
Oo, PZ, Prapaspongsa, T, Strezov, V, Huda, N, Oshita, K, Takaoka, M, Ren, J, 
Halog, A and Gheewala, SH

 The role of global waste management and circular economy towards carbon 
neutrality

http://researchonline.ljmu.ac.uk/id/eprint/25065/

Article

LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.

The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 

For more information please contact researchonline@ljmu.ac.uk

http://researchonline.ljmu.ac.uk/

Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 

Oo, PZ, Prapaspongsa, T, Strezov, V, Huda, N, Oshita, K, Takaoka, M, Ren, J, 
Halog, A and Gheewala, SH (2024) The role of global waste management 
and circular economy towards carbon neutrality. Sustainable Production 
and Consumption, 52. pp. 498-510. 

LJMU Research Online

http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk


The role of global waste management and circular economy towards 
carbon neutrality

Phyo Zaw Oo a,b, Trakarn Prapaspongsa a,*, Vladimir Strezov c, Nazmul Huda d,  
Kazuyuki Oshita e, Masaki Takaoka e, Jun Ren b, Anthony Halog f, Shabbir H. Gheewala g,h

a Department of Civil and Environmental Engineering, Faculty of Engineering, Mahidol University, Nakhon Pathom, Thailand
b Faculty of Engineering and Technology, Liverpool John Moores University, Liverpool, United Kingdom
c School of Natural Sciences, Faculty of Science and Engineering, Macquarie University, Sydney, Australia
d School of Engineering, Faculty of Science and Engineering, Macquarie University, Sydney, Australia
e Department of Environmental Engineering, Graduate School of Engineering, Kyoto University, Nishikyo-ku, Kyoto, Japan
f School of Environment, Faculty of Science, The University of Queensland, Brisbane, Queensland, Australia
g The Joint Graduate School of Energy and Environment (JGSEE), King Mongkut's University of Technology Thonburi, Bangkok, Thailand
h Centre of Excellence on Energy Technology and Environment, Ministry of Higher Education, Science, Research and Innovation, Ministry of Education, Bangkok, 
Thailand

A R T I C L E  I N F O

Editor: Prof. Carmen Teodosiu

Keywords:
Solid waste management
Circular economy
Life cycle assessment
Greenhouse gas emissions
Carbon neutrality
Global waste targets

A B S T R A C T

Solid waste management is a cross-cutting issue that significantly influences multiple aspects of sustainable 
development globally. The waste sector is a major anthropogenic source of global greenhouse gas (GHG) 
emissions. Most global GHG assessments of waste management rely on generic data due to limitations in 
available data. This research used reflective inventory data for municipal solid waste (MSW) treatment systems 
related to the income levels of countries, resulting in more context-specific and comprehensive assessments of 
GHG emissions. This study aims to assess life cycle GHG emissions from the global MSW management sector for 
the years 2023, 2030, and 2050 and then analyses the global and regional waste management goals set by the 
United Nations Environment Programme (UNEP) and the European Union (EU) to identify hotspots in the MSW 
management systems and critical factors that influence GHG emissions from the waste sector. The study was 
conducted in accordance with the standards outlined in ISO 14067:2018. The results show that the average 
global GHG emissions from 1 tonne of MSW in 2023 based on the existing MSW management practices was 
approximately 89.7 kg CO2e. The major contributor was the open dumping of MSW, contributing almost 70 % of 
GHG emissions. The global MSW management sector emitted a total of 173.2 Mt CO2e GHG emissions in 2023. If 
no improvements are made to existing systems, GHG emissions from the waste sector are projected to increase to 
203.4 Mt CO2e by 2030, and to 289.5 Mt CO2e by 2050. Achieving waste management goals can reduce GHG 
emissions by approximately 1 % to more than 160 %. The implementation of the circular economy in the waste 
sector has the potential to achieve net zero emissions from the global MSW management sector by 2030 and 
2050. This study provides achievable MSW management targets for the world and highlights key factors to 
achieve carbon neutrality from the waste sector. Prioritising policies such as upgrading open dumps, stand
ardising household-level waste separation procedures, minimising food waste, establishing national recycling 
targets, and promoting circular economy through a zero-waste approach could substantially reduce GHG 
emissions from the waste sector. These findings are important for the adoption of circular economy principles in 
MSW management systems to effectively support the pursuit of carbon neutrality goals.
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SDGs Sustainable Development Goals
MSW Municipal solid waste
UNEP United Nations Environment Programme
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EU European Union
BAU Business-as-usual
CES Circular economy scenario
HICs High-income countries
UMCs Upper-middle-income countries
LMCs Lower-middle-income countries
LICs Low-income countries

1. Introduction

The waste sector is a major anthropogenic source of global green
house gas (GHG) emissions, ranking as the fourth highest contributor to 
global GHG emissions (Gautam and Agrawal, 2021). The waste sector is 
responsible for 5 % of global GHG emissions. Basic system improve
ments could reduce these emissions by more than 25 % (Kaza et al., 
2018). For instance, about 200 million tonnes of GHG emissions could 
be eliminated annually in Europe starting from 2030 by improving 
waste management practices (Hogg and Ballinger, 2015). Solid waste 
management is a cross-cutting issue that affects various areas of sus
tainable development around the world. It is also a critical component 
for achieving Sustainable Development Goals (SDGs) and their related 
targets, all of which have a direct link to solid waste management 
(United Nations Environment Programme, 2023). Solid waste manage
ment has therefore become a dominant part of the solution for a country 
to succeed in its SDGs and reach net zero emissions.

The circular economy is a comprehensive and sustainable develop
ment strategy that has been widely adopted across the globe. It is an 
economic and industrial model that considers the use of natural re
sources in the most efficient way (Ellen MacArthur Foundation, 2015). 
Approximately 96 billion tonnes of primary materials were extracted 
and consumed globally in 2019, but only 9 % were recycled (United 
Nations Environment Programme, 2024). Production with new mate
rials derived from nature and disposed of after use causes considerable 
waste and has negative consequences due to limited natural resources. It 
is also commercially unfeasible. Reclamation of valuable materials and 
energy recovery from existing waste treatment processes are therefore 
required by a comprehensive consideration of the circular economy in 
waste management. The circular economy has been highlighted as an 
increasingly important mitigation approach that can help deliver human 
well-being by minimising waste of energy and resources 
(Intergovernmental Panel on Climate Change, 2022). The recovery of 
energy and materials from municipal solid waste (MSW) offers several 
benefits, including the reduction of primary material extraction, the 
provision of local renewable energy, and the decrease of MSW in land
fills, which also leads to the reduction of GHGs by reducing methane 
emissions from landfills.

GHG emissions from specific waste types and treatment methods 
have been assessed across various regions and countries worldwide 
(Matsuoka et al., 2023; Paes et al., 2020; Weitz et al., 2002). A 
comprehensive evaluation of life cycle GHG emissions from the MSW 
management sector remains limited at the global level due to variations 
in waste composition, management practices, infrastructure, and eco
nomic conditions across countries, as well as the scarcity of represen
tative data. Most global GHG assessments for the waste sector primarily 
focus on direct emissions generated by MSW management activities 
(Gómez-Sanabria et al., 2022; Hoy et al., 2023). These assessments 
generally lack a full account of upstream and downstream GHG emis
sions, which is necessary for comprehensive environmental policy and 
climate strategies. The Global Waste Management Outlook 2024 pro
vided an initial estimate of life cycle GHG emissions from the global 
MSW management sector (United Nations Environment Programme, 
2024). However, this report relied on generic datasets due to limitations 
in comprehensive data availability. Applying more representative in
ventory data based on country income levels will enable a more context- 
specific GHG emissions assessment within the global MSW sector and 
development of strategies for reducing GHG emissions across diverse 

economic and infrastructural contexts.
The major GHG emitting sectors are increasingly focused on 

achieving net zero emissions by establishing detailed roadmaps and 
transition pathways, for instance, a roadmap for the global energy sector 
(International Energy Agency, 2021), net-zero transitions for the oil and 
gas industry (International Energy Agency, 2023), zero emissions for the 
global transport sector (Speizer et al., 2024), and a pathway to decar
bonise the shipping sector (International Renewable Energy Agency, 
2021). The United Nations Environment Programme (UNEP) has 
established global and regional waste management goals for sustainable 
development (United Nations Environment Programme, 2015, 2017, 
2018, 2019), while the European Union (EU) has set waste targets as 
part of their transition towards a circular economy (McQuibban, 2020). 
However, a comprehensive evaluation of life cycle GHG emissions from 
the global MSW management sector is still needed to identify critical 
factors across its life cycle stages and potentials for carbon neutrality in 
the waste management sector.

A global assessment to effectively identify the potential for carbon 
neutrality in the waste sector, along with achievable targets, is essential 
to accelerate net zero transitions. To fill these gaps, this study aims to 
assess life cycle GHG emissions from the global MSW management 
sector for the years 2023, 2030, and 2050 using reflective inventory data 
for MSW treatment systems related to the income levels of countries. The 
global and regional management goals set by UNEP and the EU are 
analysed to identify critical factors influencing GHG emissions and the 
potential for carbon neutrality in the MSW management sector. This 
study provides the achievable MSW management targets by the adop
tion of circular economy principles in MSW management systems to the 
government, policymakers, and environmental organisations to support 
the pursuit of carbon neutrality goals in the global waste sector.

2. Literature review

Climate change is a major threat to the environment and societies. It 
is caused by the accumulation of heat-trapping GHGs. In 2023, average 
global temperature reached a historic high, surpassing all previous re
cords since 1850. Predictions indicate that 2024 will surpass this record 
(National Oceanic and Atmospheric Administration, 2024). Each nation 
has therefore committed to reducing GHG emissions through the 
establishment of Nationally Determined Contributions (NDCs), which 
outline the pathway towards achieving a net-zero emissions society in 
alignment with the goals of the Paris Agreement. Solid waste manage
ment is not only crucial to environmental quality and human health but 
is also one of the main sources of anthropogenic GHG emissions. 
Methane emissions from the decomposition of organic waste in landfills, 
carbon dioxide emissions from waste incineration, and methane and 
nitrous oxide emissions from biological treatment, account for majority 
of the GHG emissions from MSW management (Huang et al., 2022; Liu 
et al., 2022). The Global Methane Pledge prioritises the rapid reduction 
of methane emissions from the waste sector due to its high mitigation 
potential for limiting global warming to 1.5 ◦C while offering significant 
co-benefits (United Nations Environment Programme, 2022).

The total GHG emissions from the waste sector in China increased 
more than threefold from 2006 to 2019. With landfills identified as the 
primary source, implementing effective strategies to divert waste from 
landfills significantly mitigated GHG emissions in the waste sector (Bian 
et al., 2022b). In 2022, the waste sector in the United States accounted 
for approximately 3 % of national GHG emissions (Environmental Pro
tection Agency, 2024). According to previous research in the United 
States, increasing recycling rates decreased the amount of solid waste to 
be managed and led to more effective reduction of GHG emissions from 
the waste sector (Lee et al., 2016). A study conducted in Shanghai stated 
that the source segregation of MSW significantly reduces GHG emissions 
from MSW treatment systems by preventing organic waste from entering 
landfills, an essential step for GHG mitigation, while highlighting 
anaerobic digestion as a more effective long-term strategy for emission 
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reductions compared to incineration (Liao et al., 2022). A study in China 
found that GHG emission reductions increased linearly with higher 
recycling efficiency, suggesting that increasing recovery efficiency could 
bring the waste sector to near carbon neutrality. The study also identi
fied effective strategies for reducing GHG emissions from MSW man
agement, such as optimising the separation of food waste, increasing the 
recycling efficiency of recyclable materials, and minimising biogas 
leakage from anaerobic digestion (Bian et al., 2022a).

In Malaysia, more than 80 % of MSW is still disposed of in landfills. 
However, an integrated approach targeting a recycling rate of 40 % and 
an incineration rate of 31.9 % by 2050 could result in an estimated 64 % 
reduction in GHG emissions from MSW management (Devadoss et al., 
2021a). A strategy in Pakistan that involves recycling 23 % of MSW, 
anaerobic digestion of 10 %, and disposal of 67 % in sanitary landfills 
with energy recovery could reduce GHG emissions by 36 % (Devadoss 
et al., 2021b). China initiated a national zero-waste pilot program in 11 
cities to achieve zero-waste goals, and following its success, expanded 
the program to 113 cities under the Five-Year Plan (Qi et al., 2024). The 
potential for GHG reductions in MSW management varies between 
countries and is not directly transferable due to differences in system 
structures, waste management practices, and the composition of waste 
fractions.

Implementing circular economy practices in MSW management to 
mitigate GHG emissions presents challenges in many regions, particu
larly in LICs. For instance, LICs face challenges in the transition of 
traditional, linear approach of waste management methods, to a circular 
economy of waste management due to the absence of robust national 
strategies and plans (Debrah et al., 2022). The absence of comprehen
sive strategic plans for MSW management, inadequate waste collection 
and segregation systems and insufficient budgets for proper waste 
collection, storage, treatment, and disposal, are significant barriers for 
moving towards circular solid waste management practices (Kumar 
et al., 2017). Some HICs also face challenges in waste management 
during the transition to a circular economy due to overcapacity in waste 
management facilities, poor implementation of the waste hierarchy, and 
unclear roles and responsibilities among authorities. These issues result 
in high landfilling rates, the loss of valuable resources, and financial 
burdens on municipalities and the government (Luttenberger, 2020).

Many countries have extensively analysed GHG emissions from the 
MSW sector and its GHG emission mitigation potential at the national 
and regional levels to achieve carbon neutral goals (Fernández-Braña 
et al., 2020; Gama et al., 2023; Li et al., 2024). For most developing 
countries, information about GHG estimations from the waste sector is 
still sparse because of limited resources and expertise, which could 
affect the development of effective mitigation strategies for GHG 
reduction. A context-specific and comprehensive estimation of global 
GHG emissions in 2030 and 2050 is therefore an essential requirement 
for developing efficient strategies to reduce GHG emissions and achieve 
carbon neutrality from the waste sector. A global assessment using 
reflective inventory data categorised by income level would be benefi
cial, especially for developing countries, in their efforts to reach carbon 
neutrality goals using circular economy principals to manage MSW.

3. Methodology

The study quantified the life cycle GHG emissions from the global 
waste sector, following the guidelines of ISO 14067:2018 (International 
Organization for Standardization, 2018).

3.1. Goal and scope of the study

The goal of the study was to evaluate the life cycle GHG emissions 
from MSW management on a global scale for the years 2023, 2030, and 
2050. This assessment was conducted using current MSW treatment 
methods and proposed MSW management targets, incorporating circu
lar economy principles to achieve carbon neutrality within the waste 

sector.
The system boundary of this study includes the entire life cycle of 

MSW management systems, starting with waste collection and transport, 
sorting, and waste management using globally applied methods such as 
incineration, anaerobic digestion, composting, recycling, landfilling, 
and open dumping. Also, the study additionally considers the use of by- 
products generated during the MSW management process, as shown in 
Fig. 1. The biogas generated from anaerobic digestion of the organic 
fraction of MSW was considered a substitute for electricity generation. 
The compost derived from composting the organic fraction of MSW was 
considered a substitute for the production of inorganic nitrogen, phos
phorus, and potassium (NPK) fertiliser. The energy recovered from the 
incineration of MSW was also considered a substitute for electricity 
generation. Landfill gas (LFG) collected from sanitary landfills was 
regarded as a substitute for electricity generation. The recovered ma
terials from the recyclable fractions of MSW were considered substitutes 
for virgin material production with substitution ratios.

The units of assessment applied in this study were 1 tonne of MSW 
(wet weight) managed by different waste treatment methods around the 
world in 2023 and the total amount of MSW managed by different waste 
treatment methods around the world in 2023, 2030, and 2050.

3.2. Scenario description

The scenarios considered in this study are presented in Table 1. 
Business-as-usual (BAU) scenarios were established by considering the 
current and projected waste composition and share of treatment 
methods in 217 countries for the years 2023, 2030 and 2050. 
Improvement scenarios were defined according to the proposed global 
waste management goals (United Nations Environment Programme, 
2015) and regional waste management goals for the years 2030 and 
2050 (McQuibban, 2020; United Nations Environment Programme, 
2018). The goals aim to ensure universal access to safe, adequate, and 
affordable waste collection services and seek to halve per capita global 
food waste at the consumer level to reduce food losses. The goals focus 
on achieving sustainable and environmentally sound waste manage
ment, eliminating uncontrolled dumping, and diverting waste to 
improve reuse, recycling, and recovery rates.

Business-as-usual scenarios (BAU 2023, BAU 2030, and BAU 2050) 
reflected the current and projected amounts of MSW generation in years 
2023, 2030 and 2050. BAU scenarios assumed that the proportion of 
MSW managed by different treatment methods and collection coverage 
in each country will remain constant, with no improvements. In sce
narios S1.1 and S1.2, waste collection coverage was increased from BAU 
level to a proposed global waste management goal of 100 % (United 
Nations Environment Programme, 2015), while an alternative scenario 
considered an increase to 80 %. Countries that have already achieved 80 
% collection coverage were assessed based on their BAU collection 
coverage. The increased amount of collected MSW was proportionally 
allocated to BAU waste treatments.

In scenarios S2.1 and S2.2, the amount of food waste was reduced 
from BAU level to a proposed global waste management goal of 50 % 
(United Nations Environment Programme, 2015), while an alternative 
scenario considered a reduction to 40 %. In recycling scenario S3.1, the 
amount of recycling was increased from BAU level to a proposed 
regional waste management target of 60 % for Europe (McQuibban, 
2020), and a proposed global waste management goal of 50 % for the 
rest of the world (United Nations Environment Programme, 2015). As an 
alternative scenario, S3.2 increased recycling from BAU levels to 50 % 
for Europe and 40 % for the rest of the world.

In the other recovery scenario (S4.1), the electricity generation ef
ficiency from incineration was increased from BAU level to 26 %, which 
is the average electrical efficiency for large new incineration facilities 
(Istrate et al., 2023). For the landfill scenario (S5.1), the landfill gas 
collection efficiency was increased from BAU level to 85 %, as it is the 
highest efficiency from optimistic landfill conditions (Anshassi et al., 

P.Z. Oo et al.                                                                                                                                                                                                                                    Sustainable Production and Consumption 52 (2024) 498–510 

500 



2022). In the controlled disposal scenarios (S6.1 and S6.2), the amount 
of uncontrolled dumping was decreased from BAU level to a proposed 
global waste management goal of 0 % (United Nations Environment 
Programme, 2015). 30 % was considered as an alternative scenario, then 
proportionally diverted to sanitary landfills and controlled landfills. 
Countries that have already achieved a lower uncontrolled dumping rate 
of 30 % were assessed based on their BAU uncontrolled dumping rate.

3.3. Life cycle inventory (LCI)

Life cycle inventory data for global MSW management on a national 
scale, such as the total MSW generation per year, distance for waste 
collection and transport, composition of MSW, and the share of treat
ment methods in 217 countries, were collected from the World Bank 
database (Kaza et al., 2018), as presented in Electronic Supplementary 
Material (ESM1). The typical components of MSW in this study were 
food and organic waste, glass waste, metal waste, paper and cardboard 
waste, plastic waste, rubber and leather waste, wood waste, yard and 
garden green waste, and other waste.

MSW treatment methods were the globally applied methods 
including anaerobic digestion, composting, incineration, recycling, 
landfilling, and open dumping. The landfill category was categorised 
into three types: sanitary landfills equipped with landfill gas collection 
systems, controlled landfills, and unspecified landfills with incomplete 
or unknown management practice information. The LCI was categorised 
based on the World Bank's World Development Indicator's Gross Do
mestic Product (GDP) per capita of the countries into four groups: high- 
income countries (HICs), upper-middle-income countries (UMCs), 

lower-middle-income countries (LMCs), and low-income countries 
(LICs). For the countries for which country-level data for the composi
tion of MSW and treatment methods are not available, the data gap was 
filled by applying the average data according to GDP. Unidentified 
fractions of MSW stream and leakage to waterways were considered 
open dumping.

The LCI for MSW treatment, including the energy and materials 
needed for MSW treatment, the energy and materials that will be 
recovered, and the energy and material recovery efficiencies, were 
gathered through a comprehensive literature review using specific 
keywords in the Scopus database from 2015 to 2024 in order to collect 
the most recent data for the LCI of MSW treatment. Weighted average 
LCI data with MSW generation rate was then calculated for each income 
level category, as indicated in ESM1. The LCI and MSW data were 
modelled in order to obtain representative country-level MSW datasets. 
The moving grate furnace was considered for MSW incineration, as 
approximately 90 % of existing incineration facilities in Europe use this 
technology (European Commission; Joint Research Centre, 2019). 
Windrow composting was considered for MSW composting due to its 
widespread global use in processing high volumes of organic waste, 
attributed to its cost-effective and relatively straightforward operational 
requirements (Tchobanoglous and Kreith, 2002). Metal wastes were 
considered as a combination of ferrous and nonferrous fractions. Spe
cifically, 75 % of metal wastes were accounted for as the ferrous frac
tion, categorised as steel containers, and 24 % nonferrous fractions, 
categorised as aluminium cans, with the remaining 1 % attributed to 
other metals (Kuusiola et al., 2012).

The background data for electricity generation for each country was 

Fig. 1. System boundary of MSW management system with different management systems.
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sourced from the ecoinvent database v3.8 (Moreno et al., 2021) as 
indicated in ESM2. The regional electricity generation data was applied 
if country-level electricity generation data was not available. The 
recovered electricity from MSW management processes was considered 
a substitute for the corresponding national grid electricity generation 
mix. The data on the production of input materials and recovered ma
terials from MSW management was also collected from the ecoinvent 
database v3.8. MSW collection service by 21 metric tonne lorry was 
considered to collect and transport waste to the sorting stations. For the 
incineration of MSW, the chemical composition of the MSW fractions 
was collected to estimate their energy content (Yadav and Samadder, 
2018; Zhou et al., 2014). The energy content of each MSW fraction was 
assessed using high heating value (HHV) and low heating value (LHV) to 
estimate the electricity generation potential from the various MSW 
fractions as indicated in ESM1. The recycling of materials (paper, plas
tic, glass, and metals) and substitution ratios were collected from the 
literature as indicated in ESM1.

3.4. Greenhouse gas emissions assessment

GHG emissions from the MSW management sector, including waste 
collection and transport, sorting, different MSW treatment methods and 
open dumping, were assessed according to the IPCC Guidelines 
(Intergovernmental Panel on Climate Change, 2019). GHG emissions in 
kg CO2e from 1 tonne of MSW management were quantified by multi
plying GHG emissions from waste collection and transport, sorting, 

different MSW treatment methods, and open dumping with characteri
sation factors. The characterisation factors were obtained from the 
Global Warming Potential (GWP) climate change factors with a time
frame of 100 years developed by the Intergovernmental Panel on 
Climate Change (Forster et al., 2021). Total GHG emissions for each 
country were quantified by multiplying GHG emissions per tonne of 
MSW management (in kg CO2e) with the total MSW generation rate 
within the respective country.

The results from the assessment were analysed to identify key hot
spots and primary contributors, identify significant issues, and were 
compared with other studies. Data were then modelled against each 
country's GHG emissions and MSW management scenarios to assess the 
current state of GHG emissions within the MSW management sector and 
to identify potential GHG reduction opportunities based on the income 
level of the country. Sensitivity analysis was performed to investigate 
the robustness of the assessment results and their sensitivity to input 
parameters under specified assumptions. The sensitivity analysis 
considered parameters that could potentially influence the assessment 
results, as detailed in Table 2.

4. Results and discussion

4.1. Global status of greenhouse gas emissions from municipal solid waste 
management sector

Results of the assessment revealed that the average global GHG 
emissions from 1 tonne of MSW management in 2023 based on the 
existing MSW management systems is approximately 89.7 kg CO2e, 
ranging from 49.3 kg CO2e in HICs, 106.1 kg CO2e in UMCs, 112.9 kg 
CO2e in LMCs and 128.0 kg CO2e in LICs as shown in Fig. 2. The results 
indicate that the average GHG emissions from managing 1 tonne of MSW 
in HICs are lower than the average global GHG emissions. However, for 
other income levels, the average GHG emission is higher. The major 
contributor of global GHG emissions from MSW management is the open 
dumping of MSW, which contributes to almost 70 % of GHG emissions. 
Collection and transport, unspecified landfills, sorting of MSW, 
controlled landfills, sanitary landfill and composting follow in 
descending order.

Recycling the recoverable fractions of MSW has substantial envi
ronmental benefits, as it can substitute the intensive energy for the 
production of virgin materials. Anaerobic digestion and incineration of 
MSW have the potential to offer environmental benefits from MSW 

Table 1 
Description of scenarios.

Approach Scenario Description

Business-as-usual BAU 
2023

Scenario reflects current amount of MSW in 
2023.

BAU 
2030

Scenario reflects projected amount of MSW in 
2030.

BAU 
2050

Scenario reflects projected amount of MSW in 
2050.

Waste management 
goals

S1.1* Waste collection was increased from BAU level 
to 100 %.

S1.2 Waste collection was increased from BAU level 
to 80 %a.

S2.1* Food waste was decreased from BAU level to 50 
%.

S2.2 Food waste was decreased from BAU level to 40 
%.

Recycling S3.1* Recycling was increased from BAU level to 60 % 
for Europe and 50 % for ROW.

S3.2 Recycling was increased from BAU level to 50 % 
for Europe and 40 % for ROW.

Other recovery 
(energy)

S4 Efficiency of electricity generation was 
increased from BAU level to 26%b.

Landfill S5 Landfill gas collection efficiency was increased 
from BAU level to 85%c.

Controlled disposal S6.1* Uncontrolled dumping was decreased from BAU 
level to 0 %.

S6.2 Uncontrolled dumping was decreased from BAU 
level to 30%d.

Circular economy 
scenario

CES Waste collection was increased from BAU to 80 
%, food waste was decreased from BAU to 40 %, 
recycling was increased from BAU to 35 % for 
Europe and 15 % for ROW, uncontrolled 
dumping was decreased from BAU to 30%a,d.

ROW = Rest of the world.
* Global and regional waste management goals to be achieved by 2030 and 

2050.
a Countries that have already achieved 80 % collection coverage were 

assessed based on their BAU collection coverage.
b Average electrical efficiency for large new incineration facilities (Istrate 

et al., 2023).
c Highest efficiency from optimistic landfill conditions (Anshassi et al., 2022).
d Countries that have already achieved a lower uncontrolled dumping rate of 

30 % are assessed based on their BAU uncontrolled dumping rate.

Table 2 
Sensitivity analysis.

Sensitivity 
analysis

Description

SS1.1 The analyse was conducted using the chemical composition of 
MSW fractions from China.

SS1.2 The analyse was conducted using the chemical composition of 
MSW fractions from Denmark.

SS2.1 The analyse was conducted using the maximum waste collection 
and transport distances from the collected LCI in different regions 
of the globe.

SS2.2 The analyse was conducted using the minimum waste collection 
and transport distances from the collected LCI in different regions 
of the globe.

SS3.1 The analyse was conducted using projected future global 
renewable electricity generation mix data in 2030 from the World 
Energy Outlook 2023 report.

SS3.2 The analyse was conducted using projected future global 
renewable electricity generation mix data in 2050 from the World 
Energy Outlook 2023 report.

SS4 This analysis was conducted using characterisation factors from 
the Global Temperature Potential (GTP) method for climate 
change, as defined by the Intergovernmental Panel on Climate 
Change (IPCC), with a timeframe of 100 years.

Details in ESM1.
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management. However, the energy recovery efficiency influences the 
environmental benefits of MSW incineration, whereas the extent of the 
benefits from anaerobic digestion is quite low due to its limited appli
cations globally. HICs gain the highest benefits from engaging in recy
cling practices, followed by UMCs, LMCs and LICs.

The majority of GHG emissions per tonne of MSW management in 
LMCs and LICs come from open dumping of MSW. In particular, open 
dumping is responsible for over 70 % of the total GHG emissions asso
ciated with MSW management in LMCs and more than 80 % in LICs. On 
average, over 80 % of MSW in LICs is managed through open dumping, 
representing the highest proportion among all income-level categories. 
This practice is significantly more common than in other income groups, 
leading to the uncontrolled decomposition of organic waste in open 
dumps. This decomposition generates substantial quantities of methane, 
a potent GHG with a global warming potential substantially higher than 
that of carbon dioxide.

MSW collection and transport is the second largest source of GHG 
emissions from the global MSW management sector. The collection and 

transport distances vary according to the geographical locations and 
urbanisation of the countries, with the average collection and transport 
distance across income levels ranging from 15.5 km to 35 km (Kaza 
et al., 2018). For HICs, the major source of GHG emissions from MSW 
management is the collection and transport of MSW. This is primarily 
due to the longer collection distances and broader collection coverage 
associated with MSW management systems in HICs compared to other 
income-level categories. The extensive MSW collection services across 
large urban and rural areas result in higher fuel consumption and, 
consequently, increased GHG emissions from the transport vehicles. 
This highlights the need for more efficient MSW collection strategies and 
the potential for reducing GHG emissions through improved logistics 
and alternative fuel sources. The use of artificial intelligence (AI) has the 
potential to improve the efficiency of MSW collection routes, reducing 
transport distances and increasing collection efficiency by over 36 % in 
both areas (Fang et al., 2023). These optimisations not only lead to 
substantial gains in operational efficiency, such as reduced fuel con
sumption and lower operational costs, but also contribute to a 

Fig. 2. Average GHG emissions from 1 tonne of MSW management across different income levels around the world in 2023.
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significant reduction in GHG emissions.
GHG emissions from unspecified landfills represent the third largest 

source of GHG emissions within the global MSW management sector. To 
achieve carbon neutrality in the waste sector, upgrading these landfills 
by incorporating LFG collection and energy recovery systems is the most 
effective solution for mitigating GHG emissions. The financial feasibility 
and technological readiness of such upgrades in HICs and UMCs offer an 
opportunity to address this environmental challenge and reduce the 
overall climate impact from the waste sector.

GHG emissions are also generated during the process of waste sort
ing, making it a notable contributor to overall GHG emissions in the 
management of MSW globally. These emissions are significantly influ
enced by the energy consumption required for sorting operations as well 
as the sources of electricity generation employed within a country. GHG 
emissions from the electricity used for waste sorting vary depending on 
the energy mix of the country, with higher GHG emissions associated 
with electricity generated from fossil fuels compared to electricity pro
duced from renewable sources. GHG emissions from waste sorting are 
therefore closely tied to both the electricity consumption of the sorting 
processes and the energy mix of the local energy supply. HICs and UMCs 
are responsible for the higher GHG emissions in waste sorting due to 
their greater energy consumption, as they use more advanced technol
ogies and machinery compared to other income level countries. How
ever, the application of advanced technologies such as AI-based robotics 
system for automatic waste sorting achieved an average purity of 90 % 
across the sorting of up to 13 different materials (Wilts et al., 2021), 
which could improve the reclamation of recyclable materials and lead to 
greater environmental benefits.

Anaerobic digestion is one of the MSW management methods that 
can reduce GHG emissions in the waste sector and provide environ
mental benefits. However, the benefits remain relatively limited on a 
global scale. According to current MSW management data, Iran has the 
largest proportion of anaerobic digestion treatment and achieves the 
highest environmental benefits from this treatment method. Approxi
mately 0.3 % of the MSW generated is treated by anaerobic digestion, 
resulting in an estimated reduction of 0.2 kg CO2e per tonne of MSW as 
indicated in ESM2. This demonstrates the potential of anaerobic diges
tion to reduce GHG emissions from the waste sector, although its impact 
is currently constrained by its limited application.

The recycling of glass, metal, paper, and plastics from MSW provides 
substantial environmental benefits, in terms of reducing GHG emissions. 
However, these benefits are predominantly observed in HICs, where a 
higher proportion of recycling treatment is implemented. For instance, 
Singapore achieves the most significant GHG reduction of 349 kg CO2e 
per tonne of MSW treated, due to its higher recycling rate and the 

greater metal content within its waste stream. This highlights the critical 
role of recycling treatment and MSW composition in maximising the 
environmental advantages of recycling practices.

4.2. Future status of greenhouse gas emissions from the global municipal 
solid waste management sector

The global MSW management sector emitted a total of 173.2 Mt CO2e 
GHG emissions in 2023, as shown in Fig. 3. According to projections, 
GHG emissions from the MSW sector will increase to 203.4 Mt CO2e by 
2030 and further rise to 289.5 Mt CO2e by 2050. This indicates that 
global GHG emissions from MSW management are expected to grow by 
over 17 % by 2030 and 67 % by 2050 without any future improvements 
or mitigation measures. This highlights the immediate necessity for 
improved MSW management systems to reduce GHG emissions. In 2030, 
UMCs and LMCs will account for the largest amount of GHG emissions, 
specifically 77.3 Mt CO2e and 98.3E Mt CO2e respectively. These figures 
have the potential to rise to 93.0 Mt CO2e and 146.3E Mt CO2e by 2050. 
HICs benefit significantly from the recycling of paper, plastics, glass, and 
the metal fractions of MSW. As a result, GHG emissions from the waste 
sector in HICs are projected to be 7.9 Mt CO2e in 2030 and 11.4 Mt CO2e 
in 2050, which is substantially lower than the emissions from UMCs and 
LMCs. In contrast, the GHG emissions from the waste sector in LICs are 
projected to reach 19.9 Mt CO2e in 2030 and 38.9 Mt CO2e in 2050.

Previous studies assessed the GHG emissions of waste sector at the 
global level, as presented in Table 3. The scope of the studies by Kaza 
et al. (2018) and Chen et al. (2020) aligns with this assessment, utilising 
the most comprehensive MSW data from the World Bank database. 
However, the projected GHG emissions from MSW management for the 
year 2050 in this assessment are not directly comparable to these 
studies, as they focused particularly on direct GHG emissions from MSW 
management and did not consider the environmental benefits derived 
from energy and material recovery. Another study assessed GHG emis
sions from MSW management across 13 global regions using the 
Greenhouse Gas - Air Pollution Interactions and Synergies (GAINS) 
model, to evaluate potential future GHG emissions and other air pol
lutants (Gómez-Sanabria et al., 2022). The GAINS model primarily relies 
on the potential of direct GHG emissions and does not account for 
emissions savings from energy and material recovery. Our findings 
indicate that recycling recoverable fractions of MSW, such as glass, 
metal, paper, and plastic waste, leads to significant electricity and en
ergy savings. For instance, recycling 1 tonne of glass waste can save 
94.49 kWh of electricity and 757.38 GJ of energy in HICs and 63.56 kWh 
of electricity and 794.56 GJ of energy in other income-level countries. 
Previous studies on direct GHG emissions from MSW management have 

Fig. 3. Projected annual global GHG emissions from MSW management sector based on income levels in 2023, 2030 and 2050 without improvement.
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not accounted for these savings, resulting in higher GHG emissions from 
the waste sector.

A global study evaluated GHG emissions from the 43 highest MSW 
generating countries, representing approximately 86 % of global MSW 
generation, to assess the potential contribution of the waste sector to the 
climate targets of the Paris Agreement and the Global Methane Pledge 
(Hoy et al., 2023). However, GHG emissions were reported using an 
alternative approach, specifically the CO₂ warming equivalents (CO2we) 
metric, which emphasises short-lived climate pollutants such as 
methane to capture immediate warming impacts. This methodological 
difference restricts direct comparability with the findings of this study. 
Variations in estimated GHG emissions were attributed to differences in 
MSW data, including MSW composition, share of treatment methods and 
projected generation rates by nation, as well as LCI for MSW treatment 
methods. The use of diverse data sources and methodological variations 
in GHG emissions estimates leads to challenges in the quantitative 
comparison of GHG emissions across studies. In contrast, a recent study 
examined the life cycle GHG emissions associated with MSW manage
ment within the EU27 in 2020. The weighted average GHG emissions 
from 1 tonne of MSW management in the EU27 were − 49 kg CO2e 

(Albizzati et al., 2024), which is the same order of magnitude and 
comparable to the findings of this study, − 34 kg CO2e for the EU27 in 
2023.

4.3. Potential reductions of GHG emissions from the global MSW 
management sector in 2030 and 2050

The reduction potential of global GHG emissions from the MSW 
management sector was assessed through the implementation of global 
and regional waste management goals set by the UNEP, as well as 
through improvement scenarios and a circular economy scenario as 
shown in Fig. 4. Achieving 100 % waste collection globally by 2030 and 
2050 (S1.1) could potentially reduce GHG emissions from MSW man
agement by over 3 %. This reduction is attributed to the prevention of 
open dumping of uncollected MSW, with the collected MSW being 
proportionally allocated to BAU waste treatment methods. In contrast, 
achieving waste collection rates of 80 % by 2030 and 2050 (S1.2) would 
result in projected GHG reduction rates by less than 1 %, as the envi
ronmental benefits derived from achieving an 80 % waste collection rate 
were only beneficial for the LMCs and LICs. MSW collection rates in BAU 
are almost 90 % in HICs and nearly 80 % in UMCs, while collection rates 
in LMCs stand at over 50 % and approximately 25 % in LICs. When 
considering MSW collection and transport, the separate collection of 
food waste offers several environmental benefits, including conversion 
of the collected food waste into compost or used to produce alternative 
animal feeds, such as black soldier fly larvae (United Nations Environ
ment Programme, 2023).

Implementing a 50 % food waste reduction scenario (S2.1) has the 
potential to reduce GHG emissions by nearly 35 % by both 2030 and 
2050. Similarly, a 40 % food waste reduction scenario (S2.2) could 
result in GHG emission reductions exceeding 27 % by 2030 and 2050, 
respectively. In many developed countries, distributing surplus food 
from suppliers to the community through charity is an effective strategy 
to prevent food waste problems, effectively address zero hunger (SDG 
2), and reduce food losses (SDG 12.3) (Karki et al., 2021). The recycling 
scenarios demonstrate the potential for achieving carbon neutrality in 
the MSW management sector. Recycling scenario (S3.1) could lead to a 
reduction of over 200 % in GHG emissions by both 2030 and 2050 
through the increased recycling rates. Similarly, recycling scenario 
(S3.2) could reduce GHG emissions over 160 % by 2030 and 2050. 
However, increasing the proportion of recycling from the BAU levels to 
50 % or 60 % in Europe and to 40 % or 50 % in other countries presents a 

Table 3 
Previous studies assessing GHG emissions of the waste sector at the global level.

Study Scope of study GHG emissions

2030 2050

Kaza et al. 
(2018)

217 countries – 2.6 Gt 
CO2e

Chen et al. 
(2020)

217 countries – 2.4 Gt 
CO2e

Gómez- 
Sanabria 
et al. (2022)

13 regions (e.g. EU 28, North America, 
Middle East, Oceania, Africa, China, 
India, Russia)

~1.2a Gt 
CO2e

1.6 to 1.8b

Gt CO2e

Hoy et al. 
(2023)

43 highest MSW generating countries 
(approximately 86 % of global MSW 
generation)

13 Gt 
CO2we

32 Gt 
CO2we

This study 217 countries 203.4 Mt 
CO2e

289.5 Mt 
CO2e

EU 27 − 34 kg CO2e/tonne of 
MSW

Albizzati et al. 
(2024)

EU 27 − 49 kg CO2e/tonne of 
MSW

a 36 to 37 Mt CH4 and 193 to 209 Mt CO2 were converted into Gt CO2e.
b 49 to 55 Mt CH4 and 242 to 308 Mt CO2 were converted into Gt CO2e.

Fig. 4. Total GHG emissions from global MSW management sector in 2030 and 2050 based on the BAU and improvement scenarios.
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significant challenge, as the current recycling rates are approximately 
20 % in Europe and 6 % in other countries. Recycling scenarios offer 
significant environmental benefits by reducing the need for virgin ma
terial production and mitigating associated GHG emissions. However, 
the recycling process involves significant energy use and costs, including 
collection, separation, sorting, and processing, as well as capital in
vestment in specialised equipment. LICs typically face barriers related to 
insufficient capital investment in specialised recycling equipment, 
which limit their capacity to manage and process recyclable materials 
efficiently. Despite these limitations, recycling processes offer signifi
cant potential for creating employment and supporting community 
development.

The other recovery scenario (S4.1), in which electricity recovery 
efficiency from incineration is increased, has the potential to reduce 
GHG emissions by more than 17 % by 2030 and 13 % by 2050. This 
scenario is based on an average electrical recovery efficiency of 26 % of 
LHV for large, new incineration facilities (Istrate et al., 2023). The 
implementation of source separation could reduce the water content in 
MSW, resulting in a 99 % increase in LHV (Zhang et al., 2023) and 
potentially leading to higher electricity recovery. Scenario S5.1, which 
considers the increased collection of LFG from sanitary landfills, has the 
potential to reduce GHG emissions by approximately 3 % by both 2030 
and 2050. This scenario assumes an LFG collection rate of 85 %, based 
on reported collection efficiencies in developed countries, which range 
from 79.5 % to as high as 88.4 % (Di Trapani et al., 2013). Controlled 
disposal scenarios represent the second-highest potential for reducing 
GHG emissions within the MSW management sector. By eliminating 
uncontrolled dumping and diverting waste fractions to sanitary landfills 
and controlled landfills, scenario S6.1 has the potential to achieve a GHG 
emissions reduction of approximately 80 % by both 2030 and 2050. On 
the other hand, if the uncontrolled dumping is decreased from the BAU 
level to 30 % (Scenario S6.2), GHG emissions could be reduced by more 
than 13 % by 2030 and 2050.

Scenarios S3.1 and S3.2 are the only scenarios with the potential to 
achieve significant environmental benefits by the MSW management 
sector. However, increasing the recycling proportion from the BAU level 
to more than 2.5 times in European countries and 6 times in other 
countries is difficult to achieve. Additionally, achieving a 100 % waste 
collection target globally presents considerable challenges for many 
countries. Circular economy scenario (CES) was therefore developed 
that assumes waste collection is increased from BAU to 80 %, food waste 
is decreased from BAU to 40 %, recycling is increased from BAU to 35 % 
for Europe and 15 % for ROW, and uncontrolled dumping is decreased 

from BAU to 30 % and diverted to sanitary landfills and controlled 
landfills. The implementation of the CES, which includes achievable 
targets for MSW management targets for all countries, has the potential 
to achieve net zero emissions from the global MSW management sector 
by 2030 and 2050.

4.4. Sensitivity analysis

The sensitivity scenarios were developed to evaluate the influences 
of major input parameters on the assessment results, as shown in Fig. 5. 
The key assumptions considered in the scenarios include variations in 
chemical composition of MSW fractions, MSW collection and transport 
distances, the projected future global renewable electricity generation 
mix, and Global Temperature Change Potential over 100 years (GTP100) 
factors. These factors were selected based on their potential to influence 
the assessment results, considering their potential impact on the overall 
results. The chemical composition of MSW fractions from China (Yang 
et al., 2018) and Denmark (Clavreul et al., 2014) were applied in SS1.1 
and SS1.2 to assess the variations of GHG emissions representative of 
developing country and developed country.

The analysis of different chemical composition datasets of MSW 
fractions revealed that GHG emissions associated with MSW manage
ment increased by approximately 8 % for the China dataset and 3 % for 
the Denmark dataset. This increase is attributed to the influence of the 
energy content of MSW on electricity recovery from incineration of 
MSW. The energy content of MSW in both the China and Denmark 
datasets is slightly lower than the data used in this assessment, resulting 
in lower environmental benefits from electricity recovery during MSW 
incineration.

The analysis of the maximum and minimum MSW collection and 
transport distances, based on the collected data from different regions of 
the globe, demonstrates a significant sensitivity of GHG emissions to 
variations in collection and transport distances. The results specifically 
indicate that GHG emissions increase by approximately 31 % when 
maximum transport distances are applied, while a reduction of around 
32 % is observed when minimum distances are considered. These find
ings highlight the influence of MSW collection and transport distances 
on the overall GHG emissions from MSW management. MSW collection 
and transport distances represent the second largest source of GHG 
emissions in the waste sector. Optimising these distances is therefore 
crucial for reducing the GHG emissions of the waste sector.

The analysis of the projected future global renewable electricity 
generation mix indicates that incorporating renewable electricity into 

( ) ( ) ( ) ( )

Fig. 5. GHG emissions of MSW management sector based on the BAU and sensitivity scenarios (a) chemical composition of MSW fractions from different datasets 
(SS1.1 and SS1.2), (b) maximum and minimum waste collection and transport distances in different regions (SS2.1 and SS2.2), (c) characterisation factors from the 
Global Temperature Potential method (SS4), and (d) GHG emissions from electricity consumption in MSW sorting with BAU, future global renewable electricity 
generation mix data in 2030 and 2050 (SS3.1 and SS3.2).
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MSW management processes has the potential to reduce GHG emissions 
from energy application in the waste sector. The findings indicate that 
the use of the future global renewable electricity generation mix in 2030 
and 2050 could decrease GHG emissions by approximately 30 % by 
2030 and by more than 60 % by 2050 in the electricity application of 
MSW management activities. This highlights the critical role of renew
able electricity to achieve climate goals, reduce GHG emissions from 
waste management practices and maximise environmental benefits.

The analysis of using characterisation factors from the Global Tem
perature Potential method for climate change with a time frame of 100 
years (GTP 100) indicates that the characterisation factors could 
significantly influence the results of the GHG emissions from the waste 
sector. The use of GTP 100 characterisation factors results in an 
approximate reduction of 85 % in GHG emissions compared to using the 
GWP 100 characterisation factors. This difference arises because the 
characterisation factor for biogenic methane in GWP 100 is nearly six 
times greater than that in GTP 100. The sensitivity analysis identifies the 
critical parameters that require a high level of accuracy and helps waste 
sector experts and scholars clarify which parameters have the greatest 
potential to impact the outcome, particularly in terms of increasing or 
decreasing GHG emissions from MSW management.

4.5. Limitations of the study

Technological advancements present opportunities to enhance the 
efficiency of MSW treatment technologies, potentially reducing their 
operational emission factors beyond current IPCC guidelines. Innovative 
approaches, such as using recycling residues as fossil fuel alternatives for 
electricity generation within treatment facilities, are expected to 
enhance the contributions of the global MSW sector towards the goals of 
the Paris Agreement and the Global Methane Pledge. However, it is 
essential to recognise that these evolving factors may influence the ac
curacy of projected emissions in future scenarios.

This study focused on the global warming impact of GHG emissions 
from MSW systems. It recommends further investigation into human 
toxicity potential and the effectiveness of mitigation strategies to reduce 
these impacts. Pollutants released from waste incineration, including 
highly toxic and carcinogenic dioxins and furans, highlight the need for 
a more comprehensive global emissions assessment. Future assessments 
should therefore incorporate country-specific pollutants such as partic
ulate matter (PM), sulphur oxides (SOx), nitrogen oxides (NOx), and 
heavy metals to improve the evaluation and management of associated 
environmental and health risks.

4.6. Policy recommendation

4.6.1. Landfill management
The assessment shows that open dumping of MSW is a predominant 

source of GHG emissions within the global waste sector due to the un
controlled decomposition of organic fractions of MSW. The transition 
from open dumping to more controlled MSW management options and 
food waste reduction are necessary to mitigate GHG emissions from 
open dumping of MSW. Among countries that mentioned the waste 
sector in their NDCs, improved landfilling was the most frequently cited 
mitigation action within the waste sector (Powell et al., 2018) due to its 
significant potential for reducing GHG emissions. The Government and 
local municipalities should therefore prioritise upgrading open dumps to 
controlled or sanitary landfills where feasible that incorporate LFG 
collection and energy recovery systems.

In LICs, upgrading open dumps to semi-aerobic landfills offers a cost- 
effective approach, achieving a 40 % reduction compared to emissions 
from open dumping (Muchangos and Tokai, 2020). Simultaneously, 
landfill diversion strategies should be implemented to reduce the 
amount of MSW directed to landfills. HICs could improve landfill 
management by introducing taxes or fees on conventional landfill 
practices and allocating funds to research and development of advanced 

landfill technologies. In terms of GHG emissions, energy recovery from 
waste incineration may be more advantageous in cases where the re
covery rate of LFG is not high (Anshassi et al., 2022). From the 
perspective of the energy structure and security of each country, energy 
recovery from residual waste may be a realistic option for the transition 
period until a Net-Zero society can be reached.

4.6.2. Source separation
Government should standardise waste separation procedures at the 

household level as part of the integrated waste management system as it 
directly impacts waste management efficiency, environmental sustain
ability, and resource recovery. Well-designed policies based on local 
situations can enhance source separation practices and increase recy
cling rates, reducing landfill use and mitigating GHG emissions. Suc
cessful source separation depends not only on technical and financial 
factors but also on an informed and motivated public. Public awareness 
campaigns, coupled with accessible information on benefits of waste 
separation, are essential for effective source separation practices. 
Additionally, integrating advanced digital technologies such as robotics 
in waste sorting facilities can further enhance sorting efficiency in HICs.

4.6.3. Food waste reduction
Food waste constitutes a significant portion of MSW, particularly in 

LICs, where waste management infrastructure is limited and open 
dumping is the prevalent disposal method, resulting in substantial GHG 
emissions. Reducing food waste not only mitigates GHG emissions 
effectively but also conserves valuable resources. Minimising food waste 
at the source can be achieved through responsible consumption prac
tices, improved supply chain management, and the redistribution of 
surplus food to individuals or communities in need. For unavoidable 
food waste, implementing source separation and separate collection for 
composting and anaerobic digestion offers diversion of landfill disposal. 
Other closed-loop recycling methods, such as insect bioconversion of 
food waste into protein-rich biomass and nutrient-dense frass offer al
ternatives for reducing food waste while producing livestock feed and 
fertilisers. Additionally, the insect bioconversion industry has the po
tential to create jobs and encourage local enterprise, while contributing 
to GHG emissions reduction (Rehman et al., 2023).

4.6.4. Recycling initiatives
The recycling scenarios offer substantial environmental benefits by 

substituting virgin material production. Governments should therefore 
implement national recycling targets to increase recycling rates in the 
MSW management sector. In Europe, setting ambitious recycling targets 
has proven effective in driving higher recycling rates. At the same time, 
establishing standards for recycled materials is essential to build supply 
chain confidence, ensuring that recycled materials are safe to use and 
meet specified quality requirements. In HICs, economic policies such as 
deposit-return schemes and extended producer responsibility (EPR) 
programs, can further enhance recycling rates by providing incentives 
that encourage active participation from consumers and producers. 
Deposit-return schemes for products like bottles and cans encourage 
consumers to return these items in exchange or for a refund, which can 
boost recycling rates while curbing the prevalence of improper littering 
(Zorpas, 2024). In LICs, limited financial resources and inadequate 
infrastructure are significant barriers to increasing the recycling rate in 
the MSW management sector. International aid, cooperation, and 
assistance can support the transition to circular economy systems in 
LICs. Partnerships with international organisations, such as the World 
Bank, along with international funding and donor contributions, can 
support infrastructure development and capacity-building. Private 
sector involvement, including public-private partnerships (PPPs), brings 
investment and innovation, enhancing the efficiency and sustainability 
of the MSW management sector.
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4.6.5. Waste reduction and prevention
Recycling is in a lower position in the waste hierarchy and the less 

preferred options for sustainability compared to waste reduction, repair, 
and reuse, which extend material life and prevent further waste gener
ation. The government should focus on waste reduction and prevention 
policies that involve prioritising efficient product use and 
manufacturing, extending the lifespan of products, and promoting a 
circular economy through a zero-waste approach. Effective waste min
imisation and prevention require adequate economic incentives and 
active public participation to reduce MSW generation and to shape the 
waste management behaviours and decisions of waste producers. 
Financial incentives, such as volume-based waste user fees instead of flat 
fees per household, can drive reductions in MSW generation in HICs. 
Zero-waste strategies support a circular economy by maintaining prod
ucts and materials in circulation for as long as possible, thereby reducing 
MSW, GHG emissions, and harmful chemicals to protect human health 
and the environment. Governments should therefore implement zero- 
waste strategies that maximise product lifespans and prevent waste 
through repair and refurbishment. Some activities may require regula
tory support, such as the EU's Right to Repair, or subsidies to promote 
and sustain these practices. Prioritising policies that minimise waste 
generation and enhance product lifespans through reuse and recycling 
can significantly reduce the GHG emissions in the waste sector and the 
need for new resources.

5. Conclusions

The average global GHG emission from 1 tonne of MSW management 
in 2023 based on the existing MSW management systems was approxi
mately 89.69 kg CO2e, ranging from 49.27 kg CO2e in HICs, 106.14 kg 
CO2e in UMCs, 112.47 kg CO2e in LMCs and 128.11 kg CO2e in LICs. The 
major contributor of global GHG emissions from MSW management was 
the open dumping of MSW, which contributes almost 70 % of GHG 
emissions followed by collection and transport, unspecified landfills, 
sorting of MSW, controlled landfills, sanitary landfill and composting. 
Recycling the recoverable fractions of MSW had substantial environ
mental benefits. Anaerobic digestion and incineration of MSW have the 
potential to provide environmental benefits in the waste sector. How
ever, the environmental benefits of incineration are dependent on en
ergy recovery efficiency, while the benefits of anaerobic digestion are 
relatively limited due to its limited global application.

The global MSW management sector emitted a total of 173.2 Mt CO2e 
GHG emissions in 2023. If no improvements are made to existing sys
tems, GHG emissions from the MSW sector will increase to 203.4 Mt 
CO2e by 2030 and rise to 289.5 Mt CO2e by 2050. This highlights the 
necessity for improved MSW management systems to reduce GHG 
emissions to achieve the carbon neutrality goal from the waste sector. A 
circular economy scenario that considered MSW collection is increased 
from BAU to 80 %, a reduction in food waste by 40 % from BAU, an 
increase in recycling rates from BAU to 35 % for Europe and 15 % for the 
rest of the countries, uncontrolled dumping is also reduced from BAU to 
30 %, with MSW diverted to sanitary and controlled landfills. The 
implementation of the circular economy, which includes achievable 
targets for MSW management for all countries in the world, has the 
potential to achieve net zero emissions from the global MSW manage
ment sector by 2030 and 2050.

The sensitivity analysis of different chemical composition datasets of 
MSW fractions revealed that GHG emissions from MSW management 
increased by approximately 8 % and 3 %, depending on the energy 
content of MSW fractions. MSW collection and transport distances also 
significantly affected GHG emissions, with a 31 % increase at maximum 
distances and a 32 % reduction at minimum distances, underscoring the 
need for optimisation. Application of the future global renewable elec
tricity mix could reduce GHG emissions from electricity applications by 
30 % by 2030 and over 60 % by 2050. Using the Global Temperature 
Potential (GTP 100) method could lower GHG emissions by 85 % 

compared to the Global Warming Potential (GWP 100) method. The 
sensitivity analysis identified the influence of major input parameters on 
the assessment results, as well as the critical parameters that require a 
high level of accuracy and helps policymakers and waste sector experts 
clarify which parameters have the greatest potential to reduce GHG 
emissions from MSW management.

The assessment shows that the transition from open dumping to more 
controlled MSW management options and food waste reduction are 
necessary to mitigate GHG emissions. The Government should stan
dardise waste separation procedures at the household level as it directly 
impacts waste management efficiency and resource recovery. National 
recycling targets should be implemented to increase recycling rates 
within the MSW management sector. The government should focus on 
waste reduction and prevention policies that prioritise efficient product 
use and manufacturing, extending the lifespan of products, and pro
moting a circular economy through a zero-waste approach. The findings 
from this study benefit governments, municipalities, and environmental 
organisations in effectively supporting the pursuit of carbon neutrality 
goals within the global waste sector.
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Gómez-Sanabria, A., Kiesewetter, G., Klimont, Z., Schoepp, W., Haberl, H., 2022. 
Potential for future reductions of global GHG and air pollutants from circular waste 
management systems. Nat. Commun. 13 (1), 106. https://doi.org/10.1038/s41467- 
021-27624-7.

Hogg, D., Ballinger, A., 2015. In: The potential contribution of waste management to a 
low carbon economy. Retrieved from https://zerowasteeurope.eu/library/the- 
potential-contribution-of-waste-management-to-a-low-carbon-economy/.

Hoy, Z.X., Woon, K.S., Chin, W.C., Van Fan, Y., Yoo, S.J., 2023. Curbing global solid 
waste emissions toward net-zero warming futures. Science 382 (6672), 797–800. 
https://doi.org/10.1126/science.adg3177.

Huang, D., Du, Y., Xu, Q., Ko, J.H., 2022. Quantification and control of gaseous emissions 
from solid waste landfill surfaces. J. Environ. Manag. 302, 114001. https://doi.org/ 
10.1016/j.jenvman.2021.114001.

Intergovernmental Panel on Climate Change, 2019. In: Calvo Buendia, E., Tanabe, K., 
Kranjc, A., Baasansuren, J., Fukuda, M., Ngarize, S., Osako, A., Pyrozhenko, Y., 
Shermanau, P., Federici, S. (Eds.), 2019 Refinement to the 2006 IPCC Guidelines for 
National Greenhouse Gas Inventories. IPCC, Switzerland. 

Intergovernmental Panel on Climate Change, 2022. In: Shukla, P.R., Skea, J., Slade, R., 
Al Khourdajie, A., van Diemen, R., McCollum, D., Pathak, M., Some, S., Vyas, P., 
Fradera, R., Belkacemi, M., Hasija, A., Lisboa, G., Luz, S., Malley, J. (Eds.), Climate 
Change 2022: Mitigation of Climate Change. Contribution of Working Group III to 
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press, Cambridge, UK and New York, NY, USA. https://doi. 
org/10.1017/9781009157926. 

International Energy Agency, 2021. Net Zero by 2050: A Roadmap for the Global Energy 
Sector. Retrieved from https://www.iea.org/reports/net-zero-by-2050.

International Energy Agency, 2023. The Oil and Gas Industry in Net Zero Transitions. 
Retrieved from https://www.iea.org/reports/the-oil-and-gas-industry-in-net-zero 
-transitions.

International Organization for Standardization, 2018. Greenhouse gases - carbon 
footprint of products - requirements and guidelines for quantification. In: ISO 14067. 
Geneva, Switzerland. 

International Renewable Energy Agency, 2021. A Pathway to Decarbonise the Shipping 
Sector by 2050. Retrieved from https://www.irena.org/Publications/2021/Oct/ 
A-Pathway-to-Decarbonise-the-Shipping-Sector-by-2050.

Istrate, I.-R., Galvez-Martos, J.-L., Vázquez, D., Guillén-Gosálbez, G., Dufour, J., 2023. 
Prospective analysis of the optimal capacity, economics and carbon footprint of 
energy recovery from municipal solid waste incineration. Resour. Conserv. Recycl. 
193, 106943. https://doi.org/10.1016/j.resconrec.2023.106943.

Karki, S.T., Bennett, A.C.T., Mishra, J.L., 2021. Reducing food waste and food insecurity 
in the UK: the architecture of surplus food distribution supply chain in addressing 
the sustainable development goals (goal 2 and goal 12.3) at a city level. Ind. Mark. 
Manag. 93, 563–577. https://doi.org/10.1016/j.indmarman.2020.09.019.

Kaza, S., Yao, L.C., Bhada-Tata, P., Van Woerden, F., 2018. What a Waste 2.0: A Global 
Snapshot of Solid Waste Management to 2050, Urban Development. ©. World Bank, 
Washington, DC. 

Kumar, S., Smith, S.R., Fowler, G., Velis, C., Kumar, S.J., Arya, S., Rena, N., Kumar, R., 
Cheeseman, C., 2017. Challenges and opportunities associated with waste 
management in India. R. Soc. Open Sci. 4 (3), 160764. https://doi.org/10.1098/ 
rsos.160764.

Kuusiola, T., Wierink, M., Heiskanen, K., 2012. Comparison of collection schemes of 
municipal solid waste metallic fraction: the impacts on global warming potential for 
the case of the Helsinki Metropolitan Area, Finland. Sustainability 2586–2610. 
https://doi.org/10.3390/su4102586.

Lee, S., Kim, J., Chong, W.K.O., 2016. The causes of the municipal solid waste and the 
greenhouse gas emissions from the waste sector in the United States. Waste Manag 
56, 593–599. https://doi.org/10.1016/j.wasman.2016.07.022.

Li, B., Li, D., Hu, J., Zhu, X., Wang, H., Jeon, C.-h., Kim, G.-M., Zeng, Y., 2024. Carbon 
emission of municipal solid waste under different classification methods in the 
context of carbon neutrality: a case study of Yunnan Province, China. Fuel 372, 
132167. https://doi.org/10.1016/j.fuel.2024.132167.

Liao, N., Bolyard, S.C., Lü, F., Yang, N., Zhang, H., Shao, L., He, P., 2022. Can waste 
management system be a greenhouse gas sink? Perspective from Shanghai, China. 
Resour. Conserv. Recycl. 180, 106170. https://doi.org/10.1016/j. 
resconrec.2022.106170.

Liu, Z., Xu, Y., Adams, M., Liu, W., Walker, T.R., Domenech, T., Bleischwitz, R., Geng, Y., 
2022. Comparative analysis of the contribution of municipal waste management 
policies to GHG reductions in China. Waste Manag. Res. 41 (4), 860–870. https:// 
doi.org/10.1177/0734242X221135259.

Luttenberger, L.R., 2020. Waste management challenges in transition to circular 
economy – case of Croatia. J. Clean. Prod. 256, 120495. https://doi.org/10.1016/j. 
jclepro.2020.120495.

Matsuoka, T., Oshita, K., Takaoka, M., 2023. Prediction of greenhouse gas emissions 
from municipal solid waste incinerators with consideration of utilization of heat and 
captured CO2 in the Tokyo waterfront area. J. Mater. Cycles Waste Manag. 25 (4), 
1853–1875. https://doi.org/10.1007/s10163-023-01686-9.

McQuibban, J., 2020. Achieving the EU’s Waste Targets: Zero Waste Cities Showcasing 
How to Go Above and Beyond What Is Required.

Moreno, R.E.F., FitzGerald, D., Symeonidis, A., Ioannidou, D., Müller, J., Valsasina, L.V., 
Vadenbo, C., Minas, N.S., Sonderegger, T., Dellenbach, D., 2021. Documentation of 
Changes Implemented in the Ecoinvent Database v3.8 (2021.09.21). Ecoinvent 
Association, Zürich, Switzerland. 

Muchangos, L.S.d., Tokai, A., 2020. Greenhouse gas emission analysis of upgrading from 
an open dump to a semi-aerobic landfill in Mozambique – the case of Hulene 
dumpsite. Sci. Afr. 10, e00638. https://doi.org/10.1016/j.sciaf.2020.e00638.

National Oceanic and Atmospheric Administration, 2024. Monthly Global Climate 
Report for Annual 2023. Retrieved from. https://www.ncei.noaa.gov/access/monit 
oring/monthly-report/global/202313.

Paes, M.X., de Medeiros, G.A., Mancini, S.D., Gasol, C., Pons, J.R., Durany, X.G., 2020. 
Transition towards eco-efficiency in municipal solid waste management to reduce 
GHG emissions: the case of Brazil. J. Clean. Prod. 263, 121370. https://doi.org/ 
10.1016/j.jclepro.2020.121370.

Powell, J.T., Chertow, M.R., Esty, D.C., 2018. Where is global waste management 
heading? An analysis of solid waste sector commitments from nationally-determined 
contributions. Waste Manag 80, 137–143. https://doi.org/10.1016/j. 
wasman.2018.09.008.

Qi, S., Chen, Y., Wang, X., Yang, Y., Teng, J., Wang, Y., 2024. Exploration and practice of 
“zero-waste city” in China. Circ. Econ. 3 (1), 100079. https://doi.org/10.1016/j. 
cec.2024.100079.

Rehman, K.U., Hollah, C., Wiesotzki, K., Rehman, R.U., Rehman, A.U., Zhang, J., 
Zheng, L., Nienaber, T., Heinz, V., Aganovic, K., 2023. Black soldier fly, Hermetia 
illucens as a potential innovative and environmentally friendly tool for organic waste 
management: a mini-review. Waste Manag. Res. 41 (1), 81–97. https://doi.org/ 
10.1177/0734242x221105441.

Speizer, S., Fuhrman, J., Aldrete Lopez, L., George, M., Kyle, P., Monteith, S., McJeon, H., 
2024. Integrated assessment modeling of a zero-emissions global transportation 
sector. Nat. Commun. 15 (1), 4439. https://doi.org/10.1038/s41467-024-48424-9.

Tchobanoglous, G., Kreith, F., 2002. Handbook of Solid Waste Management, Second ed. 
McGraw-Hill Education, New York. 

United Nations Environment Programme, 2015. Global Waste Management Outlook. 
Retrieved from https://www.unep.org/resources/report/global-waste-managemen 
t-outlook.

United Nations Environment Programme, 2017. Waste Management Outlook for Central 
Asia. Retrieved from https://www.unep.org/ietc/resources/publication/central- 
asia-waste-management-outlook.

P.Z. Oo et al.                                                                                                                                                                                                                                    Sustainable Production and Consumption 52 (2024) 498–510 

509 

https://doi.org/10.1016/j.jclepro.2022.134275
https://doi.org/10.1016/j.jclepro.2022.134275
https://doi.org/10.1016/j.psep.2022.03.05
https://doi.org/10.1088/1748-9326/ab8659
https://doi.org/10.1016/j.envsoft.2014.06.007
https://doi.org/10.3390/urbansci6030057
https://doi.org/10.1016/j.wasman.2020.09.038
https://doi.org/10.1016/j.wasman.2020.09.038
https://doi.org/10.1177/0734242X20983927
https://doi.org/10.1177/0734242X20983927
https://doi.org/10.1016/j.wasman.2013.01.032
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0055
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0055
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0060
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0060
https://op.europa.eu/en/publication-detail/-/publication/075477b7-329a-11ea-ba6e-01aa75ed71a1/language-en
https://op.europa.eu/en/publication-detail/-/publication/075477b7-329a-11ea-ba6e-01aa75ed71a1/language-en
https://op.europa.eu/en/publication-detail/-/publication/075477b7-329a-11ea-ba6e-01aa75ed71a1/language-en
https://doi.org/10.1007/s10311-023-01604-3
https://doi.org/10.1007/s10311-023-01604-3
https://doi.org/10.1016/j.scitotenv.2020.138843
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0080
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0080
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0080
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0080
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0080
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0080
https://doi.org/10.1177/0734242X231168053
https://doi.org/10.1177/0734242X231168053
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0090
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0090
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0090
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0090
https://doi.org/10.1038/s41467-021-27624-7
https://doi.org/10.1038/s41467-021-27624-7
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0100
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0100
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0100
https://doi.org/10.1126/science.adg3177
https://doi.org/10.1016/j.jenvman.2021.114001
https://doi.org/10.1016/j.jenvman.2021.114001
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0115
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0115
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0115
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0115
https://doi.org/10.1017/9781009157926
https://doi.org/10.1017/9781009157926
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/the-oil-and-gas-industry-in-net-zero-transitions
https://www.iea.org/reports/the-oil-and-gas-industry-in-net-zero-transitions
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0135
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0135
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0135
https://www.irena.org/Publications/2021/Oct/A-Pathway-to-Decarbonise-the-Shipping-Sector-by-2050
https://www.irena.org/Publications/2021/Oct/A-Pathway-to-Decarbonise-the-Shipping-Sector-by-2050
https://doi.org/10.1016/j.resconrec.2023.106943
https://doi.org/10.1016/j.indmarman.2020.09.019
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0155
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0155
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0155
https://doi.org/10.1098/rsos.160764
https://doi.org/10.1098/rsos.160764
https://doi.org/10.3390/su4102586
https://doi.org/10.1016/j.wasman.2016.07.022
https://doi.org/10.1016/j.fuel.2024.132167
https://doi.org/10.1016/j.resconrec.2022.106170
https://doi.org/10.1016/j.resconrec.2022.106170
https://doi.org/10.1177/0734242X221135259
https://doi.org/10.1177/0734242X221135259
https://doi.org/10.1016/j.jclepro.2020.120495
https://doi.org/10.1016/j.jclepro.2020.120495
https://doi.org/10.1007/s10163-023-01686-9
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0200
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0200
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0205
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0205
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0205
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0205
https://doi.org/10.1016/j.sciaf.2020.e00638
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202313
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202313
https://doi.org/10.1016/j.jclepro.2020.121370
https://doi.org/10.1016/j.jclepro.2020.121370
https://doi.org/10.1016/j.wasman.2018.09.008
https://doi.org/10.1016/j.wasman.2018.09.008
https://doi.org/10.1016/j.cec.2024.100079
https://doi.org/10.1016/j.cec.2024.100079
https://doi.org/10.1177/0734242x221105441
https://doi.org/10.1177/0734242x221105441
https://doi.org/10.1038/s41467-024-48424-9
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0240
http://refhub.elsevier.com/S2352-5509(24)00333-6/rf0240
https://www.unep.org/resources/report/global-waste-management-outlook
https://www.unep.org/resources/report/global-waste-management-outlook
https://www.unep.org/ietc/resources/publication/central-asia-waste-management-outlook
https://www.unep.org/ietc/resources/publication/central-asia-waste-management-outlook


United Nations Environment Programme, 2018. Africa Waste Management Outlook. 
Retrieved from https://www.unep.org/ietc/resources/publication/africa-waste-man 
agement-outlook.

United Nations Environment Programme, 2019. Small Island Developing States Waste 
Management Outlook. Retrieved from https://www.unep.org/ietc/node/44.

United Nations Environment Programme, 2022. Global Methane Assessment: 2030 
Baseline Report. Retrieved from https://www.unep.org/resources/report/global-me 
thane-assessment-2030-baseline-report.

United Nations Environment Programme, 2023. Towards Zero Waste: A Catalyst for 
Delivering the Sustainable Development Goals. Retrieved from https://www.unep.or 
g/resources/report/towards-zero-waste-catalyst-delivering-sustainable-developm 
ent-goals.

United Nations Environment Programme, 2024. Global Resources Outlook 2024: Bend 
the Trend – Pathways to a Liveable Planet as Resource Use Spikes. Retrieved from htt 
ps://www.resourcepanel.org/reports/global-resources-outlook-2024.

Weitz, K.A., Thorneloe, S.A., Nishtala, S.R., Yarkosky, S., Zannes, M., 2002. The impact 
of municipal solid waste management on greenhouse gas emissions in the United 
States. J. Air Waste Manage. Assoc. 52 (9), 1000–1011. https://doi.org/10.1080/ 
10473289.2002.10470843.

Wilts, H., Garcia, B.R., Garlito, R.G., Gómez, L.S., Prieto, E.G., 2021. Artificial 
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