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Abstract: The predominant management approach for municipal solid waste (MSW) remains disposal, given
significant increases in generation and disposal rates of MSW in recent decades. In addition to the well-
documented carbon emissions from disposal sites, these sites accumulate numerous elements, the masses of
which are substantial globally yet inadequately quantified. The unique combinations of waste constituents,
elements, diverse environments, and confined spaces in disposal sites create distinct biogeochemical
conditions, setting them apart from any other infrastructure or geological feature on Earth. This review first
presents a global summary of the cumulative masses and disposal rates of MSW constituents and associated
elements. The five dominant transformation and transport processes influencing disposed elements are
examined: biochemical degradation, physicochemical transformation, gas migration, leachate migration, and
solid spillage. The magnitudes and rates of the processes corresponding to major disposed elements, including
carbon, nitrogen, sulfur, chlorine, and several metals, are systematically summarized. We examine and
quantify the potential environmental impacts and health risks associated with element transformation and
transport. We also explore the existing knowledge and techniques for resource recovery and site remediation
of disposal sites. The distilled compilation of measurements and insights herein serves as a valuable primer for
researchers, practitioners, and decision-makers involved in MSW management.

Keywords: landfill element; climate change; waste management; biogeochemistry

1. Introduction

The global generation rate of municipal solid waste (MSW) has been increasing steadily and thus
calls for tangible and sustainable management measures. From ~0.6 billion tonnes per year in the
1960s, the rate escalated to around 2 billion tonnes per year in the 2010s with projections indicating a
further surge to ~3.5 billion tonnes per year by the 2050s [1]. Over 60% of MSW is ultimately disposed
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of in terrestrial solid waste disposal sites (SWDS), including sanitary landfills and unregulated
dumpsites. Currently, there are approximately 300,000-500,000 existing SWDS worldwide, receiving
>1.2 billion tonnes of MSW annually and hundreds of billion tonnes of MSW cumulatively over time
[2]. Land disposal is expected to remain the predominant management method for MSW in most
countries in the next few decades [2].

MSW biodegradation in SWDS is the most studied process to date. Organic constituents of MSW
biodegrade in SWDS, leading to emissions of greenhouse gas (GHG), mainly consisting of methane
(CH4) and carbon dioxide (COz). CH4 exhibits a high global warming potential (GWP), which is 28
times stronger than CO2 over a 100-year time horizon and 80 times stronger over a 20-year time
horizon [3]. SWDS have been recognized as the third largest anthropogenic source of global CHa
emission, which accounts for ~20% of all the anthropogenic CHs emissions between 2000-2017 with a
total carbon (C) flux, including COz and CHy4, on the order of ~100 Tg C/year [4]. Some huge sites emit
CHea at rates on the order of 1000 Gg/year, which are even comparable to those of “ultra-emitters” in
the oil and gas industry [5]. SWDS also possess considerable potential for emission reduction,
representing one of the largest anthropogenic CHa sources that can be controlled at relatively low
costs through technological interventions. Up to ~40% reduction of CHs emissions (~25 Tg/year) can
be reduced via retrofitting SWDS [6]. Besides the global warming effect, these gas emissions are
pivotal in the global biogeochemical cycle of C, which has been studied extensively [7,8]. The
magnitude of C flux related to global SWDS is even comparable to those of some important natural
processes, for example, volcano emissions (100~400 Tg C/year) [9] and accumulation in tidal wetlands
(~54 Tg C/year) [10].

Global SWDS are not only huge C reservoirs and emission sources, but also cumulate several
tens of other elements with tremendous yet poorly quantified masses. They are hypothesized to
contain a more diverse array of elements and compounds within the same footprints than any other
natural or anthropogenic sites. The wide variety of waste constituents and elements, highly variable
and heterogeneous environments, and confined spaces of SWDS give them unique biogeochemical
conditions that differ from other places on Earth [11]. However, the transformation and transport
processes of elements other than C and a handful of regulated pollutants have been sporadically
studied [12,13] and poorly summarized. Given the immense cumulative masses of disposed
elements, understanding their transformation and transport processes is critical for effective site
management and mitigation of environmental and health risks.

To further widen the scope of solid waste-related research, we summarize the existing
knowledge on C and other major elements (N, P, S, Cl, metals, etc.) in SWDS and organize the content
into the following four sections: 1) disposal rates; 2) transformation and transport processes; 3)
impacts on environmental quality and public health; and 4) potential resource recovery and site
remediation measures.

2. Global disposal of MSW and constituting elements

It is important yet challenging to quantify the masses of disposed MSW and constituting
elements globally. We first review reported national MSW generations and physical compositions,
which are highly variable. Then, we quantitatively summarize the elemental compositions of
different waste constituents. The information in this section lays the foundation for the assessments
of disposed elements in global sites, which are highly variable and have not been systematically
calculated.

2.1. Disposal of MSW

Global and national MSW generation and disposal data have been gathered and compared
systematically since the 1990s. MSW generation is highly dependent on the income level. High-
income countries with 16% of the global population produce 34% of the world’s MSW, while low-
income countries with 9% of the global population generate only 5% of the world’s MSW. Lower-
middle and upper-middle-income countries, representing 43% and 32% of the world’s population,
contribute 29% and 32% to global MSW generation, respectively [14]. The continuous acceleration in
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global MSW generation is mainly driven by economic growth and increasing living standards in
developing countries. By 2050, MSW generation is expected to triple in low-income countries and
double in lower-middle-income countries, which are primarily concentrated in regions like the
Middle East and North Africa, Sub-Saharan Africa, South Asia, and East Asia [2].

It is critical to distinguish the cumulative masses of MSW disposed of in dumpsites and landfills.
Dumpsites typically have little containment system and lack management, which are more common
in low-income and middle-income countries. On the contrary, landfills refer to engineered disposal
sites that are prevalent in high-income countries. A rough estimation is that, among the land-
disposed waste in 2018, 660 million tonnes were disposed of in dumpsites (~45%) and 800 million
tons (~55%) in landfills [1,14]. Over the next few decades, a higher landfill-to-dumpsite ratio is
expected due to the gradual transition from unregulated dumping to sanitary landfilling in
developing countries. Nevertheless, it is crucial to maintain continued attention on dumpsites
considering the cumulative masses of disposed waste and impacts of unregulated disposal on waste
management, environmental and health impacts, circular economy opportunities, and climate
resilience [14].

2.2. Physical and elemental compositions of MSW.

Despite abundant studies reporting MSW physical compositions worldwide, there is currently
alack of a categorization standard, and only the United States (U.S.) and some European Union (E.U.)
countries report their country- and/or state-level waste compositions regularly. MSW is most often
characterized based on the macroscopic properties, such as by the appearance and origin of waste.
Most MSW studies utilized this approach and reported the percentages of each constituent [15,16]. In
this review, we categorize the physical composition of MSW into ten broadly recognized constituents
[14], which are food, glass, metal, paper and cardboard, plastic, rubber and leather, textile, wood,
yard trimming, and others (Figure la). Waste composition varies significantly across different
geographic scales, which is influenced by generation time, location, lifestyle, waste management
policy, and infrastructure. For example, with rising income levels, the waste compositions in the two
largest developing countries, China and India, have evolved significantly from the 1990s to the 2010s
[17,18]. Over the past three decades, there have been up to 10% increases in the percentages of paper,
cardboard, and plastics. During the same period, China and India exhibited higher percentages of
organic waste compared to the U.S. and Germany, but lower plastics, metal, wood, rubber, and
leather (Figure 1b). Waste management policy and infrastructure also changed the percentages of
specific constituents, for example, the percentages of paper & cardboard in the U.S. and Germany
decreased due to substitutions by plastics [19,20]. Food waste accounts for ~44% of the global raw
MSW by mass and constitutes the largest waste constituent, which impacts significantly on resource
wastage and environmental quality [21,22].

The physical makeup of MSW is fundamental to understanding the elements within SWDS. The
elemental compositions of different waste constituents are essential for computations involving
transformation, transport, storage, recovery, and remediation of disposed elements [23]. This is also
referred to as the ultimate analysis of waste in biochemical and thermal treatment [24]. In fact, the
available studies reporting elemental compositions of bulk waste or waste constituents are mostly in
the fields of composting [25], anaerobic digestion [26], and incineration [27]. To date, elemental
composition has been rarely considered for waste disposal yet, the reasons are twofold: 1) high
variability and heterogeneity of waste prevent accurate estimations of elements; 2) current
assessments and modeling of SWDS rely on macroscopic and generalized data, e.g., physical
parameters (volume, mass) and index values (biochemical oxygen demand (BOD), chemical oxygen
demand (COD)). In addition to improving the estimations of GHG emissions from SWDS that have
drawn tremendous attention [6], quantification of MSW elemental composition also enables the
calculations of inputs and storages of elements in SWDS, which involve even greater masses than the
GHG emissions but are seldomly considered. Incorporating MSW elemental composition also
promises better assessments of the transformation and transport processes of elements and more
effective management, recovery, and remediation strategies [28].
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To improve the understanding of elemental composition in MSW characterization, we
summarize exhaustively the available values reported in the literature (N=397 in 24 countries in
Figure 1c). In addition to the bulk MSW and ten major MSW constituents, some research that reported
the elemental compositions of specific groups of constituents are also included, namely organic
fraction of MSW (OFMSW) and refuse derived fuel (RDF) (Figure 1a). Massive and multi-brands
productions plus diversified waste management policies and methods introduce great variability to
MSW elemental composition, thus even the same MSW constituent based on physical composition
show wide ranges of elemental contents (Figure 1c). Inorganic products (glass and metals) and
biobased materials (paper, wood, and yard trimming) show intermediate variabilities in their
elemental compositions, while processed organic products (food, plastics, rubber, and textiles)
exhibit significant variabilities in the respective elemental compositions. Take food waste as an
example, the ranges of C, oxygen (O), and nitrogen (N) contents are 27%-64%, 17%-55%, and 0.2%-
14%, respectively. MSW elemental composition also differs with time, country, and waste
management strategy, which is due to the same reasons as for MSW physical composition. This
results in wide ranges of elemental contents in bulk MSW worldwide, which contains 11%-60% of C,
7%-40% of O, 1%- 10% of hydrogen (H), 0.3%-2.1% of N, and 0.1%-0.6% of sulfur (S) (from 10t to 90t
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Figure 1. Disposal of MSW and constituting elements in SWDS: (a) typical categorizations of main
MSW constituents; b) the evolutions of MSW physical compositions with time in China, the U.S.,
India, and Germany (representing E.U.); and c) elemental compositions of main MSW constituents
summarized from the literature (see Supplementary Table S1 for the complete dataset and references).

3. Transformation and transport processes

Despite the original intention of permanent isolation and containment, SWDS most often expose
MSW to contact with the atmosphere, hydrosphere, and pedosphere. Therefore, SWDS have widely
varied environmental conditions, including vertical stress, moisture content, oxygen availability, pH,
oxidation-reduction potential, and temperature [29,30]. These conditions enable a series of physical,
chemical, and microbial reactions occurring in MSW simultaneously or sequentially. Most elements
are first transformed to more mobile forms in the aqueous or gaseous phase, which are more easily
transported [31], while some elements are transported directly [32]. Some transformation processes
render the elements less mobile, making them prone to precipitation, complexation, or adsorption
[33]. Original waste and transformed products can be transported within and across site boundaries.
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Understanding these transformation and transport processes is fundamental to assessing the
environmental and health impacts (Section 4) as well as the resource recovery and site remediation
potentials (Section 5) of SWDS. The following subsections review the major transformation processes,
including biochemical degradation [16] and physicochemical transformation [34]. We also examine
the major transport processes, which are gas collection and emission [35], leachate collection and
leakage [36], and solid spillage [37]. The mechanisms, occurrences, magnitudes, and rates of these
processes differ greatly in landfills (Figure 2a) and dumpsites (Figure 2b), which are exhaustively
summarized.

3.1. Biochemical degradation.

Biochemical degradation, or biodegradation in short, is one of the most often studied processes
in SWDS since the 1970s [38], which was already noticed in ancient times [39]. This process occurs in
biodegradable waste rich in C, O, H, N, S, and phosphorus (P) (Figure 1), which is prevalent in most
SWDS globally. The major products of biodegradation include gaseous and aqueous compounds and
residual and recalcitrant solids [40]. Gaseous compounds include COz, CHs, nitrous oxide (N20),
nitrogen oxide (NOx), hydrogen sulfide (H:S), sulfur oxides (SOx), and other trace organic and
inorganic molecules. Aqueous compounds are intermediate and final products of anaerobic
degradation, including carbohydrates, amino acids, volatile fatty acids (VFA) [41], and recalcitrant
humic substances [42]. Additionally, the process involves microbial oxidation and dissolution of
heavy metals such as iron (Fe), arsenic (As), chromium (Cr), mercury (Hg), and lead (Pb) [31]. The
mechanisms and intensities of biodegradation vary among dumpsites and landfills. Aerobic
biodegradation typically occurs only in the surface layers of landfills with cover systems, while
deeper areas predominantly undergo anaerobic biodegradation. In contrast, dumpsites allow
extensive contact between MSW and the atmosphere, thus leading to prevalent aerobic
biodegradation. For bioreactor and hybrid landfills, which are low in total numbers and distinct from
traditional “dry-tomb” landfills, both aerobic and anerobic biodegradation can be manipulated
through air and liquid additions [43].

As a classic biochemical process, biodegradation is commonly characterized by a final degree
called biodegradability and a reaction rate that is equivalent to microbial growth and activity rate.
Although many laboratory studies measured and reported such values [15], they are difficult and
inaccurate to derive from field measurements besides a few pilot-scale sites with good gas collection
and monitoring capabilities [44,45]. The major obstacle is that the initial and final conditions of MSW
in full-scale sites are almost impossible to obtain, which are necessary for calculating the
biodegradability and reaction rate. After the measurements of gas generation, two classic models for
data regression are the exponential decay model and Gompertz decay model, both of which
proximate Monod’s equation [46]. Some microbial mechanistic models have been developed, but are
more complicated and less practical than the classic models for most sites [47,48]. In the following
subsections, we provide an overview of the transformation processes of major elements during
biodegradation. Considering the scarcity of field measurements, we extensively collect the laboratory
tests that reported the forms and contents of major elements before and after biodegradation to
calculate the transformation percentages (biodegradability) and rates of each element in gaseous,
aqueous, and solid phases (N=129 in Figure 3b). The average values of the transformation percentages
and rates are presented, along with the distributions of major elements in the three phases after
biodegradation (Figure 3a).

3.1.1. Biodegradation of carbon

Biodegradable C is converted to biogas containing CHs and CO, each with 40-60% volumetric
concentration. Gaseous C accounts for ~20% of the initially disposed C on average, which ranges from
0.1% to 78% as reported in the laboratory studies due to different waste compositions and
biodegradation conditions [49] (Figure 3b). Currently, the Intergovernmental Panel on Climate
Change’s (IPCC) method uses a first-order decay (FOD) model to estimate gaseous C emission,
assuming the reaction rate is proportional to the mass of remaining biodegradable C in the waste
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[45]. The resulted rate is called a waste decay rate k (year[1]). Here, we extensively collect the reported
k values from laboratory tests (N = 80 in 12 countries in Figure 3c) and field measurements (N = 195
in 18 countries in Figure 3c). The average value of laboratory-tested k (5.5 year™) is significantly higher
than that of field measured k (0.12 year?) (p<0.01), which is due to scale effect, waste heterogeneity,
and different temperatures and moisture conditions [50]. Recently, conventional C emission
estimations were found to have high uncertainties and variabilities and largely deviated from the
actual values [51,52]. Counterintuitively, the field-measured k and laboratory-tested k show little
correlation with the physical and gravimetric MSW compositions (Figure 3c). A potential future
research direction would be to explore the correlation between k and MSW elemental composition.

Aqueous C, such as carbohydrates, amino acids, and VFA, is most often measured as BOD, COD,
and total organic carbon (TOC) [53]. The majority of the aqueous C will be finally biodegraded to
CO:, CHs4, and biomass within SWDS or in leachate treatment plants after collection [54]. The
characteristics of leachate humic C, a biodegradation product, have been broadly studied as pollution
indicators that influence remediation strategy [42,55]. Slow- and non-biodegradable C in the solid
phase approximates 70% of the initial C in MSW (Figure 3b), which consists mainly of recalcitrant
polymers (plastics, rubber, composites, and lignin) and transformed residues (humic substances).
SWDS are thus significant yet largely unexplored reservoirs of fossil-based C on Earth [56]. It is
difficult, and somewhat arbitrary, to distinguish between slow- and non-biodegradable C, which may
not be practical or necessary in a 100-year time horizon [57]. Despite the recent surge in research on
the presence and behaviors of plastics in SWDS [11,58], their biodegradation and transport degrees
should be minimal. The long-term fates of other recalcitrant polymers remain largely unstudied,
which consist of a major portion of the solid C.

3.1.2. Biodegradation of nitrogen

The inputs of N into SWDS primarily exist in the forms of ammonium, nitrate, nitrite, and
organic nitrogen [12]. Only ~1% of the initial N is biodegraded to N2O, which is frequently emitted
from SWDS [59]. The formation of N20 requires alternating anaerobic and aerobic conditions, which
is common in surface waste. Additionally, the released ammonia (NHs) may also undergo microbial
nitrification in surface waste, leading to N2O production [59]. The GWP of N20 is 273 times that of
CO:in a 100-year time horizon [3]. This substantial contribution to global warming has led to studies
focusing on the emission patterns and mitigation measures of N2O [60]. While the IPCC provides the
widely-used FOD emission model of CHs, there lacks a well-recognized emission model of N20
despite a few kinetic studies [61]. There is ~13% of the initial N in the aqueous forms of ammonium,
nitrate, and organic nitrogen after biodegradation, which undergoes nitrification and denitrification
during leachate treatment and is eventually released as N2 and NOx [53]. The rest of N in the solid
phase is in the forms of nitrate and organic residues.

3.1.3. Biotransformation of other elements

The biotransformation processes of O and H are concomitant with C, which are usually
estimated using Buswell’s equation once the elemental composition of biodegradable waste is known
[62]. Apart from O and H, the biotransformation processes of S, P, chlorine (Cl), and metal elements
have been studied mechanistically without the quantifications of biodegradability and reaction rate.
H:S, known for its distinctive malodor, is a biodegradation product from the reduction of solid and
aqueous S [63]. Once H:S enters an aerobic zone it is partially microbially oxidized to sulfur oxide
(50x) [64]. In addition to H:S, other reduced S compounds, such as methyl mercaptan (CHsSH),
dimethyl sulfide ((CHs):S), carbon disulfide (CS2), and dimethyl disulfide ((CHs):S2) were
occasionally detected [65]. P is an essential nutrient for biodegradation and its transformation has
been extensively studied [66]. The removal of P from landfill leachate is another topic of increasing
interest [67,68]. Inorganic Cl is primarily found in the forms of salts, such as potassium chloride and
sodium chloride that are commonly found in food waste. Some researches indicate that polyvinyl
chloride (PVC) is slightly biodegradable, and the ClI in PVC can be transformed to Cl- through

doi:10.20944/preprints202401.1594.v1
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biodegradation and physiochemical erosion [69]. Approximately 47% of the initial Cl is found in
aqueous phase (Figure 3b).

Generally, over 99% of the initial metals remain in solid phase [70], while the rest are
biotransformed into aqueous phase as side reactions of organic waste biodegradation [71]. Trace
masses of heavy metals may be volatilized as byproducts of microbial activities, although the
mechanisms have not been completely understood and the masses remain unclear [72,73] (Figure 4d).
The volatilization processes provide unique yet trace-amount pathways for heavy metals to migrate
in the gaseous phase, which are analogous to those occur in peatlands and organic-rich sediments
[74]. In fact, SWDS can be an overlooked but important source of volatile heavy metals, the
contributions of which to air pollution are not fully understood or quantified.
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Figure 2. Illustration of the transformation and transport processes of waste in typical disposal sites:
a) sanitary landfills; and b) unregulated dumpsites.
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Figure 3. Statistics of the available experimental results of transformation processes of elements: (a)
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under SWDS conditions; (b) transformation percentages of C, N, S, and Cl from the solid phase to
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gaseous and aqueous phases; (c) transformation rates of C from solid to gaseous phase as a proxy for
overall transformation rates of other elements and the correlations between the C transformation rates
and percentages of biodegradable waste in the available laboratory and field studies, respectively (see
Supplementary Table S2 and S3 for the complete dataset and references).
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Figure 4. Statistics of the elements and pollutants detected in leachate and landfill gas. Leachate [114]:
(a) transition metals, post-transition metals, and metalloids, (b) alkali metals and alkaline earth
metals, (c) reactive non-metals; landfill gas : (d) volatile metals [73,115], (e) volatile non-metals [116].

3.2. Physicochemical transformation

A variety of physicochemical processes occur in SWDS, including compression and
fragmentation, dissolution and precipitation, oxidation and reduction, and volatilization. These
processes require different conditions as compared to biochemical processes, hence the locations of
occurrence may not overlap with those of biochemical processes. The transformed products are
usually more mobile than their original forms. Compression and fragmentation are mechanical
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processes driven by stresses imposed on waste [75]. Compression densifies waste and reduces its
porosity, moisture content, and hydraulic conductivity. This, in turn, retards waste’s exposure and
interaction with water, within which most biochemical and physicochemical processes occur.
Fragmentation breaks down large solids into smaller and more mobile particles due to tensile and
shear stresses [76]. Brittle waste constituents include food, paper, wood, plastic, rubber, and textile,
which are fragmented into the corresponding smaller particles. The smaller food, paper, wood, and
even polymer particles facilitate biodegradation due to their higher specific surface areas as
compared to the original waste [77]. The generation of microplastics and microfibers in SWDS
received great attention recently [78,79], since they are highly mobile and act as vectors for adsorbing
and transporting other elements, compounds, and pathogens [80,81]. In general, purely physical
transformations do not alter waste elemental composition. Instead, they primarily impact the sizes,
shapes, and spatial arrangements of waste particles, thereby indirectly influencing the transformation
and transport processes of elements.

Leaching or dissolution is the major process to convert inorganic and non-biodegradable solids
to aqueous compounds. This process has been extensively studied, particularly for salts and heavy
metals in leachate [53,82]. In a broad sense, leaching also refers to the mobilizations of recalcitrant
organic carbons, such as non-aqueous phase liquids [83], pharmaceuticals and personal care products
(PPCPs) [84], perfluoroalkyl and poly-fluoroalkyl substances [85], and humic substances [53]. On the
other hand, soluble carbonates, sulfates, phosphates, and other oxyanions may precipitate with heavy
metals in waste layers and leachate collection systems to deteriorate landfill function [86]. Similarly,
minerals may precipitate and form crusts to clog the underlying soil of dumpsites [87,88]. Oxidation
and reduction occur to multivalent metal ions depending on leachate properties, which alter the
valence states and mobilities of heavy metals [53]. This can result in the relocation and stratification
of certain elements in MSW, e.g., Fe, As, Cr, etc. [89]. Uncontrolled fires [90] and hydrothermal
reactions [91] also oxidize waste elements. Uncontrolled fires contribute to the emissions of various
gaseous pollutants (carbon monoxide, NOx, SOy, and particulate matters) and greenhouse gases (CHa
and CO), posing significant threats to ambient air quality [90,92]. The concentrations of total N, COD,
and heavy metals in the leachate were also elevated shortly after the fires in SWDS [93]. High-
temperature landfills, which are often caused by internal smoldering of flammable waste and
aluminum-water reactions, facilitate pyrolysis, ash hydration, and accelerated carbonation of waste
[94].

3.3. Gas collection and emission.

Gas migration in SWDS can be either active or passive. The active collection uses vacuum suction
to mobilize gas in the accessible or drainable pores within waste, while other pores are too small to
access pneumatically or perched by leachate [95]. The average efficiency of the gas collection systems
in landfills, which is the ratio between gas collection volume and gas generation volume, ranges
between 40-80% [96,97]. A small number of landfills have been aerated by pumping air under positive
pneumatic gradients, primarily aiming to accelerate aerobic biodegradation, reduce water content,
and reduce GHG emissions [98-100].

The uncollected gas migrates through shallow waste and cover soil and gets partially oxidized
from CHas to CO2, which is beneficial to reduce the overall GWP of gas emission, similar to flaring
[101]. Both aerobic [102] and anaerobic CHs oxidation [103] have been identified in SWDS,
highlighting high spatial heterogeneity and microbial diversity within small footprints. The IPCC’s
default fraction of CHs oxidation is 10%, which has been challenged by many recent in-situ
measurements [104]. Current estimations of collection and surficial oxidation percentages of CHs
range between 22-55% [105], with the rest emitted to the atmosphere. Odor release is a common
problem in SWDS caused mainly by HzS and other S- and N-containing gaseous compounds, which
have been monitored in many sites over long periods [106]. However, their fluxes are even more
difficult to directly quantify than GHG. A common practice to estimate HxS emission is based on the
relatively stable volumetric ratio of H2S to CHs, which is 36 ppm for H2S and 50% for CHs during
biodegradation [106]. The improved control of H2S and other odor-causing compounds requires more
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field monitoring data and a deeper understanding of their generation mechanisms [63]. Major factors
influencing gas emission include climate conditions, waste composition, and SWDS management
[107].

3.4. Leachate collection and leakage

Soluble and suspended compounds can be transported within and out of SWDS via leachate
migration, a process that has been extensively reviewed [53,55,108]. The transport processes
associated with leachate include surface runoff, leachate drainage, and leachate leakage. Surface
runoff is typically less contaminated compared to drained or leaked leachate. Leachate drainage
sends leachate to treatment plants via leachate collection systems, which may be clogged due to
mineral precipitation (Section 3.2). Landfill containment systems are prone to failures in the long
term, leading to leachate leakages and environmental impacts [109]. Unregulated dumpsites,
typically lacking containment systems and proper management, are much more prone to leakage
[110]. For coastal and riverine SWDS, leakage can also be induced by waste erosion [111], which can
be exacerbated by the impacts of climate change and potential sea level rise. Furthermore, extreme
weather events, such as hurricanes, tsunamis, storms, and wildfires, increase the risks of SWDS
structures being damaged, which are designed to sequester waste elements permanently [112].

3.5. Solid spillage

Solid spillage encompasses surface wind transport and waste landslides. Waste in landfills is
covered daily, but during daytime operation, small and light particles can be suspended and
transported by wind. Waste in unregulated dumpsites, being constantly exposed, are specifically
susceptible to being windblown. While the total mass of waste transported in this manner tends to
be low, the potential transport distance can reach ~1000 km. An example is the transport of
microplastics from SWDS to conservation areas in the U.S. [32]. Waste landslides, although rare, can
mobilize large masses of waste due to excess disposal, storms, or both [113]. Coastal and riverine
SWDS are susceptible to such waste landslides and erosions triggered by tides and waves [111,112].

4. Environmental and health impacts

As summarized above, SWDS are not permanent reservoirs of all the disposed waste, instead
considerable masses of elements are transformed and transported with SWDS acting as sources. We
review systematically the concentrations of major compounds and elements detected in leachate and
landfill gas, which serve as the primary mediums for the transport of elements from SWDS. The
emitted or leaked compounds have both environmental and health impacts. Monitoring and
managing such impacts are major functions and responsibilities of sanitary landfills, while
unregulated dumpsites are incapable of doing so and the risks can only be roughly understood.

4.1. Environmental quality impacts.

The releases of gases, leachate, and solids from SWDS pose major threats to the environment,
which have been extensively studied for landfills [87,117] and dumpsites [110], respectively. The
pollutants are often grouped into soluble salts, soluble heavy metals, insoluble particles,
biodegradable organics, and trace organics [53]. Their impacts are typically categorized based on the
environmental mediums, namely air, water, and soil. The pollutants in gaseous and aqueous phases
will migrate, either naturally or driven by site operation, to the environment, thereby rendering
SWDS intermediate sources. The types of compounds and elements involved in these transport
processes can be extensive and vary considerably across different SWDS. Here, we provide an in-
depth summary of the concentrations of major compounds and elements found in leachate (N=1,256)
and landfill gas (N=90 in Figure 4). In leachate, most measurements focused on metals (Figure 4a and
4b) and complex organic compounds (Figure 4c) [114], which influence ambient water and soil
qualities. In landfill gas, pollutants like H2S and volatile organic compounds (VOC) drew great
concerns. The presence of these pollutants in the surrounding environmental mediums of SWDS
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further indicates their roles as intermediate sources [114]. One example is that PPCPs were detected
in the groundwater and surface water surrounding SWDS, which has recently gained research
attention but is still understudied [84,118]. On the other hand, persistent organic pollutants (POPs),
such as polychlorinated biphenyls (PCBs), hexachlorocyclohexane (HCH), and perfluorooctane
sulfonic acid (PFOS), may remain stable and immobile in SWDS for decades [119]. Beyond the
impacts on the natural environment, a small number of studies focused on the health impacts of
disposed waste on animals [120].

Theoretically, complex reactions occurring in SWDS facilitate both detoxification and toxicity
amplification of various compounds and elements. It is important to recognize the multiple processes
SWDS sustain at the infrastructure-nature interface in addition to acting as reservoirs and
intermediate sources. In reality, such studies are scarce given the difficulties in simulating disposal
site conditions in the laboratory and the even greater challenge of field sampling and
characterization. For example, a few studies found that some halogenated organic compounds can
be biodegraded to less toxic products in SWDS, which is also called attenuation [121,122].
Unfortunately, the attenuation process can be extremely slow for POPs [123]. On the other hand, solid
and soluble elements can also be transformed into more toxic and bioavailable forms in SWDS.
Elements such as Cl and fluorine can be incorporated into VOCs, e.g., carbonyl sulfide and
halogenated hydrocarbons, thereby threatening air quality (Figure 4e) [116]. In the U.S., the VOCs
emitted from SWDS account for ~10% of the national VOC emissions [124]. Recent studies even
suggested that landfill gas can be a source of anthropogenic gaseous antimony (Sb) and As released
in the forms of methylated organics [73] (Figure 4d). The presence of other volatile metals in landfill
gas, including Hg, Pb, selenium (Se), tin (Sn), and tellurium (Te), were also reported [72]. However,
it should be noted that the records of volatile metals in landfill gas are overall limited. Further
research is needed to improve the mechanistic understanding and quantification of detoxification
and toxicity amplification processes in SWDS, which would pave the way for modelling and
predicting them.

4.2. Public and occupational health impacts

It is widely acknowledged that SWDS pose risks to human health, primarily due to the release
and transport of pollutants under varied environmental and urban conditions [125]. Pollutants in
SWDS are released through gas emission, leachate leakage, and solid spillage (Section 3). Thereafter,
they participate in the element cycles of the atmosphere, hydrosphere, and pedosphere, which raise
the probabilities of human inhalation, ingestion, and dermal absorption (Figure 5a). We review
extensively the negative health impacts of SWDS, including cancers, birth defects and reproduction
disorders, respiratory diseases or symptoms, gastro-intestinal diseases or symptoms, mental and
neurologic diseases or symptoms, and mucous membrane irritations [126]. The relative health risks
are calculated by dividing the SWDS-related risks by the risks of the baseline populations, which are
further categorized into those for individuals living near SWDS (N=116 in 11 countries in Figure 5b)
and for disposal site workers (N=55 in 3 countries in Figure 5c). 75% of the reported relative health
risks associated with residential and occupational exposure were greater than 1. Birth defects were
frequently reported as a significant health risk [127-129], with relative risks ranging from 0.35 to 7.08.
The relative risks for occupational exposure are significantly higher than those for vicinity residential
exposure. For instance, the relative risks of respiratory diseases average 5.1 for occupational
exposure, which is significantly higher than the average of 3.5 for residential exposure (p=0.02). The
health of disposal site workers is a critical concern as they are exposed to high concentrations of
pollutants for extended periods [130,131].

Despite clear evidence of health impacts induced by pollutants containing organic C, N, S,
halogens, metals, and other elements, it is premature and difficult to establish the causal relationships
between SWDS and the observed diseases or symptoms [126]. Many available studies suffer from
poor exposure measurements and experimental designs, leading to low comparability and
inconclusive evidence [126,132]. Well-acknowledged source-pathway-receptor models have not been
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established for most of the SWDS under investigation. It cannot be generalized which sites and
elements and to what degrees the SWDS are threatening public health [133].
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Figure 5. Overview of the health impacts of the major compounds and elements released from SWDS:
a) schematic of release and transport pathways and potential receptors; and statistics of relative health
risks for (b) vicinity residential exposure and (c) occupational exposure (see Supplementary Table S4
for the complete dataset and references).

5. Resource recovery and site remediation

Considering that ~70% of C, ~57% of N, ~45% of S, ~53% of Cl (Figure 3a), and more than 99% of
metals remain in SWDS after disposal as long-term reservoirs, it is logical and increasingly necessary
to design and implement resource recovery and site remediation to promote sustainability and
element neutrality. These engineered measures aim to transform SWDS from conventional waste

reservoirs and intermediate pollution sources to emerging resource stockpiles [134] and construction
land [135].

5.1. Resource recovery

Various types of resources can be recovered from SWDS via gas collection [136], leachate
treatment [137], and solid waste mining [138,139]. Long-term transformation and transport processes
of elements (Section 3) are either beneficial or detrimental to resource recovery, which depends on
the target resources and approaches. Biogas collection and energy generation rely on biodegradation
of organic C, and anaerobic digestion of leachate requires the presence of aqueous C, N, and P
generated from biodegradation and leaching of waste. Hence, biodegradation in SWDS should be
facilitated if the primary goal is to harvest biogenic energy. For sanitary landfills in developed
countries, up to 90 % of the generated gas can be collected, amounting to ~20% of all the disposed C
along with comparable masses of O and H and trace masses of N and S. Dumpsites are typically
incapable of continuous and effective gas collection. The United Nations supported some Clean
Development Mechanism projects for dumpsites in developing countries in Africa, South America,
and Asia to help establishing gas recovery and electricity generation facilities, which bring
environmental, economic, and social benefits [140]. Leachate collection and anaerobic digestion are
evolving and have been systematically reviewed [141,142]. The main products are CHs, CO2, and
sometimes biobased compounds like VFAs [141]. The recovered CHs from both gas collection and
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leachate treatment can be used for electricity generation (waste-to-energy, WtE) or industrial
synthesis (waste-to-material, WtM).

In contrast, waste mining prefers constituents with untransformed elements, mainly targeting
electrical and electronic wastes, metals, and polymers including plastics, rubber, and composites.
Untransformed compounds and elements are easier to separate and usually have higher purities.
Metals, being the most valuable constituent of recovered waste, constantly contribute to over 60% of
the revenues of waste mining. Some studies reported that the purities of metals in SWDS are even
higher than those in natural ores, which justifies waste mining [143]. The compositions of mined
waste vary significantly among OECD and non-OECD countries, which heavily influence the site-
specific decisions of waste mining. High-value constituents, such as metals, plastics, rubber and
leather, and glass and ceramic, account for higher weight percentages in OECD countries compared
to non-OECD countries (N=348 in 32 countries in Figure 6b). For instance, the average content of
metals in mined waste in OECD countries is around 2.9%, nearly double that of non-OECD countries
(1.5%). On the contrary, low-value organic waste, including food, paper, wood and yard waste, and
textiles, are found to have higher weight percentages in non-OECD countries than in OECD countries
(Figure 6b). Therefore, waste mining needs to be considered cautiously due to potentially low
recovery values in non-OECD countries. In addition to WtM recovery, another approach of utilizing
mined waste is WtE. After preliminary screening, the combustible fraction of mined waste typically
comprises ~40% [144]. Globally, over 50 sites have been explored for mining potential, but less than
10 sites have been partially or fully mined to date [138]. It is an infinitesimal fraction of all the existing
SWDS, highlighting the current inhibitory regulatory and economic conditions. However, this
situation may change in the future due to various types of international agreements and national
initiatives. Notably, the “Waste to Zero” initiative has just been proposed at the United Nations
Climate Change Conference in 2023 (COP28), aiming to decarbonize the global waste management
sector.

5.2. Site remediation

The motivation for site remediation is the stabilization of waste constituents and the completion
of element transformation and transport processes. Otherwise, the sites are considered to be unstable
and risky for redevelopment [145]. Several mainstream site remediation techniques include air
sparging and leachate pumping [146], barrier and cover systems [147], and deep dynamic compaction
[148] (Figure 6a). Waste mining and removal can be considered as an appropriate remediation
technique as well if site remediation is part of the mining objective. A few successful cases have been
reported, mostly in developed countries with sufficient budgets and strong demands for urban and
suburban construction land [149-152]. After successful remediations, the sites were ready for
redevelopment into shopping malls, parking lots, and industrial parks [153,154]. One remediated site
in the United Kingdom has even been turned into a residential area [155].
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Figure 6. Overview of recovered or remediated waste constituents and compounds in SWDS: (a)
schematic of mainstream resource recovery techniques; (b) compositions of recovered waste in OECD
and non-OECD countries and their relative economic values ($, low value; $$, medium value; $$$,
high value) (see Supplementary Table S5 for the complete dataset and references).

Overall, the perspective for site remediation is promising, but the associated science and
technology call for further development. Scientifically, there is no consensus on which compounds
and forms of elements are considered stable and safe after site remediation, although the general
understanding is that most elements should be in non-biodegradable and non-leachable forms, such
as existing in recalcitrant polymers, insoluble minerals, and humic substances [156]. It remains
debatable whether the same environmental criteria for natural soil and sediment should be used to
check the contents of elements in stabilized waste, for example, S, P, Cl, and heavy metals. The E.U.
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has established environmental intervention values, although these values do not distinguish between
remediated natural soil and stabilized waste [157]. From an engineering perspective, the remediation
techniques are premature and lack abundant case studies and standardization [158]. From policy
makers’ perspective, the triple bottom line including environmental and health benefits, economic
motivations, and public awareness and acceptance should be considered [159].

6. Summary and future perspectives

Land disposal remains the primary method for managing the surging solid waste globally.
SWDS, though intended as final reservoirs for material sequestration, have brought significant
environmental and socioeconomic concerns and contributed greatly to climate change due to the
various transformation and transport processes of elements. However, these processes are often
studied in isolation and seldomly examined in an element-specific context (except for carbon), which
impedes the development of effective waste management strategies and a holistic understanding of
waste-centric element cycles. In this review, we exhaustively summarize existing literature and
establish a database that encapsulates the global-scale records of MSW disposal and the elemental
compositions of its constituents. We outline the five dominant transformation and transport
processes of elements in SWDS, biochemical degradation, physicochemical transformation, gas
migration, leachate migration, and solid spillage. For key elements including C, N, S, Cl, and several
metals, we systematically compile the magnitudes and rates of these processes from both laboratory
tests and field measurements and estimate element distributions in gaseous, aqueous, and solid
phases. Additionally, we examine and quantify the potential environmental impacts and health risks
associated with element transformation and transport. Furthermore, we explore the existing
knowledge and techniques for resource recovery and site remediation of SWDS and identify current
gaps in both scientific understanding and engineering practices. Based on the comprehensive review,
we suggest the following future works.

Paradigm shift and standardization of MSW characterization. While many studies reported the
properties of MSW [28], inconsistencies are often observed in their methodologies for waste
classification, which hinder the comparability and applicability. Future efforts should aim to establish
and promote a uniform MSW characterization standard, including guidelines for sorting,
categorization, characterization, and testing of key properties. Moreover, a regular reporting scheme
for MSW statistics and properties is necessary. Similar to various GHG emission inventories, we
recommend establishing site-scale MSW information records. A comprehensive understanding of the
initial statuses and evolutions of MSW properties and comprised elements is crucial for the effective
management of waste constituents and elements.

Development of element transformation and transport models. Currently, the IPCC has established
widely used emission and storage models for carbon, while other studies also proposed numerous
advanced GHG emission models [52]. It is necessary to expand the boundary of interest from the
waste-atmosphere interface to the whole site and its vicinity, shifting from calculating the emissions
of GHG and specific pollutants to managing stocks of various elements. Constructing time-
dependent and spatial-resolved mass balance models for different elements in gaseous, aqueous, and
solid phases in SWDS will complement the current models [45] and provide a more holistic
understanding of the global impacts of SWDS. Particularly, models for the transformation and
transport processes of N-, S-, and halogen-containing compounds are urgently needed, which should
depict coupled physical, chemical, and biological reactions in SWDS.

Management of beneficial elements and mitigation of detrimental elements: Various strategies for
pollution reduction, emission mitigation, and resource recovery in SWDS should be explored.
Engineered measures, like improving cover system, implementing leachate recirculation, and waste
mining, should be optimized to accommodate site- and regional-specific needs. Future research
should focus on understanding the lifecycle impacts and costs of different engineered measures and
their corresponding effects on waste compounds and elements. Additionally, policy-driven research
and assessments are needed to support decision making. The ultimate goal of SWDS management
should be to achieve regional and global sustainability and neutralities of elements.
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