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Abstract

This study contributes to estimate the total waste generated at global level. A few studies have provided an efficient and comprehensive
global estimate. However, data reporting is globally inconsistent due to varying interpretation of terminology, lacking standardised
categories and varying methodologies used to observe and measure waste amounts. This study employs regression analysis and
material flow analysis approaches to ensure a cross-comparability of waste generation data. The result implies that total global
waste arisings are around 20 billion tonnes in 2017. This corresponds to 2.63 tonnes of total waste per capita (cap) per year. The total
global waste generated is expected to grow to 46billion tonnes by 2050 under a business-as-usual scenario. Municipal solid waste
(MSW) is a much smaller amount, ranging from 2.3 to 3.1 billion tonnes (average of 2.7 billion tonnes) in 2019. This figure reflects
an increase of between 30% and 50% in MSW generated during the last 15years (2004-2019). MSW generated is expected to grow
to 2.89—4.54billion tonnes by 2050, depending on which assumptions are used. This represents a 26%—45% increase compared to
2019. The overall assessment in this study reveals that almost one-third of the total MSW generated is not collected, and most of
what is collected is not treated accordingly to current ideas of sound management. Moreover, almost 42% of MSW goes to open
dumping or uncontrolled burning. The finding provides valuable insight for policymakers to design and assess circular economy
policy instruments towards achieving sustainable development goals.
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Introduction order to implement appropriate policy strategies to mitigate pol-

lution and damage caused when waste interacts adversely with

Population growth and development combined with scarce land 1 111ans or the environment. Recently, Maalouf et al. (2020a)

resources in urban areas have posed problems for decision-makers
to handle ever-increasing volumes of waste generated. A detailed
and comprehensive accounting of waste generation, treatment and
disposal forms the quantitative basis for the design and assess-
ment of circular economy (CE) policy instruments. Whereas the
lack of agreement on a common use of CE definition among aca-
demics, policymakers and practitioners is well-documented
(Kirchherr et al., 2017), the need of quantitative indicators for
assessing the ‘circularity’ of national economies, material cycles,
supply chains and product life cycles is essential to facilitate its
implementation (Ellen MacArthur Foundation, 2015). Although
there is no specific definition or theory underlying it, the CE
drives waste management towards better integration with resource
management and incorporates waste management techniques into
each and every supply chain (Mavropoulos and Nilsen, 2020).
Estimation of global waste generation is crucial to recognis-
ing the magnitude and complexities of solid waste management.
Estimates — such as the amount of plastic pollution; efficiencies
in the collection of waste; and lack of treatment and disposal
capacity — are also important evidence that must be accurate in

estimated the newly waste infrastructure projects delivered capac-
ity worldwide between 2014 and 2019, which showed to be higher
in the developed world. Therefore, the predominant disparity
between the significant changes in municipal solid waste (MSW)
generation and actual MSW infrastructure delivery contribute to a
continual increase in uncontrolled waste disposal.

Waste generation has been examined and documented at vari-
ous regional levels. Evidence shows that waste generation in
high-income counties account for 34% of the world’s waste gen-
erated while low-income countries account for only 5% of global
waste (Kaza et al., 2018). The decoupling of economic develop-
ment from waste generation was investigated by some research-
ers (Anupam, 2012; Mazzanti, 2008; Mazzanti et al., 2012;
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Table 1. Five major reports on global MSW generation assessment.

2006 2010 2016 2018 Difference (%)
MSW generated (billion tonnes) 1.7-1.92  1.84b 2.01d 2.1 +24
2.0c
World GDP, PPP (constant 2011 international trillion dollars) 80.587 91.57 112.447 120.856 +50
World GDP per capita, PPP (constant 2011 international dollars) 12,222 13,227 15,142 15,914 +30
World population (millions) 6594 6923 7426 7594 +15

Source: Five major reports: 2From Waste to Resource A World Waste Survey (Gasquet, 2009); "Waste Atlas (D-Waste, 2013); <Global Waste
Management Outlook-GWMO (Wilson et al., 2015); ¢What a Waste 2.0, World Bank report (Kaza et al., 2018); ¢Verisk Maplecroft (2019; Waste
Generation and Recycling Indices 2019). Note that What a Waste 1.0, World Bank report (Hoornweg and Perinaz Bhada-Tata, 2012) was not
considered in this study in order to provide a common basis for comparison with other reports because it only takes into account the amount of

waste generated from urban areas.
GDP: gross domestic product; MSW: municipal solid waste.

Data sources: World GDP, purchasing power parity (PPP] (constant 2011 international trillion dollars): World Bank’s World Development
Indicators; GDP per Capita, purchasing power parity (PPP) (constant 2011 international dollars): World Bank’s World Development Indicators;
World Population (millions): World Bank’s World Development Indicators.

Difference %=1(2018 value - 2006 value)/2006 valuel X 100.

Mazzanti and Zoboli, 2008, 2009; Magazzino et al., 2020; Nicolli
et al., 2012), usually with an European scope and/or an emphasis
on MSW (excluding industrial waste). Some studies analysed the
causal relationship between per capita gross domestic product
(GDP) and MSW generation in some countries. Soytas et al.
(2007) and Lee et al. (2016) showed that there is no causality
between GDP and MSW generation in the United States.
However, Minelgaité and Liobikiené (2019) study covering all
Europe (excluding Luxembourg) revealed that the level of MSW
generation depends significantly on economic development.
Some prior research examined how the supply chain influences
waste generation using input-output (I-O) tables (Jensen et al.,
2013; C. Lee et al., 2012). However, these studies do not differ-
entiate between the various types of waste, the economic waste
generation sectors, and the products and services contributing to
waste generation. Moreover, the above studies used waste data
compiled for particular countries or a set of developed economies
such as the European Union (EU) without considering a trade-
linked inventory; thus, one cannot relate consumption to waste
produced abroad (Tisserant et al., 2017). As for developing econ-
omies, estimating waste generation is challenging due to neglect-
ing waste generation in places that lack formal collection system;
waste leakages to the environment before collection; and waste
collected by the informal sector (e.g. street collection). For
instance, a commonly adopted approach in developing countries
is to measure waste based on a combination of the weight of
waste on collection vehicles entering landfill or disposal sites and
the weight of waste formally collected for recycling (Kawai and
Tasaki, 2016). Tisserant et al. (2017) conclude that at global
level, a comprehensive and consistent accounting of waste gen-
eration and management is still lacking.

Assessing and reporting on MSW generation worldwide
remain a persistent problem. Five major reports (D-Waste, 2013;
Gasquet, 2009; Kaza et al., 2018; Verisk Maplecroft, 2019;
Wilson et al., 2015) using different data sets and approaches, and
reacting to diverse stakeholders’ interests in a number of institu-
tional landscapes have assessed MSW generation at a global
level within the period 20062018 as illustrated in Table 1. A

comparison among these reports showed that all of them reported
the MSW generated within this period to be on the order of 2 bil-
lion tonnes per year. The reported value is problematic because
the world population increased by almost 1 billion person (equiv-
alent to 15% increase) and the GDP per capita (cap) increased by
30% between 2006 and 2018 (Table 1). The world GDP is
expressed in purchasing power parity (PPP) constant 2011 inter-
national dollars and the data are taken from World Development
Indicators database. The results reflect a persistent variability in
estimating global MSW arisings among different reporting
schemes, which necessitate consistent accounting procedures to
ensure accurate quantification of waste generated. The aforemen-
tioned reports are based on the literature and national reports;
thus, suffering from three main problems: (1) these reports do not
consider unregistered waste quantities that are not usually
included in the reporting systems, especially in the developing
world, with the most characteristic example of waste that is
openly burned as a residential practice in rural areas, (2) there is
a significant difference in waste definitions that makes the
reported numbers not comparable and (3) they do not take into
consideration waste related to trade and export. Trade waste is
the waste that is produced during the processing of products and
services for the supply of exports but is processed in the country
where the production takes place. Therefore, a global assessment
of solid waste generation at the world level is lacking (Tisserant
etal., 2017). Attempting to solve this is a governance issue and is
crucial if Sustainable Development Goals (SDGs) reporting is to
ensure proper quantification of waste generated.

It has long been a challenge to compile high-quality waste
data. In this context, the 2015 edition of the Global Waste
Management Outlook (GWMO) (Wilson et al., 2015) identified
the major areas of concern, namely, (1) the lack of standard defi-
nitions and classifications, (2) the absence of measurement and
of standard methodologies for measurements, (3) the lack of
standard reporting systems and (4) the scope of what should be
considered waste data and information (Wilson et al., 2015). In
addition, the presence of unregistered waste quantities that usu-
ally are not included in the reporting systems, especially in
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developing economies, is another usual problem that results in
significant underestimations of the waste generated. In relation to
waste definitions, for instance in developing economies, MSW is
generally defined as the waste generated in municipalities. Most
of the MSW generated in developing economies is non-separated
at source, and thus may be hazardous or non-hazardous (Karak
et al., 2012). Other challenges in measuring waste generated are
the exclusion of waste that is not managed/collected by the
municipality or produced in rural areas, as well as variations in
waste generation by activity and with time and from transient
populations. For example, previous studies such as the World
Bank’s (WaW 1.0) report (Hoornweg and Perinaz Bhada-Tata,
2012) only reported the amount of waste generated in urban
areas. This can be of particular importance considering that MSW
generation in rural areas is estimated to be half that of an aggre-
gate urban rate (Karak et al., 2012; Kaza et al., 2018). Therefore,
neglecting waste generated from rural areas can result with an
underestimation of the total waste generated at the national or
global level.

The estimates available are various, not verified or accurate,
and are often relatively dated. Consequently, it has been difficult
to convert waste data into accurate waste statistics. In this con-
text, assessing global MSW arisings has attracted considerable
attention in several recent studies. An approach based on material
flow analysis (MFA) (Tisserant et al., 2017) calculated the annual
global MSW generation rate, using the multiregional I-O
EXIOBASE global database (Stadler et al., 2018), reported a
value of about 3.2 billion tonnes MSW in 2007. A study on open
burning (Wiedinmyer et al., 2014) estimated the global MSW
waste generation to be around 2.4 billion tonnes in 2010. The lat-
ter has adopted country waste estimates from WaW 1.0 report
(Hoornweg and Perinaz Bhada-Tata, 2012), which estimated
total world MSW generation of 1.3 billion tonnes. Another study
by Christian et al. (2010) gives an estimate of 2 billion tonnes of
global MSW generated in 2010. Despite the growing need for
reliable waste statistics at global level, there remain major con-
ceptual and methodological challenges. The lack of globally har-
monised definitions, concepts and methodologies contributes to
non-comparability of data and overlap of concepts. The key
guideline manuals on environmental statistics, such as the
Framework for the Development of Environmental Statistics
(FDES) (United Nations and Statistical Division, 2017) and the
System of Environmental-Economic Accounting (SEEA), offer
only general instructions and leave a great deal of space for vari-
ous methods and interpretations. Recently, the SDGs 11.6.1
(United Nations, 2019) seek to fill this gap and standardise defi-
nitions in effort to making data points comparable. Nevertheless,
institutions setting up statistics can contribute to over- or under-
estimation of the quantity of waste and/or of particular waste
streams or fractions for political or businesses purposes.

The MFA has become widely applied methods to provide a
system-oriented view of interconnected processes and flows sup-
porting strategic- and priority-oriented decisions and to design-
ing management measures (Allesch and Brunner, 2017). These

methods have been ultimately adopted to support waste manage-
ment decision-making. The MFA concept is gaining weight as an
alternative approach to quantify the total waste generated world-
wide instead of officially reported quantities or literature data. In
fact, data on waste generated in most cases are extrapolated from
variety of sources such as macro-economic data, statistical and/or
other surveys (e.g. websites and reports). This is particularly
important with the presence of unregistered waste quantities that
usually are not included in waste reporting systems, especially in
developing economies, and the inconsistent use of waste defini-
tions that makes reported numbers and waste data not compara-
ble. Therefore, MFA is an effort gaining weight as an alternative
approach to increase the efficacy and usefulness of building
knowledge from large data sources and surveys.

Besides that, the main reason for calculating waste using the
mass-balance systems (MBS) approach is that input data on natu-
ral resources, products and emissions are generally of a higher
quality compared to data on reported waste generation, which are
provided by national institutions using different waste defini-
tions, classifications and accounting schemes.

The economy-wide material flow accounting (ew-MFA) was
applied into official statistical reporting by national and interna-
tional organisations, including the Organisation for Economic
Co-operation and Development (OECD, 2015, 2019) reporting
on green growth and material productivity, the World Resources
Institute (Matthews et al., 2000) and reports by the International
Resource Panel of the United Nations Environment Programme
(UNEP, 2011, 2016, 2019). Increasing awareness to environmen-
tal economic interrelations and the usefulness of ew-MFA indica-
tors are exemplified by several efforts that have been implemented
for assessing global materials flows and their outcomes related to
solid waste using mass-balanced approach. For example, the
OECD (2013) reported that about 20% of the materials extracted
worldwide end up as waste (20%), and other recent studies (Haas
et al., 2016; Krausmann et al., 2018) considered that the total
wastes arising are 22.5% of the resources extracted.

In current practice, ew-MFA databases cover the mass-bal-
anced indicators of domestic extraction of primary materials (e.g.
biomass, metals, non-metallic minerals and fossil fuels), interna-
tional trade (imports and exports), in-use stocks, as well as result-
ing wastes and emissions and all derived indicators (Wiedenhofer
etal., 2019). Just a few studies have attempted to include a mass-
balanced image of national economies’ input and output flows
(Krausmann et al., 2018); the influential studies reported by the
World Resources Institute (Matthews et al., 2000) are significant
exceptions. On the contrary, several international data sets with
global coverage have compiled data on extraction of materials.
Recently, a global harmonised data set for 1900-2017 (including
forecasting until 2050) has been jointly compiled by Krausmann
et al. (2018) research team.

To fulfil the gap, this study intends to provide a global
accounting of waste generation and management patterns.
Ultimately, this study aims to guide both academics and policy-
makers to develop strategies for global waste management to
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achieve SDGs and a CE. Unlike previous studies, we employ two
methodologies based on regression analysis (RA) and MFA to
ensure a cross-comparability of waste generation data. Despite
that these two approaches have been previously employed and
served different purpose; these two methods should be comple-
mentary. Therefore, relative to former research, it provides more
efficient and comprehensive global estimates. It also provides a
forecasting of global waste generation for the year 2050. Finally,
this study examines the global status of MSW management.

Materials and methods

In an effort to quantify the gap between the previous efforts and
provide a more accurate estimation of global waste generation,
two approaches are considered in this study to achieve the
research objectives: (1) RA and (2) MFA. It is worth noting that
in this study, the term ‘total waste’ refers to waste generated from
different waste streams such as MSW, construction and demoli-
tion (C&D) waste and industrial waste, etc. ‘Municipal solid
waste’ is used to refer to this type of waste. The forecasting
method used was based on the type of data, type of waste stream
studied and waste accounting method.

RA

In their review on modelling waste generation approaches, Beigl
et al. (2008) concluded that the type of waste streams to be ana-
lysed is the primary criteria for modelling method selection. In
most situations, the most beneficial modelling methods for evalu-
ating the relationship between the degree of affluence or the eco-
nomic development and the generation of total MSW are the
correlation and regression analyses. However, a more detailed
study of the relationship between economic development (e.g.
GDP) and waste generation has found that there are different pat-
terns in the relationship such as population growth that was found
to have a greater impact than GDP (Rimaityte et al., 2012).

The RA approach was used in this study to estimate global
MSW generated. This approach assumes that the growth of MSW
generation is affected primarily by two factors: (1) the GDP
growth whereby a well-documented relationship between eco-
nomic growth and MSW generation per capita is reported in the
literature (Beigl et al., 2008; Chung, 2010; Minelgait¢ and
Liobikieng¢, 2019; Rimaityté et al., 2012). At a country level, the
growing and advancement in economy, measured by the GDP per
capita, is also reflected by an increase in its per capita waste gen-
eration rates (Kaza et al., 2018). Given the well-documented rela-
tionship between GDP cap™! and MSW generation per capita, it is
assumed that a similar relationship should be valid on a global
scale using the world’s GDP per cap. This provides a starting
point for calculations that assess the world’s waste generation per
capita in accordance with available data sets that correlate GDP
per cap or Gross National Income (GNI) with waste generation.
(2) The Population growth, whereby at a country level, the rise of
population contributes to an increase in the amount of total waste

produced. Based on the outcomes of the previous Step (1), the
total waste generated per capita is multiplied by the population
data that are much accurate and have a first assessment of the
world’s waste generated per year.

However, it is important to notice that using the world’s GDP
cap™! (or the GNI cap™') in a trendline function involves some
uncertainties and risks. First, the correlation between GDP cap™!
and waste generation is not a concrete one, as many research
papers have demonstrated (Wilson et al., 2012). Second, there is
a hidden assumption that as the world’s GDP cap™! is growing,
the waste generation worldwide will follow the trendline that
comes out from countries’ data. The problems here are that (1)
the countries’ data on waste generation are also very problematic
in many cases and (2) the correlation in countries with GDP cap!
less than US$20,000 is weaker than the correlation in high-
income ones (Kawai and Tasaki, 2016). However, it is assumed
that applying this methodology will provide a rough estimation
or an order of magnitude of the waste generation worldwide.
Future work will focus on further elaborating and refining this
assumption to provide a solution to the problem of time series
and a way to forecast future waste generation based on popula-
tion and GDP per capita forecasts.

The three regression models expressed in equations (1)—(3),
which reflect the relationship between the economic develop-
ment (e.g. GDP per cap) and waste generation, adopted in this
study were retrieved from the (1) ‘Waste Atlas’ (D-Waste, 2013)
with data corrected after the authors, the (2) ‘GWMO 1’ (Wilson
et al., 2015) and the (3) “What a Waste 2.0 - World Bank’ (Kaza
et al., 2018) reports, respectively. The world GDP and GNI per
cap were retrieved from the World Bank database (World Bank,
2021), whereas the global population figures were extracted from
the United Nations’ World Population Prospects (United Nations
Department of Economic and Social Affairs Population
Dynamics, (UNDESA), 2019).

The Waste Atlas model uses the World Bank’s World
Development Indicator’s GDP per capita (current US$) (model
derived by the authors). It was developed using country-level
waste generation data from 159 countries and is expressed in
equation (1)

In (Waste generation in kg cap’lyear’l) =0.26 In

(GDP cap™)+3.43 with R* = 0.65 M

The GWMO model uses the World Bank’s World Development
Indicator’s GNI per capita (constant 2010 US$). It was devel-
oped using country-level waste generation data from 82 countries
and is expressed in equation (2)

Waste generation in kg cap ™ 'year™' =109.67n (GNI cap’l)
(@)
—651.45with R* = 0.72

The What a Waste 2.0 (World Bank) model uses the World
Bank’s World Development Indicator’s GDP per capita, PPP
(constant 2011 international dollars). It was developed using
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country-level waste generation data from about 215 countries
and is expressed in equation (3)

Proxy waste generation per cap =1647.41 —419.73 In
2
(GDP cap*1)+ 29.43 In (GDP cap™') )

It is important to highlight that the aim of this study is not to
make an accurate estimation of the MSW generated but rather to
outline a methodology that provides more consistent results in a
relevant time scale.

MFA

The MFA approach, which links the resources extracted with the
total waste arisings, was adopted in this study to estimate total
global waste generated. According to (OECD, 2013) and other
studies (Haas et al., 2016; Krausmann et al., 2018), between 20%
and 22.5% of the materials extracted worldwide ends up as waste.
In an attempt to link the global material extraction (known as
Domestic Extraction — DE) with the total waste arisings, an aver-
age of 21% of resources extracted worldwide was assumed in this
study to estimate the total global waste arisings. The global har-
monised data set for 1900-2017 (including forecasting until
2050) has been used as it was compiled by Krausmann et al.
(2018) research team. This data set is in consistence with MFA
database provided by UNEP (UNEP, International Resource
Panel, 2021) that is subject to regular updating and reporting by
UNEP. The approach of Krausmann et al. (2018) build on previ-
ous work that has focused on global materials extraction by con-
sidering for the first time in a more systemic and consistent way
the in-use stocks of materials, net additions to stock and output
flows under a single framework. Therefore, these data have been
used to estimate the relative quantities of global waste arisings as
disaggregated by four major categories: biomass, metal ores, fos-
sil energy carriers and non-metallic minerals.

Following that it was assumed that MSW is 11% of the total
wastes arising based on data (Eurostat, 2016) from developed
countries (e.g. EU and OECD) but they are a rather higher per-
centage to developing countries, sometimes going up to 15%
when there is a lack of mining activities. Hence, more efforts are
needed in this context towards the assessment of actual MSW
arising based on the total waste arising with data compiled from
different regions.

Accordingly, two different scenarios for MSW as a percentage
of total waste arisings: (1) ‘MFA (11%)’ lowest production and
(2) ‘MFA (15%)’ highest production were considered for this
approach based on the resources extracted for the years 2004,
2009, 2014 and 2019.

Results and discussion
Total waste generated

A complete discussion of the total waste arising requires the con-
sideration of the entire life cycle of materials and products. These

include mining and quarrying wastes (extraction); agricultural
and forestry wastes; industry wastes (materials, parts and product
manufacturing); C&D waste; commerce and institutions (C&I)
waste (distribution and services); consumption (households) and
MSW (Wilson et al., 2015). In the Russian Federation for
instance, MSW contributed to only about 0.8% of total amount of
waste generated in 2019 while the mining and extraction of fuel
and energy minerals constituted the largest contributor (93.6%)
to the total amount of waste generated (Maalouf et al., 2021).
Based on the MFA, the total waste generated worldwide esti-
mated in this study is displayed in Figure 1(a) whereas the main
waste material composition worldwide is presented in Figure
1(b). The total waste arisings worldwide are estimated in this
study to be around 19.8 billion tonnes in 2017 (Figure 1(a)). This
corresponds to 2.63 tonnes of total waste per capita per year.
Figure 1(b) suggests that the three major waste material
groups: non-metallic minerals (e.g. cement and concrete, bricks,
primary sand and gravel, down-cycled secondary construction
minerals, flat glass and container glass) represent around 53% of
the total waste generated, tailings (from ore processing) around
25% and biomass (e.g. solid wood and construction timber, paper
and paperboard) around 15%, predominate. These sources are
interesting, as they represent the best measure available of those
residues which have been estimated from the composition of end
of life and processing waste in the material and product life cycle.

Projected total waste generation. Using the same methodol-
ogy, it is forecasted that by 2030, the world is expected to gener-
ate 28 billion tonnes of total waste annually and by 2050 the total
waste generated is expected to grow to 46billion tonnes. At the
capita level, waste generation is expected to reach around
4.71 tonnes cap !year ! in 2050 (Figure 2).

Total MSW generated

Figure 3 shows the range of MSW generated within the period
2004-2019 based on the two approaches described above. The
two scenarios ‘MFA (15%)’ and ‘MFA (11%)’ are based on the
MFA approach whereas the three other scenarios ‘WASTE
ATLAS’, ‘GWMO’ and ‘WORLD BANK” are based on the RA
approach.

Overall, all models followed the same general trend of pre-
dicting increased MSW generation within 2004-2019. WASTE
ATLAS, GWMO and WORLD BANK prediction models fell
between MFA (15%) (highest prediction) and MFA (11%) (low-
est prediction) results. Moreover, the Waste Atlas and GWMO
models provide very close predictions.

Five estimates of MSW waste generation are presented in
Figure 3 and were used to approximate worldwide estimation.
According to the two approaches ‘MFA (11%)’ and ‘MFA (15%)’,
the total MSW generated worldwide in 2019 is between 2.29 and
3.13billion tonnes, depending on the calculation method (Figure
3). This figure reflects an increase of between 30% and 50% in
MSW generated during the last 15 years (2004-2019). These val-
ues compare reasonably well with other estimates provided by
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Total waste generation [billion tonnes yr']

2004
2005
2006
2007
2008
2009
2010

mmmmm Metals (1)
s Biomass (3)
mmmmmm Fossil materials (5)

Total waste generated [tonnes cap™ yr']

2011
2012
2013
2014
2015
2016
2017

s Tailings (2)
s Non-metallic minerals (4)
s Ashes (from combustion)(6)

(2)

Ashes (from combustion) (6)
Fossil materials (5)
'Z  Non-metallic minerals (4) 53%
Q
B
2
8 Biomass (3
< 3)
Tailings (2)
Metals (1)
0% 10% 0% 30% 40% 50% 60%

Waste composition (% share by weight of total waste generated)

(b)

Figure 1. Total waste generation and composition at the global level. (a) Total waste generated worldwide. It shows the total
global waste generated in billion tonnes year~' from 2004 to 2017 by main waste material groups (left-axis) and in tonnes
cap~'year™' (right-axis). In principle, it is possible to attempt to extrapolate from the global material extraction (DE] data, to
estimate the total worldwide waste arisings. Such extrapolation was facilitated by the availability of DE data from Krausmann
et al. (2018] for the period 2004-2015 and from UNEP, International Resource Panel (2021) for the period 2016-2017. (b) Main
waste material composition worldwide. Based on composition of end of life and processing waste in the material and product

life cycle.

the assessment of the aforementioned studies (Table 1). The
application of the three regression formulas (adopted from the
Waste Atlas, GWMO and World Bank) to estimate the total waste
generated worldwide provided similar results that differ almost
7% for 2004 and 2% for 2019. It is important to highlight that the
calculated amount of waste generated (using the regression for-
mulas) was higher than the amounts reported by official statistics
(core estimate in the source reports: Waste Atlas, GWMO and

WaW 2.0, which are presented in Table 1) due to the so-called
‘unregistered waste’ that comes as an outcome from the mass bal-
ances, but it is not included in any statistics (e.g. waste streams
recovered by informal recyclers, waste streams driven to dump-
sites and non-declared solid waste from small or big industrial
activities).

Assuming that the waste generated is in the middle of the
above range, in 2019 2.7 billion tonnes of MSW were generated.
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Figure 2. Projected total waste generated worldwide. (a) Total waste generation worldwide from 2004 to 2050. (b) Projected

total waste generation worldwide from 2017 to 2050.

Global projected scenario of total waste generated in billion tonnes year-' (left-axis) and in tonnes cap-'year-! (right-axis). 2004-2017 historic
data, and 2018-2050 scenario results. The global material extraction (DE) data from Krausmann et al. (2018) and UNEP (2021) were used to
estimate the total global waste and to develop projections to 2030 and 2050.

This means that the leakages from uncontrolled disposal, open
burning in dumpsites and households, and marine litter are much
higher than what is usually estimated, as it will be later detailed
in section ‘Global status of MSW management’.

Table 2 demonstrates data for the last 15 years between 2004
and 2019. This table suggests that total MSW generation in 2004
is between 1.50 and 2.22 billion tonnes and the waste generated in
2019 is between 2.29 and 3.13billion tonnes, equivalent to
28.83%—53.43% increase in MSW generated within this period,
depending on the model. A comparison of these findings with
other basic world parameters (such as the world GDP, the world
GDP per cap, the total population and the urban population world-
wide) for which there are more certainties regarding their estima-
tion shows that the world GDP increased by 70%, the world
population by almost 20% and the urban population by 36%.

Projected MSW generation. To develop projections for MSW gen-
eration, baseline data for the year 2019 were adjusted for 2050. Two
scenarios were considered in this study for adjusting MSW genera-
tion rates from the base year (2019) to 2050. The first scenario S1
2050 assumes the same MSW generation per capita as in 2019. The
per capita waste generation rate for 2019 was multiplied by the pro-
jected population level for 2050. The second scenario S2 2050
assumes that the MSW generation per capita rate for 2019 has
increased by 15%. The adjusted per capita waste generation rate for
2019 was then multiplied by the projected population level for 2050.

As shown in Figure 4, MSW generated is expected to increase
from 2.89 to 4.54billion tonnes by 2050, depending on which
assumptions are used. This prediction is based on two scenarios of
what might happen under a set of assumptions, rather than a fore-
cast of what is likely to happen. It is worth noting that



Maalouf and Mavropoulos

943

3.50

3.00 A

2.00 A

1.50 A

Total MSW generation (million tonnes yr!)

1.00 T

2004 2009

—— —=MFA (11%) ---#--- MFA (15%)

Figure 3. Range of MSW generation for the period 2004-2019.
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Scenario definitions: MFA (11%]): material flow analysis scenario based on MSW generated is 11% of the total global waste arisings. MFA
(15%): material flow analysis scenario based on MSW generated is 15% of the total global waste arisings. WASTE ATLAS: scenario based on
the regression model (equation (1)). GWMO: scenario based on the regression model (equation (2]). WORLD BANK: scenario based on the

regression model (equation (3)).

Table 2. Comparison of the findings on MSW generation with major world parameters.

Parameters 2004 2019 Increase % of total
MSW generation
MSW generation per capita (kg cap~'year™')
WASTE ATLAS MSW 318 364 14.47
GWMO MSW 343 371 8.16
WHAT A WASTE 2.0 294 345 17.35
MFA (11%) 232 297 28.02
MFA (15%) 316 405 28.16
Total MSW generation (billion tonnes year-')
WASTE ATLAS MSW 2.06 2.81 36.41
GWMO MSW 2.22 2.86 28.83
WHAT A WASTE 2.0 1.90 2.66 40
MFA (11%) 1.50 2.29 52.67
MFA (15%) 2.04 3.13 53.43
World Development Indicators
World population (millions) 6461 7715 19.41
Urban population (% of total) 49 56 14.29
Urban population (millions) 3166 4320 36.45
World GDP per cap, PPP (constant 2011 international dollars) 11,362 16,340 43.81
World GDP, PPP (constant 2011 trillion international dollars) 73 125 71.23

Data sources: MSW generation: based on model predictions from current study. World population: (United Nations Department of Economic
and Social Affairs Population Dynamics, UNDESA (2019)). Gross domestic product (GDP) per capita, purchasing power parity (PPP) (constant

2011 international dollars): World Bank (2021).

MSW: municipal solid waste; GWMQO: global waste management outlook; MFA: material flow analysis; GDP: gross domestic product; PPP:

purchasing power parity.

any projection beyond 2050 becomes very speculative. This
represents a 26%—45% increase compared to 2019. The differ-
ences in assumptions and associated results are well-illustrated
in Figure 4.

Global status of MSW management. The following assessment
of'the global status of MSW management is based on the quantities

of waste assessed above, 2.7 billion tonnes for the year 2019 (i.e.
average of five scenarios illustrated in Figure 4), as shown in Fig-
ure 5. This assessment of waste flows was based on the analysis
regarding the additional waste management infrastructure that was
delivered between 2016 and 2019 (Maalouf et al., 2020a), the data
set of the latest World Bank report (Kaza et al., 2018) and the find-
ings regarding open burning from Wiedinmyer et al. (2014) study.
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Figure 4. Projected MSW generation (2019-2050).

Scenario definitions: 2019: describing baseline scenario for current year. 2050 S1: describing projection scenario considering same waste gen-
eration per cap as in 2019. 2050 S2: describing projection scenario considering an increase in waste generation per capita by 15% with respect

to 2019.

Data sources: MSW generation: based on model predictions from current study. World population: based on (United Nations Department of
Economic and Social Affairs Population Dynamics, UNDESA (2019])). GDP per capita, PPP (constant 2011 international dollars): World Bank

(2021).

Figures on uncollected waste, dumpsites and open burning were
adjusted based on the assessed quantity of MSW for 2019.

Table 3 shows the global MSW management practices in 2019.
Comparing to other reports (see Table 1), our analysis shows that
uncollected waste is almost one-third of the total MSW generated
in 2019 (or 870 million tonnes in 2019). Similarly, a recently pub-
lished study in South Africa (Rodseth et al., 2020) showed that
29% (3.67million tonnes year') of MSW generated is uncol-
lected. However, this finding is alarming as it is 370 million tonnes
more than the amount assessed by the World Bank in 2016 (Kaza
et al., 2018). According to the World Bank (Kaza et al., 2018),
there are substantial differences in collection coverage. National
average percentages are ranging from 96% in high-income coun-
tries till less than 40% in low-income ones. However, these per-
centages do not take into consideration the amounts of MSW that
is openly burned by residents, mainly in rural and low-income
areas. Therefore, uncollected MSW, disposal in uncontrolled
dumpsites and open burning are very common practices that are
much higher in reality than usually considered.

Moreover, this study shows that at global level only 58% of
MSW generated is managed through various alternative waste
treatment technologies (e.g. sanitary landfills) whereas almost
42% of all MSW generated goes to uncontrolled dumpsites or is
openly burned (Table 3). According to the World Bank report
(Kaza et al., 2018), South Asia leads the way with 75% uncon-
trolled disposal, followed by Sub-Saharan Africa (69%) and
Middle East and North Africa (MENA) region (52.7%).
International Solid Waste Association (ISWA; Mavropoulos,
2015) has assessed that dumpsites receive roughly 40% of the
world’s waste and they serve about 3.5-4billion people. The 50
biggest dumpsites affect the daily lives of 64 million people, a
population the size of France. As urbanisation and population

growth will continue, it is expected that at least several hundreds
of millions more people will be served by dumpsites, mainly in
the developing world. Uncontrolled disposal creates serious
health and environmental impacts. In 2010, it was found that only
in India, Indonesia and Philippines almost 8.7million people
were at high risk of exposure to industrial and hazardous waste
pollutants, mainly lead and hexavalent chromium, from 373
dumpsites (Chatham-Stephens et al., 2013). A recent report
(Tearfund et al., 2019) found that annually the global deaths
related to improper solid waste management are between 0.4—
I million. It has been estimated that uncontrolled waste burning
in dumpsites and households results in 270,000 premature adult
deaths per year (Kodros et al., 2016). The ISWA has reported 750
deaths related directly to poor waste management in dumpsites
and relevant incidents with important health impacts, in less than
lyear (Mavropoulos et al., 2016). Several reports have also
reviewed evidence, specifically on dumpsites, such as
Mavropoulos (2015) and (ISWA, 2016) in an effort to raise the
public profile of the considerable risks that these facilities poise
to human health, both of which have built on an earlier study by
D-Waste (2013) that identified and catalogued the world’s 50
largest dumpsites. Moreover, in their systematic review of over
3000 papers from 22 countries evaluating the evidence for health
effects from land disposal, Maalouf et al. (2020b) explicitly show
the unreasonable potential for damage to human health and
safety, alerting us of the need to shut down and mitigate danger
urgently at dumpsites, avoiding harm to some of the poorest
inhabitants in the world.

Interestingly, what Table 3 does not tell us about two things.
First, how much waste is collected by the informal sector. Second,
neither the waste that is going to uncontrolled dumpsites and
open burning is collected or uncollected: if collected waste is
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Figure 5. Worldwide Waste Management practices for the year 2019.

AD: anaerobic digestion.

Table 3. Assessment of MSW management practices in 2019.

MSW practices Million Percentage of
tonnes MSW generated

Sanitary landfills 752 27.85%
Composting + AD 167 6.79%
Recycling 298 11.03%
Thermal treatment 354 13.11%

Total 1 1571 58.19%
Dumpsites and open burning 1130 41.85%

Total 2 2701 100%

MSW: municipal solid waste; AD: anaerobic digestion.

going to these uncontrolled processes, then uncontrolled dump-
sites and open burning become part of the formal waste manage-
ment system. In that case, the general assumption that increasing
collection serves to reduce uncontrolled disposal would not be

correct and an ambition to reduce these treatment approaches
would require a very different set of actions.

Conclusion

Data reporting is globally inconsistent due to varying interpreta-
tion of terminology, lacking standardised categories and varying
methodologies used to observe and measure waste amounts. This
study aims to estimate global waste generation to achieve SDGs.
This study employs two approaches to estimate global waste gen-
erated. The first approach considering the RA contains the driv-
ing factors of economic growth, while the second approach
considering the MFA comprises the global material extraction.
Total global waste arisings are estimated in this study to be
around 20 billion tonnes (calculated: 19.8 billion tonnes) in 2017.
This corresponds to 2.63 tonnes of total waste per capita per year.
The total global waste arisings are expected to increase to
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46 billion tonnes by 2050. MSW is a much smaller amount, and it
ranged between 2.29 and 3.13billion tonnes, depending on the
calculation method. This figure reflects an increase of between
30% and 50% in MSW generated during the last 15 years (2004—
2019). MSW generated is expected increase to 2.89—4.54 billion
tonnes by 2050, depending on which assumptions are used. This
represents a 26%-45% increase compared to 2019.

According to the estimation processes adopted in this study,
almost one-third of the total MSW generated is not collected, and
most of what is collected is not treated accordingly to current
ideas of sound management. Almost 42% of MSW goes to
uncontrolled dumpsites, it is openly burned or leaks into the natu-
ral environment with associated health, safety, climate and envi-
ronmental impacts. As a result, the necessity for a CE and waste
reduction measures is increasingly critical to city survival. The
primary drivers for CE application in cities include urbanisation,
ecological degradation, environmental accountability, consumer
behaviour and technology breakthroughs. The finding provides
valuable insight for policymakers to design and assess CE policy
instruments towards achieving SDGs.
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