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Abstract

Landfill leachate represents a long-term source of contamination that may significantly
affect groundwater and receiving water bodies through the migration of organic, inorganic,
and toxic pollutants. This study evaluated the long-term migration of landfill leachate and
its potential environmental impacts using the LandSim Release 2 probabilistic software
model applied to two municipal waste landfills in the Republic of Serbia: the regional
sanitary landfill “Gigos” in Jagodina and the sanitary landfill “Meteris” in Vranje. The
modelling framework integrated laboratory leachate analyses, hydrogeological conditions,
engineered barrier system characteristics, and receptor-oriented contaminant transport
assessment. Model validation was performed through comparison of simulated and
laboratory-measured concentrations. Two scenarios were analyzed for each site: an engi-
neered sanitary landfill scenario with a functional containment system and a conservative
barrier-failure scenario representing complete loss of engineered barrier functionality. Ten
representative leachate parameters were included, covering nitrogen compounds, inorganic
ions, toxic substances, and heavy metals/metalloids. The results showed that engineered
protection systems significantly delay contaminant migration and reduce receptor concen-
trations, while barrier-failure conditions lead to earlier pollutant breakthrough and higher
environmental risk. The simulations demonstrated that under the engineered sanitary
landfill scenario, receptor concentrations of all analyzed contaminants remained below
the corresponding maximum allowable concentrations, with contaminant migration oc-
curring only after several centuries. In contrast, the conservative barrier-failure scenario
resulted in substantially earlier contaminant breakthrough, with nitrogen compounds and
phenols representing the greatest environmental concern due to their rapid migration and
exceedance of regulatory thresholds, while the “Meteris” landfill generally exhibited higher
receptor concentrations than the “Gigos” landfill. These findings highlight the importance
of predictive modelling and long-term monitoring for sustainable landfill management and
groundwater protection.

Keywords: water protection; quality; pressures; landfill leachate; LandSim; long-term
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1. Introduction

The protection of water resources and aquatic ecosystems remains one of the major
environmental challenges of the twenty-first century [1]. Population growth, urbaniza-
tion, industrial development, and agricultural intensification continue to exert significant
pressures on surface water and groundwater systems worldwide [2,3]. Water bodies are in-
creasingly exposed to nutrient enrichment, organic pollution, hazardous substances, emerg-
ing contaminants, persistent pollutants, salinization, microplastics, PFAS, and pathogenic
microorganisms, resulting in declining water quality and increased risks to ecosystem
functioning and human health [4].

Water quality deterioration originates from diverse anthropogenic activities character-
ized by complex contaminant pathways. Industrial activities generate effluents contain-
ing organic pollutants, heavy metals, and hazardous substances that may affect aquatic
ecosystems and groundwater resources [5]. Agricultural production contributes nutrients,
pesticides, veterinary pharmaceuticals, and sediments through diffuse runoff, often leading
to eutrophication and ecological imbalance [6,7]. Mining activities represent additional
sources of acid mine drainage, sulfates, suspended solids, and toxic metals that persist in
aquatic environments [8]. Variations in hydrological conditions may further influence con-
taminant transport, dilution processes, and environmental vulnerability [9]. Consequently,
sustainable water management increasingly relies on integrated, predictive assessment
approaches that address long-term environmental pressures [10].

Within the European Union, water protection is primarily regulated through the
Water Framework Directive, which established a comprehensive framework for achieving
good ecological and chemical status of water bodies through river basin management,
monitoring programs, and pollution prevention measures [11]. Complementary legislation,
including the Urban Wastewater Treatment Directive and regulations addressing industrial
emissions, groundwater protection, and nutrient management, further supports integrated
water protection objectives [12,13]. Despite substantial regulatory progress, many water
bodies continue to experience degradation caused by both points and diffuse pollution
sources [14]. Integrated environmental regulation has also been strengthened through the
Industrial Emissions Directive and its recent revision, which reinforces pollution prevention,
resource efficiency, environmental monitoring, and integrated permitting requirements
for activities with significant environmental impacts, including landfills [15]. Under these
frameworks, landfill operators are required to monitor leachate, groundwater, surface
water, landfill gas, and other environmental parameters during operation and aftercare
phases [16]. Furthermore, ongoing development of landfill-related guidance documents
is expected to strengthen requirements concerning leachate management, groundwater
protection, contaminant monitoring, and long-term environmental assessment [17,18]. In
this context, predictive modeling tools such as LandSim provide valuable support for
permit compliance, environmental monitoring, and long-term risk assessment [19].

Municipal solid waste landfilling remains one of the most widespread waste
management practices globally despite increasing implementation of circular economy
principles [20]. Although modern sanitary landfills employ engineered containment sys-
tems designed to reduce environmental impacts, landfill leachate remains one of the most
important long-term threats to groundwater and surface water quality [21]. Leachate
composition is complex and dynamic, often containing elevated concentrations of organic
matter, ammonia, inorganic ions, heavy metals, xenobiotic compounds, and persistent con-
taminants whose mobility depends on landfill age, operational conditions, hydrogeological
characteristics, and water balance conditions [22]. These risks are particularly relevant
where older or partially rehabilitated landfill systems remain in operation. Conventional
monitoring approaches based on periodic sampling and laboratory analysis provide essen-
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tial information on environmental quality but are often insufficient to evaluate contaminant
migration over extended time horizons [23]. Consequently, numerical simulation models
have become increasingly important for predicting future leachate generation, contami-
nant transport, and potential impacts on groundwater and receiving water bodies under
different scenarios. Among the available tools, the LandSim model has gained consider-
able attention due to its ability to simulate long-term landfill emissions and contaminant
migration using probabilistic and scenario-based approaches [19].

Previous studies have applied landfill simulation models to contaminant transport
prediction, landfill design optimization, groundwater vulnerability assessment, and evalu-
ation of engineered barrier performance [24]. Nevertheless, several research gaps remain.
Many investigations focus primarily on modern sanitary landfills, whereas fewer studies
address older or semi-sanitary systems, which are characterized by weaker containment
measures and potentially greater environmental risks [25]. Comparative assessments of
different landfill systems operating under similar regional conditions are also relatively
limited [26]. In addition, many studies rely on shorter forecasting periods that may un-
derestimate delayed contaminant release and long-term pollution pressures [27]. Such
limitations are particularly relevant in Southeast European countries where waste man-
agement systems continue to evolve [28]. The Republic of Serbia provides an appropriate
case study because newly developed sanitary landfills coexist with older disposal sites that
exhibit varying levels of environmental protection and operational performance [29]. These
differences pose varying risks to groundwater and receiving water bodies and highlight the
need for predictive tools to support long-term environmental management and monitoring
strategies [30].

Unlike previous studies that have primarily focused on individual landfill sites or
short-term contaminant behavior, this research integrates probabilistic LandSim modelling
with validation based on five years of monitoring data to evaluate long-term contaminant
migration to receptor locations under two contrasting operational scenarios. A comparative
assessment was conducted for two engineered sanitary landfills operating under different
containment conditions, using a consistent modeling framework to enable direct com-
parison. In addition, long-term probabilistic simulations were combined with regulatory
threshold assessment to identify contaminants with the greatest potential to adversely
affect receiving water bodies. This integrated approach provides a reproducible methodol-
ogy for long-term environmental risk assessment, landfill monitoring, and the sustainable
management of municipal solid waste disposal sites. Accordingly, the LandSim model was
applied to two sanitary municipal landfills in Serbia, located in Jagodina and Vranje, to
evaluate long-term leachate migration and its potential environmental impacts. The model
was calibrated using available five-year monitoring data, and both engineered-containment
(best-case) and conservative barrier-failure scenarios were developed for representative
organic, inorganic, toxic, and persistent contaminants. Long-term simulations were then
performed to assess contaminant transport, pollutant mobility, and the potential impacts on
groundwater and receiving water bodies. The results provide a comparative evaluation of
landfill performance under different containment conditions and demonstrate the value of
predictive modeling as a decision-support tool for environmental monitoring, prioritization
of contaminants, and the long-term protection of water resources.

2. Materials and Methods
2.1. Research Framework

This study is based on software-assisted modeling of landfill leachate to evaluate its
potential long-term impact on receiving water bodies [31]. The methodological framework
combines field monitoring data and laboratory analyses of leachate characteristics with
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long-term predictive simulations performed using the LandSim model [31,32]. Within this
framework, the migration of selected contaminants was simulated through the landfill
waste mass, engineered liner and protective systems, the unsaturated zone, and the under-
lying subsurface environment. Particular emphasis was placed on predicting contaminant
concentrations at the designated receptor location to assess the potential environmental
impact of landfill-derived pollutants [31,33]. The flowchart depicting the study’s research
workflow is shown in Figure 1.
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Figure 1. Implemented research workflow.

The methodological framework was applied to two engineered municipal solid waste
landfills in the Republic of Serbia: the regional sanitary landfill “Gigo$” in Jagodina and the
sanitary landfill “Meteris” in Vranje [31]. Although both facilities incorporate engineered
environmental protection systems, they differ in their geographical setting, hydrogeological
conditions, climatic characteristics, and landfill design [31,32]. This comparative case-
study approach enables the assessment of how site-specific environmental conditions and
engineering measures influence leachate migration and the predicted concentrations of
selected contaminants at receptor locations [31,33].

The research was conducted through a series of interconnected phases. First, the
principal characteristics of each landfill system were defined, including landfill geome-
try, engineered liner and barrier systems, leachate collection and drainage infrastructure,
infiltration conditions, and the location of the receiving water body [31,32]. Representa-
tive leachate constituents were then selected to encompass a broad range of contaminant
groups, including nitrogen compounds, inorganic ions, specific toxic substances, and heavy
metals [31]. This selection allows the evaluation of contaminants exhibiting different
sources, transport mechanisms, and environmental behavior, thereby providing a com-
prehensive assessment of their potential impacts on groundwater and surface water
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quality [31,34]. In the subsequent phase, site-specific LandSim models were developed
using input data describing landfill configuration, leachate composition, engineered pro-
tective systems, unsaturated zone properties, and contaminant transport pathways to the
designated receptors [31,32]. LandSim was employed as a probabilistic simulation model
to predict the long-term migration of leachate constituents while explicitly accounting
for uncertainties associated with landfill processes and subsurface transport [32,33]. This
modelling approach is particularly appropriate because the environmental impacts of
landfills cannot be reliably assessed solely from contemporary laboratory measurements.
Instead, realistic long-term predictions must also consider landfill ageing, temporal varia-
tions in hydraulic conditions, and the progressive degradation of engineered containment
systems [31-35].

Model validation was performed by comparing simulated contaminant concentrations
with laboratory-derived leachate data collected at the investigated landfills [31]. Although
laboratory analyses were not the primary focus of this study, they provided the basis
for evaluating the applicability and reliability of the LandSim model under site-specific
conditions [31]. The validation process was intended to establish confidence in the model
as a robust tool for subsequent scenario analyses and for assessing the potential long-term
impacts of landfill leachate on receiving water bodies [31,32].

Following validation, two modeling scenarios were analyzed for each landfill site in
order to evaluate the role of the engineered containment system in controlling leachate
migration toward the receptor. Scenario 1 represents the engineered sanitary landfill
condition, assuming a functional engineered barrier system, drainage infrastructure, and
controlled leachate collection [31,32]. This scenario corresponds to the designed operating
conditions of the analyzed sanitary landfills. Scenario 2 represents a conservative barrier-
failure scenario, defined as a risk-assessment case in which the protective function of the
engineered barrier system is considered absent or fully impaired [31,32]. This scenario
does not represent the regular operating condition of the analyzed landfills; rather, it
provides a critical reference case for evaluating potential contaminant migration and
receptor concentrations under complete loss of containment efficiency [31,33].

Particular attention was given to contaminant concentrations at receptor locations, as
these represent the most relevant indicators for assessing the potential impact of landfill
leachate on receiving water bodies [31,32]. Unlike studies that focus primarily on leachate
quality within the landfill body or at the landfill base, this research evaluates the contami-
nant loads reaching the aquatic environment after transport through the engineered landfill
system and the surrounding subsurface environment [31-34].

The simulation periods were selected according to the objectives of the analyzed
scenarios. For the conservative barrier-failure scenario, critical early-stage periods of 5,
10, and 30 years were evaluated to assess the consequences of a loss of containment. In
contrast, the engineered sanitary landfill scenario considered extended assessment periods
of 300, 700, and 1500 years to investigate delayed contaminant migration under conditions
of continued engineered containment. These extended time horizons should be interpreted
as model-based assessment periods rather than deterministic predictions of future landfill
behavior. They provide a framework for evaluating the long-term influence of liner degra-
dation, changes in drainage performance, infiltration variability, and subsurface transport
processes on contaminant migration. Consequently, the long-term simulations serve as
screening-level indicators of delayed receptor impacts, whereas the conservative barrier-
failure scenario represents a precautionary assessment of earlier contaminant breakthrough
resulting from reduced containment efficiency.

This dual-scenario approach enables a direct comparison between landfill sys-
tems operating with effective engineered protection and those representing conservative
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containment-failure conditions, both in terms of predicted contaminant concentrations and
the timing of potential impacts at receptor locations [31,32].

Overall, the proposed methodology treats landfill leachate migration as a long-term
process governed by landfill design, hydrogeological conditions, infiltration rates, waste
characteristics, landfill age, and the performance of engineered protection systems [31-35].
The resulting simulations provide a scientific basis for optimizing environmental monitor-
ing programs, identifying priority monitoring parameters and critical operational periods,
and supporting improvements in long-term leachate management and environmental
protection at sanitary landfills [31-36].

2.2. Research Sites—Case Studies

The research was conducted at two sanitary municipal waste landfills in the Republic
of Serbia: the regional sanitary landfill “Gigos” in Jagodina and the sanitary landfill “Me-
teris” in Vranje. Both sites represent organized municipal waste disposal systems equipped
with engineered technical protection measures; however, they differ in geographical loca-
tion, terrain morphology, hydrogeological characteristics, landfill body design, and leachate
collection and management systems [31]. Consequently, their comparative analysis pro-
vides an appropriate basis for evaluating landfill leachate behavior under different spatial
and technical conditions using the same software model and an identical set of selected
parameters [31,32].

In this study, the landfills were treated as model systems in which leachate generation,
and migration were analyzed through the interaction between the pollution source, engi-
neered protective barriers, the unsaturated zone, the subsurface environment, and receptor
locations. Site characterization was focused on parameters relevant for LandSim model
parameterization, including landfill geometry, characteristics of deposited waste, liner and
protective layer systems, leachate drainage infrastructure, infiltration conditions, and the
position of the receiving water body [31,33].

Within the model configuration, the receptor was defined as a point located outside
the landfill boundary at which concentrations of selected components were estimated
following transport through the landfill body and subsurface environment. For the “Gigo$”
landfill, Hajducki Potok stream was selected as the receptor, located approximately 150 m
from the landfill site, whereas for the “Meteris” landfill, Batlijski Potok stream was defined
as the receptor, situated approximately 100 m from the landfill boundary. These receptor
locations were used as representative assessment points for evaluating the potential impact
of landfill leachate on receiving surface water bodies [31].

N

2.2.1. Regional Sanitary Landfill “Gigos

b x77

The regional sanitary landfill “Gigos” is located northwest of Jagodina, at the “Gigo$
site within the hilly and mountainous area of Jagodina Forest [31,32]. The location belongs
to the wider territory of the City of Jagodina, situated at approximately 43°59’ N latitude
and 24°14’ E longitude [32]. From a hydrological perspective, the proximity of the Velika
Morava River, located approximately 2 km from the landfill site, is of particular importance,
while Hajducki Potok stream was defined as the immediate receptor within the model
framework [31,32], as shown in Figure 2.

77

The regional sanitary landfill “Gigo$” complex covers an area of approximately
11.83 ha and was designed as a regional municipal waste disposal facility with a total
capacity of approximately 1,500,000 m3 [32,37]. The landfill commenced operation in 2010
and was designed for an operational lifespan of approximately 25 years [32]. The landfill
body was constructed on steeply sloping terrain within a naturally confined depression

between surrounding ridges, a feature that significantly influences surface water man-
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agement, landfill stability, leachate generation, and the selection of technical solutions for
leachate collection and control [32,37].

Figure 2. Location and layout of the regional sanitary landfill “Gigos”.

At the “Gigos$” site, municipal waste is disposed of following reception, weighing, and
partial separation of selected waste fractions [32]. The average daily quantity of disposed
waste is approximately 150 t, corresponding to around 372 m3 of un-compacted waste and
approximately 114 m3 after compaction [32]. Waste composition, particularly the proportion
of biodegradable material, moisture content, and waste placement practices, represents an
important factor affecting both leachate generation and its chemical characteristics [31,32].

The geological substratum of the site predominantly consists of clayey-sandy deposits
and partially weathered rock, which are relevant to assessing the natural permeability of
the surrounding environment and the potential transport of pollutants beyond the landfill
body [32,37]. The landfill was constructed with an engineered bottom liner system and
a leachate drainage network designed to limit leachate infiltration into the subsurface
environment and to enable controlled leachate collection [38]. These engineered elements
form the basis of the sanitary landfill scenario analyzed in this study, as they directly
influence the quantity of leachate capable of migrating through the protective barrier
toward the unsaturated zone and receptor locations [37].

Within the context of the present study, the “Gigos” landfill represents a suitable case
study for evaluating differences between the engineered sanitary landfill scenario and the
barrier-failure scenario, with particular emphasis on concentrations of selected parameters
at the receptor [31,32]. Previous investigations conducted at this site have demonstrated
that engineered barrier systems significantly reduce leachate migration in comparison with
conditions without effective protection [32]. For this reason, the landfill was selected as
one of the two comparative study sites for assessing the applicability of the LandSim model
in landfill leachate management and impact assessment [37].

2.2.2. Sanitary Landfill “Meteris”

The sanitary landfill “Meteris” is located within the territory of the City of Vranje
and represents an important facility for the organized disposal of municipal waste in the
southern part of the Republic of Serbia [39]. The site forms part of the broader municipal
waste management system of Vranje, while its geographical position, terrain morphology,
and technical design characteristics are particularly relevant for the analysis of landfill
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leachate generation and migration processes [39]. In the present study, the “Meteris” landfill
was selected as the second model site because it enables a comparative assessment with
the “Gigos” landfill using the same methodological framework, identical sets of analyzed
parameters, and the same software model [31], as shown in Figure 3.

v, 2

) — Landfill boundary
@® Receptor point
@ Aeration lagoon
(o} 100m
\_ J

Figure 3. Location and spatial representation of the sanitary landfill “Meteris”.

The “Meteris” landfill was designed as a sanitary landfill equipped with technical
systems for controlled waste disposal, subsurface environmental protection, and leachate
collection and management [39,40]. The landfill body structure includes a prepared founda-
tion layer, bottom liner protection system, drainage layer, and operational waste disposal
cells [39]. According to the technical documentation, the landfill cross-section comprises
a compacted soil layer, HDPE geo-membrane, gravel drainage layer, landfill cells, cover
material, active working face, and final reclamation layer [39]. These components are
directly relevant to LandSim parameterization, as they determine infiltration processes,
pollutant retention, and leachate migration through the landfill system [33].

The bottom protection system at the “Meteris” landfill was designed to minimize
direct contact between leachate and the subsurface environment while enabling controlled
leachate collection through the drainage infrastructure [40]. In addition, the drainage layer
and leachate collection system reduce the possibility of elevated hydraulic loads at the
landfill base [40]. Technical documentation for the site also provides detailed information
on drainage installations and systems for the separation and collection of leachate and
atmospheric water, which were used for defining key model input parameters [40].

For the purposes of this study, the “Meteris” landfill was analyzed using the same
conceptual modeling framework applied to the “Gigo$” landfill, based on the interaction
between the pollution source, engineered protective barriers, the unsaturated zone, the
subsurface environment, and the receptor [31,33]. Batlijski Potok stream, located approxi-
mately 100 m from the landfill site, was defined as the receptor within the model. Such a
model configuration enables evaluation of the influence of local differences between the
two landfill systems by considering concentrations of selected parameters at the receptor
location, rather than solely by concentrations measured directly in leachate.

Within the methodological framework, two scenarios were analyzed for the “Meteris”
landfill, consistent with the approach applied for the “Gigo$” landfill: the engineered sani-
tary landfill scenario (Scenario 1) and the conservative barrier-failure scenario (Scenario 2).
The first scenario assumes the presence of a fully functional bottom liner system, drainage
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layer, and controlled leachate collection system [40]. The second scenario represents a
conservative assessment of conditions involving the absence or failure of the primary
protective elements of the landfill base [31,33]. Comparison of these scenarios enables
evaluation of the extent to which engineered protection systems contribute to reducing
pollutant concentrations that may migrate through the landfill and subsurface environment
and ultimately reach the receptor location.

2.3. Selection of Leachate Parameters

The selection of leachate parameters was performed to include components represent-
ing different groups of pollutants relevant for assessing the potential impact of landfill
leachate on receiving water bodies [31]. Landfill leachate is a complex, highly variable
mixture of organic and inorganic substances whose composition depends on multiple
factors, including waste morphology, landfill age, climatic conditions, infiltration rates,
hydrogeological site characteristics, and the efficiency of leachate collection and control
systems [41,42]. Consequently, the selection of parameters for modeling purposes should
encompass components with different origins, mobility characteristics, and ecological-
toxicological significance [42].

A total of ten leachate parameters were analyzed in this study: total nitrogen, nitrates,
sulfates, fluorides, cyanides, phenols, arsenic, chromium, nickel, and mercury. These
parameters were classified into four major pollutant groups, namely nitrogen compounds,
inorganic ions, specific toxic substances, and heavy metals/metalloids [41,42]. Such an
approach enabled the modeling framework to include pollutants with different transport
behavior and environmental interactions within the landfill body, subsurface environment,
and receptor zone, rather than focusing on a single contaminant category [31,33].

Total nitrogen and nitrates were selected as representative nitrogen compounds due
to their association with the biological decomposition of organic matter within the landfill
body and their potential influence on groundwater and surface water quality [41]. Nitrates
are particularly important because of their relatively high mobility within the subsurface
environment and their potential transport toward receptor locations [42].

Sulfates and fluorides were included as representative inorganic components that may
reflect the mineral composition of leachate, the presence of dissolved inorganic matter, and
leaching processes occurring within the landfill body [31]. Their occurrence may result from
the composition of deposited waste, chemical reactions within the landfill environment,
and interactions between infiltrating water and soluble waste constituents [41]. Within the
context of LandSim modeling, these parameters are relevant for evaluating the transport of
relatively mobile inorganic pollutants toward receptor points [31,33].

Cyanides and phenols were selected as specific toxic components because they may
pose significant environmental risks even at relatively low concentrations [31]. Their pres-
ence in landfill leachate may be associated with various fractions of municipal and mixed
waste, as well as with decomposition and leaching processes occurring within the landfill
body [42]. Due to their toxicological relevance, these parameters are particularly important
in the conservative barrier-failure scenario, where the potential for rapid contaminant
migration toward receptors is more pronounced [33].

Arsenic, chromium, nickel, and mercury were included as representatives of heavy
metals and metalloids with considerable ecological and toxicological significance [42]. The
environmental impact of these contaminants cannot be evaluated solely on the basis of
current leachate concentrations but must also consider their long-term behavior within soil,
the unsaturated zone, and groundwater systems [33]. Their migration is influenced by pro-
cesses such as retention, retardation, adsorption, and dispersion, making them particularly
relevant for long-term scenario simulations and environmental risk assessment [42].
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The selected parameters were applied consistently for both landfill sites and for
both analyzed scenarios to ensure direct comparability of results between locations and
modelling conditions. Such an approach enables differences in simulated receptor concen-
trations to be interpreted primarily because of landfill design characteristics, protective
barrier performance, drainage systems, local environmental conditions, and temporal sce-
nario development, rather than differences in parameter selection [33]. Subsequently, the
selected parameters were analyzed through LandSim model validation and scenario-based
simulations of receptor concentrations, with particular emphasis on differences between
the engineered sanitary landfill scenario and the conservative barrier-failure scenario [33].

2.4. Software Package LandSim

The LandSim software-based model was applied to simulate landfill leachate migra-
tion and to estimate concentrations of selected parameters at receptor locations. LandSim
was developed as a probabilistic tool for quantitative risk assessment of landfill perfor-
mance with respect to groundwater protection, while accounting for uncertainties in
geological and hydrogeological conditions, engineered protection system performance,
and leachate composition variability [33]. A key advantage of the model is its ability to
evaluate pollutant migration through an integrated system comprising the pollution source,
engineered protective barriers, the geosphere, and the receptor.

Within the LandSim framework, the landfill body is defined as the pollution source
term, representing the zone where leachate is generated and where initial concentrations
of selected contaminants are formed [33]. The source term is characterized through de-
fined leachate parameters and their concentrations, with the possibility of incorporating
temporal variability and site-specific differences between landfill systems [33]. Such an
approach is particularly relevant because landfill leachate composition is influenced by
waste characteristics, landfill age, organic matter degradation processes, infiltration rates,
and physicochemical conditions within the landfill body [42].

The engineered barrier system (EBS) represents the technical component of the
model designed to limit leachate migration from the landfill body into the subsurface
environment [33]. This system may include mineral barrier layers, geo-synthetic ma-
terials, HDPE geo-membranes, drainage layers, and leachate collection systems [31,33].
The effectiveness of the protective barrier depends on several factors, including design
characteristics, construction quality, long-term material stability, potential clogging of
drainage layers, geo-membrane damage, and the gradual decline of system functionality
over time [33,35].

Following transport through the engineered barrier system, pollutants migrate through
the geosphere, including the unsaturated zone, saturated zone, and aquifer, depending on
the conceptual model adopted for the site [33]. In this stage of the model, processes such as
advection, dispersion, retardation, and potential degradation of individual contaminants
are of particular importance because they directly influence pollutant travel time, migration
plume development, and concentrations that may occur at the receptor location [33,34].
LandSim enables estimation of contaminant concentrations beneath the protective barrier,
at the base of the unsaturated zone, and at the receptor, with receptor concentrations
representing the primary output parameter analyzed in the present study.

LandSim belongs to the group of probabilistic models and uses a Monte Carlo sim-
ulation approach in which input parameter values are selected from predefined ranges
or probability density functions (PDFs) [33]. Rather than relying on a single deterministic
value, the model allows ranges to be assigned to individual parameters to reflect natural en-
vironmental variability and uncertainties associated with model inputs. Through repeated
simulations, distributions of possible output values are generated, enabling assessment of
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the probability of specific concentrations occurring at receptor locations and improving the
interpretation of model reliability [33].

In this study, uncertainty was addressed within the probabilistic structure of LandSim
rather than through the development of a separate uncertainty quantification method. Input
uncertainty was represented by assigning fixed values, bounded ranges, or minimum-most
likely-maximum values to selected model parameters, depending on data availability and
parameter type. This approach allowed variability in leachate composition, hydraulic prop-
erties, infiltration conditions, engineered barrier performance, and subsurface transport
characteristics to be incorporated into the model structure. The Monte Carlo simulation
procedure then propagated these input uncertainties through the source-pathway-receptor
system and generated probabilistic estimates of receptor concentrations [33].

For each landfill model and modeling scenario, 1000 Monte Carlo iterations were
performed. This number of iterations was selected to obtain a stable probabilistic estimate
of receptor concentrations while maintaining the same simulation setting for both landfill
sites and both scenarios. The use of an identical number of iterations ensured that dif-
ferences between model outputs were related to site-specific characteristics and scenario
assumptions, rather than to differences in simulation configuration.

The developed LandSim models were applied to the two investigated sanitary land-
fills, “Gigos” and “Meteris”, using the same set of selected leachate parameters and
two modelling scenarios for each site. This approach enabled a comparative evaluation of
the engineered sanitary landfill scenario and the conservative barrier-failure scenario, as
well as analysis of differences in pollutant concentrations at receptor locations resulting
from site-specific landfill characteristics [32]. For both landfill systems, the model was
configured to simulate contaminant transport pathways from the landfill body, through the
engineered protection system and subsurface environment, toward the receptor [33].

Model input data included landfill body characteristics, leachate parameter concen-
trations, properties of protective barrier systems, infiltration conditions, unsaturated zone
parameters, and data required for defining contaminant transport toward the receiving
water body [31]. Methodologically, the model was initially applied to evaluate the agree-
ment between simulated results and available laboratory measurements, after which it
was used for scenario-based simulations of long-term contaminant migration and compar-
ative assessment of the two analyzed scenarios [31,32]. Such an application enables the
obtained results to support analyses of leachate migration processes, monitoring strategy
development, and the identification of priority measures for the protection of receiving
water bodies [36].

2.5. Input Data and Model Parameterization

The LandSim models for the “Gigos” and “Meteris” landfills were parameterized using
site-specific technical documentation, landfill design data, laboratory leachate analyses, and
hydrogeological assumptions derived from the underlying doctoral research [1,7-10,31,37-40].
The input structure followed the source—pathway-receptor concept, where the landfill body
was treated as the contaminant source, the engineered barrier and drainage system as the
containment and control elements, the unsaturated and saturated zones as transport pathways,
and the nearby surface water bodies as receptors [1,3,31,33].

The main input parameters were grouped into leachate source term, landfill geometry,
infiltration, drainage layer, engineered barrier system, unsaturated pathway, saturated
pathway, receptor location, and scenario settings. For the leachate source term, minimum,
most likely, and maximum concentrations were used to represent the observed variability of
selected contaminants in landfill leachate. Hydraulic and transport-related parameters were
introduced either as fixed design values or bounded ranges, depending on data availability

https:/ /doi.org/10.3390/w18131619


https://doi.org/10.3390/w18131619

Water 2026, 18, 1619

12 of 29

and parameter type. The same model structure was applied to both landfill sites to enable
direct comparison between the engineered sanitary landfill scenario and the conservative
barrier-failure scenario [1-3]. Table 1 presents an overview of the principal LandSim input
data used to parameterize the “Gigo$” and “Meteris” landfill models. The parameters
are grouped according to the main elements of the source-pathway-receptor concept, in-
cluding landfill geometry, infiltration, leachate source term, drainage layer, engineered
barrier system, subsurface transport pathway, receptor location, and scenario settings.
The table also indicates how each input was represented in the model, distinguishing be-
tween fixed site-specific values, design-based inputs, bounded ranges, and minimum-most
likely-maximum source-term values.

%77

Table 1. LandSim input structure and main parameter ranges used for the “Gigo$” and “Meteris”

landfill models [31,32,37,39].

Model Component

Input Parameter

Input Format

“Gigos” Landfill

“Meteris” Landfill

Infiltration Active/open surface infiltration Fixed value 619 mm/year 647 mm/year
Infiltration Final cover infiltration Fixed value 50 mm/year 50 mm/year
Landfill geometry Base length Fixed value 170 m 170 m
Landfill geometry Base width Fixed value 180 m 225m
Landfill geometry Base area Fixed value 3.06 ha 3.825ha
Landfill geometry Upper landfill area Fixed value 3.72ha 4.65ha
Landfill geometry Final waste thickness Fixed value 30m 30m

Leachate source term

Selected contaminants

Min-most likely-max

TN, nitrates, sulfates, fluorides,
cyanides, phenols, As, Cr, Ni, Hg

TN, nitrates, sulfates, fluorides,
cyanides, phenols, As, Cr, Ni, Hg

Leachate source term Source-term basis Labore_\tory—based Monitoring/ Monitoring/

input laboratory data laboratory data
Drainage layer Hydraulic conductivity Bounded range 3x1074-3x 103 m/s 3x 10743 x10%m/s
Drainage layer Drainage thickness Fixed value 0.5m 0.5m
Engineered barrier system Barrier configuration Design input Composite EBS/HDPE liner Composite EBS/HDPE liner
Engineered barrier system Mineral liner thickness Bounded range 1.0-1.5m 1.0-1.5m

. . Mineral liner hydraulic . 1 1

Engineered barrier system conductivity Fixed value 2x10"" m/s 2x107" m/s
Engineered barrier system Longitudinal dispersity Bounded range 0.10-0.15m 0.10-0.15m
Unsaturated pathway Pathway material Conceptual input Subsurface sediments Subsurface sediments
Unsaturated pathway Pathway length Bounded range 8-10m 10-15m
Unsaturated pathway Hydraulic conductivity Bounded range 1x1071-1x 108 m/s 1x1077-1 x 107 4m/s
Saturated pathway Aquifer hydraulic conductivity Min-most likely-max ~ 2x 107%2x1073-2x102m/s 2x1074-2x1073-2x 1072m/s
Receptor Receiving water body Fixed receptor input Hajducki Stream, ~150 m Batlijski Stream, ~100 m
Simulation setting Monte Carlo iterations Fixed setting 1000 1000
Scenario setting Scenario 1 Long-term intervals 300,700, 1500 years 300, 700, 1500 years
Scenario setting Scenario 2 Early critical intervals 5,10,30 years 5,10,30 years

The parameters presented in Table 1 define the main source, pathway, containment,
and receptor-related assumptions used in the LandSim models. The values were used
as the basis for model validation and subsequent scenario-based simulation of receptor
concentrations [1,3,31,33].

2.6. Model Validation

The validation of the LandSim model was performed through comparison of concen-
trations of selected leachate parameters obtained from laboratory analyses with concen-
trations generated by LandSim simulations for the same landfill sites and corresponding
time periods [31]. This procedure was conducted to evaluate the extent to which the model
can reproduce values identified through leachate monitoring prior to its application in
long-term scenario simulations [31,33]. Model validation was carried out for both investi-
gated landfill sites, namely the regional sanitary landfill “Gigo$” and the sanitary landfill
“Meteris” [31]. Within the scope of this study, laboratory results were not analyzed as an
independent monitoring dataset but were used exclusively to assess the agreement between
measured and simulated values [31]. For each analyzed parameter, concentrations obtained

through laboratory analyses of leachate samples were compared with concentrations gener-
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ated by the LandSim model, while statistical evaluation of deviations was performed using
the paired-samples t-test [31]. This statistical approach was selected because two related
datasets were compared for the same parameter and landfill site, namely, measured and
model-simulated concentrations [31]. The criterion for statistical significance was defined
based on the p-value, with differences between laboratory and simulated values considered
statistically significant when p < 0.05 [31]. In cases where the p-value did not indicate
statistically significant deviation, the results were interpreted as evidence of acceptable
agreement between the model outputs and laboratory measurements for the purposes
of subsequent scenario modeling [31]. This validation procedure was not intended to
replace regular leachate monitoring activities, but rather to confirm the applicability of the
LandSim model as a tool for assessing the long-term migration of selected contaminants
and their potential impacts on receptor locations [33]. For model validation purposes,
pairwise comparisons between laboratory-measured and LandSim-simulated concentra-
tions of selected leachate parameters were performed for the five-year period from 2018 to
2022. Statistical verification was conducted using the paired-samples f-test, where the null
hypothesis assumed that no statistically significant difference existed between the mean
values of laboratory-measured and simulated concentrations. Summary validation results
for the analyzed parameters are presented in Tables 2 and 3 [31].

Table 2. Statistical validation of laboratory-measured and LandSim-simulated concentrations of
selected leachate parameters at the “Gigos” landfill.

Parameter Measured Values—m Measured Values—SD Simulated Values—m Simulated Values—SD Itl p-Values
Total N 426.530 201.643 456.755 3.886 0.292 0.777
Nitrates 8.614 8.239 2.878 0.000 1.280 0.236
Sulfates 506.007 375.817 180.378 1.401 1.552 0.159

Fluorides 0.025 0.000 0.033 0.000 21.989 0.000

Cyanides 0.439 0.831 0.012 0.000 0.966 0.362
Phenols 0.033 0.065 0.041 0.004 0.242 0.815
Arsenic 0.363 0.132 0.393 0.002 0.441 0.671

Chromium 1.771 0.496 1.611 0.018 0.599 0.566

Nickel 0.454 0.126 0.375 0.003 1.142 0.287
Mercury 0.000 0.000 0.001 0.000 5.250 0.001
Notes: m—mean value; SD—standard deviation; |t|—absolute value of the t-statistic; p—statistical significance
threshold.
Table 3. Statistical validation of laboratory-measured and LandSim simulated concentrations of
selected leachate parameters at the “Meteris” landfill.

Parameter Measured Values—m Measured Values—SD Simulated Values—m Simulated Values—SD Itl p-Values
Total N 412.4200 155.5820 415.0616 58.7047 0.0412 0.9681
Nitrates 313.8676 170.8995 382.2450 0.0000 0.7611 0.4684
Sulfates 253.4132 98.1408 271.4240 19.3873 0.3885 0.7078

Fluorides 9.8850 5.8508 12.9660 0.9083 0.9531 0.3684

Cyanides 0.1586 0.1133 0.0806 0.0033 1.2552 0.2448
Phenols 1.9702 0.8379 1.6221 0.1588 0.7488 0.4754
Arsenic 0.0500 0.0000 0.0514 0.0005 3.6145 0.0068

Chromium 0.9848 0.5664 1.1946 0.1160 0.6806 0.5153

Nickel 0.1900 0.0500 0.2500 0.1200 1.2650 0.2410
Mercury 0.0023 0.0015 0.0018 0.0001 0.5660 0.5869

Notes: m—mean value; SD—standard deviation; |t|—absolute value of the t-statistic; p—statistical significance
threshold.

In addition to the paired t-test, the agreement between laboratory-measured and
LandSim-simulated concentrations was evaluated using the Bland—Altman approach. This
method compares two paired datasets by plotting the difference between measured and
simulated values against their mean value, allowing the identification of systematic bias
and the dispersion of differences across the observed concentration range. In this study, the
Bland—Altman analysis was used as a complementary validation tool to assess whether
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deviations between measured and simulated concentrations were randomly distributed or
associated with specific concentration levels. The Bland—Altman plots for the two landfill
models are presented in Supplementary Material S1.

The provided Bland—-Altman plots indicate that the differences between laboratory-
measured and LandSim-simulated concentrations were generally within the limits of
agreement for most selected parameters. This supports the applicability of the model
for scenario-based assessment of leachate migration and receptor concentrations. Minor
parameter-specific deviations were observed for a limited number of components. For
the “Gigos” landfill, these deviations were mainly associated with fluorides and mercury,
which is consistent with the paired t-test results. These differences can be explained by very
low measured concentrations and limited variability within the monitoring dataset, where
small absolute differences may become more pronounced in statistical comparison. For the
“Meteris” landfill, arsenic showed a more evident difference between laboratory-measured
and simulated values. This discrepancy was interpreted as a parameter-specific uncertainty
related to the narrow concentration range, local variability of leachate composition, and
simplified source-term and transport assumptions in the model. Therefore, these differences
do not indicate a general failure of the LandSim model but rather identify parameters
that require cautious interpretation in further scenario-based assessment. After statistical
verification and agreement analysis, the validation results were used as a basis for assessing
the applicability of the LandSim model in further scenario modeling. The validation
procedure therefore represented a transition between laboratory-based characterization of
leachate quality and predictive assessment of receptor concentrations under the engineered
sanitary landfill scenario and the conservative barrier-failure scenario [31,33].

3. Results

This section presents the results of LandSim simulations of concentrations of selected
landfill leachate parameters at the receptor for the landfills “Gigos” and “Meteris”.

The results are presented for two modelling scenarios: Scenario 1, representing the
engineered sanitary landfill condition with a functional protective barrier system, and
Scenario 2, representing the conservative barrier-failure scenario in which the protective
function of the engineered barrier system is considered absent or fully impaired [31].

For regulatory comparison, receptor concentrations were evaluated against maximum
allowable concentrations (MACs) prescribed by the national regulation on limit values of
pollutants in surface waters, groundwater and sediments of the Republic of Serbia [13]. In
this study, MAC values were used as screening thresholds for assessing whether simulated
receptor concentrations could indicate potential risk to receiving surface water bodies. In
Scenario 1, the simulated receptor concentrations of all selected parameters remained below
the corresponding MAC values; therefore, MAC lines were not separately shown in the
figures for this scenario in order to keep the graphical presentation clear. In Scenario 2, several
parameters exceeded or approached the relevant MAC values, so the corresponding MAC
lines were included in the figures where regulatory comparison was relevant [13,42,43].

3.1. Concentrations of Selected Parameters at the Receptor in Scenario 1

In Scenario 1, the concentrations of selected parameters at the receptor were analyzed
under the conditions of the designed sanitary functioning of the landfill. This scenario
assumes the existence of the designed bottom protection system, drainage layer and
controlled collection of leachates. The results are presented for critical time intervals
of 300, 700, and 1500 years, because in the conditions of the existence of a protective barrier,
the occurrence of concentrations at the receptor occurs in the long-term time interval [31].
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3.1.1. Nitrogen Compounds

The results of the simulation of nitrogen compounds at the receptor in Scenario 1 are
shown in Figure 4, where the temporal changes in total nitrogen and nitrate concentrations

e

for the “Gigo$” and “Meteris” landfills are presented side by side.
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Figure 4. Temporal changes in concentrations of nitrogen compounds at the receptor in Scenario
1 for: total nitrogen and nitrates, for the landfills “Gigo$” and “Meteris”.

Based on the presented results, the total nitrogen concentrations at the receptor in both
landfills increase after the initial period without significant change, reach a maximum in
the middle of the observed interval, and then show a tendency to decrease. In the entire
analyzed period, higher values of total nitrogen were registered for the landfill “Meteris”
compared to the landfill “Gigo$”. An increase in concentrations was also observed for
nitrates after the initial period, with the increase in the landfill “Meteris” being more
pronounced and reaching significantly higher values than in the landfill “Gigos”. After a
more intensive increase, nitrate concentrations in the landfill “Meteris” show a tendency to
stabilize, while in the landfill “Gigos§” they remain at a significantly lower level throughout
the entire observed period.

3.1.2. Inorganic Components

The concentrations of inorganic components at the receptor in Scenario 1 were ana-
lyzed through changes in sulfate and fluoride concentrations over the long-term simulation
period. A comparative presentation of the results for the “Gigo$” and “Meteris” landfills is
given in Figure 5.
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Figure 5. Time changes in the concentrations of inorganic components at the receptor in Scenario 1:
sulfates; fluorides, for the landfills “Gigos” and “Meteris”.
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Based on the presented results, it is observed that the sulfate concentrations at the re-
ceptor for both landfills increase after the initial period without any significant phenomena,
reach maximum values in the middle part of the observed interval, and then gradually
decrease. During the entire analyzed period, higher sulfate values were registered for
the “Meteris” landfill compared to the “Gigo$” landfill. A similar course of changes was
observed for fluoride. Fluoride concentrations after the initial increase reach a maximum
and then show a gradual decrease trend towards the end of the simulation period. In both
cases, the values at the receptor are higher for the “Meteris” landfill, while for the “Gigos”
landfill the concentrations are lower throughout the entire period shown in Figure 5.

3.1.3. Specific Toxic Components

The concentrations of specific toxic components at the receptor in Scenario 1 were ana-
lyzed through changes in cyanide and phenol concentrations over the long-term simulation
period. A comparative presentation of the results for the “Gigos” and “Meteris” landfills is
given in Figure 6.
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Figure 6. Time-dependent changes in concentrations of specific toxic components at the receptor in
Scenario 1: cyanides; phenols, for the landfills “Gigos” and “Meteris”.

Based on the presented results, different behaviors of cyanide and phenol at the recep-
tor are observed. Cyanide concentrations at the “Gigos” landfill reach higher values and
are maintained for a longer part of the simulation period, while at the “Meteris” landfill
the values are lower and after reaching the maximum show a more pronounced decreasing
trend. For phenol, a sharp increase in concentrations was observed after the initial period,
then reaching maximum values and a gradual decrease towards the end of the simula-
tion period. Higher values of phenol were registered for the “Gigos” landfill compared

to the “Meteris” landfill, with concentrations decreasing after the maximum period for
both landfills.

3.1.4. Heavy Metals and Metalloids

Concentrations of heavy metals and metalloids at the receptor in Scenario 1 were
analyzed through changes in concentrations of arsenic, chromium, nickel and mercury over
the long-term simulation period. A comparative presentation of the results for the “Gigos”
and “Meteris” landfills is given in Figure 7.

Based on the presented results, it is observed that the concentrations of arsenic,
chromium, nickel and mercury at the receptor in both landfills increase after the initial
period without significant occurrence, reach maximum values in the middle part of the
observed interval, and then gradually decrease. This course of changes indicates a delayed
appearance of the analyzed components at the receptor under the conditions of Scenario
1. For all presented parameters, higher concentrations at the receptor were registered at
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the “Meteris” landfill compared to the “Gigos” landfill. The most pronounced difference
between the landfills is observed for mercury, while the differences are less pronounced
for arsenic, chromium and nickel, but the course of changes in both cases is similar. The
analyzed results show that even under the conditions of the projected sanitary scenario,
individual components may appear at the receptor in the long-term period of time, but
with different intensity depending on the locality and parameters.
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Figure 7. Time changes in concentrations of heavy metals and metalloids at the receptor in Scenario 1:
arsenic; chromium; nickel; mercury, for the landfills “Gigo$” and “Meteris”.

3.2. Concentrations of Selected Parameters at the Receptor in Scenario 2

In Scenario 2, the concentrations of selected parameters at the receptor were analyzed
in the absence of an effective protective barrier. Unlike Scenario 1, in which the transport
of pollutants is limited by the designed bottom protection system and drainage system,
Scenario 2 represents a critical model condition in which the potential impact of leachate
on the receptor occurs in a significantly shorter time period. Therefore, the results were
analyzed for early critical time intervals, i.e., for 5, 10, and 30 years from the beginning of
the simulated period [31]. Given that in this scenario, the concentrations of a large number
of parameters reach or exceed the prescribed limit values, the results are also presented in
relation to the maximum allowable concentrations (MAC) for surface waters. In this way, in
addition to the comparative analysis of the “Gigo$” and “Meteris” landfills, it was possible
to examine the relationship of simulated concentrations to regulatory values relevant to
receiving water bodies [43].

3.2.1. Nitrogen Compounds

The concentrations of nitrogen compounds at the receptor in Scenario 2 were analyzed
through changes in total nitrogen and nitrate concentrations over a period of 0 to 100 years.
A comparative presentation of the results for the “Gigos” and “Meteris” landfills, as well
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as the ratio of simulated values to the maximum allowable concentrations (MAC), is given
in Figure 8 (Maximum Allowable Concentration-MAC).
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Figure 8. Temporal changes in concentrations of nitrogen compounds at the receptor in Scenario 2:
total nitrogen and nitrates, for the landfills “Gigos” and “Meteris”, with a display of the maximum
allowable concentration (MAC).

Based on the presented results, it is observed that the concentrations of total nitrogen
at the receptor in Scenario 2 increase sharply in the early part of the simulation period,
after which they reach maximum values and then gradually decrease. For both landfills,
the highest values occur in the first years after the appearance of concentrations at the
receptor, with higher concentrations being registered for the “Meteris” landfill compared
to the “Gigos” landfill throughout the entire analyzed period. Nitrate concentrations show
a different trend compared to total nitrogen. After a sharp increase in the initial part of the
period, nitrate values stabilize and maintain a relatively uniform level until the end of the
simulation. For this parameter, the concentrations at the receptor are also higher for the
“Meteris” landfill, while for the “Gigo$s” landfill, the values are lower, but with a similar
pattern of change over time.

3.2.2. Inorganic Components

The concentrations of inorganic components at the receptor in Scenario 2 were ana-
lyzed through changes in sulfate and fluoride concentrations over a period of 0 to 100 years.
A comparative presentation of the results for the “Gigos” and “Meteris” landfills is given

in Figure 9.
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Figure 9. Time changes in concentrations of inorganic components at the receptor in Scenario 2:

sulfates and fluorides, for the landfills “Gigos” and “Meteris”.

Based on the presented results, sulfate concentrations at the receptor in Scenario
2 increase sharply early in the simulation period, after which they stabilize or change
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gradually depending on the location. The comparative view shows the differences between
the landfills “Gigos” and “Meteris” in terms of concentration levels and the dynamics
of their change during the analyzed period. Fluoride concentrations also show an early
appearance at the receptor under Scenario 2 conditions. After the initial increase, the values
change in accordance with the modeled transport conditions, whereby the differences
between the landfills can be followed through the intensity of the increase, the maximum
values reached, and the concentration trend until the end of the simulation period.

3.2.3. Specific Toxic Components

The concentrations of specific toxic components at the receptor in Scenario 2 were
analyzed through changes in cyanide and phenol concentrations over the period from 0 to
100 years. A comparative presentation of the results for the “Gigos” and “Meteris” landfills
is given in Figure 10.
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Figure 10. Temporal changes in concentrations of specific toxic components at the receptor in Scenario

2: cyanides and phenols, for the “Gigo$” and “Meteris” landfills, with a display of the maximum
allowable concentration (MAC).

Based on the presented results, it is observed that in Scenario 2, the concentrations of
cyanide and phenol at the receptor increase sharply early in the simulation period, then
gradually decrease. For both parameters, higher values were registered for the “Meteris”

landfill compared to the “Gigos” landfill, with the values for phenol in the initial part of
the period above the maximum allowed concentrations shown.

3.2.4. Heavy Metals and Metalloids

Concentrations of heavy metals and metalloids at the receptor in Scenario 2 were
analyzed through changes in concentrations of arsenic, chromium, nickel, and mercury in
the period from 0 to 100 years. A comparative presentation of the results for the landfills
“Gigos” and “Meteris”, as well as the ratio of simulated values to maximum allowable
concentrations (MAC), is given in Figure 11.

Based on the presented results, it is observed that the concentrations of arsenic,
chromium, nickel, and mercury at the receptor occur in the early part of the simula-
tion period, which is in accordance with the conditions of Scenario 2. For most of the
analyzed parameters, higher values were registered for the “Meteris” landfill compared to
the “Gigos” landfill, while the simulated concentrations in the observed period are mostly
below the presented maximum allowed concentrations.
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Figure 11. Time changes in concentrations of heavy metals and metalloids at the receptor in Scenario

%77

2: arsenic; chromium; nickel; mercury, for the landfills “Gigos” and “Meteris”, with a display of the
maximum allowable concentration (MAC).

3.3. Summary of Scenario Modeling Results

The summary of the results shows a clear difference between Scenario 1 and Scenario
2 in terms of the time of occurrence and concentration levels of selected parameters at
the receptor. In Scenario 1, receptor concentrations occurred over a long-term interval
and did not exceed the relevant limit values for surface waters, whereas in Scenario 2,
concentrations of a larger number of parameters occurred in the early part of the simulation
period and reached or exceeded maximum allowable concentrations.

Key findings for both landfill sites and both modeling scenarios are summarized in
Table 4. The table compares the dominant landfill site for each parameter group, the critical
simulation period, the occurrence of maximum allowable concentration (MAC) exceedance,
and the main interpretation of the modelled receptor concentrations.

Overall, the summary confirms that the engineered sanitary landfill scenario resulted
in delayed and attenuated receptor concentrations, while the conservative barrier-failure
scenario produced earlier contaminant breakthrough and higher receptor concentrations.
The “Meteris” landfill showed higher concentrations for most parameter groups, partic-
ularly under Scenario 2, whereas the behavior of heavy metals and metalloids was more
parameter-specific.

The differences in receptor concentrations between the two landfill sites and parame-
ter groups can be attributed to the combined influence of landfill configuration, receptor
distance, protective barrier performance, infiltration conditions, and contaminant-specific
transport behavior. More mobile components, such as nitrogen compounds and selected
inorganic ions, showed earlier and more pronounced receptor response, particularly un-
der the conservative barrier-failure scenario. In contrast, heavy metals and metalloids
exhibited more parameter-specific behavior due to retardation, adsorption, dispersion,
and attenuation processes within the landfill-subsurface system. Therefore, the observed
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differences between “Gigos” and “Meteris” were interpreted as the result of site-specific
landfill conditions and contaminant transport mechanisms.

Table 4. Summary of key receptor-based LandSim outputs for both landfill sites and modelling

scenarios.

Higher Receptor MAC

Scenario Parameter Group Concentrations Critical Period Exceedance Key Interpretation
. . Delayed migration; concentrations
Nitrogen compounds Meteris 300-700 years No
. . below MAC.
Scenario 1 engineered Delayed occurrence of sulfates and
sanitary landfill scenario Inorganic components Meteris 300-700 years No Y fluorides
Specific toxic Parameter-dependent 300-700 years No Low receptor concentrations of
components cyanides and phenols.
Heavy Meteris for most Low concentration; clear attenuation
. 300-700 years No . -
metals/metalloids parameters by engineered protection.
. . Early breakthrough; total nitrogen
. - ; Nitrogen compounds Meteris 5-10years Yes and nitrates oxceed MAC.
bcen_arl(f) llconserva ve Inorganic components Meteris 5.10 vears Parameter- Rapid increase under barrier-failure
arrier-failure scenario g p ¥ dependent conditions.
Specific toxic . Yes, mainly Early occurrence; phenols exceed
components Meteris 5-10years phenols MAC in the initial period.
Heavy Parameter-dependent 5-10 years Mostly no Earlier occurrence than Scenario 1,

metals/metalloids but generally below MAC.

These results emphasize the importance of engineered bottom protection, drainage
control, and long-term receptor-oriented monitoring in reducing the potential impact of
landfill leachate on receiving water bodies.

4. Discussion

The results obtained in this study demonstrate that the potential impact of land-
fill leachate on receiving water bodies cannot be adequately interpreted solely based on
contaminant concentrations measured directly in leachate. Instead, assessment of envi-
ronmental impact requires consideration of the complete contaminant transport pathway,
including migration from the landfill body, through engineered protection systems, and the
subsurface environment, to the receptor location. This approach is particularly important
because the LandSim model enables evaluation not only of concentration levels, but also
of the temporal dynamics of contaminant occurrence at the receptor. In this context, the
comparison between Scenario 1 and Scenario 2 represents one of the key outcomes of the
study, as it clearly illustrates the extent to which the functionality of engineered barrier sys-
tems influences both the delay of contaminant breakthrough and the reduction of pollutant
concentrations reaching the receiving water body [1,3].

In Scenario 1, representing the engineered sanitary landfill condition with a functional
bottom protection system and controlled leachate collection, concentrations of the analyzed
parameters occurred predominantly within long-term simulation intervals and generally
remained below the corresponding regulatory threshold values. These findings indicate
that engineered barrier systems do not eliminate the possibility of long-term contaminant
migration but substantially reduce migration intensity and significantly delay contaminant
arrival at receptor locations. Such observations are consistent with previous studies demon-
strating that composite liner systems and geo-membranes represent critical components for
controlling pollutant migration from landfill bodies, although their long-term effectiveness
depends on construction quality, material degradation, physical damage, and hydraulic
loading conditions [44,45].

In contrast, Scenario 2 produced considerably less favorable results, with elevated
concentrations of multiple parameters occurring during the early stages of the simulation
period and several components reaching or exceeding maximum allowable concentra-
tions. This distinction is particularly important because, under the engineered sanitary
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scenario, the potential environmental impact is characterized by delayed long-term migra-
tion, whereas in the barrier-failure scenario, receptors become exposed during the initial
critical years of landfill operation. Such behavior is consistent with recent investigations
indicating that landfill pollutant migration is governed by the combined effects of physi-
cal transport, leaching, adsorption, microbiological degradation, and natural attenuation
processes within the subsurface environment [46].

An important finding is that Scenario 2 influenced not only the magnitude of con-
centrations, but also the timing of contaminant occurrence at the receptor. Instead of the
delayed and attenuated transport characteristic of Scenario 1, the absence of an effective
protective barrier resulted in substantially faster contaminant migration toward the re-
ceptor. This confirms that engineered barrier systems and drainage infrastructure should
not be regarded solely as passive structural elements, but rather as active control mecha-
nisms governing contaminant breakthrough time, concentration levels, and the resulting
environmental risk to receiving water bodies. Similar conclusions have been reported in
studies addressing the long-term performance of composite liner systems, where pollutant
breakthrough time is recognized as one of the key indicators of barrier effectiveness [45].

Comparative analysis of the “Gigos” and “Meteris” landfills further demonstrated that
the “Meteris” site exhibited higher receptor concentrations for several analyzed parameters,
particularly under Scenario 2. These differences were most pronounced for nitrogen com-
pounds, sulphates, fluorides, cyanides, and phenols. For total nitrogen, concentrations at
the “Meteris” landfill in Scenario 2 were approximately twofold higher than those observed
at “Gigos” during periods of peak concentration, while nitrate concentrations remained
consistently elevated throughout most of the simulation period at the “Meteris” site. These
findings suggest that nitrogen compounds represent one of the most sensitive parameter
groups for evaluating the environmental consequences of barrier-failure conditions. Simi-
lar conclusions have been emphasized in recent review studies, which identify nitrogen
compounds as a major challenge in landfill leachate management because of their mobility,
persistence, and potential impact on water resources [47].

Regarding inorganic components, the results indicate that sulphate and fluoride con-
centrations in Scenario 2 were substantially higher at the “Meteris” landfill compared with
the “Gigos” landfill. The differences were particularly evident for fluorides, where receptor
concentrations at “Meteris” exceeded those at “Gigos” by several times. These observations
suggest that inorganic components may serve as sensitive indicators of local differences
between landfill systems. The current literature similarly emphasizes that landfill leachate
composition is highly site-specific and depends on multiple factors, including landfill age,
waste composition, infiltration rates, climatic conditions, geochemical reactions within
the landfill body, and local hydrogeological settings [42,47]. Consequently, the observed
differences between the “Gigos” and “Meteris” landfills should not be attributed to a
single controlling factor but rather interpreted as the result of the combined influence of
contaminant input concentrations, landfill design characteristics, receptor positioning, and
subsurface transport conditions.

Among the analyzed toxic components, cyanides and phenols are particularly impor-
tant for interpretation of environmental risk under Scenario 2. Although these substances
did not occur at the highest absolute concentrations relative to nitrogen and inorganic
compounds, their toxicological significance and low regulatory threshold values make
them environmentally relevant. In the case of phenols, concentrations simulated for the
“Meteris” landfill during the early stages of the simulation period exceeded the maxi-
mum allowable concentrations several times, whereas substantially lower values were
observed at the “Gigo$” landfill. This identifies phenols as one of the key indicators of
short-term environmental risk in the absence of an effective protective barrier. Such find-
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ings agree with recent studies highlighting that landfill leachate constitutes a complex
mixture of organic, inorganic, and toxic substances, requiring assessment approaches that
consider not only concentration levels but also the toxicological significance of individual
contaminants [42,47].

For heavy metals and metalloids, the results indicated more moderate behavior with
respect to direct exceedance of regulatory limits; however, this does not diminish their
environmental relevance. Arsenic, chromium, nickel, and mercury were detected at receptor
locations under Scenario 2, although modeled concentrations generally remained below
maximum allowable concentrations. Nevertheless, these contaminants possess substantial
ecological and toxicological importance because their mobility and environmental behavior
depend on factors such as pH conditions, redox potential, organic matter content, sediment
composition, and groundwater chemistry. Previous investigations examining the influence
of landfill leachate on groundwater systems have shown that heavy metals and metalloids
may represent long-term environmental risks even when current concentrations do not
indicate immediate exceedance of regulatory standards, primarily because of their potential
for accumulation and delayed changes in mobility and toxicity over time [48-50].

From the perspective of regulatory compliance, particular importance in this study
is assigned to parameters that, under Scenario 2, exhibited both early occurrence and
exceedance of maximum allowable concentrations. These primarily include total nitrogen,
nitrates, sulphates, fluorides, cyanides, and phenols. For these contaminants, exceedance of
regulatory thresholds should not be interpreted merely as a formal indicator of water qual-
ity deterioration, but also as evidence of a potentially unacceptable level of environmental
risk for receiving water bodies. Conversely, parameters that did not exceed regulatory
limits, but were nevertheless detected at receptor locations, such as certain heavy metals
and metalloids, should remain part of long-term monitoring programs because of their
toxicological significance and potential for gradual accumulation. This interpretation is
consistent with contemporary approaches to landfill impact assessment, which recom-
mend integrating contaminant concentrations, regulatory criteria, and environmental risk
assessment for both groundwater and surface water systems [48-50].

The practical significance of the obtained results is reflected in the possibility of defin-
ing priority monitoring parameters through scenario-based modelling. Under Scenario
2, priority should be assigned to parameters characterized by early occurrence, elevated
concentrations, and/or exceedance of maximum allowable concentrations, namely total
nitrogen, nitrates, sulphates, fluorides, cyanides, and phenols. These parameters are par-
ticularly relevant at the “Meteris” landfill, where receptor concentrations were generally

N4

higher than those observed at the “Gigos” landfill. In contrast, for heavy metals and metal-
loids, the monitoring priority is associated less with immediate exceedance of regulatory
thresholds and more with long-term observation of their occurrence, mobility, and potential
accumulation within aquatic and sediment environments. This finding emphasizes that
landfill monitoring strategies should not remain static, but instead should be adapted to
landfill age, operational conditions, barrier system integrity, receptor location, and the
specific contaminant groups of concern.

From the standpoint of landfill leachate management, the results confirm that routine
monitoring of leachate alone is insufficient if the potential impact on receptor systems is not
simultaneously considered. The applied modeling approach enables assessment of when
and under which conditions individual contaminants may reach receiving water bodies,
which is particularly important for sanitary landfills characterized by long operational
lifespans and extensive post-closure management obligations. In this context, LandSim
should not be viewed as a replacement for laboratory monitoring, but rather as a comple-
mentary predictive tool capable of evaluating future environmental conditions that cannot
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be directly inferred from current monitoring data alone [31,33]. Such an approach is fully
aligned with contemporary landfill management concepts, which increasingly emphasize
predictive modeling, risk assessment, and adaptive monitoring throughout different stages
of landfill operation, closure, and long-term aging [46-50].

More broadly, the results demonstrate that the comparative analysis of the two landfill
sites is important not only for understanding the behavior of the investigated systems,
but also for the development of a transferable methodological framework for assessing
the impact of landfill leachate on receiving water bodies. Although both landfill sites
were analyzed using the same software model, the same scenario structure, and the same
set of leachate parameters, substantial differences were observed in both contaminant
concentration levels and the temporal dynamics of their occurrence at receptor locations.
These findings indicate that landfill leachate management cannot rely solely on generalized
assumptions regarding sanitary landfill performance, but must incorporate local hydrogeo-
logical conditions, receptor characteristics, technical integrity of protection systems, and
the site-specific behavior of different contaminant groups.

Based on the obtained results, Scenario 2 can be considered a useful conservative mod-
elling approach for identifying contaminants and time periods associated with the highest
potential environmental risk at receptor locations. Such an approach is particularly valu-
able for evaluating the consequences of barrier degradation or complete loss of protective
system functionality, while also emphasizing the importance of preventive maintenance
of drainage and barrier systems. At the same time, Scenario 1 confirms that engineered
sanitary landfill systems play a significant role in reducing contaminant migration and
environmental risk, although their long-term effectiveness requires continuous monitoring
and assessment. Consequently, the results of this study provide practical value for the
development of monitoring strategies, the prioritization of key contaminants, the identifica-
tion of critical operational periods, and the improvement of landfill leachate management
practices [51,52].

The findings of this study are generally consistent with previous international investi-
gations that evaluated long-term landfill leachate migration using numerical simulation
approaches. Several studies have demonstrated that engineered containment systems
substantially delay contaminant migration toward groundwater and surface water recep-
tors, whereas deterioration or failure of protective barriers may accelerate contaminant
breakthrough and increase environmental risk [31,33,34]. Similar long-term simulation
studies have also reported that nitrogen compounds and selected organic contaminants
exhibit relatively high mobility compared with many heavy metals, whose transport is
often moderated by adsorption, retardation, and geochemical attenuation processes [42].
The present results agree with these observations, as the engineered sanitary landfill
scenario delayed contaminant arrival for several centuries while maintaining receptor
concentrations below regulatory thresholds, whereas the conservative barrier-failure sce-
nario resulted in considerably earlier contaminant migration and exceedance of maximum
allowable concentrations for several parameters, particularly total nitrogen, nitrates, and
phenols. Comparable conclusions have been reported in studies applying LandSim and
other contaminant transport models, which emphasize that long-term landfill performance
depends primarily on the integrity of engineered barrier systems, hydrogeological con-
ditions, and leachate generation rates rather than on initial contaminant concentrations
alone [24,31,33]. In addition, the comparative analysis of the two investigated landfill sites
demonstrates that differences in landfill design characteristics and local site conditions can
significantly influence long-term receptor concentrations, supporting previous findings that
site-specific parameterization is essential for reliable environmental risk assessment [25-27].
Collectively, these comparisons indicate that the present study confirms internationally
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recognized contaminant transport patterns while extending current knowledge through
the comparative probabilistic assessment of two sanitary landfill systems under identical
modelling assumptions and contrasting operational scenarios.

Study Limitations

The results of this study should be interpreted considering several limitations. The
LandSim simulations are based on conceptual representations of contaminant transport
and therefore simplify some physical, chemical, and biological processes occurring within
landfill systems and the subsurface environment. Model validation was performed using
five years of monitoring data, which provides confidence in the model performance but
cannot fully represent processes occurring over centuries. The analyzed scenarios should
therefore be interpreted as probabilistic assessments rather than deterministic predictions
of future landfill behavior. In addition, the study considered two landfill sites located
within the same geographical region, which may limit direct extrapolation of the numerical
results to substantially different geological or climatic settings. Future research should
include additional landfill types, longer monitoring datasets, site-specific hydrogeologi-
cal characterization, and sensitivity analyses of key model parameters to further reduce
uncertainty and improve the robustness of long-term environmental risk assessments.

5. Conclusions

This study demonstrated the applicability of the LandSim probabilistic modeling
approach for assessing long-term migration of landfill leachate and its potential impact
on receiving water bodies under different landfill management scenarios. By integrating
laboratory leachate data, hydrogeological characteristics, engineered barrier properties, and
receptor-oriented transport modeling, a comprehensive methodological framework was
established for evaluating contaminant migration from sanitary municipal waste landfills.
The developed approach was tested on two sanitary landfills in the Republic of Serbia,
enabling comparative analysis under both engineered sanitary and barrier-failure condi-
tions. The results clearly indicate that the effectiveness of engineered protection systems
plays a decisive role in controling contaminant migration, delaying pollutant breakthrough,
and reducing concentrations at receptor locations. In the engineered sanitary landfill sce-
nario, contaminant occurrence at the receptor was characterized by long-term delayed
transport, while concentrations generally remained below regulatory threshold values. In
contrast, the barrier-failure scenario resulted in significantly earlier contaminant occurrence
and increased concentrations of several environmentally relevant parameters, particularly
nitrogen compounds, sulfates, fluorides, cyanides, and phenols. These findings confirm
that the absence or degradation of landfill protection systems may substantially increase
environmental risk for surrounding groundwater and surface water resources. The study
also demonstrated that local hydrogeological and technical conditions strongly influence
contaminant transport behavior. Although both analyzed landfill sites were modelled using
the same methodological approach and identical parameter groups, differences were ob-
served in both concentration levels and temporal migration dynamics at receptor locations.
The “Meteris” landfill generally exhibited higher receptor concentrations, particularly for
nitrogen compounds and inorganic pollutants, indicating that site-specific characteristics
such as landfill geometry, infiltration conditions, waste composition, hydrogeological set-
tings, and receptor position can significantly affect long-term environmental performance.
These findings highlight that landfill risk assessment cannot rely solely on generalized
assumptions regarding sanitary landfill design but must incorporate local environmental
and technical conditions.
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An important contribution of this work lies in the receptor-oriented approach adopted
within the modelling framework. Unlike conventional studies focused primarily on con-
taminant concentrations within leachate or at the landfill base, this research emphasized
concentrations occurring at the receptor after transport through the engineered barrier
system and subsurface environment. Such an approach provides a more realistic basis
for assessing the actual environmental burden imposed on receiving water bodies and
supports the development of more effective monitoring and risk management strategies.
The practical significance of the results is reflected in the possibility of identifying priority
monitoring parameters and critical periods of landfill operation through scenario-based
modelling. The results suggest that nitrogen compounds, sulfates, fluorides, cyanides,
and phenols should receive particular attention within monitoring programs due to their
relatively rapid migration and elevated concentrations under critical conditions. At the
same time, heavy metals and metalloids remain important for long-term environmental
assessment because of their persistence, accumulation potential, and complex geochem-
ical behavior. In this context, the proposed methodology may support optimization of
landfill monitoring systems, prioritization of environmental protection measures, and
improvement of long-term landfill management strategies.

A structured synthesis of the most important outcomes of this study highlights the
principal implications derived from the modeling results and their relevance for landfill
risk assessment and environmental management:

e  Engineered landfill protection systems significantly control contaminant migration by
delaying breakthrough and reducing receptor concentrations;

e  Barrier failure leads to earlier contaminant arrival and markedly higher concentrations
of key pollutants, increasing environmental risk;

e Nitrogen compounds, sulfates, fluorides, cyanides, and phenols are the most sensitive
indicators and require priority monitoring under critical scenarios;

e Local hydrogeological and technical conditions strongly influence both concentration
levels and temporal migration dynamics;

e  Receptor-oriented modelling provides a more realistic assessment of environmental
exposure than conventional leachate- or base-focused approaches;

e  The modeling framework is broadly transferable and applicable across different cli-
matic and regulatory contexts for landfill risk assessment.

Although the investigated case studies are in the Republic of Serbia, the methodolog-
ical framework developed in this study has broader relevance. The applied modeling
concept is transferable to landfill systems in different climatic, hydrogeological, and reg-
ulatory settings because it is based on universally applicable principles of contaminant
transport, barrier system performance, and receptor-oriented risk assessment. Therefore,
the presented approach may contribute to global efforts aimed at improving sustainable
landfill management, groundwater protection, and long-term assessment of landfill-related
environmental risks, particularly in regions where landfill infrastructure is undergoing
modernization or where long-term monitoring data remain limited. Future research should
focus on further integration of probabilistic landfill modeling with climate change pro-
jections, advanced hydro-geochemical transport modeling, and real-time environmental
monitoring systems. Additional studies could also include emerging contaminants, mi-
croplastics, pharmaceutical residues, and per- and poly-fluoroalkyl substances (PFAS),
whose occurrence in landfill leachate is receiving increasing international attention. More-
over, future investigations should explore the application of artificial intelligence and
machine learning techniques for predictive landfill risk assessment, optimization of moni-
toring networks, and identification of early-warning indicators of barrier system failure,
further strengthening predictive environmental modelling.
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