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A B S T R A C T

The production and use of plastics have increased exponentially in the past decades, leading to a corresponding increment in plastics waste generation. Globally, a
significant portion of the generated plastics waste ends up in landfills due to limited management schemes for plastics. These landfills have been recognized as a
major source of plastics losses to the environment, where plastics can then be transported and distributed across different environmental domains and pose en-
vironmental problems. To gauge and address these problems, the monitoring and quantification of plastics losses and the pathways through which it happens is
necessary. Yet, no study has quantified the plastics losses from landfills and open dumps in a consistent and comprehensive manner. Here, we propose a conceptual
framework for quantitatively estimating plastics losses from landfills and open dumps through all possible pathways. These pathways cover (i) environmental
processes, including the effects of wind, flooding, precipitation; (ii) the influence of biota, covering removal by animals; and (iii) relevant anthropogenic causes,
representing influence of ragpickers. For each of these pathways, we review existing knowledge pertaining to plastics losses, and we provide recommendations for
rigorous mathematical methods and models to estimate such losses. This framework is an important stepping stone in the evaluation of plastics pollution by enabling
comprehensive assessments of plastics losses to the environment from landfills and open dumps.

1. Introduction

In 2016, the annual plastics production has reached 335 million
tonnes globally with the highest growth-rate in the last decade
(Europe, 2017). A substantial portion of total produced plastics is
quickly discarded as waste because of their primary use in short-lived
products and applications (Lebreton et al., 2018). The non-biodegrad-
able nature of most plastics waste restricts management options to
thermal treatment (such as pyrolysis), landfilling or recycling (Al-
Salem et al., 2017). A significant amount of total plastics waste con-
sequently ends up in landfills or in natural environment, e.g. 79% of
total plastics waste was accumulated in landfills/open dumps or lost to
the natural environment as of 2015 (Geyer et al., 2017). Plastics lost to
environment adversely harm the wildlife (e.g. entanglement of marine
animals, exposure to the leached chemicals or direct ingestion)
(Wilcox et al., 2015), wildlife habitats (Lamb et al., 2018) and even-
tually human health (Thompson et al., 2009). To analyze the intensity
of these impacts and enable the identification of priority actions to
reduce them, structured and quantitative knowledge of different
sources of plastics losses is required.

Plastics in the environment are often categorized into macro-plastics
i.e. particle size greater than 5 mm and micro-plastics i.e. particle size

less than 5 mm (Duis and Coors, 2016). The global annual loss of
macro- and micro-plastics was estimated to be 5.3 and 3.0 million
tonnes respectively in 2015 (UN Environment, 2018). Abrasion of tyres,
city dust and wastewater treatment plants are the major sources of
micro-plastics losses, whereas mismanaged municipal solid waste
(MSW) (i.e. open dumping and inadequate landfilling), and to a lesser
extent, plastics waste littering, and lost fishing gears or other maritime
equipment are the major sources of macro-plastics losses to the en-
vironment (UN Environment, 2018). Across all existing mapping stu-
dies, environmental losses of plastics from mismanaged landfills (in-
cluding open dumps, sanitary and well managed landfills) have been
estimated or modeled to be 5% (Kellen, 2014), 10%
(UN Environment, 2018), 15%-40% (Jambeck et al., 2015), and up to
47% (Lebreton and Andrady, 2019). However, these estimates do not
have substantial empirical support and have never been scientifically
examined for their accuracy.

This study aims to contribute bridging this important knowledge
gap and proposes a conceptual and globally-applicable framework to
quantify losses of plastics from landfills. This is achieved by: (i) iden-
tifying main pathways for transport of plastics from landfills; (ii) for
each pathway, developing mathematical models and methods for
quantifying losses of plastics from landfills; (iii) establishing an
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integrated stochastic model for quantifying overall losses; and (iv)
discussing the applicability of the proposed framework. In the fol-
lowing, unless specified otherwise, the term “landfill” is used gener-
ically to characterize any kinds of man-made disposal sites (open
dumps, sanitary landfills, well-managed engineered landfills, etc.).

2. Conceptual framework

The landfill and its surroundings can be distinguished between
elements belonging to either the technosphere or the ecosphere. The
technosphere consists of anthropogenic activities and elements, while
the remaining part can be defined as the ecosphere (Hauschild et al.,
2018). Plastics losses to the environment can therefore be expressed as
the net transfer of plastics from technosphere to ecosphere. From a
landfill perspective, we can define the losses from landfills as the net
transfer of plastics from the landfills to its surroundings, which are ei-
ther part of the ecosphere (e.g. rivers, soil) or technosphere (e.g. reuse/
recycling by ragpickers for anthropogenic purposes). The proposed
framework (as illustrated in Fig. 1) aims to cover all possible pathways
for plastics losses from landfills. These encompass (i) environmental
processes, including mechanisms such as wind, flooding, leaching and
runoff; (ii) the influence of biota, covering removal by animals; and (iii)
relevant anthropogenic causes, representing influence of ragpickers.

Apart from the aforementioned pathways, landfill fires may also be
prevalent (Morales S. et al., 2018). For example, 840 landfill fires in-
cidents happened during 2004 to 2010 in USA (Powell et al., 2016).
Landfill fires burn most of the stored plastics and generate intense
emissions of particle-bound chemicals and toxic and greenhouse gases
(Kumar et al., 2015). Since landfill fires do not cause any physical loss
of plastics to the environment, we do not consider it as a pathway for
plastics losses to the environment. Each pathway shown in Fig. 1 is
individually explained in the following subsections, with provision of
recommendations for mathematical modeling. The parameters influ-
encing specific pathways are also provided in Fig. 1.

2.1. Losses due to wind

Wind forms a major pathway for the transport of atmospheric pol-
lutants (e.g. methane) and odours from landfills (Gasbarra et al., 2019).
Wind orientation has thus been a critical technical criterion when
choosing appropriate landfill locations (Kontos et al., 2005). While
releases of chemical pollutants from plastics and their fate in ground-
water and atmosphere have been studied (Arp et al., 2017; Morin et al.,
2017; Teuten et al., 2009), the transport of plastics matter due to wind
has not been investigated with the same depth. Such a quantification of
plastics losses in landfills due to wind acquires prominence when
landfills are situated next to environmental systems such as rivers, lakes
and wetlands.

To develop a predictive model for the transport of plastics in
landfills, previous studies on particulate transport can be used.
Geomorphologists have been studying wind- and water-driven sediment
transport for decades and have derived constitutive relations for aeolian
and hydraulic transport of sediment. Bagnold, (1937) was one of the
first to describe the detailed mechanism of wind- and water-driven
transport of sand and the formation of dunes by conducting experi-
ments in wind tunnels and laboratory flumes. The initial attempts re-
lated the nominal fluid power (defined as the product of near bed shear
stress and friction velocity) to the sand transport rate. Further attempts
to quantify bedload transport rate (q*) in rivers and aeolian transport
rate (Q) are based on expressing it as a function of non-dimensional bed
shear stress, i.e. Shields stress (τ*), defined as:

=τ τ
ρgRD

* b

(1)

where τb is the bed shear stress, = −R ρ ρ ρ( )/s is the submerged specific
gravity of sediment, D is the diameter of the sediment, ρs is the density
of sediment, and ρ is the density of water, and estimating the critical
value of Shields stress (τ*c ), i.e., the dimensionless critical bed shear
stress required for initiation of motion (Garcia, 2008; Sherman and Li,
2012).

A first step towards estimating the losses of plastics from landfills is

Fig. 1. Pictorial representation of primary pathways for environmental losses of plastics from landfills.
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to develop a mathematical model analogous to the transport of sedi-
ment from river beds, adapting the existing theoretical approach to the
transport of plastics by wind. The critical value of bed shear stress for
the initiation of motion in river bed sediments is often found from an
empirically-based Shield’s diagram (Shields, 1936), which is an em-

pirical relation between the particle Reynolds Number, =R v D
ν

,p
s

(where vs is the sediment fall velocity, ν is the kinematic viscosity of
fluid) and Shields stress. The sedimentation engineering manual
(Garcia, 2008) provides a comprehensive review of relations for bed-
load transport in rivers. The widely used bedload transport model for
rivers is the Meyer-Peter-Muller (1948) model (Meyer-Peter and
Müller, 1948), given as,

= −q τ τ* 8( * *)c
3/2 (2)

where q* is the dimensionless bedload, defined as:

=q
q

D gRD
* b

(3)

with qb being the dimensional bedload transport rate, τ* is the di-
mensionless bed shear stress and τ*c is the dimensionless critical bed
shear stress. The bed shear stress τb can be calculated from the loga-
rithmic velocity profile (Fig. 2).

= ⎛
⎝

⎞
⎠

u
u κ

log H
k*

1
(4)

where u* is the friction velocity defined as =τ ρu* ,b
2 κ is von-Karman

constant, k is the roughness height, and H is the thickness of the
boundary layer.

Extending the above model for a mixture of particle sizes, we can
estimate the net bedload transport rate as:

∑ ∑= = −q q τ τ* * 8 ( * *)
i

i
i

i ci
3/2

(5)

where the index i is used to denote different particle sizes.
To extend this model towards estimating plastics flux in the atmo-

sphere, the fractional size distribution of plastics in the landfill is
needed, as well as further estimation of the critical shear stress for in-
itiation of motion for various types of plastics. The fractional distribu-
tion of plastics in the landfill may be acquired by surveys and sampling
at the landfill site. The critical Shields stress (τ*c ) can be determined
experimentally, by measuring the threshold wind velocity required for
initiation of motion of a plastic product under a broad variable space
representative of realistic scenarios on the landfills of interest (e.g.,
varying bed roughness, compaction, landfill layout). Given the wide
range of sizes and geometries of plastics in landfills, a shape factor

needs to be defined to account for irregular geometries. For instance,
the ratio of the diameter of an equivalent sphere (i.e., a sphere with the
same volume as the plastic product) to the dominant length scale of the
plastic product, can be used as shape factor for bulk calculations.

Once a range of values for τ*c are identified, wind velocity mea-
surements at regular time intervals are needed, either from in-situ an-
emometers or local weather stations. While records of wind speed
magnitudes allow to determine whether transport is expected or not,
directionality is critical to predict the reach of the transported material,
and to determine the spatial distribution created by sustained or epi-
sodic high winds. The one-dimensional model discussed above can be
used as a first estimate of the spatial variability of plastic transport
using wind-rose diagrams, with a distribution of wind speed and di-
rection at particular locations within and around the landfills of in-
terest. A more accurate prediction of spatial distribution can be done by
developing 2- or 3-dimensional (2D or 3D) models for plastic transport
by wind.

A 3D model for plastics transport requires accurate estimation of the
flow field in the domain (landfill area) to estimate the movement of
plastic products due to the flow. The flow field can be estimated by
solving the compressible Navier-Stokes equation. Since the plastic
products are sparsely distributed in the landfill, it should be modeled
under a Lagrangian frame, where each plastic product is treated as an
independent particle moved by the flow. The general Lagrangian
transport model is,

∂
∂

= − + + −m
t

m ρC A u ρC A u u
u

g u e1
2

1
2

(| | | | )p
p

p D D r r L D r T r B z
2 2

(6)

where up is the velocity vector of particle, mp is the mass of particle,
= −u u ur f p is the relative particle velocity, uf is the fluid velocity, T

and B represent the fluid velocity at top and bottom of the particle,
= −e (0, 0, 1)z is the unit vector in the direction of gravity, AD is the

reference or projected area of the particle, and CD, CL represent the
coefficients of drag and lift. It is the momentum balance equation on
individual particle, equating the rate change of momentum to the re-
sultant of gravitational (W), drag =F f C u( , )D D and lift =F f C u( , )L L

forces acting on the particle. A major parameter determining the drag
and lift coefficients is the effective area obstructed by the bluff body,
which is a function of object geometry and its orientation. Other
parameters governing the two coefficients include bulk mass and bulk
density of the object. Drag and lift coefficients can be obtained ex-
perimentally or estimated from values in the literature for simplified
geometries, which can then be used to model 3D transport of plastics in
the atmosphere. The flow field would be computed using a compres-
sible Navier-Stokes solver, which would then be coupled with the above

Fig. 2. Definition sketch for bed shear stress based particle transport model. U represents the mean fluid velocity in the vicinity of the particle, FD, FL and W are the
drag, lift and gravitational forces acting on the particle, respectively. Initiation of motion happens when the bed shear stress (τb) exceeds the critical value (τc).
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transport model to estimate the flux of plastics. Given the large scales
required for these studies, and the simplifications required to classify
the transported material, simplified models with simple landfill geo-
metries will be required to obtain estimates of the fluxes, to allow
making decisions regarding potential control measures to reduce the
spreading of plastics.

These models would be best applicable to non-deformable plastics
with dominant length scale exceeding the thickness of the viscous
sublayer and experiencing significant drag force. Such plastics form a
majority of the MSW dumped into landfills. However, it would not be
an oversimplification to extend this model to estimate transport of
deformable plastics (e.g. plastic bags), since the 1D model is primarily
reliant on the estimation of critical bed shear stress, τ*,c which can be
easily estimated for deformable plastics. Since deformable plastics tend
to move when completely inflated, an equivalent sphere can still be
defined by considering the density and drag force in the fully inflated
condition. However, the 2D and 3D models would need to be modified
to account for deformability of the plastics. This can be done by ad-
justing the drag force term in Lagrangian transport model to mimic non-
quadratic behavior of drag using Vogel exponent for flexible objects
(Gosselin et al., 2010).

2.2. Losses due to floods

A landfill site may be subjected to floods depending on its location
with respect to flood hazard zones (Laner et al., 2009; 2008). Flooding
can be categorized based on its sources into: (a) Surface water flooding:
caused by direct rainfall within a locality; (b) River flooding: resultant
of riverbank overflow due to rainfall occurred at the upstream catch-
ment of the locality; (c) Stormwater flooding: overflow from the drai-
nage network resulting in floods; and (d) Tidal flooding: high tides
which may cause floods in the coastal areas. Fig. 3 shows various ways
of landfill flooding in a hypothetical coastal urban catchment. A com-
bination of one or more of these types can jointly occur based on the
predominant flood-generating mechanism of the region. For example,
in a coastal urban catchment, stormwater overflow and high tide can
occur simultaneously during either surface water flooding or river

flooding.
The properties of plastics that influence their transport from landfill

through flooding include mass, density, shape and size. In general,
plastics possess higher surface to volume ratio which make them more
prone to float in water compared to other denser materials in MSW. The
majority of plastic products has smooth surfaces, resulting in lower
interlayer friction within the MSW, which enhances their potential for
mobility. Currently, there is no study available to quantify the loss of
plastics from landfill due to flooding. Based on Laner et al. (2009), there
can be two modes of landfill transport during floods: (i) Landfill slope
stability failure, and (ii) losses through leachate.

In slope stability failure mode, the excessive pore water pressure
built-up during flooding results in reduced effective stress and mobi-
lized shear strength. The studies by Blight (2008) and
Jahanfar et al. (2017) indicate that the presence of plastics bags in MSW
layers may retain water and reduce the shear strength, thus producing
higher permeabilities in horizontal directions and lower permeabilities
in vertical directions. Additionally, plastics-to-plastics interface layers
within the MSW can significantly reduce shear strength, and affect the
stability of landfill slope.

The major factors affecting slope stability include pore water pres-
sure, geometry (height and side slope of landfill), degree of compaction,
coefficient of permeability, MSW shear strength, liner shear strength
and climate of the region (Jahanfar et al., 2017). Among these factors,
excessive pore water pressure is found to be the major cause of slope
stability failure (Blight, 2008; Jahanfar et al., 2017). The factor of
safety (FoS) of a landfill slope determines its stability and can be ex-
pressed as the ratio of shear strength of landfill (resisting moments, Mr)
and mobilized shear stress (driving moments, Md) as follows
(Fredlund et al., 1978):

=FoS M
M

r

d (7)

Here, Mr is inversely proportional to flood depth (D) and pore water
pressure (Pr)

= ×P γ hr w w (8)

Fig. 3. Pathways of landfill flooding within a catchment.
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where γw: unit weight of water; hw: height of water above slip surface
(fraction of D) obtained through simulation.

FoS values higher than 1 indicate safety while below 1 refer to
potential failure of a structure. Since the parameters involved in geo-
technical analysis have inherent uncertainty, the commonly used value
is 1.5 for geotechnical projects. If the failure occurs, the transport of
plastics from landfill can be determined by the Factor of Fatality (FoF)
that defines the ratio of MSW travel distance to MSW fatal distance as
(Jahanfar, 2014): (i) Case (I) - MSW movement is restricted within the
landfill boundary (FoF ≤ 1), and (ii) Case (II) - MSW gets transported
beyond the landfill boundary (FoF > 1). Here, FoF > 1 indicates that
plastics transport occurs from landfill (see Figure S1). The travel dis-
tance of the failed mass depends on its flow velocity (v) near the landfill
boundary. The value v is directly proportional to the flood velocity and
the gradient of the saturation line within the landfill mass.

The prediction of slope stability failure, the quantification of the
slided mass and its travel distance can be analyzed through a combi-
nation of flood simulation and landfill slope stability modeling corre-
sponding to various probability levels of flood recurrence:

• In flood simulations (hydrologic and hydraulic modeling), the hy-
drological inputs to the model (upstream and downstream boundary
conditions) depend on the sources contributing to flooding and can
be rainfall (hourly/sub-hourly rainfall), stream hydrograph (flow
discharge time-series), and/or tide time series (hourly tide). In order
to build the model geometry/network, the data may include digital
elevation model (DEM), land use, channel/stream network, storm-
water network and flood defenses of the landfill.

• In landfill slope stability modeling, the boundary conditions to the
model will be the predicted time series of flood depth and velocity
obtained from the flood simulation. The model geometry can be
built using the conceptualized geometry of the landfill and its ma-
terial properties that include cohesion angle, coefficient of perme-
ability and composition (both chemical and physical), dry and wet
bulk density, thickness of each layer, shape, size, density, shear
strength of the landfill materials and the liner (based on inputs from
Jahanfar et al. (2017)).

2.3. Losses due to transport by leaching and surface runoff

Release of macro-plastics and micro-plastics from landfills depends
on three factors: (i) the amount of leachate (L) and surface runoff (SR)
generated; (ii) the content of macro-plastics and micro-plastics in L and
SR; and (iii) the presence of physical barriers preventing macro-plastics
and micro-plastics from spreading into the environment.

To estimate the amount of L and SR generated, the water balance of
a landfill needs to be considered (see Figure S2). In general terms, the
hydrology of a landfill is governed by the following Equation:

+ + = + + + + +P SI MI ET SR L G WC CW (9)

where, P = amount of precipitation, SI = surface water inflow, MI =
managed water input, ET = evapotranspiration, SR = surface runoff, L
= amount of leachate, G = water vapor in landfill gas, WC = water
consumed by chemicals and microbial processes, CW = Change in
moisture storage in landfill body due to changes in field capacity. The
above water balance is in turn influenced by a variety of factors,
summarized in Table S1.

The production of L and SR can be seen as a function of a number of
parameters (see Eq. 10), which can be considered as set conditions by
the specific characteristics of the case-study:

+ = + + − − − ±L SR P SI MI ET G WC CW (10)

The climatic conditions are key aspects defining input and removal
of water from the landfill. MSW composition may also be a relevant
factor. For example, in developing countries MSW is rich in organic
MSW and often has a moisture content above field capacity (water
holding capacity of the MSW), meaning that it can have a large impact
on the overall leachate production (Yang et al., 2015). Finally, the
distribution between L and SR may largely depend on the topology of
the landfill, as schematically illustrated in Fig. 4.

The content of macro-plastics and micro-plastics in L and SR can be
determined by sampling and analysis. Data on this are scarcely avail-
able in literature. No quantitative data are found for macro-plastics in
SR; however, their presence was reported in many landfills around the
globe (examples from Greenland are provided in Supporting
Information, see Figures S3 and S4). Micro-plastics in runoff from
landfill are not reported either; however, the presence of micro-plastics
in urban runoff has been documented (e.g. Kilponen (2016)), sug-
gesting that micro-plastic could also be present in runoff from landfills.
The extent is however unknown. As part of the micro-plastics, nano-
plastics (i.e. plastic debris with a size in the nano range) may also be
mobilized in landfill porewater as colloids (Keller et al., 2019; Song
et al., 2019), and potentially released into the environment. Because
their relative contribution to the overall release of plastics from landfills
could be expected to be rather limited, nano-plastic are not further
addressed in the article.

With regard to leachate, the presence of macro-plastics has not been
reported in literature. Macro-plastics are most likely too large to mi-
grate in the landfill body, unless large preferential flow pathways are
present, a phenomena that would mainly be seen in open dumps where
MSW compaction is not performed. On the contrary, as explained in
details in the following sections, the presence of micro-plastics has been
reported, although the levels can vary significantly. Due to the me-
thanogenic phase, the pH is quite low in the first period after MSW
disposal, which means that the degradation of plastics in the early
phases of the landfill is not very high; the degradation will speed up
with increasing pH. It is therefore expected that micro-plastics will be

Fig. 4. Schematic illustration of distribution of aquatic media into leachate (L) and surface runoff (SR), depending on the topology of the landfill. In situation (1), L is
potentially the predominant flow; in situation (2), both L and SR are potentially significant flows; in situation (1), SR is potentially the predominant flow. CW is
Change in moisture storage in landfill body.
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observed in leachate from older landfills (Mahon et al., 2017; Praagh
et al., 2018). Few studies reported concentrations of micro-plastics in
leachate from landfills. Despite the diverse geographic and climatic
conditions, the results are quite consistent: 0.42-24.58 items/L (with
most samples in the range 0.42-3.58 items/L) was found in samples
from six landfills in China (He et al., 2019); 0–4.51 items/L were re-
ported by Praagh et al. (2018) for leachates from eleven landfills in the
Nordic Countries (five in Norway, three in Finland, three in Iceland);
Kilponen (2016) reported 0.09-0.13 particles/L in two samples of lea-
chate from an old Finnish landfill. Although more evidence is needed,
the results above indicate that leachate may be a minor-to-negligible
source of micro-plastics (Kilponen, 2016; Praagh et al., 2018) losses to
the environment. As a comparative example, leachate contains sig-
nificantly fewer particles compared to urban runoff (Kilponen, 2016),
while being generated in significantly smaller volume. This suggests
that leachate is a potential source of micro-plastic of much less concern
than urban runoff.

The third factor ultimately influencing environmental losses of
macro- and micro-plastics is the presence of physical barriers for the
containment and collection of the L and SR generated in the landfill.
Different types of physical barriers are found in a variety of combina-
tions around the globe, sometimes without a treatment system for the
collected leachate, in some cases supported by the presence of natural
conditions attenuating the release. To get an understanding of the ef-
ficacy of protection/collection systems for leachate in preventing re-
lease of micro-plastics into the environment, we describe in the fol-
lowing two extreme situations, one with very advanced protection
system (collection and treatment), and one where no control of liquid
emissions. The expected fate of micro-plastics in the two situations is
schematically summarized in Table 1.

If lining is present, macro and micro-plastics end up at treatment
facilities for runoff and leachate. Here, macro-plastics are almost en-
tirely removed. Removal of micro-plastics is also generally efficient:
based on measurements from four landfills, van Praagh et al. (2018)
(Praagh et al., 2018) reported removal rates in leachate treatment
systems of 70–100% based on particle numbers. These removal effi-
ciencies are similar to those reported for urban wastewater treatments
plants in different part of the world. For example: 95.4% removal was
reported in Denmark (Vollertsen and Hansen, 2017), 99.9% from
measurements in the Los Angeles area (Carr et al., 2016), and
79.3–97.8% (at least 2/3 of the plants >90%) in seven wastewater
treatment plants in China (Long et al., 2019).

In not well managed landfills, lining is not present, i.e., the aqueous
media can move away from the landfill site uncontrolled. This implies
that, especially when the landfill is located close to rivers, lakes and the
sea, runoff could represent a non-negligible transport pathway for
macro-plastics and (possibly) micro-plastics into the environment. With
regards to micro-plastics, release into the environment is controlled by
the mobility of micro-plastics in soil, which can be summarized as
follows: (i) It can be assumed that plastic particles in sizes >1 μm are
retained in the soil column during leaching (Mackevica and
Hartmann, 2018). Plastic particles in sizes <1 μm are potentially more
mobile. For example, Blaesing and Amelung (2018) suggested that
these particles could move and possibly contaminate groundwater. Si-
milar findings were reported for nano-sized particles; for example,
Lozano and Berge (2012) suggested that single wall carbon nanotubes
(SWCNT), a good proxy for plastic particles, in mature landfill leachate
could be quite mobile. (ii) Bio-turbation could potentially enhance the
transport of plastic particles in soil. However, its contribution may be
limited to the depth where soil organisms can live. (iii) The transport of
micro-plastics to deeper soil layers can potentially occur in the presence
of cracks and macropores (Mackevica and Hartmann, 2018). The extent
will hence depend on the local soil conditions. The findings above
suggest that the soil can function as an effective filter and barrier for the
transport of plastic particles towards groundwater (Mackevica and
Hartmann, 2018). This means that a significant share of the micro- Ta
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plastics contained in leachate will actually stay in the soil top layer,
where they will likely accumulate.

2.4. Losses due to animals

Landfills attract many stray mammals and birds due to consistent
availability of food at a fixed location (Bateman and Fleming, 2012).
The presence of animals in landfills has severe impacts on animals as
well as on the landfill ecosystem (Plaza and Lambertucci, 2017). Im-
pacts on animals include altered food habits encompassing the con-
sumption of plastics (Reshamwala et al., 2018), disruptive social system
(Santana and Armstrong, 2017), diet shift towards food waste
(Newsome and Van Eeden, 2017) and aggravation of disease trans-
mission risk within animal community (Bateman and Fleming, 2012).
Consumption of food waste increases the reproductivity of some native
and invasive species, which makes them abundant and severely impacts
the food web in the landfills (Plaza and Lambertucci, 2017). The
abundance of invasive species impacts ecosystems through enhanced
competition (Chapin Iii et al., 2000), and changes in nutrient cycling
process (Pyšek et al., 2003). In addition to this, the environment is also
impacted by the visiting species, which act as vectors to carry plastics
from landfills to the nearby areas. Species with beaks and dexterous
hands are capable to separate out food from inedible materials in-
cluding plastics, which make plastics available to get lost through other
pathways like wind and precipitation. However, no study has quantified
these losses due to animals and their consequent impacts on the eco-
system. It is speculated that these losses are relatively low and hence
rigorous mathematical modeling is not advisable. Nonetheless, em-
pirical observations of animals’ foraging behavior and visiting patterns
in the landfill area may provide a good estimate of the losses and could
be further investigated. The losses due to animals can be prevented by
fencing the landfills to block the entry of stray mammals. Different kind
of landfill covers can be used to prevent the intrusion of birds such as (i)
daily and intermediate covers for daily/short-terms prevention; and (ii)
temporary and permanent capping for long-term/post-closure preven-
tion.

2.5. Losses due to anthropogenic causes

Environmental losses of plastics due to antropogenic causes can
occur due to ragpickers. Ragpickers visit landfills to scavenge recyclable
materials including plastics (Ravindra et al., 2016). They collect only
recyclable plastics, but make non-recyclable plastics prone to be lost by
other pathways in the scavenging process, e.g., exposing buried plastics
to the surface to make them available for removal via flooding or wind.

The quantity of total plastics losses can be estimated by the number of
ragpickers in a specific landfill and average recyclables collected per
person, e.g., a ragpicker collects 5 to 10 kg of recyclables per day with
1–4.1% of this being made up of plastics in Kolkata (India)
(Mondal et al., 2016).

These anthropogenic causes should be included when estimating the
net environmental losses of plastics from landfills because, depending
on the execution schedules of such activities, they may significantly
influence the quantity of plastics losses. If ragpickers are quick and
collect the plastics immediately after the dumping at the landfill and
shift MSW from one place to another for landfill mining purposes, then
the lost quantity due to other pathways would be lower and the mod-
elling of these pathways would start from the total quantity of plastics
entering the landfill, minus the part removed by ragpickers. Otherwise,
when informal recycling does not yield quick removal of plastics from
the landfill, the different loss pathways apply to the total plastics en-
tering the landfill.

3. Integrated stochastic model to quantify overall losses

The probable consolidated environmental losses of plastics via all
identified pathways can be calculated by finding the residence times of
plastic products in a landfill. Fig. 5 shows a symbolic representation of a
landfill site with plastics moving through all possible pathways. The
landfill is divided into N grids. Plastics can move within the landfill (i.e.,
from one grid to another grid) and out of the landfill under the influ-
ence of pathways described in previous sections. Let PMij be the prob-
ability of a plastic product in ith grid moving to jth grid; and Qi be the
probability that the product moves out of the landfill. These prob-
abilities will depend on the parameters calculated for different path-
ways such as FD, FL, W, mass, density, shape and size of plastic products.
For any specific time interval for the lost plastics:

∑+ = ∀ = ⋯
=

Q PM i N1 1, ,i
j

N

ij
1 (11)

Let the whole time frame of the study be divided in equal time
periods of duration T and ni be the average number of such time in-
tervals before a plastic product in the ith box exits the landfill.

∑= + + ∀ = ⋯
=

n Q PM n i N( 1) 1, ,i i
j

N

ij j
1 (12)

Solution of Eq. 12 by using Eq. 11 will be:

= − −n I PM O( ) 1 (13)

where n and O are column vectors with nis and unity respectively. I is
the unit matrix. The value of residence time n of a plastic product in ith

box can be calculated for a given transition probabilities PM and time
interval T using Eq. 13.

4. Discussion

The proposed framework is intended to be generic and applicable to
any kinds of man-made disposal sites i.e. open dumps, sanitary and
well-managed engineered landfills. Open dumps are commonly used in
developing countries (Ferronato and Torretta, 2019), whereas sanitary
and well-managed engineered landfills are prevalent in the developed
countries for the disposal of MSW (Madon et al., 2019). Sanitary and
well-managed engineered landfills in developed countries often have
physical barriers and their location typically accounts for environ-
mental attributes (Mmereki et al., 2016), which significantly reduce the
losses of plastics from these landfills to the environment. In contrast,
open dumps have negligible resistance for the losses of plastics to the
environment i.e. open dumps neither have fencing to stop movement of
macro-plastics via winds, runoff or floods, nor liners for cessation of
micro-plastics movement via leachate. Open dumps are located without

Fig. 5. Symbolic representation of a landfill with plastics; where PMij is the
transition probability of plastics moving from ith to jth grid, and Qi is the
probability that plastics exit the landfill.
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considering any environmental attributes and can sometimes be near
lentic water bodies, rivers, seas and other eco-sensitive zones
(Borthakur and Singh, 2016). In addition, the increased frequency of
extreme weather events such as rainfalls and cyclones at global scale
due to climate change (Coumou and Rahmstorf, 2012) subsequently
increases the risk of plastics losses to the environment, especially
through the landfills in developing countries, which are often ill-
equipped to curb down the plastics losses to the environment.

The geographical distribution of macro-plastics losses to the en-
vironment indicates that a large fraction of losses stems from low-in-
come countries, especially developing countries in Asia (Ryberg et al.,
2019). This region is witnessing unprecedented growth of urbanization
(Friedmann and Sorensen, 2019) and consequent increase in the overall
MSW generation (Mani, 2020). It is also considered the most natural
disaster-prone area in the globe, with high frequency of floods, tropical
cyclones and heavy rain(Hashim and Hashim, 2016). The combination
of these factors with the large use of open dumps for disposal of MSW
puts this region at extremely high risk of plastics losses to the en-
vironment and calls for means of accurately estimating these losses to
identify priority actions for decision-makers. Our proposed framework
answers that call and its application to landfills in India, which con-
centrate ca. 31.69% (DESA, 2019) of all Asian population, are currently
the subject of further research.

Specific datasets are required to apply our framework and its as-
sociated methods to a particular case study including topography of
landfill, physical composition of the MSW, wind velocity on landfill,
properties of the plastic products, drag and lift coefficients, critical
shear stress of plastic products, simulated flood depth, flood duration,
return period of flood event, spatiotemporal patterns of rainfall, land
use and land cover, DEM, local hydrogeological information, presence
of physical barriers, number of ragpickers, average recyclables col-
lected by ragpickers, animals’ foraging behavior and visiting patterns in
the landfill. Such data inventory can be created using (i) mathematical
and computational models for simulating environmental processes; (ii)
experiments for finding the fluid mechanical properties of plastics; (iii)
available information with regional, national and international orga-
nizations; and (iv) empirical observations and surveys. Creation of this
data inventory is a challenging task, especially for Indian landfills
where the availability of such information is limited. Under such cir-
cumstances, archetype development may provide a solution by forming
clusters of landfill with similar characteristics based on the criteria such
as wind pattern, rainfall, vicinity to water bodies, and MSW composi-
tion.
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