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Abstract The environmental fate of chemicals describes the processes by which
chemicals move and are transformed into the environment. Environmental fate
processes that should be addressed include: persistence in air, water and soil;
reactivity and degradation; migration in groundwater; removal from effluents by
standard wastewater treatment methods and bioaccumulation in aquatic or terres-
trial organisms. Environmental fate models are by no means compulsory for
managing priority substances. Efficient source control can be done without them,
i.e. by reducing emissions gradually and monitoring the environment to track
changes. However the environmental fate models are proposed for use for two
main reasons: (a) because the quantitative models can improve the understanding of
the managed system and (b) because the models can be used to predict long-term
impacts of planned actions. Furthermore the residence times of some of the priority
substances may be very long (e.g. 50 years for mercury in water column); therefore,
only monitoring could be not enough to detect if the taken measures are enough to
reach the good ecological status. The use of environmental fate models in decision
making is not a new concept. They are routinely used in the framework of
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environmental risk assessment. The output of environmental fate models can be
expressed as time series of predicted concentrations in different medium of both
indoor and outdoor environments.
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Contents

1 INEEOAUCHION . . aaaaes 48
Multimedia MOdeLS . ...ttt ettt 50
2.1 Fugacity and Markov Chain Principles ......... ..., 51

3 Models DESCIIPLION . ...ttt ittt et 52
T B 0 )7 ) 52
3.2 ChemCAN MOl ...ttt eeaeeeeeenns 54
3.3 CHEMGL ... e 55
34 GREAT-ER Model ....ooiiiiiiiiiiii e 55
3.5 SImpleBoX MOl . ... 58
3.6 BETR MoOdel ... 59
I A 1 X 0 ) 60
3.8 XraFOD MOl ... .ttt 62
RIS I ol U\ [ Ko o) I 64

I 7o) 163 L1 ) o) 4T PP 66

G (S5 (=] 1 11 67

1 Introduction

The environmental fate of chemicals describes the processes by which chemicals
move and are transformed into the environment. Environmental fate processes that
should be addressed include: persistence in air, water and soil; reactivity and
degradation; migration in groundwater; removal from effluents by standard waste-
water treatment methods and bioaccumulation in aquatic or terrestrial organisms.

To address media-specific problems, single-media models for air, surface water,
groundwater and soil pollution have been developed and used by different
disciplines. Although these models generally provide detailed description of the
pollutant distribution in space and time and incorporate mass transfer from other
media as boundary conditions, they are not capable of characterizing the total
environmental impact of a pollutant release. Multimedia models have been, there-
fore, developed to predict the concentration of chemicals in multiple environmental
media simultaneously with consideration of chemical transport and transformation
within and among media [1].

In this chapter, a brief description of the concepts and tools available for
multimedia modelling to support the environmental risk assessment is given. The
environmental fate assessment is the base of a more complex study, the
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Fig. 1 Integrated environmental health risk assessment scheme (based on [2]); the boxes within
the red line are the issues discussed in this chapter

environmental health and risk assessment (Fig. 1). Each of the tools is summarized
and evaluated by a fixed number of principal characteristics:

Impact categories (model outputs): eco-toxicity impacts and/or human toxicity
impact

Exposure routes: ingestion, inhalation, dermal

Fate, exposure and effect: if fate, exposure and effect analyses are included or
not

Chemicals considered: organic pollutants and/or metals

Media considered: air, water (fresh, ground, sea, etc.), soil, sediment, vegetation,
food chain, etc.

Spatial variation: regional scale, continental scale, global scale, country and
seas boundaries

Source code availability

Model availability: pay model or free model

Availability for sensitivity and uncertainty analyses

Population category: if the differences in man/woman and adult/child are
considered or not

This chapter considers the recently developed tools and the latest versions of the

old tools. Some of the tools comprise not only the environmental compartments
used on environmental risk assessment but also the human compartment necessary
for human health risk assessment. For this reason, when summarizing the models,
as described in the second part of this chapter, several characteristics of human
compartment are discussed as well. However, a detailed description of human
compartment together with a wide range of tools developed for exposure and
human risk assessment is presented in the next chapter.
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2 Multimedia Models

Based on the descriptions of spatial variation in each environmental compartment,
multimedia models can be categorized into multimedia compartmental models
(MCMs) [3-20], spatial multimedia models (SMs) [21-24] and spatial multimedia
compartmental models (SMCMs) [25-27]. MCMs assume homogeneous landscape
properties in each medium and assume all environmental compartments are well
mixed. SMs are collections of single-media models in which the output of one
model serves as the input to the others. Each individual model in the SMs is a spatial
model describing the variation of environmental properties in one or more
directions. SMCMs are similar to MCMs, but consider one or more environmental
compartments as nonuniform regions.

In order to achieve that an environmental fate model is successfully applied in a
screening level risk assessment and ultimately incorporated into the decision-
making tools, the model should have computational efficiency and modest data
input. Moreover, the model should incorporate all relevant compartments and all
sources of contamination and should consider the most important mechanisms of
fate and transport. Although spatial models describe the environment more accu-
rately, such models are difficult to apply because they require a large amount of
input data (e.g., detailed terrain parameters, meteorological data, turbulence
characteristics and other related parameters). Therefore, MCMs are more practical,
especially for long-term environmental impact evaluation, because of their modest
data requirements and relatively simple yet comprehensive model structure. In
addition, MCMs are also widely used for the comparative risk assessment of new
and existing chemicals [28—33].

Among MCMs reported in environmental science literature, the following
models are most widely used: CalTOX [7, 8], ChemCAN [12], HAZCHEM [10],
SimpleBox [9], Qwasi [34], and 2-FUN TOOL [20]. Most of these models consider
the lower atmosphere (troposphere), surface water, soil and sediment as the main
compartments, with some sub-compartments or add-on indirect exposure models
(e.g., vegetation) included. CalTOX has the capability to estimate chemical con-
centration in groundwater based on the leachate from the vadose-zone soil, and
ChemCAN considers the chemical transfer from the air compartment to higher
altitude. However, all of these models do not treat some important compartments,
such as the stratosphere and groundwater, as separate compartments. The inclusion
of the stratosphere compartment in a model enables an individual to estimate the
ozone depletion potential for existing or new chemicals.

Although some of the other existing models treat the vegetation as a separate
compartment [14, 35, 36] and some include the groundwater as a main compart-
ment [4, 11], none of the models incorporates all important compartments at the
same time. However, ignoring some important compartments may result in large
difference of concentration in the media of interest. For example, the inclusion of a
canopy compartment decreases the average air concentrations during the growing
season by a factor of 5 for some semi-volatile organic compounds [37]. Therefore,
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the CHEMGL multimedia model has been developed by Zhang et al. [38], which
includes all the relevant aforementioned compartments. This may represent an
improvement over the existing models developed before.

2.1 Fugacity and Markov Chain Principles

Most of the above-mentioned models are based on the fugacity principle. The term
“fugacity” was introduced in 1901 by G.N. Lewis to describe the “escaping”
tendency of a chemical species from a particular environmental compartment
(e.g., air, water, soil, etc.). Where chemical potential within a particular compart-
ment is related logarithmically to concentration, the equilibrium criterion of fugacity
is linearly related to concentration. Fugacity (f) has units of pressure and environ-
mental compartments, in equilibrium with each other, have equal fugacity values
(i.e., the tendency to leave one compartment and enter a second is equal to the
tendency of the chemical to leave the second and enter the first). Each environmental
medium has a certain fugacity capacity (Z) that describes the relationship between
chemical concentration and fugacity in the same way that heat capacity describes the
change in temperature of a given material for a particular input of heat. Thus,
environmental media with high Z values can retain greater amounts of a given
chemical while maintaining low fugacity values.

The earliest or Level I fugacity models simulate the simple situation in which a
chemical achieves equilibrium between a number of phases of different composi-
tion and volume. The prevailing fugacity is simply f = M/>V; x Z;, where M is the
total quantity of chemical (mol), V; is volume (m?), and Z; is the corresponding
phase Z value (mol Pa~' m ™). Although very elementary and naive, this simulation
is useful as a first indication of where a chemical is likely to partition. It is widely
used as a first step in chemical fate assessments.

More realistic Level II fugacity models introduce the rate of chemical reaction or
degradation and advection, but interphase equilibrium is still assumed. Level III
fugacity models introduce inter compartmental transfer rates, thus equilibrium no
longer applies. For Level III fugacity models it is then necessary to specify the
chemical’s mode-of-entry to the environment, that is, to air, water, or soil, or some
combination of these media. Valuable insights obtained from these models include
those of overall chemical persistence or residence time and potential for long-range
transport (LRT) in air or water. Level IV fugacity models, which involve the
solution of differential mass balance equations, can be used to describe the time
dependent or dynamic behavior of chemicals.

Besides the fugacity models, the environmental science literature reports the use
of models based on Markov chain principle to evaluate the environmental fate of
chemicals in multimedia environment. Markov chain is a random process, and its
theory lies in using transition matrix to describe the transition of a substance among
different states [39, 40]. If the substance has all together n different kinds of states,
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which are expressed asi = 1, 2, ..., n, the transition matrix would be described as
the following matrix:

Pt P12 - P
p—|Pn P2 - Pm :
Pnl DPn2  DPmn

where the element p;; in the matrix is the transition probability for the substance
transiting from state 7 to j in each unit time. Supposing the initial state vector of the
substance is T(0) = (y19, Y20, - - -» Yn0), at k time, the state vector will be

T(k) = T(0) x Pk.

This approach has been extensively applied to fields as agriculture [41, 42],
forestry [43], biology [44, 45], medicine [46, 47], business [48, 49] and chemical
engineering [50, 51], whereas in environmental protection, it was used to evaluate the
operation of environmental facilities [52], and the transportation of pollutants along
the food chain in ecological system [53]. However, Markov chain approach used for
evaluation of environmental fate of chemicals in environment multimedia was
recently adopted as reported by Zhang and Dai [54] and Dazhi and Xugian [55].
The studies were developed at regional scale and mainly for PAHs organic pollutants.

3 Models Description

As already mentioned before, a list of nine models, comprising six models describ-
ing the fate and transport of chemicals in the environmental compartments (Qwasi,
ChemCAN, CHEMGL, GREAT-ER, SimpleBox, BETR) and three models able to
assess the fate and transport of chemicals in the environmental and human
compartments (CalTOX, ExtraFod, 2-FUN Tool) are described in this section.
The next chapter gives detailed descriptions of the human compartment and the
processes necessary for exposure and human health risk assessment.

3.1 Qwasi

The quantitative water air sediment interaction (Qwasi) model was developed in
1983 in order to perform a mathematical model which describes the behavior of
the contaminants in the water. Since there are many situations in which chemi-
cal substances (such as PCBs, pesticides, mercury, etc.) are discharged into a
river or a lake resulting in contamination of water, sediment and biota, it is
interesting to implement a model to assess the fate of these substances in the
aquatic compartment [34].

The Qwasi model estimate the fate of a chemical in a water system (lake, river,
etc.) consisting of water, bottom and suspended sediments, and air. The model is



Environmental Fate Models 53

(BOTH RAIN & AIR PARTICLES
IN EQUILIBRIUM WITH AIR)

A Pa
AR AIR PARTICLE
AIR/WATER EXCHANGE
fl Pa RAIN-OUT & DEPOSITION
(WET & DRY) ABSORPTION VOLATILIZATION
AR
GM!DM Ga,pQ ] DIV ov
AW m
WATER +— J’ WATER
INFLOW = GI,DI == —GJ,DJ —s= OUTFLOW
- i SUSPENDED
SUSPED GX, DX WATER £S5 & SUSPENDED SEDIMENT 3 —GY.DY—s SUSPENDE
IN EQUILIBRIUM WITH WATER
SEDIMENT i OuTFLOW
INFLOW f:i_::) @ YW m ~— DW—= WATER
W Pa TRANSFORMATION
EMISSIONS ==~ E =f—= VB m? VP m3
@ SEDIMENT SEDIMENT  SEDIMENT/WATER
RESUSPENSION DEPOSITION DIFFUSION
2
GR,DR GD,DD DT DT - AS m
SRR Y e lFrel] o SEDIMENT
' TRANSFORMATION

e S :
GB,DB [
SEDIMENT

BURIAL

Fig. 2 Qwasi processes considered [34]

Table 1 Principal characteristics of Qwasi model (based on [34])

Principal characteristics Mathematic for fate calculations of water systems
Impact categories Ecotoxicological effects
Exposure routes Not considered
Fate, exposure and effect Only fate of chemicals in water systems
considered
Chemical considered Organic and inorganic chemicals
Media considered Not considered
Spatial variation Local scale
Source code availability Yes, equations available
Model availability Yes
Dynamic or steady-state Both steady an unsteady state considered
Availability for sensitivity and uncertainty Not considered
analyses
Population category Not considered

based on the fugacity concept which provides an overview of the contaminants in
the aforementioned compartments.

The model is composed by different equations which in all cases can be used in
unsubscribed format in a basic language program. An important point to highlight is
that Qwasi takes into account both steady and unsteady state solutions for the
equations for systems involving contamination of lakes (or rivers). The equations
considered by Qwasi involve more than 15 physicochemical processes (such as
partitioning, sediment transport, deposition, etc.) to estimate the fate of the studied
system. These processes and the main involved variables and parameters are
summarized in Fig. 2.

As summary, the principal characteristics of the Qwasi model are listed in
Table 1.
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3.2 ChemCAN Model

The ChemCAN model describes the fate of a chemical in a region, assuming steady
state conditions in the environment. The model estimates average concentrations in
four primary environmental media consisting of air, surface water, soil, and bottom
sediment, and three secondary media consisting of groundwater, coastal water and
terrestrial plants. Chemical fate is determined through the solution of the set of
mass balance equations for the primary media as described by Mackay [56]. The
model is intended to assist in human exposure assessment where a specific target
population may be identified.

This model was originally designed for use in Canada. Therefore, a database
of 24 regions of Canada is available. However, other regions can be defined by
the user. In the model, the appropriate dimension of surface areas is set between
100 km x 100 km and 1,000 km x 1,000 km. The regional divisions of Canada
were based on the eco-zones identified by Environment Canada and with consid-
eration of the distribution of population and industrial activity, political
boundaries, drainage basins, and climate to give areas of sufficiently homoge-
neous ecological conditions such that meaningful assessments of chemical fate
can be conducted.

The transparency of this model was achieved by making it possible for the user to
view the equations within the model. By viewing a section of the program code, the
user can know how this steady-state model mimics the physical reality. The model
is intended to provide regionally specific estimates of chemical concentrations in
the primary media. These estimates can be compared to monitoring data and be
used for exposure estimation.

A current application of this model was presented in Webster et al. [57] and its
main characteristics are presented in Table 2.

Table 2 Principal characteristics of the ChemCAN model

Principal characteristics
Impact categories
Exposure routes

Fate, exposure and effect
Chemical considered
Media considered

Spatial variation

Source code availability

Model availability

Dynamic or steady-state

Availability for sensitivity and
uncertainty analyses

Population category

Multimedia model with steady-state condition

Human toxicity

Not specified

Fate

Organic compounds and non-volatile compounds

Air, surface water, soil, bottom sediment, groundwater,
coastal water, and terrestrial plants

Regional

Yes

Yes

Steady-state

No

No
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3.3 CHEMGL

Increasing concern about environmental problems as ozone depletion, groundwa-
ter pollution and human health risks via exposure from the food web suggests it
would be valuable to construct a model that includes the compartments of the
upper atmosphere (stratosphere), groundwater and vegetation. The CHEMGL
model was developed with this scope. Furthermore, the model is capable of
providing the information about whether a chemical will accumulate in the
lower atmosphere or upper atmosphere. If a chemical accumulates in the air
boundary layer (ABL), it will cause problems locally. However, if it accumulates
in the stratosphere, it presents a great possibility to lead to global problems.

Moreover, most environmental multimedia models are used for exposure assess-
ment, but few are linked with decision-making tools for screening level manufacturing
process design. CHEMGL has the advantage of a possible incorporation into an
economic and environmental decision analysis tools. This tool allows an individual
to make decisions for manufacturing processes based on environmental, safety and
economic criteria. In such tools, CHEMGL is used to estimate the concentration of a
chemical and is linked with a risk index calculator for the evaluation of several
environmental impacts resulting from chemical manufacturing [58].

As shown in Fig. 3, CHEMGL considers 10 major well-mixed compartments: air
boundary layer, free troposphere, stratosphere, surface water, surface soil, vadose
soil, sediment, ground water zone, plant foliage and plant route. In each compart-
ment, several phases are included, for example, air, water and solids (organic
matter, mineral matter). A volume fraction is used to express the ratio of the
phase volume to the bulk compartment volume. Furthermore, each compartment
is assumed to be a completely mixed box, which means all environmental
properties and the chemical concentrations are uniform in a compartment. In
addition, the environmental properties are assumed to not change with time.
Other assumptions made in the model include: continuous emissions to the
compartments, equilibrium between different phases within each compartment
and first-order irreversible loss rate within each compartment [38].

The main characteristics of the CHEMGL model are summarised in Table 3.

3.4 GREAT-ER Model

The GREAT-ER model was developed as an aquatic chemical exposure prediction
tool for use within environmental risk assessment (ERA) schemes and river basin
management. The GREAT-ER software calculates the distribution of predicted
environmental concentrations (PECs) of consumer chemicals in surface waters.
Compared with other regional generic models, realism is increased within
GREAT-ER by incorporating spatial and temporal characteristics of the receiving
environment in the models and underlying databases (Fig. 4). The design of the
GREAT-ER system has been approached in a modular way containing: the data
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Fig. 3 The MCM domains and fate mechanisms incorporated into CHEMGL [38]

Table 3 Principal characteristics of CHEMGL model (based on [38])

Principal characteristics
Impact categories
Exposure routes

Fate, exposure and effect
Chemical considered
Media considered

Spatial variation

Source code availability

Model availability

Dynamic or steady-state

Availability for sensitivity and
uncertainty analyses

Population category

Multimedia model for fate and exposure analyses of chemicals
Ecotoxicological effects

Not considered

Fate and exposure of chemicals considered

Organic chemicals

Air (free troposphere, stratosphere), water (surface and ground
water), soil (two layers), sediment, vegetation (plant foliage

and plant route)
Local scale

Yes, equations available

Yes

Both steady an unsteady state considered

Not considered

Not considered

manipulation module, hydrology module, the waste pathway and river modelling
module and the end-user desktop GIS module [60].

In the data manipulation module, input data sourced from several databases and
from the hydrology module are transformed into appropriate geographical informa-
tion system (GIS) formats [61]. Before that, the hydrology module combines
several hydrological databases with a hydrological model, providing to the
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by Schowanek and Webb [59])

GREAT-ER system the required river flow distributions, flow velocities and river
characteristics.

The waste pathway and river modelling module is used for the prediction of
chemical emission, of chemical removal/transformation during conveyance and
treatment, and of chemical fate in rivers [62]. Chemical fate in wastewater treat-
ment plants (WWTP) and in rivers is described deterministically, with several
levels of complexity being available to reflect the available information concerning
both the chemical and the environment.

In the last module, the end-user desktop GIS, access to and visualization of the
databanks and model results is achieved, as well as the linking of the models with
the data banks. The GIS databanks, the waste pathway models and the river models
are integrated into one coherent simulation system. Such integration process results
in an operational end-user system, which runs on a PC platform. The hydrological
models and the ARC/INFO spatial data processing steps are not integrated into the
end-user software system. The user interface is the front-end between the user and
the software system. It allows the selection of catchments, chemicals as well as the
input of model and scenario parameters. The user interface also handles filtering
and visualization of model results by the GIS. Avenue (ESRI®) has been used for
the development of this interface in an ARCVIEW (ESRI®) environment.
ARCVIEW® 3.0a or 3.1 software is required to run GREAT-ER. Furthermore, a
variety of river catchments in the EU are available to the user or under development
(www.great-er.org).

In Table 4 an overview of the principal characteristics of GREAT-ER model is
presented.
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Table 4 Principal characteristics of GREAT-ER model (based on [60])

Principal characteristics Aquatic chemical exposure prediction tool
Impact categories Ecotoxicological effects
Exposure routes Not considered
Fate, exposure and effect Fate and exposure of chemicals in surface water
Chemical considered Organic and inorganic chemicals
Media considered Not considered
Spatial variation Regional scale
Source code availability Yes
Model availability Yes
Dynamic or steady-state Steady-state
Availability for sensitivity and uncertainty Yes
analyses
Population category Not considered

3.5 SimpleBox Model

SimpleBox is a nested multimedia environmental fate model in which the environ-
mental compartments are represented by homogeneous boxes. It consists of five
spatial scales; a regional scale, a continental scale and a global scale consisting of
three parts, reflecting arctic, moderate and tropic geographic zones (Fig. 5)

SimpleBox is a generic model, it can be customized to represent specific envi-
ronmental situations. In its default setting, the SimpleBox computation represents
the behavior of micropollutants in a regional and continental scale, representing a
densely populated Western European region, and the whole European Union,
respectively. SimpleBox follows the Mackay concept of sequentially carrying out
the modelling procedure at different stages of complexity of “levels” [56]. The
model allows to perform the non-equilibrium, steady-state computation, as well as
the quasi-dynamic non-equilibrium, non-steady-state computation.

Whereas the fugacity approach was used by Mackay for the computation of mass
flows and the concentration levels, the SimpleBox adopt the concentration-based
“piston velocity” type mass transfer coefficients (ms™~'). This is, mainly, because
most scientific papers express the mass transfer in these terms, rather than in terms
of the fugacity-based “conductivity” type coefficients (mol h~' Pa~"). Furthermore,
the transfer and transformation phenomena are treated as simple pseudo first-order
processes, similar to Mackay models.

The environmental compartments are represented by boxes and the concentra-
tion of a chemical in these boxes is affected by processes that cause mass flows of
the chemical to and from the boxes. The chemical can be input into a box from
outside the system, output from a box to outside the system, or transported by
means of advective or diffusive processes to and from other boxes. A mass balance
equation can be written for each of the boxes representing the mass flow of the
chemical. Generally, the magnitude of these mass flows depends on the concentra-
tion of the chemical in the boxes. If mathematical expressions which relate the mass
flows to the concentrations are available, the set of mass balance equations (one for
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Table 5 Principal characteristics of SimpleBox model (based on [63])

Principal characteristics Nested multimedia environmental fate model
Impact categories Ecotoxicological effects
Exposure routes Not considered
Fate, exposure and effect Just the fate of chemicals is considered
Chemical considered Organic chemicals
Media considered Air, water, soil, sediments and vegetation
Spatial variation Regional, continental and global scale
Source code availability Yes
Model availability Yes
Dynamic or steady-state Steady-state and quasi-dynamic
Availability for sensitivity and uncertainty Not considered

analyses
Population category Not considered

each box) can be solved. Therefore, the concentrations in each of the boxes can be
computed.

An overview of the principal characteristics of the SimpleBox model is given in
Table 5.

3.6 BETR Model

The BERT model is based on the fugacity concept and exploits existing contami-
nant fate modelling techniques. The BERT model is built on a general framework
that links individual regional contaminant fate models to create a model that
encompasses a larger, spatially heterogeneous area. It can thus address issues of
long-range transport of chemicals between regions within the continent [64].
Background concentrations can be specified to include advective inflow of
chemical in air or water from outside the model area, or the regional environments
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can be linked into a closed system. Thus the framework is capable of describing
contaminant fate on specific national, continental, or even global scale. Appropriate
boundary conditions must, of course, be selected for each system. Models of larger
geographic areas are built up from box models of chemical fate in smaller regions,
with regional boundaries selected to account for considerations such as geographic
features, political boundaries and chemical use patterns. The BERT model, for
example for North America, is composed of 24 linked regional environments with
boundaries based on geographic features, principally watersheds and soil types.

In the BERT model, the environment in each region is described as a connected
system of seven discrete, homogeneous compartments. Describing the environment
in this fashion is a characteristic of multimedia environmental models, and all
models of this type use a similar approach, as already specified in the previous
described models. Furthermore, the number of compartments considered in existing,
and partially described in this chapter, models varies from two, for simple aquatic
fate or air—soil interaction models, to about 10 for models of regional environments
that include different soil and water types in individual regions. Figure 6 illustrates
the seven compartment regional environment of the BETR model framework
whereas in Table 6 are given its main characteristics.

3.7 CallTOX

The CalTOX model was originally developed as a set of spreadsheet models and
spreadsheet data sets for assessing human exposures from continuous releases to
air, soil, and water [7]. Hertwich [65-67] applied the CalTOX model for the
assessment of human toxicity in Life Cycle Assessment (LCA). Ecotoxicicity is
not evaluated in the model.

The current version of CalTOX (CalTOX4) is an eight-compartment regional
and dynamic multimedia fugacity model. CalTOX comprises a multimedia transport
and transformation model, multi-pathway exposure scenario models, and add-ins to
quantify and evaluate variability and uncertainty. To conduct the sensitivity and
uncertainty analyses, all input parameter values are given as distributions, des-
cribed in terms of mean values and a coefficient of variation, instead of point
estimates or plausible upper values.

Sub-systems included in CalTOX refer to the prediction of the fate, the exposure
and the effect. Next, a brief description of these sub-systems is given:

e Fate and exposure analyses. The multimedia transport and transformation model
is a dynamic model that can be used to assess time-varying concentrations of
contaminants that are placed in soil layers at a time-zero concentration or
contaminants released continuously to air, soil, or water. This model is used for
determining the distribution of a chemical in the environmental compartments.
An overview of the partitioning among the liquid, solid and/or gas phases of
individual compartments is presented in Fig. 7. The exposure model encompasses
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Fig. 6 Environmental compartments and contaminant fate processes in region “i”” of the BETR
linked regional model framework as described by MacLeod et al. [64]

Table 6 Principal characteristics of BETR model (based on [64])

Principal characteristics
Impact categories
Exposure routes

Fate, exposure and effect

Chemical considered
Media considered
Spatial variation

Source code availability

Model availability

Dynamic or steady-state
Availability for sensitivity and uncertainty analyses

Population category

Multimedia environmental fate model
Ecotoxicological effects

Not considered

Just the fate of chemicals is considered
Organic chemicals

Air, water, soil, sediments and vegetation
Regional, continental and global scale
Yes

Yes

Steady-state and dynamic

Not considered

Not considered

23 exposure pathways through inhalation, ingestion of foods and dermal contact.
They are used to estimate average daily doses within human population linked
geographically to a release region. More information characterizing this type of
models are given in the next chapter.

o Effect analysis. The CalTOX scheme can calculate cancer and non-cancer
human toxicity potential (HTP) values for air and surface water emissions of
330 compounds. However, more information concerning the HTP and toxicity of
a compound are available in the next chapter.



62 N. Suciu et al.

Plants compartment Air compartment

net diffusion convective loss from the air

compartments

particle deposition (

Surface-water

deposition compartment

deposition &

. resuspension
Ground-surface soil

compartment

Mass
transfer

Bottom
sediment

Infiltration to

" ground water
Root-zone-soil Vadose-zone-soil

compartment compartment

Fig. 7 Overview of the partitioning among the liquid, solid and/or gas phases of individual
compartments [8]. Note: In the current version of CalTOX (CalTOX4), the plant compartment
comprises two sub-compartments [plant surfaces (cuticle) and plant leaf biomass (leaves)]

The main characteristics of the CalTOX model are presented in Table 7.

3.8 XtraFOD Model

The XtraFOOD model was developed within the framework of a research project
initiated by the Flemish Institute for Technological Research (VITO) [69]. The
model calculates transfer of contaminants in the primary food chain (Fig. 8). In the
project, the transfer model was coupled with historical food consumption data to
estimate human exposure to contaminated food products. The model focuses on the
terrestrial food chain. The XtraFOOD model consists of three modules, which are
inter-linked:

* A mass balance model at the farm level: Calculation of inputs and outputs.

e Bio-transfer module: Calculation of the transfer of contaminants to vegetable
products (vegetables, cereals, animal feed) and animal products (meat, milk
dairy products, poultry, eggs).

e Exposure and impact module: Calculation of the exposure from food (and other
exposure routes) and comparison with reference values.
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Table 7 Principal characteristics of the CalTOX (based on [68])

Principal characteristics Multimedia model for fate analysis and extensive analysis
of exposure pathways

Impact categories Human toxicity

Exposure routes Inhalation, ingestion and dermal contact

Fate, exposure and effect Fate, exposure and effect are considered

Chemicals considered Organic and inorganic compounds

Media considered Air, water, sediments, three soil layers, vegetation (two
sub-compartments)

Spatial variation Not considered

Source code availability Yes, as Excel spreadsheet

Model availability Yes

Dynamic or steady-state Dynamic

Availability for sensitivity and Yes

uncertainty analyses
Population category Not considered
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Fig. 8 Overview of contaminant flows in a model agro-ecosystem to the food chain [69]

The XtraFOOD model calculates as output the food intake and resulting con-
taminant intake, independently for age and gender categories. Exposure can be
calculated as being representative for a population or separately for local and
background intake. All these intakes are linked to the model output. Additional
intakes are provided to add concentration data in non-farm-related foods (e.g. fruit
juice, fish, etc.).

An overview of the principal characteristics of the XtraFOOD model is given in
Table 8.
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Table 8 Principal characteristics of the XtraFOOD model

Principal characteristics Multimedia model focused on the primary food
chain

Impact categories Human toxicity

Exposure routes Ingestion

Fate, exposure and effect Fate and exposure are considered

Chemicals considered Organic compounds and heavy metals

Media considered Air, soil, farm-related crops, animal

Spatial variation Not considered

Source code availability Not considered

Model availability Not specified

Dynamic or steady-state Steady-state

Availability for sensitivity and uncertainty Yes

analyses
Population category Age and gender are considered

3.9 2-FUN Tool

2-FUN tool is a new integrated software based on a multimedia model, physiologi-
cally based pharmacokinetic (PBPK) models and associated databases. The tool is
a dynamic integrated model and is capable of assessing the human exposure to
chemical substances via multiple exposure pathways and the potential health risks
(Fig. 9) [70]. 2-FUN tool has been developed in the framework of the European
project called 2-FUN (Full-chain and UNcertainty Approaches for Assessing
Health Risks in FUture ENvironmental Scenarios: www.2-fun.org).

The multimedia model present in the 2 FUN tool was developed based on an
extensive comparison and evaluation of some of the previously discussed multime-
dia models, such as CalTOX, Simplebox, XtraFOOD, etc. The multimedia model
comprises several environmental modules, i.e. air, fresh water, soil/ground water,
several crops and animal (cow and milk). It is used to simulate chemical distribu-
tion in the environmental modules, taking into account the manifold links between
them. The PBPK models were developed to simulate the body burden of toxic
chemicals throughout the entire human lifespan, integrating the evolution of the
physiology and anatomy from childhood to advanced age. That model is based on a
detailed description of the body anatomy and includes a substantial number of
tissue compartments to enable detailed analysis of toxicokinetics for diverse
chemicals that induce multiple effects in different target tissues. The key input
parameters used in both models were given in the form of probability density
function (PDF) to allow for the exhaustive probabilistic analysis and sensitivity
analysis in terms of simulation outcomes [71].

The environmental multimedia and PBPK models were built and linked together
on the common platform software called Ecolego™ (www.facilia.se). One of the
main characteristics of Ecolego system is the use of Interaction Matrices to build and
visualize models (Fig. 10). The effective graphical simulation interface presented in
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Fig. 9 Multi-pathways that substances can take to reach humans (the area enclosed by a dashed
line emphasizes the indirect pathways to humans via food chains) [70]

the Ecolego system can facilitate a comprehensive identification and visualization of
the exposure pathways and allow classification of the role of different environmen-
tal modules (subsystem) in terms of transfer relationship. In the Ecolego system,
advanced methods concerning probabilistic and sensitivity analyses can be selected:
(a) Monte Carlo methods for the propagation of parametric uncertainties; (b) an
optimization function to correlate input parameters with simulated outputs in the
Monte Carlo process and then to optimize the values of input parameters and
(c) several regression and Fourier tests for conducting sensitivity analysis [20].

The complete 2-FUN tool allows for realistic and detailed lifetime risk assess-
ments for different population groups (general population, children at different
ages, pregnant women), considering human exposure via multiple pathways such as
drinking water, inhaled air, ingested vegetables, meat, fish, milk, etc.

The main characteristics of the 2-FUN tool are described in Table 9. 2-FUN tool
has the following prominent features which differentiate it from other models.

« Its capability to conduct full-chain risk assessment on a common system, which
allows for linking the simulation of chemical fate in the environmental media,
multiple pathways of exposure and the detailed analysis for multiple effects in
different target tissues in human body (by PBPK models).

» Its capability to assess the health risk of specific human groups vulnerable to
toxicants, i.e. for woman, infant.

e It contains a wide range of methods for sensitivity and uncertainty analyses.

» It contains an exhaustive database of PDF for input parameters.

« It can be user-friendly because of its effective graphical simulation interface and
its flexibility, which facilitates users to design scenarios for target regions and
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Table 9 Principal characteristics of 2-FUN tool [70]

Principal characteristics Integrated tool coupling an environmental multimedia
model and PBPK models

Impact categories Human toxicity

Exposure routes Ingestion, inhalation and dermal intake

Fate, exposure and effect Fate, exposure and potential effect are considered

Chemicals considered Organic and inorganic chemicals

Media considered Air, fresh water, soil/ground water, farm-related crops, and
animal (cow and milk)

Spatial variation Not considered (mainly used for regional scale)

Source code availability Yes

Model availability Yes in the near future

Dynamic or steady-state Dynamic

Availability for sensitivity and Yes

uncertainty analyses
Population category Age and gender are considered

arrange the tool on their ways, i.e., users can select only the environmental
modules necessary for their regional scenarios.

4 Conclusions

A large and growing volume of literature exists on multimedia models. They serve
an essential role as tools for bringing together information on chemical and
environmental properties with a view to estimating chemical fate. They can be
configured in various ways and can range greatly in complexity, but in principle it is
preferable to use the simplest model that can generate the desired result.

Mainly, the available models have been developed based on the fugacity approach,
which use the fugacity as surrogate of concentration, for the compilation and solution of
mass-balance equations involved in the description of chemicals fate. However, a new
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approach based on Markov chain principle it starts being investigated for the develop-
ment of models able to estimate the environmental fate of chemicals.

Furthermore, there can be identified two opposing trends in model develop-
ment. One is a trend toward more detailed models with higher fidelity to the real
system, driven by the availability of highly resolved environmental data,
increases in computer power, and progress in atmospheric and earth sciences.
The other trend is toward models that are tailor-made to specific scientific
questions or decision-making problems, driven by the philosophy of parsimony
and the increase in the need for scientific results as a basis for decision-making in
modern society.

However, in the future, as in the past, models will be required to address a range
of interdisciplinary scientific questions about chemicals in the environment. Cer-
tainly, mass-balance models at different spatial and temporal scales and with
different levels of detail, including multimedia models based on the unit world
approach, will continue to be essential tools in research, education and decision
support in the future. In the last 30 years, models based on these principles have
accrued significant credibility by providing insights into many key problems in
environmental chemistry. These tools are now well established and mature, and
available to study the new generation of environmental pollutants. The principles
that have been developed for mass-balance models of chemical substances also
stand ready to be adapted to address emerging challenges including supporting the
development of green chemistry, addressing engineered nanomaterials, which are
of increasing economic importance and behave differently from the common
chemicals.

Therefore, 30 years after the establishment of the field, we believe multime-
dia environmental contaminant fate modelling remains a vibrant scientific
discipline that has a central role in science and decision-making in environmen-
tal chemistry.
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