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ABSTRACT 
The Circular Economy (CE) principles recently set out by the European Union (EU) include 
additional guidelines for municipal solid waste (MSW) management. More detailed information about 
material streams must be generated and managed so that the entire system can be monitored from a 
new perspective. Suitable indicators (and indices from them) must be made readily available, so that 
they can be used to assess the efficiency that the European Union expects from the sector. This article 
presents a preliminary critical analysis of the literature and identifies that indicators and indices 
should be considered to facilitate the evaluation of MSW management under a CE vision. The 
analysis is combined with a discussion of the situation in various countries, to provide an overview of 
attempts to implement CE strategies worldwide. Special waste is not dealt with in this article as EU 
updated the vision of waste management starting from the MSW sector, on which this work is 
focused. 
Keywords:  sustainability, circular economy, recycling, integrated waste management, selective 
collection, quality index. 

1  INTRODUCTION 
Municipal solid waste (MSW) management in the European Union (EU) is based on well-
known principles that include recycling aimed to material recovery as a strategic option [1]. 
This presents major challenges to most cities in the modern world [2]–[4]. In many 
countries, especially in developing countries and emerging economies, MSW management 
models are generally insufficient, with incomplete waste collection coverage and low rates 
of source-separation and recovery of waste streams, which end up in landfills or dumps 
[5]–[10]. These final destination sites can cause significant environmental and health 
impacts: fugitive emissions of biogas play a role in the greenhouse gas balances (globally) 
and in the odour impact (locally); the leachate generated through waste leaching is difficult 
to treat; waste pickers working on informal sites inhale pollutants. Thus, improved solid 
waste management strategies are required worldwide, because this problem will be 
aggravated in the coming years due to the increased production of MSW. Sustainable 
development goals (SDGs) – the blueprint of relevant global issues adopted by the UN, has 
a strong connection with efficient MSW management, and the transition towards Circular 
Economy can be the major principle for implementation. The CE principles, recently 
drafted by the EU, address this problem, and give specific attention to material recovery 
and reuse [11]–[14]. In addition to recyclable materials, the transformation of waste with 
high calorific value into energy is an option identified in the new EU Green Deal, but may 
at first sight appear to be controversial; in reality, thermochemical waste-to-energy (WtE) 
plants allow for energy recovery and their environmental impact can be managed 
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adequately only through enhanced expertise. What is clear is that, through energy recovery, 
landfilling can be reduced significantly not only in mass but also in volume [15]–[17]. The 
environmental impact cannot be compared to extreme source separation methods (e.g., 
metals) because of the complex behaviour of some substances in the thermal process (e.g., 
the percentage of metals in the ash and the stack). However, processing source separated 
waste needs optimized approaches for avoiding local impact too (an example is 
composting). The advantages of CE from this perspective therefore require specific 
analysis. 

Fig. 1 illustrates the waste management hierarchy from the most desirable (prevention) 
to the least desirable (disposal) options. Prevention is the most effective way of dealing 
with waste as it reduces the amount generated in the first place, thus reducing the impact on 
the environment and the cost, as a lower amount of waste needs managing. 
 

 

Figure 1:  Municipal solid waste management hierarchy. 

Disposal does not extract any value and includes landfill and incineration, which offer 
no energy recovery in their most simplified versions. It is at the bottom of the hierarchy 
because the materials become useless and have no value when they are sent to landfill 
(when no pre-treatment is implemented), and so ideally this would only be a last option. 
Unfortunately, worldwide, many towns and cities are not able to follow the waste hierarchy 
and the only option they consider is disposal. Generally, specifically in low-income 
countries, most of the waste is never collected (it is dumped or burned) and even when it is, 
most of it is taken to landfill [18]. However, these locations are still expected to move 
towards a CE management approach. The transition towards a CE can be encouraged 
through a combination of regulations and incentives [19]. 
     Concerns have been raised about the adequacy of the methodology currently used to 
analyse the composition of residual MSW, which is the waste stream containing unsorted 
materials. The presence of recyclable materials that have not been separated at the source 
must be assessed. For example, in the Italian Trentino Province, where such analyses  
are conducted, although 29 fractions are used in the characterization, modifications are 
necessary due to the requirements arising from CE principles [20]. In general, the following 
classes of materials among the residual MSW should constitute the minimum level of 
analysis: 

 Plastics: plastic packaging waste, PET bottles and HDPE bottles. 
 Cellulose-based items: paper packaging waste and similar. 
 Glass: glass packaging waste. 
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 Aluminium: aluminium packaging waste, similar classes and aluminium packaging 
accessories. 

 Steel: steel packaging waste and similar classes. 
 The organic proportion of MSW (OFMSW): the percentage (weight) of organic 

material among the residual MSW should be assessed, both for the OFMSW and for 
green waste. 

Thus, the kind of information that should be collected represents the amount and quality 
of the valuable material present in the residual MSW. Concerning the characteristics of the 
above presented list of classes of materials, the sector of MSW management evolved 
strongly: in order to generate a detailed characterization of residual MSW aimed to check 
the CE potentialities in the related territory, in some cases the list has been expanded up to 
more than 20 fractions. 

The availability in the literature of indicators and indices that are suitable for 
considering the EU vision of CE is another issue that must be addressed. This article 
provides initial comments about the conventional indicators and indices available in MSW 
management, and considerations about the characteristics that these indices should have to 
address the new requirements in strong connection with the goal 12 of SGDs. Few studies 
address the strategies that can be implemented to monitor and improve MSW management 
from a CE perspective. Thus, we analyse the available indicators and indices and propose 
those that are suitable for assessing the effectiveness of CE strategies in MSW 
management. In addition, six international case studies are reviewed to illustrate the 
situation in different countries and reveal novel options that comply with CE principles. 

2  CONSIDERATIONS ON THE INDICATORS AND INDICES FOR  
MSW MANAGEMENT IN THE LITERATURE 

Various indicators are available in the MSW management field, which can be used to 
describe aspects of MSW management. Indicators for the evaluation of MSW collection 
systems have been proposed, and focus on performance in terms of distance, time and fuel 
consumption, vehicle and personnel workload, and costs [21]–[24]. In terms of MSW 
source separation, quantity and quality efficiency indicators for the various classes have 
been used in many contexts [25]–[29] and studies comparing the recycling processes for the 
separated materials have been conducted using Life Cycle Assessment (LCA) tools [30]–
[32]. All of the indicators currently available in the literature focus on processing 
information about the various material flows coming from selective collection (SC), and are 
aimed at the constant improvement of integrated waste management scenarios. However, 
only a few studies have considered what improvements could be implemented in the 
management of residual MSW with respect to the CE principles. 

3  INDICATORS AND INDICES FOR EVALUATION OF  
CE EFFECTIVENESS 

The brief analysis reported above indicates that an additional effort must be made to obtain 
information about: 

 The efficiency of SC for each material of interest. 
 The quality at the source of the separated materials. 
 The economic and environmental sustainability of the waste collection system and of 

the treatments available for the separated sources. 
 The destination of the residues in the adopted treatments. 
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 Carbon capture and sequestration (CCS) technologies applied to the off gas from 
energy recovery treatments. 

 The development of reuse practices. 

The indicators and indices that should be developed (or confirmed) must consider the 
above listed characteristics. In particular, WtE is not excluded from the scenarios managed 
according to CE principles: new indicators should acknowledge the implementation of CE 
practices in residual MSW energy recovery processes regarding bottom ash vitrification and 
reuse, carbon capture technologies applied to off gas to extract CO2 as an industrial 
product, exploitation of off gas from energy recovery processes for district heating and 
metal recovery from slag. 

A selective collection quality index (SCQI) has recently been proposed in the 
international literature to address the CE vision that includes collection efficiency (and, for 
each fraction, the type of collection), quality of the source of the separated materials, the 
presence of a tariff, the influence of tourism [33]. That proposal originated from an Italian 
case-study. A group of proposed indicators were applied to a specific period to assess the 
potential of the index. Quantitative results of this case study were obtained, based on the 
sub-parameters that characterize the proposed index. Decision-makers can then focus on a 
specific territory and identify the critical SC issues that must be addressed [33]. The SCQI 
aims at making available an integrated tool that can be used in other areas in Italy and 
abroad, within the CE context. This limitation depends on the structure of MSW 
management that is taken into account as a background of the index. 

The percentage of thermochemically treated waste with a lower heating value (LHV) 
higher than a certain threshold, e.g. LHV > 13 MJ/kg, and sent to energy recovery options, 
can be used as an indicator of the energy recovery management performance of the system. 
The waste to be considered should be both the one directly used (residual MSW) and the 
one indirectly used (Solid Recovered Fuel, or SRF) as the input for thermochemical plants. 
The cited value has been assumed as a decisional threshold in Italy for many years. Indeed, 
for a long period, waste with LHV > 13 MJ/kg had to be sent to energy recovery plants 
instead to landfills. The residual MSW stream sent to thermochemical plants for energy 
recovery could be differentiated into sub-streams, depending on the final destination and 
the pre-treatment adopted (if any). Checking if the threshold value proposed for addressing 
the energy strategies in the waste sector is under consideration would be strategic in both 
cases. Administrations that only send waste with LHV > 13 MJ/kg to thermochemical 
plants should get a 100% score in this evaluation. Referring to the MSW directly or 
indirectly used as an input in thermochemical plants, the percentage of waste with 
recovered ash (bottom ash and fly-ash) could be another indicator. Bottom ash can 
potentially be used in the cement industry after treatment (a minimal metal recovery can 
also be performed by an integrated process). Fly-ash can potentially be vitrified and used as 
a secondary product. Plants where an integrated vitrification is performed (e.g., gasification 
at a high temperature, including cases of indirect combustion with a vitrifying chamber) 
should be given a 100% score for this indicator. Integrating these concepts can provide an 
index that is suitable for analysing the role of WtE in the frame of a CE approach. 

 In terms of SC of food waste, one CE indicator could be the percentage of this stream 
sent to anaerobic digestion (AD), which gives two final products: biogas and compost. This 
is preferable to direct composting, since AD allows for the production of methane, 
generates less odours and is characterized by higher acceptability by the local population. 
The biomethane extracted from biogas should guarantee a higher score. If biomethane is 
produced from 100% of the food waste available in the territory, a 100% score should be 
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given for this indicator. Scenarios with biogas could be differentiated by considering the 
application of a 60% coefficient to reduce the value of the indicator (60% can be assumed 
as the percentage of methane in the biogas). For example, if food waste has a SC rate of 
80%, and 50% is sent to AD where biogas (and not biomethane) is produced, the indicator 
would have the following values: 80% ꞏ 50% ꞏ 60% = 0.24. Integrating these indicators can 
provide a CE index. In case of the extraction of CO2 from the off gas that remains after 
biogas upgrading, the scenario becomes more complex. Here, an aspect to be focused on is 
the fate of the CO2: it can be either a product or a compound to be sequestrated. This 
opportunity (extraction of CO2) is not yet widely adopted; however, in order to avoid future 
recalibration of the indicators and indexes, an overall index could already include this 
strategy. 

Developed and developing countries currently apply different MSW management 
approaches. The MSW management model for developed countries is focused on the 
hierarchy of waste management, as reported in Fig. 1 [1]. In developing countries, the 
model is generally insufficient with incomplete waste collection coverage, and low levels of 
source-separation and recovery rates of waste, which thus ends up combined and sent to 
landfills or dumps. Table 1, summarizes the case studies described below for MSW 
management worldwide. 

Table 1:  MSW management in the six countries analysed. 

Case study Main fraction in MSW 
Emerging/characterising 
technology 

Reference 

Iran Organic material Composting process [34] 

China Food waste Incineration [35], [36] 

India Food and inert MSW Landfills [37] 

Czech 
Republic 

Municipal waste landfill Composting process [38] 

England 
Household waste, food and 
textile separation waste

Anaerobic digestion [39] 

Russia Paper Recycling and landfill [40] 

3.1  Iran 

MSW management was officially implemented in Iran only in 2004 when the government 
established the first regulation of solid waste, which became necessary due to the rapid 
population growth in urban areas [34]. Iran has a per capita MSW production of 272 kg per 
year, which has remained almost constant over the past decade. The absence of a specific 
programme to get a reduction of the production of MSW means that SC is only conducted 
in some urban areas and citizens lack a proper training in waste separation. The SC 
collection rate is thus lower than 8% [34]. Considering the high content of food waste in the 
residual MSW (more than 68%) [34], the absence of defined strategies for recycling may 
lead to significant emissions of greenhouse gases from the waste sector. Esmaeilizadeh et 
al. [34] proposed a set of strategies that can help Iran take action towards the 
implementation of CE principles, including investing in education to raise the awareness of 
the population about the importance of a proper waste management strategy and SC 
procedures, making waste hierarchy the basic principle for future waste management 
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programmes, involving experts in drafting waste management plans and make strategic 
decisions, and considering cost-benefit analyses during the decision-making processes. 

3.2  China 

China has made efforts to improve the quality of its MSW management system over the last 
decades. However, recycling is not formally recognized (yet) as an important contributor to 
MSW management in China. Informal recycling practices are conducted, mainly by waste 
pickers. The food waste proportion collected in China accounts for about 60% of the 
generated MSW [35]. According to Liu et al. [35], the environmental performance of the 
Chinese MSW management system could be maximized if a minimum of between 20% and 
30% of food waste were collected separately and treated in AD or composting facilities, 
and if the products of anaerobic or aerobic treatments were used in agriculture. Incineration 
is proposed to be the best process for dealing with residual MSW [35], in spite of its low 
energy content. Of course, the high population density that characterizes many cities makes 
incineration more appealing. The risk consists in the possibility that building incinerators 
before optimizing SC could make citizens less interested in source separation. Shanghai 
was the first Chinese city to implement SC and a dedicated regulation [36]. According to 
Xiao et al. [36], the economic policies developed by the local administration will have a 
major impact on the local management of MSW in the future. The Shanghai model may 
also positively influence the MSW management of other cities in China and worldwide. 
The food waste percentage in the residual MSW makes it suitable for a biodrying treatment 
aimed to SRF production. SRF could be used in cement kilns in order to partially substitute 
coal with advantages also in terms of CO2 emissions. Indeed, since a fraction of residual 
MSW is discarded biomass, also SRF is partially renewable. Moreover, the low percentage 
of SC presently reached makes interesting the option of post-treatment of biodried material 
for extraction of glass, metals, inert material to be sent into the recycling sector, according 
to the principles of CE. The scientific literature demonstrates that China is contributing to 
study the viability of this process, this approach cannot be considered as a characteristic of 
the Chinese MSW sector yet. 

3.3  India 

Urban areas in India are characterized by high population densities and high expansion 
rates that lead to several environmental problems, including the management of MSW [37]. 
Zooming on a region, according to local estimations, about 557,000 t/y of MSW are 
dumped in public areas in Delhi. A large proportion of the illegally dumped MSW includes 
biodegradable MSW (425,000 t/y), paper and cardboard (30,000 t/y) and plastics  
(38,000 t/y). High quantities of inert MSW (70–95%) and food waste (80%) were identified 
in various neighbourhoods of the city and represent different socio-economic conditions 
[37]. Nagpure [37] developed a model to track the characteristics of illegally dumped MSW 
in selected neighbourhoods (e.g., the spatial frequency of dumping, the waste mass and 
composition). A comparison of the MSW generated annually in neighbourhoods and that 
illegally dumped indicates that only 67% of the MSW generated in poor neighbourhoods is 
sent to landfills, compared to 97–99% in higher income neighbourhoods. Besides the 
dumping problem, India is known for a significant use of anaerobic digesters at village 
scale. The technology in use is simplified, but biogas is exploited e.g. for the kitchen of 
local schools. This energy recovery strategy goes in parallel with material recovery because 
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the digestate can be applied to agriculture. From this point of view, CE appeared in India 
before the recent perspectives set by EU. 

3.4  Czech Republic 

In Czech Republic, composting is an important part of the CE implementation and 
contributes to closing the waste management cycle thanks to the characteristics of its final 
product. In the case study described by Vaverková et al. [38], the process of composting of 
food waste is conducted on the surface of a reclaimed landfill site. However, bad 
composting design or inappropriate management of the composting process could lead to 
the growth of invasive and undesired plant species. Through a monitoring campaign, 88 
plant species were found in various phases of composting. Specific expedients such as the 
occurrence of the thermophilic phase and sufficient moisture can help preventing the 
development of invasive weeds. The composting of food waste produced locally should 
also be considered to avoid the possible presence of the seeds of allochthonous species. 
Apart from these specific problems, often potential, composting is seen favourably in term 
of CE in spite of the difficulties of local acceptance. Such difficulties are related to the 
generation of odours that cannot be easily managed in large plants. 

3.5  England 

In England, MSW comprises both household waste and waste generated by industry, 
commercial activities and institutional bodies, provided that the characteristics of the waste 
produced in non-household contexts are similar to household waste. However, in 
Nottingham [39] only household waste is regarded as MSW. The authors proposed five 
indicators that consider the waste management hierarchy: the per capita waste generation, 
the recycling rate, the SC rate, the recovery rate and the rate of landfilling. Waste 
prevention ranks highest on the waste management hierarchy and is regarded as the most 
desirable option for diverting waste from landfill: less waste, less problems. An alternative 
scenario is proposed that considers food waste and textile separation at the source and the 
use of AD to treat separately collected organic waste [39]. 

3.6  Russia 

Open landfills were for many years the main option for waste management in Russia, but a 
large-scale reform of waste management is currently being implemented. The problems of 
managing existing landfills and dumps are being addressed, along with the optimization of 
management systems for newly generated waste streams, particularly at the collection 
stage, which will increase the level of processing. The licensing of waste operators has also 
been introduced, which will enable the best possible technological options to be chosen 
when planning solid waste management schemes [40]. Another important development is 
the introduction of renewable materials and technologies into enterprises, in which a 
transition to circular business models could be implemented by considering CE principles 
[41]. Ecological regulations have been introduced, and a model of extended producer 
responsibility has been developed based on the positive experiences of European countries 
[40], [42]. The identification of realistic scenarios is important and requires environmental 
and economic assessments. In a study in Irkutsk [43], an environmentally optimal scenario 
for waste management has been identified that includes the separate collection and 
processing of recyclable materials in combination with the preliminary aerobic mechanical 
and biological treatment of residual waste before disposal, but this scenario is not 
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economically viable in real conditions. Energy recovery from waste is the most important 
factor in waste management in Russia, so it is important to investigate different waste flow 
characteristics [44]. The Russian Industrial development strategy for the processing, 
treatment and disposal of industrial waste and MSW for the period up to 2030 has defined 
one of the main CE resource-oriented indicator – the level of substitution (in percentage) of 
non-renewable natural resources for recycled ones for application in national economics, 
thus characterizing the scope of 3R (reduce-reuse-recycle) principle in the country [45]. 
Specific indicators, measuring the share (or rate) of achieved success towards CE, are 
considered to be the most valuable and all-purpose instrument for the CE ideology 
transition as it was mentioned by Kiselev et al. [46] for sewage sludge, but relevant for 
MSW. 

The separate collection of waste has not been fully implemented in Russia, so solutions 
aimed at obtaining useful products and energy from unsorted organic waste deserve 
attention. In Paukov et al. [47] the processing of organic unsorted solid waste is proposed 
by coking them together with oil residues to obtain liquid oil products. Such an approach 
would enable organic MSW (waste tires, plastic, etc.) to be processed in oil refineries 
instead of building specialized waste processing plants. The region of Sverdlovskaya Oblast 
has been recently analysed from the perspective of CE strategies. Although the recovery of 
materials from MSW was lower than 15% before 2017 [48], this region is considering CE, 
and involves the contribution of the university sector [49]. 

Training is extremely important and is a priority in the context of waste management 
reform, as production and consumption waste management is a very specific area that 
requires interdisciplinary knowledge. The education system must also quickly respond to 
the demands of economic development and the prospect of a transition to a new “circular” 
model. The approach to learning therefore urgently requires changing. Experiences of 
implementing educational programs focused on waste management are currently limited in 
Russia, and this issue should be addressed at the regional level. Universities can educate 
future managers, define new management approaches, develop new technologies for 
recycling/recovery, and disseminate the principles of CE through the student community. 

4  CONCLUSIONS 
The majority of the indicators available focus on the valuable sources derived from the 
separate collection systems. These indicators are useful for assessing a particular system or 
process, but to put things in perspective and to identify better methods for increasing 
sustainability more broadly, improvements are required. Specifically, the characteristics of 
the indicators and indices should consider CE practices, and new indicators should be 
developed, which focus for example on residual MSW analyses, treatment residues 
valorisation, reuse practices, CCS technologies, green energy production (including 
biofuels) and sustainability of the MSW management system as a whole. A problem of the 
adoption of these indicators in low-income regions is related to the incomplete collection of 
waste and, more in general, to the absence of a tradition of data generation in the waste 
management sector. Reliable data generation is compulsory to take advantage of the 
potential of the indicators and indices. 
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