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ABSTRACT

Development of a Fuzzy-Set Enhanced Environmental Multimedia Modelling
System

Rong Rong Zhang

Environmental pollution problems are crucial concerns that have attracted a great deal of
public attention. More actions are urgently required on formulating remediation strategy
for contaminated sites and setting effective standard and regulations for reducing the
toxic pollutants in the environment. To achieve these needs, comprehensive
understanding of and characterizing the natural behaviour of chemical in the environment
are essential tasks for environmental risk assessment and management.

In this study, a new user-friendly fuzzy-set enhanced environmental multimedia
modelling system (EMMS) is dev¢lbped, which includes four key modules: an air
dispersion module, a polluting source module, an unsaturated zone module, and a
grpundwater module. Many improvements over previous environmental multimedia
models have been achieved, through dynamically quantifying the intermedia mass flux;
incorporating fuzzy-set approach into EMMS; and designing a user-friendly graphic user
interface (GUI). The developed EMMS can be a useful tool in (1) estimating the
time-varying and spatial-varying chemical concentrations in air, soil, and groundwater; (2)
characterizing the potential risk to human health presented by contaminants released from
a contaminated site; and (3) quantifying the uncertainties associated with modelling
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systems and subsequently providing robustness and flexibility for the remediation-related
decision making.

The developed EMMS has been tested and validated through a set of case
studies including both pilot-scale and field-scale validations. Reasonabie results have
been obtained. It indicates that, with the aid of fuzzy-set approach, EMMS can be a
reliable and powerful tool to address the complex environmental multimedia pollution
problems and provide an extensive support for decision makers in managing the

contaminated environmental systems.
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Chapter 1

Introduction

1.1 The Background of Environmental Multimedia Modelling

Development

Environmental pollution problems are concerns that have attracted a great deal of public
attention. Facing the increasing environmental issues that pose a variety of impacts and
risks on public health, more actions are urgently required to create a remediation strategy
for contaminated sites, setting stringent standards and regulations for reducing the toxic
- pollutants in the environment, and even determining the priority of the potential
environmental problems (Droppo at al. 1993, Hsieh and Ouimette 1994, USEPA 1996).
To achieve these goals, significant efforts have been put forth to develop modelling tools
and to make quantitative and qualitative risk assessment. Consequently, a comprehensive
understanding and characterisation of the natural behaviour of chemicals in the
environment are esséntial tasks for environmental risk assessment and management.

Before the late-1950s, contaminant fate and exposure assessment was



concentrated on assessing the behaviour of single chemical in only vair, only water, or
only soil. However, the persistency of certain chemical pollutants in the environment, the
migration of pollutants between environmental media - air, water, soils and sediments -
and the accumulation of pollutants in these media, a novel approach was required in order
to carry out research on extensive characterisations of chemical transport in multiple
environmental media over regional, continental, and global scales. Namely, research on
environmental risk assessment and management should not focus not only on the
chemical transport and transformation in one medium, but also on the contaminant
transfer rate between environmental media and geo-hydrological processes at the
soil/water/air interface. Respondiﬁg to these requirements (TECO 1985, McKone and
MacLeod 2003), environmental multimedia modelling has evolved.

The earliest rudiment of the multimedia model originated in the 1950’s because
of the need to asséss human exposure to global fallout that requires considering the
transport in air, soil, surface water, vegetation and the food chain (Eisenbud 1987, Ng
1982, and Whicker and Kirchner 1987).

In the 1970s, growing concerns about the impacts of metals that were distributed
in multiple environmental media, such as lead, cadmium, mercury, and arsenic, bring on
the rapid development of global and regional mass-balance models for these metals
(Garrels et al. 1975, and Nriagu 1978, 1979). Until the late 1970s, the seminar papers by
Mackay describing the application of fugacity principles to environmental problems

remarked the regional/global mass-balance models for organic chemicals had clearly



emerged (Mackay 1979, Mackay and Paterson 1981, 1982). By the late 1980s multimedia
modelling had become more established (Cohen 1986, Allen et al. 1989, Machay 1991,
and Cowan et al. 1995).

Basically, multimedia models can be classified into three types (Hsieh and
Ouimette 1994, Cohen and Cotter 2002):

1. Compartmental (“well-mixed” media) models;

2. Integrated spatial-multimedia-compartmental models (ISMCM); and

3. Linked spatial single-media models (LSSMM).

Of these, the most widely used is the compartmental mass-balance model, which
has become popular over the last decade due to its simple and easy execution. Particularly,
. the concept of fugacity in compartmental multimedia models has gained the most
attention. The major limitation of this kind of model is th¢ key assumptibn that all the
compartments are uniformly mixed. Such an assumption is obviously not correct when
the effect of variation in the spatial and temporal scale of the model is important for the
risk assessment of a single point contaminant source, especially, this point source is in
soil. Also it is invalid when the scale is small.

ISMCM includes both “well-mixed” and spatial compartments integrated
through inter-media physical boundary conditions. The atmosphere and water
compartments are treated as uniform multiple compartments. Soil is expressed as a
spatial compartment. Thus a fnore elaborate resolution can be gained in soil, but the
approach for air and water compartments still falls short of spatial resolution.

3



LSSMM integrates together serially linked single-medium transport models that
are for air, water, soil and other media of interest (Cohen and Cooter 2002). Compared to
other types of multimedia models, it can provide fine spatial and temporal resolutions,
which are significant features in evaluating the risk level for exposure to hazardous
contaminants.

The principal representatives of LSSMM are MEPAS (Mills at al 1997,
McDonald and Gelston 1998); MMSOIL (USEPA 1988); HWIR (USEPA 1999b);
MULTIMED 2.0 (Solhotra et al. 1995); and 3SMRA(USEPA 2003).

MEPAS and MMSOILS calculate the gas volatilisation from the surface of a
polluted site with steady-state empirical equations in scenarios of contaminant release,
which is-based on the premise of a very large source, so that emission does not deplete
the source during the time considered. Obviously, this kind of assumption is far away
from the natural .behaviour of contaminants in the environment. (USEPA 1996, 2003).
3MRA modified Jury’s model (Jury et al.1983, 1990) to estimate a land-based source
term; however, it does not consider gaseous advection in its source term estimation,
which to some extent affects the strength of the chemical release from the landfill cover
and the bottom (Lin and Hildemann 1995).

MEPAS and 3MRA contain a time series of an annual step or a user desired time
step, based on which averaged leachaté release is calculated. MMSOILS uses a
continuously mixed reactor model to simulate a leachate source. These assumptions can
be useful in risk evaluation at the screening level, but in reality, a leachate release is not
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always in a steady state, but gradually decreases with respect to time.

In this brief int;oduction of the‘ major environmental multimedia models, it is
clear that LSSMM among three kinds of multimedialmodels is one of the best available
choices to fit into the goal of simulating and characterising the behaviour of chemical
release from contaminated soil into the environment while providing fine temporal and
spatial resolutions.

However, there are limitations in the previous approaches related to LSSMM.
The limitations are as follows:

1) Using an empirical algorithm to estimate the gaseous emission from the
surface of a contaminated site;

2) No consideration of gaseoué advection in the polluted soil; and

3) Steady state leachate release from the contaminated soil.

Aiming to mitigate the limitations given above and to extend the previous
studies on environmental multimedia models, a new environmental multimedia modelling
system (EMMS) is developed in this study.

In addition to the consideration of the contaminant behaviour in the environment,
a pollutant-releasing source, landfill, has raised other significant concerns during the last
two decades. Measurements taken at actual landfill sites of organic chemicals in leachate
and gas suggest that emissions of leachate and gas are substantial fate routes (Hogdson et
al. 1992, Khim 1994, and Liu et al. 2004). Thus, more and more attentions are focused on

the potential emission from landfill, especially, regarding the health risks associated with



trace constituents of these emissions.

In response to this anxiety about the adverse health effects caused by landfills or
other contaminated sites, the landfill source term, which can also be used for
contaminated sites, is considered as the starting module in the development of EMMS.
Three basic environmental media, air, soil and groundwater, are treated as contaminant
transport pathways integrated into EMMS for predicting the potential risk at exposure
sites. It is expected that this study can promote development in the field of evolving
environmental multimedia model, can improve the understanding and knowledge of the
rﬁethods that describe the chemical transport and transformation in environment, and can
lead to the discovery of a better way to deal with the inherent uncertainties of modelling

system.

1.2 Objective of This Study

The objective of this study is to developv a user-friendly fuzzy-set enhanced
environmental multimedia modelling system (EMMS-PRO), which allows (i) an
estimation of the time-varying and spatial-varying chemical concentrations in air, soil,
and groundwater, and (ii) subsequently the characterisation of the potential risk to human
health presented by contaminants released from a pollution site. The following new
improvements over previous LSSMMs will be incorporated into EMMS-PRO:

1) A pollutant source model is derived. It is based on the mechanisms of a



pollution site, such as landfill, which represents the complexities associated with the
emission into a multimedia environment.

2) The air pollutant emitted from the polluting source is considered with its
emission rate and velocity information.

3) The pollutant fluxes from the pollution source into the soil and the
groundwater is time-dependant; thus, it is considered as a non-steady-state input source
for an unsaturated zone module.

4) The developed EMMS will be enhanced by a fuzzy-set method to quantify a
large amount of uncertainties associated with the multimedia environment, the model
itself, the model inputs, and the model outputs. It is also intended to provide robustness

and flexibility for remediation-related decision making.

1.3 Organization of This Thesis

The thesis is organised as follow:

Chapter 1 gives the background and rationale for this thesis study and also
includes the research objectives.

A literature review is presented in Chapter 2 for expanding the knowledge of
multimedia modelling development and providing the rationale for developing a new
environrﬁental multimedia modelling system.

Chapter 3 describes the derivation of the key modules of EMMS and the



development of the fuzzy-set enhanced EMMS.

Chapter 4 is the first part of the validation of the developed fuzzy-set enhanced
EMMS. It includes a testing of the overall performance of EMMS through a case study,
and importantly, the comparison with all available literature data and similar previous
studies.

Chapter 5 is the second part of system validation, which is conducted using a
field case with field historical data.

Chapter 6 contains the development of a graphic user interface for the developed
system, which makes it as a user-friendly fuzzy-set enhanced EMMS. The finalized
version of the system is applied to the Trail Road landfill in Ottawa-Carleton Region.

Chapter 7 gives conclusions, a summary of research contributions, and

recommendations to future study.



Chapter 2

Literature Review

In the past decades, significant attention has been focused on the long-term behaviour and
effect of the chemicals released from modern industrial economies into the environment.
In this context, the multimedia-modelling paradigm is becoming an effective and
appropriate approach. It can be used to make a complete assessment through accounting
for the complex features in the physical, chemical, and even biological contaminant fate
and transport processes in the entire environmental system. These approaches consider
the locations of the chemical release, the characteristics of inter-media mass distribution,
and the pathways of chemical transport; hence, the results from these modelling systems
will effectively and efficiently identify where the chain-of-event control effort would be
the most operative (McKone and MacLeod 2003).

From the emergence of the multimedia model until now, multimedia modelling
approaches can be divided into three types, depending on the level of complexity and the
treatment of spatial and temporal resolution:

1. Fugacity-based compartmental model,;



2. Integrated spatial-multimedia-compartmental models (ISMCM); and

3. Linked spatial single-media models (LSSMM).

The objective of the present literature review is to survey the previous research
efforts conducted in the field of environmental multimedia model evolution. Most

representative multimedia models are reviewed in this chapter.

2.1 Fugacity-Based Environmental Multimedia Modelling
2.1.1 Model Description

The property of fugacity makes it easy to use in fnass-balance calculations to describe the
behaviour of chemicals released into the envifonment and to simulate their distribution in
different environmental media (Mackey 1979, Mackey and Paterson 1981). Hence, this
type of multimedia model is widely recdgnized and widely used.

Fugacity-based model takes into account a variety of transport processes and
chemical reactions with the assumption that all the environmental media under
consideration are well mixed.

According to the complexity of modelling, fugacity-based environmental fate
model is classified into four levels. Level I assumes equilibrium or equi-fugacity among
all the compartments of a closed system containing a constant mass of contaminant.
Level II provides for flow of the contaminant through the system while remaining the
equilibrium between compartments. Level III removes the equilibrium constraint and
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allows the mass to in a steady state move in and out of compartments but the overall
inventory in each compartment remains constant with time, in other words, steady state
modelling. Finally, in Level IV, the constraint of constant mass flux into the system is
replaced by an unsteady state, which allows input, and consequently output, to vary with
time (Maddelena and McKone 1995, Mackey 1991).

Within the screening framework, Level III is adequate to estimate probable
chemical fate with average concentrations in environmental compartments. Thus, most
existing fugacity-based multimedia models are built on Level II1.

Firstly, the concept of Level I1I is briefly introduced in this section.

Fugacity and Fugacity and Capacity

Fugacity, f, is a metric for quantifying chemical activity at low concentration (Pa). It can
be viewed as the “escaping tendency” of a chemical in a phase, has dimensions of
pressure, and is related to concentration, C (mol/m®), by a proportionality constant,
fugacity capacity, Z (mol/m*-Pa) (McKone and MacLeod 2003, Mackey 1991).
C=Zf [2.1]

When a chemical reaches equilibrium distribution between two available phases,
the fugacities of the chemical in the phases are equal. Equilibrium partitioning between
two phases, Kz, is a dimensionless partition coefficient, and can be measured under

laboratory conditions as the ratio of concentrations C; and C,. Applying the relationship
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between concentration and fugacity, and recognizing that f; =f; at equilibrium:

K, =—t="t= [2.2]

Z can thus be determined experimentally for many phases by measuring partition

coefficients between the phase of interest and a phase with known Z.

The Governing Equation of Level Il Fugacity Model

The mass-balance condition is applied to each environmental compartment. This requires
the quantification of diffusion and advection rates at the compartment boundaries.

The net diffusive flux, in mol/m>h, across the interfacial area separating
compartments is:

Slux =Yi2(fi -£2) [2.3]
where Y, is the fugacity mass-transfer coefficient across the boundary between
Compartments 1 and 2 with units mol/(m*-Pa-h), and f and f; are the fugacities of
Compartments 1 and 2.

The fugacity mass-transfer coefficient depends on the mass-transfer coefficient
on either side of the interface and on the fugacity capacities of the two media that form

the interface.

-1
1 ]
Y=+ 2.4
? [ZIUI ZZUZJ 24

where U; and U, are the mass-transfer coefficients (m/h) in the boundary layers in
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Compartments 1 and 2, and Z; and Z; are the fugacity capacities of Compartments 1 and
2.

The inter-compartment transfer of contaminants by advection is modelled as a
flux (mol/m*-h) at the compartment boundary, which is the product of the velocity of the
moving phase (m/h) and the contaminant concentration in that phase (mol/m?).

Advectiveflux = velocityx Z, f, [2.5]
where Zj and f; represent thé fugacity capacity of the moving phase and the fugacity of
the chemical, respectively, in compartment .

Mass balance equations including all inter-compartmental transfers of

contaminants can be written for each compartment (i) in the environmental system.,
E, +Zﬂowj_,,. = Zﬂowi_ﬁ. +Zﬂow,._,sink [2.6]
On the left-hand side of Equation [2.6] are chemical inputs to compartment i by

direct emission, E;, and the total rate of inter-compartmental transfer to compartment i,

Z flow, ;. Removals from the compartment occur by inter-compartmental transfer,
Z flow,,; , and by advection out of the system or chemical transformation
Z Slow, ., - For an environment consisting of n compartments, one can write »

equations of this type and solve them algebraically to obtain the unknown fugacity of

chemical in each compartment. In sequence, the relative concentration of compartments

can be computed on the ranking of long-term screening model.
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2.1.2 Variants of Fugacity Model

ChemCAN was developed at the Canadian Environmental Modelling Centre (CEMC) in
1997 (Mackay et al. 1991, Webster et al. 2004). The new version 6.0 was released in
September 2003. ChemCAN is a Level III model of 24 regions of Canada. It estimates
average concentrations of contaminants in air, fresh surface water, fish, sediments, soils,
vegetation, and marine near-shore waters. It is intended to assist in human exposure
assessment. For the modelling application, areas should have a radius of at least 300 km.
If investigations involve smaller areas, this model is not suitable,

Similarly, Scheringer et al. (2002) designed ChemRange for the calculation of a
chemical’s persistence and spatial range in an evaluative model system. It serves as a tool
for comparing organic chemicals in terms of their exposure behaviour, and provides a
consistent framework for this kind of quantitative chemical comparison and for an
exposure-based assessment (Berg and Scheringer 1994, Scheringer 1996,1997). Three
compartments, called surface soil, oceanic surface water, and tropospheric air, are linked
by diffusive and advective exchange processes to compose the model system. Three
compartments include around a circular model world. The concentrations of chemicals in
the compartments are the basic model outputs. The emphasis of the model outputs,
however, is on the chemical’s persistence, spatial range, and mass fractions in the three
compartments. Also, the mass flows from three media into four pathways are calculated.

Such mass flows include reaction, removal, transfer to the lined media, and deposition to
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the deep sea.

The following assumptions and limitations need to be kept in mind when this
model is used (Scheringer et al. 2002):

1) The exchange processes between three environmental media are applied only
to organic chemicals; the behaviour of metals or ion-forming compounds cannot be
investigated with this model,

2) Since the averaged concentration distribution is estimated with this model, the
spatial range is a relative measure of the long-range transport potential. The persistence
does not describe the actual duration of an exposure but is a relative measure of a
chemical’s overall degradability;

By comparison, Devillers et al. (1995) developed CHEMFRANCE, a
six-compartment multimedia model, for use particularly in France. Ten
sub-compartments are embodied in the bulk compartments for the purpose of
comprehensive considerations of the media having effects on the transport and
transformation of pollutants. The model is constructed on the basis of the fugacity
concept and requires information related to the chemical property and emission rates of
pollutants. The outputs of the model consist of the chemical distribution between the
environmental media, the transport and transformation process rate, and the steady state
concentration in the defined regions of France, or in France as a whole.

A case study was performed to illustrate the model application. The simulation
results are compared with the observed concentration in the air as a validation test. The
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concentrations in locations relatively far from the sources of emission are in accordance
with the modelling results, but those near the emission sources are significantly higher.
From these studies, it appears that this model is particularly suitable as a regional
multimedia model for estimating the environmental fate of organic chemicals in France.

Fourthly, a representative, widely used eight-compartment regional and dynamic
multimedia fugacity model, CalTOX, was developed by Environmental Scientists at the
University of California campuses and national laboratories (McKone and Enoch 2002).
Like Mackey’s fugacity model, it calculates a mass balance between gain and loss for
each compartment in the system.

Mainly in one way, however, it differs from Mackey’s model (Maddelena and
McKone 1995). CalTOX calculates gain and loss between compartments as a product of
a first order rate constant and the molar inventory, rather than using the product of a
fugacity-based transfer coefficient and fhe source compartment fugacity. Even though
this method is essentially same as that of Mackey’s model, the use of molar inventory as
a state variable makes it easier for CalTOX to evaluate the environmental fate of
compounds, such as heavy métals or radionuclides, when a measurable vapour pressure is
not available.

By contrast, BETR North Americba is a regionally segmented multi-compartment,
continental-scale, mass balance chemical fate model. Twenty-four ecological regions in
North America’s environment, divided by geographic features such as waterways and soil
types, are modelled (MacLeod et al. 2001).
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A system of seven compartments, namely upper atmosphere, lower atmosphere,
vegetation, soil, fresh water, coastal water, and freshwater sediment, is modelled for each
region on the basis of the fugacity concept. Seven equations describe the contaminant fate
in each region of the model, so 168 mass balance equations are needed to constitute the
model for the 24 regions of North America.

Furthermore, BETR North America is the first approach to model the movement
of persistent organic pollutants on a continental scale, not like most existing multimedia
models, such as ChemCAN, CalTOX, and Simple Box, which describe the fate and
transport of contaminants only on a smaller regional scale. The BETR North America
model can be a valuable tool for assessing the long-range transport potential of persistent
organic pollutants and other contaminants.

Finally, the reviewed model in this study is SimpleBOX that is developed and
updated by den Hollander and van de Meent (2004). It consists of nine well-mixed
homogeneous compartments, namely air, fresh water, seawater, sediments, three soil
compartments, and two vegetation compartments, in regional, continental and global
scales. It can be implemented as a steady-state, non-equilibrium partitioning, mass
balance model. It can also produce non-steady-state output by using an external
numerical integrator. Not only is SimpleBox a generic model, but it can also be
customised to represent specific environméntal situations.

Unlike the fugacity approach adopted by Mackey, computation of mass flows
and concentration levels in SmpleBox is done with concentration-based “piston velocity”

17



type mass transfer coefficients.

The structures of the reviewed models are summarized and compared in Table
2.1. Examination of the model structures reveals that all the models are constructed on
the fugacity concept with different compartments of interest, while the differences
between these fugacity-based multimedia models arise mainly in the following areas:

1. The way of treating environmental media;

2. The decision to approach inter-media transfer mechanics;

3. The approach to the fugacity concept.

Consequently, although all the models use similar well-accepted expressions to
describe chemical transformation and transit, they handle the modelling development
differently; they can thus yield estimates of non-equilibrium concentrations in multimedia
well-mixed box environments under steady-state conditions and in some cases under

unsteady-state conditions, and they have diverse modelling functions.
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2.1.3 Discussion

Fugacity-based compartmenta] models are widely used because of their easy execution
and their convenient method of describing and quantifying the chemicals in
environmental media. However, they do suffer from some limitations that restrict the
modelling application, limitations that are briefly explained as follows:

1) The model parameters are based on average values. In the model, all the
processes of concern take place at constant and identical rates at all places. As a result,
the outputs are the average concentrations in the environmental compartments.

2) The fugacity model has limitation for the prediction of concentrations from
dynamic sources. On the assumption of a “well-mixed” compartment, only average
concentrations of each compartment can be estimated. On the contrary, the spatial and
temporal variation is a concerned issue for the pollution caused by a point source.
Accordingly, the interpretation of the averaged concentration will lead to
misunderstanding in environmental management (Cohen 1986).

3) Compartmental model is nof appropriate for modelling the fate of chemicals
quantitatively at a small scale. At the smaller scales, the key assumption of the uniform
mixing of the chemicals in the environmental media becomes invalid. The model is used
only to gain a qualitative understanding of the processes affecting a chemical’s fate at

theses smaller scales (Cohen 1986).
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2.2 ISMCM Model
2.2.1 Model Description

Cohen and his co-workers have applied the concept of multimedia compartment
modelling as a screening tool in the development the Multimedia Compartment Model
(MCM) (Cohen and Ryan 1985), which has been followed by the Spatial Multimedia
Compartment Model (SMCM) (Cohen et al. 1990), and more recently by the ISMCM
(Cohen and Cooter 2002), which allows for non-uniformity in some compartments. Thus,
only ISMCM is illustrated in this brief review.

ISMCM considers all media, biological and non-biological, in one integrated
system. It combines coupled uniform and non-uniform media by using intermedia
physical boundary conditions to account for the complex transport of pollutants through
the ecosystem, in which soil aﬁd sediment compartments are treated as non-uniform
media, while the others are taken to be uniform.

ISMCM applies the concept of fugacity capacity to uniform compartments and
takes into consideration mass balance under ﬁnsteady state. On the other hand, a 1-D
convective-diffusion transport process is described in the non-uniform compartments.
Spatial resolution, therefore, can be obtained in the soil and sediment compartments,
whereas spatial resolution is sacrificed in the uniform compartments. Assuming mass

conservation, ISMCM is able to predict transport based on a sound mechanistic
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description of environmental processes, including the estimation of intermedia transfer

factors.

2.2.2 Discussion

ISMCM is a hybrid model of combining compartmental model and single-medium model
in an attempt to provide a screening-level tool. It avoids the oversimplification of
compartmental model and can provide some spatial resolution that is not found in
compartmental model. However, it is not comparable with LSSMM with respect to the
resolutions of outputs, especially, in any case where the spatial and/or temporal resolution
of prediction plays a significant role in the evaluation of risk assessment for human health,

or in a simulation occurring on a small scale.

2.3 LSSMM Model

2.3.1 Model Description

LSSMM is composed of serially linked single-medium transport models. The
concentration of a chemical in a specific medium in which a pollutant source exists is
calculated first, then the inter-media transfer rates are calculated and used as source

inputs to calculate the contaminant concentration in other adjoining media.
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2.3.2 Variants of LSSMM

The Multimedia Environmental Pollutant Assessment System (MEPAS), developed by
the Pacific Northwest Laboratory, is an integrated analytical model, which is specifically
designed to address general problems at any hazardous waste site (Droppo et al. 1989).

MEPAS can simulate the transport and distribution of chemical and radiological
contaminants over time and space within environmental media including air, soil,
groundwater, and surface water. It estimates long-term health effects at reception
locations, from exposures over 70 years, and determines acute effects from normalized
maximum hourly concentrations (Droppo et al. 1989).

MEPAS, which includes nine source types, has varied capability for source term
modelling. The release rate from the éource term is based on the empirical equation
calculated, for example, from the contaminant’s vapour pressure, soil/ vapour partitioning
and molecular diffusion in the air, or it is provided by the user (USEPA 1996, Laniak et
al. 1997). For the atmospheric component, MEPAS has a distinct option of
back-calculation release rates from measured concentrations at the receptor.

In the air transport module, MEPAS uses a sector-averaged Gaussian plume
equation for air transport. Volatilisation'is calculated with either steady state or transient
equations, depending on the scenario of release (USEPA 1996).

Contaminant concentrations in thé unsaturated soil zone can be input in the case

of initially contaminated soil or it can be calculated using source terms given by the user.
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MEAS uses a one-dimensional, semi-analytical transport model that assumes a constant
vertical velocity for each layer in the vadose zone. Therefore, the heterogeneity in the
vadose zone can be modelled by using multiple vadose zone layers with varying velocity
between layers and with the infiltration rate éhanging with time (Droppo et al. 1989,
USEPA 1996).

MEPAS simulates the transport of contaminants in the saturated groundwater
flow, using a three-dimensional, semi-analytical transport model. Groundwater velocity is
assumed to be uniform and horizontal, and thus one-dimensional. Water concentrations at
various receptor wells can be calculated in this module; consequently, they can be used in
the exposure module.

The surface water module of MEPAS allows for the simulation of rivers and
wetland environments.

The various modules that cénstifute the model are based on well-known
approaches from the contaminant transport literature. These modules allow for spatial
discrimination and incorporate a number of important trahsport pathways.

Similarly, MMSOILS (the Multimedia Contaminant Fate, Transport, and
Exposure Model) has been developed by the U.S. EPA for the evaluation of hazardous
waste sites (USEPA 1988, 1996). It was designed specifically to simulate the release of
toxic chemicals from underground storage tanks, surface impoundments, waste piles, and
landfills. Compared to some mbdels, like MEPAS, which have the capability to simulate

the fate and transport of radioactive contaminants, MMSOILS models chemical transport
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and transformation only. MMSOILS has many similar scenarios and calculation
algorithms to those in MEPAS, for instance, the scenarios of releases from landfill, the
algorithm of volatilisation in the air transport, and a similar approach to modelling the
transport of contaminants in the saturated zone. MMSOILS, however, has an adavantage
in the unsaturated zone. It provides a complex model, using a one-dimensional,
finite-element flow and transport model that allows for layered heterogeneity in the
unsaturated zone. So far as overall capability is concerned, it has less simulation
capability and application variability than MEPAS,

Third, the computer program RESRAD (RESidual RADioactivity) has been
developed by the U.S. Department of Energy (DOE) and Argonne National Laboratory
(ANL) to evaluate the clean up and remediation of radionuclide-contaminated soils at
DOE facilities. RESRAD is similaf to the MEPAS and MMSOILS but differs in
constructs with respect to simulating direct release to the various media. A benchmarking
analysis for these three models is given by Laniak} et al. (1997) and Mills et al. (1997).
The detailed difference between three models can be referred to these literatures. General
differences associated with the model.s are presented here. RESRAD simulates the

formation, decay, and transport of the products of radionuclide decay, allowing the decay

products to move at a different speed than their parent.
In the unsaturated and saturated zone, RESRAD is based on a non-dispersive
model that transports contaminants via advection only, unlike the previous two models,

which are based on the analytical solutions to the advective-dispersive equation.
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Finally, the Multimedia, Multipathway, and Multireceptor Risk Assessment
(3MRA) modelling system has been designed and developed by the U.S. Environmental
Protection Agency (EPA) Office of Solid Waste (OSW) and the EPA’s Office of Research
and Development (ORD) with the intention of supporting national assessments and
regulatory actions (USEPA 2003). The 3MRA modelling system simulates contaminant
releases from a waste management unit (WMU) to the various media (air, water, soil)
based on the physical-chemical properties of the constituent, the characteristics of the
modelled WMU, and the environmental setting (e.g., meteorological region) in which the
facility is located.

Five kinds of WMU, such as landfills, waste piles etc., are considered in the
source term of the 3MRA multimedia modelling system. The fate and transport modéi
simulating the source term is modified from Jury’s model (Jury et al. 1983, 1990). Thus,
there is no need to use thé empirical equaﬁon to estimate the chemical volatilisation from
the WMU surface, which is a feature that is largély different from the previous studies.

For the unsaturated zone and saturated zone modules, 3MRA uses models
similar to those used by the earlier studies.

Although 3MRA removes the limitation in the approximation of gaseous
emission from a WMU cover, the contaminant transfer fluxes between media are
estimated as stéady state, annual average fluxes. Thus, the modelling outcomes might be
in pseudo temporal, spatial resolutions that are not close to the transport process in the

“real world”,
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2.3.3 Discussion

LSSMM has a powerful advantage, namely a high degree of spatial resolution, to which
compartmental model and ISMCM cannot be compared. This strengtﬁ makes LSSMM
suitable not only for application on a large scale and on the long-term screening level, but
also for a small-scale and short-term prediction. In particular, for assessing the impacts
caused by toxic chemicals in the vicinity of a hazardous waste site, LSSMM has unique
and overwhelming advantages over the other models.

In the previous studies bf LSSMM, this review indicates that it needs extensions
as described on below:

1) Empirical algorithms are used to estimate the organic compound volatilisation
from the soil surface. Therefore, the devéloped modules are suitable for one case but may
not be appropriative for dealing other similar sites. As a result, the chemical mass balance
is difficult be maintained with this kind of modelling process. An additional mass balance
testing is required; otherwise, the mass conservation éannot be guaranteed.

2) The pollutant transfer rates are estimated as the steady-state annual average
rate. This simplified approximation obviously differs greatly from the real transport
process.

3) The use of average concentrations and fluxes precludes the determination of

dynamic effects.
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2.4 SUMMARY

The representative models of three categories of multimedia models, namely the
compartmental model, ISMCM, and LSSMM, are reviewed in this chapter. The literature
review indickates that some shortcomings exist in the previous studies of multimedia
models. These limitations include the following:

1. The models use an oversimplified way to treat all or some of the complex
intermedia transport processes, such as volatilisation and leachate release, thereby leading
to the limited modelling application only for large-scale, long-term risk assessment at the
screening level (e.g. compartmental models and ISMCM);

2. Steady state methods are employed to estifnate pollutant releases from
contaminated site, for example, MEPAS and MMSOILS;

3. The models require a large humber of input parameters, which increase the
level of complexities, for instance, MEPAS and MMSOILS;

4. The complexity of model execution and the requirement that the user be able
to implement the modelling system are ubiquitous challenges for the existing models, for
instance, 3MRA, MMSOILS.

With the recent progress towards a better understanding of the dynamics and
complexities of environmental multimedia pollution issues, and because of the increased

availability of mathematical and computational tools, it is possible to extend previous
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efforts on environmental multimedia modelling in the following areas:

1.

Identifying the state-of-the-art mechanistic approaches to compute the
inter-media fluxes;

Providing more realistic simulations of contaminant releases in the source
term scenario;

Providing more realistic simulations of contaminant dispersion from the
source term into a multimedia environment;

Modest model input requirement to accomplish the reasonable perditions;
Easily accessed uncertainty analysis method to be embedded in EMMS; and

Easily implemented user interface shelled to EMMS.
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Chapter 3

Development of an Environmental
Multimedia Modelling System

3.1 Development of a Conceptual Model Framework

Once a contaminant is released into the environment from a pollution source, such as an
oil spill or a solid waste site, it will migrate all connected environmental media
simultaneously and finally be exposed to humans through each pathway. Figure 3.1
illustrates such contaminant transport ;outes from a typical contaminated site, namely a
landfill site, in which three basic environmental media are contaminated: the atmosphere,

the soil, and the groundwater.
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Figure 3.1 The typical multimedia environmental pollution site

To extend the previous efforts on the environmental multimedia models, an
environmental multimedia modelling system (EMMS) is developed in this chaptér. The
conceptual framework is depicted in Figure 3.2, which shows that the modelling process
begins with the release of a contaminant from a contaminated site into a multimedia
environment, and ends with a concentratidn prediction at the risk receptor.

The developed EMMS concentrates on examining the chemical mass exchange
in the environmental media, characterizing the potential risk to human health as a result
of the contamination of the air and groundwater by the volatile organic compound (VOC)
pollutant present at the other site. Four modules, namely the landfill module, the

unsaturated zone module, the saturated zone module, and the air transport module, are
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proposed in the development a new EMMS that simulates contaminant migrations from a

pollution source through interconnected exposure pathways.
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Figure 3.2 A conceptual modelling framework of the environmental multimedia modelling system

A key consideration in the development of an environmental multimedia
modelling system is to provide the capacity to evaluate the risk of exposure to the
contaminants released from an influential source term. Typical multimedia pollution
problems usually involve organic compounds, which can evaporate, disperse, and
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transport into different environments. In this study, a specific source term represented by
landfill module is developed as the starting module. The concept of “landfill” in “landfill
module” can be applied to generally contaminated sites not only to landfill. Along with

other modules, the development of key EMMS components is explained as follows:

1. Landfill Module

The landfill module serves as a starting model of EMMS. It is designed to provide the
assessment of contaminant mass emission rates up into the air and released leachate down
into soil beneath the landfill, and to govern mass balance between the source and all
affected media.

The landfill module describes the pollutant fate and transport in a porous landfill
medium, in which the sorption, degradation, advection and diffusion processes are
considered. This module can also be appliéd to other porous media, such as contaminated
soil.

From the landfill module, the contaminant mass emission rate for the air and
atmosphere can be computed, technically linking to an air dispersion module. For the
purpose of linking the source module to the unsaturated zone module as shown in Figure
3.2, a pollution leachate generation modelling compoqent is derived on the basis of the
work of Sterile (1988) and Labieniec (1994). It moves the polluting source to the

unsaturated zone module.
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2. Unsaturated Zone Module

The unsaturated zone module simulates the movement of leachate contaminants in the
subsurface after they are emitted from the base of the landfill. A three-dimensional fate
and transport model is used to achieve this goal. Module outputs include the contaminant
concentration in the water table and the mass flux entering into the groundwater that is
used by the saturated zone module as the contaminant source.

A feature of this environmental multimedia modelling system is that the
contamination source from the landfill bottom is treated as a time-dependent releasing
source in the unsaturated zone module, which is a technical consideration towards a
realistic simulation of landfill dynamics.

Leachate migrates vertically fhrough the unsaturated zone and finally reaches the
saturated groundwater. A leachate flux modelling component from the unsaturated zone is
derived based on the concept in Carnhan and Remer (1984) and links to the saturated
zone module as the contamination source. The conceptual mechanism is depicted in

Figure 3.2.

3. Saturated Zone Module

The contaminant coming from the unsaturated zone module is presumed to be uniformly
mixed in the groundwater to form a mixing zone, which serves as the source term of the
saturated zone dispersion module. The saturated zone module simulates the fate and
transport of dissolved contaminants from the water table to the downgradient with an
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analytical solution to three-dimensional groundwater model. Module outputs are the
groundwater contaminant concentrations in the potential receptors. They are used to
determine whether the concentrations of concerned chemicals exceed the water standard

at the downstream receptors.

4.  Air Dispersion Module
»The air dispersion module takes the emission rate of the released pollutants, mostly
VOCs, from the landfill module. It consists of two sub-models. One is the on-site
concentration model; the other vis the simplified Gaussian plume model. The emission rate
to air from the landfill module provides the source term so that the concentration
distribution in the atmosphere can be simulated. Module outputs represent the chemical
concentration in the ambient atmosphere above ground.

Four modules work together under a conceptual framework to simulate the fate
and transport of pollutants from a source contaminating the surrounding soil, groundwater,
and air environment. The developed EMMS can be adapted to address other typical

multimedia environmental pollution sites besides landfill.

3.2 Model Derivation and Integrated Development

Therefore, a new EMMS is proposed and conceptually visualised in Figure 3.3. The
technical consideration and derivation of contaminant fluxes between adjacent media are
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the essential processes in the modelling system development. The detailed model

derivations are described in the following subsections.
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Figure 3.3 Key modules of the modelling system

3.2.1 Landfill Module

The landfill module is considered to simulate the dynamics of the solid waste in the
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landfill chamber or the contaminated soil and to calculate the mass emission rate to air
due to volatilisation as well as the leachate release rate down to the unsaturated zone. A
1-D partial differential equation is efnployed and solved to describe the chemical fate and
transport in the landfill chamber. The solution represents the vertical concentration profile
over time of the total (sorbed, dissolved, and gaseous) pollutants in the soil or waste
column. From this solution, the landfill module allows an integrated consideration of the
volatilisation rate of the gas-phase contaminant mass from the landfill chamber to the air
and the releasing mass flux of the aqueous-phase pollutant (e.g., leachate) by advection

and diffusion from the bottom of the landfill or leaking tank to the unsaturated zone.

3.2.1.1 Model overview and assumptions

In the development, it is assumed that a uniform chemical concentration is initially
distributed in the landfill refuse or pullulated soil column. Meanwhile, the following
mechanisms are considered: the transport of the chemical of interest in the vapour phase
as well as in the liquid phase, the linear equilibrium partitioning among the phases, the
degradation of the chemical into other compounds, and the constrained mass transfer
through the top soil cover (Jury et al. 1990, Lin and Hildemann 1995).

In addition, the following assumptions have been made in the development of

the landfill module (Jury et al. 1990, Lin and Hildemann 1995).
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1. Landfill Chamber
The landfill site is conceptualized as a one-dimensional, two-chamber system: the lower
compartment (of depth L) contains contéminants, and the upper compartment of compact
cover (with depth d) separates the lower chamber from the atmosphere (Lin and
Hildemann 1995). The soil in the landfill is assumed to be a homogeneous porous
medium with uniform properties such as the volumetric air content a, the volumetric
water content 6, and the bulk density p, (kg/m®). The total porosity ¢ is equal to the
gas-filled porosity plus the liquid-filled porosity: |
p=0+a [3.1]
2. Phases
Chemicals reside in three phases in a landfill: in an adsorbed phase, the concentration of
which C; is expressed in pg/g (6f soil); a dissolved phase, the concentration of which
C, is expressed as g/m’ (of soil solutidn); and a gaseous phase, the concentration of
which 'C; is expressed as g/m® (éf air). The total concentration C,in g/m3 is thus
Cr=p,Cs +0C, +aCy [3.2]
The movement of a contaminant, other than molecular-scale gaseous and
aqueous diffusion, is modelled as a one-dimensional countercurrent flow: the gas is
moving upward with an interstitial velocity V';, whereas the leachate is moving
downward with the velocity V', . Sorbed phase contaminants are considered to be
immobile.
3. Partitioning
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The contaminant undergoes reversible, linear equilibrium partitioning between the
adsorbed and the dissolved phases, and between the adsorbed and the gaseous phase.
Soil-liquid: C,=K,C, [3.3]
where K, is the liquid-soil adsorption coefficient (m*/kg).

For organic constituents, K, =f K [3.4]

oc
where f,_ is the organic carbon fraction in the soil or waste (dimensionless); K, is the
equilibrium partition coefficient, normalized to organic carbon (m*/kg).

soil-gaseous: C, =K;Cg, [3.5]
where K is the gas-soil adsorption coefficient (m*/kg).

It is implicit in this linear equilibrium partitioning assumption that the sorptive
capacity of the soil column solids is considered to be infinite with respect to the total
mass of the constituent over the duration of the simulation, i.e., the soil column sorptive
capacity does not become exhausted.

Contaminants in the dissolved and gaseous phases are assumed to be in
equilibrium and to follow Henry’s law.

C,=K,C, [3.6]
where K, is dimensionless Henry’s law constant.
4. Fluxes

The Chemical flux J, (g-m>.d™) is the sum of the vapour flux and the flux of dissolved

solute.
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5. Others

1). The contaminant mass may be lost from the soil column through one or more
first-order loss processes. -

2). The effective diffusivity in the soil may be calculated according to the model

of Millington and Quirl (1961)

aw/aD;
D, = 2
¢

where D,and D; are the gaseous diffusion coefficients in the soil and air, respectively

[3.7]

(m%/d).

010/3Dlw
= ¢2

D, [3.8]

where D,and D) are the liquid diffusion coefficients in the soil and pure water,
respectively (m*/d).

Under thése assumptions above, the individual concentration in each phase
(C4,C,,Cs) can be expressed as a function of the total concentration C,, which has

been chosen as the only dependent variable.

Cr =RyCy =R;C; =R, C, [3.9]
where
2] ak
R, =p, +—+—~ 3.10
s = Ps K, K, [ ]
R, =p, K, +60+akK, [3.11]
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RG=£IP<£<—’-’-+——9——+a [3.12]

-H H

Rg R, R are the equilibrium distribution coefficient between the total and solid, aqueous,

and gaseous phase contaminant concentrations, respectively.
3.2.1.2 Governing equation and solution

Then, the overall governing equation for the pollutant fate and transport become:

oc, o*C (ac]
=Dy| == |-V, = |- uC 3.13
o 5[622) 2o )T B.13]

where u is the effective first order reaction rate constant (d') and can be calculated by

=12 [3.14]
.
in which 7 is defined as the effective half-life in the unsaturated zone (d).
V; is the effective solute velocity (m/d) and is equal to
e (M Y v [3.15]

£ R, R, R, R
in which v; and v, are the bulk gas and water velocities (m/d), respectively.

D, is named the effective diffusion coefficient (m%d); it is transformed from

D —aIO/SD;KH +010/3D1w 3 16
E = ¢2R [ . ]
!

Under the initial condition
Cr(z,0)=C,, if O0<z<L [3.17]
Cr(z0)=0 if z>L [3.18]
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in which C,is the background concentration in landfill; and upper boundary condition
J,(0,6) =—hCs(0,0) [3.19]
where £ is the overall mass transfer coefficient through the top cover (m/d) and is

estimated by:

1_d4 .1 [3.20]
h D, k '
in which £; is the mass transfer coefficient in the air-soil boundary layer (m/d).

Therefore, the analytical solution can be obtained in the equation below (Lin and

Hildemann 1995):

Cr(z,8) = —;:CLO eXp(—w){erfc{w} - erfc[ Z- VEt} "

J4Dyt 4D,
v, V.z z+L+V,t z+Vt
1+—£ |expl —£= || erfo| ——==2—|—erfc E_ |+
HEJ p(DE J{ / [ JAD,z ] 4 (,/4DEtH

o Ve )exp[HE(HE +V)t+(H, +VE)Z}

E DE
orfd +(QQH ; + V)t —exp(—l—{—E—{'—)e}fc z+L+(2H  +Vy)t (3.21]
4Dt D, 4Dt
[
where H; = 7 with unit (m/d) [3.22]

4

3.2.1.3 Emission rate generation and its linkage to air dispersion module

The contaminant volatilises to the air from the landfill surface. The emission flux of
pollutant can be computed by (Lin and Hildemann 1995):
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J4D;t 4Dt

(ZHE + VE)CXP{%@}[exp[%)e%[ﬂ.%;_mj _ eifc[ (ZHZ;;E)t ]}}

J,09) =5£’—‘23(—‘i”—){V{erfc[ﬁ—j—enf{L*VE’ﬂJr (3.23]

The cumulative mass lost from the landfill surface per unit area of contamination site due

to volatilisation, M, (g/m?), is (Jury et al. 1990).

M, @)= ’I—— J,(0,t"dt' [3.24]

0

The time-weighted average of the mass emission rate from the surface of the site

to the atmosphere over the annual duration, QO(z,,)(g/s), is used in the air dispersion

module and is calculated by:

MVoI (tad )A Ay

f Y Vol ad Ty 3.25
Q) t,86400 [3:25]

where ¢, is the annual exposure duration (d); A4,and A4 are the length and width of the

landfill area (m), and x-axis is the direction of groundwater flow.

3.2.1.4 Leachate generation and its linkage to unsaturated zone module
The mass transport of an organic pollutant in the landfill chamber can be expressed as the
flux in the gas phase and the aqueous phase (Jury et al. 1990; Labieniec 1994).

The gas phase diffusive flux (g-m™>.d™") is calculated by:
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10/3

—a "DiK, 3C(z,1)

J (z,t)= 3.26
(20 7R, . [3.26]
The aqueous phase diffusive flux (g-m'z-d'l) is computed by:
-0""°D" 8C,(z,1)
J(z,t) = Lo 3.27
i (Z ) ¢2 R[ aZ [ ]
And the aqueous and gaseous phase advective flux (g-m'z-d'l) is equal to
J (z,t) =V;Cp(z,1) [3.28]

The total mass flux (g:m™>.d™) is the sum of the three equations above, calculated

J(z,0) =T (z,8) + J (z,0) + T, (2,t) [3.29]
Thus, the cumulative mass per unit area of the contaminated site that has moved
across a horizontal plane at depth z, and time, t, due to each of the mass transport

processes is determined by the‘ following equations (Labieniec 1994).

The cumulative gas phase diffusive flux (g/mz) is predicted by using:
t
M (z,)= J-Jg(z,t')dt' [3.30]
0
The cumulative aqueous phase diffusive flux (g/m?) is estimated with:
t
M (z,t)= [J,(z,)dr [3.31]
0
And the cumulative aqueous phase advective flux (g/mz) is determined by
t
M (z,t) = j./a (z,t)dt' [3.32]
0

Finally, the total cumulative flux (g/m?) is calculated by

44



M,(z,t)=Mg(z,t)+M,(z,t)+Ma(z,t) [3.33]

3.2.2 Unsaturated Zone Module

The unsaturated zone module simulates the vertical transport of contaminants in the
leachate from the base of the landfill to the lower unsaturated zone boundary at the water
table, and estimates the contaminant flux to the saturated zone module. For this transport
pathway, most multimedia models simplify the unsaturated zone to a one-dimensional
model that assumes that the contaminant migrates only vertically from the waste source
to the underlying water table. In most cases, this is a valid assumption because the scale
of transport in the unsaturated zone tends to be orders of magnitude smaller than in the
saturated ground water (USEPA 1996). However, the contribution of lateral diffusion to
this system cannot be neglected. Therefore, a 3-D transport model is proposed to address

the unsaturated zone dynamics.

3.2.21 Key assumptions

The following assumptions are used in constructing the unsaturated zone module.
» Contaminants are released from a square waste site; there is no
contaminant flux outside the waste site.
» Flow is mainly vertical.
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> Flow and transport are steady-state

» The soil is initially free of contamination.

» Soil is a uniform porous medium with uniform properties;

» Contaminant transport is by advection and dispersion.

> Contaminants are in the aqueous and sorbed phases; there are no
mass transfer processes between phases other than adsorption onto soil particles.

» There is no volatilisation from the unsaturated zone (i.e., no gas-phase

release or transport).

3.2.2.2 Governing equation

A 3-D solute transport analytical solution is proposed for the unsaturated zone (Carnhan

and Remer 1984):
oc. D,(8C, C,) D, dC, v oC
Com 0|0 2 O o | 2O o Y Tow 3.34
o B,[ o | o ) B 02 B o e [3-34]
0=K,C, [3.35]
B =1+ak, [3.36]
a=(01-¢,)¢, [3.37]

where C, is the concentration of solute in the fluid phase (g/m); Q is the concentration
of the solute in the solid phase (g/m®); Kp; is the liquid-soil adsorption coefficient

(m’/kg); D, is the coefficient of longitudinal dispersion (m?/d); D, 1is the coefficient of
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transverse dispersion (m%d); v is the average velocity of the fluid (m/d); 4,,is the
effective porosity in the unsaturated zone; @ is the ratio of the solid volume to the fluid

volume; other symbols have same meanings as previous; B, is a dimensionless

retardation factor; g, is the first order reaction rate constant in the unsaturated soil

In(2)

unsat

,in which 7___ is the half-life in the unsaturated zone (d).

unsat

: (d"), and equal to

Most multimedia models consider the nonsteady- state leachate flux from waste
sites as a steady-state annual average flux. This consideration is appropriate for long-term
screening but is not an accurate assessment, as it cannot reflect the peak contaminant
concentration in the soil. In order to mitigate this limitation, we calculate the annual
leachate flux from the landfill site, and then transform it into a continuous
time-dependent release source that is the contaminating source to the unsaturated zone
module.

If M(?) is the total mass of the contaminant moving out of the landfill and into

the soil at time ¢, it is calculated as:
m, |
M () = =M XD Apa) = XAy = 7] [3.38]

where m, is rate of release of the solute from the point source at time zero (g/d); y is
the time constant for the decay of the release rate (d"'). It means that the leachate release
from the landﬁll site to the unsaturated zone at t=0, and the release rate is decreasing with
the decay factor ¥ . During an annual time-weighted evaluation period, the pollutant mass
entering into the soil can be calculated by Eqﬁation [3.33]: M(365)=ML,365)A:A,,
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where 4, and 4, are the same definition as given in Equation [3.25].
.

Simplifying the calculation process, given y =
plifying P g 7= DB,

, my can be back

calculated based on Equation [3.38].

Provided that the net change of pollutant mass M(?) is (Carnahan and Remer

1984)
dM (¢
O — o 50l (7 + M) oM ) 3.39
An analytical solution to Equation [3.34] can be obtained:
1/2
C,, = TR0 Mgl o f V2 o.sn[—B—‘j [3.40]
4rg, .nDy D, 2D, t
2 2 1/2
r zZ 2 _ 2 2
where n:[——+——) , r'=x"+y [3.41]
DT DL

3.2.2.3 Link to saturated zone model

A water table is assumed to exist below the contaminated zone at z=z,,(m). The leachate

fluxes are computed a by

=D, %Cu@D Vo oy [3.42]

J, . (z,t) =
tun(z ) Bl aZ Bl

in which 0C/ 0z is derived from Equation [3.40] and the solution is:
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1/2
aCvun — m, exp[—(;/ +/L117;sat)t] __=z 5 exp vz e’ffc 0577(5)
oz 4724, D, D] Dy \2D, ‘

12 vz B\" z B\" vz Bn’
+ exp erfc 0.577(——‘) ——-——2———(—‘-) exp ~ 20 [3.43]
2D \2D, ) t D*m\ ¢ 2D, &

The cumulative mass concentration crossing the horizontal plane at z depth and

at time t and entering saturated zone is expressed by

t
M, = JJmn(z,t')dt' [3.44]
0

3.2.3 Saturated Zone Module
3.2.3.1 Aquifer mixing zone

A contaminant plume formed beneath a waste site due to the leachate percolating through
the waste site and the unsaturated zone is modelled by the unsaturated zone model and
will serve as the source term of the saturated zone model. It is assumed that mass entering
the saturated zone from the unsaturated soil is mixed in a mixing zone, with a volume
defined by 4, - 4, - H . The contaminant flux coming out of the mixing zone is carried by
advection through the flow area 4, -H . Near-source dispersion is assumed to be
insignificant. H, the aquifer mixing zone thickness, is the vertical thickness of this

plume within the aquifer at the point where the plume passes beneath the contamination
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site (Solhotra et al 1995). It is calculated by

H=.2aA, +B[1—exp[—— ;;Qé j) [3.45]
d¥s

where H is the aquifer mixing zone thickness (m); «, is the vertical dispersivity (m); 4,
is the length of facility measured parallel to the flow direction (m); A, is the length of
orthogonal to the groundwater flow; B is the thickness of the saturated zone (m); ¥V, is the
uniform seepage velocity in the flow (x) direction (m/yr); Qris the percolation rate (m/yr);
¢.1is the effective porosity of the saturated zone.

The time-weighted average contaminant concentration in the mixing zone, Cy
(g/m’), during each of the time periods is calculated by applying a steady-state mass
balance to the mixing zone with a consjderation of the average contaminant flux from the
unsaturated soil to the saturated zone during each of the time period.

— Mtun (Zwt’t) s Ax [3'46]

d Vd % + IusatHAx

CSO

where R =1+ PuaSosae [3.47]

§

R is retardation factor (dimensionless); ¥, is Darcy velocity (m/d); p,,is the
bulk density of the saturated zone (kg/m’); f,,,is the organic carbon fraction in the
saturatedb zone; p,is the first-order degradation rate (d'l) calculated by In(2)/7,,, in

whichr, is the half-life in the saturated zone (d).
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3.2.3.2 Saturated zone model

The saturated zone model builds on the solution to the three-dimensional
advection-dispersion-reaction equation with a plane source at constant concentration

(Domenico1987).

/2 s
{1—[“%) Derf{x - (¥t B +4u,,0.RIV,) )

C x
C.(x,y,t) =—2ex
) =g~ p[Za V.IR AVt R

X

y+Ay/2 _ y..-Ay/z 2+ H ) S H
{erf|:2(ayx)1/2] erf|:2((lyx)”2 :|}{e’f[2(azx)1/2:| erfl:z(azx)l/z ]} [3.48]

where, V4 is the seepage velocity (m/d), and «,, «,, a, are the dispersivities in the

y’
coordinate directions (m). The dispersivity in a porous medium is defined as the

dispersion coefficient divided by the mean seepage velocity, where

D
= , a, =—=, aZ=D’ [3.49]
Vd

andD,, D, , D, are the dispersion coefficient (m%d) in x, y, and z directions, respectively.
The groundwater zone is assumed to be homogenous, isotropic, unconfined, and
shallow with constant thickness / (m). The flow is assumed to be in a steady state with
Darcy velocity, V; (m/d), aligned with the x-axis in the positive x-direction, and
orthogonal to the vertical plane passing through the down gradient edge of the site. It
states that the contaminant mass degradation in the saturated zone is first-order, and

sorption is at equilibrium and proportional to the dissolved concentration. The mass loss
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from the saturated zone due to volatilization at the water table is not considered.

Since the solute-transport equation is a linear partial-differential equation, the
principle of superposition can be used to calculate concentrations in the system if the
solute concentrations at the inflow boundary vary over time. To consider the
time-dependent factors associated with a changing emission source into the groundwater,
the general form of the solution can be expressed as (Wexler 1992)

C, =Coo A%, 3,5 +(C,; = Cyo) - A(x,y,(t - 1)) [3.50]
where C,,is the initial solute concentration at the boundary; A(x,y,t)is the general
form of the analytical solution where concentration is a function of space and time; C,,is
the solute concentration at the boundary after t=t;, and t; is the time at which the solute

concentration changes at the boundary.

3.2.4 Air Pollution Dispersion Module

The air-dispersion pathway is one of the principal pathways through which VOCs and
toxic chemicals volatilising from waste sites may reach living organisms. Subsequently,
these chemicals disperse downwind and deposit on ground surfaces in a pattern
dependent on the local meteorology, the location of the point of release, the nature of the
terrain downwind of the release, and the physical and chemical characteristics of the
emission (USEPA 1996)

The air dispersion module estimates the annual average air concentration of
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dispersed constituents at various receptor points in the area of interest. This module
simulates the transport and diffusion of constituents in the form of volatilized gases
emitted from area sources into the air.

For the on-site contaminant concentration prediction, it is assumed that the air
above the landfill site is contained in a box that has two open walls perpendicular to the
wind direction (USEPA 1986; Labieniec 1994). The base is the contaminated area where
the length is 4, (m), and the annual average surface wind speed is u (m/s). The

time-weighted average on-site concentration in ambient air is calculated as:

C,..(D)= ——%ﬁ:’) [3.51]

Y

To simulate the dispersion of the contaminant as it travels off-site, a simplified
form of the Gaussian plume equation for a ground level source with complete reflection
is employed (Turner 1970):

Cotm)= Y T % 2.03Q(,) /. (#) [3.52]

16wind  Swind stability XUo,
directions speeds catogaries

where f,(¢) is the frequency or the probability of occurrence of a specific wind speed,
wind direction and stability category combination; o, is the vertical dispersion coefficient
(m); u is the annual average surface wind épeed (m/s).

It is usually difficult to obtain detailed meteorological information about f,(¢4),
thus according to Turner’s (1970) advice, a neutral wind stability class of D and a single
wind speed class with average wiﬁd speed equal to u (m/s) are assumed. After this
modification, Equation [3.52] becomes:
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_2.030(¢.,)f(9)

C(x,0)=
xuo,,

[3.53]

“where f(¢) is the frequency of the wind in the direction of the exposure location; O,p1s
the vertical dispersion coefficient for D stability class approximated by (0.0304x+1.55)
for less than 1,000 m (Turner 1970).

In summary, a new EMMS has been proposed in the present study with a set of
modules to address the dynamics of multimedia environmental pollution issues. Many
considerations related to the model formulation and environmental conditions imply that
a large number of uncertainties are present. Accordingly, the modelling system will be
enhanced by using two methodologies: one is based on the analysis of uncertainties; the
other methodology is based on fuzzy sets. The relevant theory in uncertainty analysis is

given in the next section.

3.3 Fuzzy-Set Based Environmental Multimedia Modelling

EMMS involves a number of parameters that need to be estimated or measured on site.
Even if some parameters are measured on-site, such as the hydraulic gradient and
hydraulic conductivity; they are not able to fully represent the characteristics of the
contamination site, for example, due to the heterogeneity of soil and the varying of the
groundwater flow. Also, the properties of chemicals of interest are obtained from

experiment under certain conditions. It is difficult to take that they still keep the same

54



values when they occur in the contamination site. Especially, there are multimedia
characteristics and complexities in most contamination sites. Therefore, it is particularly
important to add to the developed EMMS an effective function of quantifying
uncertainties.

Uncertainty and imprecision can be approached in different ways. Traditionally,
they are handled by using probability theory and statistics. However, if the vagueness and
imprecision are associated with model defining, called fuzziness, they cannot be related
to probability theory but can be examined by using fuzzy set or fuzzy membership
function (Evans et al. 1989, Zimmermann 2001).

In addition to being suitable for dealing with the uncertainties in the estimates of
input parameters, fuzzy set methodologies can permit a model builder to capture and
account for the inherent vagueness in the process of model building.

Therefore, fuzzy set and fuzzy number theory can be effective in coping with the

uncertainties associated with EMMS and the related multimedia environment.

3.3.1 ABrief Description of the Related Fuzzy Set Theory

Before fuzzy set methodology is applied to EMMS, the relevant fuzzy set theory is

briefly illustrated in the following subsection.
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3.3.1.1 Fuzzy set and fuzzy membaership function

If X is a collection of objects denoted generically by x, then a fuzzy set A in X is a set of
ordered pairs: 4= {(x, H(x)),xeX } , M4 (x) is called the membership function or
grade of membership of x in A that maps X to the membership space [0,1] (Zadeh 1973,
Zimmermann 2001).

A fuzzy number is defined as a fuzzy subset of a set of real numbers, R, and is
convex and normal (Dubois and Prade 1980). Thus, a fuzzy number can be considered
with a generalization of the interval of confidence, which is a closed interval of R that an
uncertain value belongs to (Kaufmann and Gupta 1985). It is expressed as:
A= {x|,u 4(X),x € R}, where A4 is a fuzzy number or a fuzzy subset; x is an uncertain
value.

Taking into account practical application in this study, L-R fuzzy number,
triangular fuzzy number, and mémbership function are introduced here. Dubois and Prade

(1980) defined the L-R fuzzy number as:

L({(m—-x)/a) for x<m,a>0,

Halx) = {R((x -m)/b) for x=2m,b>0, [3-34]

L is for left and R for right reference, m is the mean value of A, a and b are called left and

right spreads, respectively. Figure 3.4 describes this kind of fuzzy number.

56



Ha(x) 4

ta 4

Figure 3.4 L-R fuzzy membership function

The particular case of semisymmetric L-R fuzzy number is named as triangular

fuzzy number (TFN). It can be described as (Kaufmann and Gupta, 1985):

(
0, if x<a and x>a
W) ={2"%, ifa<x<m [3.55]
m-a
2% ifms<x<a
a—m

.

where [ a,a | is the fuzzy interval imposed by fuzzy subset A. Also, it is depicted in
Figure 3.5.

pa(x) ’

Figure 3.5 Triangular membership function

TFN is used in this study to deal with the vagueness and impression existing in

the input parameters of EMMS.
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To reflect the ambiguity of estimated values of a number of parameters, some
important parameters that contribute to significant impacts on the modelling outcomes
can be expressed in terms of fuzzy numbers. For example, the background concentration
of a pollutant in a landfill described with linguistic expression ‘approximate 1.0 pug/g’ can
be quantified by a fuzzy number A with the membership function pa(x) when we can get

a range of information that the concentration is within 0.8-1.2 pg/g.

-

0, if x<08and x>1.2
() =4 1"0" 0688’ if 0.8<x<1.0 [3.56]
11"22_1"0, if1.0<x<1.2
L 1.&4—1.

Equation [3.56] indicates that ‘1.0 pg/g’ is the most likely value for the event
that is represented by the background concentration in a site. The membership value of a
fuzzy number A, pa(x), shows the possibility degree of the event that the background
concentration in landfill is x. In this sense, ps can be considered as a possibility
distribution of the background concentration in landfill, which, in turn, can be regarded as
a possibility variable restricted by the possibility distribution pa (Inuiguchi and Ramik

2000).
3.3.1.2 Traditional operations of fuzzy number

Model input parameters will be treated as fuzzy numbers; also, the arithmetic operations
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of fuzzy numbers are considered to handle the interaction of fuzzy numbers in the
formulation of fuzzy-set enhanced modelling. In this context, several operations of fuzzy
numbers are introduced below.

Let M and N be triangular fuzzy numbers that can be expressed as
M =(my,,a,,,6y) and N =(my,ay,0y), with m, a, 3, being the mean value, the left spread
and right spread, respectively.

Operation 1-Addition of fuzzy numbers:

MO®N=(m, +my,a, +ay0, +0d) [3.57]

Operation 2- Multiplication of fuzzy numbers:

Two methods are used to calculate thé multiplication of two fuzzy numbers. One method
approximates the multiplication of two L-R fuzzy numbers as (Dubois and Prade 1980):
M@)N ~(m,my,my,cy +myc, ,m,0, +myod,) [3.58]
The other is to employ the arithmetic of fuzzy numbers. Let pm, pun be the
membership functions of fuzzy numbers M, N, respectively, multiplication can be given
by (Kaufmann and Gupta, 1985):
V%9, 2€R tyon@= v, (a5 piy (7)) [3.59]

The first method is employed in this study.

Operation 3—Multiplication' between a fuzzy number and an ordinary number:

k-M = (kmy, ka, ,k5,) k>0

3.60
= (km,, ,~ka,, ~k5,) k<0 3.69)

in which & represents an ordinary number.
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These operations on fuzzy numbers and the related theory are integrated to the
modules of EMMS to quantify the related uncertainties. In this chapter, only the relevant
fuzzy set theory is introduced. Further details are explained in Chapters 4, 5, and 6

through a series of case studies.
3.3.2 Fuzzy Set Based Environmental Multimedia Modelling

The demonstrated fuzzy set theory is incorporated into modules of EMMS as presented in

Figure 3.6.

Concentration profile in air

with quantified uncertainties

Fuzzy-set enhanced Air

Dispersion Module

Landfill Module

Fuzzy-set enhanced
Unsaturated Zone Module

Fuzzy-set enhanced

Saturated Zone Module

Concentration profile in groundwater

with quantified uncertainties

Figure 3.6 A fuzzy-set enhanced EMMS

As shown in Figure 3.6, the landfill module is the core of EMMS comprising a
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great deal of uncertainties. The uncertainties are transferred to the linked modules, which
are on the transport pathway. These modules are the air dispersion module and the
unsaturated zone module. Thereby, the uncertainties in the air dispersion module and the
unsaturated zone module arise not only from the module itself but also from landfill
module. In this context, the fuzzy set application will be applied in using the following
scheme.

1. To analyse the gas dispersion pathway, the gaseous emission flux is the
starting point. The emission flux, Equation [3.23], can be transformed into the form
(M*Transfer function), in which M is a key parameter (e.g.. the background concentration)
involving uncertainty and imprecise information;, the transfer function (TF) is a
combination of the rest of the equation, which may also contain a number of uncertainties
related to pertaining parameters. M and TF can be treated as fuzzy numbers, and then the
output with quantified uncertainties can be obtained by using the multiplication operation
~ and is then input into the next equation.

Similarly, Equation [3.53] can be converted to the form M*TF, in which M is the
fuzzy output of the previous equation, and the same fuzzy operation can be performed. It

is noticeable that 7F can be regarded as either a fuzzy number or a crisp number,

depending on the available data. If it is a combination of various data embracing

uncertainties, it is better to treat it as a fuzzy number. Otherwise it can be a crisp number.

When TF is regarded as a fuzzy number or a crisp number, Operation 2 or 3 is used.
Eventually, the pollutant concentration profile in the air can be obtained with the
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related uncertainties being quantified.

2. In the leachate transport pathway, fuzzy set application is first applied in the
unsaturated zone module, in which the initial contaminant release rate reflects the
uncertainties induced by the landfill module. As in the calculation of the gaseous
dispersion pathway, the equation for leachate flux computation (e.g. Equation [3.43]) can
be replaced by the form M*TF, using fuzzy operations according to the related
characteristics of 7F. By transferring to the following module (e.g. Equations [3.46] and

[3.48]), the concentration profile in the groundwater can be calculated with the

uncertainties being quantified.

Only the systematic application procedure is demonstrated above. More details

can be found and explained in Chapter 4, 5, and 6.

3.4 Summary

A fuzzy-set enhanced EMMS has been developed in this chapter with four key modules:
a landfill module, an unsaturated zone module, a saturated zone module, and an air

dispersion module. The modelling concepts and the expected outcomes are summarized

in Figure 3.7.

INPUT

1. Chemical properties

Landfill Module
Unsaturated Zone

2. Environmental conditions } Module

3. Contaminate site conditions Saturated Zone Module

4, Source information

Air Transport Module

OUTPUT

1. Predicted concentration at receptors

in air, soil and groundwater.
2. Inter-media contaminant fluxes in

environment

Figure 3.7 The application process of the developed EMMS
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The developed EMMS is composed of a set of the state-of-the-art modules, which
are capable of the following [1] simulating the internal dynamics of the polluting source
area (e.g. landfill); [2] computing emission fluxes up to the air and atmosphere and down
to soil and groundwater from the polluting source zone; [3] modelling the subsequent
dispersion of pollutants in the ambient atmosphere and modelling the concentration
profiles in the connected soil and groundwater systems; [4] not only the physical
transport but also the decay evolution have been considered in multiple dimensions; [5]
effective uncertainty analysis methods have been developed and integrated within the
EMMS to systematically quantify uncertainties associated with key modules and
parameters as well as with the multimedia environmental system.

The development of a fuzzy-set enhanced EMMS is provided in this chapter.
Two solid model validations I and II follow in Chapters 4 and 5. Chapter 4 includes a
systematic testing of the developed EMMS through a complete case study and through a
series of modelling comparisons with literature Aata’ and studies. Chapter 5 introduces a
large-scale field validation based on the Trail Road Landfill in the Ottawa-Carleton

Region.
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Chapter 4

Model Validation | — A Systematic
Model Testing

When the model development is complete, the composite module and the entire
modelling system need to bé tested and validéted to ensure that the model can simulate
natural phenomena with reasonable accuracy (van der Heijde, 1987). Thus, a two-step
validation process is designed as shown in Figure 4.1. The first step is to examine the
performance of EMMS as it was intended to be designed and to ensure that the whole
modelling system is fully functional. The second step is to determine how well the
mathematical implementation of the natural processes describes natural behaviour of the
contaminant in the environment. This determination is based on the degree of correlation
between model simulations and actual observed data.

In this chapter, the developed EMMS is first tested in a complete case study;
then verification modelling is conducted to compare simulation results with extensively
researched literature data; finally, the data from an experimental landfill site is used for‘ a
pilot-scale validation. Further field-scale validation is conducted in Chapter 5. The
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validation procedure is shown in Figure 4.1.

Multimedia Model Development [ "7 "7 7" — Chapter 3

Model Validation Il field-scale validation

L —— -Chapter 5

Figure 4.1 The procedure of the model validation

4.1 A Scheme for the Validation of the Developed System

Figure 4.2 conceptually illﬁstrates the scheme of Part-1 validation. A complete case is
designed based on a survey of similar cases in the literature. The properties of
contaminant, the environmental conditions, and the physical properties of a landfill site
are adapted from real available contamination sites in order to use practical data to test
the developed EMMS.

The computed results from EMMS is carefully analysed with respect to the
reasonable chemical distribution in environmental media and with respect to the physical
dynamics of the pollutant in a multimedia environmental system.

Figure 4.3 shows how to organize the validation through comparing the results
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of EMMS with the literature data.v The surveyed data from the literature is used as inputs
to the developed EMMS. As it is impossible to find a complete set of data for the EMMS,
key model components are verified using the available data individually. If the simulation
results are identical to or close to those from the reference model, the validation is done;

otherwise, the model is improved until the comparison error can be accepted.
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Figure 4.3 The testing of the development EMMS for the accurate performance of modules

4.2 Testing of the Developed Modelling System Through

Complete Case Study

4.21 Overview of the Study System

A landfill site (Rickabaugh 1990, Lin and Hildemann 1995, Labieniec 1996a and 1996b)
is used to test the overall performance of EMMS. The site, with an area of 100m x100m
and a depth of 1 meter, is surrounded by an area of farm, forest, and industry. Moreover, a

residential area is located 500 meters downstream from the landfill; and there is a
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groundwater pump well located 50 meters downstream from the landfill site and 80

meters orthogonally to the groundwater flow (see Figure 4.4).

: Pump Well i
! (50m, 80m) 1\ N :
i !
| |
| |
i Landfill Residential |
: Site —_—> District i
! (0.0)  |Groundwater flow (0,500m) I
] .

Figure 4.4 The plan of the study site

A polyethylene cover that is 0.05 meter thick is constructed to control the
volatile gas emission, but no liner system is installed in the landfill base. A total of 13,500
tonnes of municipal solid waste is loaded into the landfill and compacted to a density of
1350 m*/kg. Potentially degradable materials include paper, food wastes, plastics, textiles,.
garden wastes and wood. The composition of the waste iS in the typical range shown in

Table 4.1.

Table 4.1 Typical ranges of municipal solid waste components

Component Typical Ranges (%)

Paper 20-65

Glass 2-20

Metals " Ferrous 1-12
Aluminium 0.5-5

Plastics 2-10
Textiles, rubber, leather 2-15
Organics 10-30
Inorganics and Fines 1-10
Other 0.5-12

Source: (Rickabaugh 1990)

The landfill is located in a city where the precipitation rate leads to 0.005 m/d of
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bulk leachate velocity in the landfill chamber. A higher leachate velocity has been
reported in the literature (Lin and Hildemann 1995). The local meteorological conditions
put the area in a stability class of D. The annual surface wind speed is 4.3 m/s.

The soil beneath the landfill site is composed of sand, clay, and gravel; thus the
density of the unsaturated zone and the saturated zone is 1590 m’/kg.

The groundwatqr level is 3.5 meters under the landfill bottom with a velocity of
0.03 m/d flowing underneath the landfill in a eastern direction. The porosity of the soil
and the groundwater near the landfill site is 0.4.

Benzene is chosen to be an investigated contaminant due to its harmful to human

health. The initial concentration of benzene in the landfill is around 1ug/g .

4.2.2 Modelling Inputs

The properties of benzene, such as its difﬁision ‘coefﬁcients in air and water, its partition
coefficient, its half-life of biodegradation, and its Henry’s law constant, can be found in
the literature (Cohen and Ryan 1989, Jury 1990), and in the chemical database (HSDB
2005). The values of chemical properties of benzene for the studied case are given in
Table 4.2. The properties of the soil in the landfill are assumed to be homogeneous with a
volumetric air content of 0.2 and a volumetric water content of 0.3. The fraction of
organic carbon in the landfill is 0.0125 (Lin and Hildemann 1995). Other irnput
parameters, including the diffusion coefficients of benzene in the unsaturated zone and
the saturated zone, are estimated according to the literature (Domenico 1987, and

Carnahan and Remer 1984). They are given in Table 4.2-4.5.
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Table 4.2 Inpuf parameters of landfill module

the gaseous diffusion

Length orthogonal to

71

T Dg* (m%d) 0.752 Ay (m) 100
coefficient in air groundwater flow
Organic carbon . Length parallel to
g Koo (mihkg) | 8.2X107 gne Adm) | 100
partition coefficient groundwater flow
Henry's law constant The volumetric air
i Kn 0.22 @ 0.2
(dimensionless) content of the soil (dimensionless)
The volumetric water 9
Half-life T (d) 365 ) 0.3
content at field capacity | (dimensioniess)
Organic carbon fraction foc 0.0125 Bulk density pu(kg/m®) | 1350
(dimensionless)
The liquid diffusion .
d DY (mPid) | 8.81%10° Landfill depth L (m) 1
coefficient in water
Liquid velocity ve (m/d) 0.005 The thickness of cover d(m) 0.05
Gaseous velocity v (m/d) 0.005
Table 4.3 Input parameters of unsaturated zone module
Coefficient of longitudinal dispersion D, (m®/d) 0.0192
Coefficient of transverse dispersion Dr (m°/d) 0.0027
Average velocity of fluid v (m/d) 0.005
Porosity Pun 0.4
Bulk density of unsaturated zone Punsat (kg/m”) 1590
Half-life in unsaturated zone T ynsat (d) 365
Water table depth Zwt (M) 3.5
Table 4.4 Input parameters of saturated zone module
Darcy velocity Ve (m/d} 0.03
Bulk density P sat(kg/m®) 1590
Porosity @ s (dimensionless) 0.4
Organic carbon fraction focsat(dimensionless) 0.0125
Half-life T sat (d) 365
Dispersivity in x direction ax (m) 3
Dispersivity in y direction ay (m) 0.3
Dispersivity in z direction az(m) 0.03




Table 4.5 Input parameters of air module

Annual wind speed frequency f(e) 0.13

Annual wind speed w (m/s) 4.3

4.2.3 Modelling Results

As conceptually expressed in Figure 4.2, the internal EMMS simulation undergoes the
following steps. First, all input parametefs are entered in the system; sequentially, the
modelling system runs in a designed order to read the corresponding parameters into the
landfill module, the unsaturated zone module, and the saturated zone module; finally,
once the calculated results are output from the modelling system, they are stored in the
categorized output files, including the landfill file, the unsaturated zone file, the saturated

zone file, and the air dispersion file. Here, the computation results are shown in Table 4.6.

Table 4.6 Qutputs of modelling results

. Aqueous Aqueous and/or Gaseous
Evaluation . Total
. Concentration phase gaseous phase phase
time 3 . . phase flux
(g/m”) diffusive flux advective flux diffusive flux 2
(d) 2 g1 2 . 2 1 (g-m™.d”)
(g:m™.d") (g-m™.d7) (g-m™.d”)
Output at landfill base
0 0.694 3.29E-5 1.55E-3 0.016 0.0176
365 0.105 0 2.35E-4 0 2.35E-4
Unsaturated zone output
0 0 0 0 0
365 3.83E-3 9.0E-5 1.91E-5 1.09E-4
Saturated zone output x=50m y=80m
365 6.15E-017
Emission Flux from Landfill Cover
0 2,15E-2
365 1.48E-4
Concentration in air at x=500m

365 I 1.85E-10 l I I I

At the initial stage of the evaluation period, the concentration of benzene at the
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landfill base as shown in Figure 4.5 is 0.694 g/ms. That is also the background
concentration that is uniformly distributed in the landfill column. The concentration
gradually increases to a peak concentration of about 0.73 g/m’ at the early stage. After

that peak point, it decreases sharply. Finally, it reaches 0.105 g/m’ at the end of one year.

Landfill Moduls concentratian profile
08 T ¥

Caoncentration (g/m3)

0.1 4

0 50 100 150 200 250 300 350 400
1 (days)

Figure 4.5 The concentration profile at landfill bottom

The total leachate flux draining from the landfill bottom, as given in Figure 4.6,
is 0.0176 g:m™.d". It is distributed in an uneven pattern into aqueous phase diffusive flux,
aqueous and gaseous phase advective flux, and gaseous phase diffusive flux with the
value of 3.29E-5 gm?.d", 1.55E-3 gm™>.d’, and 0.016 gm?>d", respectively. It is
observed that the leachate released from the landfill bottom line is mainly in the form of
gaseous phase diffusive flux and secondarily in the form of aqueous and gaseous phase
advective flux. The aqueous diffusive flux has little effect on the leachate leaking due to
the small molecular diffusion coefficient in the aqueous phase.

At the end of one year, the total fluxes of leachate moving out of the landfill
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have decreased considerably, reaching 2.35E-4 g-m™.d". The gaseous diffusion flux has
decreased to zero. By contrast, the advective fluxes of the aqueous and gaseous phases
that increase slightly at the beginning gradually decrease to 2.35E-4 gm?.d!, The
diffusive flux in the aqueous phase always remains at a very low level compared to the
other fluxes on account of the minute effect contributed by the molecular diffusion
coefficient in the aqueous phase, which is 4 orders of magnitude smaller than the gaseous

molecular diffusion coefficient.

Landfill Module laachate flux
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(J;: gaseous diffusion flux; J;: aqueous diffusion flux;
Ja: advective flux; J;: total leachate fluxes)
Figure 4.6 The leachate mass flux from landfill bottom
In Figure 4.6, it is seen that the total leachate flux is principally dependent on the

varying of diffusive flux in the gaseous phase during the initial 25 days; thus it, like
gaseous phase diffusive flux, decreases significantly in this period. In the sequence, the

total leachate flux depends on the gaseous and aqueous phase leachate fluxes and
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gradually declines over time as those fluxes decrease.

Figure 4.5 and 4.6 show the relationship between the changing concentration
profile and the trend of leachate flux over time at the landfill bottom. At the beginning of
the contaminant release, the landfill bottom line is the line separating the contaminated
soil, which is the mix of soil and landfilled refuse, and the clean unsaturated zone. Thus,
the driving force caused by the different concentrations leads to the high leachate flux
and the increase of coﬁcentration during the first 25 days. As the concentration at the
landfill bottom decreases, the difference of concentration, or driving force, between the
landfill and the unsaturated zone in the vicinity of the landfill bottom gradually decreases.
The leachate flux enters the range of slowly varying,.

Figure 4.7 shows the benzene concentration profile at the bottom of the
unsaturated zone. The pollutant concentration at the unsaturated zone boundary varies
from the initial concentration of 0 g/m’ to 3.83E-3 g/m’; in other words, the clean soil is.
contaminated by the leachate flowing downward. Under the conditions in which the
pollutant from the landfill is released with an exponential decrease, the concentration
front will take relative long time to move downward through the unsaturated zone to the
division boundary between thé unsaturated zone and the saturated zone. The peak

concentration occurs at the end of the year.
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Figure 4.7 The concentration profile at unsaturated zone bottom

At the bottom of the unsaturated zone, the variance of pollutant flux falls into
the same trend of concentration for the same reason. The total contaminant flux is
gradually from 0 g-m'z'd'l to 1.09E-5 g-m™>.d"". The diffusion flux that accounts for most
of the total flux, as shown in Figure 4.8, increases from 0 gm™>d™’ to 9.0E-5 gm™>d™,

The advective flux increases only slightly from 0 gm™>.d™” to 1.91E-4 gm™.d™",
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(Ji: diffusion flux; J,: advective flux; J;: total contaminant fluxes)

Figure 4.8 The contaminant mass flux from unsaturated zone bottom
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In the unsaturated zone, the contaminant is considered as existing only in a
liquid phase and is adsorbed in the solid phase, implying that the diffusion coefficient in
the aqueous phase has an effect equivalent to the conjunction of the diffusion in the
gaseous and aqueous phases. Therefore, the value of the diffusive flux is estimated to be
larger than that in the landfill and much greater than the aqueous advective flux,
becoming the leading factor.

One of the final outputs from EMMS is the predicted benzene concentration
distribution in the groundwater. Figure 4.9 plots the concentration contour in the
groundwater. The predicted concentration at groundwater pump well is 6.15E-17 g/m’> at
the end of the evaluation period. The concentration slowly decreases to the downgradient
of the groundwater flow, due to the contaminant dispersion and the diffusion in the

groundwater.

Groundwater concentration profile

y-distance {m)
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Figure 4.9 Concentration contour in groundwater
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The simulations above concentrate on the leachate migration from the landfill to
the groundwater pump well. This contaminant migration lead to most concerns about the
adverse impacts on human health. Meanwhile, volatile gas emitted from the landfill cover
may have the same impact on human health, and cannot be neglected.

Concerning the volatilization of the contaminant from the landfill cover, the
benzene emission flux quickly decreases from 2.15E-2 gm?>d’ to 1.48E-4 gm?>d’
during the period of one year, during which the sharply drop of emission flux occurs in
approximately 25 days. The varying of the emission flux falls into the same trend of as
the leachate flux. The cover on the landfill prevents the contaminant from emitting from
the upper side of the landfill. Hence, the majority of benzene is released from the landfill
bottom where there is no liner system to block percolation. With the contaminant carried
down to the unsaturated zone by the leachate, the emission rate from the landfill cover

also quickly dies down as shown in Figure 4.,10.
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Figure 4.10 Emission flux from landfill cover
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With the gas emission significantly decreasing, the concentration of benzene in
the air decreases more rapidly along the distance over a short period of time. As a result,
the concentration at the receptor that is 500 meters away from the landfill site is so small,

reaching a value of 1.85E-10 g/m’.
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Figure 4.11 Concentration profile in air

Based on an application of EMMS to a complete case study, the simulation
results are summarized as follows:

1. Under the study conditions in the landfill chamber, the diffusive gas flux is the
predominant mechanism for contaminant release from the landfill. The advection of gas
and liquid is the second dominant transport mechanism due to the fact that the effluent
directions of the gas and the leachate are opposite. Volatilisation is another dominant loss

mechanism, but to what extent it influences the chemical distribution in the gas or liquid
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is dependent on the nature of the VOC components.

2. The gas diffusive flux varies substantially with a difference between the
contaminant concentration in the landfill and in the unsaturated zone. By comparison, the
advective fluxes do not vary significantly. They are related to the velocities of the gas and
the leachate and the chemical composition in landfill.

3. In the unsaturated zone, the contaminant gas phase is neglected. Thus, it is the
liquid diffusive flux that plays a dominant role in the contaminant transport process,
while the liquid advection has minor influence due to the low seepage velocity.

4. A landfill represents one of the most complex emission sources. The release of
pollutants from a landfill into the surrounding environment usually increases during the
first few years and then decreases. This is due to the decomposition of the solid waste that
is buried in the Vlandﬁll. Accordingly, a time-dependent source term is considered in the
EMMS, thereby giving a reasonable modelling output pattern that explains the internal
evolution of the solid waste in the landfill as indicated in Figures 4.7 and 4.8.

5. In the saturated zone, the groundwater flow has a higher velocity than the
vertical seepage in the unsaturated zone; therefore, the advection is as important as the
diffusion in the transport process.

From the analysis above and the examination of the set of modelling results, it
can be concluded that the outputs from the connected modules are consistent, In the

landfill module, the source module of the multimedia modelling, the emission flux from

the landfill cover, the concentration at the bottom of the landfill, and the leachate flux
from landfill bottom are reasonably verified with each other. The relationship between the

contaminant concentration profiles in the gas phase and the liquid phase is proved
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reasonable and is in agreement with the acknowledged characteristic behaviour of
benzene in environmental media. Therefore, this environmental multimedia model is

reliable and useful for the purpose of environmental risk assessment.

4.3 Comparison with Literature Data

Key module components are applied to the available cases in the literatures, and then the
simulation results from EMMS are compared to those calculated from the similar

solutions in order to verify that the performance of each module is as good as expected.

4.3.1 Modelling of Landfill Contamination

The cases of Lin and Hildemann (1995)‘and Labieniec et al. (1996a) are utilized for the
landfill module validation. The first is used to examine the equations used to calculate the
concentration distribution in landfill ahd emission flux from the landfill surface; the other
is used to calculate the solution of the leachate flux from the landfill bottom.

Two compounds, vinyl chloride (VC) and benzene, were chosen to illustrate the
simulations for the concentration and emission flux. In the study of Lin and Hildemann
(1995), the landfill is assumed to have no landfill cover, and is initially incorporated with
uniform contaminants in the uppermost one meter. Table 4.7 lists the chemical properties

cited by the authors. Bulk gas velocity v, and leachate velocity v, are 0.05 m/d and

0.05 m/d for the simulation of the benzene concentration profile in the soil, 0.05 m/d and

0.15 m/d for the VC, and 0.16 m/d and 0.0 m/d for the modelling benzene emission flux
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from the landfill cover, respectively.

Table 4.7 Chemical properties of two selected compounds (Lin and Hildemann 1995)

Parameters VG Benzene
Dg?(m?/d) 0.924 0.752
D¥(m?/d) 1.08X10™ 8.81x10°

w(d") 0 0
Kae (M°/kg) 0.4 0.083
Kn 97 022
foe 0.0125
P (kg/m®) 1350
a 0.2
0 0.3

Figure 4.12 shows the evolution of benzene in the landfill chamber. The
contaminant front moves downwards with peak concentration gradually decreasing with
time. After 5 days, the peak concentration appears at the depth of 0.7m with a value of
100% initial concentration (Cp); When the time increases to 100 days, the peak
concentration is around 55% of Co at a depth of 2.5m; and the peak concentration with a
value of a little more than 40% of Cy moves downwards to a depth of 5m after a time
period of up to 200 days. As indicated in Figure 4.12, the EMMS modelling results of the

benzene evolution match the literature data very well.
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Figure 4.12 Testing of landfill module: the subsurface concentration profile

for benzene as function of time

The concentration profiles for VC, a highly volatile compound, are plotted in
Figure 4.13. The peak concentration quickly decreases within ten days from around a
normalized concentration of 0.75 to 0.03, mainly because the volatility nature of VC
results in a higher volatilisation loss to atmosphere than the loss downwards with leachate.
Meanwhile, the peak concentrations occur between the depths of 0.4-0.6 meter, meaning
that majority of the remaining contaminant is kept in the initially contaminated landfill at
a depth of one meter, no migrating with leachate. The peak concentration value and

appearing time are also the same as Lin and Hildemann’s results (1995) as given in

Figure 4.13.
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Figure 4.13 Testing of landfill module: the subsurface concentration profile for VC as fuﬂction of time

The emission flux for benzene is plotted versus time in Figure 4.14. The
normalized emission flux decreases from 0.042 m/d to almost zero within 100 days under
the effect of a high bulk gaseous velocity of 0.16 m/d and zero bulk leachate velocity.
Under this condition, the atmosphere becomes the primary loss pathway for benzene.
Also, the emission flux is plotted with the changing of the bulk gas flow in Figure 4.14.
The higher the gas velocity, the more the contaminant is swept out from the landfill covér,
and the higher emission flux occurs in the early stage.

From the comparison shown in Figure 4.14, the calculated normalized emission

fluxes match the data in Lin and Hildemann (1995).

84



- T T T T T

v3 = 0.00~016 m/day
vg=0-0.16 m/d
oes y=0.0 m/d

vl =000 m/day

o
E>3
aQ
)

vj w016 miday

2 o
s B

Narmsalized emission flux 4/C; (mifd)
o (=1
e 8

normakzed emission flux Jy /C, (miday)
o
8

o0

g

e T

o

L L i L L : L I
a 10 20 330 40 60 80 70 80 90 0

time (days) e 20 m‘.m‘: w10 80 w0
EMMS results Lin and Hildemann 1995

Figure 4.14 Testing of landfill module: the normalized atmospheric emission rate of benzene as

function of time

For the calculation of leachate concentration and leachate flux, the study of Lin
and Hildemann (1995) did not contain the related data, thus we use another case study by
Labieniec et al. (1996a) to verify the model performance. The model used by Labieniec et
al. (1996a, 1996b) is based on Jury’s model (1983, 1990) and similar to the model of Lin
and Hildemann (1995). Thus, this is why the data in Labieniec et al. (1996a, 1996b) can
be used to conduct the validation test of the developed EMMS. The selected contaminant
is TCE that is initially distributed uniformly in the soil, which is equivalent to the landfill
without the cover and without the liner system, with a background concentration of

lug/ g . The required input data are given in Table 4.8
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Table 4.8 Input parameters for the computation of leachate flux from

landfill (Labieniec et al. 1996a ,1996b)

The gaseous diffusion The liquid diffusion

DS (m?d) | 0.785 D/ (m¥d) | 9.35x10°
coefficient in air coefficient in water
Organic carbon 3 )
- . Koc (m°/kg) 0.124 Porosity [ 0.3
partition coefficient
Henry's law constant,
i Ky 0.41 Bulk density p b (kg/m®) 1590

dimensionless
Half-life T (d) 4.7x10° Landfill depth L (m) 1

Organic carbon

) foc 0.0075 Gaseous velocity v (m/d) 0.0
fraction

Liquid.velocity v (m/d) 0.001 The evaluated depth Zw (M) 1.5

The gaseous and liquid diffusion coefficients are not given in Labieniec et al.
(1996a, 1996b). Based on the methods given by Labieniec (1994), these values are
calculated and expressed in Table 4.8. Also, some other parameters, such as the
volumetric air content, and the porosity of the initially contaminated zone, are not given
in the previously studied case. They are estimated based on the same study case and they
are also given in Table 4.8.

The mass flux at an evaluated depth over time due to advection and diffusion are
presented in Figure 4.15. The peak leachate flux over 0.003 g-m>d’ at the evaluated
depth occurs after 50 days and then significantly decreases within the next 150 days. It
finally remains at almost 0.0005 g-m™>d™. These results are closely matched with the
literature results despite a small discrepancy as indicated in Figure 4.15. TCE mass flux is
zero after 200 days in the results of Labieniec (1996a), but is 0.0005 gm™>d" in our
simulation. This minor difference might be due to the difference in some minor input data

used in the two studies.
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Figure 4.15 Testing of landfill module: TCE mass fluxes at water table over time

4.3.2 Soil Contamination

The case studied by Carnahan and Remer (1984) is employed in our unsaturated zone
module verification. A pollutant is time-dependently and is released continuously into the

soil at a rate of 1 mol/yr during 10 years of evaluation time. The required input data are

listed in Table 4.9

Table 4.9 Input parameters used in unsaturated zone module (Carnahan and Remer1984)

Coefficient of longitudinal dispersion D, (m*/yr) 7
Caoefficient of transverse dispersion Dr (m°lyr) 2
Average velocity of fluid v (m/yr) 1

_Porosity dun 0.2

Bulk density of unsaturated zone P unsat (kg/m®) 1590
Half-life in unsaturated zone T unsat (d) -0
Linear adsorption coefficient between liquid and .
solid phase Kq(dimensionless) 10
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Figure 4.16 expresses the contaminant concentration profile over the depth. It is
clear that after 10 years, due to the retardation of soil sorption, the contaminant
concentration movement front has sharply decreased from zero at the releasing source,
x=y=z=0, to around 10 mol/liter at z=16m, and x=y=0, a value which is close to the

value given by a similar model developed by Carnahan and Remer (1984).

Radius {m)
o

Concentrtion (melm?)

B - 0
z(m) ' Depth (m)

Figure 4. 16 Testing of unsaturated zone module: concentration profile and contour in unsaturated zone.

The concentration contoﬁr is plotted in Figure 4.16. With the influence of the
flow in z direction (the depth of soil zone under study), and the different effects
contributed by longitudinal and transverse diffusion, the shape of the concentration
contour is not circular as shown in Figure 4.16. The concentration near the point of
release, at r=2m, and z=0m, is 2.3E-5 mole/litre, which is the same as that calculated by

Carnahan and Remer (1984).

4.3.3 Groundwater Contamination

The case used for testing the saturated zone module is adopted from Domenico (1987).
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The contaminant is uniformly distributed in an area source orthogonal to the groundwater
flow direction at the initial concentration of 0.1 kg/m®. The dimension of the area source
is 3m(y)x2m(z), which is orthogonal to the groundwater flow direction. The required

input data are presented in Table 4.10.

Table 4.10 Input parameters for saturated zone module (Domenico 1987)

Darcy velocity Vo (m/d) 04
Bulk density P sat (kg/m®) 1590
Porosity s 0.4
Half-life T sat (d) 0.01
Dispersivity in x direction ax (m) 3
Dispersivity in y direction ay(m) 0.3
Dispersivity in z direction az (m) 0.03

The simulation time is 3650 days along the y=0, z=0, which yields the following
results: at x=10m, C(10, 0, 0,3650)=36 mg/L; at x=100m, C(100, 0, 0, 3650)=0.87 mg/L.
These values are the same as those in Domenico (1987).

Figure 4.17 shows the concentration contour and the concentration profile at the
time of 365 days, respectively. They both demonstrate that the pollutant concentration
gradually decreéses as the groundwater flows downstream and disperses in the
y-direction. These chemical variations over distance satisfy the physical mechanism of

the chemical’s fate and transport in groundwater.
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Figure 4.17 Testing of saturated zone module: concentration profile and contour in

" groundwater at t=365 days.

In summary, the performance of the key EMMS modules has been verified using
surveyed data and case studies. Good results have been obtained, indicating that the
developed EMMS is equipped with competitive modelling functions in addition to its

powerful capacity to address multimedia environmental problems.

4.4 Model Validation Using Data From a Pilot-scale Landfill

System

4.41 Overview of the Experiment Landfill Site

Data from an experiment landfill site, which are adapted from the study conducted by
Rickabaugh (1990), are used to validate a gaseous emission rate from a landfill cover.
Subjected to rigorous sorting technique, the landfill waste is divided into 12 categories to

ensure that the waste was “typical municipal refuse”; its composition is presented in
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Table 4.11. Following the sorting, the waste was shredded and then loaded into landfill
cell lift by lift; it was finally compacted to a density of 474 kg/m® (wet weight). The
prepared spike chemical was placed between the first and the second lift. A water
distribution ring was positioned above the refuse surface with gravels underlying the ring
for the purpose of simulating the water infiltration. The gas collection was installed on

the refuse surface. The structure of the landfill cell is depicted in Figure 4.18.

Table 4.11 Refuse composition (Rickabaugh 1990)

Component Percent by weight (%)
Paper 51.7
Food waste 7.23
Fines 6.99
Plastic 6.79
Glass ' - 5.96
Ferrous metal 5.15
Textiles 4,74
Garden waste 3.66
Diapers 223
Non-ferrous metal 1.37
Ash-rock-dirt 0.67
Leather-rubber 0.54
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Figure 4.18 The schematic of landfill cell structure (Rickabaugh 1990)

The leachate, gas production, and gas composition were monitored for 5 years.
The initial concentration of benzene in the landfill was 83 mg/kg (per kg wet refuse
weight). The obtained monitoring data for the benzene emission flux from this landfill

cell as reported by Rickabaugh (1990) are used to validate the developed EMMS.

4.4.2 Modelling of Experimental Landfill

The physical properties of experimental landfill and environmental conditions are
adapted from Rickabaugh (1990) and given in Table 4.12 The chemical property of

benzene is estimated based on empirical methods and is exhibited in Table 4.12.
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Table 4.12 Input parameters for modelling the fate and transport of benzene

. Length orthogonal
The gaseous diffusion a, 2
. Dg” (m®/d) 0.752 to groundwater Ay (m) 1.435
coefficient in air
flow.
Organic carbon Length parallel to
9 Koc (m*/kg) 0.083 gne Ax(m) 0.457
partition coefficient groundwater flow
Henry's law constant, The volumetric air
i Kn 0.22 a 0.15
dimensionless content of the soil
The volumetric
Half-life T (d) 300 water content at 0 0.4
field capacity
Organic carbon . 3
. foc 0.0125 Bulk density Po (kg/m”) 474
fraction
Cover thickness d(m) 0.305 Landfill depth L (m) 1.22
Gaseous velocity vg (m/d) 0.0005 Liquid velocity vL (m/d) 0.0005
The liquid diffusion
q, _ D (m?d) 8.81x10°
coefficient in water

4.4.3 Simulation Results and Comparison with Literature Data

The simulation period is selected to start from the twelfth month after the refuse was
filled into the landfill cell because the gas emission has been tending to stabilize during
this time. The simulated benzene emission flux sharply decreases during the initial stage,
and then declines smoothly, the value of which show the comparison of the predicted
emission flux by using EMMS and the monitored data in Rickabaugh (1990), which

shows a high agreement between two profiles as shown in Figure 4.19.
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Table 4,13 Modelling results for the pilot-scale landfill

‘ ~T‘|me Mean flux Experiment results

(months) (mg-m2d™") (mgm2d?)
[ 12 ” 66 H 61.25 |
[ 14 |l 21 2 l 29.34 J'
| 17 H 9.1 ;l 15.7 j
| 19 | { 5.6 l| 4.5 l
| 25 ll 1.9 H 3.3 ]
| 29 { 1.7 ” 1.89 ]
l 31 “ 1.2 ” 1.0 l
[ 32 H 0.9 ” 1.1 !
| 33 H 0.9 ” 1.03 ]l
[ 34 |l 0.7 ” 0.6 ]
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Figure 4.19 Comparison of the emission flux of benzene between the predicted and observed results

Using real experimental data further confirms that the developed EMMS is a
reliable modelling tool. These modelling practices also reveal that various uncertainties

are associated with the environmental conditions, the release source, the model
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formulation, and the model parameters. It is important for the developed EMMS to have

an effective method for quantifying these uncertainties.

4.4.4 Quantification of Uncertainties Using a Fuzzy-Set Approach

This subsection is intended to quantify the uncertainties associated with the modelling
study in Section 4.4.2. Referring to Section 3.3.2, the detailed steps for incorporating
fuzzy methodology are explained below:
1). Transform Equation [3.23] into the form

J(z,t)=C, TR, [4.1]
in which Cy is the background concentration in the landfill (g/m®), and 7R, is named
transfer function in landfill (m/d), which represents the rest of Equation [3.23] and
combines the uncertainties in the estimation of input data and in the modelling building.
Thus, viewing Cpp and TR, as fuZzy numbers is a method for coping with the

uncertainties in the landfill module.
¢
2). Equation [3.24], the integration of J,, can be considered as ZJ At , thus the
_ | .

addition operation on the fuzzy numbers can be applied and fuzzy set My, (t,y) is
produced.
3). By using the same method as in Step 1, Equation [3.53] is transferred into the
form
Cair= Myoi(tag) TR, [4.2]
where TR, is a transfer function (1/m) combining the uncertainties and imprecision of the
wind speed and the vertical dispersion coefficient; thereby it can be viewed as a fuzzy
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number to attain prediction intervals and to enlarge the decision space for assessment.

The conceptual fuzzy set approach is illustrated in Figure 4.20.

Fuzzy set outputs from
Air Transport Module

k Multiplication of
q fuzzv numbers

Fuzzy Equation 3.53= My,(1,,) TR,

?

Fuzzy Equation 3.23=CyTR,

Multiplication of
fuzzv numbers

B Module: .-

Figure 4.20 Fuzzy analyses for quantification of uncertainties associated with the air

pollutant dispersion in the pilot-scale landfill

Appling fuzzy set operations to Equations [4.1] and [4.2], fuzzy set outputs of
EMMS are computed. By computing the membership functions of the fuzzy outputs that
into which the observed data fall, it is demonstrated how various sources of uncertainties

are quantified.

4.4.5 Uncertainty Analysis on Experimental Landfill

Using Equation [3.55] we can calculate the memberships of observed data falling into the
interval confidences of fuzzy outputs so that the EMMS’s capacity for handling

uncertainty is enhanced.
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Table 4.14 The results of uncertainty analysis for benzene

f igh bound
Time Low bound o High boun The possibility
flux of flux
(months) (mg-m'2~d'1) (mg-m'z-d") degree
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! . o 12.7
17 !l 5.4 1 o er
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| $
25 “ 1.1 |
29 10 ! 23

| 1
31 ” 0.7 Jl
32 H 0.6 | , oS0
33 § 0.5 i
34 i| 0.4 |

j ot |

100 T T T T I. T i r
--------- High bond of predicted emission flux
90 —— EMMS predicted amission. flux
a0 — — = Low bond of predicted emission flux
E +  Expetimental data (Rickabaugh 1990)
70+ .

Emission flux Ji (mg/mP/day)

Il - —
a 100 200 300 400 500 600 700 800
time (days)

Figure 4.21 Quantification of uncertainties associated with the air pollutant

dispersion in the pilot-scale landfill

As seen in Table 4.14, the calculated mean contaminant flux emitted from the
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landfill cover is close to the experimental results; as a result, the experimental
concentration data fall into a relative high possibility degree of fuzzy outputs. The reason
for this high agreement lies mainly in the following aspects:
1. Experiment landfill is only around 1 meter in depth. The estimated chemical

properties obtained from laboratory experiments are more suitable for this type landfill.

2. The weather conditions at the experimental landfill site are relatively stable
compared to a large-scale landfill field. 'fhis also helps achieve a better model validation.

3. The pollutant of concern is prepared and added into the landfill. They are not
mainly from the discomposing of refuse. Thus, the emission of chemicals is more steady

than that from a field landfill.

4.5 Summary

According to Figure 4.2 and 4.3, EMMS has been validated though a series of case
analyses including real experimental data.

This section is summarized as follows:

By applying EMMS to a complete case, the systematic operation and all the
functions of the developed EMMS are clearly illustrated and tested.

By examining the modelling results, it is understood that the main processes
dominating the fate and transport of chemicals in a landfill chamber and soil are
advection, diffusion and volatilisation, but to what extent they influence is dependent on
the nature of the waste and the landfill setting.

The second step of validation is to examine the accurate performance of EMMS.
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The detailed comparisons between EMMS outputs and the literature data prove that
EMMS can perform the accurate modelling simulation. It can therefore be concluded that
the modules of EMMS have been correctly developed to support the entire environmental
multimedia modelling system.

In addition to} the testing of the modelling system performance, EMMS is
applied to a pilot-scale landfill site to validate the modelling of volatile organic
compounds released from a landfill cover. This application is achieved by comparing the
observed contaminant emission flux from the landfill cover with the modelling results.
Finally, a fuzzy set approach is integrated into EMMS to enhance its modelling capacity
with respect to the quantification of various uncertainties. This integration has also been

well examined through the pilot-scale modelling study.
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Chapter 5

Model Validation Il - Field Validation

The developed EMMS is systematically tested and explained using both literature and
real experimental data in Chapter 4. However, the appropriateness of applying the EMMS
to a large scale field contamination site is not clear. The Trail Road Sanitary Landfill in
the Region of Ottawa-Carleton kindly provided data séts with a large amount of landfill
site data (TRNL 2002), which has enabled us to conduct a field validation of the
developed EMMS in this chapter.

It is fairly difficult to find an appropriate site from which all the needed
validation data can be obtained. Therefore, following the validation of EMMS on an
experimental landfill to examine the modelling ability of producing the concentration in
air, the observed contaminant concentrations in the groundwater underneath one landfill
and in its vicinity are employed to validate the systematic modelling of contaminant

leachate flow from the landfill to the groundwater.
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Furthermore, the uncertainty analysis is performed with the aim of finding a
better way to deal with the uncertainty existing in the modelling system and with the

ambiguousness of the observed data from the monitoring program.

5.1 Overview of the Trail Road Landfill Site

5.1.1 Location

The Trail Road Sanitary Landfill site, which includes the Nepean and Trail Road
landfills, is locate;d within the Region of Ottawa-Carleton, Canada. It has a population of
750,000. The site, approximately 500 aéres, is surrounded by light industry and farmland.
The eastern boundary of the site is Highway 416, and the western side is bordered by
Moodie Drive. Barnsdale Road runs along ihe south end of the site, but not immediately
adjacent to the landfills. Cambrian Road runs through the northern boundary of the site.
The closest residence is 0.85km from the landfill site boundary. The closest residential
subdivision is Barrhaven, which is about 2km away (See Figure 5.1 and Figure 5.2).
Approximately 500 meters from the northern boundary of Trail Road Landfill is
a large de-watering pond used to catch the local groundwater discharge. Jock River is
located approximately 1 km from the north of the pond, the water of which eventually

discharges into it. Southwest of Trail Road is the Nepean Landfill.
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Figure 5.1 The Trail Road Sanitary Landfill
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Figure 5.2 Site plan of Trail Road Sanitary Landfill (TRNL 2002)
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5.1.2 Geological Condition

The landfill site is situated on a glacial outwash plain that has a complex mixture of
sands, gravels, cobbles, clays, and silt (Figure 5.3). There are two aquifers, separated by

silt and clay, completely underlying the Nepean Landfill but partially under the Trail

Road Landfill.
NORTH SOUTH
1204 L‘_eratering_’l r—Tranl Road Land!lll«—i i-.—- Nepean Landfill ._,1
Cambrian
1101 Road Trail Road e
L1M7 BRI
100 RN 13 e 23!
LI - ‘.‘.;':':".‘-‘
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flogy )
s el
5 80- | Legend’
g g _ B29 Retyse »
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Coarn sand and grave!
EJ Limesicne badrock

Figure 5.3 North to South Cross Section of Site (TRNL 1995)

A shallow sand aquifer flows i‘n a north-to-northeasterly direction under the
Trail Road Landfill. Surface water penetration creates a shallow groundwater flow in a
south-to-southwesterly d‘irection under the Nepean Landfill. The deep aquifer, located in
a layer of bedrock at a depth ranging from 10-30 meters, flows in a south-to-north

direction.

5.1.3 Physical Hydrogeology

There are four main hydrostratigraphic units from surface to depth identified beneath the

Nepean landfill and partially under of Trail Road landfill:
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e the shallow aquifer: comprising the fine to medium sand geological unit;

o the clay aquitard: comprising the marine silt and clay geological unit;

o the deep aquifer: comprising the sand and gravel geological unit; and

e the bedrock aquifer: comprising the dolostone bedrock geological unit.

The shallow aquifer is the upper aquifer beneath the Nepean Landfill, beneath
parts of Trail Road Landfill and in the northwest corner of the Trail Road Landfill site.

The typical hydraulic conductivities for the shallow aquifer vary between greater |
than 2.0E-2 cm/s to a lower limit of 1.3E-5 cm/s. The hydraulic conductivity of the
shallow aquifer is variable due to spatial variations in the gradation of the sand and the
silt and clay content.

The clay aquitard is composed of the marine silt and clay that underlies the
Nepean Landfill as well as north anci northeast of the Trail Landfill. The hydraulic
conductivities are on the order Qf 1.0E-7 cm/s for the low permeability cllay aquitard.

The deep aquifer lies beneath the Trail Landfill. The groundwater flow direction
in the upper/middle part of the deep aquifer is northwest, generally directed to the
Dewatering Pond, and is northwards immediately to the south and west of the Trail
Landfill.

Groundwater flow is not found in the upper/middle deep aquifer in the vicinity
immediétely west and southwest of the Nepean Landfill and northeast of the Trail
Landfill due to absence of the upper/middle deep aquifer in this area.

Groundwater flow in the lower part of the deep aquifer from beneath most of the
Trail Landfill site is towards the northwest. Particularly, the bulk of groundwater from

beneath Stages 1 and 2 in the deep aquifer flows to the north and northwest. Beneath the
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Nepean Landfill, it is towards the northwest and west. It is not shown south and northeast
of the Trail Landfill in the lower deep aquifer due to the small number of monitoring
wells in the lower deep aquifer in this area.

Information shows that typical hydraulic conductivities for the sand to sand and
gravel aquifer materials vary between greater than 1.0E-2 cm/s to a lower limit of 1.0E-
04 cm/s. The hydraulic conductivity is variable in the deep aquifer due to variations in
silt, clay and fine sand content.

Horizontal hydraulic gradients in the shallow and confined deep aquifer based on
the data for the year 2002 range from negligible to 0.03. Locally, near the edge of the
clay in the shallow aquifer, gradients may be much greater.

TRNL (2002) shows that groundwater flow velocities are estimated to range
from several metres to several tens of metres per year in the deep aquifer and from
several centimetres per year to several metres per year in the shallow aquifer. These
estimates are based on the measured hydraulic conductivities and a porosity of 0.3. The
vertical hydraulic gradients in April of 2002 between the upper parts of the water table
deep aquifer and lower parts of the water table deep aquifer are in the order of 0.008
downward to 0.007 upward.

Where the clay aquitard is present (i.e. in the vicinity of the Nepean Landfill) the
vertical hydraulic gradients between the shallow aquifer and the deep aquifer are on the
order 0.3 to 0.7 downward (monitoring sites M50 and M51), reflecting the effectiveness
of the aquifer separation provided by the low permeability of the clay aquitard. The
vertical hydraulic gradients within the confined det’;p aquifer vary from 0.07 downward
near the top of the aquifer to 0.02 upward near the bottom of the aquifer (monitoring sites

M50 and M51).
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North of the Trail Landfill, the groundwater flow in the shallow aquifer is to the
north/northeast and in the confined deep aquifer it is to the northwest.

Horizontal hydraulic gradients in the shallow aquifer and confined deep aquifer
based on 2002 data range from negligible to 0.03. Thé vertical hydraulic gradient in April
of 2002 between the shallow and deep aquifers was on the order of 0.02.

There is no contaminant found in the bedrock aquifer, thus this aquifer is not

taken into account in this study.

5.1.4 Climatic Condition

The temperature of the Ottawa region where the Trail Road landfill is located
significantly changes between summer and winter, and is subject to unpredictable
weather conditions. In winter thére is generally snow and ice. Temperatures in winter can
drop as low as -25°C at night. Summer weather in Ottawa is warm and humid with
temperatures often exceeding 30°C, sometimes as early as April and as late as October.
However, summers are usually short, and spring and autumn are unpredictable, with early
or lafe snowfalls possible or even unseasonal heat waves.

The weather statistics displayed here represent the mean value of each
meteorological parameter for each month of the year. The sampling period for this data

covers 30 years from 1961 to 1990 (Weather Network).

Table 5.1 Climate information of landfill site

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
Rainfall (mm) 58 | 59 | 65 | 69 | 76 77 | 88 | 92 83 | 75 | 86 | 83
Mean Temp (°C) | -10 | -8 -2 6 13 18 1 21| 19 14 8 1 -7
wind Speed
(km/h)
Wind Direction w w W | NW | SW | SW |SW ]| sw | sSw | swW E w

16 16 16 16 14 13 | 11 11 12 13 15 15
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5.2 Field Validation of the Developed EMMS Based on the Trail

Road Landfill Site

5.2.1 Operation History of the Landfill

The Trail Road Sanitary Landfill has been operated in stages. The first operation landfill
was Nepean Landfill, which began operation in the early 1960s and accepted waste until
the early 1980s at which time it was deemed nearly full. The Nepean Landfill was capped
with a polyethylene liner and soil in 1993.

After the Népean Landfill closing, the Trail Road Landfill was opened. It is
currently serving as a municipal sanitary landfill accepting solid non-hazardous waste
including residential garbage and construction, commercial, institutional, and light
industrial waste. The Trail Road Landfill was opened in 1980 and has been continuously
operated in stages (see Figure 5.2). The first two stages have been closed and capped with
polyethylene and soil but are not lined and do not have leachate collection systems. Stage
3 was constructed with 60-centimetre thick competent clay and a high-density
polyethylene liner. The third stage, which opened in 1991, is nearly full, and will be
capped with a polyethylene liner and bsoil. Stages 3 and 4 have leachate collection
systems (TNRL 2002).

The landfill site is approximately 150 ha in area, of which about 65 ha is the fill
area. Stage 1, approximately 25 hectarcs, was opened in 1980 and finished receiving
waste in 1986. Stage 2, about 16 hectares, received waste as of 1986 and was completed

in 1991 (TRNL 1995, 2002),
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5.2.2 Rate of Refuse Disposal

It is difficult to obtain a detailed annual disposal rate of Nepean' Landfill and Trail
Landfill for the year of 1960 to the year of 1992 due to the lack of historical operation

information. Therefore, based on the data from TRNL (1995, 2002), the rate of refuse

annually disposed of as landfill is estimated as 287,000 tonnes/yr.

5.2.3 Collection and Estimation of Characteristic Model Data

Imprecise and inaccurate input parameters are the primary source of modelling error for
the environmental risk assessment. Sometimes, data observed can even be wrong due to
sampling and analysis errors. For example, so far as the half-life of a chemical is
concerned, there may be significant discrepancy between its value measured in the
laboratory and the actual value on site. On the other hand, the determination of a
parameter value itself carries inherent uncertainty since the processes simulated by the
model have a large natural variability in time and space. Moreover, such values are often
derived from the experimental data that refer to only a few discrete points in time and
space (USEPA 1996).

In this context, a guide is given in this section to select or estimate important
parameters that have a relatively great potential influence on the modelling outputs.
These parameters may not be suitable for the other sites where environmental conditions
are different. In the next four subsections, four categories of model parameters are

obtained following the approach outlined by IAEA (1989).
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5.2.3.1 Properties of the contaminants

Benzene, ethylbenzene, and toluene (BET) are common contaminants of groundwater
near landfill sites and have been found to have adverse health effects in toxicology
studies (Jury et al. 1990). Thus, BET is chosen as the contaminants of interest in this case

study.

The estimated half-life is the time required for one half of the compound to biodegrade.
The estimated half-life is used to calculate the first order rate decay of a chemical using
Equation [3.14]. Thus, the estimation of the half-life of a pollutant plays an important
role in predicting the concentration in the media of concern.

The biodegradation of BTE occurs both in soil and groundwater. In Howard
(1990) and Howard et al. (1991), the degradation rate of BTE ranges from a few hours to
hundreds of hours in soil and in groundwater, and it is much shorter in soil than in
groundwater. That means, that benzene, as an example, decays from an initial
concentration to zero in a few days in soil, but it will take almost two years to complete
this process in groundwater. Such a discrepancy between two degradation rates is
primarily because the chemical half-life in soil given in the literature usually refers to it
in near-surface soil. The chemical degrades faster under aerobic conditions. By
comparison, due to anoxic conditions typically found in organic contaminated aquifers,
anaerobic degradation of aromatic hydrocarbons plays an important role in the

degradation processes occurring in groundwater (Jahn et al. 2005).
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As for the soil in a landfill and underlying the landfill, it is obvious that the
environment cannot be treated as near-surface soil since the contaminant can be
distributed tens of meters beneath the ground surface. Therefore, it is more suitable to
consider that in a landfill the degradation of a compound occurs in conditions that are
mainly anaerobic, as happens in groundwater.

Hutchins et al. (1991a) evaluated biodegradation of aromatic hydrocarbons
under anaerobic conditions, particularly denitrifying conditions, in a series of laboratory
tests. First-order rate constants range from -0.0224 to -0.035 for toluene and from —
0.00174 to —0.00229 for ethylbenzene. The authors believe that the experimental results
are strong presumptive evidence that denitrifying bacteria are responsible for toluene
biodegradation, They also found that the biodegradation of toluene did not occur when
nitrate is absent from the experiment. In addition, the rate of biodegradation is affected by
the pollutant concentration, the tempefature of incubation, and the availability of nitrate.

For the benzene biodegradation under denitrifying conditions, Hutchins et al.
(1991a, 1991b) thought biodegradations needs more evaluation from the regulatory
standpoint due to the fact that its results are totally different from those of the previous
study (Bouwer and McCarty 1983, Zeyer et al. 1986, Kuhn et al. 1988, Majora et al. 1988,
Berry-Spark et al. 1986).

Besides these references to previous studies of degradation rate, the half-life
used in some representative multimedia models can also provide helpful information. The
half-life and degradation rate of benzene used in MEPAS, MMSOILS is far different
from the ones given by Hutchins et al. (1991a, 1991b), Howard (1990) and Howard et al.

(1991). The environmental half-lives of benzene in air, water, and soil are all 6.9E07 days
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in MEPAS, meaning that the first order decay rates are around 0 in those media. In
MMOSILS, the first order decay rate of 0 is used for waste management union,
unsaturated zone, groundwater, and air medium,

In addition to theoretical analysis, the monitoring data of TRNL (2002) indicate
that the consideration for selecting the degradation rates of BTE is appropriate. Although
the Nepean Landfill has been closed for 20 years, there are still BTE concentrations that
are being observed in the groundwater very close to the Nepean landfill site right because
of a low degradation rate; otherwise, these organic compounds would deplete within a
short time.

Judging from the discussion above, it is understood that it is very difficult to
estimate a half-life accurately in a landfill chamber, in deep soil, and in groundwater
without detailed information about the temperature, the compound composition in the soil,
the pollutant concentration in the media, etc. In accordance with the observed BET
concentrations in TRNL (2002), it can be estimated that BET have a very low rate of

biodegradation in such media.

rgani r ition ici
The organic carbon partition coefficients, K., of BTE can be found in the literature,
including HSDB (2005), and Howard (1990) etc. Those coefficients may vary under
different conditions such as temperature, pressure. Also, the empirical method can be
used té evaluate the value of K,.. Lyman et al. (1990) and Fetter (1993) give a few
available methods for the estimation of K,,. expressed in log-log form:

logK,, =a,log(S,,K,,,or BCF)+b, [5.1]

ow3
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where a; and b, are constants; S, is the chemical- water solubility (mol/litre); K, is the
octanol-water partition coefficient (dimensionless); BCF is the bioconcentration factor
for aquatic life (dimensionless).

In this study, Lyman’s (1990) and Fetter’s (1993) estimation methods are used.
The detailed formulas and éalculations are presented below.

The K, of benzene is estimated by using the one of the methods given in Lyman
et al. (1990):
logK, =0.544lo0g(X,,)+1.377 [5.2]

The K, of toluene is calculated by using the equation in Fetter (1993):
logK, =1.00log(X,,)—-0.317 [5.3]
The K, of ethylbenzene is estimated using the equation in Fetter (1993):

logK,, =0.52log(K,,)+0.62 [5.4]

and
K,~=1.724*K,,, [5.5]

All the employed values of K, and the calculated K, are given in the Table 5.2.

Table 5.2 Estimation of the organic carbon partition coefficient (X,.)

Chemical logKow Reference Koc (m°lkg) Reference
Benzene 2.13 HSDB 2005 0.347 Lyman et al. 1990
Ethylbenzene 3.13 Yalkowsky and Valvani 1976 0.305 Fetter 1993
Toluene 2.72 Howard 1990 0.25 Fetter 1993
Henry's law constant

Henry’s law constant can be found in much of the literature, including HSDB (2005),
Howard (1990) etc. This constant varies with environmental conditions. Generally, it is

expressed in the unit of atm-m’/mol in the reference. But it is used in the form
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dimensionless in the present study. The relationship between the two forms of Henry’s

law constant is described as follows:

Henry's law cons tan t(atm m® / mol)

Henry’s law constant (dimensionless)= = [5.6]
8.2057 x10™ (m~ atm / mol K) x 298(K)
The Henry’s law constants of BTE for the present study are expressed in Table 5.3.
Table 5.3 Estimation of Henry’s law constant
Henry's law constant Henry’s law constant
3 ] ) Reference
(atm-m“/mol) (dimensionless)
Ethylbenzene 7.9E-3 0.323 Mackey and Shiu 1981
Toluene 5.94E-3 0.243 Howard 1990
Benzene 5.5E-3 0.225 Mackay and Leinonen 1975

rgani ion
An organic carbon fraction specifies the fraction of the organic carbon in the
contaminated material that is used to estimate the chemical distribution coefficient
between the solid and liquid phase (Solhotra et al. 1995, Lin and Hildemann 1995, Jury at
al. 1990). Lin and Hildemann (1995) assumed it as 0.0125 in their study under a typical
condition. Labieniec et al. (1996a) estimated it as 0.0075 in their case. Based on the data
provided by TRNL (2002) and the analysis above, the organic carbon fraction in the

present study is 0.0105.

5.2.3.2 Data of the landfill

Gaseous diffusion coefficient
The gaseous diffusion coefficient of the contaminant in air is estimated using the method

of Wilkes and Lee, a method recommended by Lyman et al. (1990):
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B1T3/2
Dl ===V - VM, 564 (m%/d) [5.7]
Po,Q

where, M, = W; M, is the molecular weight of air; Mj is the molecular weight
A B

of the compound of interest; P is the pressure (atm); T is temperature (K), and the

parameters B’, 0 ,,, and Q is defined as:

B'=0.00217 ~0.0005 f—1—+—1—' [5.8]
M, M,

_3711+1.18(7,)"
2

[5.9]

O 43

v, is the LeBas molar volume of the compound of concern in cm’/mole which can be

determined using Table 17-5 in Lyman et al. (1990).

a c e g
Q=—cprt ot =t "
(T*)°  exp(T*d) exp(T*f) exp(T*h)

[5.10]

where the values of a-h are as follows: a=1.06036; 5=0.15610; ¢=0.19300; d=0.47635;
e=1.03587; /=1.52996; g=1.76474; h=3.89411,

and

The

~ J78.6*1.15T,

in which, T} is the boiling point of the compound (K).

[5.11]

By using Equations [5.7] to [5.11], the BET’s gaseous molecular diffusion

coefficients are calculated and listed in Table 5.4
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Table 5.4 Estimation of gaseous molecular diffusion coefficient (Dg")

LeBas molar

Molecular Boilin

Component ) e volume Dy’ (m?/d) Reference
Weight Mw point (°C) ‘ 3

V5 (cm’imole)

Lyman et al. 1990

0.1 _ _
en=ene " ° " 0.789 and HSDB 2005
Ethylb: 106.2 136.2 155.4 0.644 Lyman et al. 1990
ymenene ' . ' ' and HSDB 2005
L tal. 1990

Toluene 92.13 110.6 133.2 0.706 yman et a
and HSDB 2005

The Hayduk and Laudie method presented in Lyman et al. (1990) is employed to

calculate the diffusion coefficient of the chemical of interest in water.,

13.26x10°

w
DI - 1.14V'0.ss9
77w B

.8.64 (m*d) [5.12]

where 77, is the viscosity of water in centipoise at the temperature of concern.

According to the methods above, the liquid molecular diffusion coefficients for

BET are calculated and shown in Table 5.5.

Table 5.5 Estimation of liquid molecular diffusion coefficient (D;")

Component n Vs’ D" Reference
Benzene 0.8904 111 8.16272E-05 Lyman et al. 1990
Ethylbenzene 0.8904 155.4 6.69523E-05 Lyman et al. 1990
Toluene 0.8904 133.2 7.33157E-05 Lyman et al. 1990
Gaseous velocity

This term is neglected in the model developed by Jury et al. (1983, 1990). However, the
previous studies indicate that although it is hard to measure or estimate, it should not be

neglected in the mathematical model due to its high values and its “sweep out” impacts
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on the gas emission rate. Rickabaugh (1990) measured the gas velocity ranging from
0.1457 to 0.7899 cm/d through the experiment landfill. The study of Lin and Hildemann
(1995) indicated that the gaseous velocity in the landfill chamber could be equal to, less
than or even greater than the leachate velocity. Fﬁrthermore, the study of Thibodeaux et
al. (1981) indicates that the velocity of biogas could increase the emission rate by a factor
of 7 as the gas velocity within the landfill increases from zero to 1.63E-3 cm/s.

Therefore, it is reasonable to account for the gaseous velocity in the landfill
modelling. It is estimated as 2.6E-3 m/d in this model validation based on field data and

the analysis above.

velogi
Leachate velocity is approximately equal to the seepage velocity in the unsaturated zone.

The detailed calculation is given in the next subsection.

5.2.3.3 Soil condition

rsivi iffusi ici
According to the tabulated data of longitudinal dispersivity versus scale given by Wilson
et al. (1990), with the depth of contaminated site (ffom the centre of the landfill to the
water table), the longitudinal dispersivity falls in a big range from 1.37 m to 98 m. It is

difficult to estimate a reasonable value based on such a range. Thus, the longitudinal
diffusion coefficient, the value of 0.24 m?d, is estimated based on the environmental

conditions investigated by TRNL (1995, 2002).
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The typical relationship (Solhotra et al. 1990) is used to estimate the transverse
diffusion coefficient, which is expressed by:.
transverse diffusion coefficient=0.1*longitudinal diffusion coefficient [5.13]

It is 0.024 m%/d in this case

Seepage velocity

Darcy’s law is used to estimate the seepage velocity in the unsaturated zone.

y-_Kdh [5.14]
B, dx

where K is the hydraulic conductivity (m/d); %x}i is the hydraulic gradient; ¢, is the

effective porosity in the unsaturated zone (%).
According to TRNL (2002), the vertical hydraulic conductivity beneath the Trail
Road Landfill is 1.4E-6m/s, and the average hydraulic gradient under the site is 0.008

with a porosity of 0.3. Thus the average velocity of the fluid is calculated as:

_14x10°

V= x—0.008x3600%x24=3.23x10m/d

5.2.3.4 Groundwater condition

Equations for approximating the longitudinal dispersivity in groundwater, which are

generally based on field observations, use a characteristic length, L.. Below are the

equations used in the dispersivity calculation (Xu and Eckstein 1995, Arya 1986).

117



a, = 0.83(log,, L,)**"* [5.15]
a, =0.177(L,)*"™ [5.16]
where o is the longitude dispersivity in the groundwater (m); L. is the characteristic
length (m).
The receptor concerned in this case study is 50 m away from the landfill site;
thus ¢, is around 3 m calculated by Equations [5.15] and [5.16].
An empirical relationship is used to calculate the transverse dispersivity and the
vertical dispersivity (Solhotra et al. 1990):
Transverse dispersivity (m)= longitudinal dispersivity/3; [5.17]
Vertical dispersivity (m)= 0.56*longitudinal dispersivity. [5.18]

Thus a, =1m a, =1.68m

Seepage velocity
According to the TNRL (2002), the average horizontal hydraulic gradient under the Trail
landfill site is approximatéd as 0.05, and the average horizontal hydraulic conductivity is

estimated as 4E-5 m/s with a porosity of 0.3. Thus, by using Equation [5.14] and

substituting the ¢, with ¢, the seepage velocity in the groundwater is calculated as:

_4><10"5

V= x—0.05x3600x24 =0.576m/d
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5.2.4 Background Contaminant Concentration

The operation period for Stage 1 of Trail Road Landfill is 1980-1986 and 1986-1991 for
Stage 2 (TNRL72002). Accordingly, the average age of Stages 1 and 2 is 6 years. Stage 2
was closed in 1991; thus we consider 1991 as the starting point of the evaluation period.

From the borehole logs schematic in TNRL (2002), the average depth of Stages
1 and 2 of the Trail Road Landfill is estimated as 14 meters. Thus the volume of Stages 1
and 2 of the landfill site is 5.74E6 m’.

Given that the average annual amount of landfilled waste as approximately
287,000 tonnes during the 12 years of operation, the total amount of landfilled waste in
Stages 1 and 2 is 3.44E6 tonnes.

Consequently, the density of the waste in Stages 1 and 2 is 600kg/m’.

According to TNRL (1995), the density of the landfilled waste is 724 kg/m® in
1993, 581 kg/m3 in 1994, and 630 kg/r.n3 in 1995. Thus, the calculated density for the
validation is in this range, confirming that the data related to the volume of the landfill
chamber and the weight of the landfilled waste are reasonable.

From the data >obtained by theoretical methods and experiments, it can be
concluded that the actual gas generation potential of landfills varies in the range of 100-
250m°/tonne-wet-refuse (Nastev 1998). The average value of 175 m>/tonne is used for
the Trail Road Landfill based on field observation. Therefore, the initial gas generation
potential of Stages1 and 2 is 6.03E8 m’.

There are two approaches for the mathematical presentation of the gas

generation potential: the zero-order kinetic model and the first-order kinetic model. The
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first-order kinetic gas generation potential is the most common representation of gas
generation potential. Many scientists agree with that. It is thus employed for the Trail
Road Landfill.

ds _
dt

—kS [5.19]
where S is the gas generation potential (m®); k is a fitting parameter.
If the initial gas generation potential is Sy, then it can be obtained as:
S =S, exp(—kt) [5.20]
Substituting Sp= 6.03E8 m’, and the $=0 m® at /= 50 yrs into Equation [5.20],
k=2.5 (1/yr) can be calculated. Equation [5.20] becomes
S = §, exp(-2.5¢) [5.21]
Taking =6 yr into Equation [5.21], the remaining gas generation potential in
landfill for Stages 1 and 2 is 4E-7S,.

The typical constituents and compounds suggested by Tchobanoglous et al.

(1993) are referred to in order to estimate the concentration of trace compounds in the

Trail landfill.
Table5.6 Typical constituents of landfill gas
Component Percent (dry voiume basis)
Methane 40-60%
Carbon Dioxide 40-60%
Nitrogen 2-5%
Oxygen 0.1-1.0%
Ammonia 0.1-1.0%
Sulfides, disulfides, mercaptans,etc. 0-0.2%
Hydrogen 0-0.2%
Carbon Monoxide 0-0.2%
Trace Constituents 0.01-0.6%

Source: (Tchobanoglous et al. 1993)
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Table 5.7 Typical distribution of the trace constituent

Mean Concentration (pbV, parts Percent (trace
Component - . .
per billion by volume) constituent basis)

Toluene 34,907 34.3%
Dichloromethane 25,694 25.2%
Ethylbenzene 7,334 7.2%
Acetone 6,838 6.7%
Vinyl Acetate 5,663 5.6%
Tetrachloroethylene 5,244 5.1%
Vinyl Chloride 3,508 3.4%
Methyl Ethyl Ketone 3,092 3.0%
Xylenes ‘ 2,651 2.6%
1,1-Dichloroethane 2,801 2.7%
Trichloroethylene 2,079 2.0%
Benzene 2,057 2.0%

Source: (Tchobanoglous et al. 1993)

The trace constituent of Trail landfill gas is 0.5%. It is estimated that benzene
accounts for 0.02*0.5% of the total landfill gas; ethylbenzene accounts for 0.10*0.5%;
and toluene accounts for 0.33*0.5%. With the density of three components is shown as
below (HSDB 2005 and Spectrum data base): the density of benzene is 879 kg/m’; that of
ethylbenzene is 867 kg/m®; and that of toluene is 866kg/m>. The background benzene

concentration in the landfill site in 1991 is calculated as:

_6.03x10°(m’)x4x107 x 0.5% x 2% x 879(kg / m’y x 10’
3.44 x10°%(tonnes) x 10° (g / tonne)

Cuo (e /ke) _ 000628/ g

Similarly, the toluene is 0.1ug/ g ; and the ethylbenzene is 0.032ug/g .
5.2.5 A Summary of the Input Parameters and Data

In summary, the input parameters related to chemical properties are exhibited in Table
5.8, and other parameters associated with environmental conations and the physical

properties of the site are summarized in Table 5.9.
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Table 5.8 Input parameters related to chemical properties

Property Symbol Benzene | Ethylbenzene | Toluene
The gaseous diffusion coefficient in air Dg® (m“/d) 0.756 0.635 0.706
The liquid diffusion coefficientinwater | D/*(m<“d) | 8.81x10” 6.7X107 7.33%x10°
Organic carbon partition coefficient Koc (M°/kg) 0.347 0.305 0.25
Henry’s law constant, dimensioniess Kn 0.225 0.322 0.25
Half-life in landfill T (d) - - -

Table 5.9 Physical properties and environmental conditions in the landfill site

Parameters in landfill module

Length orthogonal to Length parallel to
9 9 Ay (m) 500 anp Ax (m) 800
groundwater flow. groundwater flow
Volumetric water
The volumetric air
) a 0.2 content at field 8 0.3
content of the soil .
capacity
Organic carbon fraction foc 0.0105 Bulk density 9 p(kg/m®) 600
The thickness of landfill
d(m) 1 Landfill depth L (m) 14
cover
Gaseous velocity vg (m/d) 2.6E-3 Leachate velacity v (m/d) 3.23E-3
Parameters in unsaturated zone module Parameters in saturated zone module
Coefficient of
T D, (m?/d) 0.24 Darcy velocity Vi (m/d) 0.576
longitudinal dispersion
Coefficient of transverse
) Dr(m?/d) 0.024 Bulk density P sat 1350
dispersion
Average velocity of fluid v (m/d) 3.23E-3 Porosity ?s 0.3
Organic carbon
Porosity Gun 0.365 ganie Foosat 0.0105
fraction
Bulk density of
W P unsat (kg/m°) | 1350 Half-life T sat (d) -
unsaturated zone
. . Dispersion
Half-life in unsaturated . 2
T unsat (d) - coefficient in x Dy(m*/d) 1.728
zone
direction
Dispersion
Water table depth Zu(m) 10 coefficientiny Dy(mzld) 576
direction
Dispersion
Organic carbon fraction foeun 0.0105 coefficient in z D (m?%d) 0.968
direction
Parameters in air module.
Annual wind speed
P f(®) 0.13 Wind speed w (m/s) 43
frequency
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5.2.6 Field Modelling and Validation

Modelling simulation is applied to the Trail Road Landfill at monitoring stations M32
and M90 whose locations are shown in Figure 5.4. All the input parameters are entered
into the multimedia modelling system, and they will then be automatically utilized by the

modules in accordance with the internal order of the model execution.
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5.2.7 Simulation Results and Comparison With Observed Data

Detailed modelling results for the contaminants of ethylbenzene in Trail Road landfill are

given in Table 5.10.

Table 5.10 Comparison of modelling results and observed ethylbenzene

concentrations at the monitoring well M32

Modelled Observed
Year concentration at concentration at
M32 (mg/m?) M32 (mg/m®)
{ 1999 ” 29.5 H 31.1 |
l 2000 ” 28.8 JI 30.5 |
| 2001 J| 28.1 H 1.8 |
| 2002 ; | 27.2 } { 15.6 ’

The simulated concentration of ethylbenzene in the groundwater at x=0
gradually decreased from 29.5 mg/m’ in 1999 to 27.2 mg/m? in 2002 due to spreading via
dispersion in soil and groundwater and a little loss via volatilisation from the landfill
cover. The decrease in the concentration is mainly achieved thanks to the annual
infiltration rate through the landfill cover and thanks to cherhical properties.
Ethylbenzene is not a highly volatile compound, implying that volatilisation is not a
significant loss pathway for this compound; on the other land, it does migrate downward
with infiltration and does enter into the groundwater.

The simulated concentrations are in an agreement with the observed
concentrations in 1999 and 2000. There are some differences for the years 2001 and
2002. The reason may lie in that the precipitation rate in 2001 was smaller than that in

1999 and 2000; more contaminant thus remained in the soil in that year than in the
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previous two years. After the infiltration rate rose again, the retarded contaminant was
solved, and then along with the newly arriving pollutant leachate from the landfill was
carried to the groundwater. As a result, the concentration at this location went up from
1.8 mg/m> to 15.6 mg/m’. The discrepancies stem from (1) a significant change in the
precipitation in 2001; (2) sampling and chemical analysis errors; and (3) complexities in

the site conditions.

Table 5.11 Comparison of modelling results and observed toluene

concentrations at the monitoring well M32

Modelled Observed
Year concentration at concentration at
M32 (mg/m®) M32 (mg/m’)
[ 1999 “ 106 H 92 I
| 2000 ” 1103.4 H 108 |
| 2001 ” - 100.3 ” 21.6 l
| 2002 || 96.8 H 54.5 !

The simulated toluene concentration in the groundwater at M32 is shown in
Table 5.11. It decreased quickly from 106 mg/m’® in 1999 to 96.8 mg/m’ in 2002. The
simulated results are almost as same as the observed ones- in 1999 and 2000, but they are
significantly different from the observed values in 2001 and 2002. The reason for this

phenomenon is the same as that for the ethylbenzene.
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Table 5.12 Comparison of modelling results and observed benzene

concentrations at the monitoring well M90

Modelled Observed
Year concentration at concentration at
M0 (mg/m®) M90 (mg/m®)
[ 1999 EI 6.1 Il 6.3 i
[ 2000 {{ """"" 6.0 T 62 |
| 2001 }( 5.8 H 9.8 }
| 2002 J‘ 5.7 ” 3.5 ]

The concentration of benzene at M92 decreased slowly from 6.1 mg/m® in 1999
to 5.7 mg/m’ in 2002. Dispersion explains the main pathway loss, while the volatilization
of the benzene was not due to its modest Henry’s law constant and the protection of the
landfill cover.

The modelling results are very close to the observed concentration at the
monitoring station in 1999 and 2000. But the monitoring data oscillates in the following
years and shoes a trend that is different from those of the toluene and ethylbenzene at
station M32. That may be due to the diverse geological conditions under the landfill site.
A greater amount of pollutant was carried to this point but could not be swept away due
to the low groundwater flow and the retardation of the soil.

Real-world environmental system modelling is a difficult task. In this present
study, a field-scale model validation has been conducted. Reasonable results have been
obtained. The modelling outputs indicate that the developed EMMS enables us to
investigate large-scale site contamination with multimedia characteristics.

On the other hand, the large number of various uncertainties involved

significantly limits the capacity of the modelling tool. In order to mitigate this limitation,
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the developed fuzzy-set enhanced EMMS is utilized to conduct an uncertainty analysis

and an uncertainty quantification for this field validation in the next section.

5.3 Uncertainty Analysis

The fuzzy set methodology introduced in chapter 3 is applied in this section to deal with
the uncertainties associated with both individual and interacted parameter values, and the

description of the uncertainties is given in the form of level of confidence range.
5.3.1 Quantification of Uncertainties Using the Fuzzy-Set Approach

The uncertainties of the parameters in the landfill module along with the unsaturated zone
module, including those associated with chemical properties, landfill setting, and
environmental conditions, are first reflected in Equation [3.42]. Therefore, the application
of the fuzzy method to this module as a starting point reduces the uncertainties of the
multimedia modelling system to a large extent.

In details, Equations [3.40] and [3.43] can be converted to the form of:

J(z,t)=m,TR, [5.22]

in which my is rate of release of the solute from the landfill bottom at the starting point of
the evaluation period (g/d). TR, is the remaining part of the equation, named the transfer
function in this study, and its combined unit is m?,

my is derived from the landfill module, reflecting the uncertainty caused by the

estimations of the chemical properties, of the physical and dynamical properties and of

127



the layout of the landfill site. It is reasonable to consider it as a fuzzy number. TR, is
deduced from the unsaturated zone module. The uncertainty caused by the dispersivity
and the infiltration rate, both of which occupy the central role to assure the accuracy of
model outputs, can be dealt with through fuzzifying TR,

After the multiplication operation is applied to Equation [5.22], fuzzy set outputs
can be obtained, and then in turn as fuzzy inputs entry into the saturated zone module. In
the saturated zone module, similar operations are implemented. Eventually, fuzzy-set
enhanced predictions are produced by the EMMS. The detailed steps are given below:

1) Equations [3.40] and [3.43] are transformed to the form described by
Equation [5.22]

2) The operations of fuzzy numbers are applied to Equation [3.42], sequentially;

t
the integration of J,, in terms of t, M,,,, can be treated asZJ,unAt. Equation [3.44] can
0

tun ?

then be solved by applying an addition operation.

3) In Equation [3.46], all the parameters except M

tun

are treated as crisp numbers

due to their negligible influence on the model results. Similarly, Operation 3 of fuzzy
numbers is applied to Equation [3.46]. Then, a fuzzy output, Cy, can be calculated and
input into the saturated zone module.
Similarly, Equation [3;48] can be transformed to:
C,(x,5,2,t) = C, TR, [5.23]
Similar to TR, TR, is a systematic dimensionless coefficient reflecting the

ambiguous information associated with the dispersivity and seepage velocity in the
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saturated zone, and can be considered as a fuzzy number to deal with the uncertainties of
the model outputs resulting from an interaction between important parameters.

Following the application of the multiplication of fuzzy numbers to Equations
[5.22] and [5.23], the fuzzy outputs of the multimedia model are computed. Comparing
the observed data with the fuzzy outputs, it is easy to see whether the observed data fall
in the predicted uncertainty range.

The detailed applications of the fuzZy set to EMMS are summarized in Figure

5.5.

Outputs from Landfill
Module is converted to ma

Y

Both Equations 3.40 and 3.43
are transferred to myTR,

Multiplication of
fuzzv numbers

Addition and v

Multiplication of |- Equation 3.44
fuzzy numbers -

Multiplication by an

Equation 3.46 ordinary number
Co
1 A
i Multiplication of > Equation 3.48=C¢TRs
it fuzzv numbers
3
Fuzzy Outputs of
concentration profile
in groundwater

Figure 5.5 Fuzzy analyses to quantify uncertainties associated with leachate transport process
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5.3.2 Uncertainty Analysis on the Modelling of Trail Road Landfill

Following the scheme presented in Figure 5.5, uncertainty analysis methodology is
applied to EMMS to produce fuzzy outputs. Detailed modelling results are exhibited in
Tables 5.13 to 5.15. Using Equation [3.55], we can calculate the membership of observed

data falling into the interval confidence of the fuzzy output.

Table 5.13 The results of uncertainty analysis for ethylbenzene

| i Low bound of High bound of The '
Year concentration | concentrations |} possibility
‘ (mg/m®) (mg/m?) degree
I
| 1999 “ 16.2 42.8
[ 2000 ” 15.9 41.8
l 2001 “ 154 40.7
I 2002 “ 15.0 39.4

The simulated mean concentration of the ethylbenzene beneath the Trail Road
Landfill in 1999 was 29.5 mg/m3 and gradually decreased to 27.2 mg/m3 in 2002; the low
bond concentration decreased correspondingly from 16.2 mg/m® to 15.0 mg/m’; and the
high bond concentrations show the same trend from 42.8 mg/m? to 39.4 mg/m’.

Compared with the observed concentration in the groundwater beneath the Trail
Road Landﬁil, the first two calculated mean concentrations agree significantly with the
monitoring data, which get 0.88 and 0.87 of grade of membership in the fuzzy set
outputs. The monitoring data in 2000 is out of the range of the fuzzy set output, since it

sharply' decreased to 1.8 mg/m® and then rose to 15.6 mg/m’. The reason for these
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abnormal decreases may result from variations in the flow of the groundwater, from the
infiltration rate in those years, and also from the uncertainty of gas generation in the

landfill chamber.

Table 5.14 The results of uncertainty analysis for toluene

Low bound of High bound of : The
Year || concentration concentration possibility
(mg/m®) (mg/m?) degree
' 1999 !| 58.3 153.7
| 2000 ’I 56.9 149.9
| 2001 H ~ 552 145.4
| 2002 ‘[ 53.2 140.3

The simulated concentration of toluene is 106 mg/m® in 1999 and then decreases
t0 96.8 mg/m® in 2002; the low bond varies from 58.3 mg/m® to 53.2 mg/m?; and the high
bond similarly shows a decreasing pattern from 153.7 mg/m® to 140.3 mg/m’.

According to the comparisons for toluene, the observed data in 2001 is slightly
out of the predicted range, while all the other three monitoring concentrations nicely fall
into the simulated ranges, showing high degrees of membership. It indicates that the
modelling results are compatible with the monitoring results. The fluctuation of the
concentration in 2001 may be caused by weather conditions and the hydraulic

environment of that year as discussed before.
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Table 5.15 The results of uncertainty analysis for benzene

Low bound of High bound of The
Year concentration concentration possibility
! i (mg/m®) (mg/m®) degree
| 1999 J,l 34 8.8
| 2000 il 3.3 8.7
l 2001 :' 3.2 8.5
| 2002 “ 3.1 8.3

The range of benzene in the groundwater 50 meters away from the Trail Road
Landfill site is from 6.1 mg/m’to 5.7 mg/m®; the low bond was 3.4 mg/m’ in 1999 and
3.1 mg/m® in 2002; and the high bond was from 8.8 mg/m’ tb 8.3 mg/m’ during these 4
years.

Although the observed benzene concentration at M92 does not fall into the
computed set, all others show high agreement with the model results. Especially, the
simulated concentrations for 1999 and 2000 are almost as same as those observed on site.
The observed data of 2001 is out of the decreasing trend probably due to the

meteorological and hydraulic condition of that year as discussed before.
5.4 Summary

EMMS is applied to the Trail Road Sanitary Landfill to validate the model performance
and the suitability of the application. The observed contaminant concentrations from the
groundwater in the vicinity of the Trail Road Landfill are used to examine the simulated

pathway from the landfill to the groundwater.
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The results from the comparison study are satisfactory. Most of the modelling
yields closely match the monitoring data collected from sites. Besides an innovative
design of an EMMS, a thorough consideration of model parameters and data
collection/estimation, and a systematic execution of EMMS, a fuzzy-set approach has
been applied to quantify uncertainties associated with the field-scale study to further

validate the developed environmental multimedia modelling system in this section.
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Chapter 6

Development of a User-friendly Engineering

Interface and Field Application

The developed EMMS is tested and validated in Chapters 4 and 5. Aiming to make the
modelling system user-friendly, a user interface is designed for the EMMS in this
chapter. The developed EMMS thus can become a user-friendly fuzzy-set enhanced
EMMS. To extend the model testing, validation and field-scale study, the user-friendly
system is applied to the Trail Road Landfill to assess future risks associated with the

ambient air, soil and groundwater.
6.1 Design of the Graphic User Interface (GUI) Supported EMMS

Besides the efforts to develop a new EMMS in terms of functionality and engineering
applicability, the system is also designed for better computational efficiency and for user-

friendliness, compared to other environmental multimedia models. Figure 6.1 presents an
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overview of the system design for EMMS. The system includes the following
components: fate and transport modules, a system graphic user interface (GUI), a system
input processing unit, and a system output processing function. The GUI is a tool to help

users use the model and process data. More details are given in the subsequent sections.

Input parameters Outputs in groundwater and ambient

Output in txt files - i Outputs in graphic files |
]

Figure 6.1 The schematic of system design

6.1.1 Engineering User Interface Design

For easy operation of the modelling system without iterative work, a graphic user
interface (GUI) has been designed using Matlab program code. The user interacts with
the GUI by communicating requirements into EMMS and manipulating functional
modules to obtain the expected results. A set of initial input data is created in the system
and is also displayed in the GUI as shown in Figure 6.2. The concentrations in the

groundwater and the ambient air in Figure 6.2 are established through appropriate
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modules and those inputs. The user can enter the needed input parameters for a special
case situation and the corresponding results are automatically presented in the “output
window” of the GUI. The graphic results are displayed in a series of figures after pushing

the “plot now”.

4.19431e-013 |

i
2.83602e-013

5.45268-013

Figure 6.2. An example of the system interface
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6.1.2 System Input Processing

Input data can be drawn up into six groups: chemical property, landfill module data,
unsaturated zone data, saturated data, and other inputs. These data relate to the site layout,
the environmental conditions, the meteorological conditions, and the chemical properties.
The detailed information about the definitions and units of these data has been presented

in Table 5.9,

6.1.3 System Output Processing

The simulation results can be output in three ways: [1] pollutant concentrations in the
groundwater and the ambient receptors presented in the GUI “output window”; [2] the
concentration distribution, the inter-media flux for conse_cutive years in txt files that are
divided into landfill file, unsaturated file, groundwater file, and ambient air quality file;
and [3] results in [1] and [2] can be displayed in the form of a Matlab figure in the order
of the evaluated year after pushing the “plot now” button on the GUI, for example, the
figures for a case study in Subsection 4.2.3 are plotted for one year of an evaluation

period (see Figure 4.5 to Figure 4.11).

6.2 Field Applications of the User-friendly EMMS

The developed user-friendly EMMS is applied to the Trail Road Landfill in this section.
All the input data are adopted from Section 5.2. For example, the modelling input

parameters are the same as those in Table 5.8 and Table 5.9. The evaluation period is
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extended to 20 years, that is, until 2011, The evaluation locations in the groundwater are
still M32 and M90, while it is assumed that there is a receptor positioned in a southwest

direction and 500 meters away from the landfill site boundary.

The simulation results contain the contaminant concentration distribution in the
environmental media and the inter-media fluxes, and the concentrations at the receptors
in the groundwater and atmosphere for each contaminant: benzene, ethylbenzene, and
toluene (BET). However, for the comparison of the variation of the contaminants in the
groundwater or in the ambient air, the outputs are discussed as two groups: the outputs

for ambient groundwater and air quality.

6.2.1 Evolution of Groundwater Contaminant in the Tail Road Landfill Site

for 2003-2011

The modelling results are obtained and displayed in Figures 6.3 to 6.5.
6.2.1.1 Modelling results and analysis

As illustrated in Figure 6.3, the average concentration of benzene decreases slowly from
5.5 mg/m> to 3.9 mg/m’® under the environmental conditions during the 9 years of the
evaluation period. That means the benzene concentration at this monitoring point
eventually meets the Ontario Drinking Water Standard (ODWS) at 5 mg/m’ as the
pollutant is diluted by the groundwater. Thus, the risk of exposure to benzene diminishes
with the time passing if the environmental conditions show no signs of significant

changes.
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Figure 6.3 Benzene concentrations at the monitoring well M90 for 2003-2011

In Figure 6.4, it can be seen that the mean ethylbenzene concentration varies
gradually from 26.3 mg/m’ to 17.4 mg/m’. There is 8.9 mg/m’ of concentration decrease
that occurs due to the groundwater dilution. However, the concentration in 2011 still

cannot be lower than the ODWS at 2.4 mg/m’.
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Figure 6.4 Ethylbenzene concentrations at the monitoring well M32 for 2003-2011
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Changing a little faster than the previous two pollutants, the mean concentration

of toluene decreases slowly from 92.7 mg/m’® to 56 mg/m’. Even 9 years after 2003, the

concentration in the groundwater is still high. It exceeds the ODWS at 24 mg/m’.

Toluene concentration at M32
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Figure 6.5 Toluene concentrations at the monitoring well M32 for 2003-2011

A comparison of the decreases of contaminants at the evaluation location over a period of

9 years shows that toluene experiences the greatest drop from 92.7 mg/m’ to 56 mg/m’,

accounting for 39.6% of the concentration at the start point of the evaluation term, The

ethylbenzene decreases from 26.3 mg/m® to 17.4 mg/m’ with a decrease of 33.8% of the

concentration during these 9 years. Benzene shows the smallest decrease of concentration,

that being 29.1% of the start concentration in 2003. The reasons for the different

decreases in these three contaminants are that their organic carbon partition coefficients

are different, significantly affecting the chemical partitioning between the liquid and solid

phases. They can be arranged in this order: benzene> ethylbenzene> toluene. Therefore,
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the greater this order, the more the contaminant is retarded at the solid phase, and the less

the amount is carried away by the groundwater flow from this consideration.

6.2.1.2 Predicted uncertainties

Fuzzy outputs of benzene concentrations at M90 are expressed in Table 6.1 and Figure
6.3. The high bond of concentration decreases from 8.0 mg/m? to 5.6 mg/m®, and the low
bond decreases form 3.0 mg/m’ to 2.1 mgm’. This indicates that the benzene
concentration at the end of the evaluation period will fall into the range of 2.1 to 5.6
mg/m’ if there are fluctuations in the environmental conditions or if there are modelling

€ITorS,

Table 6.1 Benzene concentrations at the monitoring well M90 for 2003-2011

Low bound of High bound of
Year concentration i concentrations
(mg{m“) (mg/m’)

| 2003 H 3.0 8.0 l
| 2004 “ 3.0 7.8 |
[ 2005 ![ 2.8 75 '
l 2006 || 2.7 7.2 }
[' 2007 | 26 6.9 |
l 2008 H 25 6.6 ¥
[ 2009 ” 2.4 6.2 l
| 2010 || 2.3 5.9 |
l 2011 ” 2.1 5.6 i
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The ethylbenzene concentrations are presented in Table 6.2 and Figure 6.4. The
high bond. of concentration decreases from 38.1 mg/m’ to 25.2 mg/m’, while the low
bond decreases from 14.4 mg/m> to 9.6 mg/m’. At the end point of the evaluation term,
the ethylbenzene concentration is between the scope of 9.6 mg/m’ and 25.2 mg/m’,
thereby interpreting the fluctuation of the environmental conditions and the discrepancy
in the estimates of the parameters. According to the predictions, the low bond of
predicted concentration is much greater than the ODWS at 2.4 mg/m>. That shows that

the risk receptor location under study will still be contaminated after 9 years.

Table 6.2 Ethylbenzene concentrations at the monitoring well M32 for 2003-2011

} Low bound of High bound of
Year | concentration concentrations
; (mg/m?) (mg/m?®)
[ 2009 ; 144 38.1 |
| 2004 ; 13.9 36.6 ]
| 2005 “ 13.3 35.1 ]
l 2006 H 127 33.4 |
[ 2007 J| 12.0 j 31.7 |
I 2008 1 11.3 29.9 1
| 2009 Hm 1.3 28.1 ]
| 2010 ;l 10.1 26.6 !
,l B 96 252 i

Table 6.3 and Figure 6.5 exhibit the fuzzy set outputs for the toluene
concentrations beneath the Trail Road Landfill site. The high bond of toluene
concentration decreases from 134.5 mg/m’ to 81.2 mg/m’, while the low bond decreases

from 51 mg/m’ to 30.8 mg/m’. Since the toluene is present in high initial concentration
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compared to the other two contaminants, it still ranges between 30.8 mg/m® and 81.2
mg/m’ after 9 years. The low bond of computed concentration is little over the ODWS at

24 mg/m’; thus the action should be taken to protect the downstream groundwater.

Table 6.3 Toluene concentrations at the monitoring well M32 for 2003-2011

! Low bound of High bound of
Year ; concentration concentrations
i (mg/m?) (mg/m’)
| ~2003 J}l 510 1345 |
| 2004 {L_ 48.5 127.9 |
| 2005 “ 45.8 120.9 ]
| 2006 “ 43.3 114.1 |
| 2007 ][ 40.9 107.9 |
| 2008 g 38.4 101.3 ]
l 2009 } 35.9 94.6 l
| 2010 H 333 87.9 }
| 2011 H 30.8 81.2 ‘

6.2.2 Evolution of Ambient air Quality in the Trail Road Landfill Site for

2003-2011

By using the same run, the ambient air quality is assessed for the period of 2001 to 2011.

The results are given in Figures 6.6 to 6.8.

6.2.2.1 Modelling results and analysis

The average benzene concentration in the ambient air rapidly drops from 2.991E-11

mg/m’ to 8.23E-12 mg/m’ as presented in Figure 6.6, a significant drop during the 9-year
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evolution time. The concentration for each evaluated year at exposure site is far less than
the 8.0E-2 mg/m’ of the risk assessment reference concentration (USEPA 1999a, 2002).
Thus, it can be concluded that the high-density landfill cover effectively prevents the
volatile organic compound from emitting through the landfill surface, and the risk
resulting from the inhalation of benzene for the human beings at the exposure site can be

neglected.

—-®-—Low bond of concentration
——&——Mean concentration
— —#&— —High bond of concentration

4.50E-11 +
4.00E-11 +
3.50E-11 +
3.00E-11 +
2.50E-11 +
2.006-11 +
1.50E-11 +
1.00E-11 +
5.00E-12 +

0.00E+00 } } + } ]
2002 2004 2006 2008 2010 2012

Benzene concentration at receptor
{mg/mA3)

Year

Figure 6.6 Yearly benzene concentration profile at ground surface receptor for 2003-2011

The variance of ethylbenzene concentration in the atmosphere near the landfill
site is plotted in Figure 6.7. It decreases from 2.909E-10 mg/m? to 9.1E-11 mg/m’ during

9 years. They are far less than 1mg/r‘n3 of the reference concentration (USEPA 1999a).

Thus, it is in a very safe condition.
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Figure 6.7 Yearly ethylbenzene profile at ground surface receptor for 2003-2011

Figure 6.8 shows the average concentration profile for toluene in the ambient air

downwind from the landfill. It decreases sharply from 3.773E-10 mg/m3 to 8.73E-11

mg/m’, which is far less than the 5 mg/m’ of the reference concentration (USEPA 2005).
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Figure 6.8 Yearly toluene profiles at ground surface receptor for 2003-2011
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This emission flux is mainly attributed to the combined effect of Henry's law
constant and the diffusion coefficient in the gas flux. The former characterizes the
volatility of the contaminant, while the latter determines the emission amount through the
landfill cover. Of the three contaminants, ethylbenzene has the largest Henry’s law
constant but the smallest diffusion coefficient, whereas benzene and toluene have almost
the same Henry’s law constants and diffusion coefficients. Thus, under the combined
effect of these two parameters, the emission fluxes of toluene and ethylbenzene fall in a

similar range.
6.2.2.2 Predicted uncertainties

The computed yearly variance of the benzene concentration at the receptor is given in the
form of a fuzzy set output in Table 6.4, and that of concentration are plotted in Figure 6.6.
The high bond is from 3.889E-11 mg/m’ to 1.07E-11 mg/m’, and the low bond ranges
from 2.049E-11 mg/m’® to 5.76E-12 mg/m3 for 2003-2011. Even the high bond of the
simulated benzene concentration for evéry evaluated year at the exposure site is far less
than the 8.0E-2 mg/m’ of the risk assessment reference concentration (USEPA 1999a,
2002). Thus, it can be concluded that the risk resulting from the inhalation of benzene for

human beings at the exposure site can be neglected.
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Table 6.4 Yearly benzene concentrations at ground surface receptor for 2003-2011

' Low bound of High bound of
Year concentration (mg/m3) concentrations (mglm’)
| 2003 ” 209.4E-13 B 388.9E-13 !
| 2004 H 175.5E-13 325.9E-13 i
I 2005 Jl| 148.0E-13 274.8E-13 i
[ 2006 :l 125.4E-13 232.8E-13 ’
| 2007 || toeeEs : 198.0813 |
| 2008 f  9T0EB o TR
,| 2009 H 77.9E-13 144.8E-13 }
|| 2010 | 66.9E-13 124.3E-13 |
ll 2011 J| 57.6E-13 107.0E-13 ]

The fuzzy modelling results of ethylbenzene are expressed in Table 6.5 and the
yearly concentration profile is shown in Figure 6.7. The fuzzy outputs in 2003 are
2.036E-10 mg/m’, 3.872E-10 mg/m’, and those in 2011 are 6.37E-11 mg/m’, and
1.183E-10 mg/m®. According to the lmg/r“n3 of the reference concentration (USEPA

1999a), the ethylbenzene has no adverse impact on human health at the exposure site.

Table 6.5 Yearly ethylbenzene concentrations at ground surface receptor for 2003-2011

! Low bound of High bound of
Year ] 3 3
' concentration (mg/m~) concentrations (mg/m”)
|2003 ;l ~ 203.6E-12 378.2E-12 |
2004 | 173.4E-12 321.9E-12
} 2005 i} 148.5E-12 275.7E-12 Jl
[ 2006 ” 127.8E-12 237.3E-12 ]
| 2007 H 110.4E-12 205.1E-12 ]
[ 2008 ] 05.8E-12 T177.9E12 |
| 2009 ” 83.4E-12 154.9E-12 \
| 2010 || 72.8E-12 135.2E-12 j
| 2011 i[ 63.7E-12 118.3E-12 ;
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The toluene concentrations for each evaluated year are displayed in Table 6.6.
Figure 6.8 shows that the low bond of estimated concentration decreases considerably
from 2.641E-10 mg/m’ to 6.11E-11 mg/m’ and the upper limit decreases from 4.905E-10
mg/m’ to 1.135E-10 mg/m’. The toluene concentrations at the assessment receptor are
much smaller than 5 mg/m”® of the reference concentration (USEPA 2005) so that the risk

impact of toluene on human health is negligible.

Table 6.6 Yearly toluene concentrations at ground surface receptor for 2003-2011

i Low bound of High bound of
Year 3 3
j concentration (mg/m”~) concentrations (mg/m°)
‘|W5665 — [ ~ 264.1E12 490.5E-12 |
| 2004 H 216.8E-12 402.6E-12 1
| 2005 “ 178.9E-12 322.2E-12 |
[ 2006 § 148.3E-12 275.3E-12 1
| 2007 H 123.4E-12 229.1E-12 |
| 2008 H 103.0E-12 191.4E-12 |
] 2009 “ 86.3E-12 160.4E-12 |
| 2010 H 72.6E-12 134.8E-12 |
| 2011 || 61.1E-12 113.5E-12 ]
—_
6.3 Summary

A user-friendly GUI is designed for the developed EMMS. All the required input
parameters are arranged in six input categories, making the interface clear and casy to
understand.

EMMS and the fuzzy-set enhanced EMMS are applied to the Trail Road Landfill

to simulate BET concentration profiles in the groundwater and the air from 2003 to 2011
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and to assess the potential risk to humans of exposure to BET. In general, some
conclusions can be obtained from the EMMS execution for future predictions:

1. Contaminant gas diffusive flux and dissolution in leachate are dominant
mechanisms for the landfill of 6-year age. The landfill cover with high density prevents
the emission of a contaminant gas from a landfill surface. Therefore, the emission flux
from the landfill is a minor portion of contaminant release from a landfill.

2. The selection of input parameters has significant effects on the outputs of the
modelling because of the uncertainties in the model formulation and in input parameters.
The application of a fuzzy set to modelling inputs can handle these uncertainties with a
fuzzy output and can give a more effective decision space for environmental
management.

3. The quality and availability of field data influences the modelling outputs.

This has also been reasonably handled by the fuzzy-set approach.
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Chapter 7

Conclusion and Future Study

7.1 Conclusion

A new environmental multimedia modelling system (EMMS-PRO) has beeﬁ developed
in this present thesis study, which is intended to address the risks that arise from a
contamination site with multimedia impacts. The modelling system is composed of four
key modules: the polluting source (landfill) module, the unsaturated zone module, the
groundwater module, and the air dispersion module. Critical improvements over previous
EMMS are achieved by dynamically quantifying the intermedia mass flux and by thus
enabling the developed EMMS to address complex multimedia environmental problems.
In addition to this consideration, individual module components are thoroughly designed
as solid model components capable of dealing with single medium pollution risks.

The dévelope_:d EMMS-PRO has been systematically tested and validated by
using a series of case studies and comparisons with literature data and field observations.

Both the verification studies and the validation studies conducted in this present thesis
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study indicate that the developed EMMS-PRO is a solid, versatile, and useful
environmental multimedia risk assessment tool.

In order to make the developed system more useful and applicable, an effective
uncertainty quantification technique based on fuzzy-set theory has been embedded in key
modules and parameters based on an engineering consideration. It has been proved that
this enhancement significantly helps the developed EMMS-PRO to deal with a huge
amount of various uncertainties associated with environmental multimedia modelling
practices.

Finally, a user-friendly GUI has been developed for EMMS-PRO to facilitate
technology transfer and to provide significant help for the processing of model input and

output.

7.2 Research Contributions

In addition to the conclusions in section 7.1, the research contributions for this present
thesis study are summarized below:

1. A new user-friendly fuzzy-set enhanced environmental multimedia modelling
system (EMMS-PRO) has been developed.

2. The developed EMMS is grounded on the extension of previous efforts in
single-medium or single-system modelling. Especially, the technical considerations of
inter-media mass transfers or fluxes between air, the pollution source zone, soil, and‘

- groundwater are systematically considered in the first time. This makes of the developed
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EMMS-PRO a unique risk assessment tool to address complex multimedia environmental
pollution problems.

3. Two important enhancements have been made to enable the developed
EMMS-PRO to be more useful and applicable. These enhancements are an innovative
use of fuzzy-set theory to quantify various uncertainties and a user-friendly engineering
interface.

4. The developed system has been systematically tested and validated, showing
that EMMS-PRO can contribute extensively to environmental risk assessment and to

effective pollution control decisions.
7.3 Recommendation for Future Studies

Future studies that can be recommended are the following:

1. This study is the first engineering attempt in this field, part of dynamics
including mass transfer and the flow involved are considered under equilibrium and
steady-state conditions. Future study can include non-equilibrium and non-steady-state
conditions.

2. Diffusion coefficients in the gas and liquid phases in a pollution source
module and diffusion coefficients in soil and groundwater are estimated by using
empirical equations that are derived from particular situations. Thus, this estimation may
contribute to certain imprecision for different field conditions. It is recommended that

more methods be examined.
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3. Seepage velocities in an unsaturated zone and a saturated zone are estimated
using Darcy’s law and are regarded as constant during the evaluation period. In reality,
however, these velocities will deviate from this assumption and vary from time to time.
In future studies, the variable seepage velocity in the aquifer zone can be considered and
simulated by integrating sub-models characterizing the seepage velocity as the function
of the meteorological conditions.

4. The effects of infiltration have been studied in the present thesis. However,
the impact of precipitation needs to be further considered in the future. That will involve
more hydrological input or a hydrological module.

5. In present uncertainty analysis, the quantification of uncertainties is obtained
from iterative simulations. These results can be combined with sensitive analysis to

understand more about important model uncertainties.
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Appendix

Derivation of Equation [3.38]

t
== = my expl- (y + p)t]- uM (1)
The Laplace transform of Equation [3.39] is;

sM(s)~M(0>=;—~”—1—°-—- M (s)

+y+y_
where s is Laplace transform variable.
With the initial condition M(0)=0
Equation [A.1].can be in the form of:

my

M(s)=
(s+u)s+u+y)

In order to solve Equation [A.2], we change it to be:

M(s):ﬁ( S ]
yAS+U S+u+y

inverting Equation [A.3], the solution to Equation [3.39] can be obtained:

M) = —"—;— [exp(~pt) — exp(~p — )]

which is Equation [3.38].
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