goal of nearly zero energy buildings in the EU and zero 
energy buildings in the US, reducing the carbon emission from significant water savings. 

 
References 

1. United Nations. World Urbanization Prospects: The 2018 Revision. New York, NY: UN; 
2019. 

2. Agudelo-Vera, C. M., Mels, A. R., Keesman, K. J., & Rijnaarts, H. H. (2011). Resource 
management as a key factor for sustainable urban planning. Journal of environmental 
management, 92(10), 2295-2303. 

3. Asano, T. (2002). Water from (waste) water–the dependable water resource. Water 
science and technology, 45(8), 23-33. 

4. Mitchell, C., & White, S. (2003). Forecasting and backcasting for sustainable urban water 
futures. Water Policy, 30(5), 25-28. 

5. Cooley, H., & Phurisamban, R. (2016). The cost of alternative water supply and efficiency 
options in California. Oakland: Pacific Institute. 

6. Chanan, V., White, S., Howe, C., & Jha, M. (2003, April). Sustainable water management 
in commercial office buildings. In Innovations in Water: Ozwater Convention & 
Exhibition. 



 
 
 

 

111 

7. Yamaguchi, Y., & Shimoda, Y. (2010). District-scale simulation for multi-purpose 
evaluation of urban energy systems. Journal of Building Performance Simulation, 3(4), 
289-305. 

8. Energy Consumption Characteristics of Commercial Building HVAC Systems Volume I: 
Chillers, Refrigerant Compressors, and Heating Systems. (2001). U.S. Department of 
Energy. Contract No.: DE-AC01-96CE23798. 

  



 
 
 

 

112 

ANALYSIS OF WORKING PRINCIPLES OF MODERN CONTROLLERS IN COMBUSTION 

OPTIMISATION ON FORWARD-MOVING RECIPROCATING GRATES 
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In this abstract basic principles for combustion optimization are explained and analyzed. Some 
practical results are shown for better understanding. Implementation of procedures of this 
approach for combustion optimization can considerably enhance plant efficiency, profitability and 
provide considerable benefits for plant operators. 
 
The combustion process in Waste to Energy (WtE) and biomass to Energy (BtE) plants is very 
complex, and demands on control systems in those plants are very sophisticated. There are 
many theories about the best combustion technologies to use and there are equally many 
different approaches to find the right solutions. In most conventional control systems there are 
lots of implemented control algorithms and many arguments on how to compare different 
approaches. 
In all of these discussions two basic factors are used in nearly all comparisons: 

1. Which main actions influence the quality of the combustion process? 
2. Which measured parameters can be accurately compared to estimate the combustion 

quality? 
Simplistically 3 main actions influence the combustion process. 

1. Adding fuel into the burning chamber 
2. Blowing oxygen into the fire 
3. Mixing the fuel with combustion air 

 
After many years of optimizing the combustion process in Waste and Biomass plants, we have 
demonstrated that mixing the burning fuel is one of the most important actions inside the 
combustor, and is especially effective with special FORWARD MOVING RECIPROCATING GRATES. 
Because of this, the optimization principle described in this paper is primarily developed for 
implementing forwarding MOVING RECIPROCATING GRATES. 

  
Fig. 1 Forward moving reciprocating grate 

On Fig. 1   main elements for combustion control are denoted. 
 

1. Pusher (feeder) (1) has control of  adding fuel into the burning chamber 
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2. Primary air supply, and secondary air supply (2)  have  control of blowing oxygen into 
the fire 

3. Forward moving reciprocating grate (3) has control  of mixing the fuel with combustion 
air 

 
Combustion control is done by approximately 30 actuators. Those actuators are analog, and it 
is important to emphasize that those actuators provide billions of possible combinations for fine 
adjustment. For good combustion optimization, it is necessary every few seconds fine adjust 
actuators which is a very complex task. One basic question is how to calculate an appropriate 
combination.  One of the methods is the appropriate usage of measurements of combustion 
parameters.  Measurement systems in plants provide about 100 measurement results, and those 
measurement results are the fingerprint of current combustion status.

 
 
Fig. 2  Process data from combustion system are fingerprints of current combustion 
status 
 
Those measurements should be processed and every few seconds controller should provide an 
appropriate combination for fine adjustment of actuators. Because of fact that there are billions 
of possible combinations standard controllers cannot be used.  
For so complex tasks state controllers should be used. Fig 3 is shown the basic principle of 
implementation of state controller. 

               
 
Fig. 3  implementation of state controller. 
 
Because of the implementation of fast state controllers, and because of the implementation of 
complex software practical results have considerable benefits in comparison with usual methods. 
In the following Figures, some practical results of the implementation of modern optimization 
methods are shown. 
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Fig. 4 steam production with DCS  Fig. 5 steam production with state 
controller  

   
 
Fig. 6 primary air controlled by DCS Fig. 7 primary air controlled by state  controller 

( same line ) 
Note: the higher amount of primary air is related to an increase of waste throughput/steam 
production. 

  
 
Fig. 8 ceiling temperature controlled by DCS Fig 9. Ceiling temperature controlled by 

state controller ( same line ) 
 
Note: the higher amount of primary air is related to an increase of waste throughput/steam 
production. 
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Because of possible oscillations in steam production, some boilers have ``reserve`` because of 
avoiding problems of unexpected peaks in steam production. After some years of implementation 
of reliable controllers, it is possible to see that great peaks are avoided. In that case, it is possible 
to enhance steam production without any mechanical changes. 

  
Fig. 10 in this particular case enhancement of steam production for about 10 % was 
done without any mechanical changings and without any changings in automation 
system. 
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